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Abstract

Amorphous metal oxides expand the range of material parameters significantly com-
pared to their crystalline counter parts. However, predictions of the exact nature of the
amorphous phase and its effect on material properties are still elusive. Thorough structure-
property investigations of well-known model systems are thus necessary before predictive
control of useful material properties is obtained. In this work, we fabricate a series of pho-
todeposited nickel (oxy)hydroxide (NiO,) thin films and anneal them at temperatures up to
1000 °C. EXAFS, XRD and XPS are used to determine the local structure, allowing us to cor-
relate it to measured electrochemical properties. We find an amorphous Ni(OH)»-like local
structure for annealing conducted below 250 °C, followed by an amorphous-to-amorphous

phase transition to a NiO-like structure by 300 °C, thus supplying evidence for different



amorphous polymorphs in this Ni-O system. Above 400 °C a cubic NiO XRD diffraction pat-
tern is detected. Electrochemically, we find a stepwise increase of the onset overpotential at
this transition, indicating a change in potential-determining step and possibly OER reaction
mechanism. The Tafel slope decreases linearly with annealing temperature, which we at-
tribute to a decrease in (Ni)OOH reaction intermediary coverage, supported by in-operando
UV-Vis electrochromism. Furthermore, we find that the (Ni)OOH coordination is increas-
ingly strained with annealing temperature, which manifests in higher electrochromic col-
oring rates and lower binding energies. We identify this as the root cause of the lowered
intermediary coverage. Thus, nano-crystalline NiO should kinetically be a superior catalyst
to amorphous Ni(OH),. However, at our benchmarking value of 10 mA cm™2 the amor-
phous material exhibits lower overpotential, due to a combination of lower onset potential,

large chemically active surface area and mass transport limitations under our conditions.

Introduction

With many countries enacting climate change policies,! novel technologies for improved en-
ergy efficiency, storage and conversion are required and need to be implemented to achieve the
necessary changes in our energy landscape. For many of those new technologies, widespread
implementation hinges on targeted development of engineered materials to improve perfor-
mance, efficiency, and cost. Metal oxides provides opportunity for such an approach and have
been investigated for many applications, such as catalysis,2 active materials in solar cells, bat-
teries,*° electrochromic applications,® and (pseudo-)capacitors.’

Crystalline (or poly-crystalline) metal oxides have traditionally been utilized. In recent years,
amorphous metal oxides have further increased the range of material properties, which in some
cases surpass their crystalline counterparts in performance.®'° These amorphous metal ox-
ides (a-MOs) are attractive for application because of their economical and scalable fabrication.
However, the exact nature of the amorphous phase and how it influences material properties, is

still largely unknown. ! While material properties exploiting increased surface area obviously



benefit from a reduction in crystallite size, the effect on other properties is less straightforward.
The general description of an amorphous material is that it lacks the translational symmetry of
crystalline materials; experimentally, materials are designated as (XRD-)amorphous if they do
not exhibit detectable XRD diffraction patterns. This often leads to their depiction as disordered
crystals; however, random atomic arrangement is a more fitting definition.!! Yet, a close-range
order persists in amorphous metal oxides, often only extending to the first or second coordi-
nation shells, and possibly extending up to the third or fourth coordination shells. Despite this
close-range order, these materials are all classified as XRD-amorphous, with no further distinc-
tion. This lack of strict definition already illustrates the difficulty of theoretical description of
the amorphous phase, as it in itself is not clearly defined. Thus, it has been experimentally
observed that amorphous materials can exhibit enhanced vacancy concentrations, ' altered

coordination environments, '3 or strain 4

compared to crystalline, or nano-crystalline counter-
parts. However, a prediction of these effects is non-trivial and remains elusive.

Therefore, studies on model systems correlating local structure to macroscopic properties
are necessary to advance our understanding of amorphous materials. Nickel oxides in their
crystalline forms have been intensely studied as catalysts, battery contact materials, or elec-
trochromic materials and thus are a good model system to investigate in the amorphous state. 1°
We have used photochemical deposition to readily achieve amorphous metal oxide thin films, 1617
including nickel (oxy)hydroxides.®!8 In this work, we anneal a series of photodeposited amor-
phous NiO, ? thin films, investigate their structural properties with x-ray absorption, x-ray
diffraction, and x-ray photoelectron spectroscopy, and interpret these results in light of their
electrochemical and electrochromic properties. This approach allows us to incrementally in-
crease atomic coordination and crystallinity, while observing the changes in material prop-
erties. Our main findings are that the NiO, samples are XRD-amorphous below an anneal-

ing temperature Tapneq Of 400 °C with an amorphous-to-amorphous coordination transition

from Ni(OH); coordination to NiO coordination at Thnneq = 250°C, coinciding with a stepwise

4For the sake of simplicity, throughout this report "NiO," broadly represents a continuum of nickel
(oxy)hydroxides, with no implied oxidation state of the nickel centre.



increase in theoxygen evolution reaction (OER) onset potential. We speculate that this step-
wise increase in onset potential is caused by a change in OER reaction mechanism. Our elec-
trochromic measurements reveal a decrease of (Ni)OOH reaction intermediary coverage at cat-
alytic onset with increasing Tynneal, as well as an increase in coloration rate above the coor-
dination transition, eluding to a lower OOH binding energy. We assume an increasing strain
in the (Ni)OOH coordination, as observed by EXAFS, as the root cause of this behavior. Elec-
trochemical measurements show an approximately linearly decreasing Tafel slope with Tapneal,
which we, in the light of our observations of the OOH coverage, attribute not to a change in rate
determining step, but to the decrease in OOH coverage with Typpea. Under our measurement
conditions, benchmarking of the catalysts at 10 mA cm~2 has the amorphous Ni(OH), catalyst

in the lead, despite the superior kinetics exhibited by the nano-crystalline NiO catalyst.

Results

Amorphous NiO, thin films were prepared using photochemical deposition as previously re-
ported.®1819 These films were used as-prepared (Ni-AP) or annealed in air at various tempera-
tures (Ni-XXX, where "XXX" is the annealing temperature). Sample preparation and full experi-

mental details are provided in the Supporting Information.

XRD

The XRD patterns of the NiO, thin films do not show any diffraction peaks at Thnnea below
400 °C (Fig. 1a). For higher Typpea the NiO(111) peak gradually begins to show; however the
NiO(200) peak only becomes visible for the Ni-1000 sample. All diffraction peaks are signif-
icantly broadened in comparison to the signal of a crystalline sample. We assume that this
broadening is mostly due to small crystallite size in our samples, which we estimate using the
Scherrer equation (Eq. S1). The determined crystallite size d; is plotted in Fig. 1b. A clear

increase in d;; with annealing temperature is observed, indicating that the sample is nanocrys-
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Figure 1: Structural characterization via XRD. a. XRD patterns for NiO, thin films annealed at
various temperatures indicate samples are x-ray amorphous up to a Tapnea 0f 300 °C. b. For
crystalline samples, the grain size was determined by the Scherrer equation, showing crystalite
sizes increase with T,hnheq), following a qualitative quadratic trend (solid line).

talline above T,hneq) 0f 400 °C and that crystallites further grow after initial nucleation of sub-
nm crystalline domains. Qualitatively, d., increases quadratically with Typpea- A similar in-
crease of d.; with annealing temperature has been observed for nickel oxides® and a multitude

of other materials. 223

XPS

The Ni 2p3/2 XPS spectra of a subset of samples are plotted in Fig. 2a; all fit parameters are re-
ported in Tables S1 and S2. Qualitatively, the Ni-AP spectrum is well reproduced by features
associated with Ni(OH), (green lines), while the Ni-600 sample predominantly exhibits peaks
associated with NiO (blue lines). For intermediate Tynneal, Samples show peaks characteristic
of both NiO and Ni(OH),, a representative example being Ni-250 in Fig. 2a. To achieve a best
fit, a low-percentage contribution of NiOOH peaks needs to be included (gray lines). With the
characteristic peaks of these three compounds, a good overall fit (red lines) is obtained for all
samples. The resulting speciation is plotted against Tanneq in Fig. 2b. These results back up
the qualitative observations and show that Ni-AP largely consists of Ni(OH), (94 %). With in-
creasing Tynneal the NiO concentration increases at the expense of the Ni(OH), concentration.

Already, Ni-300 consists 0f 90 % NiO and for Ni-600 the NiO content increases to 95 %. All sam-



photoelectron count

Figure 2: Ni 2p3,, X-ray photoelectron spectra of selected samples. a. The Ni 2p3,, edge XPS sig-
nal of NiO, samples not annealed (Ni-AP), and annealed at 250 and 600 °C (Ni-250 and Ni-600,
respectively) were fit (red line) using NiO, Ni(OH),, and NiOOH components (blue, green, and
gray lines, respectively). The Shirley background is not plotted for clarity. b. The fitting indi-
cates that as the T,nneq) increases, the concentration of NiO increases at the expense of Ni(OH)»,
while the contribution from NiOOH remains largely unchanged.

ples consist of 2-5 % of NiOOH, with no discernible trend with T,pneq. O 1s XPS spectra, as

shown in Fig. S2, qualitatively support these observations.

X-ray absorption spectroscopy

XANES

XANES spectra of annealed and post operando (PO, see SI) samples — along with reference com-
pounds Ni(OH), and NiO - are plotted in Fig. S3. Qualitatively, samples Ni-AP to Ni-230 re-
semble the Ni(OH), spectrum, while samples Ni-250 to Ni-600 more closely match the NiO
reference. While the PO spectra match the annealed samples at temperatures above 300 °C,
they deviate significantly for lower annealing temperatures. All samples exhibit a small pre-

edge feature and the sample’s oxidation state can be determined from the energy difference



between pre-edge feature position and edge position.?* The resulting oxidation states are plot-
ted in Fig. S3b. Samples Ni-AP through Ni-600 exhibit a T,nneq independent oxidation state of
approximately +2, while Ni-AP-PO has an oxidation state of approximately +2.5 which smoothly

decreases with Typpeq to +2 by Ni-400-PO.

EXAFS

The Fourier transform of the EXAFS signal is plotted in Fig. 3a for selected samples (the com-
plete data set can be found in Fig. S4) and the NiO standard for comparison. Qualitatively, the
EXAFS signal below a Tappear 0f 250 °C shows only a small amplitude, as well as little to no or-
dering beyond the first two coordination shells — associated with coordinating oxygen ions, and
nearest neighbour Ni atoms, respectively. This lack of features at higher R indicate that only
a loose close-range order persists, which is consistent with XRD results presented above. At
higher annealing temperatures, the second coordination shell peaks becomes larger than the
oxygen shell, and other peaks appear at larger R. A further change in the spectra occurs be-
tween 300 and 600 °C, where the peaks found at R > 3 A increase in amplitude, as well as in
sharpness.

Modeling of the first two shells yields the coordination number N, Ni-O and Ni-Ni bond
distances, and Debye-Waller factors 02(0) and ¢?(Ni), see Fig. 3b-d and Table S3. Due to a large
uncertainty in the fit, higher shells are not modeled. For all samples annealed up to a Typpea Of
250 °C the coordination number N is constant at a value of approximately 4.5, which increases
to a value of approximately 6 when annealed above 300 °C (Fig. 3b). The determined Ni-O and
Ni-Ni bond distances are presented in Fig. 3c and d, respectively. For samples Ni-AP through
Ni-225, the Ni-O bond distance is approximately 2.04 A, which is indicative of a a-Ni(OH)»
coordination®>?® (lower dashed line). At Tapneal = 250 °C, the Ni-O bond distance increases in a
stepwise fashion to approximately 2.075 A, close to the value 2.07 A for bulk NiO (upper dashed
line).2° Similarly, the Ni-Ni bond distance decreases from 3.075 A (bulk a-Ni(OH), = 3.08 A25)

atlow Tapneal Stepwise to 2.96 A (bulk NiO = 2.94 A25) at larger Tanneal. The Debye-Waller factors



o

ML

Ni-Ni
o

NiQO reference >

Pt
et
!

e
0 o

\ @ R | N | R | 3 PR RPN B
- Ni-200 0 200 400 600 0 200 400 600
— T T
anneal anneal
Ni Zllelpelnlelt =B amorphous-li NiO (fm-3m)

g i-AP

= ;‘. . é , | NI S [T TN T N T T M TN TN S [ N S R N J ...

1 00 200 300 400 500 600
RI) °C

anneal

Figure 3: a. The k? weighted Fourier transform of the EXAFS signal is plotted for select samples.
Black lines are annealed samples, with red lines being the NiO model of the first two shells. Blue
lines represent samples from the post operando electrochemically treated series (PO), with light
blue lines representing the first two shell model. In b.-d. the modeled EXAFS parameters are
plotted against Tppneq, Which show the coordination number N, oxygen bond distance, and Ni
bond distance, respectively. Red filled squares represent the annealed series, blue open circles
the annealed and then electrochemically treated series, and dashed lines the NiO reference
values. In c. the bond distance a-Ni(OH), is additionally plotted as a dashed line. e. Shows
a schematic of the sample structure with T,ppeq-



o? drop stepwise at Typneal = 250 °C for both the oxygen and nickel paths (Table S3).

The EXAFS spectra of electrochemically treated samples (j = 15 mA cm™2, 2 min) were
recorded post operando (labelled PO and plotted in blue in Fig. 3). Qualitatively, the PO samples
behave similarly to the annealed series, however they generally exhibit a smaller amplitude, as
well as a shift in peak position at low annealing temperatures. The Ni-O bond distance for the
PO samples is lower for all samples and increases almost linearly with Thppea from 1.975 A at
100 °C to 2.07 A at 500 °C. The Ni-Ni bond distance of the electrochemically treated samples
stays — within errors — constant with Tyyneai. 02(0) of the PO samples stay, within errors, con-
stant with Typneal, While o?(Ni) mirrors the step decreases at Tanneal = 250 °C. All parameters
converge to the NiO reference sample values with increasing Tannea. Fit parameters are col-
lated in Table S3.

The contraction of the Ni-O bond distances with increasing oxidation state in nickel oxides of-
fers another method to determine oxidation state.?’ Results for the PO sample series are plotted
in Fig. S3b and match within errors the oxidation numbers determined from XANES in the pre-

vious section.

Electrochemical properties
Electrochemistry

Measured cyclic voltamograms (CVs) and step voltammetry can be found in Figs. S5-S7. The
extracted Tafel slopes are plotted in Fig. 4a against Tynneal- A linear guide to the eye is super-
imposed, to illustrate the steady decrease of the Tafel slope with T,hneq. The overpotentials
n at catalytic onset and at j = 10 mA cm ™2 behave rather differently than the Tafel slope, and
increase in a single step around Typpear = 250 °C. The Tafel slope values are in the range of pre-
viously reported values of similar NiO, films'® and are lower than values for crystalline NiO?®
(not corrected for Fe electrolyte impurities), or NiO, nanoparticles.29 Bothn atonsetand at j =
18,30,31

10 mA cm ™2 exhibit values close to previously reported ones.

The double-layer capacitance Cgq (estimated from sweep-rate dependent CVs in the non-

9
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Figure 4: Electrochemical properties as a function of Typnea. a. the Tafel slope with line as
guide to the eye, b. the over-potential 1 at onset and j = 10 mA cm ™2, and c. the double-layer
capacitance Cg).

Faradaic range, Fig. S8) exhibits values in the uF range for T,nnea1 below 300 °C (Fig. 4c). It
increases 75-fold for Ni-300 compared to Ni-AP. A similar (22-fold) increase in double-layer
capacitance Cqj at Tanneal = 300 °C has been reported for electrochemically deposited Ni(OH),
films and attributed to a simultaneous increase in both the active surface area, and the specific
capacity, the latter being the predominant factor. 32 For higher Tynneal Cq1 decreases again al-
most linearly, which we attribute to the increase in d.; and the resulting decrease in the active
surface area.

The position of the oxidation peak of the Ni redox couple (E}, 5, determined in the up sweep
at a sweep rate of 0.01 V/s) shifts approximately linearly with T,npeq from 1.34 V vs RHE for
Ni-AP to 1.28 V vs RHE for Ni-600 (CVs are in Fig. S5). Comparing the position of this peak
in the first CV to the position in a steady-state CV, we observe a shift of approximately 0.04 V
for all samples. The shift is reversed on the back sweep. This behavior differs from what was
previously observed in Ni(OH), films3? where an up-sweep shift in the opposite direction and

no down-sweep shift were observed.

It was observed that samples that were initially clear and transparent colored to a dark blue-

grey hue when subjected to an applied potential, indicating the samples are electrochromic, as

10



has been previously reported for NiO,.34-3¢ In light of this, we took advantage of this property

to further investigate the samples, as is laid out in the next section.

Electrochromism

The electrochromic effect in nickel oxides is attributed to the transition of Ni** to a higher ox-
idation state of Ni®* or Ni**, i.e. from NiO or Ni(OH),to NiOOH or NiOO.3®> Simultaneously,
almost all proposed OER mechanisms involve the formation of NiIOOH or NiOO as a reaction
intermediary, for example via hydro-peroxide,3’ electrochemical metal peroxide,3® or lattice
oxygen.>Y Thus, the Ni-OH (NiO) — Ni-OOH/Ni-OO reaction step(s) can be directly probed by
monitoring the electrochromic response to an applied potential and the population (coverage)
of the Ni®* species is proportional to the coloring of the film. The steady-state spectra under

various conditions are presented in the SI (Figs. S9 and S10).

Coloration kinetics. Electrochromic kinetics are measured by applying a potential and
tracking transmission at a given wavelength (A = 450 nm in this case) over time, as shown in
Fig. 5 for samples Ni-100, Ni-300, and Ni-600. Three different potential steps (Epa, 1.9 V vs
RHE, and 2.4 V vs RHE) are applied at ¢ = 0 s. With E}, ; potential applied the transmission
drops and then stays constant. This coloring decreases with Typpeq from = 25% transmission
for Ni-100 and =50 % transmission for Ni-300 to only ~85% transmission for Ni-600. At higher
potentials all samples exhibit an initial fast coloring step to approximately the respective Ej, ,
coloring level, followed by slower further coloring of the samples. This additional coloring takes
up to 75 s to stabilize at 1.9 V applied potential or 30 s at 2.4 V. All samples color to roughly the
same level at 1.9 Vor2.4 V.

The initial coloration is fit with an exponential decay of transmission for all samples (left panels
in Fig. 5). When E,, , is applied the coloring perfectly follows the exponential decay function,
while for higher potentials, the coloring occurs faster than modeled with a single exponential

decay, indicating a second process must be occurring. The extracted coloring rates (r) are plot-
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ted against Tynneq) in Fig. 5d and listed in Table S4. For all applied potentials, the coloring rates
decrease with Typpea to @ minimum at Tapneq = 250 °C; from there the rates increase steadily
with Tanneal- Coloring rates with higher applied potentials (1.9 V or 2.4 V vs. RHE) are approx-
imately an order or magnitude larger that the rates with E}, ; applied. The arrows in respective
colors mark the time where the applied potential is switched off. When the E, , potential was
applied, the transmission remains constant upon removing this potential. For the two higher
potentials, the colored state partially bleaches to E, , level once the potential is set to open cur-

rent potential.
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Figure 5: Transmission at A= 450 nm plotted against measurement time. 100 % transmission
is defined at OCP before applying potential. A potential of pre-oxidation peak value E, , (blue
symbols and lines), 1.9 V vs RHE (green symbols and lines), and c. 2.4 V vs RHE (red symbols
and lines) is applied at t=0 s for samples annealed at a. 100 °C, b. 300 °C, and c. 600 °C. The
respectively colored arrows signify the time the potential is turned off. Dotted lines are expo-
nential decay fits to the initial coloring step and resulting coloring rates are plotted in d.

CV tracking. The electrochromic response of NiO, thin films corresponds to a change in
chemical state;3° thus the chemical state of a catalyst can be deduced from a direct comparison

between cyclic voltammetry and electrochromism by measuring the in situ UV-vis transmission

12



a. Ni-100 b. Ni-300 c. Ni-600
09V 24V 09v 09V 24V 09V 09V 24V 09V
1o T T — T — T

0 120 240

0 120 240
timels

120 240

Figure 6: Transmission at A = 450 nm plotted against time (black lines and grey area, lhs and
bottom axis) and current density plotted against applied RHE potential (blue lines, rhs and top
axis) for samples annealed at a. 100 °C, b. 300 °C, and c. 600 °C during single CV at 0.01 V/s.

at a fixed wavelength (1 = 450 nm) in a electrochemical cell, while simultaneously performing
CV measurements. The results for samples Ni-100, Ni-300, and Ni-600 are plotted in Figs. 6 and
S11 for sweep rates v=0.01 Vs~ ! and v = 0.1 Vs~!, respectively.

At the slower sweep rate (v = 0.01 Vs™!, Fig. 6) the transmission of Ni-100 abruptly drops at
Ep 2 to = 25%. At approximately 1.8 V vs. RHE an additional slower coloring occurs to sub-10%
transmission at 2.4 V. On the reverse sweep this behavior reverses and a delayed slow bleaching
occurs until Ep . whereupon fast bleaching partially recovers transmission. The transmission
CV tracking for Ni-300 and Ni-600 is similar to the Ni-100 sample, however initial coloring only
proceeds to 50 % and 85 % transmission respectively, and the additional coloring occurs atlower
potentials of 1.65 V for Ni-300 and 1.55 V for Ni-600. For Ni-300 and Ni-600 the transmission is

fully recovered upon cycling.

Discussion

The measured observables can be split up into two groups depending on their behavior with
Tanneal, compare Scheme 1. One group changes continuously with Tynnear, While the other
changes abruptly in a stepwise fashion (Scheme 1). The diffractograms in Fig. 1 clearly show
that samples are XRD-amorphous for Tapnea below 400 °C. However, EXAFS measurements pro-

vide further insight in the local structure of those samples. At low annealing temperatures no

13
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long-range order persists, as seen by the lack of peaks in the Fourier transform of the EXAFS
signal at high R (see Fig. 3a). Above Tynneal = 200 °C, further peaks appear gradually, indicat-
ing an increase in coordination for neighbours beyond the first and second coordination shells.
It is noteworthy that at this point the samples are still XRD-amorphous, and therefore the in-
crease in coordination means that there are several phases of amorphous NiO, with different
coherence lengths. At Tynnear = 400 °C XRD diffraction peaks are detected as the material crys-
tallizes to NiO. Crystallite sizes can be determined to increase continuously and approximately
quadratically with further annealing. Thus, we conclude that above an activation temperature
of approximately 200 °C the coordination and crystallinity increases continuously in the NiO,
films. It is worth noting that all the amorphous instances are not identical, providing a rich
structural space with several polymorphs, an example of polyamorphism. 404!

The bond distances of the annealed samples are consistent with a Ni(OH), coordination en-
vironment, most likely a-Ni(OH),. This is corroborated by XPS results, which establish that the
surface (ca. top 5 nm) of samples annealed below 250 °C largely consists of Ni(OH),. While XPS
is not representative of the whole sample, combining it with more depth-penetrating EXAFS re-
sults allows us to draw conclusions on the whole sample. EXAFS yields a coordination number
of approximately 4.5 for the Ni(OH), phase, which is nominally 6-fold coordinated. However,
electrochemically deposited Ni(OH), has been shown to exhibit H-substituted nickel vacan-

cies? and associated oxygen vacancies at a concentration of approximately 33 %. H atoms con-

tribute a negligible signal in EXAFS due to their low scattering cross section. Thus, within errors

14



our under-coordinated N matches the previously reported vacancy concentration. We note
that these under-coordinated Ni sites may act as active OER sites, contributing to the higher
activity of the amorphous samples (vide infra).

The contraction (extension) of the Ni-Ni (Ni-O) bonds between Ni-200 and Ni-275 is con-
sistent with a transition from Ni(OH), to NiO. N similarly changes in a single step from under-
coordinated to fully coordinate octahedral, as expected for NiO.*2 XPS for Ni-300 and Ni-600
confirm that our samples mostly transitioned to NiO, which is confirmed by XRD for samples
annealed above 400 °C, once the crystallite size grows above the detection limit. Oxidation
states, deduced from XANES edge position and Ni-O bond distance, scatter within error around
+2 for samples Ni-AP to Ni-600, as expected for both Ni(OH), and NiO. A phase transition from
Ni(OH), to NiO has been reported for samples produced under a variety of conditions.*3** In
our sample series the Ni(OH),-to-NiO phase transition occurs as an amorphous-to-amorphous
transition, allowing us to directly compare Ni sites in amorphous Ni(OH), and NiO coordina-
tion environments. Furthermore, this phase transition explains the stepwise behavior of bond
distances and coordination number with Tj;pea1-

The PO samples exhibit the same sharp transition of coordination number, however they do
not show the sharp transition of bond distances. At low Tynnear the Ni-O distances are signif-
icantly lower and increase smoothly with Tyhnea;. Shorter bond distances usually indicate a
higher oxidation state and allow deduction of the oxidation state.?’ Thus, we determine an av-
erage oxidation state of +2.6 for Ni-AP-PO, which linearly decreases to +2 for Ni-400-PO, which
is confirmed by XANES edge positions (c.f. Fig. S3). Shorter bond distances and increased oxida-
tion state are indicative of a NiOOH-like coordination, which has oxidation states of Ni3* (and
Ni** in the y phase) and O-bond distances of 1.934 A for 5-NiOOH and 1.882 A for y-NiOOH. 2>
Bond distances in the PO NiOOH coordination are larger than in crystalline samples, indicating
a strained coordination. The existence of NiOOH in the PO series is expected, since Ni3* or Ni**
have been identified as the catalytically active species.*> Therefore, we identify this transition

in the PO series as a strained NiOOH/Ni(OH), to NiO amorphous-to-amorphous phase transi-
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tion.

As a side note, the coordination number of the PO series may be — although not conclusively
outside of error bars — lower than the annealed series for all samples. This could indicate that
some amount of Ni is dissolved in the electrolyte solution, creating Ni vacancies as previously
suggested. ‘% A rough estimate, averaged over all samples, suggests that approximately 10 % Ni
is dissolved by the electrochemical reaction in both the NiOOH/Ni(OH), and NiO PO phases.
The NiO, catalysts are electrochemically characterized by measuring the Tafel slope, overpo-
tential at catalytic onset nonset, Overpotential n at 10 mA/cm?, and double layer capacitance
Cq- The Tafel slope decreases linearly with Tynneq While all the other electrochemical descrip-
tors increase stepwise at the Ni(OH),-NiO transition. For the overall efficiency of the OER two
reaction steps are relevant.?’ First the rate-determining step (RDS) — the step with the lowest
reaction rate, and the potential-determining step (PDS) — the step with the highest activation
potential. These two steps can be correlated to the Tafel slope, which provides insight about the
RDS and nonset, which directly corresponds to the magnitude of the activation potential of the
PDS.

Several recent reports have identified crystalline strain as a significant influence on catalytic
performance. 14,48 While we cannot draw direct conclusions about conditions at catalysis, our
PO EXAFS results indicate the existence of a strained NiOOH-like environment during catalysis.
Debye-Waller factors in this coordination exhibit larger values than the crystalline references,
compare Table S3, indicating coexistence of coordinations throughout the sample. The oxygen
bond distances increase continuously with Tynneal, thus increasing the strain in the NiOOH co-
ordination. Kuai ef al. found a decrease in both Tafel slope and onset potential with introducing
strain in a NiOOH catalyst. *® While we observe opposite behavior in the onset potential, we see
a decrease in Tafel slope with increased strain in the PO NiOOH coordination.

It is conceivable that the OOH binding energy of the NiOOH coordination depends on the
strain in this coordination, i.e. the NiOOH coordination is stable and energetically preferred

when coordination parameters are close to their crystalline counterparts, but with increasing
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strain this coordination becomes energetically less favorable. The effect of lattice strain on ad-
sorption has been theoretically shown in a multitude of systems.*%°>* This directly correlates to
the (Ni)OOH OER intermediary coverage, which decreases with decreasing adsorption energy.
Our electrochromic measurements allow us to directly probe the NiOOH concentration and we
observe a strong decrease of NiOOH concentration (coloring) at catalytic onset with increasing
Tanneal, compare Fig. 6. Thus, we conclude that the NiOOH intermediary coverage decreases
with increasing strain. Our determined coloring rates support this argument, insofar as color-
ing rates increase significantly with Tapneq above 250 °C indicating faster OOH adsorption and
thus, assuming Arrhenius kinetics, a lower binding energy.

A comprehensive study on catalytic materials combining experimental results and kinetic
studies was performed by Tao et al.>! This study determines the (Ni)OOH formation as the RDS
for a NiOOH catalyst. Shinagawa et al.> calculated Tafel slopes for OER in relation to interme-
diate coverage and different RDS, assuming the standard hydro-peroxide mechanism. With the
(Ni)OOH formation assumed as the RDS they calculated a Tafel slope of 120 mV dec™! for high
(Ni)OOH coverage, which is reasonably close to the Tafel slope of samples Ni-AP or Ni-100, and
values previously reported in Fe-free electrolyte.'® For low (Ni)OOH and high (Ni)O coverage
they calculate a Tafel slope of 60 mV dec™! which matches closely our determined value for the
Ni-600 sample. These coverages match our electrochromic observations of the NiOOH popula-
tion at catalytic onset, which is high for Ni-100 and decreases significantly towards Ni-600 (see
Fig. 6) as well as the mechanism of the stepwise Cyq; increase, which indicates electrochemically
stable (persisting without applied potential) NNOOH coverage below Tapnea = 250 °C and elec-
trochemically active coverage above. Thus, we suggest that throughout our sample series the
(Ni)OOH formation is the RDS and the continuous change in Tafel slope is the result of a change
in NiOOH coverage, caused by strain introduced into the NiOOH coordination.

The stepwise 0.1 V increase in ngpset at the a-Ni(OH)»-to-a-NiO phase transition indicates
an increase of the activation potential of the PDS. Li et al.*® calculated the catalytic activity

of NiOOH in near-neutral pH conditions. Their findings indicate that the OER proceeds via
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a ‘lattice-peroxide’ mechanism in fully coordinated NiOOH, while a ‘hydro-peroxide’ mecha-
nism in 4-fold coordinated NiOOH is operative. A PDS potential difference of 0.3 V (0.32 V) is
predicted between the two mechanisms in the the y-NiOOH (-NiOOH) phase. Our EXAFS and
electrochemical results show coordination numbers N of approximately 4.5 and ngpget = 0.1 V
for samples Ni-AP through Ni-230 and N =6 and 7gpset = 0.2 V for Ni-275 through Ni-600.
Thus, it is conceivable that with the change in coordination environment in our sample se-
ries, the OER proceeds via different reaction mechanisms - lattice oxygen for low Tppneq and
hyro-peroxide for high T,nneq— With a different activation potential. With the similarities in the
proposed reaction mechanisms, this does not necessitate a fundamental change of the RDS.
The above mentioned quantities are relevant for determining mechanics of the OER, how-

ever for technological application n at 10 mA cm™2

is a more useful indicator of catalyst perfor-
mance, as this current density roughly corresponds to the output of a solar cell.>® In our sample
series 7 at 10 mA cm™2 increases stepwise by 0.1 V at the Ni(OH),-to-NiO transition, which
would indicate that amorphous under-coordinated Ni(OH), catalytically outperforms fully co-
ordinated amorphous NiO or nano-crystalline NiO. However, this is a simplified interpretation.
The lower Tafel slope for NiO coordinated samples and the faster electrochromic coloring rates
suggest that the reaction rate actually increases with Typpea- On the other hand, we find an ap-
proximate order of magnitude decrease in chemically active surface area from Ni-300 to Ni-600,

which will decrease catalytic efficiency. At the benchmark value of 10 mA cm™2

mass transport
limitations dominate the current density in our measurements (see Fig. S7), thus masking the
effects described above and preventing disentanglement of separate contributions to the cat-
alytic activity for the benchmarking value.

Direct tracking of the NiOOH population during CVs (Fig. 6) shows that after initial coloring
all samples color further. This additional coloration occurs on a significantly slower time scale
than the initial coloring, as shown in Fig. 5, but proceeds to a similar level in all the samples. The

latter indicates approximately the same NiOOH concentration in all samples at 2.4 V after 50 s.

We assume this to be either the activation of a second catalytic mechanism, possibly the original
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hydro-peroxide mechanism exhibited by samples in Ni(OH), coordination, or alternatively the
catalytic activation of different Ni sites. The latter, however, only has been observed in (Ni,Fe)
oxides.'* This coloring step is not accompanied by a change in current density, which is not
surprising, considering the current is already mass transport limited. Ni-100 and Ni-300 also
show additional coloring, however for Ni-100 this is probably due to bubble formation on the
sample surface. For Ni-300 the additional coloring does not occur in a distinct separable step,
but we cannot exclude the possibility of it occurring in the initial step, which would explain the
slower rates for this sample. While this second mechanism does not play a role for the catalytic
efficiency, the knowledge of a second competing mechanism and its activation potential could

support theoretical efforts in describing catalytic mechanisms.

Summary and Conclusion

We produced an annealing series of initially amorphous NiO, thin films and find a transition
from under-coordinated (N = 4.5) amorphous Ni in Ni(OH), coordination to fully coordinated
amorphous Ni in NiO coordination at approximately T nneal = 250 °C. This coordination transi-
tion leads to a stepwise change in oxygen and nickel bond distances, double layer capacitance
and catalytic onset potential. We attribute the step in onset potential to a change in reaction
mechanism from a ‘hydro-peroxide’ mechanism to a ‘lattice-oxide’ mechanism, as suggested
by theoretical modelling.*® Furthermore, we observe an increase of ordering length (= crys-
tallinity) to higher coordination shells with T,,neq, Whilst samples are still XRD-amorphous and
a continuous increase in crystallite size once XRD detection limit is reached, leading us to con-
clude that both coordination length and crystallite size change continuously with Tynpea and
that the presented NiOy series exhibits several amorphous polymorphs.

The Tafel slope decreases continuously with Tynneal, caused by a decrease of (Ni)OOH inter-
mediary coverage, as confirmed by electrochromism, rather than a shift in the rate determining

step. We attribute the decrease in NiOOH coverage to increased strain in that coordination with
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Tanneal, leading to a lower OOH binding energy. Moreover, the Tafel slope data is consistent with
calculations determining the (Ni)OOH formation as the rate determining step.’? Amorphous
Ni in Ni(OH), coordination exhibits a lower overpotential at 10 mA cm™2 than in NiO coordi-
nation making it the better catalyst in respect to our benchmarking parameter. However, Tafel
slope, electrochromic coloring times, and double layer capacitance indicate that NiO coordi-
nated nano-crystals exhibit faster reaction rates although with lower electrochemical surface
area. In our measurements these contributions are masked by mass transport limitations to
the current density and disentangling them requires further investigation. In all samples, we
observe additional coloring at larger applied potentials, which we attribute to the activation of
a second catalytic mechanism, or other catalytically active sites which warrants further investi-

gation pertaining to its exact nature.
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Experimental Section

Chemicals and substrates Ni(Il) 2-ethylhexanoate (Ni(2-ethex),, 78 % in mineral spirits) was
purchased from STREM Chemicals, methyl-isobutyl-ketone (MIBK) was purchased from Alpha
Aesar, potassium hydroxide obtained from EMD Millipore. All were used as-receievd without
further purification. 99 % NiO powder for XRD and EXAFS standards was purchased from Alpha
Aesar. Fluorine-doped tin oxide (7 Q / sq.) on glass substrates (FTO) were acquired from Hart-
ford Glass Company. FTO substrates were cleaned by 5 minute sonication in acetone, which
was not allowed to dry and rinsed off with isopropanol and subsequently dried in N,. SiO,
(50 nm) / Si subtrates were prepared by cleaning in-house cut Si(100) wafers (Universiy Wafers,
B-doped, 500 um thick), using the same cleaning procedure as for the FTO substrates. A ther-
mal oxide layer of approximately 50 nm thickness (verified by ellipsometry) was produced by
annealing substrates in air for 5 h at 1000 °C in a furnace.

Fe-free KOH was prepared following previously reported methods.>*

Thin film deposition Amorphous NiO, films were deposited by ultraviolet-initiated photo-
chemical deposition, as previously 1rep01rted.8’18'19 Briefly, Ni(2-ethex), was diluted to 15 wt%
in MIBK and the resulting precursor solution spin coated (Laurel, 3000 rpm, 60 s) on clean FTO
substrates, or SiO,(50 nm)/ Si substrates. These films were then irradiated with a UV light
(Atlantic UV lamp model GPH893T5VH/HO/4PSE High Ozone, A = 185 nm and 254 nm) for
24 h, ensuring a complete decomposition of the ligands, producing a homogeneous thin film of
NiO,. The films were used as-prepared (no anneal), or annealed in air at temperatures ranging
between 100 and 600 °C for samples on FTO substrates, and up to 1000 °C for samples on Si
substrates. Samples are labeled as Ni-AP for the as-prepared samples and as Ni-100, Ni-200,
Ni-300, etc. for the annealed samples.

X-ray diffraction (XRD) XRD was performed with a Bruker D8 Advance Eco with a Cu K,
tube (A = 1.5406) in the vicinity of the (111) and (200) peaks for NiO (26 = 36 — 46 °, step width
0.04 °, and 3 s averaging per step). The crystallite size d.; was estimated using the Scherrer

equation®®
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KA

Aoy = —2—, s1
= Foosh (S1)

where K is the shape factor (a value of 0.9 was used), A is the x-ray wavelength, § is the instrument-
broadening corrected full width at half maximum (FWHM) of the XRD peak, and 0 is the Bragg
angle. The XRD peak is fit with a Lorentzian function to extract the peak’s FWHM. The FWHM
is corrected for instrument broadening, which is determined as the FWHM of a bulk powdered
NiO sample (8 = Bmeasured — Pnio)- Error bars are estimated from the 20 confidence interval of
the Lorentzian fits with an additional 10 % error from the uncertainty in shape factor K which
typically ranges from 0.8 to 1 for similar samples.*®

Ultraviolet-visible (UV-vis) spectroscopy UV-vis spectroscopy was performed with a Cary
5000 spectrometer equipped with a DRA-2500 diffuse reflectance attachment between 0.6 eV
and 5 eV. Band gaps were determined following a Tauc analysis. >’ Errors are estimated from 20
confidence intervals of the linear fit to the Tauc plot.

X-ray absorption spectroscopy (XAS) X-ray absorption spectra at the Ni K-edge were col-
lected at the BioXAS beamline (Main Endstation) of the Canadian Light Source. A Si(220) double
crystal monochromator was used. X-ray fluorescence spectra were recorded with a 32-channel
energy-discriminating Canberra Ge fluorescence detector. Spectra were acquired from 150 eV
below the absorption edge to k = 14 A~!. Two series of samples were measured: first, annealed
NiO,films; second, a series of corresponding electrochemically pre-treated films. For the latter
series the samples were put in the electrochemical cell described below and held at a potential
of 1.9 Vvs. RHE (= 15 mA cm™2) for 120 s, rinsed, dried off, and measured ex situ. These post
operando (PO) measured samples are labeled as Ni-AP-PO, Ni-100-PO, Ni-200-PO, etc. Sam-
ples were measured within 3 h of electrochemical treatment, since visible discoloration of the
treated samples occurred after 8 h in ambient conditions. Additionally, spectra of powdered
NiO and Ni(OH),were recorded as comparative reference spectra. All spectra were analyzed us-
ing the Demeter software package version 0.9.26,%® after normalization and flattening. The en-

ergy was calibrated using the absolute energy list by Kraft,>® using a Ni foil. The following data

S-3



processing settings were used: pre-edge range -150 eV to -50 eV, normalization range 200 eV
to 700 eV, Rpig = 1.1 A, spline range k = 0-14 A™!, and Fourier transform in k from 3 to 12 A™1.
Scattering paths were calculated using FEFF65%%! based on a structural model of NiO. Fits are
weighted by k and k3. Error bars for the extracted parameters are the standard errors calculated
by Artemis.

X-ray photoelectron spectroscopy (XPS) X-ray photoelectron spectroscopy (XPS) was per-
formed using a Kratos Analytical XPS spectrometer (nanoFAB Fabrication and Characterization
Centre, University of Alberta) with a monochromatic Al K, source (A = 1486.6 eV) and a 2 mm?
probing area. All spectra were analyzed using CasaXPS software (http://www.casaxps.com/).
Spectra were corrected by calibrating all peaks to the adventitious C 1s peak signal at 284.5 eV.
A Shirley-type background was used, and curve fitting was performed using a combination of
Gaussian and Lorentzian [GL(85)] profiles. Fitting of the high-resolution Ni spectra was only
performed on the Ni 2p 3/, peak following the method outlined in Ref. 62. NiO, Ni(OH),, and
NiOOH peaks with constraint fit parameters? are used to model the data.

Electrochemistry Electrochemical measurements were carried out using a CH Instruments
660D potentiostat. A Pt mesh was used as a counter electrode and a saturated Ag/AgCl electrode
used as a reference electrode, sitting in a Luggin cappillary. The supporting solution is 1 M KOH
aqueous solution. Fe-free KOH was used to avoid electrolyte impurities in the films.3%%* Cal-
ibration of the Ag/AgCl (sat. KCI) electrode against a 1 mM aqueous solution of Na4[Fe(CN)g]
(E =0.361 Vvs NHE) was regularly performed throughout the study thus obtaining potential vs
NHE. The overpotential 7 can then be calculated '8 as n = Eapplied vs NHE +0.059 - pH + 1.23.

All measurements are reported as current densities, normalized by the geometric surface area.
Unless specified otherwise, all potentials are against the reverbersible hydrogen electrode (RHE).

Cyclic voltammetry (CV) was carried out at two different sweep rates of 0.1 and 0.01 Vs™!.
CVs were run until the catalyst was stable. 7 at catalytic onset and at a current density of
10 mA/cm? were then determined. Catalytic onset was defined as the start of the Tafel region.

Step-wise voltammetry was carried out in the linear Tafel region. At each step the catalyst was
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given 40 s to stabilize before measuring. The Tafel slope was then extracted from the linear sec-
tion of the log(j) vs. i plot. All electrochemical measurements were measured in triplicate and
reported values are the average of these measurements. Errors are estimated from the standard

deviation of the triplicate results.

The double layer capacitance Cq was determined by first running CVs from 0.9 to 2.4 V vs
RHE until a steady state is reached and then measuring CVs in the non-faradaic region before
any catalytic activity at scan rates v ranging from 0.005 to 0.1 Vs™1. Cy is then calculated from
the slope of j at 0.075 V vs v, via j = Cqv.% Error bars are calculated from the 20 confidence
intervals of the linear fit.

Electrochromism Samples were measured in-situ submerged in a 1 M KOH solution in a
quartz cuvette, with the Pt mesh counter electrode and Ag/AgCl(sat'd) reference electrode sub-
merged in the cuvette and an adjacent Luggin cappilary, respectively. Spectra in the visible
range (350 nm to 800 nm) were taken in the following order: before applying a current, after
running approx. 10 CVs (0.9 Vto 2.4 Vvs RHE at 0.1 and 0.01 Vs™1), at the potential of the first
oxidation peak, at 1.9 V vs RHE, at 2.4 V vs RHE, at open current potential, and after running a
regeneration cycle. 100 % transmission for these measurements was defined as the transmis-
sion of the KOH-filled quartz cuvette. Regeneration cycles consisted of 3 CVs from 0.9 to 1.1 V
vs RHE at 0.01 Vs™!, recovering maximal transmission after applying the potential.

Kinetic measurement were taken by measuring transmission over time at 450 nm and apply-
ing a single voltage step to the potential of the first oxidation peak, 1.9 V vs RHE, or 2.4 V vs
RHE and turning off the potential once a steady state is achieved. Similarly, transmission is

measured during CVs from 0.9 to 2.4 Vvs RHE at 0.1 Vs~! and 0.01 Vs~1.
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Figures

Optical properties

Diffuse reflectance spectra and the Kubelka-Munk parameter for the direct band gap (F(R) hv)?
are plotted in Fig. Sla for Ni-100, Ni-300, and Ni-600 on Si wafers. The spectra show a single
decrease in reflectivity (increase in absorption =~ (F(R)hv)?) for each sample, consistent with a
band gap corresponding to that energy. Each sample exhibits an additional absorption peak at
approximately 1 eV, that is independent of Tyneq (data not shown), which we attribute to the Si
substrate. The band gaps increase almost linearly with Typpeqa from 3.8 eV for Ni-AP to >5.7 eV
for Ni-600 (Fig. S1b). The range of our instrumentation is limited to 5 eV therefore, we can only
give a lower limit for the band gaps above 5 eV. Our determined band gaps present a signifi-
cant blue shift compared to literature values, where band gaps range from 3.2 eV to 4.5 eV%4%
for nickel oxides depending on sample deposition technique and substrate. Additionally, com-
putations have shown that relatively small changes in stoichiometry significantly influence the
band gap.®® However, we have not found precedence for the exceedingly large band gaps of
our sample series. At this point the origin of this discrepancy is not know and warrants further

investigation, which is beyond the scope of this present work.

100m T T T

TN '1

o) I N S
3

0 200 400 . 600
hvleV T, .1°C

anneal

Figure S1: a. UV-Vis diffuse reflectance spectra for Ni-100, Ni-300, and Ni-600; Diffuse re-
flectance on lhs axis and (F(R)hv)? on rhs axis. b. determined band gap plotted against an-
nealing temperature.
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X-ray photoelectron spectroscopy
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Figure S2: Ni p3/2 (lhs) and O 1s (rhs) XPS spectra of all samples. Fits to the spectra are plotted
as red lines and individual fit components are plotted as lines in colors denoted.
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X-ray absorption spectroscopy
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Figure S3: a. XANES spectra of samples Ni-AP through Ni-600 are plotted in green and post-
operando series is plotted in blue dashed lines. Reference spectra of Ni(OH);and NiO are
graphed in red. b. shows the oxidation state plotted against annealing temperature. Green and
blue squares represent the oxidation states determined from XANES edge position for annealed
and PO series, respectively. Blue crosses show the oxidation state of the PO series determined
from oxygen bond distances.
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Electrochemistry
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Figure S5: CVs of first run (light blue lines) and in steady state (dark blue lines). For each Tynpeal
one representative sample it picked for clarity.
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Figure S6: Emphasis on the Ni redox peaks of the pre-catalysis region of the CVs. Note the
vertical scale for the Ni-600 sample is amplified for clarity.
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Figure S8: a. CVs of sample Ni-500 at sweep rates from 0.005 V/s to 1 V/s. b. CVs for at a sweep
rate of 0.01 V/s for samples Ni-AP through Ni-600. c. current density at 0.075 V/mA plotted

against sweep rate. The red line is a linear fit to the linear range of the data to extract Cy;.
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Electrochromism

Steady-state electrochromism. The in situ UV-vis transmission spectra measured under con-
ditions described in Fig. S10a are presented in Fig. S10b-d for samples Ni-100, Ni-300, and Ni-
600. Initially, all samples are transparent and for Ni-300 through Ni-600 their in situ spectra
without applied potential mimic the FTO spectrum closely, while spectra at lower Typpeq differ
slightly from the FTO spectrum (Fig. S9). After a single CV measurement (step 2) is performed
Ni-100 persists in a lightly colored state, while the other two samples experience little to no
coloration. With applied potential all samples color further. However, sample coloration de-
creases with T,,nea at the anodic oxidation peak Ep , (step 3), 1.9 V vs RHE (step 4), and 2.4 V
vs RHE (step 5). The noise in steps 4 and 5 is attributed to oxygen bubbles formed under OER
conditions, which scatter light. While spectra for Ni-100 change from convex to concave shape
with applied potential, the spectra retain their convex shape for higher Typneq- Furthermore, a
marked increase in coloring is observed for all samples in step 5. Back at open current potential
(OCP step 6) the coloration reverts back to states similar to step 3. The discolored state is fully
regained for all samples with regeneration (step 7, see Methods section). This regeneration is

fully reproducible from any state of coloration.
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Figure S9: In situ spectra of Ni-100, Ni-300, and Ni-600 compared to blank FTO substrate.
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Figure S10: UV-Vis transmission spectra of samples annealed at b. 100 °C, c. 300 °C, and d.
600 °C from A = 400 nm to 800 nm taken in-situ in the electrochromic cell. 100 % transmission
is for the KOH filled cell at 800 nm. Numbers signify the following steps in order: 1 immersed in
KOH, 2 after one CV, 3 at pre-oxidation peak potential, 4 at 1.9V (vs RHE), 5 at 2.4 V (vs RHE), 6
at open current potential, 7 after regeneration cycle. a. shows a schematic of this measurement
cycle.
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Figure S11: Transmission at A= 450 nm plotted against time (black lines, lhs and bottom axis)
and current density plotted against applied potential (gray lines, rhs and top axis) for samples
annealed at a. and b. 100 °C, c. and d. 300 °C, and e. and f. 600 °C. a., c., and e. show three CVs

at 0.1 V/s sweep rate and b., d., and f. show single CVs at 0.01 V/s.
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Tables

Table S1: Constrained XPS fit parameters for each component. P1 and Al refer to peak 1 posi-

tion and area, respectively.

Constrained parameters NiO Ni(OH)» NiOOH
Peak 2 position (eV) P1+1.7 P1+0.8 P1+0.7
Peak 2 area Al x3.091 Al x6.12 Al1x09
Peak 3 position (eV) P1+7.2 P1+2.8 P1+1.06
Peak 3 area Al x2.378 Al x0.405 Al x 0.703
Peak 4 position (eV) P1+10.3 P1+5.6 P1+1.84
Peak 4 area Al x0.252 Al x0.189 Alx1.5
Peak 5 position (eV) P1+12.6 P1+6.6 P1+3.17
Peak 5 area Al x 0.273 Al x5.297 Al x 0.63
Peak 6 position (eV) P1+11.6 P1+6.37
Peak 6 area Al x 0.5 Al x 1.69
Peak 7 position (eV) P1+9.75
Peak 7 area Al x 8.826
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Table S2: Determined XPS fit parameters for each sample.

P1 P1 P1 P2 P3 P4 P5 P6 pP7
Species pos area FWHM FWHM FWHM FWHM FWHM FWHM FWHM Weight
/ eV / eV / eV / eV / eV / eV / eV / eV
Ni-AP
NiO 8539 170.1 1 3.3 3.7 2 2.5 4%
Ni(OH), 854.8 1961.6 1.1 2.3 1.5 1.1 4.7 94 %
NiOOH 854.8 25 14 1.5 14 1.5 1.9 4.5 2%
Ni-100
NiO 853.9 5853 1 3.3 3.7 2 2.5 17 %
Ni(OH), 8549 1492 1.1 2.3 1.5 1.1 4.7 83 %
NiOOH 854.8 0.6 1.4 1.5 14 1.5 1.9 4.5 0%
Ni-250
NiO 853.7 41712 1 3.3 3.7 2 2.5 79 %
Ni(OH), 854.7 568.5 1.1 2.3 1.5 1.1 4.7 20 %
NiOOH 854.8 4 14 1.5 14 1.5 1.9 4.5 1%
Ni-300
NiO 853.6 5884.1 1 3.3 3.7 2 2.5 89 %
Ni(OH), 854.7 303.8 1.1 2.3 1.5 1.1 4.7 9%
NiOOH 854.8 57.4 14 1.5 1.4 1.5 1.9 4.5 2%
Ni-600
NiO 853.7 52919 1 3.3 3.7 2 2.5 95 %
Ni(OH), 8539 91.1 1.1 2.3 1.5 1.1 4.7 1%
NiOOH 854.8 30 1.4 1.5 1.4 1.5 1.9 4.5 4%
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Table S3: EXAFS fit parameters for all samples.

Sample N Ey/eV Rni-o/A Rnieni /A 0%(0) 1 A? o?(Ni) / A2
Ni-AP 47+04 -4+1 20540010 3.08+0.028 0.0067+ 0.001 0.033 + 0.004
Ni-100 44+06 -4+2 205+0.0010 3.06+0.018 0.007+0.001 0.024 + 0.002
Ni-200 48+08 -4+2 25+0.011 3.03 £ 0.019 0.0084+ 0.002 0.024 + 0.002
Ni-230 44+05 -3+ 2.05+0.012 3.03+0.017 0.0068+ 0.002 0.020 + 0.002
Ni-250 56+0.8 -2+ 2.07+0.017 2.99+0.011 0.010+0.003 0.010 + 0.001
Ni-275 58+09 -2+ 2.08+0.017 299 +0.012 0.009 +0.003 0.010 + 0.002
Ni-300 56+05 -3+1 2.08+0.010 2.97+0.007 0.009 +0.002 0.009 + 0.0008
Ni-400 57+04 -3+1 2.08+0.010 2.96+0.006 0.008+0.002 0.008 + 0.0007
Ni-500 6.0+04 -3+1 2.08+0.009 2.96+0.005 0.009+0.002 0.008 + 0.0007
Ni-600 59+05 -3+1 2.08+0.011 2.96+0.007 0.008+0.002 0.007 + 0.0008
Ni-AP-PO  43+08 -4+2 198+0.02 293+0.03 0.013+0.004 0.027 + 0.004
Ni-100-PO 4.2 +0.6 -4+ 2.0 £ 0.02 2.96 +0.02 0.012 +0.003 0.028 + 0.003
Ni-200-PO 4.1 +0.3 -3+ 2.02 £ 0.01 2.97+0.01 0.010+0.002 0.018 + 0.001
Ni-300-PO 4.7+0.3 -3 2.04 £ 0.01 2.95+0.01 0.011 +£0.002 0.011 + 0.008
Ni-400-PO 5.1 +04 -2 2.06 +0.01 2.96+0.01 0.010 + 0.002 0.009 + 0.0008
Ni-500-PO 5.6+0.4 -3+ 2.07 £0.01 2.96 +0.01 0.008 + 0.002 0.008 + 0.0007
Ni-600-PO 54 +0.4 -3+ 2.07 £0.01 2.96 +0.01 0.008 +0.002 0.008 + 0.0008

Table S4: Coloring rates r (in s™!) and coloration times 7 (in s) at different applied potentials E

sample r

E=E,, E=19V E=24V
Ni-100¢ 0.3(3.2) 1.7(0.6) 2.5(0.4)
Ni-300° 0.2 (4.3) 1.4(0.7) 2.0(0.5)
Ni-600° 0.5(2.2) 3.3(0.3) 5(0.2)

 Ep,a = 1.38 Vvs RHE; ” E}, o = 1.33 V vs RHE;
¢ Ep,a=1.28Vvs RHE
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