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ABSTRACT: Included among the many challenges regarding
renewable energy technology are improved electrocatalysts for
the oxygen evolution reaction (OER). In this study, we report
a novel bifunctional electrocatalyst based on a highly dense
CoO, catalyst by introducing CeO,. The CoO, catalyst is
fabricated by two-step electrodeposition, including Co seed
formation, to obtain a very dense, layered structure, and CeO,,
is also successfully deposited on the CoO, catalyst. CoO, is an
active catalyst showing good activity ( = 0.331 V at 10 mA
cm™?) and also stability for the OER. Higher activity is
observed with the CeO,/Co0, electrocatalyst (7 = 0.313 V at
10 mA cm™). From mechanistic studies conducted with
synchrotron-based photoemission electron spectroscopy and

Cobalt

DFT calculations, Ce promotes a synergistic effect by perturbing the electronic structure of surface Co species (facile formation
to CoOOH) on the CoO, catalyst and optimizes the binding energy of intermediate oxygenated adsorbates.
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B INTRODUCTION

Rising concerns about climate change and greater use of fossil
fuels such as coal, natural gas, and petroleum has given rise to
significant attention to renewable energy technology. Among
the different approaches, water splitting has received a great
deal of attention as a promising potential source of pollution-
free fuels. This system consists of two different parts: the
cathode, which involves the hydrogen evolution reaction
(HER), and the anode, for the oxygen evolution reaction
(OER). Since the OER has relatively sluggish kinetics governed
by four-electron-transfer processes and complicated adsorption
behavior of the intermediates on the electrode in comparison to
the HER,' much effort has been devoted to increasing OER
kinetics via testing of different electrocatalyst materials,
including various combinations of metal oxides,”” perov-
skites,”® sulfides,”"’ phosphides,ll_14 and selenides.”>™”
Layered metal hydroxides (LMHs), including layered single-
metal hydroxides (LSHs) and layered double-metal hydroxides
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(LDHs), have been widely studied for practical application
because of their high performance as electrocatalysts."® For
instance, LDHs (such as CoCo, NiCo, and NiFe) exhibit
significantly higher OER activity in comparison to a noble-
metal oxide (such as IrO,), which is ascribed to enhanced active
sites and electronic conductivity."’

Investigators have also studied the bifunctionality (or
synergistic effect) between the (hydroxyl)oxide and transi-
tion-metal substrates, which is key for highly eflicient
electrocatalytic reactions.”” The bifunctional effect was also
investigated by Zheng et al.”' They fabricated Fe-Ni hydroxide
covered Pt nanoparticles that increased catalytic oxidation
reactions; this was mainly attributed to a synergistic effect.
Recently, Vojvodic and Jaramillo et al. introduced Ce into Ni
oxide for water oxidation.”> It was revealed that the NiCeO,
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catalyst can modify the local chemical binding environment,
showing highly active performance. After this report, several
useful studies of Ce for OER catalysts have since been
conducted (e.g, CeO,/Ni(OH),,** NiCeO,,** and FeOOH/
Ce0,) to maximize its unique properties, such as its stability
in an alkaline electrolyte, facile transition between Ce** and
Ce*, and an efficient supply of oxygen at reaction sites.”>*’

In this study, in order to greatly promote OER performance,
in situ grown highly dense CoO, together with CeO, was
applied as an electrocatalyst. The highly dense CoO,, catalyst
was fabricated on a Ti substrate, with a simple two-step
consecutive electrodeposition procedure, including the Co seed
formation step. For the CeO,/CoO, catalyst, Ce was
electrochemically deposited on the Co catalyst after optimizing
the deposition conditions.

B EXPERIMENTAL SECTION

Substrate Preparation. The CoO, and CeO,/CoO,
electrocatalysts were prepared on the substrate, polycrystalline
Ti (1/4 in. diameter, 99.99% purity, from Kurt J. Lesker). Ti
was polished for 10 min with two different types of sandpaper
(#1500 and #2000) in order to obtain a smooth surface. The
polished Ti was sonicated with distilled water, acetone, and
ethanol in order. Then the Ti was finally rinsed with distilled
water for the fabrication of deposited CoO, catalytic film.

Electrocatalyst Preparation. The CoO, catalyst was
fabricated with a simple two-step consecutive electrodeposition
procedure. As a first step (Co seed formation), a constant
current of 1.0 mA cm™* was applied for 200 s. To achieve the
best CoO,, catalyst, deposition was also conducted under other
conditions (0.01, 0.1, S, and 10 mA cm™2) as shown in Figure
S1. For the multistep deposition, additional potential was
constantly applied on the Co samples (1 V vs Ag/AgCl for 100
s) without stirring. Then the samples were lightly washed with
distilled water for further characterization. The precursors for
the Co deposition were cobalt nitrate (1 M, Acros Organics)
and sodium nitrate (0.1 M, Puratronic) in distilled water. The
CeO,/Co0, was fabricated on prepared CoO,, film with cerium
nitrate (10 mM, Alfa Aesar) and sodium nitrate (0.1 M) with
distilled water. A constant voltage was applied at 0.2 V (vs Ag/
AgCl) for S s to obtain the CeO,/CoO, electrocatalyst. For
systematic investigation, we prepared a total of four different
Ce0,/Co0, catalysts with different applied potentials (0.1, 0.2,
0.3, and 0.4 V). The Co oxide sample (mainly Co;0, phase)
was prepared as a bulk Co catalyst for OER activity
comparison.

Characterization. The surface of the catalytic film was
investigated using a scanning electron microscope (SEM, FEI
Quanta 650 SEM) without a noble-metal coating. The
accelerating voltage was 15 kV with 2 nA of current and ~10
mm of working distance. The sheet resistance of Co samples
were determined using a four-point probe technique
(KEITHLEY) at room temperature. The samples were
structurally characterized by X-ray diffraction (XRD, XPERT-
Pro) equipped with Cu Ka radiation (4 = 1.540598 A) using an
incidence angle of 1° and 40 kV of generator voltage without a
monochromator. Additionally, high-resolution transmission
electron microscopy (HRTEM, JEOL 2010F) was used to
further examine the crystallinity, structure, and high resolution
of the morphology. The distribution of elements (Co and Ce)
of the catalysts was analyzed by X-ray elemental mapping. An
additional elemental distribution study was conducted by using
secondary ion mass spectrometry (SIMS, CAMECA 7F with

4258

low energy primary O*" gun, impact energy 7.5 keV, KBSI)
with RAE Detector (CA:20, FA:1800, Ent, Eng, Ext fully open).
High-resolution photoelectron spectroscopy (HR-PES) study
was performed at the 7Bl beamline (Pohang Accelerator
Laboratory, PAL) to obtain elemental or chemical state
distribution at specific photon energy (630 eV for core level
or 130 eV for valence band study). All energy data were
calibrated with Au foil. XPS spectra were also recorded on a
Kratos Axis Ultra DLD spectrometer using monochromatic Al
Ka radiation (1486.6 eV) with a spot size of 400 um, to check
the thickness of CeO,. The chamber pressure employed in the
XPS studies was maintained at 1 X 107'° Torr. A three-
electrode configuration was used for the preparation of various
catalysts and evaluation of electrochemical behavior with a
potentiostat (CHI 660D, CH instruments). This system
consists of three main electrodes: working electrode (electro-
catalyst), reference electrode (Ag/AgCl in saturated KCl,
converted to RHE scale), and counter electrode (Pt mesh).
Cyclic voltammetry (CV) was conducted in a voltage range
between 0.8 and 0.9 V vs RHE with a scan rates of 10, 20, 50,
100, 200, and S00 mV s~ in 1 M NaOH to calculate
capacitance (Cp;) and electrochemical surface area (ECSA).
The oxygen evolution reaction was evaluated by collecting
linear voltage sweep (LSV) data in a voltage range between 1.0
and 1.9 V with a scan rate of 10 mV s'. All of the data of
electrochemical evaluation was corrected with an iR compensa-
tion (4—5 Q, 80% of auto measured value from CHI software).
We performed GGA-level spin-polarized density functional
theory (DFT) calculations using the Vienna ab initio simulation
package (VASP).”® The DFT+U"’ method was utilized to treat
localized Ce 4f and Co 3d orbitals with U = 5.0°° and 3.3,*'
resgectively. The Perdew—Burke—Ernzerhof (PBE) function-
al®* was chosen to describe electron exchange and correlation.
The kinetic energy cut off was set to 400 eV, and the Brillouin
zone was sampled with a 2 X 2 X 1 k-point mesh following the
Monkhorst—Pack scheme. Convergence criteria for the
electronic structure and the atomic geometry optimization
were set at 107 eV and 0.01 eV A™', respectively. We prepared
Co;0, slab systems with (110) and (111) surfaces, which are
predominately considered for chemical reaction research.*® The
Co;0, (110) slab had repeating units (one repeating unit = two
atomic layers) with two fixed bottom repeating units; the
Co30, (111) slab had two repeating units (one repeating unit =
six atomic layers) with one repeating bottom unit frozen in its
bulk position. Both systems were centered between 10 A
vacuum layers to avoid self-interaction through the periodic
boundary conditions. We calculated Gibbs free energies with an
applied bias to compare the catalytic activity using the equation

AG(U) = AE — AE,p; — TAS — neU

where AE is reaction energy, AE,py represents the zero-point
energy correction, AS is the difference in entropy, and U is the
applied bias. Through this Gibbs free energy equation, we made
reaction energy diagrams of the entire reaction pathway to
explain the catalytic activity difference caused by the presence
of CeO, on the Co;0, system.

B RESULTS AND DISCUSSION

In order to optimize the deposition conditions of the Co
catalyst, we attempted to compare the OER performance of
various Co catalysts. Figure 1 shows the correlation among
sheet resistance, electrochemical double-layer capacitance
(calculation details in Figure S2), and the specific activity of
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Figure 1. Correlation of the specific activity with the sheet resistance
and electrochemical double-layer capacitance (Cp; ) of the various first
steps of Co deposition conditions for the Co-based catalyst.

various Co catalysts for different Co deposition conditions (as
the first step of Co electrodeposition). We changed the
deposition condition of only the first step (Co seed formation
process) and then applied the same deposition conditions (—1
V vs Ag/AgCl for 100 s, as the second step of Co
electrodeposition; details in the Supporting Information) for
all samples. It was observed that the value for the double-layer
capacitance Cp, is proportional to the sheet resistance for each
Co sample. The Co samples with the lower deposition current
exhibited lower sheet resistance and capacitance and vice versa
for the higher current conditions. It is speculated that even
though the concentration of active sites (related to Cpp)
increased during higher rate deposition conditions, the loss of
conductivity might lead to intrinsic activity degradation. The
Co sample prepared at 1 mA cm™ (for the first Co deposition
condition) was the tradeoff point for the highest intrinsic
activity. With this reason, we have decided to use this condition
for synthesis of the highly dense CoO, catalysts (labeled CoO,)
employed in this study.

XRD was used to investigate the structure of the electro-
catalysts as shown in Figure 2A, using a fixed grazing angle of
incidence (GIXRD) with an angle of 1°. According to Murthy
et al,** the depth of X-ray penetration is less than 1 ym at an
incidence angle of 1°; thus, the GIXRD technique enables study
of the surface layer of the catalyst, reducing the intense signals
from the substrate. The structure of the CoO, electrocatalyst
exhibits an amorphous phase (broad peak near ~20°), which
corresponds to Co(OH),, with clear peaks related to CoO
(220) at 63° and metallic Co-f (110) at 76°. It was expected
that the surface would mostly consist of Co oxide/hydroxide
and the weak metallic signal at ~40° comes from the bulk Ti
(101) used as the substrate. The CeO,/CoO, showed an
diffraction pattern almost identical with that of CoO,,
consistent with only surface distribution of Ce species.

The surface morphology of the CoO,, samples was studied by
scanning electron microscopy (SEM), as represented in Figure
2B,C. Figure 2B shows the surface of the Co seed film. The
main purpose of the first-step deposition is to prepare a seed
layer for the dense Co film on the Ti substrate. The density of
Co seeds is strongly dependent on the deposition conditions
(as shown in Figure S3); there is a lower density Co seed
distribution at lower currents for deposition, and vice versa.
After the second step of the Co deposition, the substrate is
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Figure 2. (A) Glancing angle X-ray diffraction pattern of the CoO,
and CeO,/CoO,, catalysts. SEM images of surface morphology of (B)
after the first-step of Co deposition (Co seed) and (C) the CoO,
catalyst (after second-step of Co deposition). Insets in (B, C): catalyst
color images.

completely covered with a highly dense Co film, which we
believe is the best-performing film (Figure 2C).

The Co catalytic film from the less dense Co seed, however,
does not entirely cover the substrate (Figure S4a). Although a
dense Co film was observed for the higher deposition condition
samples (Figure S4d,e) maximizing surface area, a number of
hierarchical Co overlayers was also confirmed, which could be
the main reason for the loss of conductivity. This phenomenon
can be explained by the fact that the Co seed provides a
nucleation site for the smaller metastable Co crystallites in the
electrolyte.”® The thickness of the CoO, film was estimated to
be ~1 pum (Figure SS).

The representative TEM images of the catalysts postsonica-
tion are shown in Figure 3. We compared the pristine CoO,
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Figure 3. Morphology and SAED pattern images. (A) TEM image,
(B) SAED pattern, and (C) HRTEM image of CoO,. (D) TEM
image, (E) SAED pattern, and (F) HRTEM image of CoO, after the
OER scan (after two times of LSV in the range of 1.0 to 1.7 V). Insets:
(A, DE) color of their corresponding catalyst surfaces; (C, F) FFT
image of their corresponding regions.

and the CoO, after an OER scan to achieve further insight into
the morphology and microstructure. As shown in Figure 3A,
the CoO, catalyst clearly exhibits a sheet morphology. In
addition, the distances measured using an SAED pattern
(Figure 3B) correspond to metallic 5-Co, and a lattice structure
related to Co(OH), was confirmed by crystal diffraction dots of
the FFT pattern (Figure 3C) in HRTEM analysis. These results
were further confirmed with HRTEM images (Figure S6a,b).
CoO, is mainly composed of three phases: Co(OH),, CoO,
and metallic Co. This finding is in good agreement with
observations from study by XRD. The sheet morphology also
appears unchanged after the OER scan (Figure 3D), even
though the catalyst turned black. The observed SAED-FFT
patterns (Figure 3E,F) clearly match well with the diffraction
pattern of Co;0, (#00-009-0418), showing a phase transition
after the OER scan. Since the spinel structure of Co;0, is
gradually converted to CoOOH and/or Co,0; under an
oxidative environment such as OER,**™* it is still under the
process of structural transition to Co**-containing species after
a single OER scan. With further HRTEM study, other oxide
phases (Co0,0; and Co(OH),) were also confirmed (Figure
Séc,d).

Figure 4 shows the elemental mapping images for the CeO,/
CoO, catalyst. Although we electrochemically deposited Ce on
the CoOQ,, particles related to Ce were not clearly confirmed by
the HRTEM study (Figure S7). Instead, it was revealed that the
Ce is homogeneously distributed on the CoO, sheet with an
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Figure 4. (A) STEM image and (B—D) the corresponding EDS
elemental mapping of the CeO,/CoO,. The TEM specimen was
prepared by sonicating a film-type catalyst with ethanol for 10 min.

atomic composition of ~1% (relative to the ~99% for Co,
Figure S8) by the investigation of elemental mapping. It was
determined that the deposition condition is sufficient to evenly
distribute Ce on the CoO, surface: however, not such so as to
cause crystallized or extensive growth (the CeO, thickness was
estimated to be below 1.50 nm by calculation of the relative
decrease of the Co 2p core level XPS signal; details in Figure
S9).

A further check of the Ce distribution on the Co film is
conducted from secondary ion mass spectrometry (SIMS)
analysis, as represented in Figure 5. SIMS can provide spatial
resolution on the scale of micrometers and detect very small
amounts of materials with excellent sensitivity and mass
resolution.” Ce exhibited a concentration of ~1% relative to
Co (~99%) at the surface for the CeO,/CoO, electrocatalyst,
while no Ce was detected in the CoO, catalyst (Figure SA). In
addition, Ce was well distributed over the entire catalytic film
with Co (Figure SB,C); however, the concentration of Ce
decreased after ~1000 s of depth profiling. This might be due
to the short deposition time (5 s), which may not have allowed
the Ce ion to diffuse deeply enough.

The electrochemical performance was evaluated using
rotating disk electrode (TF-RDE) measurements, as shown in
Figure 6. Polarization curves for the OER with the catalysts are
presented in Figure 6A. Oxidation peaks were rarely observed
during the OER scan in view of the large background currents
in the region*’ (oxidation can occur because the hydrous Co**
film can be gradually converted to Co®*-containing species such
as Co;0, Co0,0; and CoOOH). Higher OER activity was
observed for the CoO, film (overpotential, 7 = 0.331 V at 10
mA cm™2) in comparison to the Co oxide (Co;0,) film (i =
0.398 V, mainly Co;0, phase, see Figure $10) and Co seed film
(n=0.413 V). The Co seed film showed the worst performance
partially due to the failure to fully cover the electrode surface.
The highly dense CoO, sample exhibits nearly the highest
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Figure S. (A) SIMS depth profiling of CoO,, and CeO,/CoO,. 2D
images at the surface of the elemental distribution of (B) cobalt and
(C) cerium in the CeO,/CoQ, catalyst.

performance of the Co-based sheet-type catalysts (Table S1).
The higher surface area from the highly dense morphology
could facilitate infiltration of electrolyte into the interior of the
CoO, sheets,” bringing out outstanding catalytic activity
toward the OER without the limitation of mass transfer in
the electrolyte (Figure S11). It is interesting to note that, once

Ce was deposited, the overpotential ( = 0.313 V at 10 mA
cm™2) was measurably lower for the CeQ,/CoO, catalyst. We
also optimized the deposition conditions for Ce to obtain the
best CeO,/CoO, catalyst (optimization details are shown in
Figure S12).

The specific and mass activities were also evaluated for all
catalysts at # = 0.35 V, as shown in Figure 6B (ECSA
calculation details in Figure S13). The highest specific and mass
activities were observed with the CeO,/CoO, catalyst (4.22
mA cm gy and 112.7 A 7', ) among all the samples. The
order followed the sequence CoO, (3.33 mA cm™ pcga and
40.95 A g7 ) > Co seed (0.53 mA cm™ g, and 10.06 A
g 'metw) > Co oxide (Co;0, 0.08 mA cm™ pcgs and S.11 A
g " meta)- The greater intrinsic OER activity in the CoO, catalyst
in comparison to the Co;O, film might be explained by the
increase in active sites (including edge sides) and electrical
conductivity from the unique sheet type structural character-
istics.'” From this, it can be explained that when we compare
the Co;0, and Co seed samples, although the Co seed showed
lower OER performance on the basis of geometric area due to
the lack of surface coverage, it has higher intrinsic activity
(specific and mass activities) on the basis of ECSA and metal
loading.

The Tafel slope for various catalysts, which is commonly
utilized to evaluate the kinetics of the electrocatalyst, is shown
in Figure 6C. Remarkably, the smallest Tafel slope of 66 mV
dec™ was achieved for the CeO,/Co0, catalyst, which shows
the best electrocatalytic kinetics and has a better slope than that
of the CoO, sample (70 mV dec™"). Tafel slopes were slightly
higher in the Co;0, (80 mV dec”™') and Co seed (96 mV
dec™). The stability was measured by a constant current
measurement (Figure 6D), indicating no rapid degradation of

the CoQO, and CeO,/Co0, electrocatalytic films. Overall, the
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Figure 6. Electrochemical test results of various catalysts. (A) OER polarization curves, (B) specific and mass activity at # = 0.35 V, and (C) Tafel
slopes for the Co seed (after 1 step of Co deposition), Co oxide, CoO,, and CeO,/CoO, catalysts. (D) Chronopotentiometric curves of CoO, and
Ce0,/Co0; at 15 mA cm™2. The performance of Ti (substrate) was evaluated for comparison. The Co oxide was prepared by heat treatment (500
°C for 3 h in air) of polycrystalline Co metal as the same size of Ti (mainly Co;0, phase by Rietveld refinement, Figure S10). The Ti (substrate) can
be seen to be inert as a OER catalyst over the entire scan region (from 1.0 to 1.85 V) in this study.
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Figure 7. Synchrotron-based photoemission spectroscopy core level spectra of Co 3p for the CoO, and CeO,/CoO,, catalysts as a function of the
applied OER potential (1.4, 1.6, and 1.8 V). The blue solid line represents metallic Co, while the green line signiﬁes CoO 2p;,, the pink line
represents other oxide species, and the green dotted line represents CoO 2p; , (AE[Co 3p;,,—Co 3p3),] = 1.1 eV**). The data were collected using
a photon energy of 630 eV (an average escape depth of ~1.0 nm*?) for the core level. A Shirley background was subtracted from the spectrum before
deconvolution. All of the samples were prepared after holding for 10 min at each specific potential for the analysis.

highly dense CoO, catalyst showed good intrinsic OER activity,
and we suggest that the excellent OER performance of the
Ce0,/Co0, catalyst results from synergistic effects caused by
the addition of CeO,. To elucidate this synergistic effect, the
Co0O, and CeO,/CoO, samples were further studied by high-
resolution photoelectron spectroscopy (HR-PES) to investigate
the outermost layers of the film.

High-resolution photoemission spectroscopy (HR-PES)
analysis was carried out at the Pohang Accelerator Laboratory
(PAL, 8Al beamline) to observe the electronic properties of
Co and the valence band (VB) of the CoO, and CeO,/Co0O,
catalysts, as represented in Figures 7 and 8. The Co 3p spectra

Co**3d 7Co. 3d(t,)’
2 tet : : 3
0" 2p--, rCo 3d

Norm. Intensity

4 2 0

1210 8§ 6
Eg- Ep(eV)

Figure 8. Valence bands for CoO, and CeO,/Co0O, at 1.4 V. The Co
fitting results are labeled as A (blue), B (green), and C (pink),
respectively, for the calculation of relative area ratios. The data were
collected using a photon energy of 130 eV for the valence band. A
Shirley background was subtracted from the spectrum before
deconvolution.

were measured as a function of the applied potential to look for
trends over the OER range (Figure 7). It is important to note
that the spectrum of the samples was analyzed at 630 eV for a
more surface sensitive analysis. The Co 3p XPS signals can be
mainlzf deconvoluted by the positions of Co metal (at 58.6
eV),* CoO (at 60.2 V), and another Co oxide species. The
higher oxidation state of Co species could not be entirely
deconvoluted due to similar peak positions among various Co
oxide species (e.g, a 1.5 eV shift for CoO in comparison to
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metallic Co™ and a slightly higher shift but with a very similar
position for other Co oxidation states*®*’ such as Co,0s,
CoOOH, and Co(OH),). The main spectral line at 60.2 eV
corresponds to Co*" in Co00,*® while another position for the
higher oxidation state of Co is assigned to 62.1 eV. Upon
increasing the potential, we can observe a strong decrease in
relative area of the CoO peak in comparison to the total fitting
area (59.6% to 59.0% for the CoO, and 59.1% to 56.9% for the
Ce0,/Co0,), together with an increase in area for the higher
oxides for both CoO, (9.3% at 1.4 V to 10.2% at 1.8 V) and
Ce0,/Co0, (9.9% at 1.4 V to 14.6% at 1.8 V). This
observation suggests a gradual oxidation of Co species toward
high OER potential. Notably, the relative area of CoO was
smaller in the CeO,/CoO, at all the OER potentials (higher
oxidation states of Co in the CeO,/CoO, than the CoO,
catalyst), suggesting a likely change in electronic structure via
Ce introduction. This speculation is supported theoretically in
which adjacent elements are reported to be electronically
perturbed by interactions with Ce.* In an oxidation environ-
ment, CeO, is able to promote oxidation reactions due to an
increase in the adsorption probability of 0,* and it was
revealed from a theoretical study that Ce®* sites at the interface
with an another element adsorb O,, dissociate, and then release
atomic O for reaction in an efficient way (or bind O atoms
more weakly).”” Another study reported that O vacancies in the
ceria structure can energetically react and dissociate water.’!
On the basis of these unique characteristics of CeO,, research is
underway in the OER field. Yano and Sharp et al. recently
reported that highly oxidized Co species can play a very active
role in OER activity.”> This same principle holds in another
LMHs such as Ni> as well. In this report, it appears that higher
Co oxide species (active species such as CoOOH) could be
readily formed in the Ce-introduced catalyst, enhancing OER
catalytic activity. When we deposited too small of an amount of
Ce, the activity was reduced and vice versa (see Figure S12),
emphasizing an optimal coverage (or interface) of Ce for
maximum performance. It is also remarkable that the effects of
Ce were also obtained from VB analysis, as can be seen from
Figure 8. It has been reported that the electrochemical activity
can be changed in various Co oxidation states for different Co
species due to the difference in their surface kinetics and
electrochemical activity toward the OER.*® For this reason, the
VB data were collected at a potential of 1.4 V in the early stages
(low overpotential range) of the OER (before Co entirely
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transforms to a higher Co valence state) and rigorously
deconvoluted using fitting parameters reported in ref 52.

The raw data were assigned to Co*", (tetrahedral site, at 3.8
eV) and Co* . (octahedral site, at 1.2 eV) species from the
spinel structure of Co;0, and octahedral Co**, (at 2.1 eV)
from Co(OH),’” in the vicinity of the Fermi level (at 0 V).
Liu et al. recently found that Co**, and Co’'., in spinel
Co;0, differ from each other in their surface kinetics and
electrochemical activity for the OER. In particular, Co**,,, on
the spinel Co;0, surface is responsible for the formation of
CoOOH,** which plays a signiﬁcantly important role for a
highly active OER catalyst.> The relative atomic ratio of
Co**t/Co* . on the Co;0, surface of the samples can be
calculated by comparing the area (“C/A” in Figure 8). The
Co**/Co*  ratio in CeO,/CoO, (1.27) was larger than that
for the CoO,, film (0.73) at the same OER potential, indicating
that Co;0, in CeO,/CoO, can readily transform to the active
species, COOOH. Furthermore, the relative amount of Co**_
species in the Co(OH), phase (area of “B”” in Figure 8) was
significantly larger in the CeO,/CoO, film than in the CoO,
film, which also could improve the OER activity since
Co(OH), can transfom into CoOOH, acting as a starting Co
oxide phase.’” These findings show a clear trend involving Co
electronic structure variation through the introduction of Ce,
enhancing the OER activity via the bifunctionality.

To further understand the specific role of Ce at Ce—Co
interfaces, we calculated reaction energy diagrams for the CoO,
and CeO,/CoO, systems, as shown in Figure 9. We put an
isolated CeO, cluster on the Co;0, (110) and (111) surfaces,
appropriate for the extremely small amounts of CeO, (1%) that
are well dispersed on the Co;0, in the experiments. Our
calculations show that the binding energies of single CeO,
clusters on the Co;0, (110) and (111) surfaces are —4.07 and
—5.20 eV, respectively, which are sufficiently negative to
stabilize the system. All intermediates for OER including O*
and OH* were calculated using the four systems Co;0, (110),
Co;0, (111), Ce0,/Co;0, (110), and CeO,/Co,0, (111),
although we used the standard linear relationship between
OH* and OOH**° binding to describe the energy of the
OOH¥* intermediates. The reaction energy diagrams, based on
the binding energies of the intermediates, are shown in Figure
9A,B; each system has the same rate-limiting step for OH* to
O*, having the highest energy difference.

Interestingly, we show that the CeO,/Co;0, system requires
a lower operating potential than Co;0,, regardless of which
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surface is considered, due to weaker intermediate binding
energies and a reduced energy difference between OH* and O*
in comparison to those of the Co;0, system. The stable
position of the CeO, cluster coincides with the strongest
binding site for O* and OH* (highlighted in orange in Figure
9C,E), indicating that the CeO, cluster can block the original
active sites and make new active sites having weaker binding
energy that are favorable for the OER in comparison to the
original Co;0, system.

B CONCLUSIONS

In summary, we have demonstrated a simple but novel
bifunctional electrocatalyst based on a highly dense CeO,/
CoO,, catalyst fabricated via a two-step electrodeposition of Co
(starting with Co seed formation). The electrocatalytic
performance of CoO, was enhanced by its highly dense
nanosheet morphology and further improved through the
bifunctionality introduced by Ce. The CoO, catalyst showed
good and stable activity (7 = 0.331 V) for the OER; however,
superior activity was observed for the CeO,/Co0O, electro-
catalyst (7 = 0.313 V at 10 mA cm™2). In order to understand
this synergistic effect between Co and Ce, the CoO,, and CeO,/
CoO, samples were further studied by synchrotron-based X-ray
photoemission spectroscopy, which revealed that Ce promotes
effective formation to CoOOH on the CoO, catalyst by
perturbing the electronic structure of surface Co species
(Co050, and Co(OH),)). This Co electronic structure variation
leads to a CeO,/CoO, catalyst that is more active than the
CoO, alone. Additionally, the DFT calculations provide
insights into the mechanism for enhanced OER in the CeO,/
Co0,. This consideration of catalytic synergy will possibly
provide directions in the design of highly active OER
electrocatalysts.
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