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Abstract

Metal oxides have been of great importance to the development of new energy conversion
and storage technologies including heterojunction solar cells and Li-ion batteries. P-type
delafossite CuCrO; is a metal oxide which is of interest for such applications due to its wide band
gap and relatively high valence band edge. However, defects in p-type materials result in poor
performance for solar cell devices compared to alternative metal oxides due to inferior charge
separation at the metal oxide interface as well as possible increases in electron hole recombination.
On the other hand, reports have been made on defect-induced CuCrO, having improved
performance for ion battery application due to increased hole density, higher conductivity, and
faster charge extraction which can improve ion intercalation. Researching the fundamental
electrochemical properties of CuCrO> and the effects defects can have on those properties can aid
in understanding the impact of surface states as recombination centers and redox capabilities, and
how solar cell and battery applications can be impacted.

Electrochemical impedance spectroscopy (EIS) is one of the most utilized methods to
characterize these electrodes in the context of energy applications. The utility of EIS stems from
its ability to differentiate multiple interfaces (i.e. solid/electrolyte, solid/solid) within devices
based on their frequency response to a modulated potential and the subsequent decoupling of
resistive and capacitive circuit components. In Chapter 2, examples are covered from the literature
where EIS has been particularly important in the understanding of electronic properties related to
metal oxide electrodes within energy storage devices, specifically ion batteries

Previous CuCrO; studies used a hydrothermal synthetic route which commonly leads to

byproduct formation, making electrochemical characterization challenging. An important aspect



of this work is the consideration of Cr3* as the reductant used to reduce Cu?* to Cu*, discussed in
Chapter 3. This was confirmed by detection and quantification of CrO4> as a product of
hydrothermal synthesis in addition to the fact that CuCrO. purity was maximized at a ratio of 4:3
Cr:Cu, consistent with the proposed stoichiometric reaction: 4Cr3* + 3Cu?* + 20 OH — 3CuCrO;
+ CrO4% + 10 H20. Using a 4:3 ratio of Cr:Cu starting materials and allowing the synthesis to
proceed for 60 hours eliminates the presence of CuO beyond detection by powder X-ray diffraction
(pXRD). Furthermore, washing the solid product in 0.5 M NHsOH removes Cu2O and Cr20s
impurities, leaving behind the isolated CuCrO. product as confirmed using powder X-ray
diffraction and inductively coupled plasma mass spectrometry (ICP-MS).

In Chapter 4, CuCrO; was used to fabricate mesoporous thin films to study its
electrochemical properties, where a strong Li* dependence was observed. A shift in Cu?** redox
E1/> was observed as [Li*] in the electrolyte was increased from 0.03 V to 0.14 V vs Fc*, in addition
to the growth of a new redox feature at E1/» = -0.43 V vs Fc*'°, attributed to Li* occupation in Cu*
vacancy sites and the ability for Li* to affect the Helmholtz layer due to increased surface charge.
A 4% Cu* deficiency was determined by ICP-MS. Based on chronoamperometry experiments in
which a series of electrolyte solutions were used, the growth in surface charge as [Li*] in electrolyte
increased fit to a Langmuir binding isotherm where an equilibrium constant K was determined to
be 0.057 M* and a maximum surface charge of 15.5 mC. An increase in the surface charge from
chronoamperometry as well as current from cyclic voltammetry as [Li*] increases is also observed.
Comparing these results to those of CuGaO: films in which the aspect ratio is larger and the
particles preferentially stack in which terminal redox active Cu-O is less exposed compared to
those in CuCrOg, it is conclusive that the morphology of delafossite particles plays an important

role in electrochemical performance. Chronopotentiometry experiments on CuCrO; reveal a 7.8



mA h g* charge capacity at cycle 2, but with a % cycling efficiency from 83% to 91% over 10
cycles. This and multiple cycling cyclic voltammetry (CV) experiments reveal the degradative
behavior of the film, which was found to be related to the loss of Li-coupled redox activity.
Nonetheless, the significant increase in surface charge and capacity with increased Li* can be used
to further our understanding of surface defects and their effect on hole recombination in solar cell
devices, as well as how Li* occupies surface sites for electrochemical energy storage application.

Finally, Chapter 5 provides insight into future research directions based on conclusions
drawn from previous chapters. An emphasis is made on preliminary results in which CuCrO-
powder is washed in a pH 1 HCI solution to study the resulting electrochemical properties. Acid
washing CuCrO; films for 12 — 336 hours was shown to lead to consistent increases in both surface
charge and capacities compared to their base washed counterpart, with films made from CuCrO:
washed for 96 hours lead to overall optimal electrochemical performance. These results are related
to possible Cu* induced vacancies and morphological changes in the particles. Other interesting
topics in Chapter 5 include but are not limited to effects of varying the cation source in electrolyte
solution, morphological changes, and doping, on the resulting electrochemical properties and

stability of CuCrO..
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Chapter 1
An Introduction to Solar Energy Conversion and Storage, Metal Oxide Electrodes, and

Electrochemical Techniques

1.1 Solar Energy Conversion and Storage

The use of renewable energy sources is of interest due to the increase in world energy
consumption. Predictions suggest global energy demands will reach 28 TW terawatts (TW) by
2050 and 46 TW of energy in 2100, which is over 2.5 times more energy than was consumed in
2016.! Additionally, a majority of energy is derived from fossil fuels with a small percentage of
energy used being harvested by renewable sources. Both the increase in energy consumption and
the underwhelming use of renewable energy sources are depicted in Figure 1.1.2 With the
increased demand for energy sources, solar and other energy conversion methods will become

necessary as fossil fuels become scarcer and cannot supply the increased demand.
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Figure 1.1. U.S. total energy consumption, by source, between 1775 and the present day. Data
were collected from the U.S. Energy Information Administration.! (Inset) Detail of minor
contributors to the U.S. energy mix since 1990. The “other renewables” category comprises
primarily solar, wind, and geothermal energy. The ordinate unit “Quads” refers to quadrillion

(1015) British thermal units, where 1 Quad = 1.055 x 10 J.2

With the increased demand for using renewable energy sources for energy conversion,
harvesting solar energy has become a research field of high interest. The sun is the most abundant
energy source available; more energy hits the Earth’s surface in the form of sunlight in a few hours
than all of the energy consumed by the world’s population over the course of 1 year.® Solar cells
and ion-batteries have been used to address the need for solar energy conversion and energy
storage. However, current scientific challenges exist which impede current device performance.
This includes a need to fundamentally understand the properties of semiconductors used in these

devices in efforts to develop more efficient conversion and storage. Key research priorities include



improving the chemical stability and lifetime of the semiconductors used in these applications,
increasing the efficiency of energy harvest, and maximizing the capacitive limit of storage devices.

A variety of strategies can be implemented to combat the scientific limitations currently
hindering solar energy conversion from becoming a practical alternative to fossil fuels. Solar
energy can be converted to electrical, chemical, and thermal energy through a variety of processes;
however, practical conversion efficiencies are currently below the theoretical limits.

Solar to thermal energy conversion is a process which generates energy by absorbing solar
energy within liquid molecules (e.g. water) which are then used to generate heat or electricity.
Generators can be powered by producing steam generated from heated water, producing electricity
indirectly. In contrast, solar to electrical conversion can be accomplished directly using
photovoltaic solar cells, which will be explained in future sections.

Solar to chemical fuel conversion, commonly known as photosynthesis, is a process in which
plants convert solar energy using chlorophyll into chemical energy in the form of carbohydrates,
as depicted by Equation 1.1. This process is generally very slow and converting solar energy to
chemical fuel efficiently and cost-effectively is a challenge. Photoelectrical tandem cells have been
proposed for use to convert solar energy directly to fuel by water splitting (i.e. artificial
photosynthesis); however, a practical cell must be fabricated that optimizes cost and performance

to justify replacing fossil fuels.*

6 CO2+6 H20 — CsH1206 + 6 O2 eq. 1.1)

As the demand for energy sources continues to increase, the need to develop energy storage

devices will also increase due to limitations of renewable energy conversion sources. Limitations



may include weather fluctuations and the duration of night in which the sun is absent which would
minimize solar harvest and presents a challenge. Furthermore, energy storage devices such as ion
batteries can be implemented into the energy harvesting process in efforts to meet energy demands.
Subsequent Sections 1.2-1.3 outline the general scientific principles underlying photovoltaic solar

cells and ion batteries.

1.2 Solar Cells

Solar to electrical conversion is a process by which a photon can be captured using photovoltaic
cells by exciting electrons across a semiconductor’s bandgap to create electron-hole pairs that are
charge separated, as seen in Figure 1.2. The materials used in the cells are generally
semiconducting and sometimes doped in order to introduce free electrons (n-type material) or holes
(p-type material) into the structure. The interfacial charge creates a voltage difference, which

combined with the flow of electric current, generates electrical power directly from solar photons.

holes diffuse into the p-type electrons diffuse into the
layer, leaving behind a p-type layer, leaving behind
negtively-charged region a positively-charged region
i i
' @ . ®
I ° ]
, ® +.7 e
1 — 1
: ' e o
p-type ' 9 +i 9 n-type
material v ; ® material
(with holes] E ® :. o, © [with extro
i - + electrons)
electric
field

Figure 1.2. Diagram depicting the electric field generated in a p-n junction.®



Photovoltaic conversion efficiencies can be referred to in Table 1.1, as verified by the National
Renewable Energy Laboratory.® Shockley and Queisser in 1961 established a theoretical efficiency
limit of around 33.7% for a single p-n junction solar cell with a band gap of 1.4 eV (using an AM
1.5 solar spectrum) which has since been a target performance goal for researchers.” While silicon
single crystal cells have generated 25% efficiency, current commercial products achieve only
about 18% and other materials report even lower efficiencies. Silicon wafers are most commonly
used but are also considered first-generation solar cells. Second-generation solar cells are made of
thin film nanocrystalline materials that are less expensive than their crystalline silicon counterpart,
but the efficiency of these cells is still low, as seen in Table 1.1. The future generation of solar
cells would ideally have the efficiency of first-generation cells with the cost of second-generation
cells, and can be produced by either using multiple junctions, carrier multiplication in which
adsorption of a single photon results in multiple electron-hole pairs,® hot electron extraction,® or

implementing novel materials to make thin films with higher efficiencies.

Table 1.1. Photovoltaic conversion efficiencies verified by the National
Renewable Energy Laboratory, where the best experimental efficiencies are
compared to experimental thermodynamic limits. Note that organic cell
efficiencies up to 5% have been reported in the literature.

Laboratory Best Thermodynamic Limit
Single Junction 31%
Silicon (crystalline) 25%
Silicon (nanocrystalline) 10 %
Gallium arsenide 25 %
Dye sensitized 10 %
Organic 3%
Multijunction 32% 66%
Concentrated sunlight (single junction) 28% 41%
Carrier multiplication 42%



There has been an increased interest in using solar cells as a renewable energy source over
the past two decades. As a result, they have been extensively researched due to their low cost to
produce and their potential to improve photovoltaic conversion efficiency, more specifically dye-

sensitized solar cells (DSSCs). These will be discussed in further detail in section 1.2.1.

1.2.1 Dye Sensitized Solar Cells

In solar cells, an n-type and p-type interface are used for charge separation. As incident
light excites electrons and promotes them into a higher energy state from the valence band, a p-n
junction is created where free electrons from the n-type semiconductor diffuse across the junction
to combine with holes, assuming electron-hole recombination does not take place from the excited
electron into the conduction band of the p-type material. DSSCs are classified as a type of
heterojunction solar cell in which two materials that are chemically different are adjacent to each
other to form an interface.

DSSCs were originally invented in the late 1980s by O’Regan and Gritzel and is
alternatively referred to as the Gritzel cell.!’ Rather than using a p-n junction to generate a current
between semiconductors, DSSCs utilize either a p- or n-type semiconductor which has a
photoactive molecular dye coated on the surface. In a n-type DSSC, incident light is absorbed by
the molecular dye which excites electrons and allows them to flow toward the semiconductor. The
electrons from the semiconductor then diffuse through the material and come into contact with the
counter electrode to flow into the electrolyte back to the molecular dye for regeneration. The
electrolyte can vary, but /15 electrolyte solution is commonly used as depicted in Figure 1.3.

Electrolyte solutions will be discussed in greater detail in Section 1.5.2. P-type DSSCs work in a



similar fashion with the exception that holes flow from the dye into the valence band of a p-type

semiconductor rather than free electrons.
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Figure 1.3. Diagram of a n-type DSSC where TiO; is the semiconductor used.!!

In dye-sensitized solar cells, a variety of semiconductors have been researched and
implemented into laboratory cells. TiO> has been widely studied as an n-type semiconductor and
is suitable for many applications due to its stability, abundance, insolubility in water, and lack of
toxicity. Due to TiO2 being used as a common model in current research, a summary of TiO:
characterization and influential research studies are summarized in Section 1.4. Additionally,

implementation of alternative metal oxides, both n- and p-type, is discussed in Section 1.4.

1.3 lon Batteries
Energy storage is equally as important as energy conversion. While solar to electric energy
conversion is possible using photovoltaic devices, we cannot harvest 100% of the available energy

output from the sun. Additionally, nonideal weather and nighttime lead to periods where solar



conversion is inefficient which makes solar energy storage equally important to research and for
implementation. The effectiveness and overall performance of energy storage devices can be
measured by the rate of energy lost in the storage process, the overall storage capacity of the
device, the recharging rate, and the long-term cycling stability.

lon batteries, specifically lithium-ion batteries, are the most popular energy storage devices
used today and encompass over 90% of the global grid battery storage market due to their high
energy density, high cycling lifetime, and are light weight.'? By researching novel cathodic and
anodic materials that are capable of increasing the storage capacity and stability of batteries,

overall performance and global storage capabilities can be improved.

1.3.1 Battery Components and Operation

The components of a lithium-ion battery are shown in Figure 1.4. As lithium ions and electrons
are transferred from the cathode to the anode, charge is stored for future use. This is done via
oxidation of the cathode and reduction of the anode. Figure 1.5 shows a vertical potential diagram

of a general lithium-ion battery cell.

Negative Current Positive Current
Collector Separator Collector

Figure 1.4. Components of a Li-ion battery.'®



During discharge, as seen in Figure 1.5 (left), lithium ions are removed from the anode
(delithiation) and inserted into the cathode (lithiation) to accompany transfer of electrons from the
anode to the cathode. It is important to note that as lithium ions are transferred between electrodes,
reduction of metal sites occurs within the cathode, Cat + e + Li* — Li*Cat", and oxidation of metal
sites within the anode, Li*An" — An + ¢ + Li" during discharge in order to charge balance the
system.

Discharging Charging

a ®

V stored
ﬁ}l'I'J
anJ

Figure 1.5. General vertical potential scale for the anode and cathode in a Li-ion battery during
discharge from the charged state (left) vs. charging from the discharged state (right). Green arrows
indicate the direction in which the anode potential (Ea) and cathode potential (Ec) moves during

each process. Orange arrows indicate the direction of Li* movement.

Within a battery, the anode is typically graphite, and the cathode is typically a metal oxide
material in conjunction with carbon black for enhanced conductivity. The graphite anode has a

layered, planar structure where carbon atoms are arranged in a honeycomb lattice. The metal oxide



cathode is composed of empty layers and interstitial channels, usually due to having edge-shared
or corner-shared octahedra within the structure. These layers and interstitial channels allow for
lithium ions to flow from one material to the other and intercalate into each material. Among p-
type delafossite transition metal oxides, CuCrOz exhibits moderate conductivity, with high
conductivity being reported for doped CuCrO2, and may be a good candidate to be used as a

cathodic material in Li-ion batteries.'*

1.4 Implementation of Metal Oxides in Solar Energy Conversion and Storage Devices

Metal oxides are commonly utilized in solar cell devices to control the flow of electrons (n-
type oxides) or holes (p-type oxides) to the external circuit. Due to its original implementation in
the Gritzel cell, TiO2 quickly became a commonly studied n-type semiconducting oxide for use in
solar cells.*>1" Compared to other oxides, TiOz is more resistant to photocorrosion, has maximum
quantum yields due to high photocatalytic activity, and has a wide band gap!®*°. Anatase TiO>
specifically has a band gap of 3.2 eV which is beneficial for allowing visible light to be absorbed
by molecular dyes within DSSCs.?° Nickel oxide (NiO) is an analogous p-type semiconductor that
has been studied for DSSC applications due to its wide band gap and hole transport properties.

In terms of energy storage in ion batteries, lithium cobalt oxide (LCO), lithium manganese
oxide (LMO), and lithium nickel manganese cobalt oxide (NMC) are all typical cathodic battery
materials. LCO has a relatively short life span and low thermal stability with a reported specific
capacity of 274 mA h g, while LMO has a specific capacity of 148 mA h g*. However, even with
improved stability, the cycle and shelf life of LMO is still limited.?! NMC is one of the best
performing materials currently available due to its fine tuning and the optimized ratio of nickel

and manganese in the structure. Nickel has high specific energy but poor stability while manganese
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has low internal resistance in the formation of spinel structures but offers low specific energy.
Combining both allows for the enhancement of both strengths, and the resulting measured specific

capacity is 234 mA h g1.2!

1.41 Delafossite CuCrO2

Copper chromium oxide (CuCrOy) is a p-type metal oxide with applications in both DSSCs
and Li-ion batteries. Delafossite CuCrO- can be synthesized in two distinct phases: the space group
P6s/mmc (Figure 1.6, left) and R3m (Figure 1.19, right).?? The most notable distinction between
the two phases is that the hexagonal phase has a stacking sequence ABABAB while the

rhombohedral phase has a stacking sequence ABCABCABC.
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Figure 1.6. Comparison of delafossite CuCrO, hexagonal p6s/mmc crystal phase (mp-505562)

(left) and trigonal R3m crystal phase (mp-510625) (right).??

The use of CuCrO2 within p-type DSSCs has been well reported due to its wide band gap and
relatively high valence band edge.?*>?® However, previous studies have concluded p-type
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transparent oxide semiconductors (TOSs) have inferior performance compared to their n-type
counterparts, exhibiting short hole diffusion lengths which impede charge extraction.?”?® One
proposed reason for the inferior performance of p-type semiconductors is that electronic defects
result in poor charge separation at the metal oxide interface. The proclivity of defects in CuCrOs,
in addition to byproduct formation, has been reported by Zhao et al.?® An important defect common
within CuCrO is the presence of Cu* vacancies which lead to the oxidation of adjacent Cu* atoms.
This increases hole density and allows for higher conductivity and faster charge extraction which
can allow for Li-ion intercalation and improve ion battery performance. However, higher hole
density may also lead to poor solar cell performance through recombination of electron-hole pairs.
Understanding how defects fundamentally influence charge transport properties of
semiconducting materials is of great importance, and from further research it may be conclusively

important to tune the material and induce or restrict defect formation based on the application.

1.5 Electrochemistry

Electrochemistry is a sub-field of chemistry in which characteristics of an analyte or solid-state
material in an electrochemical cell can be studied to observe changes in potential or current directly
correlated to chemical changes. While a variety of electroanalytical methods are used to study the
electrochemical processes of materials, a select few are highly utilized for these studies:
electrochemical impedance spectroscopy, cyclic voltammetry, chronoamperometry, and
chronocoulometry. The following sections describe the experimental setup and theory behind

electroanalytical chemistry in addition to these techniques.
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1.5.1 Experimental Setup
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Figure 1.7. General setup for a 3-electrode cell.*

Most electrochemical experiments, and all the experiments conducted within this thesis, are
done using a 3-electrode cell depicted in Figure 1.7. In this setup, a working electrode and
reference electrode are connected to a counter electrode. Having a counter electrode present in the
system allows for potential changes of the working electrode to be measured independent of
changes in potential at the counter electrode by measuring only half of the cell, ensuring accuracy
and preventing potential drift.

The working electrode is the electrode in which the reaction of interest is occurring. Glassy
carbon and platinum are commonly used as working electrodes in aqueous electrochemistry, but
solid-state materials can also be fabricated into thin films to function as the working electrode.

The reference electrode is used to measure the potential without passing any current through
the working electrode. Reference electrodes are chemically stable and have a well-known,
reversible potential. A wide variety of reference electrodes are used during experimentation and
have well documented reversible potential relationships which can be used interchangeably for
comparison among experiments. Standard reduction potentials for common reference electrodes

are displayed in Figure 1.8, where the normal hydrogen electrode (NHE) and standard hydrogen
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electrode (SHE) is considered to have a reduction potential of 0 V, defining the zero point on the
electrochemical scale. While not displayed in Figure 1.8, it is important to note that the reduction
potential for ferrocene®*’?* in acetonitrile is -400 mV versus Ag/AgCl. Ferrocene is used for all
experiments as an internal standard, and it is also measured before and after every electrochemical

experiment conducted to ensure no potential drifts have occurred to validate the data collected.

0.615V Hg/HgSO,
0.318V Cu/CuSO,
0.241V SCE
0.222V Ag/AgClI
0.165 V Hg/HgO
0000V Y SHE

Figure 1.8. Reduction potentials versus SHE/NHE for commonly used reference electrodes.

In contrast to the reference electrode, the counter electrode allows for the flow of current
between it and the working electrode by closing the current circuit in the electrochemical cell.
Because of this interaction between the counter and working electrode, the reference electrode
permits the observation of potential changes in the working electrode accurately. Gold and
platinum are commonly used counter electrodes as they are relatively inert materials and will not

participate in the electrochemical reaction.
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1.5.2 Electrolyte Solutions

An electrolyte is crucial for operation in both aqueous and nonaqueous electrochemistry
because the ions in solution move in accordance with their charge and the applied potential; this
neutralizes the charge of the ions and ensures the reaction proceeds as a system’s potential is
modified and current is generated as ions move through solution. Generally speaking, as an electric
potential is applied to the electrochemical cell, the cations in the electrolyte solution travel toward
the electrode which has an abundance of electrons, and the anions travel toward the electrode with
an excess of holes.

The double layer, also referred to as the Helmholtz layer due to its discovery and reported
phenomena in 1853 by Hermann Helmholtz, is the interface formed between a solid surface and
electrolyte solution.®! Specifically, electrodes with an excess of electrons or holes will attract their
ion counterpart from electrolyte solution while repelling ions with the same charge. This results in
the formation of a double layer between the solid surface and bulk solution, as depicted in Figure
1.9.3132 Within the double layer, a diffuse region can be seen between the outer Helmholtz layer
and the bulk solution; the observance of a diffuse region is a phenomena which is specific to
semiconductor materials. Mott-Schottky analysis can be useful for determining semiconductive
properties based on the observed capacitance in the diffuse region to estimate electron donor
density and flat band potential values. Conclusively, these phenomena contribute to the charge

transfer and charge accumulation in battery and solar cell devices.
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Figure 1.9. Schematic diagram of the electrical double layer.3?

A variety of electrolyte solutions are used in electrochemistry, but superior solutions are easy
to prepare, permit high conductivity, have low viscosity which reduces charge carrier transport
resistance, and have high conversion efficiency for DSSCs. Liquid electrolytes are the most
commonly used transport medium for DSSCs and have also produced the highest efficiencies
reported in literature.®® Lithium perchlorate (LiClOs) and tetrabutylammonium perchlorate
(TBACIO4) are widely used electrolytes due to their low viscosity and high conductivity.
Perchlorates in nonaqueous solutions have wide potential windows, with reports exceeding 3
V.24% This allows ion batteries to store large amounts of energy, and solar cells to perform charge
carrier transport, at extreme potentials beyond the stability window of aqueous electrolytes.

lodide triiodide (I7/13") electrolyte solution is also commonly used in DSSCs due to its
stability, rapid dye regeneration, and most importantly the slow recombination Kkinetics between
the electrons in the semiconductor used and triiodide which ensures good efficiency in solar cell

performance.®
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1.5.3 Electrochemical Impedance Spectroscopy (EIS) Theory and Background

One of the most complex yet informative electroanalytical methods is electrochemical
impedance spectroscopy (EIS), an AC technique that measures the current response (1) as both
resistive and capacitive behavior of an electrochemical system while varying the frequency (o) of
a modulated potential (E). While the ideal resistor abides by Ohm’s Law, R = E/I, and maintains
a resistance independent of frequency, real-world circuits are often much more complex and the
behavior observed deviates from Ohm’s Law. We can redefine the circuit elements by introducing
the concept of impedance, which is the measure of current resistivity by the circuit but is analyzed
as a sum of sinusoidal functions, as seen in Figure 1.10. Because a modulated potential (E) is
measured at fixed frequencies (), the resulting current (I) measured has the same frequency but
is shifted due to differences in the phase angle. Relationships between current and potential as a
function of time can be expressed to define impedance at a fixed frequency, shown in Equations

1.2-1.4.

z

Figure 1.10. Sinusoidal representation of current as a function of potential where impedance can

be measured by taking the relationship of E(t) and I(t) into consideration.3’
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Applied potential E(t) = |Eo|sin(wt) eq. 1.2)
Observed current I(t) = |lo|sin(wt + @) eqg. 1.3)

Impedance Z(w) = E(t)/I(t) eq. 1.4)

In a typical EIS experiment, the modulation frequency is sampled over a wide range (~1
mHz to 1 MHz) for a fixed applied potential (Eapp) on top of which the small modulation amplitude
|Eo| is applied such that E(t) = Eapp + |Eo|sin(wt). When the frequency range is completed, Eapp iS
shifted to a new value and the process is repeated. For a single potential, experiments may take
anywhere from a few seconds to tens of minutes depending on the frequency range of interest.
Therefore, it is not uncommon for experiments to take many hours to fully collect EIS data over a
wide potential range and/or with a small step size between applied potentials.

Collected data is then interpreted using a variety of plots. The most important is the Nyquist
plot, in which impedance is plotted as a complex number (j = -1'2) according to Equation 1.5
with Zim (Z”) along the y-axis and Zre (Z’) along the x-axis (Figure 1.11). Each data point in a
Nyquist plot represents a different frequency with @ decreasing from left to right. At infinitely low
frequencies, the applied potential is essentially constant, and this condition is often relevant when
relating EIS data to other DC electrochemical techniques such as cyclic voltammetry. For each
frequency, the impedance is defined by a vector originating from the origin with magnitude |Z| and

phase angle ¢. These two terms are defined with respect to Zre and Zim by Equations 1.6-1.7.

Z(®) = |Z|(cos(¢) — j sin(@)) = Zre — JZim eg. 1.5)
|Z| = (Zl%e + ZIZm)% €q. 16)
tan @ = Zim/Zre eq. 1.7)
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The data collected over the selected potential range for the studied electrochemical circuit can
be plotted in a variety of ways to provide information regarding the resistive and capacitive
elements of the circuit. Nyquist plots are generated using derived real and imaginary components
of the impedance, Zre and Zim, respectively, at different frequencies to provide insight into circuit
elements including solution resistance (a shift in the Nyquist plot along the x-axis), faradaic and
non-faradaic capacitance due to charge transfer and accumulation (a semicircle or collection of
semicircles), ion diffusion (an upward slope feature extending from the semicircle at the low
frequency region), and a takeoff region at low frequencies which is ideally 45° with respect to the
Zre axis, as seen in Figure 1.11 (left). Angles which deviate toward higher or lower angles
correspond to higher capacitance or higher resistance, respectively. Additionally, widely used
Bode Phase and Bode Z plots can also be plotted which show impedance |Z| or phase angle ¢
across the modulated frequency range as seen in Figure 1.11 (right). Bode plots are sometimes
advantageous to use in conjunction to Nyquist plots because smaller features from capacitive and
resistive elements are easier to identify in Bode plots while larger features in Nyquist plots are

overwhelming and make deciphering elements in complex circuits more challenging.
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Figure 1.11. A simple representation of a Nyquist plot (left) and a combined Bode phase-|Z| plot

(right) for a simple Randles circuit.’

More quantitative data relating to each circuit element, in addition to a physical understanding
of the circuit, can be determined by fitting and modeling the EIS data. A basic and common circuit
model, the Randles circuit, is shown in Figure 1.12 and contains the primary elements of all
electrochemical circuits where a solution resistance is observed followed by a resistance and
capacitance of the material studied. Resistors represent faradaic charge transfer reactions across
interfacial layers while capacitors represent non-faradaic charge accumulation at either solid-solid
or solid-liquid interfaces. In some cases, capacitors are replaced by constant phase elements (CPE)
for systems in which the capacitor behavior is not ideal. These nonidealities are caused by
inhomogeneous electrode surfaces which directly influences the observed double layer
capacitance. A model with CPE elements includes an additional § value ranging from 0 to 1, where
1 represents an ideal capacitor and values lower than one deviate from ideality. Mesoporous

electrodes and thin films with porous characteristics are often modeled with CPE elements.
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Solution resistance is directly correlated to the diffusion of ions through electrolyte solution, and

as previously discussed, a low viscosity solution is ideal to minimize solution resistance.

Ry
AW
R
MAN— —
% >_
Q,

Figure 1.12. Diagram of a simple Randles circuit where Faradaic current is correlated with a
charge transfer resistance (Rt or R1) and non-Faradaic current is correlated with an interfacial
capacitance (Cint Or Q1). A series resistance term, Rs, is shown to represent resistance due to wires,

contacts, and solutions.®’

Other more complex and commonly used EIS models are provided with explanations of circuit
elements and useful conditions in EIS review literature.3” A complex model worth mentioning was
used to fit EIS data for mesoporous p-type CuGaO thin films, shown in Figure 1.13.%® Due to
similar characteristics of this film to that of p-type CuCrO: thin films, the equivalent circuit models

used for both materials are similar in nature.
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Figure 1.13. Schematic diagram of the equivalent circuit model used to fit data for mesoporous

CuGa0:; thin film EIS data.3®

It is important to note that multiple models can be generated to fit the same set of data with a
reasonable level of accuracy; however, not all models are physically relevant, and their
interpretation of the real-world circuit can be incorrect. Furthermore, it is important that when
fitting EIS data to a model that the user can justify the physical relevance of the model used to
explain the capacitive and resistive elements of the entire system.

An extensive review of EIS studies and modeling for solar cell applications has been
published.®” In this review as well as in Chapter 2 of this thesis, an extensive review of previous

EIS studies and modeling for application in ion batteries is also provided.

1.5.4 Cyclic Voltammetry: Scan Rate Dependence and Kinetics Plots
While EIS is an AC technique that gives insight into the capacitive and resistive elements of
an electrochemical circuit, cyclic voltammetry (CV) is a DC technique which shows capacitive

and resistive elements of a circuit simultaneously. While the data acquired from CV is not as
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detailed as EIS, its ease of use and relatively simple analytical interpretation makes it a viable and
common technique used in literature.

As a linear potential sweep is applied to an electrochemical system at a designated scan rate,
the resulting current is measured for the system to provide insight into redox activity. Oxidative
events happen as the potential applied sweeps positively, and reductive events occur as the
potential sweeps in a negative direction. As an oxidation or reduction event begins to occur, an
onset is observed where oxidation or reduction occurs at the surface of the working electrode until
a peak maximum is reached. At the anodic and cathodic peak potentials (Epa and Epc in Figure
1.14), the measured current is limited by the diffusion kinetics of the analyte from the bulk solution
to the electrode surface; this results in a decrease in the observed current until a steady-state has
been reached and the redox event can be visualized in the voltammogram. The halfwave potential,
E1r, lies halfway between the potentials of the Epa and Ep. for a redox event at which the oxidized
species and reduced species are at equal concentrations. Preparation and analytical details further

describing the fundamentals of CV can be referenced here.*

Cyclic Voltammogram
Faradaic Epa Anodic (oxidation)
Current - Positive Current
Capacitive (analyte)
Current

(background)

'-II“I-AJ"

Current/ A

Cathodic (reduction)

- Negative Current E
pc

Figure 1.14. Schematic representation of a reversible cyclic voltammogram.®
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Scan rate dependence studies can be done using cyclic voltammetry to extract information
pertaining to the Kinetics of electron-transfer reactions occurring at the electrode surface. After
conducting CV at various scan rates, oxidative and reductive peak currents for observed redox
processes can then be plotted as log current versus log scan rate as depicted in Figure 1.15. The
plot reveals two linear slopes: a slope close to a value of 1 at lower scan rates, and a slope close to
a value of 1/2 at higher scan rates. A slope of 1 indicates that electron transfer is not kinetically
limited by diffusion. A slope of 1/2 indicates electron transfer is limited by diffusion. Because
fabricated mesoporous thin films do not have a flat metal surface, both diffusion and electron
transfer can commonly be seen as contributing factors to the rate limiting kinetics of the system.
Diffusion coefficients and additional information regarding the kinetics of the system can be

determined through Anson plot analysis using chronoamperometry.

-2 .6 4
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Figure 1.15. A log i-v plot constructed by deriving Epa and Epc values from square root normalized

scan rate dependent cyclic voltammograms for a mesoporous CuCrOsz thin film electrode.
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1.5.5 Chronoamperometry: Amperometric IT Curves and Anson Plots

Chronoamperometry is used to study kinetic events of an electrochemical system that occur
because of redox reactions, diffusion, and adsorption at the electrode surface. During this
experiment, a fixed potential is applied to the working electrode and the current response is
measured as a function of time which outputs an amperometric IT curve, as seen in Figure 1.16,

where t represents the amount of time a potential is applied before stepping to a subsequent

potential.
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Figure 1.16. Schematic diagram of a chronoamperometry experiment outputting an IT curve.*

Anson plots are especially useful for quantifying electrode reactions of adsorbed species and
can be derived using chronoamperometry data and studying the Anson equation to describe change
in current as a function of time. The Cottrell equation (Equation 1.6) is used to describe the
behavior of the current (i) in a planar electrode in potential-step experiments with respect to time
(t). The current is dependent on the area of the planar electrode (A), the diffusion coefficient of the
analyte (Do), and the initial concentration of the analyte (Co”). Integration of the Cottrell equation

with respect to time yields the Anson equation (Equation 1.7) and allows for the direct comparison
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of charge (Q) as a function of time. This relationship describes the rate of charge accumulation in
the system. Additional variables can be introduced to the equation for systems where double layer
charge (Qai) and charge due to redox active sites within a thin film electrode (nFAT'o) are present.

These concepts can be visualized in the generic Anson plot shown in Figure 1.17.

1
nFADZCy

i(t) = 1 eq. 1.6)
T2t2
1 4
20%t5

Q = AR | 1 + nFAT, eq. 1.7)

2

It is important to note that for solution-based electrochemistry, kinetic limitations may arise.
Charge Q can be measured and compared at different potential steps and differences due to kinetics
can be easily visualized in an Anson plot. Consider a double potential step chronoamperometry
experiment in which the first potential held is negative and reduction occurs (forward step), and
the second potential held is positive and oxidation occurs (reverse step) as depicted in Figure 1.16.
The reduced species can be reoxidized to its original state during the reverse step if those species
are within a close enough proximity to the electrode. If the kinetics of the system are slow enough
such that the reduced species travel away from the electrode before oxidation is permitted, those
species would remain electrochemically inactive during the reverse step. This would furthermore
lead to a decrease in charge observed during the reverse step. This can be seen in Figure 1.17
(right) where the forward reaction in the Anson plot is plotted as a function of t¥2 (top axis),
whereas the reverse reaction is plotted as a function of T/ + (t-1)"2 — t¥2 (bottom axis) which

accounts for the charge that is measured for the electrochemically reversible species during the
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reverse step. The total charge for reversible species on the reverse step can be determined using

Equation 1.8.
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Figure 1.17. A general diagram of an Anson plot and relevant features.*

1.5.6 Chronocoulometry: Chronopotentiometry

eq. 1.8)

Whereas chronoamperometry experiments involve applying a constant potential to measure

the resulting current as a function of time, chronopotentiometry is a useful technique in which a

constant current is applied to the system over time to study potential changes in the system, making

this a galvanostatic technique. This is especially useful when studying materials for energy storage

in batteries because the data can be easily interpreted to study the charge and discharge capacities,

as well as long term cycling efficiencies and corrosion rate.
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As a fixed current is applied, the redox active species will be reduced or oxidized at a constant
rate depending on whether or not the system is charging or discharging. The potential of the
working electrode moves to values similar to what is seen at the E1> potential observed in cyclic
voltammograms for a redox event. Over time, the concentration of oxidized or reduced species
will change at the interface and once the redox event has completely oxidized or reduced the target
species, the potential at the transition time (t) will shift to more positive or negative values until a

new oxidation or reduction event begins (Figure 1.18).%

Figure 1.18. Schematic diagram of a chronopotentiogram.?

1.6 Conclusions

The increased energy demand globally has led to an interest in developing solar and other
renewable energy conversion methods in addition to energy storage devices to satisfy the projected
increase in energy consumption. Among these strategies is the development and advancement of

solar cell devices, but scientific limitations are currently hindering the application of solar energy
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conversion as an alternative to fossil fuels. Limitations include high cost and underwhelming
efficiency limits of first- and second-generation solar cells relative to the Schockley-Queisser limit.
Understanding the fundamental electrochemical properties of alternative p-type semiconducting
materials, such as delafossite CuCrOg, will ultimately aid in fabrication tailored to achieving higher
efficiency limits while maintaining low costs.

Additionally, defects have been shown to enhance the performance of ion battery materials by
increasing hole density, allowing for higher conductivity and faster charge extraction. However,
inducing defects resulting in higher hole density may lead to inefficient solar cell performance due
to electron recombination. Conclusively, it is important to study fundamentally the role defects
have on electrochemical characterization for both solar energy conversion and storage devices,
and to tune the material and induce or restrict defect formation based on the application.

In this thesis, the synthesis and characterization of delafossite CuCrO; is reported for the
purpose of fundamentally understanding the roles of defect states and how application in solar
cells and Li-ion batteries may be compromised or enhanced. In the next few chapters fundamental
details related to these ideas will be discussed. Chapter 2 expands on how EIS can be utilized to
study metal oxides and the resistive and capacitive elements within the electrochemical circuit for
ion battery research and application. A hydrothermal synthetic route was optimized to grow
delafossite CuCrO, nanoparticles, and the role of Cr3* as the reducing agent in the reaction was
extensively studied and reported in Chapter 3. While some electrochemical characterization has
been done on CuCrO, the findings are scarce in literature. In Chapter 4, we provide extensive
electrochemical characterization of optimized pristine CuCrO». Such electrochemical studies
revealed a significant Li* dependence on the Cu?*""* redox events observed by CV in addition to

the surface charge of CuCrO». Morphological studies were also conducted in which CuCrO2 was
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compared electrochemically to CuGaO: in which the CuGaO; particles were more anisotropic and
larger in nature. This revealed the importance of particle morphology and the exposure of Cu-
terminated faces. Degradation studies are also discussed in more detail. Finally, studies on defect
states of CuCrO2 and how their properties are influenced are scarce. Introduction of defect states,
specifically cationic vacancies, into host intercalation compounds can effectively influence the
electrochemical properties of electrode materials for lithium storage.** Understanding
fundamentally how defects influence the properties of p-type CuCrO2 will allow for a greater
understanding of how such defect states may impede or enhance the material’s ability to perform
as a cathodic material in Li-ion batteries. Chapter 5 explores proposed research directions based
on preliminary results. This includes varying the pH of CuCrO, washing solutions, and how
exposure to an acidic environment may influence the defect states present in the material and the
resulting surface charge and measured specific capacity. Other research directions discussed
include but are not limited to morphologically tuning delafossite CuCrO; and the resulting effects
on electrochemical characterization, as well as approaches that can be explored to improve the
cycling stability of CuCrO». Furthermore, the efficiency and overall performance of solar cells and
Li-ion batteries can be refined for commercial application based on the results sought by this

research.
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Chapter 2

Overview of EIS for lon Battery Applications

*This chapter was reproduced from the following publication:
Bredar, A.R.C.T; Chown, Amanda L.T; Burton, Andricus’; Farnum, Byron H.

ACS Appl. Energy Mater. 2020, 3 (1), 66-98 'Equal Contribution

2.1. Overview

A variety of metal oxides have been studied as cathodes and anodes in rechargeable ion
batteries used for electrochemical energy storage.’° EIS can be a useful technique for researching
these materials by providing insight on corrosion rate of the metal oxide electrode during multiple
charge and discharge cycles (i.e. long term cycling efficiency) and ion diffusion into the metal
oxide. The most well-studied type of ion battery using EIS is the Li-ion battery?®-2"5%57 due to its
commercialization in many portable electronics, however, other Na-ion!¢128:3258 gnd divalent ion
batteries, particularly Zn-ion batteries,**5%5°-6! have also been investigated using this technique.
Lithium ion batteries primarily consist of a cathode, anode, and lithium containing electrolyte
present in the form of a solution, solid, or gel electrolyte.®> The cathode material consists of a
lithiated transition metal oxide and the anode is typically graphite, however, researchers have also
explored anodic metal oxides.5® Upon charging the battery, oxidation of the transition metal oxide
cathode is coupled with de-intercalation of Li* ions. Concomitantly, reduction of the anode results
in Li* intercalation between graphite layers. Redox half reactions for each of these processes are
shown in Equations 2.1-2.2 for the case of a LiCoO. cathode and graphite (C) anode. As lithium

ions are transferred between electrodes, electrochemical energy is stored as the potential difference
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between the electrodes is increased. During discharge, intercalation of Li* occurs at the cathode

upon reduction and de-intercalation occurs at the anode upon oxidation.

Li1-xCoO2 + XLi" + xe'— LiCoO,  Cathode eq. 2.1)

C + xLi* + xe" — LixC Anode eq. 2.2)

The reversibility of this process depends greatly on the structure and electrochemical properties
of the metal oxide cathode. Oxides such as LiCoO2, LiNiO., and LiMnO: possess layered
structures where Li* ions are able to diffuse in and out of the host oxide.>%*-4:43%8 Other important
oxides such as spinel LiMn2O4 and it substituted derivatives (e.g. LiNiosMn1504) possess
interstitial sites where the occupancy by Li* is variable.?1?264-67 |mportantly, the charge storage
capacity of a metal oxide host is limited to the reversible solid-solution range of Li* intercalation
in the cathode host structure for a given redox potential of the transition metal cation.®?

Important features of ion battery electrodes which have been studied by EIS include formation
of passivation layers at the surface of cathodes and anodes, charge transfer to the metal oxide
electrode, and Li* diffusion in the solid state. Passivation layers, also known as solid electrolyte
interface (SEI) layers in the Li-ion battery literature, are routinely observed on the cathode and
anode surface due to chemical reactivity between the electrodes and electrolyte. The SEI layer can
have both detrimental and beneficial effects, including loss in battery capacity over time but
enhancement of the cycling efficiency. The formation of passivation layers is modeled using
additional parallel R||C circuits such as Models B and C discussed above.*’ Importantly, the
resistance of the SEI layer is believed to be the result of Li-ion migration through the layer the

growth of such layers over extended cycles leads to higher resistance.”?2243853-55 The jmpedance
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of solid state ion diffusion, on the other hand, is described by a Warburg element at low
frequency.16-31:394488 Eigyre 2.1 shows a description of this behavior provided by Aurbach et al.
where the additional arc assigned to formation of a passivation layer (i.e. surface film) occurs at
high frequency while the charge transfer resistance associated with energy storage appears in the
mid-frequency range.®® Note that the linear portion at low frequency reveals information about Li*

diffusion as described by Warburg impedance.
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Figure 2.1. A general impedance spectra illustration for lithiated electrode and the equivalent
circuit analog. Reprinted with permission from Elsevier.®

In the following sections we discuss specific examples of EIS studies on metal oxides used as
cathode and anode materials. We do not cover every example available in the literature and instead
give a brief discussion of examples which use EIS to elucidate particularly important features of

metal oxide electrodes in the context of ion batteries.

2.2. Li-lon Cathode Materials
Lithium cobalt oxide is the archetype cathode material for Li-ion batteries.526%70 This layered
oxide allows for a variable number of Li* ions to intercalate between layers of edge-shared cobalt
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oxide octahedra upon local redox changes in the cobalt oxidation state.*>"*~"3 Early studies by
Goodenough revealed the presence of passivating surface layers that form by
adsorption/decomposition of the electrolyte on the surface of LiCo02.** The observed EIS data
revealed two semicircles (Figure 2.2), a deviation from the expected response of one semicircle
representing charge transfer to the transition metal and a high frequency linear region describing
diffusion of Li*. The new semicircle appeared at high frequency and increased in size over time.
A thorough comparison of equivalent circuit models to account for the second arc resulted in the
proposed equivalent circuit shown in Figure 2.2. Here, a second R||C circuit is included to account
for surface layer formation (Rsi, Cs1) and a second Warburg diffusion element is included to account
for diffusion of Li* within the porous electrode structure (Z’w). The surface layer formation was
attributed to polymerization of propylene carbonate at the electrode surface with Rg increasing

over a 22 hour period as the layer grew in thickness.
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Figure 2.2. (top) Nyquist plot showing ESI data for a Lio.ssC00O> cathode at potentials up to 4.5V

vs. lithium and (bottom) the equivalent circuit used for fitting. The parallel Rs||Csi circuit describes
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the presence of a surface layer on the electrode with a high frequency response. Reprinted with

permission from the Electrochemical Society.*

Another common observation of Li-ion battery cathodes is an increase in R¢ associated with
oxidation/reduction of the transition metal over an extended number of charge-discharge
cycles.?®2440 This observation has been attributed to decomposition of the cathode material, which
leads to losses in energy storage. Zhang et al. studied LiCoO; with a Li1oGeP2S12 solid state
electrolyte where EIS was used to analyze capacitance fade and increased impedance at the
cathode/solid electrolyte interface after being subjected to long-term cycling.?® Overall, batteries
experienced a loss of ~10% storage capacity over the first 100 cycles. Figure 2.3 shows Nyquist
plots collected at the beginning and end of this cycling range where all three semicircle arcs are
observed to increase in size after 100 cycles. The mid frequency arc was assigned to charge transfer
with the LiCoO2 cathode which increased from 9 Q cm? to 118 Q cm? along with a decreased
capacitance. Scanning electron microscopy found that LiCoO: particles were fractured following
extended cycling, hypothesized to result in a loss of contact with the solid-state electrolyte.
Electron energy loss spectroscopy also showed migration of cobalt ions from LiCoO: into the SEI
layer which grew in size over the cycling range. This growth can be observed by large increase in
resistance for the high frequency arc in the Nyquist plot. The low frequency arc was assigned to

the anode/electrolyte interface.
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Figure 2.3. Nyquist plots after 1 charge cycle (inset) vs. 100 charge cycles at 3.6 V vs. In/InLi.
After 100 cycles, decomposition of the LiCoO> cathode during cycling was observed as an increase
in resistance for the semicircle arc in the mid frequency region, while formation of a surface layer
at the LiCoO2/electrolyte interface was observed as an increase in resistance for the arc at high

frequency. Reprinted with permission from the American Chemical Society.?

Lou et al. have followed the decomposition of LiCoO, and the formation of surface layers
using energy dispersive spectroscopy (EDS) and EIS as a function of cycle number.?* Batteries
were charged and discharged at 0.6 C (C = charge rate) with a 30% depth of discharge for 100,
400, 800, 1600, 2000 and 2400 cycles. The O:Co ratio rose from 2.34 to 2.96 as the cycling
proceeded which suggested slow SEI growth as the cycle number increased. The SEI layer was
hypothesized to consist of Li,COsz based on FTIR data in conjunction with the increase in oxygen
content. We note that the ratio may also be explained by a loss of cobalt from the metal oxide.
Consistent with results discussed in other studies, the Nyquist plots for EIS data showed a steady

increase in both the high frequency arc assigned to resistance (Rp) of the SEI layer and the mid
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frequency arc assigned to charge transfer with LiCoO2 (Rct). The linear feature at low frequency
was assigned to Warburg diffusion of Li* ions, however, this feature was not modeled in this study.
Efforts to stabilize cathodes from decomposition and formation of passivating surface layers

21.24,30313740 Ag g recent example,

have focused on the use of additives to the battery electrolyte.
Wou et al. compared EIS data of LiCoO> cathodes and graphite anodes with and without the additive
4-propyl-[1,3,2]dioxathiolane-2,2-dioxide (PDTD) over multiple charge-discharge cycles. As seen
in Figure 2.4, there was a significant increase in surface layer resistance (Rf) and R¢t over 150
cycles for both LiCoO> and graphite. However, the presence of PDTD as an additive stabilized
both electrodes, exhibiting smaller increases in Rf and Rt over the same cycling period. The

influence of PDTD is thought to help stabilize the LiCoO: surface from leaching cobalt ions and

forming surface layers.*°
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Figure 2.4. Nyquist plots showing discharge of LiCoO cathodes a) and graphite anodes b)
collected in electrolytes without ¢) and with d) the additive PDTD at the discharge state (~3.0 V).
Large increases in Rf and Rct without PDTD indicated decomposition of the electrodes over
extended cycles. Inclusion of PDTD limited these increases over the same cycling period.

Reprinted with permission from the American Chemical Society.*

In other studies of LiCoO3, controlling the porosity and grain size of the electrode has been found
to influence the EIS results.233% Annealing Coz04 and CoO at 350 °C resulted in optimal Li
storage performance with high discharge capacities and good long-term cycling stability; at higher
annealing temperatures, a larger grain size was attainable which led to a smaller semicircle in the
EIS data indicating low resistance from surface film formation.?

Electron transport through the metal oxide may also be observed by EIS, however, most

electrodes are designed to be highly conductive by mixing the metal oxide with carbon black as a
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composite. Zhuang et al. was able to observe electron transport for LiMn2O4 as a function of both
charging voltage (3.5 — 4.3 V) and temperature using EIS.?* As with other Li-ion battery studies,
three features were generally observed in the Nyquist plot: two semicircle arcs at high and middle
frequencies and a linear Warburg feature at low frequency. These features were assigned to Li-ion
migration through the SEI film, charge-transfer through the electrode/electrolyte interface, and
solid-state diffusion of Li* ions in the electrode matrix, respectively. However, over the potential
range of 3.5 - 3.7 V, an additional semicircle arc in the middle-to-high frequency region was
observed. To investigate the origins of this feature, EIS experiments were performed as a function
of temperature. Below 20 °C, the middle-to-high arc could frequency be well resolved, however,
above 20 °C, the semicircles in the high and middle-to-high frequency ranges began to overlap.
This suggested that the semicircle observed in the high frequency region at room temperature may
actually be comprised of two distinct features, as seen in Figure 2.5. These two features were
proposed to be due to Li-ion migration through the SEI film at high frequency, as is typically
discussed, and electronic transport through the cathode at middle-to-high frequency. Also notable
in this study is the predictable dependence of charge transfer resistance and Warburg diffusion as
a function of temperature. For low temperatures, Rt is quite large and therefore Warburg diffusion
cannot be observed over the finite frequency range. However, as the temperature is increased, Rt

drops precipitously and the Warburg feature can be clearly observed.
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Figure 2.5. Nyquist plots at various temperatures for a spinel LiMn,O4 cathode at 3.90 V. At low
temperatures, a third semicircle arc was observed in the middle-to-high frequency range assigned
to electron transport inside the cathode. Reprinted with permission from the American Chemical

Society.#

2.3. Li-lon Anode Materials

Copper(1l) oxide has been studied as an anode material for Li-ion batteries where the reduction
of copper(ll) to copper metal results in reversible formation of Li>O according to the reaction CuO
+ 2Li" + 2e- — Cu + Li20. The morphological dependence of the CuO electrode has been a
particular area of focus in terms of EIS studies.3:32355474 \Wang et al. have investigated the
difference in electrochemical behavior of leaf-like, oatmeal-like, and hollow-spherical CuO
structures.®® SEM images are provided in Figure 2.6 to show morphological differences among
the CuO samples. Charge storage capacity and long-term cycling efficiency was found to be
weakest for the oatmeal-like structure and EIS was able to provide justification for these results.
Figure 2.6 shows Nyquist plots collected for each structure along with the equivalent circuits used
to model these data. A noticeably larger Ry resistance was observed for the oatmeal structure (R¢
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=321.1 Q) than the leaf (Rf = 45.7 Q) and hollow-sphere (Rf = 43.8 Q) structures. Similar to the

discussion above for cathode materials, the Rt resistance is attributed to the formation of a

passivation layer at the solid/electrolyte interface, which are attributed to decreased charge storage

capacity. The lower porosity of the oatmeal structure was proposed to be the main culprit in the

higher surface film resistance.
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Figure 2.6. (top) SEM images of CuO after calcination with a) leaf-like, b) oatmeal-like, and c)

hollow-spherical morphologies. (middle) Nyquist plots of CuO samples showing a higher surface

film resistance in the oatmeal-like structure at the open circuit potential. (bottom) Equivalent

circuit used for modeling. Reprinted with permission from the American Chemical Society.®
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While the morphology of the anode can impact the charge storage capacity and cycling
efficiency, the nanostructure of the SEI layer on the anode also affects the electrochemical
behavior of the battery during cycling and can be analyzed using EIS. Huang et al. studied the
formation of the SEI layer on CuO nanowires following the conversion of CuO to Cu and Li,0.%
A Nyaquist plot is shown in Figure 2.7 where the formation of the SEI layer can be observed as a
function of the applied potential vs Li*/Li. At potentials greater than 1.0 V, the impedance response
was capacitive from charge accumulation on the CuO electrode. However, once a potential of 1.0
V was applied, CuO was reduced to Cu and Li.O and a depressed semicircle was observed,
characteristic for the formation of an SEI layer. As the potential was lowered from 1.0 V to 0.025
V, the semicircle became more well defined. It was determined that as the potential begins to
approach 0 V, the ionic resistance for Li* migration through the SEI layer decreased, however, the
thickness of the layer increased. This was determined by transmission electron microscopy
collected for samples after each applied potential. The thickness of the SEI layer grew from 3 nm
at 1.0 V vs Li*/Li to 14 nm upon deposition of Li metal. The decrease in ionic resistance was
proposed to be the result of a dense, ionically conductive amorphous layer at lower potentials and

highlighted the importance of the structure of the SEI layer and not just its thickness.
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Figure 2.7. (left) Nyquist plots before the growth of SEI (Copper) in addition to SEI formation at
1.0V, 0.5V, and 0.025 V vs. Li/Li*. Transmission electron micrographs of electrode surfaces
following an applied potential of 1.0 V (top right) and < 0.0 V (bottom right) showing the

formation of the SEI layer. Reprinted with permission from the American Chemical Society.*®

TiO2 has also been an interesting material studied for anode applications in Li-ion batteries,
but as the direct anode and as a coating material for the anode to enhance overall stability and
performance.” "8 Qiu et al. used EIS to study TiO2 reduced graphite nanocomposites as the active
anode material in Li-ion batteries. The conductivity of the reduced graphene oxide nanosheets was
found to facilitate the charge-transfer process in Li-ion batteries.”® As an anode material, the
structural and morphological characteristics of oxygen deficient anatase TiO2 using EIS has been
reported.’®-# Liu et al. studied TiO; electrodes in an aqueous Li-ion battery and the decomposition
of inorganic compounds (LiF, Li»COgz, and Li,O) on the surface of TiO> using EIS in conjunction
to scanning electron microscopy.®* Balogun et al. studied the capacity and long term cycling
capabilities of oxygen-deficient TiO2/LiaTisO12 (TiO2/LTO) where LisTisO12 is a chemically

lithiated phase grown from TiO,.8? LisTisOx is of interest because of its well-defined potential for
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Li* intercalation at 1.55 V vs Li*/Li. Comparison of TiO2 nanosheets and TiO2/LTO nanosheet
electrodes with and without annealing under an Hz environment (H-TiO2/LTO) revealed the lowest
charge transfer resistance for H-TiO2/LTO electrodes and the highest Rt for TiO> electrodes. This
was attributed to a higher concentration of oxygen vacancies in the H-TiO2/LTO electrode, as

measured by XPS and TGA experiments.

2.4. Na-lon and Zn-lon Batteries

Various monovalent and divalent ions in addition to Li* have been explored in metal oxide ion
battery research. In particular, Na* has been frequently used as a monovalent ion in studying
electrochemical performance of battery materials via EIS.2° Huang et al. explored silver-containing
a-MnO> cathode derivatives, AgxMngO1, Where x = 1.22 or 1.66 as a host material for
intercalation of Li* and Na*.%® These oxides possess a 2 x 2 tunnel structure where cations can
intercalate. The use of Ag* further controls tunnel size and helps stabilize the structure. EIS studies
showed that a significant decrease was observed in Rct associated with charge transfer to the oxide
when Na* intercalated in and out of the structure (Figure 2.8). R stabilized at a consistent value
once 4 electron equivalents of Na* were intercalated into the structure of Agi22MngO16 and 1
electron equivalent for AgiesMnsO1s, showing that stable structures were obtained at these
conditions. This data was contrasted with results for Li* intercalation where a gradual increase in
Rct was observed as more Li* ions were incorporated. This result was explained based on the
similar ionic radii of Na* and Ag", which led to very little structure displacement upon

intercalation.
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Figure 2.8. Comparison of Nyquist plots obtained from Na* intercalation (left) and Li*
intercalation (right) into Ag122MngQO16 cathodes. Intercalation of Na* resulted in decreased charge
transfer resistance and intercalation of Li* resulted in increased charge transfer resistance.

Reprinted with permission from the American Chemical Society.®

Wang et al. has used EIS to compare NaCrO. (NCO) powders synthesized via a decomposition
reaction, NaCrO, powders synthesized via a simple decomposition reaction followed by
calcination (Ig-NCO) and a solid-state reaction (s-NCO) as cathode materials for Na-ion
batteries.?® These synthetic conditions produce different morphological which impact the capacity
and long-term cycling capabilities of the materials. Studies using TEM and HRTEM reveal that
Ig-NCO is made of large particles layered in multiple stacking sheets, whereas the s-NCO product
is within the sub-micron range and has a flakelike particle morphology with distinct edges and an
affinity to aggregate. Figure 2.9 shows EIS curves of Ig-NCO and s-NCO cathodes in the charged
state of 3.6 V after different cycles at 0.1 C (charge rate). The Nyquist plots reveal two semicircles
and a linear feature which represent the resistance of the surface film Ry, the charge transfer
resistance R, and the Warburg impedance Zw, respectively, as discussed previously for Li-ion

battery EIS studies. As the cycling number increased from 50 to 500, R+ for both oxides increased
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as the surface layer grew, however, R¢ decreased for 1g-NCO and increased for s-NCO. The
smaller charge transfer resistance observed in Ig-NCO was attributed to suppression of side
reactions due to its small specific surface area and highly (110)-oriented morphology, allowing

improved intercalation and deintercalation of Na* during cycling.?®
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Figure 2.9. Nyquist plots and their respective equivalent circuits for Ig-NCO electrodes (left) and
s-NCO electrodes (right) measured in the charged state of 3.6 V after a different number of cycles.

Reprinted with permission from the American Chemical Society.?®

Metal oxide anodes such as CuO have also been studied as anode materials for Na-ion batteries
with similar reactivity as described for lithium (i.e. CuO + 2Na* + 2" — Cu + Na20). Nanoflake,
nanoellipsoid, and nanorod structures were compared by Rath et al. using EIS to determine the
diffusion coefficients of Na* for each structure.®® R at the electrode/electrolyte interface of the
nanorods was significantly lower than what was observed in the other nanostructures, therefore,
the Warburg diffusion feature could be clearly resolved. In this case, Zre can be plotted directly
versus 2 and the diffusion coefficient obtained from the slope based on Equations 2.3-2.4.

Figure 2.10 shows Zgre vs. o2 along with determined diffusion coefficients for each
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nanostructure. The larger diffusion coefficient determined for the nanorod morphology was

attributed to a more favorable diffusion path along the length of the rod compared with the other

nanostructures.
1
Zre = Re + R+ ow 2 eq. 2.3)
R2T2
Dnat = Smspiczes °d-2.4)

w-1/2

Figure 2.10. Zre vs. ® 2 plot in the low frequency region for CuO nanorod, nanoellipsoid, and
nanoflake electrodes used as anodes in Na-ion batteries. Reprinted with permission from the

American Chemical Society.*

Exploration of divalent ion batteries using EIS have mostly focused on Zn?* 4596186 however,
some studies have appeared for Mg?*.87% In the case of ZnMnO; batteries, correlations have been
deduced using EIS between applied strain and the ionic conductivities of polyacrylamide hydrogel
electrolytes.® When compressional strain was increased to 22.2%, a dramatic decrease in

resistance was observed, which was attributed to a shortened ionic transport distance as the
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compressional strain increases, thereby improving the efficiency of ionic migration. Zn/3-MnO-

cells have also been studied using EIS to compare different cycling points, with equivalent circuit

models provided for fitting as seen in Figure 2.11 to ultimately analyze the voltage and capacity

of the material after long-term cycling.®® The additional circuit component seen in equivalent

circuit 2 represents the growth of an additional passivation layer which is likely due to electrolyte

decomposition. During cycling, small changes were seen in the resistance due to the electrolyte

and the capacitance for the passivation layer. Rct decreased and CPEc: increased up to 30 cycles

which could be explained by an increase in the surface area of the active materials.
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Figure 2.11. (top left) Nyquist plots of Zn/36-MnQ: cells at different cycle numbers. (top right)

Equivalent circuits. (bottom left) Nyquist plots zoomed in for the first cycle showing minimal
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contribution for surface layers. (bottom right) Nyquist plots zoomed in for the 30" cycle showing
larger contributions from surface layers. Reprinted with permission from the American Chemical

Society.®

2.5. Conclusions and Outlook

In conclusion, EIS is a highly versatile technique that can be used to study metal oxide
electrodes in a wide variety of energy applications. The key feature of this electrochemical method
is the frequency dependence exhibited by fundamental circuit elements used to describe the flow
of current through the metal oxide interface. Modeling EIS data to well-supported equivalent
circuits is a critical aspect toward gaining physically relevant information. Detailed studies as a
function of modulation frequency and applied potential can reveal significant information about
the capacitance of electronic states and their resistance for electron transfer.

In terms of ion batteries, understanding the role of surface passivation layers that occurs at
anodes and cathodes is of great importance for energy storage. Extended battery cycling has shown
a continuous increase in these layers which contributes to higher overall resistance for electrical
energy storage and thus degraded battery performance. EIS has proven to be important in this
regard and will continue to be used to analyze new metal oxide electrodes as they are discovered.
While metal oxides are commercially used for Li-ion batteries, a push to develop metal oxide
battery electrodes for application in alternative ion batteries is of great interest. Low-toxicity
battery components that are environmentally friendly and composed of earth abundant metals are
ideal for future advancements in energy storage devices. Candidates include both alternative
monovalent ion batteries such as Na* and K* as well as multivalent ion batteries such as Zn?* and

Ca?". As metal oxides are investigated to be implemented in alternative ion batteries, EIS will
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prove to be a useful analytical technique to measure their performance capabilities for these

relatively new and scarcely studied applications.
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Chapter 3
Defining the Role of Cr3* as a Reductant in the Hydrothermal Synthesis of CuCrO:

Delafossite

*This chapter was reproduced from the following publication:

Chown, Amanda L.; Farnum, Byron H. Inorg. Chem. 2022, 61 (21), 8349-8355

3.1 Introduction

Transparent oxide semiconductors (TOSs), named for both their semiconducting properties
and their transparency to visible light due to having a wide band gap, are often used in
heterojunction solar cells as charge transport layers. TiO2, SnO2, and ZnO are primary examples
of n-type TOSs which have been used as electron transport layers in dye-sensitized solar cells,
quantum dot solar cells, organic photovoltaics, and perovskite solar cells.**>"13" Examples of p-
type TOSs include NiO and the family of CuMO: delafossites, of which CuCrO. has been applied
as a hole transport layer in various solar cells in addition to solar fuel devices such as dye-sensitized
photoelectrosynthesis cells.?313

Previous studies have pointed to inferior performance for p-type TOSs in comparison to their
n-type counterparts, exhibiting short hole diffusion lengths which impede charge extraction.?6?7 It
has been proposed that this is due to electronic defects which result in poor charge separation at
the metal oxide interface. Specifically, the proclivity of such defects and byproducts in CuCrO:
synthesis has been linked to the synthetic method, as recently reported by Zhao et al.?®
Understanding these defects thus requires synthetic control of the desired material; however, the

synthetic methods used to make delafossite CuCrO2 have been cumbersome. Previous studies
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required temperatures above 500° C and high pressure environments, commonly leading to the
phase transition into spinel CuCr,04.1°%° Poeppelmeier developed a hydrothermal synthetic
method with Cu.O and Cr(OH)s precursors to make CuCrO. under relatively low temperature
conditions, albeit with long reaction times and large particle sizes.** In contrast, the hydrothermal
synthesis of nanocrystalline delafossite materials is typically achieved with metal salt precursors
such as Cu(NO3)2 and Cr(NOs)3.242144 These routes can be prone to result in cuprite (Cu20) and/or
tenorite (CuQ) side products during the reaction. This has been proposed to result from a gradient
in temperature between the walls of the Teflon cup and the solution at the center of the Parr bomb,
introducing different thermodynamic environments which may favor byproduct formation.'42

One aspect of the hydrothermal synthesis from metal salts that has not been addressed is the
role of Cr®* as a reductant in the conversion of Cu?* to Cu*. Although Cu* is the desired oxidation
state for CuCrOz, Cu* is unstable in aqueous solution at room temperature, and thus Cu?*
precursors must be used when starting with metal salts. Ethylene glycol has been used as a
reductant for the synthesis of CuGaO, where Ga®* is redox inert. Likewise, synthesis of CuFeO;
has been achieved with either ethylene glycol or Fe?* as the reductant. Despite the obvious need
for a reductant, published synthetic procedures for CuCrO2 from metal salt precursors have not
included a secondary reductant or discussed the redox activity of Cr* such that no stoichiometric
reaction has been established for the overall synthesis. Given the challenges of competitive binary
oxide formation present in the ternary CuCrO: synthesis in addition to the possible consumption
of Cr¥* due to redox activity, understanding the optimized stoichiometry for Cr:Cu is an important
parameter for achieving pure phase CuCrOx.

Here, we report on the hydrothermal synthesis and optimization of CuCrO2 in an effort to

produce nanocrystalline material in the absence of unwanted byproducts. By optimizing the
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synthetic conditions for the growth of CuCrO2, photo/electrochemical studies may be more
reproducible and the material may be better understood fundamentally for further applications.
Here we show that the ratio of starting materials, in addition to the production of chromate, clearly
has an influence on byproduct formation, where a 4:3 ratio of Cr®* and Cu?* nitrate salts is optimal

for hydrothermal synthesis of CuCrOx.

3.2 Experimental Section
3.2.1 Synthesis of CuCrO2 Nanocrystals

Hydrothermal synthesis of delafossite CuCrO2 nanocrystals was conducted according to a
preparation method previously reported in the literature.*:4° Chromium nitrate nonahydrate
[Cr(NOs)s 9 H20] (Alfa Aesar, 98.5%) and copper nitrate hemipentahydrate [Cu(NOs3), -2.5 H,0]
(Alfa Aesar, 98%+) were added to 70 mL deionized H20 (18MQ cm, Milli-Q) and stirred in an
ice bath. The molar ratio of chromium to copper precursors (Cr:Cu) was varied to generate two
series of reaction conditions. Series 1 contained Cr:Cu ratios from 0.5 — 10 in which the total metal
concentration was held constant at [Cr] + [Cu] = 0.5 M. Series 2 contained Cr:Cu ratios from 0.5
— 2 inwhich [Cu] = 0.21 M was fixed. After addition of the precursors to cold water, a minimum
of 7.03 g KOH (VWR Analytical) was added and a final targeted pH > 13 was recorded to ensure
basicity of the solution and visual confirmation of metal hydroxide formation in solution.

The mixture was then stirred and transferred equally to three 45 mL Teflon cups and sealed in
acid digestion bombs (Parr). The bombs were placed in a box furnace (Lindberg Blue M) and
heated to 240 °C for 12 — 60 hours, depending on the procedure. The bombs were removed from
the furnace and the reaction mixtures were centrifuged to separate the solid products, which were

combined to form a single solid product. This solid was analyzed for structural characterization
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prior to being suspended in 0.5 M NH4OH (28 vol %, BDH) solution for 24 hours. Following this
step, any dissolved solid was rinsed with ethanol, sonicated in ethanol, and vortexed for 3 cycles
to remove impurities and to clean the product. The remaining product was allowed to dry in ethanol

under a fume hood before the final drying step in a vacuum oven (Lindberg Blue M) at 60 °C.

3.2.2 Analysis of CrOs*

In order to study the role of Cr3* as a reducing agent, the chromate produced from each reaction
was quantified spectrophotometrically. Standard, tech-grade Na.Cr.O; was added to a basic
solution with a pH > 13 containing KOH in Millipore H20 to prepare standard chromate solutions
at known concentrations. At pH 13, Cr,07* dissociates completely to form two equivalents of
CrO4*.1% The extinction coefficient of the absorbance peak for CrOs* at 372 nm was then
quantified using UV-visible absorbance spectroscopy. The pH of post synthesis solutions were
found to be in excess of 13, ensuring CrOs* quantification. An Agilent Cary 8454 UV-Vis
spectrophotometer was used to study both the standard and experimental concentrations of

chromate ions in solution.

3.2.3 Structural Characterization

Powder X-ray diffraction (pXRD) data was collected using a Rigaku SmartLab X-Ray
diffractometer with a Cu Ka source in a Bragg-Brentano geometry. XRD data were processed
using SmartLab Studio Il software. Scanning electron microscopy (SEM) images were collected
using a Hitachi S-4700. Transmission electron microscopy (TEM) images were collected using a
Thermo Scientific Talos F200X with EDS. Inductively coupled plasma mass spectrometry (ICP-

MS) was collected using an Agilent 7900 Quadrupole ICP-MS system with a high temperature
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(>6000°K) plasma source. All samples were dissolved in trace metal-free concentrated nitric acid
by means of hydrothermal acid digestion in Teflon Parr bombs at 200 °C for 5 hours. A serial
dilution was performed using a trace metal-free 2% nitric acid solution to acquire an ICP-ready

solution with a targeted sample concentration between 0 and 200 ppb.

3.3 Results and Discussion
3.3.1 Time Dependent Synthesis

A 1:1 ratio of Cr:Cu starting material has been commonly used in the literature to produce
delafossite CuCrO. However, the time required to undergo the condensation reaction of the
precursors, as seen in Figure 3.1, is unclear. While some previously report 60 hour reactions4+47,
others have reported producing CuCrO; under shorter reaction times.?14¢ Before further synthetic
optimization, we explored the time dependence of the reaction using the hydrothermal synthetic
route to determine if allowing the synthesis to proceed for a longer period of time improves the

overall quality of the product.

Cr**(OH); ———— Cr,0;

CuCrO,

Cu>(OH), ——— Cu,0/CuO

Figure 3.1. lllustration of the general condensation reaction producing the delafossite metal oxide

CuCrOz with competitive formation of binary oxides Cu,O, CuO, and Cr.0Os.
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As seen in Figure 3.2, a series of reactions were conducted where the ratio of Cr:Cu starting
materials was fixed at 1:1 with 0.5 M total starting materials (i.e. 0.25 M each), and the reaction
time was varied from 12, 24, 36, 48, and 60 hours. Under the 12 hour synthesis condition, it is
apparent that three distinct peaks at 35.5°, 38.8°, and 48.8° are present. These peaks are specific to
the diffraction pattern for CuO (tenorite; PDF #00-041-0254). A broad shoulder peak near 37° was
also evident and could be assigned to either Cu20 or CuCrOz. Diffractograms were found to be
unchanged from 12-48 hrs; however, as the reaction time increased to 60 hours, the peaks
associated with CuO decreased in intensity and the predominant peaks in the diffractogram were
found to be 31.0°, 36.2°, and 61.7°, characteristic of the (006), (012), and (110) peaks, respectively
for delafossite CuCrO. (PDF #00-039-0247). Notably, even at 60 hrs, residual peaks for CuO were
still observed at 38.8° and 48.8°. This could suggest that CuO is a precursor to CuCrO, formation
or that Cu?* is insufficiently reduced to Cu*. Based on these results the synthetic time was fixed at

60 hrs for all subsequent experiments to allow for optimal formation of CuCrO..
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Figure 3.2. pXRD diffractograms obtained from unwashed solid products resulting from a 1:1
Cr:Cu ratio with various reaction times from 12 to 60 hrs. Standard diffraction patterns for CuO
(PDF 00-041-0254), Cu.0 (PDF 00-005-0667), Cr.O3 (PDF 00-038-1479), and CuCrO. (PDF 00-

039-0247) are shown for comparison.

3.3.2 Series 1: 0.5 M Fixed Concentration of Reactants

To investigate the role of Cr* as a reductant, metal oxide powders were synthesized using a
constant total concentration of metal [Cr] + [Cu] = 0.5 M while the moles of Cu(NO3), and
Cr(NOs3)s were adjusted in order to vary the ratio of Cr:Cu from 0.50 to 2.00. XRD data for the
unwashed solids are shown in Figure 3.3a. Reaction parameters for the series can be found in
Table S3.1 for additional clarity. Control experiments with only 0.5 M Cu(NO3)2 or Cr(NO3)3 are
also shown for reference in Figure S3.1. Clear changes in the diffractograms were observed as a
function of Cr:Cu ratio with Cr:Cu = 0.50 and 0.67 showing sharp, pronounced peaks for CuO

(35.5°, 38.8°, and 48.8°) and much smaller, broad peaks for CuCrO> (31.0°, 36.2°, and 61.7°). The
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broad peaks of CuCrO> indicate nanocrystalline particle sizes. Under the condition where only
Cu(NOz3)2 was present (Cr:Cu = 0.00), CuO was the only observed product. When looking at Cr:Cu
=1.00, 1.15, and 1.33 diffractograms, it is evident that the broad peaks assigned to CuCrO2 became
dominant while those for CuO were greatly diminished, being undetectable for Cr:Cu = 1.33. At
the highest Cr:Cu = 2.00, CuO could not be detected by pXRD.

To determine the limit of detection of CuO, pXRD data was collected for varying mixtures of
NaCl and CuO standards, as seen in Figure S3.2. It is evident that even at 1 wt. % CuO, peaks
identified as CuO were present in the powder mixtures. Therefore, an absence of CuO peaks can
be assigned to <1% impurity.

Additionally, peaks associated with Cu20 and Cr>O3 were present in Figure 3.2a. Washing the
solid product with 0.5 M NH4OH for 24 hrs resulted in the removal of peaks assigned to Cu.O and
Cr203, however, CuO peaks were persistent (Figure 3.3b). The base washing reactions
corresponding to the removal of Cu20 and Cr.03 from the final solid product are shown in
Equations 3.1-3.2. These results show that CuCrO. of high purity could be synthesized using a
Cr:Cu ratio greater than 1.33 coupled with a secondary washing step in NH4sOH. These results also

suggest that many literature procedures which utilize a 1:1 Cr:Cu ratio may have CuO impurities.

Cu20 + 4NH4OH — 2[Cu(NHs)2]OH + 3H,0 eq. 3.1)

Cr,0s + 6NH4OH — 2Cr(OH)s + 3(NH4);0 eq. 3.2)

68



a) Unwas'hed Y l '. ] b) Washed i ¥ l I. I
i . ] .o 0.50 ) i s 3 Al s
0.50 . e \ ‘A . ‘ o7 AJ“\;‘M RPN T T PRI
= ,,S;ELMMWNV»@ \ umm;]%wpmﬁwﬁ\wﬁ“?AWWW =S -~ s "
© iffmwm'_’MW.W_/Mr”"-.,Iw_\\l&%w,w“w_w__ﬁw el NPt S ”;“’1:“""“""““""‘“‘“" e e i i
o 133 o 25 As o A o z 133 &
2 |20 — 2 200 J
Rl E = oy somronsmmnpaa! i g
Peced [ [ [ T T[] []] g T T T [
LI T T[T e [T 11
== T [T 1 T []] T T 1 1 1 T]
e | I T 1] e 1 I 11 1]
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Angle / 20 Angle / 20

Figure 3.3. Powder diffractograms obtained for solid products for the indicated Cr:Cu ratios with
a reaction time of 60 hrs. In all cases, the [Cr] + [Cu] = 0.5 M. Peaks from CuCrO- are identified
using (o) and peaks from CuO are identified using (®). Noteworthy peaks from Cu20 and Cr.O3
are denoted using (*) and (=), respectively. a) unwashed samples. b) samples after being washed

in 0.5 M NH4OH solution for 24 hrs.

The product formation as a function of Cr:Cu ratio strongly suggests that Cr* acts as a
reductant for conversion of Cu?* to Cu*. In the absence of Cr3* or with a Cr:Cu ratio < 1.00, CuO
was predominately formed, whereas with higher ratios, the Cu* containing CuCrO; was the
dominant product. A proposed redox reaction for the overall formation of CuCrO: is shown in
Equation 3.2 where one Cr®* is able to reduce three equivalents of Cu?* to Cu*, resulting in a
balanced stoichiometry of 4:3 Cr:Cu (1.33). In further support of this, calculated Pourbaix
diagrams reported by Beverskog show that reduction of Cu?" by Cr" is thermodynamically
favorable at elevated temperatures with AG = -0.33 eV at 200 °C (see Sl for further details).24%1%
Equation 3.2 was confirmed by the presence of CrO4% as the oxidized product, as determined by

UV-visible absorbance spectra collected for the post-synthesis reaction liquid (Figure 3.4a). The
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concentration of CrO4% produced for each Cr:Cu ratio was then calculated using the extinction

coefficient of the absorbance feature at 372 nm, measured to be 4,835 M cm™ (Figure S3.3) and

consistent with other literature reports.*>*1%3

4 Cr¥ + 3 Cu** + 20 OH" — 3 CuCrOz + CrO4* + 10 H20 eq. 3.2)
2 Cr¥* + 6 Cu?* + 22 OH — 3 Cu0 + 2 CrO4% + 11 H,0 eq. 3.3)
Cr:Cu
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Figure 3.4. a) UV-visible absorbance spectra of post-reaction solutions produced from different
ratios of Cr:Cu with a total [Cr] + [Cu] = 0.5 M. The absorbance spectra are consistent with CrO4*
. b) Millimoles of CrOs* measured from absorbance data plotted versus mole fraction of Cr and

Cr:Cu ratio. Dashed line shows the theoretical amount of CrO4? produced based on Equation 3.2.

Figure 3.4b shows the concentration of chromate ions produced as a function of mole fraction
of Cr (ycr = Cr/(Cr + Cu)) and Cr:Cu ratio. It is evident that the largest amount of chromate
produced is near the optimal ratio of 1.33 for Cr:Cu reactants (ycr = 0.57). Error bars are provided

and represent the standard deviation calculated from three separate reactions. The increase in
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CrO4> up to 1.33 Cr:Cu followed by a decrease at higher ratios is due to the constant total metal
concentration used for this series of reactions. At low Cr:Cu ratios, the amount of CrO4? produced
is limited by the amount of Cr3* present during the reaction and the efficiency of reduction. At
high Cr:Cu ratios, CrO4> production is limited by the amount of Cu?* available. The dashed line
shown in Figure 3.4b represents the theoretical amount of CrO4% produced for 100% efficiency
of Equation 3.2.

The experimental data follows the expected trend with additional data points at Cr:Cu ratios of
4.00 and 10.00 continuing to show the linear decline in CrO4> with Cr:Cu and ycr; however, the
experimental data deviates from the theoretical line at ratios both lower and higher than 1.33. These
deviations are a reflection of the percent yield for CrO4? (Table S3.3) and were found to greater
than expected for Cr:Cu < 1.33 and lower than expected for Cr:Cu > 1.33. For Cr:Cu < 1.33, we
believe that competitive formation of Cu,O via reduction of Cu?* by Cr®" is responsible for the
greater than 100% yield of CrO4%. The balanced redox reaction for the Cu,O formation is shown
in Equation 3.3 where the yield of CrOs* per Cr® is 100% compared with 25% for CuCrO>
formation. A small fraction of Cu2O side reactivity could therefore produce a greater than expected
yield for CrO4%. For Cr:Cu > 1.33, we believe the decline in percent yield is due to competitive
Cr,03 formation as more Cr®" is introduced to the reaction. In addition, the decreased percent
yields at higher Cr:Cu ratios indicates a lower efficiency for Cr®* reduction of Cu?* which is

supported by the persistent nature of CuO found via pXRD at higher ratios.

3.3.3 Series 2: 15 mmol Fixed Concentration of Cu'' Reactant
To further confirm the Cr3* reductant mechanism, a second series of reactions was conducted

where the ratio of Cr:Cu was varied from 0.50 to 2.00; however, the Cu(NO3). starting material
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was fixed at 0.21 M (i.e. 15 mmol), allowing both the amount of Cr(NO3)3 and the amount of total
metal concentration to change. Reaction parameters for the series can be found in Table S3.2.
Powder XRD data showed similar trends as the first series, with high amounts of CuO at low Cr:Cu

ratios, optimal production of CuCrO; at 1.33 Cr:Cu and an increase in Cr203z at high Cr:Cu ratios

(Figure 3.5).
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Figure 3.5. Powder diffractograms obtained for solid products from the indicated Cr:Cu ratios. In
all cases, the total [Cu?*]=0.21 M (i.e. 15 mmol). Peaks from CuCrO are identified using (o) and
peaks from CuO are identified using (®). Noteworthy peaks from Cu20 and Cr.O3 are denoted

using (=) and (*). a) unwashed solids. b) solids after being washed in 0.5 M NH4OH solution for

24 hours.

The amount of CrO4? produced experimentally for the second series followed the predicted
theoretical trend (Figure 3.6) where production was limited at low Cr:Cu ratios by the amount of
Cr®* in solution and reached a plateau beyond a ratio of 1.33 due to the constant amount of Cu?*.

Notably, reactions containing Cr:Cu ratios of 4.00 and 10.00 were not conducted with this series
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because the amount of Cr3* reactant needed to run the reaction became impractical beyond a 2.00
ratio. Similar to the first series, the percent yield was also found to be greater than 100% at low
Cr:Cu ratios and decrease as the ratio increased. Figure S3.4 shows an overlay of CrO4? percent
yields for both series of reactions where both show a similar decline as Cr:Cu increased. Also
consistent was the fact that low Cr:Cu ratios resulted in CrO4> percent yields in excess of 100%,

likely due to Cu20 formation according to Equation 3.3.
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Figure 3.6. a) UV-visible absorbance spectra of post-reaction solutions produced from reactions
where [Cu] = 0.21 M. b) Millimoles of CrO4* in solution for each reaction calculated from
absorbance data and plotted versus mole fraction of Cr and Cr:Cu ratio. The dashed line represents

the theoretical amount of CrO4> based on Equation 3.2.

Microscopy studies were conducted on samples from each series to analyze the morphological
characteristics of each product. SEM images collected for series 1 reactions after base washing are
shown in Figure 3.7. Figure S3.5 shows SEM data for series 2 reactions. Across all reaction

conditions, small particles were produced with anisotropic, plate-like morphology appearing for
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ratios of 1.00 and 1.33. The plate-like morphology is characteristic of CuCrO nanocrystals based
on the layered delafossite unit cell. At Cr:Cu = 0.50, more isotropic particles with smooth faces
are observed. This could be due to the CuO formation under conditions where an excess amount
of Cu?* starting material was used. Indeed, when only Cu?* was present in the reaction, the CuO
produced exhibited an isotropic morphology, albeit with large particle sizes (Figure S3.6). In the

reaction with only Cr*, small amorphous particles were produced.

.t

s TPl N
40,04 4.8ram £100k SEO

Figure 3.7. SEM images at constant magnification of products with Cr:Cu ratios 0.50, 1.00, 1.33,
and 2.00 from the series with [Cr] + [Cu] = 0.5 M. All samples have been washed in 0.1 M NH4OH

solution for 24 hours.

74



Figure 3.8. a-c) TEM images of washed solid product obtained from a Cr:Cu ratio of 1.33 with

[Cu] + [Cr] = 0.5 M. d-g) HAADF images and EDS mapping of the same material.

TEM and EDS studies were further conducted on the optimized Cr:Cu ratio of 1.33 with images
shown in Figure 3.8. Nanocrystals appear as anisotropic plates with an aspect ratio of 4.6 + 1.9.
High magpnification indicates lattice fringes labeled as A and B in Figure 3.8c, typical of other
reports for TEM images of CuCrO, nanocrystals.?>** High Angle Annular Dark Field (HAADF)
images and EDS mapping reveals an even distribution of copper, chromium, and oxygen atoms
throughout the nanocrystals.

ICP-MS was conducted for each sample in both series to determine elemental composition. A
summary of this data is shown in Table 3.1 for the unwashed and base washed products. The
measured Cr:Cu ratio for unwashed samples was found to be an average of 73 £ 7 % of the starting
ratio across all reaction conditions, meaning that ~27% of the starting precursors do not get
converted to solid product. The low ratios for solid product obtained from low starting ratios is

consistent with the presence of CuO byproducts found via pXRD, resulting from a lack of Cu?*
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reduction at low concentrations of Cr3*. As Cr:Cu increased beyond the optimal ratio of 1.33, the
final ratio also increased, likely due to formation of Cr,Os byproducts or other amorphous
materials not detectable by XRD in excess of CuCrO». Washing the solid products resulted in a

general increase in the final Cr:Cu ratio, likely due to removal of Cu20.

Table 3.1. Ratio of Cr:Cu measured by ICP-MS for solid products.

[Cu]+[Cr]=05M [Cu]=0.21 M
Starting unwashed washed unwashed washed

Ratio

0.50 0.365 + 0.004 0.402 + 0.005 0.311 £ 0.004 0.325 +0.003
0.67 0.505 + 0.006 0.511 +£0.014 0.579 £ 0.008 0.547 £ 0.009
1.00 0.647 +0.006 0.766 £ 0.014 0.743 £ 0.027 0.753 £ 0.009
1.15 0.885 + 0.022 0.889 + 0.014 0.749 £ 0.012 0.843 £ 0.016
1.33 0.940 + 0.059 1.036 £ 0.015 0.940 £ 0.059 1.036 £ 0.015
2.00 1.523 + 0.006 1.685 £ 0.033 1.625 £ 0.019 1.680 £ 0.033

Based on the pXRD and ICP analysis, the optimal ratio of Cr:Cu to form CuCrO with minimal
impurities is 1.33 (4:3). At this ratio, an excess of Cu is present in the unwashed sample which is
likely attributed to the presence of CuO impurity. After base washing the product, the ratio
increased due to removal of Cu20 (i.e., 27% mass loss during washing step; Table S3.4) and
resulted in a final Cr:Cu ratio of 1.04, indicating a slight excess of Cr. Based on pXRD, this solid
product is expected to be free from CuO impurities and thus the excess Cr could be attributed to
Cu* vacancies in the CuCrO: lattice. This means that ~4% of Cu" sites could be vacant. Previous

studies on CuGaO; have also indicated Cu* vacancies at similar defect percentages.®’

3.3.4 Introducing Ethylene Glycol as a Reductant
The role of Cr® as a reductant is clearly established by the data presented thus far; however,

the complexities of the competitive reactions beg the question of whether an alternative reductant
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could be used to generate Cu* while keeping Cr3* redox stable. Other reported synthetic routes for
copper delafossite materials have used ethylene glycol as a reductant with much success. > For
comparative purposes, ethylene glycol was thus added to the reaction with a 1:1 ratio of Cr:Cu
precursors, as an excess of Cr should not be needed. Analysis of the solid product by pXRD
(Figure 3.9), however, revealed that CuCrO2 was not formed, but rather Cu metal (PDF#00-004-
0836) was the major product along with an unknown product, possibly derived from Cr. These
results indicate that addition of secondary reductants is not likely to result in a more efficient
synthesis of CuCrO; and that a solid understanding of the Cr* reductant and competitive side

reactions is required to produce CuCrOz nanocrystals of high purity.

1.00 + ethylene glycol
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Figure 3.9. Diffractogram for solid product obtained from hydrothermal synthesis of a 1:1 ratio of

Cr:Cu for 60 hours with ethylene glycol added as a reductant.
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3.4 Conclusion

The role of Cr3* as a reductant in the hydrothermal synthesis of CuCrO, from Cu?* and Cr®*
precursors has been clearly elucidated by detection of CrO4% in the post-synthesis reaction
solution. The results point to an optimized Cr:Cu ratio of 4:3 based on the reaction stoichiometry
established in Equation 3.2. Deviation from this ratio leads to the formation of byproducts such
as Cu20, CuO, and Cr20s. The narrow window for which CuCrO; can be synthesized with high
purity emphasizes the fact that impurities and defects could influence optical or electrochemical
properties of CuCrO; if synthetic parameters are not optimized. Future studies are currently
underway to understand how these impurities and defects specifically impact electrochemical

properties and the band gap of CuCrO..
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3.5 Supporting Information

Table S3.1. Summary of reaction parameters for series 1 in which the total concentration
of reactants was fixed at 0.5 M

[Cu] + [C]=0.5 M

Starting Ratio | Cu?* reactant Cr®* reactant H.O added (mL)  Reaction time

Cr.Cu (mmol) (mmol) (hours)
0.50 23.33 11.67 70 60

0.67 21 14 70 60

1.00 17.5 17.5 70 60

1.15 16.5 18.86 70 60

1.33 15 20 70 60

2.00 11.67 23.33 70 60

4.00 7 28 70 60
10.00 3.18 31.82 70 60

Table S3.2. Summary of reaction parameters for series 2 in which the starting [Cu]
was fixed at 0.21 M

[Cu]=0.21 M
Starting Ratio | Cu?* reactant  Cr3* reactant H20 added (mL) Reaction
Cr.Cu (mmol) (mmol) time (hours)
0.50 15 7.5 70 60
0.67 15 10 70 60
1.00 15 15 70 60
1.15 15 16.67 70 60
1.33 15 20 70 60
2.00 15 30 70 60
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Figure S3.1. a) pXRD of unwashed products produced in which either 0.5 M Cu?*(NO3); or 0.5
M Cr3*(NOs)s reactant are present in the reaction. b) The unwashed product in which 0.5 M
Cr3*(NOs)s magnified alongside standards for comparison: CrO2 (PDF # 01-075-7968), Cr203
(PDF # 00-038-1479), KsCrOg (PDF # 00-014-0652), and K2(CrOs) (PDF # 01-070-1222). c)

pXRD of products after washing in 0.5 M NHsOH for 24 hours and dried prior to collecting the

XRD.

80



06

a) b)
. . 3 4 1|LJ "x- |
me Moo ] M
2 A1
Rl A ir M| e i N‘w |
"'(E 25 % Cu0 le”th\f M ) W ,IMJJ W
Q 0.047‘ MJ4§ Mxh48?w":;ﬂ§%q“m:g5 5C.0
g 10 % CuO , IAngIe:’ZQ
9 C) 100 4
= oo ) ﬁ . .
0% Cu0 L..JL k A R L_ % *
* cu0 | L T 1] 2
o Nal | | | | . | | | I ‘ | | [ .
10 20 30 40 50 60 70 80
Angle / 20 % w0

Figure S3.2. a) pXRD of CuO (Alfa Aesar, 30-50 nm APS powder) and NaCl (VWR Chemicals,
crystalline) mixtures where CuO is represented as weight percentages in the sample. Peaks are
identified as CuO (PDF # 00-041-0254) and NaCl (PDF # 00-005-0628). b) pXRD of CuO:NaCl

mixtures zoomed in at 48.9°. ¢) Plot of relative intensities as a function of CuO:NaCl mixtures at

the 48.9° peak.
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Figure S3.3. a) UV-visible absorbance spectra collected for [CrO4%] in aqueous solution at

standard concentrations and pH > 13. b) Beer-Lambert plot constructed from absorbance values at

372 nm. The extinction coefficient was calculated to be 4,835 M cm™.

Table S3.3. Summary of experimental yields of CrO4> obtained from UV-visible absorbance
data for post-synthesis reaction liquids

[Cul+[Cr]=05M [Cul=0.21M
Starting | Experimental Theoretical % Yield Experimental Theoretical % Yield
Ratio [ Yield (mmol) Yield Yield (mmol) Yield
(mmol) (mmol)

0.50 3.34£0.50 2.90 115.2+9.9 2.14+0.91 1.87 114.4+£20.3
0.67 3.85+0.54 3.53 109.1+£125| 2.76+0.42 2.52 109.5+10.3
1.00 4.40 £ 0.40 4.37 100.7+£209 | 3.97+0.60 3.77 105.3+10.8
1.15 4.79+0.72 4.70 101.9+109| 4.30+1.01 4.32 99.5+19.8
1.33 4.56 +0.82 4.92 92.7+13.6 454 +0.82 4.93 80.5+13.6
2.00 3.53+£0.42 3.90 90.5+4.6 4.81+£0.84 5.00 96.2 +15.2
4.00 1.18 +0.54 2.33 50.6 +11.5

10.00 0.45+0.37 1.06 429+75
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Figure S3.4. Percent yields for CrO4* plotted versus Cr:Cu ratio for both series of reactions.
Legend indicates Cr:Cu ratio. Series 1 represents [Cr] + [Cu] = 0.5 M and Series 2 represents

[Cu]l =0.21 M.

Figure S3.5. SEM images for washed 0.50, 1.00, 1.33, and 2.00 Cr:Cu ratios from series where

[Cu?*] reactant = 0.21 M.
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Figure S3.6. SEM images at varying magnifications of the products from the control reactions
containing only Cu?* or Cr* starting materials. All samples which have been washed in 0.1 M

NH4OH solution for 24 hours.

Table S3.4. Summary of washed yields of CuCrO, powders and percent recovery

[Cu]+[Cr]=05M [Cu]=0.21 M
Starting | Unwashed = Washed % Recovery | Unwashed Washed % Recovery

Ratio Mass (g)  Mass () Mass (g)  Mass (Q)

0.50 0.1537 0.1287 83.73 0.1345 0.1013 75.32
0.67 0.1342 0.1031 76.83 0.1760 0.1288 73.18
1.00 0.1319 0.0937 71.04 0.3612 0.2794 77.35
1.15 0.1878 0.1359 72.36 0.1154 0.0805 69.76
1.33 0.1498 0.1099 73.36 0.1498 0.1099 73.36
2.00 0.1707 0.1266 74.17 0.2344 0.1766 75.34
4.00 0.1589 0.1175 73.95

10.00 0.1363 0.1022 74.98
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Thermodynamics of Cr3* reduction of Cu?* at elevated temperatures

Beverskog has published calculated Pourbaix diagrams for the copper and chromium redox
systems at elevated temperatures.?>?® Under basic conditions, Cu(OH)+* and Cr(OH)4 are the
proposed dominant species for Cu?* and Cr®*. Note that the speciation of the chromite ion is
unconfirmed in the cited publication and is assumed to be Cr(OH)4". The following redox reactions

and their corresponding potentials were extracted from the Pourbaix diagrams to the best of our

ability.
CrO4% + 4H,0 + 3e” — Cr(OH)s + 40H" E~-0.75V vs SHE
Cu(OH)4*> + & — Cu(OH); + 20H" E ~-0.64 V vs SHE

Overall balanced reaction:

Cr(OH)4" + 3CU(OH)4> — CrO42 + 3Cu(OH)z + 4H,0 + 20H  AE=+0.11V

4G =-0.33eV
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Lithium Dependent Electrochemistry of p-Type Nanocrystalline CuCrO: Films

4.1 Introduction

N-type and p-type metal oxides have found great use as selective contacts in a variety of
heterojunction solar cell architectures including dye-sensitized solar cells, quantum dot solar cells,
organic photovoltaics, and perovskite solar cells.X® N-type materials such as TiO2, SnO2, and ZnO
are used to selectively move electrons from light absorbers to the external circuit.” ! Likewise, p-
type materials such as NiO and CuMO; (M = Cr®*, Ga*") are used to accept and transport holes
from light absorbers to the external circuit.*2*3 Given the interfacial relationship between the metal
oxide and light absorbers required for charge transfer, a fundamental understanding of the band
structure and surface electronic states of these materials is important. The electrochemical features
which describe band edges and surface states for n-type oxides TiO2, SnO», and ZnO and p-type
NiO have been well studied in the literature;*>"® however, only a handful of studies have
presented such data for CuMO, materials.’*° Further understanding of the electrochemical
behavior of CuMO- oxides could provide insight into how to fully utilize them in solar cell
architectures.

CuMO:; oxides are a variable class of materials with a wide range of M3* cations able to be
incorporated. CuCrO2 and CuGaO2 have become popular choices for p-type hole transport
materials for solar cells due to their wide direct band gaps, 3.3 and 3.6 eV, respectively.*?° The
delafossite crystal structure (Figure 4.1) of these materials lends itself to hole transport through
the Cu* sheets sandwiched between edge-shared M3*Og octahedra. This layered structure in turn

results in hexagonal plate-like nanocrystal morphologies with anisotropic hole transport. For
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example, the diffusion coefficient parallel to the Cu* plane has been measured to be ~25x larger

than the diffusion coefficient perpendicular to the plane for CuAIO,.2!

/6 Copper atom \
O Chromium atom

. Oxygen atom

Figure 4.1. Delafossite unit cell for CuCrO; in 3R phase.

The band structure of copper delafossite materials has been thoroughly investigated by
theoretical means to conclude that the valence band contains a mixture of copper based 3d-orbitals
and oxygen based 2p-orbitals.???® Electrochemical determination of the valence band edges of
CuCrO2 and CuGaO: have been determined from Mott-Schottky measurements to be 0.8 V and
0.6 V vs NHE in 0.1 M NazHPOjs electrolyte solution.*#?42 |n the case of CuGaO, the valence
band edge aligns well with a quasireversible feature observed with cyclic voltammetry and
assigned to a Cu®"* surface redox state induced by copper vacancy defects.?® Similar surface
defects have been described for p-type NiO, which also shares a similar band structure involving
overlap of transition metal 3d-orbitals and oxygen 2p-orbitals.?” The impact of these surface
defects on the performance of dye-sensitized solar cells has also been of great interest in the

literature as they can act as recombination centers with reduced dye molecules and redox
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mediators.?” Numerous studies have shown that passivation of these states using targeted atomic
deposition to fill nickel vacancies with redox inert M3" cations in the lattice or atomic layer
deposition of nanometer thick redox inert oxide materials (e.g. Al.O3z) results in larger
photovoltages but decreased photocurrent.?”282

Given the layered delafossite structure of CuMO. materials and the hexagonal plate-like
morphology of nanocrystals, it is important to consider that copper-based charge transfer through
either surface defect states or valence band states should be more favored along the “sides” of the
nanocrystal where copper atoms terminate the lattice as opposed to the “top and bottom” where
M?3* cations form a close-packed layer of edge-shared octahedra. Changes in aspect ratio of the
nanocrystals may therefore impact the magnitude of the surface defect sites and/or the propensity
of the material to perform charge transfer with light absorbing molecules and materials.

Here, we describe the electrochemical features of CuCrO> nanocrystals deposited as thin film
electrodes on conductive glass. The preparation of CuCrO2 and generation of the electrodes is
designed to be consistent with how these materials would be used in heterojunction solar cells,
particularly within dye-sensitized architectures. All experiments were performed with redox-inert
electrolyte without the presence of light absorbing molecules so that the electrochemistry of the
CuCrO. surface and valence band could be measured directly. Using a combination of
electrochemical and spectroscopic methods, we show that quasi-reversible redox features at the

2+/+

electrode surface are consistent with Cu="* surface defects which are further activated by the
presence of Li* in the electrolyte. The impact of these findings on the use of CuCrO: in

heterojunction solar cells and electrochemical energy storage is further discussed.
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4.2 Experimental
4.2.1 Synthesis of CuCrOz and CuGaO, Nanocrystals

An optimized hydrothermal synthetic procedure was followed as previously reported for
delafossite CuCrO2 nanocrystals.>® 20 mmol of chromium nitrate nonahydrate [Cr(NOs)s - 9 H20]
(Alfa Aesar, 98.5%) and 15 mmol copper nitrate hemipentahydrate [Cu(NO3), -2.5 H.0] (Alfa
Aesar, 98%-+) were added to 70 mL deionized H20 (18 MQ cm, Milli-Q) and stirred in an ice bath.
After the precursors in water reached 5 °C, 7.03 g KOH (VWR Analytical) was added. The pH
was measured before transferring the mixture into a 45 mL Teflon cup in order to ensure the
solution pH > 13.

After transferring the mixture to the Teflon cup and sealing in an acid digestion bomb (Parr),
the vessel was placed into a box furnace (Lindberg Blue M) and heated to 240 °C for 60 hours.
After cooling to room temperature, the bomb was removed and the resulting mixture was
centrifuged to separate the solid product from solution. The solid was dried and analyzed using
powder X-ray diffraction before submerging in a 0.5 M NH4OH (28 vol %, BDH) solution for 24
hours to allow for dissolution of impurities. The remaining product was rinsed with ethanol
(Koptec, 200 Proof), ultrasonicated (Branson 150), and vortexed (VWR Analog Vortex Mixer)
three times before allowing the product to dry in ethanol under a fume hood. The product was then
placed in a vacuum oven (VWR) at 60 °C until further use.

CuGa0; was grown using a synthetic procedure previously reported.3! 5 mmol of Cu(NOs)2 -
2.5 H20 (Alfa Aesar, 98%-+) and 5 mmol Ga(NOz)s - H20 (Alfa Aesar, 99.99%) were dissolved in
15 mL deionized H20 (18 MQ cm, Milli-Q). The solution was chilled and stirred in an ice bath for
1 hour before adding 2.5 M KOH solution in 1 mL increments until the pH ~9. The final solution

was transferred into a 45 mL Teflon-lined acid digestion bomb and placed into a box furnace at
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190 °C for 24 hours. After cooling to room temperature, the solution was centrifuged and the solid
product was separated from the aqueous solution and washed with ammonium hydroxide (NH4OH,
28 % vol, BDH) to remove any Cu20 impurities. The final product was washed with deionized

water three times before a final acetone wash and dried in a vacuum oven.

4.2.2 Thin Film Electrode Fabrication

Viscous pastes of CuCrO2 and CuGaO- nanocrystals in ethanol solution were made using a 2:1
ratio of CuCrOz:ethyl cellulose (Acros Organics, 10 cP) where the final mixture contained 13 wt
% CuCrO. Pastes were allowed to stir overnight to ensure homogeneity.

FTO glass (SnO2:F, 15 Q/cm?, Hartford Glass, Inc.) was used as the conductive substrate and
was prepared for deposition by sonication (Branson 3800) in a 0.1 M HCI (Gracs, 36%) ethanol
solution for 20 minutes, followed by sonication in pure ethanol for 20 minutes. The glass was air
dried, and CuCrO. or CuGaO- pastes were spin coated (Laurell WS650 MHz 23 NPPB) onto the
FTO glass at 4,000 rpm for 30 seconds. After spin coating, the films were inserted into a tube
furnace (Lindberg Blue M) at 350 °C for 30 minutes (296 mL/min flow rate) under flowing Ar
(99.999%, Airgas). After allowing the films to cool to room temperature, they were placed in a

desiccator until needed for electrochemical characterization.

4.2.3 Physical Characterization

Powder X-ray diffraction (pXRD) data was collected using a Rigaku SmartLab X-Ray
diffractometer with a Cu Ka source. XPS of the thin films was collected using a Physical
Electronics (PHI) 5400 system with a monochromatic Al Ka source. High resolution scans of the

O 1s, Cu 2p, and Cr 2p peaks were performed with a pass energy of 35.75 eV and a step size of
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0.05eV. The Casa XPS fitting software was used for all data analysis and fitting. Scanning electron
microscopy (SEM) images were collected using a Hitachi S-4700. Transmission electron
microscopy (TEM) images were collected using a Thermo Scientific Talos F200X. Thickness
measurements of films were conducted using a Veeco Dektak 150 Stylus Surface Profilometer.
Surface area measurements of CuCrO; and CuGaO thin films were performed using
adsorption and desorption of a molecular dye. Films were first allowed to soak in a 300 uM P1
dye solution in acetonitrile for 24 hours (P1 = 4-(Bis- {4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-
phenyl}-amino)-benzoic acid, Dyenamo > 95%). Films were then removed, rinsed with
acetonitrile (MeCN), and then placed in a solution of 0.1 M KOH (BDH VWR Analytical) in 1:1
MeCN:H20 (BDH:Milli-Q, 18 MQ cm) to desorb all dye molecules from the oxide surface. The
resulting solution was analyzed using an Agilent Cary 8454 UV-visible spectrophotometer to
determine the amount of dye desorbed based on the solution volume and the extinction coefficient
at 418 nm determined to be 42,000 M cm™ in 0.1 M KOH 1:1 MeCN:H.0 solution.®? An
estimated molecular footprint of the P1 dye (1.1 x 10%*° cm? mol™) was then used to calculate the

approximate surface area of CuCrO, and CuGaO; films.

4.2.4 Electrochemical Characterization

A Gamry 1010E potentiostat was used to conduct all electrochemical experiments with a
3-electrode electrochemical cell where the reference was an aqueous Ag/AgCl electrode (satd.
KCI; BASI), the counter electrode was platinum mesh (BASI), and the working electrode was
CuCrO2 or CuGaO; thin films deposited on FTO glass. Cyclic voltammetry of an external
ferrocene standard in acetonitrile with 0.1 M LiClO4 electrolyte was performed before and after

every experiment to ensure no potential drift was observed in the reference electrode. 0.1 M
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electrolyte solutions in MeCN containing LiClIO4 (99.99%, Millipore Sigma) and/or TBACIO4
(BTC, 2537-36-2) were used to conduct all experiments. Nitrogen was used to purge the electrolyte

solution before and during each experiment.

4.3 Results and Discussion
4.3.1 Structural Characterization of CuCrO:

CuCrO2 nanocrystals were synthesized following a previously published procedure from our
group.* Solid material produced from that study were further used for experiments reported here,
thus some characterization methods have been previously reported. Powder diffractograms are
shown in Figure 4.2a for the synthesized CuCrO. nanocrystals after washing in 0.5 M NH4OH for
24 hours. Distinct peaks are present at 31.0°, 36.2°, and 61.7° characteristic of the (006), (012),
and (110) peaks, respectively for delafossite CuCrO: in the 3R phase (PDF #00-039-0247). The
broad nature of the diffraction peaks was consistent with nanocrystalline particle sizes as observed
in TEM images (Figure 4.2b). The anisotropic nanocrystals measured 22.9 + 5.5 nm in width and
5.0 £ 1.7 nm in thickness, resulting in an aspect ratio of 4.6 £ 1.9. As previously reported, elemental
analysis using ICP-MS found a 4.0 + 1.5 atomic % deficiency in copper atoms compared with

chromium, indicating the possible presence of copper vacancy defects.3%%
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Figure 4.2. a) Powder X-ray diffractogram of synthesized CuCrO; powder. A standard diffraction
pattern for CuCrO; (PDF #00-039-0247) is shown for comparison. b) TEM image of CuCrO>

nanocrystals.

CuCrO2 nanocrystals were mixed with ethyl cellulose and ethanol to form a viscous paste and
dispersed onto conductive FTO glass using a spin coater to result in thin films of 1.43 = 0.20 um
thickness. Films were then annealed at 350 °C to remove ethyl cellulose. Figure S4.1 shows
powder diffractograms collected pre- and post-annealing to confirm the integrity of the CuCrO>
solid. XPS studies on post-annealed CuCrO; films also supported the conclusion that Cu?* sites
are present to charge compensate for Cu* vacancies seen from ICP results, as previously reported.*
Figure S4.2 shows Cu XPS spectra where the Cu region indicates a peak at 936.7 eV assigned to

Cu?*
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4.3.2 CV Electrochemical Characterization of CuCrO2 vs CuGaO2 Films

Post-annealed CuCrO; films deposited on FTO glass were used directly as working electrodes
in three-electrode electrochemical cells. Figure 4.3a shows cyclic voltammograms collected at 10
mV/s for CuCrO; electrodes in MeCN solution with different electrolytes. The total ionic strength
was fixed at 0.1 M for all experiments, but the amount of LiCIO4 and TBACIO4 were varied to
adjust the concentration of [Li*]. Starting at 0 M [Li*] (i.e. 0.1 M TBACIOQs), the observed anodic
and cathodic currents were relatively low with small peaks at Epa = 0.18 and Epc = -0.13 V vs F¢*°,
yielding an E1» = 0.03 V. A much larger anodic feature was observed to begin around 0.5 V which
was found to be consistent across all [Li*] electrolyte conditions. As Li* was introduced into the
electrolyte, the Epa and Epc values appeared to shift positively to 0.24 and 0.03 V, respectively, at
0.1 M [Li*] with an E1> = 0.14 V. In addition, a new quasi-reversible redox feature was observed
to increase in anodic current with an increase in [Li*] centered at E1, = -0.43 V (Epa = -0.05V,
Epc = -0.81 V) for 0.1 M LiClOa. The cathodic peak for this new feature shifted positively from

potentials less than -1.5 V to the final peak position of -0.8 V as [Li*] increased.

T T T T T T
a) -400 g b) -400 - i
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Figure 4.3. a) Comparison of CVs of the optimized CuCrO: thin film at 10 mV/s in electrolyte

solutions containing mixtures of 0.1 M LiClO4 and 0.1 M TBACIOs in MeCN. The total
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concentration was held constant at 0.1 M, however, the amount of Li* was varied across the series.
b) CV of CuGaO; vs CuCrOz thin films in 0.1 M LiClO4 in MeCN at 10 mV/s. (inset) A zoomed

in image of the CV for CuGaO..

Similar studies on CuGaO: nanocrystalline films in MeCN with 0.1 M LiCIlO4 have reported
a quasi-reversible redox feature with E12 = 0.1 V vs Fc*', assigned to a Cu?*"* redox couple.?®
Given that these studies were performed at much higher scan rates and without a comparison to 0
M [Li*], we synthesized CuGaO; according to this previous report and generated comparable
nanocrystalline films for electrochemical measurements. Figure 4.3b shows an overlay of the two
materials, CuCrO and CuGaO,, in MeCN with 0.1 M LiClOg4 electrolyte. The current observed
for CuCrO- greatly outweighs that observed for CuGaO». Some of this difference in current can
be accounted for by the greater internal surface area observed for CuCrO; films (345 + 63 cm?)
than for CuGaO; films (162 + 25 cm?), Table S4.1-2. However, this would represent only a ~2-
fold increase in current for CuCrO based on surface area, instead of the ~50-fold greater current
observed in Figure 4.3b. Nanocrystals of CuGaO. were also found to be much larger (width = 343
+ 71 nm; thickness = 40 £ 10 nm; aspect ratio = 8.6 + 2.8) than CuCrO2 and found to have
significant particle stacking within the film structure (Figure S4.3), consistent with the literature.?
Based on the delafossite crystal structure which only features copper surface terminations along
the “sides” of the nanocrystals (e.g. (100) and (010) planes), the larger aspect ratio found for
CuGaO2 nanocrystals could further limit the percentage of the surface area terminated in
electrochemically active copper sites. Notably, when the electrochemistry of a CuGaO: film was
measured in 0.1 M TBACIOs, the Cu?"* redox feature disappeared and the voltammogram was

featureless until the potential exceeded 0.2 V vs Fc*’® where an irreversible oxidation was observed
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(Figure S4.4). This observation supports the idea that Li* dependent redox chemistry is associated

with Cu** redox chemistry.

4.3.3 Chronoamperometry and Li* Dependence of CuCrO; Films

Chronoamperometry experiments were conducted for CuCrO> films to quantitatively measure
the increase in anodic and cathodic current with [Li*]. Data were collected for a series of electrolyte
solutions in 3 steps, with step 1 holding at -1.3 V vs Fc*/°, followed by step 2 at 0.3 V, and returning
to -1.3 V for step 3. These potentials were chosen so that a majority of the redox features could be
captured without entering the irreversible oxidation observed near 0.5 V. Current versus time data
is plotted in Figure S4.5 for each step and electrolyte condition. These data were then integrated
to calculate the total charge passed as a function of time. Surprisingly, the measured charges for
each step (Figures S4.6-S7 and Figure 4.4a) were found to be linear with t*? at long times
according to the Equation 4.1. This equation, known as the Anson equation, implies that faradaic
current is being observed due to diffusion limited transfer of an electroactive species from solution
to the electrode surface. However, in these experiments, the electrolyte is redox-inert, and this
behavior must be explained by either diffusion of Li*, TBA", or ClO4 to charge-balance redox
changes within the CuCrO. film and/or diffusion of electrons/holes through the CuCrO: lattice
associated with redox changes within the material. The linear slope of the diffusion region for the
Anson plot can be used to calculate the diffusion coefficient (Do), however, this requires
knowledge of the concentration of electroactive species (Co) and film surface area (A). Assuming
the diffusion is the result of electrolyte ions, a concentration of 0.1 M, surface area of 343 cm?,
and electron transfer number of n = 1 results in diffusion coefficients reported in Table S4.3. These

values were in the range of 104 — 1028 cm?/s and are remarkably low for typical ion diffusion
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through MeCN solvent. This could point to a more activation-controlled diffusion mechanism
within the CuCrO: lattice.

What is more interesting about the Anson plots is that the intercepts from the linear fits, which
report on the total adsorbed charge at the electrode surface (Qads), were found to increase and
plateau at maximum values as [Li*] increased (Table S4.4). The maximum |Qads| value measured
for each step was 8.4, 12, and 6.8 mC for steps 1, 2, and 3, respectively. The increase in Qads With
[Li*] for step 2 (0.3 V) is shown in Figure 4.4b and was found to fit well to a Langmuir binding
isotherm using Equation 4.2, where Qmax iS the maximum surface charge, and K is an equilibrium
constant. Fitting to this equation implies an equilibrium between Li* ions and redox active surface
sites of CuCrO,. From this equation, an equilibrium constant K = 0.057 M and maximum surface

charge of Qmax = 15.5 mC were extracted.

Q = nFAC,DY/*t1/271/2 4 Q4 eq. 4.1)
Qugs = K+Qmax *[Li*] eq. 4.2)
ads ™ (14 K«[Li*]) q. 4.
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Figure 4.4. a) Anson plots constructed from integrated anodic chronoamperometry data using a
series of electrolyte solutions with total concentration of 0.1 M and the [Li*] adjusted from 0 M to
0.1 M. Each step was held at the fixed potential 0.3 V vs Fc*® for 100 seconds. b) Qags plotted as

a function of [Li*] in electrolyte solution, fit to the Langmuir adsorption isotherm model.

The impact of small cations on the electrochemical features of metal oxides semiconductors
has been well documented in the literature.®*2® Most notably, cations such as Li* and H* have been
observed to shift band edges by affecting the Helmholtz layer at the oxide surface to result in ~59
mV anodic shifts per order of magnitude increase in cation concentration. This has been most
importantly observed for n-type TiO> electrodes and is exploited to lower the conduction band
edge within dye-sensitized solar cells to allow for greater injection of excited-state electrons.3%-4
For p-type NiO, McCullough et al. have shown the valence band edge to likewise shift in a positive
direction with increased charge density of the cation, where AI** was found to have the greatest
shift.4

In the present study, we believe that the feature observed at E1» = 0.03 V for 0 M [Li™] is

shifted positively to E1» =0.14 V for 0.1 M [Li*] based on the ability of Li* to affect the Helmholtz
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layer. We also believe the increase in current observed for this feature is likely due to the higher
double layer capacitance available to Li* vs TBA™, such that as TBA™ ions are replaced with Li+
in the electrolyte, a higher density of cations can form the double layer at the electrode surface.*?
Distinct from this observation is the new feature that emerged at E1/> = -0.43 V for 0.1 M LiCIOa.
The anodic wave for this feature was found at nearly the same potential for all [Li*], but increased
in magnitude as [Li*] was increased. On the other hand, the cathodic wave shifted in a positive
direction with increased [Li*] while also increasing in magnitude.

These observations lead to our assignment of a Li-coupled redox feature in which Li* ions
occupy specific sites at the CuCrO. surface generated by copper vacancy defects. A proposed
redox reaction for this feature is shown in Equation 4.3. Here, the starting redox state of CuCrO;
is dependent on the number of copper vacancies within the lattice (x) where every vacancy
generates a corresponding Cu?* ion to compensate charge. Reduction of Cu?" to Cu* is
accompanied by Li* insertion into the vacant site for charge balance. The positive shift in the
cathodic peak could be explained by the fact that Li* is a reactant and thus increased [Li*] could
shift Epc similar to proton-coupled electron transfer reactions.*>44 Oxidation of Cu* back to Cu?*
therefore results in release of Li* ions from copper vacancy sites. Given the specific site
occupation, TBA™ ions are too large to occupy these positions and thus, the redox feature is not

observed in 0.1 M TBACIOs.

CU*1-2xCU XV cuxCr¥*0y + XLi* + xe” — Cu*14Li*Cr¥* 0, eq. 4.3)

Fitting the surface charge data for the anodic step to a Langmuir binding isotherm implies that

Li* ions bind to particular sites at the surface of CuCrO2 nanocrystals with an equilibrium constant
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K = 0.057 M. Based on Equation 4.3, the measured surface charge should therefore be
proportional to the number of copper vacancies. Based on a value of 4.0 £ 1.5 % determined from
ICP-MS for the same CuCrO2 material published previously, we calculate that the expected charge
would be 11 + 5 mC.* The measured surfaces charges of 8.4 mC, 12 mC, and 6.8 mC for each
chronoamperometric step are highly consistent with this estimate. It should be noted that the
vacancy estimate from ICP-MS is a bulk value and not specific to surface copper vacancies.
Therefore, the correlation between the expected charge for total vacancies and the measured charge
could indicate that most if not all copper vacancies migrate to the surface of CuCrO2 nanocrystals.
Indeed, defect migration to surface sites is common in solid state materials and has been observed

for CuGa0,.%!

4.3.4 Chronopotentiometry and Degradative Studies of CuCrO; Films

It is also intriguing to think that Li* ions may be able to intercalate into the interior of the
nanocrystal structure to occupy vacant sites in the bulk, given the structural similarities between
CuCrO2 and LiCoOz. Both structures contain monovalent cations sandwiched between layers of
edge-shared octahedra of trivalent cations. However, Li* is present in an octahedral coordination
environment versus a linear coordination environment for Cu®. To further explore this idea, we
performed chronopotentiometric charge-discharge experiments on CuCrO, nanocrystalline films
in MeCN with 0.1 M LiClO4 electrolyte. The results from these experiments are shown in Figure

4.5 and summarized in Table S4.5-6.
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Figure 4.5. Cyclic charge-discharge chronopotentiograms for CuCrO- thin films held at 0.1 mA
in 0.1 M LiClOas. An arrow is shown to represent the degradation from cycle 2 (green) to cycle 10

(red).

At cycle 2, the charge observed at 0.6 V vs Fc*’° for CuCrO, was 15 mC, similar to that found
in chronoamperometry experiments. Considering the dimensions of the CuCrO- film and assuming
50% porosity, 15 mC is equivalent to a 7.8 mA h g storage capacity which is comparable to the
theoretical 7.0 mA h g with 4% copper vacancies present according to Equation 4.3. The
experimental increase could be due to additional Li* incorporation into the film at a slightly higher
potential. The discharge capacity was consistently much lower than the charge capacity for each
cycle with a % cycling efficiency increasing from 83% to 91% over 10 cycles. By cycle 10, the
charge capacity for CuCrO- in Li* decreased to 3.5 mA h g*. Conversely, the discharge capacity
in Li* by cycle 10 was 3.2 mA h g1, respectively. Extended cycling of CV experiments revealed

that the decrease in charge capacity was related to loss of the Li-coupled redox activity, as shown

104



in Figure 4.6. Taken together, these data show there is irreversibility in the redox behavior,
possibly due to incomplete removal of Li*. The irreversibility could also be due to instability of
the film in the form of degradation. Given that Cu®* has a preferential square planar orientation,
the increased Cu?* concentration in linearly coordinated sites over the course of cycling could lead

to increased strain on the structure, facilitating degradation of the film,
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Figure 4.6. CV of CuCrO: filmin 0.1 M LiClO4 in MeCN at 10 mV/s scan rate over 20 consecutive

cycles.

The pronounced increase in surface charge with increased Li* has important implications for
CuCrO2 nanocrystalline films within heterojunction solar cells. For example, many studies have
focused on the impact of NiO surface defects on the performance of dye-sensitized solar cells.”®
The presence of such states has been associated with increased hole recombination to molecular

dyes and redox mediators, such that passivation of these states has resulted in improved
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photovoltages. Notably, passivation of surface defects also decreased photocurrent, suggesting that
these surface states also have a role to play in accepting holes from excited-state molecules. The
surface defects for CuCrO- were found to be activated by Li* and would be expected to behave in
a similar fashion and thus limit the photovoltage of solar cell devices through faster recombination
but increase photocurrent by expanding the density of states capable of accepting holes from
excited-state molecules. Furthermore, it should be noted that common estimates for the valence
band edge of CuCrO. and CuGaO: could be erroneously measured due to the onset of surface
defects above the true valence band edge.

The ability of Li* to occupy copper vacancy sites within the delafossite lattice also has
implications for electrochemical energy storage. Conventional Li-ion batteries with layered
cathode structures utilize redox chemistry at the M>* site accompanied by Li* intercalation. In the
case of CuCrO, we have shown that redox chemistry is instead focused on the Cu™ site; however,
this is not to say that M3* redox chemistry could not be accessed with other delafossite materials.
Furthermore, research into the ability to control vacancy formation and ordering within the solid

could enhance the reversibility and stability of Li* intercalation within delafossite materials.

4.4 Conclusion

Electrochemical characterization of nanocrystalline CuCrO; thin films was investigated in
which a strong Li* dependence was observed via CV and chronoamperometry experiments. These
observations resulted in a proposed redox reaction Cu*1-2xCu?*xVcuxCri*O; + xLi* + xe* — Cu'1
«Li*xCr3*O2 in which Li* can occupy copper vacancy sites at the film surface. Due to the increased
size of TBA", this redox reaction is not observed in the presence of electrolyte containing only

TBA*. Morphological variations among delafossite metal oxides was also explored and its impact
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on electrochemical characterization. When compared to its CuGaO2 counterpart, CuCrO, films
exhibited a much greater current in the cyclic voltammograms in 0.1 M LiClO4 in MeCN which
can be accounted for by the greater internal surface area of the CuCrO> films and smaller aspect
ratio of nanocrystals. Finally, the redox reaction observed in the presence of Li* exhibits
irreversibility, seen via chronopotentiometry experiments, and could be attributed to incomplete
removal of Li* or degradation from strain caused by the linear coordination sites for Cu?* cations.
Future studies to improve the stability of these materials by means of controlling surface copper
vacancy formation are needed in efforts to improve the cycling efficiency of the CuCrO.. In
addition, photoelectrochemical studies can be explored to understand how such surface defects

impact hole recombination in heterojunction solar cells.
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4.5 Supporting Information
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Figure S4.1. a) Diffractograms for deposited CuCrO; thin films on FTO glass before and after
annealing under Ar at 350 °C for 30 minutes. A diffractogram of blank FTO is also included for
comparative purposes. b) The diffractograms from part (a) zoomed in to show CuCrO; (006),

(101), and (012) peaks.
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Figure S4.2. Cu XPS spectra with fits for a dry CuCrOz thin film. The peak at 936.7 eV was fit
and assigned to Cu?*.
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Table S4.1. Geometric area, thickness, and surface area? of CuCrO; films

Film 1 Film 2 Film 3 Average
Geometric Area / cm? 1.04 1.50 1.26 1.27 £0.19
Thickness / um 1.45 1.17 1.67 1.43+0.20
P1 dye desorbed / mol | 2.6 x 108 2.7x10° 3.8x10° 3.0+0.7x10°%
Surface Area / cm? 297 304 434 345 + 63

3Calculated by multiplying the amount of P1 dye desorbed by 1.1 x 10'° cm?/mol

Table S4.2. Geometric area, thickness, and surface area? of CuGaO; films

Film 1 Film 2 Film 3 Average
Geometric Area / cm? 1.4 1.4 1.4 1.4
Thickness / um 1.58 1.81 1.45 1.61 +0.15
P1 dye desorbed / mol 1.2x10° 1.3x10° 1.7 x 108 1.4+0.3x103
Surface Area / cm? 137 152 195 162 + 25

3Calculated by multiplying the amount of P1 dye desorbed by 1.1 x 10'° cm?/mol
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Figure S4.3. a) Diffractogram of CuGaO: powder. A standard diffractogram for CuGaO: is shown
for comparison (PDF 00-041-0255). b) Diffractogram of annealed CuGaO: thin film. A
diffractogram of bare FTO glass is provided for comparative purposes. ¢) SEM image of CuGaO;

washed powder. d) SEM image of annealed CuGaO: annealed thin film, showing preferential

stacking.
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Figure S4.4. Cyclic voltammograms of CuGaO: thin films in 0.1 M LiCIO4 in MeCN (0.1 M [Li])

vs 0.1 M TBACIO4 in MeCN (0 M [Li]) at a 10 mV/s scan rate.
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Figure S4.5. Amperometric IT curves used to integrate and construct Anson plots for CuCrO;
films in electrolyte solutions of varying Li:TBA concentrations where the total concentration
electrolyte = M. A 3 step experiment was conducted in which the potential was held at -1.3 V vs

Fc*/ for 100 seconds (step 1), 0.3 V vs Fc*'° for 100 seconds (step 2), and -1.3 V vs Fc*'° for 100

seconds (step 3).
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Figure S4.6. a) Anson plots constructed from integrated amperometric IT curves using a series of
electrolyte solutions with total concentration = 0.1 M, where the [Li*] was adjusted from 0 to 0.1
M. Each step was held at the fixed potential -1.3 V vs Fc*’° for 100 seconds (Step 1). b) Qaas plotted

as a function of [Li*] in electrolyte solution.
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Figure S4.7. a) Anson plots constructed from integrated amperometric IT curves using a series of
electrolyte solutions with total concentration = 0.1 M, where the [Li*] was adjusted from 0 to 0.1
M. Each step was held at the fixed potential -1.3 V vs Fc*’° for 100 seconds (Step 3). b) Qaas plotted

as a function of [Li*] in electrolyte solution.
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Table S4.3. Diffusion coefficients (Do / cm?/s) determined from Anson plots assuming

Co=0.1M, A=343 cm? and n = 1. (F = 96485 C/mol).

[Li']/ M Step 1 (-1.3V) Step 2 (0.3 V) Step 3 (-1.3V)
0 9.6+1.8x 1015 4.1+0.8x 10 7.1+1.9x 107
0.0001 1.1+0.4x 104 2.0+0.3x1075 1.1+0.3x 10
0.0010 2.1+0.3x 104 1.7+0.2x 107 1.1+0.6x10%
0.0050 42+11x107 48+32x1018 8.2+ 4.9x 1075
0.0100 20+1.1x 10 1.1+ 1.6x 1078 11+1.4x10%
0.0175 15+0.4 x 1015 5.6 +5.4x 1078 1.0+0.3x 108
0.0250 4.6 £2.0 x 10715 7.1+75x 10 2.3+0.7 x 10715
0.0500 3.7+15x1075 3.1+23x10Y 29+0.1x 1075
0.1000 7.2+6.4x 10715 1.3+1.7x 1078 2.7+1.1x1075

Table S4.4. Adsorbed surface charges (Qads / mC) determined from Anson plots assuming

Co=0.1M, A =343 cm? and n = 1. (F = 96485 C/mol).

[Li']/ M Step 1 (-1.3 V) Step 2 (0.3 V) Step 3 (-1.3 V)

0 19402 16202 02+04
0.0001 23+14 1.7+ 0.6 05+0.2
0.0010 3.4+03 21%0.7 22401
0.0050 -0.1+0.4 3.4+05 04+05
0.0100 13422 50+0.9 12424
0.0175 6.8+1.1 69+ 15 -4.8+0.8
0.0250 69+1.3 9.9+17 45+19
0.0500 -8.4+0.5 12+2.9 6.8+ 16
0.1000 72420 12422 482%05

Table S4.5. Calculated charge and discharge Q and % cycling efficiencies from
CuCrO> chronopotentiograms in 0.1 M LiClO4 in MeCN.

Cycle # Charge Q (mC) Discharge Q (mC) % Cycling efficiency
2 15 13 82.9
3 12 11 88.0
4 11 10 89.0
5 9.7 8.7 89.7
6 8.9 8.0 90.7
7 8.2 7.5 90.9
8 7.7 7.0 90.9
9 7.2 6.5 90.6
10 6.7 6.1 90.7
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Table S4.6. Calculated charge and discharge capacity from CuCrO;
chronopotentiograms in 0.1 M LiCIO4 in MeCN.

Cycle # Charge Capacity / mA h g* Discharge Capacity / mA h g*
2 7.8 6.5
3 6.2 55
4 55 4.9
5 5.0 4.5
6 4.6 4.2
7 4.3 3.9
8 4.0 3.6
9 3.7 3.4
10 3.5 3.2
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Chapter 5

Summary and Outlook

5.1 Introduction

This chapter discusses future research directions to ultimately enhance the electrochemical
performance and stability of CuCrOa. Previous experiments and conclusions from Chapters 3-4,
in addition to recent preliminary findings, aid in supporting novel experiments discussed in
Sections 5.2-5.6. Such experiments include but are not limited to studying the morphological
growth of CuCrO; in efforts to increase the isotropic nature of the nanocrystals, doping CuCrO-
and studying the degradative effects, and exploring alternative cation sources in electrolyte

solution.

5.2 Morphological Studies

The synthesis of CuCrO2 has been optimized as detailed in Chapter 3 as nanocrystalline
particles with an aspect ratio of 4.6 £ 1.9. Compared to its larger counterpart CuGaO> discussed
briefly in Chapter 4, whose morphology resembles hexagonal plates with a width upwards of 400
nm and an aspect ratio approximately twice the size of CuCrOy, it was shown that the
electrochemical performance of CuCrO, was better than CuGaO due to the particles being
smaller, having a more isotropic nature with the Cu-terminated faces being more exposed and more
accepting of electrochemical reactivity with Li* in solution. This suggests that delafossite materials
that are small and isotropic in nature could lead to better functionality as a hole transport material

for solar cell applications.
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In future efforts to continue the improvement of electrochemical performance by CuCrOa,
while the particles are currently synthesized on the nanoscale, additional synthetic routes to
growing CuCrO- can be explored with the introduction of capping ligands as a reactant to facilitate
the morphological growth of nanoparticles with improved electrochemical performance. This
could enable an aspect ratio closer to 1, or an aspect ratio > 1 in favor of growth along Cu-
terminated planes which could improve the availability of Cu-terminated faces. The approach of
CuCrO2 growth exposing a single crystal facet has been executed previously using an oxygen
plasma assisted molecular beam epitaxy (MBE) deposition method, but proposing hydrothermal
synthetic procedures would be optimal due to its ease of experimental design, while MBE
deposition requires more time and high temperatures which can become cumbersome.

In previous studies, organic capping ligands have been utilized to influence the morphological
growth of nanomaterials using a variety of ligands; however, the appropriate ligand needs to be
selected in order to achieve definitive, reproducible control of the synthesis and the resulting
dimensions of the particles. Ligands that have been explored and utilized as capping agents include
but are not limited to alkylphosphonic acid ligands, oleyl alcohol solutions, amines, and carboxylic
acids.?”" In the case of utilizing a capping agent to control the growth of CuCrOz, an agent must
be selected that promote capping along Cu-terminated surfaces. This would allow for more vertical
growth in which more Cu-terminated faces are available for redox activity.

Capping agents with hydroxyl groups would be a possible candidate for controlling the
morphological growth of CuCrO: due to the strong affinity -OH groups have toward transition
metals. Glycerol has been previously used as a capping agent in the growth of rhombohedral,

spherical-like CuFeO. nanoparticles due to the tridentate -OH functional groups present in the
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structure.2 A similar approach could be used to synthesize CuCrO2 nanoparticles with a more
isotropic morphology.

It is important to note that the presence of such capping agents could be counterintuitive, acting
as a reducing agent in the synthesis of the delafossite structure. For example, ethylene glycol (a
commonly used capping agent) had been introduced to the synthesis as seen in Chapter 3. This
ultimately led to over-reduction of Cu?* to Cu® metal and prevented the growth of delafossite
CuCrOs.. Furthermore, a two-step synthetic procedure could be explored where the hydrothermal
synthesis is allowed to proceed without the capping agent for long enough to permit the formation
of reduced Cu* and Cr3* oxides, followed by the addition of a small amount of the capping agent.
The hydrothermal synthesis could then proceed for the remainder of the required 60 hours to permit
layering of the oxides to form the delafossite structure with preferential morphological growth.

A series of times for steps 1 and 2 would need to be conducted, in addition to a synthetic
procedure where the reaction proceeds for the full 60 hours in the presence of the capping agent,
in order to compare results and to determine if this method is viable. Adjusting the amount of
capping agent added to the reaction can also aid in determining whether or not there is a “sweet
spot” in which adding too little is not effective, while adding excess results in unwanted side
products due to more favorable over-reduction to Cu®. In the case of CuFeO2, over-reduction of
Cu was not discussed as an issue. Following their experimental procedure in which 2 mL glycerol
and 20 mmol total reactants are added in 40 mL water and NaOH solution as the base source may
be a good starting point.®

Using a capping agent that is less prone to oxidation is an alternate route that could be explored
in the morphological control of CuCrO, growth. Silica nanoparticles might be a good candidate as

a capping agent due to its chemical inertness, transparency, high colloidal stability, and

121



dispersibility.® This could allow for silica to coat the surface of CuCrO, without affecting the
capability for redox reactions to occur at the surface of the CuCrO> cores and preventing reduction

of Cu* to Cu® metal.

5.3 Monovalent Cation Defect Studies
5.3.1. Cationic Vacancies in CuCrO>

Cation-deficient metal oxides are of interest due to previously seen correlations between
inducing cationic vacancies, improved diffusion of lithium within the structure, and enhanced
conductivity and capacitance of the material.1>** While the role vacancies have on performance
in metal oxides has been established in the literature, the control of vacancy concentration in metal
oxides and the stabilization of such vacancies has only been attained for select metal oxides. The
introduction of vacancies has usually been done synthetically, including oxidative
electrodeposition at high current density'* where an electric current is applied to a conductive
material in a solution, typically a salt, to reduce dissolved metal cations to form a metal coating on
the electrode. Vacancies may be introduced via electrodeposition through excess vacancy
reduction when high current is applied. Additionally, high temperature heating in defect-inducing
environments, specifically heating under O, or H20O, has been used to synthetically introduce
vacancies.®®

Research on inducing vacancies in delafossite CuCrO- and studying effects on its properties is
scarce. The control of defects has been done using glovebox reduction methods;** however, this
can become cumbersome.'? Additionally, research has been done to control defects in delafossite
CuCrO2 by controlled annealing,® the annealing temperatures which are claimed to influence the

vacancy concentrations are upwards of 900 "C. Chemical reactions to form spinel CuCr204 have
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been noted in literature at temperatures above 400 °C depending on atmospheric conditions®’,
which would support the idea that spinel formation at extreme annealing temperatures could
influence differences in properties but may pose difficulties with respect to preventing
decomposition under non-inert atmospheric conditions.

Section 5.3.3.2 extensively discusses the role of pH dependence of delafossite CuCrO; to
introduce and control cationic vacancies through acidic washing methods, ideal for its simplistic
methodology and ease of reproducibility. Based on the results discussed, washing CuCrO powder
in pH 1 solution for 96 hours is the optimal condition to induce the maximum amount of Cu*
vacancies while maintaining crystallinity. Washing the powder for less time results in less
vacancies induced, which allows for tunability. Conversely, washing for longer than 96 hours
negatively impacts the electrochemistry of the resulting material and is likely caused by excess
vacancies, leading to a loss in crystallinity.

Several additional pH dependence studies can be implemented to ultimately control the
vacancy concentrations in the material, and to study its effects on the morphology changes of
CuCrO2 from nanocrystalline to amorphous which could be a driving force behind the observed
electrochemical behavior. Section 5.3.2 goes into more detail on proposed pH dependence studies

to further control vacancy concentrations in CuCrOa.

5.3.2 Possible Deleterious Impacts of Cu'' Sites

Delafossite CuCrO- shows considerable degradation upon exposure to extreme potentials and
multiple cycling, revealed in Chapter 4 through multiple cycling CV experiments as well as
analyzing the electrolyte solution after applying an extreme positive potential over time. This

degradative behavior is not ideal because it leads to difficult analysis of electrochemical studies
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which require relatively long-term electrochemical exposure such as EIS. Additionally,
performance as a cathode in ion batteries has severe limitations due to the significant decrease in
performance over time, as seen by the charge capacities calculated from multiple charge-discharge
cycling experiments.

It is plausible that the presence of Cu?* sites could be facilitating the degradation of the film;
Cu?* prefers square planar coordination due to its d® electron configuration and Jahn-Teller
distortion. However, as previously seen by XPS data in Chapter 4 when Cu* vacancies are present
in CuCrO, adjacent Cu?* atoms are present for charge compensating purposes. These Cu?* atoms
remain in linearly coordinated sites, which increases the steric strain of the overall system and
could lead to advanced degradation. If CuCrO> could be synthesized with Cu* vacancies while
simultaneously preventing the oxidation of neighboring copper sites to Cu?*, the steric strain could
be minimized and the rate of degradation may improve. It is important to note that this strategy
would simply decrease the concentration of Cu?* adjacent to vacancies; as seen in chapter 4, Cu®**
redox events permit the electrochemical processes observed by CuCrO2. This could slow the rate
of degradation, but in order to alleviate the film of Cu?* sites altogether, Cu* defects must be absent
in order to prevent Cu?* compensation and Cr®* must be involved in the redox event.

Synthetically doping CuCrO; has been previously explored through doping Mg?*, Sc3*, Rh®*,
and Ti*" to study the resulting electrochemical properties.®?* Manickam et al. was interested in
doping CuCrO; for potential supercapacitor applications, and concluded that by doping with Mg?*
and Ti*" simultaneously, the reversibility of the resulting CV improved over time.?* A similar
approach could be used in which Ti** could be doped in place of Cr3* sites to charge balance
existing Cu* vacancies, thus eliminating the need for neighboring Cu?* sites. Manickam et al.

assigned CV features to a Cu?*"* redox event, implying Ti** was not redox active. In our case, Ti**
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would be expected to charge compensate for Cu* vacancies, but the presence of Li* would still
drive Cu?*’* redox events. Nonetheless, reducing the initial concentration of Cu®* on the surface
can improve degradation due to steric strain. If such reduction in steric strain reduces the
degradation of the film over periods of electrochemical exposure, and if the cycling efficiency
improves, there is potential for the number of Cu* vacancies to be increased and for enhanced

lithiation of the film, making these materials more viable for ion battery applications.

5.3.3 pH Dependence Studies
5.3.3.1 Paste Fabrication and the Role of pH

For all previously discussed experiments, a pH neutral paste was made in efforts to fabricate
thin films using ethanol and ethyl cellulose. However, it would not be surprising that pastes
prepared under acidic conditions may degrade the material in such a way that vacancy
concentrations or morphology are also impacted. Preliminary studies comparing CVs in 0.1 M
LiClO4 in MeCN for two films of CuCrO- prepared different pastes in shown in Figure 5.1. Here,
the pH neutral data (red) refers to a CuCrO- film prepared using a paste that had been developed
as previously discussed in Chapter 4 while the pH 1 data (blue) was prepared using a 2:1 ratio of
CuCrO2:PEG with 13 wt % of CuCrOz in a pH 1 solution made using HCI in water. Here, PEG

refers to 20,000 My polyethylene glycol.
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Figure 5.1. Cyclic voltammograms of films developed using a pH neutral paste vs pH 1 paste in

0.1 M LiCIO4 in MeCN at a 10 mV/s scan rate.

There is a considerable increase in the faradaic current measured by the film prepared using
the pH 1 paste fabrication method; however, it is unclear if this is due to an increase in the Cu®
vacancies present or an increase in film surface area. The use of PEG rather than ethyl cellulose
could have resulted in larger pores post-annealing, resulting in electrochemical changes. While the
surface area would be expected to decrease as a result of larger pores, the dye loading capability
would improve and could be utilized to study CuCrO- films photoelectrochemically through the
collection of J-V curves under illumination for solar cell applications. To understand and isolate
both factors, subsequent experiments would need to be conducted in which pH 1 pastes were
developed using PEG with a lower molecular weight, or a supplemental polymer, that is soluble
in water and would produce films with comparable porosity relative to its pH neutral counterpart.
This would aid in determining the degree of impact that both porosity and paste pH have on the

electrochemical properties.
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5.3.3.2 Effects of Acidic Washing Environment on the Electrochemical Properties of CuCrO>

In the case of delafossite CuCrO», moderate conductivity values have been reported with a
range from 157 to almost 436 mA h g* as an anodic material.?>?® While these are not cathodic
measurements, the potential for CuCrO, to exceed the specific capacity of lithium nickel
manganese cobalt oxide (NMC) as a cathode is definitely plausible, but no studies have reported
specific capacities for CuCrO- as a cathodic material, nor have studies explored optimizing the
synthesis of CuCrO- or film preparation to improve its performance for ion battery application.

Preliminary electrochemical studies were conducted to further understand how acid
washing CuCrO- before thin film fabrication (in efforts to induce Cu® vacancies) influences the
surface charge and charge-discharge capacities observed. As seen in chapter 4 and in this section,
a strong Li* dependence was observed, suggesting these materials have potential to be used as
cathodic materials in ion battery application. Acid washing CuCrO; films for 12 — 336 hours was
shown to lead to consistent increases in both surface charge and capacities compared to their base
washed counterpart, with films made from CuCrO2 washed for 96 hours lead to overall optimal
electrochemical performance.

The synthetic procedure, paste development, and thin film fabrications used for these
preliminary studies were identical to those described in the experimental section of Chapter 4.
However, after synthesis the solid product was washed in a pH 1 HCI (acidic) solution for a
predetermined period of time rather than washing in basic solution for 24 hours. A series was
conducted in which the wash times varied at 12, 24, 36, 48, 96, 168, and 336 hours. This permitted
both cleaning the product from any possible impurities while also slowly etching the CuCrO>

particles in efforts to induce more Cu* vacancies. The remaining product was rinsed with ethanol,
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sonicated, and vortexed three times to allow additional cleansing of remaining acidic solution
before drying the product under a fume hood overnight. After drying under the fume hood, the
product was placed in a vacuum oven (Lindberg Blue M) at 60 °C overnight to ensure complete
dryness.

Figure 5.2 shows cyclic voltammograms for CuCrO- thin films washed in acidic solution for
12 — 336 hours. All cyclic voltammograms were collected at a 10 mV/s scan rate in 0.1 M LiClO4
in MeCN. The electrochemical features for all voltammograms are consistent with previous
observations discussed in Chapter 4. Namely, two quasi-reversible features are present, one with
a narrow peak separation and E1> = 0.14 V and another with a broad peak separation and E1p = -
0.43 V. Both of these features appeared to be influenced by [Li*] with the -0.43 V feature being
assigned to Li-coupled redox event dependent on the concentration of copper vacancies in the

delafossite lattice.
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Figure 5.2. Cyclic voltammograms of CuCrO: thin films washed in acidic solution at various times

for 12 — 336 hours. All CVs were collected in 0.1 M LiClO4 in MeCN at a 10 mV/s scan rate.
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Quantitatively, the amount of current passed fluctuates between the samples depending on the
amount of time CuCrO, powder was washed in acidic solution. It is evident that between 12 and
96 hours of washing, peak anodic and cathodic currents increase with washing time. However,
beyond 96 hours, peak currents decreased, resulting an optimal wash time of 96 hours in terms of
maximum current.

To better understand this quantitative increase in current at 96 hours, chronoamperometry
experiments were conducted for CuCrO> films with varying acidic wash times of 12 — 336 hours.
Data was collected for all CuCrO- films in 3 steps for 100 seconds each. Step 1 was held at -1.3 V
vs Fc*’0, followed by step 2 at 0.3 V, and step 3 at -1.3 V again. Similar to chronoamperometry
experiments discussed in Chapter 4, these potentials were chosen to ensure a majority of the redox
features could be captured without entering an extreme potential range that could facilitate
degradation or an irreversible oxidation near 0.5 V, as has been previously seen. All amperometric
IT curves can be seen in Figure S5.1; this data was then integrated to construct Anson plots as
seen in Figure 5.3a for the anodic step to 0.3 V vs Fc*. Linearity was observed at large t? and
the resulting slopes were used to calculate diffusion coefficients in accordance with the Anson
equation as previously seen in Chapter 4 (Equation 5.1). Surface charge (Qads) was also quantified
from the y-intercept of the linear fits. All diffusion coefficient and surface charge values are
provided in Table 5.1 with Qags data summarized in Figure 5.3b for the anodic step at 0.3 V vs
Fc*’®. Anson plots with corresponding diffusion coefficient and surface charge values for the
cathodic steps (steps 1 and 3) at -1.3 V vs Fc*® can be found in Figures S5.2-3 and

Tables S5.1-2.

Q = nFAC,DY/*tY/271/2 4 Q4 eg. 5.1)
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Figure 5.3. a) Anson plots constructed from integrated anodic chronoamperometry data using
films fabricated from CuCrO. powders washed in acidic solution from 12 — 336 hours in 0.1 M
LiClO4 in MeCN. Each step was held at the fixed potential 0.3 V vs Fc*® for 100 seconds. b) Qas
plotted as a function of wash time in acidic solution, with error bars from triplicate experiments

for each condition.

Table 5.1. Diffusion coefficients and adsorption charges determined from Anson plot step 2
where the potential was held at 0.3 V vs Fc*® for 100 seconds.

Wash Time Diffusion Coefficient / cm?s? Adsorption Charge Q / mC
12 8.3x 10°Y 19+13
24 1.9 x 107 18 £ 3.7
36 1.3x107%° 20+ 24
48 6.0 x 10716 26 £4.0
96 7.7x10716 41+6.1
168 7.0x 10°Y 31+21
336 1.2x107%° 21+1.7

The diffusion coefficients of the CuCrO; films calculated from the slopes are comparable to
those seen from base washed CuCrO; films in Chapter 4, which again suggests a pseudo-
capacitive redox reaction at the nanocrystalline interface. However, the surface charge (Qads)

observed for the acidic washed films are substantially higher at all wash times than those seen
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from base washed CuCrO2 where Qags = 12 £ 2.2 mC in 0.1M LiClO4 for the base washed film.
Among the acid washed films, CuCrO> washed for 96 hours had the highest surface charge at Qads
=41 + 6.1 mC. Similar trends observed in CV were observed in surface charges; Qads maximized
at 96 hours and decreased for longer washing times. When considering surface charge should be
proportional to the number of copper vacancies, the significant increase in surface charge under
acidic wash conditions supports the idea that Cu* atoms can be etched away from the CuCrO;
surface leading to an increase in vacancies. Surface charge Qads calculated from Equation 5.1 were
also used for CuCrO; after washing to calculate the theoretical % Cu* vacancies present based on
the charge capacity of the material after one charge-discharge cycle assuming the redox reaction
shown in Equation 5.2 (Table 5.2). The theoretical % Cu* vacancies calculated support the idea
that acidic washing consistently leads to an increase in vacancies compared to the base washed

films seen in Chapter 4.

CU*1-2xCUP XV euxCr3*0y + XLi* + xe” — Cu*1xLi*Cr¥* 0, eqd. 5.2)

Table 5.2. Theoretical % Cu* Vacancies based on surface charge (Qags) of CuCrO: films after
charge cycle 2.

Time Washed (Hours) Step 2 Charge Qads (MC) Theoretical % Cu*® Vacancies
12 19 10
24 18 9.5
36 20 10.5
48 26 13.5
96 41 21
168 31 16
336 21 11

Based on these results, ICP-MS can be done to determine the Cr:Cu ratio of the powders after

acid washing to compare to the theoretical % Cu* vacancies. If the surface charge observed by
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chronoamperometry is higher than theoretically calculated, the excess surface charge could be
accounted for by Li* intercalation. The degree of intercalation would be determinate on whether
or not enough vacancies have been induced to permit lithiation into the lattice.

It is important to note that based on the surface charges calculated from Anson plots that films
made using CuCrO2 powder washed for 96 hours resulted in the highest Qadgs at 41 mC. This
however does not mean that CuCrO, powders washed for longer would result in less vacancies.
The loss in surface charge and overall performance may be attributed to the induction of too many
Cu* vacancies, and could result in a loss of crystallinity which could degrade Li* surface
interaction or hinder any intercalation capabilities of Li*.

Chronopotentiometry experiments were conducted for films made with CuCrO; washed for 12
— 336 hours to calculate both charge and discharge capacities as well as to study the degradation
of the film in the form of % cycling efficiencies. All chronopotentiograms can be referenced in
Figure 5.4a-g. Each chronopotentiometry experiment was done in 0.1 M LiCIO4 in MeCN from
0.6 to -1.4 V vs Fc*® while holding 0.1 mA current. Cycles are shown in gradient from cycle 2
(green) to cycle 10 (red). All calculated results from these experiments are shown in Tables S5.3-

13.
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Similar to CV and chronoamperometry results, charge storage was found to be optimal for the
films in which CuCrO> was washed in acidic solution for 96 hours with a 134 mC charge and 70
mA h g charge capacity after cycle 2, and all acidic washed CuCrO; films exhibited higher charge
storage than base washed CuCrO: films reported in Chapter 4. Interestingly, 168 hour washed
CuCrO films saw a charge of 205 mC and charge capacity of 106 mA h g* after charge cycle 2.
However, the % cycling efficiency was the lowest of all wash conditions at 58% after charge cycle
2. While the cycling efficiency gradually increased to 80% by cycle 10, all other conditions
maintained > 90% efficiency throughout cycling and close to 90% efficiency by cycle 10. One
possibility is that at a 168 hours wash time, the film is etched and exposed to acid for such a long
period of time that surface defects become too prominent and stability of the film at long exposure
times to positive potentials decreases, resulting in the significant decrease in charge capacity upon
initial cycling and poor % cycling efficiency. By 336 hours, the film may lose even more stability
from acid exposure and overall performance could decrease as a result.

Conclusively, preparation of films using CuCrO> that has been acid washed consistently
showed higher current seen in CV, surface charge (Qads), and charge capacities compared to base
washed CuCrOz which was discussed in Chapter 4. When compared to the optimal wash time of
96 hours in acidic solution, this performance enhancement is even more significant, with surface
charge Qads = 12 mC for base washed CuCrO2 vs 41 mC for acid washed CuCrOz films, and charge
capacity 7.8 mA h g* for base washed CuCrO, vs 70 mA h g for acid washed CuCrO, after the
2" charge cycle.

While acid washed CuCrO> leads to film fabrication with higher performance compared to its
base washed counterpart, and while at 96 hours the electrochemical performance is ideal, more

experiments and characterization are required to determine the causes that lead to the trends
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described through this section. Triplicate measurements were taken for chronoamperometry
experiments which resulted in error bars that support the trend that as time washed deviates from
96 hours, the surface charge observed decreases. More chronopotentiometry experiments can be
taken in efforts to implement error bars for charge capacities as well.

ICP-MS studies might reveal that acid washed films have higher Cr:Cu ratios than what is seen
in base washed films, where base washed films have 4% Cu* vacancies. Based on electrochemical
characterization, 21% Cu* vacancies were expected to be observed in the CuCrO. powder washed
for 96 hours in acidic solution. One possibility is that at 96 hours, an optimal amount of Cu*
vacancies have been induced to maintain crystallinity and promote Li* intercalation into the lattice,
resulting in high surface charge and charge capacity. At lower wash times, CuCrO, may become
amorphous in nature or lose crystallinity due to severe etching of Cu* from the lattice. Another
possibility could be that Cr®* is also etched from CuCrO; in addition to Cu*, which could induce
more vacancies while maintaining consistent Cr:Cu ratios. UV-vis can be used to further analyze
whether or not Cr* is also being etched from CuCrO, powder. In this case, if CuCrO- is washed
for 96 hours, an optimal amount of vacancies may be induced to promote high electrochemical
performance and Cr* vacancies may lead to exposed Cu* vacancies underneath that are accessible
to Li* interaction.

TEM and SAED of CuCrO. powders washed in acidic solution for 12 — 336 hours will
ultimately give insight into whether or not the degree of crystallinity is affected by time washed in
acidic solution by analyzing possible defects in the lattice. After TEM is collected for all samples,
explanation for the observed electrochemical trends might be re-examined and further research

can be explored in the upcoming year.
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5.3.4 Effects of Synthetic Lithiation

As seen in Chapter 4, “electrochemical lithiation” is possible using 0.1 M LiClO4 in MeCN as
the electrolyte solution which ultimately increases the charge capacity of CuCrO,. While
electrochemical lithiation is of interest, synthetically doping transition metal oxides is also
relevant. Previous studies involving synthetic lithiation of metal oxides reveals optimization of the
interfacial charge transfer kinetics is necessary.?* Computational studies have also revealed
competition between two mechanisms, one involving a reversible intercalation reaction
mechanism where lithium can intercalate in and out of the structure without structural distortion.
The other mechanism involves an irreversible conversion mechanism where lithium intercalation
induces a structural distortion.?® These irreversible conversion mechanisms may be considered
similar to what is discussed in Chapter 4 and Section 5.3.3.2 in which the structure degrades over
the course of multiple cycling experiments. Based on chronopotentiometry experiments, cycling
efficiency between charging and discharging was not efficient using base washed CuCrO, powder
(Chapter 4) which could indicate less facile Li* movement through vacancies. One possibility for
this might be that Li* can intercalate into Cu* vacant sites but get constrained and cannot as easily
deintercalate. The acid washed CuCrO2 powder (Section 5.3.3.2) produced improved cycling
efficiencies. This may be due to the increased Cu* vacancy sites, allowing for more interstitial sites
for Li* interaction and reduced difficulty for delithiation.

By synthetically lithiating delafossite CuCrOz2, structural characterization can be done to
determine whether lithium would reside in interstitial sites, or if lithium would be in sites where
copper vacancies are present to compensate for cationic deficiency in the material. Furthermore, a
relationship may be observed between the concentration of cationic vacancies induced and the

concentration of lithium doped into the structure. By determining where doped lithium atoms
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reside, as well as determining whether structural distortion occurs as a result of synthetic lithiation,
electrochemically lithiating the material may present insight into the limits of lithium diffusion.
Structural distortion caused by synthetically doping CuCrO, may lead to enhanced or impeded
lithiation electrochemically. For instance, consider a hypothetical case where synthetically
lithiated CuCrO, can maintain crystalline properties due to lithium atoms residing in cationic sites
where copper is absent. Upon electrochemically lithiating the system, the rate of diffusion may
increase and more lithium ions may intercalate into the system due to the material’s crystallinity
and preserved interstitial channels, as well as having wider interstitial channels due to lithium’s
smaller atomic radii. Synthetically lithiating CuCrO2 with a range of cationic vacancy
concentrations may reveal interesting correlations between lithiation approaches, structural
integrity, rates of diffusion, and charge transfer kinetics.

ICP, TEM, and pXRD can be used to confirm both morphology and elemental composition,
allowing trends in vacancy concentrations, paste pH, or doping conditions to be determined as
further research is conducted. Ultimately, the goal is to be confident in determining what synthetic
parameters and paste development conditions are necessary to produce CuCrO; controllably with
a wide range of desired vacancy concentrations. Determination of such optimal parameters can be
used to produce high-performing and electrochemically stable CuCrO; for either battery or solar

cell applications.

5.4 Surface Chemistry and Optical Properties
Previous studies reveal monovalent cation vacancies in transition metal oxides containing
copper results in neighboring Cu?* atoms for charge compensation.?® Additionally, Cr*/Cr3*

coupling has been observed in transition metal oxides during lithium intercalation.?” Based on our
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XPS studies discussed in Chapter 4, Cr**/Cr®* redox events are not taking place to account for Li*
interactions, but rather Cu?*/Cu* redox events. Because these interactions are surface-based,
modifications to the film’s surface may hinder or facilitate electrochemical processes.

One method to alter the surface chemistry of CuCrO: films could be to adjust the annealing
conditions used, both in terms of temperature and gas conditions. Bredar et al. studied various
annealing conditions of CuGaO: thin films using ATR-IR, and found that vibrational modes
associated with polymer disappear at temperatures above 200 °C.?® Annealing delafossite films at
temperatures greater than 500 °C has also been found to lead to the conversion to delafossite into
the spinel CuM,04 phase.?®?° All CuCrO; films that were previously discussed were annealed at
350 °C for 30 minutes to ensure the polymer is absent from the film post-annealing, in addition to
the avoidance of spinel conversion. However, studying the effects of annealing at various
temperature and time profiles between 200 and 500 °C may affect sintering of the nanoparticles.
Chapter 4 discusses the differences between CuCrO. and CuGaO: electrochemistry and how
morphological differences play a role; CuCrO2 was more isotropic in nature which led to more
Cu-terminated faces to be available for Li* interaction. In the case of CuGaOg, the large anisotropic
particles post-annealing led to a preferential (001) stacking parallel to the FTO glass substrate
which could have also played a role in reduced current observed in the CV in the presence of Li™.
While CuCrO; particles are more isotropic in nature compared to its CuGaO2 counterpart, the
aspect ratio is still 4.6 £ 1.9. This could lead to more enhanced sintering at higher temperatures or
longer times in a preferential orientation which could directly affect the electrochemical properties
of the film.

In addition to varying the annealing temperature and time, the gaseous environment in which

the films are annealed can lead to interesting surface state changes. Preliminary findings have
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shown the Voc of CuCrO: thin films annealed at 350 °C under argon for 30 minutes is
approximately 0.18 VV which suggests the films rest in a slightly oxidized state, likely due to surface
defects. Annealing under oxygen or hydrogen may respectively oxidize or reduce surface sites
during the annealing process. Measuring the Voc and collecting CV for films annealed under
oxygen vs hydrogen could lead to interesting deviations in the electrochemical behavior compared
to films annealed under inert argon. XPS data could also aid in determining if surface Cu or Cr
sites are being oxidized or reduced in the presence of oxygen or hydrogen gas.

Chapter 4 discusses the similarities in the band gap of CuCrO; before and after annealing;
however, the absorbance peaks seen in the UV-vis spectra are significantly diminished in the case
of annealing the film. While the band gap is comparable, these optical changes could lead to
changes in light absorption under illumination. For film fabrication for solar cell application, it
would be interesting to supplement the polymers used in previous studies for a conductive
polymer. Annealing is done to eliminate polymer from the film due to its insulating properties;
furthermore, using a conductive polymer could allow for elimination of the annealing process
altogether. Conductive polymers have been previously used to fabricate electrodes, such as
polypyrrole, polyaniline, and poly(p-phenylene vinylene).*®3? However, due to differences in
solubility as well as the need for ozone treatment to improve device performance, paste and thin

film fabrication methods would need to be modified accordingly.333*

5.5 Electrolyte Sources
The use of Li* ion batteries has been commercialized and readily available for use in electronic
devices and electric vehicles due to its high energy density, playing a vital role in energy storage

demands.® However, an interest in fabricating ion battery alternatives has increased due to the
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limited supply of lithium, high manufacturing costs, and flammability which can be hazardous.
Some alternative ion sources include abundant alkali metals such as Na* and K*, divalent alkaline
metals such as Mg?*, and 3d transition metals such as Zn?* as previously discussed in Chapter
2.273537 These alternatives are abundant and low cost in addition to being less hazardous compared
to their Li* counterpart.

Preliminary CV was collected to compare the electrochemical redox activity of CuCrO; in the
presence of Li* to that of Na* (Figure 5.5). As seen in Figure 5.5a, there is considerable faradaic
current observed for the redox event in the presence of Na*, comparable to what is seen in Li*.
This shift where E12 = -0.88 V in Na* is likely attributed to the differences in ion size where the
ionic size of Li* vs Na are 76 and 102 pm, respectively (refer to Table S5.14 for cation radii size
and charge data). The observed current is predicted to be a Cu?"* redox event based on
electrochemical behavior of CuCrO and XPS results discussed in Chapter 4, but XPS could be
conducted after holding at potentials outside the range of oxidation and reduction events to confirm

this consistency.
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Figure 5.5. a) Cycle 1 of CuCrOz thin films in 0.1 M NaClO4 vs 0.1 M LiClO4 in MeCN at a 10
mV/s scan rate. b) A comparison of cycle 1 vs cycle 3 of CuCrO, CVsin 0.1 M NaClO4 in MeCN

at a 10 mV/s scan rate.

Interestingly, the current observed in the presence of Na* is higher than when CuCrO: is in the
presence of Li*, but the degradation during cycling occurs at a quicker rate as seen in Figure 5.5b.
This could be due to the increased size of Na* ions; the ability of Na* ions to deintercalate out of
the film is likely less facile than that of Li*. Additional causes could be increased stress due to the
ion size in the film’s surface alongside Cu?" sites. Doping CuCrO, with Ti** could aid in improving
the increased degradation as previously discussed in Section 6.3.2. K™ could also be used as a
cation source for direct comparison by using 0.1 M KCIO4 in MeCN as the electrolyte solution,
but the size of K* is larger than both Li* and Na* at 138 pm and is expected to experience similar
behavior in that the E1> would shift toward a more negative potential and the degradation over the
course of cycling would worsen. Furthermore, Ti*" doping or synthetic lithiation could be used to
improve the stability of CuCrO2, making the use of these electrolyte sources more practical for

alternative ion battery applications.
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Divalent and trivalent cation sources could also be studied as alternatives to Li*. In the case of
using divalent cation sources, Mg?* and Zn?* both have comparable ion sizes to Li* with radii of
72 and 74 pm, respectively. The similarities in size would permit plausible intercalation or surface
reactivity as that of Li*. However, twice the amount of Cu* sites adjacent to vacancies would need
to oxidize to Cu?* in order to charge balance the lithiated cations which could lead to problematic
steric strain. Ti*" doping could aid in alleviating the amount of steric strain in that less Cu?* sites
would need to be present for charge compensation of Cu* vacancies, but the degree of stability is
unknown. Utilizing 0.1 M Mg(ClO4)2 and 0.1 M Zn(CIO4). in MeCN as electrolyte solutions to
study both undoped and Ti** doped CuCrO; films could lead to insight into the effects of
degradation. Acid washed films may also maximize the amount of Cu* vacancies as seen in Section
5.3.3.2, therefore increasing the number of Cu* sites that could be available for Cu?* conversion
as intercalation occurs.

Similar approaches could be used for trivalent cation electrolyte sources, such as La(ClO4)3
where La®* has a comparable ion radius of 103 pm relative to a Na* ion. In the case of using 0.1
M La(ClO4)3 in MeCN as the electrolyte source, it is uncertain whether or not enough Cu* sites
would be available to oxidize for charge compensation. Acid washed films may permit enough
vacancies to be present for neighboring Cu* atoms to accommodate a trivalent cation intercalation
event, but it is also plausible that nearby Cr3* sites could oxidize to Cr®* to charge balance Li*
intercalation into the lattice. In this case, only one Cr®* atom would need to be redox active
compared to three Cu* atoms, making the possibility of increased capacity possible. If Cr3* were
capable of redox activity during intercalation, Cu?* conversion would be limited, which could help
minimize strain during intercalation and stabilize the film. Additionally, if anisotropic delafossite

particles have Cr terminated faces as what is seen in CuGaO: particles in Chapter 4 where the
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particles favor orientation of the Cr terminated (001) plane parallel to the FTO glass substrate,
more Cr coordinated surface sites could be available for surface redox interactions. CV and XPS
could again be used to determine whether redox activity in the presence of La®* is possible, and

whether or not Cu?** or Cr*%* is responsible for charge compensation.

5.6 Kinetic Considerations

As previously mentioned, delafossite CuCrO:z exhibits a moderately high capacity. However,
the influence of defects on the capacity of these materials is lacking. A key factor contributing to
the impediment of the overall performance is likely the rate of lithium intercalation. In previously
reported studies on lithium intercalation into anatase TiOz, the Ti**"** coupled redox events were
found to be kinetically hindered, determined by the potential dependence on the rate of insertion
and extraction.® If delafossite CuCrO also exhibits Cu?** coupled redox events which are
kinetically hindered, or Cr8*3* if trivalent cation intercalation successfully permits redox activity
of Cr¥* sites, it may aid in understanding the complex kinetics of the system. Potential dependence
studies can be conducted by constructing Anson plots at critical potential steps before and after
redox events take place as previously shown in Chapter 4 where potentials were held within the
diffusional window determined by CV. These same experiments can be done isothermally using a
range of temperatures to determine whether or not ion diffusion is thermally activated.®

Anson plots can be used to calculate the slope and provide a corresponding diffusion

-Ea3
coefficient. Using the equation D = D,e kT, activation energies for each system can be calculated

where D is the diffusion coefficient, Do is the preexponential factor, Eais the activation energy, k
is the Boltzmann constant, and T is the absolute temperature. Temperature dependent studies to

determine differences in activation energies for CuCrO> with differences in morphology and
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vacancy concentrations can be insightful with respect to determining optimal conditions for
enhanced performance. Previous studies have revealed differences in activation energies for
crystalline and amorphous transition metal oxide materials, where amorphous materials exhibit
lower activation energies.>® Due to the enhanced performance seen in Section 5.3.3.2 where
CuCrO2 was washed in pH 1 solution, in addition to the loss in crystallinity when washing > 96
hours, similar results in the activation energies might be expected. However, studies on a range of
vacancy concentrations and their impact on the activation energy may be useful in explaining
results obtained in experimental data.

The kinetics of the system can also be studied in more detail using CV scan rate dependence
studies. In efforts to understand the kinetic limitations of the electrochemical system of
synthetically optimized CuCrO. films in 0.1 M LiClOs in MeCN, a preliminary cyclic
voltammogram was taken at various scan rate intervals between 450 — 5 mV/s. Figure 5.6a shows
the resulting CVs. The peak current was obtained prior to normalization using the reductive peak
maxima near 0 V. This peak was selected for further analysis due to its minimal observed
degradation over the course of cycling relative to the other peaks in the CV. These values were

used to generate a log i-v plot, as seen in Figure 5.6b.
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Figure 5.6. a) CVs of optimized CuCrO thin films from 450 mV/s to 5 mV/s. b) Log i-v plot for
the 0 V reduction peak observed in the scan rate dependence CVs. The initial scan rate used was

450 mV/s and went to lower scan rates.

A slope of % can be seen between high scan rates of 200 — 450 mV/s which is attributed to ion
diffusion being the rate limiting step. At scan rates lower than 200 mV/s, the slope of the line is
equal to 1 which suggests that the film is able to behave as a thin film or surface process that is not
diffusion controlled. Because the scan rate dependence study began at high scan rates and
proceeded to low scan rates, one possibility is that the lithium ions are intercalating into the film
and are kinetically limiting the electrochemical redox processes. However, after cycling multiple
times, the irreversibility of the ion deintercalation could lead to a lack in diffusion, meaning at
scan rates lower than 200 mV/s no more ions are intercalating into the film. This could lead to
kinetic limitations due to other phenomena. In order to further examine the kinetics of the system
and how much impact the irreversibility has on diffusion, additional scan rate dependence
experiments can be conducted after CuCrO- is tuned to prevent degradation, either by means of

Ti** doping or synthetic lithiation, as previously discussed. In the event that film degradation leads
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to a slope of 1 at low scan rates, conducting this experiment with more stable films could result in

a slope of ¥ extending to slower scan rates.

5.7 Summarizing Thoughts

Delafossite CuCrO: is a promising material for both applications as a cathode in ion batteries,
as well as a hole transport material in solar cell devices, due to its wide band gap and moderately
high reported conductivity.'>?24%41 \We successfully report an optimized synthetic route to
hydrothermally growing CuCrO, nanocrystals with minimal impurities, while also defining the
role of Cr®" as a reducing agent in oxidizing Cu?* precursors. Structural and electrochemical
characterization was extensively done to understand the fundamental Cu®** redox process and the
electrochemical dependence of Li* in electrolyte solution. Morphological comparisons were done
between CuCrO2 and CuGaO: to determine smaller nanoparticle size and isotropy leads to
improvements in observed current. Degradation studies were done to better understand the
irreversibility of the system seen through multiple cycling CV and chronopotentiometry
experiments. Finally, inducing Cu* vacancies by washing CuCrO powders in pH 1 solution over
time was shown to optimize the cycling efficiency of the film compared to films which were base
washed. Washing for 96 hours optimized the amount of charge capacity observed by
chronopotentiometry as well as maximizing the current observed in CV. Through continuing
research and improving the stability of the film during electrochemical exposure, this material is a

viable candidate for future solar energy conversion and storage applications.
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5.8 Supporting Information
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Figure S5.1. Amperometric IT curves used to integrate and construct Anson plots for films made
using CuCrO2 powder washed in acidic solution for 12 — 336 hours, all in 0.1 M LiClO4 in
MeCN holding 0.1 mA. A 3 step experiment was conducted in which the potential was held at a)

-1.3 V vs Fc* for 100 seconds (step 1), b) 0.3 V vs Fc*'° for 100 seconds (step 2), and ¢) -1.3 V

vs Fc*® for 100 seconds (step 3).
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Figure S5.2. a) Anson plots constructed from integrated amperometric IT curves from films made

using CuCrO> powder washed in acidic solution for 12 — 336 hours, all in 0.1 M LiCIO4 in MeCN

holding 0.1 mA. Each step was held at the fixed potential -1.3 V vs F¢*' for 100 seconds (Step 1).

b) Qads plotted as a function of time washed in acidic solution.

Table S5.1. Diffusion coefficients and adsorption charges determined from Anson plot step 1
where the potential was held at -1.3 \ vs Fc*' for 100 seconds (Step 1).

Wash Time Diffusion Coefficient / cm?s! Adsorption Charge Q / mC
12 1.7x10% -21+1.3
24 2.0x10% -17+£3.2
36 5.6 x 101° -15+1.7
48 9.3x10% -19+8.1
96 1.5x10% -44 +1.9
168 2.6 x 10 2019
336 1.7x10% -16 +1.3
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Figure S5.3. a) Anson plots constructed from integrated amperometric IT curves from films made

using CuCrO> powder washed in acidic solution for 12 — 336 hours, all in 0.1 M LiClIO4 in MeCN

holding 0.1 mA. Each step was held at the fixed potential -1.3 V vs Fc*° for 100 seconds (Step 3).

b) Qads plotted as a function of time washed in acidic solution.

Table S5.2. Diffusion coefficients and adsorption charges determined from Anson plot step 3
where the potential was held at -1.3 V vs Fc*' for 100 seconds (Step 3).

Wash Time Diffusion Coefficient / cm?s! Adsorption Charge Q / mC
12 6.7 x 10716 -13+1.7
24 1.1x10%° -71.7+1.2
36 2.2x10% -96x0.2
48 4.6 x 101° -11+59
96 6.7 x 101 2717
168 1.6 x10 -12+1.7
336 5.3x10% -14+05
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Table S5.3. Calculated charge and discharge Q and % cycling efficiencies from CuCrO;
chronopotentiograms washed in acidic solution for 12 hours.

Cycle# | Charge Q (mC) D'S(E:'na(r:gle Q | % Cycling efficiency (Dclfl};j—gie(f) * 100
2 40 42 105
3 39 39 101
4 37 35 94
5 33 30 93
6 29 27 91
7 26 24 90
8 23 21 90
9 21 19 90
10 19 17 91

Table S5.4. Calculated charge and discharge Q and % cycling efficiencies from CuCrO;
chronopotentiograms washed in acidic solution for 24 hours.

Cycle# | Charge Q (mC) D'S‘z&aége Q | % Cycling efficiency (o) * 100
2 34 38 113
3 35 36 104
4 34 34 101
5 33 32 99,
6 31 29 95
7 28 25 89
8 24 22 92
9 22 20 94
10 20 19 95

Table S5.5. Calculated charge and discharge Q and % cycling efficiencies from CuCrO;
chronopotentiograms washed in acidic solution for 36 hours.

Cycle# [ Charge Q (mC) Discharge Q % Cycling efficiency (X118 Q) « 10
(mC) Charge Q
2 37 40 108
3 33 34 102
4 29 28 98
5 24 23 96
6 21 20 95
7 18 17 95
8 16 15 96
9 14 14 96
10 13 12 97
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Table S5.6. Calculated charge and discharge Q and % cycling efficiencies from CuCrO;
chronopotentiograms washed in acidic solution for 48 hours.

Cycle # Charge Q (mC) Disc(:hacr:g)]e Q | % Cycling efficiency (M) * 100
m
2 73 90 124
3 72 80 110
4 66 71 108
5 60 63 104
6 56 57 102
7 51 50 99
8 46 45 97
9 41 40 98
10 38 37 97

Table S5.7. Calculated charge and discharge Q and % cycling efficiencies from CuCrO-
chronopotentiograms washed in acidic solution for 96 hours.

Cycle# | Charge Q (mC) Disczhacr:g);e Q % Cycling efficiency (Dlsharge Q) * 100
m
2 134 143 107
3 125 124 99
4 117 110 95
5 107 98 92
6 96 87 90
7 86 77 89
8 78 68 88
9 70 61 88
10 63 56 89

Table S5.8. Calculated charge and discharge Q and % cycling efficiencies from CuCrO-
chronopotentiograms washed in acidic solution for 168 hours.

Cycle # Charge Q (mC) Disihaégie Q | % cycling efficiency (%rieQQ) * 100
m
2 205 119 58
3 120 88 73
4 90 70 77
5 72 S7 79
6 59 49 82
7 51 42 83
8 45 39 86
9 41 27 67
10 30 24 80
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Table S5.9. Calculated charge and discharge Q and % cycling efficiencies from CuCrO;
chronopotentiograms washed in acidic solution for 336 hours.

Cycle# | Charge Q (mC) Dlsc(:rr:]acr:g)]e Q | % Cycling efficiency (Dclir:rl;ieQQ) * 100
2 44 52 117
3 47 49 105
4 48 47 98
5 47 45 96
6 44 41 92
7 41 37 90
8 38 33 89
9 34 30 88
10 31 27 88

Table S5.10. Calculated charge and discharge capacity from CuCrO>
chronopotentiograms washed in acidic solution for 12 and 24 hours.

12 Hours 24 Hours
Cycle # | Charge Capacity Discharge Charge Capacity Discharge Capacity
(=) Capacity (*-) ) (=)
g g g g
2 21 21 17 20
3 20 20 18 19
4 19 18 18 18
5 17 16 17 17
6 15 14 16 15
7 14 12 14 13
8 12 11 12 12
9 11 10 11 10
10 9.7 8.8 10 9.7
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Table

S5.11. Calculated

charge

and

discharge

capacity from CuCrO;

chronopotentiograms washed in acidic solution for 36 and 48 hours.

36 Hours 48 Hours
Cycle # | Charge Capacity Discharge Charge Capacity Discharge Capacity
(=) Capacity (*=-) (=) =)
g g g g
2 19 21 38 47
3 17 17 37 41
4 15 15 34 37
5 13 12 31 33
6 11 10 29 29
7 9.3 8.9 27 26
8 8.2 7.9 24 23
9 7.3 7.0 21 21
10 6.5 6.3 20 19
Table S5.12. Calculated charge and discharge capacity from CuCrO;
chronopotentiograms washed in acidic solution for 96 and 168 hours.
96 Hours 168 Hours
Cycle # | Charge Capacity Discharge Charge Capacity Discharge Capacity
(=) Capacity (*-) (=) =)
g g g g
2 70 74 106 62
3 65 64 62 46
4 60 57 47 36
5 55 51 37 30
6 50 45 31 25
7 45 30 27 22
8 40 35 23 20
9 36 32 21 14
10 33 29 16 12
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Table S5.13. Calculated charge and discharge capacity from CuCrO;
chronopotentiograms washed in acidic solution for 336 hours.

336 Hours
Cycle # Charge Capacity (m?Ah) Discharge Capacity (m?Ah)
2 23 27
3 24 26
4 25 24
5 24 23
6 23 21
7 21 19
8 20 17
9 18 16
10 16 14

Table S5.14. Electrolyte sources and their respective cation charges in ascending order of
ion radius size in pm.*243

Electrolyte Sources lon radius (pm) lon Charge
Al(CIO4); 535 3
Ga(ClO4)3 62 3
Ni (ClOa). 69 2
Mg(ClOa)2 72 2
Cu(ClO4)2 73 2
Zn(ClOa4)2 74 2

LiClO4 76 1
Fe(ClO4)2 78 2
Mn(CIOa)2 83 2
Ca(ClOa4)2 100 2

NaClO4 102 1
La(ClOa)3 103 3

KCIO4 138 1

TMA(CIO4) 322 1
TBA (CIO.) 494 1
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