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1. Scanning Electron Microscopy

Thin films of CoOOH were electrodeposited by applying an anoidc durrent of 10 pA for 3 s. The metal
loading was equal to 77.00+6.30 ppb according to ICP-OES analysis, which corresponded to 6.0+0.5 ug cm™
assuming that the catalysts were deposited as oxyhydroxides. SEM images of smooth and nanostructured Au
substrates revealed a much higher surface area for the latter. The ECSA of Au increased by ca. 50% after the
roughening procedure as explained in section S2.1 (see below). The expected thickness of the films was ca.

2.0-2.5 nm.

Figure S1. Secondary electron images of (a) smooth Au, (b, ¢) nanostructured Au, (d) cross section of CoOOH film
deposited on a flat FTO/glass substrate (galvanostatic deposition at 10 pA for 3 min), (e) secondary and backscattered
electron images of the COOOH/FTO/glass cross section. The thickness on a flat surface (geometrical surface area: 0.1926
cm?) is between 20-24 nm for 3 min deposition. The real surface area of our nanostructured Au (1.86 cm?) is almost 9 times

bigger than the geometrical surface area leading to an estimated thickness of 2.0-2.5 nm.
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2. Electrochemical Surface Area measurements

2.1. Smooth and roughened Au substrates

The real surface area of Au was determined by cyclic voltammetry in 0.1 M phosphate buffer solutions (pH
7.4). The potential was cycled between the values of 0.5 and 1.9 V vs. RHE as shown in Figure S2a. The
anodic peak corresponds to the oxidation of Au and the formation of an oxide layer, while the cathodic peak
represents the reduction or stripping of the AuO layer. The stripping charge of the oxide was calculated by
integrating the reduction peak appearing in the cathodic scan. The ECSA is equal to the stripping charge of the
oxide, Oawo (1C), divided by 482 uC cm, the theoretical mean surface concentration of gold atoms on a flat
surface.! The electrochemical activity of nanostructured Au was investigated in 0.1 M Fe-free KOH as shown
in Figure S2b. In the anodic scan, the gradual oxidation of gold to gold oxide starts at ca. 1.30 V, while the
reduction/stripping of the oxide takes place at ca. 1.10-1.15 V.
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Figure S2. (a) Cyclic voltammetry of smooth and roughened gold surfaces in 0.1 M phosphate buffer solutions (pH 7.4,
scan rate: 50 mV s™'), (b) Cyclic voltammetry of nanostructured Au in 0.1 M Fe-free KOH (pH 13, v =75, 10 mV s™!).

Table S1. Real surface area of Au electrodes

u “ c %1 f
0,.0mC)  ECSA-= Mb_ Roughness % Increase o

Qau ECSA
smooth Au 422 0.880 4.50
53%
roughened Au 896 1.860 9.50

“ corresponds to the integrated charge of the reduction peak of the gold oxide.
b . .

theoretical value of the mean surface concentration of gold atoms on a smooth
surface.

“ the roughness is calculated by dividing the ECSA with the geometric surface area
of the electrodes, which is equal to 0.196 cm’.

S3



2.2. Thin films of cobalt oxyhydroxide

The real surface area of cobalt oxyhydroxide electrodeposited on roughened gold substrates was determined
by both cyclic voltammetry and electrochemical impedance measurements (EIS described in section S5).
Figure S3a shows the polarisation curves at the potential window 1.255 V-1.345 V vs. RHE, where the
observed charging current corresponds to the double-layer capacitance with respect to the scan rate (10, 20,
50, 100, 150, 200 mV s™). Plots of the difference of the anodic and cathodic current densities, A] = |j, — j.|,
at 1.30 V vs. RHE versus the scan rate are shown in Figure S3b. The Cq is equal to one half of the slope of the
fitted data in Fig. 3b. The ECSA is determined by dividing the Cq with the specific capacitance, Cs, assuming
a specific capacitance of 40 uF cm™.? The roughness factor was determined by dividing this ECSA with the

geometric area of the electrode.
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Figure S3. (a) Cyclic voltammograms of cobalt oxyhydroxide in 0.1 M Fe-free KOH at different scan rates (10. 20, 50,
100, 150,200 mV s™') for the determination of the Cy, (b) plots of the difference of the anodic and cathodic current densities,
AJ = |j, — jc|, versus the scan rate v (10, 20, 50, 100, 150, 200 mV s™!). The double-layer capacitance is equal to 2.50+0.60

mF cm. The values are the means of three different samples; error bar designates standard deviation.

The determination of ECSA through measuring non-faradaic double-layer capacitance, Cq, have some
inherent uncertainties.?® The conversion of Cq to ECSA can be ambiguous and complicated by different
surface morphologies. Moreover, dynamic complexity in electrochemical reactions, where not only double
layer charging but various ion transfer reactions such as specific adsorption and intercalation of electrolyte
ions, leads to the inaccuracy of Cq-derived ECSA. Poor conductivity of insulating oxides also contributes to
inaccurate ECSA estimation due to dielectric behavior.*® We determined the Cq at 1.55 V vs RHE by the EIS
response of the system and by cyclic voltammetry at the potential range 1.255 VV-1.345 V where our Co film
is conductive.” The results from two different methods are close, suggesting a relative robustness of our

methods.
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3. X-ray photoelectron spectroscopy

Figure S4. (a, ¢) Co 2p and (b, d) O 1s X-ray photoelectron spectra of (a,b) as-prepared CoOOH, and (c, d) after-
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electrolysis sample. For ¢ and d, the as-prepared sample was subjected to a three-hour galvanostatic electrolysis at 5 mA

cm?.
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4. Electrochemical impedance spectroscopy

EIS measurements were conducted to determine the ECSA of the as-prepared cobalt oxyhydroxide films and
to study the electrochemical properties of the catalyst as a function of the applied potential. The equivalent
circuit used to model the EIS data was the Randles circuit shown in Figure S5b.>% The circuit comprises
three circuit elements: a resistor (Rc) for the electrolyte resistance, a resistor (Rc) related to the charge-transfer
resistance of an electrochemical process, and a constant phase element, CPE, which simulates the double-layer
capacitance.'® The CPE has two degrees of freedom; (i) the coefficient, Q, related to the electrode capacitance,
and (i) the constant phase exponent, a. For a = 1, the EIS response is that of an ideal parallel capacitor. For 0
< a < 1, the behavior of the double-layer capacitance deviates from ideality dependent on the surface
roughness and dispersion of the frequency.*® Based on an equation of Brug et. al.'’, the double-layer
capacitance can be estimated:

1
a

cu=lo+(E+2) " o
where Cy is the interfacial capacitance
0 the CPE coefficient,
o the constant phase component (0 < a < 1),
R. the electrolyte resistance,
R, the charge transfer resistance.

The characteristic time constant (z, s) of the charge transfer process is the product of the charge transfer
resistance (R, Q) and the double-layer capacitance (C, F), i.e., T = RC. The time constant decreases with
increasing applied potential indicating a faster charge transfer process at the CoO,—electrolyte interface

(Figure S6).
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Figure SS. (a) Bode, and (b) Nyquist plots of cobalt oxyhydroxide in 0.1 M Fe-free KOH. The EIS response was recorded
at different applied potentials to probe the electrochemical properties of the catalyst. The fitting of EIS data was performed
using the Randles circuit depicted inside the Nyquist plot.

Wy 17—
<4 ’ 0
10" 4 * 4
] *» * * . oxygen evolution
o _| .
2" 3 .
=
] . _
107 4
*
107 4 *
! ! ' I T T T T T T T
1.1 1.2 1.3 14 1.5 16 17
E (V vs. RHE)

Figure S6. Characteristic time constant (z, s) of the charge transfer process with respect to the applied potential (E, V).
Under strong OER potentials (1.65 V), the characteristic time constant of the faradaic process is ca. 0.01 s in 0.1 M Fe-free
KOH.

Water oxidation starts at potentials over 1.45 V vs. RHE, according to results shown in Figure S5a, b, and S6.
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Table S2. ECSA determination of thin films of CoOOH

Ca ECSA .
Method 2 2 RF
(mF cm ) (em))°
Cyclic Voltammetry 2.50+0.60" 12.30+2.90 63£15
EIS 2.8040.60 " 13.70+2.90 7015

“ The double-layer capacitance (per geometric surface area) was calculated at the
potential range 1.20—1.65 V vs. RHE and the values reported here are at 1.55 V vs. RHE.
b Based on the fitting of the EIS data at 1.55V vs. RHE

¢The ECSA was calculated by dividing the Cq with a specific capacitance of 40 uF cm™
4The Roughness Factor is calculated by dividing the ECSA with the geometric surface
area of the electrode (equal to 0.196 cm?)

The very small thickness of our catalysts (ca. 2.0-2.5 nm) deposited on a high surface area Au substrate
resulted in a low-resistance Au-film contact, where the resistance of the film to electron transfer seems
negligible. For this reason, we chose the Randles circuit for fitting the EIS response. As expected, the Nyquist

plot exhibits one semicircle related to the charge-transfer process at the electrolyte/catalyst interface.
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5. EXAFS fitting

EXAFS curve fitting was performed with REX2000 software using ab initio-calculated phases and amplitudes
from the program FEFF 8.2. These ab initio phases and amplitudes were used in the EXAFS equation

N; 267k 2R, /N (k) .
KO =T, e R O g 4, 40
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;j denotes the number of neighboring atoms in shell j at a distance of R; from the central atom.

2k2

Jers (k. R;) is the ab initio amplitude function for shell j, and the Debye-Waller term e?7* accounts for

damping due to static and thermal disorder in absorber-backscatter distances. The mean free path term e 2%/ 4%
reflects losses due to inelastic scattering, where A;(k) is the electron mean free path. The oscillations in the
EXAFS spectrum are reflected in the sinusoidal term sin(24R; + ¢ij(k)), where (k) is the ab initio phase
function for shell j. S¢* 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 CN, R, and the EXAFS Debye-Waller
factor (DW; ¢°) as variable parameters. For the energy (eV) to wave vector (k, A™') axis conversion, the S¢

value was determined as 0.90. All fits were performed in the R space.
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Figure S7. In situ k3-weighted EXAFS K-space spectra under various conditions.
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Figure S8. In situ EXAFS R-space spectra with fitting curves under various conditions.

Table S3. Fitting result of EXAFS.

condition path R (A) N AE (eV) o2 (A?) R factor

Co-0 1.903) 4.6(6) -3.5(6) 0.0040(6)  1.316
dry

Co-Co 2.83(4) 45(5) -4.2(7) 0.0058(4)

Co-0 1.903) 55(7) -2.3(5) 0.0045(4)  1.832
ocCv

Co-Co 2.84(3) 5.1(5) -3.7(6) 0.0047(9)

Co-O 1.89(4) 5.6(6) -2.2(5) 0.0044(4) 2.011
1.25Vv

Co-Co 2.84(3) 5.5(3) -3.2(5) 0.0042(8)

Co-O 1.89(4) 5.7(7) -1.9(5) 0.0042(6) 1.665
1.35Vv

Co-Co 2.84(4) 5.6(4) -3.5(6) 0.0047(7)

Co-O 1.87(4) 6.0(6) 1.2(5) 0.0047(4) 1.636
1.45V

Co-Co 2.84(3) 5.7(5) -2.2(5) 0.0047(7)

Co-O 1.86(3) 6.0(7) 4.4(5) 0.0045(4) 1.592
1.55Vv

Co-Co 284(3) 5.7(4) -2.1(5) 0.0045(8)
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6. In situ surface-enhanced Raman spectroscopy

6.1. In situ SERS in '*0O-KOH
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Figure S9. (a) In situ Raman peaks of Co'®OOH in 0.1 M Fe-free '*0-KOH at increasing applied potential, (b)
Increasing Raman intensity of the broad band at about 1075 cm™' with increasing applied potential.
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The Raman spectra of as-prepared Cos04, LiC0O,, and Co(OH), were collected as reference compounds. The
Raman peaks are different from the as-prepared CoOOH as expected.
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Figure S10. Raman spectra of the reference compounds (a) Co30s4, (b) LiCoO», (¢) Co(OH), under dry conditions.
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Figure S11. In situ Raman spectra on roughened Au substrates of; (a) Co'®0 in 0.1 M Fe-free '80-KOH, (b) Co'*OOH
in 0.1 M Fe-free '*0-KOH, and (C) C0'®0; in 0.1 M Fe-free '°0O-KOH. The freshly prepared Co'®OOH were labelled
with 130 by steady state electrolysis at 1.75 V for 10 min.
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7. Calculation of Co atoms in the film

CoOOH films were electrodeposited anodically by applying a constant current equal to 10 pA for 3 min.

The maximum charge involved for deposition is calculated as:
10 A (10°) x 180 s x 6.02 x 102 mol™'/ 96485.3 C mol™' = 1.123 10'® electrons.
During the oxidative deposition, Co(II) was oxidized to Co(IIl) (assuming CoOOH as the formed film).

That means 1 e consumed per Co atom, so theoretically this corresponds to 1.123 10'¢ Co atoms deposited.

From ICP-OES, we have 77.00£6.30 pg/L or 1.310+0.110 nmol/mL. The total volume analysed was
0.01L, which leads us to 13.10+1.10 nmol of Co atoms deposited during the deposition.

The number of Co atoms electrodeposited on the Au surface is then equal to 13.10 nmol x N4 atoms/mol =
0.8097 x 10'* Co atoms. As expected, the total number of Co atoms electrodeposited is smaller than the one

calculated by the maximum anodic charge.

In the total loading of CoOOH, there are 2 x n(Co) = 26.20+2.20 nmol of O atoms or 1.6194 x 10'° O

atoms.

Calculation of Co surface atoms based on ECSA experiments:
Given that the ECSA is ca. 12.30+2.90 ¢m? and the Esswein estimation of 6.1 x 10 surface Co

atoms/cm?,'"'? we can calculate 12.50+2.90 nmol of surface Co atoms or 0.750+0.176 x10'¢ surface Co

atoms. This means that 95% of the total Co atoms deposited are surface atoms.

Assuming CoOOH as phase, there are 2 x n(Co) = 25.00+5.80 nmol of O atoms or 1.512 x 10'° O atoms.

By intergrading the oxidation peak of Co(IIl) to Co(IV) between 1.30 and 1.57 V vs RHE (Figure 1), we
found a total anodic charge equal to 0.584 mC em, which corresponds to 1.50 nmol of Co or 0.0912 x
10'® surface Co atoms. This corresponds to ca. 12% of the total surface Co atoms (with respect to the

1'* calculated previously that 12% of

total number of surface atoms based on the ECSA). Baltruschat et. a
the surface cobalt atoms are catalytically active in the case of 50 nm thick Co30s.

Assuming CoO,, we can calculate 3.02 nmol of O atoms.

Labelling process: Fresh Co!®OOH is subjected to electrolysis at 1.75 V vs. RHE in *O-KOH:

Total charge consumed is equal to 3,165 mC cm™ or 621 mC. This corresponds to 621 mC/4F = 1,609 nmol
of O released = 3,218 nmol of O atoms. Enough to label all the lattice oxygen.
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vi.

The labelled Co'®0» is subjected to potentiostatic electrolysis in *O-KOH:
a. At 1.45V vs. RHE: total charge consumed 13.98 mC c¢cm? or 2.74 mC. This corresponds to 2.74
mC/4F = 7.11 nmol of O; released - 14.22 nmol of O atoms.

b. At 1.55V vs. RHE: total charge consumed 62.79 mC cm or 12.32 mC. This corresponds to about
31.92 nmol of O; released - 63.84 nmol of O atoms.

c. At 1.65V vs. RHE: total charge consumed 1,057mC ¢m™ or 207.44 mC. This corresponds to about
537.50 nmol of O; released = 1,075 nmol of O atoms.

d. At 1.75V vs. RHE: total charge consumed 3,169 mC c¢cm™ or 622. This corresponds to about 1,611

nmol of O; released 2 3,223 nmol of O atoms.

According to these calculations, the charge passed should be sufficient to enable all the lattice oxygen atoms to
exchange fully in OER. Yet, not all the '*O of the labelled Co'®0, was exchanged even after prolonged

electrolysis.
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Figure S12. Typical profiles during potentiostatic electrolysis (a) at 1.75 V vs RHE in 0.1 M Fe-free '*0-KOH, and (b-¢)

from 1.45 to 1.75 V vs. RHE in 0.1 M Fe-free °O-KOH.
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8. Electrokinetic study
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Figure S13. (a) Tafel plots of CoOOH on Au and Carbon Cloth substrates in 1 M and 0.1 M Fe-free KOH solutions, (b)
cyclic voltammograms of CoOOH on Carbon Cloth in Fe-free KOH solutions (1.50 M, 1.00 M, 0.50 M, 0.25 M, 0.10 M).

Table S4. Tafel slope with respect to the pH

[OH] (M) b' (mV dec?) s’
1.50 59.4 0.3
1.00 58.9 1.7
0.50 59.1 2.3
0.25 59.5 0.3
0.10 60.9 2.6
0.05 58.0 1.6
0.01 59.1 0.7

iThe mean values are the average of three

different samples.

i standard deviation
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9. H/D isotope experiment

Isotopic experiments were carried out in deuterated water in order to elucidate the role of deprotonation steps
in the catalytic cycle. Comparing the catalytic activity in H>O and D»O, we observe an anodic shift of the
potential (ca. 30 mV) required to produce 1 mA ¢cm?. Cyclic voltammetry in H,O and D>O shows a same
order anodic shift of the redox potentials in D,O. This indicates that the decrease of the catalytic current in

deuterated water is linked to the anodic shift of the Co(III/IV) redox event.

Table S5. Tafel slope with respect to the pD

[OD] (M) b’ (mV dec?) si
1.00 60.1 1.5
0.50 60.9 1.4
0.25 58.7 0.6
0.10 58.5 0.4

iThe mean values are the average of three
different samples. i standard deviation
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Figure S14. LSV curves of CoOOH recorded in Fe-free KOH and KOD solutions of various concentrations (1.0, 0.5,
0.25, 0.10 M). Conditions: Carbon cloth, 1 mV s™!. For the calculation of RDE scale, 0.87 units were added in the pH

values of the KOH solutions.
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Figure S15. (a) Tafel plots of cobalt oxyhydroxide in 1.00, 0.50, 0.25, 0.10 M Fe-free KOD (scan rate: 1 mV s!), and (b)
the reduction peak of Co(I11)/Co(IV) redox couple recorded in KOD by cyclic voltammetry at 100 mV s’ scan rate.

10. Electrokinetic model

The concept of quasi-equilibrium can be used as an approach to study the mechanism of multi-step
electrochemical reaction.** 1" Given the dependency of an electrochemical rate constant on potential, we can
assume that there must be one distinguishable rate-determining step (RDS) controlling the overall rate of the
sequence at a specific potential window.#%° That means that all the steps prior and after the RDS proceed at a

much slower rate than what they could and can be regarded at equilibrium.

A+OH™ 2B+e” +H,0 PCET pre-equilibrium

B 112» C pure chemical RDS

The rate of the RDS and pre-equilibrium step can be expressed as:

RDS: v =Kk,0

Pre-equilibrium: v; = Kqjagg-(1 —0) exp (%) (forward reaction)

v_; =k_;0exp (— %) (backward reaction)

Where k- the rate constant of the RDS, k; and k., the electrochemical rate constants of the forward and
backward reactions, respectively, 6 is the partial surface coverage of the intermediate B, and £ is the

symmetry factor of forward reaction.

Since we are at equilibrium, the rates of the forward and backward reactions are equal:

=k (E)
1-6  k_, 20H™ €XP (g7
For low coverage 8 « 1, the rate of the overall reaction is governed by the following equation:
k nF nF
v=k, fllaOH_ exp (ﬁ) = k,k;apy- exp (ﬁ)
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The current density of the OER process is then described by:
. F . F

i = 4Fv = 4Fk,K agy- exp (%) =i, exp (R—T)

logi = logi, +E

Cho— On RT _
Tafel slope: b = Flogi 2.303 = 60 mV/dec
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