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ABSTRACT

Establishing catalytic structure-function relationships enables optimization of the catalyst structure
for enhanced activity, selectivity, and durability against reaction conditions and prolonged catalysis. One
class of catalysts that could benefit from systematic optimization is non-platinum group metal (non-PGM)
electrocatalysts for the 02 reduction reaction (ORR) to water (4e reduction) and / or hydrogen peroxide
(2e- reduction). The electrically conductive metal-organic frameworks (MOFs) M3(HXTP) 2 (HXTP =
2,3,6,7,10,11 -hexaimino or hexahydroxytriphenylene (HITP or HHTP, respectively)) feature a crystalline
structure that contains homogeneously distributed, square planar transition metal sites reminiscent of those
doped into carbonaceous media for ORR catalysis. Ni3(HITP)2 functions as an active and stable ORR
electrocatalyst in alkaline medium. Experimental and computational techniques enabled elucidation of the
kinetics, mechanism, and active site for ORR with Ni3(HITP)2, as well as understanding the essential nature
of the extended MOF structure in providing catalytic activity. Varying the metal and ligand combinations
within this class of MOFs afforded two distinct phases. Probing the stability, catalytic activity, product
distribution, and electronic properties of the two phases of MOFs identified phase-dependent catalytic
activity, regardless of the metal or chelating atom identity.

Since the birth of the first rechargeable battery in 1860, emerging battery technologies have both
provided answers to energy demands as well as additional obstacles to navigate. Recent works have
explored using MOFs as ionically conductive solid-state electrolytes which would eliminate the need for
volatile organic liquids and potentially offer a wider electrolyte potential window and means of controlling
the plating of alkali metals during charging. This work has taken advantage of the modular charge found in
a Cu-azolate MOF, wherein guest Cl- ions coordinated to Cu4-lined clusters can be washed out of the
structure, and stoichiometric loadings of anions varying in size can be reconstituted into the MOF when
soaking the MOF in solutions containing alkali or alkaline earth metal salts. The anions are held in place
through coordination to the Cu2

+ centers, thus enabling the charge-balancing metal cations to achieve high
transference numbers within this solid electrolyte. Further, the versatility regarding the identity of the guest
metal salt provides a handle for modulating the cation transport activation energy and ionic conductivity.

Thesis Supervisor: Mircea Dincd
Title: Associate Professor of Chemistry
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1.1 Introduction

Perhaps one of the greatest displays of human ingenuity has been the diverse and resourceful

development of energy conversion and storage technologies. Born from the necessity to meet society's

increasing demands for energy, the harnessing and housing thereof has manifested in a multi-pronged

approach to answering these demands. In addition to energy technologies targeting high energy density and

operating efficiency, portability, long lifetime, and low cost, increased greenhouse gas emissions and the

environmental impacts stemming from this have also made apparent the need for low carbon or carbon-free

energy sources."' One such energy source, the fuel cell, has received increased attention since the

manifestation of the original design in 1839.' Evolving design principles have introduced varietals beyond

the original sulfuric acid cell, such as solid oxide fuel cells, 4 polymer electrolyte membrane fuel cells, 5 and

alkaline fuel cells.6 Although each of these models feature operational nuances, all categories are unified

by their overall circuitry, potential as renewable energy devices, and challenges hindering widespread

commercialization. Broadly speaking, all fuel cells are comprised of an anode and a cathode separated by

an electrolyte, and in some cases, a membrane or separator (Figure 1-1). At the anode, H2 gas is

electrooxidized, forming protons and electrons. The electrons shuttle through an external circuit, generating

Electric Current

Fuel In U Air In

t e-

2H-2 102

Anode Electrolyte Cathode Gases Out

Figure 1-1. Diagram of a fuel cell.
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electrical energy in the form of current. Protons migrate through the electrolyte to the cathode, where 02 is

reduced by a maximum of 4e- and combined with the protons (unless this has already occurred by proton-

coupled electron transfer (PCET)) to form H20. A proton-conductive membrane or separator may be

employed to prevent fuel crossover between the anode and cathode. In the case of polymer electrolyte

membrane fuel cells, this membrane also serves as the electrolyte. The attraction of fuel cells as alternative

energy technologies is several-fold. Firstly, the electrochemical reactions in fuel cells enable the efficiency

to exceed the 20% ceiling associated with Carnot-limited processes. If both the anodic and cathodic

reactions proceed with minimal overpotential, fuel cell efficiency (C) can approach 100%, as described by

Equation 1-1, where flanode =the overpotential of the anodic reaction, flcathode= the overpotential of the

flanode + ilcathode . 100 Eq. 1-1
A E 0

cathodic reaction, and AE = the difference between the formal potentials at the anode and cathode.7 Further,

fuel cells also exhibit up to two orders of magnitude higher gravimetric energy density than other portable

power technologies.6 8 The ability to stack multiple cells in series allows for a modular setup that can

accommodate a plethora of applications, such as propulsion systems, light traction vehicles, auxiliary power

units, portable devices, and emergency backup power sources.6 Perhaps one of the most notable draws of

fuel cell technology, and one of the major drivers for the development thereof, is the carbon-free emission

benefit associated with an idealized hydrogen economy. Available fuel cells share these benefits, along

with various drawbacks that also stem from design similarities. Although the nature of the electrolyte may

differ greatly among fuel cell categories, most fuel cells that employ the H 2 oxidation reaction (HOR) and

02 reduction reaction (ORR) as the electrochemical energy sources use the same electrode materials.

Specifically, unparalleled electrocatalytic activity has been continuously shown with Pt or other precious

metal-based materials; as such, platinum group metal (PGM) catalysts have been employed as both anode

and cathode materials. The high efficiency of the HOR allows significantly lower loadings of PGM catalysts

on the anode, 7 thus minimizing costs associated with the oxidizing side of the cell. Conversely, the slow
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reaction kinetics suffered by the ORR necessitate high PGM loadings at the cathode. This profusion of

PGMs on the cathode is a principal contributor to the economically inaccessible cost of fuel cells, and one

major factor hindering the widespread commercialization thereof.9 In addition to the high cost of PGM

catalysts, such metals are plagued by instability to certain electrolyte ions, fuels such as methanol and

associated crossover products, and trace impurities such as CO.'"' The propensity for catalyst poisoning

by exogenous species threatens the lifetime of the cell. As such, efforts spanning decades have targeted

development of highly active and durable ORR catalysts featuring more abundant and thus less costly

elements. These efforts have involved intensive studying of ORR pathways on both Pt and non-Pt

electrocatalysts, with the goal of directing catalyst design.

1.2 ORR pathways

The ORR can proceed via either 2e reduction forming H202 or HO2, or 4e- reduction forming

H20 or OH-, depending on the electrolyte pH.12,13 In the case of molecular catalysts, both inner and outer

sphere electron transfer (ET) mechanisms for ORR have been proposed, with outer-sphere ET being

promoted by tethering molecular catalysts to the electrode surface using thiols or other functional

groups.14" Metal electrodes can have adsorbed OH- species that serve as "bridges" between the electrode

and 02, facilitating the first ET without 02 adsorbing directly onto the metal surface. In this case, solvated

02 would interact with the electrode through hydrogen bonding interactions among the OH-, H20, and 02

species, and the reduced hydroperoxide would coordinate to the metal surface after the first ET and

participate in further reduction.'" Hydroxide-mediated electron transfer may be operative if a sharp ring

current peak during rotating ring disk electrode (RRDE) studies is observed. This peak has been ascribed

to OH- adsorption onto the metal sites, which could facilitate ET to proximal 02.'" Beyond this hydroxide

bridge-mediated ET to 02, other mechanisms for heterogeneous electrocatalytic ORR proceed through

inner-sphere ET directly to bound 02. Given that electrically conductive electrocatalysts possess a

continuum of orbitals that give rise to an extended band structure representing charge delocalization rather
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than charge being localized on one given catalytic site, electron transfer to 02 must be preceded by surface

bond formation. 8 As such, if no bridging OH- species between the electrode and 02 is present in the

aqueous electrolyte, 02 adsorption onto the electrode enables electron transfer.

Within the realm of inner-sphere ORR, several pathways can yield the aforementioned products,

the prevalence of which are dictated by adsorption energetics of oxygenated intermediates and reaction

barriers on the catalyst surface. Specifically, the dissociative pathway, wherein the 0-0 bond is cleaved

upon adsorption of 02 onto the catalyst, may be favored when the catalytic site interacts sufficiently strongly

to retain atomic 0 as opposed to molecular oxygen remaining intact. This pathway can be promoted by

having two catalytic sites in close (several angstroms) proximity, so molecular oxygen can bind in a side-

on fashion, with both 0 atoms interacting with the catalyst surface. One caveat associated with targeting

strong catalyst-O interactions is that sufficiently strong interactions may reduce the reactivity of the

activated 0 and in turn slow catalyst turnover. This phenomenon can be likened to the undesirable poisoning

of Pt catalysts by CO due to the strong adsorption of CO onto the Pt sites. The associative pathway, wherein

the 0-0 bond is retained during reduction, may dominate when a single catalytic site is available for 02

interaction, thus promoting end-on coordination. The latter may still enable 4e- ORR, but a 2 x 2e-

mechanism that further reduces bound OOH to H20 is necessary (Table 1-1).12,19 Stepwise reduction of 02

can result in lower faradaic efficiency; as such, the dissociative mechanism is targeted for fuel cell

applications.

1.3 Metrics for evaluating ORR electrocatalytic performance

Previous work and theory has established methods for evaluating ORR catalyst performance and

probing ORR mechanisms. As shown previously in Equation 1-1, fuel cell efficiency is dictated by the

overpotentials of the anodic and cathodic reactions. Consequently, a primary goal of ORR electrocatalyst

development is minimizing the overpotential associated with catalyzing the reduction. Pt, the industrial

standard, reduces 02 with an onset potential of 1.00 V vs RHE, or an overpotential of 0.23 V given the
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thermodynamic 4e- ORR potential of 1.23 V vs RHE.13 Many non-PGM electrocatalysts typically exhibit

ORR overpotentials several hundred mV higher than that of Pt. Another metric for benchmarking

Table 1-1. ORR pathways in alkaline conditions. * denotes the catalytic site.

Pathway Reactions

Dissociative (4e-) 02+ 2* 4 20*

20* + 2e- + 2H20 4 20H* + 20H

20H* + 2e- 4 201 + 2*

Associative (4e-) 02+ * 4 02*

0 2 *+ H20+ e- OOH* + OH-

OOH* + e- 4 0* + OH-

0* + H20+ e- OH* + OH

OH*+e- OH-+*

Associative (2e-) 02+ * 4 02*

02 *+ H20+ e- 4 OOH* + OH-

OOH* + e- 4 OOH + *

electrocatalysts is Tafel analysis. Tafel plots and the associated equation (Equation 1-2) express the

relationship between applied overpotential (driving force) and measured current, and thus reflect the

electrokinetics of the electrochemical reaction.20 2 1 In the Tafel equation, i = measured current, io = exchange

i = i 0exp( -- ) Eq. 1-2

current, = the dimensionless symmetry factor of the reaction, il = applied overpotential, F = Faraday's

constant, R = the universal gas constant, and T = temperature in K. More current passed at lower

overpotential is indicative of faster electrokinetics. In this vein, the exchange current (i.), or the current at

zero overpotential (x-intercept of the Tafel plot), is also reflective of the electrochemical activity at the

23



electrode as it represents the electrokinetics of the equilibrium reaction.2 0 Electrodes capable of fast electron

transfer will exhibit high exchange current values. Exchange current density values observed for ORR with

precious metal electrocatalysts typically fall between 10-8 and 10-6 A-cm-2. 12 Given that current passed is

dependent on the electrode area and / or catalyst loading on the electrode, current values are often

normalized by these parameters and expressed as current densities (j).

In logarithmic form, the slope of the line represented by the Tafel equation, the Tafel slope (b), as

represented in Equation 1-3, can shed light on the reaction mechanism occurring at the electrode.

b = Eq. 1-3

Specifically, given that P represents the ratio between the effect of the electrode potential on the

electrochemical free energy of activation and the effect of the electrode potential on the electrochemical

free energy of the reaction, the value of P (and by association, the Tafel slope) indicates whether rate-

limiting ET is operative. Likening f to an efficiency factor of sorts, an efficient electrochemical reaction

would have p = 1.0. A value of P = 1.0 gives a Tafel slope of 59 mV-dec-' under standard conditions, and

a value of P= 0.5 gives a Tafel slope of 118 mV-dec-' under standard conditions. When P = 1.0 and the

Tafel slope - 59 mV-dec-', efficient electrokinetics are at play so the reaction is rate-limited by a chemical

step. When P < 1.0, and the Tafel slope > 59 mV-de&1 , this can be indicative of rate-limiting ET as the free

energy of the overall reaction is in this case more sensitive to changes in applied potential than is the free

energy of the activated complex, formation of which is treated as a chemical reaction. Since P is a theoretical

parameter that is used to describe a single-step reaction, multi-step reactions observed experimentally must

be expressed instead by the experimental transfer coefficient, cx. This parameter is functionally the

reciprocal Tafel slope in dimensionless form. Importantly, obtaining insightful electrokinetic data

necessitates elimination of diffusion limitations in the system. As such, Tafel plots should be generated

from Koutecky-Levich data, which represents the current-potential relationship purely under activation
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control.21 The importance of the current-potential relationship, as defined by the Tafel equation, is

complemented by the importance of the absolute current density passed at a given potential. Although

current density may be passed with low overpotential, achieving sufficient power density with a given

overpotential is necessary for commercial applications. This is achieved in catalysts with both high-turnover

active sites and a high density of electroactive sites in a geometric area.'

In addition to favorable electrokinetics, electrocatalysts are evaluated based on their faradaic

efficiency (FE). As described in Equation 1-4, faradaic efficiency reflects product selectivity of the

catalyst.19 The faradaic efficiency of the ORR is determined using rotating ring-disk electrode (RRDE)

studies, wherein H202 produced at the disk electrode from 2e- ORR will be re-oxidized at the ring electrode.

The anodic current passed at the ring electrode is divided by the experimentally determined collection

efficiency of the ring, and this value is divided by the total current passed at the disk to get the faradaic

efficiency for H20 2 .

FE = ring . 100 Eq. 1-4
Idjsk-ring collection efficiency

Minimal current passed at the ring is indicative of high faradaic efficiency for 4e- ORR, ideal for fuel cell

applications. Pt-based ORR catalysts exhibit high faradaic efficiency for 4e- ORR.16 In addition to

predominantly producing water during ORR, the catalyst would ideally be stable to 02, ORR products, fuel

crossover products from the anode, the electrolyte, and to prolonged application of an electrochemical bias

so that the cell lifetime can be maximized.

1.4 Metal-free ORR electrocatalysts

In addition to lowering Pt content by alloying Pt with non-noble metals such as Fe, Co, and Ni,22

27 several avenues have been explored for developing non-PGM electrocatalysts for the ORR. For example,

metal-free carbon-based catalysts have been identified as promising alternatives to Pt due to their enhanced

lower cost, sp2 hybridization which promotes electron mobility, high surface area that minimizes mass

transport limitations, and stability to fuels and related crossover products.28 One common tactic for
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producing active carbon-based ORR catalysts is doping the carbon matrix with heteroatoms such as N.29 It

is thought that the more electronegative nitrogenous dopants can enhance the adsorption strength of 02 on

the carbon-based catalyst surfaces by activating neighboring carbon sites. Such additives can be introduced

with physical blending, chemical vapor deposition, solvothermal synthesis, or post-synthetic treatment with

N-containing gases. 28 It is noted that B-doped carbons investigated for ORR catalysis have also

demonstrated activity. Given the electronegativity differences between B and N, the mechanism by which

B dopants modulates ORR activity with doped carbons is thought to differ from that of N dopants.30,31 Most

carbon hosts are a variety of graphene, graphite, carbon nanotubes, or mesoporous carbons. One challenge

with doping carbons is achieving homogeneous dispersion of the dopant that would enable reproducible

results. Additionally, leaching of N-based active sites can cause problems with catalyst longevity. Recent

works have cleverly addressed these issues by appending the catalytic N-doped-C moieties directly onto

glassy carbon electrodes. Ortho-quinone sites located on the edge planes of the graphite served as docking

sites for ortho-phenylenediamine derivatives used to catalyze ORR.3 2 Facile condensation of the aminated

compounds with the ortho-quinone groups afforded a library of graphite conjugated pyrazines (GCPs). The

ability to utilize organic synthetic methods for altering the substituents on the parent phenylenediamine

molecules provided a handle for systematically tuning the electronic properties and thereby the catalytic

activity of the resulting GCPs. Under alkaline aqueous conditions, an onset potential of 0.75 V vs RHE was

observed. Owing to the synthetic tunability of the materials, the ORR overpotential could be modulated as

a function of electronegativity of the pyrazine-appended functional group. Electron-donating methyl

substituents raised the ORR overpotential whereas electron-withdrawing pyridinium groups shifted the

ORR activity to lower overpotential. Theoretical studies revealed the preferred 02 adsorption site as being

a-C with respect to the pyridinium moiety, highlighting the role of electrophilic groups in activating 02

adsorption sites. One caveat of increasing the electrophilicity of an 02 adsorption site to increase ORR
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activity is this also increased the propensity for OH adsorption." Understanding the interplay of adsorption

energetics of these species can inform catalyst design.

Another interesting metal-free material explored for ORR catalysis has been conductive polymers.

Chloride-doped conductive polymers have been shown not only to serve as hosts for metal-containing ORR

catalysts," but they also can exhibit some ORR activity themselves. In a 1.0 M HCl electrolyte, polyaniline

emulsified with polytetrafluoroethylene (PTFE) and coated onto a graphite current collector exhibited an

increase in cathodic current with a peak potential of 0.28 V versus NHE under 02 versus Ar atmosphere."

Electrodes formulated in the same fashion but containing 5 wt% of polythiophene, poly(3-

methyl)thiophene, and polypyrrole all exhibited the same cathodic current in the presence of 02. In

particular, in 0 2-saturated electrolyte the polypyrrole-modified electrode passed 300% more cathodic

current than that which had been observed under argon, with a cathodic current onset at ca. 0.5 V vs NHE.

Poly(3,4-ethylenedioxythiophene) prepared in the same manner showed no activity for ORR. Although the

overpotentials and current density values associated with such materials would likely not be competitive in

commercial applications, these provide interesting examples as metal-free ORR electrocatlaysts.

1.5 Transition metal chalcogenide-based ORR electrocatalysts

Another example of non-Pt ORR catalysts includes transition metal chalcogenides, which gained

attention in the 1970s due to their stability to acidic pH and tolerance to methanol.36 -0 Within the oxides,

combinations of Ni and Co have been widely investigated as ORR electrocatalysts. 4 1 Early reports included

exploration of Co 2NiO 4 / NiO for ORR activity as a function of the varying contents of the respective

oxides. Increasing the temperature of the heat treatment from 300-600 'C resulted in amorphization of the

Co 2NiO4 spinel structure and increased the content of NiO in the sample starting above 400 'C. It was found

that the sample heated at 400 'C, just below the temperature associated with formation of the NiO phase,

exhibited the highest ORR activity in 5 M KOH.4 2 The analogue treated at 400 'C exhibited an ORR onset

potential of 0.9 V vs RHE, nearing that of Pt. Although active, lack of structural definition made probing
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the nature of the active material difficult. ORR with Co2NiO4 was studied further by Singh, Chartier, and

coworkers. 43 Thin films of Co 2NiO 4 and Co 304 were deposited on CdO coated glass electrodes using a

chemical spray pyrolysis technique at 400 'C with air as the carrier gas. ORR activity with the metal oxides

showed a dependence on [02] as well as the supporting electrolyte (KOH) concentration, supporting the

assertion that electrocatalysis on these surfaces was influenced by the surface coverage of adsorbed OH

species or other oxygenated moieties that would block 02 adsorption. In addition to combining Co with

later transition metals in an oxide structure, Co and Mn have also been partnered in metal oxide-based ORR

materials. Cheng, Chen, and coworkers reported a method for synthesizing Co-Mn-oxide spinel structures,

CoxMn3-xO 4 , under ambient conditions, eliminating the need for energy-intensive heat treatment

processes.44 This was achieved via reduction of amorphous MnO 2 in aqueous Co2 solutions, affording

either tetragonal or cubic phases of the spinel structures depending on the reductant used. It was found that

the cubic phase exhibited enhanced ORR activity compared to the tetragonal phase, with an ORR onset

potential of approximately -0.1 V vs Ag/AgCl under alkaline conditions. Koutecky-Levich slope analysis

suggested the 4e- reduction product to dominate. More exotic metals have also been incorporated into

metal-oxide based ORR catalyst structures. In particular, La has shown promising ORR activity in oxide

structures along with Mn. A LaMnO 3 perovskite structure was combined with electrically conductive

carbon black and subjected to a pyrolysis treatment at 650 'C in the presence of N 2 .4 5 The resulting catalyst

showed notable onset potentials of ~ 0 V vs Hg/HgO in 8 M KOH. The operating overpotential of the

catalyst was enhanced as a function of increased LaMnO 3 loading, with optimal performance achieved with

30 wt% perovskite loading.

Application of transition metal chalcogenides beyond oxides has expanded down the group. An

early report examined the effect of metal identity on ORR activity in bimetallic metal sulfides 38 Ti, V, Cr,

Fe, Co, or Ni (Mea) were incorporated into a structure with Mn, Fe, Co, Ni, Cu, or Zn (Meb) to form the

sulfides MezaMe3-z)S 4 , where 0 < z < 1. The effect of replacing a percentage of the sulfur atoms with 0,
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Se, or Te on ORR activity was also explored. The conductivity of these materials eliminated the need for

conductive additives. It was found that FeCo 2S4 exhibited the highest ORR activity, with an onset potential

of -800 mV vs RHE in 1 M H2 SO4 . Further, utilizing exclusively S as the chalcogenide showed enhanced

activity over doped compounds, and incorporation of Co improved ORR activity compared to non-Co-

containing chalcogenides. This study catalyzed the interest of Co-S containing materials for ORR

electrocatalysis.
4 6,4 7

Expanding the utility of such materials involved application of transition metal selenides as ORR

electrocatalysts. Mo 4.2Ru1 .8 Se8 was the first reported Chevrel phase to exhibit high ORR activity. This

material contained octahedral metal clusters which contributed to the electrical conductivity and ability to

engage in electron transfer with other species. 48 This material exhibited current density approximately 30-

40% less than that passed by Pt during ORR at an overpotential of 0.7 V. Further, the slopes of the

Koutecky-Levich plots indicated that the 4e transfer product dominated. As it was shown that the

stoichiometry of the metals significantly influenced the catalytic activity, this work was later expanded

upon by other groups. For example, MoRuS and MoRuSe were probed for ORR activity in a 2.5 M H2 SO4

medium. These materials showed stability to the corrosive electrolyte as well as to methanol, highlighting

potential utility in acid electrolyte fuel cells and direct methanol fuel cells. 37 It is noted that these materials

were still formulated by blending a 35 wt% mixture of the chalcogenide with carbon black; the ORR activity

of the parent chalcogenides was not reported. The carbon-supported MoRuS catalysts showed the most

promising ORR activity, with cathodic current onsetting at approximately 0.7 V vs RHE, and minimal

diffusion limitations as evidenced by the mass transport region of the CV. Although MoRuSe exhibited

similar onset potential, slower mass transport was observed.

In addition to ORR activity of metal chalcogenides being explored in acid electrolyte,

electrocatalysis under neutral pH has also been probed. Falkowski, Surendranath, and coworkers applied

the heazlewoodite phase of Ni 3S2 as a robust ORR catalyst in pH 7 phosphate buffer.10 This material

29



exhibited an ORR onset potential of 0.80 V vs RHE, as well as high stability to phosphate ions as well as

durability against protolytic corrosion under reducing conditions. The increased covalency found in the

transition metal sulfide bonds within this structure compared to that in metal oxides contributed this stability

to corrosion. Use of a substitutionally labile first row transition metal prevented deactivation from

phosphate binding. Excitingly, this material exhibited -90% faradaic efficiency for 02 reduction to water,

selectivity which proved useful in a membrane-free formate fuel cell.4 9 Detailed studies of this material

revealed that the heazelwoodite Ni 3 S2 underwent a self-limiting oxidative phase conversion upon

electrochemical polarization, such that the Ni stoichiometry was reduced.50 Specifically, -2 nm thick

amorphous a-NiS layers formed on the catalyst surfaces and this layer was found to contribute the high

ORR activity. This study showcased the effect of the metal coordination environment on catalytic activity,

and how this environment can be tuned to modulate the adsorption energy of ORR-relevant species such as

OH.

1.6 M-N, ORR electrocatalysts

In the development of non-PGM ORR electrocatalysts, one structural motif that has been identified

as a promising substitute for Pt is late first-row transition metal macrocycles, or MN, centers. These

structures were popularized after the 1964 report by Jasinski that detailed the high ORR activity of cobalt

phthalocyanine complexes blended with electrically conductive acetylene black (Figure 1-2).1 The ability

N- N N

N-Co-N I

N-. N N

Figure 1-2. Co(II) phthalocyanine, the first transition metal macrocycle explored for ORR electrocatalysis.
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for 02 to chemisorb onto these M-Nx sites without degrading the material fueled extensive investigations

of ORR on M-Nx-containing catalysts. 2- 8 Such studies have revealed that ORR with transition metal

macrocycles can proceed via both a 2e- and 4e- ORR pathway.5 9 In these cases, whether the 0-0 bond is

cleaved may depend on the interaction mode of 02 on the metal site(s).6 " 5 Figure 1-3 shows the various

proposed / observed configurations of 02 on square planar metal sites. Although 02 activation is typically

proposed to occur directly on the metal centers, the electronic structure of the surrounding ligand, e.g.

M
0-0 0' 0-00d

\/I / \/
M M M M

Figure 1-3. Possible configurations during 02 activation by metal complexes (M = metal center): a) side-

on, b) end-on, c) side-on bridging, and d) trans bridging.

substitution patterns on the porphyrin or phthalocyanine ring, can influence catalytic activity as well.

Additionally, the chelating atom identity plays a role in the activity of such macrocycles, in that substituting

N for other atoms such as S or 0 tends to diminish ORR activity.5 9 Studies of transition metal

phthalocyanines revealed that altering the ligand electronics can alter the ORR activity on certain metal

centers due to changes in the energy of the metal orbitals that interact with 02.6667 Of course, the energy of

the metal-based orbitals also depends on the identity of the metal itself. Regardless of the mode of

interaction between 02 and the metal centers, the metal-centered dz2 orbital typically participates in this

interaction. Thus, metals that have appropriate energetic orbital overlap with 02 and can accommodate

electron donation into the dz2 orbital by 02 to form the metal-02 interaction are well suited to activating

02. Additionally, metals that can facilitate back-donation into the 02 n* orbitals will lower the 02 bond

order and facilitate cleavage of the 0-0 bond, thereby promoting H20 production over H202 production.66
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Unsurprisingly, given the similarities with heme-based systems, it has been found that Fe-based

phthalocyanines exhibit the highest ORR activity, an observation which has been the focus of many

studies. 25 9'68 -72 Although active for ORR, transition metal macrocyclic catalysts must typically be blended

with an electrically conductive host such as carbon to facilitate electron transfer. Another route for

introducing electrical conductivity into such complexes as well as enhancing stability towards electrolytes

has involved high-temperature treatment of the materials.5 4 ,5 658 Thermal treatment indeed increased the

conductivity and stability of the materials, but introduced new challenges in maintaining synthetic control

over structure formation, identifying the catalytic active sites, and establishing structure-function

relationships useful for catalyst optimization and mechanistic understanding. Thus, pursuit of active,

intrinsically conductive, and chemically and electrochemically stable ORR electrocatalysts possessing

well-defined and tunable active sites has continued.

1.7 Metal-organic framework-based ORR electrocatalysts

One class of materials that could answer these challenges is metal-organic frameworks (MOFs).

These materials are compelling choices for electrocatalytic applications because their high surface area

maximizes active site density, and their tunable chemical structure affords tailor-made microenvironments

for controllable reaction conditions within the pores. Despite their promising features, MOFs have rarely

been used for electrocatalytic applications because they are typically electrical insulators due to their

paucity of low energy charge transport pathways and / or mobile charge carriers.'3 Several avenues have

been pursued to overcome the issue of insulation within MOFs, including pyrolysis and doping with

conductive additives such as graphene oxide or metal oxides. 7,59,74-84 Although such approaches can afford

highly active and robust catalysts, incorporation of additives may block access to active sites, counteracting

the benefits of having a high surface area material that can provide high active site density. Pyrolysis of

MOFs is commonly in excess of 600 'C, an energy-intensive process that destroys the crystallinity of the

MOFs, affording amorphous carbon hosts. These relatively poorly defined materials do not lend themselves
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to facile mechanistic studies; the inhomogeneous dispersion and irregular orientation of the heteroatoms

throughout the MOF matrix engenders structural ambiguity that makes identification, experimental

probing, and computational modeling of active sites difficult.

Recently, synthetic advances have given rise to conductive MOFs, some of which exhibit

encouraging properties as electrocatalysts for other reactions including CO 2 reduction, hydrogen evolution,

oxygen evolution, and ethanol oxidation.19,74 85-88 In addition to promising reports of electrically conductive

MOFs facilitating other energy conversion reactions, several works have reported successful ORR catalysis

with neat MOFs. An early report of MOF-catalyzed ORR utilized a non-conductive MOF, copper(II)-2,2'-

bipyridine-benzene-1,3,5-tricarboxylate (Cu-bipy-BTC).89 The instability of the related structure, Cu-BTC,

to water prompted exploration of this modified, water-stable analogue in which 2-2'-bypiridine acted as an

auxiliary ligand with stabilizing binding affinity to the Cu> centers. When dropcast onto a glassy carbon

electrode, Cu-bipy-BTC showed cathodic current in the presence of 02 between 0 and -0.2 V vs Ag/AgCI

in pH 6.0 phosphate buffer. In the cyclic voltammograms, diffusion-limiting current reached a maximum

of ca. -35 pA, possibly due to slow electron transfer kinetics rising from low conductivity of the MOF.

Mechanistic studies on Cu-bipy-BTC may reveal interesting similarities with multicopper oxidases that are

known to reduce 02.7

In addition to Cu-based enzymes inspiring the exploration of ORR with structurally similar MOFs,

heme-like motifs have also been targeted in MOFs for ORR electrocatalysis. The MOF PCN-223-Fe

(Zr6 O4(OH) 4(Fe(III)-(TCPP) 3 which features Zr6 oxo clusters linked with ferric porphyrin centers,

electrochemically reduced 02 with a maximum of 94% faradaic efficiency for H20 production when acetic

acid was used as the proton source.90 Although these results showcased the potential for heme-like

structures to be installed in MOFs and used for electrocatalysis, the applicability of this specific example is

unclear. A nonaqueous electrolyte, LiClO 4 in DMF and acetic or tricholoroacetic acid, was utilized so the

ORR activity of the MOF in an industrial setup wherein the protons would have different activities is
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uncertain. Additionally, the free-base version of this MOF also showed nearly identical ORR activity

compared to the Fe-MOF, so the source of the ORR activity and the specific role of Fe(III) in this system

remains unclear.

Another example of a MOF featuring a porphyrinic metalloligand targeted at reducing 02 was

reported by Lions, Fateeva, and coworkers.9 1 The MOF Al-(OH) 2-(H2TCPP) (H2TCPP = tetrakis(4-

carboxyphenyl)porphyrin) was reacted with Co(II) acetate to produce a Co-porphyrin MOF (Co-Al-

PMOF). Within the structure, the porphyrins were aligned in a face-on fashion, with Co-Co distances of

6.6 A. This MOF exhibited ORR activity with an onset of ca. 0.7 V vs RHE in 0.1 M H 2 SO4 electrolyte,

concomitant with the Col.. redox. However, the metalloligand CoTCPP alone passed more cathodic current

than the porphyrinic MOF, indicating that incorporation of the porphyrin into the framework can hinder the

catalytic competence of the active site. Another Co-MOF, [{Co3(pt 3-OH)(BTB) 2(BPE)2 } {Coo. 5N-(C 5 H5)}]

(BTB = 1,3,5-tris(4-carboxyphenyl)benzene and BPE = 1,2-bis(4-pyridyl)ethane), which featured

monomeric and trimeric Co clusters, was shown to have semiconducting properties with y= 5 10-4 S-cm- ,

and catalytic activity for ORR in 0.1 M KOH.9 2 ORR with the Co-MOF occurred at a notable onset potential

of 0.81 V vs RHE, and retention of 80% of the cathodic current density over 25 h. It was observed that

when the working electrode was not rotated, the signature catalytic wave was not present in the cyclic

voltammograms under 02, but rather only capacitive current remained at higher overpotentials. This could

be indicative of slow diffusion, or reactivity of the reduced species.93 Additionally, although the MOF did

indeed show ORR electrocatalytic activity at higher electrode rotation rates, quantification of the reduction

products remained uncertain due to the fact that the Pt ring during rotating ring disk electrode studies was

only polarized at 0.45 V vs RHE, 0.25 V more cathodic than the thermodynamic oxidation potential of

H202 and therefore insufficient to electrochemically detect H202 under these conditions.13 Nevertheless, the

semiconducting behavior combined with the crystallographically well-defined sites of this Co-MOF

contributed promising electrical properties that could be applied to electrocatalysis. Additionally, the highly
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ordered system can enable probing and modeling structure-function relationships and in turn allow a deeper

understanding of the catalytic pathways and direct optimization thereof.

1.8 Outlook

The above examples showcase the diverse range of MOF structures and how the many components

comprising these structures may be capitalized upon for energy conversion applications. In reviewing

heterogeneous catalysts reported for ORR thus far, the benefits and challenges thereof have been

highlighted. Specifically, heterogenization of such materials enhances catalyst stability, minimizes mass

transport issues, and introduces the opportunity to either intimately interface the active sites with the

conductive substrate or directly impose electrical conductivity in active species themselves. Despite these

advantages, current heterogeneous catalysts suffer from lack of structural definition. This challenge makes

identification of active sites, elucidation of catalytic mechanisms, and subsequent directed catalyst

optimization difficult when equipped with analytical methods typically suited for homogeneous molecular

species. The crystallographic definition inherent to MOFs in the context of heterogeneous catalysis is

highlighted here as an advantage; a full arsenal of analytical tools that are typically restricted to homogenous

systems can be used in ordered MOF structures, which in turn can provide insight into structure-catalytic

function relationships. The work herein aims to enhance the depth of understanding in one particular system

used for heterogeneous electrocatalysis of the ORR. In doing so, a roadmap is presented for fully taking

advantage of the tools that can be used to probe the mechanisms of electrocatalysis with MOFs, which are

typically limited to homogeneous molecular systems. The breadth of applicability of MOFs in the energy

field will subsequently be explored by applying MOFs as solid electrolytes for battery applications.
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Chapter 2

Electrochemical Oxygen Reduction Catalyzed by

Ni3(hexaiminotriphenylene)2

Portions of this chapter previously appeared in Miner, E. M.; Fukushima, T.; Sheberla, D.; Sun, L.;
Surendranath, Y.; Dincd, M. Nature Commun. 2016, 7, 10942-10948 and are reproduced here with
permission from Springer Nature.
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2.1 Introduction

The development of heterogeneous oxygen reduction reaction (ORR) electrocatalysts for

implementation into fuel cell and electrolyzer cathodes is a major research thrust in the arena of renewable

fuel development. Achieving desired architectural and electronic properties of such catalysts remains

difficult, however, because several variables must be optimized simultaneously, requiring synthetic

tunability that is rarely available in the solid state. Desirable characteristics of an ORR electrocatalyst

include: high active site density, reproducible synthesis and catalytic activity, stability in the electrolyte and

in oxygen and peroxide, and low overpotential relative to the thermodynamic 4e- oxygen-to-water reduction

potential of 1.23 V (versus the reversible hydrogen electrode, RHE). One structural motif that has proven

successful in catalyzing ORR with high activity and physical robustness is the M-Nx unit, where M = a non-

platinum group metal (e.g. Fe, Co, Ni, Cu) chelated in a nitrogenous environment. These structures were

popularized after the 1964 report by Jasinski which detailed the high ORR activity of cobalt phthalocyanine

complexes blended with electrically conductive acetylene black.5 1 The ability for oxygen to chemisorb onto

these M-Nx sites without degrading the material fueled extensive investigations of ORR on M-Nx containing

catalysts.53-56 Though active towards ORR, M-Nx complexes have shown inconsistent stability in various

electrolytes, motivating high-temperature treatment of the materials to enhance catalyst longevity and

electrical conductivity.5 4' 56 Thermal treatment indeed increased the stability of the materials, but introduced

new challenges in maintaining synthetic control over structure formation, identifying the catalytic active

sites, and establishing structure-function relationships useful for catalyst optimization and mechanistic

understanding. Thus, the search for active, intrinsically conductive, and chemically and electrochemically

stable ORR electrocatalysts possessing well-defined and tunable active sites has continued.

One class of materials that could answer these challenges is metal-organic frameworks (MOFs).

These materials are compelling choices for electrocatalytic applications because their high surface area

maximizes active site density, and their tunable chemical structure affords tailor-made microenvironments
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for controllable reaction conditions within the pores. Despite their promising features, MOFs have rarely

been used for electrocatalytic applications because they are typically electrical insulators. 79-81,94-96 Recently,

synthetic advances have given rise to conductive MOFs, some of which exhibit encouraging properties as

electrocatalysts.9 7 10 1

Here we introduce Ni3(HITP)2, a conductive two-dimensionally layered material structurally

reminiscent of the long-studied M-Nx ORR electrocatalysts (Figure 2-1),112 as a representative of a new

class of highly ordered ORR electrocatalysts exhibiting ORR activity and electrical conductivity (a = 40

S-cm- 1)102 with no post-synthetic treatment or modification. In addition to possessing ORR activity

Figure 2-1. Perspective view of the two-dimensional layered structure of Ni3(HITP) 2.

competitive with the most active non-Pt group metal (non-PGM) electrocatalysts to date, Ni3(HITP) 2

retained 88% of its current density and underwent no visible morphological degradation during prolonged

electrocatalysis. This study highlights conductive MOFs as a powerful platform for the development of

tunable, designer electrocatalysts. It is noted that MOFs have been used as scaffolds for ORR

electrocatalysts formed from high temperature (> 600 'C) pyrolysis0 3 - 12 2 as well as incorporated into

composites containing graphene oxide and porphyrin additives.7796 Whereas such materials indeed
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exhibited competitive ORR activity, the pyrolysis involved in their preparation eliminated the crystallinity

and synthetic control inherent to MOFs. Our aim herein is to introduce a multi-faceted handle on imposing

in a controlled manner structural, chemical, and electronic properties upon such materials for reaction-

targeted, MOF-based electrocatalyst design.

2.2 Results and discussion

Ni 3(HITP)2 can be grown solvothermally as a thin film on a variety of electrode surfaces using

synthetic conditions mimicking those employed for the synthesis of bulk material.0 2 Glassy carbon (GC)

disk electrodes (5 mm diameter) served as the working electrodes for all investigations described herein

unless otherwise noted, and all potentials were referenced to the reversible hydrogen electrode (RHE).

Deposition of Ni 3(HITP) 2 onto the GC electrodes typically afforded loadings of approximately 5 tg of

MOF. The loadings were determined precisely in each case by atomic absorption spectroscopy (AAS) and

verified by inductively coupled plasma-mass spectrometric (ICP-MS) measurements. The thickness of the

film was analyzed by atomic force microscopy (AFM), conducted by L. Sun. Ni3(HITP) 2 films grown on

GC electrodes had a thickness of approximately 120 nm, whereas films grown on indium tin oxide (ITO)

exhibited a similar morphology with a thickness of approximately 300 nm (Figure 2-2). Direct adhesion of

the Ni3(HITP)2 film onto the electrode surface eliminated the need for binders or conductive additives that

may block access to active sites by pore filling. This direct contact between the parent material and the

electrode allowed for investigation of the inherent electrocatalytic behavior of pure Ni 3(HITP) 2.

Cyclic voltammograms of Ni 3(HITP)2 thin films on glassy carbon rotating disk electrodes (RDEs)

recorded in the absence of 02 revealed a significant double layer capacitance that increased with increasing

scan rate (Figure 2-3), reflecting the high surface area of the modified electrodes.2 0 Indeed, Ni3(HITP)2

exhibited a Brunauer-Emmett-Teller (BET) specific surface area (SSA) of 629.9 0.7 m2.g-1, as calculated

from its nitrogen adsorption isotherm measured by D. Sheberla (Figure 2-4, Table 2-1).
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Figure 2-2. a) Thickness / roughness and b) height profile of Ni3(HITP) 2 film on a GC electrode, and c)

thickness / roughness and d) height profile of Ni3(HITP) 2 film on an ITO electrode as measured by atomic

force microscopy.
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Figure 2-3. Double layer capacitance polarization curves of Ni3(HITP) 2 under N2 atmosphere with varying

CV scan rates. The initial potential shift among the three scans is a result of the working electrode open

circuit potential shifting during electrolysis.
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Table 2-1. Relevant data for BET fit of the N2 adsorption isotherm.

BET Surface Area 629.9 0.7 m 2 g1

C 1253
Correlation Coefficient 0.9999962

Fit range (PIPo) 0.0057-0.0585 (8 points)

V 144.7 cm3 g' STP

P/Po @ Vy 0.0282
1/(C+ 1) 0.0275

Under 02 atmosphere, the material reduced oxygen with an onset potential (i= -50 pA-cm- 2) of

0.82 V in a 0.10 M aqueous solution of KOH (pH = 13.0, Figure 2-5), as observed in collaboration with T.

Fukushima. The measured ORR onset potential was competitive with the most active non-PGM ORR

electrocatalysts reported thus far1 23 and sat at an overpotential of 0.18 V relative to Pt (Eonset = 1.00 V).
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Figure 2-5. Polarization curves of Ni 3(HITP)2 under N2 (green) versus 02 atmosphere (red) as well as of

the blank GC electrode under N2 versus 02 atmosphere (blue and purple respectively). Scan rate = 5 mV-s-1 ,

rotation rate = 2000 rpm, electrolyte = 0.10 M aqueous KOH, counter electrode = Pt mesh, reference

electrode = Hg/HgO (1.00 M KOH).
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Notably, cyclic voltammetry of the film on indium tin oxide (ITO) electrodes showed the same ORR

activity as the films on the glassy carbon electrodes (Figure 2-6), verifying that the MOF did not simply

enhance the ORR activity of the glassy carbon electrode but rather acted as a stand-alone ORR

electrocatalyst regardless of the substrate. The high surface area and porosity inherent to Ni3(HITP) 2 may

0.2

0.0 -

-C

-0.2 . modified ITO, 02 atm
o blank ITO, 02 atm

S-0.4 .modified ITO, N2 atm
-.- blank ITO, N2 atm

-0.6-

-0.8 . . . . . . .
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

E (V)vs RHE

Figure 2-6. Cyclic voltammograms of Ni3(HITP) 2-modified and blank indium tin oxide (ITO) electrodes

under N 2 and 02 atmosphere. Fluctuations in the polarization curve of the Ni3(HITP) 2-modified ITO (blue

trace) are due to interference from sparging 02 gas during data collection. The hysteresis observed in the

Ni 3(HITP) 2 polarization curve under 02 atmosphere is ascribed to pseudocapacitance.

increase the density of and facilitate easy access to the catalytic active sites on Ni3(HITP) 2, contributing to

the notable ORR activity. Given that this high ORR activity was observed after the film purification

procedure which involved heating the modified electrode in methanol at 65 'C for 20 hours, Ni3(HITP)2

and related materials may be strong candidates for implementation into direct methanol fuel cells (DMFCs)

where methanol tolerance of the anodic and cathodic catalysts is a necessity.1 24 High stability in the presence
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of methanol / related fuel crossover products is not observed for Pt-based electrocatalysts, a major hurdle

currently slowing DMFC development. 2 '

Steady state potentiostatic measurements at E = 0.77 V showed that 88% of the initial current

density was retained over 8 hours (Figure 2-7), in-line with other non-PGM ORR catalysts. 6 , 26 -3 0 Cyclic

voltammetry of the modified electrode after the durability study showed no shift in the diffusion-limited

region of the polarization curve, indicating that any alterations to the material during electrocatalysis were

not significant enough to decrease the mass transport properties of the Ni 3(HITP)2 film (Figure 2-8).

Moreover, cyclic voltammetry of the electrolyte after these 8 hours, using a fresh unmodified GC electrode,

indicated no leaching from the Ni3(HITP)2 films, evidencing the heterogeneous nature of the catalyst.

Additionally, ICP-MS and AAS analyses of films prior to and post-electrolysis indicated the same quantity

of Ni, suggesting that no part of the catalyst, homogeneous or heterogeneous, was lost from the films during

catalysis (Tables 2-2 and 2-3).
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Figure 2-7. Potentiostatic stability test of Ni3(HITP) 2 electrocatalyzing ORR at E 0.767 V versus RHE

over 8 hours. It is noted that the periodic current spikes were concomitant with spikes in the potential

applied to the disk, presumably due to some disturbance in the contact of the rotator to the electrode shaft.

The slight fluctuations in potential never exceeded the potential range in which Ni3(HITP)2 is stable, so

potential changes likely did not influence the catalyst stability in this experiment.

45



E

-C.

0.5

0.0-

-0.5

-1.0"

-1.5-

-2.0-

-2.5 -

-3.0 -

-3.5
0.60 0.70 0.80 0.90

E(V)vsRHE

Figure 2-8. Cyclic voltammograms of Ni 3(HITP)2 before and after the potentiostatic stability test shown in

Supplementary Figure 5, under 02 atmosphere.

Table 2-2. Calculated number of nickel sites from ICP-MS quantification of nickel sites on glassy carbon

electrodes.

Sample [Niavg SD # Ni sites on Catalyst loading (pg mol Ni3(HITP)2

(ppb) electrode Ni3(HITP)2)

RRDE 58.393 3.562 1.198.1016 5.311 6.633-10-'

unused 47.147 3.006 9.675 10" 4.288 5.355-10-9
unused 55.053 5.043 1.130-10"5 5.008 6.253-10-9

Table 2-3. AAS quantification of nickel sites on glassy carbon electrodes

Sample [NiJavg SD %RSD # Ni sites on Catalyst loading (pg mol

(ppb) electrode Ni 3(HITP)2) Ni3(HITP)2

RRDE 61.92 0.570 0.921 1.26199.1016 5.6321 7.03316-10-
unused 51.73 0.414 0.801 1.06151.1016 4.70523 5.8757-10-9
unused 59.47 0.831 1.397 1.22034-1016 5.40924 6.75488-10-9

46

tJa

before chronoamperometry
after chromoamperometry

r .



Spectroscopic, microscopic and diffractometric techniques enabled analysis of the film before and

after ORR catalysis. X-ray photoelectron spectroscopy (XPS) of catalyst films before and after catalysis

revealed an increase in binding energy of the Ni2p envelope region (850-885 eV) by +1.0 eV (Figure 2-9).

Also visible by XPS was a shoulder peak that was present in the NI, region prior to ORR (399 eV) which

disappeared after catalysis (Figure 2-10). The +1 eV shift in the Ni2p XPS after ORR catalysis could be

indicative of a Ni-O interaction, 13 1,13 2 or alternatively a strengthening of the ligand field as electron density

15- Steady-state
-- Unused
-RRDE

10

5

880 870 860 850

Binding energy (eV)

Figure 2-9. X-ray photoelectron spectrum of Ni3(HITP) 2 film on GCE Ni2p envelope region. Both unused

(before ORR) and used (after ORR, labeled 'RRDE' and 'steady-state') samples are shown here.

around the imine decreases. The loss of asymmetry in the Nis region of the XPS after catalysis was

consistent with an alteration of the ligand field during ORR. Importantly, though the catalyst may undergo

minor structural rearrangement during ORR, the high activity was largely retained over extended steady

state measurements, i.e. neither access to the active sites nor the integrity of the active sites themselves was

severely compromised during prolonged electrocatalysis. The structural robustness was supported by

Raman spectroscopy conducted on the unused film, the film after submersion in the 0.10 M KOH
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Figure 2-10. X-ray photoelectron spectrum of Ni 3(HITP) 2 film on GCE Nis envelope region. Both unused

(before ORR) and used (after ORR, labeled 'RRDE') samples are shown here.

electrolyte, and the film after electrochemical cycling under either N2 or 02. There were no missing or

additional Raman bands for any of the altered films compared to the spectrum of the unused film (Figure

2-11), indicating that the polarizability of the Ni 3(HITP) 2 bonds was unaffected by catalysis. Additional

evidence supporting the stability of the film was observed in scanning electron micrographs (SEMs) of the

film taken before and after ORR catalysis (Figure 2-12). No perturbations in the morphology of the film

were observed upon electrochemical cycling under 02. Grazing incidence X-ray diffraction of the

Ni 3(HITP) 2 film before and after ORR catalysis showed retention of the long-range order in the ab plane of

Ni 3(HITP) 2 during ORR, further highlighting the structural stability of this catalyst during electrochemical

cycling under 02 (Figure 2-13). The stability of the catalyst in aqueous media is industrially advantageous

given the lower cost of water-based electrolytes.
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Figure 2-11. Raman spectra of Ni3(HITP) 2 on ITO electrodes. The blank ITO electrode (blank, red), the

unused Ni3(HITP)2-modified electrode (unused, blue), the Ni3(HITP)2-modified electrode submerged in the

0.10 M KOH electrolyte for 1 hour (KOH, purple), the Ni 3(HITP)2-modified electrode cycled exclusively

under N 2 atmosphere (N 2, green), and the Ni3(HITP)2-modified electrode cycled exclusively under 02

atmosphere (02, orange) are shown.

Using standard rotating ring-disk electrode experiments (Figure 2-14) and assuming that

catalytically competent sites within Ni 3(HITP) 2 were distributed homogeneously throughout the film and

not just on the surface, lower-limit turnover frequencies (TOFs), determined by AAS, were found to be

0.042 electrons-[Ni 3(HITP) 2]'-s-1 and 0.052 electrons-[Ni 3(HITP)2]- s-' for H202 and H20

production,respectively, at E = 0.79 V. Quantifying the Ni content in the same films by ICP-MS gave lower-

limit TOF values of 0.046 electrons -[Ni3(HITP)2]' s-' and 0.056 electrons-[Ni3(HITP)2] 1" s-' for H202 and

H20 production, respectively, also at E = 0.79 V (Tables 2-4 to 2-7). The TOF values for H202 and H20

production increased by one order of magnitude to 0.491 electrons- [Ni3(HITP)2]' -s-' and 0.466

electrons- [Ni 3(HITP) 2] 1 -s-1, respectively, at 0.67 V. Notably, the intrinsic ORR turnover frequencies for

Ni3(HITP) 2 could exceed the values reported here because the Ni quantification methods do not distinguish
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Figure 2-13. Grazing incidence X-ray diffraction patterns of unmodified ITO (teal), Ni3(HITP) 2 film on

ITO before ORR (purple), and Ni3(HITP) 2 film on ITO after ORR (orange).
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Figure 2-14. Potentiostatic rotating ring disk electrode measurement for determination of 2e~ and 4e- ORR

TOF as catalyzed by Ni 3(HITP) 2. Disk potentials (red) are referenced to RHE. A constant potential of 1.23

V versus RHE was applied to the platinum ring (blue).

51



Table 2-4. 2e- ORR TOF calculations using nickel loading determined by ICP-MS.

E (V) vs RHE background and collection 2e- ORR TOF 2e- ORR TOF

efficiency corrected Iring (A) (electrons-s-') (electrons-

[Ni 3(HITP)2 -1-s-I)

0.807 3.496.10-6 2.182-103 0.00596

0.787 2.674-10-5 1.669-1014 0.0456

0.767 5.456 10-5 3.405 1014 0.0930

0.747 8.367-10-5 5.222.1014 0.143

0.727 0.000136 8.498-1014 0.232

0.707 0.000192 1.198-1014 0.327

0.687 0.000242 1.508. 1014 0.412

0.667 0.000288 1.798-1014 0.491

Table 2-5. 4e- ORR TOF calculations using nickel loading determined by ICP-MS.

E (V) vs RHE Idisk - corrected Iring (A) 4e- ORR TOF 4e- ORR TOF

(electrons-s-1) (electrons-

[Ni 3(HITP)2]1-s-1)

0.807 1.539-10-5 9.608-1013 0.0262

0.787 3.309-10-5 2.066.1014 0.0564

0.767 6.288- 10-5 3.924-1014 0.107

0.747 0.000101 6.329-1014 0.173

0.727 0.000141 8.800.1014 0.240

0.707 0.000184 1.148-10" 0.313

0.687 0.000229 1.430-10"5 0.390

0.667 0.000273 1.706-10" 0.466
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Table 2-6. 2e ORR TOF calculations using nickel loading determined by AAS.

E (V) vs RHE background and 2e~ ORR TOF 2e- ORR TOF

collection efficiency (electrons-s-1) (electrons-

corrected Iri.g (A) [Ni 3(HITP)2[1-s-')

0.807 3.496.10-6 2.182-1013 0.0554

0.787 2.674-10-5 1.669-1014 0.0424

0.767 5.456- 10-5 3.405- 1014 0.0865

0.747 8.367- 10- 5.222 1014 0.133

0.727 0.000136 8.498.1014 0.216

0.707 0.000192 1.198-10" 0.304

0.687 0.000242 1.508. 1015 0.383

0.667 0.000288 1.798-1015 0.457

Table 2-7. 4e- ORR TOF calculations using nickel loading determined by AAS

E (V) vs RHE Idisk - corrected Iring (A) 4e~ ORR TOF 4e- ORR TOF

(electrons-s-') electrons-

[Ni3(HITP)2]1-s-')

0.807 1.539-10-5 9.608.1013 0.0244

0.787 3.310 10-5 2.066- 1014 0.0525

0.767 6.288-10- 5  3.924-1014 0.0997

0.747 0.000101 6.329-1014 0.161

0.727 0.000141 8.780-1014 0.223

0.707 0.000184 1.148.1014 0.291

0.687 0.000229 1.430 1015 0.363

0.667 0.000273 1.706.1015 0.433
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Figure 2-15. Koutecky-Levich plots from Ni3(HITP)2-electrocatalyzed ORR. See below for electron

transfer numbers derived from K-L B factors.

The activation-controlled Tafel plot generated from Koutecky-Levich (K-L) data (Figure 2-15)

revealed a Tafel slope of -128 mV-dec-1 (Figure 2-16). This Tafel slope corresponds to an irreversible

one-electron pre-equilibrium process, likely indicating the formation of the superoxide anion as the rate-

limiting step (theoretical Tafel slope = -120 mV-dec-1 ). The total number of electrons transferred during

ORR was determined using the inverse of the slope of the K-L plots, termed the B factor (Equation 2-1):

B = 0.62nFDO2 2/3l-1/6c0 2 ( )1/2 Eq. 2-1

where n = number of electrons transferred, F = Faraday's constant, D0 2 = 02 diffusion coefficient in the

electrolyte, v = kinematic viscosity of the electrolyte, and C02 = the saturation concentration of 02 in the

electrolyte at 1 atm 02 pressure. Assuming the typical values in 0.10 M KOH: D0 2 = 1.9- 10~ cms, v =

0.1 m2 -s-1, 95 and C02 = 1.26.10-6 mol-cm-3 , and using B = 0.0831 mA-cm-2 -rpm-2 from the K-L plot at E

= 0.767 V, the number of transferred electrons in our system was calculated to be n = 2.25 (Table 2-8).

This electron transfer number was consistent with predominant (87.5%) production of H2 02 (more
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accurately, production of HO2- in 0.10 M KOH given the pKa of H2 02 = 11.63),33 with the remaining

activity ascribed to 4e- reduction to H20.

wU
3I
W,

wU

0.78

0.76 -

0.74 -

0.72 -

0.70-

0.68-

0.66-

0.64
-3.6 -3.4 -3.2 -3.0 -2.8 -2.6 -2.4

logo) (log(A-cm- 2))

Figure 2-16. Activation-controlled Tafel plot for Ni3(HITP)2- electrocatalyzed ORR, derived from the

Koutecky-Levich plots (Figure 2-15).

Table 2-8. Electron transfer calculations from K-L plots at varying potentials

E (V) vs RHE B (A-cm-2-rpm-0 -5) n (electrons)

0.767 -8.391 -10- 2.25

0.747 -7.590-10- 5  2.04

0.727 -7.669-10-' 2.06

0.707 -7.625-10-5 2.05

0.687 -7.920 10- 5  2.12

0.667 -8.315-10- 5 2.23
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The Faradaic efficiency for H202 production was determined by measuring the ratio of the ring

current to the disk current in rotating ring-disk electrochemical experiments (see Methods section). In the

0.82 V - 0.54 V potential range, the Faradaic efficiency for H202 production decreased from 100% to 63%

as formation of H20 increased with increasing overpotential before reaching a plateau at approximately

0.75 V (Figure 2-17).

The H' order for ORR catalysis was probed galvanostatically at I = -5.0 pA in a 0.1 M NaClO 4/0.1

M NaOH aqueous electrolyte titrated from pH 12.89 to pH 11.54 with 1.0 M HClO 4. These studies revealed

a slope of zero for 6E/6pH above pH 12.80, suggesting a zeroth order dependence on [H'] for the kinetic

rate law (Figure 2-18). However, a non-zero slope was observed below pH 12.80, indicating a change in

mechanism that involved proton-coupled electron transfer (PCET) or proton-dependent chemical steps

before or during the rate-limiting step. The observed potential dependence on [H'] was unlikely related to

the relative ionic strengths of the titrated electrolytes, which could influence the rate of 02 uptake in the

pores as well as the electron mobility; the system was sparged with 02 for 10 minutes prior to electrolysis.

Detailed mechanistic investigations of ORR with Ni 3(HITP) 2 are discussed in the following chapter.
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Figure 2-17. Potential-dependent faradaic efficiency for H 202 production during ORR catalyzed by

Ni 3(HITP) 2 at pH 13.
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Figure 2-18. a) Galvanostatic ORR proton order study at I= -5 pA, pH 11.54-12.89. b) Magnified portion

of the plot for the galvanostatic ORR proton order experiment highlighting the inflection point at pH 12.80,

which indicated a deviation from a zeroth order in [H'] dependence.

2.3 Conclusions and outlook

The foregoing results demonstrated for the first time electrocatalytic ORR activity in a well-

defined, intrinsically conductive MOF. Clearly, the faradaic efficiency for water production should be

increased for maximizing energy density in industrial settings, but such a goal may be more tractable with

MOFs, whose well-defined structures provide the ability to systematically investigate a number of variables

including the metal center identity, valency, and coordination environment. Structure-function and

mechanistic studies could facilitate understanding, development, and diversification of such materials into

platform structures primed for the targeted design of other ORR electrocatalysts.

2.4 Methods

Characterization of the Ni3(HITP)2 film. Samples were prepared for inductively coupled plasma-mass

spectrometric (ICP-MS) and atomic absorption spectroscopic (AAS) analysis by sonication of the modified
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electrode buttons in concentrated ICP (Omnitrace purity, 67-70% w/w) (EMD) grade HNO 3 for 4 hours.

The electrode buttons were removed from the acid, and the acid was diluted to 2% v/v with Milli-Q water.

ICP-MS was conducted on an Agilent 7900 at the MIT Center for Environmental and Health

Science (Cambridge, MA). An external calibration curve was generated with a Ni standard (1000 ppm in

2% HNO 3 ) (Ultra Scientific) diluted to 0, 15, 30, 60, and 120 ppb in 2% ICP grade HNO 3. Argon flowing

at 1.06 L-min' was used as the carrier gas. The ICP-MS data was analyzed by MassHunter 4.1 software.

Graphite furnace AAS was conducted on a Perkin Elmer AAnalyst 600 GFAAS (property of the

Lippard Group, MIT, Cambridge, MA). An ICP-grade Ni standard (1000 ppm in 2% HNO 3) (Ultra

Scientific) was diluted to 100 ppb in 2% HNO 3 in Milli-Q water. The AAS performed a serial dilution to

generate a Ni calibration curve with 0, 25, 50, 75, and 100 ppb Ni calibration points. The Ni content was

probed by monitoring the optical absorption at k = 232.0 nm. The graphite furnace temperature was ramped

from 110 'C to 2500 'C during AAS analysis. The AAS results were analyzed by WinLab32 for AA,

version 6.5.0.0266.

Atomic force microscopy was conducted at the MIT Institute for Soldier Nanotechnologies

(Cambridge, MA) using a Veeco Dimension 3100 scanning probe microscope (Veeco Digital Instruments

by Bruker) equipped with a Nanoscope V controller. Images were recorded in tapping mode in the air at

room temperature (23-25 'C) using an Al reflex coated silicon micro cantilever (AC240TS-R3, Asylum

Research). The scan rate was set at 1.0 Hz. The atomic force microscopy results were analyzed by

Gwyddion 2.43 software.

X-ray photoelectron spectroscopy (XPS) was conducted at the Harvard Center for Nanoscale

Systems (Cambridge, MA) on a Thermo Scientific K-Alpha XPS. A survey scan was taken and C, N, 0,

and Ni were probed with a pass energy = 50 eV, beam width = 400 Pm. Data analysis was executed with

the Advantage 5.938 software program.
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Raman spectroscopy was conducted on a Horiba Raman spectrophotometer (property of the

Myerson Group, MIT, Cambridge, MA) operated at 457 nm with a hole diameter of 500 ptm, a slit size of

100 pm, a range of 100-3000 cm-', a I00x magnification lens, a laser intensity of 39 A, and 2 second runs

with three accumulations per sample.

Scanning electron microscopy was conducted at the Harvard Center for Nanoscale Systems

(Cambridge, MA) on a Zeiss Ultra Plus FE-SEM with an InLens detector, a voltage of 10 kV, and 200 kX

magnification. Data analysis was executed with SmartSEM V05.04.02.00 software.

Grazing incidence X-ray diffraction was conducted at the MIT Center for Materials Science and

Engineering (Cambridge, MA) on a Bruker D8 Discover Diffractometer with a Vantec 2000 2D detector,

a Cu K0 X-ray source (1.5409 A), and a tube voltage and current of 40 kV and 40 mA, respectively. The

diffraction patterns were collected in a grazing incidence geometry with a grazing incidence angle of 3.6'.

The blank ITO slide and the ITO slides modified with the Ni3(HITP) 2 film were secured onto the

diffractometer stage with double-sided tape during data collection. The data for each sample was collected

in a single exposure with an exposure time of 10 minutes per sample. The 2D data was reduced by azimuth

averaging over 180' of the Debye Scherrer ring. It is noted that the remaining 1800 of the Debye Scherrer

ring was blocked by the sample due to the grazing incidence geometry.

Electrochemistry with the Ni 3(HITP)2 film. KOH (99.99% trace metals) was purchased from Sigma

Aldrich. Oxygen gas was purchased from Airgas (99.8% purity). Reference and glassy carbon working

electrodes were purchased from CH Instruments. Pt gauze (100 mesh, 99.9% metal basis) and wires (# =

0.404 mm, annealed, 99.9% metal basis, and 4 = 0.5 mm dia., hard, 99.95% metal basis) comprising the

auxiliary electrode were purchased from Alfa Aesar. The auxiliary electrode was cleaned by submersion in

concentrated HCI followed by sonication for 5 minutes, washing with Milli-Q water, and drying under a

stream of air before each experiment. Working electrodes were cleaned by submersion in concentrated HCI
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followed by sonication for 5 minutes, washing with Milli-Q water, and drying under a stream of air. The

working electrodes were then sequentially polished with 100 Pim, 30 pam, and 5 ptm diameter alumina

powder from BASI. All electrochemical experiments were executed with a BioLogic SP200 potentiostat in

a custom 2-compartment electrochemical cell. Rotating disk electrode and rotating ring disk electrode

studies were conducted with a Pine Research Instrumentation Modulated Speed Rotator. Unless otherwise

specified, internal resistance of the electrolyte was measured with the BioLogic SP200 potentiostat, and iR

drop correction was applied. Generally, the resistance of 0.10 M KOH was measured to be approximately

40 Q.

Synthesis of the Ni3(HITP)2 film on glassy carbon electrode. 2,3,6,7,10,11-hexaaminotriphenylene

hexahydrochloric acid (HATP-6HCl) salt (10.4 mg) was dissolved in Milli-Q water (6 mL) and heated to

65'C with stirring in a 20 mL capped glass vial (Vial A). In a second glass reaction vial (Vial B), nickel(II)

chloride hexahydrate (4.6 mg) was dissolved in Milli-Q water (4 mL) and to this was added concentrated

aqueous ammonium hydroxide (0.4 mL, 25% aqueous solution). The heated HATP solution in Vial A was

added to the NiCl2/NH 4OH solution (Vial B) and two alumina micropolished glassy carbon electrodes (5

mm diameter) were placed in the reaction so that the polished faces of the GC buttons were parallel to the

bottom of the reaction vial. Each button was inserted into an NMR tube cap so that only the polished face

of the glassy carbon was exposed for modification. The vial was capped and the reaction was heated without

stirring at 65 'C for 15 hours. The next day, the reaction afforded a translucent film on the glassy carbon

electrode buttons. Additionally, a translucent black film was visible on the reaction vial walls and a black

flaky solid had settled at the bottom of the reaction vial. The electrode film and the reaction mixture solid

were purified separately.

The electrode was removed from the reaction mixture and heated in Milli-Q water (20 mL) at 65

'C for 4 hours in a capped vial, rinsed with Milli-Q water, then heated again in water 65 'C for 15 hours in
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a capped vial. The electrode was rinsed with CH30H and then heated in fresh CH30H in a capped vial at

65 'C for 5 hours. The CH30H was removed and the electrode was heated at 65 0 C for 15 hours in fresh

CH30H. The next day after drying under dynamic vacuum, a black translucent film coating the polished

side of the glassy carbon button was visible. The electrode button was stored under dynamic vacuum.

For purification of the black powder, the remaining reaction mixture was centrifuged, the

supernatant was removed, and the remaining solid was sonicated in Milli-Q water (15 mL) for 5 minutes

then heated in a capped vial with stirring at 65 0C for 4 hours. The same procedure was repeated once more,

with the final heating step duration of 15 hours. The powder was once again centrifuged, followed by

removal of the supernatant, and then it was sonicated in CH30H (15 mL) for 5 minutes, then heated in the

capped vial in CH30H at 65 'C for 5 hours. The CH30H wash procedure was also repeated one more time,

then the powder was centrifuged, the supernatant was removed, and the black solid was dried under vacuum

for 15 hours.

Determination of the 2-and-4e- ORR TOFs. The background-subtracted ring current (Figure 2-14) was

taken for each potential probed during potentiostatic measurements (t = 0-120s, 121-240s, 241-360s, 361-

480s, 481-600s) then divided by 1000 to calculate current passed in A = C-s-1 (I = Q/t). That current was

divided by 0.2 to account for the 20% ring collection efficiency, then divided by Faraday's constant

(96,485.3365 C-mol-') and multiplied by Avogadro's number (6.022- 1023 electrons-moli) to determine the

number of electrons transferred to 02 when reducing 02 to H2 02 (2-electron ORR) per second. By ICP-MS

the electrode was calculated to have an average of 1.1015 1016 Ni sites deposited (See Table 2-2 for

standard deviation). By AAS, the electrode was calculated to have an average of 1.26199-1016 Ni sites

deposited (see Table 2-3 for standard deviation). The number of electrons transferred per second was

divided by the number of nickel sites as determined by AAS and ICP-MS, respectively, then multiplied

those values by 3 to convert the 2e ORR TOF to electrons -[Ni 3(HITP) 2] 1 -sec' according to the two nickel
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quantification methods (i.e. AAS and ICP-MS) (see Tables 2-4 and 2-6). In the main text, the TOF is

expressed as a range defined by the values calculated using the two employed Ni quantification methods.

To determine the TOF for 4e- ORR, the background and collection efficiency-corrected ring current

was subtracted from the disk current (A) (Figure 2-14) to obtain the current passed during 4e- ORR. The

current (A) was divided by Faraday's constant then by number of nickel sites and multiplied by 3 to calculate

the TOF (electrons-[Ni 3(HITP)2]' 'sec- 1) during 4e- ORR according to the two employed Ni quantification

methods (see Tables 2-5 and 2-7). In the main text, the TOF is expressed as a range defined by the values

calculated using the two employed Ni quantification methods.

Rotating disk and rotating ring disk electrode (RRDE) investigations. Experiments were conducted in

a two-compartment cell with a glass frit separating the auxiliary electrode from the working electrode;

electrolyte = 0.10 M KOH; auxiliary electrode = Pt mesh; reference electrode = Hg/HgO (1.00 M KOH),

working electrode = blank glassy carbon button (5 mm diameter) or glassy carbon button modified with

Ni3(HITP)2 film and inserted in a polyarylether-ether ketone (PEEK) RRDE tip with a platinum ring;

rotation rate = 2,000 rpm; scan speed = 5 mV-s-'; atmosphere = N2 or 02 sparged for 10 minutes through a

fritted sparge tube before data collection, with continuous sparging during data collection. All

voltammograms were collected by scanning cathodically from E = 0 V versus open circuit potential (OCP)

to -0.300 V versus Hg/HgO (0.567 V versus RHE). The electrolyte solvent window was established by

cycling a blank glassy carbon button under N 2 atmosphere. ORR activity of the unmodified glassy carbon

was observed by cycling the unmodified glassy carbon electrode under 02 from E = 0 V versus OCP to E

= 0.400 V versus RHE. These controls preceded data collection of Ni 3(HITP) 2 modified glassy carbon under

N2 and 02 atm. When relevant, a potential of E = 1.23 V vs RHE was applied to the Pt ring disk for oxidation

of the ORR products. A 20% collection efficiency was applied for quantification of the ORR products using

the current measured at the Pt ring disk.
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Potentiostatic steady-state durability test. While rotating at 2,000 rpm, CV of the Ni3(HITP)2-modified

glassy carbon electrode was taken at 5 mV-s-' from E = 0 V vs OCP to E = -0.3 V versus Hg/HgO (E =

0.567 V vs RHE) under sparging 02 atmosphere to measure the ORR activity. In this experiment, a titanium

plate auxiliary electrode was used. 02 sparged throughout the entirety of the experiment. The potential was

held at E = 0.767 V vs RHE for 8 hours with 02 sparging continuously. The current response was monitored

with data points collected every 60 s. After the potentiostatic stability test was completed, CV was taken

again under 02 atmosphere at 5 mV-s-' from E = 0 V vs OCP to E = -0.3 V versus Hg/HgO to compare

the mass transport of the used material to that of the material before the stability test.

Koutecky-Levich data collection and determination of activation-controlled Tafel slope. CV (5

mV-s-') under N 2 atmosphere was conducted from 0 V versus OCP to -0.3 V versus Hg/HgO (ORR

potential range for Ni 3(HITP) 2). CV (5 mV s-') under 02 atmosphere was conducted from 0 V versus OCP

to -0.3 V versus Hg/HgO (ORR potential range for Ni 3(HITP) 2). Galvanostatic measurements were

conducted with I = -1, -10, and -100 pA to identify the reliable potential range for potentiostatic

measurements. Potentiostatic measurements were conducted from -20 mV to -200 mV versus Hg/HgO in

increments of 20 mV. Each potential was held for 1 minute. This was conducted 5 times, with altering

rotation speeds to extrapolate diffusion coefficient. The electrode was rotated at 2,000, 625, 816, 550, and

1,189 rpm respectively. This allowed for elimination of mass transport limitations when analyzing Tafel

behavior via generation of the activation-controlled Tafel plot. CV (5 mV-s') under 02 atmosphere was

conducted from 0 V versus OCP to -0.3 V versus Hg/HgO (ORR potential range for Ni 3(HITP) 2).

Chronoamperometry at E = -0.2 V versus Hg/HgO was run for 8 minutes under N2 sparging atmosphere to

eliminate 02. CV (5 mV/s) under N2 atmosphere was conducted from 0 V versus OCP to -0.3 V versus
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Hg/HgO (ORR potential range for Ni 3(HITP)2) to recheck double layer capacitance as indicator of potential

catalyst decomposition. Ohmic drop was measured at I = -0.1 mA for iR correction.

ORR proton order study. Potential was measured over 25 minutes at a constant current I= -5 pA while

varying the pH from 12.89 to 11.54 in the 0.10 M KOH electrolyte titrated with 1.0 M HClO 4.
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Chapter 3

Mechanistic Evidence for Ligand-Centered Oxygen

Reduction with the Conductive MOF

Ni3(hexaiminotriphenylene)2

Portions of this chapter previously appeared in Miner, E. M.; Gul, S.; Ricke, N.D.; Pastor, E.; Yano, J.;
Yachandra, V.K.; Van Voorhis , T.; Dincd, M. ACS Catal., 2017, 7, 7726-7731 and are reproduced here
with permission from the American Chemical Society.
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3.1 Introduction

Understanding catalytic kinetics and thermodynamics to construct a reasonable reaction

mechanism is central for both elucidating the behavior of a given catalyst and gaining predictive power

over structure-function relationships. This predictive power aids in efficiently optimizing catalyst

performance by systematically tuning the structural and electronic properties of the catalyst. One class of

materials that could benefit from mechanism-guided optimization is non-platinum group metal (non-PGM)

electrocatalysts for the 02 reduction reaction (ORR) to water (4e- reduction) and / or hydrogen peroxide

(2e- reduction). Such catalysts typically include abundant transition metals and / or heteroatoms such as N,

0, and S doped into a carbonaceous matrix.",5 ', 123,134-1 36 Although quite active and stable during ORR,

previously reported non-PGM catalysts often consist of amorphous carbon mechanically blended with

transition metal macrocycles or other metal and main group heteroatomic sources. These relatively poorly

defined materials do not lend themselves to facile mechanistic studies; the inhomogeneous dispersion and

irregular orientation of the dopants throughout the carbon matrix engenders structural ambiguity that makes

identification, experimental probing, and computational modeling of active sites difficult.

Conversely, highly ordered metal-organic frameworks (MOFs) containing well-defined, spatially

isolated active sites present an attractive platform for experimental and computational correlation between

the chemical and electronic structure of a given catalyst and the electrocatalytic activity and mechanism, a

feat that is traditionally restricted to homogeneous molecular systems. The previous chapter described that

the electrically conductive MOF Ni 3(HITP) 2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene) (Figure 3-1)

functions as an active ORR electrocatalyst stable in alkaline medium. 137 The activity of Ni3(HITP)2

compared well with those of the most active non-PGM electrocatalysts,55 ,58 ,12 3,134-136 with an ORR onset

potential (j = -50 pA-cm- 2 ) of 0.82 V versus RHE. Unlike other non-PGM catalysts, Ni3(HITP)2 presents

a well-defined structure and thus the opportunity to determine whether the ORR activity is associated with

the organic building blocks or the metal ions. These results could have implications for understanding the



wider class of non-PGM catalysts, whose mechanism for ORR activity remains the subject of numerous

studies.

-4 -

Figure 3-1. Ni3(HITP)2 structure. Ni, N, and C atoms are shown in yellow, blue, and gray, respectively. H

atoms are omitted for clarity.

Here is presented experimental and computational evidence for a ligand-based active site in

Ni 3(HITP) 2. The data showed no evidence for Ni involvement in the catalytic cycle, but suggested important

consequences for changing the electronic structure ofthe ligand. Establishment of precise structure-function

relationships in this material introduces the possibility for tuning the structure with atomic precision such

that catalytic ORR activity, selectivity, and stability can be maximized.

3.2 Results and Discussion

Having previously shown that Ni 3(HITP)2 reduces 02 electrocatalytically in strongly basic medium

(0.1 M KOH), the utility was explored over the wider aqueous pH range. It was found that the material was

competent for ORR catalysis under all alkaline conditions (pH 8 and above), but not in acidic medium.

Indeed, cyclic voltanmograms (CVs) of Ni 3(HITP)2 above pH 8 showed catalytic waves with no loss in
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current density over 20 cycles, whereas catalytic current decreased with every cycle in acidic media (Figure

3-2).

1.0-
pH 4 cycle 1

0.0 - j
cc .4-

S-1.0-

E -2.0-
pH 13 cycle 1
pH 13 cycle 20

-3.0. pH 8 cycle 1
H 8r ci& 2C

-4.0-
0.0 0.2 0.4 0.6 0.8

E/VvsRHE

Figure 3-2. Cyclic voltammograms of Ni3(HITP)2 under 02 atmosphere in pH 13, pH 8, and pH 4.

Potentials are referenced versus R-HE.

To derive a kinetic rate law for ORR with Ni 3(HITP) 2, we sought to determine the reaction order in

[02], [H'], and the number of electrons transferred prior to or during the rate limiting step. The reaction

order in [02] was measured at varying potentials as well as varying concentrations of 02. At pH 13, in the

potential range of 0.667 V to 0.787 V versus RHE, 02 reduction exhibited an [02] order of 0.78-0.88,

nearing first order (Figure 3-3a, Table 3-1) At pH 8, in the potential range of 0.320 V to 0.520 V vs RHE,

02 reduction is also first order in [02] (Figure 3-3b, Table 3-2). To identify the number of electrons

involved in the rate law, potentiostatic data was collected under 02 atmosphere on a rotating disk electrode

at varying rotation speeds (Figure 3-4), which allowed determination of the activation-controlled Tafel

slopes. The Tafel slopes were nearly identical at pH 13 and pH 8, -128 mV-dec-' and -124 mV-dec-'

(Figure 3-5), respectively, and were close to -118 mV-dec-', the value expected for an irreversible le-

transfer in the rate-limiting step.20 The linear Tafel slopes and consistent first order with respect to [02] over
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the activation-controlled ORR potential range suggested that the

probed potential range.

0.0 a E/V -0.5
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070710

-1.0 0.747

~.-.5 -- 0.787 .~ -.
0 0

z-.2.0- Z

-2.0-
-2-2.5.

-,

-3.0- -2.5-

-3.5-

-4.0o3.
0.2 0.4 0.6 0.8 1.0 1.2

log(% 02)

1.4 1.6 1.8 0.

kinetic rate law does not change over the

8 1.0 1.2 1.4 1.6

log(% 02)

1.8 2.0 2.2

Figure 3-3. Potentiostatic [02] order for ORR with

Potentials are referenced versus RHE.

Ni3(HITP) 2 a) in pH 13 and b) in pH 8 electrolyte.

Table 3-1. Corresponding slopes of the [02] order plots collected in pH 13, from Figure 3-3a.

E (V) vs RHE Slope

0.827 0.72

0.787 0.84

0.747 0.83

0.707 0.88

0.667 0.78

To establish whether the e- transfer step is coupled to proton transfer, galvanostatic [H'] order

data was collected while titrating the alkaline electrolyte from pH 13.0 to pH 9.5 and passing a cathodic

current of 10 pA in the presence of 02. These conditions evidenced a sub-Nernstian 6E/6pH relationship of

-22 mV-dec-', corresponding to a fractional order of [H'] 116. This low fractional order implied that there

were no proton-coupled electron transfer (PCET) steps prior to or in the rate-limiting step. Although
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Table 3-2. Corresponding slopes of the [02] order plots collected in pH 8, from Figure 3-3b.

E (V) vs RHE Slope

0.520 0.71

0.470 0.85

0.420 0.91

0.370 0.94

0.340 0.96

0.320 0.97

E

E
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-2 -

-4 -
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Figure 3-4. Koutecky-Levich plots for ORR with Ni 3(HITP) 2 in pH 8. Refer to Chapter 2 for the Koutecky-

Levich plots for ORR on Ni3(HITP) 2 in pH 13.
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Figure 3-5. Tafel plots for ORR on Ni3(HITP)2 in pH 13 versus pH 8 electrolyte.

intriguing, a sub-Nernstian order in a given reactant is not unprecedented,13 8- 4 0 and can be associated with

experimental conditions deviating from the ideal standards employed in electrokinetic derivations or from

competing reaction kinetics, for instance. Notwithstanding, the fractional order in [H'] observed here was

not caused by extraneous factors such as uncompensated Ohmic losses caused by ionic strength differences

in the electrolyte: titrating towards acidic or towards basic pH values produced similar data under both 02

and N2 atmosphere (Figure 3-6).

Another potential source of the fractional [H'] order is the variation of electrical conductivity of

the catalyst with pH, which would lead to different apparent current density as a function of pH at a fixed

potential. However, the electrical conductivity of Ni 3(HITP)2 films grown onto interdigitated electrodes

decreased with decreasing pH, a trend opposite to what would be expected if the conductivity had any effect

on the kinetic rate law (Figure 3-7). That is, rather than a decrease in electrical resistance of the MOF,

signifying an increase in conductance at lower pH which may have explained the ORR potential dependence

on pH, as pH was lowered to 8.5 an increase in resistance was observed. Although some hysteresis was
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Figure 3-6. a) Dependence of ORR onset potential on pH, with acid and base titrant to show reversibility

of the ORR potential dependence on pH, and b) Potentiostatic study of current passed by Ni 3(HITP) 2 in

varying pH environments under N2 atmosphere.
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Figure 3-7. Dependence of Ni3(HITP) 2 resistance on pH, a) full recording of current passed when E = 50

mV during acid and base titrations; b) change in current as a function of pH with acid titrant (blue) and

base titrant (orange).
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present when titrating the electrolyte back with base, approximately 63% of the conductance was recovered

as the more basic pH was restored, indicating that the process resulting in lower electrical conductance in

the MOF was, to some extent, reversible. The hysteresis observed in the current passed as a function of pH

during the acid versus base titration may be due to acid-prompted partial decomposition of the catalyst via

protonation of the imine nitrogen atoms, resulting in dissociation of the ligand from the Ni+ centers.

Altogether, the data above points to the following empirical rate law (Equation 3-1):

j = ko[0 2][H+] 1/ 6eaEFRT Eq. 3-1

wherej is the measured steady state current density, ko is a potential-independent rate constant, E is the

applied potential, a is the experimental transfer coefficient for the reaction (here, approximated as 0.5),o0,

F is Faraday's constant, R is the gas constant, and T is the absolute temperature. The first order in [02],

partial order in [H'], and le- transfer in the rate-limiting step pointed to 02 binding to the catalyst as the

rate-limiting step, with formation of superoxide. To identify the specific site for 02 activation in the catalyst,

films of Ni 3(HITP)2 grown on indium-tin-oxide (ITO)-coated polyethylene terephthalate (PET) were

subjected to in-situ investigation by X-ray absorption spectroscopy (XAS) at the Ni K-edge, in collaboration

with S. Gul and E. Pastor. Potentiostatic ORR experiments on the Ni 3(HITP)2 films evidenced no shift in

the Ni K-edge in the X-ray absorption near-edge spectroscopic (XANES) region (Figure 3-8a).

Additionally, the rising edge energy (8343.7 eV, measured at the half-height of the absorption edge) was

close to that of a standard Ni(II) complex, nickel(II) phthalocyanine (8344.1 eV). If e- transfer occurred

before the rate-limiting step, this data would indicate that Ni remains in the +2 oxidation state throughout

catalysis. R-space extended X-ray absorption fine structure (EXAFS) spectra of Ni 3(HITP)2 before and

during ORR indicated no significant change in the coordination environment or nearest neighbor distances

with respect to the Ni atoms (Figure 3-8b). EXAFS spectra both before and during catalysis yielded similar
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best fit parameters giving identical Ni-N bond distances of 1.

planar divalent Ni atoms.14 1
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Figure 3-8. a) XANES spectrum of Ni3(HITP) 2 before versus

Ni(II) phthalocyanine; b) Fourier Transforms of k2-weighted

Ni3(HITP)2 and under ORR conditions.

84 A (Table 3-3), consistent with square-

1 2 3 4 5 6 7 8 9 10
Apparent Distance R' / A

during ORR in pH 13 along with that of

Ni K-edge EXAFS data of as-prepared

The data above suggest that 02 binding and activation in Ni3(HITP)2 do not occur on Ni, but on the

ligand. To determine which of the ligand atoms present the most favorable binding site for 02, N. Ricke

employed density functional theory (DFT) calculations. 14 2,14 3 Specifically, a neutral fragment consisting of

a central HITP3- ligand bound to three Ni atoms and terminated with o-diiminobenzosemiquinonate ligands

(Figure 3-9a) was considered. Using an isodesmic reaction scheme14 4 with comparison to phthalimide (pKa

8.30),141 the pKa of the MOF fragment was determined to be 25, thus confirming that all NH groups did not

dissociate under experimental conditions. To identify the most likely active site for catalysis, we considered

specific sites where 02 would most readily bind: the Ni atom, the imine N atoms, or one of the three unique

C atoms. The calculations indicated that chemical binding of 02 to the Ni center had an uphill free energy

of 1.4 eV, and no energy minimum was found for binding 02 to
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Table 3-3. Best fit parameters for Ni K-edge EXAFS curve fittinga

Sample Path R (A) N G2 R-factor AEo

( 10-3 A2) (%) (eV)

As-prepared Ni-N 1.84 0.01 4 3.25 1.59 0.81 -3.21 1.78

Ni-C 2.71 0.01 4 3.45 2.56

Ni-N-C 2.95 0.01 8 3.00 0.20

Ni-Nb 3.59 0.07 2 7.05 4.59

Ni-Nib 3.81 0.05 2 9.09 6.43

ORR @ 0.817 V Ni-N 1.84 0.01 4 3.03 1.93 1.15 -2.84 2.22

Ni-C 2.71 0.01 4 3.36 2.79

Ni-N-C 2.95 0.01 8 3.00 0.20

Ni-Nb 3.60 0.10 2 7.05 4.59

Ni-Nib 3.81 0.06 2 8.55 6.43

'Fitting for the pristine sample and the sample during ORR was performed over the k-range 2.55 <_ k(A-1)

> 11.60 (1.0 < R'(A) > 3.6. For the EXAFS curve measured during electroreduction of Ni3 (HITP)2 at

0.817 V versus RHE, the data was fit for the k-range 2.55 < k(A-1) > 11.60 (1.0 < R'(A) > 3.0.

bAtoms from neighboring layers

a nitrogen atom, which together pointed to a carbon-based active site. Of the three unique C atoms, the

optimal binding site was calculated to be the p-C relative to the imine group, as shown in Figure 3-9b.

Although the binding energy of 02 to this C in the absence of electron transfer was found to be uphill by

1.1 eV, no minimum was found for the remaining two distinct C sites, which were therefore unfavorable

for 02 binding. The potential for this p-C to serve as an 02 binding site was further supported by Mulliken

charge population analysis. 146 Whereas all other atoms had Mulliken populations of close to zero, the P-C

was found to have a Mulliken population of -1.01 (Figure 3-10, Table 3-4). This larger population

indicated a likely site for reactivity, as charge localization can point to the easiest location for breaking
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aromaticity. Importantly, the orientation of the C-bound 02 with respect to the NH group of the HITP ligand

raised the possibility of a stabilizing hydrogen bonding interaction between the distal 0 atom and the imine

proton, which indeed were found to lie 1.98 A apart.

a b

1.98 A

Figure 3-9. a) Model fragment of Ni 3(HITP) 2; b) Calculated binding site of 02 onto the Ni 3(HITP) 2

fragment. C, H, N, Ni, and 0 atoms shown in gray, white, blue, yellow, and red, respectively.

3 4

Figure 3-10. Ni3(HITP)2 model fragment with the relevant atoms (1-5) analyzed by Mulliken charge

population analysis.
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Table 3-4. Mulliken populations for the atoms numbered in Figure 3-10 above, before versus after

electrochemical 02 binding.

Atom # Population before 02 Population after 02

1 0.34 0.33

2 -0.78 -0.81

3 0.47 0.26

4 -1.01 -0.73

5 0.65 0.82

Given that the thermodynamic barrier for 02 binding to the optimal carbon site was still higher than

would be expected given the observed catalytic activity, the possibility of electron transfer accompanying

02 binding was investigated. Indeed, binding of 02 to the Ni3 (HITP)2 fragment in concert with a 1e- transfer

to 02 to form superoxide was found to be endergonic by only 0.1 eV in the absence of an applied potential

(Figure 3-11, Table 3-5). Notably, the barrier for electrochemical binding of 02 to the Ni sites was found

-1.2

Figure 3-11. The free energy (eV) of each intermediate in the 2e- ORR catalytic cycle with Ni3(HITP)2 .

The lower states (black) show the energetics at open circuit potential, whereas the upper states (red) show

the free energy of each state with 0.69 V versus RHE applied potential such that the production of H02- is

thermodynamically reversible.
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Table 3-5. Calculated thermodynamic parameters for ORR with the Ni3(HITP) 2 model fragment and the

molecular analogue Ni(ISQ) 2. These values were used to calculate the difference in free energy for possible

catalytic paths of the Ni3(HITP)2 cluster. A scaling constant of 0.9512 was applied to the vibrational

enthalpy and zero-point energy values listed here to account for the anharmonicity of vibrational molecular

modes.

Cluster State in Vacuum Solvation Vibrational Entropy ZPE

Catalytic Cycle Energy, 0 K Energy Enthalpy (Cal-mol-1 ) (Cal-mol')

(Hartree) (kCal-mol- 1) (kCal-mol-')

Ni3(HITP)2  -6571.6944 -42.68 410.29 235.59 387.23

Ni3(HITP) 2-0 2  -6721.9619 -68.46 415.23 235.44 391.78

(CP-02)

Ni3(HITP) 2-0 2- -6722.0685 -96.99 398.47 224.32 376.38

(Cp-02-)

Ni3(HITP) 2-0 2H -6722.6269 -46.88 407.09 225.99 384.80

Ni3(HITP) 2-02- -6722.0495 -94.17 398.34 236.16 374.98

(Ni-02)

Ni(ISQ) 2  -2191.7560 -14.58 142.50 104.95 136.86

Ni(ISQ) 2-0 2  153.76 125.65 145.80

(Cp-0 2) -2342.0040 -46.51

Ni(ISQ) 2-02- 146.03 118.50 138.81

(Cp-02-) -2342.1184 -70.83

to be considerably higher, at 0.6 eV. The barrier for electrochemical binding of 02 onto the P-C was not

prohibitive for 02 binding and was consistent with the experimental observation of first order [02]

dependence as well as a Tafel slope of approximately -118 mV-dec-1 .20 In agreement with rate-limiting

superoxide formation, subsequent protonation of superoxide was calculated to be exergonic by 0.3 eV.

Lastly, the calculations indicated that transfer of a second electron to break the oxygen-catalyst bond and
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release H20- was favorable by 1.2 eV. Although Ni serving as an 02 binding site here was unlikely, the spin

density plot of the MOF model fragment showed that electrochemical binding of 02 broke the spin

symmetry, with excess spin distributed across both the metal and ligand (Figure 3-12). Thus, the Ni sites

did not directly participate in 02 reactivity, but they did contribute to the electronic structure of the ORR-

active species.

Figure 3-12. Excess spin density plot of the Ni 3(HITP) 2-02- cluster (isovalue = 0.018). This cluster has an

overall spin of 0.5, and features regions with both excess positive spin distributed across the ligand and

metal (orange), and negative spin distributed across the ligand (green).

To obtain a more comprehensive picture of the full catalytic mechanism, potential sources of the

fractional order in [H'] were further investigated. The earlier discussion on this subject notwithstanding, a

plausible explanation for the partial proton order is that the absolute rate of the rate-limiting step - here,

formation of MOF-bound superoxide - is only marginally slower than a subsequent proton-dependent non-
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rate-limiting step.2 ' Such a scenario would be consistent with a pH-dependent electron transfer from

Ni3(HITP) 2 to superoxide. To probe this hypothesis, we investigated the CV signature of the catalyst under

pure N2 as a function of pH. As shown in Figure 3-13, the oxidation potentials of Ni 3(HITP)2 were indeed

pH- dependent, indicating that changing the oxidation state of Ni3(HITP)2 was a PCET process. More
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a b
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0.4-
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E 0.2 -
E
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Figure 3-13. pH-dependent redox activity of Ni 3(HITP) 2 under N 2 atmosphere, showing a) the full

voltammogram, then magnifying b) the quasi-reversible redox event, and c) the first and second irreversible

oxidation events.
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specifically, as the pH decreased, the oxidation potentials of Ni 3(HITP)2 shifted more positively with a

6Eredox/6pH slope of 90-120 mV-dec-' (Figure 3-14), as expected for a 2H'-1e- coupled transfer. 147 This

Nernstian dependence of the MOF oxidation potentials on pH supported the hypothesis that the second (i.e.

the non-rate-limiting) electron transfer step was associated with proton transfer and therefore was likely

responsible for the fractional [H*] order during ORR. Similar pH-dependent redox activity was reported in

a nitrogen-doped graphitic carbon ORR catalyst.'3 8
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Figure 3-14. Pourbaix diagram of the

environments.

oxidation states of Ni 3(HITP) 2 accessible at various potentials / pH
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With the discussed experimental and computational data in hand, the following mechanism for the

2e- reduction of 02 on Ni 3(HITP)2 emerged (Scheme 3-1):

catalyst resting state

HN4Y
L.NH

HN' %
NH

H H I
Ni -~ +-~2 *\ A0 +02

H H NH

HN
I -NH RDS

HNO

H
N% N

HN? N
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HNiHN--N %
NH

H H

N N
H H
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+ H2 01jNO

H0_

Scheme 3-1. Proposed mechanism for 2e- 02 electroreduction with Ni 3(HITP) 2.

I. Rate-limiting electron transfer and binding of 02 to the P-C with respect to the ligand imine to

form the superoxide adduct
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II. Protonation of bound 02- by water to form a hydroperoxide

III. Electron transfer to the hydroperoxide and desorption of HO2

IV. Regeneration of the catalyst resting state

This proposed mechanism was consistent with our experimental data and the computational studies, but it

did not address whether the highly delocalized frontier orbitals of Ni3(HITP)2 were necessary for catalysis

or whether a smaller fragment of this material would be sufficient for competent catalysis experimentally.

To investigate the possibility of a small-molecule mimic of Ni3(HITP)2 acting as a competent ORR catalyst,

we focused on the well-known molecular complex Ni(ISQ) 2 (ISQ = o-diiminobenzosemiquinonate, Figure

3-15).148155 Importantly, under conditions mimicking those employed for Ni3(HITP)2, Ni(ISQ) 2 showed no

ORR activity (Figure 3-16).

- 0
H H

Ni /:

. H H _

Figure 3-15. Structure of Ni(ISQ) 2.

0.00 -1-a blank N a 0.001 blank N2 Ni(ISQ)2 N b

I- Ni(ISQ) 2 N 2  Ni(ISQ)2 02 0.000 . a
-0.05 -C Ni(ISQ)2 0O
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Figure 3-16. Cyclic voltammogram of 02 electroreduction on the molecular species Ni(ISQ) 2 dropcast on

a) glassy carbon, and b) ITO, in pH 13 electrolyte.
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Density functional theory (DFT) provided insight into the dramatic difference in catalytic activity

between the MOF and the molecular complex (Figure 3-17). Specifically, whereas 02 binding and electron

Figure 3-17. Optimized structure of Ni(ISQ)2 by DFT. C, H, N, and Ni atoms shown in black, gray, blue,

and gold, respectively.

transfer to the MOF was endergonic by only 0.1 eV (see above), calculations suggest that the formation of

the superoxide complex with Ni(ISQ) 2 was endergonic by 0.7 eV at pH 13. Although in line with the

experimental observation that the molecular complex was not a good ORR catalyst, this difference was

surprisingly large and highlighted the importance of having a delocalized valence band in the MOF. Indeed,

representations of the highest occupied molecular orbitals for Ni(ISQ) 2 and the more extended Ni 3(HITP)2

model system described earlier showed significant redistribution of the 7r electron density in Ni(ISQ) 2, but

very little disruption of the 7r system in Ni 3(HITP)2 (Figure 3-18). In other words, the MOF is able to

accommodate the key superoxide complex without significant disruption of its electronic structure, only by

virtue of its extended covalent lattice. Thus, even though the metal itself does not play a significant role in

ORR catalysis, the conductivity and electron delocalization in the MOF is essential for catalysis.
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Figure 3-18. Calculated highest occupied molecular orbitals (HOMOs) for a) representative Ni3(HITP)2

fragment Ni 3(HITP)(ISQ) 3 without superoxide; b) representative Ni 3(HITP) 2 fragment Ni3(HITP)(ISQ) 3

with bound superoxide; c) Ni(ISQ) 2 without superoxide; d) Ni(ISQ) 2 with bound superoxide.

3.3 Conclusions and outlook

Electrochemical and spectroscopic techniques supported by computational evidence revealed the

that active site for catalytic 02 reduction on Ni 3(HITP)2, an electrically conductive MOF, was not metal-

based, as proposed for many transition metal macrocycles, but rather ligand-based. The highly ordered

MOF structure and well-defined active sites have enabled precise correlation of the structure and electronic

structure of the catalyst with the ORR activity and mechanism, including the identification of a partial

proton order related to the pH dependence of the MOF oxidation potentials. This comprehensive model for

02 binding thermodynamics, electrokinetics, and detailed mechanism of ORR on Ni3(HITP)2 should enable
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catalyst design in other conductive MOF systems. Most importantly, these studies showed that electron

delocalization is critical for accessing key intermediates that become energetically prohibitive for molecular

systems bearing only structural resemblance to the MOFs.

3.4 Methods

General comments. KOH (99.99% trace metals) and NaCl (99.99% trace metals) were purchased from

Sigma-Aldrich. The aqueous electrolytes were made from Milli-Q water (18 MQ). Oxygen gas was

purchased from Airgas (99.8% purity). Reference and glassy carbon working electrodes were purchased

from CH Instruments. Indium tin oxide (ITO) working electrodes were purchased from Delta Technologies,

Ltd. Gold interdigitated electrodes on a corundum substrate was purchased from BVT Technologies

(CC 1.W1). Pt gauze (100 mesh, 99.9% metal basis) and wires ( = 0.404 mm, annealed, 99.9% metal basis,

and 4 = 0.5 mm dia., hard, 99.95% metal basis) comprising the auxiliary electrode were purchased from

Alfa Aesar.

Electrochemical measurements. The Pt auxiliary electrode was cleaned by submersion in concentrated

HCl followed by sonication for 5min, washing with Milli-Q water, and drying under a stream of air before

each experiment. Glassy carbon working electrodes were cleaned by submersion in concentrated HCl

followed by sonication for 5min, washing with Milli-Q water, and drying under a stream of air. The glassy

carbon working electrodes were then sequentially polished with 1, 0.3 and 0.05 ptm diameter alumina

powder from BASI. Unless otherwise noted, all electrochemical experiments were executed with a Bio-

Logic SP200 potentiostat / galvanostat in a custom 2-compartment electrochemical cell. Rotating disk

electrode studies were conducted with a Bio-Logic SP200 potentiostat / galvanostat and a Pine Research

Instrumentation Modulated Speed Rotator. Unless otherwise specified, internal resistance of the electrolyte

was measured with the Bio-Logic SP200 potentiostat / galvanostat by passing -100 pA current, and iR

drop correction was applied. Generally, the resistance of 0.10 M KOH was measured to be -20 0. Prior to
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data collection under a given atmosphere (N2 or 02), the electrolyte was sparged for 20 minutes with that

gas and sparged continuously during data collection. For the pH 13 (0.1 M KOH) electrolyte, a Hg/HgO

reference electrode (1.0 M KOH) was used and for the pH 8 electrolyte (0.1 M NaCl), a Ag/AgCl electrode

was used (1.0 M NaCl). Unless otherwise noted, cyclic voltammetry data was collected while rotating the

working electrode at 2,000 r.p.m. and cycling at 5 mV-s-1.

Synthesis of the Ni3(HITP)2 film on glassy carbon electrode. 2,3,6,7,10,11-hexaaminotriphenylene

hexahydrochloric acid (HATP-6HCl) salt (10.4 mg) was dissolved in Milli-Q water (6 mL) and heated to

65'C with stirring in a 20 mL capped glass vial (Vial A). In a second glass reaction vial (Vial B), nickel(II)

chloride hexahydrate (4.6 mg) was dissolved in Milli-Q water (4 mL) and to this was added concentrated

aqueous ammonium hydroxide (0.4 mL, 25% aqueous solution). The heated HATP solution in Vial A was

added to the NiCl2/NH 4OH solution (Vial B) and two alumina micropolished glassy carbon electrodes (5

mm diameter) were placed in the reaction so that the polished faces of the GC buttons were parallel to the

bottom of the reaction vial. Each button was inserted into an NMR tube cap so that only the polished face

of the glassy carbon was exposed for modification. The vial was capped and the reaction was heated without

stirring at 65 'C for 15 hours. The next day, the reaction afforded a translucent film on the glassy carbon

electrode buttons. Additionally, a translucent black film was visible on the reaction vial walls and a black

flaky solid had settled at the bottom of the reaction vial. The electrode film and the reaction mixture solid

were purified separately.

The electrode was removed from the reaction mixture and heated in Milli-Q water (20 mL) at 65

'C for 4 hours in a capped vial, rinsed with Milli-Q water, then heated again in water 65 'C for 15 hours in

a capped vial. The electrode was rinsed with CH30H and then heated in fresh CH 30H in a capped vial at

65 'C for 5 hours. The CH30H was removed and the electrode was heated at 65 'C for 15 hours in fresh
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CH30H. The next day after drying under dynamic vacuum, a black translucent film coating the polished

side of the glassy carbon button was visible. The electrode button was stored under dynamic vacuum.

For purification of the black powder, the remaining reaction mixture was centrifuged, the

supernatant was removed, and the remaining solid was sonicated in Milli-Q water (15 mL) for 5 minutes

then heated in a capped vial with stirring at 65 'C for 4 hours. The same procedure was repeated once more,

with the final heating step duration of 15 hours. The powder was once again centrifuged, followed by

removal of the supernatant, and then it was sonicated in CH30H (15 mL) for 5 minutes, then heated in the

capped vial in CH30H at 65 'C for 5 hours. The CH30H wash procedure was also repeated one more time,

then the powder was centrifuged, the supernatant was removed, and the black solid was dried under vacuum

for 15 hours.

Determination of the Ni3(HITP)2-mediated ORR order in [021 in pH 13 electrolyte. The electrolyte

was sparged with N 2 for 20 minutes and background CV of the Ni 3(HITP)2 film on the glassy carbon

working electrode was taken from 0 V versus OCP to -0.3 V versus Hg/HgO. The electrolyte was then

sparged with 02 for 10 minutes then CV under 02 was taken from 0 V versus OCP to -0.3 V vs Hg/HgO.

The [02] order data was collected by holding the potential at E = -0.04 V, -0.08 V, -0.12 V, -0.16 V, and

-0.2 V versus Hg/HgO for two minutes at each potential, going from 5% 02 / 95% N 2 to 100% 02 / 0% N2

electrolyte atmosphere at each potential value, with sparging the new atmosphere for 5 minutes before data

collection. For each potential, a log(I) versus log(partial pressure 02) plot was made to extrapolate the order

in 02 and observe the dependence of the order on the potential.

Determination of the Ni 3(HITP)2-mediated ORR order in [021 in pH 8 electrolyte. The electrolyte was

sparged with N 2 for 20 minutes and background CV of the Ni 3(HITP) 2 film on the glassy carbon working

electrode was taken from 0 V versus OCP to -0.35 V versus Ag/AgCl. The electrolyte was then sparged
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with 02 for 10 minutes then CV under 02 was taken from 0 V versus OCP to -0.35 V vs Ag/AgCl. The

[02] order data was collected by holding the potential at E = -0.152 V, -0.202 V, -0.252 V, -0.302 V,

-0.332 V, and -0.352 V versus Ag/AgCl for two minutes at each potential, going from 10% 02 / 90% N2

to 100% 02 / 0% N2 electrolyte atmosphere at each potential value, with sparging the new atmosphere for

5 minutes before data collection. For each potential, a log(I) versus log(partial pressure 02) plot was made

to extrapolate the order in 02 and observe the dependence of the order on the potential.

Koutecky-Levich and Tafel studies in pH 8. Collection of the Kouteky-Levich and Tafel data in pH 13

was previously described in the Methods section of Chapter 2. CV in pH 8 electrolyte (0.1 M NaCl) (5

mV-s-') under N2 atmosphere then under 02 atmosphere was conducted from 0 V versus OCP to -0.4 V

versus Ag/AgCl (ORR potential range for Ni 3(HITP) 2) with the unmodified glassy carbon electrode then

the Ni 3(HITP) 2-modified glassy carbon electrode. Potentiostatic measurements were conducted from -100

to -290 mV versus Ag/AgCl in increments of 20 mV under 02 atmosphere. Each potential was held for 2

minutes. This was conducted five times, with altering rotation speeds to extrapolate the diffusion

coefficient. The electrode was rotated at 2,000, 625, 816, 550 and 1,189 r.p.m., respectively. This allowed

for elimination of mass transport limitations when analyzing Tafel behavior via generation of the activation-

controlled Tafel plot.

ORR [H'] order study. Potential was measured at a constant current I = -10 pA while varying the pH

from 13.5 to 9.5 in the 0.10 M KOH electrolyte titrated with 1.0 M HClO 4 in the presence of 02. Each

potential required to pass -10 ptA at a given pH was allowed to reach steady state before more titrant was

added. Once pH 9.5 was reached, the electrolyte was titrated back up to pH 13 with 1.0 M KOH while

repeating the aforementioned procedure for collecting [H'] order data to test the reversibility of the data.
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As a control, a freshly modified electrode was used and -0.35 V versus Ag/AgCl was applied under N 2

atmosphere while the electrolyte was titrated in the pH range mentioned above.

Probing the effect of the electrical resistance of Ni3(HITP)2 in varying pH environments. Synthesis

and purification of Ni3(HITP)2 film on the interdigitated electrode. 2,3,6,7,10,11-

hexaaminotriphenylene-6HCl (HATP) salt (10 mg) was dissolved in deionized water (4 mL) and heated to

65 'C in a 20 mL capped scintillation vial (Vial A). In a second glass reaction vial (Vial B), nickel(II)

chloride hexahydrate (10 mg) was dissolved in deionized water (4 mL). The heated HATP solution in Vial

A was added to the NiCl 2 (Vial B) and to this was added concentrated aqueous ammonium hydroxide (0.60

mL). The reaction was heated without stirring at 65'C for 2 hours. At the beginning of the reaction, one

gold interdigitated electrode was taped with Kapton tape so that the leads were covered, and was submerged

in the reaction vial so the film could grow onto the electrode. In addition to the film that grew on the

electrode, a black flaky solid had settled at the bottom of the reaction vial. For purification, the electrode

was heated in deionized water for 30 minutes at 60 'C then methanol for 30 minutes at 60 'C, then dried

under dynamic vacuum and stored under N2 for 12 hours before use.

Chemiresistive measurement. The device was wired up to a breadboard and flipped upside down so that

the top of the electrode (the Ni3(HITP) 2-modified portion) could be submerged into 0.1 M KOH electrolyte

that had been sparged with N2 for 30 minutes prior to data collection, then sparged constantly during data

collection. The cell was sealed at the top with Parafilm, and holes were cut for the sparge tube, pH meter,

and interdigitated electrode to be submerged in the electrolyte. A constant potential of 50 mV was applied,

and the current was measured as a function of time. Current was measured for 2 minutes, then 1.0 M HClO 4

was titrated into the electrolyte to lower the pH. Current was measured again for 2 min or until steady state

was achieved, and then more acid was added. This was repeated until the electrolyte reached pH 8.5. 1.0 M
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KOH was then used to titrate the electrolyte back up to pH 12.9, still monitoring the current. Change in

current (AG/Go) versus time was plotted.

Probing the pH-dependent redox potentials of Ni3(HITP)2. Cyclic voltammetry (CV) was run with an

unmodified glassy carbon electrode from E = -1.1 V to E = 0.7 V versus SCE, then the first Ni 3(HITP)2-

modified electrode was used in pH 13.6, and CV was run scanning cathodically first from E = -1.1 V to E

= 0.7 V versus SCE for two cycles (electrode 1). The electrolyte was then titrated to pH 12.5, an unused

Ni 3(HITP)2-modified working electrode (electrode 2) was installed, and the procedure was repeated. The

electrolyte was then titrated to pH 11.8, and the same procedure for electrode 1 was used on the new

electrode 3. The electrolyte was then titrated to pH 10.6, and the same procedure for electrode 1 was used

on the new electrode 4. The electrolyte was then titrated to pH 11.2, and the same procedure for electrode

1 was used on the new electrode 5. The electrolyte was then titrated to pH 9.4, and the same procedure for

electrode 1 was used on the new electrode 6. The electrolyte was then titrated to pH 8.9, and the same

procedure for electrode 1 was used on the new electrode 7. The potentials associated with the peak currents

passed in the three MOF oxidation events were plotted versus pH.

X-ray absorption spectroscopy of Ni3(HITP)2.

Synthesis of Ni3(HITP)2 film on the ITO-coated polyethylene terephthalate (PET) electrode.

2,3,6,7,10,11-hexaaminotriphenylene-6HCl (HATP) salt (10 mg) was dissolved in deionized water (4 mL)

and heated to 65 'C in a 20 mL capped scintillation vial (Vial A). In a second glass reaction vial (Vial B),

nickel(II) chloride hexahydrate (10 mg) was dissolved in deionized water (4 mL). The heated HATP

solution in Vial A was added to the NiCl 2 (Vial B) and to this was added concentrated aqueous ammonium

hydroxide (0.60 mL). The reaction was heated without stirring at 65'C for 2 h. At the beginning of the

reaction, two ITO-coated PET electrodes (1 x 2 cm) were submerged in the reaction vial so the film could
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grow onto the electrodes. In addition to the film that grew on the electrode, a black flaky solid had settled

at the bottom of the reaction vial. For purification, the electrode was heated in deionized water for 30

minutes at 60 'C then methanol for 30 minutes at 60 'C, then dried under dynamic vacuum and packed

under argon for shipment to the Stanford Synchrotron Radiation Lightsource.

In-situ X-ray absorption spectroscopy during ORR and electroreduction of the MOF. X-ray

absorption spectroscopy (XAS) measurements on the Ni K-edge were performed at the Stanford

Synchrotron Radiation Lightsource (SSRL) on beamline 9-3 with an electron energy of 3.0 GeV and an

average ring current of 500 mA. The radiation was monochromatized using a cryogenically cooled Si (220)

double-crystal monochromator which was detuned to 50% of the maximum flux at the Ni K-edge to

eliminate higher harmonics. The incident and transmitted X-ray intensities were monitored by N2-filled ion

chambers (Jo, in front of the sample and J1 behind the sample). Absorption spectra were recorded in

transmission mode (using ion chamber I) for powder samples which were diluted with boron nitride (1%

w/w) and packed in 0.5 mm aluminum sample holders using Kapton tape windows on both sides. The edge

energy was calibrated with the Ni foil (placed between 11 and 12 ion chambers) spectrum by setting the first

peak of the first derivative at 8333.0 eV. For the in-situ ORR experiment, the XAS data was recorded in

fluorescence mode using a 100-element Ge monolithic solid-state detector (Canberra), and energy

calibration was done by monitoring a glitch in the Io intensity.

The in-situ spectroscopic experiment was performed using a two-compartment glass cell as

reported previously.1 56 In this setup, a porous frit separated the two compartments and the compartment

housing the working electrode has featured a hole with a diameter of 0.8 cm. A Ni 3(HITP)2-coated ITO /

PET substrate, as described above, was glued onto this hole with the catalyst film facing towards inside of

the compartment (exposed to the electrolyte) and the X-rays probing through the unmodified side of the

working electrode (facing the outside hutch). Electrochemistry was done using a Pt gauze counter electrode
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and a Ag/AgCl reference electrode. The two compartments of the cell were filled with 0.1 M aqueous KOH

and 02 gas was constantly bubbled through the working compartment.

SamView (SixPack software, http://www.sams-xrays.com/sixpack) was used for XAS data

reduction. Pre-edge and post-edge backgrounds were removed from the absorption spectra using Athena

software (Demeter version 0.9.25),157 and the resulting spectra were normalized with respect to the edge

height. Background removal in k-space was done using a five-domain cubic spline. The extracted k-space

data, kx(k), was then Fourier transformed (FT) into r-space using a k-space window of 2.55-11.60 A- 1.

Artemis (Demeter software version 0.9.25) was used for fitting the EXAFS data in R-space where ab initio

calculated phases and amplitudes were determined using program FEFF6 and used in the EXAFS equation

X(k) = S0 - feff (T, k, R)e-2uk e 2 RibAi(k)sin[2kRj + pij(k)]
I J

where N represents the coordination number of neighboring atoms in shellj at a distance Rj from the central

atom(s). The feff (r, k, Rj) term is the calculated amplitude function and the Debye-Waller term

e 2j k2denotes the amplitude damping due to thermal and static disorder in absorber-backscatterer

distances. Losses due to inelastic scattering are defined by the mean free path term e -2R/l;(k), where )j(k)

is the electron mean free path. The sinusoidal term sin[2kRj + pij(k)] reflects the EXAFS oscillations where

(p(k) is the ab initio phase function. The So term is the amplitude reduction factor due to shake-up / shake-

off processes occurring at the absorbing atom and is determined empirically. During the EXAFS fitting

process, variable parameters included the bond distance (Rj) and mean square displacement of the bond

distance ( 2 ). In addition to the structural parameters, a non-structural parameter Eo (the energy which

represents the zero value of the photoelectron wave vector k) was also varied but restricted to a common

value for each path in a given fit. The value for S2 was determined from the fit to the data of nickel(II)

phthalocyanine, and was fixed (0.80) during the fits. Some multiple scattering paths were also included in

the fits to improve the fit quality.
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It is important to note that the abscissa in Figure 3-8b represents the apparent distance (R') which

is shorter than the real distance by ~0.5 A due to the phase shift. The extracted best fit parameters are listed

in Table 3-3. For the as-prepared sample as well as for the sample during ORR, to fit the EXAFS data

between R' 1.65 and 2.0, a Ni-O path (from the Ni(OH)2 phase) had to be included but the contribution

accounted for only ~5% of Ni sites. There was not much contribution from the second shell Ni-Ni path of

the hydroxide phase. This suggested that small molecular-sized Ni(OH) 2 particles may have been trapped

in the Ni3(HITP)2 pores. The theoretical EXAFS functions were calculated using the Ni3(Cl8 H1 2N6 )2 crystal

structure information reported previously 58 as a slipped parallel model with an interlayer distance of 3.33

A. In the best fit, distances of the nearest N and Ni from the neighboring layers were found to be at slightly

longer distances (by -0.2 A) than the calculated phase in which the neighboring layers are displaced by

1/ 16th in both the a and b-axis. This suggested a slightly greater displacement of the layers in the ab-plane

than was featured in the calculated structure. Longer distances for both N and Ni suggested that the MOF

layers were slightly more displaced along the b-axis than the a-axis. A relatively larger uncertainty in the

bond distances and y2 values (Table 3-3) for neighboring layer N and Ni reflected a comparatively less

ordered structure along the c-axis.

Cyclic voltammetry of Ni(ISQ) 2.

Synthesis of Ni(ISQ) 2.'
49 A solution of 0.33 g of nickel chloride hexahydrate in 1.0 mL of water and 1.0

mL of concentrated aqueous ammonia was added to a solution of 0.2 g of o-phenylenediamine in 200 mL

of warm (65 C) water. This mixture was stirred in an open beaker for 24 hours. A deep blue / black

precipitate formed and was collected by centrifugation (green supernatant), the solids were washed with

water while stirring at 65 'C for 30 minutes, the suspension was centrifuged again, then the solids were

washed with acetone while stirring at 23 'C, the suspension was centrifuged again, and the solids were
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dried under dynamic vacuum. The material was stored under N2 for 12 hours before use. Successful

synthesis of the target material was confirmed with 1HNMR in DMSO-d6, IR, and non-aqueous CV.

Deposition of Ni(ISQ) 2 onto the working electrodes. 2 mg of Ni(ISQ) 2 was suspended in 0.2 mL of

acetone, sonicated for 20 minutes, then 2 x 5 pL of the suspension were dropcast onto both glassy carbon

and ITO. CV was run in 0.1 M KOH with an SCE reference electrode and Pt counter electrode under both

N 2 and 02 atmosphere to assess the inherent ORR activity of Ni(ISQ) 2 compared to blank ITO and glassy

carbon. To prevent the material from falling off of the working electrodes, neither were rotated. ORR

activity of Ni(ISQ) 2 was tested on ITO in addition to glassy carbon to assess whether the activity observed

on glassy carbon was simply the background ORR activity of the unmodified glassy carbon (ITO has

considerably less ORR activity than glassy carbon).

Computational details. The B3LYP functional 159'1 60 and basis set 6-3 1+g(d),1 6 1- 164 with implicit solvation

model IEF-PCM 165 ,166 were employed for the computational investigations. Density functional theory was

utilized with the software package Q-Chem.1 67 The free energy of each step in the 02 reduction reaction

was calculated using an established protocol that initially calculates the free energy of formation for each

reactant and product.1 68 Experimental atomization energies for the reference compounds at 0 K were

utilized1 69 along with DFT to calculate the energy of forming Ni(ISQ) 2 and Ni3(HITP) 2 fragments from

atoms at 0 K to obtain each atomization energy. Harmonic frequency analysis of the molecules in DFT to

calculate the entropy and enthalpy of heating the compounds to 298 K, and implicit solvent for the free

energy of solvation, were used to calculate the free energy of formation for each species. The molecular

orbitals and spin density plots were generated using Visual Molecular Dynamics (VMD) 70 with an isovalue

of 0.035 for the generated isosurfaces.
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Chapter 4

Modular 02 Electroreduction Activity in Triphenylene-

Based Metal-Organic Frameworks

Portions of this chapter previously appeared in Miner, E. M.; Wang, L.; Dincd, M. Chem. Sci., 2018, 9,
6286-6291 and are reproduced here with permission from the Royal Society of Chemistry.
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4.1 Introduction

Control over the architectural and electronic properties of heterogeneous catalysts poses a major

obstacle in the targeted design of active, stable, and economically sustainable materials for producing

fuels. 7 ' Metal-organic frameworks (MOFs) are compelling choices for electrocatalytic applications as their

high surface area and tunable porosity and ligand structure affords densely packed active sites and tailor-

made microenvironments for controllable reaction conditions within the pores. Despite the high potential

for MOF-based electrocatalysts, synthesis of these materials often involves chelation of hard metal ions to

hard N or 0 atoms in redox-inactive ligands. Typical compositions thus offer no low energy charge transport

pathways or charge carriers, rendering these materials electrically insulating.7 3 Excitingly, the emergence

of intrinsically conducting or semiconducting metal-organic species73 ,17
2-

17" has made accessible the use of

such materials as tunable, high surface area electrocatalysts for energy conversion reactions such as H 2

evolution, 7 9 18 0 02 evolution, 80"'" CO 2 reduction, 77 02 reduction,13 7,8 2 and others.183 The high level of

atomic definition in these materials offers an opportunity to gain insight into the operative catalytic

mechanisms and establish structure-function behavior. In particular, mechanistic studies of Ni3(HITP) 2

(HITP = 2,3,6,7,10,11 -hexaiminotriphenylene) revealed that the 02 reduction reaction (ORR) proceeds on

a ligand-based active site, and suggested that the metal identity and electron delocalization throughout the

framework could have important implications for the electronic structure which in turn should govern

electrocatalytic activity.1 84 Herein, the role of the metal identity, chelating atom, and n-stacking in a suite

of triphenylene-based conductive MOFs in influencing the ORR activity and mechanism is probed, with

the goal of identifying the key players in this class for MOFs for dictating electrocatalytic behavior.

4.2 Results and discussion

To this end, several analogues featuring a hexa-substituted triphenylene core were synthesized. As

shown in Figure 4-1, chelation of a divalent first-row transition metal with either the hexaamino or
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hexahydroxytriphenylene (HHTP) ligand in the presence of base and air affords one of two phases. The

three analogues of the hexagonal crystal system, Ni3(HITP)2, Cu3 (HITP)2 , and Cu3(HHTP) 2 (referred to as

the hexagonal MOFs), featured a 2D honeycomb lattice stacked in a slipped parallel configuration along

the c axis (Figure 4-la and c).1 72 ,173 ,176 The two analogues of the trigonal crystal system, Co3(HHTP) 2 and

Ni 3(HHTP)2 (referred to as the trigonal MOFs), featured alternating layers of the honeycomb lattice and

C d

Cu 3(HHTP)2 

CO 3(HHTP)2

Ni (HIT Ni 3(HHTP)2

_ _ _ _ _ _ _ _ _ _S _ _ __.. ._ _im u la t e d s im u la t e d9 11 r
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45

20/0 20/0

Figure 4-1. a) Hexagonal and b) trigonal phases of the triphenylene MOFs, and corresponding powder X-

ray diffraction patterns (c and d for hexagonal and trigonal diffraction patterns, respectively). M = Co, Ni,

or Cu; X = NH or 0. H atoms are omitted for clarity.
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trinuclear M3(HHTP)(H 20)1 2 clusters that were rotated 600 with respect to the honeycomb lattice (Figure

4-1b and d).176 Isolation of the hexagonal MOFs as well as the trigonal MOFs was confirmed with powder

X-ray diffraction (Figure 4-1c and d).

The ORR activity of the MOF powders deposited on glassy carbon electrodes was probed in pH 13

and 8. The reductive current shown in Figure 4-2 was observed for all analogues only under 02, confirming

that the current indeed stems from 02 reduction (Figure 4-3). The cyclic voltammograms under 02

atmosphere shown in Figure 4-2 revealed that the hexagonal MOF Cu3(HITP)2 exhibited the highest initial

ORR activity in both pH environments. However, the instability of this analogue to 02 under experimental

conditions resulted in a rapid loss of activity after the first CV cycle (Figure 4-4). This instability prevented

collection of reliable data for ORR with Cu3(HITP)2, as the catalyst activity continuously declined during

prolonged data collection. The other hexagonal MOFs, Ni 3(HITP)2 and Cu3(HHTP) 2, reduced 02 with

0.5 a 0.5 b
0.5 _a ja blank N2 ja blank, N2

0.0 . - --- -- 0.0 I blank, 02
-0.5- blank, 02 -0.5 Ni3(HHTP)2

E E -1.0 Co3(HHTP) 2Ni 3(HHTP) 2
-1.5 - Cu3 (HHTP) 2  -1.5
-2.0- Co3(HHTP)2  . C u(HHTP)2

-2.5 Ni3(HITP) 2  
Ni 3(HITP)2  Cu(HITP.

30.5- Cu3(HITP)2 -2.5
-3.0 - C 2 -3.0
-3.5 - -3.5

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E/VvsRHE E/VvsRHE

Figure 4-2. Cyclic voltammograms of 02 electroreduction with the triphenylene MOFs in a) pH 13 and b)

pH 8 electrolyte. "Blank" indicates the background current from the unmodified glassy carbon electrode

cycled under 02 and N2 atmosphere.
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Figure 4-3. Cyclic voltammograms of
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the triphenylene MOFs under N2 in a) pH 13 and b) pH 8.
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Figure 4-4. Cyclic voltammograms of Cu3(HITP) 2 under 02 in a) pH 13 and b) pH 8, showing the loss of

activity due to instability of the catalyst. "Blank" indicates the background current from the unmodified

glassy carbon electrode.

lower overpotential and higher current density than the trigonal MOFs. Although the trigonal MOFs

Co3(HHTP) 2 and Ni3(HHTP) 2 seemed to contribute no catalytic activity beyond the glassy carbon

background current, depositing these analogues on the more inert indium tin oxide showed nominal ORR
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activity (Figure 4-5). This substrate-independent activity confirmed that kinetic data collected for these

analogues on glassy carbon rotating disk electrodes represents the ORR kinetics of the MOFs rather than

simply the blank electrodes. Potentiostatic reduction of 02 over 8 hours in pH 13 revealed that the HHTP-

based MOFs deactivated more quickly in base than did Ni3(HITP)2 (Table 4-1). This is likely due to

j blank. N 2  a

ic Co (HHTP) N2

Co 3(HHTP)2 02/blank, 02 '2

I I I I I I

0.3 0.4 0.5 0.6 0.7 0.8

E/VvsRHE

j blank. N2  C
. 2..... - - 4 .

ic
P. ,, Ni (HHTP N.

blank, 02," Ni 3(HHTP)2 O'2

/

'I
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-0.10-

-0.15-
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-0.25 -
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Figure 4-5. Cyclic voltammograms of Co3(HHTP) 2 deposited on indium tin oxide (blank) in a) pH 13 and

b) pH 8, and of Ni3(HHTP)2 in c) pH 13 and d) pH 8 under N2 (lighter colors) and 02 (darker colors).
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Table 4-1. % current retained during potentiostatic ORR in pH 13 after 8 hours.

MOF % current retained after 8 hours ORR

Ni3(HITP) 2  88137

Cu3(HITP)2  6

Co 3(HHTP)2  62

Ni 3(HHTP)2  58

Cu3(HHTP) 2  73

thermodynamic differences arising from better energetic and / or spatial overlap between the HITP ligand

and Ni orbitals than the HHTP ligand and metal orbitals. The resulting longer metal-ligand bond distances

in the HHTP MOFs could enable more facile decomposition of these analogues compared to that which

features Ni-N coordination.1 7 6 185-187

To determine the product distribution of ORR with the triphenylene MOFs and how this may

change as a function of increasing driving force, potentiostatic rotating ring disk electrode (RRDE) studies

were conducted over the ORR potential window (Figure 4-6). Dividing the anodic current passed at the Pt

ring from back-oxidizing the 2e- reduction product by the total cathodic current passed at the MOF-

modified disk from both the 2e- and 4e- reduction products (hydrogen peroxide and water, respectively)

gave the potential-dependent faradaic efficiency plots shown in Figure 4-7. Unsurprisingly,1 88 all MOFs

exhibited potential-dependent faradaic efficiency, with the 4e- reduction product favored when more than

-300 mV of overpotential is applied, and with the 2e- reduction product favored at lower overpotentials.

The kinetic rate laws for ORR with the hexagonal and trigonal MOFs were obtained by probing the

order in [02], [H'], and electrons. Koutecky-Levich data collected in pH 8 and 13 (Figure 4-8) was used to

generate activation-controlled Tafel plots (Figure 4-9) with slopes of 110-170 mV-dec- 1 (Table 4-2). A

slope of 118 mV-dec-1 is indicative of rate-limiting electron transfer,21 and relevant for all analogues here.
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in pH 8. Red indicates the ring current and blue indicates the disk current. Ring held at a constant potential

of 1.23 V vs RHE. Disk potentials are listed as ORR overpotentials (TI, V).
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Figure 4-7. Faradaic efficiency (FE) for 2e- ORR as a function

b) Co3(HHTP) 2, c) Ni 3(HHTP)2, and d) Cu3(HHTP)2 in pH 8.
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of ORR overpotential with a) Ni 3(HITP) 2,

One notable exception is the Tafel data collected for Co3(HHTP)2 in pH 13, which featured a Tafel slope of

81 mV-dec-'. This slope could indicate that in pH 13, ORR with Co3(HHTP)2 did not proceed with rate-

limiting electron transfer, but rather perhaps with rate-limiting 02 chemisorption.1 2 This pH-dependent

electrokinetic behavior was consistent with the behavior Co-macrocycles active for ORR catalysis. 8 9 The

Tafel data not only gave insight into whether rate-limiting electron transfer is relevant, but also provided
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shown in c and d respectively, and Cu3(HHTP) 2 in pH 13 and 8 is shown in e and f, respectively.
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Figure 4-9. Tafel plots from ORR with the triphenylene MOFs at pH 13 (circles) and 8 (triangles). rj

represents the ORR overpotential and j represents the current density at a given overpotential. Orange

dashed section indicates best catalyst performance (high current density passed with low overpotential).

Table 4-2. Tafel slopes corresponding to the Tafel plots in Figure 4-9.

MOF pH Tafel slope (V-dec-1 )

Ni 3(HITP)2  8 0.124

Cu3(HHTP)2  8 0.170

Ni 3(HHTP)2  8 0.120

Co3(HHTP) 2  8 0.120

Ni3(HITP)2  13 0.128

Cu3(HHTP)2  13 0.110

Ni3(HHTP) 2  13 0.110

Co3(HHTP)2 13 0.081
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relative rate constants as a means to directly compare catalytic activity (Table 4-3). The placement of the

Tafel slopes from Ni3(HITP) 2 in the lower right quadrant of the Tafel plot (Figure 4-9, dashed triangle)

reflected the fast electrokinetics of this analogue at both pH 8 and 13, i.e. Ni 3(HITP) 2 passed a high cathodic

current density (log(j)) with low overpotential (,q). 12 ,2 1

Table 4-3. Exchange current density values (jo) as metrics for comparing ORR electrokinetics of the various

MOF catalysts. Higher exchange current density is indicative of faster electrokinetics.

pH MOF Tafel equation log(abs(jo)) jo / mA-cm-2

13 Ni3(HITP) 2  y = 0.128x + 0.458 -3.5781 2.64-10-4

13 Co3(HHTP) 2  y = 0.081x + 0.664 -8.1975 6.35-10-9

13 Ni3(HHTP) 2  y = 0.107x + 0.714 -6.6729 2.12-10-7

13 Cu3(HHTP)2  y = 0.1 12x + 0.732 -6.5357 2.91 -10'

8 Ni3(HITP) 2  y = 0.124x + 0.420 -3.3871 4.10-10-4

8 Co3(HHTP) 2  y = 0.122x + 0.741 -6.0738 8.44-10- 7

8 Ni3(HHTP) 2  y = 0.117x + 0.810 -6.9231 1.19-10-7

8 Cu3(HHTP)2  y = 0.176x + 0.648 -3.6818 2.08 10-4

Potentiostatic data collected with varying overpotential and varying concentrations of 02 in the

electrolyte showed that for all analogues, more cathodic current (I) could be passed with increasing [02] in

pH 8 (Figure 4-10). This linear increase in log(I) versus log([02]) with slopes of ~1 (Table 4-4) over the

ORR potential window indicated that all analogues followed first-order kinetics in [02]. It is noted that

although the 6log(I)/6log(%O2) slope reflecting the ORR order in [02] with Cu3(HITP)2 was reported here

as 0.47-0.53, this may be quantitatively inaccurate due to the instability of this analogue to 02. This data

was included to reflect that ORR with Cu3(HITP)2, as with all other analogues reported here, exhibited a

non-zero order in [02]. Experimental and computational data previously reported for ORR with Ni 3(HITP)2
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suggested rate-limiting 02 binding concomitant with e- transfer to Ni3(HITP)2 to form the superoxide adduct

was likely.1 37 18 4 The similar [02] order and Tafel data of the triphenylene MOF analogues (with the

exception of ORR with Co3(HHTP)2 in pH 13) supported the assertion that all other triphenylene MOFs

reported here also exhibited rate-limiting electron transfer-0 2 binding to the catalyst during ORR.
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Figure 4-10. Potentiostatic [02] order data for a) Co3(HHTP) 2, b) Ni3(HHTP)2, c) Cu3(HHTP) 2,

Cu3(HITP) 2 in pH 8. Refer to Chapter 3 for the ORR [02] order data for Ni3(HITP)2.

Given that the Tafel data from all analogues pointed to ORR proceeding with rate-limiting electron

transfer, and considering the protonated nature of the ORR products, we investigated the possibility of
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proton-coupled electron transfer (PCET) occurring in our systems. Galvanostatic data from each analogue

was collected under 02 while titrating the electrolyte from pH 13.5 to pH 8 (Figure 4-11). As shown in

Table 4-5, all hexagonal MOFs exhibited a non-zero dependence of the ORR overpotential with [H],

whereas the trigonal MOFs featured 6E/6pH slopes of nearly zero. The independence of ORR overpotential

on [H'] during ORR with the trigonal MOFs suggested that no electron transfer during ORR with those

analogues was proton-coupled. 147 In contrast, all hexagonal MOFs exhibited a non-zero order in [H]. As

Table 4-4a. Corresponding slopes of the variable potential [02] order

Co3(HHTP) 2 (Figure 4-10a).

plots collected in pH 8 for

E / V vs RHE Slope

0.403 0.60

0.353 0.72

0.303 0.84

0.103 0.91

0.053 0.94

0.003 0.93

Table 4-4b. Corresponding slopes of the variable potential [02] order plots collected in pH 8 for

Ni 3(HHTP)2 (Figure 4-10b).

E / V vs RHE Slope

0.153 0.80

0.103 0.84

0.053 0.88

0.003 0.93

-0.053 0.97
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Table 4-4c. Corresponding slopes of the variable potential [02] order

Cu3(HHTP)2(Figure 4-10c).

plots collected in pH 8 for

E / V vs RHE Slope

0.303 0.52

0.253 0.62

0.203 0.65

0.153 0.68

0.103 0.68

Table 4-4d. Corresponding slopes of the variable potential [02] order plots collected in pH 8 for Cu3(HITP)2

(Figure 4-10d).

E /V vs RHE Slope

0.253 0.47

0.203 0.53

0.153 0.53

0.103 0.49

0.25.

0.20-

0.15-
z 0.10.

--0.05-

W 0.00-

-0.05-

-0.10.

" Cu 3 (HITP)
2

Ni 3 (HITP)
2

Cu (HHTP)2

Co (HHTP)2

Ni3(HHTP)2
I I I I I I
8 9 10 11 12 13

pH

Figure 4-11. Dependence of ORR onset potential on pH for the triphenylene MOFs. Purple squares, orange

X symbols, blue cross symbols, red triangles, and green circles correspond to Ni3(HITP)2, Cu3(HITP) 2 ,

Co3(HHTP)2, Ni3(HHTP)2, and Cu3(HHTP) 2 respectively.
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seen with Ni 3(HITP) 2,'84 the 6E/6pH slopes for all hexagonal MOFs were -20 mV-dec-', revealing a

fractional [H'] dependence that ruled out rate-limiting PCET.147 Although the 6E/6pH slope reflecting the

ORR order in [H'] with Cu3(HITP)2 is reported here as 0.039 V dec-', this may be quantitatively inaccurate

due to the instability of this analogue to 02under experimental conditions. This data was included to reflect

that ORR with Cu3(HITP) 2, as with the other hexagonal analogues, exhibits a non-zero order in [H'].

Table 4-5. Slopes corresponding to the ORR [H'] order data in Figure 4-11.

MOF Phase 8E/8pH (V-dec- 1 )

Ni3(HITP)2  Hexagonal 0.022

Cu3(HITP) 2  Hexagonal 0.039

Cu3 (HHTP) 2  Hexagonal 0.020

Ni3(HHTP) 2  Trigonal 0.007

Co3(HHTP) 2  Trigonal 0.004

To explore the relationship between electron transfer and available proton concentration, cyclic

voltammetry was run on the various MOFs under an inert atmosphere in varying pH environments. As

previously observed with Ni3(HITP) 2,18 4 the hexagonal analogues Cu3(HHTP) 2 and Cu3(HITP)2 underwent

oxidation events that exhibited Nernstian pH dependence, i.e. were proton-coupled (Figure 4-12 and 4-

13). 147 As with Ni3(HITP) 2, the fractional [H'] order observed in ORR with the hexagonal analogues likely

stemmed from PCET in the MOF-hydroperoxide adduct. If the rate of this second, proton-coupled electron

transfer to 02 was only marginally faster than the rate-limiting first electron transfer to 02, some fractional

[H'] may experimentally manifest. Fractional order in [H'] during ORR has also been observed in ORR

with nitrogen-doped graphitic carbon 9
4 and precious metal catalysts.13 9 140
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Figure 4-12. a) pH-dependent redox activity of Cu3(HHTP) 2 under N2 atmosphere, and b) plot of the peak

oxidation potential 1 of Cu3(HHTP)2 as a function of pH.
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Figure 4-13. a) pH-dependent redox activity of Cu3(HITP)2 under N2 atmosphere, and b) plot of the peak

oxidation potential 1 of Cu3(HITP) 2 as a function of pH.
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Figure 4-14. Cyclic voltammograms of the trigonal, redox-inactive MOFs Co3(HHTP)2 and Ni3(HHTP)2

under N 2 , on a glassy carbon electrode (blank) in 0.1 M NaCl.

Considering that the non-zero ORR order in [H'] with the hexagonal MOFs was attributed to PCET

in these redox-active analogues, the independence of ORR potential on pH observed in the trigonal MOFs

was consistent with the lack of any faradaic events observed in the cyclic voltammograms of these

analogues (Figure 4-14). This observation highlighted that although both the hexagonal and trigonal MOFs

featured a honeycomb lattice that could enable electron delocalization in the ab plane, the disruption of the

2-stacking in the c direction of the trigonal MOFs greatly altered the electrochemical properties of this

phase. These phase-dependent differences in electrochemical properties were further underscored by the

electrical conductivity (a) and electroactive surface area (ESA) values (Table 4-6). The catalytically active

hexagonal MOFs exhibited conductivity values upwards of 60 S-cm-', whereas the conductivity values of

the trigonal MOFs were up to five orders of magnitude lower. Similarly, deriving the ESAs from double

layer capacitance measurements' 9' revealed an order of magnitude higher ESAs in the hexagonal MOFs

than in the trigonal MOFs. An ESA value for Cu3(HITP)2 could not be obtained due to its instability during

prolonged measurements. Lower electrical conductivity and lower electroactive surface area values in the
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trigonal MOFs may indicate that the inferior catalytic activity was a result of slower electron transfer

kinetics and a lower density of electroactive catalytic sites. The redox inactivity of the trigonal MOFs also

Table 4-6. Electrical conductivity (a) and electroactive surface area (ESA) values for the triphenylene

MOFs.

MOF a (S-cm- 1) ESA (F-m- 2)

Ni 3(HITP)2  6-101 172,192 7.7-10-7 b

Cu3(HITP)2  2-10-1 173 N/A

Cu3(HHTP) 2  2-10-1 176,a 1.6-10-6 b

Ni 3(HHTP) 2  6-10- 3  b 1.0_10~7 b

Co 3(HHTP) 2  2-10-3 b 1.0_10~7 b

aSingle crystal data

bThis work

pointed to unfavorable electron transfer, and was consistent with the low activity for ORR. The

experimental data indicated that concomitant electron transfer and 02 binding to the trigonal MOFs was

still relevant. However, in order to obtain the 02 reduction products and achieve catalyst turnover, at least

one more electron must be transferred to the bound hydroperoxide, and the reduced product can then

dissociate from the catalyst. If the second electron transfer to 02 is expected to occur by PCET from the

MOF, but the MOF is redox-inactive in the ORR potential window (as seen in the trigonal analogues),

significantly more driving force will be needed to reduce the hydroperoxide and achieve product formation

and catalyst turnover (Scheme 4-1).193 This greater necessary driving force was evident in the ORR cyclic

voltammograms and Tafel data from the trigonal phases; much higher overpotential was required to achieve

reductive current with the trigonal MOFs in the presence of 02 relative to the hexagonal MOFs. As such,
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Scheme 4-1. Proposed mechanisms for 2e- ORR with the hexagonal and trigonal MOFs. The black complex

represents a fragment from the honeycomb lattice present in both phases. The gray complex indicates the

M3 (HHTP)(H20)1 2 cluster present in the trigonal MOFs. The bold solid versus dashed arrows indicate

where the two mechanisms are thought to diverge, due to the redox inactivity of the trinuclear MOFs that

hinders reduction of the hydroperoxide adduct.
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the trigonal analogues never achieve the current density observed with the redox-active, hexagonal MOFs.

Conversely, the high electrical conductivity and redox activity in the hexagonal MOFs enabled facile

electron transfer to 02 and subsequent catalyst turnover, which contributed the high ORR activity observed

in this phase.

4.3 Conclusions and outlook

These results demonstrated that materials made from identical ligands and bearing structural

similarities exhibited vastly different electron transfer properties under electrochemical bias. This

led to distinct electrocatalytic responses in the oxygen reduction reaction, with the nearly eclipsed

hexagonal phases exhibiting excellent activity that contrast with the virtual inactivity of the trigonal

phases containing molecular species. We attributed the lack of catalytic activity in the latter to the

high overpotential required for oxidizing a purported hydroperoxide intermediate. Knowledge of

how the physical structures of conductive MOFs influence the electronic properties provides a

foundation for predicting the broader utility of each analogue, and tailoring the phases to unique

applications such as faradaic and capacitive energy storage, chemiresistive sensing, and

electrochemical catalysis of other transformations.

4.4 Methods

General comments. KOH (99.99% trace metals), NaCl (99.99% trace metals), and HClO 4 (99.99% trace

metals) were purchased from Sigma-Aldrich. The aqueous electrolytes were made from Milli-Q water (18

MQ). Oxygen gas was purchased from Airgas (99.8% purity). Reference electrodes were purchased from

CH Instruments. Indium tin oxide (ITO) working electrodes were purchased from Delta Technologies, Ltd.

Pt gauze (100 mesh, 99.9% metal basis) and wires (J = 0.404 mm, annealed, 99.9% metal basis, and '1=
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0.5 mm dia., hard, 99.95% metal basis) comprising the auxiliary electrode were purchased from Alfa Aesar.

Rotating disk electrode and Pt rotating ring disk electrode assemblies (1 mm width Pt) with glassy carbon

working electrode inserts (5 mm diameter) were purchased from Pine Research Instrumentation.

2,3,6,7,10,11-hexahydroxytriphenylene (HHTP, 95%) was purchased from Acros Organics and

recrystallized from ethanol before use. 5 wt% Nafion 117 solution in isopropanol was purchased from

Sigma Aldrich. 2 mm and 8 mm slits were used during the powder X-ray diffraction data collection, with a

scan rate of 0.02 degrees-second-' and a dwell time of 0.2 seconds-step'.

Electrochemical measurements. The Pt auxiliary electrode was cleaned by submersion in concentrated

HCl followed by sonication for 5min, washing with Milli-Q water, and drying under a stream of air before

each experiment. Glassy carbon working electrodes were cleaned by submersion in concentrated HCl

followed by sonication for 5min, washing with Milli-Q water, and drying under a stream of air. The glassy

carbon working electrodes were then sequentially polished with 1, 0.3 and 0.05 pm diameter alumina

powder from BASI. Unless otherwise noted, all electrochemical experiments were executed with a Bio-

Logic SP200 potentiostat / galvanostat in a custom 2-compartment electrochemical cell. Rotating disk

electrode studies were conducted with a Bio-Logic VMP3 potentiostat / galvanostat and a Pine Research

Instrumentation Modulated Speed Rotator. Unless otherwise specified, internal resistance of the electrolyte

was measured with the Bio-Logic SP200 potentiostat / galvanostat by passing -100 tA current, and iR

drop correction was applied. Generally, the resistance of the electrolyte was measured to be -20 0. Prior to

data collection under a given atmosphere (N 2 or 02), the electrolyte was sparged for 20 minutes with that

gas and sparged continuously during data collection. For the pH 13 (0.1 M KOH) electrolyte, a Hg/HgO

reference electrode (1.0 M KOH) was used and for the pH 8 electrolyte (0.1 M NaCl), a Ag/AgC1 electrode

was used (1.0 M NaCl). Unless otherwise noted, cyclic voltammetry data was collected while rotating the

working electrode at 2,000 r.p.m. and cycling at 5 mV-s-1 .
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Synthesis of the HITP MOFs. The 2,3,6,7,10,11-hexaaminotriphenylene (HATP) ligand and Ni 3(HITP)2

was synthesized as described previously.1 72 Cu3(HITP) 2 was synthesized as described previously.1 73

Synthesis of the HHTP MOFs. Co, Ni, and Cu3(HHTP) 2 were synthesized as reported previously.1 76

Deposition of the MOFs onto the electrodes. Catalyst inks were prepared by dispersing 2 mg of the

catalyst in a volume of 1:1 Millipore water:isopropyl alcohol (190 pL) with 10 pL of 5 wt% Nafion. The

ink solution was then sonicated for 25 minutes to get a uniform suspension. 2 x 5 pL of the catalyst ink was

deposited on the polished or otherwise cleaned electrodes and dried under vacuum before use.

Determination of the MOF-mediated ORR order in 1021. The electrolyte was sparged with 02 for 20

minutes then CV under 02 was taken from 0 V versus OCP to -0.4 V vs Ag/AgCl. The [02] order data was

collected by holding the potential at from the ORR onset potential to approximately -0.4 V vs Ag/AgCl for

two minutes at each potential (refer to Figure 4-9 for the exact potentials for each analogue), going from

10% 02 / 90% N 2 to 100% 02 / 0% N2 electrolyte atmosphere at each potential value, with sparging the

new atmosphere for 20 minutes before data collection. For each potential, a log(I) versus log(partial

pressure 02) plot was made to extrapolate the order in 02 and observe the dependence of the order on the

potential.

Koutecky-Levich and Tafel studies. Collection of the Kouteky-Levich and Tafel data in pH 13 was

previously described in the Methods section of Chapter 2. CV in pH 8 electrolyte (0.1 M NaCl) (5 mV-s-1)

under N 2 atmosphere then under 02 atmosphere was conducted from 0 V versus OCP to -0.4 V versus

Ag/AgCI (ORR potential range) with the unmodified glassy carbon electrode then the MOF-modified
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glassy carbon electrode. Potentiostatic measurements were conducted from the ORR onset potential to the

potential at which diffusion limitations prevented steady current (refer to Figure 4-7 for exact potentials

for each analogue) in increments of 20 mV under 02 atmosphere. Each potential was held for 2 minutes.

This was conducted three times, with altering rotation speeds to extrapolate the diffusion coefficient. The

electrode was rotated at 625, 816, and 1,189 r.p.m., respectively. This allowed for elimination of mass

transport limitations when analyzing Tafel behavior via generation of the activation-controlled Tafel plot.

ORR [H'] order study. Potential versus Ag/AgCl was measured at a constant current I = -10 pA while

varying the pH from 13.5 to 8.0 in the 0.10 M KOH electrolyte titrated with 1.0 M HClO 4 in the presence

of 02 while rotating at 2,000 r.p.m. Each potential required to pass -10 pA at a given pH was allowed to

reach steady state before more titrant was added. Potential versus pH was plotted and the slope was divided

by the Tafel slope to obtain the ORR order in [H'].

Probing the pH-dependent redox potentials of the MOFs. Cyclic voltammetry (CV) was run with an

unmodified glassy carbon electrode from E = - 1.1 V to E = 0.7 V versus SCE, then the first MOF-modified

electrode was used in pH 13.6, and CV was run scanning cathodically first from E = -1.1 V to E = 0.7 V

versus SCE for two cycles (electrode 1). The electrolyte was then titrated to a lower pH (refer to Figures

4-11 and 4-12 for the exact pH environments studied for each analogue) an unused MOF-modified working

electrode (electrode 2) was installed, and the procedure was repeated. The electrolyte was then titrated to

yet a lower pH, and the same procedure for electrode 1 was used on the new electrode 3. This procedure

was repeated with a minimum of 5 electrodes (at least 5 pH values) for each redox-active analogue. The

potentials associated with the peak currents passed in the MOF oxidation events were plotted versus pH.

Since Co3(HHTP) 2 and Ni3 (HHTP)2 showed no redox activity, CV was only collected in pH 8.
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Stability testing MOFs in pH 13 electrolyte. CV was conducted under 02 with the MOF-modified glassy

carbon electrode for 50 cycles from 0.1 V to -0.3 V versus Hg/HgO to monitor loss in ORR activity with

progressing cycles. For potentiostatic durability tests, 1 CV cycle was collected for each sample to

determine the activation-controlled ORR potential window. The potential was then held within that

potential window for 8 hours and the percent current retained during ORR in the activation-controlled

region was calculated.

Faradaic efficiency for 2e- ORR with MOFs. The potential on the MOF-modified disk was held from

0.67 V to 0.38 V vs RHE in pH 8, with more cathodic potentials applied every two minutes in increments

of 20 mV under an 02 atmosphere while rotating at 2,000 r.p.m. Simultaneously, the Pt ring potential was

held at 0.53 V vs SCE (1.23 V vs RHE), sufficient to re-oxidize H202 on the Pt surface but not H20. Once

the cathodic current from the disk and the anodic current from the ring was collected, the faradaic efficiency

(FE) for 2e- ORR was calculated using the following equation:

FEH202 Iring . 100FEH2 2 -0.18 ' disk

where Iring = the average Pt ring current taken from the last 10 seconds at a given potential, Idisk= the average

MOF-modified disk current taken from the last 10 seconds at a given potential, and 0.18 = the collection

efficiency of the Pt ring, which had been calibrated with potassium ferro / ferricyanide.

Electroactive surface area (ESA) measurements. In 0.1 M NaCl, cyclic voltammograms of the MOF

were collected under N 2 in the non-faradaic potential range of 0 V to 0.05 V vs SCE at scan rates (v) of

10, 8, 6, 4, and 2 mV s-1 , respectively. Capacitive current (I) at 0.025 V vs SCE was plotted versus v,
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giving a slope that represented the double layer capacitance in Farads. This was divided by the geometric

surface area of the electrode to approximate the electroactive surface area (F-m-2 ).

Pressed pellet conductivity. Conductivity measurements were executed using a home-built press

previously described.194 MOF powder was pressed between two stainless steel rods (2 mm diameter)

inside of a glass capillary. Pellet resistance was measured with a multimeter.
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Part II

Ionically Conductive Cu-Azolate MOFs as Solid-State

Electrolytes for Metal and Metal-Ion Batteries
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Chapter 5

Metal- and Covalent-Organic Frameworks (MOFs

COFs) as

Batteries

Solid-State Electrolytes for Metal and Metal-Ion
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5.1 Introduction

Society's long-standing energy demands have fueled for centuries the quest for power-dense,

portable, and economically viable energy carriers. Since the birth of the first rechargeable battery in 1860,195

emerging battery technologies have provided both answers to these demands as well as additional obstacles.

One ubiquitous energy storage device, the metal or metal-ion battery, offers quintessential examples of

both. The strongly reducing nature of Group 1 and 2 metal ions qualifies these elements as viable energy-

dense anode materials: standard reduction potentials several volts below that of the standard hydrogen

electrode (SHE) allow a thermodynamically favorable oxidation of these metals to readily release electrons

that shuttle through an external circuit, generating the electric current that serves as the power supply during

battery discharge. Integration of energy-dense materials into devices allows power sources to be compact

and portable, by maximizing energy output per unit mass of material. Further, the reversibility of these

oxidation events makes possible extensive battery cycling, thus providing a rechargeable power source.

Indeed, current Li-ion batteries boast an energy density of 265 Wh-kg-', with the potential of a 20%

improvement, and are operable for over 1,000 charge-discharge cycles. 196

Although the chemical properties of metal-ion batteries offer impressive performance and exciting

possibilities, harnessing the power of such reactive workhorses in a controlled manner comes with its own

challenges. In Li-ion batteries, formation of Li dendrites during charging can puncture the battery

membrane separating the anode from the cathode, causing a leakage of flammable electrolyte if the

electrolyte is liquid, or causing a short-circuit should the dendrites reach the cathode. Another limitation of

Li-ion batteries stems from the first charging cycle, which causes the formation of a stable reduction product

known as the solid-electrolyte interphase (SEI) layer at the anode due to the fact that the anode and cathode

lithiate at potentials outside the stability window of common liquid electrolytes. Formation of the SEI layer

diminishes the cathode capacity, thus necessitating a larger amount of cathode material to be incorporated

into the battery relative to the anode mass. This additional material lowers the battery's energy density.
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Another downfall of the charge-discharge process in Li-ion batteries is that a poorly formed SEI will limit

battery cycle life due to continuous reactivity of the electrolyte at the anode and irreversible loss of Li'

ions. 196

From an economic standpoint, the increasingly widespread adoption of rechargeable batteries also

highlights the difference in cost and geopolitical availability between Li metal and more abundant metals

such as Na, Mg, K, Ca, or Al. These heavier metals are indeed the focus of intense research in the context

of electrical energy storage, but present their own challenges. Na, an attractive candidate due to its high

abundance, relatively small ionic radius, high specific capacity, and low reduction potential (2.71 V vs

SHE), has shown more problematic reactivity with organic liquid electrolytes compared to Li and presents

the same dendrite formation challenges as Li batteries. 197' 198 Mg, another viable candidate, is 5 orders of

magnitude more abundant than Li, does not form dendrites during charging, and offers almost double the

volumetric capacity of Li (3,833 mAh-mL-' versus 2,062 mAh-mL-' for Mg/Mg2+ versus Li/Lie,

respectively). However, the most common commercial electrolytes used in Li-ion batteries are not

appropriate choice for Mg-ion batteries because the SEI layer formed in the latter is completely insulating

for Mg2+, an obvious problem for battery cyclability.1 9 6 Owing to its higher atomic weight, which inherently

leads to lower energy density, K has received comparatively less attention than Li and Na as a battery

material. However, its abundance and lower cost may offset this handicap, especially considering that K

also does not alloy with Al, a popular and cheap current collector that otherwise needs further processing

when used in Li-ion batteries. Additionally, the weaker Lewis acidity of K' ions relative to Li' and Na'

ions accounts for lower desolvation energy and enhanced transport kinetics across the electrolyte/electrode

interface, which ultimately increases ionic conductivity. 199 Lastly, Ca2+ features a small ionic radius and a

stable divalent oxidation state that would afford higher energy density. It has high natural abundance, and

a standard reduction potential close to that of Li' which would allow a high potential window for

electrolytes. However, one significant obstacle preventing development of Ca batteries with organic liquid
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electrolytes is that diffusion of Ca2" ions through the SEI layer prevents re-plating of Ca on the anode during

charging. 200 Even further enhancement of capacity can be achieved by taking advantage of trivalent ions

such as Al3", which features quadruple the volumetric capacity of Li' (8046 mAh-cm-3 ). Although this is a

promising feature for energy storage advancement, challenges with Al-ion battery systems containing liquid

electrolytes stem from the formation of passive oxide films on the electrode surface and / or from anode

corrosion.20 1

Efforts have also been made to improve metal and metal-ion battery performance by further

optimizing cell components beyond the metal anodes, and in particular the electrolyte. The impedance of

all metal-ion batteries is likely elevated due to mobile species besides the active metal ions (e.g. charge-

balancing anions, solvent molecules, etc.) during cycling. 196 Pursuing various formulations of anode and

cathode materials, 202 205 developing new supporting electrolytes, and new solvent or solvent mixtures2 06 -2
08

have all been explored as potential solutions to these challenges. The focus of this review is to present an

argument for solid-state, rather than liquid, electrolytes in such batteries and to discuss the potential utility

of crystallographically-ordered, metal- and covalent-organic frameworks (MOFs and COFs), as solid-state

electrolytes. The review specifically covers reported MOFs and COFs as solid-state electrolytes, distills

metrics for vetting solid electrolyte candidates, and considers future directions for this field.

5.2 Motivation for and evolution of solid-state battery electrolytes

Motivation for a solid-state electrolyte is several-fold. Firstly, solid-state electrolytes would

eliminate the hazard of housing a flammable liquid material inside of the battery, enhancing safety.

Secondly, a solid-state electrolyte may allow for immobilization of charge-balancing anions, which would

allow maximization of the cation transference number. Thirdly, many liquid electrolytes are not stable in

the required potential window imposed by the battery electrodes. Solid electrolytes should aim to address

all of these challenges. In addition to minimizing the formation of reactive byproducts, a more stable

electrolyte may prevent the formation of an SEI layer, consequently improving the energy density of the
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cell by eliminating the need for excess sacrificial cathode material. Elimination of the SEI layer would also

increase the viability of Mg and Ca-ion batteries, the development of which is currently limited by the

inability of these ions to travel through the SEI layer during charging. Finally, for metal anode batteries,

liquid electrolytes provide no morphological control over anodic plating of the metal during battery

charging; a solid electrolyte with sufficient mechanical strength may encourage uniform plating, thereby

preventing dendrite formation.

Several classes of materials have been evaluated as potential solid electrolytes for metal or metal-

ion batteries, including polymers and composites thereof,209 inorganic solids20 9 and as will be discussed

further, MOFs and COFs. Polymer electrolytes can offer enhanced potential stability windows and cation

transference numbers compared to liquid electrolytes, due to the immobilized anionic hopping sites along

the polymer backbone. However, polymers are ineffective at preventing dendrite growth and typically

exhibit ambient temperature conductivity values that are too low for commercial applications (10-'-10-

S-cm-').1 96 197 Additives such as ceramics or ionic liquids have been doped into polymer matrices to enhance

ion mobility, creating more conductive polymer composites. Dopants can increase the electrolyte

conductivity by 2-3 orders of magnitude, but optimization of the polymer / dopant blend and obtaining

mechanistic understanding of the transport pathways in such hybrids is not trivial.2 10 Additionally, dopants

in the polymer matrix often compromise the electrode-electrolyte interface, and these dopants can exhibit

lower electrochemical or chemical stability and form themselves a resistive layer at the electrode. 197 in

terms of ionic conductivity and mechanical robustness, inorganic solid electrolytes are among the most

promising solid electrolytes thus far. Li 3OX-based antiperovskites (X = Cl-, Br-) exhibit Li' activation

energies of 0.18-0.26 eV and conductivities of up to 2-10- S-cm- 1 at 25 'C, exceeding the conductivities

of polymer electrolytes.2 " However, preparation of Li3OX antiperovskites involves thermal treatment that

inadvertently removes charge-balancing lithium, resulting in decreased charge carrier density. Additionally,

challenges exist regarding yield and phase purity for these materials that contribute to poor interfacial
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contact between the electrode and electrolyte. This, combined with formation of insulating SEI layers,

increases battery resistance. 2 Antiperovskites have also been shown to conduct Na' ions, albeit with

modest conductivities of ca.10-5 S-cm-' at 160 'C and activation energies of 0.6-0.8 eV.2 13 Much higher

conductivities are observed in closo-borate salts ACB9Ho (A = Li' or Na'), which boast conductivities of

0.03 S-cm-' at temperatures above an ordered-disordered phase transition temperature. Noteworthy

activation energies of 0.29 eV (Li') and 0.20 eV (Na') and potential stability windows of ~5 V were

measured. A logistical barrier with these closo-borate materials is that the phase transition is reversible, and

thus the material must be kept above 127 'C (Li') and 107 0C (Na') in order to maintain the conductive

properties.2 4 Another archetypal Na' electrolyte that has garnered attention is the Na Superionic Conductor

(NASICON), Na xZr 2 SixP3 .xOi 2 (0 < x < 3) .215 As its name suggests, phase-pure NASICON exhibits high

Na' conductivities on the order of 10-3 S-cm' at 25 'C, the same order of magnitude conductivity as p-

alumina Na' electrolytes.2 " However, this electrolyte exhibits instability to molten sodium salts, limiting

battery applications. Additionally, ionically insulating ZrO 2 impurities lower conductivity values. When

contemplating other metals for energy storage applications, Mg2+ conduction presents exciting

opportunities as well as unique challenges due to its highly polarizing nature. Mg2+ ion solid electrolytes

include Mg(BH4)2 and MgZr4(PO 4)6 , which feature relatively modest conductivities of 10- to 10 S-cm-',

respectively, even at > 100 'C. Notably, the best Mg2
+ ion solid conductor is in fact a MOF, Mg2(dobpdc),

impregnated with Mg(OPhCF 3)2 ( OPhCF3 = 4-trifluoromethylphenolate) and Mg(TFSI) 2 (TFSI- =

bis(trifluoromethanesulfonyl)imide). 2 16 This material features a Mg2+ conductivity of 10-4 S-cm-1 at 25 'C

and will be discussed in greater detail below.

Demonstrating the highest Mg2 ion conductivity among solids notwithstanding, MOFs and COFs

possess an arsenal of additional properties that identify them as attractive candidates for solid-state

electrolytes 2 1
1-

22
1 (Figure 5-1). Firstly, the high surface area of MOFs and COFs, which is commonly

thousands of m2 .g-1,222 enables a high density of metal cations and hopping sites, contributing to a
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maximized power density in a compact device. The long-range order and well-defined ion conductivity

pathways in MOFs and COFs provides affords efficient ion shuttling while reducing much of the diffusion

limitations associated with nonporous solids, especially for highly polarized species. The crystallographic

definition offers homogeneously dispersed hopping sites while eliminating impedance stemming from

electrolyte reorganization, as seen with liquid and polymer electrolytes.20 ,21 0 The electronic structure of

MOFs and COFs is also beneficial in that their composition rarely offers a high density of mobile electrons

or holes, with most materials in this class being excellent electrical insulators.73 This insulating character is

an essential property of the electrolyte, so as to separate the anode and cathode and prevent short circuiting.

Porous solid-state electrolytes can also aid in optimizing cation transference numbers; liquid electrolytes

often exhibit transference numbers of < 0.4 because both the cations and anions are mobile.23 22

Conversely, anions can be coordinated to or integrated directly into the MOF/COF structure and are

therefore immobilized during battery charging and discharging, enhancing battery efficiency. Not only can

such materials be used to immobilize anions, but they can also trap byproducts that may be generated during

battery cycling that otherwise decrease battery lifetime upon contact with the electrodes. 22
' Further, because

pores can host liquid electrolytes without leakage, porous solids offer the dielectric benefits of liquid

electrolytes without the safety concerns of the latter. Finally, synthetic tunability of MOFs and COFs is a

powerful feature: the ability to alter the pore size, polarity, material density, metal (in the case of MOFs)

and anion identity, as well as the coordination environment enables the design of a host of electrolytes

immobilized ionic sites - reduced polarization effects
enhanced transference numbers

- ------ homogeneously distributed o unobstructed cation mobility
channels uniform plating

- --- crystallographically-fixed * minimal electrolyte reorganization
structure

high surface area - high ionic charge density
--- ------ tunable pore size and - application-directed design

shape

Figure 5-1. Attractive features of MOFs and COFs as solid-state electrolytes.
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featuring a wide range of properties that can meet a variety of device-specific criteria. Although beyond the

scope of this review, it should be noted that the tunability of MOFs and COFs in terms of their pKa and

water stability makes them effective proton conductive electrolytes for proton exchange membranes. 2 2 6- 22 9

Indeed, most studies of ion conduction in these materials have focused on proton conduction, but emerging

in the past decade have been pioneering investigations of Groups 1 and 2 metal ion conduction. Whereas

proton conductivity often relies on the installation of acidic functional groups within the framework,

conduction of metal ions has different requirements, as will be discussed below.

5.3 Metal-ion conduction in MOF / COF composites

The utility of MOFs/COFs as solid electrolytes is highlighted both by their intrinsic properties and

by their role in composites with polymers and ionic liquids (ILs). As part of composites, the ordered,

crystalline nature of these materials aids in controlling polymer and IL aggregation by housing the polymers

or ILs within the pores, while still retaining the ionically conductive and non-flammable properties of the

polymers and ILs themselves. In polymer composites, materials such as polyethylene oxide (PEO) or

polyethylene glycol (PEG) are commonly incorporated into the evacuated MOF/COF pores by stirring the

latter in organic solutions of Li-containing polymers or by a solvent-free, hot press method. Access to an

arsenal of composite formulation techniques allows for tailoring the electrolyte preparation procedure to

accommodate limitations of a given host, e.g. mechanical instability, incompatibility to certain solvents,

etc. Such polymer composites exhibit ionic conductivity values between 106 and 10 4 S-cm-', 230-235 higher

by up to two orders of magnitude compared to polymer-Li salt composites alone. 233 Co-formulation of

MOFs and COFs with polymers has been thoroughly reviewed previously. 217 Although entrapping the

polymers within the host pores can prevent polymer crystallization and aggregation, which in turn enhances

conductivity, this approach to electrolyte development did introduce several challenges. Filling the pores

with a guest material significantly decreases surface area, which in turn contributes to higher diffusion
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limitations for ion migration, effectively nullifying one of the inherent advantages of porous materials as

solid electrolytes. Additionally, the reported alkali metal transference numbers for these electrolytes are

never higher than 0.55, and can be as low as 0.34, offering little to no improvement over liquid

electrolytes.23 1,2 3 2,2 34 ,2 35 These modest transference numbers indicate that although encaging the polymers

within the MOFs or COFs does enhance conductivity, this approach fails to immobilize charge-balancing

anions and other mobile species. Finally, the challenge with predicting the ultimate properties of the

composites, or understanding their interfacial structure, makes rational design of such electrolytes difficult.

Incorporation of ILs into MOFs and COFs pores has also produced composites with some notable

properties as solid electrolytes. Isolating ILs within confined micropores is particularly desirable because

it can change the phase transition temperature of certain ILs that otherwise solidify and are therefore not

usable at ambient temperature. 236 The four primary strategies for impregnating MOFs and COFs with ILs

are: soaking the material in an IL with or without a co-solvent, allowing the IL to anchor to coordinatively

unsaturated sites within the porous host; the "ship in a bottle" method wherein precursors for the IL are

introduced inside of the MOF/COF such that the final IL assembles within the pores; capillary action-

promoted diffusion of the IL into the pores; 23 6,2 37 and one-pot assembly of the IL composite. 2 3 8,23 9 An

appropriate method may be chosen based on the presence or absence of coordinatively unsaturated sites in

the MOF/COF, the sizes of the aperture openings, and the molecular sizes of the ILs themselves.

An early example of a MOF-IL composite as a solid electrolyte was reported by Fujie, Kitagawa,

and coworkers, 240 who physically blended Zn(2-methylimidazole)2 (ZIF-8) with EMI-TFSI (l-ethyl-3-

methylimidazolium trifluoromethanesulfonimide) / LiTFSI to obtain an electrolyte. A low activation energy

of 0.16 eV and an ionic conductivity of 10- S-cm-' at 25 'C was reported for this composite, which

nevertheless was lower than that of the MOF-IL combination alone, measured in the absence of the Li salt.

Blending EMI-TFSI/Li-TFSI with Zr604(OH)4(H 2TCPP)3  (MOF-525, H2TCPP =

tetracarboxyphenylporphyrin) gave an electrolyte with a conductivity of 10-4 S-cm- and a Li' transference
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number of 0.36.241 Although still only in the same range as liquid electrolytes, the transference number for

the MOF-IL composite was a marked improvement upon the transference number measured for EMI-TFSI

/ LiTFSI itself, and was attributed to confinement of the EMI' and TFSI- ions within the MOF pores. These

early studies of MOF/ILs composites highlighted certain potential benefits of confining the ILs to

micropores, but also revealed unexpected results such as diminished conductivity upon addition of Li'. A

similar trend was observed in a composite of ZnO4(BDC) 3 (MOF-5, BDC2- = 1,4-benzenedicarboxylate)

with AMImTFSI (1-allyl-3-methylimidazolium TFSI). 2 38 Doping this composite with increasing amounts

of LiTFSI afforded electrolytes with gel-like consistencies with good ionic conductivities of 10-3-10-2

S-cm' at 51 'C, which showed inverse dependence with the amount of Li'. Although the authors attributed

this unexpected observation to a change to a more tortuous Li' conduction pathway in the more highly

loaded samples, experiments to substantiate such mechanistic implications are difficult and often not

pursued in the MOF/COF literature thus far. Regardless, these rather complex composites exhibit

impressively low activation energies of < 0.1 eV and working potential windows greater than 5.2 V,

warranting additional future studies.

One word of caution is that both the anion and the cation in an IL have non-zero mobilities within

the framework, and both can contribute to overall ionic conductivity, such that the metal cations are not the

only charged mobile species within these electrolytes.24 2 Measuring the Li' transference numbers of the

composites is an important step in identifying the Li' contribution to the conductivity. Additionally, as with

polymer composite electrolytes discussed above, understanding the interfacial interaction between the

MOF/COF and the IL is difficult, making the discovery of new IL-based composites squarely an empirical

challenge with little hope of rational design.239

5.4 Metal-ion conduction in MOFs and COFs

Coordinating anions to open metal or other cationic sites. The structural and compositional

tunability of MOFs and COFs is one of the attributes that encourages their exploration as neat solid

135



electrolytes. Although the ability of these materials to intercalate ions has resulted in numerous works

detailing their use as battery electrode materials,218,221,243-246 employing them as solid-state electrolytes has

emerged only recently. One of the pioneering studies in this context was published in 2011 by Wiers, Long,

and coworkers.2 4 7 This study reported soaking Zn40(BTB) 2 (MOF-177, BTB3-= 1,3,5-benzenetribenzoate),

H3 [(Cu4Cl)3(BTTri)]8 (Cu-BTTri, BTTri3 = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene), and Mg2(dobdc)

(dobdc 4- = 5-dioxido-1,4-benzene-dicarboxylate) in 1:1 ethylene carbonate:diethyl carbonate solutions of

LiBF4 and conducting electrical impedance spectroscopy (EIS) on the pressed pellet samples. The Li'-

doped MOFs yielded ionic conductivities ranging from 10- to 10-6 S-cm', with the most promising host

being Mg2(dobdc). Although an intriguing early result, the ionic conductivity of 1.8.10-6 S-cm-1 observed

in Mg2(dobdc) was still at least two orders of magnitude lower than the technological benchmark for battery

applications. 20 7 Taking advantage of the coordinatively unsaturated Mg2+ sites in this framework, the

authors added Li'OPr and showed that coordination of -'OPr to these sites immobilized the anions and

allowed the cations to move more freely, further increasing the conductivity by a factor of 10. The

optimized electrolyte, Mg2(dobdc)-0.35Li'OPr-0.25LiBF 4-EC-DEC (EC = ethylene carbonate, DEC =

diethyl carbonate) (Figure 5-2) exhibited a conductivity of 3.1-10-4 S-cm-1 and an activation energy of 0.15

eV, meeting superionic conductor qualifications. 248 The need for LiBF4 in this optimized formulation was

justified by implicating it in inter-particle conductivity, with EC and DEC solvating the Li' ions in the pores

and improving inter-particle contacts.

The Long Group later expanded upon the notion of immobilizing charge-balancing anions on open

metal sites in MOFs in order to maximize exclusively Li' mobility. The framework UiO-66

(Zr6O4(OH)4(BDC) 6) can undergo thermal dehydration to afford coordinatively-unsaturated Zr 4 Sites249,250

(Figure 5-3a). Ameloot, Long, and coworkers capitalized on this feature by soaking the dehydrated UiO-

66 in a tetrahydrofuran solution of Li-O'Bu, consequently saturating the Zr 4 coordination sphere with

alkoxide anions and incorporating charge-balancing Li+ cations."' The resulting Li+ ionic conductivity was
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reported to be 1.8-10- S-cm-', one order of magnitude lower than the reported

Mg2(dobdc)-0.35Li'OPr-0.25LiBF 4-EC-DEC247 but still competitive with solid polymer electrolytes.2 0 252

Further, the bulky aliphatic groups on the alkoxide shield the negative charge of the anion, thus weakening

the interaction between the anion and the Li' cations and enabling a low Li' activation energy of 0.18 eV.

Unfortunately, a symmetric Li cell with this electrolyte could only be cycled 3 times before shorting due to

Li dendrite formation. It may be possible that altering the pore shapes / channel orientations may allow

better control over the uniformity of Li plating, which could aid in decreasing dendrite formation. If

dendrites formed along grain boundaries, forming larger host crystals and thus decreasing grain boundary

density, or adding a polymeric binder to mitigate the effects of grain boundaries, may also help eliminate

dendrite formation.

In addition to Li' conduction, another promising application of porous material-based electrolytes

is conduction of more charge-dense Mg2+ ions. One consideration when designing materials for Mg2

conduction is the larger size of Mg2+ ions compared to that of Li', particularly when solvated, which

necessitates larger pore size to allow Mg2
+ transport. Aubrey, Long, and coworkers explored both

Mg2(dobdc) (structure shown in Figure 5-2) and its expanded analogue Mg2(dobpdc) (dobpdc 4- = 4,4'-

dioxidobiphenyl-3,3'-dicarboxylate) as Mg 2' ion conductors. 2 16 In line with the expanded pore size of

Mg2(dobpdc) compared to that of Mg 2(dobdc) (diameter = 21 A versus 13 A), Mg 2(dobpdc) could

accommodate more than three times the mole equivalents of free Mg2
+ ions than the Mg 2(dobdc) host and

more than two times the mole equivalents of the dielectric triglyme, which was added to all samples. This

is accompanied by a more than 100-fold increase in conductivity, with conductivity values of ~10-4 S-cm'

observed in Mg 2(dobpdc)-Mg(TFSI) 2 and ~106 S-cm- observed in Mg 2(dobdc)-Mg(TFSI) 2. Champion
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Figure 5-2. A portion of the structure of Mg2(dobdc)-0.35Li'OPr-0.25LiBF 4-EC-DEC. The cross-sectional

view depicts the envisioned migration path for Li* ions through the electrolyte. H atoms are omitted for

clarity.

devices made from soaking the MOFs in Mg(TFSI) 2 and Mg(OPhCF 3)2 afforded conductivities of 10-'

S-cm-' with Mg 2(dobdc) and slightly higher with Mg2(dobpdc). These conductivity values are higher than

those reported for any solid Mg2+ electrolytes and, combined with low activation energies of 0.11-0.19 eV,

render the materials relevant for commercial applications. Studies of the stability of these materials to

prolonged cycling and to Mg metal or other electrode materials would be useful for exploring the potential

of these MOFs in a battery assembly.
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The ability to coordinate a variety of anions to open metal sites in MOFs and impart conductivity

of various cations introduces the opportunity to establish material-specific trends in performance. For

example, Park, Tulchinsky, and Dinca reported an anionic Cu"-azolate MOF, (CH3)2NH 2

[Cu2Cl3BTDD] (DMF)4(H 20)4.5 (MIT-20, H2BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4',5'-i])dibenzo-

[1,4]dioxin) that featured charge-balancing dimethylammonium cations (Figure 5-3b).253 Presence of free

dimethylammonium cations in the parent structure suggested that the MOF could accommodate and

potentially conduct metal cations. Removal of residual DMF and water molecules, as well as one equivalent

of dimethylammonium chloride afforded a neutral framework, Cu2Cl2BTDD. The thermodynamic favoring

of the anionic framework during synthesis allowed a quantitative yield of the anionic MIT-20 charge-

balanced by free Group 1 and 2 metal cations when soaking in the respective metal salts. Because this

quantitative transformation of MIT-20 affords isostructural materials regardless of the nature of the anion,

soaking the MOF in LiCl, LiBr, and LiBF 4 salts with addition of the dielectric propylene carbonate (PC)

enabled the exploration of the effect of anion identity on electrolyte performance. Gratifyingly, an

increasing softness of the anion correlated well with increasing Li' conductivity (10-5 S-cm-1 to 10-4 S-cm- 1)

and decreasing activation energy (0.32 to 0.16 eV). A Li' transference number of 0.66 was measured for

MIT-20-LiCl, confirming that the primary contributor to the conductivity was mobile Li'. MIT-20 also

exhibited good Na' and Mg2+ conductivity (GNa 1 .8 -105 S-cm-1 and amg = 8.8- 10- S-cm-') and activation

energies of 0.39 eV and 0.37 eV upon soaking in solutions of NaSCN and MgBr 2, respectively. The ability

to install both different anions and different cations within the MIT-20 structure highlights the versatility

of this material as a solid electrolyte. This material also exemplifies the generalization that MOFs and COFs

which have isostructural phases that are isolable in multiple states of formal charge could be promising

candidates for ionically conductive solid electrolytes.

Another example of capitalizing on the modularity of MOFs to establish structure-function

relationships was Shen, Dunn, and coworkers' exploration of the MIL- 100 and UiO series of MOFs as
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tunable solid electrolytes.21
4 A proof-of-principle was demonstrated by targeting the installation of C104

ions from a PC solution of LiClO 4 onto the coordinatively unsaturated Cu+ sites of activated Cu 3(BTC) 2

(HKUST-1, BTC3- = benzene-1,3,5-tricarboxylate) (Figure 5-3c), allowing Li' ions to move freely upon

polarization for a Li' conductivity of 3.8-10-4 S-cm-' and an activation energy of 0.18 eV. A similar PC-

LiClO 4 treatment of materials in the activated MIL-100 series (M 30(BTC) 20H, M = Cr3+ Fe 3, or A13+)

(Figure 5-3d) produced solids whose conductivity ranged from 10-3 S-cm 1 to 10-2 S-cm'. The highest

ionic conductivity of the MIL-100 MOFs, observed with MIL-100-A13+, was consistent with the assertion

that the increased Lewis acidity of A13+ compared to Fe3+ and Cr3 led to decreased ion pairing strength

between the C104 and the Li, thus enhancing Li+ mobility. The effect of MOF pore size on ionic

conductivity was also explored using activated UiO-66 and the larger-pore Zr6 O4(OH) 4(BPDC)6 (UiO-67,

BPDC2- = biphenyl-4,4'-dicarboxylate). Soaking these MOFs in PC solutions of LiClO 4 gave Li+

conductivities of 1.8.10-4 S-cm' and 6.5 -10-4 S-cm- 1 for UiO-66 and UiO-67, respectively. The higher Li'

conductivity observed in UiO-67 was attributed to the larger pore size being able to accommodate a higher

extent of solvation around the Li' ions, which enhances mobility. This trend was consistent with that

observed in Mg 2(dobdc) versus its expanded analogue Mg2(dobpdc), as discussed earlier. Lower activation

energy was measured in UiO-67 versus UiO-66 as well (Ea = 0.12 eV versus 0.21 eV for UiO-67 versus

UiO-66, respectively).

In addition to coordinating anions to open metal sites as cation hopping sites within MOFs, anions

have also been incorporated into positively charged MOF/COF structures simply through weaker

Coulombic interactions. Recently, Chen and coworkers reported a cationic COF comprised of alternatively

linked triaminoguanidinium and 1,3,5-triformylphloroglucinol ligands which was proposed to feature 7U-1

stacking, forming channels from the aligned pores.25s Stirring the COF in an aqueous solution of LiTFSI

replaced the parent chloride ions with TFSI- ions. One equivalent of TFSI- was charge-balancing the

triaminoguanidinium within the framework and one equivalent was charge-balancing Li+ ions which
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remained in the electrolyte matrix. This electrolyte exhibited a conductivity of 5.74-10-5 S-cm-' at 30 'C

and an activation energy of 0.34 eV. The Li' transference number of 0.61 was consistent with at least a

portion of the TFSI- ions being immobilized through interaction with the cationic triaminoguanidinium

groups. Additionally, a respectable operating potential window of 3.8 V was measured. Studies suggested

that the TFSI ion existed within the framework both as a "free" anion stabilized within the COF channel

through Coulombic interactions, and as an ion pair. The ion-paired TFSI- likely decreases the Li'

transference number, given that the equivalent of TFSI~ present within the framework to charge-balance

the Li' is likely not coordinated to the COF. Although this example showcases post-synthetic alteration of

the anion identity that is not feasible in borate-based COFs (see below), the challenge with utilizing a

cationic COF rather than a coordinatively-unsaturated charge-neutral MOF is that addition of alkali metal

salts such as LiTFSI introduces equivalents of monoanions both to charge-balance the cationic framework

and to ion-pair with the metal cations. Such electrolytes still possess an advantageously high density of

anionic hopping sites and the safety features of solid electrolytes, but obtaining higher metal cation

transference numbers will likely be a challenge due to the large percentage of mobile anions. An interesting

extension upon this work could involve soaking the COF in a polylithium salt. 2 56-2 60 This could yield the

COF with equal equivalents of the polyanion immobilized within the channels, triaminoguanidinium groups

within the framework itself, and mobile Li'. One consideration with this approach would be careful

selection of the anion, particularly in terms of size; Chen et. al. reported diminished n-n stacking within

the COF upon replacing the Cl- ions with larger TFSI- ions. This partial collapse of the stacked structure

may obstruct metal transport pathways within the framework.

Incorporating anions directly into the structure. An alternative to introducing stoichiometric

equivalents of anions concomitant with mobile cations is to target inherently negative frameworks, where

the negative charges are built into the MOF/COF building blocks themselves. In 2015, Van Humbeck,

Long, and coworkers reported crosslinked tetraarylborate moieties that form a negatively charged porous
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polymer wherein the anionic borates serve as immobile Li' hopping sites. 2
1' This approach was inspired by

early reports of linear polymers containing ionic groups such as anionic perfluoroalkyl carboxylates 262 or

cationic diallyldimethylammonium units 263 within the polymer structure. Such polymers were also used as

solid electrolytes with the goal of achieving single-ion conductivity, and exhibited mobile ion transference

numbers nearing unity. The observed conductivities for such polymers fell in the 10-6 to 10- S-cm' range,

possibly due to undesirably large distances between the hopping sites along the polymer backbone. In

contrast, the material designed by Van Humbeck, Long, et al. features an interpenetrated network that

provides a high density of ion hopping sites. Measurements gave a Li' conductivity of 3.6-10-' S-cm-1 ,

which increased further by one order of magnitude upon perfluorination of the aryl groups in the

tetraarylborate network (CyL = 2.7-10-' S-cm-'). Installation of electron-withdrawing fluorine atoms on the

aryl rings was thought to weaken the borate-Lie interaction and thus encourage Li' mobility through the

electrolyte. As expected, immobilization of the anions within the framework afforded strong single-ion

conducting character with a high Li' transference number (tLi = 0.9). Interestingly, altering synthetic

conditions afforded a permanently porous fluorinated tetraarylborate material (BET surface area = 480

m2-g') that exhibited ten-fold lower conductivity than its dense-phase congener. Although this difference

in conductivity between the porous and dense phase is consistent with the need for closely packed hopping

sites, the activation energies of the two phases were identical, 0.25 eV. The phase-independent activation

energy data may point to dominating surface conduction pathways as proposed by the authors. However,

the distinct differences in conductivity as a function of phase density and the fact that the identities of the

hopping sites do remain constant in both phases highlights the importance of hopping site density on ionic

conductivity. Most tellingly, it emphasizes that three-dimensionally connected pores become detrimental

to ion transport beyond a certain diameter.

Another example of anionic borates being featured in ionically conductive MOFs and COFs was a

spiroborate-based COF synthesized by base-promoted transesterification of diols and trimethylborate using

143



LIOH as the base. The latter served the roles of both deprotonating the diol during the transesterification

and providing the Li' ions for the electrolyte,264 thus allowing a one-pot synthesis of a Lit-loaded solid

electrolyte (Figure 5-4). Incorporating the spiroborate structure into the COF was motivated by previous

reports of Li borate salts used as Li' electrolytes. 26
" The spiroborate COF / polyvinylidine fluoride (PVDF)

formulation exhibited a Li' conductivity of 3.05-10- S-cm- and an activation energy of 0.24 eV. In addition

to favorable conductivity and activation energy values, a high Li' transference number of 0.8 was measured.

Finally, a respectable potential window of ca. 4.5 V was reported, further highlighting the utility of solid-

state electrolytes over liquid electrolytes that decompose at lower potentials. The formation of inherently

negatively charged frameworks provides a host matrix with a homogeneous distribution of cation hopping

sites that contributes nothing to increasing the anion transference number. It provides a promising blueprint

for very efficient cation conductors, but has only rarely been used thus far.

One instance where this strategy proved effective with MOFs involved the substitution of trivalent

Sc3> ions in [ScX(p 4-pmdc)2(H20)2] -5H20 (pmdc2- = pyrimidine-4,6-dicarboxylate; X = Li' or Na')

(Figure 5-3e) by divalent Cd2 or Mn .266 Low conductivity in the parent samples presumably stems from

the alkali metal cations being affixed in the framework, thus hindering their mobility. As such, aliovalent

substitution of Sc3> with Cd2+ or Mn2+ was pursued with the goal of installing additional free alkali metal

cations for charge balance. Indeed, free Li+ and Na' ions compensated for the charge imbalance created by

this aliovalent substitution. However, these ions still contributed low Li' and Na+ conductivity values (1 V

to 10-6 S-cm- for the Cd2+ and Mn2+-doped MOFs). The authors reported enhanced Li' and Na+

conductivity values from simply soaking the parent Sc 3'-MOFs in solutions of LiBF 4 or NaPF 6. The

resulting electrolytes exhibited ionic conductivities of 10-1 S-cm- (Na+) and 104 S-cm-1 (Li+). Even though

the soaking procedure afforded enhanced conductivity, this treatment also caused cracking of the crystals,

while peak broadening in the 'H and 7Li NMR spectra revealed increased structural heterogeneity. Together,

these observations complicate the direct correlation between conductivity and the mobile charge density
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and prevent detailed studies probing potentially new conduction mechanisms in the metal-exchanged

samples. Such information could have been useful in explaining the large discrepancy in activation energies

for the Li samples versus the Na samples (0.25 eV versus 0.64 eV, respectively). Despite the low

conductivity observed in the aliovalently doped samples described above, the idea that aliovalent

substitution can increase the mobile cation density in a MOF is potentially quite general and could in

principle be applied to MOFs made from tri- or higher-valent metal ions, with cation substitution in general

established as a versatile synthetic technique in this class.2 67

Neutral hostframeworks. Although neutral host frameworks that do not easily accommodate anions

may not seem like ideal candidates for solid electrolytes, some notable examples that highlight the

importance of processing porous solid electrolytes do use such hosts. For instance, uniaxial pressure applied

to C 9H4BO2 (COF-5) (Figure 5-3f) and TpPa-I (Tp = triformylphloroglucinol, Pa = paraphenylenediamine)

(Figure 5-3g) promoted preferred orientation of platelet crystallites, thereby forcing alignments of the COF

pores and the formation of long-range channels for more efficient ion transport.2 68 Soaking these materials

in solutions of LiClO 4 followed by evaporation and uniaxial pressing afforded solid electrolytes with

conductivities of 2.6-10- 4 S-cm-' and 1.5-10-4 S-cm- 1 for COF-5 and TpPa-1, respectively. Although 7Li

NMR experiments confirmed the highly mobile nature of Li', the mobility of the charge-balancing Cb4-

anions which can also contribute to the conductivity, was not measured. As before, obtaining the Li'

transference numbers for these COFs would be critical for assessing the Li' contribution to the total ionic

conductivity.

Recently, the notion of forming true hybrids between porous materials and polymers for ion

conduction has been pursued in the form of the "polyelectrolyte" COFs such as TPB-DMTP-COF (TPB =

1,3,5-tri(4-aminophenyl)benzene, DMTP = 2,5-dimethoxyterephthalaldehyde) and TPB-BMTP-COF

(BMTP = 2,5-bis((2-methoxyethoxy)methoxy)terephthalaldehyde). 269 Condensation of TPB with either

DMTP or BMTP resulted in porous, stacked 2D COFs with either methoxy groups (TPB-DMTP-COF) or
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oligo(ethylene oxide) chains (TPB-BMTP-COF) branching off of the phenyl rings and lining the pore walls.

This approach aimed to combine the ion transport benefits of polymer electrolytes with the mechanical and

thermal stability of MOF/COF electrolytes. Soaking these porous, crystalline structures in solutions of

LiClO 4 afforded materials with conductivities of 10-7 S-cm-1 (TPB-DMTP-COF) and 10-6 S-cm- (TPB-

BMTP-COF) at 40 0C, both improvements upon that of the PEO-Li' complex, which has a Li' conductivity

of 10-8 S-cm-' at 40 'C. It should be noted that both materials exhibit high activation energies for ionic

transport, 0.96 eV for TPB-DMTP-COF and 0.87 eV for TPB-BMTP-COF, which suggests that

improvements are likely for a class of materials that allows for considerable combinatorial potential. Once

again, more systematic improvements would be facilitated by 7Li NMR studies and measurements of the

Li' transference numbers to parse out the mobility of free Lit ions versus ion-paired LiClO 4 . The approach

of implementing polymeric building blocks that have proven ion conductivity into crystallographically

well-defined and mechanically and thermally robust COF structures is intriguing. Further structural

characterization of these analogues after incorporation of Li salts would aid in determining whether the

COF structure is retained in the final electrolyte matrix.

5.5 Scouting criteria: What makes a MOF / COF ionically conductive?

The several examples discussed herein were chosen to showcase the multiple approaches available

for achieving ionic conductivity in MOFs and COFs. When evaluating these porous materials as potential

candidates for ion conduction, the following considerations may prove useful:

" Does the MOF feature metal sites with coordination environments that include removable solvent

molecules, or other anion docking sites?

* Are anions incorporated into the MOF/COF structure, e.g. as part of the building blocks or by

Coulombic forces?

" Is the material isolable in multiple states of formal charge? Is isolation of these states reversible?

" Is the MOF/COF electrically insulating?
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" Is there a high density of hopping sites within the structure?

" What are the sizes of metal ions that could be accommodated within the pores?

" Would the mobile metal ions be solvated in the pores? How many equivalents of solvated metal

ions can the structure accommodate?

When testing MOFs and COFs for ion conduction, the following criteria can serve as reference benchmarks

for evaluating performance:

" Ionic conductivity > 10' S-cm-1 , ideally when T ~ 25 C248

* Electrical conductivity < 10-10 S-cm1 , to avoid cell shorting207

" Activation energy < 0.4 eV248

" Working potential window of> 4 V for commercial applications 270

" Transference number of> 0.5, to avoid polarization effects 253

" Structurally stable to the desired mobile metal salts, dielectric additives, and the electrode materials

* No or nominal increase in resistance during cycling

5.6 Conclusions / Future directions

The continuously growing energy demand is being addressed with innovative, sustainable

technology and metal and metal-ion batteries remain leaders for electrical energy storage in terms of

combined energy density, portability, longevity, and cost. Continued optimization of these devices requires

enhanced safety and even greater operating efficiency, both of which can be greatly improved by an

optimized solid-state electrolyte. MOFs and COFs have gained attention as promising candidates for solid-

state electrolyte technology due to their crystallographic definition which contributes immobilized and

homogeneously distributed ion hopping paths, enhanced thermal and mechanical stability, and a

morphology that in principle could prevent hazardous dendrite formation. The high surface area of these

materials allows an abundance of cation hopping sites, which aids in minimizing battery resistance. Reports

detailing installation of hopping sites into MOFs and COFs both by coordinating anions to cationic sites
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within the frameworks and by installing anionic sites directly as components of the frameworks highlight

the versatility of this class of materials for battery electrolyte applications. Several examples have shown

great promise in this arena by exhibiting ionic conductivities of 10-6 to 10- S-cm- 1 under ambient

conditions, activation energies of 0.1-0.4 eV, cation transference numbers of 0.6-0.9, and potential windows

exceeding 4.0 V.

Looking forward, exploring the effect of MOF/COF crystal size on conductivity could aid in

elucidating whether ion mobility is an inter- or intra-crystal phenomenon. Such studies could also aid in

optimizing conductivity versus dendrite formation, which may occur along grain boundaries. Further, many

of the reported MOFs and COFs have shown promising properties when combined with monolithium salts.

Expansion of these studies could involve use of a polylithium salt, to achieve higher Li' loading. Another

underexplored area is the utilization of inherently anionic materials balanced by potentially mobile cations

residing in the pores. This may encourage homogeneous distribution of the charge balancing metal ions

throughout the host matrix while minimizing incorporation of mobile, exogenous species that are typically

introduced using more iterative electrolyte preparation methods. Additionally, hybridizing porous materials

with traditional polymer electrolytes may allow for retention of the ionically conductive properties of the

polymers while adding benefits associated with porous solid electrolytes, e.g. minimized electrolyte

reorganization, maximized hopping site density, and potentially no dendrite growth. Finally, targeting good

ion conductors for K', Ca2, or Al+ transport in the MOF/COF context could prove fruitful given that these

larger/higher-valent ions might require larger pores than typically available with denser materials.

Employing MOFs and COFs as solid electrolytes for K-ion, Ca-ion, or Al-ion batteries would combine the

benefits of porous material-based electrolytes with the advantages of using energy-dense, earth-abundant

ions. The wealth of metal and ligand combinations that may engender a host of pore shapes, sizes, and local

electronic environments that may accommodate any number of metal ions lays an expansive foundation for

a bright future of MOF/COF-based solid electrolytes.

149



150



Chapter 6

Multi-Valent Ionic Conductivity in a Cu-Azolate Metal-

Organic Framework
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6.1 Introduction

Since the emergence of the first rechargeable galvanic cell in 1860,195 rechargeable batteries have

become an enabling technology for a range of critical processes in modem life. Although old in a sense,

rechargeable battery technologies represent an important field of modem research, spurred by the scale and

variety of applications stemming from an inevitable transition to renewable and clean energy technologies.

Among the various possible technologies, metal and metal-ion batteries are particularly versatile in serving

a range of applications especially in consumer electronics, where they offer a combination of high

volumetric capacity and -1000-cycle lifetime that is well suited for such devices. 9 6 However, despite

significant advances there is much room for improvement in efficiency, lifetime, and safety of metal and

metal-ion batteries. All these could be improved by transitioning from liquid electrolytes, the current

industry standard, to solid ion conductors. Liquid electrolytes exhibit relatively narrow potential stability

windows, cation transference numbers of < 0.4 that lead to lifetime-limiting polarization effects, and little

control over the uniformity of Li plating during charging. 9 6 Non-uniform plating can cause dendrite

formation, which may result in piercing the battery separator and leakage of the flammable organic liquid

electrolyte, or if contact is made with the other electrode, circuit shorting. Efforts to address these challenges

have included development of solid-state electrolytes.1 97,2 10- 2 14 ,2 71- 279 Although solid electrolytes exhibit

higher potential stability windows, higher transference numbers, and are safer by virtue of their reduced

flammability and increased mechanical stability, they can suffer from low conductivity and poor interfacial

contact between the electrodes and the electrolyte. 19 , 197,2 12 ,2 13 ,271 An ideal system would combine the lower

transport and interfacial resistance of liquid electrolytes with the safety and enhanced stability features of

solid electrolytes.

One class of materials that may provide clues to addressing these challenges is metal-organic

frameworks (MOFs). The high surface area of MOFs offers the ability to install a high density of charged

species in a small geometric volume. This allows for closely packed cation hopping sites, which could
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minimize activation energy for ion transport and increase ion conductivity. Additionally, the ordered

porosity of MOFs could aid in controlling the uniformity of cation plating at the anode during charging,

thus preventing dendrite formation. Many MOFs present metal sites whose coordination spheres are

initially occupied by solvent molecules. Removing the solvent molecules exposes coordinatively

unsaturated cationic sites onto which anions can be docked. The coordinated anions require charge-

balancing cations that become the only mobile charge carriers, thus maximizing cation transference

numbers. Finally, altering the lability and / or valency of the metal centers, changing pore polarity by ligand

functionalization, and enlarging the pore diameter by extending the ligand length offer multiple tunable

variables for systematic optimization of electrolyte performance. Indeed, several MOFs have been explored

as solid-state electrolytes, and have featured many of the benefits listed above. 2 16,24 7,25 1,25 3 ,214, 2 66 Although

promising, many of these MOFs require additional salt content in excess of what would be expected based

on the number of available anion binding sites. This necessarily implies that not only cations, but also

anions will be mobile, which in turn reduces the cation transference numbers. Additionally, activation

energies in such materials are sometimes higher than is desired, as ion pairing between anions and cations

is still strong. Some of the reported MOF-based electrolytes have also shown poor stability to

electrochemical cycling, eliminating their viability for rechargeable batteries. To expand upon current MOF

electrolytes, we took advantage of a Cu-azolate material, Cu4(ttpm) 2 (H4ttpm = tetrakis(4-

tetrazolylphenyl)methane)8 0 that presents multiple anion binding sites, which lead to high mobile Li',

Mg2+, and A13+ density. The ability to reconstitute this MOF in various types of metal salts allowed for

modulation of the ion pairing strength, as evidenced by conductivity and activation energy values that

change as a function of anion identity.

6.2 Results and discussion

The anionic parent material, Cu[(Cu4Cl)(ttpm) 2] 2 CuC 12, and the neutral framework,

Cu4(ttpm) 2 -0.6CuCl 2 , were synthesized according to a reported procedure.28 0 It was previously shown that
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Cu4(tetrazole)8 secondary building units (SBUs) in the original material feature 5 possible halide binding

sites, a portion of which can be made available by Soxhlet extraction with methanol (Scheme 6-1).28o

Importantly, some of these sites bear bridging halides. This opens the possibility of reducing the ion pairing

H C + MX (excess)

CU - 0.8 CuC 2  M M Li+, Mg2 +

C X = Cl, Br mobile

Cu[Cu4CI(ttpm)J2 CuC 2  Cu4(ttpm) 2 0 0.6CUC 2  MOF-MXn
H4ttpm = tetrakis(4-tetrazolylphenyl)methane o potential anion binding sites

Scheme 6-1. Synthesis of Cu[(Cu4Cl)(ttpm)2]2-CuCl2, Cu4(ttpm)20.6CuCl2, and the target MOF-MYn,

where M= Li' or Mg2+; X= Cl-, Br , or I-; and n = 1 or 2.

between mobile cations and bridging halides because electron density on the latter would be screened by

multiple Cu 2+ ions. Reconstitution of Cu4(ttpm)2-0.6CuCl2 in saturated THF solutions of various Group 1

and 2 metal halide salts afforded anionic structures balanced with alkali and alkaline earth metal cations

(Scheme 6-1). The resulting materials were washed with propylene carbonate (PC), a commonly used

dielectric that solvates the metal cations and can improve inter-particle conductivity.216,2s3 Inductively-

coupled plasma-mass spectrometry (ICP-MS) and quantitative tH NMR spectroscopy of digested samples

(Figures 6-1 to 6-6) provided the Group 1 and 2 metal content, and propylene carbonate content,

respectively, for the final electrolyte formulations (Table 6-1).

That the coordination mode of the halides can be defined within the crystallographic parameters of

the MOF as opposed to random dispersion of the salts within the electrolyte matrix was evidenced by

powder X-ray diffraction (PXRD) and scanning electron microscopy-energy dispersive X-ray spectroscopy
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Table 6-1. Formulas of MOF-MX, including metal ratios as determined by ICP-MS and propylene

carbonate (PC) content from 'H NMR spectroscopy.

Sample name Cu M (M = Li, X (X = C-, Formula

Mg2+) Br, I-)

MOF-LiCl 2.5 1.0 1.0 Cu4(ttpm) 2(CuC 2)o.6(LiCI)1.8 -19PC

MOF-LiBr 2.4 1.0 1.0 Cu4(ttpm)2(CuC1 2)o. 6(LiBr) 1.8-20PC

MOF-Lil 4.5 1.0 1.0 Cu 4(ttpm) 2(CuC1 2)o.(LiI) 1.o-20PC

MOF-MgC 2  6.1 1.0 2.0 Cu4(ttpm) 2(CuC 2). 6(MgC 2)o.8 -17PC

MOF-MgBr 2  6.4 1.0 2.0 Cu4(ttpm)2(CuC 2)o. 6(MgBr2)o.7-21PC

MOF-MgI 2  7 1.0 2.0 Cu4(ttpm) 2(CuC 2)o.(MgI 2). 7-15PC

Figure 6-7. [110] reflection of Cu[(Cu4C1)(ttpm) 2] 2 'CuC 2 (red plane), showcasing the contribution of the

electron density of the halides within this plane.
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Figure 6-8. Representative PXRD pattern showcasing the disappearance and reemergence of the [110]

reflection at 8' 20 (largely contributed by the halide electron density), as well as stability of the MOF to

electrochemical cycling. See Figure 6-9 for PXRD patterns of the other analogues.
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Figure 6-9. PXRD patterns of a) MOF-LiX and b) MOF-MgX2 after variable-temperature EIS
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Cu4(ttpm)2-0.6CuCl2.

159

Ic vae V



(SEM-EDS). Soxhlet extracting the anionic Cu[(Cu4CI)(ttpm) 2] 2-CuC1 2 resulted in almost total

disappearance of the PXRD peak at ~8' 20, which represents the [110] reflection to which the electron

density of both bridging and axial chlorides is a major contributor (Figure 6-7). PXRD patterns of the

MOF-MXn samples showed a reemergence of this reflection, consistent with immobilized halides having a

crystallographically distinct coordination mode within the Cu4-lined cluster (Figure 6-8, Figure 6-9).

PXRD confirmed that the MOF retains its structure both during the synthetic manipulation with chloride

and bromide salts, and during at least 200 cyclic voltammetry (CV) cycles of these respective electrolytes.

However, treating the MOF with LiI or MgI 2 resulted in major reduction of crystallinity with the former

and total destruction of the MOF structure with the latter (Figure 6-9). This is not unexpected, as I- is

readily oxidized by Cu 2
+ and CuI 2 itself is unstable to disproportionation. 2 1

1
2 4

The reactivity of the MOF-MI samples was further supported by the abundance of faradaic events

observed in the MOF-Lil CV (Figure 6-10). This decomposition prevented collection of reproducible

MOF-MgI 2 data. In addition to the PXRD patterns supporting crystallographically defined reincorporation

of the anions into the MOF during the electrolyte soak procedure, SEM-EDS showed homogeneous

0.05 . electrolyte ox.

0.00 - lia
E
- -0.05 - electrolyte red.

-0.10 - Li red.

-1 0 1 2 3 4 5

E / V vs Li/Li+

Figure 6-10. Cyclic voltammogram of MOF-Lil.
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distribution of the halides throughout the MOF-LiCl electrolyte. The homogeneity of chloride as well as

copper distribution in the spectra confirmed that no amorphous MX, phase had aggregated within the

electrolyte matrix. Further, reduction of the crystallite size by two orders of magnitude during the electrolyte

soak procedure was consistent with the MX salts penetrating the crystals themselves rather than residing

in grain boundaries or other more kinetically accessible locations (Figure 6-11).
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Figure 6-11. SEM images of a) Cu 4(ttpm) 2-0.6CuC 2, b) MOF-LiCl. EDS maps of MOF-LiCl are shown

in c and d (Cu and Cl, respectively).

Stoichiometric reincorporation of structurally significant anions into a MOF has only been reported, to our

knowledge, for one other MOF.2 Immobilization of stoichiometric amounts of cation hopping sites within

a material presents a promising template in the development of tunable solid electrolytes.
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To ensure that the parent Cu4(ttpm)2-0.6CuCl2 was sufficiently electrically insulating for preventing

short circuiting, -50 to 50 V was applied to a pressed pellet and the resulting current was measured. The

generated I-V curve yielded an electrical conductivity of 5.08.10-12 S-cm-1, identifying

Cu4(ttpm)2 0.6CuCl2 as an electrical insulator and a suitable electrolyte material (Figure 6-12).2o7

Additionally, confirmation that the free CuCl 2 would not convolute the ionic conductivity data was obtained
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by calculating the activation energy of the parent MOF. Variable-temperature electrochemical impedance

spectroscopic (EIS) measurements revealed Cu4 (ttpm)2 -0.6CuCl2 to have a high activation energy of 0.85

eV (Figure 6-13).

The MOF-MYn powders were loaded into a test cell and individually measured for conductivity.

Fitting the resulting EIS spectra to the circuit shown in the Methods section gave Li' conductivities ranging

from 2.4- 10-5 S-cm- (MOF-LiCl) to 1.1 .10-4 (MOF-Lil) at 250 C for the MOF-LiX samples (Figure 6-14,

Table 6-2). Excitingly, this data highlighted the ability to systematically tune the conductivity by
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Figure 6-14. Electrochemical impedance spectra of MOF-LiCl (green, a), MOF-LiBr (blue, b), and MOF-

LiI (purple, c), and corresponding conductivity values, collected at 25 'C.
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Table 6-2. Conductivity, activation energy, and Li' transference number values of MOF-LiX.

Electrolyte a (S-cm-1) E. (eV) Li*
transference #

MOF-LiCl 2.410'- 0.34 0.69

MOF-LiBr 3.2-10- 0.30 0.42

MOF-Lil 1.1.10-4 0.24 0.34
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Figure 6-15. Variable-temperature electrochemical impedance spectra (lighter color signifies higher

temperature) of a) MOF-LiCl, b) MOF-LiBr, and c) MOF-LiL.
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modulating the softness of the anion, in turn altering the ionic strength of the Li-halide interaction.

Additional utility of this modular structure was showcased in the activation energies. Variable-temperature

EIS (Figure 6-15) and construction of the corresponding Arrhenius plots gave activation energies which

also varied as a function of anion softness (Ea = 0.34 eV to 0.24 eV for MOF-LiCl and MOF-Lil,

respectively) (Table 6-2). These low activation energies of < 0.4 eV are on-par with those of superionic

conductors and are of commercial significance.248 To evaluate the immobility of the halide ions within the

MOF upon battery polarization, Li' transference numbers were calculated for MOF-LiX (Figures 6-16 to

6-18). MOF-LiCl yielded a high Li' transference number of 0.69, indicating that almost 70% of the current

passed resulted from mobile Li* ions as opposed to other mobile, charged species.223 This transference

number is competitive with many solid electrolytes and a marked improvement upon liquid electrolytes,

which typically exhibit Li' transference numbers of 0.3-0.4.223,224 In those cases, the current is dominated

by other mobile ions which can migrate to the electrodes and cause polarization effects that decrease battery

lifetime. Ironically, the modularity of the anion identity here produces both quantifiable improvements in

terms of conductivity and activation energy of the electrolytes, as well as challenges following these same

trends. Transference numbers of the MOF-LiBr and MOF-Lil samples were calculated to be 0.42 and 0.34,
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Figure 6-16. a) Electrochemical impedance spectra and b) potentiostatic measurement used to calculate

the Li' transference number of MOF-LiCl.
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respectively (Table 6-2). This is likely due to the fact that in addition to ion pairing strength between the

Li' and the anions decreasing with increasing anion softness, the Coulombic forces immobilizing the anions

close to the Cu 2
+ centers also weaken with increasing anion softness. 2"

5 Thus, upon application of

electrochemical bias, a higher percentage of Br- and I- ions migrate to the opposite electrode compared to

Cl- ions. One possible solution could involve utilizing anions of enhanced steric bulk so that their mobility

is more limited compared to those of monoatomic anions. A caveat with this approach may be that

significantly increasing the anion size could result in lower loading of the desired metal salt, due to pore

volume constraints within the MOF.

To further analyze the durability of the MOF-LiXelectrolytes, electrochemical cycling experiments

were conducted. Over 200 cycles, MOF-LiCI and MOF-LiBr retained reversible stripping and plating of

Li, with only slight increase in overpotential (Figure 6-19). Additionally, the crystallinity of the structures

was retained during extended electrochemical measurements (Figure 6-9). Interestingly, MOF-LiCl

showed an increase in anodic current between cycles 1 and 30, after which time the current then decreased

with progressing cycles. This may be due to slower kinetics observed in MOF-LiCl, consistent with the

lower conductivity compared to that of MOF-LiBr. MOF-LiBr passed the maximum faradaic current during

the first cycle, and current decreased over the subsequent cycles. As expected, the instability of MOF-Lil

was highlighted during these cycling measurements. All faradaic current was lost over 78 cycles. In addition

to reversible Li/Lie cycling, the electrolyte potential windows were evaluated as another metric for

electrolyte robustness. MOF-LiCl exhibited a potential window of 4.5 V, suitable for battery applications.286

MOF-LiBr featured a slightly narrower potential window of 3.5 V, likely due to partial oxidation of Br

(Figure 6-20). Both MOF-LiCl and MOF-LiBr possessed potential windows wider than those of many non-

aqueous liquid electrolytes, which are commonly limited to -3 V.2 87 As mentioned previously, MOF-Lil

contained a multitude of faradaic events, likely from reactivity of I- with Cu 2*. Despite the incompatibility
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Figure 6-19. Cyclic voltammograms of a) MOF-LiCl, b) MOF-LiBr, and c) MOF-Lil showing the

reversibility of Li stripping and plating during cycling.
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Figure 6-20. Electrolyte potential windows of a) MOF-LiCi and b) MOF-LiBr. See Figure 6-10 for the

corresponding MOF-Lil voltammogram.

of I- with the cupric framework, Cu 4(ttpm) 2 0.6CuCl 2 proved to be a versatile host capable of modular Li'

electrolyte performance.

Although the high volumetric capacity and reversible redox activity intrinsic to lithium identifies

Li and Li-ion batteries as attractive energy sources, safety, performance, and abundance (consequently, cost)

obstacles that cannot be overcome with cell optimization has encouraged exploration of other metals for

battery applications. Mg2+, although less reducing than Li', has almost double the volumetric capacity of

Li+, due to its divalent charge and still relatively small ionic radius. 9 6 Additionally, Mg2+ is not plagued by

the dendrite formation issues faced by Li', and Mg is 5 orders of magnitude more abundant than Li.1 96 As

such, we sought to explore the potential of Cu4(ttpm) 2-0.6CuCI 2 as a Mg2+ conductive solid electrolyte. EIS

of MOF-MgCl 2 and MOF-MgBr 2 collected at 25 'C revealed the same modular trend as observed in the

MOF-LiX analogues, in that ionic conductivity increased with increased anion softness (Figure 6-21).

Specifically, MOF-MgCl 2 exhibited an ionic conductivity of 1.2 10-5 S-cm-1 and MOF-MgBr 2 exhibited
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Figure 6-21. Electrochemical impedance spectra of MOF-MgCl 2 (orange, a) and MOF-MgBr 2 (red, b), and

corresponding conductivity values, collected at 25 'C.

an ionic conductivity of 1.3-10' S -cm-'. Impressively, the conductivity measured for MOF-MgBr 2 shares

the spotlight of the highest reported Mg2+ conductivity in a solid electrolyte to date, along with another

MOF.21 6 Activation energies calculated from the Arrhenius data were in-line with the previously observed

trend; the activation energies for MOF-MgCl 2 and MOF-MgBr 2 were 0.32 and 0.24 eV, respectively

(Figure 6-22, Table 6-3, Figure 6-23). This data serves as an exciting foundation for further exploring the

potential of Cu4(ttpm)2 0.6CuCl 2 as a solid electrolyte for Mg 2+ ion battery applications.

The ability to further enhance volumetric capacity 201 was explored by insertion of A13* from AlCl 3.

The resulting electrolyte, MOF-AlCl 3 (Cu 4(ttpm)2(CuCl 2)o.6(AlCl3). 5-20PC) (Figure 6-24), gave an

average conductivity value of 8.1.10-6 S-cm-1 at 25 'C and an activation energy of 0.32 eV (Figure 6-25).

As with the other chloride samples, crystallinity was retained during electrochemical measurements (Figure

6-26). Although the measured conductivity values fell several orders of magnitude below previously

reported solid and liquid Al-conductive electrolytes, 20 288 this study highlights the potential for MOFs to
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serve as a class of tunable Al-ion battery electrolytes, and expands the utility of Cu4(ttpm)2-0.6CuCl 2 to

conducting even higher-valent ions.

E

C~.'

C')

-2

-3 -

-4 -

-5

-6 -

0.0030 0.0031 0.0032

T-1 / K-

0.0033

Figure 6-22. Arrhenius plots for the respective MOF-MYn electrolytes, used to calculate the activation

energy values. MOF-MgBr 2 shows the highest conductivity out of all analogues tested, and is among the

most conductive solid Mg2 electrolytes reported.

Table 6-3. Conductivity and activation energy values of MOF-MgX2 .

Electrolyte a (S-cm-1) E. (eV)

MOF-MgCl 2  1.2-10-5 0.32

MOF-MgBr 2 1.3-10-4 0.24
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Figure 6-23. Variable-temperature electrochemical impedance spectra (lighter color signifies higher

temperature) of a) MOF-MgCl 2, b) MOF-MgBr 2.
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Figure 6-24. IHNMR spectrum of digested MOF-AlCl 3.
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a) Variable-temperature electrochemical impedance spectra (lighter color signifies higher
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Figure 6-26. PXRD patterns of MOF-AlCl 3 after variable-temperature EIS measurements. 'As-synth.'

represents Cu[(Cu 4Cl)(ttpm) 2] 2 -CuCl 2 and 'activated' represents Cu4(ttpm) 2 -0.6CuCl2.
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6.3 Conclusions and outlook

Here is shown a Cu-azolate MOF that features an abundance of open metal sites, into which

stoichiometric amounts of coordinating halides and charge-balancing mobile metal ions can be loaded. The

high surface area of the MOF results in a high density of Li', Mg2+, and A13+ guests and immobilized halides,

contributing ionic conductivities between 10-6 -l104 S-cm-', and activation energies between 0.24-0.34 eV.

The ability to expose within the MOF a multitude of open coordination sites enables reincorporation of

various anions, the identities of which dictate the ion pairing strength with the mobile metal cations,

allowing tunable electrolyte performance. The potential for a bridging coordination mode with the anion

may aid in further reduction of ion pairing strength between mobile cations and immobilized anions due to

electron density on the anion being shielded by multiple Cu 2+ sites. This MOF is one of the first in a

promising class of frameworks that introduces the opportunity to control the identity, geometry, and

distribution of the cation hopping sites offering a versatile template for application-directed design of solid

electrolytes.

6.4 Methods

General comments. CuC12-2H2 0 (> 99%, Alfa Aesar), tetraphenylmethane (96%, Alfa Aesar),

triethylamine hydrochloride (TEA-HCI, 98%, ChemCruz), NaN 3 (99%, Alfa Aesar), LiCl (> 99%,

anhydrous, Acros Organics), Br2 (> 99.5%, Fisher Chemical), LiBr (> 99%, anhydrous, Sigma-Aldrich),

LiI (> 99%, anhydrous, Alfa Aesar), MgCl 2 (> 99%, anhydrous, Alfa Aesar), MgBr2 (98%, anhydrous,

Strem), MgI 2 (> 99.9%, anhydrous, Alfa Aesar), N,N-dimethylformamide (DMF, 99.9%, Omnisolv),

methanol (MeOH, ACS grade, VWR Analytical), hydrochloric acid (HCl 36.5-38%, ACS grade, VWR-

Analytical), and anhydrous propylene carbonate (PC, 99.7 %, Sigma-Aldrich) were obtained from

commercial sources and used as received. Dry tetrahydrofuran (THF), DMF, toluene, and MeOH were

obtained by degassing with a vigorous flow of Ar for 45 min and then passing the solvent through two
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alumina columns in a Glass Contour Solvent System. The solvents were further degassed by three cycles

of freeze-pump-thaw. All solvents except for MeOH were stored over 4 A molecular sieves.

Synthesis of tetrakis(4-tetrazolylphenyl)methane (H4ttpm), the parent MOF

Cu [(Cu 4 C1)(ttpm)2 2 -CuC 2, and the activated MOF Cu4(ttpm) 2-0.6CuC1 2. Syntheses of the

aforementioned ligand and MOFs were conducted according to a literature procedure.2 80 Synthesis of the

desired frameworks were confirmed with powder X-ray diffraction and elemental analysis.

Synthesis of MOF-LiX (X = Cl-, Br-, I). In an N 2 glove box, Cu4(ttpm) 2 0.6CuCl 2 (60 mg, 0.039 mmol)

was suspended in saturated LiX / THF solutions (0.078 mmol (2 equivalents), 0.197 mmol (5 equivalents),

and 0.393 mmol (10 equivalents) of LiCl, LiBr, and LiI in 5 mL THF, respectively). The suspension was

stirred in the glove box for 4 days, during which time the large, dark green crystals transformed to pale

green (or, in the case of LiI, pale purple) crystallites. The solids were collected by vacuum filtration, washed

on the filter with THF (5 mL) and propylene carbonate (5 mL), and dried to afford a free-flowing powder.

Synthesis of MOF-MgX 2 (X = Cl-, Br~). In an N2 glove box, Cu4 (ttpm) 2 -0.6CuCl2 (60 mg, 0.039 mmol)

was suspended in saturated MgX2 / THF solutions (0.107 mmol (2.7 equivalents) or 0.197 mmol (5

equivalents) of MgCl 2 or MgBr2 in 5 mL THF, respectively). The suspension was stirred in the glove box

for 4 days, during which time the large, dark green crystals transformed to pale green crystallites. The solids

were collected by vacuum filtration, washed on the filter with THF (5 mL) and propylene carbonate (5 mL),

and dried to afford a free-flowing powder.

Synthesis of MOF-MgI 2. In an N2 glove box, Cu 4(ttpm) 2 -0.6CuCl 2 (60 mg, 0.039 mmol) was suspended

in a saturated MgI2 solutions in diethyl ether (solubility issues were encountered during the THF soak) (1.07
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mmol, 27 equivalents). The suspension was stirred in the glove box for 4 days, during which time the large,

dark green crystals transformed to dark purple-brown crystallites. The solids were collected by vacuum

filtration, washed on the filter with diethyl ether (5 mL) and propylene carbonate (5 mL), and dried to afford

a free-flowing brown powder.

Synthesis of MOF-AlCl 3. In an N2 glove box, Cu4 (ttpm)2 -0.6CuCl 2 (60 mg, 0.039 mmol) was suspended

in 5 mL of saturated AlC13 / THF solution (0.197 mmol, 5 equivalents). The suspension was stirred in the

glove box for 4 days, during which time the large, dark green crystals transformed to pale green crystallites.

The solids were collected by vacuum filtration, washed on the filter with THF (5 mL) and propylene

carbonate (5 mL), and dried to afford a free-flowing powder.

Physical measurements. Powder X-ray diffraction (PXRD) patterns were recorded on Bruker D8 Discover

diffractometer using Nickel-filtered Cu-Ka radiation (k = 1.5418 A) with accelerating voltage and current

of 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 and sealed under inert atmosphere with an

X-ray transparent cap (Bruker). 'H NMR spectra were recorded on a Bruker AVANCE-400 MHz NMR

spectrometer with a Magnex Scientific superconducting magnet. Elemental analysis was performed by

Robertson Microlit Laboratories, Ledgewood NJ. Copper, lithium, and magnesium analyses were

conducted with inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent 7900 at the MIT

Center for Environmental Health Sciences (MIT CEHS). Standards were prepared from analytical standard

solutions purchased from ULTRA Scientific (Mg and Cu) and Ricca Chemicals (Li). Scanning electron

microscopy-energy dispersive spectroscopy (SEM-EDS) was conducted with an Ultra 55 using SmartSEM

SEM software and EDAX Genesis EDS software at the Harvard Center for Nanoscale Systems. The

samples were mounted on carbon fiber tape and coated with 5 nm of carbon before being transferred into
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the chamber. Prior to EDS data collection, the instrument was calibrated with Cu tape (0.93 keV). The

images were acquired at a working distance of 8.6 mm and an electron beam energy of 8.00 kV.

Electrical conductivity measurements of Cu4(ttpm)2'0.6CuCl2. A home-built in situ press289 was used

to make a 2-contact-probe device from pressed pellets in a N2 -filled glovebox. An electrometer (Keithley

Instruments model 6517B) was connected to the home-built in situ press through triax cables (Keithley

Instruments model 237-ALG-2) and a banana cable (Keithley Instruments model 8607). The current-

voltage (I-V) measurements were performed at room temperature in a N 2 atmosphere by sweeping the

voltage from -50 V to 50 V. The area of the pellet determined by the inner diameter of the glass tube (Ace

glass) was 0.0338 cm 2.

Electrochemical impedance spectroscopy. The powder pellet was prepared in an EQ-STC split-able test

cell (MTI Corporation) by pressing powder between stainless steel blocking electrodes of 5 mm diameter

under dry N 2 atmosphere. Pressure was applied by tightening the spring tension adjustment nut on the upper

split. The thicknesses of the pellets typically ranged from 0.4 mm to 0.7 mm. The alternating current (AC)

impedance analysis was performed using a two-probe method with a Bio-Logic SP200

potentiostat/galvanostat over the frequency range 1 MHz-I Hz, with an input voltage amplitude of 100 mV.

The pellet was maintained at the target temperature by an Espec BTL-433 chamber. Data was recorded

every 5 'C between 25 'C to 65 'C with heating-cooling-heating-cooling. Each temperature was held for 3

h to reach thermal equilibrium. After each cycle, the temperature as maintained for 30 min before moving

on to the subsequent cycle. The resistance was obtained by fitting the Nyquist plot to the model circuit

shown in Figure 6-27, using the EC-Lab software.
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Qi 
2

R 2

Figure 6-27. The equivalent circuit used for fitting impedance spectra. R2 is a resistor and Q, and Q2 are

constant phase elements which are imperfect capacitors.

The ionic conductivity was calculated using Equation 6-1:

o = L Eq. 6-1
AR

where a is ionic conductivity, L is the pellet thickness, A is the pellet area and R is the resistance obtained

from the measurement. The activation energy was calculated with the Nernst-Einstein relation

a = 2 exp(- ) Eq. 6-2
T kT

where uo is a pre-exponential factor, T is the temperature, Ea is the activation energy and k is the

Boltzmann constant.248

Electrochemical measurements of transference numbers. The transference numbers were measured

following a previously reported method.290 The powder pellet was prepared in a EQ-STC split-able test cell

(MTI corporation) by pressing powder between Li foil (0.75 mm, Alfa Aesar) of 5 mm diameter under dry

Ar atmosphere. Pressure was applied by tightening the spring tension adjustment nut on the upper split. The

direct current (DC) polarization measurement was performed on cells Li I MOF-LiX I Li (where X = Cl-,

Br-, I-,) using a Bio-Logic SP200 potentiostat/galvanostat with an applied potential of 50 mV at 25 'C. The

current response was measured as a function of time for 3 h. The AC impedance measurement was

conducted over the frequency range 1 MHz - 1 Hz, with an input voltage amplitude of 100 mV.

tLi+ = Is(AV _ I0RO) Eq. 6-3
IO(AV - IsRS)
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The transference number determined from Equation 6-3 where Is is the steady-state current, 10 is the initial

current, AV is the applied potential, and RO and Rs are the initial and steady-state resistances of the

passivating layers, respectively. RO and RS could be determined from the AC impedance measurement

immediately before and after the DC polarization measurement. The resistance was obtained by fitting the

Nyquist plot to the model circuit in Figure 6-28 using EC-Lab software.

Q1 Q2

Ri R 2

Figure 6-28. The equivalent circuit used for fitting impedance spectra. Ri and R2 are resistors and Qi and

Q2 are constant phase elements which are imperfect capacitors.

Galvanostatic cycling measurements. Cycling measurements were performed on the same symmetrical

cell setup used for transference number measurements. Galvanostatic cycling for symmetrical cells

Li I MOF-LiX I Li (where X = Cl-, Br, I-) were performed using a Bio-Logic SP200

potentiostat/galvanostat at a current density of 50 pA-cm- 2 , passing each current density for 3 hours each.

Li redox cycling studies. The powder pellet was prepared in a EQ-STC split-able test cell (MTI

corporation) by pressing powder between Li foil (0.75 mm, Alfa Aesar) of 5 mm diameter, and a stainless

steel mesh working electrode (Alfa Aesar) under dry Ar atmosphere. The Li-electrolyte interface was

allowed to equilibrate at open circuit at room temperature for 24 h. Cyclic voltammetry (CV) was run at 25

'C, and an IR drop determination (single point impedance) was conducted before the measurement. The

sweep rate of 5 mV-s' was constant. The cell was cycled from -1.0 V to 1.0 V vs Li/Li* for 200 cycles to
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test the reversibility of Li deposition and stripping. All data was collected using a Bio-Logic SP200

potentiostat/galvanostat and the software package EC-Lab.

Electrolyte potential window measurements. The powder pellet was prepared in a EQ-STC split-able test

cell (MTI corporation) by pressing powder between Li foil (0.75 mm, Alfa Aesar) of 5 mm diameter, and

a stainless steel mesh working electrode (Alfa Aesar) under dry Ar atmosphere. The Li-electrolyte interface

was allowed to equilibrate at open circuit at room temperature for 24h. Cyclic voltammetry (CV) was run

at 25 'C, and an IR drop determination (single point impedance) was conducted before the measurement.

The sweep rate of 5 mV-s-1 was constant. The cell was cycled from -1.0 V to 5.0 V vs Li/Li*, the range in

which a sharp onset of anodic current was observed. This anodic current signified the electrolyte potential

window.
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