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ABSTRACT:

Oxygen evolution reaction (OER) plays an essential role as the anodic reaction in numerous
electrochemical systems for renewable energy conversion. However, the design of efficient
electrocatalysts for the OER has been impeded by the sluggish kinetics and poor stability of the
catalyst materials. Fe, Co, and Ni-based oxides and (oxy)hydroxides exhibit high OER activities,
while the active phases of these catalysts are yet to be elucidated. Here we report a facile synthesis
of Co (oxy)hydroxide and oxide nanosheets supported on Ni foam as OER electrocatalysts. An Ni
foam support was submerged into a CoCl2 solution and heated to evenly coat the support with Co
species, which was converted to Co (oxy)hydroxides or oxides by further annealing at various
temperatures. The prepared electrodes showed high active surface areas and high OER activities,
which depended on the annealing temperature that impacted the structure and chemical state of the
Co species. The electrode annealed at a lower temperature showed a higher intrinsic activity for
the OER, commensurate with the presence of Co (oxy)hydroxide phases that are most active for
the OER. Our work sheds new insights into the structure-activity relationships of Co-based OER
electrocatalysts for efficient electrolyzers.
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INTRODUCTION

Due to the limited reserves of fossil fuels and the increasing environmental concerns, there is
an urgent need for renewable energy technologies that can efficiently convert and utilize solar and
wind energy.! Considering the intermittency of solar and wind resources, it is desirable to convert
and store solar- and wind-generated electricity into chemical energy.> One promising approach is
to use the renewable electricity to power the electrosynthesis of chemicals and fuels from naturally
abundant resources. For example, renewably powered electrochemical water splitting can provide
a sustainable route for the production of Hz as a clean, carbon-free fuel.®> Substantial efforts have
also been made to develop electrolyzers for the conversion of COz to value-added chemicals such
as ethylene and ethanol,* as well as many other electrochemical processes. In the electrolyzers, the
reaction occurring on the anode is typically the oxygen evolution reaction (OER): 4OH™ — O2 +
2H>0 + 4e~, which has sluggish kinetics.>™® Therefore, developing efficient electrocatalysts for the
OER is essential to lower the anodic overpotential and thus improve the overall performance and
energy efficiency of the electrolyzers.

The design of efficient OER electrocatalysts has been impeded by the sluggish kinetics and
poor stability of the catalyst materials under anodic oxidation conditions.> To date, a variety of

materials have been explored as electrocatalysts for the OER, including precious metal oxides,'!2

13716 and non-oxide compounds.'”?° Precious metal oxides, particularly

non-precious metal oxides,
RuOx and IrOx, show high OER activities and can sustain at high anodic potentials in both acidic
and alkaline electrolytes,'%"!? but the high cost of precious metals limits their practical applications.
Meanwhile, non-precious metal oxides, particularly Fe, Co, Ni-based oxides or (oxy)hydroxides,
have shown remarkable activities for the OER,'*!* and their low cost and high stability in alkaline
solutions make them promising OER catalysts. These materials have multiple oxidation states and
coordination environments, and thus allow different combinations of transition metals to form bi-

metallic or multi-metallic oxides,!>'®

resulting in a widely tunable structural and chemical space.
In addition, non-oxide compounds such as metal chalcogenides and pnictides as well as carbon-
based materials have been reported as promising catalysts for both hydrogen evolution reaction
(HER) and OER,'""?° 5o they may be suitable candidates for overall water splitting. Compared to
transition metal oxides, only a limited number of non-oxide catalyst materials have been reported,

and these materials still suffer from the need of high overpotentials for the OER.

Among the candidate materials, Co-based electrocatalysts have attracted substantial interest
for the OER,*!"* as they allow for the formation of multi-cobalt centers with multiple/variable Co
oxidation states (namely II, III, and IV).2! Accordingly, different phases of Co oxide, hydroxide,
and oxyhydroxide, particularly Co304, Co(OH)2, and CoOOH, have been studied for the OER 2! 73
For example, Haase et al. uncovered the size-dependent activity and active oxidation state of Co
oxide nanoparticles during the OER.?® Gu et al. reported that Co(OH)2 supported on Ni foam will



be electrochemically oxidized to Co3O4 during the OER.?’ Using correlative operando microscopy,
Mefford et al. confirmed that CoOOH is the active site or reactant state of the rate-limiting step
for the OER,*!' while Moysiadou et al. found the dominating resting state of the catalyst under OER
conditions to be the Co(IV) species CoO2.3? Additionally, the redox properties and local bonding
environment of Co304 can be modified by introducing CeO2,>* which allows Co(III) species to be
easily oxidized into catalytically active Co(IV) species and thus enhances its intrinsic activity for
the OER. While these works contributed substantially to the understandings of Co-based catalysts
for the OER, further efforts are still needed to elucidate such a complicated system.

In this work, we developed Co (oxy)hydroxide and oxide nanosheets supported on Ni foam
as electrocatalysts for the OER. The Co-based electrocatalysts were prepared by submerging a Ni
foam support into a CoClz solution and then heating to coat the support with Co species, followed
by annealing to different temperatures to convert the Co species to (oxy)hydroxides or oxides. The
prepared CoOx/Ni-foam samples have systematically tuned morphologies and Co oxidation states,
thus allowing a comparison to reveal the effect of Co oxidation states on the OER. As a result, we
found that the electrode prepared with a lower annealing temperature (150 °C) exhibited a higher
intrinsic activity for the OER than other electrodes prepared at higher temperatures, which was
attributed to a higher prevalence of the Co (oxy)hydroxide phases in the sample. Our work provides
new insights into the structure-activity relationships of Co-based OER electrocatalysts towards a

rational design of OER catalysts.

EXPERIMENTAL SECTION

Materials Synthesis. A schematic illustration of the synthesis process of Ni-foam-supported Co
oxide samples is shown in Figure 1a. First, 210 mg of cobalt chloride hexahydrate and 210 mg of
Ni foam were added into deionized water so that they were fully immersed with a total solution
volume of ~500 mL. The solution was then put into a sealed heavy-walled glass vessel to facilitate
hydrothermal synthesis under elevated temperature and pressure. The solution was kept at 100 °C
for 24 h while being stirred, and the color of the solution changed from a purple/pink to a dull
grey/brown color during the process. Subsequently, the Ni foam was taken out from the flask and
rinsed with copious amounts of deionized water, and then dried under ambient conditions
overnight. The samples were then heated at 150 °C for 6 h in a muffle furnace under ambient
atmosphere, and the resulting samples are hereafter referred to as CoOx/Ni-Foam-150C samples.
Some of the samples were put back into the furnace and further heated to different temperatures
(350, 500, or 650 °C) at a ramp rate of 5 K min! and held at each indicated temperature for 2 h.
The derived samples are hereafter referred to as CoOx/Ni-Foam-350C, CoOx/Ni-Foam-500C, and
CoOx/Ni-Foam-650C, respectively.



Materials Characterization. Scanning electron microscopy (SEM) images and energy dispersive
spectroscopy (EDS) mapping were acquired using a ZEISS Ultra-55 FEG scanning electron
microscope equipped with a Noran System 7 EDS with Silicon Drift Detector. X-ray photoelectron
spectra (XPS) were acquired using a Thermo Scientific ESCALAB XI" X-ray Photoelectron
Spectrometer with an Al Ka X-ray source (1486.67 eV). Fourier transform infrared (FTIR) spectra
were acquired using a JASCO FTIR-6600 Spectrometer equipped with a diamond attenuated total
reflection (ATR) accessory in the range of 400—4000 cm ™' with a resolution of 4 cm ™.

Electrochemical Measurements. Electrochemical measurements were carried out using a CH
Instruments 760E Bipotentiostat or a Gamry Interface 1000B Potentiostat. The above prepared
CoOx/Ni-Foam electrodes with a geometric area of 1 cm X 1 cm were used as the working
electrodes, and a piece of Pt gauze (1 cm x 3 cm) and an Hg/HgO electrode (1 M KOH) were used
as the counter electrode and the reference electrode, respectively. Linear sweep voltammetry (LSV)
measurements were performed with 1 M KOH electrolyte in a single-compartment cell, where the
working and counter electrodes were placed parallel to each other about 0.5 cm apart. Oz gas was
bubbled into the electrolyte at 5 sccm for at least 15 min prior to LSV scans but was stopped during
the scans. Bulk electrolysis was performed using a two-compartment electrochemical cell (H-cell)
separated by a piece of Nafion 1110 membrane at room temperature, as shown in Figure S1. During
bulk electrolysis, Oz gas was bubbled into the 1 M KOH electrolyte at a flow rate of 5 sccm with
the electrolyte being stirred at 600 rpm. All potentials were iR-compensated and converted to the
reversible hydrogen electrode (RHE) scale in this work. Electrochemical impedance spectroscopy
(EIS) tests were performed in the frequency window ranging from 1 to 10° Hz with an amplitude
of 5 mV. The electrochemical surface area (ECSA) of an electrode was quantified by measuring
the double-layer capacitance. Cyclic voltammetry (CV) scans were performed on an electrode at
different scan rates in a potential window of 0.8—0.9 V vs RHE, where only double-layer charging
and discharging occur (no Faradaic process). The double-layer charging current was plotted vs the

CV scan rate, and the slope of the linear regression gave the double-layer capacitance.

RESULTS AND DISCUSSION

A series of Co oxide samples supported on Ni foam were prepared using the method described
in the Experimental Section (Figure 1a). The samples were prepared through thermal treatment at
different temperatures ranging from 150 to 650 °C to tune their morphology and oxidation state
for comparative structure-activity relationship studies. The samples were first characterized using
SEM to reveal their morphology. Typical SEM images of the four electrodes are shown in Figure
Ib—e, with corresponding overview SEM images exhibited in Figure S2. The CoOx/Ni-Foam-
150C sample consists of hexagonal nanosheets of around 1 um in size (Figure 1b), which are most

likely Co(OH)2 or CoOOH nanosheets based on the expected morphology from prior studies.?’-3!4?



To check the distribution of Co species on the Ni foam support, EDS mapping was performed on
the sample, which confirmed a uniform distribution of Co, Ni, and O elements (Figure S3).

Annealing of the sample to higher temperature in air is expected to lead to the formation of
Co oxides due to the decomposition of Co (oxy)hydroxides and further oxidation of Co.*’ Indeed,
after annealing at 350 °C, most of the hexagonal nanosheets disappeared, which likely merged to
form larger and more continues micro/nanostructured films (Figure 1¢). This trend of morphology
change continued in the sample after annealing at 500 °C (Figure 1d), until smaller nanoparticles
were formed in the sample after annealing at 650 °C (Figure 1e). Basically, along with the increase
of the annealing temperature, the morphology of the Co-based samples changed from hexagonal
nanosheets to thin films, and eventually nanoparticles. Similarly, EDS mapping also confirmed a
uniform distribution of Co, Ni, and O elements on the three samples (Figure S4—S6).

Various Co species
on Ni foam
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Figure 1. Synthesis and SEM characterization of the Co oxide samples supported on Ni foam. (a)
Schematic illustration showing the procedure for the preparation of different Co-based samples.
(b—e) Typical SEM images of the as-prepared samples: (b) CoOx/Ni-Foam-150C; (c) CoOx/Ni-
Foam-350C; (d) CoOx/Ni-Foam-500C; (e) CoOx/Ni-Foam-650C.



XPS spectra were then acquired to examine the oxidation states of Co in the samples. Figure
2 shows high-resolution XPS spectra of the Co 2p region in the four samples, with corresponding
spectra of the O 1s region presented in Figure S7. Deconvolution of the Co 2p3/2 region of the
CoOx/Ni-Foam-150C sample gave multiple peaks: a peak centered at ~780.2 eV that is attributed
to CoOOH or Co®" species,**? another peak centered at ~781.8 eV that is attributed to Co(OH)2
or Co?", as well as two satellite peaks, as labelled in Figure 2a. Accordingly, the O 1s region of the
sample in Figure S7(a) shows two peaks centered at 530.0 and 531.5 eV, which are assigned to O
species in CoOOH and Co(OH)z, respectively.***? Based on the deconvoluted peak areas, the ratio
of Co** species in the CoOx/Ni-Foam-150C sample was estimated to be 73.7%, with the remaining
26.3% as Co?". The XPS spectra of the rest three samples were similarly analyzed, as presented in
Figure 2b—d and Figure S7(b—d), with similar peak positions. The ratio of Co®" species decreased
to ~68% in the CoOx/Ni-Foam-350C and CoOx/Ni-Foam-500C samples, but increased slightly to
70.7% in the CoOx/Ni-Foam-650C sample. Therefore, as the annealing temperature of the samples
increased from 150 to 500 °C, the ratio of Co** species decreased, due to the decomposition of Co
(oxy)hydroxides and the formation of Co oxides, or namely surface and bulk CoOOH converts to
predominantly Co3O4 (2:1 Co**:Co?") with increasing temperature.*” Annealing to further higher
temperature (650 °C) caused further oxidation to increase the ratio of Co®* species in the Co oxides.
A summary of the ratio of Co** and Co?" species in the samples is presented in Table 1.
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Figure 2. XPS spectra of the Co 2p region of the as-prepared samples, with deconvoluted peaks
showing different oxidation states of Co: (a) CoOx/Ni-Foam-150C; (b) CoOx/Ni-Foam-350C; (c)
CoOx/Ni-Foam-500C; (d) CoOx/Ni-Foam-650C.

Table 1. Summary of the Co oxidation states in the electrodes, as derived from the XPS data.

As-Prepared After 2-h OER Test
Sample
Co** Ratio | Co?" Ratio | Co*"Ratio | Co’" Ratio
CoOx/Ni-Foam-150C 73.7% 26.3% 79.7% 20.3%
CoOx/Ni-Foam-350C 68.2% 31.8% 75.8% 24.2%
CoOx/Ni-Foam-500C 68.7% 31.3% 69.8% 30.2%
CoOx/Ni-Foam-650C 70.7% 29.3% 75.6% 24.4%

To further reveal the chemical states and phases of Co species in the samples, FTIR spectra
were acquired using a JASCO FTIR-6600 Spectrometer equipped with a diamond ATR accessory
in the range of 400—4000 cm ™! with a 4 cm™! resolution, as shown in Figure 3. Bare Ni foam shows
no significant spectral features. The CoOx/Ni-Foam-150C sample shows weak signals at 562 and
654 cm™!, which are the characteristics of Co-O vibrations of spinel Co oxide.** The peak at 562
cm ! also appears to be broader than anticipated, and potentially multi-modal due to a secondary
component. In addition, a very broad O—H stretching is observed at 3390 cm!, along with several
other signals at 1357 and 1004 cm™!, which are commensurate with the presence of water and
surface hydroxides.** > These observations are consistent with a mixture of CoOOOH, Co(OH)2,
and CoOx. Given the low annealing temperature and storage in ambient air, it is anticipated that
such a mixture would arise. Samples annealed at higher temperatures in air give rise to sharper,
higher intensity signals at ca. 552 and 652 cm™!, along with a marked disappearance of the very
broad peak at 3390 cm™!. This is consistent with the decomposition of Co (oxy)hydroxides and the
formation of predominantly Co3O4 spinel material. The remaining peaks in the 940—-1100 cm™!
area are attributed to surface hydroxyls arising from storage and handling under ambient conditions.
Therefore, the structural information revealed by the FTIR spectra is consistent with the XPS data
and confirms the change of chemical state of Co in the samples: the CoOOH in the CoOx/Ni-Foam-
150C was gradually transformed to CoOx in the CoOx/Ni-Foam-350C and CoOx/Ni-Foam-500C
samples upon annealing, and mostly became C0304 in CoOx/Ni-Foam-650C sample.
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Figure 3. FTIR spectra of the Co-based samples supported on Ni foam. An expanded view of the
highlighted region (500—700 cm™") in (a) is exhibited in (b).

The Co-based samples were subsequently tested and compared as electrocatalysts for the OER.
LSV was first performed to evaluate the electrocatalytic performance for the OER. As shown in
Figure 4a, the current density on all samples increased exponentially along with the increase of the
overpotential, while the OER activity showed a substantial difference between the four samples,
which deceased in the following order: CoOx/Ni-Foam-150C > CoOx/Ni-Foam-350C > CoOx/Ni-
Foam-500C > CoOx/Ni-Foam-650C. As the current densities in the LSV curves were normalized
to the geometric surface area of each electrode, the different current densities might arise from the
intrinsic activity as well as the ECSA, considering the change in the electrode morphology during
the annealing at higher temperatures (Figure 1). There may be a concern about possibly exposed
Ni surface that might participate in the OER catalysis. In our case, the long hydrothermal synthesis
process typically leads to a full coating of the Ni foam by Co species, as shown by the SEM images.
Moreover, the studies of Ni-based OER catalysts often show a Ni oxidation peak between 1.3 and
1.5 V vs RHE in the LSV or CV curves,** ™ while the absence of such peak in all LSV curves of
our samples can help confirm that Ni did not participate in the OER.

To compare their intrinsic activities for the OER, we quantified the ECSA of each electrode,
which is proportional to its double-layer capacitance and can thus be measured by a CV method.*’
As exhibited in Figure S8, CV scans were performed on each electrode at various scan rates in a
potential window where only double-layer charging and discharging occur (no Faradaic process).
The double-layer charging current was derived and then plotted vs the CV scan rate, and the slope
of the linear regression gave the double-layer capacitance. As a result, the double-layer capacitance
was determined for each electrode, which was further converted to ECSA using a conversion factor



of 40 puF cm 2 in alkaline electrolyte.*>*° As expected, the ECSA was found to be the largest (~582
cm?) on the CoOx/Ni-Foam-150C electrode, which decreased to ~427, 229, and 128 cm? for the
CoOx/Ni-Foam-350C, CoOx/Ni-Foam-500C, and CoOx/Ni-Foam-650C electrodes, respectively
(Figure 4b). The ECSA data also confirmed the advantage of foam-based electrodes, which can
provide high active surface areas to boost the electrocatalytic performance.’! The LSV curves were
then normalized by their ECSA and the normalized current densities for the OER were derived, as
shown in Figure 4c, which can reflect their difference in the intrinsic OER activities. Interestingly,
the order of the intrinsic OER activity remained largely the same as that of the geometric current
densities, with the highest OER activity on the CoOx/Ni-Foam-150C electrode. It was noted that
the ECSA-normalized activity was close between the CoOx/Ni-Foam-500C and CoOx/Ni-Foam-
650C electrodes, while CoOx/Ni-Foam-650C showed a slightly higher normalized activity, which
is attributed to the higher Co*" ratio of Co oxides in CoOx/Ni-Foam-650C (Table 1).2°
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Figure 4. Electrocatalytic performance of the Co oxide samples supported on Ni foam for the OER.
(a) LSV curves recorded on the different electrodes in 1 M KOH electrolyte. Scan rate = 10 mV
s~!. (b) ECSA measured on the electrodes before and after bulk electrolysis at 1.58 V vs RHE for

2 h. (c) ECSA-normalized current densities for the LSV curves measured on the electrodes in 1 M



KOH electrolyte. (d) Typical chronomperometric curves recorded for the bulk electrolysis of OER
at 1.58 V vs RHE in 1 M KOH electrolyte.

In addition, bulk electrolysis was performed to further evaluate the OER on the electrodes at
1.58 V vs RHE in 1 M KOH electrolyte, with typical chronomperometric curves shown in Figure
4d. The bulk electrolysis data indicate a similar order of the OER activity between the electrodes.
The current density remained largely stable or showed a slight increase in the 2-h bulk electrolysis,
demonstrating a good stability of the electrodes. To further verify this, the ESCA of the electrodes
was measured after 2-h bulk electrolysis and compared to those of the as-prepared electrodes. As
shown in Figure 4b, the ECSA remained the same for the CoOx/Ni-Foam-150C electrode after the
electrolysis, while the ECSA increased slightly on the other three electrodes after 2-h electrolysis,
which may be attributed to the oxidation and evolution of the electrodes during the electrolysis.?”!
To understand the structure-activity relationships, we further collected XPS spectra on the samples
after 2-h electrolysis at 1.58 V vs RHE, as exhibited in Figure S9 and S10. Deconvolution of the
Co 2p region of the samples gave multiple peaks at the same positions (Figure S9), with a higher
ratio of Co>" species than the corresponding as-prepared samples. The ratio of Co®* species reached
79.7%, 75.8%, 69.8%, and 75.6% for the CoOx/Ni-Foam-150C, CoOx/Ni-Foam-350C, CoOx/Ni-
Foam-500C, and CoOx/Ni-Foam-650C samples after 2-h electrolysis, respectively, as summarized
in Table 1. This is attributed to the anodic oxidation conditions and may reflect the active state and
phase of Co species during the OER.?”3! Interestingly, although the Co" ratio of CoOx/Ni-Foam-
150C increased after 2-h electrolysis, the ECSA remained the same (Figure 4b), which should be
attributed to the transformation from Co(OH)2 to CoOOH that remained hexagonal shapes with
little impact on the surface area.’! LSV curves were further collected on the electrodes after being
tested for 2-h bulk electrolysis (Figure S11), where the OER activity on the CoOx/Ni-Foam-150C
electrode decreased a little bit, while the activities on the other three electrodes showed an increase
after the 2-h test, consistent with the slight increase of current density in the bulk electrolysis test
(Figure 4d). This should be correlated with the increase of Co®" ratio in the samples after 2-h bulk
electrolysis (Table 1), further confirming the more active Co>" state for the OER. Overall, the order
of their OER activities remained largely similar to that prior to electrolysis, indicating an intrinsic
difference of their OER activities and a reasonable stability of the electrodes.

To look into the OER kinetics on the electrodes, Tafel slopes were derived from the LSV
curves, which are 66, 71, 82, and 78 mV dec ! for the CoOx/Ni-Foam-150C, CoOx/Ni-Foam-350C,
CoOx/Ni-Foam-500C, and CoOx/Ni-Foam-650C electrodes, respectively (Figure 5a). The Tafel
slope increased monotonically from the CoOx/Ni-Foam-150C to CoOx/Ni-Foam-500C electrode,
which agrees with the trend of their intrinsic OER activities (Figure 4c) and reveals a lower kinetic
barrier for the OER on the electrodes prepared at a lower temperature, likely due to the different
phases of Co oxyhydroxides or oxides. EIS spectra were also acquired on the electrodes at 1.58 V
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vs RHE under typical OER conditions (Figure 5b). Fittings of the EIS spectra with a circuit model*
(shown in the inset of Figure 5b) gave the impedance (energy barrier) for the electron transfer at
the electrode-electrolyte interface, which also increased from CoOx/Ni-Foam-150C to CoOx/Ni-
Foam-650C electrode, thus confirming the Tafel slope analysis. Therefore, both methods of
analyzing the OER kinetics indicated the highest intrinsic activity and the lowest kinetic barrier
for the OER on the CoOx/Ni-Foam-150C electrode, which are attributed to the Co (oxy)hydroxide
phases in the electrode that were confirmed by SEM images (hexagonal nanosheets morphology),
XPS, and FTIR data. The Co (oxy)hydroxide phase or chemical state is most active for the OER
and thus contributes significantly to the OER activity and dominates the OER kinetics.*!** In
contrast, other Co oxides derived at higher annealing temperatures cannot be oxidized or converted
to the most active Co (oxy)hydroxide phase during the OER, although they may have similar ratios
of high valence state (Co®"). Therefore, the design of OER catalysts should further increase or
preserve such Co (oxy)hydroxide phase or chemical state in the electrodes.
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Figure 5. Kinetics of the OER on the Co-based electrodes. (a) Tafel slopes derived from the LSV
curves. (b) Electrochemical impedance spectra acquired on the electrodes at 1.58 V vs RHE under
OER conditions. Solid lines show the fittings of the EIS spectra using the circuit model in the inset,
where Rs is the internal resistance, Rct is the charge transfer resistance, and CPE is a constant phase
element corresponding to electrical double layer pseudo-capacitance.'*

CONCLUSIONS

In summary, we prepared and investigated Co (oxy)hydroxide or oxide nanosheets supported
on Ni foam as electrocatalysts for the OER. The Co-based catalysts were fabricated by submerging
a Ni foam support into a CoClz solution, followed by heating to coat the support with Co species
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and then annealing to various temperatures to convert the Co species to (oxy)hydroxides or oxides.
The prepared CoOx/Ni-foam samples feature different morphologies and Co oxidation states and
thus allow a comparison to reveal the effect of Co oxidation states on the OER. As a result, it was
found that the electrode prepared with a lower annealing temperature exhibited a higher intrinsic
activity for the OER than other electrodes prepared at higher temperatures, which was attributed
to the presence of the Co (oxy)hydroxide species that are most active for the OER. These findings
provide new insights into the structure-activity relationships as well as rational design of Co-based
electrocatalysts for the OER towards efficient electrolyzers.
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