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Abstract

Structural and Mechanistic Studies of Nickel-Borate
Thin-Film Oxygen Evolving Electrocatalysts

by
Daniel Kwabena Bediako

Submitted to the Department of Chemistry on January 18, 2013, in partial fulfillment of the
requirements for the degree of Master of Science in Chemistry.

Abstract

Increases in global energy demand and rising levels of atmospheric carbon dioxide
demand renewable alternatives to fossil fuels as the primary energy sources of the 21* century.
Solar energy is by far the most abundant renewable energy resource, yet its widespread use has
been hampered by a lack of suitable methods to store energy from sunlight in a cheap and
efficient manner. Solar driven water splitting is a promising method of storing solar energy, but a
critical bottleneck in developing efficient photoelectrochemical (PEC) water splitting systems
lies in the kinetic sluggishness of the water splitting reactions, particularly the oxygen evolution
reaction (OER).

In this thesis the structural and mechanistic underpinnings for the activity of a promising
nickel-based oxygen evolving catalyst (OEC) are discussed. The catalyst is particularly attractive
as a result of the simplicity of its preparation as a thin film from aqueous borate-buffered
solutions of Ni**. Electrochemical and in situ X-ray absorption near-edge structure (XANES)
studies of this nickel-borate (Ni-B;) catalyst indicate that upon initial electrodeposition, Ni
centers in the film exist predominantly in the +3 oxidation state and the as-deposited material is
largely inactive towards the OER. Catalytic activation is achieved by anodization of the as-
deposited material in concentrated borate buffer, pH 9.2, a process which serves to oxidize the
nickel centers to a mixed-valence Ni(Ill/IV) state. Extended X-ray absorption fine structure
(EXAFS) spectroscopy studies indicate that Ni-B; is comprised of nanometer-sized clusters of
edge sharing NiOg octahedra. A structural transformation is observed during anodization that is
akin to that observed in the f-NiOOH—y-NiOOH transformation, challenging the long-held view
that the phase that is the most catalytically active towards the OER is the all-Ni(III) B-NiOOH.

Electrokinetic studies indicate that the as-deposited Ni-B; exhibits a Tafel slope close to
2.3 x 2RT/F, consistent with a turnover-limiting electron transfer (ET) from the geometrically
distorted low-spin d’ Ni(IlI) state. Upon anodization to the mixed valence Ni(III/IV) state and
elimination of geometric distortion, ET from the resting state becomes more facile resulting in a
low Tafel slope of 2.3 x RT/2F, indicative of a rapid two-electron pre-equilibrium followed by a
rate limiting chemical step, likely O, formation. Anodized Ni-B; also exhibits an inverse third
order dependence in proton activity and inverse first order dependence in borate anion.

This kinetically-relevant two-electron, three-proton proton-coupled electron transfer
(PCET) equilibrium prior to rate limiting O, formation forms the mechanistic basis for the pH-
dependent difference in activity between Ni—B; and its cobalt-based analog, which contrarily
mediates oxygen evolution via a kinetically-relevant one-electron, one-proton PCET
transformation. The difference in catalytic O, evolution mechanism is a principal factor in the
determination of the overall solar-to-fuels efficiency of PEC water splitting systems.

Thesis Supervisor: Daniel G. Nocera
Title: Henry Dreyfus Professor of Energy and Professor of Chemistry
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Figure 1.1. Schematic band diagram of (a) dual band gap p/n-PEC and (b) double junction
PV-PEC architectures depicting the thermodynamic potential separation for water
splitting (dashed red lines) along with the quasi-Fermi level (dashed black lines) and
band edge positions (solid black lines) at a water splitting current density, j. Productive
carrier motion is illustrated with dark blue arrows. In (a), two possible e /h"
recombination pathways are shown in grey: recombination in the bulk of the
semiconductor, Jp, and recombination due to surface states, Js. Both pathways may be
affected by the presence of catalysts at the surface. In (b) the respective OER and HER
activation overpotentials at j, #opr and mugr, are shown. Additional overpotentials
arising due to contact or solution resistances are omitted for clarity.

Figure 2.1. Change in oxygen evolution current density as a function of anodization duration
for a 1 mC/cm” Ni-B; film on an FTO substrate, operated at (a) 1.1 V in 1.0 M KB; pH
9.2 electrolyte, (b) 3.5 mA/cm” in 1.0 KB; pH 9.2 electrolyte, and (c) 1.1 V in 0.1 M
KB; pH 9.2 electrolyte.

Figure 2.2. (a) Cyclic voltammograms (CVs) in 1.0 M KB; (pH 9.2) electrolyte at 100 mV/s
of 1 mC/cm” Ni-B; catalyst films non-anodized (red ==) and after 2 min (orange =), 5
min (yellow ), 15 min (green =), 30 min (light blue =), 2 h (blue ==) and 4 h (black
= ==) of anodization at 1.1 V (vs. NHE) in 1.0 M KB, pH 9.2 electrolyte. The
background CV of a blank FTO substrate is also displayed (grey - - =). The inset shows
the ratio of the integrated charge under the cathodic wave observed in the first scan to
lower potentials in the case of each film relative to that of the 4 h-anodized film. (b)
Coulometric analysis of a fully anodized 1 mC/cm” Ni-B; catalyst film.

Figure 2.3. (a) XANES spectra of model compounds: Ni(OH), (blug == = == =), f-NiOOH
(green — = = — = =), y-NiOOH (red == == =), NiPPI (black = = = =) and anodized Ni-B;
films at 0.4 (orange — =) and 1.0 V (dark blue ==). (b) XANES spectra of a non-
anodized Ni—B; film poised at 1.0 V (purple #***), an anodized Ni—B; film poised at 1.0
V (dark blue ==), and B-NiOOH (green = = = — = ). The inset shows the edge energy
at half jump height as a function of applied potential for anodized (dark blue ®) and
non-anodized (blue ¥ ) Ni-B,.

Figure 2.4. (a) X-ray crystal structure of y-NiOOH, showing nickel (green), oxygen (red) and
sodium (blue) ions. Water molecules intercalated between the NiO- slabs been omitted
for clarity. (b) Fragment of a general nickelate structure displaying the atoms (b, ¢, d,
e) that lead to the relevant backscattering interactions from the absorbing atom, a. (c)
k’-weighted EXAFS oscillations and (d) Fourier transforms of k-space oscillations for
v-NiOOH (red == =) and anodized Ni-B; during catalysis at 1.05 V (blue ==).

Figure 2.5. FT EXAFS spectra and k’-weighted EXAFS spectra (inset) of (a) an anodized
Ni—B; catalyst film maintained at 1.05 V (dark blue ==) and 1.15 V (red == =) and (b)
Ni(OH), (blue == ==) and an anodized Ni-B; catalyst film held at 0.4 V(yellow —).

Figure 2.6. Fit (black == ==) to EXAFS spectrum of y-NiOOH (red ==). The inset shows the
corresponding k’-weighted oscillations. Fit parameters are indicated in Table 2.2.

Figure 2.7. Fit (black == ==) to EXAFS spectrum of anodized Ni-B; at 1.05 V (blue ==). The
inset shows the corresponding &*-weighted oscillations. Fit parameters are indicated in
Table 2.3.

13

25

41

42

45

47

48

48

49



List of Figures

Figure 2.8. EXAFS FT spectra for non-anodized Ni-B,; poised at 1.0 V (blue =), anodized
Ni—B; poised at 1.05 V (dark blue == ==), and B-NiOOH (green = = = =). The inset
shows the corresponding k’-weighted oscillations.

Figure 2.9. Models of the first and second shell scattering paths in (a) a structure where all
Ni—O (lime green) and Ni-Ni (black) paths are equivalent, such as that found in y-
NiOOH and (b) a Jahn-Teller distorted structure where there exists two sets of non-
equivalent Ni-O (lime green) and Ni-Ni (black) distances, such as that found in -
NiOOH or NaNiO-.

Figure 2.10. Fit (black == ==) to EXAFS spectrum of non-anodized Ni-B; poised at 1.0 V
(blue ==). The inset shows the corresponding k’-weighted oscillations. Fit parameters
are indicated in Table 2.6.

Figure 2.11. Lower-limit structural model for the average domain size of Ni-B;. The Ni ions
are shown in green, bridging oxo/hydroxo ligands are shown in red, and non-bridging
oxygen ligands, which may include water, hydroxide, phosphate, or borate, are shown
in pale green.

Figure 3.1. Tafel plots, E = (E,, — iR), n = (E — E°), for anodized catalyst films deposited
onto FTO by passage of 1.0 (m), 0.40 (®), and 0.083 (A ) mC cm ™ and operated in 0.5
M KB; 1.75 M KNO; pH 9.2 electrolyte. Tafel slopes are 31, 32 and 29 mV/decade,
respectively.

Figure 3.2. (a) Tafel plots, £ = (Eypiica — iR), n = (E — E°), for a 1.0 mC cm anodized
catalyst film deposited onto a Pt RDE and operated in 0.5 M KB; 1.75 M KNO;, pH
9.2 electrolyte at 2000 (A), 600 (o), and 0 rpm with a magnetic stirrer as the sole
source of solution convection (x). The Tafel slope of each plot is 28 mV/decade. (b)
Tafel plots, E = (Egpiiea — iR), n = (E — E°), for a 1.0 mC cm  anodized catalyst film
deposited onto FTO and operated in 0.5 M KB; 1.75 M KNO;, pH 9.2 electrolyte in
decreasing (A), followed immediately by increasing (e) order of changing potentials.
Tafel slopes are 30 and 31 mV/decade respectively.

Figure 3.3. Open circuit potential, Eoc, and overpotential, #oc = (Eoc — E°), transients for
non-anodized (green == =) and anodized (dark blue ==) 1.0 mC cm? NiB; films
immediately following a 10 s bias at 1.1 V in 0.5 M KB; 1.75 M KNO; pH 9.2
electrolyte. The red lines represent fits to eq 1. Tafel slopes are 100 before anodization
and 33 mV/decade after anodization. The inset shows the corresponding Tafel plots
determined from the Eqc transients by calculating log ; at each time point using eq 3.2.

Figure 3.4. B; concentration dependence of steady state catalytic current density at constant
potential (E = 1.04 V (¢), 1.05 V (e), 1.06 V (m)) for an anodized catalyst film
deposited onto a Pt RDE by passage of 1.0 mC cm * and operated in B; electrolyte, pH
9.2. Sufficient KNO; was added to maintain a constant total ionic strength of 2 M in all
electrolytes. Koutecky—Levich analysis was used to extract activation-controlled
current densities in weakly-buffered electrolyte, where the measured current was
dependent on rotation rate. The experimental reaction orders (slopes of the red linear
fits) in B; are (from top to bottom) —0.95, —1.04 and —0.95.

Figure 3.5. (a) Tafel plots, E = (Eupiica — iR), ## = (E — E°), for a 1.0 mC cm* anodized
catalyst film deposited onto FTO and operated in 1.0 (e), 0.5 (m), 0.2 (A), and 0.1 (+)
M KB; without any added supporting electrolyte. Tafel Slopes are 34, 35, 38, and 41
mV/decade, respectively. (b) Dependence of steady state electrode potential, £ =
(Eappiiea — iR) and overpotential, n = (E — E°) fora 1.0 mC cm’ catalyst film operated at
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0.4 mA cm” in 0.1 M KB; electrolyte with varying concentrations of KNO; as
supporting electrolyte.

Figure 3.6. Steady state Koutecky—Levich plots of a 1.0 mC cm ” catalyst film prepared onto
a Pt RDE and operated at E = 1.04 V at 2500, 1600, 900, and 625 rpm in 40 (e), 25
(), 16 (A), 10 (V), and 6.3 (+) mM KB, electrolyte, with added KNOj; to preserve an
ionic strength of 2 M.

Figure 3.7. pH dependence of steady-state electrode potential at constant current density
(Janodic = 10 pA em™) for an anodized 1.0 mC cm ” catalyst film on FTO operated in 0.1
M B; 2 M KNO; electrolyte. Slopes equal —64 (=) and —96 (== ==) mV/pH unit.

Figure 3.8. (a) Tafel plots, E = (E,,, — iR) for anodized NiB; catalyst films deposited on a Pt
rotating disk electrode by passing 1.0 mC c¢m *, and operated in 0.60 M B; pH 8.5 (¢),
0.20 M B;pH 9.2 (4),0.11 M B; pH 10.2 (m), 0.10 M B; pH 11.2 (#), and 0.10 M B;
pH 12.0 (V). Each electrolyte contained an additional 0.9 M KNO; as supporting
electrolyte to maintain an ionic strength of about 1 M. Koutecky—Levich plots were
constructed to extract activation-controlled current densities where necessary. (b)
Interpolation of Tafel plots at 2.5 mA cm™ (+), 0.25 mA cm > (), and 0.025 mA cm™

(%). Slopes are —90, -89, and —88 mV/pH unit respectively.

Figure 3.9. Plot of the pH dependence of steady-state electrode overpotential (m), at constant
current density (jumoaic = 10 > pA cm'z) for an anodized 1.0 mC cm™ catalyst film
deposited onto FTO and operated in 0.1 M B; 2 M KNO; electrolyte. The change in
slope at pH 12.2 is consistent with the elevation of the bulk pH above the pK, of an
active site moiety. The inset shows Tafel plots, # = (E — iR — E°), for anodized catalyst
films deposited onto a Pt RDE by passage of 1.0 mC cm ™ and operated at 2000 rpm in
0.1 M KOH 1.9 M KNO; pH 12,9 (0) and 1.0 M KOH 1.0 M KNO; pH 13.8 (A)
electrolyte. Tafel slopes are 28 and 30 mV/decade, respectively.

Figure 3.10. (a) Tafel plots, E = (E,u — iR), n = (E — E°), for anodized catalyst films
deposited onto a Pt RDE by passage of 1.0 mC cm * and operated in 1 M NaClO, pH
8.5 electrolyte (®).Koutecky—Levich analysis of steady state current densities at various
rotation rates was used to eliminate mass transport limitations through solution. The
data shown is the average of three consecutive runs. A Tafel plot of an identical
catalyst film in 0.6 M KB; 0.9 M KNO; pH 8.5 (0.1 M By, total ionic strength = 1 M)
electrolyte (A), displaying a 32 mV/decade Tafel slope (==), is shown for comparison.
(b) Activity profile of a 1.0 mC cm” catalyst film deposited onto a Pt RDE and
operated in 0.5 M KB; 1.75 M KNO; pH 9.2 electrolyte after operation in 1.0 M
NaClOy, pH 8.5 electrolyte (A ), compared to the activity profile of a freshly prepared
catalyst film (m).

Figure 3.11. Proposed pathway for O, evolution by Ni-B;in B; ([B(OH);] > 20 mM)
electrolyte, pH 8.5-14. The reversible dissociation of borate anion and an overall two-
electron, three-proton equilibrium followed by a rate limiting chemical step, is
consistent with the experimental electrochemical rate law. A u-OH site possessing a
pK, of 12.2 is fully deprotonated in the resting state under highly alkaline conditions.
Oxidation state assignments are approximate; oxidizing equivalents are likely extracted
from orbitals with predominantly O 2p character, particularly for the pre-TLS
intermediate.

Figure 3.12. Comparison of ultrathin Co-B; and Ni-B; OEC films with identical catalyst
loadings of 6 nmol metal ions/cm’. (a) Tafel plots of Co-B; () and Ni-B; (A) in 0.5
M KB; 1.75 M KNO; pH 9.2 electrolyte. Tafel slopes equal 55 and 31 mV/decade,
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respectively (b) Schematic of the pH dependence of the current density and lower-limit
turnover frequency of Co-B; at a constant overpotential of 400 mV (blue, == ==) and
300 mV (light blue, == = =) compared to that of Ni-B; at 400 mV (light green, =) and
300 mV (green, == = = ==) overpotential. Curves were calculated using the appropriate
experimentally-determined electrochemical rate laws. Ni-based films display a much
higher apparent specific activity (since the true number of active sites cannot be
known) than Co-based films above pH 8. However, due to their disparate
electrochemical rate laws, a crossover is expected to occur around neutral pH, at which
point Co-based films would yield higher activity anodes. The precise pH at which
crossover occurs depends on the overpotential applied due to the different Tafel slopes.

Figure 4.1. Qualitative band diagram of a double junction PV-PEC water splitting cell
depicting the thermodynamic potential separation of the OER and HER (==+), and the
quasi—Fermi level (=+) and bend edge positions (==) throughout the cell under
illumination with sustained water splitting at current density, j. The potential at each
solution interface is given by the OER, #ogr, and HER, nugr, overpotentials required to
sustain the operating current density, j. For clarity of representation, solution and
contact resistance losses are omitted.

Figure 4.2. Tafel plot, 7 = (Vipp — iR — E"), of a Ni-B; catalyst film operated in 0.5 M B;, pH
9.2 (A), and a Co-B; catalyst film operated in 1 M B;, pH 9.2 (m). E® is the
thermodynamic potential water splitting the under the conditions of the experiment, »
is the overpotential, iR accounts for the uncompensated cell resistance. The slopes of
the linear fits to the data are 52 mV/decade and 29 mV/decade for Co—B; and Ni-B;,
respectively.

Figure 4.3. Electrochemical load of water splitting utilizing Co—B; (== == ==), Ni-B; (= == *),
RuQ; (== == =), and LaMnQO; (- - =) oxygen evolution catalysts and the j—F curve of
an idealized model of an a—Si|nc—Si|nc—Si triple junction photovoltaic displaying V. =
1.94 V, j,. = 8.96 mA cm ™ (=) and an idealized hypothetical cell possessing V. = 2.13
V, j« = 8.15 mA cm > (= == ==). Open circles indicate operating current densities for
the high V. cell and correspond to 10% SFE for all catalysts. Close circles indicate
operating current densities for the low V. cell for which SFE is sensitive to catalyst
performance.

Figure 4.4. Low SFE (red, == = with green, ==) and high SFE PEC cells (red, = with blue,
== or purple, ==). The j—V curves of a PV (red, == =) for a typical metal oxide
semiconductor operating (F,. > 3.0 V) and a PV (red, =) operating near the region of
thermodynamic potential for water splitting (gray bar) at arbitrary current density j
overlaid with Tafel curves of catalysts exhibiting increasing slope, i.e. increasing
catalyst performance (green, == to blue, == to purple, =). Note the sensitivity of the
overall SFE to catalyst performance for PVs operating near thermodynamic potential.
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1.1 Challenges for Solar Water Splitting

Global energy consumption is projected to roughly double by mid-century and triple by
2100."* This demand is driven by a growing world population that is projected to hit the 10
billion mark by 2050, in conjunction with an additional 3 billion people in the developing world
who seek an improved standard of living.> Even though this demand can be met by combustion
of coal, oil, and/or natural gas, the rising cost of fossil fuels, energy security considerations, and
the environmental ramifications of the continued reliance on the fossil resource base are cause
for great concern. Atmospheric carbon dioxide concentrations are likely to triple if we attempt to
satiate our energy appetite with coal, oil, or gas,’ and the current atmospheric CO, concentration
is already the highest it has been in the last 650,000 years.® It is indisputable that the ecology of
earth is and will continue to be perturbed on an unprecedented and potentially catastrophic scale

unless renewable carbon-neutral energy sources are swiftly developed and implemented.

Of all renewable energy sources, sunlight is the most abundant, possessing a resource
base that far exceeds all other renewable energy sources combined;”'’ the solar energy that
strikes the earth in one hour is enough to meet humanity’s global energy demands for an entire
year.” However, the highly mutable flux of sunlight necessitates a cheap and efficient storage
scheme. Since such a process is currently unavailable, our utilization of solar energy still
amounts to a minuscule fraction of the energy available.”!" An attractive method to surmount
this problem is to use sunlight to drive the energetically uphill “water splitting” reaction and
store the energy in the energy-dense chemical bonds of molecular oxygen and hydrogen.z’lz_14
These fuels will then be recombined to liberate the stored energy, regenerating water, and closing
a zero-carbon energy cycle. This solar-to-fuels scheme mimics the essential steps in
photosynthesis in which green plants store energy from sunlight in the bonds of glucose and
oxygen.lo’15 However, accomplishing this transformation efficiently and at sufficiently low-cost

to penetrate global markets is a daunting challenge.”'® Sunlight must be captured and directed to

catalysts that can rearrange the bonds of water in a highly complex reaction involving the
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Figure 1.1. Schematic band diagram of (a) dual band gap p/n-PEC and (b) double junction PV—
PEC architectures depicting the thermodynamic potential separation for water splitting (dashed
red lines) along with the quasi-Fermi level (dashed black lines) and band edge positions (solid
black lines) at a water splitting current density, j. Productive carrier motion is illustrated with
dark blue arrows. In (a), two possible e /h' recombination pathways are shown in grey:
recombination in the bulk of the semiconductor, Jg, and recombination due to surface states, Js.
Both pathways may be affected by the presence of catalysts at the surface. In (b) the respective
OER and HER activation overpotentials at j, 7oer and 7ugr, are shown. Additional overpotentials
arising due to contact or solution resistances are omitted for clarity.

transfer of four electrons and four protons using cheap terrestrially-abundant materials,

preferably under environmentally benign conditions.

One route to couple renewable sources such as solar energy to water splitting is to use a
photovoltaic (PV) assembly to convert sunlight into an electric current, which is wired to a
separate electrolyzer module. Although current commercial PV + electrolyzer technologies in
this indirect configuration are capable of generating hydrogen from solar energy with
efficiencies exceeding 20%,"'” such technologies are presently too expensive to be feasible on a
large-scale due to high costs of both PV and electrolyzer.'®'® The primary methods currently
used to split water commercially involve the use proton-exchange membrane (PEM) electolyzers
that operate in acidic electrolytes, alkaline electrolyzers that operate in concentrated base, and
solid oxide electrolyzers that operate at temperatures approaching 1000 °C."* All three

approaches are saddled with high balance of systems costs due to the heavily engineered
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conditions required to operate under these harsh conditions. Furthermore, the PEM electrolyzer
cost is compounded by the requisite precious metal catalysts and expensive membranes."* To
reduce the cost of solar-derived fuels, water splitting catalysts and electrolysis systems that can
operate with high efficiency under more benign conditions must be developed. Even further
reduction of costs for H, generation may be gained by developing oxygen evolving catalysts
(OECs) and hydrogen evolving catalysts (HECs) that can be directly integrated with

semiconducting materials to construct a monolithic solar—fuels device.""

The various device configurations that have been proposed for direct solar-driven water
splitting can be broadly categorized into photoelectrochemical systems that employ one or more
solution-junctions (PEC) versus photovoltaic—photoelectrochemical (PV-PEC) devices, which
contain only buried solid-state junctions (Figure 1)."?° In solution-junction PEC devices, one or
more semiconductor electrodes are exposed to an electrolyte solution such that the photo-
generated carriers (electrons or holes) can be directed to the semiconductor-electrolyte interface
to execute the water splitting reactions (Figure 1a). Since the semiconductor—solution interface is
the critical determinant of the photovoltage generated and overall behavior of a PEC system,
water splitting kinetics are not necessarily the pre-eminent factors to consider in device design.
Thus, the appropriate catalyst for this application is not necessarily identical to that which is
most efficient in an electrolyzer configuration.”' Instead, the target catalysts for such systems
must be amenable to conformal coatings to accommodate the various electrode shapes and

222
3 and must also be

nanostructured textures commonly found for photoelectrode materials,
capable of rapidly scavenging photogenerated carriers away from the photoanode/catalyst
interface towards active sites in order to minimize electron/hole recombination either in the bulk
or via surface trap states (Jp and Js, respectively in Figure 1a). Furthermore, it is conceivable that
coating the semiconductor surface with the catalyst could significantly impact the energetics of

the solution-junction, which could impact PEC efficiency. Thus, these considerations present

critical basic science challenges for the design of OECs and HECs that are compatible with the
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desired photoanode or photocathode, respectively, and that can be integrated in a highly

conformal fashion.

In contrast, typical PV-PEC architectures employ a multi-junction stack of light
absorbers that are connected in series using thin-film ohmic contacts or tunnel junctions to
generate open circuit voltages that are large enough to drive water splitting (Figure 1b). Thin-
film ohmic contacts are then applied to each terminus of this stack to both protect the
semiconductor from corrosion and enable efficient charge transfer to catalyst overlayers, which

1920 py_PEC architectures distribute the burden of current

mediate the water splitting reactions.
rectification, charge separation, and photovoltage generation on the buried junctions while
requiring only that the fotal cell photopotential is large enough (irrespective of the valence and
conduction band edge positions of the constituent semiconductors themselves) to drive the water
splitting reactions and overcome the ohmic losses due to cell resistance. Thus, efficient catalysis

and photostability at the ohmic contact-catalyst-solution interfaces are among the preeminent

prerequisites in these systems.

1.2 The Centrality of Catalysis for Efficient Energy Storage

Irrespective of the design chosen for the solar—fuels conversion process, the overpotential
required to drive the water splitting reactions at the desired rate is a crucial determinant of the
efficiency of the overall system. The water splitting reaction can be described by the

electrochemical half-reactions, the oxygen evolution reaction (OER) and hydrogen evolution

reaction (HER):
H,0 — O, +4H" +4e” Eoer (vs. NHE) = 1.23 V — 0.059(pH) V (1.1)
4H" +4e — 2H, Eygr (vs. NHE) =0V - 0.059(pH) V (1.2)

The velocity of the electrochemical reaction, v, is directly related to the measured current density
at the electrode, j (v = 4Fv, where F is the Faraday constant). The overall voltage required to

drive water splitting at any desired current density is given by:
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Voveral = E° + noEr + |uEr[* 71ir (1.3)

E° is the thermodynamic potential for water splitting (1.23 V under standard conditions), which
defines the energy content of the chemical fuel formed during water splitting, and the additional
overpotential (7oer + |7uer|t #7:r) indicates the amount of energy lost as heat. #opr and #ygr are
the activation overpotentials for the OER and HER, respectively, and #r is the overpotential
associated with ohmic losses in the device, including solution and contact resistances. Whereas
nr can be reduced by appropriate engineering and device design, the activation overpotentials
relate directly to the chemical complexity of the water splitting reactions and the kinetic facility
with which the oxygen evolving catalysts (OECs) and hydrogen evolving catalysts (HECs)
mediate the half reactions. That is, #ogr and nuer are directly related to the magnitude of the
activation barrier(s) that must be surmounted for the reaction to proceed at any appreciable rate.
The relationship between the activation overpotential and current density at an electrode is

expressed in the Tafel law:

n=>blog(j/jo) (1.4)
The extrapolated current density at zero driving force for the overall reaction (# = 0) is known as
the exchange current density, jo. Thus, jo is a descriptor of the intrinsic activity of the electrode
towards the reaction at the thermodynamic potential. The parameter b, the Tafel slope,
determines the extent to which changes in driving force influence the rate of the reaction, and
therefore this parameter depends on the mechanism by which the reaction proceeds via the
catalyst surface. The ideal catalyst should possess a high exchange current density and low Tafel
slope in order to require a low overpotential for sustaining a high current density. Since a full
description of any electrocatalyst must take into account both parameters, the most useful
method of describing the activity of an electrocatalyst is by plotting the overpotential as a

function of the logarithm of steady state current densities (Tafel plot).

Along these lines, catalysis lies at the nexus of the light and dark chemistries of

photoelectrochemical water splitting as it provides the conduit through which the one electron-
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hole generation attendant to light capture and conversion is aggregated and discharged towards
fuel formation. Of the two half reactions, the OER is the most kinetically demanding, since it
requires the distribution of four redox processes over a narrow potential range (redox leveling),
the coupling of multiple proton and electron transfers, and the formation of two oxygen—oxygen
bonds.>**® Consequently, the majority of the activation overpotential in water splitting tends to
arise due to kinetic barriers associated with the OER.?’ Transition metal oxides are known to

meet the requirements for highly active oxygen evolution catalysts,?*>°

with nickel oxides being
the most attractive anode materials under alkaline conditions because of their low cost, high
catalytic activity, and stability to corrosion.’® Catalysis development for the OER has historically
focused on addressing challenges associated with electrolyzer development—operation at high
current density at pH extremes—without consideration of the problems concerning light
management or stability of fragile semiconductors. We have emphasized the development of
catalysts targeted to PEC and PV-PEC device applications. Accordingly we have focused on

investigations across a wide pH range, since the stability manifold of the optimal

semiconductor(s) remains unknown.

1.3 Electrodeposited Co- and Ni-based OECs

Researchers in our group serendipitously discovered that OECs self-assemble as thin
films upon electrolysis of aqueous solutions of Co**(aq) containing a good proton acceptor, like

phosphate (P;) or borate (B;), pH 7-9.3'7* As amorphous oxidic**°

catalysts based on first row
transition metals that progress through low-valent, labile intermediate states during O,
evolution,”’ these materials possess a predilection for degradation back to their soluble Co**(aq)
precursors. However, a unique feature of these catalyst films is their capacity to self-heal,*®*’
which ensures their indefinite functional stability notwithstanding their inherent structural
fragility. Theses features also establish the functional integrity of these catalyst systems in

impure water sources,’® making them potential targets for future cheap, distributed energy

storage systems in impoverished regions. Owing to the terrestrial abundance of the starting
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materials for these Co—~OECs and the simple conditions required for their electrosynthesis, they
have emerged as prime candidates for integration with a myriad of inorganic, and organic-

41-55

inorganic hybrid light absorbers in solution-junction PEC systems (Figure la) as well as

buried-junction PV-PEC water splitters (Figure 1b).%58

We sought to explore the synthesis of catalyst films based on other first-row transition
metals with the goal of identifying the mechanistic basis for any differences in catalytic activity
and stability. We found that controlled potential electrolysis of borate-buffered solutions of
nickel salts at pH 9.2 also afforded the deposition of an OEC as a thin film.” These nickel-borate
(Ni-B)) catalyst films were shown to mediate the OER with 100% faradaic efficiency with
modest overpotentials of ~0.4 V required for current densities of 1 mA/cm?.” In contrast to Co—
P; and Co-B; catalysts, the potentials sufficient for initiating catalyst formation were not as well-
separated from those required for driving oxygen evolution, suggesting disparate kinetics of
catalyst formation and/or water oxidation compared to those of the Co~OECs. Intruiguingly, Ni—
B; films required extensive (12 h) pre-electrolysis treatments in order to establish reproducible
steady state behavior,”” unlike Co—OEC films that displayed unchanging steady state OER
activity immediately following film deposition. However, Ni-B; films shared a common
characteristic with Co—OEC films in that they also appeared amorphous,”” obstructing a

molecular-level understanding of catalyst structure, and by extension formation and function.

1.4 Scope of the Thesis

The ostensibly amorphous nature of the Ni-B; catalyst made it recalcitrant to structural
characterization by conventional X-ray and electron diffraction techniques. Thus a pre-eminent
question that remained was: what structural motifs are present in Ni-B; films? We also
considered: what transformations in film structure accompanied the aforementioned
electrochemical treatment and how do they correlate with any activity changes that may be
observed over the course of the pre-electrolysis? Chapter 2 addresses these two critical questions

and shows that as-deposited catalyst films are comprised of metal oxido clusters populated by
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Ni(IlT) centers that are subsequently transformed to a mixed-valence Ni(III/IV) state during
anodization, which correlates with drastic improvements in catalytic activity. These results
which indicate that Ni(IV) character in the resting state is paramount to high catalytic activity
stand at odds with the prevailing dogma for OER at Ni-based anodes. Chapter 3 addresses the
following questions: What is the mechanism of oxygen evolution at Ni-B;? What is the kinetic
importance of the buffer in the water oxidation mechanism? How does the OER kinetic profile of
Ni-B; compare with that of Co—Pi/B; over a wide pH range? Electrokinetic studies reveal a novel
mechanism of oxygen evolution and show that activity trends among OECs at pH extremes may
be reversed at intermediate pH. Chapter 4 discusses the significance of the disparate OER
mechanisms of Co—P;/B; and Ni-Bi; for the development of PV-PEC devices with high solar-to-
fuels efficiencies (SFEs).

1.5 Concluding Remarks

A critical challenge to the development of solar-driven water splitting systems that can
meet global demands for energy is the development of catalysts that can mediate the OER
efficiently and are properly matched to light harvesting/charge separating manifolds. HEC and
OEC development thus far has focused primarily on materials that are capable of operating at the
pH extremes, however such systems are not suited for the unique requirements of solar-driven
water splitting and have therefore failed to challenge the status quo of our heavy reliance on
fossil fuels. New technologies are needed to meet this urgent 21 century demand. These novel
systems will be based on explorations into the fundamental science of water splitting under
benign conditions (particularly at intermediate pH) where the structural stability of oxidic
materials is not guaranteed. Thus a new class of dynamic, self-healing catalyst materials is
required. The nickel-borate catalyst presented here is a promising material for solar water
splitting, and the following chapters examine our initial forays into understanding the structural

and mechanistic basis of its catalytic behavior.
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2.1 Introduction

In Chapter 1 the importance of highly active oxygen evolving catalysts (OECs) for solar
energy storage by water splitting was underscored. In particular, we highlighted the development
of OEC systems that are capable of operating under intermediate pH conditions as a critical
component for the development of cheap, distributed solar-driven water splitting devices. Within
the context of water splitting catalysts designed for operation at intermediate pH, we introduced
amorphous nickel-based' and cobalt-based** OECs formed as thin films upon electrolyzing
solutions of Ni**(aq) and Co*'(aq), respectively, in the presence of a proton-accepting electrolyte
such as phosphate (P;) or borate (Bi) (pH 7-9). These catalysts perform OER under mild
conditions and at high activity,” and accordingly they lend themselves to the construction of

novel direct solar-to-fuels architectures such as the artificial 1

Continued development of improved catalysts requires an understanding of how catalyst
structure correlates with catalytic activity. However, a challenge with constructing OER
structure-function relations for solid-state materials is to observe active sites relative to the
bulk.'®*® To this end, our recent discovery of such heterogeneous OEC films composed of
molecular-like metal-oxido clusters'*'¢ offers the opportunity to begin defining OER structure-
function relations because of a higher density of active site species. Nickel-borate (Ni-B;) and
cobalt-phosphate/borate (Co—P;/Co-B;) catalyst films may be self-assembled under nearly
identical potential and pH conditions. 13 Yet the Ni-B; films are unique because they require a
subsequent oxidative pretreatment or anodization in order to attain a well-defined OER activity.'
In contrast, maximal OER activity of Co-Pi/Co-B; is observed immediately following
electrodeposition and remains unchanged indefinitely. '” The requirement for anodic pre—
treatment in the case of Ni-B; leads us to postulate that an underlying structure and/or valency
change was accompanying the marked increase in catalytic activity during the anodization
process. This observation permits a structure-function correlation of OER activity to be

undertaken with unprecedented fidelity. Because Ni—B; is composed of small nanosized domains
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of NiOOH,16 a much larger fraction of nickel centers are surface exposed in Ni-B; relative to its
extended solid congeners, suggesting that its OER activity is far more sensitive to changes in

average structure and nickel valency than extended NiOOH materials.

We now report in situ X-ray absorption spectroscopy (XAS) studies which track changes
in nickel oxidation state and catalyst structure that accompany a greater than two order of
magnitude increase in OER activity during catalyst anodization. Correlation of coulometric
measurements to in situ XANES spectra reveal that anodization increases the average oxidation
state of Ni-B; films during catalysis, with fully activated films possessing a mean resting state
nickel oxidation state of +3.6, in contrast to a mean resting state nickel oxidation state of about
+3.16 for non-activated films maintained at the same potential. Based on the structural
parameters extracted from fitting EXAFS data of anodized Ni-B; films, we propose that the in
situ catalyst attains a Ni(IV) oxidation state within sheets of edge-sharing NiOg octahedra with
ordered domain sizes no smaller than 2 nm. The changes in oxidation state and short-range
structure that accompany Ni-B; anodization are evocative of the transformation of B-NiOOH to
y-NiOOH, challenging the long-held view'®' that the p-NiOOH phase effects more efficient
OER catalysis.

2.2 Results

2.2.1 Catalyst Electrodeposition, Anodization and Electrochemistry.

Catalyst films were prepared by controlled potential electrolysis of 0.1 M KB;, pH 9.2,
electrolyte (0.1-B;) containing 0.40 mM Ni(aq)*". In our initial communication,' we reported that
catalyst films were prepared by subjecting stirred 1 mM Ni(aq)*" solutions in 0.1-B; to bulk
electrolysis at 1.3 V with the passage of 0.3-10 C/cm®. Similarly, the ex situ XAS study of Ni—
B;'® followed the same basic procedure to prepare the catalyst. Whereas catalyst films deposit
rapidly under these conditions, such films suffer from poor adhesion to the substrate and

heterogeneity in thickness over the electrode surface, in part due to the non-uniform rate of mass
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transport to different parts of the electrode under these conditions. For the purpose of the studies
reported here, much thinner and more uniform films were desired. Films were prepared therefore
from less concentrated Ni(ag)®" solutions and at an applied potential of 1.15 V without stirring.
The passage of 1.0 mC/cm? during deposition required a period of 60-80 s. Because oxygen
evolution is coincident with film formation at these potentials, the charge passed is not expected
to be strictly representative of the number of nickel centers in the film. But this value does allow
for an initial upper-limit estimate of catalyst loading for these brief deposition times. Such films

therefore contain <10 nmol/cm” and are <7 nm thick (see section 3.5).
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Figure 2.1. Change in oxygen evolution current density as a function of anodization duration for a
1 mC/cm? Ni-B; film on an FTO substrate, operated at (a) 1.1 V in 1.0 M KB; pH 9.2 electrolyte,
(b) 3.5 mA/cm? in 1.0 KB; pH 9.2 electrolyte, and (c) 1.1 V in 0.1 M KB; pH 9.2 electrolyte.
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Figure 2.2. (a) Cyclic voltammograms (CVs) in 1.0 M KB; (pH 9.2) electrolyte at 100 mV/s of
1 mC/cm® Ni-B; catalyst films non-anodized (red —) and after 2 min (orange —), 5 min
(yellow ), 15 min (green —), 30 min (light blue —), 2 h (blue ==) and 4 h (black == ==) of
anodization at 1.1 V (vs. NHE) in 1.0 M KB; pH 9.2 electrolyte. The background CV of a blank
FTO substrate is also displayed (grey - = =). The inset shows the ratio of the integrated charge
under the cathodic wave observed in the first scan to lower potentials in the case of each film
relative to that of the 4 h-anodized film. (b) Coulometric analysis of a fully anodized 1 mC/cm?
Ni—B; catalyst film.

Following electrodeposition, films were anodized in stired 1.0 M KB;, pH 9.2,
electrolyte (1.0-B;) by application of 1.1 V (with correction for ohmic potential losses) for 2.5 h.
Over the course of anodization, the current density increased by greater than two orders of
magnitude (Figure 2.1a). Alternatively, films could be anodized by passing 3.5 mA/cm’ over a
similar duration, resulting in a decrease of about 300 mV in measured potential (Figure 2.1b).
Operation of the catalyst at 1.1 V in 0.1-B;, with compensation for ohmic losses, results in a very
gradual increase in the current density over time (Figure 2.1c), with no plateau in activity

observed after 3 h. These results demonstrate that the rate of anodization is dependent on

electrolyte concentration.

Figure 2.2a displays cyclic voltammograms (CVs) for independently prepared films (1.0
mC/cm?) subject to anodization for varying times. For freshly-deposited non-anodized films, the
initial sweep from 1.0 V to more negative potentials results in a broad and asymmetric cathodic

wave with a shoulder at 0.87 V and a peak at E,. = 0.81 V, corresponding to reduction of the
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surface-adsorbed species. The return scan to more positive potentials displays an anodically
shifted oxidation wave centered at E,. = 1.05 V; onset of a catalytic wave is not observed until
~1.13 V. With anodization, the cathodic and anodic waves of the surface-adsorbed species
become sharper and more symmetric, and the catalytic wave shifts to lower potential and
becomes more pronounced. There is no difference in the voltammetric features of films anodized
after 2 h; both 2-h and 4-h anodized films display cathodic and anodic waves centered at E; ¢ =
0.87 V and E,,= 1.025 V respectively. The inset of Figure 2.2a shows the ratio of the charge
passed in the reductive sweep for films at different times of anodization (Q) to that of the 4-h

anodized film (Qfinal).

Quantitative determination of the average oxidation state of nickel in anodized Ni-B;
catalyst films at 1.0 V was obtained by determining the charge required to discharge such films
to the reduced Ni(II) state. Following anodization, films were held at 1.0 V for 300 s to allow the
current density to attain a steady-state value (~1 pA/em?). At 300 s, the potential was swept at
100 mV/s without pause to 0.2 V and back to 1.2 V. A background subtraction was employed to
eliminate any excess charge caused by miscellaneous faradaic processes occurring at the FTO
substrate alone. Such charges accounted for less than 2% of the total charge passed.
Determination of the cumulative charge passed during each sweep segment (Figure 2.2b),
permits calculation of the mean number of electrons consumed per nickel center, provided the
amount of nickel on the electrode can be accurately determined. Catalyst loading was quantified
by digestion of films in a known volume of dilute acid immediately after the electrochemical
experiment. CVs of the FTO substrates in 1.0-B; electrolyte after film dissolution were
indistinguishable from background CVs collected before electrodeposition, indicating that
dissolution was quantitative. Digests were analyzed for nickel concentration by ICP-MS. The
results of such measurements on three independent films and the computed number of electrons

discharged per nickel center (about 1.6 in each case) are listed in Table 2.1. These coulometric
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Table 2.1. Coulometric Titration of Ni-B; catalyst films

Charge / mC* | Niloading / nmol® | No. ¢” consumed per Ni

1.14 7.5(0.2) 1.63 (0.04)
1.13 7.2(0.2) 1.62 (0.04)
1.08 7.1(0.2) 1.58 (0.04)

“ Total charge passed upon reduction of anodized Ni—B; catalyst films at 0.2 V.
® Determined by quadrupole ICP-MS.

experiments establish an average nickel oxidation state of +3.61(7) for anodized Ni-B; films

biasedat 1.0 V.

This coulometric measurement also allows us to determine the average oxidation state of
nickel centers in non-anodized films. As shown in the inset of Figure 2, the electrochemical
reduction of non-anodized films to their Ni(I) state consumes 72% of the charge required to
reduce anodized films. This implies an average number of electrons discharged per nickel center

of about 1.16, and defines an average oxidation state of +3.16(5) for films prior to anodization.

2.2.2 In situ X-Ray Absorption Spectroscopy.

Nickel K-edge X-ray absorption spectra (XAS) were collected on Ni-B; films deposited
on an ITO electrode. The precise deposition sequence for the non-anodized and anodized films is
described in section 2.5. In both cases, XAS spectra were collected 5 min after applying a

potential to ensure that the system had reached steady state.

Figure 2.3a presents the XANES spectra of an anodized Ni-B; film poised at 1.0 and 0.4
V, together with model compounds Ni(OH),, B-NiOOH, y-NiOOH and K,Ni(H,IOg), (potassium
nickel(IV) paraperiodate, NiPPI) possessing formal nickel oxidation states of +2, +3, +3.6 and
+4 respectively. The edge position of each model compound shifts to higher energies with
increasing formal oxidation state. The edge position of the crystalline y-NiOOH compound used
in this study, which is an off-stoichiometric compound with a formal nickel oxidation state of

about +3.6,** is approximately halfway (8345.0 eV, measured at half height F/I; = 0.5) between
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Figure 2.3. (a) XANES spectra of model compounds: Ni(OH); (blue == = == =), 3-NiOOH (green
e # % e w ) y-NiOOH (red == =— =), NiPPI (black = = = ) and anodized Ni-B; films at 0.4
(orange — —) and 1.0 V (dark blue ===). (b) XANES spectra of a non-anodized Ni-B; film
poised at 1.0 V (purple **¢), an anodized Ni—B; film poised at 1.0 V (dark blue ), and B-
NiOOH (green = = = = = =), The inset shows the edge energy at half jump height as a function
of applied potential for anodized (dark blue @) and non-anodized (blue ¥) Ni—B;.

the stoichiometric Ni(Ill) compound B-NiOOH (8343.7 eV) and stoichiometric Ni(IV)
compound NiPPI (8346.4 eV). The edge shape and position of the anodized film in its fully
oxidized state (poised at 1.0 V) (8345.8 ¢V) is similar to that of y-NiOOH (8345.0 eV) whereas,
in its fully reduced state (poised at 0.4 V), the edge shape and position of the anodized film
(8342.5 eV) matches that of Ni(OH), (8342.4 eV), indicating a mean oxidation state of +2.
Although the edge position of a XANES spectrum is not a straightforward indicator of the
oxidation state of metals owing to the several parameters that contribute to the XANES spectra

(i.e. charge density, ligand symmetry, and spin density),”’ the trend observed here indicates that
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anodized Ni—B; films poised at 1.0 V possess significant Ni(IV) content, with a mean oxidation
state of nickel centers near +3.6, consistent with the coulometric measurements. For anodized
Ni-B; films poised at potentials of 1.15, 1.10, 1.05 and 1.00 V (Figure 2.3b inset), there-was
essentially no shift in the XANES edge energy. We therefore surmise that over this potential
range anodized Ni-B; films do not display any changes in average nickel oxidation state despite

the three orders of magnitude change' in the rate of catalytic turnover.

XANES spectra were also collected on a non-anodized Ni-B; film under 1.0 V applied
potential in 0.1-B;. Because anodization is not pronounced under these conditions (Figure 2.1c),
XAS spectra of such films are expected to be mostly representative of films prior to anodization
with low catalytic activity. As shown in Figure 2.3b, the XANES spectrum of an non-anodized
Ni-B; film poised at 1.0 V displays an edge energy of 8344.5 eV (at F/Iy = 0.5), which lies 0.8
eV positive of that of the stoichiometric Ni(Ill) compound B-NiOOH (8343.7 ¢V) and 1.3 eV
below the edge position of anodized films held at the same potential (8345.8 eV). This edge
position suggests a formal nickel oxidation state for the non-anodized films between +3 and
+3.6.

EXAFS data collected on anodized Ni-B; films in operando were found to be comparable

to that of y-NiOOH. The crystal structure’'™*

of y-NiOOH is shown in Figure 2.4a, and a
fragment of the edge-sharing NiOs octahedra that comprise the layered material is presented in
Figure 2.4b. Figure 2.4c presents the k3-weighted EXAFS spectra of y -NiOOH along with that
of an anodized Ni-B; catalyst film poised at 1.05 V. The corresponding Fourier transform (FT)
EXAFS spectra are shown in Figure 2.4d. The abscissa in the FT spectra is the apparent distance
(R"), which is shorter than the actual distance between the absorber-backscatterer atom pairs due
to a phase shift. The EXAFS spectra display two main peaks: peak I reflects the presence of Ni—
O interactions (path a-b in Figure 2.4b), and peak Il manifests Ni—Ni interactions (path a—c), as

demonstrated by the EXAFS fits (vide infra). The positions of peaks in the FT EXAFS spectra of

anodized Ni-B; films are similar to those of y-NiOOH but there are differences in peak intensity.
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Figure 2.4. (a) X-ray crystal structure of y-NiOOH, showing nickel (green), oxygen (red) and
sodium (blue) ions. Water molecules intercalated between the NiO, slabs been omitted for
clarity. (b) Fragment of a general nickelate structure displaying the atoms (b, c, d, e) that lead to
the relevant backscattering interactions from the absorbing atom, a. (c) K -weighted EXAFS
oscillations and (d) Fourier transforms of k-space oscillations for y-NiOOH (red == =) and
anodized Ni—B; during catalysis at 1.05 V (blue ==).

In particular, peak IV, corresponding to longer range interactions (path a—e) is suppressed
significantly in the FT EXAFS spectrum of the catalyst film as compared to what is found in the
case of the crystalline y-NiOOH. Spectra of the anodized catalyst films held at 1.05 and 1.15 V
displayed marginal differences, with slightly higher overall EXAFS intensities observed when
the film is polarized at higher potential (Figure 2.5a). When an anodized catalyst film is reduced
to Ni(I) by maintaining the potential at 0.4 V, the EXAFS spectrum becomes similar to that of

the Ni(OH), with longer Ni—O and Ni-Ni distances (Figure 2.5b).
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Figure 2.5. FT EXAFS spectra and k’-weighted EXAFS spectra (inset) of (a) an anodized Ni-B;
catalyst film maintained at 1.05 V (dark blue ==) and 1.15 V (red == —) and (b) Ni(OH), (blue
— —) and an anodized Ni-B; catalyst film held at 0.4 V(yellow —).

The EXAFS curve fitting was first carried out for y-NiOOH based on its known crystal
structure, by including absorber-backscatterer vectors < 5.8 A in length and fixing the number of
neighbors in each shell (N values) to values determined from the crystal structure (6.0 in each
case).”'** Figure 2.6 shows the k-space and FT spectra of the best fit, and Table 2.2 summarizes
the fitting parameters. The actual distances (R) of the EXAFS fits are in good correspondence
with the crystallographic distances of y-NiOOH. With these results in hand for the model

compound, the fit of the experimental spectrum of anodized Ni-B; was produced (Figure 2.7). In
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Figure 2.6. Fit (black == ==) to EXAFS spectrum of y-NiOOH (red ==). The inset shows the
corresponding k’-weighted oscillations. Fit parameters are indicated in Table 2.2.
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Table 2.2. y-NiOOH EXAFS Fitting Parameters ‘

Path 5 wudl P’;AFS N o* 1A~ AE"/ eV Re/ %
Ni-O | 1.90 | 1.88(0.01) 6.0 | 0.007(0.001) 2.3 3.4
Ni-Ni | 2.83 | 2.82(0.01) 6.0 | 0.006(0.001)

Ni-Ni | 4.90 | 4.88(0.04) 6.0 | 0.012(0.005)
Ni-Ni° | 5.66 | 5.70(0.01) 6.0 | 0.004(0.001)

“ Fitting region 1 <R /A <6,29 <k/A"' < 11.9. Values in parentheses indicate uncertainties. See

Supporting Information for details.” Fixed values. < Multiple scattering path (a—e; Ni-Ni—Ni)

order to estimate a lower-limit domain size, the Debye-Waller factors (ol), were fixed to the
values obtained from y-NiOOH EXAFS curve fitting (Table 2.2), and the N values were
optimized for the best fit. We consider these o values to be a reasonable lower-limit because
static disorder is expected to be lower in the crystalline y-NiOOH compound relative to Ni-Bi;.
The resulting fit, which is displayed in Figure 2.7, returns an N value for the Ni-Ni vector (with
R = 2.82 A) of ~5. Much weaker peaks arising from interactions at distances >3 A (peaks III and
IV) also suggests a less-ordered structure or smaller cluster size in the Ni-B; film compared to

the crystalline y-NiOOH compound. A lower-limit domain size consisting of ~40 Ni ions for the

seemingly amorphous catalyst film is estimated from this Ni-Ni N value.

Figure 2.7. Fit (black == ==) to EXAFS spectrum of anodized Ni-B; at 1.05 V (blue —). The
inset shows the corresponding &’-weighted oscillations. Fit parameters are indicated in Table 2.3.

—

6

N

(R)I /A=
@

Apparent Distance (R') / A

49




Table 2.3. Anodized Ni-B; Catalyst EXAFS Fitting Parameters *

Path R/A N o? (A** AE'/eV | Ri/%
Ni-O | 1.89(0.01) 59(0.) 0.007 3.3 3.1
Ni-Ni | 2.82(0.01) | 5.1(0.3) 0.006

Ni-Ni | 4.86(0.07) | 4.1(3.2) 0.012
Ni-Ni° | 5.70(0.03) | 2.7(1.1) 0.004

“ Fitting region 1 <R /A <6,2.8 <k/A™ <11.8. Values in parentheses indicate uncertainties. See
Supporting Information for details. ® The o values were set to the values obtained from y-NiOOH
curve fitting. © Multiple scattering path (a—e; Ni-Ni-Ni).

EXAFS data were collected on a non-anodized Ni-B; film poised at 1.0 V to provide
insight into the local structure of the catalyst film in its initially-deposited, less catalytically
active state. B-NiOOH was considered a preliminary model compound for such films, since it
displayed the closest mean Ni oxidation state (Figures 2.2 and 2.3b). Figure 2.8 compares the
EXAFS spectrum of a non-anodized Ni-B; film to that of its anodized congener and B-NiOOH.
The EXAFS FT of a non-anodized Ni-B; film presents peaks at distances similar to those of
anodized films; yet with much lower intensities (Figure 2.8). The peak intensities for B-NiOOH

are lower than those of either Ni-B; film. For both NaNiO, and B-NiOOH, the best fits (Tables

-
(o))
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Figure 2.8. EXAFS FT spectra for non-anodized Ni—B; poised at 1.0 V (blue =), anodized
Ni—B; poised at 1.05 V (dark blue == ==), and f-NiOOH (green — = — =). The inset shows
the corresponding k*-weighted oscillations.
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2.4 and 2.5) were obtained by considering two distinct sets of distances for the first and second

shell vectors that reflect a Jahn—Teller distortion (Figure 2.9)22%

With B-NiOOH, the best fit to the EXAFS spectrum yields a ratio of long and short Ni-O

interaction numbers of 3.9 to 2.1, which is similar to the 4:2 ratio expected from the Jahn-Teller

Table 2.4. NaNiO, EXAFS Curve Fitting Parameters “

Fit No. | Path R/A N ot 1A AE"/eV | Ry/%
1 Ni-O | 1.90(0.02) 6.0° 0.015 (0.002) 1.8 6.6
Ni-Ni | 2.87(0.02) 6.0° 0.013 (0.001)
2 Ni-O | 1.92(0.01) | 4.0(0.4)° | 0.008 (0.002)° 6.1 1.0
Ni-O | 2.19(0.04) | 2.0(0.4)° | 0.008 (0.002)°
Ni-Ni | 2.90(0.01) | 4.4(0.4) | 0.008 (0.001)
Ni-Ni | 3.15(0.03) | 1.6(0.4)° | 0.008 (0.001)"

“ Fitting region .2 <R /A <3.2,2.69<k/ A" <12.60. Values in parentheses indicate uncertainties gses
page S$2).’ fixed values. “4 Sum of the N values for the short and long interactions were fixed to 6. ' &
values were set to be equal for the short and long interactions.

Table 2.5. B-NiOOH EXAFS Curve Fitting Parameters®

Fit Path R/A N o’ /A7 AE'/eV | Ry! %
1 Ni-O 1.92 (0.03) 6.0° 0.013 (0.002) 0.3 17.7
Ni-Ni | 2.82(0.04) 6.0° 0.017 (0.003)
2 Ni-O 1.92 (0.05) | 3.9(0.5)¢° | 0.007 (0.002)" 5.1 2.6
Ni-O 2.12(0.05) | 2.1(0.5¢ | 0.007 (0.002)
Ni-Ni | 2.86(0.02) | 3.3(0.2)° | 0.006 (0.001)"
Ni-Ni | 3.09(0.02) |2.702) | 0.006(0.001)"

“ Fitting region 1.0 <R /A <3.6,2.55<k/ A™' < 12.52. Values in parentheses indicate uncertainties (see page
S2). " fixed values. © Sum of the N values for the short and long interactions were fixed to 6. ¢ 6% values were set
to be equal for the short and long interactions.
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Figure 2.9. Models of the first and second shell scattering paths in (a) a structure where all Ni—
O (lime green) and Ni-Ni (black) paths are equivalent, such as that found in y-NiOOH and (b)
a Jahn-Teller distorted structure where there exists two sets of non-equivalent Ni—O (lime
green) and Ni—Ni (black) distances, such as that found in f-NiOOH or NaNiO».
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Figure 2.10. Fit (black == =) to EXAFS spectrum of non-anodized Ni-B; poised at 1.0 V (blue
—). The inset shows the corresponding k’-weighted oscillations. Fit parameters are indicated in
Table 2.6.

distortion. An excellent fit was obtained for the non-anodized film (Figure 2.10) with a ratio of
long and short Jahn—Teller distorted vectors of about 4:2 (Table 2.6: Fit 1). Importantly, the fit
quality suffers appreciably (R,= 7.1 vs. 2.0 %) when only a single path is considered for the first
and second shell vectors (Table 2.6: Fit 2). These fitting results point to a distortion in the local
coordination geometry about Ni centers in non-anodized Ni—B; films, as found in B-NiOOH and

NaNiO,.
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Table 2.6. Non-Anodized Ni—B; Curve Fitting Parameters”

Fit Path R/A N o* A7 AE'/eV | Ril%
1 Ni-O | 1.90(0.01) | 4.0(04) | 0.003 (0.001)" 5.7 2.0
Ni-O | 2.10(0.03) | 2.0(0.4)° | 0.003 (0.001)
Ni-Ni | 2.83(0.01) | 4.6(0.35)° | 0.005(0.001)"
Ni-Ni¢ | 3.05(0.03) | 1.4(0.35¢ | 0.005 (0.001)
2 Ni-O | 1.92(0.01) 6.0° 0.001 (0.001) 2.5 7.1
Ni-Ni | 2.81(0.01) 6.0" 0.008 (0.001)

“ Fitting reglon 1.0<R/A <3.6,255<k/A"' <1252 Values in parentheses mdlcate uncertainties (see page S2).
fixed values. ¢ Sum of the N values for the short and long interactions were fixed to 6.

the short and long interactions.

2.3. Discussion

4 ¢* values were set to be equal for

A Ni-B; catalyst film requires a pre-electrolysis regimen following electrodeposition to

obtain high OER activities. Over the course of this anodization, the efficiency of Ni-B; films in

mediating the OER is enhanced by greater than 2 orders of magnitude as indicated by Figure 2.1.

This drastic improvement in catalytic activity is reflected in the prominence of the catalytic wave

in CVs of anodized films compared to the diminished catalytic wave at identical potentials in

non-anodized films (Figure 2.2). Narrower and more symmetric voltammetric peak shapes for

CVs of anodized catalyst films indicate that the anodization process results in greater

homogeneity in the nickel oxidation potential. The rate of anodization is sensitive to the

electrolyte concentration (Figure 2.1a vs. Figure 2.1c). By using low electrolyte concentrations,

we have been able to retard anodization to the extent that over the time course of XAS data

collection, we are able to monitor, in situ, the structural and oxidation state changes that

accompany anodization and the attendant increase in catalytic activity.
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2.3.1 Nickel Oxidation State Changes in Ni-B;

Coulometric and XANES studies corroborate the average oxidation state of nickel in Ni-
B; for anodized and non-anodized films subjected to various potentials. For both anodized and
non-anodized films, polarization at potentials well below the onset potential for water oxidation
catalysis (0.4 V) induces complete reduction of the nickel centers to the +2 oxidation state
(Figure 2.2). Conversely, anodized films polarized at 1.0 V, a potential at which oxygen
evolution catalysis occurs, exhibit a mean oxidation state of +3.6 (Figures 2.2 and 2.3a, Table
2.1), whereas non-anodized films, held at the same potential, exhibit a mean oxidation state of
+3.16 (Figures 2.2 and 2.3b). Thus the process of anodization increases the fraction of Ni(IV)
centers in the film by at least a factor of 3 (from 20% to 60%) over the course of 4 h (Figure 2.2).
Coulometric studies establish that the vast majority of this oxidation state change occurs within
the first hour of anodization (Figure 2.2). This time window corresponds qualitatively to the time
scale over which the vast majority of increase in OER activity is observed (Figure 2.1a). The
similar time course observed for activity and oxidation state increases points to a strong

correlation between the two properties.

The increase in nickel oxidation state from +3.16 to +3.6 is concordant with the oxidation
state change observed for phase conversion of f-NiOOH to y-NiOOH. Importantly, polarization
of the anodized Ni-B; films beyond 1.0 V, up to a potential of 1.15 V, does not engender any
further increase in the average formal oxidation state of nickel centers despite the fact that this
same increase in potential corresponds to a three order of magnitude increase in the rate of OER
catalysis.' Together, these results establish that an increase in the Ni(IV) population in the
catalyst resting state is correlated with an increase in overall activity. Moreover, because there is
no detectable change in the XANES edge shift of anodized films (Figure 2.3b inset) between 1.0
and 1.15 V, the mechanism of action of catalytically active sites in the anodized film likely
involves a further minor-equilibrium, possibly from Ni(IIl) resting states to Ni(IV) catalytic

intermediates.
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2.3.2 Anodization-Induced Structural Changes in Ni-B;.

The similarities between crystalline y-NiOOH and anodized Ni-B; catalyst films in terms
of XANES edge position, formal nickel oxidation state and EXAFS spectra indicate that y-
NiOOH is an appropriate model compound for the structure of anodized Ni-B; catalyst films. In
v-NiOOH, edge-sharing NiOs octahedra are arranged into higher-order layers, which are
interstratified with alkali cations and water molecules (Figure 2.4a). EXAFS spectra of anodized
Ni-B; catalyst films exhibit a first shell Ni-O vector at 1.89 A and a nearest-neighbor Ni-Ni
vector at 2.82 A associated with the presence of Ni-oxo/hydroxo structural units similar to those
found in y-NiOOH (Figure 2.4b—d). The y-NiOOH structure is differentiated from p-NiOOH
(and NaNiO,) by a Jahn-Teller distortion of the low-spin d’” Ni(III) centers of the latter, which
gives rise to an axial elongation and equatorial contraction of the oxygen ion ligand field
producing a 2:1 ratio of Ni-O scattering vectors of 1.87 and 2.03 A, respectively (Figure 2.9,
Table 2.5).% This Jahn-Teller distortion in p-NiOOH results in two effects that distinguish its
EXAFS spectrum from y-NiOOH (and anodized Ni-B;): (i) a drastic diminution in the intensity
and (ii) broadening of the first and second shell scattering peaks arising from their poorly
resolved splitting into two separate sets of peaks corresponding to a ~4:2 ratio of short equatorial
and long axial vectors respectively about each Ni(Ill) center. The sharp peaks observed for the
first and second shell of Ni-Ni and Ni-O scattering vectors in the experimental spectrum of
anodized Ni-B; are similar to the peak profiles of y-NiOOH, and thus the local coordination
geometry of anodized Ni-B; is akin to y-NiOOH and not a Jahn—Teller distorted Ni(ILI) phase,
such as B-NiOOH or NaNiOs.

Whereas anodized Ni-B; is structurally analogous to y-NiOOH, non-anodized Ni-B; has
an EXAFS spectrum that is more similar to a Jahn-Teller distorted Ni(III) phase. A good fit to
the non-anodized Ni-B; spectrum (Figure 2.10) is obtained with a long to short axis ratio of 4.0
to 2.0 for the Ni-O vectors (Table 2.6), the ratio we expect for a Ni(IlI) compound. A slightly

greater formal nickel oxidation state (+3.16) was determined from coulometric measurements,
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and correspondingly the XANES edge position is 0.8 eV higher relative to that of B-NiOOH
(Figure 2.3b). These EXAFS results point to a local structural change upon anodization of Ni-B;

that resembles phase conversion of -NiOOH to y-NiOOH.

While the nickelate layers of B-NiOOH and y-NiOOH stack preferentially, we were
unable to identify any interactions due to interlayer backscattering in either model compound or
catalyst film. However, given the large intersheet distance (~7 A) in y-NiOOH>* such
interactions are expected to be too weak to resolve in EXAFS spectra, and would be anticipated
to be even weaker in the case of the more disordered catalyst material. Despite the inability to
detect any interlayer scattering interactions by EXAFS some degree of stacking of the sheet-like
domains of Ni-B; is evident. The electrolyte concentration dependence of the rate of anodization
(Figure 2.1a vs. 2.1c) provides experimental evidence in support of this contention. Cation
intercalation is a critical requirement for the formation of y-NiOOH from the alkali cation-free -
NiOOH.?* The intercalation of K' ions between the NiO; sheets in Ni-B; films during
anodization, may explain the observed electrolyte-dependence. Thus, increasing the buffer
strength, and correspondingly the K ion activity, would be expected to enhance the rate of

activation, provided that the domains of Ni—B; are stacked to some degree.

The size of the ordered domains in anodized Ni-B; may be estimated from the N values
obtained from curve fitting (Figure 2.7, Table 2.3) of EXAFS spectra. The diminished longer-
range interactions (at distances >3 A) in FT EXAFS spectra, compared to an extended solid
(Figure 5b, == == vs. ==), suggests a nanocrystallite model as does the inability to detect
crystallites by X-ray diffraction methods. From the N-value for the Ni-Ni vector of ~5.1 (Table
2.3), we estimate that the smallest ordered domains in catalyst films are 2-3 nm in diameter.
Thus, a simplified hexagonal cluster model is constructed with ordered domains of ~40 Ni
centers (Figure 2.11) as a reasonable lower-limit average structural model for Ni-B; catalyst
films. We, therefore, rationalize that our Ni-B; electrosynthesis method is giving us access to

such nanocrystalline oxides as uniform ultrathin films at intermediate pH.
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Figure 2.11. Lower-limit structural model for the average domain size of Ni—-B;. The Ni ions
are shown in green, bridging oxo/hydroxo ligands are shown in red, and non-bridging oxygen
ligands, which may include water, hydroxide, phosphate, or borate, are shown in pale green.

2.4 Conclusion

Anodization of electrodeposited films, which results in an almost three orders of
magnitude improvement in catalyst activity, is accompanied by an increase in average nickel
oxidation state to Ni(IV) and alteration of the structure of the nickel centers of electrodeposited
ultrathin Ni-B; catalyst films. A significant positive shift in the XANES edge to a position
indicative of substantial formal Ni(IV) valency is observed, and EXAFS spectra indicate the
presence of p-oxo/hydroxo nickel centers organized into higher-order domains of edge sharing
NiOs octahedra. As-deposited, Ni-B; films display evidence for a Jahn-Teller distorted
coordination geometry about the predominantly Ni(III) centers, reminiscent of the short-range
structure of B-NiOOH. In contrast, anodized films possess short-range structural parameters akin
to the mixed-valent y-NiOOH phase. Thus, XAS spectra reveal that the short-range structure of
anodized Ni-B; is similar to y-N1iOOH and that of non-anodized Ni—B; is similar to B-NiOOH.
Electrochemical, XANES, and EXAFS data point to a conversion of local structure and nickel
oxidation state in Ni—B; films upon anodization that correlate to a dramatic enhancement in

catalytic activity for O, evolution. By analogy of Ni—B; to NiOOH, the results for Ni-B; suggest
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that active sites of y-NiOOH may be intrinsically more active towards the OER than those of B-
NiOOH. In particular, the vast majority of studies of alkaline water oxidation mediated by nickel

1 . . N 1 ] -
oxides have been conducted using nickel metal anodes'*'**%°

upon which an oxide coating is
formed via electrochemical polarization. Since the surface oxide coating may grow substantially
(up to 1.4 ym) during OER,'®* the charge transport properties of the compact oxide layer are
invariably convoluted with the kinetics of the OER at surface exposed active sites.**> Indeed,
gradual deactivation of nickel anodes over time during alkaline OER, particularly when held at
high overpotentials (# ~ 600 mV), has long been assigned to the formation of catalytically inert
Ni(IV) centers within the surface oxide, leading to the contention that the all Ni(IlI) phase, B-
NiOOH, is the most catalytically active nickel anode material for mediating the OER.'*'*** In
line with our observation for Ni-B;, we propose the converse: that a predominantly Ni(IV)
population, such as that found in the more highly oxidized y-NiOOH-like structure is paramount
to high OER activity. In our systems, Ni-B; films are formed from solution precursors onto
electrically conductive, oxidatively robust substrates, excluding interference from electron
transport limitations, thus permitting isolation of the requirements for intrinsically efficient
active site turnover. To this end, the results reported herein stand at odds with prevailing dogma

concerning nickel oxide based OER in alkaline media.

2.5 Experimental Methods

Catalyst Electrodeposition, Anodization and Electrochemistry. Ni-B; films were
prepared on fluorine tin oxide (FTO) coated glass slides (Hartford Glass) by controlled potential
electrolysis at 1.15 V (vs. NHE; all potentials hereafter are given vs. the normal hydrogen
electrode) of a quiescent 0.1 M potassium borate electrolyte, pH 9.2, (0.1-B;) containing 0.40
mM Ni**. A total charge of 1.0 mC/cm® was passed during deposition. An Ag/AgCl reference
electrode and Pt mesh counter electrode were used for all electrochemical experiments.
Following deposition, films were anodized in stirred 1.0 M KB; electrolyte, pH 9.2 (1.0-B;), by

application of 1.1 V to catalyst films (with correction for ohmic potential losses) for 2.5 h. This
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preconditioning was also performed in 0.1-B; on an independently deposited film. Non-anodized

films were electrodeposited under identical conditions.

Cyclic voltammograms (CVs) were performed on electrodeposited films that were
anodized in 1.0-B; for times between 0 (non-anodized) and 4 h. The films were transferred
immediately, without drying, to fresh 1.0-B;. The electrode potential was maintained at 1.0 V for

30 s before scanning the CV from 1.0 V to lower potentials at a scan rate of 100 mV/s.

Film valency was determined coulometrically. Following electrodeposition and
anodization, films were poised at 1.0 V for 300 s after which the potential was immediately
swept from 1.0 V to 0.2 V and back to 1.2 V at 100 mV/s with compensation for ohmic potential
losses. The cumulative charge passed during the scan was recorded; the amount of charge
consumed in the reduction of nickel centers in the film was determined by subtracting the
background charge passed by a 1 cm’ FTO electrode (no catalyst coating) under identical
conditions. Films were immediately removed from the electrolyte, allowed to dry in air, and
subsequently dissolved in 5.00 mL of 2% aqueous nitric acid (Fluka Analytical, TraceSelect).
Samples were analyzed for nickel content by Quadrupole Inductively Coupled Plasma Mass

Spectrometry (Elemental Analysis, Inc., Lexington, KY).

Model Ni Compounds. NaNiO; was prepared by annealing NiO and Na,O, (Aldrich) in
a flow of O, according to a previously published procedure.** y-NiOOH was prepared by treating
NaNiO, with 5 mole equivalents of Br; in acetonitrile.** p-NiOOH was prepared by treating a
suspension of Ni(OH), in 3 M aqueous KOH with 0.7 mole equivalents of Br,. The identity and
purity of each compound were verified by powder X-ray diffraction. Ni(OH),, Br;, and
K,Ni(H,104), were purchased from Aldrich.

Catalyst Preparation for in situ XAS. A glass electrochemical cell consisting of two
compartments separated by a porous frit was employed for in situ spectroscopic experiments,
The working compartment possessed flat walls (~2.5 ¢cm wide) with a single circular hole, 1.5

cm in diameter. A 3 cm x 2 ¢m slip of ITO-coated polyethylene terephthalate (Kintec Company)
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was affixed with epoxy glue to the exterior of the wall of the cell, over the 1.5-cm hole, with the
ITO layer (~0.15 um thick) facing inwards. This ITO surface served as the substrate for
electrodeposition of Ni-B; films. The cell was connected to the potentiostat by making electrical
contact to a portion of the ITO slip that protruded from the side of the working compartment. A
Teflon cap containing a hole for the reference electrode was used to cover the working
compartment and to ensure a fixed distance between working and reference electrodes between

experiments.

Electrodeposition of catalyst for XAS experiments was terminated after passing 1.0
mC/cm?. The cell was emptied of electrolyte and rinsed twice with water (18 MQ resistivity,
EMD Millipore). For anodized films, the electrochemical cell was charged with 1.0-B;, and
anodization was carried out at 1.3 V with stirring and without compensation for ohmic potential
losses over a period of 3 h, after which spectra were collected over a range of applied potentials
between 1.0 and 1.15 V. For non-anodized films, the electrochemical cell was refilled with 0.1-

B; after deposition and spectra were acquired at 1.0 V.

XAS Data Collection and Analysis. XAS spectra were collected at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beamline 7-3 at an electron energy of 3.0
GeV with an average current of 300 mA and at the Advanced Light Source (ALS) on beamline
10.3.2 at an electron energy of 1.9 GeV with an average current of 500 mA. At beamline 7-3
(SSRL), the radiation was monochromatized by a Si(220) double-crystal monochromator.
The intensity of the incident X-ray was monitored by an N;-filled ion chamber (Iy) in front of
the sample. Model compound solid samples were diluted in boron nitride (1% w/w) and
placed in an aluminum sample holder sealed with kapton tape. Data were collected as
fluorescence excitation spectra with a Ge 30 element detector (Canberra). For model
compounds, energy was calibrated by the first peak maximum of the first derivative of a
nickel foil (8333.0 eV). The standard was placed between two N;-filled ionization chambers

(I, and L) after the sample. At beamline 10.3.2 (ALS), the radiation was monochromatized by a
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Si(111) double-crystal monochromator. Intensity of the incident X-ray was monitored by an N»-
filled ion chamber (Iy) in front of the sample. Fluorescence spectra were recorded by using a
seven-element Ge detector array (Canberra). For electrochemical experiments, no transmission
data could be collected. The energy was therefore calibrated using a glitch in the Iy intensity.

All data were collected at room temperature.

Data reduction of the EXAFS spectra was performed using EXAFSPAK (Drs. Graham
George and Ingrid Pickering, SSRL). Pre-edge and post-edge backgrounds were subtracted from
the XAS spectra, and the results were normalized with respect to edge height. Background
removal in k-space was achieved through a five-domain cubic spline. Curve fitting was
performed with Artemis and IFEFFIT software using ab initio-calculated phases and amplitudes
from the program FEFF 8.2.7° These ab initio phases and amplitudes were used in the EXAFS

equation:

207k° 2R, /(0

2 Nj :
x(k) = S EW Ly (GUK,R; e SIn2kR, + (k) 1)

J J

The neighboring atoms to the central atom(s) are divided into j shells, with all atoms with the
same atomic number and distance from the central atom grouped into a single shell. Within each
shell, the coordination number N; denotes the number of neighboring atoms in shell j at a
distance of R; from the central atom. feﬁ, (m.k,R;) is the ab initio amplitude function for shell j,

and the Debye-Waller term ¢ accounts for damping due to static and thermal disorder in

absorber-backscatterer distances. The mean free path term e R/ AW

reflects losses due to inelastic
scattering, where Zj(k) is the electron mean free path. The oscillations in the EXAFS spectrum
are reflected in the sinusoidal term, sin(2kR; + ¢;(k)) where @jj(k) is the ab initio phase function

for shell j. So” is an amplitude reduction factor due to shake-up/shake-off processes at the central

atom(s). The EXAFS equation was used to fit the experimental data using N, R, and the EXAFS
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Debye-Waller factor (¢°) as variable parameters. For the energy (eV) to wave vector (k, A™) axis
conversion, Eq was defined as 8340 eV and the Sy* value was fixed to 0.83.%7

EXAFS Curve Fitting. The goodness of the fit was evaluated by the EXAFS R-factor

38,39
F

(Ry) that represents the absolute difference (least-square fit) between theory and data. or

evaluation among different models, the reduced ¢* (c,?) was used:
sz = Xz /(Nidp - Nvar)

where Nigp 1s the number of independent points in the measurement, and Ny, is the number of

variable parameters in the fit. ¢* is defined by the following equation:

Npts

5 = NNidp . E[X:zam _Xicalc]z

pisTk i

where ey 1s the measurement uncertainty in k-space, and Ny is the number of points in the fitting
range of the data. The measurement uncertainty was estimated by the root-mean-square (rms)
average of ¢(R) between 15 and 25 A as described in the literature.** The uncertainty in the
variables, scaled by the square root of ¢,’, are estimated by fitting parameters using a Fourier-

filtered spectrum of a relevant R range of absorber-backscatter distances.

Estimation of film thickness. We estimate the thickness of these films by noting that a
Ni-O distance of ~1.9 A has been identified in the EXAFS studies described here, and we
therefore approximate that the primary coordination sphere of each Ni center occupies a cube of
volume ~125 A’. With this consideration, a monolayer of catalyst would constitute ~0.7 nmol of
nickel centers per cm” of surface area, corresponding to a charge of ~65 pC/cm?®. The ITO-coated
substrates are not atomically smooth, and these films are expected to grow by nucleation.
Therefore, the term “monolayer” in this case more aptly approximates a monolayer’s worth of
material, and for such thin films, large regions of the ITO would be exposed. Bearing these

qualifications in mind, we estimate a film thickness of 8 nm fora 1.0 mC/cm? film. A significant
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amount of O, evolution is coincident with film deposition and, as such, the amount of Ni centers
should be Jess than that expected for the passage of 1.0 mC/cm?® with 100% faradaic efficiency
for deposition. Indeed, we find that the amount of Ni is ~63% of the charge passed in deposition
(Table 1). This analysis only accounts for a Ni-Ni interlayer distance of ~5 A, even though the
interlayer distance in y-NiO(OH) is ~7.2 A. Thus, 8 nm is a reasonable upper limit for the
thickness of these films.
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Chapter 3 — Mechanistic Studies into Oxygen
Evolution Mediated by Nickel-Borate Electrocatalyst
Films
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3.1 Introduction

In Chapter 2 we discussed in situ extended X-ray absorption fine structure (EXAFS)
studies that shed light on the structural connectivity of nickel and oxygen ions in the nickel-
borate (Ni-Bi) oxygen evolving catalyst. Together with in situ X-ray absorption near edge
structure (XANES) spectra of Ni-B; films, cyclic voltammetry and coulometric titrations were
helpful in uncovering the resting state nickel valency in these materials. These studies also
revealed key aspects of the anodization-induced structural transformations that are correlated

with drastic improvements in catalytic activity (ca. 3 orders of magnitude).'

We now report the OER kinetic profile of Ni-B; films over a wide pH range (8.5-14) and
divulge mechanistic insights into the origin of the considerable activity enhancement that is
attendant to anodization. The electrosynthesis of ultrathin OEC films (< 15 monolayers) enable
us to avoid internal electronic or ionic transport barriers. Our studies have enabled us to uncover
a unique OER mechanism that stands in contrast to frequently invoked OER mechanisms of
nickel oxide anodes.””'® Furthermore, we find that the apparent specific activity of Ni-B; films is
significantly greater than that found in Co—B; systems of comparable catalyst loading for pH > 7.
However, the same pH-dependent profiles cause Co-B; to supersede Ni-B; in activity for pH < 7.
By defining the nature of the proton—coupled electron transfer (PCET) pre—equilibrium that
occurs during turnover, we find that trends in catalyst activity may be completely reversed at
intermediate pH as compared to those at pH extremes. The results presented herein highlight the
need for a detailed mechanistic understanding of OER for the construction of direct solar-to-fuels

devices that operate at high efficiencies.

3.2 Results

3.2.1 Catalyst Electrodeposition and Anodization

Catalyst films were prepared by controlled potential electrolysis of 100 mM
KB(OH)4/H;BO; (B)) electrolyte, pH 9.2 containing 0.4 mM Ni*" at an applied potential of 1.15
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V (vs. NHE) without stirring. Unless otherwise noted, a total charge of 1.0 mC cm™ was passed
during deposition over a period of 60-80 s using Fluorine-tin—oxide (FTO) coated glass slides as
substrate. Following deposition, films were preconditioned with an anodization protocol that

involved passage of 3.5 mA cm ™ for 1-2 h in stirred solutions of 1.0 M B; electrolyte, pH 9.2.

3.2.2 Tafel slope determination.

The steady-state current density (j) for oxygen evolution from anodized films was
evaluated as a function of the overpotential (y) in stirred Ni—free solutions of 0.5 M B; pH 9.2
electrolyte (Figure 3.1). To avoid diffuse double layer effects,'' a high ionic strength was
maintained with 1.75 M KNO; supporting electrolyte. The applied voltage (E,,;) was varied in
7-20 mV increments in the region of water oxidation and maintained until j attained a steady—
state value. Compensation of E,,, for Ohmic potential losses yielded the corrected potential (E),
which was then converted to 7 by subtraction of the thermodynamic potential for water oxidation
(E°) under the experimental conditions. Steady—state polarization data were acquired following
anodization of films deposited by passage of 1.0, 0.40 and 0.083 mC cm 2.

The amount of charge passed in oxidation or reduction of Ni-B; films involves a net
transfer of ca. 1.6 electrons per nickel center.' With this knowledge, the charge consumed upon
reduction of films by cyclic voltammatery permits a reliable estimation of the number of nickel
centers in catalyst films (see Section 3.5) and thickness of the films.! Film thicknesses of
approximately 5, 3 and 1 nm correspond to 15, 9 and 3 monolayer’s worth of catalyst,
respectively. Although the overall activity of these catalyst films at a specified overpotential
increases with thickness, plots of # (or E) as a function of log j (Tafel plots) display similar
slopes, b, of 30 mV/decade (2.3 x RT/2F), irrespective of loading.

These Tafel slopes are indicative of a two—electron transfer in minor equilibrium prior to
a chemical turnover—limiting step (TLS), resulting in a transfer coefficient, a (a = 2.3RT/bF) of
2.>'2 Tafel plots of films deposited onto a Pt rotating disk electrode (RDE) are identical

irrespective of the rotation rates, o of 2000 rpm or 600 rpm, or whether stirring is the sole source
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Figure 3.1. Tafel plots, E = (E,p, —iR), = (E — E®), for anodized catalyst films deposited onto
FTO by passage of 1.0 (m), 0.40 (e), and 0.083 (o) mC cm ~ and operated in 0.5 M KB; 1.75 M
KNO; pH 9.2 electrolyte. Tafel slopes are 31, 32 and 29 mV/decade, respectively.

of convection (Figure 3.2a). These observations confirm that the Tafel slope is representative of
activation-controlled OER over the potential range explored. Tafel slopes are also reproducible
for sequential runs, and do not depend on the direction of potential change (Figure 3.2b),
indicating that the films are not significantly altered over the course of data collection.

Although only a fraction of the nickel centers may be involved in catalysis, a lower-limit
value for the oxygen evolution turnover frequency (TOFy,in) of Ni—B; catalyst films at a specified
overpotential can be estimated by determining the rate of turnover per nickel center in the film at
that overpotential. At # =400 mV in 0.5 M B; pH 9.2 electrolyte, a TOF i, was determined to be
0.9, 0.5 and 0.5 mol O, (mol Ni)™" s™' for films prepared by passage of 1.0, 0.40 and 0.083 mC
cm 2, respectively (see section 3.6).

Tafel slopes were also extracted from open circuit potential (Eoc) decay transients,
following the interruption of a potential pulse. Catalyst films were poised at 1.1 V in 0.5 M B;
pH 9.2 electrolyte for 5 s. Upon switching to open circuit, the decay in Eoc was monitored as a
function of time, ¢ (Figure 3.3). The decrease in Epc arises due to the discharge of the
capacitance of the electrode, through the Faradaic resistance, mediated by the catalyst film (i.e.

Ni centers in the film are reduced by water via the OER). Thus the characteristics of the
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Figure 3.2. (a) Tafel plots, E = (Eqpiica— iR), # = (E — E°), for a 1.0 mC cm * anodized catalyst
film deposited onto a Pt RDE and operated in 0.5 M KB; 1.75 M KNOs, pH 9.2 electrolyte at
2000 (A), 600 (®), and 0 rpm with a magnetic stirrer as the sole source of solution convection
(%). The Tafel slope of each plot is 28 mV/decade. (b) Tafel plots, E = (Euppiiea — iR), n = (E —
E®), for a 1.0 mC cm? anodized catalyst film deposited onto FTO and operated in 0.5 M KB;
1.75 M KNOs, pH 9.2 electrolyte in decreasing (A ), followed immediately by increasing ()
order of changing potentials. Tafel slopes are 30 and 31 mV/decade respectively.

overpotential of the electrode at open circuit (noc = Eoc — E°) vs. time depends on the

mechanism of O, evolution and therefore the Tafel slope, b:>'*'*

Noc = a — blog(t + 1) (3.1)
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Figure 3.3. Open circuit potential, Eoc, and overpotential, #oc = (Eoc — E£°), transients for non-
anodized (green — —) and anodized (dark blue =) 1.0 mC cm ™ NiB; films immediately
following a 10 s bias at 1.1 V in 0.5 M KB; 1.75 M KNO; pH 9.2 electrolyte. The red lines
represent fits to eq 1. Tafel slopes are 100 before anodization and 33 mV/decade after
anodization. The inset shows the corresponding Tafel plots determined from the Eoc transients
by calculating log j at each time point using eq 3.2.

with a = b log(bC/j,) and T = 10C7"/9) bC /j,. C is the capacitance of the electrode, jy is the
exchange current density, and #’ is the initial overpotential at = 0. This open—circuit decay

method assumes that any change in C during the experiment is negligible.

Eoc—t curves recorded for anodized and non-anodized films are shown in Figure 3.3.
Owing to their considerably higher catalytic activity, the Eoc of anodized films decreases by
almost 100 mV within the first 0.1 s after the potential is interrupted. In contrast, over the same
duration a minimal decrease (< 10 mV) is observed in Epc for non—anodized films. Fitting the
decay trace of an anodized film to eq. 3.1 yields a Tafel slope of 33 mV/decade, which is in
excellent agreement with the steady-state Tafel plot measurements of Figure 3.1. In contrast, a
much higher Tafel slope of 100 mV/decade is extracted from the open circuit decay trace of non-
anodized films. These transients permit the construction of Tafel plots of anodized and non-
anodized films by recognizing that the instantaneous OER current density across the catalyst-

electrolyte interface (log ji) can be expressed as a function of the time elapsed during the OCP
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Figure 3.4. B; concentration dependence of steady state catalytic current density at constant
potential (E = 1.04 V (¢), 1.05 V (e), 1.06 V (m)) for an anodized catalyst film deposited onto a
Pt RDE by passage of 1.0 mC cm ~ and operated in B; electrolyte, pH 9.2. Sufficient KNO; was
added to maintain a constant total ionic strength of 2 M in all electrolytes. Koutecky—Levich
analysis was used to extract activation-controlled current densities in weakly-buffered
electrolyte, where the measured current was dependent on rotation rate. The experimental
reaction orders (slopes of the linear fits) in B; are (from top to bottom) —0.95, —1.04 and —0.95.

decay, 1:"

log je = logje=o — log(1 + t/7) (3.2)

where log ji-o is the initial current density before open circuit conditions. The resulting Tafel
plots (Figure 3.3 inset) illustrate a significant difference in the activity of anodized versus non-
anodized films. We note that the Tafel plot of the anodized film is concordant with that obtained

by steady state polarization measurements of Figure 3.1.

3.2.3 Determination of reaction order in B;.

The dependence of reaction rate on buffer strength was interrogated by controlled
potential electrolysis of anodized catalyst films at 1.04, 1.05 and 1.06 V in Ni—free electrolyte,
pH 9.2 with varying B; concentrations [B;] from 630-6.3 mM (Figure 3.4). Sufficient KNO; was

added to each solution to preserve a constant high ionic strength of 2 M. Diffuse double layer
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Figure 3.5. (a) Tafel plots, E = (Eqppiica— iR), n = (E— E®), fora 1.0 mC cm * anodized catalyst
film deposited onto FTO and operated in 1.0 (@), 0.5 (m), 0.2 (A), and 0.1 (+) M KB; without any
added supporting electrolyte. Tafel Slopes are 34, 35, 38, and 41 mV/decade, respectively. (b)
Dependence of steady state electrode potential, E = (E,ppica — iR) and overpotential, n = (E — E°)
for a 1.0 mC cm ™ catalyst film operated at 0.4 mA cm * in 0.1 M KB; electrolyte with varying
concentrations of KNOjs as supporting electrolyte.

1
effects,

which lead to spuriously elevated Tafel slopes and distorted reaction orders (Figure
3.5a) can be eliminated by operating at constant ionic strength as well as maintaining a low

concentration of buffering species relative to an inert supporting electrolyte (Figure 3.5b).]5

Catalyst films were deposited onto a Pt RDE that had been pre-treated to render any
current due to Pt oxide formation negligible (see section 3.5). For each electrolyte examined, the

RDE was operated until a steady—state current value was attained at various w. In instances
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Figure 3.6. Steady state Koutecky—Levich plots of a 1.0 mC cm catalyst film prepared onto a
Pt RDE and operated at E = 1.04 V at 2500, 1600, 900, and 625 rpm in 40 (e), 25 (=), 16 (A),
10 ( V), and 6.3 (¢) mM KB,; electrolyte, with added KNOj; to preserve an ionic strength of 2 M.

where the [B;] was less than 100 mM, the observed currents were subject to mass transport
limitations, as evidenced by the dependence of i on w. In these cases, Koutecky—Levich (K-L)

2

plots of i"? as a function of w "> were constructed (Figure 3.6) to extract the activation—

controlled current values by linear extrapolation to the limit of infinitely high rotation rates (i.e.
w'? — 0).'""" In all cases, Ohmic potential losses amounted to less than 1 mV and therefore
they were neglected. Figure 3.4 shows the logarithm of the activation-controlled current density
plotted as a function of log[B;i]. For [Bi] = 40 mM, the slope of the plot establishes an inverse
first order dependence of current density on B; activity. In electrolytes of very low buffer

strength ([B;] < 40 mM), film activity deviates from this reaction order, and an ostensibly zeroth

order regime is observed.

3.2.4 Determination of reaction order in H" activity.

Given the explicit reaction order in B;, any measurements of reaction rate dependence on
pH will inevitably alter the activity of boric acid, borate anion, or both. To evaluate the reaction
order in H" activity, anodized films were deposited onto a Pt RDE and steady-state data were

collected as a function of pH. Initially, a galvanostatic titration at 10 pA cm  in an electrolyte
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Figure 3.7. pH dependence of steady-state electrode potential at constant current density (fanodic
= 10 pA cm ) for an anodized 1.0 mC cm 2 catalyst film on FTO operated in 0.1 M B; 2 M

KNO; electrolyte. Slopes equal —64 (=) and —96 (== ==) mV/pH unit.

with a constant [Bi]wta= 100 mM was undertaken in the presence of 2 M KNOs. The titration
was commenced at pH 8.5 and the potential required to sustain constant current density was
measured as the pH of the solution was raised incrementally. At low current density, no local pH
gradients arise, even when the pH is adjusted outside of the ideal B; buffering regime.
Additionally, Ohmic potential losses were less than 0.5 mV and they can be neglected. The plot
of potential as a function of pH (Figure 3.7) shows two limiting slopes of .64 mV/pH unit and —
96 mV/pH unit for pH ranges 8.5-9.8 and 10-12, respectively. The bifurcation observed at pH 10
indicates that either (1) there is a change in mechanism (such as a change in Tafel slope) at pH 10
or (2) there exists an inverse first order dependence of reaction rate on only borate anion (B;),
and not on boric acid, B(OH)s, such that as the pH is increased from 8.5-10, the corresponding
exponential increase in the concentration of B; serves to skew the true dependence on H
activity. In this case, the intrinsic proton order is observed for pH > 10 where [B;] reaches
saturation.

A separate experiment was conducted to distinguish between scenarios (1) and (2). Films
were deposited onto a Pt RDE, and Tafel data were collected using B; solutions at pH 8.5, 9.2,

10.2, 11.2 and 12.0 (Figure 3.8a). In each electrolyte, the total buffer concentration [B;] was
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Figure 3.8. (a) Tafel plots, E = (E,, — iR) for anodized NiB; catalyst films deposited on a Pt
rotating disk electrode by passing 1.0 mC cm 2, and operated in 0.60 M B; pH 8.5 (¢), 0.20 M B;
pH 9.2 (), 0.11 M B; pH 10.2 (m), 0.10 M B; pH 11.2 (), and 0.10 M B; pH 12.0 (V). Each
electrolyte contained an additional 0.9 M KNOs as supporting electrolyte to maintain an ionic
strength of about 1 M. Koutecky-Levich plots were constructed to extract activation-controlled
current densities where necessary. (b) Interpolation of Tafel plots at 2.5 mA cm 2 (+), 0.25 mA
cm 2 (), and 0.025 mA cm (). Slopes are —90, —89, and —88 mV/pH unit respectively.

varied such that the concentration of borate anion [B; ] was maintained at 100 mM; 0.9 M KNO;
was added to each solution to preserve a constant ionic strength of 1 M. Where necessary, the
activation-controlled current densities were obtained from K-L analysis. There is no mechanistic
change over the pH range explored; all Tafel slopes lie between 28 and 32 mV/decade. This
suggests that scenario (2) is at the root of the change observed for pH > 10. Interpolation of each
Tafel plot at 2.5, 0.25 and 0.025 mA cm * yields the potential dependence on pH (Figure 3.8b).
The single observed slope (9E/6pH); = -90 mV/pH over the pH range 8.5-12.0 is a convolution
of the pH dependence of the current density (6log j/0pH)r and the potential dependence of the

current density (9E/dlog j)pi. That is:'®

(55,530, o) :
aij dpH /_\dlogj pH 3-3)
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Figure 3.9. Plot of the pH dependence of steady-state electrode overpotential (m), at constant
current density (fonoqic = 10 > pA cmfz) for an anodized 1.0 mC cm™ catalyst film deposited onto
FTO and operated in 0.1 M B; 2 M KNO; electrolyte. The change in slope at pH 12.2 is
consistent with the elevation of the bulk pH above the pK, of an active site moiety. The inset
shows Tafel plots, n = (E — iR — E°), for anodized catalyst films deposited onto a Pt RDE by
passage of 1.0 mC cm* and operated at 2000 rpm in 0.1 M KOH 1.9 M KNOs pH 12.9 (o) and
1.0 M KOH 1.0 M KNO; pH 13.8 (A) electrolyte. Tafel slopes are 28 and 30 mV/decade,
respectively.

Substituting (OE/6pH); = —90 mV/pH (from Figure 3.8b) and (0E/dlog j),n = 30 mV/decade (the
Tafel slope) into eq. 3.3 gives (Jlog j/OpH)r= +3. The reaction order in H' activity (dlog j/dlog
ay+)e may thus be determined as:

( dlogj ) =_(6logj) 3.4)
dlogay+/, dpH /, ’

which yields a reaction order in proton activity ay+ of —3. We therefore deduce that the reaction
rate is zeroth order in boric acid activity, inverse first order in borate anion activity, and inverse
third order in proton activity between pH 8.5 and pH 12 for [B;] in excess of 20 mM.

A galvanostatic titration in 100 mM B; from pH 11-13 was used to investigate a change
in the pH dependence under alkaline conditions, which might be expected to arise when the pH
is elevated beyond the pK, of an active site species. As shown in Figure 3.9, a plateau in the plot
of n vs. pH is observed at pH ~ 12.2. However, since Tafel data acquired in 0.1 and 1.0 M KOH

(Figure 3.9 inset) continue to exhibit slopes close to 29 mV/decade, the mechanistic change that
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results in this plateau in the 5 vs. pH plot does not arise from changes in Tafel slope. Instead, this
behavior must arise exclusively from changes in the H' reaction order.

According to Figure 3.9, for pH > 12.2 there is no dependence of the current density on
pH at constant overpotential. This parameter, (dlog j/OpH),, is related to the pH dependence of
the current density at constant potential, (dlog j/0pH)z through the transfer coefficient, a (& =

2.3RT/bF, where b is the Tafel slope):18

dlogj\ _ (dlogj
( JopH )E B ( JdpH )n ta (3-3)

Both Tafel slopes are close to 29 mV/decade, and therefore a = 2.3RT/0.029F = 2. By
substituting (log j/pH), = 0 and a = 2 into eq. 3.5 we find (dlog j/opH)r = 2, indicating a
reaction order in H' activity of -2 (eq. 3.4). Therefore the reaction order in H" activity transitions
from a value of —3 over the range pH 8.5 to 12 (Figures 3.8a and 3.8b) to -2 at pH > 12.2 (Figure
3.9). These results indicate that one of the three kinetically relevant protic centers of Ni-B; active
sites possesses a pK, of 12.2. In strongly alkaline electrolytes, this species is deprotonated in the

resting state of the catalyst and ceases to contribute to the electrochemical rate law.

3.2.5 Tafel data in B;-free electrolyte.

To explore OER kinetics in the absence of a weak base, steady state polarization data
were collected in 1 M NaClO4 pH 8.5 solution. Films were deposited onto a Pt RDE by passage
of 1.0 mC cm™? and anodized in B; buffered solutions. Tafel data were obtained in NaClO4
electrolyte by extrapolation of K-L plots at each potential considered in order to eliminate mass
transport limitations through the bulk electrolyte. Over the course of the experiment, small
aliquots (1-5 uL) of 1 M NaOH were added periodically to preserve the bulk pH at 8.50(1).

Tafel data are the average of three runs.
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Figure 3.10. (a) Tafel plots, £ = (Ey — iR), n = (E — E°), for anodized catalyst films deposited
onto a Pt RDE by passage of 1.0 mC cm ™ and operated in 1 M NaClO4 pH 8.5 electrolyte (o).
Koutecky—Levich analysis of steady state current densities at various rotation rates was used to
eliminate mass transport limitations through solution. The data shown is the average of three
consecutive runs. A Tafel plot of an identical catalyst film in 0.6 M KB; 0.9 M KNO; pH 8.5 (0.1
M By, total ionic strength = 1 M) electrolyte ( A ), displaying a 32 mV/decade Tafel slope (=), is
shown for comparison. (b) Activity profile of a 1.0 mC cm ” catalyst film deposited onto a Pt
RDE and operated in 0.5 M KB; 1.75 M KNOs pH 9.2 electrolyte after operation in 1.0 M
NaClO,, pH 8.5 electrolyte (A), compared to the activity profile of a freshly prepared catalyst
film (m).

The resulting Tafel plot displays a greatly elevated slope compared to Tafel data acquired
in B; electrolyte, pH 8.5 (Figure 3.10a). The kinetic profile of catalyst films in B; buffered media

following operation in Bi—free electrolyte was comparable to the activity of a freshly prepared
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film (Figure 3.10b), indicating that the Tafel behavior obtained in the absence of B; cannot be

attributed to the corrosion of catalyst films in buffer—free electrolyte.

3.3 DISCUSSION

3.3.1 Steady-state Tafel data.

Tafel behavior describing the effect of potential, £, or overpotential, #, on steady-state
current density, along with experimentally determined reaction orders form the basis of the
mechanistic analysis of oxygen evolution by Ni-B; catalyst films. Steady-state current densities
are proportional to the activation-controlled velocity of the OER if the reaction is not subject to
mass-transport limitations. This requirement is true of the electrokinetic studies described herein,
since in well-buffered electrolytes Tafel data collected using a RDE is identical irrespective of
rotation rate or whether stirring was the sole means of mass transport with the electrode
stationary (Figure 3.2a), resulting in Tafel slopes, b, (where b = OE/0log j),u of 28 mV/decade in
each case. In cases where mass transport limitations were encountered (poorly-buffered media,
or electrolytes completely lacking a weak base electrolyte), Koutecky—Levich analysis was
employed to extract activation-controlled current densities. Furthermore, the Tafel plots are the
same for sequential runs and independent of the direction of potential change during data
acquisition (Figure 3.2b), verifying that catalyst films are not altered appreciably over the course
of experiments. Precise control of catalyst film thickness was accomplished by managing the
total charge passed during deposition. Although the resultant film thicknesses ranged from 1 to 5
nm (equivalent to 3—15 monolayer’s of catalyst), Tafel plots collected for each film gave similar
slopes, close to 30 mV/decade (Figure 3.1). Since activated transport through the film can
impose additional potential barriers to electronic/ionic conductivity,'” ' consistent slopes over a
range of film thicknesses (particularly at almost monolayer coverage) demonstrates the absence
of non—Ohmic potential losses between the potential applied at the electrode and that

experienced by active sites. For anodized catalyst films, Tafel plots (Figure 3.1) yield 30
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mV/decade slopes that are consistent with a mechanism involving a chemical turnover-limiting
step (TLS) that follows a two—electron pre—equilibrium. The reciprocal of the Tafel slope in
dimensionless form is known as the transfer coefficient, @ = 2.3R7/bF = 2 for b = 29.5
mV/decade at 25 °C."® Although the Tafel slopes are independent of film thickness, the apparent
exchange current densities and hence the overall activity of films does increase with loading.
This would be expected to occur, as anodes with thicker catalyst layers should possess more
active sites per unit geometric area in these porous films. Lower—limit TOFs of 0.9 mol O, (mol
Ni) ' s are observed at # = 400 V in pH 9.2 electrolyte and 1.7 mol O, (mol Ni)™"' s at n =325
mV in 1 M KOH. Lower-limit TOF for these catalysts may be calculated at any # by recognizing
that the TOF decreases by an order of magnitude per 30 mV increment. Thus, these catalyst films

rival the most active OER anodes reported to date.*

3.3.2 OER of non-anodized Ni-B;.

Monitoring the decay in open circuit potential after interrupting an applied potential bias
offers a complementary means of determining the Tafel slope of an electrokinetic reaction.*!*!*
This method is the most appropriate means of extracting electrokinetic information on the OER
at the less catalytically active non-anodized films, since polarization of the electrode for an
extended period of time leads to anodization.' The higher activity of anodized films is
immediately evident in the very rapid decay at early times due to more efficient O, evolution as
compared to the less catalytically active non-anodized films (Figure 3.3). Indeed, since the Tafel
slope for anodized films is found to be 33 mV/decade (in agreement with Figure 3.1), the
corresponding OCP-decay transient indicates that the surface concentration of catalytic
intermediates in anodized NiB; decreases by over three orders of magnitude in the first 100 ms
after the potential is removed. In contrast, the Tafel slope of non-anodized films is considerably

higher, approaching 100 mV/decade. Tafel slopes of 120 (+ 20) mV/decade are expected for

mechanisms involving a turnover-limiting electron transfer (ET) from the resting state:'®
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TLS
AL B+e (3.6)

The turnover velocity for such a reaction will be given by:

v = kETeA (37)

where kgt is the rate constant for the turnover limiting electron transfer, and 6, is the surface

coverage of the resting state species, A

[y

Fhax G5
Iy is the surface concentration of active sites that exist in state A (expressed in mol/cm?), and
Ty is the total surface concentration of active sites. It is important to note that I'mex need not
equal the surface concentration of solvent—exposed metal centers, or even the concentration of
electroactive Ni centers, since the number of active sites may actually represent a very small
proportion of these centers. Under Langmuir conditions, since A is the resting state, 64 may be

assumed to be a constant equal to 1.2 The rate constant kgt is given by:

F
ker = k3 exp (‘%) (3.9)

The parameter K’cr is the ET rate constant at # = 0, and B is the symmetry factor for the
microscopic (irreversible) ET step, which determines the amount of the total driving force due to
5 (i.e. AG = —yF), that causes a decrease in the activation energy barrier (i.c. AAGY) = —,8;1F).12

Thus the electrochemical rate law for a reaction that proceeds by eq. 3.6 will be:

BnF ‘
o 0 L 3.10
Jj = 4Fkgr exp ( RT ) (3.10)

This will lead to a Tafel slope (97/dlog /) of 2.3 x RT/BF. B is usually close to 0.5 (+ 0.1),"”

resulting in a Tafel slope of around 120 mV/decade at 298 K. Importantly, in this case, the
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symmetry factor, f, and the transfer coefficient for the overall OER, «, are numerically identical,
since the kinetics of the overall multi-electron reaction are governed entirely by the microscopic
rate-limiting ET step.12 In cases where one or more electron transfers exist in equilibrium, £ and
a are distinct.

It is unclear whether the suppression of the Tafel slope of non—anodized films from 120
mV/decade to 100 mV/decade arises due to the existence of a marginally altered f—value of 0.6,
or is a result of the unavoidable partial anodization of the film during deposition.' However, the
existence of a turnover—limiting electron transfer in non-anodized films is reasonable. The
resting state nickel valency in non-anodized films is predominantly +3, and the local
coordination environment of Ni centers in such films exhibits the Jahn—Teller (J-T) distortion
that is expected for low-spin d’ ions.' Thus the first oxidation process during turnover should be
kinetically sluggish, as it would incur a large reorganizational energy penalty associated with a
low-spin d’ — d° transformation. We conclude therefore that this high reorganizational energy
associated with Ni’" oxidation contributes to very low catalytic activity of non-anodized Ni-B;

films.

3.3.3 OER of anodized Ni-B;.

XAS shows that anodization of Ni-B; films leads to a gradual phase change (involving
changes in both local structure and resting state nickel valency) that eliminates the J-T distortion
present in non-anodized films.' In the absence of structural distortion in local geometry, the
oxidation of Ni centers in anodized films should be more facile. Indeed, the 30 mV/decade Tafel
slope obtained by steady state Tafel plots (Figures 3.1 and 3.2) and open-circuit decay transients
(Figure 3.3) indicates that the turnover—limiting step is a chemical in nature and does not involve
ET.

Before evaluating the dependence of activity on pH and therefore the existence of
proton—transfer (PT) equilibria prior to the TLS, it was necessary to establish the dependence of

reaction rate on buffer strength, since any [B;] dependence would have to be accommodated
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during pH changes. The resulting inverse first order dependence of current density on [B;] over
almost 1.5 decades (Figure 3.4) is consistent with the reversible dissociation of a B; species from
an active site over this range in buffer strength. Boric acid and borate species are known to
adsorb to oxide surfaces in aqueous media by coordination to the metal centers.”**” The —1.0
reaction order in borate (Figure 3.4) establishes that the ligation of the buffer species is governed
by the Langmuir isotherm with a high surface coverage of the adsorbate.” Accordingly, the Bi-
free active sites necessarily exist in minor equilibrium with a Bi-bound resting state. We note
that our data cannot distinguish adsorption of poly-borate species™ " as opposed to B(OH)4 .
Decreasing the concentration of B; in the electrolyte gives rise to an increase in activation-
controlled current density until a point where there appears to be no dependence of reaction
velocity on B; (< 40 mM B;)).

While demonstrating an association between buffering species and active sites, B;
dependence studies alone could not distinguish which B; species (boric acid, borate anion (B;),
or both) must dissociate from active sites during turnover for oxygen to be evolved. The pH
dependence of the steady-state electrode potential at a constant high ionic strength changes from
about —60 mV/pH over the B; buffering range to about —90 mV/pH at B; saturation (Figure 3.7).
In contrast, Tafel data collected between pH 8.5 and pH 12 at a constant concentration of borate
anion exhibit Tafel slopes of approximately 30 mV/decade (Figure 3.8a). The pH dependence of
the steady-state electrode potential was determined to be about 90 mV/pH by interpolating the
Tafel plots at constant current density (Figure 3.8b). These results identify that the observed
desorption step involves the liberation of one borate anion into bulk electrolyte per active site,
and confirms a three-proton equilibrium prior to the TLS. Were both species to be liberated from
active sites, the activity of boric acid and borate in solution should appreciably modulate OER
kinetics on NiB; films, and an experiment in which the total B; (boric acid + borate)
concentration is held constant as the pH is varied (Figure 3.7) should yield a single slope and the
genuine reaction order in H" activity. However, if the desorption equilibrium applies to only one

species of the conjugate pair, the pH dependence of reaction rate will inevitably be convoluted
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with the reaction order in that species unless the total B; concentration is adjusted to maintain a
constant activity in the coordinated species alone (Figures 3.8a and 3.8b), or the pH regime is
such that B; speciation does not change appreciably with pH (pH > 10 in Figure 3.7).

Electrokinetic data should be acquired in an excess of supporting electrolyte. If not, the
potential dependence of anion migration and the effects on local pH and specific adsorption of
borate will skew Tafel data and lead to slopes that are dependent on B; concentration, and
apparent fractional reaction orders (Figure 3.5a). These effects are eliminated by maintaining a
constant, high ionic strength (/ > 1 M) using an inert supporting electrolyte such as KNOs, which
when present at an appreciable concentration, serves to reduce the transference number of borate
anion (the fraction of the total ionic current that is carried by borate anions) (Figure 3.5b).

Taken together, the results of Figures 3.1-3.8 reveal the electrochemical rate law for
oxygen evolution in moderate to high borate ion concentrations (20-300 mM) at anodized Ni-B;

films to be:

ZEF) G.11)

J = ko) @) exp (T

where ky is proportional to the exchange current density and independent of potential. This rate
expression contains the inverse first order dependence on borate activity as shown in Figure 3.4,
the inverse third order dependence on proton activity (Figures 3.7 and 3.8), as well as the factor
of 2 (transfer coefficient) in the exponential term in the applied potential, E. At constant borate
activity, pH and T = 25 °C, the partial derivative of E with respect to log j, (OE/dlog j) yields a
Tafel slope of 30 mV/decade, consistent with Figure 3.1. The experimental rate law in eq. 3.11 is

consistent with the mechanistic sequence,:

A=B+B; +2¢ +3H" K (3.12)
B—C k; (3.13)

86



which involves reversible borate dissociation from the resting state, and a two—electron, three—
proton equilibrium followed by a chemical TLS. K| is the equilibrium constant at Eqppr = 0, and
kyis the rate constant for the chemical TLS. Eq. 3.11 may indeed proceed in a number of discrete
steps, however these would all exist as quasi-equilibria and such a sequence is kinetically
indistinguishable from a single step. In addition, there may be any number of distinct chemical
equilibrium steps prior to the TLS, but these cannot be resolved kinetically.

According to eq. 3.13, the steady state velocity of oxygen evolution can be expressed as,

v = kZBB (314)

05 represents the partial surface coverage of intermediate B. 05 can be defined in terms of the

surface coverage of the resting state A (64) as follows:

ZEF) (3.15)

8 = K10,4(agi-) " (ay+) 3 exp (W

which involves the application of the Nernst equation to eq. 3.12. Substituting for O in eq. 3.14

gives:

ZEF) (3.16)

v = koK,0,(ag;-)"*(ay+) 3 exp (ﬁ

If Langmuir conditions are assumed, the surface coverage of the resting state is high, 6, would
not be expected to change appreciably over the potential range, and may be considered a
potential-independent constant equal to 1. In this case, eq. 3.16 approximates the experimental

rate law (eq. 3.11) with

ko s 4‘Fk2K19A (317)

In situ XAS studies of anodized Ni-B; films' show that there is no systematic shift in the nickel

K—edge position with E,,,; over the potential range used for Tafel data acquisition. This result is
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consistent with the assumption that the speciation of the resting state, A, is invariant over the
potential range explored and therefore permits 6, to be taken as a constant (eq. 3.17 above).
XANES spectra and coulometric studies also established that the average oxidation state of Ni in
anodized catalyst films was +3.6 to +3.8, thereby indicating a substantial amount of formal Ni'¥

valency in the catalyst resting state.'”

In fact, there appears to be even more formal +4 valency
in Ni-B; compared to Co—OEC. Computational studies of NiIV—containing extended solid
nickelates have demonstrated significant covalency in Ni-O bonding, and extensive
delocalization of hole-density onto oxygen centers upon oxidation of the parent Ni
compounds.”*>® In addition, EPR studies of a tetracobalt cubane model compound possessing
one formally Co'" center as a molecular model of our cobalt-based catalyst revealed a radical
distributed almost equally over all Co and O ions, effectively leading to a formal oxidation

3.125 04].>" Thus, it is reasonable to expect that this Ni'¥ valency in the catalyst

number of [Coy
resting state is distributed extensively over multiple Ni and O centers in the nickel-oxido clusters
that form the ordered domains.

Figure 3.9 is effectively a Pourbaix diagram of the catalyst active sites, indicating that
one of the protic species possesses a pK, of about 12.2. At the pH regimes considered in this
study, a Ni'"""V—OH, resting state is unlikely, given the Pourbaix diagram for nickel.*® In
addition, the point of zero charge (pH,) for nickel oxides, which defines the average of the pK,
values of surface-bound water (M—OH,) and surface-bound hydroxyl (M—OH) groups®® have
been found to be about 8 and 9.75 for Ni(OH), and NiO respectively. **** Thus we can anticipate
the pK, of a Ni'"""V_OH, intermediate would be less than 8. The moiety possessing a pK, of 12.2
can therefore be more reasonably rationalized as a terminal or bridging Ni-OH. Under highly
alkaline conditions (specifically pH > 12.2), this species is deprotonated in the resting state
resulting in an overall two—electron, two—proton PCET transformation prior to a chemical
turnover-limiting step. This gives rise to a 30 mV/decade Tafel slope and -60 mV/pH unit shift

of E (Figure 3.9). Previous EPR studies®’ have pointed to the importance of proton loss in PCET

steps for generating localized reactive intermediates. In the Co-OECs and Ni—OECs, the ensuing
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Figure 3.11. Proposed pathway for O evolution by NiB;in B; ([B(OH)4 ] > 20 mM) electrolyte,
pH 8.5-14. The reversible dissociation of borate anion and an overall two-electron, three-proton
equilibrium followed by a rate limiting chemical step, is consistent with the experimental
electrochemical rate law. A u-OH site possessing a pK, of 12.2 is fully deprotonated in the
resting state under highly alkaline conditions. Oxidation state assignments are approximate;
oxidizing equivalents are likely extracted from orbitals with predominantly O 2p character,
particularly for the pre-TLS intermediate.

change in ligand field strength upon deprotonation could localize the unpaired spin density on
specific centers leading to their subsequent reactivity towards O—O bond formation. This concept
is validated by computational studies of cobalt oxido clusters as Co-OEC models.* Hence while
the resting state valency would be delocalized over the entire cluster, the catalytic intermediates

are likely to possess spin density that is more localized due to proton loss.

A mechanistic scheme for oxygen evolution in Bi—buffered electrolyte that is consistent
with the interfacial properties of the oxidic surface as well as the electrokinetic data presented
herein is shown in Figure 3.11. For convenience, eq. 3.12 has been described as a sequence of
several steps in equilibrium. We assign the two—electron minor equilibrium step to the double
oxidation of a dinickel active site, which proceeds with the overall deprotonation of a bridging
and two terminal hydroxyl groups. These PCET processes are proposed to lead to a highly

oxidized intermediate that may be tentatively described as [Ni,""] or [Ni,"*°]. Since this
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intermediate exists in minor equilibrium at a very low surface coverage, its formal potential must
lie well above the potential supplied at the electrode. Nevertheless, this formal [Ni,™"V]
designation is likely not an accurate description of the true electronic structure of the
intermediate; we expect that the electron-transfer pre—equilibria arise from orbitals with
predominant O 2p contributions, resulting in oxyl radical character. The loss of three protons
must contribute significantly to the accessibility of such highly oxidized intermediates by virtue
of the PCET redox—potential leveling effect.***® One hydroxyl group was found to possess a pK,
of 12.2, and hence its corresponding deprotonation step must occur prior to the remaining two—
electron, two—proton PCET transformations. Since the turnover-limiting step is chemical in
nature and unlikely to involve proton transfer to the electrolyte, we find it reasonable to propose
that this step involves O—O bond formation and/or Ni-O bond scission. Computational studies on
our Co-based system suggests that direct coupling of two terminal Co'v(O) groups to form an
O-O bond is thermodynamically favorable and proceeds with a low kinetic barrier,* signifying
that it may in fact be the breaking of the metal-oxygen bond that is the turnover-limiting step in
these late transition metal oxide catalysts. Spectroscopic studies as well as extensive synthetic
and computational modeling will be employed to shed light on the electronic structure of
catalytic intermediates and the details of the turnover-limiting process. Further electrochemical
studies, particularly on molecular models are also needed to shed light on the details of the

coupled multi-proton, multi-electron sequences.

3.3.4 OER in B;-free electrolyte.

Certainly, one important role of B; is to preserve the local and bulk pH during O,
evolution. However, the inverse first order dependence of reaction velocity on borate anion
activity in eq. 3.15 implicates a deleterious role of borate on OER kinetics. Despite this
ostensibly “inhibitory” effect, the crucial importance of borate to the kinetics of water oxidation
on Ni-B; films is evident in Tafel plots acquired in Bi—free electrolyte (Figure 3.10a). In the

absence of B;, very high Tafel slopes are observed and high current densities cannot be achieved.
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Since Koutecky—Levich analysis was used to eliminate effects associated with solution mass
transport, and the bulk pH was preserved by constant addition of aqueous NaOH, the elevated
Tafel slope in Bi—free electrolyte cannot be attributed to pH gradients at the film—solution
interface. In addition, following operation in B;-free electrolyte, films display no loss in activity
in B; electrolyte (Figure 3.10b), excluding the possibility of catalyst corrosion over the period of
polarization in Bj-free electrolyte. The observed Tafel behavior may result from the transition to
a turnover-limiting chemical step from the resting state; the absence of any preceding
electrochemical steps results in a potential-independent kinetic profile, and therefore an
extremely high (“infinite”) Tafel slope. We observed a similar result for phosphate—free
electrolytes of Co—based catalyst films. These preliminary electrokinetic data suggest that proton
transfer processes may become turnover-limiting in the absence of a good proton acceptor, at
low hydroxide ion concentrations. Additional studies are ongoing to shed more light on the
details of OER under such conditions, but these results underscore the critical importance of
borate to facilitating proton transfers, thereby expediting the PCET sequences necessary for rapid

O, evolution.

3.3.5 Differences in mechanism and activity of Co—~OECs and Ni—OECs.

Differences in activity between oxido Co—OECs and Ni—OECs are governed to a large
extent by the characteristics of the PCET pre—equilibrium. A two—electron oxidation is required
before the chemical turnover—limiting step in anodized Ni-B; OEC films (30 mV/decade Tafel
slope), whereas turnover at Co—OEC films involves a one-electron pre-equilibrium (60

mV/decade Tafel slope).

We propose that this difference arises because O~O bond formation in both systems
proceeds by radical coupling of two active site oxygen centers.” In Co—OEC, this oxygen—
centered unpaired spin density arises upon generation of somewhat localized, low-spin formally
d® Co*" centers’®*"* Realization of a similar electronic structure would require more substantial

oxidation for a nickel catalyst than for a cobalt-based system. As such, it would be expected to

91



(a) TOF,, / O, (metal ion)™" s~ (b)
10+ 10 102 10" 10°

L pH 9.2 ~0.45 : 10 o

1) 5 -2} i 3
T 1.10 g ! <100 a

z A 4040 , ¢ - N
¢ 2 SR digz 3
=1.051- 1 < = 7 s
< 40.35 -6 ] =
w 8 ! 110+ &
1.00 1 sl - =
1 | L | 1 | 1 | 1= 030 | I W (T S T TR NN T SN A | 10_6 01

~f =8 5 -4 = =2 4 6 8 10 12 14
log (j/Acm?) pH

Figure 3.12. Comparison of ultrathin Co-B; and Ni-B; OEC films with identical catalyst
loadings of 6 nmol metal jons/cm’. (a) Tafel plots of Co-B; (®) and Ni-B; (A) in 0.5 M KB; 1.75
M KNO; pH 9.2 electrolyte. Tafel slopes equal 55 and 31 mV/decade, respectively (b)
Schematic of the pH dependence of the current density and lower-limit turnover frequency of
Co-B; at a constant overpotential of 400 mV (blue == ==) and 300 mV (light blue == = =)
compared to that of Ni-B; at 400 mV (light green =) and 300 mV (green =— = = =)
overpotential. Curves were calculated using the appropriate experimentally-determined
electrochemical rate laws. Ni-based films display a much higher apparent specific activity (since
the true number of active sites cannot be known) than Co-based films above pH 8. However, due
to their disparate electrochemical rate laws, a crossover is expected to occur around neutral pH,
at which point Co-based films would yield higher activity anodes. The precise pH at which
crossover occurs depends on the overpotential applied due to the different Tafel slopes.

lead to a lower exchange current density, but also a lower Tafel slope, provided the ET steps
remain kinetically facile. This is indeed what is observed when one compares Co—B; with Ni-B;
at comparable catalyst loadings at pH 9.2 (Figure 3.12a). Additionally, the more extensive
oxidation would also demand greater accompanying H' loss, leading to disparate pH

dependences.

Because of the differences in pH dependence for the two catalysts, Ni—B; increasingly
outperforms Co—OEC as elevated pH (Figure 3.12b). However, at neutral pH and slightly acidic
conditions, Co—OEC surpasses Ni-B; in activity. The majority of studies on the OER have been

48-50

conducted in highly alkaline media, and these have led to useful trends in correlating specific

thermodynamic parameters (such as M—O bond strengths, enthalpies of formation of the
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metal(III) hydroxide compound, and adsorption enthalpies of proposed intermediates) with
catalytic activity, resulting in the general consensus that for first row transition metal oxides,
OER activity increases in the order: MnO, < FeOy < CoOx < NiOX.5 S1-54 However, as evident
from Figure 3.12b, activity trends in concentrated base may not hold in intermediate pH
electrolytes because of disparate PCET pre-equilibria involved in the mechanism of the OER at

different catalysts.

3.4 Conclusion

Electrodeposited ultrathin anodized Ni-B; catalyst films exhibit a Tafel slope of 30
mV/decade in well-buffered electrolytes between pH 8.5 and 14. Electrokinetic studies
demonstrate that oxygen evolution in B;-buffered electrolyte entails the reversible dissociation of
borate anion from the resting state and a two-electron, three-proton equilibrium followed by a
chemical turnover-limiting step. Under highly alkaline conditions, a change in reaction order in
proton activity is observed that is attributed to the full deprotonation of a protic center with a pK,

of 12.2. On the basis of previous in situ XAS, a mixed valence Ni'V

resting state is invoked,
although radical character on oxygen ions in this resting state as well as the subsequent catalytic
intermediate states is anticipated. These studies highlight the contradicting roles of borate as both
an inhibiting adsorbate and a proton acceptor for PCET at intermediate pH. The much lower
catalytic activity of non-anodized films appears to arise, in part, from the large reorganizational

energy involved in electron transfer from the Jahn-Teller distorted Ni'"

resting state found in
non-anodized films, which makes this electron transfer rate-limiting. The low Tafel slope of
anodized Ni-B; films makes this catalyst ideal for integration with buried-junction

semiconductors.

3.5 Experimental Methods

Materials. Ni(NO3)*6H,0 99.9985% was used as received from Strem. KOH 88%,
KNO; 99.0-100.5% and H3;BO; 99.9% were reagent grade and used as received from Macron.
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NaClOs hydrate (99.99% metals basis) was used as received from Aldrich. All electrolyte
solutions were prepared with type I water (EMD Millipore, 18 MQ cm resistivity). Fluorine—tin—
oxide (FTO) coated glass (TEC-7) was purchased as pre—cut 1 ¢cm x 2.5 cm glass pieces from
Hartford Glass. Unless stated otherwise, all experiments used FTO with 7 Q/sq surface
resistivity.

General Electrochemical Methods. Potentiometirc and voltammetric measurements
were undertaken with a CH Instruments 760C or 760D bipotentiostat, a BASi Ag/AgCl reference
electrode, and a Pt-mesh counter electrode. Rotating disk electrode (RDE) measurements were
conducted using a Pine Instruments MSR rotator and a 5 mm diameter Pt—disk rotating electrode.
All electrochemical experiments were performed at 23 + 1 °C using a three—electrode
compartment cell with a porous glass frit separating the working and auxiliary compartments.
Electrode potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197 V.
Overpotentials were computed using # = E(NHE) — 0.68 V at pH 9.2. Unless stated otherwise,
the electrolyte comprised 0.5 M potassium borate (KB;), 1.75 M potassium nitrate, pH 9.2
(henceforth referred to as KB;/KNOj electrolyte).

Film Preparation. Catalyst films were prepared via controlled—potential electrolysis of
0.1 M KB, pH 9.2 electrolyte solutions containing 0.4 mM Ni**. To minimize precipitation of
Ni(OH); from these solutions, 25 mL of 0.2 M KB; was added to 25 mL of 0.8 mM Ni*" solution.
The deposition solutions were subsequently filtered through a 0.2 pum syringe filter (Pall) to
remove any Ni(OH), that formed. The solutions thus prepared remained clear over the course of
deposition, which was carried out onto an FTO-coated glass piece. These FTO working
electrodes were rinsed with acetone and water prior to use. A ~0.6 cm wide strip of Scotch tape
was applied to the FTO coated side such that a 1 cm? area was exposed to solution. Unless stated
otherwise, deposition by controlled potential electrolysis was carried out on quiescent solutions
at 1.15 V without /R compensation and with passage of 1 mC cm ™. A typical deposition lasted
70 s. Following deposition, films were rinsed by dipping briefly in 0.1 M KB;, pH 9.2 solution to

remove any adventitious Ni*". Anodized films were subsequently electrochemically treated in 1
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M KB;, pH 9.2 electrolyte by passing an anodic current of 3.5 mA cm > with stirring. A steady
potential was obtained after about 30 min of anodization. Unless stated otherwise, films were
anodized for 1 h.

Potentiostatic Tafel Data Collection. Current—potential data were obtained by
conducting controlled potential electrolysis in KBi/KNOs electrolyte pH 9.2 at a variety of
applied potentials (Eqpp). Prior to film deposition and anodization, the solution resistance of the
electrolyte to be used for Tafel data collection was measured using the iR test function. The
electrolysis solution was exchanged for Ni*'—containing KB; electrolyte, without disturbing the
relative positions of the working and reference electrodes and films were deposited. Following
film preparation, the working electrode was rinsed in fresh Ni—free KB; electrolyte and
transferred, without drying, to the same electrolysis bath in which the solution resistance was
measured. The electrode was allowed to equilibrate with the electrolyte solution for 5 min while
being held at the open circuit potential. The solution was stirred and steady—state currents were
then measured at applied potentials that descended from 1.13 V to 1.00 V in 7-20 mV steps. For
currents greater than 10 pA cm ™, a steady state was reached at a particular potential in less than
400 s. For currents lower than 10 pA cm ™, longer electrolysis times (15-20 min) were utilized to
ensure that steady state had been achieved. The solution resistance measured prior to the data
collection was used to correct the Tafel plot for Ohmic potential losses.

Cyclic Voltammetry. CVs of anodized catalyst films were recorded in KB;/KNOs, pH
9.2 electrolyte. After 2 min at open circuit, catalyst films were held at 1.0 V for 60 s,
immediately after which CV scans were initiated from 1.0 V. The potential was decreased at a
scan rate of 100 mV s with stirring, and with correction for Ohmic potential losses (measured
prior to film deposition). At a switching potential of 0.2 V, the direction of scan was reversed,
and CVs were terminated at 1.1 V.

Dependence of Tafel data on film thickness and calculation of lower-limit TOF.
Steady—state polarization data were acquired following anodization of films deposited by

passage of 1.0, 0.4 and 0.083 mC cm . Deposition durations were about 67, 25 and 11 s,
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respectively. We note that the charge passed cannot be used as a simple measure of the Ni
loading because: (1) non-Faradaic double-layer charging currents for short deposition times (and
particularly for the thinnest of these films) accounts for a non—trivial proportion of the total
charge passed; and (2) oxygen evolution accompanies deposition, and so a fraction of the charge
passed is consumed for OER and not solely for film deposition. Thus, in order to evaluate film
loadings, CVs of each film were acquired as described in subheading E and the charge consumed
upon film reduction was determined by integration of the cathodic surface wave. Charges of
0.91, 0.53 and 0.21 mC cm ™ were obtained from analysis of the CVs. We have established that
the charge passed upon film oxidation or reduction involves the net transfer of 1.6 electrons per
nickel center for films of comparable thickness.1 Thus, the charges correspond to loadings of
about 5.9, 3.4 and 1.4 nmol/cm? of Ni centers, corresponding to films of approximate thicknesses
of 5,3 and 1.0 nm.

Knowing the amount of nickel on each electrode, and by interpolating Tafel data for each
film at # = 400 mV, respective currents at this overpotential can be converted into turnover
frequency per nickel center, given that each turnover requires the removal of four electrons.
Since the number of active sites is expected to be only a fraction of the number of nickel centers,
this calculation returns a lower—limit for the TOF of each active site. The calculated lower—limit
on the TOFs at 7 = 400 mV in 0.5 M KB; 1.75 M KNO;, pH 9.2 are 0.92, 0.51 and 0.49 mol O,
(mol Ni)™ s™ for films deposited by passage of 1.0, 0.4 and 0.08 mC cm™ respectively.
Similarly, in the case of a 1.0 mC cm ? catalyst film operated in | M KOH 1 M KNO; pH 13.85
electrolyte, we calculate a lower-limit on the TOF of 1.7 mol O, (mol Ni)™' s™" at # = 325 mV.

Mass transport dependence studies. To verify that Tafel data were not subject to mass
transport limitations, RDE was used to collect steady state data. A Pt-disk rotating electrode was
polished to a mirror finish with 0.05 pm o—alumina (CH Instruments). Prior to film deposition,
the Pt disk was electrolyzed at 1.4 V (vs NHE) in 1 M KB;, pH 9.2 electrolyte for 30 min to
anodize the Pt surface exhaustively as to minimize current arising from platinum oxide formation

upon application of a potential step. Following this pre—treatment, catalyst films were deposited
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onto the Pt RDE in an otherwise identical manner to that described above. Tafel data were
collected in KB;/KNO; electrolyte with E,,,; stepped from 1.13 to 1.00 V in 7-20 mV
increments. At each potential step, steady—state data were collected at rotation rates (w) of 2000
and 600 rpm; data were also collected in the absence of disk rotation, but in a well-stirred
solution. Background currents arising from the OER at the Pt RDE itself are insignificant
compared to currents due to the OER mediated by NiB;. The excellent agreement among Tafel
slopes (28 mV/decade) under these disparate conditions reveal that Tafel data are not limited by
mass transport over the current/potential range explored. In addition, these experiments
demonstrate that the kinetic profile of the catalyst does not depend on the nature of the
underlying substrate.

Tafel data in the absence of excess supporting electrolyte. Tafel data were acquired as
in subheading B, with the exception that electrolytes contained only KB; and no KNOs. Tafel
data were collected in 0.1, 0.2, 0.5 and 1.0 M KB;, pH 9.2 electrolyte. Apparent Tafel slopes
decrease from 40 to 35 mV/decade as the borate concentration (and ionic strength of the
electrolyte) increases.

Supporting electrolyte effect. The surface of a 0.2 cm? FTO-coated glass electrode was
exposed by application a 1 cm wide piece of scotch tape to isolate a 2.0 mm x 1.0 cm strip. The
solution resistances of six electrolytes, each containing 0.1 M KB; at pH 9.2, with varying
concentrations of KNO; from 0-2 M were measured using the iR test function. Without
disturbing the relative positions of the working and reference electrodes, a 1.0 mC cm * catalyst
film was deposited and anodized. Following anodization, the catalyst film was operated in each
solution at a fixed current density of 0.4 mA cm . In this galvanostatic experiment, the potential
required to sustain this current density was recorded after at least 300 s had elapsed. Potential
values were then corrected for iR drop using the measured solution resistances. Prior to operation
in each electrolyte, the catalyst film was briefly rinsed in fresh electrolyte of identical

composition, to avoid cross—contamination. KNO; concentrations >1 M were found to be

97



sufficient to eliminate any diffuse double layer effects and attendant complications arising from
elevated local concentrations of borate anions.

Open circuit decay transients. NiB; films were prepared as described in subheading C.
Following deposition, the films were immersed in KB;/KNO; pH 9.2 electrolyte and held at 1.1
V (vs. NHE) for 10 s, after which E,,,; was removed. This short duration was sufficient for the
current to plateau without the onset of anodization. A second potentiostat, which was connected
in parallel, was used to measure the voltage across the working and reference electrodes
throughout the potential bias and for 2 min subsequent to the removal of Eqppi (open circuit). The
sampling interval was 5 ms. The open circuit potential (OCP) was plotted as a function of time.
The electrode was then rinsed in water and anodized in 1 M KB; pH 9.2 electrolyte. F ollowing
anodization, films were immersed in KB;/KNOs; pH 9.2 electrolyte and the open circuit decay
experiment was repeated, this time with a sampling interval of 2.5 ms. The open circuit potential
was plotted as a function of time. These transients were fit to eq. 3.1 to extract the Tafel slopes
for OER for anodized and non—anodized films. The OCP transients were also converted into
Tafel plots using eq. 3.2.

Borate Dependence Studies. To determine the reaction order in borate, solutions were
prepared with B; concentrations in the range of 0.63-6.3 mM. An appropriate amount of KNO;
was added to ensure an ionic strength of 2 M. The solution resistance of each electrolyte was
recorded without disturbing the relative positions of the working and reference electrodes, and
then a 1.0 mC cm™ catalyst film was deposited onto a Pt RDE. Following anodization, the
catalyst film was operated at 1.05 V in each solution at @ = 2500, 1600, 900 and 625 rpm. At
each rotation rate, the current was allowed to reach its steady—state value before proceeding to
the next rate. Prior to operation in each electrolyte, catalyst was rinsed in fresh electrolyte of
identical composition to avoid cross-contamination. The experiment was then repeated at 1.04 V
and 1.06 V. Ohmic losses due to solution resistance accounted for <I mV and they were therefore
neglected. Appreciable changes in current values with @ were observed for electrolytes of low

buffer strength ([Bi] < 40 mM), implying that the reaction was not purely activation controlled.
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As such, Koutecky-Levich (K-L) plots (" as a function of o ""?) were constructed to allow for
extraction of activation—controlled currents by linear extrapolation to the limit of an infinitely
high rotation rate. Log j was plotted as a function of log [B;] over the [Bi] range 0.63 M—40 mM.
In electrolytes of very low buffer strength ([Bi] <40 mM), a slope of ca. zero is observed.

pH dependence studies in B; electrolyte. A 0.2 cm’ (1 cm x 2 mm) area of an FTO-

2 catalyst film was

coated glass electrode was isolated with scotch tape and a 1 mC cm™
deposited. The electrode was operated at a current of 2 pA (equivalent to 10 pA cm ) in 100 mM
KB; 2 M KNO;, pH 8.5 electrolyte. The steady state electrode potential (measured after
operation for > 2 min at each pH) was recorded as the pH of the solution was raised up to pH
12.0 in increments of about 0.1 pH units using pL aliquots of 10% KOH solution. Ohmic
potential losses amounted to <0.1 mV and they were ignored. Additionally, at these very low
current densities, no local pH gradients arise even when the pH is adjusted outside of the ideal B;
buffering regime. The steady-state electrode potential was plotted as a function of pH.

A 1.0 mC cm” catalyst film was prepared onto a Pt RDE. Tafel data were collected in
electrolytes with B; concentrations equal to 0.601, 0.200, 0.110, 0.101, and 0.100 M at pH 8.5,
9.2, 10.2, 11.2 and 12.0, respectively, to ensure that each electrolyte contained ~0.1 M borate
anion, considering the pK, of 9.2 for B; buffer. Sufficient KNO; was added to each solution to
yield a concentration of 0.9 M, and therefore to maintain an ionic strength of 1 M. In each
solution, steady state data were collected without /R compensation at 2500, 1600, 900, and 625
rpm, and where necessary, K-L analysis was used to extract activation—controlled current values.
Although the measured current, and for that matter the /R drop, varied with rotation rate, the
difference in these Ohmic losses due to solution resistance between different rotation rates at the
same applied potential was negligible (<1 mV). The product of the previously measured solution
resistance and the average current value over the rotation rate range analyzed was subtracted
from the applied potential to yield the iR-corrected potential. The upper and lower limits for
applied potentials were chosen such that current densities would fall between 3.5 mA cm * and

10 pA cm % Data were recorded at potential intervals of 10 mV to yield Tafel slopes. Tafel plots
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were interpolated at 2.5, 0.25 and 0.025 mA cm ™ to furnish the potential dependence on pH at
constant current density.

pK. titrations. A 1.0 mC cm™ catalyst film was prepared onto an FTO—coated glass
electrode (0.2 cm?), and operated at a current of 2 WA (equivalent to 10 pA cm™) in 100 mM KB;
2 M KNO;, pH 11.3 electrolyte. The steady-state electrode potential was recorded using a
Hg/HgO (1 molal NaOH) reference electrode as the pH of the solution was raised in increments
of 0.2-0.25 pH units up to pH 12, with pL aliquots of 50% KOH solution. The experiment was
continued in separate electrolytes of identical composition (100 mM KB; 2 M KNOs) whose pH
had been previously adjusted to pH 12.25, 12.5, 12.8 and 13.15, respectively. Ohmic potential
losses amounted to <0.1 mV in each electrolyte and could be safely ignored. The measured
potentials (vs Hg/HgO) were converted to the NHE scale using E(NHE) = E(Hg/HgO, 1 molal
NaOH) + 0.108.° The corresponding overpotentials were calculated by subtracting the
thermodynamic potential for the OER at each pH from the E(NHE) values. The steady state
electrode overpotential was plotted as a function of pH at 10 pA cm .

Tafel data in Bi-free electrolyte, pH 12.9, 13.8. A 1.0 mC cm catalyst film was
deposited onto a Pt RDE and Tafel data were acquired in 0.1 M KOH 1.9 M KNO; and 1.0 M
KOH 1.0 M KNOs solutions (pH 12.9 and 13.8, respectively). For these solutions, no mass
transport limitations were encountered over the accessible overpotential range (y = 220-330
mV), and activation-controlled steady state Tafel data were acquired at a single rotation rate of
2000 rpm.

Tafel data in Bi-free electrolyte, pH 8.5. A 1.0 mC cm ™~ catalyst film was deposited
onto a Pt RDE as described above. The activation-controlled steady state current density was
measured with /R compensation as a function of applied potential by K-L analysis (see Figure
S6 for a representative example) at 20 mV intervals in 1.0 M NaClOs, pH 8.50 electrolyte. 1-5
uL aliquots of 1 M NaOH were added periodically to ensure minimal drift (+ 0.01 pH units) in
bulk pH over the course of the experiment. Three consecutive runs were acquired and the Tafel

data were averaged. The activity of films in B; electrolyte (0.5 M KB; 1.75 M KNOs, pH 9.2

100



electrolyte) after operation in 1 M NaClO, pH 8.5 were compared with Tafel data acquired using
a fresh catalyst film. Since the activity of a catalyst film after operation in Bi—free electrolyte is
comparable to that of a fresh film, the possibility of film corrosion causing the Tafel behavior
observed in buffer-free electrolytes is excluded.

Deposition and Tafel plots of CoB; films. CoB; catalyst films were prepared via
controlled—potential electrolysis of 0.1 M KB;, pH 9.2 electrolyte solutions containing 0.5 mM
Co®". Depositions were carried out using an FTO-coated glass piece as the working electrode.
These FTO—coated glass electrodes were rinsed with acetone and water prior to use in all
experiments and a ~0.6 cm wide strip of Scotch tape was applied to the FTO coated side such
that a 1 cm?® area was exposed to solution. Deposition by controlled potential electrolysis was
carried out on quiescent solutions at 0.9 V (vs. NHE) without iR compensation and with passage
of 0.6 mC cm ™ (equivalent to 6 nmol cm* Co). A typical deposition lasted 12 s.

Current—potential data were obtained for this 0.6 mC cm 2 CoB; film by conducting
controlled potential electrolysis in KB/KNO; pH 9.2 electrolyte at a variety of applied
potentials. Prior to film deposition, the solution resistance of the electrolyte to be used for
collection of Tafel data was measured using the iR test function. The electrolysis solution was
exchanged for Co*'—containing KB; electrolyte, without disturbing the relative positions of the
working and reference electrodes. The film was prepared by controlled—potential electrolysis.
Following film preparation, the working electrode was rinsed in fresh Co-free KB; electrolyte
and transferred, without drying, to the same electrolysis bath in which the solution resistance was
measured. The electrode was allowed to equilibrate with the electrolysis solution for 5 min while
being held at the open circuit potential. The solution was stirred and steady—state currents were
then measured at applied potentials that descended from 1.13 V to 1.00 V in 10 mV steps. At
each potential, 400 s to 600 s were allowed for the film to reach steady state. The solution
resistance measured prior to the data collection was used to correct the Tafel plot for Ohmic

potential losses.
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4.1 Introduction

In the preceding chapters we have discussed spectroscopic and mechanistic studies of
nickel-borate oxygen evolving catalyst films. These studies have elucidated the molecular basis
for the activity changes that are observed upon anodization of the electrodeposited films, and we
have rationalized their remarkably high activity at intermediate-to-alkaline pH conditions in
terms of their mechanism of action. We now turn our attention to considering the integration of
these catalysts with light-harvesting materials in photoelectrochemical (PEC) water splitting
assemblies. Numerous device configurations have been proposed for PEC water splitting'~’ and
they can be broadly categorized into those devices wherein the photovoltaic material makes a
rectifying ju'nction with solution as opposed to those in which the rectifying junctions are
protected from solution or “buried”. Figure 4.1 schematically depicts the latter with a double
junction configuration of absorber materials with progressively larger band gaps that are

connected in series using thin—film ohmic contacts to generate open circuit voltages (Vo) that are

OER catalyst HER catalyst
\ ; | i /

-- | JHOM,()) | "

.......................... . o n J
SN | fHom, et

1.23V |
______ H,0/0,(E")
Noer() 4o
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Ohmic Contacts

Figure 4.1. Qualitative band diagram of a double junction PV-PEC water splitting cell depicting
the thermodynamic potential separation of the OER and HER (*=*), and the quasi—Fermi level
(*==) and bend edge positions (=) throughout the cell under illumination with sustained water
splitting at current density, j. The potential at each solution interface is given by the OER, nogr,
and HER, nugr, overpotentials required to sustain the operating current density, j. For clarity of
representation, solution and contact resistance losses are omitted.
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large enough to drive water splitting. Thin-film ohmic contacts are at the termini of this stack to
both protect the semiconductor from the chemistries occurring in solution and to enable efficient
charge transfer to catalyst overlayers, which execute the oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER).

Whereas water splitting catalysis is combined with charge separation, current
rectification, and photovoltage generation in a solution junction PEC device, in a buried junction
device, catalysis is separated from the current rectification, charge separation, and photovoltage
generation, which occur at the internal junction. In contrast to a solution junction, the
photovoltages produced at buried junctions are free to float and are not fixed relative to a
material-specific flatband potential.” Thus, for buried Junction devices, there is no requirement
that the flatband potentials of the semiconductors result in band edges that straddle the
thermodynamic potentials of the OER and HER under the conditions of operation. This fact
dramatically expands the number of light-absorbing materials available for buried junction PEC
water splitting. Additionally, as the buried junction device represents a photovoltaic power
source in series with an electrochemical load, the OER and HER catalysts may be optimized
independently such that maximum power transfer occurs to drive water splitting. We elaborate
here on this latter issue and show that the kinetic profile of the catalyst is a key determinant of
the overall solar-to-fuels efficiency (SFE).

We interrogate here the interplay of OER catalysis and photovoltaic performance in
defining SFE of the artificial leaves based on Ni-B; and Co-B; catalysts. Building on the
theoretical work of Hanna and Nozik® and adapting the engineering loss analysis model of
Rocheleau and Miller,” we use Ni-B; and Co-B; electrokinetic data as a basis for modeling the
electrochemical load of water splitting in a PEC cell. We show that Ni-B; and Co-B; exhibit
markedly different Tafel slopes pointing to different mechanisms of oxygen evolution, which
translate into disparate electrochemical loads for water splitting. By assembling the
electrochemical profiles of Ni-B; and Co-B; systems with multi—junction PV components of

similar power conversion efficiency but disparate open—circuit voltages, V., we show that OER
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Figure 4.2. Tafel plot, 77 = (Vappi — iR — E"), of a Ni-B; catalyst film operated in 0.5 M B;, pH 9.2
(A), and a Co-B; catalyst film operated in 1 M B;, pH 9.2 (m). E" is the thermodynamic potential
water splitting the under the conditions of the experiment, # is the overpotential, iR accounts for
the uncompensated cell resistance. The slopes of the linear fits to the data are 52 mV/decade and
29 mV/decade for Co—B; and Ni-B;, respectively.

catalyst kinetics is a key determinant of SFE when water splitting is performed near its
thermodynamic limit (i.e. low V). This observation has not broadly been appreciated previously
because most PEC cells have employed semiconducting materials with large bandgaps that
provide high voltages that are energetically far removed from the thermodynamic limit of water

splitting.
4.2 Results

4.2.1 Catalyst Film Electrosynthesis

Water splitting catalysts were deposited as thin films by controlled potential electrolysis
of Co?" and Ni*" solutions in 0.1 M potassium borate electrolyte, pH 9.2 (B;) at a potential of
0.92 and 1.15 V (vs. the normal hydrogen electrode, NHE), respectively. 511 Following
electrodeposition, Co films were rinsed and placed in electrolyte containing no additional Co to
yield steady state current density values that are unchanged over time. The log of the steady state
current density of Co—B; films versus the applied overpotential exhibited good linearity over ~2.5

decade range in current density and yielded a Tafel slope of 52 mV/decade (Figure 4.2). This
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Tafel slope is similar to those previously observed for films grown from phosphate electrolyte at
pH 7,"? and it is diagnostic of a mechanism involving an equilibrium of a one electron reaction
that precedes a rate limiting chemical step for oxygen evolution.

In contrast to Co-B; films, which exhibit high initial OER activity that is sustained
indefinitely, Ni-B; requires preconditioning by anodic polarization in order to obtain steady state
current densities that are high and remain unchanged over time.'' Over the course of this anodic
preconditioning, Ni-B; films exhibit a dramatic rise in activity and undergo structural changes
reminiscent of a B~NiOOH to y-NiOOH phase conversion.'' The logarithm of the steady state
current density of preconditioned Ni-B; films versus the applied overpotential exhibits good
linearity over ~2.5 decade range in current density and yields a Tafel slope of 29 mV/decade
(Figure 4.2), in contrast to the value observed for Co—B; under similar conditions. A thorough
mechanistic investigation of thin Ni-B; films (Chapter 3) reveals that the low Tafel slope for Ni
implies a mechanism involving a two electron equilibrium prior to the rate limiting step of
oxygen evolution, as opposed to the one-electron pre-equilibrium observed for the Co-B;

catalyst."?

4.2.2 j-V Modeling of Buried-Junction Semiconductor—Catalyst Assemblies
The disparate Tafel behaviors of Ni and Co films are paramount to determining the
anodic electrochemical load in an artificial leaf. Specifically, the electrochemical load of water
splitting is described by the following equation:”’
Vop() = E® + noer () + nuer () + 10 () 4.1)
where Vo, is the overall operational voltage necessary for water splitting at a given current
density j, E° is the thermodynamic potential stored in water splitting, 1.23 V under standard
conditions, and 7q represents the voltage required to overcome resistive losses in the device
including contact resistance between the components and ion transport resistance arising from
the electrolyte solution. Typically these resistances are ohmic and therefore can be represented

by the simple product of the net current and an aggregate cell resistance, R. The noer and Huer
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Figure 4.3. Electrochemical load of water splitting utilizing Co-B; (green == == —), Ni-B; (blue
* == =), RuO; (red == = =), and LaMnO; (light blue * - —) oxygen evolution catalysts and the j—
V curve of an idealized model of an a—Si|nc—Si|nc—Si triple junction photovoltaic displaying V.
=1.94 V, ji = 8.96 mA cm* (black ==) and an idealized hypothetical cell possessing Voc = 2.13
V, jse = 8.15 mA cm 2 (black == == ==). Open circles indicate operating current densities for the
high V,. cell and correspond to 10% SFE for all catalysts. Close circles indicate operating current
densities for the low V,. cell for which SFE is sensitive to catalyst performance.

terms represent the overpotential losses accompanying the oxygen evolution and proton
reduction half reactions, respectively, and they are illustrated in Figure 4.1. Both overpotential
terms are functions of the current density as given by the Tafel law,

n=blog (L) (42)
in which b is the Tafel slope and jj is the exchange current density, representing the extrapolated
rate at which the forward and back reactions occur under conditions of zero driving force, n = 0.
Combining egs. 4.1 and 4.2 with consideration of the ohmic nature of the cell resistance term

engenders the following expression for the electrochemical load of water splitting,

V(,,p(]) =123+ bOERlog (;) -+ bHERlog( 1 ) +]R (43)

Jjo,0ER Jo,HER

In this expression, bogr, jo.orr, burr and jouer represent the Tafel slopes and exchange current
densities of the oxygen evolution and proton reduction catalysts, respectively. In order to isolate
the impact of disparate OER catalyst kinetics, we chose to model the hydrogen evolution catalyst

14,15

using values typical of the HER on high surface area Ni electrodes ™~ and similar to those used

in the artificial leaf,'("]7 Jomer = 10 pA cm 2 and bugr = 30 m\//decadf:,M and to assume a
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conservative value of R = 10 Q. Extrapolation of the Tafel data in Figure 4.2 yields exchange
current densities for Co—B; and Ni-B; of 2.1 x 107> and 5.0 x 10™'® A cm™, respectively. These
values, taken together with the Tafel slopes of the two catalysts yields the current density—
voltage curves shown in Figure 4.3 for water splitting by Co-B; and Ni—B,. Consistent with the
larger exchange current density for Co-B;, the onset of appreciable water splitting occurs at a
lower potential relative to Ni-B;. However, the lower Tafel slope of Ni—B; causes its j—F curve to
rise far more steeply, requiring a lower voltage at high current density. In this treatment, we
assume that the Tafel behavior shown is Figure 4.2 is retained over the entire overpotential range
and acknowledge that mass transport limitations and/or changes in OER mechanism at high
overpotential may perturb the theoretical j—V behavior in Figure 4.3.

As further points of comparison, published Tafel data for Ru0,'® and LaMn0;"” in 1 M
NaOH are also overlaid on the graph to model the electrochemical load of water splitting using
these catalysts. The reported Tafel data for RuO, and LaMnO; correspond to materials prepared
by high temperature calcination of metal salt precursors at >350 °C. As such, these materials may
not be suitable for integration into PV-PEC architectures, and we therefore include them in
Figure 4.3 as exemplars of high and low performance OER catalysts and thus they provide a

benchmark for the impact of catalyst performance on SFE.

4.3 Discussion

In the artificial leaf, the operating current density is given by the intersection of the j—V
curve for the PV and the j—V curve representing the electrochemical load for water splitting. This
operating current density multiplied by the thermodynamic potential of water splitting, 1.23 V,
defines the power stored in water splitting and the ratio of this power to the incident power of the
solar flux, 100 mW/cm?, defines the SFE. For the purposes of illustration, we model in Figure
4.3 the idealized PV behavior of a triple junction amorphous Si(a—Si) | nanocrystalline Si(nc—Si)
| nanocrystalline Si(nc—Si) triple junction cell stack®® exhibiting Ve = 1.94 V and j,. = 8.96 mA

cm?, and a hypothetical multi—junction cell with a V. = 2.13 V and j,. = 8.15 mA cm ™.
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Idealized behavior of the PV is modeled by ignoring efficiency losses due to high series or low
shunt resistances and assuming a diode ideality factor of 1 (details of PV modeling provided in
the Section 4.5). Both idealized cells exhibit a power conversion efficiency of 16%, but display
dramatically different SFEs when paired with the various OER catalysts.

For the cell possessing the lower Vo, the electrochemical load curves for water splitting
using Ni-B;, and Co-B; intersect the j—V curve of the PV at 1.85 and 1.89 V (Figure 4.3),
respectively, which is beyond the maximum power point (Vmp = 1.83 V) of the PV. As the PV
current density declines sharply beyond Vi, an artificial leaf utilizing Co-B; 1s expected to
exhibit a lower hydrogen production current density (7.6 mA cm ) than one utilizing Ni-B; (8.7
mA cm ). Water splitting stores 1.23 V and, thus, these current densities translate to SFE = 9.3%
and 10.7% for Co-B; and Ni-B;, respectively. The SFE declines further for the case of LaMnOs,
which displays an overall water splitting current density of 4.4 mA cm? and a SFE = 5.4%. In
contrast, RuO,, despite displaying greater OER catalytic activity than thin film Co-B; and Ni-B;
exhibits only a marginally larger SFE = 11.1%. The artificial leaf becomes even more insensitive
to OER catalytic activity if the V. of the PV can be increased (Figure 3). For the higher Vo cell,
all of the catalysts exhibit SFE = 10.0%, highlighting the fact that good catalyst performance and
high SFE is only mandated if a suitable PV with a ¥y, matched to the electrochemical load can
be designed near the thermodynamic potential of water splitting.

The forgoing analysis assumes that the PV exhibits ideal diode behavior with minimal
series and maximal shunt resistances. In practice, multi—junction Si devices suffer from poor fill
factors symptomatic of non-ideal diode behavior and parasitic resistance losses.”® Thus, we
stress that the trends observed here are purely theoretical and that a more rigorous analysis
performed on a specific PV/catalyst pairing would be necessary for device optimization. We do
note however, in a practical artificial leaf with minimized ohmic losses, an overall SFE = 5.2%

has been observed for a PV cell of 7.7% efficiency.'®
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Figure 4.4. Low SFE (red, — — with green, =) and high SFE PEC cells (red, == with blue, =
or purple, =). The j—V curves of a PV (red, == =) for a typical metal oxide semiconductor
operating (Vo > 3.0 V) and a PV (red, =) operating near the region of thermodynamic potential
for water splitting (gray bar) at arbitrary current density j overlaid with Tafel curves of catalysts
exhibiting increasing slope, i.e. increasing catalyst performance (green, — to blue, — to purple,

—). Note the sensitivity of the overall SFE to catalyst performance for PVs operating near
thermodynamic potential.

4.4 Conclusion

In summary, we illustrate here that a key determinant of high SFE for artificial leaves,
and more generally, photoelectrochemical cells, is the OER kinetic profile. In particular, thin Ni—
B; catalyst films exhibit a 29 mV/decade Tafel slope as compared to a 52 mV/decade slopes
observed for Co—B; under similar electrolyte conditions. The disparate kinetics of Co—B; and Ni—
B; translate into improved SFE of an artificial leaf utilizing the latter, suggesting that Ni-B; is
particularly well-suited to direct solar—to—fuels generation.

We note that the critical role of catalysis in SFE has generally been under-appreciated
because PEC cells to date have generally relied on semiconducting materials with large bandgaps
(e.g., SrTiO;, TiO,, WO; display bandgaps, E, > 2.5 V) which supply very high voltages to drive
water splitting.”' These materials have typically been used as components of solution junction
PEC devices rather than buried junction devices complicating their analysis using the simple
power matching model presented here.* Notwithstanding, extremely poor catalytic activity of

semiconducting oxides such as SrTiOs, TiO, and WO; can be masked by the large voltages they
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deliver to drive water splitting via high overpotential pathways (e.g. hydroxyl radical
formation).”'*> As illustrated in Figure 4.4, qualitatively, large band gap oxide PEC devices can
be viewed as exaggerated cases of the high Vo PV we model in Figure 4.3, wherein, load curves
for poor catalysts still intersect the j— curve of the semiconductor at or below the Vw,. The
maximum SFE of such cells, however is intrinsically limited owing to inefficient utilization of
the solar spectrum. High SFEs can only be achieved for PVs operating near the thermodynamic
potential of water splitting so that the absorption of the solar spectrum can be maximized. In this
case, as illustrated in Figures 4.3 and 4.4, the overall SFE becomes extremely sensitive to
catalyst performance.

These results show that the construction of efficient PEC devices such as the artificial
leaf reduces to a problem of catalyst design. To this end, Co-B; and Ni-B; are ideal water
splitting catalysts when integrated to well-designed Si-junctions or other PV cells operating near
the thermodynamic potential for water splitting. The results herein show that SFEs = 10% are
easily within reach if Co-B; and Ni-B; catalysts are integrated with PV cells operating at 15%
efficiency thus highlighting the promise of artificial leaves as a low cost method for direct solar—

to—fuels production.

4.5 Experimental Methods

Materials. Ni(NO3);*6H,0 99.9985% was used as received from Strem. H;BO; (99.5%),
and KOH (85%) were used as received from Sigma-—Aldrich. NaOH (99%) and KNOs (99%)
were used as received from Mallinckrodt. All buffers were prepared with reagent grade water
(Ricca Chemical, 18 MQ-cm resistivity) or Millipore Type-I. Fluorine—tin-oxide (FTO) coated
glass slides (TEC—7) were purchased as pre—cut pieces from Hartford Glass.

Electrochemical methods. All electrochemical experiments were performed at ambient
temperature with a CH Instruments 760D potentiostat and a BASi Ag/AgCl reference electrode.
All electrode potentials were converted to the NHE scale using E(NHE) = E(Ag/AgCl) + 0.197

V. Unless otherwise stated, the electrolyte was 0.1 M potassium borate at pH 9.2 (Bj).
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Co-B; catalyst film formation and Tafel data collection. Bulk electrolyses were
performed in a two—compartment electrochemical cell with a glass frit junction of fine porosity.
For catalyst electrodeposition, the auxiliary compartment was charged with ~50 mL of 0.1 M B;
electrolyte and the working compartment was charged with ~50 mL of solution comprising 25
mL of 0.2 M B; electrolyte and 25 mL of 1 mM Co*" solution. The working electrode was a 1 cm
x 2.5 cm piece of FTO-coated glass. The FTO coated side was masked so as to expose a 1 cm?
area of the electrode to the solution. Pt mesh was used as the auxiliary electrode. Electrolysis was
carried out at 0.92 V on quiescent solutions without /R compensation and with the reference
electrode situated 2-3 mm from the ITO surface. Electrolysis was continued until 24 mC of
charge were passed.

Tafel data were obtained by conducting controlled—potential electrolysis in 1 M B;
electrolyte at a variety of applied potentials. Prior to film deposition, the solution resistance of
the I M KB; electrolyte to be used for Tafel data collection was measured using the iR test
function. The electrolysis solution was exchanged with C02+-containing 0.1 M B; electrolyte,
without disturbing the relative positions Qf the working and reference electrodes. The film was
prepared by controlled-potential electrolysis as described above. Following film preparation, the
working electrode was rinsed in reagent grade water, and transferred without drying, to the same
electrolysis bath in which the solution resistance was measured. The electrode was allowed to
equilibrate with the electrolysis solution for 5 min while being held at the open circuit potential.
The solution was stirred and steady-state currents were then measured at applied potentials that
descended from 1.17 V to 0.96 V in 10-30 mV steps. For currents greater than 10 UA cm™, a
steady state was reached at a particular potential in 400-600 s. For currents lower than 10 UA
cm?, longer electrolysis times (15-20 min) were utilized to ensure that steady state conditions
had been achieved. The solution resistance measured prior to the data collection was used to
correct the Tafel plot for ohmic potential losses.

Ni-B; catalyst film formation, anodization, and Tafel data collection. Ni—B; catalyst

films were prepared by controlled—potential electrolysis of 0.1 M B; electrolyte solutions
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containing 0.4 mM Ni*". To minimize precipitation of Ni(OH), from these solutions, 25 mL of
0.2 M B; was added to 25 mL of 0.8 mM Ni*" solution. The deposition solutions were
subsequently filtered through a 0.2 pum syringe filter (Pall Inc.) to remove any precipitated
Ni(OH), that formed. The solutions thus prepared remained clear over the course of all
depositions, which were carried out using an FTO-coated glass piece as the working electrode.
These FTO-coated glass electrodes were rinsed with acetone and water prior to use in all
experiments and the FTO-coated side was masked so as to expose a 1 cm’ area of the electrode
to the solution. Deposition by controlled-potential electrolysis was carried out on quiescent
solutions at 1.15 V without /R compensation and with passage of 1 mC cm % A typical
deposition lasted 70 s. Following deposition, films were rinsed with 0.1 M B; and subsequently
anodized in 1 M B; electrolyte by passage of 3.5 mA cm * for 1 h with stirring.

Current—potential data were obtained by conducting controlled potential electrolysis in
0.5 M B; 1.75 M KNOs electrolyte at a variety of applied potentials. Prior to film deposition and
anodization, the solution resistance of the electrolyte to be used for Tafel data collection was
measured using the iR test function. The electrolysis solution was exchanged for Ni**—containing
B; electrolyte, without disturbing the relative positions of the working and reference electrodes.
The film was prepared by controlled-potential electrolysis and anodized as described above.
Following film preparation, the working electrode was rinsed in fresh Ni—free B; electrolyte and
transferred, without drying, to the same electrolysis bath in which the solution resistance was
measured. The electrode was allowed to equilibrate with the electrolysis solution for 5 min while
being held at the open circuit potential. The solution was stirred and steady—state currents were
then measured at applied potentials that descended from 1.1 V to 1.00 V in 7-20 mV steps. For
currents greater than 10 uA cm 2, a steady state was reached at a particular potential in less than
400 sec. For currents lower than 10 A cm ™2, longer electrolysis times (15-20 min) were utilized
to ensure that steady state conditions had been achieved. The solution resistance measured prior

to the data collection was used to correct the Tafel plot for ohmic potential losses.
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J-V curve modeling. The j—V curve representing the electrochemical load of water
splitting was calculated using eq. 3 over a current density range from 10° Acm2to 10" A cm™
2. A 10 Q cell resistance was assumed along with joupr = 10 uA cm 2 and buer = 30 mV/decade.
The Tafel slopes and exchange current density values for Co—B; and Ni—B; were taken from
linear fits to the data in Figure 2 whereas Tafel slopes and exchange current density values were
taken published data for RuO,'® and LaMnOs."

The j—V curve representing idealized power output from a triple junction Si photovoltaic
stack was modeling using reported data for a a—Si|nc—Si|nc—Si cell*® which exhibits Vo, = 1.94
V and ji. = 8.96 mA cm ° (Figure 3). These two experimental parameters were used to calculate
the dark saturation current of an idealized cell, jy, using the following equation:

Jsc

" el ®

where g is the fundamental charge of an electron, £ is the Boltzmann factor, T is the temperature,

taken as 300 K, and n is the diode ideality factor, taken as 1. Using the calculated value of jj, the
ideal j—V curve is calculated using

j =Jse—Jo (exp () - 1) 5)
The same analysis was applied to a hypothetical idealized cell with a 10% increase in V. and a
concomitant 10% decrease in j. so to preserve the same overall power conversion efficiency of
16%. We note that the above equations produce upper limit ideal behavior because they do not
account for parasitic resistances that may exist within or between the individual p—n junction

components of the triple junction stack.
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