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ABSTRACT

Climate change demands the development of clean energy technologies. Renewable energy
sources such as solar or wind energy are intermittent, and it is necessary to develop
advanced energy storage and conversion devices to complete the sustainable eco-system,
where Li-ion batteries and fuel cells promise a bright future. Batteries and fuel cells also
play essential roles in electrifying transportation in replacement of internal combustion
engines. Central to these electrochemical systems is the electrode-electrolyte interface,
where (electro)chemical surface reactions or intercalation reactions occur, and its
thermodynamic and kinetic properties determine the energy density, power density, and
lifetime of the electrochemical devices. However, the molecular structures at the interface
and how they promote or suppress the desired reactions remain unclear. Furthermore,
microscopic-level understandings of reaction mechanisms and electrochemical processes
are still lacking, hindering the rational design of electrode-electrolyte interfaces to improve
the performance of electrochemical devices.

This thesis focuses on the fundamental understanding of the interfacial (electro)chemical
reaction mechanisms at the molecular level and charges transfer kinetics at the electrified
interfaces. First, an in situ Fourier-transform infrared spectroscopy (FT-IR) method was
developed to examine the parasitic reactions between carbonate electrolytes and lithium
nickel, manganese and cobalt oxides (NMC) in Li-ion batteries, and unique evidence for
dehydrogenation reactions on Ni-rich NMC was revealed, which accounted for interface
impedance build-up and battery capacity fading. Based on the proposed mechanism,
strategies to suppress battery degradation were further demonstrated and discussed. Next,
the kinetic mechanism for Li-ion intercalation was investigated, and experimental evidence
from a charge-adjusted electrochemical method showed that ion intercalation occurs by
coupled ion-electron transfer (CIET), which governs the current-dependent maximum
capacity and power density of intercalation batteries. Further, the thesis extended in situ
interface characterization and kinetic models to electrocatalytic reactions central to fuel
cell technologies. Protic ionic liquids with different acid dissociation constants in an
interfacial layer were found to enhance the oxygen-reduction reaction (ORR), attributed to
strengthened hydrogen bonds between ORR products and ionic liquids, revealed by in situ



surface-enhanced infrared absorption spectroscopy (SEIRAS) and density functional
theory (DFT) calculations. Promoting hydrogen bonding between interfacial water
molecules also facilitated proton-coupled electron transfer (PCET) kinetics, resulting in
favorable hydrogen evolution reaction (HER) in controllable organic confinements. This
thesis has laid a solid foundation for the rational design of electrochemical interfaces
employing the physical chemistry of electrodes and electrolytes, for next-generation
electrochemical storage devices with improved energy and power density and cycle life.
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Chapter 1. Introduction

1.1 Clean Energy Technology and Renewables

Greenhouse gas emissions have increased sharply since the 1900s, primarily from fossil
fuel combustion and industrial processes?, and climate change demands the development
of clean energy technologies. Affordable and clean energy is also among the United
Nations’ 17 sustainable development goals to transform our world?. Under current and
planned policies, energy-related CO emissions would increase to at least 35 Gt in 2050 3,
while emissions need to drop to 9.7 Gt in 2050  to meet the target of limiting global
average temperature increase to below 2 °C . To accomplish the reduction in emission, the
share of renewable energy in total primary energy supply would need to rise from 14% in
2021 to 63% in 2050 3. It is therefore essential to scale up renewable energy to sharply

reduce energy-related CO2 emissions.

Renewable energy sources, including solar or wind energy, are intermittent, which means
that the time period that electricity can be generated is limited. To overcome the
intermittency, it is necessary to develop advanced energy storage and conversion devices
to complete the sustainable eco-system. Among different energy storage and conversion
technologies, Li-ion batteries and fuel cells provide higher energy and power densities
compared to conventional lead-acid or Ni-MH batteries>® (Fig. 1-1), promising a bright
future of renewable energies to replace fossil fuels. Batteries and fuel cells can not only
serve as critical components in stationary grid applications to store excess energy when
solar panels are producing electricity and feed it into the grid when they are not”, but they

also play essential roles in electrifying transportation and replacing conventional internal
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combustion engines, which reduces the emissions that contribute to climate change and
smog.® However, current Li-ion batteries and fuel cell technologies still pose challenges to
realizing the energy transition due to either high cost*°, poor cycling durability?, or low
efficiency®. It is therefore critical to develop better energy devices with cheaper materials,

longer lifetimes, and higher energy and power densities.

10°
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Fig. 1-1 Ragone plot of specific power density versus energy density of various storage
methods, including electrochemical capacitors (grey), rechargeable batteries (red), and
fuel cells (blue). Data from refs, 56:13-15

1.2 Li-ion batteries and current challenges!

As recognized by the 2019 Nobel Prize in Chemistry to Goodenough, Whittingham and

Yoshino, Li-ion batteries have already revolutionized portable electronics and are poised

! Reproduced in part, with permission from Zhang, Y., Katayama, Y., Tatara, R., Giordano, L., Yu, Y.,
Fraggedakis, D., Sun, J.G., Maglia, F., Jung, R., Bazant, M.Z. and Shao-Horn, Y., 2020. Revealing electrolyte
oxidation via carbonate dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier transform
infrared spectroscopy. Energy & Environmental Science, 13(1), pp.183-199. Copyright © The Royal Society
of Chemistry 2020
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to enable widespread electrified transportation®. They function by shuttling Li-ions and
electrons between two electrodes, the positive electrode (or commonly called as “cathode™)
and negative electrode (or “anode”), Fig. 1-2. The positive electrode is usually made of
lithium transition metal oxide in a layered structure (such as LiCoOy), or lithium iron
phosphate (LiFePO4) of an olivine type structure. The negative electrode is usually graphite
(LiCe) with a layered structure in commercial applications. Both electrodes are Li-ion hosts,
where Li-ions are able to intercalate into and de-intercalate from the crystal structures. The
liquid electrolyte in between is usually a mixture of organic carbonates, such as ethyl
methyl carbonate (EMC) and ethylene carbonate (EC), with Li-salts. It is ionically
conducting while electronically insulating, serving as a media where Li-ions travel back
and forth between the two electrodes. During discharging, Li-ion de-intercalates from the
negative electrode, travels through the electrolyte, and intercalates into the positive
electrode; at the same time, same charge amount of electrons flow through the outside
circuit from negative electrode to the positive electrode. The overall cell reaction is as

follows:

charging
LiMO, +C¢ = Li;_ MO, + Li,Cg
discharging

There is an increasing need to develop cheaper and higher energy density batteries due to
some limitations of conventional Li-ion batteries. For instance, LiCoO> positive electrode
materials rely heavily on cobalt, which is not only expensive but also has supply chain and
mining issues.!” LiFePQy is cheaper yet having much lower energy densities compared to

layered oxides. Recent developments have focused on a family of layered oxide materials
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LiNixMnyCo1xyO2 (NMC), which provide high capacities and potentially lower costs for
use in electric vehicles.'®?? Increasing Ni content in NMC from LiNiy3C013Mn1302
(NMC111), LiNio6C00.2Mno202 (NMC622) to LiNiosC00.1Mng.102 (NMC811) can greatly
increase initial discharge capacities''®% however, the capacity retention and energy
density decrease significantly during cycling for Ni-rich materials*!, and the cycle life is

much shorter.

\
A I
A Layered oxide
(s 00000 i
B T R (I m
- s 0co0co

+

%Li’& Organic carbonate mixture
) Li-salt

Fig. 1-2: Components in Li-ion batteries and schematics during discharging.

To achieve high energy density and long cycle life of Ni-rich NMCs, the stability of the
electrode-electrolyte interface (EEI) in Li-ion batteries is critical. It is well known that
carbonate-based electrolytes are reduced on negative electrode materials to form solid
electrolyte interphase (SEI?2%, which is electronically insulating but lithium-ion
conducting to enable reversible lithium intercalation, but their possible (electro)chemical

reactions on positive electrode materials are poorly understood. It is therefore essential to
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understand the interfacial reactions at the interface and their thermodynamics to improve

battery cyclability and capacity.

Moreover, besides the needs to improve the energy density, it is also desirable to reach
high power densities, which is related to the kinetics and charging/discharging rates. There
is a common trade-off between energy and power densities (Fig. 1-1), while commercial
applications desire improvements in both (marked by the green star in Fig. 1-1).
Unfortunately, the studies and understanding of intercalation kinetics are much limited to
the Butler-Volmer model®>°, and the microscopic reaction mechanism has not yet been
established. Experimentally, electrochemical impedance spectroscopy (EIS) is commonly
used to study the charge transfer in Li-ion batteries, combined with equivalent circuits
analysis and Butler-Volmer kinetics*>®!. However, EIS analysis only applies to near-
equilibrium kinetics, and the impedance originates from multiple processes including ion
migration, ion (de)solvation, ion adsorption (desorption) apart from charge transfers?,
making it difficult to deconvolute the impedance. Besides, the Butler-VVolmer kinetics used
to analyze the EIS charge transfer impedance is not accurate to describe the intercalation
process in far-equilibrium conditions. As a result, the reported kinetic parameters for a
same material have huge discrepancies, ranging more than 5 orders of magnitudes®?33,

Hence there is urgent drive to develop both new theoretically frameworks and experimental

methods to systematically investigate intercalation kinetics to enable high-power batteries.

1.3 Water electrolyzers, fuel cells, and their current challenges
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Low-temperature fuel cells are an attractive energy technology to produce electricity by
direct electrochemical conversion of hydrogen and oxygen into water (Fig. 1-3).34
Hydrogen oxidation reaction (HOR) occurs at the anode (H2, — 2H* + 2¢" in acid, or Hz +
20H — 2H>0 + 2¢" in alkaline solutions), while oxygen reduction reaction (ORR) happens
at the cathode (O + 4H" + 4" — 2H>0 in acid, or O + 2H,0 + 4e" — 40H" in alkaline

solutions).

The overall cell produces water, and the electrons flow through an external circuit. They
are environmentally friendly, producing low emissions and exhibiting high energy
conversion efficiency and high power density.*>3 Unfortunately, fundamental catalytic
limitations that have plagued fuel cells still remain: the slow kinetics of the ORR can induce
large overpotentials and significant efficiency losses in fuel cells*?, requiring larger amount
of Pt catalyst loading than the HOR side. Similar problems of high overpotentials exist for
the reverse oxygen evolution reaction (OER) in water electrolyzers.®® Better catalyst

designs are therefore necessary to enable high-efficiency fuel cells.

e
Oxygen l l Hydrogen
@8 Q &
OER ' = » HER
ORR ) <‘ HOR
Water Protons

Fig. 1-3: Schematic of a two-electrode fuel cell or water electrolyzer.%’
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Previous studies to improve the catalysts are mainly based on tuning the surface electronic
structures®, such as screening different metals®, alloys of Pt and Ni“®** and Pt-rare earth
alloys**~* for ORR. Based on the binding energy of surface intermediates, the ORR or
OER activities follow a volcano trend (Fig. 1-4A & B), and materials at the top of the
volcanos are desired. Recently, there is increasing interest in modifying electrolytes, such
as cations® or pH*#’  to tune the catalytic activities. Nevertheless, the mechanistic
understanding on the role of pH, cations and non-covalent interactions in proton-coupled
electron transfer (PCET) reactions is still lacking. As a result, it is not apparent how to
control the catalytic activity of OER/ORR using this strategy.
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Fig. 1-4: Volcano plots for various reactions.®’ (A) ORR volcano plot for metals. (B)

OER volcano plot for metal oxides. (C) HER volcano plot for metals and MoS». Adapted
with permission from Ref. 3.

Apart from OER and ORR, controlling the hydrogen evolution reaction (HER) has also
been critical. In the production of molecular hydrogen as energy carriers®, a high HER
activity is desirable, while in applications like aqueous batteries*®, electrochemical CO2
reduction®°!, or electrochemical N, reduction®?, suppressing HER is desired. It is critical

to tailor and control the water activity properly towards designed applications. Pt is at the
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top of the volcano for HER (Fig. 1-4C) to yield the highest activity, while it is challenging
to go beyond Pt and even further tune the water activity through electrolyte design. Water
plays dual roles in aqueous electrolytes during HER, both as solvents and as reactants,
which complicates the physical picture. Consequently, the mechanisms at play in the
electrochemical double-layer for HER are poorly understood,>® and it is not yet clear how
to control water structures at the electrified interface and how to tune their activities
accordingly. Hence it is crucial to simplify the physical picture and isolate the role of water
to understand HER Kinetics, so as to achieve precise tailoring of water activities for desired

applications.

1.4 Thesis scope?

In this thesis, | aim to tackle the challenges above related to both the energy density and
power density of batteries, and electrocatalytic activities critical to fuel cell technologies.
| first focus on developing the fundamental understanding of the interfacial
(electro)chemical reaction mechanisms in the molecular level and charge transfer kinetics
at the electrified interfaces, where | develop in situ characterizations and novel
electrochemical methods to advance the understand. Based on the mechanisms, | further

propose design principles employing physical chemistry of electrolytes and solvation

2 Reproduced in part, with permission from Zhang, Y., Katayama, Y., Tatara, R., Giordano, L., Yu, Y.,
Fraggedakis, D., Sun, J.G., Maglia, F., Jung, R., Bazant, M.Z. and Shao-Horn, Y., 2020. Revealing electrolyte
oxidation via carbonate dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier transform
infrared spectroscopy. Energy & Environmental Science, 13(1), pp.183-199. Copyright © The Royal Society
of Chemistry 2020; Wang, T.T, Zhang, Y., Huang, B., Cai, B., Rao, R.R., Giordano, L., Sun, S.G. and Shao-
Horn, Y., 2021. Enhancing oxygen reduction electrocatalysis by tuning interfacial hydrogen bonds. Nature
Catalysis, 4(9), pp.753-762. (" denotes equal contribution.) Copyright © Springer Nature Limited 2021.
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structures to improve the energy density, power density, and lifetime of batteries, and

control the activity and kinetics of common electrocatalytic reactions.

In Chapter 2, | reveal the mechanism of battery degradation for LiNiggMno.1C00.10>
(NMCB811) electrodes, which accounts for their capacity fading and poor cycle life. |
develop an in situ FT-IR method and reveal dehydrogenation pathways of carbonate
solvents in the electrolyte (EMC/EC with LiPFg) on composite NMCB811 electrodes. While
ethylene carbonate (EC) was stable against oxidation on Pt up to 4.8 Vi, at voltages as low
as 3.8 Vi, dehydrogenation of EC starts to show up, accompanied with huge growth in the
charge transfer impedance measured from EIS. These observations are in agreement with
density functional theory (DFT) results. Finally, I propose the pathways and mechanisms
for carbonate-based electrolyte decomposition on NMC811 that account for impedance

growth and capacity fading.

Based on the findings, in Chapter 3, | then discuss various strategies to prevent electrolyte
oxidation and enhance the cyclability of Li-ion batteries, demonstrated from in situ FT-IR.
Carbonate dehydrogenation can be suppressed by decreasing surface oxygen reactivity of
Ni-based oxides, decreasing carbonate activity, or by substituting with fluorinated solvents,
where no dehydrogenation was found from in situ FT-IR measurements. The electrode—
electrolyte combinations without dehydrogenation further did not show significant
impedance growth. Therefore, minimizing carbonate dehydrogenation on the NMC surface
by tuning electrode reactivity and electrolyte reactivity is critical to develop high-energy

Li-ion batteries with long cycle life. These findings highlight the importance of in situ
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studies to capture reaction intermediates and suggest design strategies for more stable high-

energy positive electrode materials.

In Chapter 4, | focus on the other aspect of Li-ion batteries, i.e. the power density that is
governed by intercalation kinetics. We provide experimental and theoretical evidence that
ion intercalation occurs by coupled ion-electron transfer (CIET), in which classical ion
transfer into the solid host is coupled with quantum-mechanical electron transfer to a
weakly coupled reduced state. In contrast to the empirical Butler-Volmer equation, CIET
theory predicts curved Tafel plots that vary with ion concentration, as well as reaction-
limited battery capacity that decreases in proportion to increasing insertion rate. We verify
these predictions by collapsing data for many popular cathodes, anodes and electrolytes at
different compositions and temperatures onto universal theoretical curves and performing
Bayesian model selection. These results open the possibility of designing high-rate battery

interfaces by maximizing the CIET reaction-limited current.

Starting from Chapter 5, | extend my research to electrocatalysis, leveraging physical
chemistry of liquid electrolytes and non-covalent interactions to tune electrocatalytic
activities. Proton activity at the electrified interface is central to the kinetics of proton-
coupled electron transfer (PCET) reactions for making chemicals and fuels. We employ a
library of protic ionic liquids in an interfacial layer on platinum and gold to alter local
proton activity, where the intrinsic oxygen-reduction reaction (ORR) activity is enhanced
up to fivefold, exhibiting a volcano-shaped dependence on the pKa of the ionic liquid. The

enhanced ORR activity is attributed to strengthened hydrogen bonds between ORR
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products and ionic liquids with comparable pKas, resulting in favourable PCET Kinetics.
This proposed mechanism is supported by in situ surface-enhanced Fourier-transform
infrared spectroscopy. These findings highlight opportunities for using non-covalent
interactions between hydrogen-bonded structures and solvation environments at the

electrified interface to tune the kinetics of ORR and beyond.

In Chapter 6, | apply electrolyte design and non-covalent interactions to hydrogen
evolution reaction (HER) and hydrogen oxidation reaction (HOR). | isolate the role of
water as solely reactants by confining water in organic matrixes, and systematically tune
the hydrogen-bonding networks by changing the water concentration and altering the donor
number of organic solvents. Water reduction onset potentials are found to be dependent on
both water-to-organic ratio and organic solvents, where high donor number solvents
suppress HER and lower the onset potential more significantly, by stabilizing isolated
water and suppressing hydrogen-bonded water at the electrified interface. Poisoning effects
of different organic solvents are quantified, but they are found not to be the cause for the
difference in solvent effects. Surface-enhanced infrared absorption spectroscopy (SEIRAS)
measurements provide further support for the changes in interfacial hydrogen bonding

during the reactions.

Finally, Chapter 7 summarizes the combined results and learnings from this thesis on

interfacial reactions and charge transfer kinetics for Li-ion batteries and electrocatalysis. It

further discusses perspectives on the rational design of electrodes and electrolytes to
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improve both the energy density, power density, and lifetime of electrochemical energy

storage devices.
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Chapter 2. Revealing electrolyte oxidation via carbonate
dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier

transform infrared spectroscopy?

2.1 Introduction

Understanding the (electro-)chemical reactions at the electrified interface between positive
electrodes and electrolyte is crucial to develop Li-ion batteries with high cycle life and
safety.>*>" Layered lithium metal oxides are the most common positive electrode materials,
among which LiNixMnyCo1.xyO2 (NMC) provides high capacities and potentially lower
costs for use in electric vehicles.!®?2 While increasing Ni content in NMC from
LiNiy3C013Mn1302 (NMC111), LiNiosC002Mno202 (NMC622) to LiNiosC00.1Mno.10z
(NMC811) can greatly increase initial discharge capacities,**'819 the capacity retention
decreases during cycling,!* which is accompanied by earlier onset for gas (O, and CO2)
evolution!®8, Although the mechanistic details of electrolyte reactivity and reaction
pathways on Ni-rich positive electrodes®®®! are not well understood, modifying electrode
surfaces by ceramic coatings such as Al03%%% creating Ni-poor surfaces through
concentration gradients®”~"° and introducing additives in the carbonate electrolytes’*~"® can

greatly increase the capacity retention of Ni-rich electrodes, such as NMC811.

3 Reproduced in part, with permission from Zhang, Y., Katayama, Y., Tatara, R., Giordano, L., Yu, Y.,
Fraggedakis, D., Sun, J.G., Maglia, F., Jung, R., Bazant, M.Z. and Shao-Horn, Y., 2020. Revealing electrolyte
oxidation via carbonate dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier transform
infrared spectroscopy. Energy & Environmental Science, 13(1), pp.183-199. Copyright © The Royal Society
of Chemistry 2020
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Multiple reaction mechanisms on carbonate electrolyte oxidation have been proposed,
including nucleophilic attack reactions between oxides and carbonate molecules,’” "
electrophilic attack,2*8! and dehydrogenation reactions, including EC dissociation by
breaking C-H bond,®>8 and dissociation with oxygen vacancy formation.®® However,
recent density functional theory (DFT) results®® show that EC dissociation on layered Ni-
rich oxides is more energetically favorable than the other processes reported. The
enhanced oxide-electrolyte reactivity for Ni-rich oxides!'->®848% can be attributed to having
more metal-oxygen covalency or more oxygen p states pinned at the Fermi level 245988
where there is greater driving force for the surface oxygen to dissociate or oxidatively
dehydrogenate more carbonate solvents such as EC to form surface protic species (C3O3Ha
— "C303H3* + "H*) and reduce transition metal ions®*%, For example, DFT calculations
have shown that the dissociation energetics of EC (~-2.6 eV) on NMC811 is
thermodynamically favorable.>® Such proposed dehydrogenation of carbonate solvents is
supported by ex situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
and Raman spectroscopy, where EC dissociation on charged NMC is more visible with
increasing Ni content in NMC or increasing lithium de-intercalation in NMC811.%° The
protic species produced by dehydrogenation such as surface hydroxyl groups, can further
react with LiPFs salt, forming lithium nickel oxyfluorides,®® PF30,%" LixPFyO,% and HF

species,® validated by online electrochemical mass spectrometry and X-ray photoelectron

spectroscopy (XPS).608889

Previous ex situ techniques only provided information on oxidative products from the

electrolyte that remain on oxide surfaces, while soluble species and dynamic changes of
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surface reaction intermediates formed as a function of potential are not captured.*® In situ
FT-IR measurements, instead, would be ideal to probe the reaction pathway of organic
electrolytes on oxide surfaces, as it is highly sensitive to covalent bonds, such as those in
battery electrolytes.®® While there are a few in situ FT-IR techniques previously reported
in understanding the reduction®>°* or oxidation® stability of organic electrolytes in
lithium-ion batteries,®>° it is not straightforward to apply these methods to study oxide
powders, especially Ni-rich NMCs used in practical Li-ion batteries. For example,
Kanamura et al.% have developed a method for thin-film electrodes such as LiFePO,®" and
LiCo0,%%, while Aurbach et al. have used a technique that purges the gaseous products
from an electrochemical cell to an optical IR cell*®, which can detect gaseous species such
as CO; and CO from ionic liquid-based electrolyte with LiNio.sCoo.15Al0.0502 electrodes.
However, they are either not applicable to various composite electrodes of oxide powders
due to the difficulty in synthesizing thin film electrodes for Li-containing Ni-rich NMCs'%,
or cannot detect interfacial species or solution phase species. Consequently, the exact
oxidation products and mechanistic details are not revealed. Other techniques including in
situ DRIFTS or surfaced-enhanced Raman spectroscopy (SERS)!® have also been
applied to the study of EEI formation for Li-Rich oxides (Li12Nio.2MnosO2) and Lewis acid
or Lewis base initiated EC decompositions have been proposed. However, in situ studies
and direct evidence for interface reaction mechanisms on Ni-rich high-covalent NMCs are

still missing.

In this study, we have designed a new in situ FT-IR setup to examine the parasitic reactions

between carbonate electrolytes and composite NMC powder electrodes used in practical
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Li-ion batteries as a function of voltage (or time) during galvanostatic (or potentiostatic)
measurements. We study LiPFs in EC, and LP57 electrolyte (1 M LiPFs in 3:7 EC/EMC),
and examine their reactivity with NMC811 as a function of voltage. The spectra
assignments are validated by DFT simulated spectra. Next, we correlate the oxidation of
electrolytes through carbonate dehydrogenation on NMC811 with charge transfer
impedance measured from electrochemical impedance spectroscopy (EIS). Finally, we
propose the pathways and mechanisms for carbonate-based electrolyte decomposition on
NMC that account for impedance growth and capacity fading. Through the in situ spectra
on NMC surfaces, we track the interfacial reactions and understand the electrolyte
decomposition mechanism on composite NMC powder surfaces in practical battery

operations during galvanostatic charging.

2.2 Results and Discussion

2.2.1 In situ FT-IR measurements of NMC811-mediated oxidation of EC upon charging

While EC with 1.5 M LiPFe was stable against (electro)chemical oxidation up to 4.8 Vi
on Pt, species derived from dehydrogenation of EC, including dehydrogenated EC (de-H
EC, one hydrogen removed), vinylene carbonate (VC, two hydrogens removed), and
oligomers with EC-like rings, were detected in situ upon charging NMCB811 at voltages as
low as 3.8 VL. FT-IR spectra were first collected in situ at selected voltages with Pt only
as the positive electrode, as the voltage of Li/Pt cells was linearly swept from open circuit
voltage (OCV) at 3.1 Vi to 4.8 Vi (Fig. A-1). Since the C=0 stretching region gives the
strongest signal and is the most sensitive to molecule structure changes, the focus is to

probe this C=0 stretching region. Voltage-dependent difference spectra obtained by
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subtracting each spectrum by the spectrum at OCV revealed no new peaks appearing upon
charging to 4.8 Vi (Fig. A-1B), indicating no significant electrolyte oxidation. This result
is consistent with previous theoretical'®% and experimental results!®"% for linear
sweep voltamograms showing that carbonate electrolytes are stable against oxidation

below 5 Vi on inert metals.

Unfortunately, upon charging NMC811 from OCV to 4.4 Vy; (Fig. 2-1 B), significant
changes were observed in the difference spectra (Fig. 2-1 C) obtained from IR spectra
collected in situ, indicative of oxidative instability. Broad intensities in the wavenumber
range from 1850 to 1750 cm™ were found to grow significantly from 3.8 Vi to 4.4 Vi,
where individual peaks between 1830 and 1800 cm™ became resolved at 3.8 Vi and grew
in intensity. Two pronounced peaks in the C=0 region at ~1800 cm™ and ~1773 cm™ were
revealed, corresponding to C=0 stretching in EC and Li*-coordinated EC®%%, respectively.
This assignment is in agreement with attenuated total reflection (ATR) measurements of
1.5 M LiPFg in EC (Fig. 2-1 C) and DFT-simulated spectra (Fig. 2-1 A). In addition, two
small, sharp peaks at ~1773 and ~1763 cm* became visible upon charging from 3.9 Vi to
4.4 V. Upon further oxidation from 4.4 Vi to 4.8 Vi (Fig. A-2), the difference spectra
remained unchanged. The peak at ~1830 cm™ that appeared at 3.8 V (Fig. 2-1 C) could be
assigned to VC, having two hydrogens removed from EC to form a C=C bond in the ring,
which assignment was supported by experimental ATR spectrum of VC-containing 1.5 M
LiPFe in EC (Fig. 2-1 C), and calculated spectrum of VVC by DFT (Fig. 2-1 A). The peaks
at ~1800 cm™ and ~1773 cm? came from the C=0 stretching in EC and Li*-EC,

respectively, and the greater peak intensity of EC grew with increasing voltage, possibly
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because bulk EC from electrolyte were attracted to surface during the adsorption and
oxidation of EC on surface which could create a concentration gradient of EC in the
electrolyte. The increased intensity ratio of VC to EC from 3.8 Vi to 4.8 V. (Fig. A-2 C)
indicate more VC formed on the surface with increasing voltage. In addition, the peaks in
the broad feature between 1820 to 1810 cm™ and the peak at ~1763 cm™ (black arrow in
Fig. 2-1 C) can be attributed to small oligomers with EC-like rings, which could come from
EC ring opening and polymerization.!*2 This assignment is supported by the DFT
spectra (Fig. A-2 D and Fig. 2-1 A) of oligomers including CsHgOs (computed 1813 and
1755 cm™), CoH140s (computed 1819 and 1757 cm™), and C7H1006 (computed 1813 and
1750 cm™). Further support came from time-dependent intensity measurements at OCV in
Fig. 2-1 E, which will be discussed below. Moreover, the feature around 1813 cm™
(convoluted between 1820 to 1810 cm™, black arrow in Fig. 2-1 C) that appeared the
earliest at ~3.8 Vi could also contain C=0 stretching of dehydrogenated EC (de-H EC),
having one hydrogen removed from EC and whose formation was energetically favorable
with driving force around 2.6eV (Fig. 2-1 F).5°° This peak position of de-H EC fell
between EC and VC, which is in agreement with DFT (Fig. 2-1 A), and the assignment
was further supported by time-dependent intensity measurements at OCV in Fig. 2-1 E to
be discussed later. The deconvoluted peak areas of VC and oligomers were found to grow
comparably with increasing voltage, indicating that they were gradually generated from
EC and/or de-H EC, while the peak area of de-H EC grew less with increasing voltage (Fig.
2-1 B), which might due to its consumption to further generate VC and oligomers. In
summary, the appearance and growth of new peak features at ~1830, ~1820 to 1810 cm™,

and ~1763 cm™ provided direct evidence of electrolyte oxidation via EC dehydrogenation
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on charged NMC8L11 starting at voltages as low as ~3.8 Vi, where EC could dissociate on
electrode surface to remove one hydrogen and generate de-H EC, further remove another

hydrogen to form VVC, or combine with another EC to form oligomers.
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Fig. 2-1 In situ FT-IR measurements on NMC811 surface in EC with 1.5 M LiPFes. (A)
DFT-simulated spectra of EC, de-H EC, VC and oligomer Ce¢HgOe. (B) Voltage profile
(black) of NMC811 galvanostatically charged to 4.4 Vi, potentiostatically holding at 4.4
Vi, and resting at OCV, in 1.5 M LiPFs / EC electrolyte, with the in situ FT-IR cell, at a
current of 27.5 mA/g; Deconvoluted peak areas (red) of EC and its decomposed products
at ~1813 cm™ (de-H EC), ~1820 cm™* (oligomers with EC-like rings) and 1830 cm™ (VC),
during charging, potentiostatic holding and OCV. During the OCV, peak intensities of VC
and oligomers decreased dramatically while de-H EC stayed almost the same in amount.
(C) In situ FT-IR difference spectra (C=0 stretching region, in red) on NMC811 surface
during galvanostatic charging to 4.4 Vi, (D) potentiostatic holding at 4.4 Vi, (E) resting
at OCV in EC with 1.5 M LiPFs electrolyte, and ATR spectra for 1.5 M LiPFe in EC and
1.5 M LiPFs in EC/VC (5:1) electrolyte solution (in black). (F) Diagram of EC
dehydrogenation on LiNiO (similar to NMC811) and its energetics.

While no significant changes were noted for the C=0 stretching region (1900 to 1700 cm"
1) in the difference spectra during voltage holding at 4.4 V. (Fig. 2-1 D), most peaks were
reduced in intensity with increasing time upon OCV following the 4.4 Vi voltage hold
(Fig. 2-1 B, E). These potentiostatic and open circuit voltage measurements were
conducted followed by charging to 4.4 Vi to examine whether the species could stick on
surface or could diffuse or dissolve away from surface. The spectrum at OCV (after 60 min)
could be splitted into four features, VC at ~1830 cm?, de-H EC at ~ 1813 cm, and
oligomers at ~1820 cm™ (and 1763 cm™) and EC at 1800 cm™. The peaks of VC, oligomers
and EC were reduced rapidly with increasing time at OCV, indicating these species
diffused away from charged NMC811 into the electrolyte. Of significance to note that VC
intensity was reduced faster than oligomers and EC, indicative of greater diffusivity or
solubility, which is in agreement with the fact that VC was not detected in the ex situ
DRIFT spectra.®® In contrast, the peak intensity of de-H EC (~1813 cm™) did not change
significantly with increasing time (Fig. 2-1 B, E), and it became the most dominant feature

after resting for 60 minutes, suggesting de-H EC was anchored on the oxide surface,

presumably by a C-Osurface bond formed during EC dehydrogenation on surface oxygen of
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NMC811%° (Fig. 2-1 F), which is in agreement with the observation of this species in ex
situ  DRIFT spectra of charged NMCB811 electrodes dried and removed from

electrochemical cells®.

2.2.2 In situ FT-IR measurements of LP57 during charging and discharging on NMC811

Similarly in LP57 (1 M LiPFs in EC/EMC) — a commonly used electrolyte for Li-ion
batteries, we have observed similar NMC811-mediated oxidation of EC. While LP57 (1 M
LiPFs in EC/EMC) was stable against oxidation on Pt, in situ FT-IR spectra revealed that
EC was dehydrogenated to form de-H EC, vinylene carbonate (VC), and oligomers during
galvanostatic charging similar to those discussed earlier for 1.5 M LiPFs in EC. Spectra
collected on NMC811 from OCV (3 Vi) to 4.8 Vi was subtracted from the OCV spectrum
to yield differential spectra (Fig. 2-2 B) which revealed new peaks of EC-derived
dehydrogenation species at voltages greater than 3.8 Vi, including de-H EC (~1813 cm™,
greater than 3.9 Vi), VC (~1830 cm™, greater than 4.1 V), and oligomers with EC-like
rings (~1820 and ~1763 cm™, greater than 4.1 V) similar to Fig. 2-1. Changes in the
difference spectra unique to the dehydrogenation of EMC during galvanostatic charging of
NMC811 was not observed, which can be interpreted by the convolution of de-H EMC
with bulk EMC and with EC-derived oligomers, and/or having EC preferentially adsorbed
on the NMC811 surface than linear alkyl carbonate EMC314 due to its higher dielectric
constant'®. Previous sum frequency generation studies show that EC occupies over 90
mole% on lithium metal oxide (LiCoOz) surfaces in mixed carbonate solutions such as
EC+DEC or EC+DMC, much higher than that in the bulk solution (43 mole%)*'4. After

charging, we also discharged the cell and the difference spectra (Fig. 2-2 D) showed that
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upon discharging from 4.8 Vi to 2 Vi, VC peak (1830 cm™) and oligomer peaks (1820
and 1763 cm™) gradually decreased in intensity, which agrees with the results during OCV
(Fig. 2-1 E) that VC and oligomers could diffuse or dissolve away. De-H EC still anchored
on the surface, which is also in agreement with the results at OCV. Another interesting
finding is that Li*-EC (1773 cm™) peaks gradually grew larger, which was not observed
during OCV, and this was probably because during discharge, Li* migrated from bulk

electrolyte to oxide surface to be intercalated, making more EC to become coordinated.

A NMC811 charging c NMC811 discharging
48 48
— 44
< 44 Z 40
D40 936
8 8 32]
0 36 o [
> > 28
30 240
\\\\\\\\\\ 20 L ! ! I ! 1 ! i I
01234567¢8¢10 0123458672829
Time (hr) Time (hr)
B 38 8 R B D 2 82 8
10.02 T T T ; -
2 8 & ¢ g & w é
s w +j
VC+LP57 VC+LP57\/\/
A
o . S J \/\
® o i
yF:
—_ r‘/ l ’“._ o
> 3 %
E’,_’\/,_/ ATV, @ A
46V. @ P
e A
& 45V, G T ]
2 e a4v, 2 4
o] A~ "o >
e Y 43V, 8l 2
< N ~a2y, © 5
’———_’—/\‘/—u_._._— 41 VL‘ §)
T4V F ~ e
— {39V, —\/ 1 sV,
e 38V, "/ -
r LP57
LP57
(EMC+EC+LIPE,) ENIC+EC+L|PF
_J\/ \
1900 1800 1700 1900 1800 1700
Wavenumber (cm'w) Wavenumber (cm'1)

31



Fig. 2-2 In situ FT-IR measurements on NMC811 surface in LP57. (A) Voltage profile
of NMCB811 galvanostatically charged to 4.8 Vi. (B) In situ FT-IR difference spectra (C=0
stretching region, in red) and ATR spectra for LP57 (in black). (C) Voltage profile of
NMCB811 galvanostatically discharged to 2 Vii. (D) In situ FT-IR difference spectra (C=0
stretching region, in red) and ATR spectra for LP57 (in black).

2.2.3 Correlating impedance growth with carbonate solvent dehydrogenation

While in situ FT-IR spectra revealed the dehydrogenation of solvents on NMC in situ as a
function of voltage/time, we employed EIS to further reveal that the charge transfer and
EEI impedance on NMC811 grew much more significantly than on NMC111 with
increasing voltage, which could be attributable to dehydrogenated products on NMC811
surfaces. For stable interfaces such as NMC111, NMC622 with surface coating, and
NMCB811 in the concentrated electrolyte (3.1 M LiPFs in EC/EMC) exhibit no significant

impedance growth in contrast to NMC811 in LP57 (Fig. 2-3).

EIS on NMCB811 positive electrode collected at 3.9 Vi, 4 Vi and up to 4.6 Vi during the
1% cycle charging in LP57 showed huge growth in the low-frequency semicircle (right-
hand side semicircle in Fig. 2-3 A), which can be attributed to the charge transfer and EEI
resistance (Rcr+ee1, low-frequency resistance)® (Fig. 2-3 C), growing from ~10 to over 300
Ohm during charging. The Rct+ee1 impedance at 4.6 Vi was beyond the detected amplitude
in this frequency range (down to 100 mHz) because it was almost at the end of charge.
Similarly, for NMCB811 in other non-concentrated electrolytes including EC with 1.5 M
LiPFe, EMC with 1 M LiPFs, and EMC/EC with 1 M LiClO4, ReT+£r1 all grew dramatically
from ~10 Ohm to ~400 Ohm (Fig. 2-3 C). The difference in RcT+ee between EC with LiPFs,

EMC with LiPFe, and LP57 at each voltage could come from the different dielectric
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constants''® and physical properties such as ionic conductivity and viscosity, which could
affect the solvation and de-solvation processes during charge transfer. This great increase
of Rcr+eer upon NMC811 charging in all four 1 M or 1.5 M electrolytes can be correlated
with the dehydrogenation and/or oligomerization products detected by in situ FT-IR
reported above for 1 M or 1.5 M electrolyte cases, indicating that these organic products
likely formed a resistive layer on NMC811 which passivated the surface and impeded
charge transfer. The comparable impedance growth and similar dehydrogenation reactions
between the PFs-based electrolyte and ClO4-based electrolyte noted for NMC811 further
supports the hypothesis that solvent (carbonate) decomposition contributed most to the
impedance growth, rather than commonly-perceived salt decomposition. Although LiPFs
salt could be attacked by surface protic species to form metal fluorides (MF)8%%116 and
resistive LiF,’® our result of a non-PFs electrolyte revealed that even without severe salt
decomposition, solvent dehydrogenation itself could account for great impedance growth

on NMC811 in the ClO4-based electrolyte.
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Fig. 2-3. EIS measurement on NMC composite electrode during the first charging.
Nyquist plot at different voltages for (A) NMC811 and (B) NMC111 charged in LP57.
Inset figures show the enlarged Nyquist plot. (C) Charge transfer and EEI resistances
(RcT+EE1) at different voltages measured by EIS, for NMC811 charged in EC with 1.5 M
LiPFs, EMC with 1 M LiPFs, LP57, EMC/EC with 1 M LiCIO4 and the concentrated
electrolyte (3.1 M LiPFs in EC/EMC), and for NMC111 and NMC622 charged in LP57.
Those curves in (c) without specifying the electrode correspond to NMC811 electrode.

2.2.4 Mechanistic discussion on electrolyte oxidation on Ni-rich NMC

The detailed mechanisms of electrolyte oxidative decomposition on layered Ni-rich metal
oxide positive electrodes are proposed based on in situ FT-IR experiments and their
correlated contribution to EEI impedance growth and capacity loss, shown in Fig. 2-4. EC
molecules dehydrogenate and form de-H EC that bonds with surface oxygen, which is
energetically favorable as supported by DFT (Fig. 2-1 F). EC can also further
dehydrogenate a second hydrogen on the other carbon and form VC. De-H EC could go
through ring opening, or form oligomers with EC-like rings. Eventually, the
dehydrogenation products may also be further oxidized to CO..1* Organic products from
carbonate decomposition can form a passivating layer on the oxide surface, and therefore
Rcr+eer shows great impedance growth during charging of NMC811 (Fig. 2-3 C). The
dehydrogenation of EC and EMC also generates protic species on the surface,>*"1! which
can further trigger reactions*'® with the widely used LiPFs salt. Salt decomposition might
also contribute to EEI impedance, but our comparable results between LP57 (EMC/EC
with 1 M LiPFs) and EMC/EC with 1 M LiClO4 show that solvent decomposition plays a
much larger role. Combining in situ FT-IR spectra and EIS reveals that when there is

undesirable dehydrogenation of solvents, there is great interfacial impedance growth at
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higher voltage, eventually leading to the loss of capacity when NMCB811 is cycled to high

voltages.
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Fig. 2-4 Proposed mechanism and pathways of EC oxidation on NMC811.

2.3 Conclusions

In this study, we developed an FT-IR method, which allowed the in situ studies on the
reactivity of the electrolyte on NMC surfaces as a function of voltage. While ethylene
carbonate (EC) remained stable against (electro)chemical oxidation on Pt up to 4.8 Vi, we
found unique evidence for dehydrogenation of EC on NMC811 surface at voltages as low
as 3.8 Vvi. Three unique dehydrogenated species from EC were observed on the NMC811
surface, which included dehydrogenated EC (de-H EC, anchored on oxides), vinylene
carbonate (\VVC), and dehydrogenated oligomers with EC-like rings, while the latter two can
diffuse away from the NMC811 surface into the electrolyte. These observations indicate
that electrolyte oxidation on NMC811 might not generate a protective film unlike the solid

electrolyte interface (SEI) formed by EC reduction on graphite. Similar dehydrogenation
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was observed for LP57 electrolytes on NMC811. Such oxidative dehydrogenation
tendencies on the oxide chemistry are in good agreement with the driving force for EC
dehydrogenation on surface oxygen of NMC predicted by recent density functional theory
(DFT) calculations, which increased with lower Fermi level into the oxygen p band of
oxides associated with greater Ni and less lithium in NMC. Dehydrogenation of carbonates
(EC and EMC) on the NMC811 surface was found to accompany with rapid growth of
interfacial impedance with increasing charging voltage measured from EIS. Therefore, it
is crucial to minimize carbonate dehydrogenation on the NMC surface by tuning electrode
reactivity and electrolyte reactivity for improving the cycle life and high energy of lithium-

ion batteries.

2.4 Methods

The in situ FT-IR cell was designed and machined on a piece of Teflon (Fig. 2-5). The
optical window is a calcium fluoride (CaF2) hemisphere (Diameter 20mm, Pier optics),
with 15-30 nm of Pt sputtered on top as the current collector (sputtered at ~0.3 A/s). The
optical window was attached to the Teflon cell body through a metal holder with O ring
sealing. The cell was assembled in an argon-filled glovebox ([H20] and [02]<0.5 ppm,

MBraun).

Inside the cell, composite NMC on glassy fiber substrates (Whatman 934-AH, 10 mm in
diameter) was the positive electrode (electrode preparation method is described in
Appendix A), and a lithium metal foil (11 mm in diameter) was the negative electrode,

separated by two pieces of separators (2325 Celgard or Whatman GF/A). 100 uL
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electrolyte was added in total between electrodes and separators. They were then covered

by a stainless steel spacer, and a spring was compressed by a top plate.

During measurements, the top part of the cell was able to conduct currents and perform
charging and discharging; at the same time, the bottom optical part was able to collect FT-
IR spectra at the NMCl/electrolyte interface through internal reflection. In situ FT-IR
measurements were performed on a Tensor Il (Bruker) FT-IR equipped with deuterated
triglycine sulfate (DTGS) detector inside the glovebox. The FT-IR spectra were acquired
in the single-reflection mode using an attentuated total reflection (ATR) accessory (Pike
Vee-Max I, Pike Technologies) at an incident angle of 50 degrees. The spectral resolution
was 4 cm? and the scan velocity was 1.6 kHz. Each spectrum was measured by
superimposing 32 interferograms. All spectra were presented in the form of absorbance
according to log(lo/l1), where lo and |1 are the spectrum of background (blank Pt surface

without electrolytes) and in situ spectrum of the sample, respectively.

--- Li metal
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Fig. 2-5 In situ FT-IR spectro-electrochemical cell. (A) Photo of the cell setup. (B)
Schematics of cell components. Composite NMC drop-casted on glassy fiber substrate is
the positive electrode, with NMC particles faced towards the prism.
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Chapter 3. Strategies for EEI design by tuning electrode and electrolyte

reactivity’

3.1 Introduction

The understanding on degradation pathways in Chapter 2 paves the way for rational design
of more stable, more durable, and cheaper Li-ion batteries. Previous attempts to improve
the lifetime or energy densities were mainly based on trial-and-error, such as using inert
coatings®® or additives’ in electrolytes to improve the cyclability of NMC811, but it was
unclear how to rationally improve them or what fundamentally limits their lifetime. Based
on the findings in Chapter 2, which focused on understanding the microscopic processes
lead to the battery degradation, I have revealed that carbonate dehydrogenation is the first
and key reaction that accounts for interfacial impedance build-up and capacity fading for
NMC8L11. It is a natural strategy to suppress the parasitic dehydrogenation reaction which
is not desired, so as to prevent battery degradation and increase lifetime. In this Chapter, |
demonstrate a few approaches on how carbonate oxidative dehydrogenation is suppressed
by lowering the electrode or electrolyte reactivity, or through fluorinated solvents or
electrolyte additives to form a stable EEI instead. The physical origins of these effective

approaches for Ni-rich NMCs are also discussed in the context of driving forces of

4 Reproduced in part, with permission from Zhang, Y., Katayama, Y., Tatara, R., Giordano, L., Yu, Y.,
Fraggedakis, D., Sun, J.G., Maglia, F., Jung, R., Bazant, M.Z. and Shao-Horn, Y., 2020. Revealing electrolyte
oxidation via carbonate dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier transform
infrared spectroscopy. Energy & Environmental Science, 13(1), pp.183-199. Copyright © The Royal Society
of Chemistry 2020; Karayaylali, P.*, Zhang, Y.*, Giordano, L., Katayama, Y., Tatara, R., Yu, Y., Maglia,
F., Jung, R. and Shao-Horn, Y., 2020. The role of diphenyl carbonate additive on the interfacial reactivity of
positive electrodes in Li-ion batteries. Journal of The Electrochemical Society, 167(4), p.040522. (* denotes
corresponding author) © 2020 The Electrochemical Society (“ECS”).
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dehydrogenation and EEI formation, supported by in situ FT-IR. Unlike empirical and trial-
and-error studies, | first uncover the fundamental microscopic mechanisms, and then
identify dominant factors that would enable improvements in lifetime and power densities,
bridging the gap between applications and scientific understandings. These findings
provide science-driven, innovative design of long-living and high-power energy devices,

with cheaper materials for decarbonization.

3.2 Lowering electrode covalency and suppressing carbonate activity®

The dehydrogenation tendency of EC in LP57 on Ni-based oxide electrode is decreased
either by decreasing metal-oxygen covalency®®**8, or suppressing the carbonate activity.
We have screened a library of inorganic compounds commonly used in Li-ion batteries,
and computed the hydrogen adsorption (dissociation) energetics on the surface to predict
electrolyte stability in Li-ion batteries (Fig. 3-1 A). Using first-principle density functional
theory (DFT) calculations®®!'°, the hydrogen adsorption energy was found to be higher
when decreasing metal-oxygen covalency, i.e. moving the Fermi level away from the
oxygen p band center (Fig. 3-1 B), especially for high-band-gap materials, attributed to a
lower energy level associated with adsorbed hydrogen relative to the bottom of the
conduction band (Fig. 3-1 C). There materials, such as Al,Oz and low-Ni content layered
oxides, are therefore promising candidates, being unfavorable for EC dehydrogenation,

while NMCB811 (represented by LiNiO2 in computations) is favorable for the parasitic

5> Reproduced in part, with permission from Zhang, Y., Katayama, Y., Tatara, R., Giordano, L., Yu, Y.,
Fraggedakis, D., Sun, J.G., Maglia, F., Jung, R., Bazant, M.Z. and Shao-Horn, Y., 2020. Revealing electrolyte
oxidation via carbonate dehydrogenation on Ni-based oxides in Li-ion batteries by in situ Fourier transform
infrared spectroscopy. Energy & Environmental Science, 13(1), pp.183-199. Copyright © The Royal Society
of Chemistry 2020
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reaction. | further apply in situ FT-IR to investigate the tendency of EC dehydrogenation

on these materials with lower metal-oxygen covalency.

3.2.1 Insitu FT-IR measurements of NMC111- and NMC622-mediated oxidation of LP57
upon charging

Unlike NMCB811, where EC was dehydrogenated upon charging to voltages as low as 3.8
Vi in the first cycle, no new peaks were found for difference spectra collected for NMC111
upon the first galvanostatic charging from OCV to 4.8 Vi (Fig. 3-2 A-B), indicative of no
obvious solvent oxidation upon first cycle charging for NMC111, which is in agreement
with recent ex situ FT-IR studies.?® In the subsequent third cycle, still no new peaks were
found for difference spectra collected for NMC111 upon galvanostatic charging from OCV
to 4.8 Vii (Fig. 3-2 C-D). The difference in the dehydrogenation of EC or oxidation of
LP57 between NMC811 and NMC111 observed in the in situ FT-IR measurements
provides further experimental evidence to support previous DFT results, where the driving
force for EC dehydrogenation on NMC811 with greater metal-oxygen covalency and more

oxygen 2p states pinned at the Fermi level is much greater than that on NMC11160.61.120.121
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Fig. 3-1 DFT-computed hydrogen adsorption energy. (A) Analogy between EC
dissociative adsorption and hydrogen adsorption on transition metal oxides, which both
involve the reduction of the oxide transition metal ions. (B) Hydrogen adsorption energy
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midgap for semiconductors and insulators. (C) Schematic charge transfer between
adsorbed hydrogen and surfaces for high-band-gap insulators, semiconductors, and metals.
Figures adapted with permission.!'® Copyright © 2019 American Chemical Society.

While NMC622 did not show any evidence for carbonate dehydrogenation during the 1st
cycle (Fig. 3-3 B), dehydrogenated EC products including de-H EC (~1813 cm™, marked
in black arrow), VC (~1830 cm), and oligomers with EC-like rings (~1820 and ~1763
cmt, marked in black arrows) were detected in the FT-IR difference spectra obtained upon
the third charge (Fig. 3-3 D). In contrast, the dehydrogenation of LP57 was not detected
for NMC622 coated with Al,Os in the 3" charging (Fig. 3-3 F). This difference in the
dehydrogenation of LP57 between coated and uncoated NMC622 demonstrates the effect
of surface coating layers!?®'?® such as Al,03,'241% 7r0,,'?® HfO,*?" on eliminating
electrolyte oxidation. Oxides such as AlOs were less thermodynamically favorable for

dissociative adsorption of EC, and lowered the driving force to dehydrogenate
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carbonates,>®119128.129 \whijch is in agreement with former studies that coatings the electrode
surfaces with Alx03,124125129 70,126 or HfO,?7, or creating a Ni-poor surface to decrease
M-O covalency®’~®° can improve cycling performance. Coated Ni-rich NMC electrodes
with greater capacity retention'?*1>12% can be attributed to enhanced stability against

dehydrogenation compared to electrodes without coatings.
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Fig. 3-2 In situ FT-IR measurements on NMC111 surface in LP57, during the 15t and
the 3" cycle. Voltage profile of NMC111 galvanostatically charged to 4.8 Vi during the
(A) first cycle and (C) third cycle. In situ FT-IR difference spectra (C=0 stretching region,
in red) and ATR spectra for LP57 (in black) during the (B) first cycle and (D) third cycle.
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Fig. 3-3 In situ FT-IR measurements on NMC622 surfaces with and without surface
coating upon the 15t and 3" cycle charging to 4.8 Vi in LP57. (A, C, E) Voltage profile
during charging of NMC622, NMC622 with Al,Oz coating. (B, D, F) In situ FT-IR
difference spectra in C=0 stretching region on NMC622, NMC622 with Al.O3 coating
electrodes during the 1%t and 3" cycle charging in LP57 electrolyte. ATR spectra (in black)
for LP57 solutions.

3.2.2 In situ FT-IR measurements of concentrated electrolytes on NMC811 upon charging

We further examine the influence of carbonate solvent activity on the oxide-mediated
electrolyte oxidation by changing electrolyte salt concentrations. Increasing the salt
concentration in the electrolyte was found to reduce NMC811-mediated dehydrogenation

of EC upon charging. Ex situ ATR spectra (Fig. 3-4 B & D) of EC:EMC 3:7 with 3.1 M
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LiPFs revealed that increasing the salt concentration resulted in more Li*-coordinated
solvent molecules (Li*-EC/EMC) but fewer free EC/EMC solvent molecules (low
carbonate activity), in agreement with previous work.*®*® NMC811 charged in the
concentrated electrolyte (3.1 M LiPFs in EC/EMC), which contained fewer free EC or free
EMC (molar fraction of free solvent in general concentrated electrolyte with dissociative
salt is reported to be less than 10%)34*% did not show dehydrogenation or
oligomerization products from EC or EMC in the FT-IR difference spectra (Fig. 3-4D)
upon charging to 4.8 Vi, unlike in LP57 (with 1 M LiPFs) where EC became
dehydrogenated as discussed before (Fig. 3-4B). Increasing the Li* salt concentration in the
electrolyte decreased the carbonate activity in the electrolyte and enhanced the solvent
stability against oxidative dehydrogenation on NMC811, which could potentially lead to
stable cycling and longer cycle life for NMC811. This observation can interpret recent
findings that increasing the LiBF4'3%1* or LiPFe 242143 concentration can increase capacity
retention of Ni-rich NMC3%-141 and enhance the cycle life!#244 since the dehydrogenation
is suppressed by the decrease of free EC or EMC solvent activity in the concentrated

electrolytes.

While NMC811 in LP57 showed large impedance growth during the first cycle charging,
NMC811 in the concentrated electrolyte did not exhibit as large impedance growth and
Rcr+eel remained around 30-100 Ohm (Fig. 2-3c), which could be also be correlated with
the more stable interface and lack of dehydrogenation from FT-IR result (Fig. 3-4D). This
observation further supports the role of undesirable carbonate dehydrogenation in

passivating the surface and increasing interfacial impedance, suggesting that lowering free
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solvent activity could facilitate stable cycling of NMC811. For NMC111 and NMC622,
Rcr+eer Stayed less than 50 Ohm through all the voltages (Fig. 2-3C) during the first cycle,
which matched well with in situ FT-IR spectra that there was no profound solvent
dehydrogenation in the first charging. The more stable interface and lower impedance

growth is also in agreement with the better cycling stability of NMC111 and NMC622 than

NMC811.%
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Fig. 3-4 In situ FT-IR measurements on NMC811 surfaces upon charging to 4.8 VLii
in 1 M LiPFes and in a concentrated (3.1 M) electrolyte. Voltage profile during charging
of NMC811 (A) in LP57 and (C) concentrated electrolyte (EMC:EC with 3.1 M LiPFe).
(B, D) In situ FT-IR difference spectra in C=0 stretching region (in red) on NMC811
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during charging in the two electrolytes. Ex situ ATR spectra of LP57 and EMC:EC 7:3
with 3.1 M LiPFs are shown in black at the bottom of figures.

3.3 Stable EEI with fluorinated solvents and electrolyte additives®

145

In addition to other mitigation strategies, like coating**® and Ni concentration gradient?2%8,

148 can be

several researchers have shown that additives’14¢147 and fluorinated solvents
used to reduce impedance growth and increase capacity retention of Ni-rich NMC such as
NMC811. For instance, electrolyte additives such as phenyl carbonates”%, i. e. methyl
phenyl carbonate (MPC) and diphenyl carbonate (DPC), nitriles’>!*, prop-1-ene-1,3-
sultone (PES)™5:1%2 and vinylene carbonate!®*% have shown improved cycling
performance of NMC11172731%% NMC422">%! and NMC8117>149152 glectrodes. Of
significance, Dahn et al. have shown reduced impedance growth and better coulombic
efficiency for NMC111/graphite’® and NMC811/graphite'*® pouch cells by adding 1 wt%
diphenyl carbonate additive in LP57 electrolyte (1 M LiPFe EC:EMC (3:7 wt:wt)).
However, there is a lack of understanding on how additives modify the positive
electrode/electrolyte interface (EEI) composition. The electrolyte additives can improve
the cycling performance by hindering parasitic reactions at the positive electrode surfaces
by developing a protective, stable electrode/electrolyte interface formed upon the additive

electrochemical oxidation, as additives typically have lower electrochemical oxidation

potentials than typical carbonate solvents such as ethylene carbonate (EC) and ethyl methyl

8 Reproduced in part, with permission from Karayaylali, P.*, Zhang, Y.*, Giordano, L., Katayama, Y., Tatara,
R., Yu, Y., Maglia, F., Jung, R. and Shao-Horn, Y., 2020. The role of diphenyl carbonate additive on the
interfacial reactivity of positive electrodes in Li-ion batteries. Journal of The Electrochemical Society, 167(4),
p.040522. (* denotes corresponding author) © 2020 The Electrochemical Society (“ECS”).
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carbonate (EMC)™®, Here we investigate and correlate the effect of additives on the
electrode/electrolyte interface in the LP57 electrolyte (1 M LiPFe EC:EMC (3:7 wt:wt)).
We selected diphenyl carbonate as a model additive system due to its enhanced cycling
performance of NMC811 shown by Dahn et al.}**"® We performed in situ FT-IR to
understand the decomposition products of diphenyl carbonate additive and N,N-Dimethyl-

trifluoromethane-sulfonamide (DMCF3SA).

3.3.1 In situ FT-IR measurements on NMC811 electrodes using diphenyl carbonate
additive

In-situ FTIR measurement (C=0 region) on NMC811 surfaces further supported the
suppression of EC dehydrogenation and stable EEI layer formation on these oxide surfaces
when DPC additive is added to the electrolyte. In-situ FTIR NMC811/Li metal cell was
charged to 4.4 Vi (Fig. B-1 A) and 4.8 Vi (Fig. 3-5 A). One small sharp peak at 1824 cm
! became visible upon charging from OCV to 4.4 Vi and became more pronounced with
increasing potential, which is accompanied by a reduced intensity of diphenyl carbonate
peaks at 1773 and 1760 cm™, indicating the electrochemical oxidation of DPC at earlier
potentials (3.9 V). The diphenyl carbonate electrochemical oxidation can be further
supported by in situ FTIR spectra of Pt/Li metal cell**®, where it revealed onset potential
of DPC oxidation around 4 Vi, which is much earlier than EC or EMC oxidation. Unlike
our previous work on in-situ FTIR cell*™® on NMC811 electrodes charged with LP57
electrolyte, in situ IR spectra with diphenyl carbonate additive revealed no evidence of EC
dehydrogenation (1813 cm™) and oligomer formation (1820 cm™) on NMC811 surfaces.

No significant changes were noted for the C=0 region in the FTIR spectra during voltage
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holding at 4.4 Vi (Fig. B-1 B) or resting at OCV (Fig. B-1 C) after charging to 4.4 V..
The peak intensity of 1824 cm™ peak did not change significantly with increasing time
suggesting these species, which are related to DPC electrochemical oxidation, were
anchored on the NMCB811 surfaces (not diffused away), suggesting the formation of a
stable EEI layer which prevents EC dehydrogenation on these surfaces. Next we discuss

the possible physical origin for 1824 cm™ peak on NMC811 surfaces.

Benzene derivatives, such as biphenyl*> or dipheny! sulfide (DPDS)**® have been reported
as additives for positive electrodes, since their aromatic parts can polymerize to form a
stable layer on positive electrode surfaces™>°1%, Zuo et al.*>® showed the formation of stable
EEI layer through electrochemical oxidation of DPDS and DPDS polymerization on
Li1.2Mnos4Nio.13C00.1302 positive electrodes using X-ray Diffraction (XRD), Scanning
Electron Microscope (SEM) and Energy-dispersive X-ray Spectroscopy (EDS). Abe et
al.® reported less salt decomposition on LiCoO; surfaces when biphenyl is added to 1M
LiPFs- EC/MEC (3:7/ w:w) using X-ray Photoelectron Spectroscopy (XPS) and linked the
lower salt decomposition with the earlier oxidation of biphenyl additive and the formation
of a thin layer of organic species on LiCoO: surfaces. Similar to these previous works
discussed above, we propose the formation of radicals through electrochemical oxidation
of DPC, where these radicals can react with another DPC or EC molecule, forming
polymers or oligomers. The formation of these polymers or oligomers through DPC
electrochemical oxidation might be the physical origin of 1824 cm™ peak in in situ FTIR
measurements. These stable organic species can passivate the NMC surfaces and prevent

EC dehydrogenation, which is detrimental for positive electrode surfaces. This hypothesis
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is further supported by Dahn et al.’s">!4® work where they showed lowest impedance
growth using 1 wt % diphenyl carbonate additive for NMC111/graphite and

NMC811/graphite pouch cells.
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Fig. 3-5 Voltage profiles and in situ FT-IR for NMC811 and LCO with electrolyte
additives and with fluorinated solvents. (A) Charging curve and (B) in situ FT-IR
difference spectra from OCV to 4.8 Vi for NMCB811 in LP57 with 1 wt % DPC. (C, E)
Charging curve and (D, F) in situ FT-IR difference spectra from OCV to 4.8 Vi for
NMCB811 and LCO, respectively, in DMCF3SA with 1 M LiFSI. Figures adapted with
permission.t%6:161 Copyright © 2020 The Electrochemical Society ("ECS"). Copyright ©
The Royal Society of Chemistry 2021.

3.3.2 In situ FT-IR measurements on NMC811 and LiCoO: electrodes using DMCF3SA-
based electrolytes
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There has been significant progress recently on a new class of electrolytes based on
sulfonamides’®1%2, with molecular structures similar as lithium imide salts such as lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) and lithium bis(fluorosulfonyl)imide
(LiFSI). Recent studies showed that N,N-Dimethyl-trifluoromethane-sulfonamide43162
(DMCF3SA) based electrolyte could improve capacity retention for NMC811'#® and

LiCoO, (LCO) by suppressing cracking and improving their structural stability.

To understand the oxidation process of DMCF3SA based electrolyte on NMC811 surfaces,
we performed in situ FT-IR to characterize the evolution of EEIs during galvanostatic
charging to 4.8 Vvi. Upon charging NMC811 from OCV to 4.8 Vi (Fig. 3-5 C), a peak at
~1260 cm™! in the S=0 region in the IR spectra was observed from 3.8 Vi to 4.8 Vi (Fig.
3-5 D). It could be attributed to the decomposition of LiFSI or DMCF3SA since they both
have the S=0 groups. This peak is electrode-independent: in LCO we similarly charged
the electrode to 4.8 Vi (Fig. 3-5 E), the same peak at ~1260 cm™! was noted (Fig. 3-5 F),
with obvious changes in the IR spectra from 3.9 Vi to 4.2 V.i. Upon further charging from
4.2 Viito 4.8 Vi (Fig. 3-5 F), the spectra almost remained unchanged, indicating good

chemical stability of the EEIs against oxidation.

The stability of the EEI was further confirmed by holding the potential at 4.8 V; for one
hour and subsequent resting at OCV for one hour, where there was no significant change
for the new species at 1260 cm™ in the in situ spectra (Fig. 3-6). It indicates that once the
EEI species is formed, it remains stable on the surface, which is similar to the case of LP57

with DPC additives.
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Fig. 3-6 In situ FT-IR for LCO in DMCF3sSA with 1 M LiFSI, during (A) potential
holding and (B) resting at OCV. Figures adapted with permission.’6* Copyright © The
Royal Society of Chemistry 2021.

3.4 Conclusions

We interpreted the strategies for EEI design by tuning electrode and electrolyte activity,
and through modified electrolytes to achieve a stable EEI. Through the in situ spectra on
NMC surfaces, we tracked the interfacial reactions and understood the electrolyte
decomposition mechanism on composite NMC811 powder surfaces in practical battery
operations during galvanostatic charging. The decomposition was oxide-dependent, and no
dehydrogenation was found for NMC111 or modified NMC surface by coatings such as
Al>Oz. For low-covalency electrode materials such as NMC111 or Al>O3, which are less
reactive, carbonate is more stable against dehydrogenation, and the undesirable reactions

to form passivating layers barely happen, leading to lower impedance and better capacity
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retention. Further, the dehydrogenation of EC was not observed in the concentrated
electrolyte (EC/EMC with 3.1 M LiPFg) on NMC811, indicating that the dehydrogenation
of carbonates can be suppressed by increasing lithium coordination with solvents. Finally,
DPC additives or DMCFsSA solvents could form a stable EEI on NMC811 or LCO
surfaces, preventing further oxidation of electrolytes and stabilize the interface. While
dehydrogenation of carbonates (EC and EMC) on the NMC811 surface was found to
accompany with rapid growth of interfacial impedance with increasing charging voltage
measured from EIS, those electrode-electrolyte combinations without dehydrogenation
were found to have no significant impedance growth. These findings provide rational
design of Ni-rich positive electrodes, such as NMC811, for Li-ion batteries with high

cycling stability.
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Chapter 4. Lithium intercalation by coupled ion-electron transfer

4.1 Introduction

lon intercalation chemistry is central to various emerging technologies that address critical
needs in energy, sustainability and computation %3, As recognized by the 2019 Nobel Prize
in Chemistry to Goodenough, Whittingham and Yoshino, Li-ion batteries have already
revolutionized portable electronics and are poised to enable widespread electrified
transportation 6. lon-intercalation materials also driving advances in other types of
rechargeable batteries 84, electrocatalysis %, electrochromics *6¢, ionic separations %7, and

artificial synapses 1.

Despite the importance of ion intercalation, its reaction mechanism has not yet been
established. Interfacial charge transfer is still difficult to simulate at the molecular scale
(in contrast to solid-state charge transport, which can be predicted from first principles 6°).
Instead, the empirical Butler-Volmer (BV) equation is widely used to infer intercalation
rates from current-voltage data or electrochemical impedance spectroscopy 2’ based on a
classical model of ion transfer (IT) 7, but fitted values of the exchange current density can
differ by orders of magnitude for the same materials (Table C-1,C-2) and are often not

identifiable 1%, suggesting the need for an improved microscopic model.

In this study, we perform systematic experiments to determine the reaction mechanism for
lithium intercalation in battery electrodes. Our work is motivated by the recent hypothesis
that ion intercalation may be limited by electron transfer (ET) to a redox state in the host

solid 172, In the original theory, honored by the 1992 Nobel Prize in Chemistry 1’3, Marcus
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174 postulated that ET occurs by quantum tunneling in response to solvent reorganization

in polar liquids 1’°, but similar ideas can also be applied to solid electrodes. In the case of
carbon-coated LiFePO4 (LFP), a popular Li-ion battery cathode material, it was proposed
the Li* intercalation may be limited by ET from the metallic carbon coating to the Fe**/Fe?*
redox site in the FePOx crystal 2. Marcus-Hush-Chidsey (MHC) kinetics for ET at metal
electrodes 17518 was shown to predict the curvature of Tafel plots at different temperatures
(obtained by fitting chronoamperometry data for LFP porous electrodes to a population
dynamics model 1°) using only the predicted outer-sphere reorganization energy 1"

without any adjustable parameters 172,

Despite this evidence, however, the theory of ET-limited lithium intercalation was not
widely accepted. Another study soon showed that nonlinear impedance data for LFP could
be fitted to BV kinetics, albeit with an empirical “film resistance” % (also considered
below). Evidence also grew that IT influences Li-ion battery nonequilibrium
thermodynamics 179, since the ET hypothesis (by itself) fails to predict the strong “electro-
autocatalytic” concentration-dependence of the ion intercalation rate 8!, revealed by in
operando x-ray imaging and shown to control interfacial stability 82718, Auto-inhibitory
lithium insertion was shown to suppress phase separation in LFP nanoparticles 82, while
autocatalytic lithium extraction was shown to drive heterogeneity in metal-oxide porous

electrodes 8 (as we also observe in our experiments below).

These debates led to the idea that ET and IT might occur simultaneously. A general theory

of coupled ion-electron transfer (CIET) was recently developed and applied to LFP %, In
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contrast to coupled proton-electron transfer (CPET) #-18 \where both protons and
electrons obey quantum mechanics, the ions in CIET are treated classically via non-
equilibrium thermodynamics (16). The theory accurately predicts the concentration-

182

dependent exchange current from x-ray imaging “°2, as well as the raw data from LFP

172

chronoamperometry *'<, which cannot be fitted by the BV model with film resistance (13).

CIET Kkinetics were also implemented in Multiphase Porous Electrode Theory (MPET) for

189 prior to the development of the microscopic theory 8,

Li-ion battery simulations
Nevertheless, the BV equation is still ubiquitous in battery modeling with fitted series

resistances that may mask the true underlying reaction Kinetics.

Here, we provide the first comprehensive experimental evidence that lithium intercalation
occurs by CIET for a wide range of Li-ion battery materials. First, we develop a voltage-
pulse method to measure lithium insertion and extraction rates versus over-potential, ion
concentration and temperature for a variety of common battery electrode and electrolyte
materials. We find a remarkable collapse of all the data with CIET theory using only three
parameters per electrode/electrolyte pair, the Marcus reorganization energy and a rate-
constant pre-factor that depends on both ET (reorganization) and IT energies. Bayesian
analysis clearly selects CIET over BV with film resistance as the most likely model to
describe all the data with the fewest adjustable parameters. Next, we analyze a key
prediction of the theory that the reaction-limited current varies linearly with lithium
vacancy concentration. This implies a linear decrease in reaction-limited battery capacity
with increasing current, which we verify for eight popular battery materials in porous-

electrode cells. These results provide a fundamental understanding of ion intercalation
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kinetics and new directions for interfacial engineering of Li-ion batteries to boost their

power density.

4.2 Kinetics of Li™ intercalation in layered-oxide

We first determine the lithium-ion insertion and extraction rates as a function of
overpotential and lithium concentration (x) in thin LixCoO, (LCO) and
LixNi;;3Co,/3Mny 50, (NMC111) porous electrodes using a three-electrode setup (Fig.
4-1A) with Li-metal counter and reference electrodes. Currents are measured for a series
of applied potential steps (Fig. 4-1B) over a range of lithium concentrations (Fig. C-1, C-
2). For each voltage step, the cell is first discharged/charged potentiostatically and then
gradually charged/discharged to restore the lithium concentration, as verified by the
corresponding equilibrium voltages (V;,) (Fig. C-3). (See Materials and Methods for more
details.) The measurements are not limited by lithium-ion diffusion since the maximum
operating currents are at least an order of magnitude below both the solid and liquid
diffusion-limited currents (Fig. C-4). We further exclude rate limitation from the Li-metal
counter electrode, as it exhibits much smaller overpotentials than the working electrodes

(Fig. C-5).
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Fig. 4-1 Experimental measurements for concentration-dependent kinetics of Li*
intercalation in Li,CoO, or NMC111. (A) Three-electrode cell setup for current-voltage
response measurements. (B) Schematics for three representative charge-adjusted voltage
steps at a fixed Li*-concentration (x=0.5) for Liy5CoO,, corresponding to a fixed
equilibrium voltage (V.4). (Note different time scales on the x-axis.) Zoomed-in current
responses within the initial 50 ms and electrochemical impedance spectra (EIS) are
provided in Figs. C-1, C-2, and C-6. During the time period when the initial current
response is taken, the change in x is Ax < 10~* (Fig. C-3 D-E). Loading of Li,C0oO, in
the positive electrode is 1.3 mg/cm?ge,, and the electrolyte is EMC:EC (7:3) with 1 M
LiClO4 salt.

The Tafel plots (Fig. 4-2 A-B) for lithium-ion insertion/extraction in LCO and NMC111
exhibit similar curved shapes, consistent with ET limitation 22177 as well as a clear ion
concentration dependence which was not resolved in the original experiments on LFP 172

The insertion current density (normalized to the oxide surface area) decreases linearly with
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increasing lithium concentration (x = 0.5, 0.6, 0.7, and 0.8), while extraction shows a
similar, but somewhat weaker concentration dependence. Moreover, the reaction kinetics
are strongly influenced by the electrolyte composition, where the rate measured in
EC:EMC (3:7) with 1 M LiCIO, is much greater than in 1 M LiPF, for the same

electrodes (Fig. 4-2 A-B, Fig. C-7).
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Fig. 4-2 Intercalation current versus overpotential at different lithium-ion
concentrations and fitted parameters from CIET. (A and B) Electrochemical response
of Li,CoO, (LCO) and LixNi;,;3C04/3Mny,30, (NMC111) from the charge-adjusted
Tafel analysis (V for x = 0.5; o forx = 0.6; o for x = 0.7; A for x = 0. 8). Two sets of
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electrolytes are used, 1 M LiClO, (filled symbols) and 1 M LiPF¢ (open symbols) with
solvent EMC:EC = 7: 3, respectively. Electrode loadings are 1-2 mgactive/CmM?%geo (Table C-
3). Current densities are calculated from specific surface areas estimated by nitrogen
adsorption. The lines represent the CIET theory predictions, from which the reaction-
limited current iy, reorganization energy A, and work of Li* surface adsorption w, are
obtained. (C) Electrochemical response for Lig5C00, at three different temperatures in
1M LiCIO,4 with solvent EMC:EC = 7: 3 with nearly constant values of the reorganization
energy A (inset). (D-F) Fitted reorganization energy A, current density prefactor iy, and
work of Li* surface adsorption w., for CIET in Li,CoO, (red) and NMC111 (blue) for
different electrolytes including 1 M LiCIO4 in EMC:EC (7: 3) (color filled), 1 M LiPFg in
EMC:EC (7:3) (empty filled), and 1 M LiPF¢ in EMC (grey filled). (G) Predicted
exchange current density iy from CIET for Li,CoO, (red) and NMC111 (blue), and i,
fitted from Butler-Volmer kinetics plotted beside with lightly-textured bars. Electrolyte
shadings in (G) follow those in (D-F). All error bars are obtained from at least two
independent measurements.

Existing models of ET and IT are unable to explain the data. Pure BV kinetics of IT are
invalidated by significant deviations from constant Tafel slopes at large overpotentials,
In| >2 kgT/e (Figs. C-8, C-9). Adding an empirical film resistance for each
concentration 1’7 (BV+film) allows the Tafel curvature to be reproduced (Fig. C-10A and
Fig. C-11A), but the fitted resistances vary strongly with the solid-state ion fraction x (Fig.
C-10D and Fig. C-11D) and thus cannot be attributed to a resistive “film” on the solid
surface. In contrast, the Tafel curvature can be captured by MHC kinetics /"% (Fig. C-12,
Fig. C-13) by fitting a single reorganization energy A for each electrode material, consistent
with ET limitation in the solid 172, but again the strong ion-concentration dependence, inter-

twined with the overpotential dependence, cannot be explained.

4.3 Proposed reaction mechanism and theory of coupled ion-electron transfer
The theory of CIET % resolves these paradoxes by postulating that IT and ET occur in a
concerted fashion. The CIET mechanism is governed by a two-dimensional free-energy

landscape (Fig. 4-3A) of excess chemical potential *’® with an ion-position coordinate &
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for classical IT and a solvent-reorganization coordinate y for quantum-mechanical ET 85,
In the case of lithium insertion into a transition metal oxide (Fig. 4-3), solvated Li* from
the electrolyte reservoir is first adsorbed at the solid/electrolyte interface via a fast reaction
to form the oxidized (Ox) state of the Faradaic reaction 1’9, together with the oxidized
cation in the solid, M?™, such as cobalt in Co*"(0?); (Fig. 4-3B). The reduced state (Red)
of the reaction is a neutral polaron 8° consisting of an inserted lithium ion and a

neighboring reduced cation, M?~1 such as Li*-Co%*"(0%)..

In response to a negative overpotential (an applied increase in the chemical potential of Ox
versus Red per negative electron charge 17°), adsorbed Li*can shed the remainder of its
solvation shell and transfer into a nearby vacancy in the host crystal. At the same time, the
surroundings of M?M near the transferring ion, including electronic wavefunctions around
the cation and phonons in the crystal lattice, can become spontaneously reorganized to
facilitate ET (Fig. 4-3C). Since electron transfer is known to occur by quantum tunneling
only if the Ox and Red states share at least one energy level 1> the reduction of M?™ is
mostly likely to occur when the Li* ion reaches the CIET transition-state position, and a
polaron pair, Li*-M?~1 s formed in the solid (Fig. 4-3D) 8. States with only IT (Fig. 4-
3E) or only ET (Fig. 4-3F) are at much higher energy levels, dominated by the electrostatic

energy of the separated polaron, and therefore not favored.

Although the preceding example involves localized ET to a reduced solid cation, the theory

also applies for ET to delocalized states in a metallic or semi-conducting intercalation host

185 For example, when lithium intercalates into graphite, an electron is donated to the -
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orbital conduction band, but there are also significant lattice distortions and redistributed
electron density in the valence band that form a polaron with the inserted Li* ion 1921%,
The theory only assumes that that the reduced and oxidized electronic states are weakly

coupled.

Theory of CIET
The Faradaic reduction current density for symmetric CIET at an electrode has the general
form 185,189:

i =1, [ [60 (&) Prea(e) — Er (1 — n0(8)) Pox(e)] p(e)de (Eq. 1)
where ¢, and ¢ are the dimensionless concentrations of the oxidized and reduced ionic
states; n,(g) = 1/(1 + e®/k8T) is the Fermi distribution; p(¢) is the electronic density of
states (band structure) of the electrode; and p,.4(€) and p,,(€) are the normalized ET
probabilities of reduction and oxidation, respectively, involving an electron of energy &
relative to Fermi level. The prefactor can be approximated as 8, i, = (ekoH2,/
the‘“fx/ k8T 'where k, is a reaction rate constant, proportional to the attempt frequency;
Hp 4 is the electronic coupling between the electron donor and acceptor in the oxidized and
reduced states, respectively; his Planck’s constant (h = h/2m); v, is the vibrational
frequency along the harmonic ET reaction coordinate (y); and ug* is the ionic excess
chemical potential of the CIET transition state. In the harmonic approximation of Marcus
for weakly coupled electronic states, the ET probabilities take the following Gaussian form

173-176.

_ 1 _ (lienl#s)z
p% © JamAkgT exp[ 4AkgT (Eq. 2)
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where A is the reorganization energy of the solid host; 7 is the applied overpotential, which
shifts the electronic band structure with respect to equilibrium; and 7 is the “formal

overpotential” 17185

kgT ¢ .
nf=n+%ln(i)+ch (Eq. 3)
which excludes contributions from dilute-solution entropies of the redox species 17, as well
as the voltage drop across the ionic resistance R, of any surface coating on the electrode,

such as carbon on LFP 172, (The theory does not include any “film resistance” for uncoated

electrodes.)

In the case of lithium intercalation, we write ¢, = ¢,, the fractional coverage of reactive
surface sites by adsorbed Li*, and ¢z = x, the filling fraction of inserted Li" in the electrode
host material. Assuming that surface adsorption is fast relative to CIET (the proposed rate-
limiting step), the surface coverage of ions is related to thermodynamic properties of the
nearby bulk electrolyte by an equilibrium isotherm, such as the Langmuir isotherm for non-

interacting surface sites 17°,

E. = a.(6T) e~ W+
t T 1ta (@T) e+

(Eq. 4)
where a, (¢, T) is the activity and ¢ is the molar concentration of the Li* in the bulk
electrolyte (a, = ¢ in the dilute limit) and w, is the work of Li* surface adsorption (w, =

w, /kgT), which accounts for partial de-solvation and Frumkin effects of ion transfer

across the electric double layer 194,
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We now describe the CIET transition state for lithium intercalation. Our key approximation,
ug® =AE; — s kgTIn(1 — x), expresses that the transition state excludes one site (s = 1)
in the host solid, or equivalently, requires one vacancy *"° (Fig. 4-3G). In addition, material
properties of the electrode/electrolyte interface, such as dielectric constants and crystal
structure, enter through the CIET energy barrier, AE; ~ a;rAE;r, , which may be
approximated as a fraction «;; of the ion-transfer energy, AE,r, typically dominated by the
electrostatic energy of separating the ion-electron pair 8. This allows us to write i, =

iy (1 —x), where iy = (ekogHp4/hvy)e~®rAEir/keT (Eq, S2).

Finally, we consider a metallic electrode (or coating 1’?), p(¢) =constant and approximate

the integral in Eq. (1) for A > kgT 181891% g arrive at our final CIET rate expression,

i(n,x,é) =iy (1—x) ( - = )erfc %—Jjﬁm% (Eq. 5)

1+ef  1+e f

where 7 = en¢/kgT and 1= A/kgT. In contrast to BV kinetics, the CIET rate is non-
separable in the variables (n, x, ¢,) and predicts reaction-limited currents for large positive
and negative overpotentials:

ir(1—x)é,, as n - —oo (Li* insertion)
—iy(1—=x)x, asn— o (Lit extraction)

i(m,x,&)~ { (Ed. 6)

The exchange current density is also non-separable

lz— /1+ /1+ln2 C+ ] (Eq.7)

ip=1ir(1— x)x erfc
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for CIET at small overpotentials (—i~iyfjas |7j| = 0,7 = en/kgT ). (For more general

formulae, see Supplementary Notes 1 and 2.)

Cc CIET

\

G Aty =94 At§ =<,

Fig. 4-3 Proposed mechanism for lithium intercalation. (A) Two-dimensional landscape
of excess chemical potential in the Faradaic reaction © expressed in terms of a Li™*
position coordinate & for classical ion transfer (IT) and an reorganization coordinate y for
quantum-mechanical electron transfer (ET) 1, adapted from (1). There are four local
minima: (B) the oxidized state (Ox), consisting of an adsorbed Li* on the electrode surface
and a delocalized electron in the electrode or coating; (D) the reduced state (Red),
consisting of an inserted Li* forming a polaron with the donated electron and local lattice
distortion; (E) a high-energy state of Li* IT without ET on the (green) path of constant y;
and (F) another high-energy state of ET without IT on the (black) path at constant &.
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The lowest energy barrier (C) occurs along the (red) path of coupled ion-electron transfer
(CIET). (G) Projected two-dimensional energy landscape for only the IT at y = y, (green,
left), or for only the ET at & = &, (black, right), adapted from Ref 18, where AE [y is the
IT energy which contributes a fraction a;AEr to the CIET barrier, u$*~ —In (1 — x) is
entropic contribution for a vacancy, and )y is the formal overpotential.

In summary, our model of ion intercalation, Eqgs. 3-5, has only two parameters for the CIET
reaction — the reorganization energy, A, for ET into the solid electrode 2 and the reaction-
limited current prefactor, i, which depends on the classical IT barrier and the quantum
ET coupling % — and one parameter for fast ion adsorption from the electrolyte to the
reaction site — the work of surface adsorption, w,.. (If a surface coating is present, its ionic
resistance, R, is an optional fourth parameter). Each parameter is rooted in microscopic

physics, which can be predicted from first principles or inferred from experimental data.

4.4 Discussion

4.4.1 Statistical analysis for diverse electrodes and electrolytes

In order to test the CIET hypothesis, we first perform non-linear regression on the current-
overpotential data using the theory (Eq.5) with three adjustable parameters for each
electrode/electrolyte pair and each temperature (for all lithium concentrations): the
reorganization energy A, current density prefactor iy, and work of Li* surface adsorption
w, (Fig. 4-2 D-F). Notably, we do not fit any series resistance Rc for uncoated electrode
materials. The CIET fits for LCO and NCM111 shown in Fig. 4-2 A-B are in excellent
agreement with the experimental data. In particular, the concentration dependence at large
overpotentials is clearly described by the limits in Eq. 6, including the prefactor of (1-x)

representing a crystal vacancy for IT. For all combinations of electrodes, electrolytes, and
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temperatures, the ratios of experimental and best-fit CIET current densities (without taking
logarithms) are all centered around 1.0 with standard deviation less than 11% (Fig. C-14
and Fig. 4-4D right inset). The largest relative errors arise as 77 — 0 due to division by small

uncertain numbers, but typical errors are very small (<7.5% for |7j| > 2, Fig. C-14).

Further support to the CIET formulism for the (de)intercalation kinetics comes from
temperature-independent reorganization energy (Fig. 4-2C) of LiosCoO> measured at
different temperatures (T = 298, 308, and 318 K) in 1 M LiClO, with EMC:EC (7:3), as
expected for classical Marcus electron transfer theory 17317519 and consistent with prior
results on LFP 172, Fitting the temperature dependent plots with BV+film, however, yields

varying film resistances without any theoretical explanation (Fig. C-15).

Next, we perform Bayesian inference to determine which model is most likely to predict
the data, using the fewest adjustable parameters to achieve the best overall fit
(Supplementary Note 3). Compared to existing models (BV, BV+film, BV+film with fixed
a = 0.5), CIET has the lowest value of the Bayesian information criterion (BIC) for all the
LCO and NCM111 data (Fig. 4-4D left inset) and fits considerably better (Fig. C-16), while
BV+film models overfit the data with an adjustable film resistance for each curve. CIET
also fits well to experiments upon expanding our dataset to span a representative set of Li-
ion battery materials (Fig. 4-4A, Fig. C-17 to Fig. C-22), including four popular cathodes,
LCO, NMC111 (Fig. 4-2), Li,Niy gMny;C0, 10, (NMC811, Fig. C-17), LFP (Fig. 4-4A,
Fig. C-18, Fig. C-19), and the standard graphite anode, LixCs (Fig. C-20 to Fig. C-22), in

the same EMC:EC (7:3) with 1 M LiClO, electrolyte. For LFP, which has carbon coating,
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and LixCs, which has a solid-electrolyte interphase, CIET with film resistance Rc is more
physically meaningful and indeed yields the lowest BIC values (Fig. C-19D, Fig. C-22D).
Finally, we visually demonstrate the accuracy of CIET theory by scaling the data to the
reaction-limited currents for each electrode/electrolyte pair. The scaled data collapses at
large overpotentials (Fig. 4-4D) and falls onto the predicted master curves (shown in Fig.
C-23 with offsets for clearly), governed by the fitted reorganization energies (below). The
somewhat larger spread of the data for ion extraction (n > 0) versus insertion (n < 0)
insertion is likely due to particle size heterogeneity (Fig. C-24) and concentration

heterogeneity from electro-autocatalysis 18118,

4.4.2 Physical validation of the fitted parameters

The fitted parameters (4, iy, w,.) are generally consistent with estimates from CIET theory.
A key prediction is that the reorganization energy A is a constant material property of the
electrode. We have already seen that A is temperature independent (Fig. 4-2C), and we find
no dependence on lithium concentration or the electrolyte (Fig. 4-2D). Moreover, the fitted
values (Fig. 4-4C) are similar for LCO (A = 4.08 kzgT = 0.104 eV), NMC111 (A =
453 kgT = 0.116eV),and NMC811 (1 =~ 4.84 kzT = 0.124eV), and larger for LFP (1 =
5.70 kgT = 0.147 eV) and LixCe (A = 7.17 kgT = 0.184 eV). Intercalation materials with
smaller 4 (LCO, NMC111, NMCB811) exhibit smaller Tafel curvatures and larger
normalized current densities in Fig. 4-4D than those with larger A (LFP, graphite).
Consistent with CIET in a crystal lattice 12, fitted A is close to the predicted Marcus outer-
sphere reorganization energy (Eq. S9) for all electrodes (Table C-4) 7. For example, using

Co-0 bond length of LiCoO; (0.19 nm)!* as a, and d (Supplementary Note 4), we estimate
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A =35kgT =0.9eV for LiCoO,, in good agreement with the fitted value. As expected,
the crystal reorganization energies are smaller than liquid outer-sphere reactions, such as
[Fe(CN)6]*/[Fe(CN)s]* redox (0.2-0.6 eV) ¥, and inner-sphere hydrogen evolution and

oxidation reactions (0.4-1.2 eV) %,
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Fig. 4-4 Fitted parameters, data collapse and Bayesian model selection. (A)
Comparison of electrochemical response of Lij C0O,, Liy sFePO,4, and Liy 4Cq. All other
concentrations measured are provided in Fig. C-18 to Fig. C-21. For graphite, the applied
potential for intercalation is kept above 0 Vi ( en/kgT > —4) to avoid Li plating.
Electrolyte is 1 M LiCIO4 in EMC:EC (7: 3). (B-C) Fitted iy and A for LCO, NMC111,
NMCB811, LFP, and graphite. (D) Data collapse with CIET theory. Current density divided
by the fitted i;. times (1-x) for Li* insertion (en/kgT < 0 on the left), or iy times x(1-X)
for Li* extraction (em/kgT > 0 on the right) for Li, CoO, (red), NMC111 (blue),
NMCB811 (purple), Li,FePO, (grey), and Li,Cg (yellow) at different Li content x. Symbols
for Li,CoO,, NMC111, NMC811, and Li,Cg in (E) follow those of Figs. 4-2 A-B and Fig.
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C-17 to Fig. C-22, and lines follow those of Fig. C-23. Li,FePO, data marked by filled
symbols are measured in this work (¢ for x=0.4 and A for x=0.8), while the points marked

by ¥ are taken from former work "> where x was not specified and its i was normalized
with respect to its total current prefactor. Left inset of (D) shows the computed Bayesian
Information Criterion (BIC) values for all the experiments on LCO and NMC111,
comparing different models (BV with fixed a = 0.5, BV + film resistance with fixed a =
0.5, BV + film resistance, CIET, and CIET+ film resistance). Detailed BIC analysis for
each of the data sets was shown in Fig. C-16, Fig. C-19D, and Fig. C-22D. Right inset of
(D) shows the goodness of fit for the CIET fitting of all materials in Fig. 4-2, Fig. 4-4A,
and Figs. C-17, C-18, C-21, expressed as the ratio of experimental current densities and
the best-fitted current densities from CIET. Electrode loadings are 1-2 mgactive/CM?geo
(Table C-3).

While the prefactor i) is independent of x (Fig. 4-2E, Fig. 4-4B), it does depend on the
electrode/electrolyte interface, having a higher value for LixCoO; (2.6 mA/cm?uxige) than
LixCs (0.23 mA/cm?Zaciive) and LFP (0.065 mA/cm?oxige) With 1 M LiCIO4 in EMC:EC (7:3)
(Fig. 4-4B), and lower values with 1 M LiPFg in EMC:EC (7:3) (with 0.65 mA/cm?oxige for
LixCoO2) (Fig. 4-2E). The differences in i, are partly attributable to variations in ion-
transfer energy, AE;;. Indeed, a simple electrostatic estimate of AE; (Supplementary Note
5, Eq. S12) predicts that LCO has 0.06 eV lower AE,;; than LFP and therefore at least 11
times higher i (Eg. S13), thus qualitatively explaining the experimental trend (40 times
higher iy). The temperature dependence of i, (Fig. C-25A) has an activation energy ~0.89
eV for LCO (Fig. C-25B) that is also comparable to AE;t (0.47 eV estimated from Eq. S12).
The electrolyte dependence of i) on different anions (Fig. 4-2E) or LiPFs concentrations
(Fig. C-26) is more complicated, however, since it also reflects differences in quantum
coupling for ET and charged double-layer structure for IT. For example, it has been shown
that surface functionalization of LiFePO4 with negative sulfide or nitride groups can

increase iy by up to 1.5 times by lowering the Li* binding energy on surface and decreasing

AE,; calculated from first-principle calculations.*®®.
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The trends in exchange current density (Fig. 4-2G) are also consistent with CIET theory.
Extrapolating from Eq. 7 predicts that i, decreases from 0.066 mA/cm?xide at x = 0.5 to
0.035 mA/cm?uige at x=0.8 for LixCoOz, and from 0.046 mA/cm?oxice at x = 0.5 t0 0.021
mA/cm?oxige at Xx=0.8 for NMC111, both with 1 M LiClO4 in EMC/EC (Fig. 4-2G). These
values from CIET are comparable with those extracted from Bulter-Volmer (Fig. 4-2G,
Fig. C-8 and C-9), MHC (Fig. C-12 and Fig. C-13) or EIS (Fig. C-27 and Fig. C-28), and
comparable with some of the reported values from experimental studies 2°°2°! (Table C-1).
In contrast, much larger exchange current densities are used in models with BV kinetics
(Table C-2), thereby promoting (sometime spurious) diffusion limitation in battery
simulations. These exchange current densities are also smaller than the well-known outer-
sphere [Fe(CN)s]*/[Fe(CN)s]* redox (0.1-10 mA/cm?ge0)t® and inner-sphere hydrogen

evolution and oxidation reactions (0.1-10 mA/cm?ge)*%.

Trends in the work of Li* surface adsorption w,. are also consistent with properties of the
electrode/electrolyte interface. LiPFe-containing electrolytes are found to have slightly
larger w, than LiClIO,-containing electrolytes (Fig. 4-2F), consistent with their higher Li*
solvation numbers (~4) compared to LiClO4-containing electrolytes (~3.5) in EMC:EC 7:3
133202 'which presumably require more work to break Li*-solvent/anion interactions during
surface adsorption (Fig. C-29 A-B). Comparing different solvents with LiPF, (Fig. C-29
B-C), EMC-only solvent has lower dielectric constant compared to EMC:EC 7:3, leading
to more Li-PFs ion pairs in the solvation shell ([Li*-(EMC)2s (PFs )11]) 2%2%* which

presumably also leads to larger w, (Fig. 4-2F). The increasing w, in the order of EMC
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with 1 M LiPFs > EMC:EC 7:3 with 1 M LiPFe > EMC:EC 7:3 with 1 M LiCIO4 might
lead to decreasing i, while future studies from first-principle calculations will be needed
to understand the trends for w,.. When decreasing the LiPFg concentration in EMC:EC 7:3
from 2 M to 0.02 M (Fig. C-26), w,. decreased significantly (Fig. 4-2F) indicating preferred
Li* adsorption, which is possibly related to the higher degree of dissociation for LiPFs

when decreasing its concentration in carbonates.?®

Finally, the ionic resistance of surface coating R, is introduced for LFP with carbon coating
and graphite with solid-electrolyte interphase (SEI). Nanoscale variations in carbon-
coating thickness on LFP have been shown to correlate inversely with the local reaction
rate inferred from x-ray images 3, while SEI has a similar macroscopic effect on graphite
206, The fitted R, is around 20 Q for LFP (Fig. C-18F), consistent with prior estimates of
10-35 Ohm for LFP carbon coatings 2°72%, The fitted value for graphite, 30 Q (Fig. C-21E),
is the range of reported SEI resistances, 6-200 Ohm %629 The validity of fitting CIET
with R, for materials with surface coatings is also confirmed by slightly decreased BIC

values for LFP and graphite (Fig. C-19D, Fig. C-22D).
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Fig. 4-5 Reaction-limited capacity of Li-ion batteries. (A) Constant insertion current i
versus normalized capacity at the voltage cutoff (Fig. C-30) for thin, reaction-limited
electrodes loaded at 1-2 MQactive/CM2geo (Table C-5) for eight different active materials in 1
M LiPF¢ DEC:EC (1:1, v/v) electrolyte. (B) Kinetic prefactors i;.¢, obtained by fitting the
data in A to Eq. 6 (shaded bars). Values of i;.¢, from Tafel kinetic measruements are
plotted for comparison (unshaded bars). (C) Collapse of all the data in A using the fitted
prefactors in B onto the predicted linear scaling for CIET.

4.4.3 Implications for Li-ion batteries

A novel prediction of CIET theory is a limiting current for ion insertion (Eq. 6) that is
proportional to the vacancy concentration, i ~ ix¢, (1 — x) as 7] - —oo. Inverting this
relation implies a reaction-limited capacity that decreases linearly with increasing (constant)
current, x.;;,m ~ 1 —1i/(iy€;). We tested this prediction by measuring the current-
dependent maximum capacity for eight common Li-ion battery anodes and cathodes (Fig.
C-30) in thin reaction-limited cells: Li, CoO,, LiyFePO,, Li,C,, NMC111,
LiyNigsMng3C0,0; (NMC532), Lisy3,TisOq, (LTO), LixNiggCog15Al0050, (NCA),
Li,Mn,0O, (LMO). The achieved capacity normalized to its lowest-rate value for each
electrode indeed decreases linearly with applied current density (Fig. 4-5A). The values of
iy.¢, inferred from the linear fits (Fig. 4-5B) are in good agreement with those obtained
from Tafel measurements (Fig. 4-2), and lead to data collapse of i/i;¢, Vs. x; i, for all
eight electrodes (Fig. 4-5C). Deviations from linear scaling at large applied currents in Fig.
4-5C can be attributed to concentration heterogeneities in the porous electrodes, as
predicted by MPET simulations using the fitted CIET reaction kinetics (Supplementary

Note 6, Fig. C-31).
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By revealing the reaction mechanism, our results suggest new avenues to improve the rate
capability, lifetime and safety of Li-ion batteries. CIET theory relates the observed
variations in i, across different electrodes (Fig. 4-4B, Fig. 4-5B) to the reorganization and
ion-transfer energies, which can by predicted by ab initio simulations and used to guide
surface modifications **°. The theory also predicts reaction-limited capacity losses from
crystal defects that eliminate lithium vacancies, such as nickel disorder in NMCs and iron
anti-site defects in LFP 21°. Guided by the theory, battery operation can be constrained to
avoid parasitic side reactions, such as lithium plating and electrode-electrolyte interface

(EEI) growth 1°72% 5o as to avoid CIET reaction limitation 1.

4.5 Conclusions

In this study, we have developed a method to measure the kinetics of ion intercalation
electrode materials Li, CoO, and NMC111, and the intercalation current density is
proportional to (1 — x), i.e. it decreases with the available Li-ion vacancies in electrode
materials. A is independent of electrolytes and temperatures, and is only dependent on the
solid electrodes. Normalizing the current density by the fitted iy and Li vacancy fraction
1 — x leads to a collapsed master curve for each material, whose curvature is depicted by
A. Additionally, rate capability measurements on eight electrode materials show the linear
decrease of the maximum (fractional) capacity at the cut-off voltage with increased
discharge current, further supporting by the theory. The experimental results provide direct
evidence to the theory of coupled ion-electron transfer, where microscopically both ions

and electrons are transferred in a concerted way. Our findings suggest that the proposed
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microscopic mechanism applies to a variety of intercalation materials in energy storage,

and governs the power density at low and moderate applied current densities.

4.6 Material and Methods

Materials and Electrode preparation

The composite positive electrode for Tafel measurements was composed of 80 wt% active
materials (LCO from Sigma Aldrich, NMC111 or NMC811 from Umicore, LFP and
graphite from MT]I corp.), 10wt% acetylene black (Chevron) as an electrically conductive
carbon, and 10 wt% poly(vinylidene fluoride) (PVDF, Kynar) as the binder. The materials
were mixed thoroughly with N-methylpyrrolidone (NMP, Aldrich) using a vibratory micro
mill (Fritsch Pulverisette 23). The obtained slurry was applied with a blade applicator onto
an aluminum foil and dried at 70 °C. Then, the sheet was punched with a 0.5 inch diameter
(1.27 cm) punch, compressed at 6.3 T/cm? using a hydraulic press, and further dried in
vacuum at 120 °C prior to cell assembling. The active material loading was 0.6~1.5
mg/cm?geo (Table C-3). Electrode thickness is all around 5 um and active material porosity
is all around 50 - 70%. In this study, the electrolyte was 1 M LiCIO4 (> 99.99%, battery-
grade, Aldrich) in a 3: 7 wt:wt ethylene carbonate (EC): ethyl methyl carbonate (EMC).
The electrolyte was prepared by simple mixing of LiCIO, and EC/EMC in an argon-filled
glove box ([H20] and [02]< 0.5 ppm, MBraun). The residual water contents in the

electrolytes were measured by Karl Fischer titration and were less than 10 ppm.

The rate capability of different intercalation materials (purchased from MTI corp.) are

measured with coin cells. The material is first mixed with carbon black and PVDF
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(dissolved in NMP) in a mass ratio of 80: 10: 10, and the slurry is coated onto an aluminum
foil to form a thin film. The film is first dried in air overnight and then in a vacuum oven
at 70 °C for 8 hours. After that, the film is punched into small disks of 12.7 mm diameter.
In order to avoid liquid-diffusion limitations, the thin porous electrodes have low active

material loading around 1 mg/cm?.

Tafel kinetic measurements

Tafel analysis widely adopted in electrocatalytic reactions enables the study of non-
equilibrium kinetics by directly relating the current of an electrochemical reaction to the
applied overpotential. The analysis is applicable to fitting into different kinetic models
beyond Butler-Volmer, including Marcus equation*’® and Marcus-Hush-Chidsey (MHC)
equation'’®””which give rise to non-equilibrium material properties such as
reorganization energy*®®. There have been a few studies and experimental practices to
extract Tafel-like plots for Li-ion batteries. For example, West et.al. have performed Tafel
polarization — measurements by applying a linear voltage sweep on
Liz17MnoseNio135C0013502 and compared different temperatures.?’> Munakata et.al.
galvanostatically charged a LiFePQO4 single particle electrode at various currents, and
plotted the potential at the half discharged state against the logarithm of each discharge
current to fit Butler-Volmer equation.?** However, the overpotential was not well defined,
and the state of charge changed during the measurement, so the methods do not allow Tafel
analysis at a fixed Li* concentration in the electrode. Bai et.al. have performed
chronoamperometry experiments on LiFePO4 porous electrodes and fit transient currents

into a phase transformation statistical model,'’2 to achieve Tafel analysis of the reaction
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rates and compare with different kinetic models. The overpotential was more well-defined,

but the corresponding current was not straightforward to capture.

In this study, we have developed a new charge-adjusted methodology, which enables Tafel
measurements for Li-ion battery electrodes at a specific state of charge. The Tafel
measurements were performed in a three-electrode cell. The three-electrode cell was
assembled in the glove box, with a Li metal foil (D=15 mm) as the negative electrode, 2
pieces of Celgard 2325 D=19 mm) as the separators, a Li strip as reference electrode (5
mmx 3 mm), two pieces of Celgard 2325 (D = 19 mm) again, and LCO or NMC111
composite electrode (¢ = 0.5 inch) as the positive electrode from bottom to top (Fig. 4-

1A). 150uL of electrolyte was added to the cell.

Galvanostatic charging and potentiostatic measurements were performed using a VMP3
potentiostat (Biologic). The LCO or NMC working electrode was charged (or later
discharged) to specific Li concentrations Li,MO, (x € (0.5,0.8)) (Fig. C-3), at ~ 28
mA/g (C/10 rate based on theoretical capacity, which corresponds to full lithium
deintercalation (LiMO, S Li* + ¢~ + MO,), followed by a charge-adjusted potentiostatic

measurement to obtain (i,n) points for Tafel plots.

In Li-ion batteries the state of charge changes continuously during operation; therefore, to
obtain Tafel plots at a fixed x, we need to adjust the charge after each measurement so that
x and the equilibrium voltage are kept the same. We developed the charge-adjusted

potentiostatic measurement methodology (Fig. 4-1B), to keep both the open-circuit voltage
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Veq (OCV) and x constant for all (i,n). More specifically, for each measurement of a single
(i,m) point at a specified x, the cell was first rested at OCV or V4, which is constant at a
corresponding x (Fig. C-1 B-C). We then discharged the cell potentiostatically at V,,pjicq
for 2-3 s, which led to changes in the charge ( 4Q;). The current was taken according to
the timescale from electrochemical impedance spectra (EIS), where the second semicircle
started (Fig. C-6). The timescale for which the currents were taken is smaller than 0.5 s,

and the change in x during this time is negligible with Ax < 10~* (Fig. C-3 D-E).

Finally, AQ; was charged back with a small current (Fig. 4-1B) to bring the charge and x
to the initial value. The voltage difference between V,,.q and V., defines the
overpotential n;, and also the current i; at the end of potentiostatic corresponds to n;. Since
the charge was pre-adjusted before each measurement, 1, and x were kept constant for the
measuring (i,7n). The potential and overpotentials have been corrected considering iR-drop

(resistance R is typically around 5 to 10 Q from electrochemical impedance spectra).

Fitting procedure

The coupled ion-electron transfer model has two free parameters, the reorganization energy
A and the reaction rate prefactor i,.. Given the form of Eq. 1, it is clear that the dependence
of i in terms of A is non-linear, as it appears in both the numerator and in the exponential
term of i,cq/0x. Thus, to fit the model to the experimental results of Fig. 4-2 A-C, we
perform a standard non-linear regression. In particular, to find the values of (i, 1) we

minimize the following cost function
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where Ny, are the experimental data points included in the fitting process, i.y, and ney,
are the values of the experimentally accessible current density and overpotential,
respectively, and i,,.4 IS €valuated using Eq. 1. We carried the minimization procedure
using Gauss-Newton method?'4, while the derivative with respect to the parameters of the
model for evaluating the Hessian matrix H = VgV C, with 8 = (i;,, 1), were evaluated
using automatic differentiation®®. The minimization process is stopped when the cost
function becomes less than 5 x 1072, Bulter-Volmer (BV) and conventional MHC fitting

follow the same programs as our previous work. 1%

Rate capability experiment

The rate capability of different intercalation materials is measured with coin cells, where
Li foil is used as the counter/reference electrode. The electrolyte is 1M LiPF, in (1:1)
EC:DEC. The separator is Celgard 3501 separator. To avoid diffusion limitation at high
rate, all the electrodes are controlled to have a thickness < 5 um by using cold compression.
The thickness of the cell guarantees that liquid-diffusion limitations will be negligible
compared to reaction and solid-diffusion limitations. In particular, the liquid diffusion
timescale for D,;;;;+ = ¢*3Dy;+ = 3 x 107'° m?/s corresponds t0 Tg;fsiq = 0.09 s,
while the operation of the cells never exceeds 10 C Rates (~ 360 s). The liquid Li*
diffusivity is taken from literature?'®, the porosity of the electrodes is approximately ¢ =

0.8, while for the effective diffusivity we consider Bruggeman’s relation?.
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Before the rate capability test, the coin cell is first discharged/charged at C/10, which is
defined by theoretical capacity, for three cycles to fully activate the materials. During the
rate capability test, the cell is charged at C/10 and discharged at different C rates using the

same cell.

Particle size distribution

Powders were first immersed in ethanol and subsequently ultrasonicated for 20 minutes to
disperse the powder particles. The suspensions were then drop-casted on a copper substrate,
and the dried particles were observed with a scanning electron microscope (Zeiss Merlin
high-resolution SEM, with secondary electron detector at accelerating voltage of 5 kV).
The histogram of particles is obtained from 250 randomly selected spherical particles in

the SEM micrographs (Fig. C-24).
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Chapter 5. Enhancing oxygen reduction electrocatalysis by tuning

interfacial hydrogen bonds’

5.1 Introduction

Understanding proton coupled electron transfer (PCET) processes are critical to control the
reaction kinetics in bio?’, organic®®, inorganic®®, environmental chemistry?®® and
electrochemistry??!. In particular, PCET steps have been used extensively in recent
research on catalysts for making energy carriers or solar fuels??? including water splitting??,
and for converting energy carriers in fuel cells to generate work?>??! including oxygen
reduction reaction (ORR)?%. Current thinking of the ORR mechanism®*?2! involves PCET
steps on surface metal sites, which can involve one key intermediate on metals such as
Au??* for two-electron ORR (02 + 2H* + 2" > H,02, 0.68 VRrhe), -OOH?42%5 and three
key intermediates on metals such as Pt3*2?6, -OOH, -O and -OH for four-electron ORR (O2
+ 4H* + 4e” > 2H20, 1.23 Vree)??'. Conventional designs of catalysts involve the tuning
of the surface electronic structure and covalent interactions with reaction intermediates®4227
(surface binding or adsorption strength), which has led to significant advances in the
intrinsic ORR activity by tuning strain®®2? the ligand effect?>®?! and surface
orientation?2-2%*, For example, PtsNi(111)%® is shown to exhibit intrinsic ORR activity ten
times greater than Pt (111) at 0.9 Vrre, and polycrystalline PtGd* exhibit five times

enhancement than polycrystalline Pt.

" Reproduced in part, with permission from Wang, T., Zhang, Y., Huang, B., Cai, B., Rao, R.R., Giordano,
L., Sun, S.G. and Shao-Horn, Y., 2021. Enhancing oxygen reduction electrocatalysis by tuning interfacial
hydrogen bonds. Nature Catalysis, 4(9), pp.753-762. (* denotes equal contribution.) Copyright © Springer
Nature Limited 2021.
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Recent studies have shown that changing electrolyte compositions can significantly alter
the kinetics of electrochemical reactions such as oxygen reduction reaction (ORR) 23623
and hydrogen oxidation reaction*>240-242 highlighting new opportunities in noncovalent
interactions via the chemical physics of electrolytes to control activity. While the pH of
electrolyte, which represents proton activity, does not greatly alter the ORR activity of
metals such as Pt?*3, increasing pH can significantly increase the ORR activity on weakly
interacting metals such as Au*®#’, where the activity in base is much higher than that in
acid*®. Moreover, modifying Pt-based catalysts with protic ionic liquids*®?3?4 s shown
to enhance the ORR activity in acid, where ionic-liquid-modified PtNi nanoparticles have
~3 times greater intrinsic ORR activity than pristine PtNi?*’, and ~20 times greater than
commercial Pt/C*. Although this increase in the ORR activity has been attributed to the
increase of hydrophobicity at the interface between Pt and ionic liquids?** and oxygen
solubility in ionic liquids®®, it is not apparent on how to design new catalysts to control
the catalytic activity of ORR and other reactions using this strategy. Considering these
ionic liquids used in these previous studies*®?3":244 have different pKa from the acidic
electrolyte and the ApKa values between cations and anions were found correlated with
open circuit potential in H2/O2 fuel cell?®®, it is postulated that interfacial proton activity of
ionic liquids can alter proton transfer or proton-coupled electron transfer (PCET) kinetics

on metals such as Pt and Au, and thus ORR activity, which is the focus of this work.

Here we employ a library of protic ionic liquids in an interfacial layer to tune ORR kinetics

of Pt and Au in acid. We hypothesize that the protic cations in the ionic liquids can serve

as intermolecular proton relay between proton in the bulk electrolyte and that near the metal
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surface (Scheme 5-1), where altering of protic cation with different proton activity (or pKa)
provides opportunities to examine how local proton activity near the active sites can
influence the ORR Kinetics. A library of protic cations with different pKa values were used
(Scheme 1) [C4Ciim]* pKa=23.32%, [TMPim]* pKa.=21.3%6, [MTBD]* pKa=15.0%*,
[DBUJ* pKa=13.5%, [DEMA]* pK,=10.32%8, [TEMEDA]* pKa.=8.9%4°, [CsHim]*
pKa=7.1?*" to influence the ORR activity of Au and Pt, which catalyzes ORR via the 2e"%!
and 4e %52 pathway in acid, respectively. The ORR activity of Au and Pt was found to
increase with the presence of protic cations, where the maximum enhancement was
obtained when the pKa values of protic cations and the reaction intermediate in the ORR
rate-limiting step are similar. The ORR activity enhancement can be attributed to the
stronger hydrogen bond between protic cations and the rate-limiting ORR intermediate,
which is supported by in situ attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS). Our work reveals the role of local pKa and
interfacial H-bond strength on the kinetics of PCET and electrochemical reactions, which
highlight new opportunities to further enhance electrocatalytic activity of ORR, reduction

of CO2 and N2, and beyond by tuning how local proton activity near the active sites.
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Scheme 5-1. Tuning local proton activity for ORR catalyzed on the surface of metallic
catalysts by adding a thin layer of protic ionic liquids, where the pKa value can range from
7.1 to 23.3. The anion of all ionic liquids used was NTf; in this work.

5.2 pKa-dependent ORR activity of protic-cation-modified catalysts

The ORR activity of Au/C (6.0 nm Au) and Pt/C (TKK, 19wt% 1.7 nm Pt) with and without
protic cations was measured using rotating disk electrode measurements, as shown in Fig.
5-1A and 1B, respectively. The ionic liquid layer thickness with protic cations on the
surface of Au/C and Pt/C was estimated to ~1 nm (details in Fig. D-1). The catalysts with
protic cations showed enhanced activity compared to those without, as indicated by the
positive shifts in the half-wave potential in the voltammetry data. ORR kinetic currents
were extracted from the data in Fig. 5-1A, 1B and Fig. D-2 using the Koutecky—Levich
analysis, from which the specific and mass activity was obtained by normalizing the kinetic
ORR current (Fig. D-3) by the electrochemically surface area from CV measurements (Fig.
D-4-5) and metal mass (Fig. D-6), respectively. The specific ORR activity for Au/C at 0.4

VrHe can be enhanced up to ~5 times with protic cations relative to pristine Au/C shown
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in this work while that of Pt/C at 0.9 VrHe can be increased by ~3 times compared to
pristine Pt/C (TKK 19%, ~190 pA/cm?p;) shown in this work and previous studies!?253-2%,
Similar activity trends and enhancement were found for polycrystalline Au (~4 times at
0.3VRrHE, Fig. D-7A) and Pt (~2 times at 0.9 Vrrg, Fig. D-7B). The exchange current
density of ORR was extracted for Au/C (O2 + 2H" + 2e” => H,0>, 0.68 VrHe) and for Pt/C
(O2 + 4H* + 4e" => 2H0, 1.23 Vrue) using Butler-Volmer in Fig. D-8 and Fig. D-9
respectively. These observations suggest that the local proton activity at the

metal/electrolyte interface can considerably influence the ORR kinetics.

The ORR activity of both Au/C and Pt/C was found to first increase and then decrease,
exhibiting a volcano trend, as a function of the pKa value of protic cations, as shown in Fig.
5-1C and Fig. 5-1D, respectively. The maximum ORR activity enhancement for Au/C was
found for [DEMA][NTf2] with pKa of 10.3, which is similar to the ORR product on Au,
H,0; of pKaof 11.6 2°”. The production of H,0, on Au/C and ionic-liquid-modified Au/C
was measured by RRDE (Fig. D-10), which revealed that the number of electron transfer
for ORR on ionic-liquid-modified Au/C and pristine Au/C is all in the range from 2.0 to
2.2. These results confirm that H2O: is the main product for ionic-liquid-modified Au/C as
well, being consistent with Au/C. In acid, the first PCET step of ORR on Au (O2 + H3O"
+ € => OOHay + H20) has similar kinetics to the second step (OOHay + H30O* + ¢ =>
H.02 + H,0), as indicated by the 0.09 eV difference in activation barrier from DFT?%, As
increasing pH is shown to promote the rate of the first step by several orders of magnitude®’,
the second step becomes rate-limiting to the overall kinetics with increasing local pH.

Therefore, we propose that the ORR kinetics on Au with interfacial ionic liquids are limited
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by the PCET kinetics of OOHay to form H202 ( OOHay + N-H* + & => H,0, + N)??* (the
detailed kinetic analysis depicted in Fig. D-11). This hypothesis is in agreement with
previous Kinetic measurements of ORR in organic solvents, where the first electron transfer
step (02 + e => 0y) 2*° is more than 10° times faster than the second PCET step (Oz2+ €
+ H20 => OOH" + OH")?®, Further support comes from the observation that OOHa, has
been detected as the stable ORR intermediate accumulating on Au by in situ ATR-
SEIRAS?% and in situ surface enhanced Raman?®. Therefore, it is proposed that different
pKa altered the kinetics of the second PCET step for ORR on Au in ionic liquid (OOHay +
N-H* + e => H,0 + N) and tuned the overall ORR kinetics consequently. This hypothesis
departs from the decoupled proton-electron transfer mechanism outlined by Koper,??
where increasing kinetics with increasing pH for one-electron reduction can be attributed

to enhanced electron-transfer kinetics on the RHE scale.

The maximum ORR activity enhancement for Pt/C occurred for [MTBD][NTf.] with pKa
of 15.0, which is similar to the ORR product in the rate-limiting step, water with pKa of
15.7 2%, Previous DFT studies have shown that PCET of adsorbed OH on Pt to form H20
is rate-limiting (OHpt + H* + & => Pt + H20),3 which is supported by ambient pressure X-

262 and in situ electrochemical surface-enhanced Raman

ray photoelectron spectroscopy
spectroscopy??®. The coverage of intermediates (Opt and OHp on Pt) is about 20-30% at
ORR relevant potentials 2%2and that of cations was estimated to be 17-30% on Pt (Table D-
1), we suggested the coverage of cations is comparative with the coverage of ORR

intermediates when we consider the ORR intermediates on the surface grabbing proton

from ionic liquids. Therefore, these results show that the kinetics of ORR on Au and Pt
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could be regulated by the pKa of protic cations at the interface, which can work as the
proton donor near the active sites catalyzing the rate-limiting PCET, having the maximum
ORR activity obtained with minimum pKa difference between the protic ionic liquid
(proton donor) and rate-limiting ORR product (proton acceptor). This observation is further
supported by the measurement on Au/C in 0.1M NaClO4 and Ag/C in 0.1M HCIOg4, of
which the number of electron transfer for ORR is close to 3, having both H2O2 and H20 in
ORR products (Fig. D-12 (C, D)). The maximum ORR activity enhancement was found
for [DBU][NTf2] with pKa of 13.5 (Fig. D-12 (E, F)), which is between the pKa of H.0 and
H20,. Therefore, the results further support our opinion that pKa of cation can affect the

ORR kinetics and it is correlated with the intermediates of ORR pathway.
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Fig. 5-1 pKa-dependent ORR activity on Au/C and Pt/C measured in Oz-saturated 0.1
M HCIO4, with a scan rate of 10 mV/s and the rotation speed is 1600 rpm. (A and B)
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Background and IR corrected ORR polarization curves of ionic-liquids-modified Au/C (A),
Pt/C (B). (C and D) The relationship between the enhancement in ORR specific Kinetic
currents on ionic-liquids-modified Au/C (C), Pt/C (D) as a function of the pKa value of
protic cations in ionic liquids. Error bars represent standard deviations (SDs) of at least
three independent measurements. The loading of Pt was controlled at 20 pg-cm™ and the
loading of Au were controlled at 40 pg-cm™. 0.05wt% Nafion was added to the catalytic
layer.

As the thermodynamic driving force of proton coupled electron transfer (PCET) reactions
diminishes with minimized pKa difference between the proton donor and acceptor?®, and
the reorganization energies (A) fitted by Marcus-Hush-Chidsey (MHC) theory were found
similar in different ionic liquids (Fig. D-13), we propose that the enhancement in the ORR
activity with different ionic liquids can be attributed to difference in the interfacial
hydrogen bond structure as predicted previously by PCET theory for homogeneous

reactions?'®, which will be examined by in situ ATR-SEIRAS experiments and

computation below.

5.3 pKa-dependent interfacial H-bond detected by in situ ATR-SEIRAS

In situ ATR-SEIRAS was performed on Au and Pt thin-film chemically deposited on Si
prism, which detected ORR intermediates and revealed the interactions between protic
cations in ionic liquids and ORR intermediates by monitoring the stretching frequency of
H-bonded species of protic cations as influenced by the formation of ORR intermediates
and product as a function of potential. Potential-dependent in situ ATR-SEIRA spectra
were collected from [MTBD][NTf.]-modified Au thin-film surface (estimated to have a
thickness of ~ 50 nm for Au and ~20 um for [MTBD][NTf:]). Differential spectra
subtracted by that collected at OCV are shown in Fig. 2, along with that of bulk

[MTBD][NTf.] and [MTBD][NTf,] with water (0.5 M water). Two sharp peaks at 1632
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cm™ and 1603 cm™ (Fig. 5-2A), resulting from the stretching mode of C=N-H* and C=N

in the cation?®*

, respectively, grew with decreasing potential. The increased peak intensities
can be attributed to having more protic cations on the Au surface with decreasing potential,
which is in agreement with increasing peak intensities of C-N stretching?®>2%¢ from protic
cations at 1231 cm™ (Fig. 5-2B). Similar peaks to those found on Au were found on

[MTBD][NTf.]-modified Pt thin-film surface (Fig. D-14), which also grew with decreasing

potential.

Two new peaks, at 1263 cm™ and 3238 cm™ emerged (Fig. 5-2B and 2C) with decreasing
potential, which can be assigned to the bending (H-O-O) of HOO-adsorbed on Au?% and
the stretching of N-H™--*OOHau of [MTBD][NTf:], respectively. The assignment of the
broad feature at 3238 cm™ is supported by DFT calculations, where computed N-
H*---O0Ha, stretching of [MTBD][NTf,] was determined to be 3267 cm™ (Table D-2), in
good agreement with the experimental observation. This new broad peak at ~3238 cm™ is
redshifted compared to the N-H* stretching of bulk [MTBD][NTf,] with and without water
added (~3400 cm™ in Fig. 5-2C), indicating the presence of hydrogen bond interactions
between protic cation and ORR intermediates such as [MTBD]N-H*---*OOHay. These two
peaks at 1263 cm™ and 3238 cm™ grew at the expense of the peak at 3583 cm™, attributable
to the O-H stretching of water dissolved in the [MTBD][NTf.] in Fig. 5-2C and Fig. D-14,
which indicated reduction of water adsorbed on the surface with decreasing potential.

Changing the pKa of protic cations was found to redshift the N-H™-OOHay stretching at
ORR-relevant potentials (Fig. 5-3 and Fig. D-15 and 16). The N-H"~OOHay stretching

frequency decreased from 3429 cm for [C4sHim][NTf,] with pKa of 7.1 in Fig. 5-3C, 3238
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cm™ for [MTBD][NTf.] with pKa of 15.0 in Fig. 5-3A, to ~3000 cm™ for [DEMA][NTf,]
with pKa of 10.3 in Fig. 5-3B, at 0.2 Vrue. These assignments are supported by DFT
calculations (Table D-2), which also show the two fine peak features at ~3000 cm™ for
[DEMA][NTf,] with the maximum ORR activity, having the feature at 2985 cm™ to the
stretching of [DEMA]N-H*--OOHa, and the feature at 3024 cm® to [DEMA]N-
H*---OHOH. Further support to these assignments came from the observed peak growth as
expected for increasing ORR intermediates with decreasing potential (Fig. D-15, D-16 and
D-17). Weakening the N-H" (proton donor) stretching of N-H"~OOHay, from
[C4HIM][NTT.] to [DEMA][NTf,] indicates stronger hydrogen bond interactions in N-
H™--OOHau as shown from previous IR spectroscopy studies of hydrogen-bonded (H-Bond)
species?®”?% suggesting the strongest hydrogen bond found for [DEMA][NTf;] with a
similar pKa (10.3) to H202 (11.6). This observation is in agreement with general trends that
the H-bond would become stronger when the difference between the pKa value of proton
donor and acceptor decreases as shown from thousands of H-bond structures from the
Cambridge Structural Database including the N-H*---O, N-H*---N etc.?%® Therefore, the
maximum ORR activity found on Au in presence of [DEMA][NTf.] is associated with the
strongest H-bond interaction between N-H*---OOH (Fig. 5-3G). Considering the rate of
ORR on Au is limited by PCET from OOHay to form H202 on Au in ionic liquids (OOHa
+ N-H" + & = H202 + N), strengthening H-+OOH facilitated by protic cations with

comparable pKa such as [DEMA]N-H" would enhance ORR kinetics.
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Fig. 5-2 In situ ATR-SEIRAS measurement on a [MTBD][NTf:]-modified Au
electrode in oxygen-saturated 0.1 M HCIOa4. (A) C=N stretching region, (B) O-O-H
bending region and (C) X-H (X=N, O) stretching region were obtained during potential
steps swept from 0.2 Vrue t0 0.6 VrHe in 0.1 M HCIO4. The blue curves show the IR
spectrum of pristine [MTBD][NTf2] and the purple curve shows the IR spectrum of pristine
[MTBD][NTf;] with 0.5M water. The cumulative number of 256 was used at a 4 cm™
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resolution. Spectra were subtracted with respect to a reference spectrum obtained at OCV
in 0.1 M HCIOa.

Similar to Au, the maximum ORR activity found on Pt in presence of [MTBD][NTf;] is
associated with the strongest H-bonding interaction between N-H* and OH of species such
as N-H*--*OHpt among the protic cations examined in this study, as shown in Fig. 5-3D-F,
Fig. 5-3H and Fig. D-18-20. This assignment is in agreement with the detection of Pt-OH
as the dominant ORR intermediate by in situ SERS and XPS??6:262 and previous DFT
findings that PCET of OH adsorbed on Pt is rate-limiting for ORR?%*. Further support came
from the agreement between experimentally observed and DFT calculated (Table D-2)
wavenumber for N-H* stretching, where the computed value for [MTBD]N-H*--OHpy,
[DEMA]N-H*---OHp; and [C4Him]N-H*---OHpt was found to be 3089 cm™, 3188 cm™ and
3335 cm?, respectively. Like Au, the N*-H stretching for the protic cation with the
maximum ORR activity has one additional feature to [MTBD]N-H*---OHp: at 3089 cm?,
which can be attributed to [MTBD]N-H*---:OH; at 3215 cm™ as supported by DFT (Table
D-2), revealing the presence of the ORR intermediate (OHpt and final product (H20) in the
rate-limiting step. Considering the PCET from OHp; to form H20 (OHpt + N-H* + e = H,0
+ N) is rate-limiting, strengthening H---OH facilitated by protic cations with comparable
pKa such as [MTBD]N*-H would enhance ORR kinetics. In addition, in order to discuss
the potential effect of water in ionic liquid, we have measured the water solubility of
different ionic liquids, where the results are depicted in Table D-3. We found there was no
apparent correlation between bulk water content in ionic liquids and ORR activity.
Considering the water content at interface, we further examined water signal at the

electrode interface by in situ ATR-SEIRAS. When ORR current density increased with
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decreasing potential, the IR intensity of OH stretching (3600-3300 cm™) and H-O-H
bending (1600-1700cm™) of water decreased and the signal of cation increased (Fig. D-14
to D-16 and D-18 to D-20). This phenomenon indicated that cations could accumulate on
metal surface and kicked water out during ORR. This opinion agrees with previous works
on interface between Au and humid ionic liquids, where cations of ionic liquid was found
accumulate on Au surface at ORR relevant potential 2’°, and there is no adsorption of water
at Au surface at the potential window of -0.4 to 0.4V 271, Therefore, based on our ATR
results and previous works 2792’1 we suggest that water adsorption in ionic liquid at ORR
relevant potential is insignificant, the variation of ORR activity of different ionic liquids is
mainly dependent on the change of H-bonding structure between cations and ORR

intermediates.
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process; (G, H) the relationship between the stretching frequency of the H-bonding species
and the ionic liquid enhancement for ORR catalyzed by Au/C (G) and Pt/C (H), which is
defined by JiL-mic/Imic (diL-mic is the ORR current density of ionic-liquid-modified sample,
Jmic is the current density of pristine Pt/C or Au/C). Error bars represent SDs of at least
three independent measurements. The relationship indicates stronger H-bond would lead
to higher ORR activity. The curve only serves as a guide to eyes.

5.4 Conclusions

This study shows that ORR activity forms a volcano relationship with pKa of ion liquids
(serving as proton donor) on the surface of Au and Pt in acid. The optimized pKa for proton
donor is around 15 and close to the pKa value of water for Pt while the optimized pKa for
proton donor on Au is around 11 and close to the pKa value of H2Oz. In situ ATR-SEIRAS
provides direct evidence for red-shifted stretching frequency of X-H with decreasing ApKa,
which is associated with enhanced ORR activity. This work shows compelling evidence
for pKa-dependent hydrogen bond structures and their impact on the kinetics of proton
tunneling and the rate-limiting PCET of ORR on Pt and Au, where altering the pKa of
proton donor at the catalyst surface can change the H-bonding interaction with ORR
intermediates. Our findings highlight new opportunities beyond conventional catalyst

design strategies of surface electronic structure tuning to control catalytic activity by tuning

H-bond structures and/or solvation environments at the electrified interface.

5.5 Methods

In situ SEIRAS measurements

We used a working electrode composed of a thin (~50 nm) Au or Pt film deposited on the
Si prism (radius 22 mm, Pier optics) by electroless deposition?’22"3, The prism was then

assembled to a three-electrode cell along with an Ag/AgCI reference electrode and a
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platinum wire counter electrode. The SEIRAS experiments were conducted on a FT-IR
Vertex 70 (Bruker) FT-IR equipped with an MCT detector. The optical path was fully filled
with N2 gas. The FTIR spectra were acquired in the attenuated total reflection (ATR) mode
using a single-reflection ATR accessory (Pike Vee-Max Il, Pike Technologies) at an
incident angle of 68 degrees. The spectral resolution was 4 cm™ and the scan velocity was
7.5 kHz. Each spectrum was measured by superimposing 256 interferograms. During each
experiment, Oz was bubbled through the electrolyte, and the prism surface was then cleaned
by cyclic voltammetry between 0 and 1.0 Vrre. After cleaning, the spectra were collected
while applying potentiostatic potentials. All spectra were presented in the form of
absorbance according to log(lo/l1), where lo and | are the spectra of background (at open

circuit potential) and at the potentiostatic potential, respectively.

Electrochemical characterization, determination of kinetic currents, and fitting of exchange

current density of ORR are discussed in Ref. 274,

FTIR frequency calculations

The computed the vibrational frequency shifts for hydrogen-bonded species were
simulated by DFT from the vibrational frequencies of individual ionic liquid cations, and
with interaction of individual cations with a H-bond from a nearby OH or OOH, in an
implicit solvation model (PCM), and 2-Pentanone (dielectric constant=15.5) was used as
solvent?”™. We used the B3LYP functional and 6-311++G** basis set, as implemented in
the Gaussian (g16) suite?’®. It should be noted that the effects of the metal surface and the

applied potential were neglected in these calculations, which should not influence. In
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general, these effects can be significant, but the qualitative trends for the vibrational

frequencies of ionic liquid cation bonded with OH or OOH.
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Chapter 6. Water-in-confinement modulated hydrogen evolution and

hydrogen oxidation reactions

6.1 Introduction

Designing electrochemical water splitting and its reverse process is crucial for producing
hydrogen and achieving high efficiencies for fuel cells. Controllable water activity is
essential for electrochemical systems. In applications such as the production of molecular
hydrogen®8, higher water activity is desirable, while in other applications like aqueous
batteries*®, electrochemical CO, reduction®*®!, or electrochemical N, reduction®,
suppressing HER is desired. Therefore, it is critical to tailor and control the water activity
properly, which remains a challenge. While conventional design of catalysts has focused
on tuning the surface electronic structures of electrodes®*?’"2’® and binding strength of
intermediates®®4827° recent studies show that changing electrolyte compositions, such as
spectator cations and pH®®24L can also significantly alter catalytic activity and kinetics by
orders of magnitude, highlighting new opportunities in tuning non-covalent interactions in
the electrolytes to control catalytic activities. However, water plays dual roles in aqueous
electrolytes during HER, both as solvents and as reactants, complicating the physical
picture, and the mechanisms at play in the electrochemical double-layer for HER are poorly
understood.>® Isolating the sole role of water as a reactant will therefore be promising to
simplify the physical picture and understand the PCET Kkinetics, which could be achieved

through confinements, 9-3.280

98



To further develop design principles for electrolyte engineering and unravel the role of
interfacial hydrogen bonding, here we employ a series of water-in-solvent electrolytes for
hydrogen evolution and oxidation reactions (HER/HOR). We systematically confine water
in organic matrixes, including acetonitrile (ACN) and dimethyl sulfoxide (DMSO), and
tune the hydrogen-bonding networks by changing the water concentration (2% - 100%
molar ratio) and altering the donor number of organic solvents. Similar to the concept of
“water-in-salt” electrolytes, which have larger electrochemical windows than 1.23 V4,
here these “water-in-solvent” electrolytes are expected to suppress water reduction. We
conduct ex situ FT-IR and NMR measurements to quantify the bulk water structures of
water confined in organic solvents. We then use RDE experiments to study the HER/HOR
kinetics for these “water-in-solvent” electrolytes, and quantify the organic poisoning
effects. Finally the observations on water content and solvent effects are justified through

interfacial water structures, supported by in situ SEIRAS.

We found that water molecules became more isolated when decreasing the water-to-
organic ratio, and water reduction shifted to a more negative potential. The shifts in onset
potentials were solvent-dependent, where DMSO-containing electrolytes suppressed HER
and lowered the onset potential compared to ACN-containing electrolytes. The suppression
effect of HER with DMSO is attributed to its stabilization effect of isolated and weakly H-
bonded water as a result of the high donor number, while the enhancement effect of HER
with ACN is due to the promotion of interfacial highly hydrogen-bonded water. Surface-
enhanced infrared absorption spectroscopy (SEIRAS) measurements provided further

support for the changes in interfacial hydrogen bonding during the reactions, highlighting
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the role of interfacial hydrogen bonds between organic solvents and water in controlling

HER/HOR Kkinetics.

These findings open up immense opportunities for using non-covalent hydrogen bonding
interactions at the electrified interface to control the kinetics of ORR, HER, and beyond.
The understanding would also be impactful across other reactions crucial to improving
decarbonizing efforts in energy storage, such as electrochemical N2 reduction, CO:

reduction, and aqueous batteries.

6.2 Bulk structure of water confined in organic solvents

Ex situ FT-IR and nuclear magnetic resonance (NMR) of bulk water structures for water-
in-solvents and dilute electrolytes showed that water molecules became more isolated from
other water molecules when decreasing the water content, indicated from a shift to higher

wavenumber for OH stretching in FT-IR, and a lower chemical shift value in *H NMR.
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Fig. 6-1 FT-IR for bulk structure of water confined in ACN. (A) Schematic of three
types of hydrogen-bonded water. The number of hydrogen bonds between water decreased
from symmetric H-bonded water, asymmetric H-bonded water, to isolated water. Ex situ
FT-IR spectra for (B) water confined in ACN, where H20-to-ACN molar ratio is smaller
than 1; and (C) dilute electrolytes, where H20O-to-ACN molar ratio is larger than 1.

FT-IR quantifies the hydrogen-bonding network of water, where in the OH stretching
region the peaks at higher wavenumbers correspond to fewer hydrogen bonds, denoted as
“isolated water”1%"19.281.282 (Fig 6-1A). For water confined in ACN, when decreasing the
H2>0:ACN molar ratio from 1:2 to 1:100 (Fig. 6-1B), the OH stretching band for water
shifted from 3450 and 3240 cm, representing asymmetric H-bong%7:19%8281.282 gnq
symmetric H-bonded (ice-like) water'®"198281.282 " respectively, to mainly 3630 and 3540

cm™, which represented isolated water'®":19281.282 Both 3630 and 3540 cm™ arose from

isolated water but were different modes - symmetric and asymmetric OH stretching of
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isolated water?83

, respectively. Note that the “isolated water” meant that the water molecule
was isolated from other water molecules, but not necessarily isolated from any molecules.
In fact, it was surrounded by and interacted with other organic species, which will be
discussed later. For the dilute electrolytes where H.O:ACN molar ratio is larger than 1 (Fig.
6-1C), their spectra look similar to that of pure water, dominated by 3450 and 3240 cm

peaks, indicating the hydrogen bonding network gradually recovers a bulk-like feature.

Example spectra deconvolution

WON
///‘¥__ Water:ACN = 1:1

A
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Fig. 6-2 Example of spectra deconvolution for water confined in ACN. Light and dark
grey bands correspond to isolated water, with peak center at 3630 cm™ and width 75 cm
(light grey), and peak center at 3540 cm™ and width 85 cm™ (dark grey). The yellow band
represents symmetric H-bonded water, with peak center at 3420420 cm™ and width 190
cm™. The light red band corresponds to symmetric H-bonded water, with peak center at
3240 cm* and width 210 cm™.
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Fig. 6-3 Deconvoluted peak percentage of three types of water for water confined in
ACN, (A) without and (B) with 0.1 m NaClO4 conducting ions. Percentage was
calculated by integrating the areas of each water band and calculating their ratios. Grey
points are the sum of two isolated water peaks at 3630 cm™ and 3540 cm™.

Deconvoluting the spectra (Fig. 6-2, Fig. 6-3 A) according to the assignments above further
confirmed the higher percentage of isolated water when decreasing the water molar ratio,
while lower percentage of hydrogen-bonded water. The C=N stretching of ACN shifted to
higher wavenumbers when increasing the water concentration (Fig. 6-4), indicating that
water started to interact with other water molecules through hydrogen bonding instead of
interacting with ACN, and hence ACN became more isolated from water clusters and
shifted to higher wavenumbers. Adding 0.1 m NaClOs salts (“m” denotes molality) as
conducting ions in the solution did not have obvious impact on the FT-IR spectra, where

all the peak positions are the same as the ones without ions (Fig. 6-5), and the deconvoluted

peak percentage was also similar to that without ions (Fig. 6-3 B).
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Fig. 6-4 C=N stretching region of FT-IR spectra for water confined in ACN.
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Fig. 6-5 FT-IR for water confined in ACN with added 0.1 m NaClO4 as conducting
ions. Ex situ FT-IR spectra for (B) water confined in ACN, where H2O-to-ACN molar ratio
is smaller than 1; and (C) dilute electrolytes, where H2O-to-ACN molar ratio is larger than
1.

NMR spectra of bulk electrolytes for water confined in ACN (Fig. 6-6A) were conducted

in a coaxial NMR configuration (Fig. 6-6B) to avoid deuterated solvent (D.O) from
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affecting the solvation structures of the water-in-solvent solutions. When decreasing the
water-to-ACN ratio, 'H NMR chemical shift for the water peak gradually shifted to a lower
value, from 4.7 ppm to 3 ppm (Fig. 6-6C), indicating that the proton on water is more
shielded?®*, having a higher electron density from the tighter O-H bond on isolated water
molecules. The lower chemical shift at low water content also meant that water had a higher

pKa value?® and harder deprotonation when they were isolated.
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Fig. 6-6 Bulk NMR for water confined in ACN. (A) *H NMR spectra for water confined
in ACN, where the water peak is marked by *. (B) Coaxial NMR sample schematics. (C)
'H NMR chemical shift of water peaks as a function of water to ACN molar ratios.
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Fig. 6-7 Bulk FT-IR and NMR for water/DMSO mixtures. Ex situ FT-IR spectra for (A)
water confined in DMSO, where H>O-to-DMSO molar ratio is smaller than 1; and (C)
dilute electrolytes, where H,O-to-DMSO molar ratio is larger than 1. (D) *H NMR spectra
for water/DMSO mixtures, where the water peak is marked by *. (E) *H NMR chemical
shift of water peaks as a function of water to DMSO molar ratios.

We further screened a library of organic solvents that are aprotic and miscible or soluble
with water, including ACN, DMSO, dimethoxyethane (DME), dimethylacetamide (DMA),
dimethylformamide (DMF), diethylene glycol dimethyl ether (G2), triethylene glycol
dimethyl ether (G3), and tetrahydrofuran (THF). Water in DMSO exhibited similar
concentration dependency to water in ACN, where decreasing water-to-DMSO ratio also

led to fewer H-bonds between water with decreasing, indicated by higher OH stretching

frequency in FT-IR (Fig. 6-7 A-C) and lower *H NMR chemical shift (Fig. 6-7 D-E). Water
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in the other organic solvents had similar trend that when water-to-organics ratio was

smaller than 1 (Fig. 6-8), isolated water peaks at high wavenumbers dominated the OH

stretching region. As water content increased, asymmetric H-bonded water peak arose (Fig.

6-8) and gradually shifted to lower wavenumbers up to 3430 cm™ (Fig. 6-9). When water-

to-organics ratio was increased to larger than 1, the OH stretching region gradually

recovered pure water features dominated by asymmetric and symmetric H-bonded water.
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Fig. 6-8 FT-IR for bulk electrolyte of water confined in organics, where H20-to-
organic molar ratio is smaller than 1. Spectra for water in (A) DME, (B) DMA, (C) DMF,
(D) G2, (E) G3, and (F) THF. Grey lines mark the peak centers of isolated water, yellow
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lines mark the centers of asymmetric H-bonded water, and red lines mark symmetric H-

bonded water.
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Fig. 6-9 FT-IR for bulk electrolyte of water with organics, where H20-to-organic
molar ratio is larger than 1 (dilute electrolytes). Spectra for water in (A) DME, (B)
DMA, (C) DMF, (D) G2, (E) G3, and (F) THF. Yellow lines mark the peak centers of
asymmetric H-bonded water, and red lines mark symmetric H-bonded water.

It is interesting to note that the peak positions of isolated water (Fig. 6-1B, Fig. 6-7A, Fig.

6-8) varied among different organic solvents, located at higher frequency for water in ACN

(3630 and 3540 cm, Fig. 6-10A-B) while at lower frequency for water in DMSO (3500

cm?, Fig. 6-10A-B). The isolated water OH stretching wavenumber (taking the highest

108



frequency one if there were two peaks) was found to correlate with the solvent donor
number (DN), shown in Fig. 6-10C. Higher-DN solvent like DMSO had a strong
interaction with isolated water through the hydrogen bonding between O (on DMSO S=0)
and H (on water), weakening the O-H bond strength on isolated water and shifting it to
lower frequency (Fig. 6-10C). On the contrary, lower-DN solvent like ACN, had weaker
interactions with isolated water and therefore the OH stretching of water remained strong
and high-frequency. Next, we took ACN and DMSO as representative solvents to
investigate the HER/HOR Kinetics for confined water, since these two solvents were on the

two ends of the spectra (Fig. 6-10C) among screened organics.
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Fig. 6-10 FT-IR for bulk electrolyte of water confined in organics, with H20-to-
organics molar ratio = 1:40. (A) Spectra for water in organic solvents, where the grey
line marked the highest wavenumber of isolated water. (B) Plot of isolated water O-H
stretching frequencies for different surrounding solvents. Black corresponded to a second
peak for water some solvents, arising from different modes of O-H stretching. (C)
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Correlation between OH stretching frequency of isolated water and the donor number of
solvents. For the cases where isolated water had two peaks, the high wavenumber one was
taken.

6.3 HER/HOR activity for water-in-solvents

6.3.1 HER/HOR activity for water confined in DMSO

The HER/HOR activity were measured on Pt using a rotating disk electrode (RDE). The
typical cyclic voltammograms (CV) for water-in-DMSO (1:40 molar ratio) on Pt (Fig. 6-
11) showed that HER started at around -1.5 Vsne while HOR started at around -0.25 Vshe.
Further, HOR in H: is rotation rate dependent, indicating that H. gas diffusion was limiting
and needed correction from the Koutecky—Levich equation, while HER is not dependent
on the rotation rate or Hz vs. Ar atmosphere. It is noted the organic solvent themselves
(ACN or DMSO) had a large electrochemical stability window, -3 to 1.7 Vsye for DMSO
and -2.5 to 3.2 Vswe for ACN (Fig. E-2), and thus did not contribute to the current we

observed here.

During the forward scan (Fig. 6-11A), one positive peak appeared after HER and before
HOR when measured in Hz gas, while it did not show up in the backward scan or in Ar
atmosphere (Fig. 6-11). The peak was also rotation dependent (Fig. 6-11A), and we believe
this peak is related to H> gas diffusion/removal from the following analysis. Moving the
lower cutoff to a higher value from -1.61 Vsne to -1.5 Vshe (Fig. E-3A) decreased the HER
current, and meanwhile decreased the positive peak area and peak width. It seemed that the

area and width of the positive peak directly scaled with the HER current density before it
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(Fig. E-3A), indicating the peak was related to the amount of Hz generated. It is possible
that with more Hz generated, it would take longer for H2 gas to desorb or diffuse away from
the surface, leading to a larger and broader peak. This hypothesis is consistent with the
rotation rate dependency (Fig. 6-11A) that the peak was broader at low rotation rates, as

the removal or diffusion of Hz gas would be slower at slower rotation.

H,O0:DMSO0=1:40, with 0.1 m NaClO,
H, saturation
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Fig. 6-11 Typical CV for water-in-DMSO (H20:DMS0O=1:40) on Pt. (A) Forward and
(B) backward scans of CV. Curves were measured at four rotation rates from 2500 rpm to
400 rpm in Hz gas (red lines), and at 1600 rpm in Ar (grey lines). Electrolytes contained

0.1 m NaClO4 as conducting ions. Shaded areas corresponded to the HER and HOR
reaction regions.

Varying the upper cutoffs in CV affected slightly the HOR and HER current densities (Fig.
E-3B). Lowering the upper cutoff from 0.9 Vsne to -0.4 Vshe led to a decrease in HOR and
a slight decrease in HER current densities, which is due to the slight poisoning effect of

DMSO on Pt surfaces if cutting off at a low potential. DMSO was likely to only get
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removed from the surface when scanning to high potentials to recover a clean Pt surface.

Quantifications of the organic poisoning effects will be discussed in Session 6.2.4.

As HOR current density was dependent on rotation rates, we next extracted the HOR
kinetic current density. First, the HOR Kkinetics was found distinguishable from the
calculated Nernstian diffusion overpotential of hydrogen?® (Fig. 6-12A), meaning that
Kinetic current density was able to be extracted from measured current densities at various

rotation rates by the Koutechy-Levich equation®®’, shown in Fig. 6-12B.
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Fig. 6-12 Nernstian diffusion overpotential comparison and Koutecky-Levich analysis
on HOR current density. (A) Calculated Nernstian diffusion overpotential®®® and
measured HOR polarization curves in H.O:DMS0O=1:40 with 0.1 m NaClOgselectrolyte are
compared. (B) HOR kinetic current density extracted from measured current density by the
Koutechy-Levich equation.

6.3.2 Water content- and solvent- dependent HER/HOR activity

We first investigated the HER/HOR activity when varying water content in DMSO. Water

reduction (HER) shifted to more negative potentials with decreasing water content in
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DMSO (Fig. 6-13A), where the HER onset potential (the potential at which the current
density reached -0.2 mA/cm?o) shifted from around -0.5 Vsne for the pure aqueous
electrolyte to around -1.6 Vsne for the water-in-DMSO (H20:DMS0=1:40) electrolyte. To
take into account of the thermodynamic shift due to changes in water activity or pH, we
have calculated the thermodynamic equilibrium potential for HER/HOR based on the
Nernst equation?®’. The thermodynamic potential, however, only shifted slightly from -
0.45 Vshe to -0.55 Vshe across the concentration range (Fig. 6-13B), much smaller than
the experimental shift, which indicated that the experimental shift in HER onset potential
came largely from Kinetics rather than pure thermodynamics. We then shifted all the HER
polarization curves with respect to the thermodynamic potentials (Fig. 6-13C), i.e. zero
overpotentials corresponded to the thermodynamic potentials for each electrolytes, so that
the overpotentials represented the kinetic barriers. Decreasing the water content to

H20:DMSO 1:40, the onset overpotential went to as large as -1 V (Fig. 6-13C).

Unlike HER which showed strong dependency on water content, the HOR side did not
show large shifts in the onset potentials (Fig. 6-14A), and were all close to the
thermodynamic potential around -0.5 Vsne. The maximum HOR current densities varied
among different water content, which could be related to the different solubility of H> gas
in DMSO and water?®, and the occupation of DMSO on some Pt sites. Kinetic current
densities were extracted from measurements at 4 rotation rates (2500 rpm, 1600 rpm, 900
rpm, and 400 rpm) using the Koutechy-Levich equation (Fig. 6-14B), which showed that
the Kinetic currents did not vary significantly either. There was a slight decrease in jx from

pure water to dilute electrolytes containing DMSO, but stayed almost unchanged after
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adding more DMSO and confining water. Tafel plots for the HOR side (Fig. 6-14C) were

generated based on the Kkinetic currents and the thermodynamic potentials calculated, and

the curves for different water-to-DMSO ratios were mostly collapsed with each other, again

confirming that HOR had weak dependency on water content.
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Fig. 6-13 HER current density for various water content in DMSO on Pt surface with
Ar saturation, at rotation speed of 1600 rpm. (A) HER polarization curves in the SHE
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scale. (B) Calculated thermodynamic potential for water reduction (open circles) and
measured HER onset potential (filled circles) at different water content in DMSO. HER
onset potentials were taken as the potential at which the current density reached -0.2
mA/cm%geo. (C) HER polarization curves with zero overpotentials shifted to the
corresponding thermodynamic potentials for water reduction for each electrolyte.
Electrolytes contained 0.1 m NaClO4 as conducting ions.
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Fig. 6-14 HOR current density for various water content in DMSO on Pt surface with
H: saturation. (A) HER/HOR polarization curves at rotation speed of 2500 rpm. (B) HOR
Kinetic current density extracted from measured current density at 2500 rpm to 400 rpm by
the Koutechy-Levich equation. (C) HOR Tafel plots, with zero overpotentials shifted to
the corresponding thermodynamic potentials calculated for each electrolyte. Electrolytes
contained 0.1 m NaClO4 as conducting ions.

To summarize the water-in-DMSO HER/HOR kinetics on Pt, the overall Tafel plots (Fig.

6-15A) for both HER and HOR kinetic current densities showed that HER had larger onset
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overpotentials when water-to-DMSO ratio got smaller, while HOR kinetics did not change
significantly. As we decreased the water content (Fig. 6-15B), pKa of water increased
according to the *H NMR shift, meanwhile the fraction of isolated water increased
according to bulk FT-IR spectra. Water activity decreased at low water-to-DMSO ratios,

indicated by the water reduction onset potential shift to more negative values (Fig. 6-15B).
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Fig. 6-15 HER/HOR summary plots for water-in-DMSO on Pt surface. (A) Tafel plots
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HER Kkinetic current densities were on the left, taken as the current densities measured in
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Fig. 6-16 HER current density for various water content in ACN on Pt surface with
Ar saturation, at rotation speed of 1600 rpm. (A) HER polarization curves in the SHE
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thermodynamic potentials for water reduction for each electrolyte. Electrolytes contained
0.1 m NaClQO4 as conducting ions.

We next explored the kinetics for water in ACN, the other solvent with much smaller DN
than DMSO. Similarly, as we decreased water content, the HER polarization curves shifted
to more negative (Fig. 6-16A). The HER onset potential (the potential at which the current
density reached -0.2 mA/cm?go) shifted from around -0.5 Vsne for the pure aqueous
electrolyte to around -1.1 Vsne for the water-in-ACN (H20:ACN=1:40) electrolyte. Our
results of HER for water-in-ACN were comparable to previous results reported®®, with
similar onset potentials and current densities. We also calculated the thermodynamic
equilibrium potential for HER/HOR, which shifted slightly from -0.45 Vsne t0 -0.63 VsHe
across the concentration range (Fig. 6-16B). Shifting all the HER polarization curves with
respect to the thermodynamic potentials also showed that HER was harder at low water-
to-ACN ratios (Fig. 6-16C), but these overpotentials were much smaller than water-in-
DMSO (Fig. 6-13C, Fig. 6-16C). For instance, H.O:ACN = 1:40 had HER onset at -0.48
V in overpotential Fig. 6-16C, while HoO:DMSO = 1:40 had HER onset at as high as -1 V

as the overepotential (Fig. 6-13C).

Unlike DMSO, the HOR side for water-in-ACN had great difference when varying water
content (Fig. 6-17A), and both the maximum HOR current densities and onset potential
changed. At very low water content (H.O:ACN = 1:40), HOR barely happened as shown
from the very low current densities (Fig. 6-17A), despite the fact that H> gas had much
larger solubility in ACN than in water?°2%, Kinetic current densities were extracted from

measurements at 4 rotation rates (2500 rpm, 1600 rpm, 900 rpm, and 400 rpm) using the
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Koutechy-Levich equation (Fig. 6-17B), and Tafel plots for the HOR side (Fig. 6-17C)
were generated based on the kinetic currents and the thermodynamic potentials calculated,
both graphs further confirming that HOR activity got lower and onset potential increased
as we decreased water content in ACN, in contract to the DMSO case (Fig. 6-14B-C). We
presumed that the low HOR activity and late onset for low water content in ACN were
most likely due to the poisoning and passivation effect of ACN on the Pt surface, as ACN
was known to have strong adsorption on Pt?*12% and led to abnormal behaviors in HOR?%,
Further support for the ACN poisoning effect came from the following phenomena
observed in experiments. The HOR for H.O:ACN=1:40 had large difference in the forward
and backward scans (Fig. E-2A), while for DMSO the difference was small (Fig. E-2B).
The forward scan showed much lower HOR current densities than the backward scans in
H>O:ACN=1:40 (Fig. E-2C-D), indicating that a large portion of the Pt surface was
passivated by ACN during the forward scan, and recovered more after the potential went
up to a high voltage and cleaned up the ACN on surface. Another evidence that ACN had
more poisoning on Pt than DMSO was by changing the upper cutoff potentials in CV.
While lowering the upper cutoff potential led to only a slight decrease in HER current
densities for H.O:DMSO=1:40 (Fig. E-3B), the decrease of HER current densities was
much more obvious in the case of HoO:DMSO=1:40 (Fig. E-5). These results indicated
that ACN would adsorb and passivate the Pt surface more strongly than DMSO, especially

when the CV did not scan to high potentials to desorb ACN and clean the surface.
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Fig. 6-17 HOR current density for various water content in ACN on Pt surface with
H: saturation. (A) HER/HOR polarization curves at rotation speed of 2500 rpm. (B) HOR
kinetic current density extracted from measured current density at 2500 rpm to 400 rpm by
the Koutechy-Levich equation. (C) HOR Tafel plots, with zero overpotentials shifted to
the corresponding thermodynamic potentials calculated for each electrolyte. Electrolytes
contained 0.1 m NaClO4 as conducting ions.

To sum up the trend for water in ACN and DMSO (Fig. E-6), water molecules become
more isolated when decreasing the water-to-organic ratio in both cases, and the bulk
structure of isolated water percentage directly correlated with the 'H NMR chemical shift
of water (Fig. 6-18), where ACN and DMSO followed a same trend line. The maximum
change in pK. was from 14 (for pure H>O) to 16 (H2.O:ACN=1:40) (Fig. 6-18), where the

pKa values were estimated from reported 'H NMR of water at different temperatures®%*
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and their pKa. values®®?%. HER onset for water in both solvents shifted to a larger
overpotential (Fig. 6-18), but the shifts in onset potentials were solvent-dependent. The
HER polarization curves for DMSO-containing electrolytes were all at much larger
overpotentials (Fig. E-6A) than ACN (Fig. E-6C) at same water-to-organics ratios. DMSO-
containing electrolytes suppressed HER and lowered the onset potential more than ACN-
containing electrolytes, and they followed different trend lines even with similar bulk pKa

values (Fig. 6-18).
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Fig. 6-18 Correlation between isolated water percentage in bulk electrolytes (black) and
water reduction onset potential (red) in ACN (filled symbols) and DMSO (open symbols)
with *H NMR chemical shift.
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6.4 Solvent effects on HER/HOR

6.4.1 Quantifying organic poisoning effects

To develop a better understanding on how organic solvents changed the surface sites and
affected the HER/HOR Kkinetics, we quantified the organics poisoning effects of ACN and
DMSO from the changes in electrochemically active surface area (ECSA) of Pt before and
after exposed to organics. The poisoning test was conducted in the following gmethod:
after extensive polishing of the Pt disk electrode, we measured CV in a 0.1 M HCIO4
aqueous acid solution to obtain the ECSA for the pristine Pt electrode (Fig. 6-19). Then we
took out the Pt and rinsed gently with dionized water (DI water) to remove the remaining
acid on surface, then transferred it to water-in-solvent electrolyte (such as H>O:organic =
40:1 with 1 m NaClQOgy). After scanning CV in the organic mixture for 20 cycles at a fixed
scan rate (50 mV/s), the surface had been contamination by organics. Finally we transferred
the Pt electrode back to the 0.1 M HCIO4 acid solution after a gentle rinsing with DI water,
and measured CV again in acid to obtain the ECSA after contamination. Within the whole

process, Pt was not polished when switching electrolytes but only rinsed.

We found that for ACN-containing electrolytes, such as H,O:ACN=40:1 where only tiny
amount of ACN was in the mixture (Fig. 6-19A), the area of hydrogen underpotential
deposition (Huep) region between 0 Vg to 0.3 Vrpe was much smaller after
contamination than pristine Pt before contamination. While DMSO had similar suppression
of HUPD after contamination for H,O:DMSO0=40:1 (Fig. 6-19B), the decrease was not as

significant as ACN. At a low water content and high organics amount, such as
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H>0:organics=1:40 (Fig. 6-19C, D), the Hupp region was even tinier, and might convoluted

with the ACN adsorption peak around 0.5 Vrue (Fig. 6-19C).
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Fig. 6-19 CV for Pt in 0.1 M HCIO4 aqueous acid solution before (grey curves) and
after (red curves) organic contaminations. Organic contamination in dilute cases (A)
H>O:ACN = 40:1 and (B) H20:DMSO = 40:1, and in low-water-content cases (C)
H20:ACN=40:1 and (D) H.O:DMSO0=40:1. CV was measured in an Ar saturated
environment.

ECSA was then estimated from the desorption of Hupp features of CV. by calculating the
net charge of hydrogen desorption region (around 0.05 Vrwe to 0.4Vrue) with double layer
correction, then divided by 210 pC/cm?r. The pristine Pt disk had ECSA around 0.3 cm?p
(Fig. 6-20 A, B), while after exposure to small amount of ACN (H20:ACN=40:1), it

decreased to 0.08 cm?p; (Fig. 6-20A)?74. ECSA further decreased to less than 0.03 cm?p
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upon further decreasing water content to H2O:ACN < 10. DMSO overall showed smaller
extent of contamination to Pt, with ECSA decreased to 0.17 cm? after exposure to
H.0:DMS0=40:1 (Fig. 6-20B), and stayed between 0.1 cm?p;to 0.06 cm?: when further
decreasing water content in DMSO (Fig. 6-20B). We further calculated the ratios of ECSA
after contamination to ECSA before contamination (Fig. 6-20C) to quantify the extent of
Pt passivation by organics. In ACN-containing electrolytes, only less than 10% of Pt sites
were still active, while in DMSO-containing electrolytes, 30-40 % of Pt sites were active.
These results that ACN had more poisoning effects on Pt than DMSO were consistent with
our hypothesis and observed abnormal HOR behavior in ACN (Fig. 6-17, Fig. E-4, Fig. E-

5), as well as previous literatures?® 2%,
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Fig. 6-20 Quantification of ECSA for Pt before (grey) and after (red) organic
contaminations. ECSA of pristine Pt (A) before and after ACN contamination for each
water/ACN mixtures, and (B) before and after DMSO contamination for each
water/DMSO mixtures. (C) Ratios of ECSA after contamination to ECSA before
contamination, in water/ACN mixtures (filled symbols) and water/DMSO mixtures (open
symbols). ECSA was calculated from the CV in 0.1 M HCIO4 aqueous acid solutions.
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Further support came from CV in organic mixtures (Fig. 6-21A-B). While the hydrogen
desorption peaks were not as well-defined as in acid solutions, we could still try integrating
the peaks, which ranged between -0.7 Vsne to 0.2 Vshg, and calculated ECSA after double
layer correction. However, this method only served as a rough estimation for Pt ECSA due
to the fact that the peak areas would possibly depend on the potential window scanned and
hard to compare across different electrolytes with different CV potential cutoffs. Still, we
could see a general trend that ACN-containing electrolytes had two to three times smaller
ECSA than DMSO-containing electrolytes (Fig. 6-21C), in consistency with our results of

acid CV (Fig. 6-20).
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Fig. 6-21 Estimation of ECSA for Pt from CV in organic mixtures. CV of Pt in (A)
water/ACN mixtures and (B) water/DMSO mixtures in an Ar-saturation environment. (C)
Estimation of ECSA by integrating the hydrogen desorption peaks ranging between -0.7
VsHe t0 0.2 Vshe, for water/ACN mixtures (filled symbols) and water/DMSO mixtures
(open symbols). The grey line denotes ECSA for the case of pure water. All electrolytes
contained 0.1 m NaClO4 as conducting ions.
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All these results suggested that ACN had more poisoning effects on Pt than DMSO, from
the fact that ECSA in ACN was much smaller than DMSO. However, in the previous
session we saw that DMSO suppressed HER much stronger than ACN, which could not be
solely explained by poisoning effects where ACN should hinder more. Therefore, we
believe water structure is playing a significant role in HER/HOR Kinetics, and interfacial
experiments and analysis will be needed. We next conducted in situ SEIRAS to probe the

interfacial water structures.

6.4.2 Interfacial water structure from in situ SEIRAS
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Fig. 6-22 In situ SEIRAS (O-H stretching region) for dilute electrolytes on Pt surfaces.
In situ difference spectra (in red) for (A) pure water without organic solvents, (B)
H20:ACN =5:1, and (C) H.O:DMSO = 5:1, and ATR spectra for the three electrolytes (in
black). Electrolytes all contained 0.1 m NaClOg as conducting ions and under H saturation.
The spectra were subtracted with respect to the initial spectra collected at HOR potentials.

In situ SEIRAS revealed that ACN promoted hydrogen bonding between interfacial watre,

while DMSO stabilized interfacial isolated water during HER on Pt. Firstly, for dilute cases
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including pure water without organic solvents, H>O:ACN = 5:1, and H,O:DMSO = 5:1 (all
with 0.1 m NaClO4 as conducting ions), SEIRAS showed arising of peaks in the O-H
stretching region (3000-3600 cm™) as potential moved from HOR to HER regions (Fig. 6-
22). In pure water (Fig. 6-22A), symmetric H-bonded water at 3240 cm™ increased in
intensity, while isolated water at 3570 cm™ slightly decreased as potential went down. The
peak assignments were according to the bulk ATR spectra of the electrolyte (Fig. 6-22
black lines). For H2O:ACN = 5:1 (Fig. 6-22B), similar growth of symmetric H-bonded
water at 3240 cm™ and decrease of isolated water at 3570 cm™ was observed, and the
decrease and increase were more significant than pure water. In H,O:DMSO = 5:1 (Fig. 6-
22C), while symmetric H-bonded water (3240 cm) also increased as potential decreased,

the decrease in isolated water at 3570 cm™ was slight and not obvious.
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Fig. 6-23 Deconvolution of three types of water from in situ SEIRAS for dilute
electrolytes. Deconvoluted peak areas of symmetric H-bonded water (red), asymmetric H-
bonded water (orange), and isolated water (grey) for (A) pure water without organic
solvents, (C) H2O:ACN =5:1, and (E) H.O:DMSO = 5:1. Note that the y-axis has different
scalesin (A), (C), and (E). Relative peak percentage of the three types of water for (B) pure
water without organic solvents, (D) H.O:ACN = 5:1, and (F) H.O:DMSO = 5:1.

Further support came from deconvolution of the spectra into the three types of water peaks
(Fig. 6-23). As potential went down from HOR to HER region from right to left (Fig. 6-23
A, C, E), symmetric H-bonded water increased in peak areas as potential decreased for all
three electrolytes, asymmetric H-bonded water only had small variations, and isolated
water decreased in peak areas. Note that the y-axis has different scales in Fig. 6-23 A, C,
E. The relative peak percentages of the three water species showed that for pure water (Fig.
6-23B) and H2O:ACN = 5:1 (Fig. 6-23F), symmetric H-bonded water became more and
more dominant in replacement of asymmetric H-bonded water as potential went down. For
H2>0:ACN = 5:1 (Fig. 6-23D), symmetric H-bonded water was always the near 100% and
even no asymmetric H-bonded water arose, indicating that ACN promoted symmetric

hydrogen bonding between water molecules at the interface.
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Fig. 6-24 In situ SEIRAS (O-H stretching region) for concentrated electrolytes with
low water content on Pt surfaces. In situ difference spectra (in red) for (A) H2O:ACN =
1:40 and (B) H20:DMSO = 1:40, and ATR spectra for the three electrolytes (in black).
Electrolytes all contained 0.1 m NaClO4 as conducting ions and under H saturation. The
spectra were subtracted with respect to the initial spectra collected at HOR potentials.

The effect of ACN in promoting symmetric H-bonded water at the interface was also
supported by in situ SEIRAS of more electrolytes at medium and low water content. At
low water content of H>O:organic = 1:40 (Fig. 6-24), the spectra evolution of H2O:ACN =
1:40 was drastically different from that of H,O:DMSO = 1:40, more obvious than the
difference between dilute cases (Fig. 6-22). H2O:ACN = 1:40 showed huge decrease of
isolated water at 3630 and 3540 cm™ and asymmetric H-bonded water at 3400 cm™ as the
potential reduced to HER region (Fig. 6-24A). In contrast, H O:DMSO = 1:40 showed an
increase in isolated and asymmetric H-bonded water instead of a decrease (Fig. 6-24B).

These trends were confirmed upon deconvoluting the spectra, where peak areas of isolated

water and asymmetric H-bonded water decreased significantly for H>O:ACN = 1:40 (Fig.
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6-25A) while increased for H,O:DMSO = 1:40 (Fig. 6-25C). At low potentials when HER
occurred, all water (100%) became symmetric H-bonded after -0.84 Vsne for H2O:ACN =
1:40 (Fig. 6-25B), whereas there was still over 50% of isolated water and asymmetric H-
bonded water after -1.2 Vsue for H2O:DMSO = 1:40 (Fig. 6-25D), providing further
support that that ACN suppressed isolated water and enhanced symmetric H-bonded water

compared to DMSO.
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Fig. 6-25 Deconvolution of three types of water from in situ SEIRAS for concentrated
electrolytes with low water content. Deconvoluted peak areas of symmetric H-bonded
water (red), asymmetric H-bonded water (orange), and isolated water (grey) for (A)
H20:ACN = 1:40 and (C) H.O:DMSO = 1:40. Note that the y-axis has different scales.
Relative peak percentage of the three types of water for (B) H.O:ACN = 1:40 and (D)
H>O:DMSO = 1:40.
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SEIRAS of electrolytes at intermediate water content H,O:organic = 1:2 (Fig. 6-26) and
the deconvolution (Fig. 6-27) also showed decreasing isolated and asymmetric H-bonded
water for H2O:ACN = 1:2, but increasing isolated and asymmetric H-bonded water for
H>0:DMSO = 1:2, in consistence with the trend for H2O:organic = 1:40 electrolytes (Fig.
6-24 and Fig. 6-25) and further supporting that ACN suppressed isolated water and

enhanced symmetric H-bonded water.
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Fig. 6-26 In situ SEIRAS (O-H stretching region) for electrolytes with intermediate
water content on Pt surfaces. In situ difference spectra (in red) for (A) H2O:ACN = 1:2
and (B) H.O:DMSO = 1:2, and ATR spectra for the three electrolytes (in black).
Electrolytes all contained 0.1 m NaClO4 as conducting ions and under H saturation. The
spectra were subtracted with respect to the initial spectra collected at HOR potentials.
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Fig. 6-27 Deconvolution of three types of water from in situ SEIRAS for electrolytes
with intermediate water content. Deconvoluted peak areas of symmetric H-bonded water
(red), asymmetric H-bonded water (orange), and isolated water (grey) for (A) H2O:ACN =
1:2 and (C) H,O:DMSO = 1:2. Note that the y-axis has different scales. Relative peak
percentage of the three types of water for (B) H2O:ACN = 1:2 and (D) H.0:DMSO = 1:2.

6.4.3 Mechanistic discussion on the role of solvents

DMSO suppressed HER more significantly than ACN (Fig. 6-18), and we propose that it
is because the DMSO stabilized interfacial isolated water and less H-bonded water at HER-
relevant potentials, while ACN promoted symmetric H-bonded water. Firstly, we excluded
the sole poisoning effect (Session 6.4.1) of solvents, as ACN had more poisoning according
to lower ECSA while had less suppression on HER. Next, in situ SEIRAS on Pt showed

that ACN significantly suppressed isolated water signals and enhanced symmetric H-
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bonded water, while DMSO could still retain certain amount of isolated water and
asymmetric H-bonded water at HER regions (Fig. 6-25, Fig. 6-27). The possible
mechanism is that DMSO with a higher donor number has a stronger interaction with
isolated water molecules (Fig. 6-10), therefore stabilizing these water molecules at the
interface so that water molecules are prevented from aggregating and forming hydrogen
bonding among themselves (Fig. 6-28B). This is supported by the observation that there
was higher percentage of isolated water and asymmetric H-bonded water, and lower
percentage of symmetric H-bonded water than ACN-containing electrolytes (Fig. 6-23, Fig.
6-25, and Fig. 6-27). The reduced hydrogen bonding network could lead to lower PCET
kinetics and suppressed HER® for DMSO-containing electrolytes. In contrast, ACN has
a lower donor number and weaker interaction with individual water molecules, having a
minimal effect in disturbing the water hydrogen bonding network (Fig. 6-28A).
Consequently, water molecules are able to form higher degree of hydrogen bonding
networks among themselves at the interface, supported by the higher percentage of
symmetric H-bonded water in SEIRAS measurements (Fig. 6-23, Fig. 6-25, and Fig. 6-27).
The enhanced hydrogen bonding between water could facilitate PCET and HER® for

ACN-containing electrolytes.
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Fig. 6-28 Proposed physical picture of interfacial water structure during HER on Pt,
with the presence of (A) ACN and (B) DMSO solvent.

6.5 Conclusions

In this study, we systematically investigated HER kinetics of water-in-solvent electrolytes,
i.e. water confined in organic matrixes, including acetonitrile (ACN) and dimethyl
sulfoxide (DMSO) as two representatives. Ex situ FT-IR and NMR measurements showed
that water molecules became more isolated and had a larger pKa when decreasing the
water-to-organic ratio. FT-IR further revealed that lower-DN solvent like ACN had weaker
interactions with isolated water. RDE experiments on Pt electrodes showed that water
reduction shifted to a more negative potential when decreasing the water-to-organic ratio,
and the shifts in onset potentials were solvent-dependent - DMSO-containing electrolytes
suppressed HER and lowered the onset potential more significantly compared to ACN-
containing electrolytes. The more suppression effect on HER with DMSO cannot be solely
explained by solvent poisoning, as ECSA was found to be larger in DMSO-containing

electrolytes than ACN-containing ones, in opposite trends to HER kinetics. In situ SEIRAS
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instead revealed more isolated and asymmetric H-bonded water on Pt during HER in the
presence of DMSO, while more symmetric H-bonded water in the presence of ACN,
indicating that solvents altered interfacial water structures to tune HER. A mechanism was
proposed that the suppression effect of HER with DMSO was attributed to its stabilization
effect of isolated and weakly H-bonded water as a result of the high donor number of
DMSO and strong interaction with isolated water, while the enhancement effect of HER
with ACN was due to its low donor number and promotion of highly hydrogen-bonded
water. These findings highlight the opportunities in modulating interfacial hydrogen
bonding and HER Kkinetics through organic solvents with different donor numbers, which
could contribute to broader applications in the decarbonization of sustainable fuels and

chemical transformations, where HER and general PCET reactions play essential roles.

6.6 Material and Methods

Electrolyte preparation

The electrolyte was prepared from mixing organic solvents with Milli-Q water (18 MQecm)
and 0.1 molal (0.1 m = 0.1 mol/kg) NaClO4 (> 98.0%, Sigma-Aldrich). Organic solvents in
this work include acetonitrile (anhydrous, 99.8%, Sigma-Aldrich), dimethyl sulfoxide
(anhydrous, >=99.9%, Sigma-Aldrich), 1,2-dimethoxyethane, anhydrous (99.5%, Sigma-
Aldrich),  n,n-dimethylacetamide  (anhydrous, 99.8%, Sigma-Aldrich), n,n-
dimethylformamide (anhydrous, 99.8%, Sigma-Aldrich), diethylene glycol dimethyl ether
(anhydrous, 99.5%, Sigma-Aldrich), triethylene glycol dimethyl ether (99%, sigma-
aldrich), and tetrahydrofuran (anhydrous, >=99.9%, Sigma-Aldrich). The solvents were

dried with molecular sieves for 48 hr in the glovebox and kept inside to avoid moisture.

135


https://www.sigmaaldrich.com/catalog/product/aldrich/311421?lang=en&region=US

The residual water content in the electrolytes was measured by Karl Fischer titration and

was less than 10 ppm before use.

Reference electrodes

Organic reference electrodes were adopted to measure the electrolytes with low water
content (water-to-organics ratio < 1), and were regularly calibrated against ferrocene
redox?%"?®8 while an aqueous Ag/AgCl reference electrode was used to measure dilute
electrolytes. The organic reference electrodes consisted of a silver wire, and organic
solvent (ACN or DMSO) with 0.01 M AgNOs and 0.1 M NaClO4 (Fig. E-1A), using the

MW-1085 Non-Aqueous Reference Electrode Kit from BASI.

The reference electrode based on Ag/Ag* (in ACN and DMSO) were calibrated regularly
using ferrocene. The anodic and cathodic peak centers for ferrocene were averaged: for
instance of DMSO, E1» = 1/2 (Epat+Epc)= 0.162 V vs. Ag/0.01M Ag* (Fig. E-1B), which
corresponded to 0.624 V vs. SHE?"?%, Therefore, the potential of the Ag/0.01M Ag*
reference electrode in DMSO is 0.462 V vs. SHE. Similarly, ACN organic reference

electrodes were calibrated to 0.541 V vs. SHE.

Electrochemical characterization

All the electrochemical measurements were performed using Biologic SP-300 potentiostat
with a three-electrode electrochemical system. The working electrode was Pt rotating disk
electrode (RDE) (0.196 cm?yo, Pine instrument). Potentials were referenced to the organic

reference electrodes or an aqueous Ag/AgCl reference electrode (Session 6.4.2).
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The HER/HOR kinetics were examined by cyclic voltammetry (CV) at a scan rate of 50
mV/s under Ar or H saturation (ultra-high-grade purity, Airgas), where current density was
obtained base on geometric surface area of RDE (0.196 cm?) and iR corrected. The Kinetic
current densities of HOR were extracted from rotation rate dependent CV at 2500, 1600,
900, and 400 rpm, using the Koutechy-Levich equation®®’ for regions where ji/j. < 0.1 and

0.1 <jkljL<1.1%

NMR measurements
'H NMR was performed on a Bruker Avance Neo - 500 MHz nuclear magnetic resonance
(NMR) spectrometer. Coaxial inserts containing D2O were placed in NMR tubes that

contained electrolyte samples, so that the electrolytes of interest were not diluted by D-O.

In situ SEIRAS measurements

Pt nanostructured film (~50 nm thick) was prepared by electroless deposition?’22" on a Si
prism (radius 22 mm, Pier optics) as the working electrode. The prism was then mounted
to a three-electrode cell. The reference electrode was an agueous Ag/AgCl reference
electrode (for dilute electrolytes) or an organic reference electrode (for water-in-organic
solvents) (see Session 6.4.2). The counter electrode was a platinum wire. SEIRAS spectra
were collected on a FT-IR Vertex 70 (Bruker) FT-IR equipped with a MCT detector. The
optical path was fully filled with nitrogen gas. The spectra were acquired in the attentuated
total reflection (ATR) mode using a single-reflection ATR accessory (Pike Vee-Max I,

Pike Technologies) at an incident angle of 68 degrees. The spectral resolution was 4 cm™
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and the scan velocity was 7.5 kHz. Each spectrum was measured by superimposing 256
interferograms while applying potentiostatic potentials. H> was bubbled through the
electrolyte All spectra were presented in the form of absorbance according to log(lo/l),
where lo and | are the spectra of reference background and at the potentiostatic potential,

respectively.

Ex situ FT-IR measurements
For ex situ measurements on bulk electrolytes, the spectra were acquired in the ATR mode
using a germanium (Ge) prism (radius 22 mm, Pier optics) at an incident angle of 50

degrees. Spectral settings were the same as in situ measurements.

138



Chapter 7. Summary and Perspectives

7.1 Thesis summary

In summary, the interfacial (electro)chemical reaction mechanisms in the molecular level
and charge transfer kinetics at the electrified interfaces for energy storage and conversion
systems are explored in this thesis. Specifically, the following questions for Li-ion
batteries have been addressed: (1) what is the parasitic reaction on Ni-rich NMC positive
electrodes in Li-ion batteries that lead to their capacity fading and degradation (Chapter 2),
(2) how can we prevent the battery degradation through electrode and electrolyte
engineering leveraging physical chemistry (Chapter 3), (3) what governs the power density
and kinetic law for Li-ion batteries (Chapter 4). For the critical electrocatalytic reactions
in fuel cells, | addressed the following questions: (1) how does interfacial hydrogen
bonding enhance oxygen reduction reaction kinetics (Chapter 5), and (2) how can we tune

hydrogen evolution reaction kinetics through interfacial hydrogen bonding (Chapter 6).

In Chapter 2 and 3, | developed an in situ FT-IR method and revealed oxidative
dehydrogenation of carbonate solvents on composite NMC811 electrodes at voltages as
low as 3.8 Vi, in agreement with density functional theory (DFT) results. Dehydrogenation
reactions were accompanied with huge growth in the charge transfer impedance measured
from EIS, accounting for the capacity fading of Ni-rich positive electrodes. In order to
enhance the cyclability of Li-ion batteries, it is desired to prevent electrolyte
dehydrogenation. Leveraging the physical chemistry of electrodes, we demonstrated that
decreasing surface oxygen reactivity, such as decreasing Ni-content or adding Al>O3

coatings, could effectively mitigate carbonate dehydrogenation and enhance the cycling
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stability. Leveraging the physical chemistry of electrolytes, we showed that decreasing
carbonate activity by increasing salt concentrations, adding sacrificial additives, or
substituting with fluorinated solvents also prevented carbonate dehydrogenation and
improved capacity retention. These electrode—electrolyte combinations without
dehydrogenation further did not show significant impedance growth, in consistence with
their enhanced cycling stability. These findings provide principles for rational design of

long-living Li-ion batteries with Ni-rich positive electrodes.

In Chapter 4, we showed the current density of intercalation at each overpotential for
Li,CoO, and LiyNi,;3Co,,3Mn;,50, was proportional to the Li* vacancy concentration

(1 —x) . The unique experimental evidence supports the proposed microscopic
intercalation mechanism that the electron and Li* transfer in a concerted way, described by
the theory of coupled ion-electron transfer. The mechanism predicts that the rate-dependent
discharge capacity decreases linearly with increasing the discharge current under reaction-
limited conditions, a trend validated for eight electrode materials. The proposed mechanism
applies to a variety of intercalation materials, and governs the power density at low and

moderate rates.

In Chapter 5 and 6, we extended the in situ FTIR characterization of electrified interfaces
and kinetic studies to common electrocatalytic reactions, including ORR and HER, where
we especially focused on leveraging physical chemistry of liquid electrolytes and non-
covalent interactions to tune electrocatalytic activities. Protic ionic liquids as an interfacial

layer on platinum and gold could enhance the ORR activity by up to fivefold, exhibiting a
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volcano-shaped dependence on the pKa of the ionic liquid. In situ SEIRAS showed that the
enhanced ORR activity is attributed to strengthened hydrogen bonds between ORR
products and ionic liquids with comparable pKas, resulting in favourable PCET Kinetics.
HER of water confined in organic solvents was also found to strongly depend on the water
content and type of organic solvents — decreasing water content significantly shifted HER
onset to more negative overpotentials due to decreased hydrogen bonds between water.
High-donor-number solvents such as DMSO also significantly suppressed HER by
stabilizing isolated water and suppressing hydrogen-bonded water at the electrified
interface, supported by in situ SEIRAS. These findings highlight opportunities for using
non-covalent interactions and solvation environments at the electrified interface to tune the

kinetics of general electrocatalytic reactions involving PECT.

This thesis has laid the foundation for the design of next-generation Li-ion batteries with
higher energy density, higher power density, and better cyclability, as well as controllable
electrocatalysis for fuel cells and broader applications. We next discuss some outlook on

potential future directions following up this thesis work.

7.2 Perspectives

7.2.1 In situ FT-IR characterization of broader interfacial reactions

In Chapter 2 and 3, we successfully developed in situ FT-IR to probe the EEI formation on
positive electrodes. It is also promising to apply the method to broader reactions, the most
similar one being the solid-electrolyte interphase (SEI) on negative electrodes. The Fermi

level of negative electrode materials such as graphite is higher than the LUMO level of
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carbonate-based electrolytes, and therefore electrolytes are reduced on negative electrodes
to form SEI, which is electronically insulating but lithium-ion conducting to enable
reversible lithium intercalation. The chemical nature of SEI and its morphology directly
affect the negative electrode performance and battery cycle life.?2%:3% Although the well-
known mosaic model of SEI on lithium and graphite is well accepted, it has not been fully
experimentally established and fundamentally understood what and how organic and
inorganic species are formed on the surface, and how applied potential and cycling
influence SEI.?* Further, recent advances in fluorinated electrolytes enabling Li metal
anodes have shown much improved Columbic efficiencies (>99.5%) for Li metal
batteries, 30392 whereas it is unclear how fluorine affects SEI formation, lithium plating—
stripping kinetics, and Li morphology.3® It is essential to probe what and how surface
species are formed in SEI and their dynamic changes upon cycling to better understand
what determines the Coulombic efficiency, for which in situ techniques are required. Due
to the sensitive nature of FT-IR to organic functional groups® in battery electrolytes, in
situ FT-IR is promising to probe and reveal the chemical species and the dynamic changes
during SEI formation, facilitating the understanding and development of new anodes and
Li metal batteries. In addition, in situ SEIRAS has been widely used in electrocatalysis
research to probe the surface intermediates and reaction pathways such as CO; reduction®,
and it is promising to further apply it to complex reactions to reveal novel mechanisms,

such as electrochemical ammonia synthesis3%>3%,

7.2.2 lon transfer energetics during ion intercalation
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In Chapter 4, we have shown experimental and theoretical evidence that ion intercalation
occurs by coupled ion-electron transfer. While kinetics parameters including the current
density prefactor i and the surface adsorption energy w* have been extracted from
experimental results and they were found to be dependent on electrolytes and electrodes, it
is not understood how electrolyte and electrode properties quantitatively determine these
parameters. Specifically, i, depends on the ion transfer energy AE;;, for which it is unclear
its quantitative trend and how to estimate it accurately from material properties. To deepen
the understanding on AE,; and even w, future DFT calculations and molecular dynamics
(MD) simulations on the ion transfer process would help to quantify the terms and justify
better their dependency on electrodes and electrolytes. Further experimental investigations
on temperature-dependent measurements of Tafel plots would also be beneficial to quantify
the ion transfer term, which could be obtained from the Arrhenius plot based on activation

energies.

7.2.3 Solid-state batteries

Here | discuss the perspectives on potentially applying the methods and learning developed
from liquid electrolytes in this thesis to studies on solid-state electrolytes. While
conventional Li-ion batteries are based on liquid electrolytes, there is increasing interest
nowadays in solid-state electrolytes and all-solid-state batteries®®’, due to their non-
flammable nature, safety, and higher mechanical strength compared to liquid electrolytes®®®,
However, it has been challenging to incorporate these materials into high-performing

batteries, one of the problem being the interfacial resistance and interface instability.30%310

Current studies on interfacial stability and decomposition reactions of solid electrolytes are
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predominately based on ex situ characterizations such as XPS%°. While in situ FT-IR may
not be directly applied to probe the inorganic species at the solid-solid interface, its
complementary technique, in situ Raman spectroscopy, could be promising to capture the
interfacial reactions and decomposition of solid electrolytes. The laser beam could come
from the side of the battery and scatter off the solid electrolyte-electrode interface to probe
the species. Further, the kinetics of Li-ion intercalation through solid-solid interfaces is
largely unexplored. Similar Tafel kinetic analysis using the same experimental protocol
and CIET models is feasible upon designing a reference electrode for 3-electrode solid-
state cells. Alternatively, Li plating/stripping Kinetics at solid-solid interfaces could be
investigated in a Li-Li symmetric two-electrode cell and analyzed through the conventional

MHC model.

7.2.4 Non-covalent interactions in electrolyte design for general electrocatalytic reactions

Chapter 5 and Chapter 6 leverage the physical chemistry of liquids to tune the hydrogen
bonding at electrified interfaces and accordingly alter ORR and HER electrocatalytic
activities. The strategy to utilize non-covalent interactions in electrolyte design is
applicable to broader energy storage applications. For instance, in Chapter 6 we have found
that DMSO with a high donor number is able to suppress HER significantly; it is possible
that adding a small amount of DMSO to aqueous electrolytes could benefit CO> reduction
in improving the selectivity of carbon-related products, since HER is in competition with
COz reduction. Similarly, it may be beneficial to nitrogen reduction where HER is the
competitive reaction. Special cautions are needed though to prevent organics from

poisoning the catalysts severely. For aqueous batteries where a large electrochemical
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window is desired*®, confining water through non-covalent interactions is required, where
the understanding developed in this thesis could be applied to select candidate spectators.
For instance, it is possible that salt species with high donor numbers are good for enlarging
the electrochemical window of “water-in-salt” electrolytes. Opportunities also lie in
leveraging non-covalent interactions in electrolyte design in applications beyond
electrocatalysis and batteries, such as PCET reactions in chemical and biological

processes®!?,

7.3 Closing remarks

Going beyond trial-and-error experimental exploration of better and new materials, it is
essential to unravel the fundamentals behind the (electro)chemical processes, so that it is
possible to derive science-guided design principles based on physical descriptors. The
fundamental understanding would enable predictions of good material candidates and
rational design effectively. Further, recent advances in machine learning and deep learning
methods have motivated studies leveraging machine learning to accelerate material and
system designs, while it needs special caution that the learning should be based on physical
insights, where fundamental studies could be integrated and contribute to the high-

throughput studies.
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Appendix A: Supplementary Data for Chapter 2

Methods

Electrode preparation

The composite electrode for in situ FT-IR was composed of NMC (85 wt%, from Ecopro
and Umicore) as the active material, carbon black (5 wt % KS6 and 2 wt% Super P, both
from Timcal) as an electrically conductive carbon, and poly(vinylidene fluoride) (8 wt%,
PVDF, Kynar) as the binder. These materials were mixed thoroughly with N-
methylpyrrolidone (NMP, Aldrich) in a 1:15 mass ratio, using a planetary centrifugal mixer
(THINKY AR-100). The obtained slurry was drop-casted onto glassy fiber substrates
(Whatman 934-AH, 10 mm in diameter) and dried at 100 °C. Then the composite
composites were compressed at 0.5 T/cm? using a hydraulic press to improve electrical
conductivity. Finally the electrodes were completely dried at 120 °C under vacuum for 24h.
The active material loading was ~6.5 mg/cm?, but it is noted here that the effective loading
is smaller because some particles could permeate into the glassy fiber and not all of the

loading is on the top surface.

The positive electrode for EIS experiments was composed of 85 wt% of NMC, carbon
black (5 wt % KS6 and 2 wt% Super P, both from Timcal), and poly(vinylidene fluoride)
(8 wt%, PVDF, Kynar. The mesh reference electrode was also composed of 80 wt% of
LisTisO12 (Itasco, >99.5 %), 10 wt% of acetylene black (C-55, Chevron) and 10 wt% of
PVDF. These materials were mixed together and thoroughly agitated in NMP. The
obtained slurry was applied with a blade applicator onto aluminum foil (for NMC, 16 um

thickness) or 316 stainless-steel mesh (for LisTisO12, 325x325 mesh, opening size 0.0017”),
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and resulting sheet/mesh were dried at 70 °C. Next, each electrode was punched with a 1/2
inch diameter (1.27 cmg) for NMC and 18 mm diameter for LisTisO1. mesh reference. The
NMC composite were compressed at 6.3 T/cm? using a hydraulic press. All of the
electrodes were further dried in vacuum at 120 °C prior to cell assembling. The active
material loading was ~2.7 mg/cm? for NMC and ~1 mg/cm? for LisTisO12 respectively.
Particle size of NMC111, NMC622 and NMC811 was examined with a scanning electron
microscope (JEOL 5910, with secondary electron detector at accelerating voltage of 15 kV)

and shown in Figure S23 (d = 5~10 um).

In this study, the electrolytes include 1 M LiPFs in a 3:7 wt:wt ethylene carbonate (EC):
ethyl methyl carbonate (EMC) (LP57, battery-grade, BASF), 1.5 M LiPFs (>99.99%,
battery-grade, Aldrich) in EC (battery-grade, BASF), and 1 M LiPFs in EMC (battery-
grade, BASF). For LiPFe / EC electrolyte, the salt concentration was 1.5 M rather than 1
M so that the electrolyte was in liquid phase at room temperature. The electrolytes (except
for LP57) were prepared by simple mixing of LiPFs and EC or EMC in the glove box. The
residual water content in the electrolytes was measured by Karl Fischer titration and was

less than 20 ppm.

Electrochemistry tests

After assembly, the cell was first rested for 6 hours. Next, galvanostatic charge were
performed using BCS-COM (Biologic) and VMP3 (Biologic). Electrochemical behavior
of the electrodes in the in situ FT-IR cell was confirmed by galvanostatic measurements

above (27.5 mA/g). The actual or effective loading which could be charged might be
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smaller than measured: during electrode preparation (dropcasting) some particles could
permeate through the glassy fiber substrate and stay on the other side of the substrate, and
they may not be charged actually. Fig. A-3 summarizes the charging time to reach 4.8 Vi
during the first cycle for different electrode-electrolyte combinations in this paper, which
shows comparable SOCs (8.2 hours on average with same charging rate at 27.5 mA/g,
variance within 20%, so the SOC reaches around 82%). For the measurements without
oxides, sputtered Pt was the positive electrode and linear sweep voltammetry was

performed.

EIS was measured using a three-electrode cell. The three-electrode cell was assembled in
an argon-filled glove box with a Li metal foil (15 mm¢), 2 pieces of Celgard 2325 (19 mm¢)
as the separators, LisTisO12 mesh reference electrode (18 mm¢), 2 pieces of Celgard 2325
(19 mm¢) again, and NMC composite electrode (1/2 inchg) from bottom to top, where a
mesh LisTisO12 reference electrode was placed between positive and negative electrode
with two separators. Detail cell configuration can be found in previous paper.3* 200 pL of
electrolyte was added to the cell. For the test with 1.5 M LiPF¢/EC solution, 1 piece of
Whatman GF/A (19 mmg¢, dried at 150 °C in vacuum overnight prior to use) was used as
separator instead of 2 pieces of Celgard 2325 due to wettability problem. Mesh reference
electrode was used to avoid inhomogeneous electric field during EIS measurement, which
is known to cause artifactual EIS response (ex. “spiral” behavior on Nyquist plots with Li
rod reference electrode).31312315  Galvanostatic and potentiostatic charge and EIS tests
were performed using VMP3 (potentiostat with frequency response analyzer, Biologic)

with thermally equilibrated by thermostat chamber (SU-241, Espec) at 25 °C. After cell
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assembly, LisTisO12 mesh reference electrode was electrochemically lithiated (negatively
polarized at constant current of 500 pA against Li metal counter electrode with cut-off
voltage of 1.3 V1) and got stable reference electrode potential at 1.56 V(i.3'* Then NMC
working electrode was charged with different end-of-charge potential (3.9-4.6 Vi) at 27.5
mA/g (0.1C rate based on theoretical capacity of 275 mAh/g, which corresponds to full
lithium deintercalation: LiNixMnyCo1xyO2 — Li* + € + NixMnyCo1xyO2, 27.5 mA/g
corresponds to ~70 pA/cm? for average loading density of ~2.7 mg/cm?), hold end-of-
charge potential for 1 hour, and relax for 1 hour. After relax, EIS measurements were
carried out at open circuit potential with 10 mV amplitude and frequency range from ~10-
! to 108 Hz. Obtained EIS data (excluded very high frequency region > 100 kHz if needed)

were analyzed using ZView2 (Scribner).
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Supplementary figures for Chapter 2
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Fig. A-1 CV on Ptand in situ FT-IR difference spectra on Pt. (A) CV and (B) difference
spectra for EC with 1.5 M LiPFe on a Pt electrode. (C) CV and (D) difference spectra for
EMC with 1 M LiPFe on a Pt electrode.
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Fig. A-2 In-situ FTIR spectra on NMC811 surface during charging in 1.5 M LiPFe /
EC from OCV (3.3 Vi) to 4.8 VLi. In situ cell was galvanostatically charged at 27.5 mA/g.
(A) Voltage profile during NMC811 charging in 1.5 M LiPFs / EC, with voltage up to 4.8
VLii. (B) In-situ FTIR difference spectra for C=0 stretching region (in red) on NMC811
surface during charging in 1.5 M LiPFs / EC electrolyte, and ATR spectra for 1.5 M LiPFs
in EC and 1.5 M LiPFg in EC/VC (1:1) electrolyte solution (in black). (C) Peak ratio of



VC to EC, which continues to increase during charging. (D) DFT computed spectra for
EC-derived oligomers with EC-like rings intact (C=0 stretching region).
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Fig. A-3 Summary of charging time to reach 4.8 Vi during first cycle for in situ cells.
The electrode loadings were all around 6.5 mg/cm?, with areas all 78.5 mm? (10 mm in
diameter). In situ FT-IR cells were galvanostatically charged at 27.5 mA/g, with voltage
cutoffs all 4.8 V. 10 hours of charging corresponds to 100% SOC (based on charge
capacity of 275 mAh/qg).
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Appendix B: Supplementary Data for Chapter 3

Intensity (a.u.)

Fig. B-1 In-situ FTIR difference spectra (C=0 stretching region) on NMC811 surface
during (A) charging to 4.4 Vi, (B) potentiostatic holding at 4.4 Vi, and (C) resting at
OCV in LP57 with 1 wt% DPC. NMCB811 was galvanostatically charged to 4.4
Vi, potentiostatically holding at 4.4 Vyj, and resting at OCV, in LP57 with 1 wt% DPC,
with the in situ FTIR cell, at a current of 27.5 mA g~'. (D) The ATR spectra of LP57
electrolyte, LP57 electrolyte with 10% DPC additive, DRIFT spectra of DPC and in situ
IR spectra of NMCB811 electrode charged to 4.6 Vi without DPC additive (LP57
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electrolyte only) were added as references.
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Appendix C: Supplementary Data for Chapter 4

Supplementary notes

Supplementary Note 1. Electronic and ionic aspects of the theory

The electronic part of the theory, which was based on the celebrated Marcus theory,
predicts the existence of reaction-limited current at large values of the applied overpotential
n, but it is the novel coupling with the ionic part that explains how the limiting current
changes as a function of Li* fractional concentration x in the intercalation material. The
introduced ion intercalation mechanism connects the current density i and/or the voltage

with the microscopic physics of the process and the materials used.

First, the electron transfer part allows for the description of: (i) the nature of the electron
donor through its electronic density of states p(e) and (ii) the reorganization energy A of
the intercalation material. The value of A includes all the contributions from the long-
(electrostatic) and short-range (phonon-e~ coupling) interactions of the electrons with the
intercalation medium. Therefore, the dielectric permittivity &, as well as the phonon

density of states are reflected in A.

Second, the ion transfer part allows for the description of: (i) configurational entropy of
intercalated ions; (ii) ion-interface interactions; (iii) (de-)solvation of ions from the
electrolyte (from)into the intercalation material. Configurational entropy leads to excluded
volume interactions in the transition state, which requires an ionic vacancy for the reaction
to proceed and contributes a rate pre-factor (1-x). lon-interface interactions determine the

probability of finding an ion in the proximity of the interface, and includes the effects from
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the formed double layers, as well as long-range interaction of the solvated ions with the
atoms of the interface. These effects are described through e~®TAEir/keT \which is
included in the current density prefactor i.. AE, corresponds to the energy barrier required
for moving an ion nearby the intercalation material interface in order to initiate ion
insertion®®, The w, term describes the effects of dielectric mismatch between the

electrolyte and the intercalation material.

Finally, the coupling between the ion and electron transfer introduces the short-range
interaction between the ions and electrons when they are inside the intercalation material.
Although several material parameters are included in the model, most of them are lumped
in the current density prefactor i leading to only two three model parameters, e.g. , iy,

and w,.

The expanded full formula for Eq. 1 in the main text is

- l;(;;;) f [c+ ne(S)exp[ —(A:Z_TE) ] -X (1 - ne(s))exp [_ %” p(e)de (Eq. S1)

where &, = —— (Eq. 4)

if = (ekoHpy/hvy)e @rAEr/ksT — (Eq. S2)
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The expanded formula for the asymptotic approximation Eq. 5 is

A/kBT—\/1+‘//1/kBT+<%+ln(E7+))2

2/2/kpT

imx,é)~=ir(1— x)( e_f" - ad z+))) erfc

C+ en
+ln(—) —(—+ln(—
1+ekBT x 1+e kBT x

(Eq. S3)

where ¢ is the molar concentration of the Li* in the bulk electrolyte; n, =n +
“in (%) + i R (Eq. 3); ne(e) = 1/(1+ e*/%sT) is the Fermi distribution; p(e) is the

electronic density of states (band structure) of the electrode.

Supplementary Note 2. Exchange current density

The exchange current density is defined for any electrochemical kinetics model when the
overpotential tends to zero'®3Y7. Following the uniformly valid approximation as

described in Eq. S3, the approximate form of the exchange current density reads,

r,’{ 2 en E+ Z—I
i Lm S it (1 — & kpT 1+\IkBT'<kBT'1“(7))
o = lim="" =limi; (1 -x) | —% 75 & erfc =
1n—-0 n 1n-0 1+ek37+ (7> 5 N
A |4 4 (&
¢ kpT \/1+ kBT+ln (x)
=i (1= ( +)rfc Eq. 4
b (1= xx x+c,)C 3 (Eq. S4)
kgT

which shows that increasing A decreases the resulting exchange current density of the
material. Additionally, the form demonstrates the asymmetric exchange current density
with respect to x, resulting in the autocatalytic phenomenon that leads to suppression of

phase separation in open-driven systems 81318,
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Supplementary Note 3. Bayesian model selection

We made statistical comparison of the different models by computing the Bayesian
information criterion (BIC) for each model. BIC is an asymptotic approximation to the
negative natural logarithm of the Bayesian posterior probability of a model 3!°, and it
compares models with different numbers of fitting parameters to determine the relative
likelihood that a certain model describes the observed data.®?° The observed data is usually
a deviation between the model-predicted current density and the experimentally-measured
current density under the same overpotentials. Here in Tafel plots, we assume that these
errors are normally distributed on the log-scale, such that as the magnitude of the current
increases, so does the magnitude of the error.3? If k is the number of parameters in the
model, N is the number of data points, and 0" are the best fit parameters for a model (8" €
RY), the residuals for a given model m (em € RN) are therefore defined as the difference of
the log of the current:
en(0%) = 10810 (ipredictea(; 6")) = 10810 (imeasurea(m))  (EQ. S5)

Where imeasurea aNd ipregictea € RN are the vector of experimentally-measured current
densities and model-predicted current densities using the set of fitting parameters 6*,

respectively, at the corresponding experimental overpotentials, n € RN,

Under the assumption that the model residuals are independent and identically distributed
(I.I1.D.) according to a normal distribution (Gaussian distribution with zero mean, as
verified in Fig. C-16A), and that the sample size N is much larger than the number of

parameters k. BIC for model m becomes
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BIC =N In(Var(e,)) + kInN (Eqg. S6)

BIC penalizes the complexity of the model where complexity refers to the number of
parameters in the model. The most likely model will therefore have the lowest (most
negative) BIC which corresponds to the largest Bayesian posterior probability, while
models with larger BIC either fail to fit the experimental data (large Var(e,,)) or overfit

the data with too many parameters (large k).

Here we examined and compared 5 different models on datasets of LCO and NMC111 (Fig.
C-16): BV, BV+film, BV+film with fixed 0=0.5, and CIET with and without film

resistance. For BV kinetics described as

—a-5 (1-a)
e

i = io[e kpT —

£n

“s]  (Eq. S7)
the fitting parameter is i, (assuming «=0.5), and the total number of parameters for n Tafel

curves is n.

For BV+film described as

e(n+inilm) e(n+inilm)

i=igfe® ®T —e" YT ®T | (Eq.S8)
the fitting parameters are iy, a, and R¢;;,,,, and therefore the number of parameters is 3n. If

assuming a=0.5, the number of parameters is 2n.
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For CIET (without film resistance), the number of parameters is 3 when 4, i), and w* are
independent on x. For cases with film resistances or with varied w*, all additional number

of parameters will be counted in.

Supplementary Note 4. Marcus outer sphere reorganization energy

Marcus outer sphere reorganization energy 1’15317 is the Born energy to create a sphere
of charge near an electrode, as well as its image at distance 2d, minus the attraction energy

between the ion and its image, described by the following relation

2= L(L_L) (L_i) (Eq. 59)
8megkpT \ay  2d/ \&,p &
where ¢, is the permittivity of free space, a, the effective radius of the reactant, d the
distance from the center of the reactant to the surface of the electrode, ¢,, the optical
dielectric constant and &, the static dielectric constant. For LiCoO,, we use the length of

Co-O bond as the radius a,, which is roughly 0.19 nm %. We use the dielectric

permittivities from ab-initio calculations®?, e, = 13.02 and gop = 8.1, for the static and
optical values, respectively. Additionally, we assume d = a,.}"> We get 1 = 3.44 kgT =

88.4 meV for LiCo0O,.

Supplementary Note 5. Estimation of the AE;+ term in i based on electrostatics

The prefactor i; can be approximated as iy = (ekoH3,/hvy)e~ur4Er/keT (Eq. S2),
which is related to AE;;, the energy required to move the ion from the oxidized state when
it is adsorbed at the interface in the liquid electrolyte, to the position it will occupy. 4E;;

is split into two contributions 8% 1) the energy to separate the electron and ion pairs, which
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can be estimated by the electrostatic interaction between the ion and the electron Ec, 2) the

energy to move the ion between two dielectric media from liquid to solid AGi-s.

Ec is estimated as the Coulomb potential 8

E, =—< (Eq. $10)

4TTEYEST

where g, and &, are the permittivities of vacuum and the solid, and r the distance between
the localized electron (transition metal) and Li* in the solid electrode. Screened Coulomb

potential may also apply in some cases, but here we only use Eqg. S10 as a rough estimation.

AGss is estimated in the following form

BGrs =5 [(-7) +3; EDEE+ 2] (Ea.S1)

8megay; \& & 2 “egte” tesdg
where a;; stands for the Li-ion radius, ¢; is the permittivity of the liquid, dg and d, are the

distances from the Li-ion to the interface in solid and liquid, respectively.

To summarize, we have the formula for AE;; below:

62

2 1 1 1 &— i i
AEr = Ec + AG = (- 2) EDCE ] (B S12)

ATEgEsT  8MEpAp; \& & 2 “este” Nesd

Now we use Eq. S12 to justify the difference of iy between LCO and LFP. The constants
are g, = 8.854x 1072 F/m, a;; = 76 X 10712m. For LCO in EMC/EC/1 M LiClO,
using the following values (g5 = 13.02, &, = 22.8,7 = 2.87 x 1071%m) we get E. ;¢ =
0.233 eV, AGy,51co = 0.234 eV, and AE;r ;o = 0.467 eV. For LFP in EMC/EC/1 M

LiCIO4, plugging in the known values (s, = 11.58, &, = 22.8,r = 3.32 X 1071%m) we get
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EC,LFP = 0227 eV, AGl—’S,LFP = 0301 eV, and AEIT,LFP = 0528 eV Wthh |S 006 eV
higher than LCO. The ratio of i, from these estimations is therefore (assuming a;; = 1,
and H3, and v, are not changing among materials)

o —ajTAE kgT —AE kgT
irpco _ e MT IT,LCO/KB e AEIT,LCO/kB

~ =11 Eqg. S13
ipp e UTAEITLFP/KBT — =AEIT,LFp/KBT (Eq )

Experimentally the ratio of i; between LCO and LFP is 40 from the Tafel kinetic

measurements, which could be qualitatively explained by the larger AE;; for LFP.

The formula (Eq. S12), however, fails to capture the electrolyte dependency of i. Future

studies from first-principle calculations or molecular dynamic simulations with explicit

chemical structures will be needed to understand and better estimate the value of AE, .

Supplementary Note 6. Non-linear region in rate capability plot

In the rate capability measurement (Fig. 4-5), some experimental points deviated from the
linear trend at large applied currents and followed an exponential decrease. The linear
region has been discussed in the main text based on CIET. Here we use many-particle PET
simulation to provide physical origin to the exponential region, which is related to

inhomogeneous particle size distribution and mixed contributions to overpotentials.

Using many-particle simulations with a constant macroscopic applied current i, we observe
similar linear and exponential regions in the rate capability behavior (Fig. C-31). Ata small
applied current i/i;=0.02 (Fig. C-31B), the smallest particle takes up the current and gets

lithiated first due to high area-to-volume ratio until fully lithiated. The smallest particle
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mostly determines the overpotential and hits the cutoff voltage. At a high applied current
i/i;=0.83 (Fig. C-31C), however, all particles start to lithiate at the same time and
contribute to overpotentials. The overpotential and cutoff voltage are a mixed results of all

particles of different sizes, and the maximum capacity diverges from the linear trend.
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Supplementary tables for Chapter 4

Table C-1. Exchange current densities measured in literature. Current density is with
respect to the specific surface area of oxides unless otherwise specified.

Electrode material

Electrolyte

Exchange current
density

Reference

Li,CoO, thin film from
pulsed laser deposition

1 M LiCIO, in EC:DEC 1:1

0.1-0.17 uAlcm?

Reference 32

LiCoO, powders

1 M LiPF¢ in EC:DMC 1:1

0.0094 mA/cm?

Reference 322

Li,CoO, thin film from RF
sputtering

1 M LiCIO, in EC:DEC 1:1

0.01-0.03 mA/cm?

Reference 32

Li,CoO, powders

1 M LiPF4 in EC:DEC 1:1

0.01-0.04 mA/cm?

Reference 2%

Li,CoO, powders

1 M LiPF4 in EC: DEC 1:1

0.05-0.1 mA/cm?

Reference 323

Li,CoO, powders

0.2-1 mM LiCIO, in PC

0.3-2.5 MA/CME, .09

Reference 324

Liy,Co00O, powders

1 M LiPF4 in EC:PC 1:1, viv

2
1.83 MA/CM{ g0y

Reference 325

Li,CoO, powders

1 M LiPF4 in EC.EMC:DMC 1:1:1,
viv

2-5 MA/CM{ .09

Reference 32

Li,CoO, powders

Unknown

8-10 mA/cm?

Reference 3%

Li,CoO, powders

1 M LiCIO, in EC:EMC 3:7

0.03-0.07 mA/cm?

This work

Li,CoO, powders

1 M LiPF4 in EC:EMC 3:7

0.007-0.02 mA/cm?

This work

LixNi1/3C01/3 Mn1/302
single particle

1 M LiPF4 in EC:DMC 1:1

0.002-0.3 mA/cm?

Reference 20t

LixNi1/3C01/3 Mn1/302
powders

1 M LiPF4 in DMC

0.01-2 mA/cm?

Reference 327

Li,Ni; 3Co,/3Mn; 130, Unknown 0.054 mA/cm? Reference 328
powders
Li,Ni; ;3Co,/3Mn; 30, 1 M LiPFg in EC:EMC:DMC 1:1:1, | 8-16 mA/cm? Reference *°

powders

viv

Li,Ni;/3Coy/3Mn, /50, 1 M LiCIO, in EC:EMC 3:7 0.02-0.05 mA/cm? This work
powders
LiyNi;/5Coq/5Mny /50, 1 M LiPF4 in EC:EMC 3:7 0.005-0.012 mA/cm? This work

powders
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Table C-2. Exchange current densities i, used in literature modelling

Electrode Electrolyte Exchange current density Reference

Liy sCo0, 1 M LiPF¢ in 0.8142 mA/cm? Reference 32°
EC/PC/EMC/DEC

Liy sCo0, 1 M LiPF¢ in 10.028 mA/cm? Reference 3%
EC/PC/EMC/DEC

Liy sCoO, 1 M LiPFg in 50.2 mA/cm? Reference 3%
EC/PC/EMC/DEC

LiysCoO, 1 M LiPF, in EC/DMC 1:2 | 100.93 mA/cm? Reference 3%

Li, sCoO, 1 M LiPFg in ~350 mA/cm? Reference 3%
EC/PC/EMC/DEC

LiysCoO, 1 M LiPF in 380.6 mA/cm? Reference 3%
EC/PC/EMC/DEC

Lig.sNi;/3C0o1/3Mn; 30, 1 M LiPF¢ in EC/DEC 1:11 | 8 mA/cm? Reference 3%

LigsNi;/3C0;/3Mn, 50, 1 M LiPF¢ in EC:DEC 1:1 44.8 mA/cm? Reference 3%

LigsNiy/3C0q/5Mny /50,

1 M LiPF4 in EC/PC/DMC

~56000 mA/cm?

Reference 3%
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Table C-3. Electrode information for electrochemical response tests in Fig. 4-2, Fig. 4-4,

Fig. C-7, Figs. 4-17 to 4-22, and Fig. C-26.

Loading of Electrode Real
Materials | Electrolyte active geometric surface
material (mg) | area (cm?) | area (cm?)
LCO 1 M LIiClO4 in EMC:EC 7:3 1.67 1.27 1.4
LCO 1 M LiPFs in EMC:EC 7:3 1.11 1.27 4.9
LCO 1 M LiPFg in EMC 2.19 1.27 9.7
LCO 2 M LiPFs in EMC:EC 7:3 1.03 1.27 4.5
LCO 0.1 M LiPFs in EMC:EC 7:3 1.07 1.27 4.7
LCO 0.02 M LiPFs in EMC:EC 7:3 1.02 1.27 4.5
1 M LiClO4 in EMC:EC 7:3
LCO (temperature dependent 2.10 1.27 9.2
measurement)
NMC111 | 1 M LiClO4 in EMC:EC 7:3 2.03 1.27 7.9
NMC111 | 1 M LiPFs in EMC:EC 7:3 1.96 1.27 7.6
NMC811 | 1 M LiClO4 in EMC:EC 7:3 0.82 1.27 2.8
LFP 1 M LiClO4 in EMC:EC 7:3 1.24 1.27 145
Graphite | 1 M LiClO4 in EMC:EC 7:3 1.87 1.27 69

Table C-4. Measured reorganization energy and calculated Marcus outer sphere
reorganization energy according to Supplementary Note 2. Available dielectric data from
literature for NMC111 was not found.

Materials LCO NMC111 NMC811 LFP Graphite
Eop 8.1 6.57 4.74 5
(for LiNiO2)
& 13.02 14.56 11.85 8.9
(for LiNiO2)
aq and d (nm) 0.19 0.2 0.21 0.14
(for LiNiO2)
A calculated from Marcus outer sphere 35 5.84 8.43 8.76
reorganization energy ( kgT)
A calculated from Marcus outer sphere 90 150.2 216 225
reorganization energy (meV)
A measured (meV) 104 116 124 147 184
Reference 321 338,339 340 341
Table C-5. Electrode information for rate capability tests in Fig. 4-5
Materials Graphite | LCO LMO LTO NCA NMC532 | NMC111 | LFP
Loading of active 1.04 1.6 1.12 1.36 2.16 1.28 0.8 0.88
material (mQg)
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Electrode geometric | 1.27 1.27 1.27 1.27 1.27 1.27 1.27 1.27
area (cm?)

Real surface area 38.48 6.4 7.84 81.6 10.8 3.84 24 103
(cm?)

Porosity 79.20% | 54.80% | 84.70% | 76.70% | 60.60% | 80.40% | 87.70% | 83.80%
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Supplementary figures for Chapter 4
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Fig. C-1. Current response for LixCoO2 during potentiostatic discharging
(intercalation) within the first 50 ms, for three representative overpotentials (left:
en/kgT = —1.0, middle: en/kgT = —2.0, right: en/kgT = —5.0). Note that the y-
axis have different scales. Electrolyte is EMC:EC (7:3) with 1 M LiClO4. Loading of
Li,CoO, in the positive electrode is 1.32 mg/cm?geo.
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Fig. C-2. Current response for LixCoO2 during potentiostatic charging
(deintercalation) within the first 50 ms, for three representative overpotentials (left:
en/kgT = +1.1, middle: en/kgT = +2.1, right: en/kgT = +5.0). Note that the y-
axis have different scales. Electrolyte is EMC:EC (7:3) with 1 M LiClO4. Loading of
Li,CoO, in the positive electrode is 1.32 mg/cm?ge.
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Fig. C-3. Voltage profile, open circuit voltage (OCV), and x values for Li,Co0O,. (A)
Typical charging profile at ~28 mA/g (black line), and cutoff voltage (red marks) for later
kinetic measurements. Open circuit voltage during concentration-dependent current-
voltage response measurements for (B) intercalation and (C) de-intercalation at x = 0.5 to
0.8. V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8. Values of x for Li,CoO, when the
reported current was collected, for (D) intercalation and (E) de-intercalation. The timescale
for which the currents were taken is smaller than 0.5 s, and the change in x during this time
is negligible with Ax < 0.0001. Electrolyte is EMC:EC (7:3) with 1 M LiClOa.
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Fig. C-4. Diffusion limiting current iy, = DFc,..s/L, wWhere L is a characteristic
length, D is the Li* diffusivity in the solid or liquid phase, and c,s is the
characteristic concentration. (A) Limiting current (blue line) for a solid LiCoO,, particle
of radius L ~5x 107 m as a function of the intercalated Li ions, and Cref IS the
maximum concentration of Li* in the solid. The x-dependent diffusivity is taken
from literature 342, Experimental current densities at around |en/kgT| =6 in EMC:EC (7:3)
with 1 M LiClO4 or LiPFe are marked in blue circles. (B) Limiting current for LiPF¢ liquid
electrolyte in EMC:EC (7:3) as a function of the salt concentration c. The concentration-
dependent diffusivity is taken from literature 216, while the distance between the positive

and negative electrodes is L ~ 5 x 107> m.
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Fig. C-5. Comparison of the overpotentials and kinetics of LiosCoO, and Li.
Overpotentials of positive electrode LiosCoO, and negative electrode Li in a same cell
during (A) intercalation and (B) deintercalation. At each voltage step, the current on
LiosCoO , and Li are the same magnitude, while LiosCoO , experiences more
overpotentials than Li. (C) Kinetics LiosC00, and Li. Li has faster kinetics than Lio.sC0o0O,,
and therefore is not the rate limiting electrode. Electrolyte is EMC:EC (7:3) with 1 M
LiClOa4. Loading of Li,CoO, in the positive electrode is 1.32 mg/cmZeo. The current
density is calculated by the oxide surface area for the porous LiosCoO, electrode (7.348
cmZoxige) and the by the geometric surface area for the planar Li electrode (1.767 cm?Zpianar).
All overpotentials have been iR corrected.
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Fig. C-6. EIS for Liy5C00,. The high-frequency semicircle ends at around 50 Hz, and
the timescale for charge transfer is 1/50 = 0.02 s. Current values at around 20 ms in Fig. C-
1 and C-2 were taken as the current responses for the corresponding overpotentials.
Electrolytes are EMC:EC (7:3) with 1 M LiClOs. Loading of Li,CoO, in the positive
electrode is 1.32 mg/cm?geo.
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Fig. C-7. Experimental Tafel plots and CIET fitting for LiysCoO, measured in in
three electrolytes with different salts or solvents, including EMC:EC (7:3) with 1 M
LiClO4, EMC:EC (7:3) with 1 M LiPFs, and EMC-only electrolytes with 1 M LiPFs. LCO
loadings are 1-2 MQactive/CM?geo (Table C-3).
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Fig. C-8. Fitting experimental Tafel plots with Bulter-Volmer (BV) kinetics for
Li,Co0O,. (A) Experimental results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for
x=0.8) and Bulter-Volmer fittings (lines) with &« = 0.5. (B) Fitted exchange current
density from Bulter-Volmer kinetics. Electrolytes are EMC:EC (7:3) with 1 M LiClO4

(filled symbols) or LiPFs (open symbols).
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Fig. C-9. Fitting experimental Tafel plots with BV kinetics for NMC111. (A)
Experimental results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8) and BV
fittings (lines) with &« = 0.5. (B) Fitted exchange current density from BV Kinetics.
Electrolytes are EMC:EC (7:3) with 1 M LiClO4 (filled symbols) or LiPFs (open symbols).
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Fig. C-10. Fitting experimental Tafel plots with BV plus film resistance for Li,CoO,.
(A) Experimental results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8) and
fittings (lines). Fitted exchange current density (B), a (C), and film resistance (D) from the
BV + film model. Electrolytes are EMC:EC (7:3) with 1 M LiClO4 (filled symbols) or
LiPFs (open symbols). It is noted that the film resistance varies with x so as to fit the
experiments.
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Fig. C-11. Fitting experimental Tafel plots with BV plus film resistance for NMC111.
(A) Experimental results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8) and
fitting (lines). Fitted exchange current density (B), a (C), and film resistance (D) from the
BV + film model. Electrolytes are EMC:EC (7:3) with 1 M LiClO4 (filled symbols) or
LiPFs (open symbols).
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Fig. C-12. Fitting experimental Tafel plots with MHC kinetics. (A) Experimental
results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8) for Li,CoO, and MHC
fittings (lines). Fitted exchange current density (B) and reorganization energy (C) from
MHC kinetics. Electrolytes are EMC:EC (7:3) with 1 M LiClOg (filled symbols) or LiPFs
(open symbols).
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Fig. C-13. Fitting experimental Tafel plots with MHC Kinetics. (A) Experimental
results (points, V for x=0.5; o for x=0.6; o for x=0.7; A for x=0.8) for NMC111 and MHC
fittings (lines). Fitted exchange current density (B) and reorganization energy (C) from
MHC Kinetics. Electrolytes are EMC:EC (7:3) with 1 M LiClOg (filled symbols) or LiPFs
(open symbols).
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Fig. C-14. Goodness of fit for the CIET fittings in Fig. 4-2, Figs. C-17, C-18, and C-
21. Goodness of fit is examined by the ratio of experimental current densities and the best-
fitted current densities from CIET. Color codes follow those in Fig. 4-4D. Electrolytes are
EMC:EC (7:3) with 1 M LiClO4 unless specified otherwise. (A) Average values of
i/ipest fir TOr all data sets and overpotentials, where standard deviations are all within 0.11
for each group. The total standard deviation for all experiments is 0.078. (B) Average
values of i/ipes; sir for only |en/kgT| > 2 to eliminate errors at small overpotentials
below thermal fluctuations, where the small value of current densities amplifies errors in
the ratio. Standard deviations are all within 0.075 for each group. The total standard
deviation for all experiments is 0.055.
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Fig. C-15. BV plus film resistance fitting for Li o5 CoO , at three different
temperatures. (A) Experimental results (points) and fittings (lines). Fitted exchange
current density (B), a (C), and film resistance (D) from the BV + film model. Electrolytes
are EMC:EC (7:3) with 1 M LiCIOa4. It is noted that the film resistance varies with the
temperature so as to fit the experiments.
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Fig. C-16. Distribution of CIET fitting errors and computed BIC for multiple models.
(A) Distribution of CIET fitting errors e,,, defined as the difference of log currents in Eq.
S5. Data set is all the data for LCO and NMC111 presented in Fig. 4-2. e, follows a
Gaussian distribution with mean around zero and standard deviation of 0.042. (B)
Computed BIC for each of the data sets presented for LCO and NMC111 in Fig. 4-2,
comparing the different models (BV, BV + film resistance, BV + film resistance with fixed
a = 0.5, and CIET with/without film resistance), for the entire overpotential range. A lower
(more negative) BIC corresponds to a higher model veracity. CIET has the lowest BIC
values and is considerably better, especially without film resistance.
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Fig. C-17. Experimental Tafel plots and fitted CIET parameters for
LiyNiggCo0g1Mng10,. (A) Experimental results (o for x=0.6; o for x=0.7; A for x=0.8).
(B) iy, (C) reorganization energy A, and (D) energy of Li* surface adsorption w fitted
from CIET kinetics. (E) exchange current density from CIET kinetics. Electrolytes are
EMC:EC (7:3) with 1 M LiClO4. Loading of LiyNiggC0g1Mngy10, in the positive
electrode is 0.65 mg/cm?geo.
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Fig. C-18. Experimental Tafel plots and fitted CIET parameters for Li,FePO,, where
fitting was performed with considering surface coating R... (A) Typical charging profile
at ~17 mA/g. (B) Experimental results (¢ for x=0.4, m for x=0.6 and A for x=0.8). Shaded
areas correspond to phase separation region (i < 10~*mA/cm?uxige) 343344, and regions
where solid solution phase is preferred (white, i > 2 x 1073 mA/cm2oxige) 3433%. In
between is a quasi-solid solution phase 34334 Fitted parameters including (C) i}, (D)
reorganization energy A, (E) energy of Li* surface adsorption w, and (F) ionic resistance
of surface coating R.. The grey straight lines indicate the average values for the fitting
parameters which are regarded as unchanged across X. (G) Exchange current density
extracted from CIET Kinetics. Electrolytes are EMC:EC (7:3) with 1 M LiClOa4. Loading
of Li,FePO, in the positive electrode is 0.98 mg/cm?Zyeo.

205



A oo, B 200
; Li,FePO,
without considering
’E; surface coating) 160 L
NEO % » - -
S 107 | . é
E . . ~ 120}
bl
80 |-
10—2 | | | | | |
0.4 06 0.8 0.4 06 0.8
X X
C 4 D
oL * g o
- 5 o
<40 - 20 Qo =
s | O £ | 3
E sl o L > — L
< | ol | @ W
2 20 | O O
160 | °
r f520 |
200 | | |
0.4 0.6 0.8
X Models

Fig. C-19. CIET fitting parameters for Li,FePO,, without considering surface
coating R.. Experimental data are the same ones as Fig. C-18B. Fitted values for (A) iy,
(B) reorganization energy A, and (C) energy of Li* surface adsorption w,. The grey
straight lines indicate the average values for the fitting parameters which are regarded as
unchanged across x. (D) Computed BIC values for CIET fitting with and without
considering R.. The values of k in Eq. S6 (total numbers of parameters) used to calculate
BIC are 6 for CIET without R, (constant i;. and A, three different w,.), and 6 for CIET with
R (constant iy, A, and R, three different w,).
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Fig. C-20. Voltage profile, EIS, and schematics for three representative charge-
adjusted voltage steps at a fixed Li*-concentration for for Li,Cg. (A) A formation
cycle between 3 Viiand 0.09 Vi and the following lithiation of graphite to Lig 4C¢. Current
density is around 37 mA/Qacive. (B) EIS for Ligs Cg. (C) Schematics for three
representative charge-adjusted voltage steps at Ligy4C0O,, corresponding to a fixed
equilibrium voltage of around 0.125 V. Note the different time scales on the x-axis.
Loading of graphite in the negative electrode is 1.48 mg/cm?o, and the electrolyte is
EMC:EC (7:3) with 1 M LiCIOg salt.
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Fig. C-21. Experimental Tafel plots and fitted CIET parameters for Li,Cg,, Where
fitting was performed with considering surface R, originated from solid-electrolyte
interphase. (A) Experimental results (»for x=0.3 and ¢ for x=0.4). (B) i, (C)
reorganization energy A, (D) energy of Li* surface adsorption w, and (E) surface ionic
resistance R, fitted from CIET kinetics. The orange straight lines indicate the average
values for the fitting parameters which are regarded as unchanged across x. Note that Li, Cg
is also phase separating and the nominal x cannot reflect the real concentrations of two
phases and different particles. (F) Exchange current density extracted from CIET Kinetics.
Electrolytes are EMC:EC (7:3) with 1 M LiCIlOg4. Loading of Li,Cg in the electrode is 1.47
mg/cm?geo. For x=0.4, the applied potential for intercalation is kept above 0 VVii (en/kgT >

—4) to avoid Li plating.
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Fig. C-22. CIET fitting parameters for Li,Cg¢, without considering surface R,.
Experimental data are the same ones as Fig. C-21A. Fitted values for (A) iy, (B)
reorganization energy A, and (C) energy of Li* surface adsorption w .. The orange straight
lines indicate the average values for the fitting parameters which are regarded as unchanged
across X. (D) Computed BIC values for CIET fitting with and without considering R,. The
values of k in Eqg. S6 (total numbers of parameters) used to calculate BIC are 4 for CIET
with R, (constant iy, A, w,, and R.), 4 for CIET without R, (constant i;. and A, two
different w,).

209



- Li,CoO,

Li,Ni;;3C04,3Mn; 30,
™ LiNip gC0p 1Mng ; O,
Li,FePO,

x(1—x) (a.u.)

®
r

(1—x)orifi
|
One decade

*
T

i/i

en/OkBT

Fig. C-23. Overlay with offsets of normalized current densities. Normalizing the current
densities with the fitted ij. times (1-x) for Li* insertion or x(1-x) for Li* extraction, with
constant and arbitrary offsets between each dataset to show the collapse of each
electrode/electrolyte combinations with same iy, A, and w.. Symbols for Li,CoO, (red),
NMC111 (blue), NMC811 (purple), Li,FePO, (grey), and Li,Cg¢ (yellow) Li,CoO,,
NMC111, NMC811, and Li4Cg at different Li content x, and Liy 5C0O, at three different
temperatures (green) follow those of Figs. 4-2 A-C and Figs. C-17 to C-22. Electrolytes
are EMC:EC (7:3) with 1 M LiClOa unless specified otherwise. Varying temperatures also
varies w, and therefore the three temperatures each has its own line.
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Fig. C-24. SEM images and particle size distributions for LCO and NMC111 used in
Tafel kinetic measurements. Representative SEM images for (A) LCO and (C) NMC111.
Histogram of particles for (B) LCO and (D) NMC111. The histogram of particles is
obtained from 250 randomly selected spherical particles in SEM micrographs.
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Fig. C-25. Temperature-dependent current density prefactor. (A) iy at 298, 308 and
318 K fitted by CIET for Lip 5C00,. (B) Arrhenius plot. From the slopes of the Arrhenius
plot, the activation energy for the total reaction was obtained as Ea = 0.89 eV. Ea is a
convoluted activation energy for all the processes described in iy. (Eq. S2), including the
electronic coupling process described by H%, and the electrostatic coupling of the
transferring ion with its environment AE ;7. Electrolyte is EMC:EC (7:3) with 1 M LiClOa.

A oo B 15
1 —_

—~ 10 3 v
Re) 2 10

) NCIE
(3]

g 102 | g
o
< <
£ 105 L E 05 | v
— * i
i - v
o L Liy sC00, v
| 1 i " | 0.0 sl aal M

0.01

0.1

6 4 2 0 4 ]
en/kgT LiPFg concentration (M)
C 200 D 100
150 |- v
; < o v
[}]
) v v vV £
£ 10 =
~— + v
~ 2 100 |-
50 |-
| ¥
0 MEFETETTTY EEPErEE T | -200 r el METITRETTT B
0.01 0.1 1 0.01 0.1 1

LiPFg concentration (M) LiPFg concentration (M)

Fig. C-26. Experimental Tafel plots and CIET fitting for Liy 5C0oO, measured in four
electrolytes with different LiPFs concentrations. (A) Experimental results (points) and
fittings (lines). Fitted values for (A) iy, (B) reorganization energy A, and (C) energy of Li*
surface adsorption w, from the CIET model. Electrolytes are EMC:EC (7:3) with 2 M, 1
M, 0.1 M, and 0.02 M LiPFe respectively.
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Fig. C-27. EIS and fitted exchange current density from approximation form of
Bulter-Volmer Kinetics ig g;s = % for Li,CoO,. EIS for Li,CoO, at x=0.5, 0.6, 0.7
and 0.8, with electrolytes (A) EMC:EC (7:3) with 1 M LiClO4 and (B) EMC:EC (7:3) with
1 M LiPFe. (C) Electrical circuit to fit EIS and extract charge transfer resistance Rcr, and

formlula to extract exchange current density. (D) Extracted exchange current density from
EIS. Loading of Li,CoO, in the positive electrode is 0.84 mg/cm?Zgeo (for LiCIO4 case) and

’
CcT

0.88 mg/cm?geo (for LiPFg case), respectively.
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Fig. C-28. EIS and fitted exchange current density from approximation form of

Bulter-Volmer Kkinetics iggis = ;RT , for LiyxNiq3Coq/3Mn4/30,. EIS for
CcT

LiyNi;/3C04/3Mn4,30, at x=0.5, 0.6, 0.7 and 0.8, with electrolytes (A) EMC:EC (7:3)
with 1 M LiClO4 and (B) EMC:EC (7:3) with 1 M LiPFe. (C) Extracted exchange current
density from EIS. Loading of LiyNi;,;3C04,3Mn4,30; in the positive electrode is 1.6
mg/cmPgeo (for LiClO4 case) and 1.54 mg/cm?geo (for LiPFe case), respectively.
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Fig. C-29. Solvation structure for three electrolytes. (A) For EMC:EC 7:3 with 1 M
LiClOa, Li* is solvated by ~3.5 solvent molecules 2%, denoted as [Li*-(EC)x(EMC)ss-
x(ClO4)o5]. The ClO4 anion comes into the solvation shell because LiClOs is less
dissociate than LiPFg (fully dissociative). (B) For EMC:EC 7:3 with 1 M LiPFs, Li* is
solvated by ~4 solvent molecules, denoted as [Li*-(EC)1.6(EMC)24] 133202, LiPFg fully
dissociates and thus does not enter the Li* solvation shell. (C) For EMC with 1 M LiPFes,
Li* is solvated by ~2.8 solvent molecules, denoted as [Li*-(EMC)2.s (PFs)1.1] 2°22%. Due
to the low dielectric constant of EMC, LiPFe cannot fully dissociate and the PFs™ anion
enters the Li* solvation shell. The stronger Li*-solvent/anion interactions result in higher
energy w to bring the Li ions at their adsorbed state (in the order of EMC with 1 M LiPFs >
EMC:EC 7:3 with 1 M LiPFs > EMC:EC 7:3 with 1 M LiClOg), leading to lower iy.
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Fig. C-30. Rate capability tests for eight battery materials: graphite, LCO, LFP, LMO,
LTO, NCA, NMC532, and NMC111. The C-rates are calculated with respect to the
theoretical capacity for each material. Loadings and surface areas of the electrodes are
listed in Table C-5.
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Fig. C-31. Simulated result for rate capability with a many-particle model. (A)
Simulated maximum capacity as a function of macroscopic applied current i (normalized
by iy.). Particle-level microscopic currents for (B) a small macroscopic current i/i;=0.02,
and (C) a large macroscopic current i/i;=0.83.
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Appendix D: Supplementary Data for Chapter 5

Materials

Pt/C and Au/C and Ag/C catalysts:

Pt/C catalysts was supplied by Tanaka Kikinzoku (TKK TEC10E20A), with weight
fraction 19%. The Au nanoparticles were synthesized following a reported approach®* and

synthesis the Au/C catalysts is discussed elsewhere.?’

Svnthesis of ionic liguids and ionic-liquid-modified catalysts

The [C4Ciim][NTf2](1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
CAS No: 174899-83-3) was purchased from Sigma Aldrich. [TMPIim][NTf2] 1,3-
Bis(2,4,6-trimethylphenyl)imidazolium bis(trifluoromethanesulfonyl)imide was
synthesized by the reported anion exchange reaction®’ and discussed elsewhere.?’*

[MTBD][NTf.](1,3,4,6,7,8-Hexahydro-1-methyl-2H-pyrimido[1,2-

a]pyrimidinebis(trifluoromethanesulfonyl)imide), [DBU][NTf2](2,3,4,6,7,8,9,10-
Octahydropyrimidol[1,2-aJazepine bis(trifluoromethanesulfonyl)imide),
[DEMA][NTf2](N,N-diethylmethylamine bis(trifluoromethanesulfonyl)imide,
[TEMEDA][NTf] (N,N,N’,N'-tetramethylethylenediamine
bis(trifluoromethanesulfonyl)imide), [C4aHIM][NTf] (1-butyl-imidazolium

bis(trifluoromethanesulfonyl)imide) were prepared through neutralization reactions.?’
The ionic-liquid-modified catalysts were synthesized by a reported protocol?*4, by mixing
M/C with iso-propyl alcohol solution containing IL, followed by ultrasonic treatments,

solvent evaporation and drying under vacuum (details in Ref. 274),
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Supplementary figures for Chapter 5
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Fig. D-1 IL loading dependent experiments. (A) CV curves of Pt/C modified with
different loading of [C4C1im][NTf,] measured in Ar saturated 0.1 M HCIOg, rotation speed
is 1600 rpm and the scan rate is 10 mV s™*. The counter electrode is Pt wire electrode. The
reference electrode is Hg/HgSOa4, which was converted to RHE scale by calibrating of
HER/HOR polarization test. The average thickness of ionic liquids on Pt/C were estimated
to be 0.6 nm for 12% loading, 0.9 nm for 16% loading, 1.1 nm for 20% loading and 1.4 nm
for 24% loading, with assumption that the specific surface area of carbon support is 200
m2-g’t and the specific surface area of 2nm Pt nanoparticles is 70 m2-g*. (B) Background
and iR corrected ORR polarization curves measured in Oz saturated 0.1 M HCIO4, rotation
speed is 1600 rpm, and the scan rate is 10 mV s. The loading of Pt was controlled at 20
ng-em™. 0.05 wt% Nafion was added to the catalytic layer. The results suggested 16% is
the best loading.
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Fig. D-2 Rotation dependent background and iR corrected ORR polarization curves
of ionic liquids modified Au/C, measured in Oz-saturated 0.1 M HCIOa4. The rotation
speed is controlled at 400 rpm, 900 rpm, 1600 rpm and 2500 rpm, and the scan rate is 10
mV s1. The counter electrode is graphite electrode. The reference electrode is Hg/HgSOs,
which was converted to RHE scale by calibrating of HER/HOR polarization test. The
loading of Au was controlled at 40 pg-cm, the ionic liquid loading is 16 wt%. 0.05 wt%
Nafion was added to the catalytic layer.
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Fig. D-3 (A, C) Background and iR corrected ORR polarization curves of ionic-liquid-
modified Au/C (A) and Pt/C (C). The polarization curves were measured in O,-saturated
0.1 M HCIO4, with a scan rate of 10 mV/s and the rotation speed is 1600 rpm. The counter
electrode is graphite electrode for measurements of Au/C, and is Pt wire electrode for
measurements of Pt/C. The reference electrode is Hg/HgSOa, which was converted to RHE
scale by calibrating of HER/HOR polarization test. The loading of Au was controlled at 40
pg-cm and Pt was controlled at 20 pg-cm™. 0.05 wt% Nafion was added to the catalytic
layer. (B, D) The kinetic currents of Au/C (B) and Pt/C (D) were extracted from
polarization curves. Typically, the Koutecky—Levich plot were generated to extract the
Kinetic currents of Au/C. The inverse of ORR current (in™t) measured with 400rpm, 900rpm,
1600rpm and 2500 rpm (Fig. D-2) were plot against the ™', w is the rotation speed. The
inverse of the kinetic current (ix') was obtained by extracting the intercept of the fitting
line. Besides, the Kinetic currents of Pt/C were extracted by Koutecky—Levich equation
directly. The specific method of determination of Kinetic current was depicted in
Supplementary methods. The kinetic current densities (Jx) were obtained by normalizing
kinetic current (ix) by the area of working electrode.
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Fig. D-4 CV curves of ionic-liquid-modified Au/C measured in Ar-0.1 M HCIOa,
rotation speed is 1600 rpm and the scan rate is 50 mV s*. The counter electrode is
graphite electrode. The reference electrode is Hg/HgSOa4, which was converted to RHE
scale by calibrating of HER/HOR polarization test. The loading of Au was controlled at 40
ng-cm?, the ionic liquid loading is 16 wt%. 0.05 wt% Nafion was added to the catalytic
layer.
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Fig. D-5 Cation dependent CV curves. (A) CV curves of ionic-liquid-modified Pt/C at
10 mV s ! in Ar-saturated 0.1 M HCIOa. The counter electrode is Pt wire electrode. The
reference electrode is Hg/HgSOa4, which was converted to RHE scale by calibrating of
HER/HOR polarization test. The loading of Pt was controlled at 20 pg-cm™. 0.05 wt%
Nafion was added to the catalytic layer. (B) the relationship between OH coverage and the
pKa value of cations. Error bars represent standard deviations (SDs) of at least three
independent measurements.
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Fig. D-6. The relationship between the mass-normalized kinetic current densities of
ionic-liquid-modified Au/C (A), Pt/C (B) as a function of pKa value of protic cations
in ionic liquids. The mass-normalized kinetic current densities were obtained by
normalizing kinetic current (ix) (Fig. D-3) by the mass of Au and Pt deposited on working
electrode. Error bars represent SDs of at least three independent measurements.
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Fig. D-7 lonic liquid enhancement for bulk electrode. (a) background and iR-corrected
ORR polarization curves of polycrystal Au electrode and [DEMA][NTf2]-modified
polycrystal Au electrode. (b) Background and iR-corrected ORR polarization curves of
polycrystal Pt electrode and [MTBD][NTfz]-modified polycrystal Pt electrode. The
experiments were measured at 10 mV s™! and 1600 rpm in O-saturated 0.1 M HCIO4. 2uL
ionic liquids were deposit on working electrode, resulting in 100 um ionic liquid layer,
which is much thicker than ionic liquid modified nanomaterials.
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Fig. D-8 ORR kinetic current density of Au/C measured in oxygen saturated 0.1M
HCIO4 (Fig. D-3B) is plotted against overpotential (#) and fitted to the Butler-Volmer
equation with faraday constant F=96485 C mol, idea gas constant R=8.314 J mol!
K-l and temperature T=293.15K. Charge coefficient o. was found in the range of 0.35-
0.4 when it free to vary. To simplify comparison, we then fixed o at 0.4 to extract the
exchange current density (Jo). The specific exchange current density (Jo;s) was extracted by
normalizing jo with electrochemically surface area of Au. The equilibrium potential of
ORR on Au was defined as the equilibrium potential of oxygen reducing to H.O, (O2 +
2H* + 26" 2 H202, 0.68 VRHE)
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Fig. D-9 ORR kinetic current density of Pt/C measured in oxygen saturated 0.1M
HCIO4 (Fig. D-3D) is plotted against overpotential (i) and fitted to the Butler-Volmer
equation with faraday constant F=96485 C mol, idea gas constant R=8.314 J mol!
K-1and temperature T=293.15K. Charge coefficient o was found in the range of 0.9-1
when it free to vary. To simplify comparison, we then fixed a at 0.9 and 1 to extract the
exchange current density (Jo). The specific exchange current density (Jo;s) was extracted by
normalizing Jo with electrochemically surface area of Pt. The equilibrium potential of ORR
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on Pt was defined as the equilibrium potential of oxygen reducing to H20 (O2 + 4H" + 4e
- H20, 1.23 VRHE).
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Fig. D-10. pKa-dependent ORR activity on Au/C measured in Oz-saturated 0.1 M
HCIOs, with a scan rate of 10 mV/s and the rotation speed is 1600 rpm. (A) The H20>
production in ORR process (denoted as n) measured on ionic-liquids-modified Au/C by
RRDE; (B) Background and IR corrected ORR polarization curves of ionic-liquids-
modified Au/C; (C) The number of electrons transferred in ORR process (denoted as n)

was extracted from Jm and Jx202 following the equation that n = 4 % ],'ZZ oy Nc is the
Jm+—4

collection efficiency of RRDE which is 0.37 here. The loading of Au was controlled at 40
ng-cm2. 0.05wt% Nafion was added to the catalytic layer.
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Fig. D-11 The pH effect on the first step of ORR on Au in ionic liquids (O2 + e + N-

* => OOH + N) was estimated using Koper’s model*®’, the detailed method was
depicted in Supplementary methods. The local pH of ionic liquids is calculated from pKa
value of them. As shown in Fig. D-11, the apparent rate constant (k1) of first ORR step on
Au in ionic liquids can increase by two to six orders of magnitude compared to the reaction
carried out in acid solution when pH=0. Although, the rate constant of the first step (O, +
e + H* => OOH) has been suggested to be slightly slower than the second step (OOH + e
+ H™ => HOOH) in acid aqueous solution, the difference is estimated to be less than 2
orders of magnitude?®®. Because the second step is coupled PCET step, which isn’t affected
by pH?%, ki would become much higher than k in ionic liquids, which would make the
second step play a more important role in overall kinetics. This suggestion agrees with the
previous works in studying oxygen reduction in organic solvent, where the first ET step?%°
is about 3 orders of magnitude faster than the second PCET step?°.

Table D-1. Summary of estimated size and coverage of cations. The predicted and
measured enhancement of ORR on Au and Pt were also depicted. The coverage of
intermediates (Op: and OHpt on Pt) is about 20-30% at ORR relevant potentials?6234 and
that of cations was estimated to be 17-30% on Pt and 18-32% on Au, we suggested the
coverage of cations is comparative with the coverage of ORR intermediates when we
consider the ORR intermediates on the surface grabbing proton from ionic liquids. Further,
the predict enhancement in intrinsic activity of RDS is higher than measured enhancement
in overall reaction rate, indicating the ionic liquids can afford the enhancement observed
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experimentally, even though the coverage of [MTBD]* and [DEMA]" is lower than

pK, Value of Protic Cations

[CsHim]*.
Predicted Measured Predicted Measured
Cation Length /A Width/A Coverage on Pt Coverage on Au enhancement enhancement enhancement enhancement
on Pt (jo) on Pt (jo) on Au (jo) on Au (jo)
[MTBD]* 9.1 5.1 17% 18% 5.88 2.33 1.09 1.05
[DEMA]* 85 5.1 18% 19% 1.62 1.47 4.07 2.33
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Fig. D-12. pKa-dependent ORR activity on Au/C measured in Oz-saturated 0.1 M
NaClO4 and Ag/C measured in Oz-saturated 0.1 M HCIOg4, with a scan rate of 10 mV/s
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and the rotation speed is 1600 rpm. (A and B) Background and IR corrected ORR
polarization curves of ionic-liquids-modified Au/C (A) and Ag/C (B); (c and d) The
number of electrons transferred in ORR process (denoted as n) was measured on Au/C (C)
and Ag/C (D) by RRDE. n was extracted from Jn and Ju202 following the equation that

n=4x ’,";202 , Nc is the collection efficiency of RRDE, which is 0.37 in these
Jm+—y

measurements; (E and F) The relationship between the enhancement in ORR mass specific
kinetic currents on ionic-liquids-modified Au/C (E), Ag/C (F) as a function of the pKa

value of protic cations in ionic liquids. The loading of Au and Ag was controlled at 40
ng-cm. 0.05wt% Nafion was added to the catalytic layer.

The ORR polarization curves of ionic-liquid-modified Au/C in 0.1M NaClO4 are depicted
in Fig. D-13 (A). ORR activity was found depend on pKa value of cations. The number of
electrons transferred in ORR (n) is depicted in Fig. D-13 (C), showing that n of Au/C and
ionic-liquid-modified Au/C is within 2.7-2.9, which reveals that Au/C in the natural
electrolyte catalyse ORR via both two-electron and four-electron pathway. The
relationship between pKa value of cations and ORR enhancement of Au/C is depicted in
Fig. D-13 E. The maximum ORR activity enhancement for Au/C at pH=7 was found for
[DBU][NTf,] with pKa of 13.5, of which the pKa is higher than [DEMA][NTf2] (pKa=10.3)
for two-electron pathway and lower than [MTBD][NTf;] (pKa=15.0) for four-electron
pathway. Besides, the max enhancement for ionic liquid modified Au/C (Fig. D-13 E) was
found around 2.6 time, which is slightly lower than the max enhancement of Au/C
measured at pH=1 depicted in Fig. 5-1 (about 5 times). The reason for the decrease in
maximum enhancement might be originated from the compromising enhancement of
[DBU][NTHf,] for both two-electron and four-electron pathway.
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Fig. D-13 ORR kinetic current density of Au/C measured in oxygen saturated 0.1M
HCIO4 (Fig. D-3B) is plotted against overpotential () and fitted to the MHC equation.
The reorganization energy extracted from MHC equation is depicted in figures. The details
of analysis were depicted in supplementary methods. The equilibrium potential of ORR on
Au was defined as the equilibrium potential of oxygen reducing to H202 (O2 + 2H" + 2¢
- H202, 0.68 Vrre). The results show that the reorganization energy in aqueous solution
is 1.67 eV and in ionic liquids are around 1 eV. Therefore, the hydrophobic environment
created by ionic liquids (static dielectric constant is around 12-15 in bulk34%:39) actually
reduce the dielectric constant of catalysts’ surface compared with aqueous environment
(static dielectric constant is 78.5 in bulk®®!) and, consequently, reduce the reorganization
energy for ORR and increase ORR activity. Moreover, the reorganization energy for
different ionic liquids is similar, since the dielectric constant is similar for the ionic liquids
we studied, of which the anion is TFSI34%3%0, Therefore, our discussion in manuscript
focused on the effect of hydrogen bonding structure on the pre-exponential factor and
exchange current density of ORR by comparing PCET Kkinetics of different ionic liquids.

Besides, we could extract the dielectric constant in local reaction environment by Born

o 2 1 1 1 1 .
model from reorganization energy, 4, = Sn:k T(a— - ﬁ) (E— - 8—), where g is the
oRB 0 op s

permittivity of free space, a, as the effective radius of the reactant, d as the distance from
the redox center to the surface of the electrode, &,, the optical dielectric constant and &
as the static dielectric constant of the electrolyte near the electrified interface. The radius
of H202 molecule (1.3 A) was adopted as the radius of redox species for a,, the distance d
between redox and the Au electrode was found to be 3.0 A in previous work?8, the optical
dielectric constant is 1.8 for water and around 2.0 for ionic liquids. It is also need to mention
that the reorganization energy we extracted from MHC theory (4) is compose of inner and
outer components, 4 = 4; + 4,, and we need to obtain 4, for fitting Born Model by
subtracting 4; from A. The inner component of reorganization energy for ORR on Au can

be estimated by the George-Griffith model®>?353 where 4; = 2n [fo—’“ (Ar)z] having f;

fztfz+1

as force constant described by 4m?mC?w? /V 4, Ar is the change in bond length between
oxidized and reduced forms, n is the number of ligands, m,;, is the molar mass of the ligand,
C is the speed of light in vacuum and V4 is the Avogadro constant. The change in O-H
bond length (Ar) could be measured in DFT models of oxidized species (HOO---H-N, ~2
A) and reduced species (HOO-H-N, ~1 A), the inner reorganization energy was calculated
to be 0.38 - 0.43 eV for three different cations and 0.45 eV for water. Consequently, we
can estimate that the dielectric constants of ionic liquid on Au surface is around 2.5 - 2.6,
which is evident lower than that of water on Au (~3.6) under ORR condition. Therefore,
we can further confirm that the increasing hydrophobicity of ionic liquids can reduce the
dielectric constant in local reaction environment and consequently reduce the
reorganization energy of ORR.
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Fig. D-15 In-situ ATR-SEIRAS measurement on a [DEMA][NTf:]-modified Au
electrode in oxygen-saturated 0.1 M HCIOa. (A) X-H (X=N, O) stretching region, the
molecular schematic represents the H-bond specie formed between [DEMA]" and OOH,;
(B) H-C-H bending region and (C) O-O-H bending region were obtained during potential
steps swept from 0.2 Vrre t0 0.6 Vrre in 0.1 M HCIO4. The cumulative number of 256
was used at a 4 cm™ resolution. Spectra were subtracted with respect to a reference
spectrum obtained at OCV in 0.1 M HCIOa.
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Fig. D-16 In-situ ATR-SEIRAS measurement on a [CsHim][NTf,]-modified Au
electrode in oxygen-saturated 0.1 M HCIOa. (A) X-H (X=N, O) stretching region, the
molecular schematic represents the H-bond specie formed between [C4Him]™ and OOH,;
(B) C=N stretching region and (C) O-O-H bending region were obtained during potential
steps swept from 0.2 Vrre t0 0.6 Vrre in 0.1 M HCIO4. The cumulative number of 256
was used at a 4 cm™ resolution. Spectra were subtracted with respect to a reference
spectrum obtained at OCV in 0.1 M HCIOa.
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Fig. D-17 The peak intensity of N-H stretching (solid square) and O-O-H bending
(open square) of [MTBD][NTfz]-modified (blue, Fig. 5-2B, C), [DEMA][NTf:]-
modified (yellow, Fig. D-15) and [CsHim][NTfz]-modified (green, Fig. D-16) Au
electrode at 0.2Vrue in 0.1M HCIO4. The cumulative number of 256 was used at a 4 cm’
! resolution.
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Fig. D-18 In-situ ATR-SEIRAS measurement on a [MTBD][NTf:]-modified Pt
electrode modified by [MTBD][NTf.] in oxygen-saturated 0.1 M HCIO4. (A) X-H
(X=N, O) stretching region, the molecular schematic represents the H-bond specie formed
between [MTBD]" and OH; (B) C=N stretching region were obtained during potential steps
swept from 0.5 Vrue t0 0.9 Vrue in 0.1 M HCIO4. The cumulative number of 256 was used
at a 4 cm™ resolution. Spectra were subtracted with respect to a reference spectrum
obtained at OCV in 0.1 M HCIOa.
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Fig. D-19 In-situ ATR-SEIRAS measurement on a [DEMA][NTf:]-modified Pt
electrode in oxygen-saturated 0.1 M HCIOa. (A) X-H (X=N, O) stretching region, the
molecular schematic represents the H-bond specie formed between [DEMA]* and OH (B)
H-C-H bending region were obtained during potential steps swept from 0.5 Vrre to 0.9
VgHe in 0.1 M HCIOa4. The cumulative number of 256 was used at a 4 cm™ resolution.
Spectra were subtracted with respect to a reference spectrum obtained at OCV in 0.1 M
HCIO..
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Fig. D-20 In-situ ATR-SEIRAS measurement on a [CsHim][NTf:]-modified Pt
electrode in oxygen-saturated 0.1 M HCIOa. (A) X-H (X=N, O) stretching region, the
molecular schematic represents the H-bond specie formed between [C4Him]" and OH; (B)
C=N stretching region were obtained during potential steps swept from 0.5 Vrne to 0.9
VgHe in 0.1 M HCIOa4. The cumulative number of 256 was used at a 4 cm™ resolution.
Spectra were subtracted with respect to a reference spectrum obtained at OCV in 0.1 M
HCIO..
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Fig. D-21. (A-C) ORR polarization curves of [MTBD][TFSI], [DEMA][TFSI] and
[C4sHIM][TFSI] measured in O»-saturated 0.1 M HCIO4, with a scan rate of 10 mV/s and
the rotation speed is 1600 rpm; (D-F) the IR peak intensity of cations (blue) and water (red)
at ORR relevant potentials. The cumulative number of 256 was used at a 4 cm™ resolution.
Spectra were subtracted with respect to a reference spectrum obtained at OCV in 0.1 M

HCIOs.
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Table D-2. The simulated and experimental stretching frequency for H-bonded
species formed between protic cations ((MTBD]*, [DEMA]* and [C4Him]*) and ORR
intermediates/products. The spectra of X-H (X=N, O) stretching region of
[MTBD][NTf,]-modified Au, [DEMA][NTf.]-modified Au, [CsHIim][NTf2]-modified Au,
[MTBD][NTf.]-modified Pt, [DEMA][NTfz]-modified Pt and [C4HIim][NTf2]-modified Pt
were depicted in Fig. 5-3. In situ ATR-SEIRA measurement on an ionic-liquid-modified
Au and a Pt electrode in 0.1 M HCIO4. The spectra were acquired at 0.2 Vrne for Au and
0.5Vree for Pt. The cumulative number of 256 was used at a 4 cm™ resolution.

Frequency/cm™ |Frequency/cm™
Au-1L

(Simulated) (Experimental)
[MTBD]-OOH [3267 3240
[DEMAJ-OOH [3110 2085
[DEMAJ*-HOOH [3204 3024
[C4HIm]™-OOH [3371 3429

Frequency/cm™ |Frequency/cm™
Pt-1L

(Simulated) (Experimental)
[MTBD]*-OH 3198 3089
[MTBD]*-H.0 |3277 3215
[DEMA]*-OH  [3253 3188
[C:HIM-OH  [3332 3335
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Table D-3. Summary of water solubility of different ionic liquids and corresponding
ORR activity on Au/C and Pt/C. The water solubility was measured by Karl Fischer
titration. Error bars represent standard deviations (SDs) of at least three independent
measurements.

Cations C4Ciim TMPIim MTBD DBU DEMA TEMEDA  C4Him
Water solubility (M) 0.49+0.02  0.45+0.03 1.29+0.03 1.25+0.02 1.19+0.02 0.78+0.03 0.59+0.02

ORR Activity on Au
0.074+0.005 0.078+£0.002 0.113+0.013 0.200+0.019 0.237+0.033 0.150+0.015 0.089+0.012
(MmA cm)

ORR Activity on Pt
0.426+0.036 0.554+0.045 0.649+0.052 0.508+0.038 0.362+0.033 0.270+0.028 0.177+0.013
(mA cm)

241



Appendix E: Supplementary Data for Chapter 6

Supplementary figures for Chapter 6

A Non-aqueous B DMSO with 2.5 mM ferrocene, c ACN with 2.5 mM ferrocene,
reference electrode 0.1 M NaClO, 0.1 M NaClo,
@Pt @Pt
40
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—— Ag wire =20r =
c c
L 10t g 20K
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Fig. E-1 Organic reference electrodes and calibration. (A) Non-aqueous reference
electrodes consisting of a Ag wire and filling solutions of the organic solvent (ACN or
DMSO) with 0.01 M AgNOs and 0.1 M NaClOg. Calibration of (B) DMSO-based and (C)
ACN-based reference electrode using 2.5 mM ferrocene.

With 0.1 m NaClO,, measured in Ar atmosphere
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Fig. E-2 Stability of DMSO and ACN on Pt.
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Fig. E-3 CV with different potential cutoffs for water-in-DMSO (H20:DMS0=1:40)
in a He-saturated environment. (A) CV with different lower cutoff potentials ranging
from -1.61 Vsue to -1.5 Vshe, with fixed upper cutoff at around 1 Vsue. (A) CV with
different upper cutoff potentials ranging from -0.4 Vsue t0 0.9 Vsne. Electrolytes contained
0.1 m NaClO4 as conducting ions.

243



—~ — 4

et H.O:ACN=1:40 ‘e tH,0:DMS0=1:40

o 1L o 3

< P

£ E2f

ot =L

%\ 2500 rpm "u__a' | 2500 rpm

g -1+ 1600 rpm % 0+ 1600 rpm

© 900 rpm S0 900 rpm

€ 400 rpm zc [ 400 rpm

o2 o

= g 2+

=] L

O3 v v v v v v O v v v v 1

15 10 -05 0.0 05 1.0 1.5 15 -10 05 00 05 10

C E-iR vs. SHE (V) D E-iR vs. SHE (V)

geo)
-

| HO:ACN=1:40 H,O:ACN=1:40

1k

Backward

Forward

Current density j (mA/cm®_, )

Current density j (mA/cm?

3 PR R R T RPN BT E R 3 P IR T SR BT B
-15 -10 -05 0.0 05 10 15 -15 1.0 -05 0.0 05 1.0 15
E-iR vs. SHE (V) E-iR vs. SHE (V)

Fig. E-4 Comparison of CV for ACN and DMSO. HER/HOR for (A) H.0:ACN=1:40
and (B) H.0:DMSO=1:40 on Pt. (C) Forward and (D) backward scans of the CV of
H2>0:ACN=1:40 in (A). Curves were measured at four rotation rates from 2500 rpm to 400
rpm in Hz gas (red lines), and at 1600 rpm in Ar (grey lines). Electrolytes contained 0.1 m
NaClO4 as conducting ions.
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Fig. E-5 CV with different upper potential cutoffs for water-in-ACN (H20:ACN=1:40)
in a Hz-saturated environment. Electrolytes contained 0.1 m NaClO4 as conducting ions.
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Fig. E-6 Summary of HER/HOR Kinetic current densities for water in DMSO and
ACN. (A) HER polarization curves and (B) HOR kinetic current densities for water-in-
DMSO. (C) HER polarization curves and (D) HOR Kinetic current densities for water-in-
ACN. HER and HOR were measured in an Ar- and Hz-saturated environment, respectively.
Electrolytes contained 0.1 m NaClO4 as conducting ions.
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