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ABSTRACT: The electrolysis of water to produce hydrogen and oxygen is a simple and attractive approach to store re-
newable energies in the form of chemical fuels. The oxygen evolution reaction (OER) is a complex four electron process
that constitutes the most energy inefficient step in water electrolysis. Here, we describe a novel electrochemical method
for the deposition of a family of thin-film transition metal (oxy)hydroxides as OER catalysts. The thin-films have nano
domains of crystallinity with lattice spacing similar to those of double layered hydroxides. The loadings of these thin film
catalysts were accurately determined with a resolution of below 1 ug em™ using an electrochemical quartz microcrystal
balance. The loading-activity relation of various catalysts was established using voltammetry and impedance spectrosco-
py. The thin film catalysts have up to four type of loading-activity dependence due to film nucleation and growth as well
as the resistance of the films. A zone of intrinsic activity has been identified for all catalysts where the mass-averaged ac-
tivity remains constant while the loading is increased. According to their intrinsic activity, the metal oxides can be classi-
fied into three categories: NiO,, MnO,, and FeO, belong to category I which is the least active, CoO, and CoNiO, belong
to category II which has medium activity, and FeNiO,, CoFeO,, and CoFeNiO, belong to category III which is the most
active. The high turnover frequencies of CoFeO, and CoFeNiO, at low overpotentials and the simple deposition method
allow the fabrication of high-performance anode electrodes coated with these catalysts. In 1 M KOH and with the most
active electrode, overpotentials of as low as 240 and 270 mV are required to reach 10 and 100 mA cm™, respectively.

INTRODUCTION

The electrochemical splitting of water into hydrogen
and oxygen (2H,0 — 2H, + O,) provides a promising
mechanism for the storage of renewable energies.' The
oxidative half reaction of water splitting, the oxygen evo-
lution reaction (OER, 2H,O — 4H" + O, + 4 €), typically
requires a larger overpotential than the reductive half

found to be most active, having a turnover frequency
(TOF) of 2.8 s™ at an overpotential (77) of 350 mV. Bell and
co-workers reported that thin films of CoO, and NiOOH
electrodeposited on gold had TOF of 1.8 and 1.9 s7, respec-
tively at similar overpotentials.*” We reported an optical-
ly transparent FeNiO, catalyst with TOF of 1.1-5.0"° s™ at 7
=350 mV."” In terms of TOF, these materials are the most

reaction, the hydrogen evolution reaction (HER, 2H" + 2
e — H, ).” Therefore, OER is often considered as the bot-
tleneck of water splitting.?

The best known OER catalysts are iridium and rutheni-
um oxides, which are stable in acidic conditions where
other metal oxides are unstable and are often used in pro-
ton exchange membrane electrolyzers.*> Although IrO,
and RuO, are also active in alkaline solutions, inexpensive
metal oxides based on first-row transition metals are pre-
ferred due to their comparable activity and stability under
these conditions.>*’

In recent years, the development of inexpensive metal
oxides as catalysts for OER in alkaline solutions has gen-
erated renewed interests.*™ A number of such catalysts
are reported to be highly active, surpassing IrO, and Ru-
O, On a molecular level, the activity of a catalyst is
best characterized by its apparent turnover frequency
(TOF). Boettcher and co-workers reported a solution-cast
method for the deposition of thin metal oxide films with
thickness between 2 and 3 nm." A Ni,  Fe,,O, catalyst was

active OER catalysts in alkaline solutions.”® However, they
only exhibit high TOFs when the loading of catalyst is in
the order of 1 pg cm™. For practical applications, especial-
ly in high current density electrolyzers (0.5-2 A cm™), a
significantly higher level of loading of catalysts is required
to maintain a modest overpotential (e.g., 300 mV). Unfor-
tunately, when the loading of the above catalysts increase,
their TOFs substantially decrease. The origin of this de-
crease is not yet fully understood. Systematic studies of
the loading-activity relationship of OER catalysts may
reveal the factors that limit the TOF at high mass load-
ings, guiding the design of more practical catalysts. These
studies, however, require the ability to continuously de-
posit and measure the same catalysts over a wide range of
loadings. Here, we show that the combination of electro-
deposition and quartz crystal microbalance (QCM) pro-
vides such ability. Consequently, the loading-activity rela-
tionship of a series of unary, binary, and ternary metal
(oxy)hydroxides has been elucidated. The study leads to
an accurate quantification of their intrinsic activity,”



which reveals the activity trend across first-row transition
metal (oxy)hydroxides. Two new superior OER catalysts,
CoFeO, and CoFeNiO,, are discovered, which can be de-
posited on high-surface-area supports to catalyze OER in
1 M KOH with current densities of 10 and 100 mA ¢m™ at
overpotentials of 240 and 270 mV, respectively.

EXPERIMENTAL SECTION

Materials. Sodium acetate (NaOAc, anhydrous,
>=99%), nickel (II) acetate (NiOAc, tetrahydrate, 98%),
iron (III) sulfate (Fe,(SO,),, hydrate, 97%) and iron (II)
chloride (FeCl,, tetrahydrate, 99%) were purchased from
Sigma-Aldrich. Cobalt (II) chloride (CoCl,, anhydrous,
>98%) and manganese (II) chloride (MnCl,, tetrahydrate,
97%) were purchased from Fluka. Unless mentioned oth-
erwise, all the experiments were carried out under normal
atmospheric conditions.

Solution Preparation. Millipore deionized water
18.2MQ cm was used to prepare all the solutions. The
concentration of precursors used in typical electrodeposi-
tion of the different catalyst films are shown in Table 1. All
the electrodeposition baths contained 0.1 M NaOAc as
supporting electrolyte. The pH of the solutions was not
adjusted unless otherwise mentioned. Solutions contain-
ing iron (III) ions had a pH of 5.3-5.4 and other solutions
had pHs of 7.3-7.5. When necessary, the pH of the deposi-
tion bath was adjusted using a 0.1 M acetic acid (glacial,
VWR) solution.

Table 1. Concentrations of metal ion precursors in
electrodeposition baths.

Catalyst CoCl, Fe,(SO,); NiOAc MnCl, FeCl,
CoFeOy 16 mM [ 5mM
CoO, 16 mM
FeNiO, 5mM 16
mM
NiO, 16
mM
CoFeNi- 16 mM [ 5mM 16
Oy mM
CoNiO, 16 mM 16
mM
MnO, 16 mM
FeO, 16 mM

Catalyst Electrodeposition. All electrochemical exper-
iments were carried out using a Methrom Autolab poten-
tiostat/galvanostat in a three-electrode setup. The sub-
strate for electrodeposition was set as working electrode,
a clean titanium wire was used as counter electrode and a

Ag/AgCl sat. KCl was used as reference electrode. In this
work, all potentials were measured against an Ag/AgCl/
sat. KCl reference electrode and are reported against the
reversible hydrogen electrode (RHE). The RHE potential
was determined using a clean platinum wire in a hydro-
gen saturated electrolyte solution. Au-coated 10 MHz
Quartz crystals were used to determine the catalyst load-
ing in an eQCM 10M™ Quartz Crystal Microbalance cell.
Fluorine-doped tin oxide (FTO) substrates (TEC-15, Nip-
pon Sheet Glass) coated with sputtered 10 nm Cr adhesion
layer and 100 nm Au were also used as electrodeposition
substrates with identical results to those obtained with
the Au-coated Quartz crystal. Typical electrodeposition
was made by consecutive linear sweeps from 1.7 to 2.0 V
vs RHE at 10 mV s™. The current efficiency during the oxi-
dative deposition is the fraction of electrons collected by
the working electrode which are involved in the oxidative
deposition of the catalyst (M*(aq) — MOOH (s) + e +
3H"). The amount of catalyst deposited per cycle is ob-
tained from the change in the mass determined by eQCM.
The most active catalysts were deposited on a nickel foam
(thickness 1.6 mm, porosity 95%, Goodfellow Cambridge
Limited) by 100 consecutive linear sweeps between 1.4 and
1.6 V vs RHE. The active area of the nickel foam was de-
limited and then pretreated in 6 M HCl (37%, VWR) for 10
minutes prior to the catalyst electrodeposition.

Electrochemical measurements. A three-electrode
setup was used to record current-potential curves. The
conductive substrate with the electrodeposited catalysts
was set as the working electrode, a Ag/AgCl sat. KCl was
used as reference electrode and a platinum wire was used
as counter electrode. Iron-free®® 1 M KOH solution
(Merck) was used to determine the activity of the various
films towards oxygen evolution by cyclic voltammetry
using a scan rate of 5 mV s™. Only electrocatalysts depos-
ited on nickel foam were studied at slower potential
sweep rates of 1 mV s™ by cyclic voltammetry at current
densities below 10 mA c¢m™ to avoid transient currents
due to oxidation and reduction of the catalyst. An H-
shaped glass cell was used in order to separate the cath-
ode and anode and avoid the contribution of hydrogen
oxidation to the anodic current. In addition the cell was
immersed in a water bath to keep a constant temperature
during the experiments. The uncompensated resistance
was estimated from the response at high frequencies (f >
100 kHz) from electrochemical impedance spectroscopy
(EIS).

The electrochemical surface area (ECSA) was measured
on Au-coated Quartz crystals with different loadings of
catalysts in 1 M KOH. The potential was cycled for all the
catalyst films between 1.32 and 1.36 V vs RHE with scan
rates of 5, 10, 20, 40, 60, 80 and 100 mV s™. The currents
(Aj = j.-j.) measured at 1.34 V vs RHE were used to deter-
mine the electrochemical surface area. The slope of Aj
versus scan rate plot is taken as ECSA. Under conditions
of a pure capacitive process, such ECSA is equivalent to
twice of the double layer capacitance (Cg).” The ECSA
was measured after the measurement of the oxygen evo-
lution activity. The potential window used is important.



The ECSA determined at more negative potentials where
the catalyst is non-conductive correlates to the ECSA of
the substrate but not that of the catalyst.” The double
layer capacitance was also determined using electrochem-
ical impedance spectroscopy (EIS) and its value for some
of the materials was similar to that of the ECSA deter-
mined by cyclic voltammetry, instead of being half of it.
This indicates a pseudo-capacitive process in addition to
the double-layer capacitance at the potential where EIS
was measured. The EIS response of CoFeO, films was
measured every 20 mV between 1.3 and 1.56 V vs RHE in
iron-free 1 M KOH solution. The electrode was allowed to
stabilize at each potential for 60 s before the EIS meas-
urement. The EIS response was measured from lower to
higher potentials. Impedance data were analyzed and
fitted using ZView software (Scribner Associates).

The faradaic yield was measured using a gas-tight H-cell
with an optical oxygen sensor (GMP) previously de-
scribed.” The quantification of oxygen evolved was per-
formed for CoFeO, and CoFeNiO, deposited on nickel
foam. The uncompensated resistance was measured by
EIS before and after each current density measurements.

RESULTS

Anodic electrodeposition of transition metal
(oxy)hydroxides. We recently reported the anodic elec-
trodeposition of FeNiO, OER catalysts from Fe(III) sulfate
(Fe,(SO,),;) and nickel (II) acetate precursors in a mildly
acidic aqueous solution (pH = 5.3).” The high activity of
the electrodeposited catalyst for oxygen evolution re-
duced the local pH causing the corrosion of the film. This
resulted in a slow and controlled deposition of the cata-
lyst film.

This electrodeposition method was then extended for
the deposition of a series of metal oxides including unary
(MnO,, FeO,, NiO,), binary (CoFeO,, CoNiO,) and ter-
tiary (CoFeNiO,) oxyhydroxides. The deposition of CoO,
and CoFeO, is described in detail here. The amount of
material deposited could be controlled by changing the
number of deposition cycles (Figure 1a). The time-
dependent current efficiency of deposition is shown in
Figure 1b. At pH = 7.3, the profile of deposition for CoO, is
similar to that of NiO, at the same pH.” The initial linear
sweeps had higher current efficiency than the latter ones,
because as the film grew, it catalyzed oxygen evolution at
the deposition potentials, which competed with the oxi-
dative deposition of the catalyst. When the pH was de-
creased to 5.3, CoO, could no longer be deposited. When
the Fe(Ill) precursor was added to the Co(II) solution,
little material was deposited during the first linear
sweeps. However, after 5 linear sweeps, the oxidative
deposition started to take place (Figure 1a). When the
loading of CoFeO, reached 15 pg cm™, the current effi-
ciency for its deposition was similar to that for deposition
of CoO,. However, at higher catalyst loadings the mass of
the material deposited started to oscillate and the current
efficiency decreased, indicating that corrosion outcom-
peted deposition. The maximum loading was 20 pg cm™

for CoFeO,, much higher than the maximum loading of 3
ug cm™ for FeNiO,.”
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Figure 1. (a) Evolution of the mass of the CoO, and CoFeO,
films during oxidative deposition. (b) The sweep-number-
dependent current efficiency of metal oxide deposition dur-
ing the electrodeposition of the CoO, and CoFeO; films.

The chemical compositions of the electrodeposited
CoOy and CoFeO; films were measured by X-ray Photoe-
lectron Spectroscopy (XPS). The Co 2p signal from the
CoO, catalyst corresponds to that of cobalt in Co(OH), *
(Figure S1). The binding energy (BE) of the main Co 2p,,
signal was 780.3 eV. Shake-up satellites at higher binding
energies, accounting for up to 25% of the total signal in-
tensity, indicates a high-spin Co™ state® in the electrode-
posited material. The ratio of OH+ O to Co is 1.8 to 1. No
adventitious iron was detected by XPS. In comparison,
the ratio of Co to Fe in the CoFeO; film is approximately
0.6 to 0.4 according to XPS (Figure S2). This ratio increas-
es slightly with the number of deposition cycles and load-
ing (Figure 2a). Ex situ XPS shows a Co 2p signal in
CoFeO, that corresponds to Co*" in a hydroxide environ-
ment with a 2p;;, binding energy of 780.3 eV (Figure 2b).
Iron is in an oxidation state of +3 (Fe 2p,;, at 712.0 eV).
The signal in the O 1s region at BE = 531.4 eV corresponds
to oxygen atoms similar to that of OH" in transition metal
hydroxides. A smaller signal of more reduced O™ assigned
to the lattice oxygen in metal oxides was observed at BE =
529.6 eV. The number of hydroxide ions is approximately
twice of the number of Co and Fe atoms (Figure 2a). An
additional oxygen peak centered at BE = 531.0 eV was also



visible in the O 1s region, which was attributed to oxygen
of the acetate anion from the supporting electrolyte and
other absorbed oxygen species. In addition, the carbon C
1s signal at BE = 288.6 eV was attributed to the carboxyl
group in acetate. The acetate signals were observed for
the CoFeOy films even after prolonged oxygen evolution
catalysis in 1 M KOH. Potassium ions from the alkaline
solution were also observed in the C 1s region despite a
thorough washing of the catalyst before XPS analysis.
These results could be explained by the fact that layered
hydroxides containing bivalent and trivalent transition
metals trap anions and water in the interlayers to com-
pensate the charge of the metal hydroxide layers. The
ratio of acetate to Fe™ determined by XPS for various
CoFeO, films is approximately 1 to 1 at loadings up to 10
pug cm™ (Figure 2a). Thus, the chemical composition of
the CoFeO, film might be written as [Co™..
Fe¥* (OH),]™-(0OAc),-nH,O, where x has values between
0.4 and o.5. At higher loadings, the ratio of OAc™ to Fe**
ions increased. The fraction of cobalt in the material also
increased indicating a composition change at high load-
ings.
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Figure 2. Chemical composition of CoFeO, films. (a)
Chemical composition of the CoFeO films at different load-
ings. (b) XPS spectra of CoFeO,.

It was hypothesized that the incorporation of iron into
CoOy occurred through a mechanism involving the in situ
reduction of Fe*" to Fe™ in the counter electrode and sub-
sequent oxidative deposition of iron(I) and cobalt(II) on
the working electrode. In situ UV-Vis measurements in a
quartz UV-vis cuvette fitted with small working, counter
and reference electrodes showed the slow increase of Fe*
concentration in the solution during the electrodeposi-
tion of CoFeO, (Figure S3). If a Fe(Il) precursor was di-
rectly used, deposition was unsuccessful probably due to
the fast dissolution of the film in the presence of Fe(II)
ions.

Scanning electron microscopy (SEM) showed a porous
morphology for CoFeO, (Figure 3), but a compact mor-
phology for CoO,. Figure S4, Supporting Information
shows the difference in morphology for the electrodepos-
ited CoFeO, and CoO, films. The more porous morpholo-
gy of the CoFeO, film correlates with its lower current
efficiency during the deposition. During its deposition,
the majority of the charges were used to oxidize water,
which lowered the pH of the solution and led to partial
dissolution of CoFeO,. This, together with the transport
of oxygen bubbles out of the catalyst film, might be the
origin of pore formation.

Au-coated FTO (loading = 10 pg cm™). Scale bar corre-
sponds to 500 nm. Inset shows the porous morphology of
the CoFeO, film compared to the Au coated substrate
before electrodeposition. Scale bar in the inset image cor-
responds to 100 nm.

The electrochemical surface area (ECSA) of the CoO,
and CoFeO, films at different loadings were determined
using cyclic voltammetry (Figure Ss). Esswein et al. esti-
mated that there are 6.1 x 10" surface Co atoms ¢cm™ in
cobalt oxide.* Assuming that each Co atom in the surface
participates in the electrochemical surface area measure-
ment, an ECSA of 0.1 mF cm™ would be expected for one
active Co oxide monolayer. At low catalyst loading, an
ECSA of ~o0.5 mF cm™ was measured for the CoFeO, film,
and this value increased to 1.0 mF e¢m™ for loadings be-
tween 5 and 20 pg cm™. This is one order of magnitude
higher than the value expected for a flat surface. The con-



stant value for the electrochemical surface area in the
range of 5 to 20 pg cm™ loadings indicates that new mass
is deposited on the existing porous active area and that
new surface is not being created. Higher ECSA values
were obtained at loadings higher than 20 pg cm™. This
correlates to a change in the morphology and composi-
tion of the films at higher loadings (vide supra). A CoO,
film with a loading of 5.5 ug cm™ has a similar ECSA of
~1.0 mF cm™ to CoFeO, films of identical loadings (Figure
Ss5). However, values of up to 12.3 mF cm™ (more than 100
monolayers) are measured for thicker CoO, films of 30 ug
cm”. Therefore, for CoO,, the electrochemical surface
area increases proportionally to the mass of the loading.
Dau and co-corkers previously observed a similar phe-
nomenon and demonstrated that the bulk of CoO, is infil-
trated by the electrolyte and is electrochemically active.
This seems not to be the case for the CoFeO, where only
the surface, but not the bulk is electrochemically active
for OER.

Other films of unary (MnO,, FeO,, NiO,), binary (Co-
NiO,) and ternary (CoFeNiO,) oxyhydroxides were also
electrodeposited using similar oxidative electrodeposition
conditions. NiO, and MnQO, exhibit a nanosheet mor-
phology with pore sizes in the order of 10-20 nm (Figure
S6). The MnO, film additionally contains particle islands
which were not observed for the other materials. The bi-
nary CoNiO, and ternary CoFeNiO, had a more compact
film morphology with pore sizes smaller than NiO,.

The CoNiO, catalyst has similar morphology and com-
position to CoO,. The Co:Ni ratio is 0.96:0.04. Addition
of the Fe(III) precursor in the deposition bath resulted in
the formation of a CoFeNiO, catalyst. The film is a ternary
(oxy)hydroxide rich in cobalt with a Co:Fe:Ni ratio of
0.50:0.40:0.10 determined by XPS (Figure S7). Important-
ly, catalyst loadings of up to 70 pg cm™ can be achieved
for the CoFeNiO, material through the method reported
here.

Comparison of OER Activity. The electrocatalytic ox-
ygen evolution activity of the metal oxide films were stud-
ied in iron-free 1 M KOH. Figure 4 shows the polarization
curves of the films at a loading of 5 pg cm™. The most
active catalyst is CoFeO,.
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Figure 4. Current density-potential curve for unary, binary
and ternary metal oxides at a catalyst loading of 5.0 ug cm?,
except that for FeNiO, the curve is shown at its maximum
loading of 3 ug cm™, Conditions: Au substrate, iron-free 1 M
KOH and scan rate of 5 mV s™.

The activity of CoFeOy at different loadings was then
determined. The films at loadings between 5 and 10 pg
c¢m™ had the highest activity, reaching current densities of
10 mA cm™ at overpotentials between 320 and 330 mV
(Figure S8). Lower and higher catalyst loadings resulted
in lower current densities at the same overpotentials
(Figure S8). The relation between the loading and the
OER performance of gold-supported CoO, films was pre-
viously studied by Bell and co-workers.® It was suggested
that the high work function of gold enhanced the activity
of the first layers of CoO,, but this effect decreased with
the increase of loading. However, other parameters such
as morphology and conductivity of the catalyst might
influence the loading-dependence of the activity as
well.***” To further analyze the loading-activity relation-
ship, a log-log plot of the apparent turnover frequency
(TOF,,,) at 77 =350 mV and mass loading was constructed
(Figure 5a). The apparent turnover frequency (TOF,,, «
j/m) of a catalyst is proportional to the current density
and inversely proportional to the loading (m). For the
calculation of apparent TOFs, Fe was assumed to be the
only active metal in the CoFeO,, FeNiO, and CoFeNiO,
films, in agreement with recent reports.”®*>* An analogous
log-log plot of mass-averaged activity at 7 = 350 mV and
mass loading was also constructed without consideration
of the active metal ions in the catalysts (Figure Sg).

The log-log curve for CoFeO, is shown as red full circles
in Figure 5a. A TOF,,, of 12 s™ was obtained at a loading of
0.4 pg cm”. The TOF gradually decreases as the loading
increases. At intermediate loadings (5 and 20 pg cm™), a
slope of -1 is observed. At these loadings, the electrodepo-
sition does not create more electrochemical surface areas
but simply deposit new materials to replace the existing
active material (see above, Figure Ss). This resulted in the
current density being constant and independent of the
catalyst loading. Thus, TOF,,, < 1/m, which explains the
slope of -1 observed in the log - log plot. At even higher



loadings, the slope in the log - log curve becomes more
negative than -1, indicating an inverse relation of current
density with the catalyst loading of a higher order.
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Figure 5. (a) Log-log plots of turnover frequencies and cata-
lyst loadings. The TOFs are determined at 350 mV overpo-
tential in iron-free 1 M KOH. (b) Activity per electrochemical
surface area at 77 = 350 mV for catalysts at different loadings.
The ECSA was determined by cyclic voltammetry for all met-
al (oxy)hydroxides.

For CoO, at loadings of 5 to 50 pg cm™ (green triangles
in Figure 5a), the TOF is independent of the loading. This
result indicates that electrodeposition creates new and
more surface areas. The same trend was observed for Ni-
O,, FeO,, MnO, and CoNiO, at intermediate loadings. At
high catalyst loadings, the TOFs of these catalysts de-
crease when the loadings increase, with a slope -1 in the
log TOF-log loading plot.

The TOF-loading correlation allows an accurate com-
parison of the activity of the various catalysts. The TOF,,,
of NiQ, in an iron-free 1 M KOH solution is <0.005 s™ at 77
=350 mV. FeO, and MnO, have TOFs in the same range
as NiOy. These unary metal oxide films are poor catalysts.
The activity of CoOy is independent of whether the elec-
trolyte solution contained Fe impurities. CoO, and CoNi-
Oy have similar activity, and are ranked at the second
class in the group of metal oxides. The first-class catalysts

include CoFeO,, FeNiO,, and CoFeNiO,, with CoFeO,
being most active over the whole loading range.

To separate the influence of electrochemical surface ar-
ea from the influence of other parameters, the current
density at 77 = 350 mV was divided by the ECSA measured
by cyclic voltammetry and plotted against the catalyst
loading (Figure 5b). For all catalysts except CoFeNiO;, the
ECSA-averaged activity is largely independent from the
loading. Per ECSA unit, FeNiO,, CoFeO,, and CoFeNiO,
are again the most active catalysts.

Electrochemical impedance spectroscopic analysis
of CoFeO, catalysts. Electrochemical impedance spec-
troscopy (EIS) was used to probe the origin of the de-
crease in TOF at high loadings of CoFeO,. An angular
frequency window between 0.5 Hz and 500 kHz (corre-
sponding to processes with time constants between 2 s
and 2 ps, respectively) was chosen to study the CoFeO,
catalyst. The movement of electrons on conductive mate-
rials and ions in electrolytes are fast processes and appear
in the high frequency range of the EIS spectra. Electro-
chemical reactions on the surface of the electrode are
observed in the mid and low frequencies and the charac-
teristic time constant of the charge transfer processes
decreases with increasing overpotentials.

Scheme 1 shows the different EIS models that describe
the metal (oxy)hydroxides depending on the morphology
and electronic characteristics of the various components.
Model (a) was used by Lyons and co-workers to study the
EIS response of hydrated metal oxide catalysts.* R; is the
uncompensated solution resistance that also accounts for
the resistance to the transport of electrons in the conduc-
tive Au substrate. C. is the capacitance of the first layers
of the film in contact with the gold substrate. R, is the
resistance to charge transfer at the back contact. Ccy is
the double layer capacitance of the catalyst surface where
OER occurs and Rer is the corresponding resistance to
charge transfer through the catalysts/electrolyte interface
during OER. The capacitance and charge transfer re-
sistance of the Au substrate in contact with the electrolyte
are also included in model (a). However, in the fitting of
the impedance data this component was dismissed due to
the low catalytic activity of Au for OER in the potential
window studied.

In model (b) the capacitance at the substrate/catalyst
film interface is considered to be different from the capac-
itance at the catalyst film/electrolyte interface. This is
expected for a compact film where there is a measurable
resistance to charge transfer R, from one layer to the
next.

A transmission line model is incorporated in model (c).
Such a model has been previously used to describe the
electrochemical behavior of conductive polymers,®* amor-
phous molybdenum sulfide particles during hydrogen
evolution® and porous electrodes where electrochemical
reactions take place in the walls of the pores throughout
the depth of the electrodes.>*** This model considers that
for a porous catalyst film, charge transfer reactions can
occur anywhere in the film, while the resistance of the



film r,, causes a potential drop along the film thickness.>®
The total resistance of the film is R, while the electronic
capacitance of the film is C,,,.

Model (a):

metal (oxy)hydroxide

Model (b):

: electrolyte

Au substrate

Model (¢):
inner (oxy)hydroxide
layer Potential drop

Scheme 1. Equivalent circuit models used to fit the EIS re-
sponse of CoFeOj films at different loadings. Model (a) cor-
responds to a very thin film. Model (b) corresponds to a cata-
lyst film where the material in contact with the substrate is
not directly involved in the catalytic reaction. Model (c) is a
transmission line model for porous catalyst films where the
charge transfer process occurs along the length of the pores
and there is a potential drop through the film due to a meas-

urable resistance to charge transport and a decrease in the
population of catalytic states.

Figure 6a shows the EIS response of a CoFeO, film at a
loading of 0.4 pg cm™, fitted using model (a) in Scheme 1.
At this very low loading the coverage of the substrate is
around one monolayer. The Bode plot in Figure 6a is
dominated by a charge transfer process at mid and low
frequencies related to the charge transfer in the cata-
lyst/electrolyte interface. At an overpotential of ~210 mV
the oxidation of water begins and the resistance to charge
transfer decreases with a Tafel slope of 37 mV dec” (Figure
6a, right). The charge transfer capacitance Ccr increases
with the overpotential, which might be due to the in-
creased chemical pseudo capacitance of the catalytically
active sites when more oxidized intermediates in the OER
become accessible at higher overpotentials (vide infra).
The phase Bode plot in Figure 6a shows a shoulder at fre-
quencies between 10 and 100 kHz associated with the fast
charge transport between the Au substrate and the cata-
lyst film. This component was observed as a semicircle at
high frequencies in the Nyquist plot in Figure 6a. The
resistance to electron transfer from the substrate to the
first layer of the catalyst film (R.) remains largely poten-
tial independent suggesting a non-rectifying, close to
ohmic contact between the thin film and the Au sub-
strate. The electronic capacitance of the contact C. in-
creases with potentials and becomes the same as that of
the capacitance to charge transfer (Ccr) at overpotentials
higher than 210 mV. This is expected for a very thin film
where all the electrochemically active sites have an almost
ohmic contact with the substrate and where the discharge
of the chemical capacitor (Ccr) occurs through a slow
electrochemical process (Rer >> R.). At this monolayer
loading, the catalyst behaves like a metal catalyst, with a
TOF,,, of up to 12 s™ at 77 =350 mV.
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Figure 6. EIS response and fitting parameters of CoFeO, films at loadings of (a) 0.4, (b) 1.9, (c) 9.1, and (d) 21.6 ug cm™. Con-
ditions: Au substrate, iron-free 1 M KOH. The EIS response was measured every 20 mV between 1.3 and 1.56 V vs. RHE. Select-
ed frequencies are shown in the Nyquist and Bode plot for reference. In the Nyquist and Bode plots, the EIS response at 7 =
0.07 V and every 40 mV between 77 = 0.09 V and 7 = 0.19 V are shown in black. The response at 77 = 0.21 V is shown in green
and the response every 40 mV between 7 = 0.25 V and 77 = 0.33 V are shown in red. In the Bode plots, the frequency regions for
the different phenomena of charge transfer at the catalyst/electrolyte interface (CT), charge transfer at the back contact (C)

and charge transport through the material (m) are indicated.

The EIS response of a CoFeO, film of 1.9 pg cm™ (Figure
6b) was fitted using model (b) in Scheme 1. The resistance
to charge transfer at the Au/film interface R, at the high
frequencies decreases with applied potential, while its
time constant (t.) remains constant. This behavior is sug-

gestive of an adaptive contact between the substrate and
the catalyst film where charges in the C, region are accu-
mulated through a fast potential-independent process
(R) and dispersed through a similarly fast, potential-
dependent process (R,).*” Thus, the response at high fre-
quencies was attributed to electron transport through a



thin film whose resistance is non-negligible. R, and R,
could not be differentiated in the EIS analysis and were
treated as R. in Figure 6b. The capacitance at the Au/film
interface is smaller than the capacitance at the cata-
lyst/electrolyte interface Ccr. Thus, model (b) is more
suited than model (a) for the fitting of the EIS data. At
this loading, the Tafel slope for the charge transfer pro-
cess (OER) is also 37 mV dec™.

Figure 6¢ shows the EIS response for a CoFeO, film at a
loading of 9.1 ug cm™. This loading is in the region where
the electrochemical surface area is constant and the high-
est current density for the catalyst is obtained. The
Nyquist plot in Figure 6¢ shows one semicircle at fre-
quencies below ® = 4 kHz attributed to the OER process
and a second component at ® > 4 kHz which decreases
with overpotential and appears as a flattened semicircle.
The high frequency component was assigned to the com-
bined response of the Au/film interface and the transmis-
sion line behavior for a porous catalyst film. The contri-
bution of the transmission line component was more evi-
dent for thicker films, e.g., the films at 15.3 pg cm™ (Figure
Si0, SI) and 21.6 pg cm™ (Figure 6e). For these films the
resistance to electron transport within the film was clear-
ly identified as an EIS response between o.5 and 6 kHz
(Figure Su1). The increased resistance in thick films was
reflected in an increase of the apparent Tafel slopes de-
termined from voltammetry data (Figure Si2). On the
other hand, the Tafel slopes determined by EIS remain
nearly constant at all loadings (Figure Si2) because it is
possible to separate charge transport and charge transfer
in EIS analysis.”® The EIS analysis also shows that the ca-
pacitance for charge transfer increases with overpotential,
which is attributed to the accumulation of more oxidized
intermediates in the catalyst/electrolyte interface. The
capacitance Ccr for the most active catalysts (e.g., Figure
6c) becomes constant after the onset for water oxidation
at 77 ~ 0.2 'V, suggesting that the whole catalyst surface is
active for OER (Figure S13). On the other hand, the capac-
itance for charge transfer in thick films (e.g., Figure 6d)
continues to increase with an increase of overpotentials,
suggesting that a larger fraction of the catalyst surface
becomes active for OER at larger overpotentials.

Construction of high surface area anode materials.
Among the three most active catalysts, the maximum
loading of FeNiO, on a flat Au substrate is 3 pg cm™, while
the maximum loadings of CoFeO, and CoFeNiO, are 20
and 70 pg cm, respectively, using the anodic electrodep-
osition method. For high current density applications, a
high level of loading of highly active catalysts is required.
Thus, CoFeO, and CoFeNiO, were further deposited onto
nickel foams (NF). After deposition, the surface of nickel
foam was covered by a layer of rough films with a mor-
phology similar to that observed in the flat substrates
(Figure 7a). Catalyst films could be detached from nickel
foam by sonication of the electrode in methanol (Figure
S14). High resolution transmission electron microscopy
shows that the CoFeO, film has small crystalline domains
(Figure 7b). The electron diffraction pattern of CoFeO,
(inset in Figure 7b) exhibit features corresponding to lat-

tice spacings of 0.265, 0.218 and 0.156 nm, which could be
assigned to the (012), (015) and (110) planes in Co-Fe hy-
droxide hydrates (JCPDS 50-0235). Elemental mapping
shows that Co and Fe are homogeneously distributed in
the film (Figure 7c). Nickel is also observed in the film.
These nickel species were likely from the nickel foam sub-
strate.

”
* .
-

Figure 7. (a) SEM image of nickel foam before and after elec-
trodeposition of the CoFeO, and CoFeNiOy catalysts. TEM
image (b) and elemental mapping (c) of the CoFeO, catalyst
detached from the nickel foam substrate. TEM image (d) and
elemental mapping (e) of CoFeNiO,. Insets in figures (b) and
(d) show the electron diffraction pattern (top left) and the
HR-TEM image (bottom left) for the CoFeO, and CoFeNiO,
films, respectively.

Crystalline nano domains were also observed for the
CoFeNiO, film (Figure 7d). Lattice spacings of 0.246, 0.212
and 0.149 nm were found, which could be indexed to the
(m1), (103) and (301) planes of the hexagonal phase of nickel
hydroxide hydrate (JCPDS 22-0444). Similar lattice spacings
were observed for nickel iron LDH.>®* The ternary oxide
shows a homogeneous distribution of the Co, Fe and Ni ele-
ments (Figure 7e).

Both metal oxide electrocatalysts deposited on nickel
foam are rich in nickel due to the chemical instability of
the substrate in acidic solutions. Some nickel dissolves
into nickel ions in the deposition bath, which are then



incorporated into the metal oxide films during electro-
deposition.
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on Ni foam.

The high surface area electrodes were tested for electro-
chemical OER. In 1 M KOH, current densities of 10 and
100 mA ¢cm™ are reached at overpotentials of 260 and 300
mV for the CoFeO,/NF catalyst. The CoFeNiO,/NF is
slightly more active and requires overpotentials of 240
and 270 mV to reach the same current densities (Figure
8). These are among the lowest overpotentials reported
for OER in 1 M KOH (Table Si1, supporting information).
Nickel foam itself requires a much larger overpotential.
The Tafel slopes were 36 mV dec” for CoFeO,/NF and 32
mv dec” for CoFeNiO,/NF. The ECSA of CoFeNiO,/NF
was 3.7, while that of CoFeO,/NF was 1.65 mF cm™. The
Faradaic efficiency for oxygen evolution is close to 100%
(Figure S15).

DISCUSSION

Anodic electrodeposition of transition metal
(oxy)hydroxides. The oxidative electrodeposition of a
FeNiO, catalyst had been previously described by our
group.” However, the deposition mechanism was not well
understood and the implications for the electrodeposition
of other mixed metal oxides containing iron had not been
explored. The oxidative deposition of unary nickel, cobalt,
iron and manganese oxides® from acetate-buffered solu-
tions onto conductive substrates is well understood and is
commonly used to prepare porous coating layers.** The
deposition mechanism involves the one electron oxida-
tion of the low valence M* ion adsorbed on the surface of
the electrode (M**(aq).qs) with the concomitant precipita-
tion of the (oxy)hydroxide species according to Equations

(1) and (2).
M**(aq)ags = M**(aq)ags + € (1)

M’*(aq)aas = MO(OH)(s) + 3H" )

These unary metal oxides catalyze water oxidation in al-
kaline solutions, but with low intrinsic activities. The in-
tentional and unintentional introduction of iron into Ni
and Co films has been shown to significantly increase the
activity of unary oxides.**"**

Metal hydroxides can also be electrodeposited under
reductive potentials. The mechanism of cathodic deposi-
tion involves the reduction of nitrate anions in the solu-
tion (Eq. 3), thereby increasing the local pH near the
working electrode. This leads to precipitation of metal
hydroxides (Eq. 4).***

NO; + H,O + 2" > NO, + 20H’ (3)
M** + 20H — M(OH),(s) (4)

Compared to cathodic deposition, the anodic deposition
method described here is potentially advantageous be-
cause its electropolymerization mechanism ensures suffi-
cient conductivity of the resulting oxides. When the con-
ductivity of the oxides decreases, the electrodeposition
rate diminishes, resulting in a self-liming growth process.
This is indeed observed during the electrodeposition of
the CoFeO, catalyst in Figure 1.

The anodic deposition of binary and ternary metal oxides
containing iron has been difficult. The reduction poten-
tials** increase in the order: H/H, (0.0 V)< Fe*"/Fe** (0.77
V) < 0,/H,0 (1.23V) < Mn**/Mn*" (1.5 V) < Co*"/Co™ (1.82
V) < N#*/Ni** (calculated as 2.3 V). Thus, starting from
Fe*, unary iron oxide would be deposited before other
metal oxides could form, making it impossible to make
mixed oxides. Here, we solved the problem by introduc-
ing a Fe*" precursor into the electrodeposition bath.
Scheme 2 shows the proposed deposition mechanism for
the oxidative electrodeposition of CoFeO, films. During
the first linear sweeps, the divalent metal ion is oxidized
at the working electrode while Fe*" is reduced in the
counter electrode to Fe* as observed by in situ UV-Vis
(Figure S3). The delay in the start of the deposition and
the low current efficiency in the first linear sweeps during
the deposition of CoFeO, and FeNiO; is due to the chemi-
cal instability and fast dissolution of the cobalt and nickel
oxides under the slightly acidic conditions (Figure 1).
Once Fe** ions diffuse from the counter electrode to the
working electrode, the electrodeposition of CoFeO, be-
gins as observed by the increase in mass on the quartz
crystal. When a significant amount of catalyst is deposited
on the working electrode, the oxidation of water decreas-
es the local pH. The deposition of new material is bal-
anced by its dissolution. The growth of the catalyst film
then stops. The maximum loading of a catalyst is also
limited by the conductivity of the film. Iron-rich catalysts
are more insulating, resulting in thinner films. As an ex-
ample, Fe-rich catalyst FeNiO, has a maximum loading of
about 3 pg cm™, much lower than CoFeNiO,, which has a
lower iron content and a maximum loading of about 70
pg cm™,
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Scheme 2. Proposed mechanism for the electrodeposition of
CoFeO,. Fe*" is first reduced to Fe** in the counter electrode.
Subsequently, CoFeO, is oxidatively electrodeposited on the
working electrode.

The electron diffraction patterns of CoFeO, and
CoFeNiO, films exhibit features arisen from in-plane lat-
tice spacings of LDHs, but not their characteristic d-
spacings along the Z-axis. This result indicates that these
catalysts have a local structure similar to LDH, even
though they do not stack to form large crystals in the z-
direction. Nickel, cobalt, and iron-containing double lay-
ered hydroxides have recently received much attention
due to their promising OER activity.3® This work provides
a convenient electrodeposition method for the synthesis
of these double layer hydroxides.

Loading-dependent activity. The chemical composi-
tions of the metal oxides do not change significantly dur-
ing the anodic electrodeposition, indicating that the films
are rather homogeneous. Figure ga models the activity
trends observed in the log-log plots for the various transi-
tion metal oxides. First, at low catalyst loadings, the mass-
averaged activity, which is proportional to the apparent
TOF, decreases with an increase of loading. However,
Figure 5b shows that for each catalyst the OER activity is
proportional to the electrochemical surface area at all
loadings. Thus, the initial decrease in TOF can be at-
tributed to a decrease of mass-averaged surface area in
the first few layers of oxides. Presumably, below monolay-
er coverage, the film first grows on the substrate plane
due to the higher conductivity of the substrate compared
to the film itself. The mass-averaged surface area is at its
maximum. Beyond monolayer coverage, the film starts to
grow on top of the previous layer(s). The mass-averaged
surface area decreases. This process might be considered
as "nucleus sintering". Second, at higher loadings the "nu-
cleus sintering” stops and the activity per unit of mass is
independent of the loading. The values obtained in this
region may be considered as a true indicator of the intrin-
sic activity of the materials as practical catalysts will have
multiple layers. In a third region, the surface area is con-
stant when the mass is increased, and a slope of -1 appears
in the log-log plot. A maximum current density is ob-
tained in this region. At even higher loadings a decrease
in activity is observed due to the increased resistance to
charge transport in thicker films, which is also reflected in
a transmission line in the EIS spectra (e.g., Figure 6d).
The decrease in activity at higher loadings is not due to
limited hydroxide ion diffusion inside of the pores of the

material, as in a diffusion-limited regime the observed
current density would be constant. It should be noted
that at high catalyst loadings, the adhesion of gas bubbles
at the surface might affect the observed activity, and the
degree of adhesion depends on morphology and surface
aerophobicity.***® In the range of current densities inves-
tigated in this study, the activity is not affected by bubble
adhesion.
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Figure 9. OER activity of transition metal

(oxy)hydroxides. (a) Schematic representation of the var-
ious regions observed in a log-log plot of activity vs. load-
ing. The right axes shows the current density calculated
as the product of the mass activity and loading. (b) Fit-
ting of experimental data obtained for the mass activity of
metal (oxy)hydroxides.

The experimental data in Figure sg was fitted using the
simulated trend in Figure ga. A good fit over a wide range
of loading is obtained (Figure gb). Table S2 summarizes
the intrinsic mass activity of the various transition metal
(oxy)hydroxides at 7 = 350 mV in 1 M KOH. The various
transition metal (oxy)hydroxides studied here exhibit
different intrinsic activity. Among the unary metal oxides,
CoOy is more active than the Ni, Fe and Mn oxides by
almost two orders of magnitude.



The derivation of activity trends for metal oxides has
been obscured by the presence of electrolyte impurities,
the differences in loading and surface area, and the diffi-
culties in correcting activities for electrical resistance in
thick films.”**” The log-log plot reported here facilitates
the distinction of intrinsic activities from those measured
under the influence of morphological and electronic ef-
fects. Bockris and Otagawa*’ proposed that although the
M-OH bond strength is not a definitive parameter of ac-
tivity it should allow the extraction of activity trends for
metal oxides.””*”” The bond strength D(M-OH) was de-
fined as the sum of the bond dissociation energies for the
heterolytic dissociation D;,,(M-OH) and homolytic disso-
ciation D, (M-OH) of a metal hydroxide of the form
M"(OH),. We attempted to correlate the intrinsic activity
of the various transition metal (oxy)hydroxides reported
here to M-OH bond strength of the (oxy)hydroxides as
proposed by Bockris and Otagawa (Figure 10). The deter-
mination of M-OH bond strengths in binary and ternary
oxides is not obvious, so we used the bond strength of the
physical mixture of the corresponding unary hydroxides
(Table S3) as approximations. The correlation of the activ-
ity of various metal oxides with their M-OH bond
strength gave rise to a volcano-shaped plot. The maxi-
mum intrinsic activity is obtained for bond strengths of
around 136 kcal mol™ (569.0 k] mol™). NiO, and CoO, are
in the ascending branch where the bond strength is below
the optimal value. Because nickel and cobalt are on the
same side of the volcano plot, the NiCoO, shows activity
proportional to the cobalt content. This implies that there
is no significant synergistic effect between nickel and co-
balt for OER. Introduction of iron using the anodic elec-
trodeposition method reported here results in some of the
most active catalysts reported to date. CoFeO, and NiCo-
FeO, show similar activities to those of the previously
reported FeNiO,. They are close to the top of the Volcano.
Because iron oxide is in the opposite branch of the volca-
no plot relative to NiO, and CoQ,, its presence alters the
electronic properties of the Ni-OH and Co-OH bonds,
and vice versa. A possible molecular-level explanation was
given by Stahl and co-workers, who reasoned that Ni*" has
more electrons in zsymmetry (t,,) d-orbitals in Fe-O-Ni
bonds relative to Fe’* in Fe-O-Fe bonds. This increases
the electron donating ability of the z-symmetry lone pairs
of the bridging oxygen which weakens the Fe-OH bond.
This is expected to reduce the potential for the oxidation
of Fe*" to Fe*" and increase the Ni*”?* and Co>"** redox
potentials.*® A lower oxidation potential for Fe*"'*" would
result in a lower overpotential for OER at the Fe center.
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Figure 10. Volcano plot for the intrinsic activity of transi-
tion metal (oxy)hydroxides vs. M-OH bond strength. The
green dotted lines indicate a hypothetical, perfect Volca-
no.

The optimal M-OH bond strength in Figure 10 is around
136 kcal mol™ which is close to the total energy required
to produce 1 mol of O, from 2 moles of water at 298 K
(136.7 kcal or 572 kJ). This result could be understood by a
thermal cycle analysis of OER according to the catalytic
cycle in Figure S16. According to the analysis, D(M-OH) =
Dcov(M'OH) + Dion(M'OH) = AI_Iowater splitting (Figure 816) in
a thermal neutral cycle. The optimal bond strength of
136.7 kcal mol™, thus, indicates that the best catalyst ena-
bles OER in a thermal-neutral process. This conclusion is
independent of the catalytic mechanism. The thermal
cycle analysis also explains why M-OH bond strength is a
good descriptor for OER activity. Koper and co-workers
had used DFT calculations to explain the apparent suc-
cess of bulk thermochemistry as a descriptor of the activi-
ty of transition metal oxides for OER.* They found that
bulk thermochemistry and surface absorption energetics
depend similarly on the number of outer d-electrons in
transition metal oxides. The results shown here are in
agreement with their finding.

CONCLUSION

In summary, we have developed a novel electrochemical
method for the deposition of a family of thin-film transi-
tion metal (oxy)hydroxides. The electrodeposited thin-
films contain crystalline nanodomains with lattice spacing
similar to those of double layered hydroxides. These thin
films are OER catalysts. The electrodeposition method
allowed the precise measurements of catalyst loading and
activity. By separating the contribution of electrochemical
surface areas and resistance to charge transport within
the catalyst films during OER, the intrinsic activity of the
various metal oxyhydroxides was obtained in the form of
turnover frequencies and mass-averaged activities. The
metal oxyhydroxides can be classified into three catego-
ries: CoFeO,, FeNiO,, and CoFeNiO, belong to the first
group which is most active, CoO, and CoNiO, belong to



the second group, while NiO,, FeO, and MnO, belong to
the last group which has only modest activity at modest
overpotentials. A volcano correlation of the intrinsic ac-
tivity with M-OH bond strength could be observed, sug-
gesting the latter as a valid descriptor for OER. The
CoFeO, and CoFeNiO, catalysts were deposited on high-
surface area electrode Ni foam. In 1 M KOH, the most
active CoFeNiO, catalyst reaches current densities of 10
and 100 mA cm™ at overpotentials as low as 240 and 270
mV, respectively. This activity is among the highest for a
metal oxide film. The characterization tools presented in
this work should facilitate the study and understanding of
porous thin film electrocatalysts.
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