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ABSTRACT 

Combining charge transport with permanent porosity and structural modulability, electrically conductive 
metal-organic frameworks (MOFs), have drawn increasing attention due to their potential use in a variety 
of applications including electrochemical energy storage (EES). Although fully conjugated porous organic 
polymers (POPs) generally exhibit lower electrical conductivities and crystallinity, they are built merely 
on earth abundant elements, light-weight, and thus offer great potential for EES applications. Fused 
aromatic materials are one of the most promising electrode materials for EES if not poorly conductive. 

In this thesis, the author explores structure- and/or composition-property relationships of electrically 
conductive MOFs, conjugated POPs, and fused aromatic materials, with the focus on their potential use in 
energy-related applications. Chapter 1 first introduces recent developments of electrically conductive 
MOFs and conjugated POPs, with particular attention paid to their structure-property relationships, and 
their applications as electrode materials for EES. The remaining part of Chapter 1 summarizes the use of 
organic electrode materials for EES, emphasizing two major obstacles. Focusing on the composition-
property relationships, Chapter 2 demonstrates the continuous fine-scale tuning of band gaps over 0.4 eV 
and of electrical conductivity over four orders of magnitude in a series of highly crystalline binary alloys 
of two-dimensional electrically conducting MOFs. To probe the structure-property relationships, Chapter 
3 reveals the construction of compositionally constant Ni-based MOFs and conjugated coordination 
polymers with different structural dimensionality, including closely π-stacked one-dimensional chains, 
aggregated two-dimensional layers, and a three-dimensional framework, based on 2,3,5,6-tetraamino-1,4-
hydroquinone and its various oxidized forms. These compositionally constant materials exhibit distinct 
electronic properties caused by different dimensionality and supramolecular interactions between 
structural motifs. Chapter 4 presents polymeric tetraoxa[8]circulenes as a new family of porous organic 
polymers with light-switchable and tunable semiconducting properties. Chapter 5 and 6 focus on the use 
of conducting fused aromatic materials as electrodes for EES. Chapter 5 describes the design and synthesis 
of all-organic, fused aromatic materials that store up to 310 mAh g–1 and charge in as little as 33 seconds. 
This performance stems from abundant quinone/imine functionalities that decorate an extended aromatic 
backbone, act as redox-active sites, engage in hydrogen bonding, and enable a delocalized high-rate energy 
storage with stability upon cycling. Chapter 6 demonstrates that a small fused aromatic molecule whose 
high electrical conductivity, high capacity for redox charge storage, and complete lack of solubility in any 
practical solvent allow it to reversibly intercalate Li+ ions and function as a competitive cathode material 
for Li-ion batteries, even as a neat material. 

Thesis Supervisor: Mircea Dincă 
Title: W. M. Keck Professor of Energy  
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Chapter 1. Electrically Conductive Metal-Organic Frameworks, Fully Conjugated Porous Organic 

Polymers, and Fused Aromatics for Electrochemical Energy Storage 

1.1 Abstract 

Combining charge transport with permanent porosity and structural modulability, electrically 

conductive metal-organic frameworks (MOFs), which are generally composed of metal nodes and redox 

non-innocent organic linkers, have drawn increasing attention due to both the fundamental interests in 

their structural, electronic, optical, and magnetic properties, and their potential use in energy conversion 

and storage, chemiresistive and quantum sensors, electrolysis, thermoelectric devices, and high-density 

information storage. In comparison, fully conjugated porous organic polymers (POPs) generally exhibit 

lower electrical conductivities and crystallinity, but they are built merely on earth abundant elements, 

light-weight, and offer greater chemical tunability. Unlike electrically conductive MOFs and POPs which 

are emergent classes of materials, fused aromatic molecules/polymers have been known for decades 

mainly due to their applications as organic (opto)electronics. However, they have rarely been used for 

electrochemical energy storage (EES) because they are generally functionalized with long side chains to 

promote charge transport properties through optimizing the intermolecular/interchain van der Waals 

interactions, which inevitably lower down their gravimetric charge storage capability. 

This chapter first reviews the recent developments of electrically conductive MOFs and fully 

conjugated POPs, with particular attention paid to their structure-property relationships and the 

applications of conductive MOFs as electrode materials for EES. The remaining part of this chapter is 

organized around the use of organic electrode materials (OEMs), in particular electrically conducting fused 

aromatic materials, for EES applications. 

1.2 Background and Motivation 

Achieving a low-carbon economy is of the utmost importance to tackle climate change and global 

warming. Decarbonizing the economy requires the development of renewable energies, which inevitably 

necessitates the concurrent advancement of energy storage technologies because of the great challenge of 

matching renewables supply and demand.1 Therefore, electrochemical energy storage (EES) technologies 

such as lithium-ion batteries (LIBs) and electrochemical capacitors (commonly known as supercapacitors 

(SCs)) have attracted significant research attention as a versatile way to store energy, which can be easily 

deployed at a variety of scales, from centralized large-scale grid storage down to the level of distributed 

residential users.2-5 In addition to the continued research on LIB and SC electrode materials, several new 

technologies such as redox-flow, Na-ion, K-ion, Li-S, Li-Air batteries and hybrid capacitors are being 

explored as potential solutions.6-13 Nevertheless, the discovery and application of new materials that offer 
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better charge storage and delivery capabilities remains to be the core challenge. Ideally, these new 

materials would be synthesized from earth-abundant, renewable precursors in an energy-efficient manner. 

Metal-organic frameworks (MOFs) are a class of crystalline materials built from metal nodes (metal 

ions or clusters) and multitopic organic linkers via coordination interactions, which exhibit permanent 

porosity with highly tuneable pore sizes.14,15 This arrangement of various metal nodes and ligands in robust 

frameworks and their synthetic flexibility and tunability of the chemical and physical properties identifies 

them as interesting candidates for EES. However, initial research on MOFs was mainly focused on 

studying MOF-derived materials such as metal-oxides, metal/carbons, and porous carbons due to the poor 

electrical conductivity of MOFs. Several excellent reviews have provided a comprehensive account of 

such materials on their applications in various EES devices.16-23 Over the past few years, transformative 

advances in the design and synthesis of conductive MOFs have enabled direct applications of pristine 

MOFs in EES devices and have opened up avenues towards tailoring materials for energy storage.24-28 The 

intrinsic electrical conductivity of conductive MOFs not only facilitates the efficient utilization of all 

accessible redox or ion-sorption sites, but also significantly reduces or even eliminates the use of 

conducting additives, thus leading to the improved overall charge storage capacity. Moreover, benefitted 

from the combination of porosity and conductivity, conductive MOFs have demonstrated substantial 

promise for high-energy, and high-rate charge storage, the Holy Grail of EES.29 Bearing similar material 

characteristics, electrically conductive porous organic polymers (POPs) also hold significant promise as 

electrode materials for EES, especially regarding the potential impact on sustainability. Different from 

conventional conducting polymers where conjugated organic building blocks are connected in a head-to-

tail manner to form one-dimensional (1D) chains, the covalent connection of these building blocks in either 

two-dimensional (2D) or three-dimensional (3D) manner have produced POPs as 2D layers or 3D 

frameworks. The continuous 2D or 3D electronic conjugation through π-orbitals generates carrier 

conduction pathways and facilitates the charge delocalization and stabilization during redox charge storage 

processes, highlighting their potential for energy storage.30 As an alternative OEM, although fused 

aromatic molecules comprising redox active functional groups exhibit outstanding electrochemical 

performances in terms of high energy capacities that can be twice as high as those of conventional 

transition-metal-based materials, they have significant drawbacks such as low electrical conductivity and 

high dissolution properties, which considerably prevent their practical use.31  

Although significant research efforts have been made to utilize electrically conductive MOFs, fully 

conjugated POPs, and fused aromatic molecules for EES, systematic and detailed studies of fundamental 

structure- and composition-performance relationships of these materials have still been their infancy. My 

research works firstly focused on advancing the understanding of structure- and composition-conductivity 

relationships of electrically conductive MOFs and POPs, which can provide blueprints for future design 
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of this class of materials for EES applications. Adapting the obtained design principles to fused aromatic 

molecules, we developed new OEMs with high electrical conductivity and insolubility for high-energy 

and high-rate EES in both environmentally friendly aqueous electrolytes and practical-relevant organic 

electrolytes, and gained insights into tailoring molecular structures for specific EES requirements. 

1.3 Batteries and Supercapacitors 

Metal-ion batteries (lithium-ion (LIB), sodium-ion (SIB) and potassium-ion (PIB)) store energy 

through reversible faradaic processes and the amount of charge stored is measured in mAh or C as the 

standard metrics (Figure 1.1). A SC stores charge through physical adsorption of electrolytic ions on the 

charged electrode surfaces as electrochemical double layers (EDL) and the capacitance is measured in 

Farads (F) as the standard metric (Figure 1.1). Owing to these charge storage mechanisms, batteries deliver 

high-energy and low-power densities whereas SCs deliver high-power and low-energy and have 

encouraged researchers to develop systems with both high-energy and high-power capabilities. Over the 

past decade, the emergence of pseudocapacitive materials and high-rate battery materials have together 

given rise to ambiguity in appropriate metrics and have resulted in major mischaracterizations in scientific 

reporting.32,33 Firstly, in terms of reporting the data, materials with clear battery-type redox processes, such 

as nickel-cobalt oxides/hydroxides, have been reported as materials with high capacitances of ~ 2000 F/g.32 

Capacitance, defined as the charge stored per unit voltage applied, is a constant over the range of voltage 

studied (Figure 1.2a); hence, calculating capacitance for a battery type curve in Figure 1.2b would be 

meaningless as the current is clearly not constant over the studied voltage range. Secondly, from a 

mechanistic point of view, several materials with faradaic processes and high rate capabilities are often 

misquoted as pseudocapacitive materials.34 Pseudocapacitance, as first described by Conway, is a surface-

based process and involves faradaic reactions that are not limited by the diffusion of ions to the redox 

sites.35 Batteries, on the other hand, store charge through diffusion-limited faradaic reactions throughout 

the bulk of the active material and often undergo phase transformations during ion insertion.3 Thus, 

pseudocapacitive materials differ from traditional battery-type materials with their fast reaction kinetics 

and are a unique class of materials studied in SCs.36,37 

In the past few years, several excellent tutorial reviews and perspectives have summarized the basic 

differences between batteries and SCs and the way to distinguish pseudocapacitance from a typical battery-

type performance using cyclic voltammograms (CVs), electrochemical impedance spectroscopy (EIS) and 

from galvanostatic charge-discharge voltage profiles (GCD).29,34,38-41 In addition to identifying the obvious 

differences from above curves, kinetic analysis of charge storage has been established as a standard way 

to distinguish different types of charge storage. Since MOFs are an emerging class of materials that are 
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studied increasingly as electrodes for energy storage applications, here we reiterate the established 

reporting and analysis guidelines in the energy community.  

 
Figure 1.1. Schematic representation of electrode processes in a typical supercapacitor and a metal-ion battery. An 
ideal supercapacitor electrode displays physical sorption of electrolytic ions whereas a metal-ion battery electrode 
undergoes reversible redox transformations. 

 
Figure 1.2. Representative electrochemical signatures of the three types of charge storage. (a, d) electrical double 
layer, (b, e) battery, and (c, f) pseudocapacitive. (a–c) Cyclic voltammetry (CV) curves and corresponding (d-f) 
galvanostatic charge-discharge (GCD) profiles with standard metrics shown for each type of storage. *Farad is also 
a rightful metric if CV curves and GCD are rectangular and linear, respectively, resembling a capacitor like-curve 
(e.g., RuO2). 
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A material with a double layer capacitor-like response shows a rectangular curve in the CVs and a 

linear voltage vs. time response in the GCD profiles (Figure 1.2a, 1.2c). Specific capacitance of a material 

could then be reported as Farads per unit weight (F/g), volume (F/L) or the surface area of the electrode 

(F/cm2). An electrode with a battery-type mechanism displays intense and clearly separated oxidation and 

redox peaks in CVs and has distinct plateaus in the GCD curves (Figure 1.2b, 1.2d). Specific charge could 

be calculated either as coulombs (C) or mAh per unit weight, volume, or electrode surface area. 

Pseudocapacitive materials demonstrate characteristics that appear intermediate to batteries and SCs, 

which can be easy to spot in some cases but could require further analysis in others. Typically, 

pseudocapacitive CVs show visible oxidative and reductive features that have minimal peak separation 

and are superposed over a significant and continuous capacitive current over the voltage window (Figure 

1.2c). Similarly, GCD curve of such an electrode shows gradually broad and sloping plateaus (Figure 1.2e). 

In this case, total charge stored should ideally be reported as C or mAh as capacitance has no relevance in 

this case. However, pseudocapacitive materials such as RuO2·xH2O and MoS2 are known to exhibit 

rectangular CVs and linear GCD profiles as a result of multiple closely placed redox couples.36 In such a 

case, it is perfectly rightful to report performances using specific capacitance as the metric.  

Kinetic analysis of charge storage is a straightforward way to identify and classify an electrochemical 

process. In a CV experiment, the current response (i) upon varying the scan rate (ʋ) is dependent on the 

charge-storage process in the electrode. Specifically, a power law relationship can be used to correlate this 

dependence (1):37 

i(ʋ) = aʋb (1) 

where a is a constant and b is the exponent. b value can be obtained from the slope of a log(i) vs. log(ʋ) 

plot and can be used to qualitatively distinguish the charge-storage mechanism. As described earlier, a 

battery-type electrode shows diffusion-controlled behaviour and the relationship between peak current (ip) 

and ʋ follows Randles-Sevick equation (2):  

ip(ʋ) = 0.4463nFAcD1/2ʋ1/2 (αnF/RT)1/2 (2) 

where c is the surface concentration of the electrode material, α is the transfer coefficient, D is the 

chemical diffusion coefficient, A is the electrode surface area, R is the molar gas constant and T is the 

absolute temperature. The ip scales with square root of ʋ, hence b = 0.5 whereas, pseudo-capacitors and 

SCs display surface-controlled behaviour and ip has a linear relationship with ʋ as given in (3) and hence, 

b = 1. 

ip = ʋCA (3) 

While several battery and capacitive materials are reported with strict b values of 0.5 or 1, respectively, 

many others are known to exhibit values in between 0.5 and 1 and are suggestive of a mixture of diffusion-

controlled and capacitor-like responses.29 A related approach is also proposed to evaluate these 
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contributions in a material by treating the total current as a sum of intensities from surface-controlled and 

diffusion-controlled processes (4).  

i(ʋ) = k1ʋ + k2ʋ1/2 (4) 

where k1 and k2 are the proportionally constants that describe the surface-controlled and diffusion-

controlled processes. In order to allow for better classification and rapid development of electrode 

materials in batteries and SCs, we encourage researchers to report appropriate metrics and perform kinetic 

analyses for their studies on new electrode materials. 

1.4 Electrically Conductive MOFs 

1.4.1 Recent Development of Electrically Conductive MOFs 

Many reviews covering the electrical conductivity in MOFs, contributed by us42-44 and others,45-57 have 

appeared in recent years. Sun et al. described general methods for measuring the electrical conductivity of 

MOFs and the guidance of reporting conductivity values.58 Therefore, this section will primarily focus on 

the advances in the field since the publication of the most recent review article by us.44 

1.4.1.1 New Ligand Designs 
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Scheme 1.1. Molecular structures of representative newly designed linkers for electrically conductive MOFs. 

A vast majority of highly conductive MOFs are built on simple single metal nodes. Although using 

different metal nodes can easily change the properties of corresponding conductive MOFs, designing new 

linkers with various chemical characteristics can lead to a significantly expanded material space for new 

conductive MOFs and facilitate the systematic investigations of structure-property relationships. 
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We recently reported a MOF, named FeHOBP, with a rare two-dimensional (2D) secondary building 

unit (SBU). The SBU comprises mixed-valent Fe2+ and Fe3+ metal ions bridged by oxygen atoms 

pertaining to the polytopic ligand 3,3',4,4',5,5'- hexahydroxybiphenyl (HHBP) (Scheme 1.1), which also 

define the iron-oxide 2D layers.59 FeHOBP crystallizes in the monoclinic space group P21/c (Figure 1.3), 

comprising an infinite 2D SBU situated in the (bc) plane supported by pyrogallate moieties. Within the 

SBU there are two crystallographically independent, octahedral iron atoms. One (Feoct, oct: octahedral) is 

bound to four distinct HOBP ligands (two being κ2 and two being κ1), and the second (Fesp, sp: square 

planar) is bound to two distinct κ2 ligands, in addition to two axially-bound, heavily disordered solvent 

molecules (Figure 1.3B). Perpendicular to the SBU are one-dimensional (1D) channels that run parallel to 

the a-axis of the unit cell. The contents of these channels are heavily disordered, but likely contain charge 

balancing dimethylammonium (DMA) cations that could not be resolved crystallographically but detected 

by X-ray photoelectron spectroscopy (XPS) and elemental analysis. FeHOBP belongs to a 4,6-c net with 

4,6T5 topology (Figure 1.4). The presence of Fe3+/Fe2+ mixed valency was confirmed and quantified by 

high resolution Fe2p XPS and Mössbauer spectroscopy, and accounted for the electrical conductivity of 

~10–6 S/cm. A complicated co-existence of ferromagnetic interactions and antiferromagnetic interactions 

was observed in FeHOBP, similar to magnetite, which probably stemmed from the high dimensionality of 

the SBU, and multiple metal-ligand coordination modes present in the material. These results highlight 

the importance of dimensionality control of MOF SBUs for discovering new topologies in reticular 

chemistry, and especially for improving electronic communication within the MOF skeleton.a 

 
Figure 1.3. Structure of FeHOBP. View of the crystal structure along (A) the (ac) plane, showing the connection of 
the 2D SBUs through the HOBP linkers, and (B) along the (bc) plane, showing the 2D SBUs. Atoms corresponding 
to hydrogen and solvent molecules are omitted for clarity. The gray, red, and yellow spheres correspond to carbon, 
oxygen, and iron atoms, respectively. In the selected area of the structure (B), the two crystallographically unique 
iron sites, Fesp and Feoct are represented by blue and yellow spheres, respectively. 

 
a This paragraph and Figure 1.3 and 1.4 are adapted with permission from S. Kampouri, M. Zhang, T. Chen, J. J. 
Oppenheim, A. C. Brown, M. Payne, J. L. Andrews, J. Sun, and M. Dincă, Angew. Chem. Int. Ed., 2022, 61, 
e202213960. Copyright © 2022 WILEY-VCH. 
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Figure 1.4. Schematic illustration of the FeHOBP topology through the cluster simplification approach, whereby the 
structure is broken down into parts with high connectivity. The two crystallographically independent iron sites, Fesp 
and Feoct are represented by blue and yellow spheres, respectively. 

Park and co-workers employed a trigonal planar macrocyclic linker 2,3,8,9,14,15-

hexahydroxyltribenzocyclyne (HHTC) (Scheme 1.1) to generate a hexagonal 2D MOF Cu3(HHTC)2, 

featuring a large surface area up to 1196 m2/g.60 Cu3(HHTC)2 exhibited electrical conductivity of ~2×10–

3 S/cm and a thermally activated temperature-dependent charge transport with an activation energy of 0.26 

eV. Interestingly, Cu3(HHTC)2 can undergo post-synthetic metalation through the macrocyclic linker, 

where Ni2+ and Co2+ can be captured by the electron-donating alkyne moieties through coordination. 

Although lacking strong experimental evidence, Ni2+ ions are calculated to prefer the intrinsic pocket of 

HHTC linker (in-plane), whereas Co2+ ions prefer to be sandwiched by two pockets (in between layers). 

The surface areas of Ni- and Co-metalated Cu3(HHTC)2 both dropped significantly, but the electrical 

conductivity of both materials increased slightly relative to the pristine state. We envision that HHTC-

based 2D MOFs would generate a versatile platform to host single-atom catalysts for electrocatalysis. 

Although phthalocyanine (Pc)-based 2D electrically conductive MOFs have demonstrated their use in 

energy storage and chemiresistive sensing, most of them are based on catechol and phenylene-diamine 

chemistries. Feng and co-workers reported very recently the synthesis of a Pc-based nickel-bis(dithiolene) 

(NiS4)-linked 2D conductive MOF Ni2[CuPcS8] (Scheme 1.2) and its use in pseudocapacitive 

electrochemical energy storage.61 Similar to its analogs based on O and N donors, Ni2[CuPcS8] has a square 

lattice with a surface area of ~220 m2/g. The two-electron reduction of the NiS4 linkage within Ni2[CuPcS8] 

led to a remarkable specific capacitance of 312 F g−1 in 1 M TEABF4/acetonitrile at a current density of 

0.5 A/g 1 in a potential window of −0.2 to −1.3 V vs. Ag. The specific capacitance of the Ni2[CuPcS8] 

electrode retained 155 F/g and 87 F/g at 10 A/g and 50 A/g, respectively, indicating its good rate capability. 

However, the Ni2[CuPcS8] electrode only contains 60 wt.% of the active material Ni2[CuPcS8], likely 

because Ni2[CuPcS8] has a room-temperature electrical conductivity of ~10–6 S/cm which is not sufficient 

for high rate EES devices such as supercapacitors. Therefore, 30 wt.% of conducting carbon is required to 

make the Ni2[CuPcS8] electrode, while 10 wt.% or less conducting carbon is commonly used for 
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supercapacitor electrodes. To this end, it is also questionable if the high-rate performance is the intrinsic 

properties of Ni2[CuPcS8] or just the result of the large amount of conducting carbon. 
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Scheme 1.2. The synthetic scheme of Ni2[CuPcS8]. 

 
Scheme 1.3. The in-situ Scholl reaction happened during the synthesis of both sql-TBA-MOF and kgm-TBA-MOF 
that converted 8OH-TPB to 8OH-TBA. 

Chen and co-workers developed a one-pot synthesis of 2D conductive MOFs starting from a non-

planar precursor 8OH-TPB (octahydroxyl tetraphenylbenzene) with a D2 symmetry, where 8OH-TPB 

underwent the in-situ Scholl reaction (Scheme 1.3) to form a planar linker 8OH-TBA (octahydroxyl 

tetrabenzoanthracene) during the MOF synthesis.62 Two copper-based 2D conductive MOF polymorphs 

with either a rhombus structure (sql-TBA-MOF) or kagome structure (kgm-TBA-MOF) can be obtained 

accordingly through the control of pH during the synthesis. Only kgm-TBA-MOF can be obtained when 

ammonia is added to the synthesis, whereas sql-TBA-MOF can only be obtained without the addition of 

base. Interestingly, kgm-TBA-MOF with a room-temperature conductivity value as high as 1.65×10–3 

S/cm is more conductive than sql-TBA-MOF with a room-temperature conductivity value of 4.48×10–4 

S/cm, confirmed by two-probe conductivity measurements of the corresponding pressed pellets. Although 
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the authors rationalized such small difference to the hexagonal nanoflake morphology of kgm-TBA-MOF 

that facilitates the in-plane charge transport, we suggest that more thorough characterizations of electrical 

conductivities are required to draw any meaningful conclusions. 

Fully conjugated non-planar electrically conductive MOFs have attracted significant attention recently 

not only because such MOFs are rare but also they could potentially exhibit more isotropic charge transport 

behaviors with similar electrical conductivity values relative to their 2D counterparts. One of the well-

known examples is the 3D Cu-DBC MOF built from dibenzo[g,p]chrysene-2,3,6,7,10,11,14,15-octaol 

(8OH-DBC), which is a fully conjugated (containing only sp2 carbons) but non-planar due to the steric 

hindrance of hydrogen atoms.63 Cu-DBC formed a 4-fold interpenetrated distorted diamond network (dia) 

with 1D channels, leading to a specific surface area of 271 m2/g. The room-temperature electrical 

conductivity of Cu-DBC is as high as 0.07 S/cm with a thermally activated semiconducting charge 

transport behavior. 

Chen and co-workers recently reported the construction of three fully conjugated non-planar 

electrically conductive MOFs using non-planar fully conjugated organic linkers C3-symmetrical 6OH-c-

HBC, C2h-symmetrical 8OH-c-HBC, and D2d-symmetrical 12OH-c-HBC (c-HBC = contorted 

hexabenzocoronene).64 Cu3(6O-c-HBC)2 is composed of wavy 2D layers formed by the coordination 

between Cu ions and 6OH-c-HBC, which then stack in a ABC manner to form the bulk material. Similarly, 

Cu2(8O-c-HBC) is also composed of wavy 2D layers but in a different AA stacking manner. Instead of 

forming 2D structures, 12OH-c-HBC connected Cu ions to form a 4-fold interpenetrated network, leading 

to an overall 3D structure. Different structures led to obviously different electrical conductivities. Cu3(6O-

c-HBC)2, Cu2(8O-c-HBC), and Cu3(12O-c-HBC) exhibited electrical conductivity values of 1.95×10−4, 

1.14×10−3, and 0.0331 S/cm at room temperature, respectively. Ultrafast optical-pump THz-probe (OPTP) 

spectroscopy revealed the estimated Drude-Smith charge carrier mobilities of 48, 38, and 64 cm2 V−1 s−1 

for Cu3(6O-c-HBC)2, Cu2(8O-c-HBC), and Cu3(12O-c-HBC), respectively. 

We note that most of the ligands for electrically conductive MOFs are highly symmetrical. However, 

we propose that linkers with lower symmetry, such as the examples shown in Scheme 1.4, might have the 

opportunity to produce conductive MOFs with unprecedented electrical/optical/magnetic properties. 

HX XH

XH

XH

HX

HX

N

O

O O

XH
HX

HX
XH

XH

XH

N N

XH

XH

HX

HX

HX XH

 
Scheme 1.4. Proposed linkers for electrically conductive MOFs with low symmetry. X = O, NH, and S. 
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1.4.1.2 Size and Morphological Control 

The sizes and shapes of MOF crystals have been shown to exhibit significant impacts on their physical 

properties and applications. For example, nanosizing MOF particles have revealed enhanced properties 

compared to their bulk counterparts, such as improved mass transport and gas permeability, higher ratio 

of surface active sites for catalytic processes, and greater processability since nano-sized crystals can easily 

form stable suspensions in appropriate solvents.65-68 However, size control of electrically conductive 

MOFs has been a long-standing challenge. Through precise size control of conductive MOF particles, the 

systematic study of the influence of grain boundaries on bulk electrical conductivity can be realized. Apart 

from the fundamental importance, decreasing the size of conductive MOFs would significantly increase 

the surface exposed sites for chemiresistive sensing, thus improving the sensitivity of MOF sensors. 

FeCl2 + N NH
N

N N

DMF, 120 oC

Modulator
Fe(TA)2

 
Scheme 1.5. General synthetic route to Fe(TA)2 nanoparticles using 1-methylimidazole as the modulator. 

 
Figure 1.5. van der Pauw DC conductivity values of three Fe(TA)2 thin films under N2 (a) and after three days of air 
exposure (b). 

Brozek and co-workers employed 1-methylimidazole (1-mIm) as a modulator for the synthesis of 

Fe(TA)2 (TA = 1,2,3-triazolate), an electrically conductive 3D MOF, to produce nanoparticles with 

controllable sizes (Scheme 1.5).69 By using different amount of the 1-mIm modulator, Fe(TA)2 nano-

crystals with average sizes ranging from 130 nm to 5.5 nm can be readily synthesized. Remarkably, these 

nano-sized Fe(TA)2 crystals exhibited unprecedented solution processability due to the formation of 

colloidal suspension in solvents. Strong size dependent optical absorptions were observed where the major 

absorptions can be shifted as high as about 0.2 eV. Similarly, thin films made from these nanoparticles 

also exhibited size dependent electrical conductivity, where Fe(TA)2 with smaller particle sizes is more 
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conductive (Figure 1.5). The increase of the electrical conductivity upon air exposure is caused by the 

oxidation of Fe2+ to Fe3+ which enables inter-valence charge transfer. Speaking from the larger amount of 

grain boundaries present in the smaller particles, it might be unexpected to see increasing of conductivity 

as the particles size decreases. However, the denser packing enabled by the smaller particles significantly 

reduced the contact resistance between particles, and won over the impact of increased grain boundaries. 

Morphological control has been an important subject in the research of MOFs. Complementary to the 

tunability through the change of the fundamental chemical structures, morphological tunability enables 

the control of properties of the solid at the microscopic scales. Although tuning the morphology of 

conventional MOF particles has been successful, realizing rational morphological tunability in electrically 

conductive MOFs has yet been achieved. We previously reported the synthesis of both flake-like and rod-

like crystals of a prototypical 2D conductive MOF Cu3(HHTP)2 (HHTP = 2,3,6,7,10,11-

hexahydroxytriphenylene), but have not systematically investigated this phenomenon.70 Recently, Xiao 

and co-workers revealed that partial oxidation by benzoquinone derivatives dictated the morphology of 

Cu3(HHTP)2 (Scheme 1.6).71 They first replaced air, the oxidant used in the common synthetic procedures 

of Cu3(HHTP)2, with quinones during the synthesis, which successfully produced Cu3(HHTP)2 rod crystals. 

Furthermore, employing an additional 0.3 eq. and 0.5 eq. of 2,5-dichloro-1,4-benzoquinone as a pre-

oxidant for the HHTP ligand, hexagonal block-like crystals and thin flake-like crystals can be obtained, 

respectively. Despite the different morphologies, these three Cu3(HHTP)2 samples (rods, blocks, and 

flakes) have indistinguishable PXRD patterns, identical infrared spectra, and similar surface areas. 

Interestingly, all three samples exhibited similar electrical conductivities between 10–2~10–3 S/cm, which 

is quite unexpected since it is known that morphology would have a significant impact on both the amount 

of grain boundaries and the packing density of particles. Therefore, we believe a more thorough analysis 

of these samples using four-probe conductivity measurements is necessary to address this issue. 

 
Scheme 1.6. Synthetic scheme and the oxidative control over the morphology of Cu3(HHTP)2. 
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1.4.1.3 Electrically Conductive Metal-Organic Macrocycles as the Bridge Between Tri-Nuclear 

Model Complexes and Conductive MOFs 

Dimensional reduction has demonstrated its power in understanding the complicated physical 

properties of extended solid materials, where smaller building blocks of a larger system are isolated in the 

form of molecular complexes.72 This strategy has also proved useful for studying the structure-property 

relationships of triphenylene-based 2D conductive MOFs, where we showed the constructions of tri-

metallic HOTP and HITP model complexes and studied the electronic and magnetic communication 

between ligand and metal centers.73-75 

 
Figure 1.6. The dimensional reduction strategy. 

Despite all the efforts we have made on the trimetallic model complexes of triphenylene-based 2D 

MOFs, there is still an important element missing in between the zero-dimensional (0D) complexes and 

the 2D layers of MOFs, which is the hexagonal macrocycles consisting of six organic linkers connected 

by six metal cations. Xiao and co-workers recently reported a family of hexagonal macrocycles consisting 

of Cu cations and HHTP linkers which resemble truncated fragments of Cu3(HHTP)2 and serve as the 

perfect bridge between 0D complexes and 2D layers.76 These planar macrocycles, termed as CuTOTP-OR 

(Scheme. 1.7), stacked through interlayer π–π interaction to produce columnar 1D nanotubes, which then 

formed a hexagonal lattice through self-assembly, leading to a much more dynamic structure than its 2D 

MOF counterparts. Interestingly, the columnar stacks of CuTOTP-OC18 can be separated individually and 

suspended into appropriate solvents to form stable colloidal dispersions, whereas CuTOTP-OR with 

shorter chains only resulted in unstable dispersion. Remarkably, CuTOTP-OR exhibited similar 

spectroscopic characteristics to Cu3(HHTP)2, indicating that even the macrocycle contains the majority of 

the chemical identity of the whole 2D layer. CuTOTP-OR revealed side-chain-length dependent electrical 

conductivities, where CuTOTP-OC2 is the most conductive with an electrical conductivity of 2×10–3 S/cm, 

and the conductivity decreases with side chain length increases. CuTOTP-OC18 has a conductivity of 

1×10–7 S/cm, four orders of magnitude drop. FET devices made from CuTOTP-OR macrocycles revealed 

ambipolar transport properties with the average saturation hole mobility (μh,sat) of (6.17 ± 0.51)×10−3 cm2 

V−1 s−1, and the average saturation electron mobility (μe,sat) of (2.16 ± 0.61)×10−3 cm2 V−1 s−1. 
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Scheme 1.7. Chemical structures of Cu-HHTP based metal-organic macrocycles CuTOTP-OR. 

1.4.2 Electrically Conductive MOFs as Electrode Materials for Metal-Ion Batteries 

The above-mentioned tremendous efforts on the development of 2D MOFs with excellent electrical 

conductivities that are on par with graphite have paved the way for their use in EES applications. As one 

of the pioneering examples of using electrically conductive MOFs as the active materials (AM) of MIBs, 

Wada and co-workers studied the 2D hexagonal layered MOF Ni3HIB2 (Scheme 1.8; HIB = 

hexaiminobenzne) as an electrode (Ni3HIB2: multi-wall carbon nanotube: polyvinylidene difluoride 

(PVDF) = 7: 2: 1) for LIBs and found a specific capacity of 155 mAh/gb at a very low current density of 

10 mA/g. Although increasing current density to 250 mA/g led to a drop of specific capacity to ~70 

mAh/gAM, stable cycling over 300 cycles was achieved.77 However, the measured voltage window of 

Ni3HIB2 was set to be 4.5 to 2.0 V vs. Li+/Li to allow both p-type (anion insertion) and n-type (cation 

insertion) redox processes, leading to sloping voltage profiles. Interestingly, the authors proposed a metal 

and ligand-based dual-redox activity in Ni3HIB2 according to the ex-situ XPS and FT-IR analyses of the 

polarized electrodes, likely due to the electronic delocalization within Ni3HIB2. Park and co-workers 

applied the Co-variant (Co3HIB2) with high electrical conductivity of 50 S/m and N-based redox activity 

in SIBs (Scheme 1.8).78 The synthesized MOF is classified with uniform pore size of 8.3 Å and a surface 

area of 240 m2/g. Considering the MOF as a dense assembly of six imine groups, authors proposed 

Co3HIB2 as an ideal candidate for energy-dense electrodes. Specific discharge capacities of 228 and 151 

mAh/g were observed at very high current densities of 1 and 12 A/g, respectively, for Co3HIB2 electrodes 

 
b This specific capacity value and all the remaining capacity values in this chapter, except other notice, is based on 
the mass of active material, not the mass of the whole electrode. 
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(Co3HIB2: carbon black: PVDF = 9: 0.5: 0.5), indicating an excellent power capability, which probably 

originates from the high electrical and ionic conductivities in the studied MOF. The observed high 

capacities and power capability in a SIB are among the best reported values. Detailed XPS analysis of the 

polarized electrodes identify a ligand based redox activity during charge storage (Scheme 1.9). However, 

similar to Ni3HIB2, the observed sloping discharge voltage profiles from 3.0 – 0.5 V vs. Na+/Na leads to a 

nominal voltage of around 1 V vs. Na+/Na, hindering their application as either a cathode or anode material. 

Further detailed investigation is necessary to clearly identify the redox activity in MOF synthesized with 

HIB ligands. 
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Scheme 1.8. Chemical structure of M3HIB2 MOFs. 
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Scheme 1.9. Proposed ligand-based redox processes of M3HIB2 MOFs. 

First synthesized by Yaghi and co-workers,15 Cu3(HHTP)2 has a 2D hexagonal lattice and an excellent 

electrical conductivity reaching 150 S/m (single crystal) or 20 S/m (pressed pellet).70 Moreover, the 

crystalline structure of Cu3(HHTP)2 offers high surface area of 506 m2/g with a uniform pore size of 1.9 

nm. Recently, Gu and co-workers explored the redox capability of Cu3(HHTP)2 in LIB, presenting the first 

report of Cu3(HHTP)2 for batteries (Figure 1.7).79 With a working voltage of 1.7 – 3.5 V vs. Li+/Li, 

Cu3(HHTP)2 cathode (Cu3(HHTP)2: PVDF = 8: 2) showed a reversible charge-discharge capacity of 95 

mAh/g at 1 C after a gradual increase of capacity from 81 mAh/g at the second cycle, corresponding to an 

activation process of Cu3(HHTP)2. The stabilized specific capacity matches well with the theoretical value 

of 96 mAh/g calculated from a one-electron reduction.  XPS analysis of the pristine and polarized 

Cu3(HHTP)2 identifies a clear reduction of Cu2+ to Cu+. Detailed analysis of the reduction peak through 

slow scan cyclic voltammograms identified a multi-step gradual reduction (or oxidation) of the Cu2+ sites 

to Cu+. Notably, high-rate cycling of Cu3(HHTP)2 from 1 C (charge or discharge in 1 h) to 20 C (charge 

or discharge in 3 min) showed excellent retention of capacity from 95 mAh/g to 85 mAh/g, respectively. 
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This high-rate performance in MOF-based batteries is unprecedented and is attributed to the excellent 

electrical conductivity and the ordered 1D channels presented in the porous structure that allow rapid 

electron transfer and ion diffusion to the redox sites. In addition, cycling over 500 cycles at 20 C rate has 

resulted in good capacity retention of 85%. First-principle DFT calculations of the fully lithiated 

Cu3(HHTP)2 show that the lithium atom adheres to one copper atom between 2D layers with minor changes 

in the lattice parameters, explaining this stability over 500 cycles. However, the charge storage capacity 

of Cu3(HHTP)2 is still significantly lower than conventional transition-metal-oxide-based cathodes such 

as LiFePO4 (~160 mAh/g) and LiNi1–x–yMn xCoyO2 (160~200 mAh/g). 

 
Figure 1.7. 2D layered structure of Cu3(HHTP)2 and Cu-based redox process reported by Gu and co-workers. 

Nam, Park, and co-workers employed Cu3(HHTP)2 (Cu3(HHTP)2: acetylene black: PVDF = 6: 2: 2) 

as the cathode for aqueous zinc-ion battery (ZIB).80 In a voltage window from 0.5 V to1.3 V vs. Zn2+/Zn, 

Cu3(HHTP)2 delivered an initial discharge capacity of 228 mAh/g at a current density of 50 mA/g, 

followed by the gradual decrease of capacity to ~190 mAh/g after 30 cycles, which demonstrated a 

significant improvement compared to the Cu3(HHTP)2-based LIB (vide supra). Increasing current 

densities to 4000 mA/g (~18 C) led to a drop of capacity to 124.5 mAh/g, corresponding to 57.9% retention 

relative to 50 mA/g, which indicates a remarkable rate capability. Such high rate performance of 

Cu3(HHTP)2 originated from the intercalation of hydrous Zn2+ ions into the porous framework during 

discharge, which resulted in decent diffusion coefficients of Zn2+ within the electrode, and low interfacial 

resistance of Zn2+. Ex-situ XPS analysis of Cu3(HHTP)2 electrodes at different charge states revealed that 

both copper and the quinoid structure have been utilized as redox sites (Scheme 1.10). However, the 

cycling stability of Cu3(HHTP)2-based ZIB — 75% of the initial capacity (152.5 mAh/g) after 100 cycles 

at 500 mA/g (~2 C) — is still far away from the average performance of well-known metal-oxide-based 

cathodes, such as ZnxV2O5,81 thus requiring further optimization. 
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Scheme 1.10. Proposed redox process of the coordination unit of Cu3(HHTP)2 in ZIB. Both metal and linker are 
involved in the redox process. 

Despite the prior attempts of 2D conductive MOF-based MIBs generally gave less satisfying charge 

storage capacity, Chen and co-workers reported the use of a 2D copper-benzoquinoid MOF Cu3THQ2 

(Figure 1.8) as the cathode (Cu3THQ2: graphene: sodium alga acid binder = 7: 2: 1) for LIB which showed 

an unprecedentedly high reversible capacity of 387 mAh/g at a current density of 50 mA/g.82 Similar to 

the LIB studies using Ni3(HIB)2,77 the voltage window of Cu3THQ2 was set to be from 1.2 V to 4.0 V vs. 

Li+/Li to accommodate both p-type (PF6
– insertion) and n-type (Li+ insertion) redox processes during 

discharge. The sloping discharge voltage profile led to a discharge nominal voltage of ~2 V, while a 

significant polarization during the charging process was observed, resulting in a charging nominal voltage 

of ~2.8 V. The drastic difference between discharging and charging voltage profiles indicated a poor 

energy efficiency. Due to its poor intrinsic electrical conductivity (2.15×10–3 μS/cm at 30 °C), Cu3THQ2 

delivered less than half of the capacity at 500 mA/g (159 mAh/g) relative to 50 mA/g, followed by a further 

drop to 93 mAh/g at 1000 mA/g. Therefore, only the combination of high density of redox sites and high 

intrinsic electrical conductivity can lead to high-energy and high-power EES performances. A variety of 

ex-situ techniques have identified both copper and linker as redox sites, where Cu(II)/Cu(I) redox process 

takes place at the p-type region while the quinoid linker accounts for the n-type redox process. 

 
Figure 1.8. (a) Chemical structure of Cu3THQ2. (b) Crystal structure of Cu3THQ2. 

As one of the most conductive coordination polymers, Cu3(benzenehexathiolate) (Cu3BHT), with an 

electrical conductivity reaching 1500 S/cm,83 has been reported by Wu and co-workers as the cathode 
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(Cu3BHT: multiwall CNT: PVDF = 7: 2: 1) for LIBs.84 Operating in the voltage window from 1.5 V to 3.0 

V vs. Li+/Li, Cu3BHT electrodes delivered reversible specific capacity as high as 232 mAh/g at 50 mA/g 

through a four-electron redox process. Remarkably, Cu3BHT electrodes with relatively high mass loadings 

up to ~3.1 mg/cm2 can still exhibit 189 mAh/g at 50 mA/g, likely due to its high electrical conductivity 

which allows the maximized utilization of redox sites regardless of mass loadings. Although stable cycling 

was confirmed for Cu3BHT electrodes, the charge storage performances under high current densities (> 

1000 mA/g) deteriorated significantly, possibly due to the increased ion transport/diffusion barriers at high 

rates. 

We envision that further developments of electrically conductive MOFs as electrode materials for 

batteries could lead to the discovery of materials that can offer both high energy and high power, and last 

long. 

1.4.3 Electrically Conductive MOFs as Electrode Materials for Supercapacitors 

Distinct from batteries, SCs store energy through ion sorption at the electrode-electrolyte interface in 

electrochemical double-layer capacitors (EDLCs) or through rapid and reversible interfacial Faraday 

processes in pseudocapacitors. Free from the limitations of redox kinetics and ion diffusion, SCs exhibit 

high power density, fast charge-discharge capability, and superior long cycling life. Electrode materials 

with high surface areas, high electrical and ionic conductivities are usually favoured for SCs. Owing to 

their permanent and tuneable porosity, MOFs have been extensively studied as electrodes for SCs. In the 

following sections, we specifically review reports on electrically conductive MOFs as electrodes in EDLCs 

and pseudo-capacitors in their pristine forms (albeit with added binder and conducting carbon) and as 

composites prepared with carbon scaffolds. 

1.4.3.1 Electrochemical double-layer capacitors (EDLCs) 

A Co-Zn bimetallic MOF named Co8-MOF-5 was first reported by Díaz and co-workers in 2011 as 

the electrode material (Co8-MOF-5: carbon black: polytetrafluoroethylene (PTFE) =7.5: 1.5: 1) for SCs.85 

The nearly rectangular shapes of cyclic voltammograms and triangular shapes of charge/discharge voltage 

profiles demonstrated the interfacial ion sorption process, which is a typical EDLC behaviour. However, 

the specific capacitances are dominated by the carbon black additive due to the neglectable intrinsic 

electrical conductivity of Co8-MOF-5, therefore resulting in very low specific capacitance values (0.49 

F·g−1 at 25 mV·s−1 from CVs). Therefore, improved electrical conductivities of MOFs are strongly desired 

to obtain better capacitances, and the recent emergence of electrically conductive MOFs promises a great 

potential to overcome the bottleneck of using traditional insulating MOFs as electrode materials for 

EDLCs. Nevertheless, to the best of our knowledge, this is the first time that MOF is used as the active 

electrode material for a SC. 
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Figure 1.9. Structure and EDL charge storage mechanism of Ni3(HITP)2 as the electrode for supercapacitors. TEABF4: 
tetraethyl ammonium tetrafluoroborate. 

Recent work by us has demonstrated that a 2D MOF with 1D hexagonal channels ( ~1.5 nm) and a 

bulk conductivity exceeding 50 S/cm, namely Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2 (Ni3(HITP)2), 

could be used as a pristine electrode in its neat form for EDLCs (Figure 1.9). We reported rectangular 

cyclic voltammograms with a specific capacitance of 110 F/g and a high surface area-normalized 

capacitance (areal capacitance) of ∼18 µF/cm2 with excellent cycling ability of 90% capacitance retention 

after 10000 cycles.86 Noticeably, the areal capacitance of Ni3(HITP)2 is comparable and even higher than 

common carbon-based materials, including activated carbons, carbide-derived carbons, and carbon 

nanotubes. The symmetric cell with Ni3(HITP)2 exhibits very low equivalent series resistance due to the 

high electrical conductivity of Ni3(HITP)2, and thus solves the challenge of electron transport in the 

electrode, leading to a sorely ion transport-controlled process. Therefore, electrically conductive MOFs 

are good candidates for electrodes in EDLCs but are much less studied than conventional MOFs and could 

be a promising future research direction. Advanced electrode fabrication methods such as electrophoretic 

deposition (EPD) of Ni3(HITP)2 onto Ni foam gives densely packed films, resulting in fast electron and 

ion transport and an 84.14% retention of capacitance after 100000 cycles.87 Nevertheless, improved 

capacitances, high rate capability and cell operation in larger voltage windows are required to outperform 

porous carbon-based SCs. 

Although electrically conductive MOFs gained enormous research interest in the recent years, the 

development of new conductive MOFs are limited by the lack of understanding of the structure-property 
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relationships and the rational designs of organic linkers, which renders the choice of active electrode 

materials also limited. Instead, a variety of composites which consist of MOFs and conductive matrices 

such as graphene and conductive polymers have been developed to be used as active electrode materials 

for EDLCs.88-91 Rational strategies of choosing MOFs and conductive additives, reasonable design for 

their interactions, and appropriate synthetic approaches are required to achieve a good synergy effect for 

optimized electrode performances. One of the biggest challenges of synthesizing high-performance MOF-

composites is the realization of effective electron transport between MOFs via conductive matrices. 

Several strategies have been applied to overcome this difficulty, including utilizing specially designed 

MOF-conductive matrix interactions and confined growth of MOFs within nano-porous carbon matrices.  

Direct growth of MOFs onto conductive matrices have demonstrated to be one of the most powerful 

methods to produce good composites, which could provide superior contact between these two 

components and result in better performance than simple blending. Li and co-workers reported in 2017 

the growth of Cu3(HHTP)2 onto carbon fibre to form crystalline nano-wire arrays (NWAs) with semi-

controlled growth directions.89 The Cu3(HHTP)2 NWAs electrode shows a typical double-layer capacitive 

behaviour with a specific capacitance of 202 F/g at 0.5 A/g, which is more than two times higher than that 

of neat Cu3(HHTP)2 electrode. The authors attributed this improvement to better electron transport at the 

Cu3(HHTP)2-carbon fibre paper interface as a result of the direct growth method. In addition, the aligned 

manner of Cu3(HHTP)2 NWAs might also favour the ion transport which is thought to be the bottleneck 

of the performance of electrically conductive MOF-based SCs. A symmetrical solid-state SC fabricated 

by Cu3(HHTP)2 NWAs exhibits a gravimetric specific capacitance of 120 F/g at 0.5 A/g and a superior 

surface area normalized capacitance of around 22 µF/cm2 with a good cycling ability. 

 
Figure 1.10. Electrochemical performances of CNF@conductive MOF composites. (a) Schematic representation of 
a free-standing, flexible carbon nanofiber (CNF) bound MOF paper electrodes. (b) A comparison of the specific 
capacitances of CNF@Ni3(HITP)2 and CNF@Ni3(HHTP)2 composites with physically mixtures of CNF-Ni3(HITP)2 
and CNF-Ni3(HHTP)2, respectively in SCs. 
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Similarly, the interfacial growth of nanostructured Ni3(HITP)2 and Ni3(2,3,6,7,10,11-

hexahydroxyltriphenylene)2 (Ni3(HHTP)2) on surface-modified cellulose nanofibers (CNFs) into free-

standing, flexible nano-papers CNF@Ni3(HITP)2 and CNF@Ni3(HHTP)2 resulting in better charge 

transport characteristics (Figure 1.10).91 Indeed, the capacitances of CNF@Ni3(HITP)2 and 

CNF@Ni3(HHTP)2 electrodes (103 F/g and 39 F/g at 50 mV/s) are about 10 times higher than those of 

CNF-Ni3(HITP)2 and CNF-Ni3(HHTP)2 electrodes (8 F/g and 0.04 F/g at 50 mV/s), which are made by 

dispersing Ni3(HITP)2 and Ni3(HHTP)2 particles in the CNF matrices. Additionally, this improvement 

might also be due to fast ion sorption processes assisted by the reduced sizes and aligned packing of 

Ni3(HITP)2 and Ni3(HHTP)2 at the CNF surfaces. Homogeneous dispersion of MOFs in a conductive 

matrix is desired for superior SC performances but is hard to achieve by the simple blending method. In 

this regard, we envision that the confined growth of MOFs inside the micropores or nanopores of pre-

defined carbonaceous materials may be a promising solution. 

1.4.3.2 Pseudocapacitors 

Pseudocapacitors utilize the fast and reversible redox processes with partial electron transfer that occur 

only at the electrode-electrolyte interfaces. The energy density associated with Faradaic reactions is 

usually substantially larger than that of pure double-layer capacitive processes, resulting in both high 

energy density and excellent power density. However, pseudocapacitive materials should be distinguished 

from battery-type materials based on their distinct characteristics of CVs and output electrical response 

during charge and discharge, where the former tends to resemble capacitive behaviour while the latter 

shows clear redox peaks with large peak separation in CVs and plateaus in GCD profiles (as discussed in 

section 1.3). In this section, we focused only on electrically conductive MOFs and corresponding 

composites that show clear pseudocapacitive behaviours rather than the materials with battery-type 

behaviours that were misinterpreted as capacitive materials. 

Feng and co-workers demonstrated in 2018 that a sub-millimeter-thick pellet made from M3(HIB)2 (M 

= Cu, Ni) achieved high gravimetric capacitance of volumetric capacitance up to 760 F/cm3 for Ni3(HIB)2 

at 0.2 mV/s and a high areal capacitance of 20 F/cm2.92 The high intrinsic conductivity of ~70 S/m provides 

efficient pathways for electron conduction, and the inherent nano-sized morphology with periodically 

distributed sub-nanometer pores (~8 Å) facilitates rapid ion sorption. Interestingly, compared with 

Ni3(HITP)2 which shows double-layer capacitive behaviours, M3(HIB)2 exhibits clear pseudocapacitive 

behaviour with less than 10% double-layer contribution to the overall capacitance for Ni3(HIB)2. A 

following study conducted by Lukatskaya and co-workers demonstrated that the Ni2+ ions in Ni3(HIB)2 

are not involved in redox processes during discharge/charge in aqueous electrolytes, whereas all of the 

redox processes are HIB-centered, and the charge is stored through reversible redox reactions involving 

HIB moieties at the particle external surface, i.e., surface-confined pseudocapacitance.93 
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We recently reported a non-porous coordination polymer, Ni3BHT (BHT = benzenehexathiolate), is 

an excellent electrode material that stores charge through an intercalation-based pseudocapacitive 

mechanism.94 Ni3BHT composes of Kagome-type 2D layers made up of square-planar Ni2+ ions bonded 

to four S atoms in a square planar coordination and BHT ligands surrounded by 6 Ni atoms (Figure 

1.11A,B) A high electrical conductivity of 500 S/m (Figure 1.12) and the layered structure allow efficient 

intercalation of Li+ ions in a non-aqueous LiPF6/acetonitrile electrolyte to deliver a high gravimetric 

capacitance of 245 F/g and a volumetric capacitance of 426 F/cm3 at a scan rate of 3 mV/s. Structural and 

electrochemical studies relate the favorable performance to pseudocapacitive intercalation of Li+ ions 

between the 2D layers of Ni3BHT (Figure 1.13), a charge-storage mechanism that has thus far been 

documented only in inorganic materials such as TiO2, Nb2O5, and MXenes. This first demonstration of 

pseudocapacitive ion intercalation in non-porous CPs, a class of materials comprising thousands of 

members with distinct structures and compositions, provides important motivation for exploring this vast 

family of materials for non-traditional, high-energy pseudocapacitors. Furthermore, we have also shown 

that Ni3BHT reversibly intercalates not just cations, but also anions in aqueous electrolytes, thereby 

qualifying as a rare dual-ion intercalation electrode material.95 Whereas cation intercalation is 

pseudocapacitive, anions intercalate in a purely capacitive fashion. This excellent EC performance of 

Ni3BHT provides a general basis for investigating similar dual-ion intercalation mechanisms in the large 

family of non-porous 2D CPs.c 

 
Figure 1.11. The simulated structure of Ni3BHT shown normal to the (A) c axis and (B) b axes. (C) Experimental 
and simulated X-ray diffraction patterns of Ni3BHT. 

 
c Part of this paragraph is adapted with permission from H. Banda, J.-H. Dou, T. Chen, N. J. Libretto, M. Chaudhary, 
G. M. Bernard, J. T. Miller, V. K. Michaelis, and M. Dincă, J. Am. Chem. Soc., 2021, 143, 2285–2292. Copyright © 
2021 American Chemical Society. Part of this paragraph is adapted with permission from H. Banda, J.-H. Dou, T. 
Chen, Y. Zhang, and M. Dincă, Angew. Chem., Int. Ed., 2021, 60, 27119–27125. Copyright © 2021 Wiley-VCH 
GmbH. 
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Figure 1.12. Variable-temperature electrical conductivity of a pressed Ni3BHT pellet. 

 
Figure 1.13. Cation intercalation pseudocapacitance in Ni3BHT. 

1.5 Electrically Conductive Conjugated Porous Organic Polymers 

Since the discovery of organic synthetic metals96-98 and conjugated polymers99 in 1970s, the electrical 

conductivities of organic materials can vary from traditionally less than 10–9 S/cm, which is essentially 

insulating, to as high as 104 S/cm, such as the zwitterionic radical based on tetrathiafulvalene-extended 

dicarboxylate (TED),100,101 iodine-doped polyacetylene, and poly(3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS). However, most of these highly conducting organic materials are 

lower dimensional materials including charge-transfer complexes (molecular or zero dimensional), single 

component organic conductors (molecular or zero dimensional), and one-dimensional (1D) conjugated 

polymer chains. Inspired by the emergence of graphene, which is a two-dimensional (2D) layer of sp2 

carbon and has generated numerous exotic physical properties, extending the π–conjugation of organic 

building blocks into 2D or three-dimensional (3D) space through covalent bonding have attracted 

significant attention. Furthermore, the increased dimensionality can generate potential voids inside the 

materials, leading to the construction of porous organic conductors.102 

Porous organic polymers (POPs) are a class of organic solids with intrinsic porosity formed by multi-

dimensional covalent linkages of organic building blocks.103 POPs can be either amorphous or crystalline, 

where the former mainly include hyper-crosslinked polymers (HCPs),104 polymers of intrinsic 

microporosity (PIMs),105 conjugated microporous polymers (CMPs),106-108 and porous aromatic 
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frameworks (PAFs),109,110 while the latter are generally termed as covalent organic frameworks (COFs).111-

114 Among them, HCPs, PIMs, and most of the 3D PAFs and COFs intrinsically do not exhibit continuous 

π–conjugation (i.e., not fully conjugated) due to the presence of structural sp3 carbon linkages. In 

comparison, a large number of CMPs, 2D PAFs, and 2D COFs exhibit in-plane conjugated structures.d 

However, only a very small number of conjugated POPs exhibit non-negligible electrical conductivity 

(e.g., > 10–9 S/cm). Therefore, we present in the following part of section 1.5 a brief overview and summary 

of POPs exhibiting intrinsic electrical conductivities, with specific attention paid to fully conjugated POPs. 

Note that composites containing POPs with other electrically conductive components are out of the scope 

of this section.115-120 

1.5.1 Conjugated 2D POPs 

The electrical conductivity of 2D POPs depends on the in-plane electronic delocalization through 

extended π–conjugation of electroactive organic building blocks and the out-of-plane through-space π–π 

stacking of 2D layers. Although the choices of electroactive organic building blocks with π–conjugation 

are plentiful,121 the layer-forming covalent linkages between different building blocks can be sorted as a 

handful of classes (Scheme 1.11), and play a crucial role in determining the electrical conductivity. 

Although boronic esters and boroxine linkages are the earliest and one of the most studied linkages of 2D 

POPs, they provide minimal to no electronic conjugation between two adjacent organic building blocks 

due to the ionic nature of the B–O bonding. Therefore, boronic esters and boroxine linkages act as carrier 

traps and block any degree of in-plane charge transportation, leading to inferior electrical conductivity. 

Although several boronic ester-based POPs have been reported to exhibit electrical conductivities between 

10–10 and 10–7 S/cm,122 and TRMC (time resolved microwave conductivity) carrier mobility ~10–4 cm2 V–

1 s–1,123 the conduction pathways are most likely through π–π stacking of 2D layers or hopping of localized 

charges. 

Due to the excellent chemical reversibility of imine formation reaction (e.g., Schiff base forming 

reactions), imine linkage (C=N) has also been extensively employed in the construction of 2D POPs, 

usually with remarkable crystallinity. Although moderate electronic delocalization through the polar C=N 

connection can be realized in imine-based 2D POPs, which in principle should lead to higher electrical 

conductivities compared with boronic ester-based analogues, the contribution of in-plane conduction 

pathways to the total electrical conductivity is still marginal. Instead, the ordered interlayer stacking could 

significantly promote the through-space carrier conduction. For example, a porous, crystalline 2D π–

conjugated COF formed by connecting triamino-trioxaazatriangulene (TANG) with 2,5-

dihydroxyterephthaldehyde through imine linkage (TANG-COF, Scheme 1.12) exhibits an in-plane and 

 
d CMPs, 2D PAFs, and 2D COFs have a significant degree of material overlap. 
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out-of-plane room-temperature electrical conductivity of 5×10−12 S/cm and 1.6×10−5 S/cm, respectively 

(measured as a thin film). Interestingly, I2 doping of TANG-COF led to a dramatic increase in both in-

plane and out-of-plane electrical conductivities to 2×10−3 S/cm and 1.5×10−3 S/cm, respectively, likely 

through the generation of N-centered radicals.124 As a variant of imine linkage, keto-enamine linkage could 

lead to some degree of tautomerization and provide potential hydrogen bonding sites, which are beneficial 

for enhancing the electronic delocalization. More detailed studies of the chemical doping (I2, SbCl5, 

F4TCNQ) of imine-based 2D COFs have been reported in Wurster-type COFs both experimentally and 

theoretically.125,126 
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Scheme 1.11. Typical linkages employed for the construction of conductive COFs and POPs. 
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Scheme 1.12. Chemical structure of TANG-COF. 

Carbon-carbon linkages through sp2 carbon atoms can lead to significantly improved electronic 

delocalization and can be considered as truly full conjugation. However, C(sp2)–C(sp2) (olefin) formation 

reactions are usually irreversible, leading to the formation of poorly crystalline or even amorphous 

materials, such as JUC-Z2 formed by Yamamoto-type Ullmann reaction (Scheme 1.13).127 One exception 

is crystalline 2D COFs formed by Knoevenagel polycondensations such as sp2-c-COF (Scheme 1.13). This 

cyanovinylene-linked pyrene-based COF exhibited intrinsic electrical conductivity of ~10−16 S/cm, which 

increased to ~10−4 S/cm after I2 doping.128 In comparison, predominantly amorphous JUC-Z2 exhibited 

electrical conductivity of around 1×10−2 S/cm after I2 doping,127 suggesting higher degree of electronic 

delocalization compared with more crystalline sp2-c-COF. Recently, olefin-linked 2D COFs were reported 

to be synthesized through Brønsted acid-catalyzed Aldol condensation between the activated methyl 

groups of 1,3,5-triazine and aryl aldehydes.129,130 Although electrical conductivity of corresponding COFs 

have not been studied yet, they might enrich the library for electrically conductive olefin-linked 2D COFs, 

especially beneficial for structure-conductivity relationship studies, which to our knowledge have been 

done for olefin-linked 2D COFs. 
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Scheme 1.13. Chemical structures of JUC-Z2 (left) and sp2-c-COF (right). 

The use of pyrazine linkages has generated a number of semiconducting POPs due to the ladder-type 

linkage (Figure 1.14) which ensures the in-plane full conjugation and great electronic delocalization. One 

of the earliest examples of pyrazine-linked 2D POPs was reported by Jiang and co-workers, which 

exhibited a hole mobility of 4.2 cm2 V–1 s–1 by the time-resolved microwave conductivity method (Scheme 

1.14, CS-COF).131 However, its electrical conductivity was not reported. Interestingly, an ambipolar 2D 

POP C2N-h2D (Scheme 1.14), constructed from the polycondensation between hexaaminobenzene and 

hexaketocyclohexane, exhibited an electron mobility of 13.5 cm2 V–1 s–1 and a hole mobility of 20.6 cm2 

V–1 s–1, respectively, when fabricated as a thin-film field-effect transistor (FET).132 C2P-5 COF, a reticular 

expansion of C2N-h2D (Scheme 1.14) synthesized by HHTP and HATP, showed a hole mobility of 4 cm2 

V–1 s–1 and an electrical conductivity of 1.75 S/cm when measured as a thin film.133 To our knowledge, 

C2P-5 COF represents the most electrically conductive POPs to date. 

Pyrazine-linked metal-Pc (MPc)-based 2D COFs (MPc-pz COFs) built from 2,3,9,10,16,17,23,24-

octaaminophthalocyaninato metal[II] (MPc[NH2]8) and a variety of tetra-ones represents a family of 

square-shaped electrically conductive POPs (Scheme 1.14). MPc-pz COFs exhibited electrical 

conductivities of 7.0×10–7 S/cm, 3.3×10–7 S/cm, and 2.51×10–5 S/cm when M is Zn (R = tBu),134 Cu (R = 
tBu),134 and Ni (R = H),135 respectively. Recently, Huang and co-workers reported a piperazine-linked 

MPc-based 2D POP M1Pc-NH-M2PcF8 (Scheme 1.15) synthesized by the solvothermal nucleophilic 

aromatic substitution reaction between NiPc[NH2]8 and 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-

hexadecafluoro-9H,31H-phthalocyaninato metal[II] (MPcF16, M = Co or Cu).136 NiPc-NH-CoPcF8 and 

NiPc-NH-CuPcF8 exhibited electrical conductivities of 0.0272 S/cm and 0.0241 S/cm when measured as 

pressed pellets, respectively. Higher values were observed when NiPc-NH-CoPcF8 and NiPc-NH-CuPcF8 

thin films were measured, leading to 0.127 S/cm and 0.115 S/cm, respectively. The carrier mobility of 

both NiPc-NH-CoPcF8 and NiPc-NH-CuPcF8 were also measured by two methods, including Hall 
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measurements and FET measurements. Interestingly, the Hall mobility of NiPc-NH-CoPcF8 and NiPc-

NH-CuPcF8 films were determined as 35.4 cm2 V–1 s–1 and 35.1 cm2 V–1 s–1, while the values obtained 

from FET measurements were only 0.13~0.34 cm2 V–1 s–1.  

 
Figure 1.14. Comparison between conventional conjugated polymers linked by rotatable C–C single bonds and 
conjugated ladder polymers linked by two bonds to form full conjugation. 
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Scheme 1.14. Chemical structures of representative pyrazine-linked 2D POPs. 
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Scheme 1.15. Chemical structure of M1Pc-NH-M2PcF8 COFs. 

1.5.2 Expanding Conjugation into Three Dimension 

3D POPs are usually constructed by tetra-topic linkers such as tetraphenylmethane and adamantane 

derivatives, which inherently prohibit the extended conjugation throughout the framework backbone. 

However, by carefully choosing the other building blocks such as tetrathiafulvalene and thiophene 

derivatives, electrically conductive POPs can also be synthesized where the through-space π–π interactions 

between these conjugated building blocks likely account for the charge transport. For example, 3D-TTF-

COFs, termed as JUC-518 (JUC = Jilin University China) and JUC-519, were built from tetrathiafulvalene-

tetrabenzaldehyde (TTF-TBA) and 1,3,5,7-tetraaminoadamantane (TAA) or tetra(4-

aminophenyl)methane (TAPM) (Scheme 1.16), and exhibited electrical conductivity of ~10–7 S/cm and 

~10–4 S/cm before and after I2 doping.137 Remarkably, replacing the conjugated organic building blocks 

from TTF-TBA to linear bithiophene or tetrathiophene revealed a significant increase of electrical 

conductivity to 2.1×10–3 S/cm and 6.7×10–3 S/cm, respectively.138  

To construct a fully conjugated 3D POP, an organic building block that has a non-planar geometrical 

structure and continuous conjugation of π–orbitals is required. Consisting of all sp2 carbon atoms, 

cyclooctatetraene (COT) has a non-planar molecular structure, revealing a great potential as the building 

block for fully conjugated 3D POPs. Cao and co-workers reported in 2021 the construction of such an 

example from saddle-shaped aldehyde-substituted α,α,α,α-tetraphenyl-cyclooctatetrathiophene (COThP-

CHO) and 1,4-phenylenediamine.139 Although this 3D COF, termed as BUCT-COF-1 (Scheme 1.16), is 

poorly crystalline, it exhibited a Hall electron mobility of 2.75±0.22 cm2 V–1 s–1 and an electrical 

conductivity of 1.51×10–8 S/cm. 
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Scheme 1.16. Chemical structures of two 3D POPs. 

To achieve ladder-type fully conjugated 3D POPs, Coskun and co-workers, together with us, 

demonstrated the synthesis of epoxide-bearing 3D POPs (3D ep-POP) via the Diels–Alder cycloaddition 

polymerization, which was subsequently aromatized to form a 3D graphitic porous polymer (3D p-POP) 

consisting of only sp2 carbons. Upon aromatization, an immediate increase of two orders of magnitude in 

the electrical conductivity from 8×10–10 S/cm to 5×10–8 S/cm was observed, which could be further 

improved by I2 doping to 6×10–4 S/cm (Scheme 1.17).140 
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Scheme 1.17. The conversion from 3D ep-POP to fully conjugated 3D p-POP. 

Although the number of electrically conductive 3D POPs are still relatively small compared with their 

2D counterparts, there is no intrinsic chemical limitation of the construction of 3D POPs. With generally 

higher porosity relative to 2D POPs, 3D conductive POPs would be a better candidate for supercapacitors 

or chemiresistive sensors if they can exhibit similar electrical conductivity as 2D conductive POPs. 

 

 

1.6 Fused Aromatic Materials for Electrochemical Energy Storage 



46 
 

Recent years have witnessed rapid market growth of EES devices, especially lithium-ion batteries 

(LIBs), mainly due to the prevalence of portable electronics and electric vehicles (EV). The global EV 

stock increased to over 16.5 million in 2021 from about 10 million in 2020 (Figure 1.15), and is expected 

to keep expanding in the foreseeable future. Such extraordinary growth speed leads to significant pressure 

on the raw material supply, especially transition metals such as cobalt and nickel, since conventional LIBs 

rely on transition-metal-oxide based cathodes. However, the resources and the production of transition-

metal are both limited, inevitably leading to high costs, and their large-scale use is neither environmentally 

benign nor sustainable. The mining, refining, and manufacturing of transition-metal-based electrode 

materials currently account for 30~50% of the global warming impact of battery-manufacturing 

industries.141,142 Therefore, eliminating the use of transition metals in battery-manufacturing industries 

would substantially alleviate their environmental impact. Moreover, producing battery electrodes from 

earth-abundant elements, such as carbon, oxygen, nitrogen, sulfur, etc., would also potentially make the 

price of batteries lower and less sensitive to swings in the raw-material price. 

 
Figure 1.15. Over 16.5 million electric cars were on the road in 2021, tripling in just three years. Figure source: 
Global Electric Vehicle Outlook 2022, IEA. 

Redox-active organic electrode materials (OEMs), which mostly comprising earth-abundant carbon, 

oxygen, nitrogen, sulfur, and hydrogen, have thus emerged as alternative electrode materials for metal-ion 

batteries (MIBs) relative to the conventional transition-metal-based inorganic electrodes. Due to their light 

weights, OEMs are able to accommodate a considerable number of redox-active sites per electrode mass, 

leading to a significantly higher energy density at the active-material level compared with their inorganic 

counterparts. Furthermore, unlike transition-metal-oxide-based electrode materials which are formed by 
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densely packed transition metal cations and O2– anions through strong ionic or covalent bonding, OEMs 

are composed of molecules or polymer chains which are held by much weaker van der Waals interactions. 

Therefore, OEMs are “more flexible” and can generally store electrochemical energies regardless of the 

choice of counter ions that undergo insertion/desertion into/out of the electrode during charge storage, a 

phenomenon that has very rarely observed for inorganic electrode materials. From a more practical 

perspective, OEMs are predicted to have prices in the range of 5 to 20 US dollars per kilogram, which is 

only about one third of the unit price of cobalt metal and LiCoO2 and can lead up to ~30% price drop of 

the total cell costs.31 

Although OEMs exhibit such huge advantages over traditional inorganic electrode materials, they have 

still been far away from commercialization and their use as electrode materials for MIBs is still at the stage 

of academic research in laboratories because they have several significant drawbacks, including the 

tendency of dissolution during charging/discharging, and their poor electrical conductivity, which we will 

discuss in detail in the following parts. We will not cover all of the aspects of OEMs in this section because 

there have been several phenomenal reviews articles pertaining to this topic.31,143-146 

To solve both the dissolution and conductivity problems, we propose that strong intermolecular 

interactions can 1) increase the energy penalty of dissolution and thus decrease the solubility of OEMs in 

electrolytes, and 2) promote charge conduction and transfer. Therefore, we hypothesize that fused aromatic 

materials, formed by fusion of multiple aromatic rings, have the potential to exhibit good performance as 

electrode materials due to their ability to form strong intermolecular interactions through π–π interaction. 

A few well-known examples are naphthalene (bicyclic), anthracene (tricyclic), chrysene (quadro-cyclic), 

and pentacene (penta-cyclic). However, these hydrocarbons lack redox activity and can only be potentially 

used as anode materials where the reduction of aromatic rings takes place. To enable their applications as 

cathode materials, additional redox-active motifs have to be installed onto the molecular backbones. We 

will discuss common redox-active functional groups in section 1.6.1 below. 

1.6.1 Common Classes of Organic Electrode Materials 

Adapting the concepts from organic electronics where n-type means the injection of electrons and p-

type means the injection of holes (i.e., positive charges), OEMs can also be classified as n-type (Scheme 

1.18), p-type (Scheme 1.19), or bipolar-type (Scheme 1.20) based on their capabilities of accepting 

electrons (reduction, n-type) or donating electrons (oxidation, p-type) in their neutral state during the 

electrochemical reaction. n-Type OEMs undergo reduction with the insertion of cations from the 

electrolyte, while p-type OEMs undergo oxidation with the insertion of anions from the electrolyte. 

Earliest studies employing OEMs for LIBs can be tracked back to 1970s, when carbonyl compounds 

were used to construct the battery systems.147,148 However, the rapid dissolution of these carbonyl 
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compounds into electrolyte led to fast decay in capacity. Conducting polymers such as polyacetylene, 

poly-(p-phenylene), polyaniline, polypyrrole, and polythiophene have been utilized as electrode materials 

for batteries since 1980s due to their intrinsic electrical conductivity and less soluble nature compared with 

carbonyl compounds.149-152 However, conducting polymers suffered from several significant drawbacks, 

including low energy capacities (usually < 150 mAh/g) due to the low density of redox-active sites and 

low doping density, and sloping voltage profiles which usually lead to low nominal discharge voltage. 

Although the cycling stability of conducting polymers improved a lot relative to carbonyl compounds, 

they still suffered from gradual material degradation during cycling due to unfavorable side reactions of 

polymer backbones. Another kind of polymeric electrode materials is stable-organic-radical-containing 

polymers such as TEMPO-bearing ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) polymers, which are capable 

of store and release charge in exceptionally high rates because the presence of minimal bond 

rearrangements during charging and discharging, and the electron-transfer rate of TEMPO groups are 

high.153,154 However, these polymers commonly exhibit low specific capacity (<100 mAh/g) due to the 

presence of redox-innocent polymer backbones and linkage between the backbone and organic radicals. 

Although the research of OEMs has been continuously expanding since 1970s, the renaissance started 

in 2008 after the seminal article published by Armand and Tarascon predicting a bright future for organic 

batteries.155 To pursuit a more sustainable world, alternative electrode materials made from earth-abundant 

elements must be developed to lower down the carbon emissions of battery industries which is currently 

still based on conventional inorganic electrode materials. Therefore, numerous new OEMs have been 

designed, synthesized, and applied in batteries, which are mostly based on the redox motifs presented in 

Scheme 1.18 to 1.20. However, the major problems of OEMs that have been known since the early days 

of OEM research, such as the dissolution-induced poor cycling stability and sluggish charge transport 

properties, have not been solved yet. We provide discussions in detail about these two major problems in 

the following two sections and propose several strategies to overcome them in the last section, 1.6.4. 
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Scheme 1.19. Common n-type redox motifs. M+ = metal cations. The use of “M+” here is for simplification and does 
not mean that these redox reactions are only restricted to monovalent cations. 
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1.6.2 The Dissolution Problem 

As one of the most important performance metrics of batteries (and also other EES devices), cycling 

stability depends on both active materials and electrode compositions. Most relevant properties of active 

materials include the stability (upon electrochemical polarization) and solubility (in electrolytes), whereas 

the binder, conducting additives, and even the electrode architectures can also play important roles in 

determining the cycling stability. 

A vast majority of OEMs have intrinsically high solubility in electrolytes at their pristine state. The 

problem usually gets worse when they are electrochemically polarized (i.e., reduced or oxidized). The 

continuous dissolution of active materials from the electrode results in a gradual decrease of capacity upon 

cycling, which is a key obstacle limiting the practical use of OEMs. For example, p-benzoquinone based 

cathode lost two thirds of initial capacity after only 20 cycles even with the mixing of 60 wt.% of carbon 

and 10 wt.% of PTFE binder.156 In comparison, transition-metal-oxide-based inorganic cathodes can 

generally retain 80% of the initial capacity after 1000 cycles. Through molecular design and engineering, 

OEMs with more complicated chemical structures have been realized (Scheme 1.21). Some of them exhibit 

significantly lower solubility, however, at the expense of specific capacity because of the presence of 

redox-innocent parts. Although compositing OEMs with advanced carbon materials (e.g., graphene, 

carbon nanotubes, mesoporous carbon, etc.) can lead to a more robust integration of OEMs into electrode 

due to π–π interactions, the resulting active material loadings are generally low, which inevitably reduces 

the electrode-level capacity. Therefore, there are continuously growing interests in strategies that can 

either decrease the solubility of OEMs or prevent OEMs from dissolution without significant sacrifice of 

other key performance metrics. 
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Scheme 1.21. Representatives of OEMs. 

1.6.3 The Poor-Conductivity Problem 

The electrical conductivities of electrode active materials have huge influences on the rate capability 

of batteries. Electrodes made from more conductive active materials generally exhibit better power density 

at similar electrode compositions. Simply mixing electrically conducting additives with electrode active 

materials can increase the conductivity of the whole electrode, but has no influence on the electron 

conduction within active materials. Therefore, more advanced treatments are required to make electrodes 

out of poorly conducting or even insulating active materials. For example, although LiFePO4-based 

batteries are known to exhibit high rate performances, LiFePO4 particles have to be coated with a thin 

layer of carbon before being mixed with carbon black and binders to make electrodes because it has a low 

electrical conductivity value of around 10–9 S/cm. 

Apart from conducting polymers, common OEMs generally possess electrical conductivities on par or 

lower than that of LiFePO4.31,155 Some rare examples exhibit conductivity values between 10–9 and 10–6 

S/cm. Therefore, large amounts of conducting additives, such as 50 wt.% of carbon black, are commonly 

required to make electrodes from OEMs. Although doped conducting polymers can have conductivities as 

high as 10 S/cm, they have other major disadvantages as electrode materials, as we have discussed above 

in section 1.6.1. Therefore, there is an urgent need of new OEMs with high intrinsic electrical conductivity 

(> 10–5 S/cm) and high energy density. 
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Figure 1.16. Common electrical conductivities of OEMs and representative inorganic electrode materials. 

1.6.4 Perspective 

We believe that the practical use of OEM-based batteries will not be a fantasy but a reality in the 

foreseeable future if the two majors obstacles, the dissolution, and poor-conductivity problems, can be 

solved by new material designs. These two problems are not completely isolated from each other because 

they are both closely related to the intermolecular interactions within OEMs. Therefore, we propose that 

common strategies of increasing the strength of intermolecular interactions, such as π–π stacking, donor-

acceptor interactions, and hydrogen bonding interactions, shall also apply to OEMs and could potentially 

lead to low solubility and high electrical conductivity simultaneously. 
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Chapter 2. Continuous Electrical Conductivity Variation in M3(hexaiminotriphenylene)2 (M = Co, 

Ni, Cu) MOF Alloys 

This chapter is adapted with permission from Chen, T.; Dou, J-H.; Yang, L.; Sun, C.; Libretto, N. J.; Skorupskii, 

G.; Miller, J. T.; Dincă, M. J. Am. Chem. Soc., 2020, 142(28), 12367–12373. Copyright 2020 American Chemical 

Society. 

2.1 Abstract 

MOFs with higher electrical conductivity do not always exhibit the best performance. Instead, MOFs 

with their electrical conductivity and/or band structures tailored to match the requirements of certain 

applications have the greatest potential to perform well. Therefore, strategies to effectively tune the 

electrical conductivity and/or band structures are highly desired. One of the simplest but probably most 

effective strategies is compositional tuning. Here, we report continuous fine-scale tuning of band gaps 

over 0.4 eV and of electrical conductivity over four orders of magnitude in a series of highly crystalline 

binary alloys of two-dimensional electrically conducting metal-organic frameworks M3(HITP)2 (M = Co, 

Ni, Cu; HITP = 2,3,6,7,10,11-hexaiminotriphenylene). Isostructurality in the M3(HITP)2 series permits the 

direct synthesis of binary alloys (MxM'3–x)(HITP)2 (MM' = CuNi, CoNi, and CoCu) with metal 

compositions precisely controlled by precursor ratios. We attribute the continuous tuning of both band 

gaps and electrical conductivity to changes in free carrier concentrations and to subtle differences in 

interlayer displacement (D) or spacing (S), both of which are defined by metal substitution. The activation 

energy of (CoxNi3–x)(HITP)2 alloys scales inversely with increasing the Ni percentage, confirming 

thermally-activated bulk transport. 
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2.2 Introduction 

The ability to change the electronic energy levels of the valence and conduction bands in 

semiconductors is one of the foundational principles of modern electronics. In principle, the same applies 

to electrically conducting metal-organic frameworks (MOFs), a class of emerging crystalline porous 

conductors.1,2 Finely tuning their electronic properties, be it their absolute conductivity or the activation 

energy for charge transport, is crucial for optimizing their performance as active materials in 

supercapacitors,3–5 batteries,6 electrocatalysis,7–11 chemiresistive sensors,12–17 and thermoelectrics.18,19 

However, this has proven difficult in conducting MOFs, where changes in conductivity are most often 

enacted by varying structure rather than composition. Whereas different structures indeed lead to different 

conductivities, structural changes rarely allow for continuous fine tuning of electronic energy levels. 

Notable exceptions involve redox doping,20 such as in tetracyanoquinodimethane-doped Cu3(BTC)2 

(1,3,5-benzenetricarboxylate), a system that allows smooth variation of conductivity over six orders of 

magnitude,21 or more commonly via I2 doping of relatively insulating host frameworks.17  

In inorganic semiconductors, a much more successful strategy towards band engineering is 

isostructural alloying, such as in Si1–xGex. We show here that one of the prototypical electrically conducting 

MOFs, Ni3(HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene), is amenable to similar compositional 

tuning. Binary alloys (MxM'3–x)(HITP)2) (MM' = CuNi, CoNi, and CoCu) allow precise control over the 

M/M' ratios and are isostructural with the parent compounds M3(HITP)2 (M = Co, Ni, Cu), here reported 

with significantly improved crystallinity compared to published procedures. Alloying enables continuous 

variation of electrical conductivity over 4 orders of magnitude from 5.8×10–3 S cm–1 to 55.4 S cm–1. 

 
Figure 2.1. Synthesis of M3(HITP)2 (M = Co, Ni, Cu) and (MxM'3–x)(HITP)2 alloys. 
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Figure 2.2. The demonstration of the indispensability of air during the synthesis of Co3(HITP)2. The reaction mixture 
containing HATP·6HCl, Co(OAc)2·4H2O, NaOAc (2 M) in Milli-Q water/DMF is still clear without any precipitate 
after three-hour stirring under N2 atmosphere at room temperature. 

2.3 Results and Discussion 

Although pure M3(HITP)2 (M = Ni, Cu, Co) have been reported with varying degrees of crystallinity 

and porosity,9,12,22 systematic investigations of potential mixed-metal phases required the development of 

consistent synthetic procedures for high quality crystalline and porous powders of all three MOFs (Figure 

2.1). Generally, the synthesis of M3(HITP)2 involves coordination of amino groups to metal ions, 

subsequent deprotonation of amino groups (typically by aqueous ammonia), followed by oxidation in air. 

The absence of air prevents the formation of any precipitate (Figure 2.2) and is thus considered critical. 

However, replacing ammonia with a weaker base, such as CH3CO2Na led to significant improvements in 

crystallinity for Ni3(HITP)2 and Cu3(HITP)2 (Figures 2.3, 2.4). Most strikingly, Co3(HITP)2 crystallizes 

only in the presence of CH3CO2Na, with ammonia yielding an essentially amorphous phase (Figures 2.5, 

2.6). The crystallinity of all three compounds can be further improved by employing coordinating 

solvents/H2O mixtures (e.g., N,N-dimethylformamide (DMF) for Co3(HITP)2, dimethyl sulfoxide (DMSO) 

for Ni3(HITP)2, and N,N-dimethylacetamide (DMA) for Cu3(HITP)2). The organic co-solvents modulate 

the rate of deprotonation, thereby retarding nucleation,23 and have higher donicity/donor numbers than 

water,24 which affects the reversibility of the metal-ligand bond formation and further controls crystal 

growth.23 



62 
 

 

 
Figure 2.3. Optimization of the synthesis of Ni3(HITP)2. (a) PXRD patterns of Ni3(HITP)2 synthesized using different 
base in water-only solvent system are presented. A significant improvement of crystallinity was observed when using 
NaOAc as the base. 4 M NaOAc solution was found to be optimal for the synthesis of Ni3(HITP)2. (b) PXRD patterns 
of Ni3(HITP)2 synthesized using different solvent combinations (from bottom to top: water, DMF/H2O, DEF/H2O, 
DMA/H2O, DMSO/H2O), revealing the influence of coordinating solvents on the crystallinity of Ni3(HITP)2. DMSO 
was found to be optimal for the synthesis of Ni3(HITP)2. (c) The influence of the amount of DMSO. From A to E, 
the amount of DMSO is 0.5 mL, 0.75 mL, 1 mL, 1.5 mL, 3 mL. (d) Comparison of the synthetic procedure in 2.5.2. 

 
Figure 2.4. Optimization of the synthesis of Cu3(HITP)2. (a) PXRD patterns of Cu3(HITP)2 synthesized using 
different base are presented. A water-only solvent system was used for the bottom three traces, whereas DMF/H2O 
solvent system (v/v = 3:7) was used for the top four traces. Significant improvement of the crystallinity was observed 
when using appropriate amount of NaOAc as the base and DMF/H2O as the solvent. (b) PXRD patterns of 
Cu3(HITP)2 synthesized using different solvent combinations (from bottom to top: DEF/H2O, DMA/H2O, 
DMSO/H2O, DMF/H2O; v/v = 3:7), revealing the influence of coordinating solvents on the crystallinity of 
Cu3(HITP)2. DMA was found to be optimal for the synthesis of Cu3(HITP)2. Regarding the synthesis of Cu3(HITP)2, 
dark mixture is formed immediately after mixing HATP aqueous solution and CuSO4 solution, which is different 
from both Co3(HITP)2 and Ni3(HITP)2. This indicates that the interaction between Cu2+ and HATP is strong even 
without deprotonation, impeding the formation of highly crystalline material. Therefore, DMA is used as one of the 
solvent components since CuSO4·5H2O barely dissolve in DMA, which results in the low Cu2+ concentration in the 
reaction mixture. Thus, slower formation of Cu3(HITP)2 and significantly improved crystallinity can be realized. 
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Figure 2.5. Optimization of the synthesis of Co3(HITP)2. Equivalence corresponds to HATP·6HCl. (a) amorphous 
Co3(HITP)2 obtained by using ammonia as base. (b) PXRD patterns of Co3(HITP)2 synthesized using different 
amount of NaOAc (A to F: 860, 650, 430, 270, 120, 75 eq.) with water-only solvent system are presented, indicating 
the amount of NaOAc needs to be appropriate to obtain of Co3(HITP)2 with good quality. As shown by the top trace, 
using DMF/H2O (v/v = 3:7) mixture as the solvent further improves the crystallinity. (c) Trace A: Co3(HITP)2 
synthesized using the procedure described in 2.5.2; Trace B: Co3(HITP)2 synthesized using the alternative procedure 
described in 2.5.2. The improvement of crystallinity using condition B demonstrates that NaOAc serves not only as 
a base, but also as a modulator. (d) PXRD patterns of Co3(HITP)2 synthesized using different weak bases. *: 3 eq. of 
the corresponding base was added as a modulator to the reaction mixture with Co salts, HATP, and excess amount 
of NaOAc. 

 
Figure 2.6. SEM images of amorphous Co3(HITP)2 synthesized by using aqueous NH3 as the base. Irregular shaped 
particles were observed. Scale bar: 500 nm. 
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Crystallinity improvements also correlate with enhanced permanent porosity. N2 adsorption isotherms 

at 77 K for M3(HITP)2 samples activated by heating at 90 °C under dynamic vacuum gave Brunauer-

Emmett-Teller (BET) surface areas of 805.5±0.5 m²/g, 884.7±0.9 m²/g, and 495.4±1.3 m²/g for the Co, Ni, 

and Cu materials, respectively (Figure 2.7a-c). These are considerably higher than previously reported 

values and confirm the improved synthetic procedures and material quality developed here.9,18 Uniform 

pore size distributions were found in M3(HITP)2 by pore size distribution analysis (Figure 2.8). 

Thermogravimetric analysis (TGA) revealed that M3(HITP)2 undergo pronounced weight losses above 

200 ℃, likely due to decomposition (Figure 2.9). 

 
Figure 2.7. N2 adsorption isotherms of M3(HITP)2 (M = Co (a), Ni (b), and Cu (c)) and representative (MxM'3–

x)(HITP)2 ((Cu0.50Ni2.50)(HITP)2 (d), (Co1.14Ni1.86)(HITP)2 (e), and (Co0.51Cu2.49)(HITP)2 (f)) at 77 K. The linear BET 
fit of these N2 adsorption isotherms gave BET surface area of 805.4861±0.5152 m²/g for Co3(HITP)2, 
884.6592±0.8542 m²/g for Ni3(HITP)2, 495.3837±1.2717 m²/g for Cu3(HITP)2, 814.8304±0.4478 m²/g for 
(Cu0.50Ni2.50)(HITP)2, 731.7164 ± 0.4050 m²/g for (Co1.14Ni1.86)(HITP)2, and 426.9539±0.6385 m²/g for 
(Co0.51Cu2.49)(HITP)2. The BET SSA values of (MxM'3–x)(HITP)2 alloys measured suggest the possibility of 
controlling the porosity by changing the composition of (MxM'3–x)(HITP)2 alloys. 
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Figure 2.8. The pore size distribution (PSD) of M3(HITP)2 (M = Co, Ni, and Cu) and representative (MxM'3–x)(HITP)2 
alloys ((Cu0.50Ni2.50)(HITP)2, (Co0.51Cu2.49)(HITP)2, and (Co1.14Ni1.86)(HITP)2) calculated using BJH model. The 
maximums in PSD of M3(HITP)2 and (MxM'3–x)(HITP)2 alloys are at pore width of around 1.3 nm and 1.6 nm, which 
is consistent with the crystal structures. 

 
Figure 2.9. TGA of M3(HITP)2 MOFs. Thermograms (straight line) and derivative curve (dashed line) of Co3(HITP)2 
(a), Ni3(HITP)2 (b), and Cu3(HITP)2 (c) in air. Pronounced weight losses above 200 °C were observed in all cases. 
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Scanning electron microscopy (SEM) revealed that black Ni3(HITP)2 and Cu3(HITP)2 powders consist 

of hexagonal, 1-2 μm-long rod-like crystals, whereas Co3(HITP)2 consists of polycrystalline flakes several 

hundreds of nanometers wide (Figures 2.10-2.11). All materials exhibit sufficiently high crystallinity for 

Pawley refinement of their respective powder X-ray diffraction (PXRD) data (Figure 2.12a). Surprisingly, 

PXRD data for all materials gave best fits for the orthorhombic space group Cmcm (Figure 2.12a and 

Table 2.1), confirming a lower symmetry than the previously reported hexagonal systems.12,22 The lower 

symmetry is also a consequence of improved crystallinity and indicates less averaging of the stacking 

arrangement in the c direction. Indeed, the synchrotron PXRD data (Figure 2.13) allows observation of 

subtle differences among the three materials for both the interlayer displacement (D) along the b direction 

and the interlayer spacing (S) along the c direction. Thus, Ni3(HITP)2 exhibits the largest D value, 1.56(2) 

Å, whereas Cu3(HITP)2 has the smallest S value of only 3.16(8) Å. The latter is significantly smaller than 

the previously reported value, 3.30 Å, which was derived from a more poorly crystalline sample.11 The S 

spacing is evidently connected with the strength of interaction between the 2D sheets, which has recently 

been shown to contribute significantly to electrical conductivity in layered lanthanide MOFs;25 precise 

measurements of this value are important for future computations involving these materials. 

 
Figure 2.10. SEM images of micro- and nano-crystals of Co3(HITP)2 (a), Ni3(HITP)2 (b), and Cu3(HITP)2 (c) 2D 
MOFs, indicating the uniformity of morphology. Scale bars: 500 nm (a), 2 μm (b, c). 

 
Figure 2.11. Zoom-in SEM images of micro- and nano-crystals of Co3(HITP)2 (a), and Ni3(HITP)2 (b) 2D MOFs, 
demonstrating their high crystallinity. Scale bars: 100 nm (a), 2 μm (b, c). 
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Figure 2.12. (a) Synchrotron PXRD patterns and corresponding Pawley refinements for Co3(HITP)2, Ni3(HITP)2, and 
Cu3(HITP)2. Insets show the simulated structures (both ab direction and c direction). The red dashed lines indicate 
interlayer displacement. (b) Continuous changes of the crystal lattice parameters as evidenced by shifts in the (110) 
peak position for (Cox/Cu3–x)(HITP)2, (CoxNi3–x)(HITP)2, and (CuxNi3–x)(HITP)2 alloys. Solid lines are the guide to 
the eye; dashed lines are the linear fit to the Vegard’s law, with R2 of 0.98, 0.92, and 0.98, respectively. 

Table 2.1. Lattice parameters obtained by Pawley refinements of synchrotron PXRD patterns of M3(HITP)2 (M = Co, 
Ni, Cu). Pawley refinements gave best fits for the orthorhombic space group Cmcm for M3(HITP)2. 

Co3(HITP)2 Ni3(HITP)2 Cu3(HITP)2 

a = 35.750861 Å 
b = 22.189065 Å 
c = 6.595006 Å 
α = β = γ = 90° 
 
Interlayer spacing (S): 3.29(8) Å 
Co-Co distance: 3.579 Å 
Interlayer displacement (D): 1.390 
Å 
 
Pawley refinement Rwp = 4.23% 

a = 37.418502 Å 
b = 21.521620 Å 
c = 6.476743 Å 
α = β = γ = 90° 
 
Interlayer spacing (S): 3.23(8) Å 
Ni-Ni distance: 3.595 Å 
Interlayer displacement (D): 1.562 
Å 
 
Pawley refinement Rwp = 4.83% 

a = 37.963930 Å 
b = 21.325635 Å 
c = 6.336320 Å 
α = β = γ = 90° 
 
Interlayer spacing (S): 3.16(8) Å  
Cu-Cu distance: 3.285 Å 
Interlayer displacement (D): 0.869 
Å  
 
Pawley refinement Rwp = 5.93% 
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Figure 2.13. Synchrotron PXRD patterns M3(HITP)2 (M = Co, Ni, Cu) (a) and zoomed-in region of (110) peaks. 

Structural details from the Pawley refinements were confirmed by high resolution transmission 

electron microscopy (HRTEM), with all three materials exhibiting hexagonal lattices (Figure 2.14). 

Importantly, Fast-Fourier transform (FFT) analysis of the HRTEM micrographs provided lattice 

parameters which are in excellent agreement with those obtained from PXRD (Tables 2.2-2.4). HRTEM 

also allows precise measurements of π-π stacking distances of 3.25 Å for Ni3(HITP)2 and 3.12 Å for 

Cu3(HITP)2, again in excellent agreement with those obtained from PXRD analysis (Figures 2.15-2.17). 

 
Figure 2.14. HRTEM images of Co3(HITP)2 (a, d), Ni3(HITP)2 (b, e), and Cu3(HITP)2 (c, f). Insets show FFT analysis 
of the micrographs in (d), (e), and (f). 
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Table 2.2. d-spacing extracted from FFT of TEM images (Observed), calculated based on the refined structure of 
Co3(HITP)2 with unit cell parameters of a = 35.75 Å, b = 22.19 Å, c = 6.59 Å (X-ray), and indices corresponding to 
the d-spacing (Index). Although the π-stacking layers can be seen, interlayer distance cannot be obtained due to the 
insufficiency of image quality. 

Observed (Å) X-ray (Å) Index 

17.2 18.9 110 

Table 2.3. d-spacing extracted from FFT of TEM images (Observed), calculated based on the refined structure of 
Ni3(HITP)2 with unit cell parameters of a = 37.42 Å, b = 21.52 Å, c = 6.48 Å (X-ray), and indices corresponding to 
the d-spacing (Index). 

Observed (Å) X-ray (Å) Index 

18.5 18.7 110 

3.25 3.24 002 

Table 2.4. d-spacing extracted from FFT of TEM images (Observed), calculated based on the refined structure of 
Cu3(HITP)2 with unit cell parameters of a = 37.96 Å, b = 21.33 Å, c = 6.34 Å (X-ray), and indices corresponding to 
the d-spacing (Index). 

Observed (Å) X-ray (Å) Index 

18.6 18.5 110 

3.12 3.17 002 
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Figure 2.15. TEM images of Co3(HITP)2 nanocrystalline powder. (a) Flakes about 50 nanometers wide stack together 
to form bulk Co3(HITP)2, whereas rod-like morphology can be hardly seen. (b) Left: schematic representation of one 
layer of M3(HITP)2 (M = Co, Ni, Cu) and the pore arrangement that observed under TEM. Right: schematic 
representation of a stacking configuration of four layers of M3(HITP)2 parallel to 2D layers. Red dashed arrows in 
the left scheme indicate the direction of viewing for the right scheme. (c, d) Thin films of Co3(HITP)2 showing 
hexagonal pores. Red dashed circles indicate the rod-like fragments formed during sonication of Co3(HITP)2 flakes. 
(e) Interlayer π-stacking of layers of Co3(HITP)2. Inset shows the corresponding FFT. 



71 
 

 
Figure 2.16. TEM images of Ni3(HITP)2 microcrystalline powder. (a, b, c) Rods of Ni3(HITP)2 with diameters more 
than 50 nanometers. Well-aligned fringes indicate the ordered 1D pore structure of Ni3(HITP)2, which has been 
schematically illustrated in Figure 2.15b. Inset shows the corresponding FFT. (d, e) Hexagonal Ni3(HITP)2 films 
show hexagonal pore structures. (f) Interlayer π-stacking of layers of Ni3(HITP)2. Inset shows the corresponding FFT. 
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Figure 2.17. TEM images of Cu3(HITP)2 microcrystalline powder. (a, b, c, e) Rods of Cu3(HITP)2 with diameters 
vary from around 50 to over 100 nanometers. Well-aligned fringes indicate the ordered 1D pore structure of 
Cu3(HITP)2, which has been schematically illustrated in Figure 2.15b. Inset shows the corresponding FFT. (d) 
Hexagonal Cu3(HITP)2 films. (f) Interlayer π-stacking of layers of Cu3(HITP)2. Inset shows the corresponding FFT. 

Owing to their nearly identical structures, M3(HITP)2 (M = Co, Ni, Cu) can be produced from binary 

mixtures of metal precursors with continuously variable compositions. To illustrate this, we targeted three 

binary series (MxM'3–x)(HITP)2: 5 compositions in the Cu/Ni space, 5 for Co/Ni, and 6 for Co/Cu. The 

final M/M' ratios were determined by inductively coupled plasma-mass spectrometry (ICP-MS), X-ray 

photoelectron spectroscopy (XPS), and/or energy-dispersive X-ray spectroscopy (EDS). All confirmed 

that the final metal compositions were similar to those of the precursors (Figure 2.18).  

A series of spectroscopic and analytical techniques confirmed the uniform composition of the MOF 

alloys, with (CoxNi3–x)(HITP)2 as a representative example. STEM elemental mapping of (CoxNi3–

x)(HITP)2 samples revealed uniform distribution of Co and Ni atoms within single crystallites/grains, 

confirming the formation of true mixed phases rather than individual particles or phase-segregated islets 

of Co3(HITP)2 and Ni3(HITP)2 (Figures 2.19-2.24). Tellingly, the morphology of (CoxNi3–x)(HITP)2 

particles also evolve gradually from nano-flakes for the cobalt-rich (Co2.38Ni0.62)(HITP)2 to nano-rods for 

the nickel-rich (Co0.60Ni2.40)(HITP)2 (Figures 2.25, 2.26). Finally, monotonous shifts of the (110) peak 

position in the corresponding PXRD patterns confirm a systematic increase in the b unit cell parameter of 
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(CoxNi3–x)(HITP)2 with increasing Ni content (Figure 2.12b). Similar changes are found in the (CuxNi3–

x)(HITP)2 and (CoxCu3–x)(HITP)2 series (Figures 2.12b, 2.27); all follow Vegard’s law, an empirical 

formula describing solid solutions.26  

 
Figure 2.18. Summary of metal composition determinations by different methods. a) (CoxNi3–x)(HITP)2 alloys; b) 
(CuxNi3–x)(HITP)2 alloys; c) (CoxCu3–x)(HITP)2 alloys. The metal compositions of (MxM'3–x)(HITP)2 alloys were 
determined by ICP-MS, XPS, and EDS. Regarding the metal composition determinations by XPS, the binary 
mixtures of cobalt phthalocyanine (CoPc), nickel phthalocyanine (NiPc), and cupper phthalocyanine (CuPc) were 
used as standards to calibrate the RSF values of each element. 

 
Figure 2.19. HAADF-STEM image of (Co2.38Ni0.62)(HITP)2. (a), and the corresponding elemental mapping of Co (b) 
and Ni (c). The overlap (d) shows the uniform distribution of Co and Ni in this material. All of the 5 (CoxNi3–x)(HITP)2 
alloys with different Co: Ni ratios show uniform distribution of Co and Ni verified by energy-dispersive X-ray 
spectroscopy (EDS), indicating the absence of phase separation. Importantly, the yellow spots in the overlap diagrams 
demonstrate the presence of both Co and Ni within 1×1 nm2 area, indicating the good mixing of Co and Ni. 
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Figure 2.20. HAADF-STEM image of (Co1.83Ni1.17)(HITP)2. (a), and the corresponding elemental mapping of Co (b) 
and Ni (c). The overlap (d) shows the uniform distribution of Co and Ni in this material. 

 

 
Figure 2.21. HAADF-STEM image of (Co1.54Ni1.45)(HITP)2. (a), and the corresponding elemental mapping of Co (b) 
and Ni (c). The overlap (d) shows the uniform distribution of Co and Ni in this material. 
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Figure 2.22. HAADF-STEM image of (Co1.14Ni1.86)(HITP)2. (a), and the corresponding elemental mapping of Co (b) 
and Ni (c). The overlap (d) shows the uniform distribution of Co and Ni in this material. 

 

 
Figure 2.23. HAADF-STEM image of (Co0.60Ni2.40)(HITP)2. (a), and the corresponding elemental mapping of Co (b) 
and Ni (c). The overlap (d) shows the uniform distribution of Co and Ni in this material. 
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Figure 2.24. EDS spectra of (Co2.38Ni0.62)(HITP)2 (a), (Co1.83Ni1.17)(HITP)2 (b), (Co1.54Ni1.45)(HITP)2 (c), 
(Co1.14Ni1.86)(HITP)2 (d), and (Co0.60Ni2.40)(HITP)2 (e). 
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Figure 2.25. SEM images of (CoxNi3–x)(HITP)2 alloys. From (a) to (e): (Co2.38Ni0.62)(HITP)2 to (Co0.60Ni2.40)(HITP)2. 
Scale bars: 200 nm (a-d), 500 nm (e). The phase purity was confirmed by exhaustive SEM imaging of the (CoxNi3–

x)(HITP)2 alloy samples from multiple batches where only one morphologically unique crystallite could be found for 
each composition. 

 
Figure 2.26. SEM images of (CuxNi3–x)(HITP)2 alloys. From (a) to (e): (Cu2.32/Ni0.68)(HITP)2 to (Cu0.50/Ni2.50)(HITP)2. 
Scale bars: 500 nm. The phase purity was confirmed by exhaustive SEM imaging of the (CuxNi3–x)(HITP)2 alloy 
samples from multiple batches where only one morphologically unique crystallite could be found for each 
composition. 
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Figure 2.27. PXRD of (a) (CuxNi3–x)(HITP)2 alloys, (b) (CoxNi3–x)(HITP)2 alloys, and (c) (CoxCu3–x)(HITP)2 alloys. 
All PXRD patterns are calibrated by internal standard LaB6, whose diffraction peaks are marked by ＊. 

XPS and X-ray absorption spectroscopy (XAS) confirmed that all metals are in the +2 formal oxidation 

state and exhibit square-planar coordination geometry. The XPS Co 2p3/2 peak of Co3(HITP)2 has a binding 

energy of 780.9 eV with a prominent satellite at 786.7 eV. These are consistent with Co2+ compounds, as 

satellite features rarely appear for Co3+ compounds.4,27 Furthermore, Co3(HITP)2 resides in Co(II) region 

in the Wagner plot28 of Co based on the Co 2p3/2 binding energy and Co LMM kinetic energy (769.7 eV, 

Figure 2.28). The XPS spectra of Ni3(HITP)2 and Cu3(HITP)2 exhibit single Ni 2p3/2 and Cu 2p3/2 peaks at 

855.2 eV and 933.5 eV, respectively, as expected for Ni2+ and Cu2+ (Figure 2.29).29,30 The weak satellite 

accompanying the Ni 2p3/2 peak suggests Ni2+ is diamagnetic in Ni3(HITP)2.31 The complementary Cu 
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LMM peak with a kinetic energy of 918.2 eV also locates Cu3(HITP)2 in the Cu(II) region of the Wagner 

plot of Cu (Figure 2.30). We note that the improved synthesis of Cu3(HITP)2 leads to pure Cu(II) samples, 

in contrast with previous reports where mixed valence contributions to conductivity could not be ruled 

out.12 XPS N 1s spectra of M3(HITP)2 can be deconvoluted into two peaks at 399.6 eV and 397.9 eV which 

are attributed to the anilinic amine (–NH–) and the quinoid imine (=N–),32,33 and correlate well with the 

proposed partial oxidation of HATP to form HITP (Figure 2.29). The resulting charge neutrality of the 

frameworks is demonstrated by the absence of possible additional charge-balancing ions (e.g., Na+ and 

OAc–; Figures 2.31, 2.32). 

 
Figure 2.28. a) Co LMM region of Co3(HITP)2, the kinetic energy 769.7 eV is typical for Co2+. b) Wagner plot of 
Co, indicating that Co3(HITP)2 only has Co2+. The Wagner plot is generated using NIST XPS Data Base. 

 
Figure 2.29. XPS high resolution spectra of a) Co 2p region of Co3(HITP)2, b) Cu 2p region of Cu3(HITP)2, c) Ni 
2p region of Ni3(HITP)2, and typical N 1s region of M3(HITP)2 MOFs. Circles represent the experimental data, the 
solid lines are the envelope of fitting, and the dash lines are backgrounds and fitting components. 
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Figure 2.30. a) Cu LMM region of Cu3(HITP)2, the kinetic energy 918.2 eV is typical for Cu2+. b) Wagner plot of 
Cu, indicating that Cu3(HITP)2 only has Cu2+. The Wagner plot is generated using NIST XPS Data Base. 

 
Figure 2.31. The absence of Na+ in the as-synthesized Co3(HITP)2 verified by XPS, indicating that the framework is 
neutral in charge. 

X-ray absorption near edge structure (XANES) analysis of Co3(HITP)2 revealed a pre-edge feature at 

7.7092 keV and an edge energy of 7.7204 keV, well matched with the value expected for Co2+ (Figure 

2.33). The weak pre-edge feature at 8.9712 keV in the XANES spectrum of Cu3(HITP)2 (Figure 2.34) is 

characteristic of Cu2+, which has been unambiguously assigned to a 1s→3d transition. This transition is 

not observed in Cu+ with fully occupied 3d orbitals.34–36 The XANES spectra of M3(HITP)2 and 

corresponding model complexes MPc (Pc = phthalocyanine) exhibit similar features, indicating they have 

similar square-planar coordination environment (Figures 2.33-2.36).  The fit for the extended X-ray 

absorption fine structure (EXAFS) spectrum of Co3(HITP)2 demonstrates the square-planar coordination 

mode of Co with four Co–N bonds (fitted coordination number of 3.9, Table 2.5) of 1.84 Å (Figure 2.35), 

matching well with the structure modeled from PXRD data. The simulated Co–N bond length is also 

comparable to the 1.824(5) Å averaged Co–N bond length of Co(II)(s-bqdi)2 complex (s-bqdi = semi-o-

benzoquinonediimine).37 Importantly, the +2 oxidation states and square-planar coordination environment 

of the metal ions are conserved in all (MxM'3–x)(HITP)2 alloys, as verified by XPS (Figure 2.37-2.39). 
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Figure 2.32. XPS survey spectra of (MxM'3–x)(HITP)2 alloys (MM' = CoNi (a), CuNi (b), and CoCu (c)). (a) From 
top to bottom: (Co0.60Ni2.40)(HITP)2 to (Co2.38Ni0.62)(HITP)2. (b) From top to bottom: (Cu0.50Ni2.50)(HITP)2 to 
(Cu2.32Ni0.68)(HITP)2. (c) From top to bottom: (Co2.47Cu0.53)(HITP)2 to (Co0.51Cu2.49)(HITP)2. 
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Figure 2.33. XANES spectra of Co3(HITP)2 and reference Co complexes. A pre-edge feature of Co3(HITP)2 at 
7.7092 keV and a K-edge energy of 7.7204 keV. 

 
Figure 2.34. (a) XANES spectra of Cu3(HITP)2 and reference Cu complexes. Note that Cu3(HITP)2 and Cu 
phthalocyanine (CuPc) have similar XANES features, indicating they have similar coordination environment, which 
is consistent with the Cu3(HITP)2 structure obtained from PXRD refinement. (b) EXAFS of Cu3(HITP)2 and CuPc. 
Cu3(HITP)2 has similar Cu–N bond length as CuPc (1.934(5) Å). 

 
Figure 2.35. EXAFS fitting of Co3(HITP)2. Solid lines represent the experimental data and dashed lines are fitting 
curves. 
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Table 2.5. EXAFS fitting parameters over a Fourier transform range of 2.7 to 10.0 Å–1 at the Co K edge. Note that 
Co–N bond length in Co3(HITP)2 is shorter than that Co phthalocyanine (1.908(5) Å). 

Sample Pre-edge 
energy 
(keV) 

XANES 
energy 
(keV) 

Scattering 
Pair 

CN R (Å) 𝝈𝝈2 (Å2) 𝚫𝚫Eo 

(eV) 
 

Co3(HITP)2 7.7092 7.7204 Co–N 3.9 1.84 0.006 -7.1 Co2+ 
 

 
Figure 2.36. (a) XANES spectra of Ni3(HITP)2 and reference Ni phthalocyanine (NiPc). They have similar XANES 
features, indicating Ni3(HITP)2 and NiPc have similar coordination environment, which is consistent with the 
Ni3(HITP)2 structure obtained from PXRD refinement. (b) EXAFS of Ni3(HITP)2 and NiPc. Ni3(HITP)2 has shorter 
Ni–N bond length than NiPc. 
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Figure 2.37. XPS Ni 2p (green), Co 2p (magenta), and N 1s (light purple) regions of (CoxNi3-x)(HITP)2 alloys. From 
(a) to (e): (Co2.38Ni0.62)(HITP)2 to (Co0.60Ni2.40)(HITP)2. Solid circles represent experimental data, while solid and 
dash lines are the fitting. 
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Figure 2.38. XPS Cu 2p (deep blue), Ni 2p (green), and N 1s (light purple) regions of (CuxNi3-x)(HITP)2 alloys. From 
(a) to (e): (Cu2.32Ni0.68)(HITP)2 to (Cu0.50Ni2.50)(HITP)2. Solid circles represent experimental data, while solid and 
dash lines are the fitting. 
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Figure 2.39. XPS Cu 2p (deep blue), Co 2p (magenta), and N 1s (light purple) regions of (CoxCu3-x)(HITP)2 alloys. 
From (a) to (e): (Co0.51Cu2.49)(HITP)2 to (Co2.47Cu0.53)(HITP)2. Solid circles represent experimental data, while 
solid and dash lines are the fitting. 

X-band electron paramagnetic resonance (EPR) spectroscopy confirmed the presence of HITP-

centered organic radicals with g = 2.00. Peaks at g = 5.64 and ≅1.9 in the EPR spectrum of Co3(HITP)2 
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are typical for high-spin Co2+ ions.38 Similarly, g peaks at 2.17 and 2.02 observed for Cu3(HITP)2 are 

typical for square-planar Cu2+ ions.39 Expectedly for non-Kramers Ni2+ ions, the X-band EPR spectrum of 

Ni3(HITP)2 exhibits only the signal for the ligand-based radical (Figure 2.40). 

 
Figure 2.40. EPR spectra of (a) Co3(HITP)2, (b) Ni3(HITP)2, and (c) Cu3(HITP)2 recorded at 5 K. The inset is a zoom-
in view of the Cu3(HITP)2 trace. g at 5.64 and ~1.9 matches well with typical spectra of high spin Co2+ with zero-
field splitting.  A signal for organic radical with g = 2.00 can also been seen, corresponding to HITP-centered radical. 
Only the signal for HITP-based organic radical with g = 2.00 can be seen in Ni3(HITP)2, while low spin Ni2+-based 
transition cannot be observed under experimental condition. g = [2.17, 2.02] matches well with typical spectra for 
square-planar Cu2+. 

Optical spectroscopy provided additional insight into the electronic structures of (MxM'3–x)(HITP)2. 

Diffuse reflectance UV-visible (DR-UV-Vis) spectroscopy revealed a clear absorption edge for 

Co3(HITP)2, with broader absorption edges in the near-infrared (IR) region for Ni3(HITP)2 and Cu3(HITP)2 

(Figure 2.41). The increase of the background IR absorption, generally associated with free carrier 

absorption in degenerate or narrow-gap semiconductors,40 suggests an enhancement of the free carrier 

concentration from Co3(HITP)2 to Ni3(HITP)2 (Figure 2.41a). Indeed, diffuse reflectance infrared Fourier 

transform spectra (DRIFTS) of (Mx/M'3-x)(HITP)2 also reveal a continuous increase of background 

absorption with increasing Cu or Ni content, suggesting the continuous elevation of free carrier 
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concentration (Figure 2.42). Plotting the DR-UV-Vis spectra of M3(HITP)2 in Tauc coordinates41–43 

revealed optical band gaps Eo of 0.719 eV, 0.429 eV, and 0.291 eV for Co3(HITP)2, Cu3(HITP)2, and 

Ni3(HITP)2, respectively. The progressively narrower band gap when transitioning from Co to Cu and Ni 

is also in agreement with a decreased free carrier concentration for the pure cobalt MOF. Most importantly, 

DR-UV-Vis spectra of (MxM'3–x)(HITP)2 (Figure 2.42), confirm that the optical band gaps of the alloys 

can also be continuously tuned over 0.4 eV (cf. Moss−Burstein shift).41,44 They narrow progressively from 

0.662 eV for (Co2.38Ni0.62)(HITP)2 to 0.395 eV for (Co0.60Ni2.40)(HITP)2 in the CoNi series, from 0.762 eV 

for (Co2.47Cu0.53)(HITP)2 to 0.513 eV for (Co0.52Cu2.48)(HITP)2 in the CoCu series, and from 0.392 eV for 

(Cu2.32Ni0.68)(HITP)2 to 0.326 eV for (Cu0.50Ni2.50)(HITP)2 in the CuNi series (Figure 2.41c). Finally, 

DRIFTS analysis of M3(HITP)2 and (MxM'3–x)(HITP)2 showed the expected vibrational bands 

corresponding to HITP, but no features related to electronic transitions below the absorption edges. The 

influence of defects on optical properties is thus negligible. 

 
Figure 2.41. DR-UV-Vis and DRIFT spectra of M3(HITP)2 and (MxM'3–x)(HITP)2. (a) Normalized Kubelka–Munk-
transformed spectra of M3(HITP)2. (b) Normalized Tauc plots from the spectra in (a). Dashed lines indicate best 
linear fits to the absorption edges. (c) Optical band gaps, Eo, of (MxM'3-x)(HITP)2. Solid lines are guides to the eye; 
dashed lines are linear fits of Eo. 
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Figure 2.42. Diffuse reflectance spectra of (a) (CuxNi3–x)(HITP)2 alloys, (c) (CoxNi3–x)(HITP)2 alloys, and (d) 
(CoxCu3–x)(HITP)2 alloys, and corresponding Tauc fits of optical band gaps (b, d, and f). 

The smooth variation in electronic structures derived from optical spectroscopy is also reflected in 

electrical conductivity measurements for the phase-pure M3(HITP)2 and the (MxM'3–x)(HITP)2 alloys. 

Four-contact probe measurements of polycrystalline pellets of  M3(HITP)2 revealed bulk conductivity 

values, 𝜎𝜎, of 0.024 S cm–1, 0.75 S cm–1, and 55.4 S cm–1 for the pure Co, Cu, and Ni MOFs, respectively, 

at 296 K. These are higher than the bulk conductivities reported previously for the same compounds,12,22 

which were already among the most conductive MOFs. The metal ions exert an obvious influence on 

electrical conductivity, at least partially by contributing to different extents to the valence and conduction 

bands density of states. The electronic nature of the metal ion notwithstanding, we attribute the differences 

in 𝜎𝜎 to the slight structural variations among the three materials. In particular, the interlayer displacement, 

D, and stacking, S, exert an important effect on transport normal to the sheets. D appears to be optimal in 

Ni3(HITP)2 (D ≅1.7 Å in the optimized calculated structure22), which also shows the highest bulk 
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conductivity. With D deviating to 1.39(0) Å for Co3(HITP)2 and 0.86(9) Å for Cu3(HITP)2, these materials 

exhibit lower conductivities. Similarly, the higher 𝜎𝜎 of Cu3(HITP)2 relative to Co3(HITP)2 can be traced 

to its smaller interlayer spacing, 3.16(8) Å, compared to 3.29(8) Å for Co3(HITP)2.  

In line with the spectroscopic and electrical data for the pure phases, the conductivity of (MxM'3–

x)(HITP)2 alloys can be tuned precisely over 4 orders of magnitude from 5.8×10–3 S cm–1 in 

(Co2.47Cu0.53)(HITP)2  to 55.4 S cm–1 in Ni3(HITP)2 (Figure 2.43a, 2.44). Variations in electrical 

conductivity among the 16 different compositional alloys are in line with all of the discussions above and 

can be traced to combinations of systematic changes in optical band gaps, Eo, free carrier concentrations, 

and structural parameters S and D. For instance, increasing Ni content in the (CoxNi3–x)(HITP)2 series 

shifts the D and S values in such a way as to enhance interlayer π-π interactions, which in turn leads to 

higher 𝜎𝜎. Apparent deviations from these trends, such as with (Co2.47Cu0.53)(HITP)2, are also in line with 

slightly lower crystallinity for that particular composition, itself likely a result of the relatively more 

pronounced structural mismatch between Co3(HITP)2 and Cu3(HITP)2 (Table 2.1, Figure 2.27). 

 
Figure 2.43. (a) Electrical conductivity data for (MxM'3–x)(HITP)2. Solid lines are guides to the eye; dashed lines are 
linear fits. (b) Continuous changes of Ea in (CoxNi3–x)(HITP)2. The dashed line is a linear fit with R2 = 0.98. 



91 
 

 
Figure 2.44. I-V curves of pressed pellets of (MxM'3–x)(HITP)2 alloys. (a) (CuxNi3–x)(HITP)2 alloys (dotted lines) and 
(CoxCu3–x)(HITP)2 alloys (solid lines). Dotted arrows and solid arrows are guides of the eye, indicating the change 
of M' concentrations from high to low. Inset figure shows a typical device of 4-contact electrical conductivity 
measurement (scale bar: 1 mm). (b) (CoxNi3–x)(HITP)2 alloys. 

Notably, control measurements of mechanically blended mixtures of phase-pure M3(HITP)2 samples 

behave differently than the alloyed phases, with the more abundant sample dominating transport in non-

linear fashion. For instance, mixtures of Co3(HITP)2 and Ni3(HITP)2 are nearly as conductive as the former 

when the Ni% is low, and jump to a conductivity closer to that of the latter when the Ni% reaches 40%. 

Surprisingly, all blended Co3(HITP)2:Cu3(HITP)2 mixtures exhibit lower 𝜎𝜎  than Co3(HITP)2, likely a 

consequence of work function/energy level mismatch between individual particles of the two pure phases, 

which increases the grain boundary resistance (Figure 2.45, 2.46). 

Variable-temperature (VT) conductivity measurements, performed for the pure phases and for 

(CoxNi3–x)(HITP)2 as a representative example of the alloyed samples, revealed temperature-activated bulk 

transport from 200 K to 350 K in all cases (Figure 2.47). The corresponding activation energies for 

transport, Ea, correlate well with the 𝜎𝜎 values: 157 meV for Co3(HITP)2, 65.3 meV for Cu3(HITP)2, and 

15.7 meV for Ni3(HITP)2. Ea values for (CoxNi3–x)(HITP)2 alloys vary linearly with the Ni content (Figure 
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2.43b), decreasing from 136 meV for (Co2.38Ni0.62)(HITP)2  to 25.4 meV for (Co0.60Ni2.40)(HITP)2, 

providing a final confirmation of continuous compositional band engineering through metal substitution. 

 
Figure 2.45. 4-Probe electrical conductivity of (CoxNi3–x)(HITP)2-Blend (a) and (CoxCu3–x)(HITP)2-Blend (b) 
produced by simple blending method described in 2.5.2. In contrast to (CoxNi3–x)(HITP)2 alloys and (CoxCu3–

x)(HITP)2 alloys, no obvious trend of electrical conductivity was observed. For (CoxNi3–x)(HITP)2-Blend samples, 
the conductivity is dominated by Co3(HITP)2 when Ni% is low since Co3(HITP)2 is intrinsically less conductive. 
Whereas the conductivity is dominated by Ni3(HITP)2 when Ni% reaches 40%, which we assume is due to the 
formation of continuous pathways for carrier conduction by touching Ni3(HITP)2 grains. These results indicate that 
the variation of conductivity follows Percolation Theory10 rather than continuously varying the energy level. 
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Figure 2.46. I-V curves of 4-Probe devices of (CoxNi3-x)(HITP)2-Blend (a) and (CoxCu3-x)(HITP)2-Blend (b) produced 
by simple blending method described above. 
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Figure 2.47. Temperature dependence of electrical conductivity of M3(HITP)2 (M = Co, Ni, Cu) and (CoxNi3–

x)(HITP)2 alloys. Both large (a) and small (b) temperature ranges are shown. Good overlap of electrical conductivity 
of M3(HITP)2 (M = Co, Ni, Cu) and (CoxNi3–x)(HITP)2 alloys during cooling and heating were observed. 

2.4 Conclusions 

A considerable need exists for improved synthesis of conductive MOFs. Here, synthetic improvements 

in the production of phase-pure M3(HITP)2 (M = Co, Ni, Cu) led to more crystalline and porous materials 

with higher conductivity values than previously reported. These advances also enable a systematic 

investigation into the influence of the metal ion on physical properties in (MxM'3–x)(HITP)2 alloys, which 

allow continuous tuning of optical and electronic band gaps, and precise modulation of electrical 

conductivity over four orders of magnitude. These results highlight the importance of synthetic advances 

for a deeper understanding of structure-function relationships that are crucial for further material 

developments in this field. 
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2.5 Methods and Materials 

2.5.1 Materials 

Ni(OAc)2·4H2O (Strem), CuSO4·5H2O (Alfa Aesar), Co(NO3)2·6H2O (Alfa Aesar), Ni(NO3)2·6H2O 

(Strem), NiSO4·6H2O (Alfa Aesar), CuCl2·2H2O (Alfa Aesar), Co(OAc)2·4H2O (Alfa Aesar), and NaOAc 

(Alfa Aesar) were used without further purification. 2,3,6,7,10,11-hexaaminotriphenylene 

hexahydrochloride (HATP·6HCl), was prepared according to a published procedure. N,N-

dimethylformamide (DMF), N,N-diethylformamide (DEF), N,N-dimethylacetamide (DMA), dimethyl 

sulfoxide (DMSO), and methanol were used as received without further purification. 

2.5.2 Synthetic Methods 

Ni3(HITP)2 rods 

1.5 mL of the stock solution (9.31 mmol·L–1, 1.5 eq.) of nickel(II) acetate tetrahydrate 

(Ni(OAc)2·4H2O) in DMSO was preheated at 65 °C, to which was added a solution of 5 mg (0.0093 mmol, 

1 eq.) of HATP·6HCl in 1.5 mL of water. To this was added 2 mL of NaOAc aqueous solution (4 mol·L–

1), and this mixture was heated in a 20 mL open glass vial with stirring for 2 hours at 65 °C. The resulting 

black powder was filtered, washed with large amount of water and methanol, and dried under vacuum. 

Alternative synthetic procedure which gives more crystalline material: 

6 mL of the stock solution (2.33 mmol·L-1, 1.5 eq.) of nickel(II) acetate tetrahydrate (Ni(OAc)2·4H2O) 

in DMF/DMA (v/v = 1:1) was preheated at 65 °C, to which was added 4 mL of NaOAc aqueous solution 

(2 mol·L–1). To this was added a solution of 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 1.5 mL of water, 

and this mixture was heated in a 20 mL open glass vial while stirring for 2 hours at 65 °C. The resulting 

black powder was filtered, washed with large amount of water and methanol, and dried under vacuum. 

Cu3(HITP)2 rods 

3.5 mg (0.014 mmol, 1.5 eq.) of copper(II) sulfate pentahydrate (CuSO4·5H2O) was suspended in 1.5 

mL of DMA and sonicated for 10 min. Then a solution of 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 

1.5 mL of water was added and sonicated for 5 min. To this was added 2 mL of NaOAc aqueous solution 

(2 mol·L–1) at room temperature, and this mixture was heated in a 20 mL open glass vial with stirring for 

2 hours at 65 °C. The resulting black powder was filtered, washed with large amount of water and methanol, 

and dried under vacuum. 

Co3(HITP)2 particles 

1.5 mL of the stock solution (62.1 mmol·L–1, 10 eq.) of cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O) 

in DMF was preheated at 65 °C, to which was added a solution of 5 mg (0.0093 mmol, 1 eq.) of 

HATP·6HCl in 1.5 mL of water. To this was added 2 mL of NaOAc aqueous solution (2 mol·L–1), and 
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this mixture was heated in a 20 mL open glass vial with stirring for 2 hours at 65 °C. The resulting black 

powder was filtered, washed with large amount of water and methanol, and dried under vacuum. 

Alternative synthetic procedure which gives more crystalline material: 

1.5 mL of the stock solution (62.1 mmol·L–1, 10 eq.) of cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O) 

in DMF was preheated at 65 °C, to which was added 2 mL of NaOAc aqueous solution (2 mol·L–1). To 

this was added a solution of 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 1.5 mL of water, and this mixture 

was heated in a 20 mL open glass vial while stirring for 2 hours at 65 °C. The resulting black powder was 

filtered, washed with large amount of water and methanol, and dried under vacuum. 

(CuxNi3–x)(HITP)2 alloys 

6 mL of the Cu/Ni mixed salts stock solution (CuSO4·5H2O and Ni(OAc)2·4H2O with 4:1, 3:2, 1:1, 

2:3, and 1:4 mole ratios in DMF/DMA (v/v = 1/1); the total concentration of metal ions is 2.33 mmol·L–

1) was added to a 20 mL glass vial, to which was added 4 mL of NaOAc aqueous solution (2 mol·L–1). To 

this was added a solution of 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 1.5 mL of water, and this mixture 

was heated in a 20 mL open glass vial with stirring for 2 hours at 65 °C. The resulting black powder was 

filtered, washed with large amount of water and methanol, and dried under vacuum.  

(CoxNi3–x)(HITP)2 alloys 

3 mL of the Co/Ni mixed salts stock solution (Co(NO3)2·6H2O and Ni(OAc)2·4H2O with 4:1, 3:2, 1:1, 

2:3, and 1:4 mole ratios in DMF; the total concentration of metal ions is 4.66 mmol·L–1) was added to a 

20 mL glass vial, to which 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 1.5 mL of water was added. To 

this was added 2 mL of NaOAc aqueous solution (2 mol·L–1), and the mixture was heated at 65 ℃ with 

stirring for 2 hours. The resulting black powder was filtered, washed with large amount of water and 

methanol, and dried under vacuum. 

(CoxCu3–x)(HITP)2 alloys 

3 mL of the Co/Cu mixed salts stock solution was (Co(NO3)2·6H2O and CuSO4·5H2O with 4:1, 3:2, 

1:1, 2:3, 4:11, and 1:4 mole ratios in DMF; the total concentration of metal ions is 4.66 mmol·L–1) was 

added to a 20 mL glass vial, to which 5 mg (0.0093 mmol, 1 eq.) added to a 20 mL glass vial, followed by 

the addition of 1 mL of DMA. The 5 mg (0.0093 mmol, 1 eq.) of HATP·6HCl in 1.5 mL of water was 

added to the vial, resulting in a deep blue solution. To this was added 2 mL of NaOAc aqueous solution 

(2 mol·L–1), and the mixture was sonicated for 1 minute and then heated at 65 ℃ with stirring for 2 hours. 

The resulting black powder was filtered, washed with large amount of water and methanol, and dried under 

vacuum. 

(Cox/Ni3-x)(HITP)2-Blend 

Using a pestle and mortar to blend the mixture of Co3(HITP)2 and Ni3(HITP)2 with 4:1, 3:2, 1:1, 2:3, 

and 1:4 mole ratios. 
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(Cox/Cu3-x)(HITP)2-Blend 

Using a pestle and mortar to blend the mixture of Co3(HITP)2 and Cu3(HITP)2 with 4:1, 3:2, 1:1, 2:3, 

4:11, and 1:4 mole ratios. 

2.5.3 Physical Characterization Methods 

Laboratory powder X-ray diffraction (PXRD)  

PXRD patterns were recorded using a Bruker Advance II diffractometer equipped with a θ/2θ 

reflection geometry and Ni-filtered Cu Kα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/ Kα1 = 0.5). 

The tube voltage and current were 40 kV and 40 mA, respectively. Samples for PXRD were prepared by 

placing a thin layer of the appropriate material on a zero-background silicon crystal plate. 

High-resolution synchrotron PXRD  

Data were collected at 100 K in beamline 11-BM at the Advanced Photon Source (APS), Argonne 

National Laboratory using the Debye-Scherrer geometry and an average wavelength of 0.457840 Å. 

Discrete detectors covering an angular range from –6 to 28° 2θ are scanned over a 34° 2θ range, with data 

points collected every 0.001° 2θ (actual 2θ/step is 0.0009984375°) and scan speed of 0.1 s/step. The 11-

BM instrument uses X-ray optics with two platinum-striped mirrors and a double-crystal Si(111) 

monochromator, where the second crystal has an adjustable sagittal bend. Ion chambers monitor incident 

flux. A vertical Huber 480 goniometer, equipped with a Heidenhain encoder, positions an analyzer system 

comprised of twelve perfect Si(111) analyzers and twelve Oxford-Danfysik LaCl3 scintillators, with a 

spacing of 2° 2θ. Analyzer orientation can be adjusted individually on two axes. A three-axis translation 

stage holds the sample mounting and allows it to be spun, typically at ~5400 RPM (90 Hz). A Mitsubishi 

robotic arm is used to mount and dismount samples on the diffractometer. Oxford Cryosystems 

Cryostream Plus device allows sample temperatures to be controlled over the range 80-500 K when the 

robot is used. The diffractometer is controlled via EPICS. Data are collected while continually scanning 

the diffractometer 2θ arm. A mixture of NIST standard reference materials, Si (SRM 640c) and Al2O3 

(SRM 676) is used to calibrate the instrument, where the Si lattice constant determines the wavelength for 

each detector. Corrections are applied for detector sensitivity, 2θ offset, small differences in wavelength 

between detectors, and the source intensity, as noted by the ion chamber before merging the data into a 

single set of intensities evenly spaced in 2θ. 

N2 adsorption isotherms  

Isotherms were measured by a volumetric method using a Micromeritics ASAP 2020 Plus gas sorption 

analyzer. An oven-dried sample tube equipped with a TranSealTM (Micromeritics) was evacuated and tared. 

The sample was transferred to the sample tube, which was then capped with a TranSealTM. The sample 

was activated at 90 °C under high dynamic vacuum (< 10–4 mbar) for 24 hours before analysis. The N2 
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isotherm was measured using a liquid nitrogen bath at 77 K. Ultrahigh purity grade (99.999% purity) N2, 

oil-free valves and gas regulators were used for all the free space correction and measurements. Fits to the 

Brunauer-Emmett-Teller (BET) equation satisfied the published consistency criteria. 

Thermogravimetric analysis (TGA)  

TGA was performed on a TA Instruments Q500 Thermogravimetric Analyzer at a heating rate of 

2.0 °C/min under air gas flow of 5 mL/min on a platinum pan from room temperature to 600 °C. 

Elemental analyses  

Elemental analyses were performed by Robertson Microlit Laboratories, Ledgewood, New Jersey. 

X-ray photoelectron spectroscopy (XPS)  

XPS measurements were performed at the MIT MRSEC (formerly the Center for Materials Science 

and Engineering, or CMSE) using a Physical Electronics PHI Versaprobe II X-ray photoelectron 

spectrometer equipped with an Al anode source. Powder samples were pressed on copper tapes with full 

coverage. Charge shift was calibrated by setting surface adventitious carbon C1s peak to 284.8 eV. 

Regarding the metal composition determinations by XPS, the binary mixtures of cobalt phthalocyanine 

(CoPc), nickel phthalocyanine (NiPc), and cupper phthalocyanine (CuPc) were used as standards to 

calibrate the RSF values of each element, as suggested by CasaXPS Manual. The mixtures of MPc were 

made by thoroughly blending MPc powders using a pestle and mortar. 

Inductively coupled plasma mass spectrometry (ICP-MS)  

ICP-MS was performed to quantify the metal composition of (MxM'3–x)(HITP)2 alloys (MM' = CoCu, 

CuNi, and CoNi) using Agilent 7900 inductively coupled plasma mass spectrometer. ~5 mg sample was 

weighed and digested using concentrated nitric acid (67~70% w/v %, BDH Aristar) by a Milestone 

UltraWave microwave digester. Metal concentrations of the resulting solution were determined using 

calibration curves constructed from standard solutions (ICP-MS certified reference standards, VWR). 

Scanning electron microscopy (SEM)  

SEM images were conducted at MIT MRSEC (formerly the Center for Materials Science and 

Engineering, or CMSE) on a Zeiss Merlin high-resolution scanning electron microscope with an InLens 

detector at an operating voltage of 3 or 4 kV. 

High Resolution Transmission Electron Microscopy (HRTEM)  

HRTEM images were obtained with a spherical aberration corrected FEI Titan 80-300, operated at an 

accelerating voltage of 300 kV equipped with a Gatan K2 in-situ direct electron detector (at the Center for 

Functional Nanomaterials (CFN), Brookhaven National Laboratory (BNL)). Samples were drop-cast onto 

Cu TEM grids from powder dispersed in methanol. The dose rate used was 5.3 e-/Å2/s for high-

magnification (115 kx) images, with an image exposure of time of 5 s (~26.5 e-/Å2 cumulative dose per 

image). The dose rate was not directly measured for low magnification images, but the dose rate was orders 
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magnitude lower for those images than for the high magnification images with 1 s exposure time. All 

image acquisition was done using DigitalMicrograph software. TEM grids of 3 samples (Co3(HITP)2 

flakes, Ni3(HITP)2 rods, and Cu3(HITP)2 rods) were prepared by drop-casting 0.5 mL of the respective 

sample suspensions onto [Cu-mesh] lacey-C substrate grids. The suspension of samples were prepared by 

sonicating ~1 mg of powder sample in ~5 mL of isopropanol for 30 s. The droplets of sample were allowed 

to sit on the grids in ambient conditions for ~20–30 s, and were then wicked dry with filter paper. 

High-angle Annular Dark-Field Scanning Transmission Electron Microscopy (HAADF-STEM) 

HAADF-STEM images and energy dispersive spectroscopy elemental mapping were collected at the 

MIT MRSEC (formerly the Center for Materials Science and Engineering, or CMSE) on a JEOL 2010 

FEG Analytical Electron Microscope with a spot size of 1 nm2. 

Energy dispersive X-ray spectroscopy (EDS) 

EDS analyses were performed under HAADF-STEM mode. Every sample was measured twice in 

different randomly chosen areas. 

X-ray absorption spectroscopy (XAS)  

XAS measurements were conducted at the Co (7.709 keV), Ni (8.333 keV), and Cu (8.979 keV) K-

edges in the fluorescence mode at the Inner-Shell Spectroscopy Beamline, 8-ID, of the Brookhaven 

National Laboratory NSLS-II synchrotron. The intensity of the incident beam I0 and the beam transmitted 

through the sample and the reference (It and Ir, respectively) were monitored by ionization chambers. For 

ex-situ samples with higher metal concentration (5 wt.% or more) material was diluted with polyethylene 

glycol and pressed into a 1.3 cm pellet to give optimal data quality (high signal to noise ratio). Each scan 

took 30-60 s to obtain high quality data. All data were collected at room temperature and spectra were 

closely monitored for radiation damage. For reference, the locations of the white line and X-ray absorption 

near-edge spectroscopy (XANES) energy (inflection point of the leading edge) are noted for representative 

spectra at each edge. The XANES measurements of the compounds provide critical information about the 

oxidation states of the metal centers. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)  

DRIFTS measurements were performed on a Bruker Tensor 37 (MIR source and KBr beam splitter) 

with a mercury cadmium telluride (MCT, cooled with liquid nitrogen) detector utilizing the DiffusIR™ 

accessory (Pike Technologies). To ensure air-free measurement a sealable environmental chamber 

equipped with ZnSe window (Pike Technologies) was used. Samples were ground in air with dry 

potassium bromide in a mortar and pestle (99.9%, Pike technologies) to produce 0.5-1 wt.% MOF mixtures. 

The data was averaged over 32 scans between 4000 – 600 cm–1 with the resolution of 4 cm–1. Each of the 

Kubelka-Munk function transformed DRIFTS spectra were normalized with respect to the DRUV–vis–
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NIR data by matching the DRIFTS value of F(R) at 4000 cm–1 with the DRUV–vis–NIR value of F(R) of 

the same sample at 4000 cm–1. 

Diffuse reflectance UV-vis-NIR spectra (DRUV–Vis–NIR)  

DRUV-Vis-NIR spectra between 200 and 2500 nm were collected on a Cary 5000i spectrophotometer, 

fitted with the UV-Vis DiffusIR accessory (Pike Technologies), at the scan rate of 200 nm/min under 

ambient conditions. A KBr baseline and a zero-background correction were collected prior to the sample 

measurements. Samples were prepared as described above for the DRIFTS measurements. For the Tauc 

plots and the determination of the optical bandgaps, the UV-vis-NIR spectra were stitched manually with 

the DRIFTS spectra obtained for the same samples. 

Room temperature (RT) electrical conductivity measurements  

RT electrical conductivity measurements were carried out at 296 K in ambient atmosphere on pressed 

pellets using a 4-probe probe setup. Pressed pellets of MOF samples were made by adding MOF powders 

into a 6 mm inner-diameter trapezoidal split sleeve pressing die (Across International) and pressing the 

die set by a hydraulic pump (MTI corporation) for 5 min. The applied pressure was approximately 1 GPa. 

The pellet thicknesses were measured after the measurement using a micrometer (Mitutoyo). The resulting 

pellet was cut into a cuboid by a blade and placed onto a piece of dry glass slide with thermally conductive 

and electrically insulating grease (DuPont Krytox). Four parallel copper wire contacts were attached to the 

cuboid by carbon paste. The other end of the gold wire was pasted onto the glass slide by carbon paste. 

The device is shown in Figure 2.44. The device was mounted onto the sample chuck of a probe station 

(Janis Cryogenics ST-500) equipped with four micro-manipulators that allowed us to control the position 

of the probes with a resolution of 5 µm. The temperature of the device was balanced by the heater of the 

probe station chuck and the environment was controlled at 296 K by a temperature controller (Scientific 

Instrument model 9700). Electrical contacts were made by gently pressing gold-plated tungsten probes 

(Janis 7B-100G) into the carbon paste that was on the glass slide. Probes were connected to a sourcemeter 

(Keithley model 2450) through triax cables (Keithley model 7078-TRX-10). The chamber of the probe 

station was covered by a stainless-steel lid. This lid had a quartz window in the center, which was covered 

by a black plastic cover to keep the device in the dark. Linear I–V curves were obtained by supplying the 

current and measuring the voltage. The current was duel-swept through the outer two probes, while voltage 

was measured through the inner two probes. The specific lengths of the conduction channel were measured 

by a Leica S6 E stereoscopic microscope and calibrated by an external ruler of known distances. At least 

three pellets from four separate batches of each sample were measured. For each sample, the conductivity 

values were averaged to give the average conductivity value and a standard error which was used for the 

error estimation on the average conductivity value for each sample. 

Variable temperature electrical conductivity 
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Data were collected from 150 to 350 K or 400 K using a Quantum Design PPMS DynaCool equipped 

with the Electrical Transport Option. A four-contact probe cell was manufactured for the measurements 

using the same preparation method as described in room temperature electrical conductivity measurements. 

The copper wires were soldered to the copper current collector of the sample puck. For each sample, the 

measurement procedure consisted of two cycles of heating and cooling. The temperature was first varied 

from 300 K to 350 K or 400 K at 5 K/min, measuring the resistance in AC mode every 1 K. Then the 

temperature was varied from 350 K or 400 K to 150 K at 5 K/min, measuring the resistance in AC mode 

every 1 K. The measurement was repeated. The phase remained within 1o for the temperature range 

presented in the manuscript. The activation energy Ea was calculated using the equation 𝑙𝑙𝑙𝑙𝑙𝑙 =  𝑙𝑙𝑙𝑙𝜎𝜎0 −
𝐸𝐸a
𝑘𝑘B𝑇𝑇

, where Ea was extracted from the linear least squares fit of 𝑙𝑙𝑙𝑙𝑙𝑙 vs. 1/T. 

Optical microscopy (OM)  

OM images were obtained by Leica S6 E stereoscopic microscope. 

Electron paramagnetic resonance spectroscopy (EPR) 

EPR measurements were performed on activated samples packed under nitrogen in septum-sealed 

quartz tubes using a Bruker EMX spectrometer equipped with an ER 4199HS cavity and Gunn diode 

microwave source at ~5 K, with a microwave frequency of 9.37 GHz, power of 0.100 mW, and attenuation 

of 33.0 dB. The measurements were taken in perpendicular mode. Simulations of EPR were performed 

with the EasySpin package4 in Matlab (R2018b). For Co3(HITP)2 and Cu3(HITP)2, pure MOF powder 

samples were used, while for Ni3(HITP)2, MOF powder was ground with KBr in a mortar and pestle to 

give a 5 wt.% dilution mixture. 
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Chapter 3. Dimensionality Modulates Electrical Conductivity in Compositionally Constant One-, 

Two-, and Three-Dimensional Frameworks 

This chapter is adapted with permission from Chen, T.; Dou, J-H.; Yang, L.; Oppenheim, J. J.; Li, J.; Dincă, M. 

J. Am. Chem. Soc. 2022, 144(12), 5583–5593. Copyright 2022 American Chemical Society. 

3.1 Abstract 

Electrically conductive porous metal-organic frameworks (MOFs) and non-porous conjugated 

coordination polymers (CCPs) have attracted considerable interest, as they have exhibited great potential 

in various applications such as supercapacitors and electrocatalysis. However, a considerable need exists 

for improving the understanding of the relationship between compositional, structural characteristics, and 

charge transport. In Chapter 2, we have presented the study of composition-properties relationship of a 

class of isostructural 2D layered conductive MOFs. In this chapter, we reveal the construction of 

compositionally constant Ni-based metal-organic frameworks (MOFs) and conjugated coordination 

polymers (CCPs) with different structural dimensionality, including closely π-stacked 1D chains (Ni-1D), 

aggregated 2D layers (Ni-2D), and a 3D framework (Ni-3D), based on 2,3,5,6-tetraamino-1,4-

hydroquinone (TAHQ) and its various oxidized forms. These materials have the same metal-ligand 

composition, but exhibit distinct electronic properties caused by different dimensionality and 

supramolecular interactions between SBUs, ligands, and structural motifs. The electrical conductivities of 

these materials span nearly 8 orders of magnitude, approaching 0.3 S/cm, which benefitted from the better 

energy level matching of organic linker to metal ions and strong donor-acceptor (D-A) π-π stacking due 

to the electron deficient character. 
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3.2 Introduction 

Interest in electrically conducting metal-organic frameworks (MOFs)1,2 and non-porous conjugated 

coordination polymers (CCPs)3 is growing, not least because they have shown potential applications as 

active materials for supercapacitors,4–6 batteries,7,8 electrocatalysis,9–11 chemiresistive sensors,12–14 and 

thermoelectrics,15,16 among others. Electrical conductivities that span more than 10 orders of magnitude 

have been reported for these materials, but systematic advances in understanding structure-function 

relationships in this class are rare, even when similar building blocks are employed. For instance, use of 

the common hexahydroxytriphenylene (HHTP) or hexaiminotriphenylene (HITP) ligands leads to some 

of the highest electrical conductivities (> 100 S/cm),17,18 but also very low conductivities (< 10–7 S/cm).19 

Evidently, these vast differences are related to both structure and composition. Whereas identical 

structures with different compositions naturally give rise to different electrical properties,11,20,21 probing 

the opposite: how electrical properties change when composition is constant, but the structure changes, 

has not been possible thus far. 

Here, we employ 2,3,5,6-tetraamino-1,4-hydroquinone (TAHQ) and its various oxidized forms to 

isolate three distinct porous and non-porous Ni-based frameworks that share the same 1:1 metal: ligand 

ratio, but exhibit structures with one-, two-, and three-dimensional connectivities. Their electrical 

conductivities span nearly 8 orders of magnitude, reaching 0.3 S/cm. 

3.3 Results and Discussion 

3.3.1 Ligand Choice 

Several features of TAHQ are attractive from a coordination standpoint. In its most reduced form, 

TAHQ is essentially a hydroquinone with two 1,2-phenylenediamine moieties on either side of the phenol 

groups. Electron-rich TAHQ readily oxidizes to produce the quinone form tetraaminobenzoquinone 

(TABQ, Figure 3.1a; see 3.5.2 for synthetic details). Whereas both phenol and amino groups can engage 

in metal coordination in TAHQ, the significantly reduced electron density of the quinone groups makes 

them poor ligands, and TABQ typically coordinates metals only through its amino groups (Figure 3.1b). 

Electrostatic potential (ESP) surfaces of the two redox partners (Figure 3.1a) highlight additional 

distinguishing features that arise in TABQ upon oxidation: a significantly reduced HOMO-LUMO gap 

level relative to TAHQ, and a reduced electron density on the quinone carbons. These establish donor-

acceptor (D-A) interactions that could further influence framework structure, as is the case in molecular 

TABQ crystals (Figure 3.2).22 Indeed, D-A alignment is often used to tailor the solid state packing of 

conducting polymer chains, where it also functions to lower the band gap and promote charge transport.23 
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Figure 3.1. Ligand choice and synthetic conditions of Ni-based frameworks. (a) Chemical structures of TAHQ and 
TABQ with electrostatic potential (ESP) surfaces and HOMO and LUMO energies (at B3LYP/def2-QZVP level). 
(b) Different connectivities of TAHQ (left) and TABQ (right) towards metals. (c) Schematic illustration of the 
synthetic details and transformation of Ni-1D, Ni-2D, and Ni-3D. 

 
Figure 3.2. The solid-state packing of TABQ molecules shows the intermolecular D-A interaction, where electron-
rich O atoms have close contact with electron-deficient carbonyl C atoms. 
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Figure 3.3 UV-Vis spectra of ligands. (a) UV-Vis spectrum of TABQ in dilute DMF solution, showing an intense 
absorption peak at 460 nm with an absorption tail at 532 nm. (b) Evolution of UV-Vis spectra of TAHQ·4HCl in 
dilute MeOH solution upon air exposure. Arrows represent the growing or diminishing of absorption bands. (c) 
Normalized DRUV-Vis spectra of TABQ, TAHQ·4HCl, and partially oxidized TAHQ·4HCl (TAHQ·4HCl (ox.)). 
The spectrum of TAHQ·4HCl shows an intense absorption at 291 nm and an absorption shoulder at 327 nm, which 
are assigned to the π→π* absorption of TAHQ aromatic core. TABQ shows intense NIR absorptions. (d) DRUV-Vis 
spectra of TABQ, TAHQ·4HCl, and TAHQ·4HCl (ox.) plotted in the Tauc coordinate for direct allowed transition. 
Optical gaps of 1.49 eV and 3.25 eV are obtained for TABQ and TAHQ·4HCl, respectively, by fitting the linear 
regions. Oxidation clearly decreases the gap of TAHQ·4HCl. 

The electronic features of TAHQ and TABQ are best probed by UV-Vis spectroscopy. A solution UV-

Vis spectrum of TABQ shows an intense intraquinone transition at 460 nm,24,25 with an absorption onset 

at 532 nm (Figure 3.3a). The optical gap is thus calculated to be 2.33 eV, close to the computed HOMO-

LUMO gap of 2.05 eV. In comparison, the spectrum of TAHQ taken under an atmosphere of N2 exhibits 

an absorption band for the hydroquinone π–π* transition at 338 nm, whose onset gives an optical gap of 

3.45 eV.26 Although the solution of TAHQ rapidly and completely oxidizes to TABQ within half an hour 

upon exposure to air, as evidenced by the evolution of the UV-Vis spectra (Figure 3.3b), no isosbestic 

points are observed, suggesting that oxidation proceeds via an intermediate species.27 A clue to this 

intermediate being the tetraamino-semiquinone radical comes from the growing and diminishing of a 

broad absorption at ~850 nm during the oxidation.28 The D-A nature of TABQ is best revealed in the solid-
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state diffuse reflectance UV-Vis spectrum (DRUV-Vis, Figure 3.3c), which reveals a broad absorption 

from mid-visible to beyond 1000 nm. This feature is absent in the solution spectrum and is commonly 

associated with intermolecular charge transfer interactions. It gives an optical gap of 1.49 eV, significantly 

smaller than the solution value (Figure 3.3d). UV-Vis spectroscopy did not reveal any packing effects for 

TAHQ, whose spectra were qualitatively identical between solution and solid-state. 

 
Figure 3.4. SEM images of Ni-2D showing nano-crystalline (a) and micro-crystalline (b, c) rods. Scale bars: (a), (c): 
1 μm; (b): 2 μm. 

3.3.2 Ni-Based Non-porous Frameworks 

Solvothermal reaction between TABQ and Ni(OAc)2·4H2O in degassed concentrated aqueous 

ammonia under inert atmosphere at 120 °C yields NiC6H4O3N4 (NiTIBQ(H2O), Ni-2D) as a black 

microcrystalline powder consisting of rectangular rod-like crystals  with lengths varying between 0.5 μm 

and 1.5 μm (Figure 3.4). The structure of Ni-2D was determined by continuous rotation electron diffraction 

(cRED) with an ab initio method.29 The resolution of the cRED datasets was measured up to 0.72 Å, 

allowing the location of all non-hydrogen atomic positions in Ni-2D with atomic precision (Figures 3.5d, 

3.6-3.7, and Table 3.4). The four amino groups in TABQ are deprotonated and chelate square-planar Ni2+ 

ions to form 1D chains of alternating tetraimino-benzoquinone (TIBQ) moieties and Ni2+. The 1D chains 

are connected through bridging H2O molecules to form 2D layers, where TIBQ moieties stack along the 

crystallographic c-axis in a fully eclipsed manner and a π-π stacking distance of 3.34(5) Å (Figures 3.5a, 

3.5b). This distance is very close to the interlayer spacing of graphene sheets in graphite30 and the interlayer 

spacing of highly conducting 2D MOFs.20 The presence of bridging H2O rather than OH– or O2– was further 

confirmed by O1s X-ray photoelectron spectroscopy (XPS), which shows a characteristic water O1s 

binding energy of 535.4 eV (Figure 3.8),31,32 and by attenuated total reflection (ATR)-FTIR, which reveals 

the characteristic water O–H stretching band at 3406 cm–1 (Figure 3.9 and the discussion in the caption).33 

2D layers of Ni-2D are staggered, likely due to the electrostatic repulsion of carbonyl O atoms, and 

crystallize in the orthorhombic space group Immm (Figure 3.5b, 3.5c), with the shortest interlayer Ni…Ni 

distance of 7.52 Å. 



112 
 

 
Figure 3.5. Structural characterizations of Ni-2D. (a) Part of a 2D layer of Ni-2D. Half-filled spheres represent the 
bridging H2O molecules with 50% occupancy. Hydrogen atoms are omitted for clarity. The black dashed lines 
represent a unit cell. (b, c) The stacking of 2D layers. (d) 3D reciprocal lattices of a Ni-2D rod with a resolution down 
to 0.72 Å. (e) A Cryo-EM image of a Ni-2D rod, showing the π-π stacking of TIBQ ligands within 2D layers across 
the whole rod. Upper and lower inset, the high-magnification image and FFT of the yellow dashed square. (f) A 
Cryo-EM image of a Ni-2D rod, revealing interlayer stacking across the whole rod. Upper and lower inset, the high-
magnification image and FFT of the yellow dashed square. Scale bars of FFTs, 2 nm–1. (g) Experimental and 
calculated PXRD patterns of Ni-2D. 

 
Figure 3.6. Typical SAED pattern of Ni-2D with high resolution of 0.718 Å. 



113 
 

 
Figure 3.7. Reconstructed 3D cRED data of Ni-2D indexed with orthorhombic symmetry: (a) overview (hkl), and 
selected planes in the reciprocal lattice corresponding to (b) hk0, (c) 0kl and (d) h0l. 

 
Figure 3.8. High resolution XPS spectra of Ni-2D. (a) Ni 2p region shows BE of Ni 2p3/2 is 855.3 eV. (b) C 1s region 
and the corresponding deconvolution. (c) N 1s region and the corresponding deconvolution. (d) O 1s region and the 
corresponding deconvolution. 



114 
 

 
Figure 3.9. (a) ATR-FTIR of TABQ, Ni-2D, and Ni-1D. (b) Comparison of ATR-FTIR of Ni-2D and Ni-2D 
(D2O/H2O) which is synthesized using D2O (see Synthetic procedures). The measurement was done in an ATR-
FTIR instrument in a N2 glove box. (c) DRIFTS of Ni-3D, Ni-2D, and Ni-1D. The presence of solvent molecules 
(likely water molecules) within the hydrophilic 1D pores of as-synthesized Ni-3D under inert atmosphere was 
supported by the broad O–H stretching feature spanning from 2500 cm–1 to 3600 cm–1, with the presence of sharp 
peaks that are indicative for the presence of hydrogen bonding network. (d) ATR-FTIR of Ni-3D-ox activated at 
110 °C under dynamic vacuum for 3 days, still exhibiting the presence of hydrogen bonding network given the broad 
O–H stretching band between 2500 cm–1 and 3600 cm–1. The measurement was done in an ATR-FTIR instrument in 
a N2 glove box. The ligand TABQ showed a strong C=O stretching peak at 1666 cm–1, but Ni-1D and Ni-2D both 
exhibited red-shifted C=O stretching peak at 1583 cm–1 and 1613 cm–1, respectively, indicating the extended 
delocalization of their structures, with the former exhibiting slightly higher degree of delocalization (Figure 3.9a). 
Only one broad N–H stretching band was observed for Ni-1D, which is in great agreement with the remarkable bond 
equalization within the 5c-6π subsystems revealed by the XRD analysis. ATR-FTIR spectroscopy was used to 
provide evidence for the presence of bridging water molecules in Ni-2D. Based on the cRED analysis, we located O 
atoms that bridge Ni2+ ions. However, the chemical identity of the O-containing species was not resolved by cRED 
analysis. O2–, does not show any O–H stretching features, whereas OH– and H2O exhibit distinct O–H stretching 
frequencies. The vibrational mode at 3406 cm–1 is assigned to the O–H stretching of bridging water molecules, given 
that the O–H stretching of Ni–OH–Ni is generally above 3600 cm–1. To further support our assignment, we 
synthesized Ni-2D (D2O/H2O) which should contain both D2O and H2O. Indeed, the intensity of O–H stretching 
band at 3406 cm–1 decreases, while a new peak at 2436 cm–1 shows up, which originates from the O–D stretching of 
bridging D2O (Figure 3.9b). 
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Figure 3.10. Low magnification Cryo-EM images of individual and aggregated Ni-2D crystals (a, b, c) show rod-
like morphology and crystallite sizes up to 200 nm. (d) High magnification Cryo-EM image of the highlighted area 
in (c). Insets are the FFT of corresponding highlighted areas. (010) Bragg planes have the d-spacing of 3.34(6) Å; 
(200) Bragg planes have the d-spacing of 6.2216) Å. Scale bars of insets are 2 nm–1. 

The structural features of Ni-2D were also confirmed by high-resolution Cryo-EM down to a 

resolution of 2.1 Å, which is prominent given the well-known beam sensitivity of similar hybrid 

materials.34 The Cryo-EM images showed that crystals of Ni-2D exhibit long-range ordering across the 

whole crystallite (Figures 3.5e, f, 3.10). Micrographs investigating the b crystallographic direction 

(Figures 3.5e, 3.10d) revealed the eclipsed π-π stacking of TIBQ–Ni chains within 2D layers of Ni-2D. A 

stacking distance of 3.35 Å was obtained by analyzing the Fast-Fourier transform (FFT, Figure 3.5e lower 

inset) of the highlighted area. Micrographs exploring the a crystallographic direction (Figures 3.5f, 3.10) 

showed 2D layers oriented parallel to the long side of the rod crystals with an interlayer spacing of 6.22 

Å. Altogether, the Cryo-EM data are in excellent agreement with the crystal structure derived from cRED.  
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The excellent match between calculated and experimental powder X-ray diffraction (PXRD) patterns 

further confirmed the crystal structure and phase purity of the bulk material (Figure 3.5g). 

Remarkably, repeating the synthetic conditions for Ni-2D in the presence of air produced NiC6H4O2N4 

(NiTIBQ, Ni-1D), another black microcrystalline material that proved to be structurally distinct from Ni-

2D.35 Polycrystalline Ni-1D can also be synthesized from TAHQ·4HCl under aerobic conditions (Figure 

3.11) and consists of sharp-edged rectangular bricks and rods (Figures 3.12c-d, 3.13) up to 500 nm long. 

Because cRED caused electron beam damage in this case, the crystal structure of Ni-1D was solved by 

Rietveld refinement from high resolution synchrotron PXRD data (Figure 3.12e).36 As in Ni-2D, Ni-1D is 

formed from chains of TIBQ and Ni2+, formed by concomitant deprotonation and oxidation of TABQ or 

TAHQ under reaction conditions. The main structural difference between Ni-2D and Ni-1D is the absence 

of bridging water, which changes the packing of Ni-TIBQ chains from 2D layers in the former to brick-

wall packing in the latter (Figure 3.12a).37 This type of packing has been observed in organic 

semiconductors with high carrier mobility,38 and may be attributed here to interchain D-A interactions 

between partially oxidized TIBQ moieties (Figure 3.12b). The packing in Ni-1D leads to an interchain π-

π stacking distance of 3.11 Å at 100 K, significantly shorter than that in Ni-2D, where bridging water 

molecules disrupt the D-A alignment. Notably, such close π-π stacking is rarely seen in conjugated metal-

organic materials.39 Interchain hydrogen bonding through –NH and C=O is also favorable given the 

appropriate alignment of chains (Figure 3.12b). The combination and balance between interchain D-A 

alignment and hydrogen bonding may also account for the two distinct morphologies observed for Ni-1D: 

parallelepipeds and rods, which can be explained by the Bravais-Friedel-Donnay-Harker (BFDH) law, and 

further verified by high-resolution Cryo-EM. 

 
Figure 3.11. PXRD patterns of Ni-1D obtained from TABQ and TAHQ·4HCl using the same synthetic procedure. 
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Figure 3.12. Structural characterizations of Ni-1D. (a) The interchain D-A π-π stacking of Ni-1D. Hydrogen atoms 
are omitted for clarity. The black dashed lines represent a unit cell. (b) Top-down view of the interchain D-A π-π 
stacking and interchain hydrogen bonding between –NH and C=O (gray dashed lines). (c, d) SEM images of Ni-1D 
microcrystals. Scale bars, 500 nm. (e) Rietveld refinement of the synchrotron PXRD pattern of Ni-1D, with Rp = 
4.17%, Rwp = 5.34%, and GoF = 1.39. (f) A Cryo-EM image of a single Ni-1D rod, showing TIBQ–Ni chains aligning 
along the a-axis. Upper and lower inset, high-magnification image and FFT of the yellow dashed square. (g) A high 
magnification Cryo-EM image of a part of a Ni-1D rod, revealing TIBQ–Ni chains aligning along the c-axis. A grain 
boundary was highlighted by the white dashed rectangle. Inset, FFT of the mircrograph. White dashed arcs indicate 
a Debye-Scherrer ring. Yellow and red dashed lines indicate two sets of diffraction spots. (h) A high magnification 
Cryo-EM image of a part of a Ni-1D rod exhibiting interchain π-π stacking. Inset, FFT of the mircrograph. Scale bars 
of FFTs, 2 nm–1. 

 
Figure 3.13. SEM images of Ni-1D showing both rod-like (a, b) and brick-like (b) shapes. Scale bars: 1 μm. 
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Figure. 3.14. (a) Low magnification Cryo-EM image of a rod-like crystal of Ni-1D. (b) High magnification Cryo-
EM image of the selected area in (a) highlighted by a dashed square. Inset is the fast Fourier transform (FFT) of (b), 
showing diffraction spots corresponding to (11�0) and (201�) Bragg planes. Scale bar, 2 nm–1. (c) Low magnification 
Cryo-EM image of aggregated rod-like crystals of Ni-1D. (d) FFT of (c), showing two sets of diffraction spots which 
correspond to the d-spacing of (001) Bragg planes (3.49 Å) and (201�) Bragg planes (3.11 Å), respectively. 

A micrograph of a Ni-1D single rod longer than 200 nm showed the long-range ordering of TIBQ–Ni 

chains across the whole crystallite down to a resolution of 3.0 Å, with an interchain spacing of 5.91 Å 

along the a-axis (Figure 3.12f). Cryo-EM also revealed the close packing enabled by D-A alignment along 

the c crystallographic direction, with an interchain spacing of ~3.5 Å (Figures 3.12g, 3.14) and the close 

π-π stacking with a distance of ~3.1 Å (Figures 3.12h, 3.14d). Cryo-EM also revealed structural features 

that Rietveld refinement did not. Remarkably, a grain boundary formed by a subtle misalignment of the 

1D chains was recognized by the presence of two sets of diffraction spots located on the same Debye-

Scherrer ring with a misalignment angle of 5.8° (Figure 3.12g, inset). Grain boundaries can significantly 

affect charge transport in semiconductors, and are often invoked, but have not yet been structurally 

resolved in conducting MOFs or CCPs. 
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Figure 3.15. (a) Scheme and (b) ex-situ PXRD patterns for the transformation from Ni-2D to Ni-1D. 

Given the structural similarities between Ni-1D and Ni-2D, it is perhaps not surprising that the latter 

can transform into the former through loss of bridging water. Albeit slowly, Ni-2D spontaneously 

transforms into Ni-1D over weeks under ambient conditions, suggesting that the D-A slipped π-stacking 

in Ni-1D is favorable energetically (Figure 3.15a). Lower temperature suppresses the transformation, 

whereas heating to 100 °C under dynamic vacuum considerably accelerates it (Figures 3.15b, 3.16). 

Continued heating of Ni-1D showed no further changes in its PXRD, attesting to its excellent thermal 

stability. The gradual removal of bridging water molecules was confirmed spectroscopically by ATR-

FTIR (Figure 3.17), which revealed a gradual reduction in the intensity of the O–H stretching band for 

bridging water at 3406 cm–1. The two N–H stretching bands of Ni-2D at 3297 cm–1 and 3264 cm–1 also 

merge into a single N–H band at 3245 cm–1 that coincides with that observed for Ni-1D. Unlike Ni-2D, 

Ni-1D is stable in strong acid (e.g., 4 M HCl (aq.)) and base (e.g., 1 M KOH (aq.)) (Figure 3.18), a rare 

feature in electrically conductive CCPs.3 
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Figure 3.16. The comparison of PXRD patterns of Ni-2D that is just synthesized, kept at –20 ℃ for 3 weeks, and 
kept at RT for 32 days, indicating that low temperature can slow down the transformation from Ni-2D to Ni-1D. 

 

 
Figure 3.17. The transformation of Ni-2D to Ni-1D monitored by ex-situ PXRD (a) and ATR-FTIR spectroscopy (b). 
Δ/vac.: heating and dynamic vacuum. 
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Figure 3.18. Excellent stability of Ni-1D. The crystallinity of Ni-1D retains after one year in ambient condition, 
soaked in 4M HCl (aq.) or 1M KOH (aq.) at room temperature for one day, soaked in 14M NH3 (aq.) at room 
temperature for 3 months, or 120 ℃ for 7 days. 

3.3.3 A Three-Dimensional, Porous Ni-TIHQ Framework 

The reaction of TAHQ·4HCl with Ni(OAc)2·4H2O in degassed concentrated aqueous ammonia at 

120 °C under N2 yields brown hexagonal rod-like crystals of a Ni-TIHQ framework (Ni-3D) up to 40 μm 

long (Figures 3.19d inset, 3.20). Ni-3D undergoes a rapid color change from brown to black within half 

an hour of exposure to air (Figure 3.21), even though PXRD reveals no changes during this time (Figure 

3.22). cRED analysis down to a resolution of 0.767 Å (Figures 3.19d, 3.23, 3.24, and Table 3.4) showed 

that crystals of oxidized Ni-3D (NiC6H4O2N4, Ni-3D-ox) belong to the trigonal space group R3�m. As with 

Ni-2D, the high quality cRED data allowed direct location of all non-hydrogen atoms in Ni-3D-ox and 

reveals helical 1D rod secondary building units (SBUs) parallel to the c-axis (Figure 3.19b).40 The SBUs 

consist of slightly distorted [NiN4O2] octahedra sharing two axial vertices, and located on 31 screw axes 

(Figure 3.19b). The SBUs are connected by TIHQ ligands into a hexagonal lattice (Figure 3.19a), where 

every Ni2+ is coordinated by two μ4-TIHQ and one μ2-TIHQ linkers. The μ4-TIHQ linkers use all six 

heteroatoms to chelate four independent Ni2+ ions from two adjacent SBUs, where each N atom binds to 

one Ni2+ and each O atom bridges two Ni2+ ions on the same SBU. This coordination mode is particularly 

notable because planar hexa-substituted triphenylenes and benzenes have thus far almost exclusively given 

rise to planar 2D MOFs with trigonal symmetry, with very few exceptions.41,42 The μ2-TIHQ linkers bridge 

two Ni2+ ions from two adjacent SBUs through four N atoms, similar to the coordination modes observed 

in Ni-1D and Ni-2D. Interestingly, the uncoordinated O atoms from μ2-TIHQ linkers point towards the 

center of the 1D hexagonal pores, leading to a highly hydrophilic pore environment (Figure 3.19a). 
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Altogether, the overall topology of Ni-3D(-ox) is fog (Figure 3.25), and is one of the two distinct (3,4)-c 

derived nets of the basic 4-c nbo net.43  

 
Figure 3.19. Structural characterization of Ni-3D-ox. (a) Portions of the crystal structure of Ni-3D-ox, built from 
octahedral [NiN4O2] nodes, μ4-TIHQ linkers and μ2-TIHQ linkers. (b) A portion of an infinite 1D rod SBU along the 
c crystallographic axis formed by octahedral [NiN4O2] nodes through vertices sharing. (c) The Connolly surface of 
a unit cell of Ni-3D-ox viewing along the c-axis. (d) 3D reciprocal lattices of a Ni-3D-ox rod with a maximum 
resolution of 0.77 Å. Inset, a single hexagonal rod of Ni-3D-ox. Scale bar, 5 μm. (e) A high-magnification Cryo-EM 
image of a part of a Ni-3D-ox rod, showing well-aligned 1D SBUs. Inset, FFT of the micrograph. (f) Schematic 
representation of Ni-3D-ox structure to illustrate the 1D SBUs alignment in (e). Red arrows and dashed lines indicate 
the viewing direction. (g) Intensity profile of the red solid line in (e), normal to the c-direction. Gray dashed lines 
with an even spacing of 10.9 Å are guide to the eye. (h) A Cryo-EM image of a portion of a Ni-3D-ox single crystal. 
Inset, FFT of the micrograph. (i) A high magnification Cryo-EM image of the same crystal in (h), showing individual 
[NiN4O2] nodes. Orthogonal yellow and red dashed lines indicate the packing of [NiN4O2] nodes shown in (j). Scale 
bars for FFT, 2nm–1. 
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Figure 3.20. SEM images of Ni-3D and Ni-3D-ox crystals. (a) Hexagonal rod-like crystals of Ni-3D. (b) Hexagonal 
spindly crystals of Ni-3D with ~35 μm length. Hexagonal rod-like crystals of Ni-3D-ox after activated at 110 ℃ (c) 
or 130 ℃ (d) under dynamic vacuum for 3 days. Scale bars: (a) 15 μm; (b) 20 μm; (c) 10 μm; (d) 3 μm. 

 

 
Figure 3.21. Optical microscope images of Ni-3D in quartz EPR tubes before (lower) and after (upper) being exposed 
to air (Ni-3D-ox). A color change from brown to black can be clearly seen, indicating the oxidation of Ni-3D to Ni-
3D-ox. 
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Figure 3.22. The PXRD patterns of Ni-3D (obtained by work-up under inert atmosphere) and Ni-3D-ox (obtained by 
work-up under air). 

 

 
Figure 3.23. Typical SAED pattern of Ni-3D-ox with high resolution of 0.767 Å. 



125 
 

 
Figure 3.24. Reconstructed 3D cRED data of Ni-3D-ox indexed with rhombohedral symmetry: (a) overview (hkl), 
and selected planes in the reciprocal lattice corresponding to (b) hk0, (c) hh2ℎl and (d) hℎ0l. 

 
Figure 3.25. Topological analysis of Ni-3D-ox crystal structure, showing a fog net. 

In contrast to the dense nature of Ni-1D and Ni-2D (Figure 3.26a), Ni-3D-ox is intrinsically ultra-

microporous with 1D pores of ~4.2 Å in diameter, as indicated by the calculated Connolly surface (Figures 
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3.19c, 3.27). Indeed, a N2 adsorption isotherm of activated Ni-3D-ox at 77 K gives a 

Brunauer−Emmett−Teller (BET) apparent surface area of 120 m2/g (Figure 3.26b). We note, however, that 

there is likely a substantial amount of H2O that persists in the pores even after prolonged activation at 

110 °C (Figure 3.28) as suggested by a continued weight loss observed by thermogravimetric analysis 

upon heating from 100 °C to 300 °C before eventual decomposition (Figure 3.29, Tables 3.1-3.3). In 

contrast, no significant weight losses were observed between 100 °C and 300 °C for either Ni-1D or Ni-

2D (Figures 3.30, 3.31). 

 
Figure 3.26. N2 isotherms of Ni-1D (a), and Ni-3D-ox (b) measured at 77 K. The BET surface area of Ni-1D, and 
Ni-3D-ox are 33.57±0.28 m2/g, and 119.61±0.46 m2/g, respectively, in great agreement with the non-porous 
structure of the former and the ultra-microporous structure of the latter. 

 
Figure 3.27. van der Waals surface of a unit cell of crystal structure of Ni-3D-ox viewing along the c crystallographic 
axis (generated using Materials Studio). The theoretical solvent accessible surface area (ASA) is 518 m2/g calculated 
using Zeo++ (http://www.zeoplusplus.org/). The calculated diameters of, respectively, the largest included sphere, 
the largest free sphere and the largest included sphere along free sphere path are 8.4 Å, 4.2 Å, and 8.4 Å. This 
indicates that there are H2O molecules in the pores to form the hydrogen-bonding network. 
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Figure 3.28. Residual electron density in the pores of Ni-3D-ox, suggesting the presence of significant amount of 
solvents in the pores. The solvents are likely water molecules forming hydrogen bonding network with the 
hydrophilic framework. 

Table 3.1. Elemental analysis of Ni-1D. 

 C% H% N% 

Found a 32.68 1.64 25.48 

Calculated a 32.34 1.81 25.15 

Found b 32.64 1.84 25.12 

Calculated b 32.34 1.81 25.15 
a Synthesized by the preparation method mentioned in the Synthetic procedures section. Based on the formula 
NiC6H4N4O2. b Synthesized by heating Ni-2D at 110 ℃ under dynamic vacuum for 3 days. 

Table 3.2. Elemental analysis of Ni-2D. 

 C% H% N% 

Found 30.18 1.69 23.46 

Calculated a 29.92 2.51 23.26 
a Based on the formula NiC6H2N4O2·H2O. 
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Table 3.3. Elemental analysis of Ni-3D-ox. 

 C% H% N% 

Found a 21.46 3.54 15.43 

Calculated a 21.78 4.87 16.93 

Found b 23.78 2.60 15.62 

Calculated b 23.71 4.31 18.44 
a Ni-3D-ox dried at room temperature under dynamic vacuum for 3 days. The calculated EA result is based on the 
formula NiC6H4N4O2·6H2O. b Ni-3D-ox activated at 130 ℃ under dynamic vacuum for 3 days. The calculated EA 
result is based on the formula NiC6H4N4O2·4.5H2O. The slightly lower N% compared with that from calculated 
formula is common in hexaiminobenzene-based, and hexaiminotriphenylene-based 2D conductive MOFs, or 
tetraiminobenzene-based conjugated coordination polymers. 

 

 
Figure 3.29. TGA of Ni-3D-ox under air and N2, respectively. Pronounced weight losses above around 300 °C were 
observed in both cases. The absorbed water molecules in the pores were gradually removed upon heating until around 
300 °C, which followed by a pronounced weight loss. The metal weight% can be calculated using the average 
remaining weight% (NiO, 25.6% in air, 22.2% in N2). The Ni% can be calculated as 18.78%, which matches well 
with the formula calculated from EA result (Table 3.3): C6H4N4O2Ni·6H2O (17.85%). 
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Figure 3.30. TGA of Ni-1D under air and N2, respectively. Pronounced weight losses above around 300 °C were 
observed in both cases. The metal weight% can be calculated using the remaining weight% of TGA under air. We 
set the weight% at the plateau (96.2%) to 100% to accommodate the initial residual solvent lost. Therefore, we can 
have weight% of remaining solid of 31.3%, which turns out to be NiO. The Ni% can be calculated as 24.7%, which 
matches well with the theoretical value of 26.3%. 

 

 
Figure 3.31. TGA of Ni-2D under air. Pronounced weight losses above around 300 °C were observed in both cases. 
The metal weight% can be calculated using the remaining weight% of TGA under air. We set the weight% at the 
plateau (96.7%) to 100% to accommodate the initial residual solvent lost. Therefore, we can have weight% of 
remaining solid of 26.7%, which turns out to be NiO. The Ni% can be calculated as 21.0%, which matches well with 
the theoretical value of 24.6%. 
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Figure 3.32. Cryo-EM images of Ni-3D-ox. (a) Low magnification Cryo-EM image of a large hexagonal crystal. (b) 
Low magnification Cryo-EM image of a large rod-like crystal. Individual [NiO2N4] octahedrons can be clearly seen. 
Inset is the FFT of b. (c) Low magnification Cryo-EM image of two aggregated large rod-like crystals. (d) High 
magnification Cryo-EM image of a selected area in c. Inset is the FFT of d. 3.84 Å corresponds to the Ni-Ni distance 
between adjacent [NiO2N4] octahedrons within one infinite 1D metal node. 3.79 Å corresponds to the d-spacing of 
(003) Bragg planes. Scale bars of insets are 2 nm–1. 

As with the previous materials, the structure of Ni-3D-ox was confirmed by near atomic-resolution 

Cryo-EM, down to 1.7 Å (Figure 3.19h). Long-range ordering of the SBUs was revealed by the evenly 

spaced high-contrast lattice fringes that align parallel to the c-axis (Figures 3.19e, 3.19f) with a spacing of 

10.8 Å, confirmed by both FFT (Figure 3.19e, inset) and line intensity profile normal to the c-axis (Figure 

3.19g). Micrographs exploring the crystallographic orientation shown in Figure 3.19j exhibited highly 

ordered packing of [NiN4O2] nodes across the whole crystal (Figure 3.19h, Figure 3.32). Individual 

[NiN4O2] octahedrons were clearly observed in the high-magnification micrograph of a portion of another 

Ni-3D-ox single crystal (Figure 3.32c), arranging as an orthogonal array with two average internode 



131 
 

distances of 6.27 Å and 3.79 Å (Figure 3.19i), matched perfectly with the crystal structure solved by cRED. 

Bulk phase purity of Ni-3D-ox was verified by PXRD (Figure 3.33). 

 
Figure 3.33. Experimental and calculated PXRD pattern of Ni-3D-ox. Cu kα X-ray source was used. An excellent 
agreement was obtained. 

3.3.4 Assessing the Formal Oxidation States of the Ligands 

The physical and structural details of the three Ni materials are determined exclusively by the formal 

oxidation state of their linkers. Indeed, XPS confirmed that the Ni ions in all materials are divalent, with 

essentially identical Ni 2p3/2 binding energies (Figures 3.8, 3.34, 3.35).44 A first indication of the degree 

of ligand oxidation came from comparing the C–C, C–O, and C–N bond lengths across the three materials. 

Because the TIBQ linkers in Ni-1D can be thought of as two N–C–C–C–N 5-center, 6π (5c-6π) subsystems, 

the C–C and C–N distances here are remarkably similar, 1.384 Å and 1.393 Å, respectively (Figure 3.36a). 

The 6π systems further functions as a particularly effective electronic communication bridge between two 

Ni2+ centers. The two C–C bonds connecting the two 6π subsystems (C1–C3' and C1'–C3 in Figure 3.37a) 

show more pronounced single bond character and an elongated bond distance of 1.454 Å, significantly 

longer than in the free ligand TABQ, 1.360 Å. Similar structural distortions have been observed in 2,5-

diaminobenzoquinonediimine (DABQDI) metal complexes, such as planar Ni-DABQDI tapes,24 and 

oxidized TABQ derivatives.45 The C=O bond in Ni-1D is also slightly more extended to 1.261 Å relative 

to the free TABQ ligand, 1.237 Å, likely due to partial participation in the 6π subunit. In contrast, the C=O 

bond length in Ni-2D remains nearly unchanged compared to the free ligand, at 1.232 Å, remained 

unchanged in Ni-2D, while the C–C distances undergo significant elongation to an average of 1.497 Å, 

closer to the single-bond character of C–C bonds in cyclohexane (1.53 Å) than the C–C bonds in aromatic 

rings (Figure 3.36c). The C–N bonds in Ni-2D show both C=NH and C=N– character with an average C–

N distance of 1.375 Å (Figure 3.37b). Altogether, the structural details point to a more oxidized form of 

TIBQ and a more localized electronic structure in Ni-2D than in Ni-1D. 
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Figure 3.34. High resolution XPS spectra of Ni-1D. (a) Ni 2p region shows BE of Ni 2p3/2 is 855.1 eV. (b) C 1s 
region and the corresponding deconvolution. (c) N 1s region and the corresponding deconvolution. (d) O 1s region 
and the corresponding deconvolution.  

 
Figure 3.35. High resolution XPS spectra of Ni-3D-ox. (a) Ni 2p region shows BE of Ni 2p3/2 is 855.4 eV. Strong 
satellite features (~6 eV higher BE than the main peaks) were observed for both Ni 2p3/2 and Ni 2p1/2 transitions. (b) 
C 1s region and the corresponding deconvolution. (c) N 1s region and the corresponding deconvolution. (d) O 1s 
region and the corresponding deconvolution. 
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Figure 3.36. Selected bond lengths (Å) of ligands in Ni-1D (a, b), Ni-2D (c, d), and Ni-3D-ox (e, f). Lewis structures 
of Ni-3D-ox were shown in (e) and (f). Gray spheres: C; blue spheres: N; red spheres: O; white spheres: H; half-
filled red spheres: O from bridging H2O with an occupancy of 50%. The average bond lengths of C–C, C–N, C–O 
of TABQ, Ni-1D, Ni-2D, and Ni-3D-ox are 1.387 Å, 1.378 Å, 1.412 Å, and 1.370/1.362 Å (μ4-TIHQ/μ2-TIHQ). 

 
Figure 3.37. Characterization of ligand oxidation states. Lewis structures that can best describe (a) Ni-1D, (b) Ni-2D, 
(c) Ni-3D and Ni-3D-ox. (d) In-situ DRIFTS of Ni-3D upon exposure to air. Inset, the difference spectrum. (e) 532-
nm Raman spectra of TABQ, Ni-1D, Ni-2D, Ni-3D-ox, and Ni-3D. 
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The color change accompanying the oxidation of Ni-3D to Ni-3D-ox likewise corresponds to the 

oxidation of TIHQ. Indeed, monitoring this rapid oxidation by in-situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS), showed gradually diminishing C–N and C–O stretching bands, and 

concomitant growth of C=N and C=O stretching bands (Figure 3.37d). Thus, although TIHQ linkers in as-

synthesized Ni-3D retain their hydroquinone character (Figure 3.37c), μ2-TIHQ and μ4-TIHQ in Ni-3D-ox 

are best described as being neutral and bearing a –4 negative charge, respectively, to give an overall neutral 

framework. Indeed, the C–O, C–C, and C–N distances and μ4-TIHQ in Ni-3D-ox are similar to that of free 

TABQ (which can be thought of as bearing a –4 charge balanced by 4 protons). Conversely, the C–O and 

C–N distances of 1.240 Å and 1.264 Å for μ2-TIHQ are typical for carbonyl C=O and imine C=NH 

moieties, respectively (Figure 3.36). Therefore, μ2-TIHQ linkers are best described as 1,2,4,5-tetraimino-

3,6-diketocyclohexane (Figure 3.37c), a neutral ligand that has also been reported as such in a binuclear 

Ru complex.46 Overall, the structural data reveal a redox ladder wherein the ligand is progressively 

oxidized in moving from Ni-3D to Ni-3D-ox, Ni-1D, and Ni-2D (Figure 3.37c). 

The oxidation state of linkers was further confirmed by Raman spectroscopy, as the C–C, C–O, and 

C–N vibrational modes are highly sensitive to the ligand oxidation state.47 The intense C=O stretching 

bands at ~1587 cm–1 for both Ni-1D and Ni-2D are slightly red shifted relative to TABQ, 1595 cm–1 (Figure 

3.37e). The broad C–N stretching band at 1387 cm–1 observed for Ni-1D can be explained by the highly 

delocalized nature of the 6π subsystems.48 In comparison, the two bands at 1506 cm–1 and 1547 cm–1 

observed for Ni-2D, corresponding to C=NH and C=N– stretching modes, attest to the more oxidized 

ligand in this material.48 Notably, benzene ring breathing bands at 1619 cm–1 and 1551 cm–1 for Ni-3D 

shift and merge into a new C–C stretching band at 1531 cm–1 upon formation of Ni-3D-ox, confirming the 

oxidation of TIHQ linkers (Figures 3.37e, 3.38). The Raman bands between 400 cm–1 and 650 cm–1 in all 

spectra correspond to Ni–N and/or Ni–O bonds. 

 
Figure 3.38. (a) Raman spectra of quartz EPR tube and Ni-3D in the EPR tube. (b) in-situ Raman spectra of Ni-3D 
upon exposure to air. 
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3.3.5 Electronic Structures of Ni-Frameworks 

Initial assessment for the degree of charge delocalization and metal-ligand conjugation in the three Ni 

frameworks came from electronic structure investigations by DRUV-Vis and magnetometry. Both Ni-1D 

and Ni-2D exhibit strong electronic absorptions around 500 nm, corresponding to ligand-centered (LC) π-

π* intraquinone excitations (Figures 3.39a, 3.40).24,25 The absorption maximum of Ni-1D, 503 nm, is 

slightly red-shifted compared to Ni-2D, 475 nm, consistent with the higher degree of delocalization in the 

former. In contrast, Ni-3D shows a hydroquinone-based LC π-π* transition at 344 nm.26 Broad metal-to-

ligand charge transfer (MLCT) bands centered around 750 nm and 732 nm were observed for Ni-1D and 

Ni-2D,24 respectively. These absorptions are significantly red-shifted compared with that in related 2,5-

diamino-1,4-diiminobenzoquinone complexes,49–51 and indicate significant electronic delocalization 

between Ni2+ and TIBQ orbitals. The two broad NIR bands, centered at 1172 nm for Ni-1D and 1081 nm 

for Ni-2D, stem from extended intrachain metal-ligand d-π conjugation and strong interchain stacking. In 

contrast, Ni-3D exhibits essentially no MLCT features or NIR bands, which suggests that it lacks intrinsic 

charge delocalization. However, oxidation to Ni-3D-ox coincides with the gradual growth of MLCT bands 

centered around 506 nm and 660 nm (Figure 3.39b), suggesting substantially enhanced metal-ligand 

electronic communication with oxidation of TIHQ. Although the NIR region in Ni-3D-ox gains intensity 

relative to Ni-3D, indicating the increase of free carrier concentration and electronic delocalization,52 it is 

still much weaker than the NIR features of Ni-2D and Ni-1D. Extracting optical band-gaps (Eo) from the 

DRUV-Vis spectra by way of Tauc plots revealed decreasing values of 2.06 eV, 1.60 eV, 0.82 eV, and 

0.70 eV for Ni-3D, Ni-3D-ox, Ni-2D, and Ni-1D respectively (Figures 3.39c-d). 

 
Figure 3.39. (a) Normalized DRUV-Vis spectra and (c) Tauc plots of Ni-1D, Ni-2D, and Ni-3D. (b) In-situ DRUV-
Vis spectra and (d) Tauc plots of Ni-3D upon exposure to air. Dashed lines indicate the best linear fits to the 
absorption edges. (e, f) Temperature dependence of χM, χMT, and χM

–1 (H = 1.0 kOe) for Ni-1D and Ni-3D-ox. 
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Figure 3.40. DRUV-Vis and DRIFTS spectra of Ni-1D, Ni-2D, and Ni-3D-ox in energy scale that are matched 
together. 

Magnetometry provided critical insight into the electronic communication between metals and/or 

ligands. Direct current (DC) magnetic susceptibilities were measured for polycrystalline samples of Ni-

1D and Ni-3D-ox53 from 1.8 K to 293 K under an applied field of 1 kOe (Figure 3.39e). Ni-1D has χMT of 

0.30 cm3 K mol–1 per Ni-TIBQ unit at 293 K, much lower than the value of 1 cm3 K mol–1 expected for 

high-spin Ni2+ centers with S = 1. χMT for Ni-1D gradually decreases with decreasing temperature, but 

sees a sharp increase between 45 K and 11 K. This behavior is consistent with the presence of both 

ferromagnetic and antiferromagnetic exchange pathways. For structurally closely-related molecular 
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analogs, such as Ni(isq)2 (isq = o-diiminobenzosemiquinonate) complexes,54,55 square-planar Ni2+ ions 

typically exhibit closed-shell S = 0 configurations. Therefore, the antiferromagnetic coupling here likely 

arises from the Ni-mediated interaction between TIBQ-centered radicals (Figure 3.41), again in close 

analogy to the Ni(isq)2 complexes.56  

 
Figure 3.41. (a) The 1/χM vs. T plot. The red solid line is the best Curie-Weiss fit using the data between 175 K and 
300 K, where Curie Constant C is 0.993 cm3 K mol–1, and the Weiss temperature θ is –693 K, indicative of strong 
antiferromagnetic interactions. (b) Schematic representation of spin polarization in Ni-1D, showing intrachain and 
interchain antiparallel spin alignment. 

 
Figure 3.42. The 1/χM vs. T plot of Ni-3D-ox. The red solid line represents the best Curie-Weiss fit (R2 = 0.9996) 
using the high temperature data between 200 K and 300 K, where Curie Constant C is 1.04 cm3 K mol–1, and the 
Weiss temperature θ is –25.44 K, indicative of a S = 1 spin system and dominant antiferromagnetic interactions. 

Ni-3D-ox exhibits a χMT value of 0.95 cm3 K mol–1 per Ni-TIHQ unit at 293 K, very close to the value 

expected for an Ni2+-centered S = 1 spin and a closed-shell TIHQ linker (1 cm3 K mol–1 for g = 2.0). The 

χMT value gradually decreases to 0.158 cm3 K mol–1 at 1.8 K, suggesting overall antiferromagnetic 

coupling between the Ni-centered spins. Fitting the χM
–1 vs. T curve in the high-temperature region to the 

Curie-Weiss law gives a Curie constant C of 1.04 cm3 K mol–1 and a Weiss temperature θ = –25.4 K 

(Figures 3.39f, 3.42). In contrast to Ni-1D, Ni-3D-ox can be described as a network of isolated S = 1 spins 
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centered on Ni2+, coupled by weak antiferromagnetic interactions. The weak antiferromagnetic coupling 

observed here further point to the absence of TIHQ-centered radicals, whose presence would have enabled 

strong exchange coupling with Ni-centered spin systems by analogy with molecular complexes.28,57 The 

presence of organic radicals in Ni-1D and Ni-2D and absence thereof in Ni-3D-ox was confirmed by 

electron paramagnetic resonance (EPR) spectroscopy. Characteristic signal at g = 2.05 and 2.08 observed 

for Ni-1D and Ni-2D, respectively, is ~200 times weaker in Ni-3D-ox (Figure 3.43). 

 
Figure 3.43. (a) EPR spectra of Ni-1D (green), Ni-2D (red), and Ni-3D-ox (blue) at ~4.5 K with similar mass loading. 
(b) EPR spectra of pristine Ni-1D, Ni-1D soaked in 4M HCl (aq.), and Ni-1D soaked in 1M KOH (MeOH solution) 
at ~4.5 K, exhibiting g values of 2.051, 2.053, and 2.055, respectively. We attribute the paramagnetism of Ni-1D to 
TIBQ-based radicals. The intense isotropic signal at g = 2.051 deviates slightly from that of cation-stabilized radicals 
(g ~ 2.003), suggesting the participation of Ni d orbitals in the TIBQ-centered molecular orbital of the odd spin. 

3.3.6 Electrical Conductivities of Ni-Frameworks 

The distinct electronic structures of Ni-1D, Ni-2D, and Ni-3D(-ox) give rise to electrical conductivities 

that span almost 8 orders of magnitude, from 10–9 S cm–1 to nearly 1 S cm–1. Four-contact probe 

measurements of polycrystalline pellets of Ni-1D and Ni-2D revealed bulk electrical conductivities 

reaching 0.19 S cm−1 (𝜎𝜎�  = (0.16 ± 0.02) S cm−1), and 0.067 S cm−1 (𝜎𝜎�  = (0.054 ± 0.009) S cm−1), 

respectively, at room temperature (RT), which are on par with the most conductive 1D CCPs to date.3 

Interestingly, the conductivity of Ni-1D increased by about 60% to 0.27 S cm−1 after treatment with HCl 

(Figures 3.44, 3.45), similar to the p-doping of polyaniline. The transformation of Ni-2D to Ni-1D at RT 

over the course of several (Covid-induced lockdown) months coincided with a gradual increase in 

electrical conductivity (Figures 3.46a, 3.47-3.50). Given the similar crystallite size and the same metal-

ligand connectivity in these two materials, we attribute the higherelectrical conductivity of Ni-1D to its 

interchain D-A stacking and its shorter π-π stacking distance. 
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Figure 3.44. The linear I-V curve of a 4-probe device of Ni-1D, giving the conductivity value of 0.158 S/cm. 

 

 
Figure 3.45. The linear I-V curve of a 4-probe device of 4 M HCl soaked Ni-1D, giving the conductivity value of 
0.267 S/cm, which is about 1.6 times higher than Ni-1D. 
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Figure 3.46. Electrical conductivity. (a) Conductivity increases during the transformation from Ni-2D to Ni-1D at 
ambient condition. Solid lines are guides to the eye. (b) Temperature dependence of four-probe conductivities of Ni-
1D, Ni-2D, and Ni-3D-ox. Red, heating; blue, cooling. Solid lines are the best linear fit. (c) Reversible EA change of 
Ni-1D. Inset, the first derivative of temperature dependence of electrical conductivity (dσ/dT). (d) Crystal structures 
of Ni-1D at 295 K and 100 K. (e) Fermi edge region of UPS and VB-XPS. Gray dashed lines are the Fermi edge 
calibrated by sputtering cleaned polycrystalline Au reference. 

 
Figure 3.47. Linear I-V curves of a 4-probe device (device 1) of Ni-2D during the transformation to Ni-1D, giving 
the initial conductivity value (Ni-2D) of 0.0667 S cm–1, which finally increased to 0.188 S cm–1 after 96 days under 
ambient condition. 
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Figure 3.48. Linear I-V curves of a 4-probe device (device 2) of Ni-2D during the transformation to Ni-1D, giving 
the initial conductivity of 0.0439 S cm–1, which increased to 0.132 S cm–1 after 96 days under ambient condition. 

 
Figure 3.49. Electrical conductivity changes of three 4-probe devices during the Ni-2D to Ni-1D transformation. 

 
Figure 3.50. The initial decrease of electrical conductivity of the 4-probe devices. We hypothesized that the initial 
loss of bridging water molecules induced substantial amount of deep carrier traps originated from structural defects, 
according to the Multiple Trap and thermally Release (MTR) model, leading to the decrease of electrical conductivity. 
A similar feature was also observed in the variable temperature conductivity measurement of Ni-2D. 
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Under anaerobic conditions, Ni-3D exhibits a two-probe electrical conductivity of 6.2×10–9 S cm−1, as 

may be expected in the absence of π-π stacking and weak covalency of the metal-ligand bond.1,2 Upon 

exposure to air, the conductivity increases to 6.7×10–7 S cm−1 after 12-hours, to finally reach a maximum 

conductivity of 2.9×10–5 S cm−1 for Ni-3D-ox, a remarkable value for 3D-connected, porous MOFs.58 The 

increase in conductivity in going from Ni-3D to Ni-3D-ox is paralleled by a substantial decrease of Eo 

(~0.5 eV). This implies that increasing the ligand oxidation state modifies the electronic structure of the 

framework, which translates to improved charge transport. 

Variable-temperature conductivity measurements revealed semiconducting behavior for all three 

materials (Figure 3.46b). Ni-1D and Ni-2D exhibit Arrhenius-type dependence of the conductivity with 

temperature T:  

𝜎𝜎e,T = 𝜎𝜎e,∞exp �−
𝐸𝐸A
𝑘𝑘B𝑇𝑇

� 

where 𝜎𝜎e,∞ is the temperature-independent prefactor, and EA is the thermal activation energy. This 

behavior is typical for doped organic semiconductors and conductive MOFs with band-like charge 

transport.1,2,59  

A notable increase in EA for Ni-1D from 19.3 meV at T < ~260 K to 43.9 meV at T > ~285 K (Figures 

3.46c, 3.51) is correlated with a reversible structural change that occurs at approximately 270 K (Figures 

3.46c, 3.52). Indeed, Rietveld refinement of synchrotron PXRD data for Ni-1D at 295 K (Figure 3.53) 

revealed a longer interchain π-π stacking distance of 3.15 Å (3.11 Å at 100 K) and a larger dihedral angle 

of 13.5° between the six-membered carbon ring and five-membered Ni chelating ring (11.5° at 100 K) 

(Figure 3.46d), suggesting that the interchain and intrachain transport are both weakened, in agreement 

with the higher EA. 

 
Figure 3.51. Variable temperature electrical conductivity measurement of a 4-probe device of Ni-1D. (a) 400 K to 
40 K. (b) 40 K to 15 K. We observed a subtle EA decreasing with temperature decreasing. For example, fitting the 
data between 40 K and 15 K to Arrhenius equation gave an EA of 11.4 meV, which is slightly lower than the EA 
obtained by fitting the 400 K to 100 K data. 
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Figure 3.52. Variable temperature electrical conductivity measurement of another 4-probe device of Ni-1D. The 
reversible structural change was also observed. 

Ni-2D showed significantly higher EA of 78.0 meV in the temperature range 100–300 K (Figure 3.46b). 

The apparent decrease in conductivity above 60 °C is not an indication of transition to a temperature-

deactivated transport. Rather, we attribute it to partial transformation of Ni-2D to Ni-1D; the associated 

disorder accompanying this transformation is the more likely cause of decreasing electrical conductivity 

with temperature (Figure 3.54). For context, these EA values are still smaller than that observed for heavily 

n-doped C60, one of the most conductive doped organic semiconductors, and suggest exceptional electronic 

coupling and small energetic disorder in our materials.59  

 
Figure 3.53. Rietveld refinement of synchrotron PXRD data of Ni-1D at 295 K. Rp=4.30%, Rwp=5.29%, Rexp=3.69%, 
and GoF=1.43. The resulting lattice parameters are: a = 11.92 Å, b = 7.62 Å, c = 3.52 Å; α = γ = 90°, β = 95.385°. 
Space group remained the same: C2/m. 
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Figure 3.54. Variable temperature electrical conductivity measurement of a 4-probe device of Ni-2D. Cooling 
sequence was applied first to prevent its transformation to Ni-1D. However, the transformation happened during the 
heating sequence above RT. Therefore, a hysteresis-like feature was observed that actually resulted from the chemical 
transformation. 

In contrast to the lower dimensionality structures, Ni-3D-ox shows variable-range hopping (VRH) 

transport, which is best described by Mott’s VRH theory (Figures 3.46b inset, 3.55),60 

𝜎𝜎e,T = 𝜎𝜎e,0exp �−�
𝑇𝑇0
𝑇𝑇
�

1
𝑑𝑑+1

� 

where d is the dimensionality of transport (d = 3 for Ni-3D-ox), 𝜎𝜎e,0 is the temperature-independent 

constant and equals the T→∞ value of 𝜎𝜎e,T, and T0 is the Mott temperature. The latter is related to the 

charge carrier concentration and carrier hopping length between adjacent localized states. We believe that 

the increased conductivity of Ni-3D-ox relative to Ni-3D is due to ligand oxidation, which generates 

charge carriers and localized sites that overall decrease the hopping distance. We note that VRH theory 

also fits the variable temperature conductivity data for Ni-2D (with d = 2), indicating that the charge 

transport in this material occurs primarily within the 2D layers and that interlayer electronic interactions 

are weak (Figure 3.56). 
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Figure 3.55. Variable temperature electrical conductivity measurement of a 2-probe device of Ni-3D-ox. Red solid 
line represented the best fit. 

 
Figure 3.56. Variable temperature electrical conductivity of Ni-2D plotted for 2D VRH theory, revealing excellent 
linear relationship between 300 K and 100 K. 

Valence-band XPS (VB-XPS) and ultraviolet photoelectron spectroscopy (UPS) corroborate the 

electronic structure insights afforded by conductivity measurements. The highest occupied states (HOS) 

of Ni-1D and Ni-3D-ox revealed by UPS are, respectively, ~0.45 eV and ~1.3 eV below the Fermi level 

EF (Figures 3.46e, 3.57). Fitting of the VB-XPS edge gives higher HOS level for Ni-1D, which is only 

about ~0.2 eV below EF, indicating the substantial contribution of Ni orbitals to the density of states (DOS) 

near the valence band maximum (VBM) and the close match of ligand and metal energy levels (Figure 

3.58). The shallow HOS below EF of Ni-1D is consistent with its high electrical conductivity. Ni-2D 

exhibits moderate HOS (~0.6 eV below EF), again in good agreement with its slightly lower conductivity 

relative to Ni-1D. 
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Figure 3.57. Secondary electron cut-off regions of UPS (He I) of Au reference (a), Ni-1D (b), and Ni-3D-ox (c). The 
shoulder-like cut-off feature in both Ni-1D and Ni-3D-ox is likely related to the presence of different vacuum state 
(Evac) due to surface state of these materials, resulting in localized smaller work functions. (d) He II UPS spectra of 
Au reference, Ni-1D, and Ni-3D-ox. The ΦAu was calculated to be 4.24 eV, which is typical for polycrystalline Au 
that has been exposed to air. For Ni-1D, the main cutoff is ~17.4 eV with an additional feature at ~19.3 eV, 
corresponding to local Evac difference. Therefore, ΦNi-1D was calculated to be 3.8 eV, similar to that obtained from 
VB-XPS. Ni-3D-ox has the primary cutoff at ~15.0 eV, and the additional cutoff is at ~17.0 eV. The work function 
is ~6.2 eV, similar to that of Co3O4 and MoO2. The HOS of Ni-1D obtained from UPS is ~0.45eV below Fermi level. 
VB-XPS fitting gave higher HOS level, which is only about ~0.2 eV below Fermi level. The HOS of Ni-3D-ox 
obtained from UPS is ~1.3 eV, calculated by plotting its UPS spectrum in the log scale. The IE of Ni-1D obtained 
from UPS is calculated as 4.25 eV, and the IE of Ni-3D-ox is 7.5 eV. 
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Figure 3.58. Cut-off region of VB-XPS of Au reference (a), Ni-1D (b), and Ni-3D-ox (c). (d) Fermi edge region of 
VB-XPS. The Fermi edges of materials were aligned to EF of Au reference since they are all attached on the same 
biasing stage. Fitting the cut-off region gives the position of second-electron cut-off for calculating the work function 
(Φ): Φ = Ephoton – Ecut-off. Therefore, ΦAu was calculated as 1486.7 eV – 1481.6 eV = 5.1 eV. Although slightly smaller 
than the literature reported value 5.3 eV, it is commonly observed for polycrystalline gold when atomically clean and 
ordered under ultra-high vacuum. ΦNi-1D and ΦNi-3D-ox were also calculated to be 4.2 eV and 6.0 eV, respectively. The 
highest occupied state (HOS) or valence band maximum (VBM) of Ni-1D is ~0.2 eV below the Fermi level 
referenced by Au, whereas that of oxidized Ni-3D-ox is ~1.3 eV. The HOS of Ni-2D is ~0.6 eV below EF. Therefore, 
combined with the work functions, the ionization energies (IE) of Ni-1D and Ni-3D-ox were determined to be 4.4 
eV and 7.3 eV, respectively. We note that the IE of Ni-1D is similar to that of highly conductive heavily n-doped 
ZnPc and C60, whereas the IE of Ni-3D-ox is similar to that of semiconducting transition metal oxides such as NiO 
and TiO2. 

3.4 Conclusions and Outlook 

Despite the considerable interest in electronic properties of MOFs and coordination polymers, it has 

been difficult to design systems that enable correlations between physical properties and structure. Indeed, 

when structure-function relationships are discussed in this context, changes in structure usually are also 

accompanied or caused by compositional changes.61–63 Here, we showed that owing to their multiple redox 

states and metal binding preference, the redox series comprising TAHQ, TABQ, and TIBQ provides a 

unique platform to study structure-function relationships in essentially isomeric Ni MOFs/coordination 
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polymers. These results thus provide important insight into how dimensionality and various 

supramolecular interactions between SBUs, ligands, and structural motifs (i.e. D-A, hydrogen bonding, 

and π-π stacking) lead to differences of nearly 8 orders of magnitude in electrical conductivity. Ligands 

that combine similar breadth of redox states and metal-chelating motifs should provide inspiration for 

future material design. 

3.5 Methods and Materials 

3.5.1 Materials 

Ni(OAc)2·4H2O (Strem), potassium phthalimide (Sigma Aldrich), tetrachloro-p-benzoquinone (Sigma 

Aldrich), hydrazine monohydrate (80.0 wt.%, TCI America), concentrated aqueous ammonia (~14 M), 

SnCl2·2H2O (Alfa Aesar), concentrated HCl (~36%), N,N-dimethylformamide (DMF), ethanol (EtOH), 

acetonitrile (ACN) and methanol (MeOH) were used as received without further purification. House DI 

water and house nitrogen were used during the synthesis. NMR solvents were purchased from Cambridge 

Isotope Laboratory. 

3.5.2 Synthetic Methods 
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Scheme 3.1. Overview of the synthesis of tetraamino-p-benzoquinone (TABQ). The synthesis was modified based 
on previous literature reports.  

Tetra(phthalimido)-p-benzoquinone (TPBQ) 

To a stirred solution of tetrachloro-p-benzoquinone (25 g) in 250 mL acetonitrile, potassium 

phthalimide (75 g) was added. The reaction mixture was heated at 80 ℃ and refluxing for 12 h under N2 

atmosphere, after which the reaction mixture was cooled down to room temperature and filtered. The 

resulting solid was washed with 300 mL of acetonitrile and then suspended in 100 mL of DMF. The dark 

colored suspension was heated at 100 ℃ and stirred for 30 min, which was followed by hot filtration to 

obtain brown solid. The resulting solid was suspended in DMF/EtOH (v/v = 1:1), and the mixture was 

sonicated for 1 hour, and then filtered to obtain pale tan solid with quantitative yield (69.3 g, 99%). The 

purity of TPBQ was verified by ATR-FTIR (Figure 3.59), given the insolubility of TPBQ preventing any 

solution NMR characterizations. 



149 
 

 
Figure 3.59. ATR-FTIR spectrum of TPB, matching the results from previous literature reports. 

Tetraamino-p-benzoquinone (TABQ) 

To a 500 mL round bottom flask was added 35 g of TPBQ, followed by the addition of 125 mL of 

hydrazine hydrate (80.0 wt%). The reaction mixture was heated at 65 ℃ for 2 hours, after which it was 

cooled to room temperature, filtered and washed with DI water until the filtrate coming out is colorless. 

The resulting deep purple crystalline solid (3.77 g, 44%) was deemed to be pure TABQ by 1H-NMR 

(Figure 3.60) and 13C-NMR (Figure 3.61). 

 
Figure 3.60. 1H-NMR spectrum of TABQ. 
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Figure 3.61. 13C-NMR spectrum of TABQ. 
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Scheme 3.2. Overview of the synthesis of tetraamino-p-hydroquinone tetrahydrochloride (TAHQ·4HCl). The 
synthesis was modified based on previous literature reports. 

 
Figure 3.62. 1H-NMR spectrum of TAHQ·4HCl. 
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Tetraamino-p-hydroquinone tetrahydrochloride (TAHQ·4HCl) 

825 mg of TABQ (very fine powdered), 1.68 g of SnCl2·2H2O (1.5-fold excess), and 10 mL of conc. 

hydrochloric acid were stirred in a 25 mL Schlenk flask at room temperature under N2 atmosphere for 3 

hours. The resulting reaction mixture was filtered by vacuum filtration in a nitrogen-purging box and 

washed twice with degassed anhydrous methanol. The resulting solid was collected and transferred into a 

glove box for drying and storage. 1.24 g of gray solid (TAHQ·4HCl) was obtained at a yield of 80%. Pale 

pink colored solid (TAHQ·4HCl (pink)) was obtained when conducting filtration and washing steps 

without the protection of N2 atmosphere, which represents the partially oxidized TAHQ·4HCl. 

Synthesis of Ni-2D Rods 

In a N2 purging box, 20 mg of TABQ and 44 mg of Ni(OAc)2·4H2O were transferred into a 15 mL 

thick-wall pressure tube, followed by the addition of 0.5 mL of degassed DI water and 2.4 mL of degassed 

concentrated aqueous ammonia solution. The pressure tube was sealed and heated at 120 ℃ in an 

isothermal oven for 2 days, after which the tube was cooled down to room temperature. The resulting 

crystalline precipitate was filtered under N2 atmosphere and washed with a large amount of degassed DI 

water. The solid was briefly dried under the N2 flow on the filtration setup and was used immediately for 

further characterization. 

Synthesis of NiTIBQ(D2O/H2O) Rods 

In a N2 purging box, 20 mg of TABQ and 44 mg of Ni(OAc)2·4H2O were transferred into a 15 mL 

thick-wall pressure tube, followed by the addition of 0.5 mL of degassed D2O and 2.4 mL of degassed 

concentrated aqueous ammonia solution. The pressure tube was sealed and heated at 120 ℃ in an 

isothermal oven for 2 days, after which the tube was cooled down to room temperature. The crystalline 

precipitate was filtered under N2 atmosphere and washed with large amount of degassed D2O. The solid 

was briefly dried under N2 flow on the filtration setup and was used immediately for ATR-FTIR and PXRD. 

The resulting bulk solid contains both bridging H2O and D2O. 

Synthesis of Ni-1D Rods/Bricks 

Under the ambient condition, 20 mg of TABQ and 44 mg of Ni(OAc)2·4H2O were transferred into a 

15 mL thick-wall pressure tube, followed by the addition of 0.5 mL of DI water and 2.4 mL of concentrated 

aqueous ammonia solution. The pressure tube was sealed (the atmosphere inside the tube is air) and heated 

at 120 ℃ in an isothermal oven for 2 days, after which the tube was cooled down to room temperature. 

The resulting black crystalline precipitate was filtered under ambient condition and washed with large 

amount of DI water and methanol. The solid was dried at room temperature under a dynamic vacuum for 

at least 24 hours. 
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Synthesis of Ni-3D Rods 

In a N2 purging box, 15 mg of TAHQ·4HCl and 18 mg of Ni(OAc)2·4H2O were transferred into a 15 

mL thick-wall pressure tube, followed by the addition of 1 mL of degassed concentrated aqueous ammonia 

solution. The pressure tube was sealed and heated at 120 ℃ in an isothermal oven for 1 day, after which 

the tube was cooled down to room temperature and transferred into a N2 glove box. The reaction mixture 

was transferred to a 20 mL glass vial and the supernatant was decanted to obtain brown crystals at the 

bottom of the vial. The resulting solid was washed with degassed DI water at least 3 times and was dried 

under N2 flow. 

Workup in the ambient condition gives Ni-3D-ox: 

After cooled down to room temperature, the reaction mixture was filtered and washed with large 

amount of DI water. The resulting black solid was dried under air flow on the filtration setup. The black 

color of the resulting solid indicates the air oxidation of the framework. 

3.5.3 Physical Characterization Methods 

Laboratory powder X-ray diffraction (PXRD) 

PXRD patterns were recorded using a Bruker Advance II diffractometer equipped with a θ/2θ 

reflection geometry and Ni-filtered Cu Kα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/ Kα1 = 0.5). 

The tube voltage and current were 40 kV and 40 mA, respectively. Samples for PXRD were prepared by 

placing a thin layer of the appropriate material on a zero-background silicon crystal plate. 

cRED data collection, procession, and structure solution of Ni-2D and Ni-3D-ox 

The crystals were dispersed in ethanol and ultrasonication for 5 min. A droplet of suspension was then 

transferred on a copper grid with carbon film. The cRED data were collected on 200kV JEOL JEM-2100 

transmission electron microscope equipped with a quad hybrid pixel detector (Timepix, 512 × 512 pixels, 

pixel size 55 μm, Amsterdam Sci. Ins.). Before data collection, the sample was cooled down to 96 K by 

using Gatan cryo-transfer tomography holder. During the data collection, the goniometer was rotated 

continuously while the selected area electron diffraction (ED) patterns were captured from the crystal 

simultaneous by using the software of instamatic. In order to balance the intensity of electron diffraction 

and resolution, all the ED patterns were recorded under the spot size 3 with the exposure time 0.5 s. The 

3D reciprocal lattice was reconstructed by the software REDp, which was very useful for indexing and 

obtaining the reflection conditions.  

For the structure solution of Ni-2D, five crystals were measured and indexed with orthorhombic 

symmetry, leading to mean lattice parameters of a = 12.442(3) Å, b = 7.7419(15) Å, c = 3.3457(7) Å in 

space group Immm (Figure 3.7, reflection condition: hk0,ℎ + 𝑘𝑘 = 2𝑛𝑛,ℎ0𝑙𝑙,ℎ = 2𝑛𝑛, 0𝑘𝑘0,𝑘𝑘 = 2𝑛𝑛). The X-

ray crystallography software package XDS was used for data processing to estimate integrated diffraction 
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intensities. To improve the completeness, XSCALE was then applied for data merging, which resulted in a 

completeness of 88.9% by merging the five datasets. The SHELX software package was used for structural 

analysis, where SHELXT was used for structure solution. As the resolution of cRED datasets was 

measured down to 0.718 Å (Figure 3.6), all non-hydrogen atomic positions in Ni-2D framework were 

located directly by ab initial method. The SHELXL was used for structure refinement using electron 

scattering factors for all the atoms. The atomic displacement parameters (ADPs) for all framework atoms 

were refined anisotropically. 

For the structure solution of Ni-3D-ox, four cRED datasets were collected on individual crystals with 

a resolution down to 0.767 Å (Figure 3.23). The cRED data were indexed with hexagonal symmetry, 

resulting in mean lattice parameters of a = 21.656(3) Å, c = 11.399(2) Å, in space group 𝑅𝑅3�𝑚𝑚. (Figure 

3.24, reflection condition: hkil, -h + k + l = 3n, ℎℎ�0𝑙𝑙, h + l = 3n, ℎℎ2ℎ����𝑙𝑙 l = 3n, 000l, l = 3n). As with Ni-

2D, the cRED data procession and structure solution for Ni-3D-ox were conducted using XDS and SHELX 

software based on the merged four datasets. The completeness of merged datasets for the Ni-3D-ox was 

up to 99.4%. To deduct the contribution of diffraction from the disordered guest molecules in the pores, 

the PLATON/SQUEEZE procedure was conducted during the refinement for Ni-3D-ox (Figure 3.28). 

Crystallographic details of Ni-2D and Ni-3D-ox are summarized in Table 3.4. 

High-resolution synchrotron PXRD 

Data were collected at 100 K or 295 K in beamline 11-BM at the Advanced Photon Source (APS), 

Argonne National Laboratory using the Debye-Scherrer geometry and an average wavelength of 0.457840 

Å. Discrete detectors covering an angular range from -6 to 28° 2θ are scanned over a 34° 2θ range, with 

data points collected every 0.001° 2θ (actual 2θ/step is 0.0009984375°) and scan speed of 0.1 s/step. The 

11-BM instrument uses X-ray optics with two platinum-striped mirrors and a double-crystal Si(111) 

monochromator, where the second crystal has an adjustable sagittal bend. Ion chambers monitor incident 

flux. A vertical Huber 480 goniometer, equipped with a Heidenhain encoder, positions an analyzer system 

comprised of twelve perfect Si(111) analyzers and twelve Oxford-Danfysik LaCl3 scintillators, with a 

spacing of 2° 2θ. Analyzer orientation can be adjusted individually on two axes. A three-axis translation 

stage holds the sample mounting and allows it to be spun, typically at ~5400 RPM (90 Hz). A Mitsubishi 

robotic arm is used to mount and dismount samples on the diffractometer. Oxford Cryosystems 

Cryostream Plus device allows sample temperatures to be controlled over the range 80-500 K when the 

robot is used. The diffractometer is controlled via EPICS. Data are collected while continually scanning 

the diffractometer 2θ arm. A mixture of NIST standard reference materials, Si (SRM 640c) and Al2O3 

(SRM 676) is used to calibrate the instrument, where the Si lattice constant determines the wavelength for 

each detector. Corrections are applied for detector sensitivity, 2θ offset, small differences in wavelength 
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between detectors, and the source intensity, as noted by the ion chamber before merging the data into a 

single set of intensities evenly spaced in 2θ. 

Structure determination of Ni-1D 

Rietveld refinements of synchrotron PXRD data were conducted using TOPAS Academic (version 6). 

The refined lattice parameters of Ni-1D at 100 K are a = 11.8228(45) Å, b = 7.6175(52) Å, c = 3.4942(2) 

Å, β = 94.656° in the space group C2/m, with Rwp = 5.336, Rexp = 3.843, Rp = 4.17, and GoF = 1.388. The 

refined lattice parameters of Ni-1D at 295 K are a = 11.9231(38) Å, b = 7.6170(96) Å, c = 3.5210(23) Å, 

β = 94.385(1)° in the same space group C2/m, with Rwp = 5.289, Rexp = 3.692, Rp = 4.296, and GoF = 1.433. 

N2 adsorption isotherms 

Isotherms were measured by a volumetric method using a Micromeritics ASAP 2020 Plus gas sorption 

analyzer. An oven-dried sample tube equipped with a TranSealTM (Micromeritics) was evacuated and tared. 

The sample was transferred to the sample tube, which was then capped with a TranSealTM. The sample 

was activated at 100 °C under high dynamic vacuum (< 10–4 mbar) for 24 hours before analysis. The N2 

isotherm was measured using a liquid nitrogen bath at 77 K. Ultrahigh purity grade (99.999% purity) N2, 

oil-free valves and gas regulators were used for all the free space correction and measurements. Fits to the 

Brunauer-Emmett-Teller (BET) equation satisfied the published consistency criteria. 

Thermogravimetric analysis (TGA)  

TGA was performed on a TA Instruments Q500 Thermogravimetric Analyzer at a heating rate of 

2.0 °C/min under air or N2 gas flow of 5 mL/min on a platinum pan from room temperature to 700 °C. 

Elemental analyses 

Elemental analyses were performed by Robertson Microlit Laboratories, Ledgewood, New Jersey. 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were performed at the MIT MRSEC (formerly the Center for Materials Science 

and Engineering, or CMSE) using a Physical Electronics PHI Versaprobe II X-ray photoelectron 

spectrometer equipped with a monochromatic Al anode X-ray source. The main chamber pressure was in 

the 10–10 Torr range. MOF powder samples were pressed on copper tapes with full coverage. Survey 

spectra were collected from 0~1100 eV in binding energy (BE), with a resolution of 0.8 eV. High 

resolution spectra of C1s, N1s, and M2p regions were collected with a resolution of 0.1 eV. BE calibration 

was carried out by shifting the adventitious carbon C1s peak to 284.8 eV. Deconvolution of the C1s spectra 

were conducted before BE calibration to find out the adventitious carbon C1s peak, given that the MOF 

samples also contain significant amount of carbon. Gaussian-Lorentzian product function with 30% of 

Lorentzian component was used for the line shapes during fitting, which is commonly used for C1s. The 

lineshape used for fitting O 1s spectra is GL(30)T(2). Valence band XPS (VB-XPS) was collected with a 

resolution of 0.05 eV.  
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Ultraviolet photoelectron spectroscopy (UPS) 

XPS measurements were performed at the Harvard CNS using Thermo Scientific Nexsa XPS equipped 

with a monochromated, micro-focused, and low power Al Kα X-ray source (1486.7 eV) and helium 

discharge lamp for UPS (He I: 21.2 eV; He II: 40.8 eV). Pressed pellets of Ni-1D and Ni-3D-ox were 

loaded onto a biasing sample stage. A –10 V bias was applied for secondary electron cut-off measurements 

(i.e., work function measurement). The pellets were sputtered clean before acquiring spectra. A 

polycrystalline Au film was used to calibrate the position of Fermi level. The work function measurement 

using XPS also used the biasing stage and a –10 V bias was applied during the measurement.  

Scanning electron microscopy (SEM) 

SEM images were collected at MIT MRSEC (formerly the Center for Materials Science and 

Engineering, or CMSE) on a Zeiss Merlin high-resolution scanning electron microscope with an InLens 

detector at an operating voltage of 3 or 4 kV. 

Cryo-HRTEM 

Cryo-HRTEM images were obtained at the Automated Cryogenic Electron Microscopy Facility in 

MIT.nano on a Talos Arctica G2 microscope operated at an accelerating voltage of 200 kV with a 

Falcon3EC direct electron detector. Samples were prepared by sonicating MOF/CCP powders in 

isopropanol for 5 to 10 seconds. Specimens were prepared by drop-casting sonicated samples onto C-

flatTM Cu grids with holey carbon for Cryo-EM. All image acquisition was done using EPU at an exposure 

time of 1 s, with focusing done adjacent to the region imaged to minimize beam exposure prior to image 

acquisition (standard low dose imaging protocols). Analysis of the raw HRTEM data was done using Gatan 

Microscopy Suite software (GMS 3). For Ni-2D, the specimens were prepared right after its synthesis and 

cooled down to LN2 temperature to prevent any bridging water loss. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

DRIFTS was performed on a Bruker Tensor 37 (MIR source and KBr beam splitter) with a mercury 

cadmium telluride (MCT, cooled with LN2) detector utilizing the DiffusIR™ accessory (Pike 

Technologies). To ensure air-free measurement, a sealable environmental chamber equipped with ZnSe 

window (Pike Technologies) was used. Samples were ground in air with dry KBr in a mortar and pestle 

(99.9%, Pike technologies) to produce 0.5-1 wt.% MOF or CCP mixtures. The data was averaged over 64 

scans between 4000 – 600 cm–1 with the resolution of 4 cm–1. Each of the Kubelka-Munk function-

transformed DRIFTS spectra were normalized with respect to the DRUV–vis–NIR data by matching the 

DRIFTS value of F(R) at 4000 cm–1 with the DRUV–vis–NIR value of F(R) of the same sample at 4000 

cm–1. Air-free measurements were done by preparing the samples inside a N2 glove box. In-situ monitoring 

of the air-exposure of Ni-3D was done after the air-free measurement by opening the valve of the 

environmental chamber to air. 
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Diffuse reflectance UV-vis-NIR spectra (DRUV–vis–NIR) 

DRUV-Vis-NIR spectra between 200 and 2500 nm were collected on a Cary 5000i spectrophotometer, 

fitted with the UV-Vis DiffusIR accessory (Pike Technologies), at a scan rate of 600 nm/min under 

ambient conditions. A KBr baseline and a zero-background correction were collected prior to the sample 

measurements. Samples were prepared as described above for the DRIFTS measurements. For the Tauc 

plots and the determination of the optical bandgaps, the UV-vis-NIR spectra were stitched manually with 

the DRIFTS spectra obtained for the same samples. Air-free and in-situ measurements of Ni-3D used 

similar protocols to the DRIFTS measurements, but a quartz window instead of the ZnSe window was 

used. 

Raman spectroscopy 

Raman spectra of solid samples were measured using a Renishaw Invia Reflex Raman Confocal 

Microscope under the excitation laser of 473 nm, 532 nm, or 785 nm, with the laser not exceeding 5% of 

the full power. Air-free measurement of Ni-3D was done by encapsulating the solid sample into a sealed 

quartz tube inside a N2 glove box and measuring the tube and sample together. Quartz is Raman transparent 

at the Raman shift range of interest. 

Room temperature electrical conductivity measurements 

Room temperature electrical conductivity measurements were carried out at 296 K in ambient 

atmosphere on pressed pellets using a 4-probe probe setup. Pressed pellets of MOF or CCP samples were 

made by adding powders into a 6 mm inner-diameter trapezoidal split sleeve pressing die (Across 

International) and pressing the die set by a hydraulic pump (MTI corporation) for 1 min. The applied 

pressure was approximately 1 GPa. The pellet thicknesses were measured after the measurement using a 

micrometer (Mitutoyo). The resulting pellet was cut into a cuboid by a blade and placed onto a piece of 

dry glass slide with thermally conductive and electrically insulating grease (DuPont Krytox). Four parallel 

copper wire contacts were attached to the cuboid by carbon paste. The other end of the copper wire was 

pasted onto the glass slide by carbon paste. The device was mounted onto the sample chuck of a probe 

station (Janis Cryogenics ST-500) equipped with four micro-manipulators that allowed us to control the 

position of the probes with a resolution of 5 µm. The temperature of the device was balanced by the heater 

of the probe station chuck and the environment and was controlled at 296 K by a temperature controller 

(Scientific Instrument model 9700). Electrical contacts were made by gently pressing gold-plated tungsten 

probes (Janis 7B-100G) into the carbon paste that was on the glass slide. Probes were connected to a 

sourcemeter (Keithley model 2450) through triax cables (Keithley model 7078-TRX-10). The chamber of 

the probe station was covered by a stainless-steel lid. This lid had a quartz window in the center, which 

was covered by black plastic to keep the device in the dark. Linear I–V curves were obtained by supplying 

the current and measuring the voltage. The current was duel-swept through the outer two probes, while 
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voltage was measured through the inner two probes. The specific lengths of the conduction channel were 

measured by a Leica S6 E stereoscopic microscope and calibrated by an external ruler of known distances. 

At least three pellets from four separate batches of each sample were measured. For each sample, the 

conductivity values were averaged to give the average conductivity value and a standard error which was 

used for the error estimation on the average conductivity value for each sample. 

Variable temperature electrical conductivity data 

Variable temperature electrical conductivity data were collected from 15 K or 100 K to 350 K or 400 

K using a Quantum Design PPMS DynaCool equipped with the Electrical Transport Option. A four-

contact probe cell was manufactured for the measurements using the same preparation method as described 

in room temperature electrical conductivity measurements. The copper wires were soldered to the copper 

current collector of the sample puck. For each sample, the measurement procedure consisted of two cycles 

of heating and cooling. The temperature was first varied from 300 K to 350 K or 400 K at 5 K/min, 

measuring the resistance in AC mode every 1 K. Then the temperature was varied from 350 K or 400 K 

to 150 K at 5 K/min, measuring the resistance in AC mode every 1 K. The measurement was repeated. 

The phase angle remained within 1o, which means that the difference of AC and DC resistance is below 

1%. For Ni-2D, the cooling sequence was applied first instead of heating sequence to prevent its 

transformation to Ni-1D. 

Optical microscopy (OM) 

OM images were obtained by Leica S6 E stereoscopic microscope. 

Electron paramagnetic resonance spectroscopy (EPR) measurements 

EPR spectra were performed under nitrogen in septum-sealed quartz tubes using a Bruker EMX 

spectrometer equipped with an ER 4199HS cavity and Gunn diode microwave source at ~5 K, with a 

microwave frequency of 9.37 GHz, power of 0.100 mW, and attenuation of 33.0 dB. The measurements 

were taken in perpendicular mode. Pure MOF and CCP powder samples were used for the measurements. 

Magnetic measurements 

Magnetic measurements were performed on microcrystalline samples with a Quantum Design 

Dynacool D-209 Physical Property Measurement System (PPMS). Magnetization measurements were 

performed at 1.8 K in the field range of ±90 kOe. Susceptibility measurements were performed under 1 

kOe external field in temperature range of 1.8–300 K. Experimental data were corrected for diamagnetic 

contribution based on blank sample holder measurements and Pascal’s constants. 

DFT calculations 

DFT calculations were performed at either B3LYP/6-311G(d,p) or B3LYP/def2-QZVP level using 

ORCA. The wave-function analysis was done by Multiwfn. 
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3.5.4 Crystallographic Data 

Table 3.4. cRED: Experimental parameters, crystallographic data, and structure refinement details. 

Experimental parameters and crystallographic data 
Material code Ni-2D Ni-3D-ox 

Number of datasets 5 4 
Tilt step  0.23° 0.23° 
Wavelength 0.0251 Å 0.0251 Å 
Program for data procession XDS XDS 
Program for structure solution ShelxT ShelxT 
Crystal system Orthorhombic Hexagonal 

Unit cell dimensions 
a= 12.442(3) Å,  
b= 7.7419(15) Å,  
c= 3.3457(7) Å 

a= 21.656(3) Å,  
c= 11.399(2) Å 

Possible space group Immm R3�𝑚𝑚 

Resolution 0.718 Å 0.767 Å 

Completeness 88.9% 99.4% 

Rint 23.26% 50.97% 

No. of reflections 1145 12870 

No. of unique reflections 198 1185 

Structure refinement against cRED data 

Formula NiC6N4O3 NiC6N4O2H2 

Crystal system Orthorhombic Hexagonal 

Space group Immm R3�𝑚𝑚 

Unit cell dimensions 
a= 12.442(3) Å,  
b= 7.7419(15) Å,  
c= 3.3457(7) Å 

a= 21.656(3) Å,  
c= 11.399(2) Å 

Volume 322.28(11)Å3 4629.8(16) Å3 

Z 4 18 

ρ (g/cm3 )  4.839 1.426 

F(000) 53 822 

Dataset (h,k l) –15~15, –9~9, –4~4 –27~27, –27~27, –13~13 

Tot., Uniq. Data, Rint 1145, 198, 23.26% 12870, 1185, 50.97% 
Observed Data [Fo > 
4sig(Fo)] 159 425 

Nreflections, Nparameters, Nrestraints 198, 11, 24 1185, 68, 1 

R1, wR2, Gof  0.3440, 0.6266, 2.367 0.1896, 0.4902, 1.079 

I/𝜎𝜎 4.4 2.9 

ρmin, ρmax (e– /Å3 ) –0.2/0.2 –0.2/0.2 
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Chapter 4. Fully Conjugated Tetraoxa[8]circulene-Based Porous Semiconducting Polymers 

This chapter is adapted with permission from Fritz, P. W.; Chen, T.; Ashirov, T.; Nguyen, A-D.; Dincă, M.; 

Coskun, A. Angew. Chem. Int. Ed. 2022, 61, e202116527. Copyright 2022 Wiley-VCH GmbH. 

4.1 Abstract 

Tetraoxa[8]circulenes (TOCs) are a class of hetero[8]circulenes featuring a planar cyclooctatetraene 

core with a mixed aromatic/antiaromatic motif that governs their electronic properties. Polymeric TOCs 

(pTOCs) have been the subject of several computational simulations because they are predicted to be low-

band-gap semiconductors, but they have not been available synthetically yet. Here, we report the first 

example of pTOCs, a new family of porous semiconductors, synthesized under ionothermal conditions 

through the intermolecular cyclization of 1,4,5,8-anthracenetetrone. pTOCs are porous, with surface areas 

up to 1656 m2 g–1, and exhibit light-switchable and tunable semiconducting properties. 
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4.2 Introduction 

Porous organic polymers (POPs) and covalent organic frameworks (COFs) have attracted considerable 

interest due to their permanent porosity, chemical and structural tunability, and the potential for charge 

transport. Whereas, COFs are often perceived to have an inherent advantage over POPs in terms of 

electrical conductivity due to their crystallinity, many COFs involve  polarized linkages,1 such as B–O and 

C=N, which naturally leads to decreased conjugation both energetically and spatially, and may hinder 

through-bond carrier migration.2 POPs, on the other hand, are often obtained under kinetically controlled 

reaction conditions that involve a broad range of bond connections, including nonpolarized C–C and C=C 

bonds, thus facilitating the formation of semiconducting materials with low bandgaps even when 

amorphous materials are formed.3 A variety of strategies can be applied to tune the electronic structures, 

band gaps, and thus the charge transport properties of POPs. To this end, among many others,3b,4 Coskun 

et al. have recently reported a facile strategy to tune the band gap of POPs based on an acid catalyzed 

cyclization reaction.5  

Hetero[8]circulenes have received substantial interest due to their optoelectronic properties, enabling 

their use as active materials in OLEDs6 and OFETs.7 One of the archetypal classes of hetero[8]circulenes, 

tetraoxa[8]circulenes (TOCs), feature a planar structure and an antiaromatic cyclooctatetraene (COT) 

core,8 resulting in unique electronic structures and redox switchable aromatic motifs.9 The aromaticity of 

TOCs has been extensively studied both computationally10 and experimentally11 in molecular systems. 

Recently, a series of triptycene-bearing TOCs were reported and proposed as chemical sensors and as host 

materials for fullerenes.12 Given its rigid molecular structure and exceptional conjugation, we envisioned 

TOC to be a promising building block for electrically conductive POPs featuring the intrinsic properties 

of TOCs as predicted by several computational studies.13 

Herein, we report a polymerized version of TOC, pTOC. To our knowledge, this is the first example 

of a polymeric structure with this unique building block. The pTOC exhibits a two-dimensional (2D) 

extended ladder-type polymeric structure with three-dimensional (3D) characteristics. With a porosity of 

up to 1656 m2 g–1, pTOCs exhibit intrinsic electrical conductivity ranging from 1.0×10–6 S cm–1 to 1.7×10–

5 S cm–1, which varies with the synthesis temperatures. 
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Figure 4.1. A) Cyclooligomerization of naphthoquinone under Lewis acidic conditions. The aromatic part of the 
molecule is highlighted in green and the antiaromatic COT-core in blue. B) Polymerization of 1,4,5,8-anthracene 
tetrone (AT) under ionothermal conditions. The structure of pTOC is shown along with its model structure as an 
overlay. 

4.3 Results and Discussion 

Our initial attempts to obtain pTOCs mimicked the 1970 Högberg TOC synthesis based on the 

cyclization of 1,4-naphthoquinone14 (Figure 4.1A). However, the treatment of 1,4,5,8-anthracenetetrone 

(AT)15 with Lewis acids such as AlCl3 and BF3OEt2 under solvothermal conditions did not yield any 

precipitate despite extensive screening of reaction temperatures, duration, or solvents (Table 4.1, 4.2). 

Early research on TOCs suggested that dihydroxy species are formed as intermediates prior to dehydration 

and subsequent cyclization. Considering the likely poor solubility of the intermediates in our case, we 

surmised that the reaction temperature was not high enough to facilitate cyclization. To enable more facile 

dehydration and hence induce condensation, we thus moved from a solvothermal approach to an 

ionothermal approach. Indeed, heating AT in a eutectic mixture of AlCl3/NaCl16 at temperatures ranging 

from 250 to 350 °C produced black solids, named pTOC-temp, where temp represents the reaction 

temperature, in 80–90% yield (Figure 4.1B). The temperature range was specifically chosen to avoid 

carbonization, which is commonly reported to take place above 400 °C under ionothermal conditions.17 
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Table 4.1. Reaction conditions of the attempted solvothermal conditions in nitrobenzene for the synthesis of pTOCs. 

  eq. of AlCl3 Time (h) Temperature (°C) 

a 1.4 1 60 

b 2.8 1 60 

c 2.8 2 60 

d 1.4 6 150 

e 1.4 6 125 

f 1.4 6 100 

g 2.8 6 100 

Table 4.2. Reaction conditions of solvothermal reactions with different solvents and Lewis acids. 

  Lewis acid solvent eq. Acid time (h) Temperature (°C) 

h AlCl3 toluene 2.8 6 125 

i AlCl3 DMSO 2.8 6 125 

j BF3·OEt2 dry ether 100 72 40 

 

 
Figure 4.2. Spectroscopic characterization of pTOCs. A) Solid-state CP-MAS 13C NMR spectra of 
tetraoxa[8]circulene (purple) and pTOC-350 (blue). B-D) C1s XPS spectra and deconvolution of the pTOCs. E-G) 
O1s XPS spectra and deconvolution of the pTOCs. 

Solid-state (SS) Solid-state (SS) cross-polarization magic-angle spinning (CP-MAS) 13C-NMR 

analysis of TOC and pTOC-350 confirmed the formation of pTOCs (Figure 4.2A, 4.3). The 13C-NMR 

spectrum of TOC shows two peaks at 149 ppm (C atoms attached to the O) and 112 ppm (C atoms of the 

COT core), whereas the bulk of aromatic C atoms are located at 127, 123, and 120 ppm. In contrast, the 
13C spectrum of pTOC-350 shows broader features, implying the formation of an extended structure. 

Although the peaks shift slightly to a lower field upon polymerization, the peak positions are still in 

agreement with the TOC. The broad features in the pTOC-350 spectrum are also expected given its 



169 
 

amorphous nature (Figure 4.4). Electron paramagnetic resonance (EPR) of pTOC-350 confirms the 

presence of organic radicals with an isotropic signal at g = 2.007 (Figure 4.5). These radicals are likely 

localized on defects such as unreacted/terminal carbonyl moieties and contribute to the electron conduction 

given that the EPR signal has Lorentzian line broadening.18 Indeed, the 13C SS-NMR spectrum of pTOCs 

also shows a peak at 182 ppm, indicative of residual/terminal carbonyl moieties (Figure 4.3). 

 
Figure 4.3. 13C CP-MAS solid-state NMR spectra of TOC (purple) and pTOC-350 (blue). Side bands are indicated 
by symbols for TOC (*, +, -) and pTOC-350 (*). The spectrum of pTOC-350 shows a terminal/residual carbonyl 
peak indicated with “o” at 183 ppm. 

 
Figure 4.4. Powder X-ray diffractograms of anthracene-tetrone (orange), pTOC-250 (black), pTOC-300 (green) and 
pTOC-350 (blue). 
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Figure 4.5. EPR spectrum of pTOC-350 at room temperature. The microwave frequency is 9.37 GHz, power is 0.005 
mW, and attenuation is 10.0 dB. An isotropic organic radical signal at g = 2.007 is observed. Red dashed line is 
simulated EPR spectrum of an isotropic S = ½ spin with g = 2.007 and Lorentzian line broadening (peak-to-peak (PP) 
line width equals to 0.5 mT). 

Fourier-transform infrared (FT-IR) spectroscopy, recorded in transmission mode with KBr pellets and 

in ATR mode (Figure 4.6A-C), revealed the expected C–O stretching bands at 660 and 850 cm–1, and 

confirmed residual carbonyl bands at 1660 cm–1.19 Additional bands at 3050 and 1600 cm–1 correspond to 

C–H and C=C stretching modes, respectively. Absorbed water molecules in pTOCs result in very broad 

bands spanning the ~1800 cm–1 – 4000 cm–1 range, which are diminished in the spectra recorded by diffuse 

reflectance infrared Fourier-transform spectroscopy (DRIFTS) under N2 (Figure 4.7). DRIFTS also shows 

that the intensity of the residual carbonyl vibrational bands between 1800 cm–1 and 1650 cm–1 decreases 

with higher reaction temperature, consistent with a higher degree of polymerization. 
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Figure 4.6. Infrared spectroscopy of pTOCs, TOC and precursor. A) FTIR spectra of anthracene tetrone (orange), 
TOC (purple), pTOC-250 (black), pTOC-300 (green) and pTOC-350 (blue). Characteristic modes are highlighted in 
yellow (C=O stretch) and pink (C=C stretch). Obtained using KBr pellets in the transmission mode. B) Zoomed 
region of the pTOCs in the range of 2000 – 400 cm–1 with highlights of the C-O stretching modes. C) Zoomed ATR-
IR spectrum of pTOC-350 in the range of 2000 – 600 cm–1 with highlights of the C–O stretching modes. 

 
Figure 4.7. A) DRIFTS of pTOC-250 (black), pTOC-300 (green) and pTOC-350 (blue). B) DRIFTS normalized by 
the intensity of C=C stretching at ~1600 cm–1, highlighting that the intensity of residual C=O stretching (marked by 
red dashed lines) decreased significantly from pTOC-250 to pTOC-350. 
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Figure 4.8. XPS survey spectra of pTOC-250 (A), pTOC-300 (B), pTOC-350 (C). 

Table 4.3. Atomic compositions of pTOCs obtained by XPS survey spectra. 
Materials C At% O At% C/O ratio 

pTOC-250 82.11 11.91 6.89 

pTOC-300 83.11 14.64 5.68 

pTOC-350 86.99 11.63 7.48 

 

The composition of pTOCs was confirmed by X-ray photoelectron spectroscopy (XPS), which 

revealed that the C/O ratio varied with the reaction temperature (Figure 4.8, Table 4.3). Thus, pTOC-350 

exhibits the highest C/O ratio of 7.48, close to the theoretical value of 7. This corresponds to the highest 

degree of polymerization among all pTOCs and is in agreement with the DRIFTS data. The slight deviation 

from the theoretical C/O value can be attributed to the cleavage of oxygen moieties at high reaction 

temperatures. With a C/O ratio of 6.89, pTOC-250 likely maintains extra oxygen atoms due to incomplete 

polymerization. The deconvolution of the C1s signal in high-resolution XPS spectra of pTOCs showed C–

O–C components of the furane moieties at ≈286.7 eV that are consistent with literature values,20 further 

verifying the in-situ formation of tetraoxa[8]circulene moieties (Figure 4.2B-D, Tables 4.3-4.10). The ratio 

of the C=O to C–O–C intensity decreases with increasing reaction temperature (Tables 4.4-4.6, 4.8) and 

is consistent with the higher degree of polymerization in pTOC-350. This result is further verified by the 

deconvolution of the O1s region, where the C=O component is almost negligible for pTOC-350 (Figure 

4.2E-G, Table 4.7-4.9), confirming that a higher reaction temperature is necessary to facilitate dehydration 

and subsequent aromatization of the polymer backbone (Figure 4.2B-G). 

Table 4.4. Deconvolution details of C1s XPS spectrum of pTOC-350. 
Name Position (eV) FWHM (eV) Line Shape %Area 

Adventitious carbon 284.80 1.25 LA(4.2, 9, 4) 18.35 

C–H, C–C 285.52 2.04 GL(30) 51.97 

C–O–C 286.72 2.62 GL(30) 21.74 

C=O 289.95 2.62 GL(30) 4.87 

π–π* 291.43 3.00 GL(30) 3.08 
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Table 4.5. Deconvolution details of C1s XPS spectrum of pTOC-300.a 

Name Position (eV) FWHM (eV) Line Shape %Area 

Adventitious carbon 284.85 1.59 LA(4.2, 9, 4) 6.04 

C–H, C–C 285.22 1.51 A(0.35, 0.2, 0)GL(30)b 58.08 

C–O–C 286.67 1.96 A(0.35, 0.2, 0)GL(30)b 24.27 

C=O 289.00 1.96 A(0.35, 0.2, 0)GL(30)b 5.98 

π–π* 291.41 2.87 GL(30) 3.72 
aA small C1s pre-peak at BE of 283.15 eV was needed for the deconvolution. bAn asymmetric feature was needed 
for the line shape of (C–H, C–C), C–O–C, and C=O components to get a reasonable fit. 

Table 4.6. Deconvolution details of C1s XPS spectrum of pTOC-250. 
Name Position (eV) FWHM (eV) Line Shape %Area 

Adventitious carbon 284.80 1.00 LA(4.2, 9, 4) 14.09 

C–H, C–C 285.27 1.83 GL(30) 53.54 

C–O–C 286.62 2.24 GL(30) 22.57 

C=O 288.76 2.24 GL(30) 6.22 

π–π* 291.30 3.00 GL(30) 3.58 

Table 4.7. Deconvolution details of O1s XPS spectrum of pTOC-350. 
Name Position (eV) FWHM (eV) Line Shape %Area 

C=Oa 531.76 2.54 GL(70) 13.14 

Surface O 533.17 2.54 GL(70) 38.48 

C–O–C 533.85 2.54 GL(70) 48.37 

Absorbed H2Ob - - - - 
aThe BE of C=O peak is consistent with the literature values of aromatic C=O. bA peak of absorbed H2O is needed 
for pTOC-300 and pTOC-250, but is not necessary for pTOC-350. 

Table 4.8. Deconvolution details of O1s XPS spectrum of pTOC-300. 
Name Position (eV) FWHM (eV) Line Shape %Area 

C=Oa 531.80 1.79 GL(70) 17.58 

Surface O 532.97 2.43 GL(70) 40.05 

C–O–C 534.15 1.79 GL(70) 36.76 

Absorbed H2O 537.28 3.00 GL(70) 5.60 
aThe BE of C=O peak is consistent with the literature values of aromatic C=O. 

Table 4.9. Deconvolution details of O1s XPS spectrum of pTOC-250. 
Name Position (eV) FWHM (eV) Line Shape %Area 

C=Oa 531.80 2.04 GL(70) 25.17 

Surface O 532.97 2.01 GL(70) 30.66 

C–O–C 534.15 2.04 GL(70) 36.81 

Absorbed H2O 537.28 3.00 GL(70) 7.35 
aThe BE of C=O peak is consistent with the literature values of aromatic C=O. 
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Table 4.10. Area ratio analysis based on deconvolution of C1s and O1s XPS spectra. 
Materials (C–H,C–C)/C–O–C C=O/C–O–C (C1s) C=O/C–O–C (O1s) 

pTOC-250 2.37 0.276 0.684 

pTOC-300 2.39 0.246 0.478 

pTOC-350 2.39 0.224 0.272 

 

Raman spectra of the pTOCs were recorded using a Raman microscope at an excitation wavelength 

of 535 nm. The polymers showed two strong peaks at 1365 cm–1 and 1595 cm–1 (Figure 4.9) assigned as 

D (defect) and G (graphene) bands, respectively. This behavior has also been observed in fully conjugated 

systems prepared under solvothermal conditions.3a,21 The ID/IG ratio decreases with increasing reaction 

temperature, from 0.75 for pTOC-250 to 0.62 for pTOC-350, indicating both the increased proportion of 

fused aromatic rings and decreased defects with increasing reaction temperature.22 These compositional 

changes were also reflected macroscopically in the morphology of the various pTOCs. Thus, scanning 

electron microscopy (SEM) revealed that samples produced at elevated temperatures present as much 

smoother, more regular particles that contrast with the irregular, highly corrugated microparticles produced 

at lower temperatures (Figure 4.10). The polymeric samples are consistent in their thermal behavior: 

pTOCs do not exhibit any mass loss below 450 °C (decomposition temperature, Td>450 °C) except for the 

initial removal of moisture absorbed from ambient air (Figure 4.11). By contrast, the AT precursor loses 

significant mass below 200°C. 

 
Figure 4.9. Raman spectra of pTOC-250 (black), pTOC-300 (green) and pTOC-350 (blue). 
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Figure 4.10. SEM micrographs of A-C) pTOC-250, D-E) pTOC-300 and H-J) pTOC-350 at various magnifications. 

 

 
Figure 4.11. Thermogravimetric analysis of (A) tetraoxa[8]circulene under air (blue) and nitrogen (black), (B) pTOC-
350 under air (blue) and nitrogen (black) and (C) AT under nitrogen. 
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Figure 4.12. Simulated structure of pTOC using Materials Studio (P4/mmm space group). (A) Layered structure of 
pTOC, a = b = 10.74 Å. (B) Stacking of pTOC layers, exhibiting an interlayer spacing of 3.42 Å. 

 

 
Figure 4.13. Connolly surface of the simulated structure of pTOC. The analysis showed that the actual pore diameter 
is around 5 Å. The gray lines represent the unit cell boundaries. 

An idealized, defect-free structure of pTOC was modeled using Materials Studio assumed a square 2D 

lattice, which gave a π–π stacking distance of ≈3.4 Å (Figure 4.12). A Connolly surface analysis of this 

structure gave micropores with a diameter of approximately 5 Å (Figure 4.13). N2 sorption isotherms 

(Figure 4.14A) at 77 K provided experimental evidence for permanent microporosity: all pTOCs exhibited 

type I isotherms with significant adsorption at low partial pressures below 0.11 P/P0 (Figure 4.15). A slight 

desorption hysteresis at higher relative pressures indicated the presence of mesopores, most likely due to 

the imperfect stacking and the amorphous nature of the samples. Interestingly, the surface area, obtained 

by fitting the isotherms to the Brunauer–Emmett–Teller (BET) model, increased with the reaction 
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temperature from 411 m2 g–1 to 1075 m2 g–1 and 1656 m2 g–1 for pTOC-250, pTOC-300, and pTOC-350, 

respectively (Table 4.11). Analyzing the N2 isotherm data with nonlocal density functional theory (NLDFT) 

(Figure 4.14B) confirmed non-uniform pore size distributions with peaks at 0.53 nm, 0.97 nm, and larger 

pores ranging from 1.3 nm to 4 nm. Remarkably, the smallest pore size obtained from NLDFT analysis is 

in good agreement with the value observed in the idealized structure. As such, we propose that the smallest 

pores originate from the stacked 2D layers of various sizes, and they interconnect to form an overall 

amorphous structure that gives rise to larger micropores and mesopores. This hypothesis is in line with the 

higher porosity for pTOC-350 and is further supported by the fact that the proportion of 0.5 nm relative to 

0.9 nm pores increases with temperature. 

 
Figure 4.14. Gas sorption analysis of pTOCs: A) N2 isotherms of pTOC-250 (black), pTOC-300 (green) and pTOC-
350 (blue) at 77 K. Filled and empty symbols represent adsorption and desorption, respectively. B) NLDFT pore size 
distribution of pTOC-250 (black), pTOC-300 (green) and pTOC-350 (blue). 
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Figure 4.15. A-C) Calculated Rouquerol plot for the pTOCs (Inset: enlarged plot) along with the pressure ranges 
used for the BET surface area calculations (pTOC-250 (black), pTOC-300 (green) and pTOC-350 (blue)). The 
pressure range where the Q(1−P/P0) term increases continuously with P/P0 for the surface area calculations. (D-F) 
BET plot of the pTOCs obtained from N2 isotherms at 77 K. 

Table 4.11. N2 sorption data for pTOCs at 77 K. 

Sample BETa 
(m2 g–1) 

Smicro
b 

(m2 g–1) 
Sext

c   
(m2 g–1) Vtotal

d  (cm3 g–1) Vmicro
e (cm3 g–1) Vext

f (cm3 g–1) Ratio of 0.5/0.9 
nm poresg 

pTOC-
250 411 200 211 0.286 0.086 0.200 1.50 

pTOC-
300 1075 481 594 0.710 0.215 0.495 0.66 

pTOC-
350 1656 530 1126 0.989 0.245 0.664 0.36 

aBET surface areas calculated over the pressure range (P/P0) of 0.01 – 0.11. bMicropore surface area calculated using 
the t-plot method. cSext = Stotal – Smicro. dTotal pore volume obtained at P/P0 = 0.99. eMicropore volume calculated 
using the t-plot method. fVext = Vtotal – Vmicro. gRatio of 0.5/0.9 nm pores calculated from the integral of the pore size 
distribution (PSD) plots. 

A first hint for the degree ofconjugation in pTOC comes from diffuse-reflectance UV-Vis (DRUV-

Vis) spectroscopy. DRUV-Vis spectra of pTOC powders diluted in KBr show broad absorption that tails 

significantly into the near infrared (NIR) region, suggesting the formation of extended structures (Figure 

4.16A). The absence of sharp absorption edges is likely the result of the disordered structure of polymers. 

Interestingly, both pTOC-250 and pTOC-300 exhibit absorption maxima at around 500 nm with shoulders 

at 800 nm, substantially red-shifted relative to the absorption maximum of ≈350 nm for pTOC-350, despite 

their lower degree of polymerization. These differences likely stem from different interlayer interactions 

in the three samples. Plotted in Tauc coordinates, the DRUV/Vis spectra reveal optical band gaps (Eo) of 
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1.31 eV, 1.49 eV and 1.88 eV for pTOC-250, pTOC-300 and pTOC-350, respectively (Figure 4.16B). 

Notably, the band gaps of pTOC-250 and pTOC-300 are significantly smaller than the theoretical value 

for a single layer of pTOC (i.e., no inter-layer interaction), whereas that of pTOC-350 is quite similar.13c 

Encouraged by the broad optical absorption and relatively low Eo of pTOCs, two-probe electrical 

conductivity measurements of pressed pellets were performed (Table 4.12, Figure 4.17). Consistent with 

Eo progression, pTOC-250 and pTOC-300 showed higher average conductivities of 1.7×10–5 S cm–1 and 

1.2×10–5 S cm–1, respectively, whereas pTOC-350 had a maximal average conductivity of 3.3×10–6 S cm–

1, when the synthesis time was increased from 3 to 5 days (Figure 4.18). These results indicate that there 

is no correlation between the synthesis temperature and the conductivities of pTOCs. Four-probe devices 

of pTOC-350 exhibited a very similar conductivity value of 1.19×10–6 S cm–1, indicating the negligible 

influence of contact resistance. Whereas most COFs are based on polarized linkages, a few examples of 

fully conjugated COFs through pyrazine, cyano-vinylene or vinylene linkages have also been reported 

recently.23 Compared to these, pTOCs maintain a higher degree of sp2 conjugation without strongly 

polarizing functionalities or building blocks and furthermore demonstrate the realization of electrical 

conductivity with highly tunable porosity (Table 4.13). To prove that the residual Cl– ions are not 

contributing to the conductivity of the pTOCs, we conducted conductivity measurements of pTOC-350 

after doping with NaCl, which showed a slightly reduced conductivity of 1.8×10–7 S cm–1 (Figure 4.19). 

 
Figure 4.16. Spectroscopic analysis of pTOCs: A) DRUV spectra of pTOC-250 (black), pTOC-300 (green), and 
pTOC-350 (blue) diluted in KBr, respectively. B) Tauc plots of the DRUV spectra. C) The evolution of electrical 
conductivity of pTOC-350 when exposed to light and red laser (<5 mW). 

Table 4.12. Average room-temperature conductivities of pTOCs. 
Materials   Conductivity (S cm–1) 

pTOC-250 1.7×10–5 

pTOC-300 1.2×10–5 

pTOC-350 1.0×10–6 

pTOC-350-LR 1.2×10–5 

pTOC-350-I2 (RT doping) 5.0×10–6 

pTOC-350- I2 (50 °C doping) 4.1×10–4 
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pTOC-350-I2 (vacuum 3days) 1.6×10–5 

 

 
Figure 4.17. Typical linear I-V curves of two-probe (A-C) and four-probe (D) electrical conductivity measurements 
of pTOCs, suggesting ohmic contact for all devices. The contact resistance in the conductivity measurements of 
pTOCs has little influence on the results, as suggested by the almost same conductivity values of two-probe and four-
probe measurements of pTOC-350. The average electrical conductivities of pTOC-250, pTOC-300, and pTOC-350 
are 1.7×10–5 S/cm, 1.2×10–5 S/cm, and 1.0×10–6 S/cm. Inset of D shows the image of a typical four-probe device. 

 
Figure 4.18. A typical I-V curve of two-probe electrical conductivity measurement of pTOC-350 synthesized by a 
120-hour reaction. The average conductivity is 3.3×10–6 S/cm, which is slightly higher than that of pTOC-350 
synthesized over 72h. 
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Table 4.13. Conductivity and surface area data for POPs and COFs. 
Material Description Crystallinity Conductivity (S cm–1) BET SA (m2 g–1) References 

pTOC-250 - - 1.7×10–5 411 this work 

pTOC-300 - - 1.2×10–5 1075 this work 

pTOC-350 - - 1.0×10–6 1656 this work 

pTOC-350 ox (I2) - 4.1×10–4 n.a. this work 

pTOC-350 LRa - 1.2×10–5 n.a. this work 

3D ep-POP - - 8×10–10 779 3a 

3D p-POP - - 5×10–8 801 3a 

3D p-POP ox (I2) - 6×10–4 n.a. 3a 

SP-BTT - - 4.2×10–6 356 4a 

SP-BTT-HCl H+ - 1×10–4 n.a. 4a 

1-S - x 3.7×10–10 1424 24 

1-Se - x 8.4×10–9 1634 24 

1-Te - x 1.3×10–7 352 24 

sp2c-COF - x 6.1×10–16 692 25 

sp2c-COF ox (I2) x 7.1×10–4 n.a. 25 

BUCT-COF-1 - x 1.6×10–7 976 23b 

BUCT-COF-4 - x 5.8×10–8 477 23a 

BUCT-COF-4 ox (I2) x 2.8×10–6 n.a. 23a 

ZnPc-pz-I2 ox (I2) x 3.1×10–4 225 23c 

CuPc-pz - x 3.3×10–7 485 23d 

ZnPc-pz - x 7×10–7 487 23d 

P2PV - x 1×10–9 880 26 

P3PcB - x 1×10–9 1073 26 
a LR = Lawesson Reagent 

 



182 
 

 
Figure 4.19. I-V curve of two-probe electrical conductivity measurement of pTOC-350 synthesized by a 72-hour 
reaction. The sample was doped by soaking in saturated sodium chloride solution. These measurements were 
conducted to prove that chloride ions are not acting as dopants in pTOCs. We hypothesize that the Cl could be 1) Cl– 
remaining in the framework, or 2) C–Cl moieties generated during synthesis as defects. Assuming hypothesis 1 is 
true, we performed conductivity measurements of pTOC-350 soaked in NaCl aqueous solution, which exhibit 2-
probe electrical conductivity of 1.8×10–7 S/cm. This value is slightly lower than that of pristine pTOC-350 (1.0×10–

6 S/cm), and we thus prove that Cl–, if present in the material, cannot promote charge transport of pTOCs. On the 
other hand, assuming the presence of C–Cl moieties, the in-plane π-conjugation will be significantly interrupted, 
leading to lower electrical conductivity. Therefore, we conclude that the presence of trace chlorine in pTOCs, being 
either chloride or organic chlorine, does not act as a doping agent and cannot promote charge transport of pTOCs. 

Interestingly, the electrical conductivity of pTOCs revealed negative photo-response, decreasing by 

more than one order of magnitude after the four-probe device was exposed to light and low-intensity red 

laser (630–670 nm) (Figures 4.16C, 4.20). We note that although a photo-response is not unusual for 

organic electronic materials, the majority are positively photo-conductive, whereas negative 

photoconductivity is much less common.27 We attribute it to the light-induced generation of shallow trap 

states that impedes the transport of charge carriers.28 To verify the stability of pTOCs under photo-

irradiation, we conducted long-term exposure experiments followed by characterization via HRXPS 

(Figure 4.21 and Table 4.14-4.15) and DRUV-Vis (Figure 4.22) spectroscopy, the results of which indicate 

that the chemical structure of pTOC remains unchanged. With well-defined residual carbonyl defects 

present, post-synthetic modification (PSM) of these sites allows the tuning of electronic properties of 

pTOCs. We conducted PSM of residual carbonyls in pTOC-350 using Lawesson’s reagent (LR) (Figure 

4.23A). This treatment transforms C=O groups to C=S groups, as confirmed by the reduced intensity of 

residual C=O and the appearance of C=S vibrational bands in DRIFTS (Figure 4.24), and the presence of 

sulfur, as revealed by XPS analysis (Figures 4.25, 4.26). Treatment with the LR increases the conductivity 

of pTOC-350 by nearly one order of magnitude to 1.2×10–5 S cm–1 (Table 4.12). pTOCs also provide a 

promising platform for bulk doping given their high porosity and high heteroatom content. The bulk 
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doping of pTOC-350 was realized upon exposure to I2 vapor at room temperature and the incorporation of 

iodine again confirmed by XPS (Figure 4.27). Two different iodine-containing species were found at 

binding energies of 619.1 eV and 620.6 eV (3d5/2 transition of iodine), which are assigned to reduced 

species and trapped I2, respectively. pTOC-350-I2 showed a slight increase of conductivity to 5.0×10–6 S 

cm–1 (Figure 4.28). Notably, the conductivity of pTOC-350 enhanced substantially to 4.1×10–4 S cm–1 after 

exposure to I2 at 50 °C, a value that is in line with some of the most conductive POPs.2 DRIFTS of pTOC-

350-I2 revealed negligible changes except for the appearance of intense Drude-type background 

absorption(Figure 4.29), suggesting a significant increase in free carrier concentration upon I2 doping. 

 
Figure 4.20. Negative photoconductivity of another four-probe device of pTOC-350, exhibiting moderate to 
significant electrical conductivity drop upon light exposure. 

 

 
Figure 4.21. High-resolution C1s (A) and O1s (B) XPS spectra of laser-exposed pTOC-350 and the corresponding 
deconvolutions. 
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Table 4.14. Deconvolution details of C1s XPS spectrum of pTOC-350 (laser exposed). 
Name Position (eV) FWHM (eV) Line Shape %Area 

Adventitious carbon 284.83 1.00 LA(4.2, 9, 4) 9.88 

C–H, C–C 285.20 1.53 GL(30) 53.53 

C–O–C 286.66 1.84 GL(30) 22.76 

C=O 288.52 1.53 GL(30) 4.04 

π -π* 290.31 4.00 GL(30) 9.79 

 

Table 4.15. Deconvolution details of O1s XPS spectrum of pTOC-350 (laser exposed). 
Name Position (eV) FWHM (eV) Line Shape %Area 

C=Oa 531.78 2.54 GL(70) 13.16 

Surface O 533.09 2.54 GL(70) 29.30 

C-O-C 534.10 2.54 GL(70) 46.89 

Absorbed H2Ob 536.59 3.22 GL(70) 10.65 
aThe BE of C=O peak is consistent with the literature values of aromatic C=O. bAbsorbed H2O is needed for fitting. 

 

 
Figure 4.22. (A) DRUV-Vis spectra of pristine pTOC-350 and pTOC-350 exposed to laser. (B) Tauc plot of the 
DRUV-Vis spectrum of pTOC-350 exposed to laser. The dashed line is the linear fitting, revealing an optical band 
gap of 1.85 eV. 
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Figure 4.23. Doping and post-synthetic modification. A) Schematic representations of PSM and bulk doping. B) 
Variable-temperature electrical conductivity measurements of pTOC-350 and pTOC-350-I2. Solid and hollow 
symbols represent data plotted for the thermal hopping model and the VRH model, respectively. Solid lines are the 
best fits. C) Diffuse reflectance UV/Vis-NIR and DRIFTS spectra of pTOC-350 (blue), pTOC-350-LR (orange), and 
pTOC-350-I2 (red). D) VB-XPS of the samples shown in (C). 

 

 
Figure 4.24. The comparison of DRIFTS of pristine pTOCs and pTOCs (LR). The decrease in the intensity of residual 
carbonyl moiety was observed along with the appearance of new peaks between 1200 cm–1 and 800 cm–1, which were 
tentatively assigned to C=S stretching modes. 
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Figure 4.25. S2p XPS spectrum of pTOC-350 reacted with LR.  

 
Figure 4.26. O1s XPS spectrum of pristine pTOC-350 and pTOC-350 (LR). According to the O1s deconvolution of 
pTOCs, the lower intensity at lower BE of pTOC-350 (LR) indicates the decrease of residual carbonyl groups. 

 
Figure 4.27. I 3d XPS spectrum of pTOC-350 doped with I2. The presence of iodine was clearly seen even under 
ultrahigh vacuum (~10–10 Torr), suggesting that the iodine-containing species present in the doped material indeed 
interact with the framework. Deconvolution of the I 3d5/2 region resulted in three components (65.5% : 27.8% : 
6.7%). The species with BE of 619.05 eV has oxidation states lower than I2, which normally shows a BE of 620.2±0.5 
eV. We attribute this species to the product obtained after redox reaction between I2 and pTOC-350 and/or I2 
molecules that are strongly interacting with the framework, given that previous literature has reported that I2 
chemisorbed on Ag surface also exhibited a BE of 619.3 eV. The component with a BE of 620.6 eV is assigned to 
trapped iodine. The broad peak with a BE of 623.4 eV is the result of satellite features. 
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Figure 4.28. The typical I-V curves of two-probe electrical conductivity measurements of pTOC-350 doped with I2 
vapor at RT (A), and 50 °C (B). The average conductivity of pTOC-350 doped at 50 °C for 6 h and 18 h are 1.9×10–

4 S/cm and 5.1×10–4 S/cm, respectively. (C) IV curves of pTOC-350-I2 which are either evacuated under dynamic 
vacuum for 3 days (blue circles) or washed with acetone and dried (green squares), showing decreased conductivity 
of 1.6××10–5 S/cm and 6.9×10–6 S/cm, respectively. However, these values are still obviously higher than the pristine 
pTOC-350, suggesting the increased conductivity is robust in pTOC-350-I2. 
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Figure 4.29. (A) The comparison of DRIFTS of pristine pTOC-350 and pTOC-350 (I2). The peak profiles did not 
change, however, the Drude-type absorption became significant after I2 doping, suggesting the substantial increase 
of free carrier concentration. This is likely the result of redox doping that generated a lot of carriers. (B) The 
comparison of DRUV (plotted in the wavelength scale) of pristine pTOC-350 and pTOC-350 (I2). The absorption 
maximum red shifted almost 100 nm to ~436 nm, suggesting a smaller band gap. The growth of a broad NIR band 
was also observed, which we attribute to the polaronic transition that caused by I2 doping. The intense background 
absorption matches well with DRIFTS. 

 
Figure 4.30. I–V curves for a two-probe pressed pellet of (A, B) pTOC-350 and (C, D) pTOC-350-I2 taken at different 
temperatures. 
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Figure 4.31. Multiple cycles of VT electrical conductivity data of pTOC-350 plotted for thermally activated hopping 
transport (A) and pTOC-350-I2 plotted for 3D VRH mechanism (B). The conductivity of pTOC-350-I2 only 
decreased very slightly after the first heating measurement that went to 375 K under high vacuum, confirming that 
the I2 doping of pTOC-350 is robust. 

Variable-temperature (VT) conductivity measurements (Figures 4.30, 4.31) revealed semiconducting 

behavior for pTOC-350 and pTOC-350-I2 between 375 K and 100 K (Figure 4.23B). Fitting the data of 

pTOC-350 to the Arrhenius equation for conventional thermally activated hopping transport between the 

nearest-neighbor localized states, σ = σ0exp(–Ea/kBT), where σ is the electrical conductivity, σ0 is a 

material-based prefactor, kB is the Boltzmann constant, and T is the absolute temperature, yielded the 

activation energy for hopping, Ea = 0.195 eV. This value is lower than that of a 3D fully sp2-hybridized 

graphitic polymer (3D-p-POP) we reported previously.3a However, the variable temperature conductivity 

data for pTOC-350-I2 deviates significantly from linear behavior when modeled by thermally activated 

hopping (Figure 4.32). Instead, the data fits better to the variable-range hopping (VRH) model, σ = σ0exp[–

(T0/T)1/4], where σ0 is the conductivity at infinite temperature, and T0 is the Mott temperature.29 The better 

fit to the VRH model suggests that in the I2-doped sample, more delocalized electronic states and/or better 

overlap of charge carrier wavefunctions dominate transport.30 

To understand the change in the electronic structures of pTOCs upon post-synthetic modification and 

doping, we conducted DRUV-Vis and valence-band XPS (VB-XPS). pTOC-350-LR and pTOC-350-I2 

both exhibit red-shifted absorption (Figure 4.23C) and a decrease in Eo from 1.88 eV to 1.63 eV, and 1.55 

eV, respectively, accompanied by an increase in the background absorption and the appearance of a broad 

NIR band owing to the polaronic transitions and/or interlayer interactions (Figure 4.33). The absorption 

maximum of pTOC-350-I2 red-shifted to ≈436 nm, as might be expected for significantly delocalized 

electronic states revealed by VT conductivity measurements. The main absorption band for pTOC-350-

LR showed no change, highlighting the different outcomes between bulk doping and post-synthetic 

modification. VB-XPS, which reports on the density of states (DOS) near the Fermi level EF, revealed a 
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significant increase of DOS for pTOC-350-I2, further substantiating the increase in carrier concentration 

(Figure 4.23D, 4.34) upon I2 doping, contrasting with the minimal changes observed for the LR-treated 

sample. 

 
Figure 4.32. The VT electrical conductivity data of pTOC-350-I2 plotted for thermally activated hopping transport 
(ln(σ) versus T–1) from 294 K to 100 K. The linear fittings of low temperatures (210 K to 100 K) or high temperatures 
(294 K to 210 K) both revealed deviation of the experimental data from linear behaviour, although with R2 ~ 0.99. 
The linear fitting of the full temperature range (100 K to 294 K, not shown for clarity) gave a R2 of 0.97, indicating 
poor correlation. 

 

 
Figure 4.33. The comparison of DRUV (plotted in the wavelength scale) of pristine pTOCs and pTOCs (LR). The 
absorption maximum of pTOC-250 significantly blue shifted to ~385 nm upon LR treatment, indicating that the 
extended conjugation might be interrupted by defect engineering. However, a slight increase of the background 
absorption was observed, implying the small increase of free carrier concentration. On the other hand, the DRUV 
spectrum of pTOC-350 changed substantially upon LR treatment. Although the main absorption changed little, which 
in fact is in great agreement with the defect engineer strategy rather than global doping, the NIR band centered close 
to 800 nm significantly gained intensity, indicating that the incorporation of heavier atoms (S in this case) can assist 
intermolecular interactions. The background absorption also increased a lot for pTOC-350. The changes of electronic 
structure reflected well on the electrical conductivity changes. 
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Figure 4.34. Valence-band (VB) XPS of pristine pTOC-350 (blue), pTOC-350 (LR) (orange), and pTOC-350 (I2) 
(red). A significant increase of DOS near Fermi level was observed for pTOC-350 (I2), suggesting the increase of 
carrier concentration. 

4.4 Conclusions 

In summary, we have introduced a new class of semiconducting two-dimensional porous organic 

polymers featuring tetraoxa[8]circulene building blocks, which— to date—were only envisioned in 

theoretical simulations. The polymers, obtained via ionothermal synthesis, feature high porosity, 

semiconductor behavior, and unusual negative photoconductivity. The conductivity of the pTOCs can be 

tuned through both post-synthetic modification and bulk doping, where both their carrier concentration 

and electronic band structures are readily controlled. Altogether, these results highlight the potential of 

pTOCs as a new family of porous semiconductors. 

4.5 Methods and Materials 

4.5.1 Materials 

All chemicals and solvents were purchased and used without any further purification. 1,8-Dihydroxy-

9,10-anthraquinone (95%), aluminium(III)chloride (98.5%), sodium chloride (99.5%) and nitrobenzene 

(99%) were purchased from Acros Organics. Potassium carbonate (99%), dichloromethane (99%), 

magnesium sulfate, silica (60A, 35-70 micron), methanol, THF and hydrochloric acid (37%) were 

purchased from Fisher Chemicals. Dimethylsulfate (99.5%), zinc powder and ceric(IV)ammoniumnitrate 

(98.5%) were purchased from Sigma Aldrich. Acetone was purchased from Thommen Furler. Sodium 

hydroxide was purchased from Reactolab SA. N-bromosuccinimde was purchased from Fluorochem. 

Pyridine was purchased from Roth. 
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4.5.2 Synthetic Methods 

 
Scheme 4.1. Reaction scheme for the preparation of 1,4,5,8-anthracenetetrone starting from 1,8-dihydroxy-9,10-
anthraquinone. 

1,8-Dimethoxy-9,10-anthraquinone (1) 

A 500 mL two-neck round bottomed flask was flushed with argon and charged with 1,8-dihydroxy-

9,10-anthraquinone (15.5 g, 64.5 mmol, 1 eq.) and K2CO3 (24.1 g, 174.2 mmol, 2.7 eq.) and acetone (400 

mL) before heating to reflux for 30 minutes. Subsequently, dimethyl sulfate (15.26 mL, 161.3 mmol, 2.5 

eq.) in acetone (50 mL) was slowly added over the course of 30 minutes. The obtained solution was 

subsequently refluxed for 48 h. After cooling to RT, the suspension was filtered, and the purple residue 

washed with 3×150 mL CH2Cl2. The combined organic phases were passed through silica and the pad was 

washed with 3×100 mL CH2Cl2. The solvents were removed under reduced pressure and the obtained 

residues were subsequently stirred in 2N NaOH for 30 minutes to remove residual dimethyl sulfate. 

Subsequently, the aqueous layers were extracted with CH2Cl2. After removing the solvents, the product 

was obtained as a yellow solid. Yield: 15.8 g (91.3 %); yellow solid. 1H NMR (400 MHz, Chloroform-d) 

δ 7.84 (dd, J = 7.7, 1.1 Hz, 1H), 7.64 (dd, J = 8.4, 7.7 Hz, 1H), 7.30 (dd, J = 8.4, 1.1 Hz, 1H), 4.01 (s, 3H). 

1,8-Dimethoxyanthracene (2) 

A 500 mL two-neck flask was flushed with argon and charged with 2 (5.00 g, 18.6 mmol, 1.00 eq.), 

10% aq. NaOH (125 mL) and zinc powder (7.31 g, 111.8 mmol, 6.0 eq.). The obtained mixture was heated 

under vigorous stirring for 24 h. The suspension was filtered, and the filtrate washed with 3 x 100 mL 

water before drying under vacuum. The obtained yellow–grey precipitate was dissolved in CH2Cl2 (500 

mL) and was passed through a short pad of silica before removing the solvents under reduced pressure. 

Yield: 3.9 g (89.6 %); yellow solid. 1H NMR (400 MHz, Chloroform-d) δ 9.24 (d, J = 1.0 Hz, 1H), 8.31 

(s, 1H), 7.56 (dq, J = 8.6, 0.8 Hz, 2H), 7.37 (dd, J = 8.5, 7.4 Hz, 2H), 6.73 (dd, J = 7.5, 0.8 Hz, 2H), 4.09 

(s, 6H). 
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1,8-Dibromo-4,5-dimethoxyanthracene (3) 

A 250 mL two-neck flask was flushed with argon and charged with 3 (1.0 g, 4.2 mmol, 1.0 eq.) in 50 

mL CH2Cl2 before cooling to 0 °C with an ice bath. Subsequently, NBS (1.5 g, 8.6 mmol, 2.05 eq.) was 

added over 30 minutes and the solution was slowly allowed to warm to RT and was stirred for an additional 

3 hours. After diluting the reaction mixture with CH2Cl2, the solution was washed with 2N NaOH (100 

mL) and 3x150 mL water. The combined organic layers were dried over MgSO4 and the solvents 

evaporated under reduced pressure. Yield: 1.1 g (66.2 %); green solid. 1H NMR (400 MHz, Chloroform-

d) δ 9.26 (d, J = 0.9 Hz, 1H), 9.01 (d, J = 0.9 Hz, 1H), 7.72 (d, J = 8.1 Hz, 2H), 6.63 (d, J = 8.0 Hz, 2H), 

4.07 (s, 6H). 

1,4,5,8-Tetramethoxyanthracene (4) 

A 500 mL two-neck flask was flushed with argon and charged with methanol (200 mL). Freshly cut 

sodium (23.2 g, 1.01 mol, 100 eq.) was slowly added over the course of 1 hour. Towards the end of the 

addition the solution was heated to reflux before adding 3 (4.0 g, 10.1 mmol, 1.0 eq.), dry toluene (100 

mL), MeOAc (9.52 g, 10.0 mL, 126.2 mmol, 12.5 eq.) and copper (I) bromide (1.4 g, 10.1 mmol, 1.0 eq.), 

successively. The obtained suspension was heated to reflux for 48 h. After cooling to RT, the solvents 

were removed under reduced pressure and the residue was carefully dissolved with CH2Cl2 (300 mL) and 

washed with 10% HCl followed by water (3x 200 mL). The organic layers were dried over MgSO4 and 

the solvents evaporated under reduced pressure. The obtained solid was triturated with hot chloroform to 

afford 4 as a pale-yellow solid. Yield: 1.8 g (59.7 %); pale-yellow solid. 1H NMR (400 MHz, Chloroform-

d) δ 9.10 (s, 2H), 6.63 (s, 4H), 4.03 (s, 12H). 

1,4,5,8-Anthracenetetrone (5)  

A 500 mL two-neck flask was charged with silica (50.0 g) before slowly adding ceric ammonium 

nitrate (23.3 g, 42.4 mmol, 5.5 eq.) dissolved in 37 mL of H2O. The mixture was stirred till a yellow free-

flowing solid was obtained. Subsequently, 300 mL CH2Cl2 was added before adding 4 (2.3 g, 7.7 mmol, 

1.0 eq.) dissolved in CH2Cl2 (50 mL) was added dropwise and stirred for 2 h. The obtained suspension was 

filtered, and the residues washed with CH2Cl2 (200 mL). The combined organic layers were dried over 

MgSO4 and the solvents evaporated under reduced pressure. The obtained solid was purified via column 

chromatography with 4:1 CH2Cl2:hexanes as an eluent. Yield: 1.35 g (73.5 %); red crystals. 1H NMR (400 

MHz, Chloroform-d) δ 8.82 (s, 2H), 7.14 (s, 4H). 

Ionothermal synthesis of pTOC-350 

A 20 mL glass ampule was charged with ground sodium chloride (86.4 mg, 1.48 mmol, 1.76 eq.) 

before transferring to a glovebox. Subsequently, 5 (200.0 mg, 0.84 mmol, 1.00 eq.) and aluminum chloride 

(313.5 mg, 2.35 mmol, 2.8 eq.) were added and the ampule was evacuated to an internal pressure of 0.15 
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mbar for 45 min before flame-sealing the ampule. The mixture was heated to 350 °C for 72h or 120h. 

After cooling to RT the obtained black solid was stirred in a 1:1 mixture of water and methanol for 24h 

followed by 2N HCl for 48h. The solid was subsequently filtered using a POR4 fritted glass filter and 

washed with water, methanol, acetone, pyridine and THF. The polymer was subsequently stirred in a 1:1 

water-ethanol mixture overnight followed by stirring in 2N HCl overnight. Finally, the polymers were 

filtered over a POR4 fritted glass, washed with water and acetone before being dried at 90 °C under 

vacuum. Yield: 147 mg (88 %); black powder. 

pTOC-250 and -300 were synthesized by following same procedure at 250 and 300 oC, respectively. 

Solvothermal synthesis of pTOCs 

A 20 mL microwave vial was charged with 5 (50.0 mg, 0.21 mmol, 1.00 eq.), aluminum chloride (39.2 

mg, 0.29 mmol, 1.4 eq.) and nitrobenzene (5 mL) in a glovebox before heating to reaction temperature 

(100, 125, 150 and 175 °C) for 6 hours. After cooling to RT the obtained suspension was filtered over a 

POR4 fritted glass filter and subsequently washed with ethanol, 2N HCl, ethanol, pyridine and ethanol. 

Yield: 0 g (0 %). 

Solvothermal synthesis of TOC 

A 10 mL microwave vial was charged with previously sublimed naphthoquinone (100.0 mg, 0.63 

mmol, 1.00 eq.), aluminum chloride (118.0 mg, 0.885 mmol, 1.4 eq.) and nitrobenzene (5 mL) in a 

glovebox before heating in a microwave to 60 °C for 1 hour. After cooling to RT the obtained suspension 

was filtered over a POR4 fritted glass filter and subsequently washed with ethanol, 2N HCl, ethanol, 

pyridine and ethanol. Yield: 80.6 mg (91.0 %); yellow powder. 

Doping of pTOCs 

I2 vapor doping: 10 mg of pTOCs placed in a 4 mL vial, and then this vial was placed into a 20 mL vial 

with 10 mg of I2. The small vial was left open, while the large vial was sealed. The vapor doping set-up 

kept at room temperature or elevated temperature for 6~12 hours. 

KOH or HCl doping: To a 20 mL vial with 20 mg of pTOCs was added 5~10 mL of aqueous KOH or HCl 

solution. The vial was sealed and kept at room temperature overnight. The reaction mixture was then 

filtered and washed with DI water and acetone and dried over air flow. 

Post-synthetic modification of the unreacted carbonyl groups in pTOCs using Lawesson’s reagent: In a 

N2-filled glove box, 15 mg of pTOCs and 15 mg of Lawesson’s reagent were transferred into a 20 mL 

glass pressure tube, followed by the addition of 5 mL toluene. The pressure tube was then transferred out 

of the glove box and heated at 120 °C for 12 hours. After cooling down to room temperature, the reaction 

mixture was filtered and washed with toluene. The resulting black solid was dried under air flow. 
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4.5.3 Physical Characterization Methods 

FTIR spectra were recorded on a PerkinElmer Frontier spectrometer equipped with a PIKE GladiATR 

module in the range of 4000-400 cm–1 at a scanning rate of 2 cm–1.  

Liquid phase NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer using deuterated 

solvents.  

CP-MAS 13C solid-state NMR spectra were recorded on a Bruker Avance Neo 400 MHz spectrometer 

using 7 kHz or 10 kHz spinning rate and a 5.0 s relaxation delay.  

PXRD patterns were recorded on a STOE STADI-P system using Cu Kα1 incident beam. The 

diffractograms were recorded between 2θ 2-60° and 0.015°/step using a DECTRIS MYTHEN 1K detector. 

TGA analysis was recorded on a Mettler-Toledo TGA/DSC 3+ instrument using standard 70 μL alumina 

and 40 μL aluminium crucibles. The flowrate of the respective gas (nitrogen or air) was set to 10 mL/min 

and the heating rate was set to 5 °C/min for the 600 °C measurements under nitrogen and to 10 °C/min for 

the 1000 °C measurements under nitrogen or air.  

Nitrogen and CO2 sorption measurements were performed at 77 and 273 K, respectively, using 

Micromeritics 3Flex instrument, after evacuation of the samples at 363 K for 24 h. The pore size 

distribution was determined via NLDFT using carbon heterogeneous surface as model.  

Field emission SEM images were obtained using a TESCAN MIRA3. Prior to the SEM measurements, 

the samples were coated with 1.5 nm of gold using a Cressington 208HR sputter coater.  

Raman spectra were recorded on an Alpha 300R Raman microscope with a UHTS 300 spectrometer using 

535 nm laser excitation.  

XPS measurements were performed at the MIT MRSEC (formerly the Center for Materials Science and 

Engineering, or CMSE) using a Physical Electronics PHI Versaprobe II X-ray photoelectron spectrometer 

equipped with a monochromatic Al anode X-ray source. The main chamber pressure was in the 10–10 Torr 

range. pTOC powder samples were pressed on copper tapes with full coverage. Survey spectra were 

collected from 0~1100 eV in binding energy (BE), with a resolution of 0.8 eV. High resolution spectra of 

C1s and O1s regions were collected with a resolution of 0.1 eV. BE calibration was carried out by shifting 

the adventitious carbon C1s peak to 284.8 eV. Deconvolution of the C1s spectra were conducted before 

BE calibration to find out the adventitious carbon C1s peak, given that the samples also contain significant 

amount of carbon. Gaussian-Lorentzian product function, with exponential tailing for asymmetrical peak 

shape if necessary, was used for the line shapes during fitting, which is commonly used for C1s and O1s. 

Valence-band XPS was measured at a resolution of 0.1 eV.  

DRIFTS measurements were performed on a Bruker Tensor 37 (MIR source and KBr beam splitter) with 

a mercury cadmium telluride (MCT, cooled with liquid nitrogen) detector utilizing the DiffusIR™ 

accessory (Pike Technologies). A sealable environmental chamber equipped with ZnSe window (Pike 
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Technologies) was used. Samples were ground in air with dry potassium bromide (99.9%, Pike 

technologies) in a mortar and pestle to produce ~1 wt.% pTOC mixtures. The data was averaged over 32 

scans between 4000 – 600 cm–1 with the resolution of 4 cm–1.  

DRUV-Vis spectra between 200 and 2500 nm were collected on a Cary 5000i spectrophotometer, fitted 

with the UV-Vis DiffusIR accessory (Pike Technologies), at the scan rate of 200 nm/min under ambient 

conditions. A KBr baseline and a zero-background correction were collected prior to the sample 

measurements. Samples were prepared as described above for the DRIFTS measurements.  

Room temperature electrical conductivity measurements were carried out in an ambient atmosphere 

on pressed pellets using either the 2-probe or 4-probe setup. For the 2-probe measurements, a home-made 

press was used, which has two probes that could be connected to source meter. Powder samples were 

transferred into a glass or PTFE tube and sandwiched between two stainless steel rod leads. The whole 

set-up was held by an IR press. For the 4-probe measurements, pressed pellets were prepared by adding 

sample powders into a 6 mm inner-diameter trapezoidal split sleeve pressing (Across International) and 

pressing the die set by a hydraulic pump (MTI corporation) for 1 min. The applied pressure was 

approximately 1 GPa. The pellet thicknesses were measured after the measurement using a micrometer 

(Mitutoyo). The resulting pellet was cut into a cuboid by a blade and placed onto a piece of dry glass slide 

with thermally conductive and electrically insulating grease (DuPont Krytox). Four parallel copper wire 

contacts were attached to the cuboid by carbon paste. The other end of the copper wire was pasted onto 

the glass slide by carbon paste. The device was mounted onto the sample chuck of a probe station (Janis 

Cryogenics ST-500) equipped with four micro-manipulators that allowed us to control the position of the 

probes with a resolution of 5 µm. Electrical contacts were made by gently pressing gold-plated tungsten 

probes (Janis 7B-100G) into the carbon paste that was on the glass slide. For both configurations, probes 

were connected to a sourcemeter (Keithley model 2450), either through normal wires for 2-probe or 

through triax cables (Keithley model 7078-TRX-10) for 4-probe. The chamber of the probe station was 

covered by a stainless-steel lid to keep the device in the dark. Linear I–V curves were obtained by (1) 

supplying the voltage and measuring the current for 2-probe configuration; (2) supplying the current and 

measuring the voltage for 4-probe configuration. At least three parallel measurements were conducted for 

each sample, and the conductivity values were averaged to give the average conductivity value. The light 

response was investigated using a four-probe configuration employing a 5 mW 650 nm laser. For the 

negative photoconductivity experiments, the samples were kept in a vial and irradiated for a specific 

amount of time – 1h or 24h for the actual experiments and stability evaluation respectively.  

Variable temperature electrical conductivity data were collected from 150 K to 375 K for pTOC-350, 

from 100 K to 375 K for pTOC-350-I2 using a home-built two-probe in situ screw press set-up. Electrical 

contacts were made by touching the short screw or the inner plate of the sample mounting chuck by gold-
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coated tungsten probes. Probes were connected to a sourcemeter (Keithley model 2450) through triax 

cables described above. Temperature was balanced by the heater of the probe station chuck and liquid 

nitrogen that were regulated by a temperature controller (Scientific Instruments 9700). All measurements 

were performed under dynamic vacuum (~10–5 Torr). I–V curves were collected by sweeping voltage while 

scanning temperatures with a step size of 5 K or 10 K and at least 30 minutes per step. Two I–V curves 

were measured for a given temperature to confirm the stability of temperature. The final measurement at 

each temperature was used to calculate the conductivity of the device.  

The model structure of pTOC was built by Materials Studio using Forcite module and the Universal 

forcefield, based on the crystal structure of molecular TOC (CCDC 887700). Ultra-fine level of calculation 

was employed.  

Reactions utilizing microwave irradiation were carried out in an Anton Paar Monowave 400 microwave 

reactor. Heating was performed as fast as possible while after reaching reaction temperature power was 

regulated by the system to keep temperature constant.  

Electron paramagnetic resonance spectroscopy (EPR) measurement was performed on pTOC-350 

powder packed under nitrogen in a septum-sealed quartz tube using a Bruker EMX spectrometer equipped 

with an ER 4199HS cavity and Gunn diode microwave source at room temperature, with a microwave 

frequency of 9.37 GHz, power of 0.005 mW, and attenuation of 33.0 dB. The measurement was taken in 

perpendicular mode. Fitting and simulation of EPR spectrum was conducted using EasySpin 

(https://easyspin.org/). 
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Chapter 5. High-rate, High-Capacity Electrochemical Energy Storage in Hydrogen-Bonded Fused 

Aromatics 

This chapter is adapted with permission from Chen, T.; Banda, H.; Yang, L.; Zhang, Y.; Parenti, R.; Dincă, M. 

Joule 2023, in press. Copyright 2023 Cell Press. 

5.1 Abstract 

Designing materials for electrochemical energy storage with short charging times and high charge 

capacities is a longstanding challenge. The fundamental difficulty lies in installing a high density of redox 

couples into a stable material that can efficiently conduct both ions and electrons. We report all-organic, 

fused aromatic materials that store up to 310 mAh g–1 and charge in as little as 33 seconds. This 

performance stems from abundant quinone/imine functionalities that decorate an extended aromatic 

backbone, act as redox-active sites, engage in hydrogen bonding, and enable a delocalized high-rate energy 

storage with stability upon cycling. The extended conjugation and hydrogen bonding-assisted bulk charge 

storage contrasts with the surface-confined or hydration-dependent behavior of traditional inorganic 

electrodes. Materials with high capacity for electrical energy storage, such as the electrode materials in Li-

ion batteries, typically need several hours for a full charge. Conversely, carbonaceous electrodes in 

electrochemical capacitors charge in few seconds, but store only a fraction of the energy in Li-ion batteries. 

Combining the merits of both batteries and capacitors into a single high-energy, high-power device 

represents a major scientific and technological challenge. From a design perspective, the difficulty lies in 

designing electrode materials with a high density of redox sites and excellent electron and ion conduction 

pathways. Here, we show that heteroatoms on fused aromatic molecules serve as multifunctional sites in 

enabling high-rate, high-capacity charge storage. Heteroatoms serve as redox-active sites that engage in 

hydrogen-bonding and induce electron delocalization for an excellent conduction of ions and electrons. 

These principles provide key blueprints toward the development of materials for high-energy, high-power 

storage devices. 
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5.2 Introduction 

Growing demand for electrifying the transportation sector and decarbonizing the grid requires the 

development of electrochemical energy storage (EES) systems that cater to a wide variety of energy and 

power needs1,2. As the dominant EES devices, lithium-ion cells (LICs) and electrochemical capacitors 

typically only offer either high energy or high power3. Over the last decade, several attempts were made 

to achieve high power and energy densities in hybrid energy storage systems by integrating LICs and 

capacitors at the device level4. This approach represents a modular way of supplying high energy and high 

power to applications where power demands vary with time or the possibility to recover energy at high 

power is as important as power delivery itself. However, the complexity and costs involved in device-level 

engineering diminish the utility of hybrid energy storage systems in compact applications such as electric 

vehicles. This creates a strong incentive to develop electrode materials that combine the high charge 

capacity of LICs with the fast charging and long cycling life of capacitors. 

The combination of high capacity and high power in a single electrode material mandates that the 

material possesses abundant redox-active sites and that it promotes rapid transport of electrical and ionic 

charges throughout the electrode bulk. This charge storage mechanism, commonly known as 

pseudocapacitance, has primarily been identified in redox-active transition metal oxides/nitrides/carbides, 

which exhibit short charge diffusion lengths when fabricated as thin films5. However, when film thickness 

increases with these materials, as required for practically-relevant mass loadings, ion and electron transport 

dramatically decreases, leading to sub-optimal performance6. Overcoming this challenge typically requires 

composite synthesis7 and nano-engineering8. 
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Figure 5.1. Charge storage in fused aromatic materials. (A) One-step syntheses of BTABQ and pBTABQ. (B, C) 
Schematic depiction of fused aromatic molecular crystals and their conversion to conjugated ladder oligomers 
through self-condensation. The high density of redox-active sites (carbonyl and amine/imine groups) enable an 
alternating arrangement of electron donor (D) and acceptor (A) moieties. The resulting extended conjugation, strong 
D-A π-π interactions, and hydrogen bonding facilitate electronic charge delocalization and diffusion of ionic charges. 
(D) Representation of pseudocapacitive intercalation of various cations into fused aromatic materials. 

Organic materials offer an alternative, more compositionally diverse materials space for designing 

pseudocapacitive electrodes from earth-abundant elements. However, they typically suffer from poor 

intrinsic electrical conductivity, a result of limited electronic delocalization, and high solubility in 

electrolytes, which leads to poor cyclability. These combine to deliver inferior electrochemical 

performance compared to the inorganic alternatives9. Although strategies such as polymerization and 

compositing organic molecules with insoluble admixers can limit electrode dissolution, designing organic 

materials that are themselves insoluble but still allow swift charge transport and storage is difficult10. Here, 

we report bis-tetraaminobenzoquinone (BTABQ) and its polymeric analogue (pBTABQ) as new 

pseudocapacitive organic materials for EES (Figure 5.1A). They exhibit a high density of redox-active 

quinone and imine groups (Figure 5.1B) and aromatic backbones with extended conjugation. Owing to 

strong intermolecular hydrogen bonding and donor-acceptor (D-A) π-π interactions, they are insoluble in 

both organic and aqueous media (Figure 5.1C). BTABQ and pBTABQ exhibit high charge storage 

capacities at high charge-discharge rates, which can be associated with rapid pseudocapacitive 
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intercalation processes (Figure 5.1D). Charge storage and transport occurs throughout the electrode bulk, 

even at practical mass loadings, due to extended electronic delocalization and facile ion transport. 

5.3 Results and Discussion 

5.3.1 Synthesis and Characterization 

BTABQ is accessible in gram-quantities by one-step Michael condensation of commercially available 

tetraamino-p-benzoquinone (TABQ) (Figures 5.1A, 5.2). Although it is highly insoluble in water and 

common organic solvents such as acetonitrile, dimethylformamide (DMF), N-methyl-2-pyrrolidone 

(NMP), and propylene carbonate (PC) (Figure 5.3), BTABQ forms as highly crystalline micro-rods 

(Figures 5.4, 5.5, 5.6A). The addition of tetrabutylammonium chloride (TBACl) to the reaction mixture is 

important for growing BTABQ micro-crystals, as suggested by SEM images (Figure 5.4) and the 

substantial decrease of full width at half maximum of PXRD reflections (Figure 5.5D). Given that smaller 

cations, such as tetramethylammonium (TMA+) and Li+, led to less improvement of crystallinity, we 

hypothesize that the TBA cations act as buffers between BTABQ molecules, leading to slower and more 

reversible crystallization (Figure 5.5A). 

 
Figure 5.2. The proposed mechanism of the formation of BTABQ. The proposed mechanism of the formation of 
BTABQ via 1,4-Michael addition/elimination between two TABQ molecules. TABQ can be considered as two head-
to-tail connected α,β-unsaturated ketone based on its reported crystal structure. 
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Figure 5.3. The solubility tests of BTABQ in a variety of organic solvents and aqueous electrolytes. (A) the 
comparison of the solubility of TABQ, a small organic molecule, and BTABQ in 1 M ZnSO4 aqueous electrolyte. 
TABQ readily dissolves in the 1 M ZnSO4 aqueous electrolyte even without electrochemical polarization, whereas 
BTABQ is insoluble in the same electrolyte. (B) BTABQ exhibits low solubility in propylene carbonate (PC), 
dimethylformamide (DMF); N-methyl-2-pyrrolidone (NMP), water, and 1 M LiCl aqueous solution. 

 

 
Figure 5.4. SEM images of BTABQ. (A, B) SEM images of BTABQ synthesized without TBACl. (C, D) SEM 
images of BTABQ synthesized with TBACl. The particle sizes increase significantly by using TBACl during 
synthesis, suggesting the improvement of crystallinity. 
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Figure 5.5. (A) Schematic showing the proposed mechanism of TBACl slowing down the crystallization of BTABQ. 
(B, C) PXRD patterns of BTABQ synthesized using different salts, revealing the influence of different cations (B) 
and anions (C) on the crystallinity. (D) FWHM of the (102) reflection (2θ ~28.3°) of all PXRD patterns. Gray dashed 
line is guide to eye. The crystallinity increases with the cation size, from Li+ and TMA+ to TBA+, whereas the 
crystallinity decreases with halide anion size, from Cl– to I–. 

The crystal structure of BTABQ was obtained from continuous rotation electron diffraction (cRED) 

using an ab initio method (Figure 5.6A)11, following Pawley refinement of the unit cell parameters from 

synchrotron powder X-ray diffraction (PXRD) data (Figure 5.7). High-resolution cRED datasets, down to 

0.625 Å, allowed direct location of all non-hydrogen atoms (Figure 5.8, 5.9, Table 5.4). BTABQ has a 

planar, fused tricyclic aromatic backbone with two diaminobenzoquinone moieties bridged by a dihydro-

pyrazine core. A closer look at its bond lengths reveals that the two C–NH2 bonds exhibit partial double 

bond character, while the two carbonyl bonds exhibit partial single bond character (Figure 5.6B), 

indicating the presence of significant keto-enol tautomerization (Figure 5.6C). The partial imine character 

is further verified by the imine carbon chemical shift at 146.4 ppm in the 13C solid-state nuclear magnetic 
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resonance (ssNMR) spectrum (Figure 5.10), and the C=N stretching band in the Fourier-transform infrared 

(FTIR) spectrum of BTABQ (Figure 5.11)12. Each BTABQ molecule engages in hydrogen bonding 

interactions with six neighboring molecules to form two-dimensional (2D) layers (Figure 5.6D). The 2D 

layers stack through short D-A π-π interactions, along the (102) crystallographic direction (Figure 5.12), 

to give an interlayer separation of only 3.14 Å (Figures 5.6E, 5.6F). The integrity of the 2D layers is 

maintained upon exfoliation, as evidenced by scanning electron microscopy (SEM, Figure 5.13). 

 
Figure 5.6. Characterization of BTABQ and pBTABQ. (A) Projection of 3D reciprocal lattice reconstructed from the 
cRED dataset of BTABQ with a maximum resolution of 0.625 Å. Inset shows a SEM image of BTABQ rods. Scale 
bar: 2μm. (B) Bond lengths in BTABQ. (C) Keto-enol tautomerization of BTABQ, and the electrostatic potential 
maps of the two tautomers. (D) A 2D layer of BTABQ molecules formed by hydrogen bonding interactions (dashed 
lines) between carbonyl and amine/imine groups. The N⋯O (2.89 Å) and N⋯N (3.04 Å) distances are shorter than 
the sum of their van der Waals radii 3.15 Å and 3.20 Å, respectively. (E) π-π stacking of 2D layers of BTABQ with 
an interlayer distance of 3.14 Å. (F) D-A alignment of 2D layers. (G) DRUV-Vis-NIR spectra of BTABQ and 
pBTABQ. Inset shows respective optical band gaps. 
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Figure 5.7. Pawley refinement of the synchrotron PXRD data of BTABQ. The data was collected at 100 K with an 
X-ray wavelength of 0.458111 Å. The refined lattice parameters are a = 4.8923(1) Å, b = 11.2897(3) Å, c = 9.9041(4) 
Å, β = 101.67° in the space group P21/c, with Rwp = 5.828%, Rexp = 5.248%, Rp = 4.667%, and GoF = 1.11. 

 
Figure 5.8. Pawley refinement cRED data of BTABQ. (A) 3D reciprocal lattices of BTABQ. (B) Typical selected 
area electron diffraction (SAED) pattern of BTABQ with a resolution as high as 0.625 Å. (C-F) Reconstructed 3D 
cRED data of BTABQ indexed with monoclinic symmetry (space group P21/c): overview (hkl) (C), and selected 
planes in the reciprocal lattice corresponding to hk0 (D), 0kl (E)  and h0l (F). 
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Figure 5.9. Comparison between experimental PXRD pattern and simulated pattern based on the determined crystal 
structure based on cRED data. Excellent agreement between the two patterns is observed, indicating the bulk phase 
purity of obtained as-synthesized BTABQ. 

 

 
Figure 5.10. 13C ss-NMR spectra of BTABQ and pBTABQ. (A) Solid-state 13C NMR spectrum of BTABQ. (B) 
Solid-state 13C NMR spectrum of pBTABQ. The ssNMR spectrum of BTABQ exhibits peaks at 174.8 ppm (C=O), 
146.4 ppm (C=N), and 134.5 ppm/129.9 ppm (C–N/C–O). The ssNMR spectrum of pBTABQ exhibits a broad peak 
centered at 140 ppm. The broadness of the peak in the ssNMR spectrum of pBTABQ is mainly because pBTABQ 
has significant presence of organic radicals and these radicals delocalize among the bulk material since pBTABQ 
has a high degree of electronic delocalization. A less important reason for the broadness is the amorphous nature of 
pBTABQ. 
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Figure 5.11. ATR-FTIR spectra of BTABQ and pBTABQ. (A) ATR-FTIR spectra of BTABQ and pBTABQ. The 
sharp peaks between 3000 cm–1 and 3500 cm–1 indicate the presence of hydrogen bonding network in both materials. 
(B) The presence of carbonyl (C=O) groups and C=N stretching band (as a shoulder feature at 1614 cm–1) in BTABQ. 
(C) Detailed comparison of ATR-FTIR spectra of BTABQ and pBTABQ. BTABQ and pBTABQ show largely 
similar infrared features (although the latter is much broader), which is mainly because they have very similar 
chemical structures. However, the ATR-FTIR spectrum of pBTABQ shows a vibrational band at 1385 cm–1, which 
is characteristic for pyrazine moieties1. The new bands between 750 cm–1 and 800 cm–1 in the ATR-FTIR spectrum 
of pBTABQ are also characteristic for ring motions of the pyrazine rings. In addition, two new shoulder bands at 
~1736 cm–1 and 1686 cm–1 correspond to the highlighted C=O and C=NH groups, respectively, in the proposed 
molecular structure of pBTABQ. 

 
Figure 5.12. Simulated indexing of BTABQ crystal structure based on electron diffraction data. (010) Bragg planes 
superimpose with 2D layers of BTABQ, and these 2D layers stack along the (102) crystallographic direction. 
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Figure 5.13. SEM images of exfoliated BTABQ. (A, B) SEM images of exfoliated BTABQ crystals after one-hour 
sonication in chlorobenzene, showing 2D layered character, similar to the accordion-like morphology of exfoliated 
MXenes. 

Thermogravimetric analysis and differential scanning calorimetry of BTABQ revealed an endothermic 

weight loss event around 300 ℃ (Figures 5.14, 5.15). Given the proximity of amino and carbonyl groups 

in the solid-state structure of BTABQ, we surmised that this process may be associated with further 

condensation between neighboring BTABQ molecules. Indeed, heating bulk BTABQ at ~300 ℃ under 

dynamic vacuum for 2 days yields an amorphous solid with unchanged particle size and morphology 

(Figures 5.16–5.18). This solid, termed poly(bis-tetraaminobenzoquinone) (pBTABQ) and accessible in 

gram-quantities, has a significantly higher molecular weight (Figure 5.19) and lower oxygen and nitrogen 

content than BTABQ (Figure 5.20, Tables 5.1, 5.2), indicating that ladderization/polymerization of 

BTABQ with concomitant loss of water and ammonia (Figure 5.21) produces a molecular backbone with 

large extended conjugation13. Pair distribution function analyses of both materials reveal similar local 

structures, confirming that despite the lack of long-range ordering, pBTABQ has a dense solid-state 

arrangement of molecular fragments analogous to BTABQ (Figure 5.22). The presence of intermolecular 

π-π stacking in pBTABQ, itself likely enabled by D-A interactions (Figure 5.23) was further confirmed 

by high magnification Cryo-EM data (Figure 5.18). Importantly, similar to FTIR spectra, Raman 

spectroscopy revealed significant resonances between 2500 cm–1 and 3100 cm–1 for both BTABQ and 

pBTABQ, suggesting that the polymer maintains a significant degree of hydrogen bonding (Figure 5.24). 

N2 sorption studies indicate that both materials are non-porous, with similarly low specific surface areas 

of ~15-20 m2 g–1 (Figure 5.25). 
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Figure 5.14. Thermogravimetric analysis of BTABQ and pBTABQ. (A, B) Thermogravimetric analysis of BTABQ 
under air or N2 flow. (C, D) Thermogravimetric analysis of pBTABQ under air or N2 flow. Both BTABQ and 
pBTABQ show an initial gradual weight loss at low temperatures, which is likely resulted from the removal of 
surface-absorbed water, given that both materials are hydrophilic due to the presence of hydrogen bonding network. 
A significant weight loss is seen slightly above 300 °C in the thermogravimetric analysis of BTABQ under either air 
(A) or N2 (B) due to the ladderization of BTABQ to form pBTABQ. However, this sharp weight loss is absent from 
the thermogravimetric analysis of pBTABQ (C, D), confirming that pBTABQ is formed by solid-state 
polycondensation/ladderization of BTABQ. The gradual weight loss starting between 350 °C and 400 °C in all 
thermogravimetric analysis is due to thermolysis of materials. BTABQ and pBTABQ completely burned under air 
flow beyond 500 °C and ~570 °C, respectively. 
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Figure 5.15. Differential scanning calorimetry of BTABQ. (A) Differential scanning calorimetry (DSC) of BTABQ 
in a hermetically sealed Al pan with a pinhole lid. Solid and dashed lines represent the first and second 
heating/cooling cycles, respectively. The broad feature observed at around 100 °C in the first heating scan is due to 
the removal of surface absorbed water, which is consistent with TGA data. A significant endothermic event starts to 
occur at ~250 °C during the first heating scan, reaches a plateau at ~310 °C (the temperature at which pBTABQ is 
synthesized), and then reaches a peak at ~380 °C. The back cooling scan shows background feature at ~310 °C, 
indicating the endothermic event in the heating scan is irreversible, and likely due to chemical transformation. 
Although the polycondensation reaction of BTABQ is exothermic, NH3 and H2O formed during the reaction escape 
from the hermetically sealed Al pan with a pinhole lid, leading to the overall endothermic feature. The broad 
endothermic event is absent in the second heating scan, proving that the polycondensation of BTABQ indeed 
happened in the first heating scan. (B) DSC data of BTABQ in a pinhole-free hermetically sealed Al pan. A 
significant broad exothermic event was observed around 300 °C. The broadness of this event is due to the slow 
kinetics of BTABQ condensation into pBTABQ. 

 

 
Figure 5.16. In-house PXRD patterns of BTABQ pBTABQ. The PXRD pattern of pBTABQ only exhibits a broad 
reflection centered around 2θ = 26.2°, corresponding to a d spacing around 3.4 Å. This broad reflection originates 
from the disordered π–π stacking of pBTABQ. 
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Figure 5.17. SEM images of pBTABQ. The morphology remained the same as its precursor BTABQ, but the particle 
surfaces became very rough, indicating amorphization. 
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Figure 5.18. Cryo-EM images of BTABQ and pBTABQ. (A) A Cryo-EM image of BTABQ. (B) A Cryo-EM image 
of pBTABQ. Both materials show a similar particle morphology. (C) A high resolution Cryo-EM image of BTABQ. 
Inset, Fast-Fourier Transform (FFT) of the area in blue dashed square. (D) A high resolution Cryo-EM image of 
pBTABQ. (E, F) Zoomed-in images of areas in red (pBTABQ) and yellow (carbon film on the grid) dashed squares, 
respectively. Insets are the FFT. Scale bars for FFT: 2 nm–1. Clear lattice fringes can be seen in the Cryo-EM image 
of BTABQ, consistent with its high crystallinity. No lattice fringes can be seen for pBTABQ, also consistent with its 
amorphous nature. However, unidirectional disordered π-π stacking of pBTABQ with d spacings ranging from 3.4 
Å to 3.5 Å can be seen in FFT of (E).  
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Figure 5.19. Cryo-EM images of MALDI-TOF mass spectrometry of BTABQ and pBTABQ. (A, B) MALDI-TOF 
mass spectrometry of BTABQ. (C–F) MALDI-TOF mass spectrometry of pBTABQ. Dithranol ([M]+, 226.08 Da) is 
used as the matrix. No internal standard was used during measurements. The m/z values are therefore calibrated using 
the m/z value of dithranol, and as a result, errors within ±1 Da are expected. The data confirmed that BTABQ has a 
dihydropyrazine core. Amino-containing organic molecules usually show significant signal for [M]+ in MALDI-TOF 
mass spectrometry2. The experimental m/z value of [M]+ of BTABQ is 301.805 Da, which matches quite well with 
the theoretical value of 303.08 Da. [M+H]+ peak of BTABQ can also be clearly observed at 302.808 Da. Molecules 
with abundant amino groups can also readily undergo dehydrogenation or hydrogenation during MALDI-TOF 
measurements3. Therefore, [M–H]+, [M–2H]+, [M+2H]+, and [M+3H]+ signals can all be observed in the mass 
spectrum of BTABQ. The mass spectra of pBTABQ clearly reveal the absence of BTABQ upon heating, given that 
no peaks at ~300 Da were observed. The condensation/ladderization of BTABQ is also confirmed according to the 
significantly higher m/z values observed for pBTABQ. The m/z value of [M+H]+, 827.232 Da, also matches well 
with our proposed molecular structure with a theoretical m/z value of 827.1 Da. 
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Figure 5.20. XPS survey spectra of BTABQ and pBTABQ. pBTABQ has significantly lower O atomic composition 
and slightly lower N atomic composition than BTABQ. 

 

Table 5.1. Atomic composition of BTABQ and pBTABQ, as determined by XPS survey spectra. The elemental 
composition results shown above suggest that O at% decreases significantly upon heating. 

Sample C (At%) N (At%) O (At%) 

BTABQ-theoretical 54.55 27.27 18.18 

BTABQ-experimental 56.39 27.19 16.42 

pBTABQ 65.27 24.34 10.39 

 

Table 5.2. Elemental analysis of BTABQ and pBTABQ. 
Materials C% (f)a H% (f)a N% (f)a C% (c)a H% (c)a N% (c)a O% (c)a 

BTABQb 47.14 2.84 26.06 47.69 3.33 27.81 21.17 

pBTABQc 52.48 1.44 26.34 52.31 1.22 27.11 19.36 

a f: found values; c: calculated values. b Based on the chemical formula C12H10O4N6. c Based on the chemical formula 
C36H10N16O10. 
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Figure 5.21. Proposed mechanism of the formation of pBTABQ. pBTABQ is synthesized upon heating BTABQ at 
300~310 °C under vacuum. The formation of pBTABQ involves condensation between carbonyl and amino groups, 
and Michael addition/elimination which is also seen in the synthesis of BTABQ from TABQ. The resulting molecule, 
H10(pBTABQ) (m/z = 836.15 Da) undergoes thermal dehydrogenation to give the final pBTABQ (m/z = 827.15 Da 
for [M+H]+, matches with the MALDI-TOF result). The driving force of this dehydrogenation is its large positive 
entropy ΔrSm (solid to solid transformation with the formation of 5 eq. H2 (g)). 

 

 
Figure 5.22. Pair distribution function measurements of BTABQ and pBTABQ. PDF results of BTABQ (green) and 
pBTABQ (purple) show very similar inter-atomic distance distributions, which suggests that they have almost 
identical local structure. Although ladderization inevitably results in more extended backbones in pBTABQ and 
disordered solid-state structure, the solid-state packing is still very similar by virtue of strong π-π interactions and 
intermolecular hydrogen bonding. 
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Figure 5.23. Electrostatic potential (ESP) maps of a representative structure of pBTABQ. The pBTABQ molecule is 
calculated using DFT at the B3LYP/def2-TZVP level. The fused extended aromatic backbone is completely flat, 
indicating good electronic delocalization. Similar to BTABQ, the donor-acceptor interaction in pBTABQ is also 
mainly formed between the electron-rich heteroatoms, including O from carbonyl groups and N from amine/imine 
groups (shown as blue color in the ESP map), and the relative electron-poor aromatic backbone (shown as red color 
in the ESP map). According to the ESP map, the pyrazine rings are not as electron-poor as the benzoquinone rings. 
Meanwhile, the pyrazine N atoms also have less negative electrostatic potential than the carbonyl O atoms and 
amino/imine N atoms. Therefore, we can conclude that although the pyrazine rings can participate in the donor-
acceptor interactions between pBTABQ molecules, their contribution to the overall donor-acceptor interactions is 
insignificant. 

 

 
Figure 5.24. Raman spectra of BTABQ, and pBTABQ. The broad bands around 3000 cm–1 can be assigned to an 
extended hydrogen bonding network. We assign the shoulder around 1600 cm–1 in the Raman spectrum of BTABQ 
to C=O bonds, whose intensity decreases in the spectrum of pBTABQ. We also assign the shoulder between 1200 
cm–1 and 1300 cm–1 in the BTABQ spectrum to C–N bonds, whose intensity decreases in the pBTABQ spectrum. 
This evidence agrees well with our hypothesis that amino-carbonyl addition and β-elimination reactions take place 
during heating, leading to higher degree of ring fusion and more extended conjugation. The broad bands at around 
1400 cm–1 are assigned to C=N. The high ratio of C–N/C=N to C=O band intensity suggests the presence of strong 
intermolecular hydrogen bonding in all materials. The main peaks around 1515 cm–1 are assigned to C=C bonds. 
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Figure 5.25. N2 isotherms at 77 K of BTABQ (green circles), and pBTABQ (purple diamonds). Solid symbols 
represent the N2 adsorption processes, whereas hollow symbols represent N2 desorption processes. The solid lines 
are the guide to the eye. Specific surface area was calculated by fitting isotherms to the BET equation. Both materials 
are non-porous. 

 
Figure 5.26. DRUV-Vis-NIR spectra of TABQ, BTABQ, and pBTABQ. (A) DRUV-Vis-NIR spectrum of TABQ, 
showing intra-quinone transition band at ~500 nm. (B) DRUV-Vis-NIR spectra of BTABQ synthesized using TBACl, 
TBABr, and TBAI (see Figure S4), suggesting that more ordered intermolecular packing (i.e., higher crystallinity) 
results in stronger visible and NIR absorption and more clear vibronic fine structure. (C) DRUV-Vis-NIR spectra of 
BTABQ and pBTABQ in energy scale, revealing the presence of very intense polaron bands (above ~1.5 eV) and 
bipolaron bands (below ~1 eV). The spectrum of pBTABQ is significantly broader than that of BTABQ, which we 
attribute to (1) the enhanced delocalization of polarons, polaron pairs and bipolarons caused by ladderization, and (2) 
disordered nature of pBTABQ. The considerable background absorption of pBTABQ close to 0.5 eV (Mid-IR) is 
characteristic of a free carrier response. (D) Normalized Tauc plots of DRUV-Vis-NIR spectra of BTABQ and 
pBTABQ, revealing their optical band gaps of 0.82 eV and 0.79 eV, respectively. 
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Diffuse-reflectance UV-Vis (DRUV-Vis) spectroscopy revealed that both materials exhibit broad 

absorption peaks centered around 520 and 800 nm (Figure 5.6G). The former is typical for π-π* intra-

quinone electronic transitions (Figure 5.26A), while extended conjugation within fused aromatic 

backbones of BTABQ and pBTABQ accounts for the latter14. Although both materials display significant 

absorptions in the near-infrared region (NIR), leading to narrow optical band gaps of 0.82 eV and 0.79 eV 

(Figure 5.6G, 5.26D) for BTABQ and pBTABQ, respectively, only the latter has a strong absorption tail 

into the Mid-IR region. This low energy absorption, rare in organic materials, is indicative of the greater 

extent of conjugation in pBTABQ relative to BTABQ. Their significant intermolecular electronic 

delocalization is assisted by strong hydrogen bonding15 and π-π stacking. Altogether, the various analytical 

data confirm that pBTABQ is a disordered oligomeric analog of BTABQ that has an extended, fused 

aromatic backbone, maintains a high density of carbonyl/imine redox sites, and supports a persistent 

hydrogen bonding network in its solid-state packing. 

Due to the irreversible solid-state condensation reaction upon heating BTABQ solid, pBTABQ 

consists of fused aromatic molecules that can be described as oligomeric analog of BTABQ. Based on 

elemental analysis results (Table 5.2), MALDI-TOF mass spectrometry data (Figure 5.19), and XPS 

analysis of pBTABQ, pBTABQ can be best described as the chemical structure shown in Scheme 5.1, 

which formed due to cascade carbonyl-amino condensation reactions and Michael condensation reactions 

(Figure 5.21). 

 
Scheme 5.1. The best molecular structure representative of pBTABQ. 

BTABQ and pBTABQ exhibit similar bulk electrical conductivities of 2.4×10–5 S cm–1 (𝜎𝜎� = 2.33×10–

5 S cm–1) and 0.79×10–6 S cm–1 (𝜎𝜎� = 0.40×10–6 S cm–1) at room temperature, respectively (Figure 5.27). 

Despite its larger aromatic backbone, pBTABQ is less conductive than BTABQ likely due to its disordered 

solid-state packing. Electron paramagnetic resonance spectra exhibit intense isotropic signals that are 

consistent with the presence of organic radicals in both materials (Figure 5.28), likely stemming from 

redox-active quinone/imine moieties or the fused heterocyclic systems within BTABQ units. Overall, the 

presence of a high density of diverse redox sites in extended conjugated materials with efficient electronic 

delocalization makes BTABQ and pBTABQ promising candidates for high-rate EES. 
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Figure 5.27. Electrical conductivity measurements of BTABQ and pBTABQ. (A-C) I-V curves of four-contact 
devices of BTABQ for room temperature electrical conductivity measurements. (D-F) I-V curves of four-contact 
devices of pBTABQ for room temperature electrical conductivity measurements. The electrical conductivity value 
of each device is presented in the top left corner of each figure. The average bulk electrical conductivity of BTABQ 
is 2.33×10–5 S cm–1. The average bulk electrical conductivity of pBTABQ is 0.40×10–6 S cm–1. The bulk electrical 
conductivity of a material is not only determined by the molecular structure and the concentration of radical 
concentration, but also significantly affected by the crystallinity, grain boundaries, and carrier mobility. Thus, 
although pBTABQ may well have more extended intramolecular π-conjugation, its amorphous nature and disordered 
intermolecular packing hinders the transport of transport of charge carriers. A similar and well-known example is the 
difference between crystalline silicon and amorphous silicon: the former has significantly higher carrier mobility. 

 
Figure 5.28. EPR spectra of BTABQ and pBTABQ. (A) EPR spectra of BTABQ and pBTABQ at 4.4 K. (B) EPR 
spectra of BTABQ and pBTABQ at RT. Both samples have approximately the same mass loading, and they exhibit 
strong and almost isotropic signals due to the presence of stable organic radicals, which is likely formed due to partial 
oxidation in the presence of air. The g values at 4.4 K are 2.0069 and 2.0055 for BTABQ and pBTABQ, respectively, 
which changed slightly to 2.0078, and 2.0063 at RT. The significantly enhanced intensity of EPR signal for pBTABQ 
suggests its higher radical concentration. 
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5.3.2 Electrochemical Performance in Neutral Electrolytes 

Cyclic voltammograms (CVs) of BTABQ and pBTABQ, obtained in a three-electrode configuration 

in a 1 M aqueous solution of LiCl (see 5.4.2), display quasi-rectangular curves at scan rates ranging from 

0.2 to 30 mV s–1 (Figures 5.29A, 5.30). Under cathodic polarization, BTABQ and pBTABQ display stable 

potential windows of 0.5 V and 1.0 V, respectively (Figure 5.31). An analysis of the CV currents (i) at 

different scan rates (v) using the power law equation (i = avb) reveals b values close to unity for both 

materials (Figure 5.29C), indicating that the charge storage processes are rapid and are not limited by ion 

diffusion16. Altogether, the electrochemical behaviors of BTABQ and pBTABQ diverge from the sharp 

redox features and the diffusion-limited behaviors (b = 0.5) generally observed for organic battery 

electrodes10,17 such as tetraamino-p-benzoquinone (TABQ), 5,7,12,14-pentancetetrone (PT) (Figure 5.29B, 

5.29C), signaling an intrinsically different charge storage mechanism. Significantly, their behavior 

resembles that reported for inorganic materials such as RuO2·nH2O18,19 and MXenes20–22. That is, they 

behave like capacitors but exhibit a rapid redox-based charge storage mechanism known as 

pseudocapacitance. Indeed, both BTABQ and pBTABQ have low specific surface areas (<20 m2 g–1), but 

exhibit high gravimetric specific capacitances of ~ 510 F g–1 at 0.2 mV s–1 and ~300 F g–1 at 10 mV s–1 

(Figure 5.29D inset), consistent with a pseudocapacitive charge storage mechanism23. Notably, BTABQ 

and pBTABQ deliver these capacitances at high average discharge potentials of, 3.21 V and 2.96 V vs. 

Li+/Li, respectively (Figure 5.29A). Galvanostatic charge-discharge (GCD) experiments at current 

densities ranging from 2 to 10 A g–1 display triangular (i.e. capacitive) voltage vs. time profiles (Figure 

5.32). Additionally, both materials display excellent retention of capacitance over 20,000 CV cycles at a 

scan rate of 30 mV s–1 (Figure 5.29D). Furthermore, pBTABQ shows ~96% retention in GCD experiments 

at a current density of 10 A g–1 for at least 100,000 cycles (Figure 5.33). Both materials are stable after 

long cycling, as verified by XPS of cycled electrodes (Figure 5.34, 5.35). However, BTABQ undergoes 

in-situ exfoliation during the first 10 cycles to a stable, crystalline exfoliated microstructure that remains 

unchanged upon subsequent cycling (Figures 5.36A–D, 5.37A, 5.38). In contrast, the morphology and 

particle size of pBTABQ remain unchanged even after prolonged cycling (Figures 5.36F–H, 5.37B, 5.39). 
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Figure 5.29. Charge storage in neutral electrolytes. (A) CVs of BTABQ and pBTABQ obtained at a scan rate of 10 
mV s–1 using 1 M LiCl aqueous electrolyte. The nominal voltages vs. Li+/Li are noted for both materials. (B) CVs of 
TABQ and PT obtained at a scan rate of 10 mV s–1 using 1 M LiCl aqueous electrolyte. (C) Current versus scan rate 
analysis of CVs of BTABQ, pBTABQ, and PT using the power law equation. (D) BTABQ and pBTABQ retain ~98% 
of their capacitance over 20000 CV cycles. Inset shows gravimetric specific capacitances at scan rates ranging from 
0.2 to 30 mV s–1. (E) In-situ WAXS patterns of pristine and negatively polarized BTABQ reveal lattice expansion, 
indicating intercalation of electrolytic ions under polarization. (F) Ex-situ EDS mapping of pBTABQ shows the 
presence of Na+ ions throughout the bulk of a negatively polarized particle. (G) Schematic representation of redox 
mechanism of BTABQ and pseudocapacitive intercalation of hydrated ions into BTABQ. 

 
Figure 5.30. Cyclic voltammograms of BTABQ and pBTABQ in aqueous electrolytes. (A, C) Cyclic voltammograms 
(CVs) of BTABQ in 1 M LiCl aqueous electrolyte at various scan rates. (B, D) CVs of pBTABQ in 1 M LiCl aqueous 
electrolyte at various scan rates. All CVs display quasi-rectangular curves. 
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Figure 5.31. Determination of stable operating voltage window of BTABQ. (A) CVs of BTABQ in 1 M LiCl aqueous 
electrolyte cycled in increasingly reducing potential windows of 0.5, 0.7 and 1.0 V vs. open circuit potentials (OCP). 
(B) Capacitance retention of BTABQ over repeated cycling in the different potential windows. Experiments aimed 
at finding the stable electrochemical potential window of operation for BTABQ, have shown quasi-rectangular CVs 
in reductive potential windows of 0.5, 0.7 and 1 V. These quasi-rectangular CVs indicate that BTABQ maintains 
similar specific capacitances (in F g–1) in increasingly large voltage windows. Consequently, in terms of specific 
charge capacity mAh g–1, BTABQ stores twice the amount of charge in a 1 V window relative to a 0.5 V window, 
delivering values closer to its theoretical specific capacity. However, repeated cycling of BTABQ in the potential 
ranges beyond 0.5 V have found a significant loss in discharge capacities within the first few hundred cycles. 
Although stable cycling even over a few hundred cycles is considered good for a battery material, our focus is on 
maximizing cycling stability for a pseudocapacitor application. Hence, we have chosen to use 0.5 V scan windows 
for all our electrochemical studies on BTABQ. 

 
Figure 5.32. Rate capability of Galvanostatic charge-discharge of pBTABQ. (A) Galvanostatic charge-discharge 
(GCD) curves of pBTABQ in 1 M LiCl aqueous electrolyte at various current densities from 2 to 15 A g–1. (B) 
Corresponding gravimetric specific capacitance and specific capacity. 

 

 
Figure 5.33. Galvanostatic charge-discharge cycling of pBTABQ in 1 M LiCl aqueous electrolyte. An excellent 
capacitance retention of over 96% was noted after 100,000 cycles of repeated charge-discharge. A variety of factors, 
primarily the strong hydrogen bonding network and intermolecular π-stacking contribute to extreme insolubility of 
both materials in all common solvents. 
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Figure 5.34. Ex-situ high-resolution XPS spectra of pristine and cycled BTABQ electrodes. (A, B) Ex-situ XPS O 
(1s) region of pristine and cycled BTABQ electrodes, respectively. (C, D) Ex-situ XPS N (1s) region pristine and 
cycled BTABQ electrodes, respectively. The electrode measured has been cycled 1000 times in 1 M LiCl aqueous 
electrolyte before the ex-situ measurements. We note that a small amount of residual C–O–Li+ and C–NH–Li+ were 
observed in O (1s) and N (1s) spectra, respectively, because this cycling experiment was not stopped exactly at OCP 
after cycling. Despite this slight difference, pristine and cycled BTABQ exhibit essentially identical O (1s) and N 
(1s) peaks and deconvolutions, indicating the chemical composition of BTABQ remains unchanged upon cycling. 

Electrochemical impedance spectroscopy (EIS) provided additional information on the charge storage 

behavior under dynamic conditions. Nyquist plots of impedance for both BTABQ and pBTABQ (Figure 

5.40) display typical capacitor-like features with low equivalent series resistances (~1–2 Ω), short 

semicircles and 45° transition regions along with an extended 90° capacitive region at low frequencies. 

Meanwhile, semicircles in the high frequency region reveal decreasing diameters with applied negative 

potentials, confirming that fast charge transfer events accompany charge storage in both materials24. In 

contrast, EIS of PT reveals typical battery-like features where charge storage is limited by ion diffusion 

(Figure 5.41). Overall, EIS and CVs of BTABQ and pBTABQ display capacitor-like features and highlight 

a possibility of pseudocapacitive charge storage that is distinct from common organic battery materials. 
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Figure 5.35. Ex-situ high resolution XPS spectra of pristine and cycled pBTABQ electrodes. (A, B) Ex-situ XPS O 
(1s) region of pristine and cycled pBTABQ electrodes, respectively. (C, D) Ex-situ XPS N (1s) region pristine and 
cycled pBTABQ electrodes. The electrode measured has been cycled 1000 times in 1 M LiCl aqueous electrolyte 
before the ex-situ measurements. Pristine and cycled pBTABQ exhibit essentially identical O (1s) and N (1s) peaks 
and deconvolutions, indicating the chemical composition of pBTABQ exhibit minimal changes upon cycling. 
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Figure 5.36. Ex-situ SEM images of BTABQ and pBTABQ electrodes. (A, B, C, D, E) Ex-situ SEM images of 
BTABQ electrodes obtained after recording CVs under different electrochemical conditions using a 10 mV s–1 scan 
rate. A, B and D correspond to BTABQ electrodes after 1, 10 and 1000 CV cycles, respectively, in 1 M LiCl aqueous 
electrolyte. Whereas C and E correspond to BTABQ electrodes after 10 CV cycles in 1 M NaCl neutral and 1 M 
NaCl (pH = 0) aqueous electrolytes, respectively. (F, G, H) Ex-situ SEM images of pBTABQ electrodes obtained 
after recording CVs under different electrochemical conditions using a 10 mV s–1 scan rate. F and H correspond to 
pBTABQ electrodes after 10 and 1000 CV cycles, respectively, in 1 M LiCl aqueous electrolyte. Whereas G 
corresponds to pBTABQ electrode after 10 CV cycles in 1 M NaCl neutral aqueous electrolyte. BTABQ undergoes 
in-situ exfoliation, even just after 1 CV cycle, in neutral electrolytes, but not in acidic conditions. In great contrast, 
pBTABQ does not exfoliate even in neutral conditions after long cycling. 

 

 
Figure 5.37. CV profiles of BTABQ and pBTABQ. (A) CV cycles of BTABQ electrodes in 1 M LiCl aqueous 
electrolyte at 10 mV s–1. (B) CV cycles of pBTABQ electrodes in 1 M LiCl aqueous electrolyte at 10 mV s–1. BTABQ 
displays irreversible currents in the first 5 CV cycles, indicative for intercalation and exfoliation. On the other hand, 
pBTABQ does not show a similar significant current drop in the first few CV cycles. 



229 
 

 
Figure 5.38. Ex-situ PXRD patterns of pristine BTABQ electrode and BTABQ electrode after 1000 cycles in 1 M 
LiCl aqueous electrolyte. 

 

 
Figure 5.39. Morphological and structural characterizations of cycled pBTABQ. (A) Ex-situ Cryo-EM image of 
pBTABQ electrode after 1000 cycles in 1 M LiCl aqueous electrolyte. The morphology of pBTABQ particles remains 
unchanged upon cycling. (B) A high magnification Cyro-EM image of the highlighted area in (A), revealing the 
closely packed nature of pBTABQ particle after cycling. Inset: FFT of the area highlighted by a white dashed square, 
showing d-spacing of 3.4 Å ~ 3.5 Å, similar to that of pristine pBTABQ (Figure S16). (C) Ex-situ PXRD patterns of 
pristine pBTABQ electrode and pBTABQ electrode after 1000 cycles in 1 M LiCl aqueous electrolyte. 

 

 
Figure 5.40. Electrochemical impedance spectra of BTABQ and pBTABQ in an aqueous 1 M LiCl electrolyte under 
various negative polarization relative to their open circuit potentials. 
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Figure 5.41. Electrochemical impedance spectra of PT in an aqueous 1 M LiCl electrolyte under various negative 
polarization. PT shows typical battery-like electrochemical kinetics where charge storage is limited by ion diffusion. 

 

Redox processes during charge storage were analyzed through ex-situ X-ray photoelectron 

spectroscopy (XPS) and ssNMR studies of pristine and negatively polarized electrodes. Deconvolution of 

O (1s) XPS spectra of polarized electrodes reveal a significant decrease in the intensity of the C=O peak 

and the appearance of a C–O– peak, indicating the reduction of carbonyl groups (Figure 5.42). 

Deconvolution of N (1s) spectra indicates the disappearance of imine component and the growth of a 

benzoid-amine component upon reduction. The ssNMR spectrum of polarized BTABQ (Figure 5.43) 

further supports that both carbonyl and imine groups are reduced and are thus likely responsible for charge 

storage in BTABQ and pBTABQ (Figure 5.29G). Charges stored at these redox sites are delocalized both 

intramolecularly within the fused aromatic backbones, and intermolecularly through hydrogen bonding 

and D-A π-π stacking, manifesting in distinctly quasi-rectangular CVs, rapid electrode kinetics, and high-

rate performance. In contrast, small organic molecules that display intermolecular hydrogen bonding but 

lack extended conjugation, such as TABQ (Figure 5.44)25, and molecules with extensive conjugation but 

lacking intermolecular hydrogen bonding, such as PT26,27, exhibit localized electronic states and display 

well-defined redox features that are limited by ion diffusion (Figure 5.26, 5.45)9,10. These comparisons 

suggest that the combination of all features: fused aromatic backbone with extended conjugation, hydrogen 

bonding, and π-π stacking are key to pseudocapacitive charge storage in organic materials. 
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Figure 5.42. Ex-situ high resolution XPS spectra of pristine and negatively polarized BTABQ and pBTABQ 
electrodes. (A–C) High resolution XPS spectra of pristine BTABQ. (D–G) High resolution XPS spectra of negatively 
polarized BTABQ in 1M LiCl aqueous neutral electrolyte. (H–K) High resolution XPS spectra of negatively 
polarized pBTABQ. The deconvolution of O (1s) (B) and N (1s) (C) spectra of pristine BTABQ showed the presence 
of C–OH and C=NH, consistent with the presence of keto-enol tautomerization. Negatively polarized BTABQ and 
pBTABQ show the diminishing of C=O component and the growth of C–O– component. Similarly, negatively 
polarized BTABQ and pBTABQ show the diminishing of C=N component and the growth of C–NH– component. 
Significant signals of Li (1s) were observed for both negatively polarized BTABQ and pBTABQ. 

 

 
Figure 5.43. 13C ss-NMR spectra of pristine and negatively polarized BTABQ electrodes. The strong signal of C=N 
(~146 ppm) in the spectrum of pristine BTABQ is consistent with its keto-enol tautomerization. The polarized sample 
showed significantly decreased intensity of C=N and slightly decreased intensity of C=O peaks. 
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Figure 5.44. Structure and electrochemical behaviors of TABQ. (A) Crystal structure of TABQ (CCDC 1409346). 
(B) CV curves of TABQ in 1 M LiCl aqueous electrolyte at a scan rate of 10 mV s–1, revealing well-defined redox 
peaks and battery-like diffusion-controlled features. A significant current drop was observed at the second cycle 
relative to the first one, and the drop in currents continues during subsequent cycling, which is due to the dissolution 
of TABQ electrode into electrolyte. Electrode dissolution is one of the major challenges for using organic small 
molecules for electrochemical charge storage. 

 
Figure 5.45. DRUV-Vis-NIR spectra of 5,7,12,14-pentancetetrone (PT) and BTABQ. While BTABQ exhibits 
significant absorption in NIR, PT shows negligible absorption beyond 500 nm, indicating limited charge 
delocalization and localized electronic states. 

Wide-angle X-ray scattering (WAXS), PXRD, energy-dispersive X-ray spectroscopy (EDS) and 

angle-resolved XPS (ARXPS) coupled with depth profiling provided insight into whether the 

pseudocapacitance in BTABQ and pBTABQ is best described as surface-confined or as an intercalation-

based bulk process5. WAXS patterns for BTABQ electrodes negatively polarized in-situ display a notable 

shift of the (102) reflection (Figure 5.6E) toward a lower 2θ value (Figure 5.29E, 5.46, 5.47). A PXRD 

pattern of BTABQ polarized after 1000 CV cycles revealed a more pronounced shift, corresponding to an 

increase in interlayer spacing from 3.14 Å to 3.22 Å during insertion of electrolytic Li+ ions (Figure 5.29E 

inset), and supports an intercalation-based charge storage mechanism. Remarkably, other cations such as 

Na+ and Mg2+ can also intercalate into both materials, as verified by ex-situ EDS studies of negatively 

polarized samples (Figure 5.29F, 5.48, 5.49). Elemental mapping indicates that a significant amount of 

metal cations distributes throughout the particles (Table 5.3), confirming charge storage in the bulk of both 

BTABQ and pBTABQ electrodes. ARXPS (Figure 5.50) and XPS depth profiling (Figure 5.51) for 
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polarized BTABQ and pBTABQ revealed that the amount of metal ions (Li+ or Na+) increases with 

increasing detection depth, confirming that the charge storage occurs via bulk pseudocapacitive 

intercalation rather than surface-confinement. 

 
Figure 5.46. DRUV-Vis-NIR spectra In-situ WAXS measurements setup. (A) Customized coin cell. (B, C) Coin cell 
holders and wire connections. (D) Vacuum chamber. (E) Electric connection of the coin cells and the potential stat. 
(F) Sample stage. 

 
Figure 5.47. In-situ WAXS patterns of BTABQ cell. (A, B) In-situ WAXS patterns of BTABQ electrode before and 
after 30-min negative polarization in q space (A) and 2θ (Cu Kα, B). (C) Zoomed-in region where the shift of (102) 
reflection can be clearly observed. 



234 
 

 
Figure 5.48. Ex-situ HAADF-STEM EDS mapping of negatively polarized BTABQ and pBTABQ. 1 M NaCl 
aqueous electrolyte was used. Scale bars: (A) 500 nm; (B) 1 μm. 

 

 
Figure 5.49. Ex-situ HAADF-STEM EDS mapping of negatively polarized pBTABQ in 0.5 M MgCl2 aqueous 
electrolyte. Scale bars: 500 nm. 
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Table 5.3. Atomic compositiona of negatively polarized BTABQ and pBTABQ in various electrolyteb obtained from 
ex-situ EDS mapping. 

Sample N (At%) O (At%) Na (At%) Capexp/Captheo 

BTABQ (neutral) 43.7 36.9 19.5 60% 

pBTABQ (neutral) 51.1 35.5 13.5 34% 

BTABQ (pH = 14.7) 36.4 36.9 26.6 87% 

pBTABQ (pH = 0) 64.9 34.0 1.0c - 

pBTABQ (pH = 14.7) 32.2 41.8 26.0 76% 

pBTABQ (17 m NaClO4)d 39.3 34.1 26.7 79% 

pBTABQ (neutral, MgCl2)  61.5 33.8 4.7d 21% 

a Only consider N, O, and Na. b Except further notice, the electrolytes are 1 M NaCl aqueous solution at various pH 
values. c Noise level. d WiSE. e At% of Mg. Essentially no Na+ signal was observed in negatively polarized pBTABQ 
at pH = 0. Significantly larger amount of Na+ was observed, for both negatively polarized BTABQ and pBTABQ, at 
pH = 14.7 relative to the values observed at neutral conditions. Significantly larger amount of Na+ was observed for 
negatively polarized pBTABQ in WiSE relative to the value observed for pBTABQ in 1 M NaCl solution at pH = 7. 
The ratio of experimentally observed charge capacity vs. theoretical value (Capexp/Captheo) is calculated based on the 
equations: Capexp/Captheo = 2 × At%(Na) / (At%(N) × 2/3 + At%(O)) for BTABQ; Capexp/Captheo = At%(Na)/ (12/26 
× (At%(N) + At%(O)) for pBTABQ. 
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Figure 5.50. Ex-situ angle-resolved XPS results of negatively polarized BTABQ and pBTABQ electrodes. 
Dependence of detected metal ion (Li+ or Na+) amount on photoelectron emission angle obtained by ex-situ ARXPS 
spectroscopy of negatively polarized BTABQ and pBTABQ electrodes on CFP. Either 1 M LiCl or 1 M NaCl 
aqueous electrolyte was used for CV cycling. ARXPS is a XPS technique that varies the emission angle at which the 
photoelectrons are collected, thus enabling electron detection from different depths of samples. The higher electron 
emission angle leads to larger penetration depth. Therefore, if the charge storage is only surface-based, the metal ions 
will accumulate only on or near the surface, and in principle, the intensity of XPS signal of metal ions will not change 
upon changing the electron emission angle since the surface is always probed regardless of the electron emission 
angle. In contrast, if charge storage involves pseudocapacitive intercalation, metal ions will go deep inside the 
electrode material, and the intensity of the XPS signal for these ions will increase upon increasing the electron 
emission angle. Experimentally, we use the ratio of the area of metal signal (Li (1s) or Na (1s)) to the area of N (1s) 
signal as the indicator of the amount of metal ion detected, since the N composition is uniform across the whole 
electrode material. Figures above reveals that the amount of detected metal ions (Li+ or Na+) increases with increasing 
photoelectron emission angle. Therefore, the ARXPS results support the pseudocapacitive intercalation mechanism 
seen in both BTABQ and pBTABQ. 
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Figure 5.51. Ex-situ XPS Depth profiling result of negatively polarized pBTABQ electrode. Dependence of detected 
metal ion (Li+ or Na+) amount upon Ar ion etching obtained by ex-situ XPS depth profiling of negatively polarized 
pBTABQ electrode on CFP in 1 M LiCl aqueous electrolyte. The XPS depth profiling correlates between metal ion 
amount and depth from the surface. An Ar ion gun was used for etching, and a 60-second etching process was 
conducted between every two XPS measurements. Increasing amount of Li+ deeper into the electrode, with a plateau 
reached after 5 etching cycles. Therefore, the depth profiling result agrees with the ARXPS data and supports charge 
storage by pseudocapacitive intercalation in pBTABQ. 

Studies in a series of different electrolyte solutions provided important information on the role of 

electrolytic ions on intercalation. Various alkali or alkaline earth metal ions did not cause significant 

changes in the CVs for both the monomer and the polymer (Figure 5.52). However, markedly lower 

currents were observed with electrolytes containing tetraethylammonium (TEA+) (Figure 5.53). Partially 

substituting TEA+ with increasing amounts of Li+ led to corresponding increases in current. Altogether, 

these results show that both materials can intercalate a variety of hydrated alkali and alkaline earth ions 

but exclude larger TEA+ ions, presumably based on size (Figure 5.29G). The ability of BTABQ and 

pBTABQ to intercalate multiple ions and display size-differentiated pseudocapacitive behavior mimics 

that of MXenes20,22 and coordination polymers28. Interestingly, the CV shape noted for the BTABQ in tests 

using Mg2+ diverges from a recent report on its use in Zn2+ batteries17, warranting further focused 

investigations. 

 
Figure 5.52. CVs of BTABQ and pBTABQ in a variety of aqueous electrolytes. (A, B) The cyclic voltammograms 
of BTABQ and pBTABQ in 1 M LiCl, NaCl, or MgCl2 aqueous electrolyte at a scan rate of 10 mV s–1, respectively. 
Potentials are applied and shown here with respect to the open circuit potentials (OCP) of each cell because of the 
minor electrolyte-dependent variations of measured potentials vs. AgCl/Ag. 
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Figure 5.53. CVs of BTABQ and pBTABQ in mixtures of LiCl and TEACl aqueous electrolytes. (A, B) The cyclic 
voltammograms of BTABQ and pBTABQ in 1 M tetraethylammonium chloride (TEACl), 0.1 M LiCl/0.9 M TEACl, 
0.5 M LiCl/0.5 M TEACl, and 1 M LiCl aqueous electrolytes at a scan rate of 10 mV s–1, respectively. The current 
densities increased significantly by adding LiCl to TEACl aqueous electrolyte. Potentials are applied and shown here 
with respect to the open circuit potentials (OCP) of each cell because of the minor electrolyte-dependent variations 
of measured potentials vs. AgCl/Ag. 

5.3.3 Influence of pH on Charge Storage 

The pH of electrolytes often strongly modulates the charge storage behavior of pseudocapacitive 

materials19,29. With evidence in hand that both hydrogen bonding and ion sizes critically influence the 

electrochemical response of both BTABQ and pBTABQ, we evaluated the influence of pH using aqueous 

NaCl electrolytes in the pH range 0 – 14.7 (see 5.4.3). Although both materials exhibit similar dependence 

on pH, the discussion below is primarily focused on pBTABQ, given its larger electrochemical stability 

window (1.0 V). 

CVs recorded in electrolytes with intermediate pH (3.0 – 12.0) remain quasi-rectangular, whereas CVs 

recorded under highly acidic or alkaline conditions exhibit broad redox features with small peak 

separations and markedly increased current (Figure 5.54A). Specifically, two sets of broad redox peaks 

are noted at pH = 0 – 1, whereas a single broad redox feature is observed at pH > 13 (Figure 5.55–5.57). 

Analysis of peak currents vs. scan rates (vide supra) finds b values of ~0.9 at pH < 1 and pH > 13 (Figure 

5.54B), indicating that even at these pH extremes, charge storage is not limited by bulk ion diffusion. The 

total amount of charge stored at different pH, calculated as gravimetric specific capacity (mAh g–1) from 

CVs at 0.2 mV s–1, increases from ~160 mAh g–1 at intermediate pHs to 272 and 310 mAh g–1 at pH of 

14.7 and 0, respectively (Figure 5.54C, 5.58). This “U-shaped” pH-dependence of specific capacities has 

previously been observed for RuO2·xH2O19, but, to our knowledge, is a first in organic systems. The 

observed capacities are substantially higher than state-of-the-art inorganic pseudocapacitive electrodes and 

higher even than LIC cathodes that function at comparable electrochemical potentials5,30. Moreover, high 

capacities of 225 mAh g–1 (pH = 0), 135 mAh g–1 (pH = 14.7), and 72 mAh g–1 (pH = 7.3) can be accessed 

at fast rates, within 33 seconds (Figure 5.59). pBTABQ exhibits best rate capability at pH = 0, with 
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retention of 96%, 90% and 70 % capacities relative to the highest experimental capacity of 320 mAh g–1 

(Qmax, 0.05 mV s–1, Figure 5.60), at increasing scan rates of 0.2, 5 and 100 mV s–1, respectively (Figure 

5.59). Assuming a minimum of three BTABQ units in every oligomeric pBTABQ unit, one can estimate 

a 12-electron reduction and a theoretical maximum capacity of 389 mAh g–1 for pBTABQ (see 5.4.5), such 

that the experimental bulk utility of pBTABQ at pH = 0 is 82%. Remarkably, GCD tests at pH = 0 under 

high current densities of 2-10 A g–1 also deliver capacities greater than 200 mAh g–1 at rates corresponding 

to 6-50 C (1 C = discharge in 1 hour), and capacity retention of ~90% after 30,000 cycles (Figure 5.61). 

Cycling of pBTABQ at pH = 14 also exhibits ~90% of capacity retention after 10,000 cycles (Figure 5.62), 

further demonstrating the chemical and cycling stability of pBTABQ. 

 
Figure 5.54. Role of pH on charge storage in pBTABQ. (A) CVs obtained at a scan rate of 5 mV s–1 in aqueous 1 M 
NaCl electrolyte solutions buffered at pH values ranging from 0 to 14.7. (B) Peak current versus scan rate analysis 
of the observed peaks under highly acidic and alkaline conditions reveal b values close to unity. (C) Plot of 
gravimetric specific capacities as a function of electrolyte pH obtained from CVs at a scan rate of 0.2 mV s–1. (D) 
Ex-situ high resolution O (1s) and N (1s) XPS of polarized electrodes highlight changes at C=O and C=N groups at 
pH = 0 and 14.7. (E) EDS mappings of polarized pBTABQ under at pH = 0 and 14.7. (F) DRUV-Vis spectra of 
pristine and pBTABQ and after soaking in aqueous solutions of 4 M HCl or 6 M KOH. 
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Figure 5.55. CVs of pBTABQ in highly acidic or basic electrolytes. (A) A cyclic voltammogram of pBTABQ in 1 
M NaCl aqueous electrolyte with pH = 0. (B) A cyclic voltammogram of pBTABQ in 1 M NaCl aqueous electrolyte 
with pH = 14.7. The scan rate is 1 mV s–1. 

 

 
Figure 5.56. The cyclic voltammogram of pBTABQ recorded at a scan rate of 1 mV s–1 in 1 M NaCl electrolyte 
adjusted to pH = 1. Two sets of redox peaks can be noted here, whereas the second set of redox peaks is not obvious 
in the CV curve for pH = 1 shown in the main text due to higher scan rate (5 mV s–1). 

 

 
Figure 5.57. CVs of BTABQ in highly acidic or basic electrolytes. (A) A cyclic voltammogram of BTABQ in 1 M 
NaCl aqueous electrolyte with pH = 0. (B) A cyclic voltammogram of BTABQ in 1 M NaCl aqueous electrolyte with 
pH = 13. The scan rate is 1 mV s–1. 
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Figure 5.58. pH-dependence of charge storage performance of BTABQ. A plot of gravimetric specific capacities 
versus electrolyte pH obtained from CVs at a scan rate of 0.2 mV s–1 for BTABQ. At pH > 11.5, BTABQ start to 
dissolve in the electrolyte very slowly upon electrochemical polarization. We note that the charge capacity of BTABQ 
at pH = 0 condition (0.2 mV s–1), 230 mAh g–1, corresponds to 1656 F g–1 in capacitance. 

 

 
Figure 5.59. Rate capability of pBTABQ electrodes tested under different pH values. Left y-axis shows specific 
capacity, while the right y-axis shows the capacity retention at different scan rates. A good retention of specific 
capacity even at very short discharge time (i.e. high scan rate) highlights the power capability of pBTABQ. 

 

 
Figure 5.60. Cyclic voltammogram of pBTABQ in 1 M NaCl aqueous electrolyte with pH = 0 at a slow scan rate of 
0.05 mV s–1. Capacity calculated from this CV (320 mAh g–1) was used as the experimental maximum value (Cmax) 
of capacity in Figure 5.58. 
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Figure 5.61. Galvanostatic charge-discharge studies of pBTABQ in acidic electrolyte. (A) GCD curves of pBTABQ 
in 1 M NaCl aqueous electrolyte at pH = 0 at various current densities from 2 to 10 A g–1. (B) Corresponding 
gravimetric specific capacitance and specific capacity. (C) GCD cycling of pBTABQ in 1 M NaCl aqueous 
electrolyte with pH of 0 at a current density of 15 A g–1. ~90% capacity retention is still observed after 30000 GCD 
cycles. 

 
Figure 5.62. Charge storage performance of pBTABQ in basic electrolyte. (A) The cyclic voltammograms of 
pBTABQ in basic aqueous electrolyte (pH = 14) before and after cycling. (B) Capacity retention of pBTABQ during 
cycling. 

Ex-situ studies on polarized electrodes provided information on the nature of the redox peaks leading 

to high capacities under acidic and alkaline conditions. First, a decrease in the intensity of the C=O and 

C=N components of the O (1s) and N (1s) XPS signals, respectively, upon polarization (Figure 5.54D) 

suggests that charge storage still occurs through the reduction of imines and carbonyls. A notable 

difference under highly acidic conditions is the absence of alkaline ions by elemental mapping (Figure 



243 
 

5.54E) and by XPS (Figure 5.63), which suggests that protons are exclusively responsible for charge 

storage under these conditions. Second, the emergence of distinguishable redox peaks suggests that redox 

states become more localized, likely arising from weakened electronic delocalization through partial 

protonation or deprotonation of pBTABQ under highly acidic or alkaline conditions. Indeed, soaking 

pBTABQ in strong acid and base leads to protonation and deprotonation, respectively, as verified by XPS 

(Figure 5.64). Concurrently, the UV-Vis spectra show significantly blue-shifted absorption (Figure 5.54F), 

as expected for diminished charge delocalization. XPS analysis (Figure 5.54D, 5.65) indicates that under 

acidic conditions, redox processes are proton-assisted, with the first peak involving both imines and 

carbonyls, and the second peak involving only carbonyl moieties. The broad peak observed under alkaline 

conditions can instead be assigned to the formation of enolates (Figure 5.54D). The exclusive involvement 

of protons at the expense of metal cations at high acidity implies excellent bulk proton diffusion under 

these conditions, as may be expected for Grotthuss transport through the extensive hydrogen bonding 

network of pBTABQ (Figure 5.66)31. The hydrogen bonding-assisted proton transport may also explain a 

lack of exfoliation of BTABQ in acidic electrolytes compared to neutral alkali electrolytes (vide supra) 

(Figure 5.54E). However, the same argument for the role of protons cannot explain the considerable 

increase in specific capacity of pBTABQ at pH > 13, where the concentration of protons is very low. 

Under these conditions, intercalation of hydrated Na+ dominates, with a substantially larger amount of Na 

evident by EDS under alkaline conditions than under neutral conditions (Figure 5.54E, 5.67, 5.68, Table 

5.3). The seemingly anomalous increase in capacities at the pH extremes highlights the importance of 

combining intercalation with a flexible hydrogen-bonded structure that either promotes proton transport 

at low pH, or allows deprotonation at high pH, thus allowing metal cation intercalation31. 

 

 
Figure 5.63. Ex-situ XPS scans at the metal region. (A) Li 1s region of ex-situ XPS of negatively polarized pBTABQ 
in 1 M LiCl aqueous electrolyte at pH = 0. (B) Na 1s region of ex-situ XPS of negatively polarized pBTABQ in 1 M 
NaCl aqueous electrolyte at pH = 14.7. 
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Figure 5.64. High resolution XPS spectra of acid- or base-treated pBTABQ. (A) Cl (2p) XPS spectrum of HCl-soaked 
pBTABQ. (B) K (2p) and C (1s) spectrum of KOH-soaked pBTABQ. The presence of Cl in HCl-soaked pBTABQ, 
and the presence of K in KOH-soaked pBTABQ prove that pBTABQ is protonated and deprotonated in highly acidic 
and basic electrolytes, respectively. 

 
Figure 5.65. Ex-situ XPS and FTIR characterizations of negatively polarized BTABQ and pBTABQ. (A, B) Ex-situ 
high resolution XPS spectra of negatively polarized BTABQ in acidic aqueous electrolyte (LiCl/HCl, pH = 0). (C) 
Ex-situ high resolution XPS spectra of negatively polarized BTABQ in basic aqueous electrolyte (NaCl/NaOH, pH 
= 14.7). Similar redox response of BTABQ, relative to pBTABQ, toward electrolyte pH values is confirmed by ex-
situ XPS data. (D) Ex-situ ATR-FTIR spectra of negatively polarized pBTABQ electrodes at pH = 0 or 14. Although 
notable changes can be seen, thorough interpretation of the changes of main bonds is complicated by the convoluted 
nature of FTIR spectra. 



245 
 

 
Figure 5.66. Electrochemical impedance spectra of pBTABQ in 1 M LiCl aqueous solution at pH = 0. Negative 
polarization at different potentials was applied during measurements. The Nyquist plots display typical capacitor-
like features with low equivalent series resistances, short semicircles and 45° transition regions along with extended 
90° capacitive regions at low frequencies (A). The charge-transfer resistances decreased with more negative 
potentials applied, suggesting that the redox processes became more facile upon polarization and the bulk of electrode 
was utilized for charge storage. Altogether, the charge storage is not limited by proton diffusion. 

 

 
Figure 5.67. Ex-situ HAADF-STEM EDS mapping of negatively polarized pBTABQ in acidic and basic electrolytes. 
(A) Acidic aqueous electrolyte (1 M NaCl at pH = 0). (B) Basic aqueous electrolyte (1 M NaCl at pH = 14.7). Scale 
bars: (A) 500 nm; (B) 1 μm. A very small amount of Na (close to the noise level) was observed for polarized pBTABQ 
in acidic electrolyte. 
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Figure 5.68. Ex-situ HAADF-STEM EDS mapping of negatively polarized BTABQ in basic electrolyte. The basic 
aqueous electrolyte is 1 M NaCl aqueous solution adjusted to pH = 14.7. Scale bars: 500 nm. 

5.3.4 Deep Charge-Discharge Capability 

Benefiting from the recent development of water-in-salt electrolytes (WiSE)35,36, we explored deep 

charge-discharge capability of pBTABQ in a larger reductive potential window of 1.5 V. CVs recorded in 

17 molal (m) NaClO4 remain quasi-rectangular and deliver capacitances similar to those seen in aqueous 

neutral electrolytes, with over 90% capacity retention over 40,000 cycles (Figure 5.69A, 5.70). The 

corresponding Nyquist plots recorded under various negative polarizations confirm the capacitor-like 

features, as with those recorded in aqueous neutral electrolytes (Figure 5.71). Notably, EDS maps of 

polarized pBTABQ electrodes in WiSE reveal a significantly larger amount of intercalated Na+ ions 

relative to that observed in neutral electrolyte (Figure 5.72, Table 5.3). This indeed is reflected in a higher 

charge capacity of 225 mAh g–1 for the WiSE system, a 50% increase relative to neutral aqueous 

electrolytes. Rate capability studies display ultrahigh-rate performance at various active material loadings 

as high as 6 mg cm–2, a practical loading value (Figure 5.69B). For instance, discharge capacities greater 

than 100 mAh g–1 can be delivered within 60 seconds. A comparison between the performance of pBTABQ 

in acidic, alkaline, or WiSE electrolytes and state-of-the-art high-capacity LIC cathodes and high-rate 

pseudocapacitive electrodes is shown in Figure 5.69C (see also Figure 5.73). In a full cell, an asymmetric 

hybrid capacitor fabricated using pBTABQ as the negative electrode and porous activated carbon as the 

positive electrode delivers 2 V and cycles safely over 60,000 cycles with a capacitance retention of over 

90% (Figure 5.74, 5.75). Optimization of the WiSE electrolyte (see supplemental experimental 

procedures)37 further enhances the voltage window to 2.3 V (Figure 5.76). These preliminary full-cell data 

and the high average discharge voltage of pBTABQ vs. Li+/Li (2.71 V, Figure 5.77) point to future 

opportunities for further optimizing asymmetric full-cells, for instance by using low voltage anodic 

materials such as lithium titanium oxide and graphite. Indeed, CVs of pBTABQ in several state-of-the-art 

WiSE formulations (Figure 5.78) that function well against lithium titanium oxide and graphite38, show 

that our materials retain their performance in these electrochemical environments. Overall, the new 
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materials reported here, together with the structural and compositional principles underlining their 

electrochemical performance, provide important blueprints toward the use of organic pseudocapacitive 

materials in practical, high-rate, high-capacity EES devices. 

 
Figure 5.69. Electrochemical studies in water-in-salt electrolytes (WiSE) and performance benchmarking. (A) CVs 
of pBTABQ obtained at scan rates of 10, 20, and 40 mV s–1 using 17 m NaClO4 WiSE electrolyte. (B) Power 
performance of pBTABQ in WiSE obtained from CVs at scan rates ranging from 0.2 to 100 mV s–1 on electrodes 
with active material loadings of 1.5, 2.5, 3.5, and 6.0 mg cm–2. (C) Comparison of rate performances for pBTABQ 
and related state-of-the-art LIC cathodes30,31 or pseudocapacitive16,21,23,32–34 electrodes. Materials tested at potentials 
greater than 2 V vs. Li+/Li and with a minimum active material loading of 1.5 mg cm–2 are chosen for comparison. 
MS-MXene: Ti3C2Tx synthesized in molten alkali salts, PBA: Prussian blue analog, PHATN: perylene diimide–
hexaazatrinaphthylene, NCA, NMCAM and NMA: Ni-rich analogues of LiNiO2 doped with Al, Mn, Co and Mg, 
Ni3BHT: Ni3(benzenehexathiol), e-MoO3: α-MoO3 with expanded interlayer gaps, an example of extrinsic 
pseudocapacitive materials. (* mass loading ~0.6 mg cm–2). 

 

 
Figure 5.70. Cycling study of pBTABQ in 17 m NaClO4 WiSE. ~90% of capacitance retention was obtained after 
40,000 cycles. 
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Figure 5.71. Electrochemical impedance spectra of pBTABQ in 17 m NaClO4 WiSE. The Nyquist plots under various 
negative polarizations display typical capacitor-like features with low equivalent series resistances, short semicircles 
and 45o transition regions along with extended 90° capacitive regions at low frequencies. 

 
Figure 5.72. Ex-situ HAADF-STEM EDS maps of negatively polarized pBTABQ in 17 m NaClO4 WiSE. 

 
Figure 5.73. Comparison of specific capacities at various rates. Comparison of rate performances for pBTABQ and 
related state-of-the-art LIC cathodes or pseudocapacitive electrodes. Materials tested at potentials greater than 2 V 
vs. Li+/Li and with a minimum active material loading of 1.5 mg cm–2 are chosen for comparison. MS-Mxene: 
Ti3C2Tx synthesized using Molten alkali salts, PHATN: perylene diimide–hexaazatrinaphthylene, NCA, NMCAM 
and NMA: Ni-rich analogues of LiNiO2 doped with Al, Mn, Co, and Mg, Ni3BHT: Ni3(benzenehexathiol), e-MoO3: 
α-MoO3, with expanded interlayer gaps, an example of extrinsic pseudocapacitive materials. Reduced MoO3–x data 
are not presented in the main text due to its ultra-low mass loading (two orders of magnitude lower than our materials). 
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Figure 5.74. Electrochemical measurements of pBTABQ-based asymmetric EC and the stability test of pBTABQ in 
WiSE. (A) CV curves of an asymmetric electrochemical capacitor (EC) with pBTABQ and porous activated carbon 
(AC) as the negative and positive electrodes, respectively, and 17 m NaClO4 WiSE. (B) Individual electrode 
potentials and full-cell potentials during cell operation from 0 to 2.0 V. Red lines: full-cell potential; blue lines: 
potential of the negative electrode (pBTABQ); cyan lines: potential of the positive electrode (AC). (C) A slow scan 
CV of a pBTABQ three-electrode cell using 17 m NaClO4 WiSE, confirming the operating voltage window of 
pBTABQ (–1.3 V to +0.2 V vs. AgCl/Ag). (D) Constant voltage polarization of pBTABQ in a three-electrode cell 
using 17 m NaClO4 WiSE. The potential of pBTABQ electrode was set at –1.3 V vs. AgCl/Ag. As each cycle takes 
about an hour and 15 minutes, 20 cycles mean that pBTABQ undergoes constant voltage polarization for 30 hours. 
The impedance show little change, especially in the semicircle region, upon long time polarization, proving that 
pBTABQ electrode has good stability in WiSE systems under operating conditions. 
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Figure 5.75. Galvanostatic charge-discharge cycling studies of pBTABQ-based asymmetric EC. (A) GCD curves of 
an asymmetric EC with pBTABQ as the negative electrode and porous activated carbon (AC) as the positive electrode, 
and 17 m NaClO4 WiSE. (B) Cycling of the EC at a current density of 2 A g–1. (C) Cell capacitance (based on the 
mass of both electrodes) retention at various current densities, suggesting the good rate capability of pBTABQ in a 
practical device. 

 

 
Figure 5.76. An pBTABQ-based an asymmetric EC with a voltage window of 2.3 V. (A) CV curves of an asymmetric 
EC with pBTABQ as the negative electrode and porous activated carbon (AC) as the positive electrode, and WiSE. 
The WiSE used here contains 12.5 m LiNO3 in 1:1 weight ratio of water and 1,5-pentanediol. (B) Individual electrode 
potentials during cell operation from 0 to 2.1 V, 2.2 V, and 2.3 V, respectively. 
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Figure 5.77. The comparison of operating voltage windows of pBTABQ and prototypical pseudocapacitive materials. 
pBTABQ functions in potentials from 1.91 – 3.51 V vs. Li+/Li, leading to a nominal voltage of 2.71 V vs. Li+/Li. 
This favorably high potentials of pBTABQ relative to MXenes and Nb2O5 allow fabrication of devices with higher 
nominal cell voltages. For instance, at a charge-discharge rate of 10 C, pristine MXenes and Nb2O5 deliver charge of 
~150 mAh g–1 whereas, pBTABQ delivers 180 mAh g–1 using WiSE. More importantly, pBTBAQ delivers this 
capacitance at a much higher nominal voltage of 2.71 V vs. Li+/Li relative to 1.2 V and 1.6 V vs. Li+/Li for MXenes 
and Nb2O5, respectively (Figure 3). The substantially higher voltage of pBTABQ allows fabrication of an asymmetric 
pseudocapacitor full cell with lithium-titanium-oxide (LTO, ~1.5 V vs. Li+/Li) as the anode, a prototypical high-rate 
pseudocapacitive material. Such a cell would offer a nominal voltage of 1.3 V with high-power characteristics and 
outperform a MXenes/Graphite hybrid cell both in terms of nominal voltage (1.1 V) and power capability. 
Alternatively, a pBTABQ/Graphite hybrid cell would deliver a nominal voltage of 2.5 V, more than double that of a 
MXenes/Graphite cell. Nominal voltage is calculated as the difference between the average discharge potentials of a 
cathode and an anode. 

 

 
Figure 5.78. CVs of pBTABQ recorded in a variety of WiSE formulations. (A) CVs of pBTABQ recorded in a variety 
of WiSE formulations of Bisolvent in Salt (BSIS-DOL (Dioxolane), BSIS-ACN (Acetonitrile)). (B) CVs of pBTABQ 
recorded in Water-in-Bi-Salt (WIBS, LiTFSI and LiOTf). (C) CVs of pBTABQ recorded in WiSE containing 
asymmetric donor-acceptor methyl urea molecules (MU-0.19). A CV recorded in 17 m NaClO4 WiSE were added to 
each panel for the reference (noted as “WiSE”). BSIS and MU-0.19 formulations are reported to form stable SEIs at 
deep reduction potentials corresponding to LTO. Whereas WIBS, together with fluorinated additives, are reported to 
enable Graphite anodes. pBTABQ performs well in all WiSE formulations, showcasing the potential to function in 
hybrid cells with either LTO or Graphite as the anode. The details of a variety of WiSE formulations are presented 
in supplemental experimental procedures. 
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5.4 Experimental Procedures 

5.4.1 Data Availability 

Crystallographic parameters for the structure of BTABQ are archived at the Cambridge 

Crystallographic Data Center (CCDC) (www.ccdc.cam.ac.uk) under the reference No. CCDC 2144223. 

5.4.2 Materials and Synthetic Methods 

Synthesis of bis-tetraaminobenzoquinone (BTABQ) 

Precursor tetraamino-p-benzoquinone (TABQ) is synthesized using a previously reported procedure39. 

To a 15 mL pressure tube (ACE Glass, 150 psi) with 28.4 mg of TABQ and 220 mg of 

tetrabutylammonium chloride (TBACl, TCI) was added 6 mL of dimethylformamide (DMF, Sigma-

Aldrich). The tube was capped under ambient condition, sonicated for 1 min, and then put into an 

isothermal oven at 120 °C. After 12 hours, the tube was cooled down to room temperature, and the reaction 

mixture was filtered and washed with DMF until the filtrate coming out became colorless. The resulting 

black solid was further washed with methanol (Sigma-Aldrich) and dried under air. 15.5 mg of BTABQ 

was obtained (60% yield). BTABQ is insoluble in common NMR solvents. Solid-state NMR of BTABQ 

(Figure 5.10): 174.8 ppm (C=O), 146.4 ppm (C=N), 134.5 ppm/129.9 ppm (C–N/C–O). Elemental analysis 

(Table 5.2): C12H10O4N6, found: C, 47.14%; H, 2.84%; N, 26.06%; calculated: C, 47.69%; H, 3.33%; N, 

27.81%. MALDI-TOF: [M+H]+: found, 302.808; calculated: 303.1; within the ±1 Da error of the 

instrument (Figure 5.19). FTIR (cm–1): 3470, 3404, 3356, 3298, 3235, 1651, 1626, 1614, 1568, 1543, 1462, 

1364, 1244, 1186, 1136, 721, 654. The crystallinity of BTABQ was characterized by PXRD (Figure 5.9). 

The synthesis of BTABQ can be scaled-up to gram scale. To a 250 mL Schlenk tube (ChemGlass) with 

1.07 g of TABQ and 10.3 g of tetrabutylammonium bromide (TBABr, Sigma-Aldrich) was added 80 mL 

of DMF. The Schlenk tube was sealed under ambient conditions, sonicated for 1 min, and then put into an 

isothermal oven at 120 °C. After 12 hours, the Schlenk tube was cooled down to room temperature, and 

the reaction mixture was filtered and washed with DMF until the filtrate coming out became colorless. 

The resulting black solid was further washed with methanol and dried under air yielding 0.4 g of BTABQ 

(42% yield). 

Synthesis of polymerized BTABQ (pBTABQ) 

100 mg of BTABQ was transferred into a glass tube, heated at ~300 °C under vacuum for 2 days. 85 

mg of pBTABQ was obtained as black solid. Elemental analysis: (Table 5.2): C36H10O10N16, found: C, 

52.48%; H, 1.44%; N, 26.34%; calculated: C, 52.31%; H, 1.22%; N, 27.11%. MALDI-TOF: [M+H]+: 

found, 827.232; calculated: 827.1; [(M–NH3)+H]+: found, 810.125; calculated: 810.1; within the ±1 Da 

error of the instrument (Figure 5.19). Solid-state NMR spectrum of pBTABQ exhibits a broad peak 

centered at 140 ppm (Figure 5.10). FTIR (cm–1): 3468, 3404, 3352, 3298, 3236, 1736, 1686, 1647, 1624, 
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1543, 1460, 1385, 1358, 1242, 1184, 1134, 1068, 926, 770, 746, 721, 679, 633. The synthesis of pBTABQ 

can be scaled-up to gram scale. To a 25 mL thick-wall Schlenk tube (Synthware) was added 1.69 g of 

BTABQ, and the tube was heated at ~300 °C under vacuum for 2 days. 1.24 g of pBTABQ was obtained 

as a black solid. 

Electrode and electrolyte preparations 

The working electrodes were fabricated as a slurry by mixing active materials, polyvinylidene fluoride 

(PVDF) and acetylene black carbon in a ratio of 8:1:1 using dimethylformamide and were coated onto 

carbon fibre paper disk (Fuel Cell Earth). The as prepared electrodes were dried at 65 °C in air for 3 h 

prior to drying under vacuum at 120 °C overnight. The dried electrodes have loading densities of 1.5~6 

mg cm–2. 1.5~2 mg cm–2 loading was used for most of the three-electrode cells. 2.5, 3.5, and 6 mg cm–2 

loadings were used for mass loading-performance studies shown in Figure 5. The activated carbon (YP50) 

counter electrodes were prepared as thin films by repeated kneading and rolling of a slurry of activated 

carbon, acetylene black and a polytetrafluoroethylene (PTFE) solution mixture, in a ratio of 8:1:1, with 

ethanol. The prepared films were dried at 120 °C overnight prior to use. The BTABQ electrodes for in 

house ex-situ PXRD and ss-NMR measurements were also made as thin films using the same method with 

the same component ratio. 1 M aqueous solutions of LiCl, NaCl, MgCl2, and tetraethylammonium chloride 

(TEACl) were used for electrochemical tests in neutral conditions. Aqueous electrolytes with pH values 

ranging from 0 to 14.7, and water-in-salt electrolytes were prepared according to supplemental 

experimental procedures. 

Preparation of electrolytes 

Electrochemical tests in neutral conditions were performed using 1 M aqueous solutions of LiCl, NaCl, 

MgCl2, tetraethylammonium chloride (TEACl) in deionized water. The role of pH on electrochemical 

performances was probed using electrolytes with pH values ranging from 0 to 14.7. Electrolytes with 

intermediate pH values between 2 and 13 were buffered, whereas highly acidic and basic solutions were 

unbuffered. While 1 M NaCl was used to maintain comparable ionic strengths, HCl and NaOH were used 

to adjust the pH of buffered solutions. A description of electrolytes and their constituents are given below: 

Electrolyte pH Electrolyte constituents 

0 1 M HCl + 1 M NaCl 

1 0.1 M HCl + 1 M NaCl 

2.6 89 mL 0.1 M Citric acid + 11 mL 0.2 M Na2HPO4 + 1 M NaCl 

3.4 71 mL 0.1 M Citric acid + 29 mL 0.2 M Na2HPO4 + 1 M NaCl 

4.5 53 mL 0.1 M Citric acid + 47 mL 0.2 M Na2HPO4 + 1 M NaCl 

5.4 44 mL 0.1 M Citric acid + 56 mL 0.2 M Na2HPO4 + 1 M NaCl 
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7.3 9 mL 0.1 M Citric acid + 91 mL 0.2 M Na2HPO4 + 1 M NaCl 

9.0 10 mL 0.1 M Na2CO3 + 90 mL 0.1 M Na2HCO3 + 1 M NaCl 

10.6 90 mL 0.1 M Na2CO3 + 10 mL 0.1 M Na2HCO3 + 1 M NaCl 

13 0.1 M NaOH + 1 M NaCl 

14.7 6 M NaOH + 1 M NaCl 

Deep charge-discharge tests in water-in-salt electrolytes (WiSE) were done using 17 m (molality) 

NaClO4 in three-electrode configuration. Two electrode devices were fabricated using both 17 m NaClO4 

WiSE and WiSE that contains 12.5 m LiNO3 in 1:1 weight ratio of water and 1,5-pentanediol40. Detailed 

procedures for the preparation of WiSE formulations are available in references: Water-in-Bi-Salt 

(WIBS)41, Bisolvent in Salt (BSIS-DOL42, BSIS-ACN43), WiSE containing asymmetric donor-acceptor 

methyl urea molecules (MU-0.19)44. 

Supercapacitor assembly and electrochemical measurements 

The electrode materials were first tested in a three-electrode supercapacitor configuration with porous 

activated carbon as counter, a leakless miniature AgCl/Ag (EDAQ, Leakless Miniature AgCl/Ag 

Reference Electrode, Model ET072) as the reference electrode and a 25 μm thick cellulose sheet as a 

separator. Porous activated carbon electrodes with excess weight were used to counter the charges and 

ensure distinct responses from the working electrodes. A custom-built T-shape Swagelok type cell was 

used to assemble the cell components23. Stainless steel rods are used as current collectors for cells using 

neutral or basic electrolytes. Titanium rods are used as current collectors for cells using acidic electrolytes. 

Aqueous solutions of various metal salts were used as electrolytes. Cells were assembled in a fume hood 

and allowed to rest for 12 h before electrochemical tests. All electrochemical measurements were carried 

out using a Biologic VSP-300 potentiostat controlled by the software EC-Lab. EIS measurements were 

performed using a multi-sinusoidal signal with an amplitude of 10 mV over a large frequency range of 10 

mHz–200 kHz. Stability tests of pBTABQ-based three-electrode cells using water-in-salt electrolytes were 

performed by holding the potential of pBTABQ electrode at a voltage of –1.3 V (vs. AgCl/Ag) for an hour 

and measuring impedance (about 15 minutes). 20 cycles were performed, and equaled to about 30-hour 

potential hold at –1.3 V. Two-electrode asymmetric supercapacitors were fabricated by using BTABQ or 

pBTABQ electrode as the negative electrode, and porous activated carbon electrode as the positive 

electrode, with balanced weight according to their capacitance. The calculations of specific 

capacitance/capacity, and the analysis of electrode kinetics were detailed in supplemental experimental 

procedures. 

5.4.3 Physical Characterization Methods 

Powder X-ray diffraction (PXRD)  
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PXRD patterns were recorded using a Bruker Advance II diffractometer equipped with a θ/2θ 

reflection geometry and Ni-filtered Cu Kα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/ Kα1 = 0.5). 

The tube voltage and current were 40 kV and 40 mA, respectively. Samples for PXRD were prepared by 

placing a thin layer of the appropriate material on a zero-background silicon crystal plate. For the ex-situ 

measurements of cycled BTABQ electrodes, the thin films were collected from the cycled cells, washed, 

and dried before being placed at the center of a zero-background silicon crystal plate. High-resolution 

synchrotron PXRD data were collected at 100 K in the 11-BM beamline at the Advanced Photon Source 

(APS), Argonne National Laboratory using the Debye-Scherrer geometry and an average calibrated 

wavelength of 0.458111 Å. Pawley refinement of synchrotron data of BTABQ was conducted using 

TOPAS Academic (version 6). The refined lattice parameters of BTABQ at 100 K (Figure 5.7) are a = 

4.8923(1) Å, b = 11.2897(3) Å, c = 9.9041(4) Å, β = 101.67° in the space group P21/c, with Rwp = 5.828%, 

Rexp = 5.248%, Rp = 4.667%, and GoF = 1.11. 

cRED data collection, procession and structure solution of BTABQ 

The crystals were dispersed in ethanol and ultrasonication for 3 min. A droplet of suspension was then 

transferred on a copper grid with carbon film. The cRED data were collected on 200kV JEOL JEM-2100 

transmission electron microscope equipped with a quad hybrid pixel detector (Timepix, 512 × 512 pixels, 

pixel size 55 μm, Amsterdam Sci. Ins.). Before data collection, the sample was cooled down to 96 K by 

using Gatan cryo-transfer tomography holder. During the data collection, the goniometer was rotated 

continuously while the selected area electron diffraction (ED) patterns were captured from the crystal 

simultaneously by using the software of instamatic (Version 0.6)45. To balance the intensity of electron 

diffraction and resolution, all the ED patterns were recorded under the spot size 3 with the exposure time 

0.5 s. The 3D reciprocal lattice was reconstructed by the software REDp46, which was very useful for 

indexing and obtaining the reflection conditions. For the structure solution of BTABQ, a total of 12 crystals 

were measured and indexed with monoclinic symmetry, with mean lattice parameters of a = 4.9172(10) 

Å, b = 11.2565(2) Å, c = 9.9400(2) Å, β = 101.123(3)° in space group of P21/c (Figure 5.8, reflection 

condition: ℎ0𝑙𝑙, 𝑙𝑙 = 2𝑛𝑛;  00𝑙𝑙, 𝑙𝑙 = 2𝑛𝑛;  0𝑘𝑘0,𝑘𝑘 = 2𝑛𝑛). The X-ray crystallography software package XDS was 

used for data processing to estimate integrated diffraction intensities47. To improve the completeness, 

XSCALE was then applied for data merging47, which resulted in a completeness of 99.9% by merging the 

five datasets. The SHELX software package was used for structural analysis, whereas SHELXT was used 

for structure solution48. As the resolution of these cRED datasets was measured up to 0.625 Å (Figure 5.8), 

all non-hydrogen atomic positions in BTABQ can be located directly by an ab initial method. The 

SHELXL was used for structure refinement using electron scattering factors for all the atoms. The atomic 

displacement parameters (ADPs) for all framework atoms were refined anisotropically. Crystallographic 

details of BTABQ are summarized in Table 5.4. 



256 
 

Solid-state nuclear magnetic resonance (ss-NMR) spectroscopy  

ss-NMR spectra were conducted on a three-channel Bruker Avance Neo spectrometer operating at 

500.18 MHz and using a 3.2 mm HX solids probe capable of MAS (magic-angle spinning) speeds of up 

to 24 kHz. The solid samples were packed tightly into 3.2 mm ssNMR zirconia rotors and measured at a 

MAS speed of 17 kHz. The acquisition time of pristine BTABQ and negatively polarized BTABQ 

electrode film is about 2 hours. The acquisition time of pristine pBTABQ is about 12 hours. 

X-ray photoelectron spectroscopy (XPS)  

XPS measurements were performed using a Physical Electronics PHI Versaprobe II X-ray 

photoelectron spectrometer equipped with a monochromatic Al anode X-ray source. The main chamber 

pressure was in the 10–10 Torr range. BTABQ and pBTABQ powder samples were pressed on copper tapes 

with full coverage. Ex-situ samples were thoroughly washed after cell disassembly and were dried under 

vacuum before XPS measurements. Survey spectra were collected from 0~1100 eV in binding energy 

(BE), with a resolution of 0.8 eV. High resolution spectra of C (1s), N (1s), O (1s), and Li (1s) or Na (1s) 

(for negatively polarized samples) regions were collected with a resolution of 0.1 eV. BE calibration was 

not necessary, based on the deconvolution result of C (1s) region that gives adventitious carbon C1s peak 

around 284.8 eV. Deconvolution of the C (1s), N (1s), and O (1s) spectra were deconvoluted using 

CasaXPS. The FWHM of different components of each region were kept similar, except for the shake-up 

features which are intrinsically broad. Gaussian-Lorentzian product function with 30% of Lorentzian 

component (GL30) was used for the line shapes during the deconvolution of O (1s). LA(1.5, 2.44, 69) line 

shape was used for the deconvolution of N (1s) peaks. Angle-resolved XPS was conducted by tilting the 

sample stage to realize the change of photoelectron emission angles. Survey and high-resolution spectra 

of samples were taken at various emission angles, including 20°, 45° (normal XPS mode), 70° and 90°. 

Depth profiling of samples was conducted using Ar ion sputtering. Each etching cycle takes 60 seconds. 

XPS high resolution scans were conducted after every etching cycle. 

Diffuse reflectance UV-Vis-NIR (DRUV–Vis–NIR) spectroscopy 

DRUV-Vis-NIR spectra between 200 and 2500 nm were collected on a Cary 5000i spectrophotometer, 

fitted with the UV-Vis DiffusIR accessory (Pike Technologies), at the scan rate of 600 nm min–1 under 

ambient conditions. A KBr baseline and a zero-background correction were collected prior to the sample 

measurements. Samples were ground in air with dry KBr (99.9%, Pike technologies) in a mortar and pestle 

to produce 0.5-1 wt.% mixtures. 

Room temperature electrical conductivity measurements  

Measurements were carried out at 294 K in ambient atmosphere on pressed pellets using a 4-probe 

probe setup described previously49. For each sample, the conductivity values were averaged among at least 

3 devices. 
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In-situ wide-angle X-ray scattering (WAXS) measurements  

Measurements were conducted at the Soft Matter Interfaces beamline (12-ID) of the National 

Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory with a beam energy of 16.1 

keV and beam size of 200 × 20 μm. The coin cells were connected to the Princeton Applied Research 

Potentiostat (PARSTAT 2273) for in-situ bias controlling through metal wires. A home-made 3D printed 

holder was used to load the coin cell samples on the sample stage for transmission WAXS studies, ensuring 

that the cells were in the line of the beam. The Scattered data were collected in a vacuum with a PILATUS3 

300 kW detector (Dectris, Switzerland), consisting of 0.172 mm square pixels in a 1475 × 195 array. To 

obtain a wide range of wave vector transfer (q), a series of 2D diffraction patterns were collected by 

rotating the detector on an arc with the sample-to-detector distance being 275 mm. Scattering patterns 

from each detector angle were stitched together using custom software and then reduced to 1D scattering 

intensity versus q curve by circular average. In-situ cells for WAXS were designed by machining 

commercial CR 2032 Coin cells. Specifically, a hole with a diameter of 3 mm was drilled into the top and 

bottom casings of the Coin cells. The holes were capped with a piece of Kapton tape and sealed with epoxy 

to facilitate transmission of X-rays and prevent electrolyte from leaking. Similar holes were also made in 

the separator and the porous carbon counter electrode. All cell components were arranged carefully into a 

stack to ensure a seamless transmission of X-ray beam through the BTABQ pellet. The fabricated cells 

were tested for their electrochemical performances using cyclic voltammetry prior to loading them in the 

WAXS chamber. Cells were tested at their corresponding rest potentials and then reversibly polarized to 

–0.9 V vs. OCP. 

Ex-situ high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM)  

HAADF-STEM images and energy dispersive spectroscopy elemental mapping were collected on a 

JEOL 2010 FEG Analytical Electron Microscope equipped with an Oxford Instrument ULTIM MAX 

detector. The measurements were conducted while the specimens were under a high vacuum. The 

specimens were prepared by drop-casting polarized samples onto Cu grids. The specimens were dried 

under vacuum overnight before measurements. The negatively polarized samples were thoroughly washed 

with water to remove any remaining salt before preparing the specimens. 

DFT calculations  

Calculations were performed at B3LYP/def2-QZVP level for the two tautomers of BTABQ and at 

B3LYP/def2-TZVP level for pBTABQ using ORCA. The wave-function analysis was done by 

Multiwfn50,51. 

N2 adsorption isotherms 

Isotherms were measured by a volumetric method using a Micromeritics ASAP 2020 Plus gas sorption 

analyzer. An oven-dried sample tube equipped with a TranSealTM (Micromeritics) was evacuated and tared. 
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The sample was transferred to the sample tube, which was then capped with a TranSealTM. The sample 

was activated at 100 °C under high dynamic vacuum (< 10–4 mbar) for 24 hours before analysis. The N2 

isotherm was measured using a liquid nitrogen bath at 77 K. Ultrahigh purity grade (99.999% purity) N2, 

oil-free valves and gas regulators were used for all the free space correction and measurements. Fits to the 

Brunauer-Emmett-Teller (BET) equation satisfied the published consistency criteria. 

Thermogravimetric analysis (TGA)  

TGA measurements were performed on a TA Instruments Q500 Thermogravimetric Analyzer at a 

heating rate of 2.0 °C/min under air or N2 gas flow of 5 mL/min on a platinum pan from room temperature 

to 700 °C. 

Differential Scanning Calorimetry (DSC)  

DSC measurements were performed either on a Discovery 2500 DSC with a RCS 90 cooling system 

(TA Instruments). The DSC baseline and cell thermal parameters were calibrated using two sapphire discs. 

The temperature and cell constant were calibrated using an indium standard. ~ 6 mg of BTABQ was sealed 

under an atmosphere of N2 and was hermetically sealed in Al pans with a pinhole lid (TA Instruments). 

Heating and cooling rates of 5 °C min–1 with 1-minute isothermal holds in between each ramp (the 

isothermal hold data not shown) were used with a 50 mL min–1 N2 flow into the sample cell. An empty, 

hermetically sealed Al pan was used as a reference. Samples were scanned between 25 °C and 400 °C. 

The pans were loaded into the cell at 40 °C and cooled down to 25 °C before the start of measurements. 

The DSC data of BTABQ in a pinhole-free pan was collected using a Q100 DSC (TA Instruments). 8.4 

mg of BTABQ was hermetically sealed at ambient condition. The sample was scanned between 40 °C and 

400 °C. 

Elemental analyses (EA) 

EA were performed by Robertson Microlit Laboratories, Ledgewood, New Jersey. 

Scanning electron microscopy (SEM) 

SEM images were conducted at MIT MRSEC (formerly the Center for Materials Science and 

Engineering, or CMSE) on a Zeiss Merlin high-resolution scanning electron microscope with an InLens 

detector at an operating voltage of 3 or 4 kV. 

MALDI-TOF mass spectrometry 

Data was collected using a high-resolution Bruker Autoflex LRF Speed mass spectrometer in the 

positive linear mode. Measurement parameters were optimized separately for mass range 0–500 Da, 600–

3500 Da, and 5–20 kDa, respectively. Slight difference of the intensity of background signal in different 

mass ranges is expected. Dithranol (m/z = 226.08 Da for [M]+) was used as the Matrix. Powder samples 

were mixed with dithranol using mortar and pestle, and the mixtures were pressed into pellets for the 
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measurements. No internal standards were used; the spectra were calibrated using the mass of dithranol. 

Therefore, the mass accuracy is ±1 Da. 

Pair-distribution function (PDF)  

PDF measurements were conducted at beamline 28-ID-2 (XPD) of the National Synchrotron Light 

Source II (NSLS-II) at Brookhaven National Laboratory. The wavelength of the X-ray is 0.18423 Å, and 

the sample-to-detector distance is about 253 mm. The data was processed using the software PDFgetX3 

(https://www.diffpy.org/index.html). 

Cryo-HRTEM  

Cryo-HRTEM images were obtained at the Automated Cryogenic Electron Microscopy Facility in 

MIT.nano on a Talos Arctica G2 microscope operated at an accelerating voltage of 200 kV with a 

Falcon3EC direct electron detector. Samples were prepared by sonicating powders in isopropanol for ~5 

seconds. Specimens were prepared by drop-casting sonicated samples onto C-flatTM Cu grids with holey 

carbon for Cryo-EM. All image acquisition was done using EPU at an exposure time of 1 s, with focusing 

done adjacent to the region imaged to minimize beam exposure prior to image acquisition (standard low 

dose imaging protocols). Analysis of the raw HRTEM data was done using Gatan Microscopy Suite 

software (GMS 3). 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

ATR-FTIR measurements were performed on a Bruker Tensor 37 (MIR source and KBr beam splitter) 

with a mercury cadmium telluride (MCT, cooled with LN2) detector. Samples were placed onto the ATR 

crystal and pressed down using the swivel press to ensure optimal contact between samples and crystal. 

The data was averaged over 64 scans between 4000–600 cm–1 with the resolution of 4 cm–1. 

Raman spectroscopy  

Raman spectra of solid samples were measured using a Renishaw Invia Reflex Raman Confocal 

Microscope under the excitation laser of 532 nm, with the laser not exceeding 5% of the full power. 

Electron paramagnetic resonance spectroscopy (EPR)  

EPR measurements were performed on activated samples packed under nitrogen in septum-sealed quartz 

tubes using a Bruker EMX spectrometer equipped with an ER 4199HS cavity and Gunn diode microwave 

source at ~5 K, with a microwave frequency of 9.37 GHz, power of 0.100 mW, and attenuation of 33.0 

dB. The measurements were taken in perpendicular mode. Pure BTABQ and pBTABQ samples were used 

for the measurements. 

 

5.4.4 Crystallographic Data 

Table 5.4. cRED experimental parameters, crystallographic data and structure refinement details 
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Material code BTABQ 

Number of datasets 12 

Tilt step  0.23° 

Wavelength 0.0251 Å 

Program for data procession XDS 

Program for structure solution ShelxT 

Crystal system Monoclinic 

Unit cell dimensions 

a= 4.9172(10) Å,  

b= 11.2565(2) Å,  

c= 9.9400(2) Å 

β= 101.123(3) 

Possible space group P21/c 

Resolution 0.625 Å 

Completeness 99.9% 

Rint 49.97% 

No. of reflections 13148 

No. of unique reflections 1161 

Structure refinement against cRED data 

Formula C12N6O4 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions 

a= 4.8923(1) Å,  

b= 11.2897(3) Å,  

c= 9.9041(4) Å 

β= 101.67(3)° 

Volume 535.72(6) Å3 

Z 2 

ρ (g/cm3 )  1.811 

F(000) 103 

Dataset (h,k l) –6~6, –14~14, –12~12 

Tot., Uniq. Data, Rint 13148, 1161, 49.97% 

Observed Data [Fo > 4sig(Fo)] 625 

Nreflections, Nparameters, Nrestraints 1161, 88, 0 

R1, wR2, Gof  0.2797, 0.5946, 1.541 

I/𝜎𝜎 3.4 

ρmin, ρmax (e- /Å3 ) –0.4/0.2 

CCDC number 2144223 
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5.4.5 Electrochemical Calculations 

The specific gravimetric capacitance (Cg) was calculated from the discharge sequence of three-

electrode CV curves using the equation below: 

𝐶𝐶g = (�(𝑖𝑖𝑖𝑖𝑖𝑖))/(2𝑚𝑚𝑚𝑚𝑚𝑚V) 

The specific gravimetric capacity (Qg) was calculated from the discharge sequence of three-electrode 

CV curves using the equation below: 

𝑄𝑄g = (�(𝑖𝑖𝑖𝑖𝑖𝑖))/(2𝑚𝑚𝑚𝑚) 

The value was obtained in mAh g–1 by dividing the above value in Coulombs by 3.6. 

The specific gravimetric capacitance (Cg) was calculated from the discharge sequence of a GCD curve 

using the equation below: 

𝐶𝐶g = (𝑖𝑖𝑖𝑖𝑖𝑖)/(𝑚𝑚𝑚𝑚V) 

The specific gravimetric capacity (Qg) was calculated from the discharge sequence of a GCD curve 

using the equation below: 

𝑄𝑄g = (𝑖𝑖𝑖𝑖𝑖𝑖)/(𝑚𝑚) 

The value was obtained in mAh g–1 by dividing the above value in Coulombs by 3.6. 

For two electrode cells, capacitances and capacities were calculated by considering the mass of the 

active materials on both electrodes. Above, i = current, t = time, m = mass of the working electrode, dV = 

discharge potential window, ʋ = scan rate. CVs at different scan rates were compared by plotting their rate 

normalized currents: dividing current by the corresponding scan rates.  

Kinetics of the electrochemical processes were analyzed using the power law equation: 

𝑖𝑖(𝑣𝑣) = 𝑎𝑎𝑣𝑣𝑏𝑏  

Plotting log(i) vs. log (ʋ) allowed determination of b as the slope of the fit. Following this approach, 

b values were evaluated at various potentials on a CV over a range of scan rates using neutral, acidic, and 

basic electrolytes. 

The theoretical capacity of a material is calculated by Faraday’s law using the following equation: 

𝑄𝑄theoretical =
𝑛𝑛𝑛𝑛

3.6 ×𝑀𝑀𝑀𝑀
 mAh g−1 

where n is the number of electrons involved in the redox process, F is the Faraday constant (96485 s A 

mol–1), and MW is the molecular weight of the material (g mol–1). 

For BTABQ, the theoretical capacity is calculated to be 355 mAh g–1, based on the reduction of four 

carbonyl groups (n = 4). However, due to the keto-enol tautomerization of BTABQ, two amino groups out 

of four show significant imine character. Therefore, the reduction process happens on both imine and 
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carbonyl groups. Proposed reduction mechanism of BTABQ under cathodic electrochemical polarization 

is shown below. The presence of keto-enol tautomerization, extended conjugation, and hydrogen bonding 

lead to negative charge delocalization of in the reduced BTABQ species, accounting for the quasi-

rectangular CV shape. 

 
Scheme 5.2. Proposed charge storage mechanism of BTABQ. 

For pBTABQ, the theoretical capacity is calculated to be 389 mAh g–1, based on the chemical 

structure discussed above and the redox process shown below (n = 12; only one of the tautomers are 

shown): 

 
Scheme 5.3. Reduction of pBTABQ. 

We note that the pyrazine moieties are not reduced within the potential window we study. 
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Chapter 6. Fast-Charging, High-Energy, and Long-Lasting Practical Organic Li-ion Batteries 

6.1 Abstract 

Establishing sustainable value chains for battery materials is essential for global adoption of energy 

storage technologies.1 State-of-the-art inorganic cathode materials face severe supply chain limitations due 

to limited abundance and geopolitical restrictions.2,3 Organic electrode materials (OEMs), derived entirely 

from earth abundant elements, alleviate these concerns. OEMs provide additional environmental benefits 

owing to their less intensive mining requirements and lower temperature processing, which diminish their 

CO2 footprint.1,4 However, the OEMs’ performance lags that of inorganic cathodes as shortcomings related 

to poor conductivity, low storage capacity, or short cycle-life impose impractically large needs for 

additives for stable operation.5–7 Here we describe a small molecule fused aromatic compound (BTABQ) 

whose high electrical conductivity, high capacity for redox charge storage, and complete lack of solubility 

in any practical solvent allow it to reversibly intercalate Li+ ions and function as a competitive cathode 

material for Li-ion batteries, even as a neat material. Optimized electrode formulations based on BTABQ 

exhibit gravimetric capacities up to 340 mAh g–1 at an average discharge voltage of 2.5 V vs. Li+/Li and 

deliver an electrode-level energy density of 765 Wh kg–1, higher than most cobalt-containing cathodes. 

BTABQ-based cathodes operate at high charge-discharge rates at practical mass loadings reaching 16 mg 

cm–2 or 3 mAh cm–2. These results address longstanding challenges associated with OEMs and 

demonstrate operational competitiveness rivalling established inorganic cathode technologies. 
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6.2 Introduction 

Lithium-ion batteries (LIBs) are becoming increasingly important as efficient energy storage solutions 

for electrifying the transportation sector and decarbonizing the grid. However, the important role of cobalt8, 

a scarce and expensive metal that is often mined at high social costs (e.g., child labor), in battery cathodes 

has questioned the long-term sustainability, scalability and affordability of current battery technologies1. 

More generally, beyond cobalt-containing materials (e.g., LiCoO2 (LCO), Li[Ni1–x–yMnxCoy]O2 (NMC) 

and Li[Ni1-x-yCoxAly]O2 (NCA)) 9–12, all current and next-generation cathode alternatives (e.g., LiFePO4 

(LFP), over-lithiated layered Li1+xM1–xO2 (M = Mn, Ti, etc.)13–15 are also based on metal oxides that involve 

mining, refining, transportation, and treatment of mineral ores at elevated temperatures16,17. Mining and 

processing, while contributing extensively to global carbon emissions and local air and water pollution, 

are inherently limited by the natural abundance, disparate geographical distribution, and geopolitical 

restrictions on the mineral ores2,3. Even LFP, a favorite for next-generation EV batteries that uses 

inexpensive Fe as the only cathode metal, is challenged by the disputed use of phosphate, a critical 

feedstock for agriculture with a high supply risk. These features of current cathode materials present a 

pressing need for sustainable alternatives that are sourced from inexpensive, abundant precursors and that 

can be scaled globally through more environmentally benign processes.  

Organic molecules, derived entirely from earth abundant elements, benefit from excellent 

compositional diversity and structural tunability while offering requisite synthetic control for targeted 

designs as cathode materials for LIBs. Although the merits of replacing inorganic cathodes with organic 

counterparts have long been appreciated in the literature5–7, material candidates that deliver comprehensive 

performance along all metrics relevant for practical batteries have remained elusive. From a design 

perspective, small organic molecules offer the highest specific capacities by virtue of a dense arrangement 

of redox sites and their low molar masses. However, small discrete molecules have a strong propensity to 

dissolve in battery electrolytes and have low intrinsic electrical conductivity, which lead to poor cycling 

stability and slow electrode kinetics5. These inherent issues are routinely managed through extrinsic, and 

often impractical, solutions that involve preparing electrodes with conducting and polymeric binder 

additives that often exceed 40 wt.% 18–25. Alternative strategies to polymerize redox-active OEM 

candidates or immobilize them into frameworks often require compromise of one or more practical 

metrics6. As such, there continues to be a strong interest in designing intrinsically insoluble and electrically 

conducting molecular organics that exhibit high specific capacity at appropriate cathodic voltages for LIBs. 

To our knowledge, OEMs that fulfill all these criteria so as to rival inorganic cathodes are not known.  

Here, we report the use of a fused aromatic molecule, bis-tetraaminobenzoquinone (BTABQ), as a 

molecular organic electrode material (OEM) for LIBs. BTABQ, recently reported by us26, is characterized 
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with a dense arrangement of redox-active carbonyl (C=O) and imine (C=N) groups on an aromatic 

backbone and has a high theoretical specific capacity of 356 mAh g–1 via a four-electron reduction process. 

Strong intermolecular hydrogen bonding and donor-acceptor (D-A) π-π interactions in BTABQ render it 

insoluble in common battery electrolytes and impart extended bulk electronic delocalization. These 

favorable material features allow neat BTABQ electrodes (i.e., 100% active material) to reversibly store 

charge and cycle safely for hundreds of cycles, in stark contrast to the issues of electrode dissolution 

chronically experienced in reported OEMs. The two-dimensional (2D) layered arrangement of BTABQ 

molecules enables facile intercalation/de-intercalation of Li+ between the 2D layers and delivers excellent 

rate capabilities even at short charging times of 3 minutes. Optimized electrode compositions of BTABQ 

deliver excellent performances even at high areal mass loadings of 16 mg cm–2, comprehensively 

demonstrating the practical viability of BTABQ, and OEMs, in LIBs for the first time. 

6.3 Results and Discussion 

6.3.1 Synthesis, Crystal structure, and Electrical Conductivity of BTABQ 

BTABQ is obtained in gram scale by Michael condensation of tetraaminobenzoquinone (Figure 6.1a; 

see 6.4.2) and as highly crystalline micro-rods, as verified by its wide-angle X-ray scattering (WAXS) 

pattern, scanning electron microscopy (SEM) and Cryogenic electron microscopy (Cryo-EM) images 

(Figure 6.2a-c). BTABQ exhibits significant keto-enol tautomerization through the conjugation of 

carbonyl and amino groups within the two diaminobenzoquinone moieties that are connected by a dihydro-

pyrazine core, leading to both quinone and imine forms. The presence of imine tautomer in BTABQ is 

evidenced by the C=N signal at 140.8 ppm in its solid-state 13C NMR spectrum (Figures 6.1b, 6.3) and 

from the partial double bond character of two C–NH2 bonds according to its single crystal structure (Figure 

6.2d). The dihydro-pyrazine linkage is crucial for BTABQ to exhibit significant degree of electronic 

delocalization between two diaminobenzoquinone moieties relative to the electronic localization within 

each diaminobenzoquinone moiety observed for tetraamino-phenazine-1,4,6,9-tetrone (Figure 6.4), 

leading to a considerably small HOMO-LUMO gap of 1.242 eV for BTABQ (Figure 6.1a), which is about 

1 eV lower than that of tetraamino-phenazine-1,4,6,9-tetrone (Table 6.1). 
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Figure 6.1. Characterization of BTABQ. a, One-step solvothermal synthesis of BTABQ. The keto-enol tautomerism 
of BTABQ is represented by both quinone and imine forms with different energy levels. b, Solid state 13C-NMR 
spectrum of BTABQ confirms both quinone and imine forms. c, A 2D layer of BTABQ molecules formed by 
intermolecular hydrogen bonding (dashed lines). d, π-π stacking of BTABQ 2D layers with an interlayer spacing of 
3.14 Å. e, In-plane and f, out-of-plane molecular packing of BTABQ directly seen in Cryo-EM images. g, 1H and 
13C spectra of the supernatant obtained after heating BTABQ in deuterated N,N-dimethylformamide (DMF-d7) at 
120 ℃ overnight. Asterisks indicate solvent peaks. h, DRUV-Vis spectra of BTABQ and other common OEMs. 
Only BTABQ shows significant NIR absorption. i, Electrical conductivities of different classes of OEMs, BTABQ 
and state-of-the-art inorganic electrode materials versus typical amounts of additives required for electrode 
fabrication. 

Planar BTABQ molecules are surrounded by six neighbors and closely packed into two-dimensional 

layers through abundant intermolecular hydrogen bonding between carbonyl and amine/imine functional 

groups (Figure 6.1c). These layers stack through strong donor-acceptor π–π interactions with an interlayer 

distance, 3.14 Å (Figure 6.1d), which is substantially shorter than that of graphite (3.35 Å). Both the in-

plane dense molecular packing and the out-of-plane close stacking of layers in BTABQ can be directly 
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seen in high-resolution Cryo-EM (Figures 6.1e, 6.1f, 6.5-6.7) images and their corresponding fast Fourier 

transform (FFT), in great agreement with its single crystal structure. Owing to its compact solid-state 

packing, BTABQ exhibits low solubility in common organic solvents and battery electrolytes (Figure 6.2e, 

6.8). Notably, heating BTABQ in deuterated N,N-dimethylformamide at 120 ℃ overnight leads to little 

dissolution, as verified by the absence of BTABQ signals in the 1H and 13C spectra of the supernatant 

(Figure 6.1g). This uncommon insolubility, even at elevated temperatures, stands in stark contrast to other 

OEM reported for LIBs (Figure 6.8). Additionally, likely due to the combination of its intramolecular 

extended conjugation, intermolecular hydrogen bonding network, and interlayer π–π stacking, BTABQ 

exhibits broad absorption up to ~1600 nm in its diffuse-reflectance UV-Visible (DRUV-Vis) spectrum, 

indicating significant electronic delocalization. In comparison, other molecular OEMs, even those with 

extended aromatic cores, only show absorption below 800 nm (Figures 6.1h, 6.9a, 6.9b, 6.10), presenting 

a contrast to the unique electronic structure observed in BTABQ. Because of these features, BTABQ 

exhibits semiconducting behaviors with a transport activation energy of 319 meV and a champion room-

temperature electrical conductivity of 2.1×10–4 S cm–1 (Figure 6.9c), substantially higher than the common 

molecular OEMs that are generally either poor conductors or insulators, including tetraamino-phenazine-

1,4,6,9-tetrone (Figures 6.1i, 6.11, Table 6.2). Remarkably, the electrical conductivity of BTABQ is on 

par with that of LCO27 and state-of-the-art NMC28, and is about five orders of magnitude higher than that 

of LFP29. These favorable properties of BTABQ allow fabrication of battery electrodes with little to no 

conductive or binder additives and render great practical utility. In contrast, most, if not all, OEMs 

routinely need at least 40% of the total electrode weight for additives (Figures 6.1i, 6.9d)7. 
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Figure 6.2. Characterizations of BTABQ and common molecular OEMs. a, Experimental and simulated WAXS 
patterns of BTABQ. b, A SEM image of BTABQ. c, A Cryo-EM image of BTABQ. d, Bond lengths of BTABQ 
obtained from its crystal structure. e, Solubility tests of BTABQ in common organic solvents. 

 
Figure 6.3. 13C solid-state NMR spectrum of BTABQ. The peak at 140.83 ppm indicates the presence of C=NH, which 
is the result of keto-enol tautomerization of BTABQ. The peak at 169.27 ppm belongs to carbonyl groups, which 
have slightly lower chemical shift relative to common carbonyl signals (> 170 ppm) due to the excellent electronic 
delocalization in BTABQ molecules. The two peaks at 129.06 ppm and 124.53 ppm belong to C–N/C–O. 
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Figure 6.4. Molecular structure, and HOMO/LUMO orbital diagrams of BTABQ (1) and tetraamino-phenazine-
1,4,6,9-tetrone (2) optimized by DFT calculations. The bond length of the marked C–N bond of BTABQ matches 
well with the experimental determined bond length (CCDC 2144223), whereas that of 2 is significantly shorter than 
the experimental values and is within the range of C=N. The frontier orbitals of BTABQ exhibit significantly better 
electronic delocalization compared with 2, indicating better extended conjugation of BTABQ. 

 

Table 6.1. HOMO and LUMO energies of both quinone and imine forms of BTABQ (1) and tetraamino-phenazine-
1,4,6,9-tetrone (2). 

 
B3LYP/ma-def2-QZVP B3LYP/def2-TZVP 

HOMO 
(eV) 

LUMO 
(eV) 

HOMO-LUMO 
gap (eV) 

HOMO 
(eV) 

LUMO 
(eV) 

HOMO-LUMO 
gap (eV) 

1 (quinone) –4.9203 –3.4363 1.484 –4.4962 –3.2543 1.2419 

1 (imine) –4.912 –2.9941 1.9179 –4.8040 –2.8660 1.938 

2 –5.8621 –3.6328 2.2293 –5.7602 –3.5483 2.2119 
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Figure 6.5. A Cryo-EM image of BTABQ and its FFT. The diffraction spots in b correspond to a d spacing of 3.15 
Å, matching well with the interlayer distance of BTABQ 2D layers. The π–π stacking direction of BTABQ 2D layers 
is parallel to the long axis of this BTABQ rod, as indicated by the white arrow in a. Higher magnification images of 
the highlighted dashed square areas are shown in Figure 6.6. 

 
Figure 6.6. High magnification Cryo-EM images of BTABQ. a, the yellow dashed square area; c, green dashed 
square area; d, blue dashed square area. b, FFT of a. Scale bars of FFT, 2 nm–1. The π–π stacking of BTABQ 2D 
layers can be directly seen and confirmed by FFT. 
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Figure 6.7. Cryo-EM images of BTABQ. a, A Cryo-EM image of a single crystal of BTABQ. b, A high magnification 
micrograph of the green dashed square area and its FFT. c, A high magnification micrograph of the yellow dashed 
square area and its FFT. d, A high magnification micrograph of the blue dashed square area and its FFT. The short 
white dashes in b, c, and d are individual BTABQ molecules. The highly ordered intermolecular solid-state packing 
is revealed by the FFT. The highest resolution is 1.6 Å. Scale bars of FFT, 2 nm–1. 
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Figure 6.8. Solubility tests of BTABQ and common molecular OEMs in LP30 electrolyte. The photos were taken 
after three-day soaking. While BTABQ shows no dissolution into LP30 electrolyte, most of the exanimated molecular 
OEMs undergo various degrees of dissolution into LP30 electrolyte. 
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Figure 6.9. Electronic properties of BTABQ and common molecular OEMs. a, DRUV-Vis spectra of BTABQ and 
common molecular OEMs. b, DRUV-Vis spectra plotted in the energy scale, highlighting that only BTABQ exhibits 
significant low-energy absorption. c, Temperature dependence of the electrical conductivity of BTABQ, revealing 
the thermally-activated carrier transport behavior. The fitting of data using Arrhenius equation gives an activation 
energy Ea of 319 meV. Inset shows an I-V curve of BTABQ pellet at room temperature. d, Electrical conductivity 
values of different classes of molecular OEMs and BTABQ versus typical amounts of additives required for electrode 
fabrication. 
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Figure 6.10. DRUV-Vis-NIR spectra of BTABQ and selected molecular OEMs. 
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Figure 6.11. I-V curves of two-probe devices of BTABQ and common molecular OEMs with nominal voltage ≥ 2.0 
V. 
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Table 6.2. Summary of electrical conductivity of common molecular OEMs with nominal voltage ≥ 2.0 V and the 
corresponding active material content when they are used to make electrodes. 

Chemical structure of OEMs Active 
Material 
Content (%) 

Electrical 
Conductivity 
(S/cm) 

References 

O

O  
Benzoquinone (BQ) 

30 5.0×10–9 Adv. Sci. 2015, 2, 1500124. 

O

O  
Anthraquinone (AQ) 

40 2.0×10–9 Chem. Commun. 2009, 448–450. 

O O

O O  
Pyrene-4,5,9,10-Tetraone (PTO) 

30 2.9×10–9 Chem. Sci. 2013, 4, 1330–1337. 

O

O

OH

HO

 
2,5-Dihydroxy-1,4-benzoquinone 
(DHBQ) 

44.6 2.8×10–9 J. Power Sources 2013, 221, 186–
190. 

O

O

OMe

MeO

 
2,5-Dimethoxy-1,4-benzoquinone 
(DMBQ) 

40 1.9×10–9 J. Power Sources 2010, 195, 8336–
8340. 

O

O

HO

Cl

Cl

OH

 
Chloranilic acid (CA) 

60 2.4×10–9 Energy Environ. Sci. 2014, 7, 4077–
4086. 

O

O

OH

HO OH

HO

 
Tetrahydroxybenzoquinone 
(THBQ) 

47.6 3.7×10–9 J. Power Sources 2013, 221, 186–
190. 

O

O

Cl

Cl

Cl

Cl

 

a) 50 
b) 40 

1.5×10–9 a) Angew. Chem. Int. Ed. 2017, 56, 
12561−12565. 
b) Chem. Mater. 2015, 27, 7258–
7264. 
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Tetrachlorobenzoquinone (TCBQ) 

O

O

N

N

N

N
O

O O

O
O

OO

O

Tetraphthalimide benzoquinone 
(TPBQ) 

50 3.6×10–10 Angew. Chem. Int. Ed. 2017, 56, 
12561−12565. 

O

O

O

O

OLi

OLi

 
Li2C6O6 

(a) 60 
(b) 85 a 

2.3×10–7 (a) J. Phys. Chem. Lett. 2014, 5, 
3086–3092. 
(b) ChemSusChem 2008, 1, 348–
355. 

O

O

O

O

ONa

ONa

 
Na2C6O6 

60 1.7×10–8 (as 
received); 
9.3×10–7 (nano-
sized) 

Nat. Energy 2017, 2, 861–868. 

O

O

O

O  
5,7,12,14-Pentacenetetrone (PT) 

40 3.9×10–7 Int. J. Electrochem. Sci. 2011, 6, 
2905–2911. 

S

S
O

O

O

O  
Dibenzo[b,i]thianthrene-5,7,12,14-
tetraone (DTT) 

60 2.5×10–9 Angew. Chem. Int. Ed. 2016, 55, 
6428–6432. 

O

O

OO

OO  
Naphthalenetetracarboxylic 
dianhydride (NTCDA) 

a) 80 b 
b) 60 

8.1×10–10 a) Adv. Mater. 2007, 19, 1616–
1621. 
b) Nanoscale Adv. 2021, 3, 3199–
3215. 

O

O

O O

OO  
Perylenetetracarboxylic 
dianhydride (PTCDA) 

a) 80 a 
b) 70 

5.4×10–10 a) Adv. Mater. 2007, 19, 1616–
1621. 
b) Adv. Energy Mater. 2014, 4, 
1400554. 

H
N

N
H

OO

OO
 

45 2.4×10–9 Chem. Mater. 2014, 26, 7151–7157. 
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Naphthalenediimide (NDI) 
H
N

N
H

O O

OO
 

Perylenediimide (PDI) 

70 4.9×10–8 ACS Appl. Mater. Interfaces 2015, 
7, 21095−21099. 

O

O

OH

 
Lawsone 

Loaded onto 
porous gas-
diffusion layer 
(GDL) current 
collector 

1.0×10–10 
(Literature 
value); 2.3×10–9 
(Measured 
value). 

Adv. Energy Mater. 2017, 7, 
1602279. 

O

O  
1,4-Naphthoquinone (NQ) 

Loaded onto 
porous GDL 
current 
collector 

2.4×10–11 
(Literature 
value) 

Adv. Energy Mater. 2017, 7, 
1602279. 

O

O  
Menadione 

Loaded onto 
porous GDL 
current 
collector 

9.0×10–12 
(Literature 
value) 

Adv. Energy Mater. 2017, 7, 
1602279. 

N N

N

NN

N

 
Triquinoxalinylene (3Q) 

30 1.8×10–13 
(Literature 
value) 

Nat. Energy 2017, 2, 17074. 

NC

NC CN

CN

 
Tetracyanoquinodimethane 
(TCNQ) 

47.6 2.0×10–9 Sci. Rep. 2012, 2, 453. 

O
O O

OO
O  

Hexaketocyclohexane (C6O6) c 

50 3.3×10–7 Angew. Chem. Int. Ed. 2019, 58, 
7020 –7024. 

S

S

O

O  

30 3.1×10–9 Adv. Energy Mater. 2013, 3, 600–
605. 
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Benzo[1,2-b:4,5-b′]dithiophene-
4,8-dione (BDTD) 

N N

O O

 
1,10-Phenanthroline-5,6-dione 
(5,6-PhenQ) 

30 4.7×10–9 Chem. Sci. 2013, 4, 1330–1337. 

N

N

N
H

NH

O

O
 

Alloxazine (AX) 

41 4.6×10–9 Nat. Commun. 2014, 5, 5335. 

N

N

N
H

NH

O

O
 

Lumichrome (LC) 

43 4.8×10–9 Nat. Commun. 2014, 5, 5335. 

N

N

 
Phenazine 

40 2.8×10–9 Energy Stor. Mater. 2019, 20, 462–
469. 

Li
N

N
Li

Li
N

N
Li

H3CO2S
H3CO2S

SO2CH3
SO2CH3

 
Li4PTtSA 

50 5.1×10–9 Nat. Mater. 2021, 20, 665–673. 

N

N
O

H2N

NH2
O

O
NH2

O
H2N

 
Tetraamino-phenazine-1,4,6,9-
tetrone (TAPT) 

60 1.16×10–8 Angew. Chem. Int. Ed. 2022, 61, 
e202207221. 

a Rapid capacity decays. b The cell is not rechargeable after the second cycle due to electrode dissolution. c The 
nominal voltage is 1.7 V. 

6.3.2 Neat BTABQ as cathodes for organic batteries 

Due to its high conductivity and poor solubility, neat BTABQ can be directly used as electrodes (see 

6.4.3) in Li-ion half cells using lithium anode and commercial LP30 electrolyte (1.0 M LiPF6 in 1:1 

ethylene carbonate (EC)/dimethyl carbonate (DMC)). Galvanostatic charge-discharge (GCD) voltage 

profiles (Figure 6.12a) recorded at 25 mA g–1 (0.125 C) between 1.6–3.2 V (versus Li+/Li except for other 

notice) exhibit initial discharge and charge capacities of 297 mAh g–1 and 258 mAh g–1 based on the 

cathode mass, respectively, offering a first-cycle Coulombic efficiency (CEfirst) of 87%, which is 

comparable to the values (80–86%) of commercial NMC cathodes30. While three broad plateaus centered 

around 2.3 V, 2.7 V and 3.0 V were observed during charging, two distinct plateaus between 2.9–2.6 V 

and 2.3–2.0 V were observed during discharge, which store approximately equal amount of charge, ~130 
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mAh g–1, resulting in a nominal discharge voltage of 2.5 V. Similar voltage profile and capacity were also 

noted using electrochemically pre-lithiated graphite anodes (GrLi, see 6.4.3; Figure 6.13a). Increasing 

areal mass loadings to 10 mg cm–2, which has rarely been realized in organic cathodes even with more 

than 50 wt.% of carbon, only slightly decreased the reversible discharge capacity to 181 mAh g–1 relative 

to 205 mAh g–1 observed for 2.5 mg cm–2 (Figure 6.12a).  

 
Figure 6.12. Characterization of neat BTABQ electrodes. a, GCD voltage profiles of three neat BTABQ electrodes 
obtained in a half-cell configuration at 25 mA g–1 except for the red trace which is recorded at 40 mA g–1. Increasing 
the electrode mass loadings from 1.5 to 10 mg cm–2 led to a 70% retention of reversible capacity. b, Power capability 
of neat BTABQ electrodes recorded from 40 mA g–1 (0.2 C) to 750 mA g–1 (3.75 C). c, Power capability recorded at 
various CCCV charging rates and a discharge rate of 0.5 C. d, Slow cycling of a BTABQ/GrLi half cell. Inset shows 
the photo of a disassembled coin cell after cycling. e, Cycling studies of neat BTABQ half cells at higher rates of 1 
CCCV/1 C and 4 CCCV/0.5 C. f, Ex-situ 13C ssNMR spectrum of neat BTABQ electrode discharged to 1.6 V shows 
disappearance of both C=N (purple) and C=O (red) signals. g, Ex-situ FTIR spectra of neat BTABQ electrodes at 
various stages of a discharge-charge cycle show reversible changes in chemical signatures. h, Ex-situ DRUV-Vis 
spectra of BTABQ at various states of discharge. i, Schematic representation of the redox mechanism of both 
quinone- and imine-form of BTABQ. 

Faster charging rates of 0.4 C and 2.5 C deliver discharge capacities of 207 and 106 mAh g–1 (Figure 

6.12b), respectively. Using carbon-coated copper current collectors that commonly used for commercial 

anodes further improved the fast-charging capability, delivering discharge capacity of 125 and 105 mAh 

g–1 upon 10-minute and 6-minute CCCV (constant current constant voltage) charging, respectively (Figure 

6.12c). Diffusion coefficients of Li+ in neat BTABQ electrodes obtained using Galvanostatic intermittent 

titration techniques (GITT) revealed values of ~10–10 cm2 s–1 throughout the discharge/charge processes 
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(Figure 6.13b). The diffusion coefficients are similar to that of state-of-the-art inorganic cathodes28, 

demonstrating facile Li+ diffusion amid BTABQ crystals and more significantly, within each BTABQ 

crystal likely due to its layered structures and hydrogen-bonding networks. 

 
Figure 6.13. Battery performances of neat BTABQ-based half-cells using LP30 electrolyte. a, Typical GCD voltage 
profiles of neat BTABQ/GrLi half cells. b, GITT voltage profiles of a neat BTABQ/Li half-cell recorded at 0.1 C. c, 
Diffusion coefficients calculated based on GITT data. d, Slow cycling study of neat BTABQ/Li half-cell. 

Cycling studies at low charging/discharging rates are generally employed to evaluate the ability of 

OEMs against dissolution into electrolyte. Neat BTABQ electrodes can at least stably cycle 50 cycles at 

0.2 CCCV /0.125 C and 100% depth of discharge (DOD) with a capacity retention of 75% and an average 

CE of over 98% (Figures 6.12d, 6.13d). Remarkably, no electrode dissolution was observed after cycling, 

but BTABQ rods instead fractured into flakes along the cross-section, as verified by ex-situ SEM images 

(Figure 6.14). Cycling at higher rates of 1 CCCV/1 C and 4 CCCV/0.5 C exhibited near 100% CE and 

better retention of 88% and 80% over 100 cycles and 200 cycles, respectively (Figure 6.12e). Such cycling 

performance of neat OEM electrodes is unprecedented and serves as a testament for facile ion diffusion 

and electron transport capability, and virtual insolubility of BTABQ in battery electrolytes. 
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Figure 6.14. SEM images of pristine and cycled BTABQ electrodes. a, b, Pristine BTABQ electrode. c, BTABQ 
electrode after 80 cycles at 0.2 CCCV/0.1 C. Inset shows the photo of the corresponding cycled electrode and 
separator, confirming little electrode dissolution has happened. 

Employing neat BTABQ as the cathode also enabled a direct spectroscopic analysis of the redox 

processes without any possible influences from electrode additives. Ex-situ 13C ssNMR spectrum of 

BTABQ that is discharged to 1.6 V (Figure 6.12f) reveals the disappearance of both C=N (140.8 ppm) and 

C=O (169.2 ppm) signals, indicating that both functional groups are reduced during discharge. Ex-situ 

FTIR spectra of BTABQ measured at different potentials (Figure 6.12g) also exhibit a gradual decrease 

and recovery of the intensities of C=O and C=N stretching peaks at 1618 cm–1 and 1531 cm–1, respectively, 

during discharge and the subsequent recharge process. Interestingly, the O–H (3464 cm–1) and imine N–

H (3346 cm–1) stretching peak, and O–H scissoring peak coupled with the center dihydropyrazine ring 

modes (1460 cm–1), which stem from the imine tautomer (Figure 6.15a), almost completely disappear 

when BTABQ is discharged to the first plateau at ~2.5 V, indicating that the reduced imine form readily 

transforms to the more stable reduced quinone form, likely through the hydrogen bonding network (Figure 

6.12i). Given that the quinone form has a lower LUMO energy (Figure 6.1a) and thus in theory, a higher 

reduction potential relative to the imine form, the quinone form is likely to be reduced first during 

discharge process and the imine form tautomerizes to the quinone form simultaneously. The reduced 

BTABQ at 2.5 V is proposed to contain diradicals, which is supported by its DRUV-Vis spectrum 

revealing a significant polaronic band centered around 1200 nm (Figure 6.12h). Subsequent two-electron 

reduction gives the fully reduced BTABQ, corresponding to the second plateau centered around 2.2 V. 

Ex-situ DRUV-Vis spectra of BTABQ discharged to both 2.5 V and 2.0 V (Figure 6.15b) also reveal less 

intramolecular electronic delocalization relative to pristine BTABQ due to the lack of tautomerization 

(Figure 6.12h), as verified by the blue-shifted absorption at 2.67 eV (2.0 V) and 2.56 eV (2.5 V) relative 

to 2.41 eV of pristine BTABQ. Surprisingly, the intermolecular electronic delocalization is promoted upon 

discharge, indicated by the significantly enhanced polaronic absorption in the near-infrared region (Figure 

6.12h). Therefore, the electrical conductivity of BTABQ discharged to 2.0 V remains essentially 

unchanged compared to its pristine state (Figure 6.15c). The redox process of BTABQ is fully reversible 

and the molecular structure of BTABQ remains robust upon cycling, supported by the retention of its FTIR 
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spectrum after long cycling (Figure 6.15d). Overall, these features together rationalize the redox behavior 

of BTABQ as a two-step, 4-electron reduction process with a high theoretical capacity of 356 mAh g–1. 

 
Figure 6.15. Mechanism studies of the charge storage process of neat BTABQ electrodes. a, ATR-FTIR spectrum of 
BTABQ and the corresponding calculated vibrational modes. b, DRUV-Vis spectra of neat BTABQ electrodes in 
the pristine state, discharged to 2.5 V, and 2.0 V (versus Li+/Li). c, The I-V curve and corresponding electrical 
conductivity of BTABQ discharged to 2.0 V. The obtained electrical conductivity value is on par with the average 
value of pristine BTABQ. d, ATR-FTIR spectra of neat BTABQ electrodes in the pristine state and after slow cycling 
at 0.2 CCCV/0.15 C for 120 cycles. 
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6.3.3 BTABQ cathodes with practical level active material content 

To approach the theoretical capacity of BTABQ while not scarifying the electrode-level capacity due 

to the use of significant amount of conductive additives and binders, BTABQ composite electrodes with 

at least 90 wt.% active material content were studied for practical purposes. 5 wt.% of carbon black served 

as the conducting additive, while 5 wt.% of carboxymethyl cellulose (CMC) and/or styrene butadiene 

rubber (SBR) were chosen as binders. The use of CMC/SBR enables environmentally friendly water-based 

electrode slurry preparation process, eliminating the use of toxic N-methyl-2-pyrrolidone.32 Studies on 

composite electrodes were conducted in both commercial carbonate electrolytes, and ether-based 

electrolytes that are extensively used in upcoming organic36, lithium-metal and sulfur-based batteries37. 

 
Figure 6.16. Performance Characterizations of composite BTABQ electrodes with 90 wt.% active material. a, GCD 
voltage profiles of BTABQ composite electrodes with various binder compositions at using LP30 electrolyte. Insets 
are the SEM images of BTABQ composite electrodes using CMC/SBR (4:1) as the binder. b, GCD voltage profiles 
of the optimized BTABQ composite electrodes in different electrolytes. c, Power capability studies of BTABQ 
performed at a constant current discharge rate of 0.75 C and CCCV charge rates from 0.5 to 20 C. Inset shows the 
cycling study at 0.5 C charge and 30 C discharge. d, Cycling study of BTABQ at 25 mA g–1 in LiTFSI/DOL/DME 
electrolyte. e, Average capacity of cathodes over 600 hour-cycling at current densities ranging from 25 to 2000 mA 
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g–1. f, Cycling studies of BTABQ at 0.4 A g–1 (2 C) and 1 A g–1 (5 C) in LiTFSI/DOL/DME electrolyte. g, Rct and 
Rdiffusion of BTABQ-Li cells in LP30 and LiTFSI/DOL/DME electrolytes. 

 

 
Figure 6.17. Battery performances of half cells based on BTABQ/CMC/CB composite electrodes with 90% active 
content. a, The first- and second-cycle voltage profiles of a BTABQ-Li half cell at 25 mA g–1 in LP30. b, The first- 
and second-cycle voltage profiles of a BTABQ-GrLi half cell. c, Power capability studies of BTABQ half cells using 
Li and GrLi anodes. Constant current discharge rate of 0.5 C and increasingly faster CCCV charging rates from 0.5 
to 10 C are analyzed. d, Power capability of a BTABQ/Li half-cell and a BTABQ/GrLi half-cell recorded up to 2000 
mA g–1. e, Voltage profiles of the cell in d under various current densities. f, Power capability studies of the cell in 
d using both CCCV and constant-current protocols. 



293 
 

 
Figure 6.18. Constant-current charge-discharge studies at 25 mA g–1 of BTABQ composite electrodes in LP30VC 
and LP40VC electrolytes. a, The first- and second-cycle voltage profiles of a BTABQ-GrLi cell with a N/P mass 
ratio of 1.1. b, Power capability studies of the cell in a using both CCCV (upper) and constant-current (lower) 
protocols. c, Voltage profiles of the cell in a under various current densities. 

Compared to neat electrodes, CMC-only BTABQ composite electrodes delivered greater reversible 

capacity of 286 mAh g–1
BTABQ (Li anode) or 299 mAh g–1

BTABQ (GrLi anode) at 25 mA g–1 in LP30 with 
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enhanced CEfirst of 92%~94% (Figure 6.16a, 6.17a,b), exhibited significantly improved rate capability and 

cycling stability over neat BTABQ electrodes (vide supra, Figure 6.17c-f). A proof-of-concept BTABQ-

GrLi full-cells with a N/P mass ratio of 1.1 also exhibited cathode capacity reaching 180 mAh g–1 (Figure 

6.18). However, CMC-only BTABQ composite electrodes suffer from poor adhesion to current collectors. 

Although BTABQ composite electrodes exhibited decreasing capacity with increasing SBR content 

(Figure 16a), the use of SBR in addition to CMC, as in commercial graphite anodes, substantially enhanced 

mechanical integrity and adhesion of BTABQ to the current collector (Figure 6.19). Therefore, CMC-to-

SBR ratio of 4:1 was chosen to balance the capacity and mechanical properties, leading to optimized 

electrodes with uniform and robust coating (Figure 6.16a insets), and a reversible capacity of 275 mAh g–

1
BTABQ. Due to the intrinsic insolubility of BTABQ and the use of CMC/SBR, such electrodes show no or 

very limited dissolution in LP30 at either 80 °C or 100 °C after 24 hours (Figure 6.20). 

 
Figure 6.19. Characterization of BTABQ composite electrodes using either only CMC or both CMC and SBR as the 
binder. a, A BTABQ composite electrode using only CMC as the binder. b, A BTABQ composite electrode using 
only CMC as the binder and the separator after cycling. c, A BTABQ composite electrode using both CMC and SBR 
as the binder. d, A BTABQ composite electrode using both CMC and SBR as the binder and the separator after 
cycling. e-g, SEM images of BTABQ composite electrode using both CMC and SBR as the binder. 

As a widely used strategy in commercial LIBs to improve performance and stability, the addition of 

5% vinylene carbonate (VC) to LP30 electrolyte (LP30VC)34,35 lead to an initial discharge capacity of 356 

mAh g–1
BTABQ for BTABQ that matches its theoretical capacity, and an improved reversible capacity of 

324 mAh g–1
BTABQ (Figure 6.16b). Rate capability studies performed upon increasing CCCV charging rate 

in LP30VC revealed cathode capacity of 192 and 166 mAh g–1 at 10 and 20 CCCV (Figure 6.16c), which 

correspond to total charging times of 6 and 3 minutes, and capacity retention of 80% and 70%, respectively, 

relative to 240 mAh g–1 at 0.5 CCCV (i.e., a total charging time of 2 hours). Additionally, stable fast-

switching between 239 mAh g–1 at 0.5 C and 90 mAh g–1 at 30 C further highlights the remarkable power 

capability of BTABQ (Figure 6.16c inset). Replacing LP30VC with LP40VC (1.0 M LiPF6 in 1:1 

EC/diethyl carbonate (DEC) with 5% VC) enhanced the cycling stability (Figure 6.21) and the 

performance when using GrLi anodes (Figure 6.22). 
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Figure 6.20. Battery performances of half cells based on BTABQ/CMC/SBR/CB composite electrodes with 90% 
active content and an optimized CMC:SBR ratio of 4:1. a, Soaking studies of BTABQ composite electrodes in LP30 
electrolyte at room temperature, 80 °C, and 100 °C. b, Cycling study of a BTABQ-Li cell at 40 mA g–1. Cathode 
capacities of 260 mAh g–1 and 242 mAh g–1 were observed for the second and 50th cycle, respectively, corresponding 
to a capacity retention of 93%. c, Cycling study of BTABQ-Li cells at 0.1, 0.2, 1, and 2 A g–1. Corresponding cathode 
capacities of 232, 222, 153, and 120 mAh g–1 were observed after 360, 500, 1500, and 1500 cycles, respectively. d, 
e, GITT data of BTABQ-Li cells in either LP30 or LiTFSI/DOL/DME electrolytes. 
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Figure 6.21. Constant-current charge-discharge studies at 25 mA g–1 of BTABQ-Li half cells in LP30VC and 
LP40VC electrolytes. 

 
Figure 6.22. Voltage profiles of BTABQ-GrLi half cells in LP30VC and LP40VC electrolytes at 25 mA g–1. 

Compared with carbonate electrolytes, ether-based electrolytes such as 1.0 M lithium 

bis(trifluoromethanesulfonyl)imide in 1:1 1,3-dioxolane/dimethoxyethane (LiTFSI/DOL/DME) are 

known to deliver better CE versus lithium anodes. BTABQ composite electrodes delivered reversible 

capacities up to 340 mAh g–1
BTABQ (Figure 6.16b) with enhanced CEfirst of 95%~100% based on five cells 

(Figure 6.23), and stable cycling at 25 mA g–1 and 100% DOD in LiTFSI/DOL/DME, exhibiting cathode 

capacity of 254 mAh g–1 after 100 cycles (Figure 6.16d). Such capacity retention (92%) outperforms the 

slow cycling in carbonate electrolytes (Figure 6.21). Cycling studies at higher current densities (Figure 

6.20b,c) ranging from 40 mA g–1 (0.2 C) to 2000 mA g–1 (10 C) revealed limited drop of the average 

capacity over 600-hour cycling from 256 to 157 mAh g–1 (Figure 6.16e), suggesting an outstanding power 

performance. More specifically, cycling studies at 0.4 A g–1 (2 C) and 1 A g–1 (5 C) revealed cathode 

capacity of 213 mAh g–1 and 159 mAh g–1 after 1000 cycles and 2000 cycles (Figure 6.16f), corresponding 
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to capacity retention of 88% and 70%, respectively. GITT studies revealed slightly higher diffusion 

coefficients of Li+ in LiTFSI/DOL/DME relative to LP30 (Figure 6.20d,e). Remarkably, significantly 

lower charge transfer resistances (Rct), ranging from 20 to 40 Ω during the whole charge/discharge process, 

were observed in LiTFSI/DOL/DME relative to LP30 (Figure 6.16g). Interestingly, ion diffusion 

resistances (Rdiffusion) remained below 40 Ω from 2.1 V to 3.2 V in LiTFSI/DOL/DME, which is drastically 

different from the step-like increase of Rdiffusion at higher degree of discharge in LP30. Nevertheless, the 

Rct and Rdiffusion values observed in both electrolytes are among the lowest values observed for any cathode 

materials at similar active content levels, and even lower than most organic cathodes with significant 

amount of conducting additives. Overall, these performances indicate the ability of BTABQ to intercalate 

Li ions rapidly and reversibly and function as a cathode against lithium or GrLi anodes, highlighting its 

potential for application in lithium metal batteries and LIBs, respectively. 

 
Figure 6.23. Voltage profiles of five BTABQ-Li half cells in LiTFSI DOL/DME measured at 25 mA g–1. The 
typical first-cycle Coulombic efficiency (CE) is equal to or higher than 95%. 

6.3.4 Structural and morphological evolution 

Structural and morphological evolution of BTABQ during its electrochemical operation were probed 

using in-situ and ex-situ PXRD, SEM and cryo-EM analyses, affording critical insights of changes in the 

interlayer spacing and in-plane ordering of BTABQ molecules as a function of applied potentials. In-situ 

PXRD patterns (Figure 6.24a) recorded in a custom-made coin cell using a CCCV protocol (see 6.4.3 and 

Figure 6.25) identify notable and systematic changes in the (102) reflection (Figure 6.1b) of BTABQ. 

From its pristine inter-layer spacing of 3.14 Å, reduction of BTABQ to its half-discharged state at 2.4 V 

via a two-electron reduction led to a gradual and complete expansion of inter-layer spacing to 3.33 Å. 
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Successive two-electron reduction of BTABQ to its fully-discharged state at 1.7 V and the subsequent 

two-electron oxidation back to its half-charged state at 2.4 V did not reveal notable structural changes. The 

following re-charging from 2.4 V to its fully-charged state at 3.1 V led to a gradual decrease in interlayer 

spacing to 3.18 Å, which is 0.04 Å larger than its pristine state. Although the variation of the in-plane 

arrangement of BTABQ molecules were also noted according to the evolution of (110), (111), (14�1), and 

(051) reflections, they were too convoluted to clearly elucidate the in-plane structural changes. Instead, 

ex-situ Cryo-EM images of BTABQ microcrystals at various states of charge confirmed the variation of 

inter-layer spacing while providing insights into the changes of in-plane ordering. While the interlayer 

spacing of BTABQ slightly increased from 3.14 Å to 3.18 Å (Figures 6.24b-c, 6.26a-c) after the first 

discharge-charge cycle, the in-plane ordering due to hydrogen bonding interactions is strongly affected, as 

verified by the variation of the d spacing corresponding to (011) reflection from ~7.3 Å to ~9.1 Å (Figure 

6.24c). We attribute such disordering to the interruption of intermolecular hydrogen bonding interaction 

during lithium insertion/de-insertion. The interlayer spacing remained unchanged at 3.18 Å after 1000 

cycles (Figure 6.26d-f) and the in-plane ordering is restored with a 7% expansion in unit cell volume, as 

solved by indexing FFT patterns (see 6.4.3). Upon discharge, reduced BTABQ molecules show 

substantially augmented electrostatic repulsion which, along with Li+ insertion, leads to the increased 

intermolecular separation. Although the inter-layer spacing increases to 3.33 Å, the expansion 

preferentially happens along the in-plane direction (Figures 6.24d-e, 6.27a-f). The volumetric expansion 

of BTABQ upon discharge does not break the particles, nevertheless, the induced in-plane disordering 

roughens the surface of BTABQ crystals, which is clearly seen in their ex-situ SEM images (Figure 6.27g). 

The disorder-induced inhomogeneity of BTABQ crystal surface retained while charging back to 2.4 V, 

and largely but not completely disappear upon fully re-charge (Figure 6.28). Although BTABQ electrode 

retains its chemical state after prolonged cycling, as supported by corresponding FTIR spectra of cycled 

electrodes (Figure 6.26g-j), the disorder-induced morphological change accumulated upon cycling, as seen 

by the ex-situ SEM images (Figure 6.24g). 
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Figure 6.24. Structural and morphological evolution of BTABQ during discharge and charge. a, In-situ PXRD 
patterns of BTABQ recorded at various stages of the first charge/discharge cycle. CCCV protocols were used for 
both charge and discharge processes to ensure complete chemical transformations at various stages of the cycle. 
Reversible changes were observed in the out-of-plane (interlayer) and in-plane packing of BTABQ molecules. b–e, 
Ex-situ Cryo-EM images and corresponding FFT of pristine BTABQ, after first cycle, after 1000 cycles and fully 
discharged electrode. f, Crystal structure changes of BTABQ upon discharging shown along a, b, and c 
crystallographic directions. g, Ex-situ SEM images of pristine and cycled electrodes in different electrolytes. h, 
Cycling data of BTABQ at 1 A g–1 in LiTFSI/DOL/DME, and the ex-situ SEM images of electrodes after 75, 200, 
and 2000 cycles. i, PXRD patterns of cycled BTABQ electrodes under various current densities. 
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Figure 6.25. Instrument set-up and custom-made coin cell for in-situ PXRD measurements. a, In-situ battery holder 
for coin cell and the Bragg-Brentano configuration of in-situ PXRD measurements. b, Schematic illustration, and the 
photo of custom-made coin for in-situ PXRD measurements. 

A more complicated structural and morphological evolution of BTABQ during cycling was observed 

using LiTFSI/DOL/DME, which is likely the cause of its unique cycling behavior (Figure 6.24h). During 

the initial drop of capacity to the valley point (~75 cycles), the in-plane arrangement of BTABQ molecules 

were substantially disturbed, as indicated by the disappearance of (011) reflection in its ex-situ PXRD 

pattern (Figure 6.24i), which led to significant inhomogeneity of crystallite surface, as verified by the 

corresponding SEM image (Figure 6.24h). The subsequent cycling revealed an increase of capacity to a 

maximum after ~200 cycles, during which the in-plane ordering gradually restored and interlayer spacing 

became notably larger from 3.21 Å to 3.26 Å, as supported by the ex-situ PXRD pattern. Consequently, 

ex-situ SEM image revealed that the inhomogeneity also largely diminished accompanying the restoring 

of in-plane ordering (Figure 6.24h). Similar to the cases using carbonate electrolytes, the disorder-induced 

morphological change gradually accumulated during the remaining cycling. Interestingly, the increasing 

of interlayer spacing is highly dependent on the charging/discharging rate, where slower rates led to more 

significant expansion (Figure 6.24i), highlighting the importance of layered structures of BTABQ. Overall, 

the above structural analyses complement the mechanistic understanding of the redox processes (vide 

supra) and provide a thorough understanding of Li+ ion intercalation in BTABQ. 
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Figure 6.26. Ex-situ Cryo-EM, spectroscopic and SEM studies of pristine and cycled BTABQ electrodes. a, Cryo-
EM images and the corresponding FFT of pristine BTABQ electrodes. b-c, Cryo-EM images and the corresponding 
FFT of BTABQ electrodes after the first discharge-charge cycle. d-f, Cryo-EM images and the corresponding FFT 
of BTABQ after 1000 cycles. g, ATR-FTIR spectra of BTABQ electrodes in the pristine state, after the first 
discharge-charge cycle, and after 1000 cycles. The three essentially identical spectra reveal that the chemical and 
molecular structure of BTABQ is resilient upon prolonged cycling. h, SEM images of pristine BTABQ electrodes. i, 
SEM images of BTABQ electrodes after the first discharge-charge cycle. j, SEM images of BTABQ after 1000 
cycles. 
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Figure 6.27. Ex-situ Cryo-EM and SEM images of discharged BTABQ electrodes. a-f, Cryo-EM images and the 
corresponding FFT of fully discharged BTABQ electrodes. g, SEM images of fully discharged BTABQ. 
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Figure 6.28. Ex-situ SEM images of BTABQ composite electrodes. a, Electrodes discharged to 2.4 V in the first 
discharging process. b, Electrodes re-charged to 2.4 V in the first charging process. 

6.3.5 Towards practical organic rechargeable LIBs 

One of the most urgent challenges for OEMs is the difficulty of achieving high areal mass loadings 

for active materials31. Lower material densities of typical OEMs necessitate fabrication of thicker 

electrodes to achieve similar areal mass loadings relative to inorganic cathodes. However, intrinsically 

insulating common OEMs render discouragingly high ohmic resistances for electrodes with practical-level 

mass loadings. Electrically conductive and highly insoluble BTABQ with a crystallographic density of 1.9 

g cm–3 stands to enable high active-material mass loadings and areal capacities. Indeed, BTABQ-Li cells 

with mass loadings up to 15 mg cm–2 deliver cathode capacities ~230 mAh g–1 in LP40VC or 

LiTFSI/DOL/DME electrolytes (Figures 6.29a, 6.30a). Cycling electrodes with a mass loading of 12 mg 

cm–2 at a current density of 0.1 A g–1 and 100% DOD delivered a cathode capacity of 166 mAh g–1 after 

150 cycles, corresponding to an 87% capacity retention (Figure 6.29b). Moreover, increasing currents from 

25 to 125 mA g–1 delivered a consistent average discharge voltage of 2.5 V and a 75% capacity retention, 

indicating good rate capability (Figures 6.29b inset, 6.30b). Furthermore, BTABQ-GrLi full-cells using 

LP40VC with BTABQ mass loadings as high as 16 mg cm–2 and N/P mass ratios as low as 1.1 in LP40VC 

stored areal cathode capacities reaching 3 mAh cm–2 at 25 mA g–1 (Figures 6.29a, 6.30c-d). 
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Figure 6.29. Practical-relevant examinations and performance comparisons. a, GCD voltage profiles of BTABQ 
composite electrodes at mass loadings over 10 mg cm–2. Li anodes were used except the purple trace which used 
GrLi anode. b, Cycling study of a BTABQ composite electrode with a mass loading of 12 mg cm–2 at 0.1 A g. Inset 
shows the rate capability study of a BTABQ composite electrode with a mass loading of 11 mg cm–2. c, A comparison 
of active material-based and electrode-based gravimetric specific capacities for various reported OEMs, BTABQ and 
inorganic cathodes. d, A comparison of electrode-based gravimetric energy densities of various cathode materials 
reported for LIBs. Materials chosen in this comparison have an average discharge voltage greater than 2 V versus 
Li+/Li. For inorganic cathodes, reports with the highest level of material optimization, i.e., either through electrode 
coatings, doping or a control on the crystalline domain sizes, are chosen here38–41. For organics cathodes, best 
performing materials are mainly chosen from prominent, recent reviews5–7. 

A comparison of electrode-level specific capacities and energies of BTABQ with state-of-the-art 

inorganic and organic cathode materials is shown in Figure 6.29c and 6.29d (Tables 6.3, 6.4). Because of 

the insulating nature and the propensity for dissolution of OEMs, reports on organic electrodes typically 

require large amounts (30~70 wt.%) of conducting additives and binder, substantially greater than the 

commercial standard of 5~10 wt.%. However, this important factor is rarely discussed in reports of OEMs 

that show high material-level metrics, which are commonly achieved at the cost of low electrode-level 

metrics. In our case, with an active material loading of 90%, BTABQ stores up to 306 and 240 mAh g–1 at 

the electrode-level for mass loadings of 2 and >10 mg cm–2 , respectively (Figure 6.29c). Correspondingly, 

electrode-level specific energies of BTABQ over a range of C rates outperform most well-optimized and 

best-performing inorganic materials (Figure 6.29d). For instance, BTABQ delivers more electrode-level 

energy density than single-crystalline NMC811 (NMC811-sc) at charging rates from 0.1 to 10 C. Notably, 

BTABQ also delivers higher energies than graphite-coated LiFePO4 (LFP-GC), a relatively cheaper 

material among inorganic cathodes, at charging rates that are at least 10 times faster. Remarkably, BTABQ, 

being an OEM, also offers broader advantages in terms of resource abundance and ease of synthesis, 
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projecting savings up to three-fourths of the costs and CO2 emissions from current technologies per kWh 

of storage capacity. Detailed in Supplementary Information, we showed that BTABQ can not only be 

synthesized in large scale using dimethylformamide, but also using environmentally friendly solvents like 

ethanol and methanol (Figures 6.31-33), which could further contribute to sustainability. Additionally, 

conventional knowledge on the role of material and cell-level characteristics such as the particle size, 

electrode coatings and electrolyte additives suggest plenty of room for industry-level optimization of 

energy storage performance of BTABQ. Similarly, adoption of standard engineering methods, such as 

calendaring, can further enhance power capability and cycle life. These strategies can draw confidence 

from the high theoretical energy density of BTABQ (890 Wh kg–1) and compete with the next-generation 

high-Nickel transition metal layered oxide cathodes. Overall, the demonstration of an organic molecule as 

a competent and viable alternative for Co-containing inorganic cathodes provides important blueprints 

toward design and use of sustainable electrode materials in LIBs. 

 
Figure 6.30. Battery performances of half and full cells based on BTABQ composite electrodes with 90% active 
content and an optimized CMC:SBR ratio of 4:1. a, GCD voltage profiles of BTABQ-Li half cells with high active-
material mass loadings (> 10 mg cm–2) in LP40VC and LiTFSI/DOL/DME electrolytes. b, Voltage profiles of a 
BTABQ-Li half cell at current densities from 25 to 125 mA g–1. c, d, Voltage profiles of BTABQ-GrLi full cells in 
LP40VC. 
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Table 6.3. Electrochemical performance of BTABQ versus reported organic cathode materials. 
Active Material Electrode 

composition 
(Active 
material: 
Conductive 
Carbon: 
Binder) 

Highest 
specific 
capacity 
of active 
material 
(mAh/g)  

Highest 
specific 
capacity 
of the 
electrode 
(mAh/g)  

Average 
discharge 
voltage 
(V vs. 
Li+/Li) 

Electrode based 
energy density 
(Wh/kg) 

Used in Figure 5c:      
LiDHAQS 50:40:10 340 170 2.5 425 at 0.1 C 

 
Lawsone-Li 60:30:10 275 165 2.25 371 at 0.2 C 

 
PDHBQ 60:30:10 242 145 2.0 291 at 0.2 C 

 
PTO 30:60:10 360 108 2.74 295 at 0.1 C 

 
PI5 60:30:10 210 126 2.4 303 at 1 C 

 
PDB 30:60:10 236 71 2.5 177 at 0.1 C 

 
N-heteroaromatic 
(3Q) 

30:60:10 356 108 1.7 182 at 1 C 
 

TEMPO 65:30:5 125 81 3.4 275 at 0.5 C 
 

               Used in Figure 5c and 5d: 
Li4DHTPA 65:30:5 219 142 2.5 355 at 0.1 C 

227 at 5 C 
Calix[4]quinone 60:30:10 420 252 2.6  655 at 0.2 C 

327 at 1 C 
TPBQ  50:40:10 220 110 2.25 247 at 0.1 C 

196 at 5 C 
AQC 60:30:10 210 126 2.3 290 at 0.1 C 

234 at 1 C 
PBQS 60:30:10 260 156 2.6 406 at 0.1 C 

343 at 5 C 
Pentakis-fused 
tetrathiafulvalene 

20:70:10 202 41 3.6 144 at 1 C 
137 at 10 C 

PVMPT 50:40:10 62 31 3.45 106 at 1 C 
76 at 10 C 

PTMA 50:40:10 110 55 3.5 192 at 0.1 C 
158 at 5 C 

TAPT 60:30:10 353 212 2.5 529 at 0.3 C 
432 at 5.6 C 

BTABQ 90:5:5 340 306 2.5 765 at 0.125C 
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Table 6.4. Electrochemical performance of BTABQ versus reported inorganic cathode materials. 
Active Material Electrode 

composition 
(Active 
material: 
Conductive 
Carbon: 
Binder) 

Highest 
specific 
capacity 
of active 
material 
(mAh/g)  

Highest 
specific 
capacity of 
the 
electrode 
(mAh/g)  

Average 
discharge 
voltage 
(V vs. 
Li+/Li) 

Electrode based 
energy density 
(Wh/kg) 

NMC622-SC 80:10:10 180 144 3.75 540 at 0.1 C 
375 at 5 C 

NMC622-PC 80:10:10 180 144 3.75 540 at 0.1 C 
393 at 5 C 

NMC811-SC 80:10:10 200 160 3.75 600 at 0.1 C 
486 at 5 C  

NMC811-PC 80:10:10 200 160 3.75 600 at 01 C 
393 at 5 C 

H-NMC111 80:10:10 175 140 3.9 546 at 0.1 C 
471 at 5 C 

LFP-GC 80:10:10 161 129 3.45 555 at 0.5 C 
422 at 10 C 

LCMO-LCO 80:10:10 175 140 3.9 546 at 0.1 C 
477 at 5 C 

Ni-Rich 90:5:5 232 208 3.75 870 at 0.1 C 
712 at 5 C 

BTABQ 90:5:5 340 306 2.5 765 at 0.125 C 
540 at 5 C 

 

 

 
Figure 6.31. PXRD patterns of BTABQ synthesized using different methods. BTABQ-ref is synthesized using the 
procedures described in the 6.4.2; BTABQ-DMF is synthesized in DMF without the use of tetrabutylammonium 
salts; BTABQ-methanol is synthesized in methanol. 
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Figure 6.32. ATR-FTIR spectra of BTABQ synthesized using different methods. BTABQ-ref is synthesized using 
the procedures described in the Method part; BTABQ-DMF is synthesized in DMF without the use of 
tetrabutylammonium salts; BTABQ-methanol is synthesized in methanol. 

 

 
Figure 6.33. SEM images of BTABQ synthesized using different methods. a, BTABQ synthesized using the 
procedures described in the Method part. b, BTABQ synthesized in DMF without the use of tetrabutylammonium 
salts. c, BTABQ synthesized in methanol. 

6.4 Materials and Methods 

6.4.1 Materials 

All commercially available chemicals were used without further purification unless otherwise noted. 

Potassium phthalimide (98%, Sigma-Aldrich), acetonitrile (HPLC grade, Sigma-Aldrich), 

dimethylformamide (HPLC grade, VWR Chemicals BDH), hydrazine hydrate (Sigma- Aldrich), 

tetrabutylammonium chloride (99%, Alfa-Aesar), tetrabutylammonium bromide (98%, Sigma-Aldrich), 

methanol (VWR Chemicals BDH), ethanol (KOPTEC 200 proof), LP30 (GOTION), LP40 (GOTION), 

LiTFSI (Battery grade, DoDoChem), DOL (Battery grade, DoDoChem), DME (Battery grade, 
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DoDoChem), vinylene carbonate (Battery grade, Sigma-Aldrich). All yields refer to isolated yields. House 

DI water and house nitrogen were used during the synthesis. NMR solvents were purchased from 

Cambridge Isotope Laboratory. 

6.4.2 Synthetic Methods 

BTABQ is synthesized using a solvothermal method in dimethylformamide. Precursor tetraamino-p-

benzoquinone (TABQ) is synthesized using the procedure described in 3.5.2. To a 250 mL pressure tube 

with a PTFE cap was added 1.07 g of TABQ, 6.8 g of tetrabutylammonium chloride (99%, Alfa Aesar), 

and 60 mL of dimethylformamide. The tube was capped under ambient conditions, sonicated for 1 min, 

and heated in an isothermal oven at 120 °C for 12 hours, after which it was cooled down to room 

temperature. Then the reaction mixture was filtered and washed with DMF until the filtrate coming out 

became colorless. The resulting dark-greenish black solid was further washed with methanol and dried 

under air yielding 0.32 g of BTABQ (33% yield). BTABQ is poorly soluble in common NMR solvents. 

Solid-state NMR of BTABQ: 169.3 ppm (C=O), 140.8 ppm (C=N), 129.1 ppm/124.5 ppm (C–N/C–O). 

Elemental analysis: C12H10O4N6, found: C, 47.45%; H, 3.25%; N, 27.08%; calculated: C, 47.69%; H, 

3.33%; N, 27.81%. MALDI-TOF: [M+H]+: found, 302.808; calculated: 303.1; within the ±1 Da error of 

the instrument. FTIR (cm–1): 3470, 3404, 3356, 3298, 3235, 1651, 1626, 1614, 1568, 1543, 1462, 1364, 

1244, 1186, 1136, 721, 654. The crystal structure and phase purity of BTABQ were characterized by the 

WAXS pattern. 

6.4.3 Electrochemical Measurements 

Electrochemical performances of BTABQ were tested in half-cell and full-cell configurations using 

CR2032 coin cells. All electrode preparations were carried out under ambient conditions. Neat BTABQ 

electrodes (i.e., 100% active material content) were made by coating well-mixed (upon sonication) slurry 

of BTABQ in ethanol on stainless steel disks. BTABQ composite electrodes contain 90 wt% of BTABQ, 

5 wt% of carbon black (CB) and 5 wt% of mixtures of carboxymethyl cellulose (CMC) and styrene 

butadiene rubber (SBR) with various ratios. CMC and SBR were well dissolved/suspended in small 

amount of water (50~100 μL/mg) upon heating at 85 °C and vigorous stirring for an hour. Well-mixed 

BTABQ and CB powders were transferred into the CMC/SBR aqueous mixture, and the resulting 

suspension was vigorously stirred at 85 °C for an hour to produce the electrode slurry, which was then 

coated on stainless steel disks. All electrodes were dried under ambient condition before drying overnight 

in a vacuum oven at 100 ℃. Areal mass loadings of the dried electrodes are 1.5 – 3.0 mg cm–2 for studies 

using low mass loadings, and 10 – 16 mg cm–2 for practical-relevant studies. Resulting areal specific 

capacities ranged from 0.5 to 3.2 mAh cm–2. Half-cell tests were performed in coin cells assembled in an 

Argon-filled glove box using a Lithium chip or pre-lithiated graphite as the counter electrode and a piece 
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of Celgrad-2025 as the separator. For this, large pieces of commercial graphite (MTI Corporation) (> 14 

mg) were first electrochemically pre-lithiated in Li-half-cells in two full cycles of charge and discharge at 

a slow current rate of 0.05 C. Similarly, full cells were assembled using BTABQ cathode and pre-lithiated 

graphite anodes in N(negative)/P(positive) mass ratios ranging from 1 – 1.5. Slurries of commercial 

graphite powders (<20 μm, Sigma Aldrich) were prepared by mixing 90 wt% graphite with 5 wt% carbon 

black (CB), 2.5 wt% Carboxymethyl cellulose (CMC) and 2.5 wt% Styrene Butadiene Rubber (SBR) using 

water and coating on copper foils. Commercial electrolyte composition containing 1 M LiPF6 dissolved in 

ethylene carbonate: dimethyl carbonate = 1:1 solvent (LP 30) was used for most tests whereas, specialized 

composition of LP 40 (ethylene carbonate: diethyl carbonate = 1:1 solvent) and 5 wt% vinylene carbonate 

as an additive, were used for data in Figure 4. All electrochemical tests were performed within a potential 

range of 1.6 – 3.2 V versus Li+/Li. Charge-discharge electrochemical tests were conducted using Landt 

Instruments at room temperature (25 °C). Galvanostatic Intermittent Titration Technique (GITT) and 

Cyclic voltammetry tests were performed using a BioLogic VMP-3 workstation. GITT measurements are 

carried out using a typical step profile at a current density of 25 mA g–1, where each step consists of a 1-

hour constant current charge or discharge and a subsequent 2-hour rest. During the GITT measurement, 

the electrode is completely wetted, so that the capacitive current measured arises entirely from the voltage 

sweep: 

𝐴𝐴 ≈
𝑖𝑖
𝐶𝐶𝑚𝑚

�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
−1

 

Where A is the real electrode electrolyte wetting area, Cm is the specific capacitance (18 μF cm–2), 

E is the voltage. The real electrode electrolyte wetting area is calculated to be A = 2.37 cm2. 

The effective chemical lithium diffusion coefficient in the active material can be derived from the 

GITT potential response by following the method by Weppner and Huggins.ref The chemical diffusion 

coefficient can be calculated at each step, with the following formula: 

𝐷𝐷 =
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Here, i is the current (A); Vm is the molar volume of the electrode (cm3 mol–1); ZA is the charge 

number; F is the Faraday’s constant (96485 C mol–1); S is the electrode-electrolyte contact area (cm2); 

dE/dδ is the slope of the coulometric titration curve, found by plotting the steady state voltages E (V) 

measured after each titration step δ; 𝑑𝑑𝑑𝑑 𝑑𝑑√𝑡𝑡⁄  is the slope of the linearized plot of the potential E (V) during 

the current pulse of duration t (s). 
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If sufficient small currents are applied for short time intervals, so that 𝑑𝑑𝑑𝑑 𝑑𝑑√𝑡𝑡⁄  can be considered 

linear and the coulometric titration curve can be also considered linear over the composition range involved 

in that step, we can get: 

𝐷𝐷 =
4
𝜋𝜋𝜋𝜋
�
𝑛𝑛𝑚𝑚𝑉𝑉𝑚𝑚
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Here, τ is the duration of the current pulse (s); nm is the number of moles (mol) of the active material; 

Vm is the molar volume of the electrode (cm3 mol–1); S is the electrode-electrolyte contact area (cm2); ΔEs 

is the steady-state voltage change, due to the current pulse and ΔEt is the voltage change during the constant 

current pulse, eliminating the iR drop. L is the film thickness. The figure below shows the examples for 

charge and discharge, where ΔEs = E4 – E3, ΔEt = E2 – E1. 

The measured density of the electrode is 1.1 g cm–3, giving Vm = 274.6 cm3 mol–1. 

 

6.4.4 In-situ Powder X-Ray Diffraction 

The in-situ PXRD measurements are performed using custom-made half-cells (Figure 6.25) on a 

Panalytical Empyrean diffractometer equipped with a Mo X-ray source, focusing mirror and Galipix 3D 

detector. The corresponding electrodes are prepared as thin films by repeated kneading and rolling of a 

slurry of activated carbon, acetylene black and a PTFE solution mixture (8:1:1) with ethanol. The prepared 

films are dried at 100 ℃ overnight prior to use. The PXRD patterns are recorded in the Bragg-Brentano 

θ/2θ geometry using an in-operando coin cell battery holder from 4° to 20°. The coin cell undergoes the 

first constant-current discharge at 0.1 C to 2.4 V and a subsequent constant-voltage step at 2.4 V for 5 

hours. Then the coin cell undergoes the second constant-current discharge at 0.1 C to 1.7 V and a 

subsequent constant-voltage step at 1.7 V for 5 hours. For the re-charging process, two constant-voltage 

steps are at 2.4 V and 3.1 V, respectively. 

6.4.5 Cryo-EM analyses 
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High-resolution Cryo-EM images were obtained at the Automated Cryogenic Electron Microscopy 

Facility in MIT.nano on a Talos Arctica G2 microscope operated at an accelerating voltage of 200 kV with 

a Falcon3EC direct electron detector. Pristine samples were prepared by sonicating BTABQ powders in 

isopropanol for 5 to 10 seconds. Discharged and recharged electrode samples were washed with dry THF 

in Ar box after dissembling coin cells, and the washed electrodes were dried under vacuum. The dried 

samples were dispersed in dry THF and sonicated for 30 to 60 seconds. Specimens were prepared by drop-

casting sonicated samples onto C-flatTM Cu grids with holey carbon for Cryo-EM in the glovebox. The 

TEM measurement conditions were adapted from previous report. All image acquisition was done using 

EPU at an exposure time of 5 s, with focusing done adjacent to the region imaged to minimize beam 

exposure prior to image acquisition (standard low dose imaging protocols). Analysis of the raw HRTEM 

data was done using Digital Micrograph (Gatan Microscopy Suite software).  

According to the Cryo-EM images of the electrode after 1000 cycles and their FFT patterns, the d 

spacings of (020), (002), (102), and (11�0) planes are found to be 5.73 Å, 4.98 Å, 3.18 Å, and 4.53 Å, 

respectively. Therefore, referring to the equation for calculating the d spacing of (hkl) planes in Monoclinic 

crystal systems, 

1
𝑑𝑑ℎ𝑘𝑘𝑘𝑘2  =  

1
sin2 𝛽𝛽 �
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we can obtain: 

�

𝑎𝑎 = 5.05 Å
𝑏𝑏 = 11.46 Å
𝑐𝑐 = 10.20 Å
𝛽𝛽 = 102.35°

 

Similarly, based on the Cryo-EM images of fully discharged electrodes and their Fast Fourier-Transform 

(FFT) patterns, the d spacings of (020), (021), (102), (011), and (100) planes are found to be 7.61 Å, 6.25 

Å, 3.33 Å, 8.89 Å, and 4.65 Å, respectively. Therefore, we can obtain: 

�

𝑎𝑎 = 4.69 Å
𝑏𝑏 = 15.22 Å
𝑐𝑐 = 11.06 Å
𝛽𝛽 = 97.79°

 

6.4.6 Other Characterization Methods 

Powder X-ray diffraction (PXRD) 

Laboratory PXRD patterns were recorded using a Bruker Advance II diffractometer equipped with a 

θ/2θ reflection geometry and Ni-filtered Cu Kα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/ Kα1 = 

0.5). The tube voltage and current were 40 kV and 40 mA, respectively. Samples for PXRD were prepared 

by placing a thin layer of the appropriate material on a zero-background silicon crystal plate. For ex-situ 



313 
 

measurements, the washed and dried electrodes were placed onto the zero-background silicon crystal plate 

together with the stainless-steel current collector. 

Wide-angle X-ray scattering (WAXS) measurements  

WAXS measurements were conducted at the Soft Matter Interfaces beamline (12-ID) of the National 

Synchrotron Light Source II (NSLS-II) at Brookhaven National Laboratory with a beam energy of 16.1 

keV and beam size of 200 × 20 μm. The Scattered data were collected in vacuum with a PILATUS3 300 

kW detector (Dectris, Switzerland), consisting of 0.172 mm square pixels in a 1475 × 195 array. To obtain 

a wide range of wave vector transfer (q), a series of 2D diffraction patterns were collected by rotating the 

detector on an arc with the sample-to-detector distance being 275 mm. Scattering patterns from each 

detector angle were stitched together using custom software and then reduced to 1D scattering intensity 

versus q curve by circular average. 

Elemental analyses (EA) 

EA were performed by Robertson Microlit Laboratories, Ledgewood, New Jersey. 

Scanning electron microscopy (SEM) 

SEM images were collected at MIT MRSEC (formerly the Center for Materials Science and 

Engineering, or CMSE) on a Zeiss Merlin high-resolution scanning electron microscope with an InLens 

detector at an operating voltage of 3 or 4 kV. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

DRIFTS measurements were performed on a Bruker Tensor 37 (MIR source and KBr beam splitter) 

with a mercury cadmium telluride (MCT, cooled with LN2) detector utilizing the DiffusIR™ accessory 

(Pike Technologies). To ensure air-free measurement, a sealable environmental chamber equipped with 

ZnSe window (Pike Technologies) was used. Samples were ground in air (or under Ar for ex-situ 

measurements) with dry KBr in a mortar and pestle (99.9%, Pike technologies) to produce solid mixtures 

(0.5-1% wt.). The data was averaged over 128 scans between 4000 – 600 cm–1 with the resolution of 4 cm–

1. Each of the Kubelka-Munk function (F(R)) transformed DRIFTS spectra were normalized with respect 

to the DRUV–vis–NIR data by matching the F(R) values at 4000 cm–1. 

Diffuse reflectance UV-vis-NIR spectroscopy (DRUV–vis–NIR) 

DRUV-Vis-NIR spectra were collected on a Cary 5000i spectrophotometer fitted with the UV-Vis 

DiffusIR accessory (Pike Technologies) between 200 and 2500 nm, at the scan rate of 600 nm/min under 

ambient conditions. A KBr baseline and a zero-background correction were collected prior to the sample 

measurements. Samples were prepared as described above for the DRIFTS measurements. 

Room temperature electrical conductivity measurements  

Electrical conductivities were measured at 296 K in ambient atmosphere on pressed pellets using a 2-

probe or 4-probe setup described previously (Scheme 6.1). At least three pellets from different batches of 
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each sample were measured. The thickness of the pellets is between 0.3 mm and 1 mm. For each sample, 

the conductivity values were averaged to give the average conductivity value. 

Variable temperature electrical conductivity measurements 

Temperature-dependent electrical conductivities were collected from 270 K to 390 K using a Quantum 

Design PPMS DynaCool instrument equipped with the Electrical Transport Option. A four-contact probe 

cell was fabricated for the measurements as described previously. The temperature was varied at 5 K/min, 

and the resistance value was collected in AC mode for every 1 K. At least two heating-cooling cycles were 

performed. The phase angle remained within 1° throughout the entire temperature range of interest, which 

means that the difference of AC and DC resistance is below 1%. 

 
Scheme 6.1. Two-probe and four-probe setups for electrical conductivity measurements. 

Computation 

The calculations of both keto- and enol-form of BTABQ, including HOMO/LUMO energies and 

vibrational spectroscopy, were conducted at B3LYP/ma-def2-QZVP or B3LYP/def2-TZVP level using 

ORCA. Calculations of discharged BTABQ were conducted using the CASTEP software. Structures were 

equilibrated using the non-spin polarized GGA-PBEsol exchange-correlation function with a 489.8 eV 

plane-wave cut-off. Electronic convergence criteria were set to 2×10–6 eV/atom. The unit cell dimensions 

were taken from experimental results with no further optimization. Dispersion corrections were added by 

using the Tkatchenko-Scheffler method. OTFG ultrasoft pseudopotentials were used. The k-point set was 

4×1×2. The single-point calculations for the band structures were calculated using the same method, except 

with a 571.4 eV cut-off, a 5×2×3 k-point set, and 1×10–6 eV/atom convergence criteria. 
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