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Figure S1. SEM image showing a ca. 175 nm thick Ni(OH), film obtained by photochemical

decomposition of nickel (II) 2-ethylhexanoate spin-cast on a GC plate from a 0.2-M solution in hexanes.
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Figure S2. Powder X-ray diffraction pattern recorded on Ni-fresh produce a single, broad diffraction
peak at 18.0° (d = 4.8 A; reported (100) diffraction for a-Ni(OH), is 4.62 A). Stars correspond to

reflections arising from FTO substrate.
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Figure S3. The first derivative of the CVs shown in Figure 3. The derivatives indicate that the redox
peaks for Ni-OH are anodically shifted relative to Ni-PO4 and Ni-COj; and exhibit a considerably more

complex structure in the anodic peak.
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Figure S4. CVs acquired on Ni-cond films with varied film thickness at 1 mV s”'. CVs shown

j (mA/cm?)

correspond to the three thinnest films in Table 2. Experiments were performed at 1 mV s™ in pH 14

electrolyte solutions.
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Figure S5. (a)-(c) Scanning electron microscopy was performed on a series of films fabricated with
varied precursor solution concentrations to determine the relationship between the two parameters. (d)-
(e) The thickness of each film was determined by cropping the SEM images to a 140 by 190 nm segment
and analyzing the brightness profile perpendicular to the surface. The lower edge of the NiO, surface

was taken as the edge of the 10 nm iridium underlayer. The upper edge of NiO, was taken from the first

derivative of the brightness profile.



Thickness (nm)

Thickness (nm)

25
1@ ° y = 38.8x . R o
_ © | R®*=0.999 - 20 ¢
_8-[ o
1 y = 293x _ _.z=7 15 O
|  R?=0.904 I'A;gc"' [ 10 £
—. _,"”” — 9 OQ
/‘l l ] l ] I ) I 0
0.0 0.1 0.2 0.3 04
Precursor Concentration (mol L™)
1 (b)
| y =7.5x -
1 R?=0.993 el
4 //,.'/
e— /.,’//
”' | ' | ' | ! |
0 5 10 15 20

Q. (mC cm?)

Figure S6. (a) The concentration of nickel (IT) 2-ethylhexanoate in an isopropanol-based precursor

solution linearly correlates to both film thickness (as measured in Figure S5) and the integrated charge

below cathodic peak (Q,) in CVs collected at 1 mV s on conditioned films. (b) The resultant linear

correlation between O, and film thickness was utilized to estimate the thickness of the rest of the films

in the study. The hollow data points represent a NiO, film deposited on glassy carbon from a 0.2 M

solution in hexanes and were not considered in the linear fits. The hollow data points indicate that

although the experimental protocol influences film thickness (e.g. substrate and solvent identity), the

linear correlation between O, and film thickness remains.



Table S1: Sample Parameters Used and the Resulting Diffusion Coefficients as Measured by Cyclic

Voltammetry and the Potentiostatic Intermittent Titration Technique

Sample“ AQb A L DOHC DOHd DOHe
/ mC / cm? /nm /x10% em? st /x 100 em? st /x 10 cm? s

Ni-POy4 13.9 0.35 225 3.2 1.4 1.9

(1.9) (0.9) (2.1)
Ni-CO3 30.0 0.60 180 3.1 1.2 1.5

(1.8) (0.9) (2.1)
Ni-OH 64.8 1.05 150 1.3 0.7 0.8

(1.0) (0.6) (1.1)
Ni-cond - 1.20 143 1.3 - -

(1.1)

“ experiments were performed in triplicate, data for a single series of anodic and cathodic
potential step experiments are shown; cathodic potential steps are shown in brackets

» obtained from the intercept of anodic potential steps in Figure S6 using Eq. 3

“ semi-infinite diffusion using the Randles-Sevcik equation (Eq. 5); the slope of Figure S7
4 finite-space diffusion in the long-time domain (Eq. 3); the slope of Figure S8

¢ semi-infinite diffusion in the short time domain (Eq. 4); the slope Figure S9

Table S2: Average Diffusion Coefficient Values as Measured by the Potentiostatic Intermittent Titration

Technique and Cyclic Voltammetry

Sample“ DOHb DOHC DOHd DOHe T

/x10% em?st /x10%em?s?t /x10%em?st /x 100 em? s /s

Ni-PO, 3.2 1.4+0.2 1.7+£0.3 2.1+09 2.6
(1.9) (0.92 +£0.05) (2.1+0.1) (1.7+0.6) (1.9)

Ni-CO3 3.1 1.2+0.1 1.5+0.1 1.9+£0.9 1.7
(1.8) (0.90 + 0.05) (2.1+0.1) (1.6 £0.6) (1.4)

Ni-OH 1.3 0.70 £ 0.04 0.80+0.08 0.93+0.33 2.5
(1.0) (0.55+0.02) (1.1+0.1) (0.90£0.31) (3.4)

“ average values from triplicate measurements; cathodic potential steps are shown in brackets
» semi-infinite diffusion using the Randles-Sevcik equation (Eq. 5); the slope of Figure S7

¢ finite-space diffusion in the long-time domain (Eq. 3); the slope of Figure S8
4 semi-infinite diffusion in the short time domain (Eq. 4); the peak of Figure S9

¢ average Doy all three techniques
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Figure S7. (a)-(c) Peak current density (j,) was observed to be linearly correlated to v!"2 for the

stabilized anodic and cathodic peaks. Note that in order to facilitate direct comparisons the y-axes are

normalized such that the linear slopes equal Dop. The terms are defined in the main text. (d)-(f) A

distinctly non-linear correlation was observed between v and jp.
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Figure S8. Sample of the chronoamperometric results for anodic potential steps (solid, colored lines)
and cathodic potential steps (dashed, colored lines). The linear correlation between In(7) and ¢ for
chronoamperometric experiments when ¢ > 7 (vertical dashed line) indicates the time domain where
finite-space diffusion conditions exist (dashed gray lines). Note that the y-axis has been normalized such
that the linear slope is equal to Don (see Eq. 3). Film thickness (L) values utilized are provided in Table

S1; 7 values shown were calculated from average Doy values Table S2.



(a)
1 Ni-PO,
__________________ cathodic
2047 anodic
1.0 —
"0 1
”g 0.0 +——F—7TF—"
o 1)
o I-CO :
R 20 Jp e cathodic
~ K
P N TA anodic
S Y\
< 104/
R \
‘_li ‘ \ \
= 00—
15 ()
Ni-OH
_ ---/; ““““““““ cathodic
1.0 I’ ‘
4 I.' ‘| anodic
0.5 — I’ \
! \
1 "
0.0 T l\__l T L | ' ! |
0 3 6 9
t(s)

Y(AQIL) vs. t are taken as the approximate Doy. Note that

Figure S9. The peak observed in plots of it
the y-axis has been normalized such that the y-axes are equal to Doy (see Eq. 4). Film thickness (L) and

charge passed (AQ) values utilized in the normalization process are provided in Table S1.



| (a) 63 nm, Ni-OH 1 (b) 63 nm, Ni-OH oxidized
0.6 - reduced
0.3 - initial
0.0
-0.3 4 Q,./Q, =16
. T | T T T —~VY-
0.6 < (c) 117 nm, Ni-OH g {.(d) 117 nm, Ni-OH
€ 034 Py
§ 0.3 _ 8 1
£ 00 3
= 1 S
T-0.3 Q,./Q,=17| S T
0 I ] I ) I )

o | (f) 148 nm, Ni-OH

1—\
\\

-0.3 4 Q,./Q, =19
| I e — — 0 1 ' T
1.0 1.2 1.4 1.6 400 500 600 700
E (V vs. RHE) A (nm)

Figure S10. The degree of charge trapping in Ni-OH films with varied thickness was quantified by UV-
visible spectroscopy. Spectra were recorded on the initial films (black line), after sweeping from 1.0 to
1.6 V vs. RHE (red line) and after subsequently sweeping from 1.6 to 1.0 V (blue line). The ratio of
absorbance change upon oxidation to that on subsequent reduction (Aox/Areq; dashed orange line)

provides a measure of nickel sites trapped in an oxidized state.
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Figure S11. The degree of charge trapping in Ni-COj films with varied thickness was quantified by
UV-visible spectroscopy. Spectra were recorded on the initial films (black line), after sweeping from 1.0
to 1.6 V vs. RHE (red line) and after subsequently sweeping from 1.6 to 1.0 V (blue line). The ratio of
absorbance change upon oxidation to that on subsequent reduction (Aox/Areq; dashed orange line)

provides a measure of nickel sites trapped in an oxidized state.
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Figure S12. The degree of charge trapping in Ni-POy films with varied thickness was quantified by UV-
visible spectroscopy. Spectra were recorded on the initial films (black line), after sweeping from 1.0 to
1.6 V vs. RHE (red line) and after subsequently sweeping from 1.6 to 1.0 V (blue line). The ratio of
absorbance change upon oxidation to that on subsequent reduction (Aox/Areq; dashed orange line)

provides a measure of nickel sites trapped in an oxidized state.



AbS' A=500 nm (a' U.)

0.0 54—
O 10 20 30 40
Q (mC)

Figure S13. A linear correlation was observed between absorbance at 500 nm and anodic charge passed
(Q) on a ca. 100 nm Ni-COs film. Charge was passed in sequential 4 mC steps using a constant 1 mA

current starting with a conditioned film until fully oxidized with ex-sifu UV-visible measurements made

during each step.



Digital Simulations of Voltammetric Behavior. Cyclic voltammetry simulations were performed using
CH Instruments software package (Version 14.06), which utilizes the fast implicit finite difference
algorithm.'? The reaction mechanism depicted in Figure 1 can be described as an E;C;E,C,’
mechanism, where E; represents two one-electron transfer steps (E° ' in Figure 1), Cy is a chemical
reaction between the oxidized product and OH" (kapp,1 in Figure 1), E, is the second electron transfer
process (E°* in Figure 1), and C;’ is the catalytic chemical step involving release of O, (kapp,» in Figure

1). Digital simulations were thus created using the mechanism laid out in Egs. (S1) through (S4):

[Ni"OH] + OH = Ni'VO + H,0 + 2¢” (E° =0V;k°=kp=1cms"; a,=ap=05)  (Eq. SI1)
NiYO+OH — [Ni"OOHJ (kapp.1 = varied; k1 = Kapp.1/1000) (Eq. S2)
[Ni"-OOH] + OH™ = Ni'VOO + H,0 +2¢” (E% =0.02 V; k%= k=1 cm s™'; aza= a2 = 0.5) (Eq. S3)

NiYOO + OH — [Ni"OHJ + O, (kix=1x10"s™) (Eq. S4)

Simulation Strategy. A series of simulations were generated with a constant v of 1 mV s™' by
systematically varying k,pp1 from 0.00001 to 1.0 s while holding the other parameters constant.
Simulated CVs thereby reveal the expected differences in the voltammetric response for the E;C{E2Cy’
reaction mechanism as a function of the rate of C;. Under pseudo-1* order treatment (kapp.1 = kt.1 @om; see
Egs. (2) and (3) in main text) this behaviour should reflect behavioural changes induced by changes in

aon within the NiOj films. All nickel-containing species were modeled as surface-bound species.

Reaction Parameters. Experimental results suggest C; can be considered to be chemically irreversible
on the timescale of the CV experiments; the equilibrium constant for C; was therefore maintained at
log(K1) =3 (i.e. kv,1 = kapp,1/1000). Reactions E; and E, represent electron transfer reactions where

major changes to the 2-dimensional Ni(OH), bonding structure are not believed to occur; both E; and E,



were therefore assumed to be rapid (k°, = k°1p = k%20 =k°» = 1 cm s™) and reversible (ct1a = op = t2e = 0
26 = 0.5). The ca. 20 mV separation that is experimentally observed between E, .1 and E; .o in CVs
acquired at | mV s was used as an estimate of the separation between £° ' and E°* (E°, =0V and E°, =
0.020 V; note that an arbitrary reference point of 0 V was employed for the simulations). The rate

constant for C,’ (kapp2) Was experimentally measured (see below).

Model Generation. The response of the system was generalized using the dimensionless kinetic
parameter, A;, which is a function of scan rate (v) and the sum of forward and reverse reaction rate

constants (kapp,1 1 kb 1):

__ RT(kapp,1tkp1)
Fv

A (Eq. S5)

As log(K,) = 3 in the model, contributions from £ ; are negligible and the equation simplifies to Eq. (8)
in the main text. This equation highlights that the voltammetric behavior observed for the system will be

affected by both k,pp,1 and v, with the two terms opposing each other.

Measurement of C,’ Reaction Kinetics. The initial report describing the experimental observation of
the transfer of 4 electrons per nickel centre during initial oxidation of a-NiOy identified a build-up of
Ni'V-00 on the electrode surface following oxidation." An increase in steady state current (i)
measurements at £, ,» and detection of O, indicated that reaction C,’ acted as the rate-determining step
for electrocatalytic OER. Two strategies were developed to exploit this behaviour and experimentally
measure kqpp2, thereby improving the accuracy of simulated voltammetric behavior. In the first strategy
the magnitude of steady state current increase (iss) was correlated to the amount of nickel on the

electrode. In the second strategy the decay of an oxidized Ni-cond film was analyzed.



Strategy I: An increase in steady state current was previously identified at potentials that correspond to
E,..2 and interpreted as the accumulation of Ni' OO on the surface of the electrode.’ These results are
expanded on here by monitoring the magnitude of steady state current increase (taken as the difference
between linear trend lines drawn before and after the current increase) upon variation of film thickness.
Steady state current experiments were performed using a rotating ring-disc electrode (RRDE) on a series
of anodically electrodeposited NiO, films with varying thickness. Anodic electrodeposition was
employed due to the inherent ability to control film thickness.* An aqueous solution was prepared
containing 0.1 M NaB(OH), and 0.4 mM Ni(NOs3); in Fe-free H,O (see main text). A total of 8 NiO,
films were anodically electrodeposited from this solution by applying +1.0 V vs. SSCE on a freshly
cleaned glassy carbon disc until the desired charge density had passed. Steady state electrochemical
measurements were then performed on each distinct NiO, film (60-s intervals; 10 mV steps) while the
RRDE electrode was rotated at 1500 RPM. The steady state electrocatalytic OER (i) current due to

Ni'VOO decay (Figure S14a) can be extracted from this data and described as:

—— = kapp2DniV 00 (Eq. S6)

nogrFA =
Where nogr is 4, the number of electrons transferred in the catalytic cycle. Considering the proposed
mechanism (Figure 1) and the observation of a single cathodic peak in CV studies, the surface

concentration of Ni'' OO (Tyivpo) can be determined by integration of the cathodic peak:

Tyivoo = i cFA (Eq. S7)

Where n, is the average number of electrons passed per nickel site; approximated as 1.7.3°¢

Substituting Eq. S6 into S7 and rearranging yields:
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The linear slope in a plot of is7p /noEr VS. Opc (Figure S14b) therefore provides an estimated kupp2 of 7

x 10 s,
- 0
(a) ..’..‘ %%ﬁ
o 0
-4 ;’: _/745;9

o~ ...... 2

= . ) E -1 4

[@)] ® ~—

o ’/. e~

-5 1 M ]
| T T T -2 !
1.2 1.4 16 0 10
E (V vs RHE) t (sec)
1.0 Vi

_ (b) Pl 5.5 4 (d)
< * %
= 1 * 7! 1 W

i * .’ : “~> ) Y

o % : -6.0 4 N
E 05 = */ . % . h ~ N
e |
51,4 70x10°s 659 1ox10's O

R*=0.988 1 R?=0.992 <
0.0 T T T T T T T T T |
0.0 0.5 1.0 15 0.0 6.0x10° 1.2x10*
QnC (mC) toop (5€C)

Figure S14. The chemical rate constant for reaction C’; (kapp,2) Was experimentally measured using two
different approaches. (a) The step-wise increase in steady-state current was dependent on thickness of
NiO, films. (b) The magnitude of this step (is) varied linearly with the amount of nickel on the electrode
surface, as approximated by O, , yielding an estimated rate constant of 7.0 x 10* 5. Experiments were
performed using a glassy carbon electrode with a surface area of 0.197 cm®. (¢) An increase in the time
that oxidized Ni-cond was allowed to decay at open-circuit potential (focp) induced a decrease in the

cathodic charge (Q.) passed upon subsequent electrochemical reduction, as seen in chronoamperometric



traces. (d) A first-order kinetics plot of In(Q.) against focp produced a linear plot with a slope of 1.0 x

10 s,

Strategy 2. A Ni-cond film on an Au substrate was subjected to a successive three-stage potential-step
protocol: (1) conditioning of the film at 1.40 V vs. RHE for 60 s; (II) leaving the film to decay at open-
circuit (Eoc) for variable periods of time (vide infra); and (III) applying a bias of 1.10 V to the film for
60 s. The anodic potential step at 1.40 V (1), which is sufficient to fully oxidize the film renders a stable
current over the 60-s time period, thereby establishing a static concentration of the intermediate species
immediately preceding the rate-determining step (RDS) in accordance with the steady-state
approximation. The cathodic potential step (ZIT) measures the amount of charge required to reduce the
intermediate species present, where the concentration of intermediate decreases as the amount of time
the cell is left to decay at Eoc increases (II). The three-stage potential-step experiment was repeated
while progressively increasing the Eoc decay time in 400-s increments (Z7). The amount of charge
passed during each cathodic potential step (Qc) therefore provided a direct measure of the amount of
intermediate species reduced at various points in the decay process, which, in turn, enabled application
of classical chemical rate laws to study the decay of the oxidized intermediate species. The
unambiguously linear relationship of In(Q¢) versus time (Fig. S14) indicates that the decay process is
first-order in the concentration of oxidized intermediate, with an approximate kapp» of ca. 1.0 x 10% s

determined by the slope.
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