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ABSTRACT: Incorporating electrocatalysts with rare earth elements has attracted
increasing attention in electrocatalysis because of its effective modulation of their
chemical and electronic structures for enhanced catalytic hydrogen and oxygen
evolution reactions. Herein, cerium phosphate (CePO4) is demonstrated to be a novel
cocatalyst that significantly enhances the OER performance of NiCo2O4 nanowire
arrays on Ni foam. The high durability of OER performance over 1000 h and the low
overpotential of 281 mV required to maintain a catalytic current density of 20 mA cm−2

can be attributed to the synergetic effect between CePO4 and NiCo2O4. Explicitly,
CePO4 as a cocatalyst efficiently tunes the surface states of NiCo2O4 and facilitates
water adsorption and the conversion of intermediates, leading to a substantial OER
performance enhancement. All results exhibit the potential of integrating CePO4 into
NiCo2O4 to improve the water oxidation activity of NiCo2O4 and illustrate wide
domains of application by combining rare earth elements into electrocatalysts.
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1. INTRODUCTION

In the past decade, the emission of greenhouse gases and toxic
substances, such as carbon dioxide and nitrogen oxides, caused
by using fossil fuels has invaded our environment. Since then,
harvesting sustainable energy is widely considered to be a
critical means to reduce pollution as well as to acquire clean
energy. In general, water electrolysis is an important approach
to generating high-purity hydrogen as an environmentally
friendly fuel for vehicles and power stations and as a chemical
raw material for industrial applications and also serves as a
promising strategy for converting electricity obtained from
renewable energy into storable energy resources.1−3 Nonpre-
cious transition metals are usually considered to be competitive
catalyst candidates for overall water splitting because of their
advantages in low cost and high abundance.4−7 During the
operation of electrochemical water splitting, the oxygen
evolution reaction (OER) is an anodic half reaction, which is
a complex process that takes place in either acid, neutral, or
alkaline solutions. It involves a four-electron procedure with
sluggish kinetics on the surfaces of electrodes and requires

large overpotentials to initiate the catalytic reaction.8,9 To
promote this slow process, the rational design of electrode
materials can facilitate the adsorption of active species, the
conversion of intermediates, and the desorption of generated
oxygen molecules. Many approaches, including the design of
ultrathin two-dimensional materials, the intentional creation of
defects and vacancies, the doping of foreign atoms, the
coupling with conductive substrates, and building heteroge-
neous structures with oxygen-favored species, have been
developed to accelerate the OER process.10−24 In particular,
anchoring cocatalysts on the catalytically active species is
broadly regarded as an effective scheme for sensitizing and
modulating the catalysts’ activity.25,26

At the same time, because cobalt phosphate with the Co4O4
cubane structure was discovered to be a very efficient OER
electrocatalyst in a neutral electrolyte,27 great effort was

Received: May 6, 2019
Accepted: July 10, 2019
Published: July 10, 2019

Article

www.acsaem.orgCite This: ACS Appl. Energy Mater. 2019, 2, 5769−5776

© 2019 American Chemical Society 5769 DOI: 10.1021/acsaem.9b00903
ACS Appl. Energy Mater. 2019, 2, 5769−5776

D
ow

nl
oa

de
d 

vi
a 

C
IT

Y
 U

N
IV

 O
F 

H
O

N
G

 K
O

N
G

 o
n 

O
ct

ob
er

 1
1,

 2
01

9 
at

 0
4:

38
:4

1 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

www.acsaem.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.9b00903
http://dx.doi.org/10.1021/acsaem.9b00903


devoted to developing transition-metal-based phosphates into
high-performance OER catalysts involving manganese, cobalt,
nickel, and iron phosphates in either a neutral or alkaline
medium.28−37 Typically, the phosphate group as a proton
acceptor plays an important role in OER by expediting the
proton-coupled electron-transfer process between water and
the environment.27,28,38 Specifically, Yang et al. demonstrated
that phosphate groups located on the perovskite surface could
promote the proton transfer process with higher OER
kinetics.38 Furthermore, metal phosphates could also contrib-
ute to the locally distorted metal tetrahedral geometry, which
favors the adsorption and oxidation of water molecules.30 For
instance, the distorted metal coordination geometry with the
longer Co−O and Co−Co distances in cobalt diphosphate was
found to significantly enhance the corresponding OER
performance with the lower overpotentials required for specific
current densities.34

Moreover, recent advances have also exhibited the promise
and potential of integrating rare earth elements with
electrocatalysts for the enhanced hydrogen evolution reaction,
oxygen evolution reaction, oxygen reduction reaction, and
other electrocatalytic reactions.16,39−55 Among various rare
earth elements, cerium (Ce) and its oxide (CeO2) have
attracted wide interest because of the good oxophilicity of Ce
in modulating the electronic structures of the host catalysts38

and the efficient conversion of intermediates to O2 promoted
by CeO2 with the strong oxygen storage/release capacity in the
OER process,16,39,44,45 respectively. Moreover, cerium phos-
phate (CePO4) has recently been proposed to be the catalyst
for electrochemical oxygen reduction because of its contribu-
tion in providing more Ce3+ and oxygen vacancies.49 Even
though Ce-based materials are not very active for OER, they
are shown to serve as excellent cocatalysts to enhance the OER
performance of electrocatalysts.

Inspired by the above progress, herein we propose the idea
of combining the advantages of both Ce and phosphate and
demonstrate CePO4 to be a novel cocatalyst to substantially
improve the OER activity of NiCo2O4. By simply employing
NiCo2O4 nanowire arrays directly fabricated on Ni foam as
model OER catalysts, coating CePO4 on the surface of
NiCo2O4 nanowires can be readily achieved by a facile
chemical deposition method. Importantly, a vast improvement
in the OER catalytic activity of CePO4-decorated NiCo2O4
nanowire arrays was observed with the much smaller
overpotentials of 281 and 349 mV to realize current densities
of 20 and 100 mA cm−2, respectively, as compared to those of
325 and 383 mV for the undecorated counterparts. This OER
performance enhancement is mostly attributed to the properly
modulated surface states of electroactive Ni and Co sites as
well as the benefits of integrating CePO4 cocatalysts to
facilitate the corresponding water adsorption and intermediate
conversion during the water oxidation process.

2. EXPERIMENTAL SECTION
2.1. Preparation of CePO4/NiCo2O4. NiCo2O4 nanowire arrays

were prepared on Ni foam by a hydrothermal method followed by
thermal annealing. To be specific, Ni foam with a size of 2 × 3 cm2

was first cleaned successively in 10% HCl aqueous solution, deionized
water, and ethanol with ultrasonication for 10 min, respectively, and
then dried by blowing nitrogen gas. Then, the clean Ni foam was
placed in the Teflon-lined stainless-steel autoclave filled with 30 mL of
transparent solution containing 0.5 mmol Ni(NO3)2·6H2O, 1 mmol
Co(NO3)2·6H2O, 2 mmol NH4F, and 3 mmol urea. The hydro-
thermal process was performed in an electrical oven and kept at 120
°C for 6 h. After cooling to room temperature, the obtained
precursor-coated Ni foam was washed with ethanol and deionized
water alternatively for several cycles and then dried at 60 °C.
Afterward, the precursors were annealed in air at 350 °C for 2 h with a
temperature ramp of 5 °C/min to obtain NiCo2O4 nanowire arrays on
Ni foam. To coat the CePO4 layer, a piece (1 × 3 cm2) of Ni foam

Figure 1. Characterizations of NiCo2O4 and CePO4/NiCo2O4. (a) Scheme of the synthesis route of CePO4/NiCo2O4 nanowire array catalysts. (b)
SEM image of NiCo2O4 nanowires. (c) SEM image of CePO4/NiCo2O4. (d) TEM image of NiCo2O4. (e) TEM image and (f) HRTEM image of
CePO4/NiCo2O4. (g) Elemental mapping images of CePO4/NiCo2O4.
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supported with NiCo2O4 nanowires was immersed in 10 mL of 0.05
M (NH4)2HPO4·2H2O solution for 30 s and then 10 mL of 0.05 M
Ce(NO3)3·6H2O solution for another 30 s to finish one deposition
cycle. The loading of CePO4 on NiCo2O4 nanowires was dictated by
the number of deposition cycles. Eventually, the obtained electrodes
were blown dry with nitrogen gas, followed by drying at 60 °C
overnight.
2.2. Preparation of NiCo2O4−Ce3+ and NiCo2O4−PO4

3−. Ce3+-
functionalized NiCo2O4 and phosphate-ion-functionalized NiCo2O4
were prepared by immersing the as-synthesized nanowire arrays in
0.05 M CeCl3 and K3PO4 solutions, respectively, and then dried at 60
°C overnight. A blank sample of NiCo2O4 was also treated in water
with the same procedure.
2.3. Characterization. To evaluate the morphology of the

obtained samples, scanning electron microscopy (SEM) images
were collected with a Philips LX 30 FEG microscope with an
accelerating voltage of 20 kV, while transmission electron microscopy
(TEM) and high-resolution TEM (HR-TEM) images were obtained
from a JEOL JEM-2100F microscope with an accelerating voltage of
200 kV. The energy-dispersive X-ray spectrum (EDS) was acquired
from an Oxford Instruments and EDAX Inc. instrument in order to
determine the composition and distribution of various elements of the
fabricated samples. X-ray diffraction (XRD) patterns were also
measured using a Rigaku powder X-ray diffractometer with Cu Kα
radiation. X-ray photoelectron spectra (XPS) were collected from a
ULVAC-PHI Inc. (model 5802) X-ray photoelectron spectrometer.
The ratios of Ce to Co in various samples were measured by using
PerkinElmer NexION 360D inductively coupled plasma−mass
spectrometry (ICP−MS).
2.4. Electrochemical Measurements. All the electrochemical

tests were performed with a Gamry G300 electrochemical workstation
(Gamry Instruments, USA) using a three-electrode setup to measure
the activity and stability of various samples, where the as-prepared
samples on Ni foam, a Ag/AgCl (3 M KCl) electrode, and a graphite
rod were employed as the working electrode, reference electrode, and
counter electrode, respectively. Before testing, the active geometric
areas of various samples immersed in electrolyte were defined by
sealing with silicone rubber. The linear sweeping voltammetry (LSV)
method was used with a scan rate of 5 mV/s in 1.0 M KOH solution
to test the polarization curves at room temperature. The stability tests
of electrocatalysts for OER were performed using the chronopotentio-
metry method with a fixed current density of 50 mA cm−2 and the
chronoamperometry method with a fixed overpotential of 400 mV.
The potential scale with respect to the reverse hydrogen electrode

(RHE) was corrected by the Nernst equation, where Evs RHE = Evs
Ag/AgCl (3 M KCl) + 0.0592 × pH + 0.197 (V). Electrochemical
impedance spectroscopy (EIS) was also measured under a fixed
overpotential of 400 mV with a frequency range of 100 kHz to 0.1 Hz.
Also, because the electrochemically active surface area (ECSA) is
proportional to the double-layer capacitance (Cdl), cyclic voltammetry
(CV) curves with different scan rates were measured to calculate their
intrinsic activity. All polarization curves were iR corrected unless
otherwise mentioned.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of CePO4/
NiCo2O4. As shown in Figure 1a, the NiCo2O4 nanowire
arrays fabricated on Ni foam were first prepared by using a
facile hydrothermal approach followed by annealing in air to
obtain the metal oxide nanowires. CePO4 was then used to
decorate the nanowires through a repetitive wet chemical
deposition method. Scanning electron microscopy (SEM)
images in Figures 1b and S1a revealed the long and vertically
aligned NiCo2O4 nanowires. After decorating with CePO4 in
three cycles, the obtained electrode displayed a hierarchical
network structure with the features of individual NiCo2O4
nanowires wrapped and interconnected with CePO4 nano-
particles (Figures 1c and S1b), suggesting the versatility and
reliability of this facile chemical coating method. To further
confirm the CePO4 coating, X-ray diffraction (XRD) patterns
of both as-synthesized NiCo2O4 nanowires and CePO4-coated
NiCo2O4 nanowires (named CePO4/NiCo2O4) were collected
(Figure S2). For the NiCo2O4 nanowire electrodes, the
dominant peaks at 18.9, 31.1, 36.7, 38.4, 59.1, and 65.0°
were indexed to the cubic structure of NiCo2O4 (PDF no. 20-
0781). After the decoration of CePO4, the new XRD peaks at
29.2 and 31.4° ascribed to the hexagonal CePO4 phase (PDF
no. 34-1380) appeared.
Next, NiCo2O4 and CePO4/NiCo2O4 were characterized by

transmission electron microscopy (TEM). Figure 1d exhibited
the typical TEM image of NiCo2O4 nanowires with a diameter
of tens of nanometers. Small CePO4 nanoparticles were also
confirmed to be deposited successfully on the NiCo2O4
nanowire surface (Figure 1e). Lattice fringes with interplanar

Figure 2. Typical XPS spectra of NiCo2O4 and CePO4/NiCo2O4. (a) Full scan, (b) Co 2p, (c) Ni 2p and Ce 3d, (d) Ni 2p, (e) O 1s, and (f) P 2p.
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spacings of 0.245 and 0.305 nm were also observed in the
HRTEM image, corresponding to the (311) plane of NiCo2O4
and the (200) plane of CePO4, respectively, suggesting the
existence of CePO4 in CePO4/NiCo2O4 electrodes (Figure 1f).
The existence of Ce and P elements in CePO4/NiCo2O4 was
also confirmed by elemental mapping (Figure 1g) and X-ray
energy-dispersive spectrum (EDS) analysis (Figure S3).
Therefore, all of the analyses can evidently confirm the
formation of CePO4 on NiCo2O4 nanowire arrays.
In addition, the surface chemical states of both NiCo2O4 and

CePO4/NiCo2O4 electrocatalysts were analyzed by X-ray
photoelectron spectroscopy (XPS, Figure 2a). For Co species,
the peaks at ∼780 and 796 eV were ascribed to the oxidized
Co species, while those located at ∼787 and 803 eV were
assigned to the satellite peaks of oxidized Co species (Figure
2b).17,56 It is noted that the Co 2p3/2 peak in CePO4/NiCo2O4
showed a significant upshift of 0.7 eV in the binding energy
when compared to that in NiCo2O4, indicating a more
positively charged state of Co species in CePO4/NiCo2O4.
Figure 2c showed the Ni 2p spectrum of NiCo2O4 as well as Ni
2p and Ce 3d spectra of CePO4/NiCo2O4, revealing the
presence of Ce in CePO4/NiCo2O4. Also, the Ni 2p3/2 spectra
illustrated the oxidized Ni species with main peaks at about
855.5 eV and satellite peaks at about 861 eV for both NiCo2O4
and CePO4/NiCo2O4 (Figure 2d).57 A similar upshift in the
binding energy of Ni 2p of CePO4/NiCo2O4 was also observed

with a value of 0.15 eV as compared to that in NiCo2O4.
Meanwhile, the O 1s spectrum of CePO4/NiCo2O4 exhibited
an apparent downshift of about 0.2 eV in the binding energy as
contrasted with that of NiCo2O4 (Figure 2e). The P 2p
spectrum with the peak located at 133 eV was assigned to the
phosphate group with P−O bonding in CePO4/NiCo2O4,

31

while there is no signal for the phosphorus element observed
for NiCo2O4 (Figure 2f). Therefore, the XPS data clearly
verified the existence of CePO4 for the CePO4/NiCo2O4
sample and suggested the properly modulated surface chemical
states of NiCo2O4 by CePO4. In particular, the upshifts in the
binding energies for Ni and Co and the downshift for O
suggest the strong interaction between CePO4 and NiCo2O4 to
promote Ni and Co with high oxidation states and O with
electron-rich states, which would facilitate the OER
process.58,59

3.2. OER Performance of CePO4/NiCo2O4. The electro-
chemical OER process was recorded in 1.0 M KOH using a
three-electrode setup to determine the catalytic performance of
both NiCo2O4 and CePO4/NiCo2O4. Initially, different
loadings of CePO4 on the CePO4/NiCo2O4 catalysts were
evaluated through this chemical deposition with varied cycles.
Inductively coupled plasma−mass spectrometry (ICP−MS)
was employed to determine the loading amount of CePO4 in
terms of the ratio of Ce/(Ce + Co). As shown in Figure S4, all
CePO4/NiCo2O4 electrodes performed better than the

Figure 3. Electrocatalytic OER property of the NiCo2O4 and CePO4/NiCo2O4 electrocatalysts at ∼25 °C in 1.0 M KOH solution. (a) Polarization
curves of NiCo2O4 and CePO4/NiCo2O4 at a scan rate of 10 mV/s. (b) Tafel slopes of NiCo2O4 and CePO4/NiCo2O4 derived from (a). (c)
Polarization curves of CePO4/NiCo2O4 before and after the stability test. (d) Stability test of NiCo2O4 and CePO4/NiCo2O4 with a fixed current
density of 50 mA cm−2 using the chronopotentiometry method without iR corrections. (e) Long-term stability evaluation of CePO4/NiCo2O4 over
1000 h under an overpotential of 400 mV using the chronoamperometry method without iR corrections.
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NiCo2O4 sample with the lower overpotentials to drive specific
current densities. However, when the loading of CePO4 was
too high, it would require larger overpotentials resulting from
the blockage of active sites of NiCo2O4 with the excessive
CePO4. Therefore, the loading of CePO4 was optimized with
three deposition cycles with a Ce/(Ce + Co) ratio of 0.15 in
the CePO4/NiCo2O4 electrocatalyst, which was utilized for all
subsequent electrocatalytic OER studies in this work. As
extracted from the polarization curves (Figure 3a), the
NiCo2O4 nanowire arrays required an overpotential of 325
mV to obtain a current density of 20 mA cm−2. In contrast, the
required overpotential was reduced to only 281 mV for
CePO4/NiCo2O4. As a control, commercial RuO2 on Ni foam
demanded an overpotential of 300 mV to afford a current
density of 20 mA cm−2 (Figure S5). At a larger current density
of 100 mA cm−2, an overpotential of 349 mV was demanded
for CePO4/NiCo2O4, also being much smaller than that for
NiCo2O4 of 383 mV. Moreover, NiCo2O4 delivered a relatively
large Tafel slope of 86 mV/dec, while CePO4/NiCo2O4
exhibited a smaller value of 74 mV/dec (Figure 3b). To
further evaluate the difference in their catalytic activities,
current densities of these two different electrodes at various
overpotentials are presented in Figure S6. Specifically, the
current density at an overpotential of 375 mV was determined
to be 238.6 mA cm−2 for CePO4/NiCo2O4, which was 2.9
times higher than that (82.2 mA cm−2) for NiCo2O4.
Therefore, the performance of CePO4/NiCo2O4 is demon-
strated to be much better than that of NiCo2O4 and is also the
best among many state-of-the-art nonprecious OER electro-
catalysts (Table S1), indicating the extraordinary enhancement
effect of CePO4 as a cocatalyst.
To shed light on the actual catalytic active surface area of

these electrocatalysts, the double-layer capacitance (Cdl),
proportional to the electrochemically active surface area
(ECSA), was directly measured to evaluate the quantity of
the interface active site by ECSA = Cdl/Cs. Cs is the specific
capacitance, which has a typical value of 0.04 mF cm−2 in the
basic solution.60 The plots of non-Faradaic capacitive current
densities versus different scan rates were also obtained from
cyclic voltammetry (CV) curves (Figure S7a,b) for NiCo2O4
and CePO4/NiCo2O4. As given in Figure S7c, the Cdl values of
NiCo2O4 and CePO4/NiCo2O4 were determined to be 16.7
and 32.6 mF cm−2, respectively, suggesting that more active
sites of CePO4/NiCo2O4 were exposed in electrolyte as a result
of the surface decoration with CePO4. Similarly, Figure S7d
exhibited better catalytic activity for CePO4/NiCo2O4 as
compared to that of NiCo2O4 for OER based on the evaluation
of their polarization curves with normalization to ECSA, which
again demonstrated the enhanced intrinsic activity at each
catalytic active site of NiCo2O4 after surface decoration with
CePO4. In addition, Nyquist plots derived from electro-
chemical impedance spectroscopy (EIS) also showed the
better conductivity of CePO4/NiCo2O4 as compared to that of
NiCo2O4 resulting from the smaller charge-transfer resistance
and improved electrolyte/electrode interface (Figure S8).
Thus, the high performance of CePO4/NiCo2O4 makes it a
possible electrode candidate for not only electrocatalytic water
oxidation but also photoelectrocatalytic water splitting with the
cooperation of good light absorbers.61

The durability of both CePO4/NiCo2O4 catalysts was also
investigated in 1.0 M KOH using the cyclic voltammetry
method for 2000 cycles (Figure S9) and the chronopotenti-
ometry method with a fixed current density of 50 mA cm−2

without iR corrections (Figure 3c,d). For CePO4/NiCo2O4,
the polarization curves before and after 2000 CV cycles were
almost the same, as accompanied by the preservation of
morphology, as well as Ce and P elements (Figure S10). For
both samples of CePO4/NiCo2O4, small fluctuations were
observed for overpotentials required to maintain the fixed
current density during the 20 h test. The required over-
potential of ∼450 mV for NiCo2O4 was much larger than that
for CePO4/NiCo2O4 (∼380 mV), indicating the better OER
activity in the presence of CePO4. For CePO4/NiCo2O4, the
polarization curve after the stability test almost overlapped
with the initial curve, again confirming the excellent stability of
the electrocatalyst (Figure 3c). Moreover, the CePO4/
NiCo2O4 electrodes also exhibited good activity and durability
at a higher working temperature of 50 °C as illustrated in
Figure S11. Impressively, an overpotential of 325 mV was
needed only to afford a current density of 100 mA cm−2,
whereas high stability is witnessed during its 20 h
chronopotentiometry test at 50 °C. To further assess the
durability of CePO4/NiCo2O4, a long-term stability test was
performed under an overpotential of 400 mV for 1000 h.
Excitingly, there is not any significant deterioration for the
current density of ∼64 mA cm−2 from the initial to the end of
this test, illustrating the exceptional robustness of CePO4/
NiCo2O4 (Figure 3e). Because of the stable and conductive
support of the Ni foam, NiCo2O4 nanowires as the robust host
electrocatalysts are aligned on Ni foam for OER and play key
roles in the good durability, which is also witnessed by the
chronopotentiometry test with a fixed current density of 50
mA cm−2 as exhibited in Figure 3d. Moreover, the good
cohesion of CePO4 on NiCo2O4 and the chemical stability
(Figure S10) of CePO4 under alkaline conditions contributed
to the improvement in activity for NiCo2O4 during such a long
test. Therefore, the structural features and the combination of
CePO4 with NiCo2O4/Ni foam led to good stability for this
1000 h OER test.

3.3. Discussion. By all means, using CePO4 to decorate
NiCo2O4 nanowire arrays is herein demonstrated to be a
reliable approach to promoting the OER catalytic activity of
NiCo2O4, but the role of CePO4 needs to be clarified. In this
case, CePO4 alone (Figure S12) was loaded onto the glassy
carbon electrode at a density of 0.56 mg/cm2, which exhibited
negligible OER activity in 1.0 M KOH (Figure S12d),
indicating that CePO4 was inactive for OER. Loading CePO4
onto Ni foam via the same method could somehow improve
the activity of Ni foam for OER (Figure S13). Thus, it is
logically inferred that CePO4 would serve as a cocatalyst to
facilitate the OER performance of electroactive catalysts
instead of functioning as electroactive species.
As reported in the literature, phosphate groups with good

hydrophilicity can promote the uptake of oxygen-involving
intermediates to favor water adsorption,31 working as a proton
acceptor to facilitate the oxidation of metals on the surface as
active sites29 and to accelerate the proton-transfer kinetics of
M−OH and M−OOH deprotonation processes, lowering the
energy barrier for intermediate formation by tuning the
electronic structure of host electrocatalysts.38 Furthermore,
Ce-based species and Ce-dopants are also known as efficient
cocatalysts for improving the oxygen-involving electrochemical
reactions because of the good oxophilicity of Ce41 and large
oxygen storage capacity of CeO2 as oxygen buffers.16,39,46

Thus, thorough investigations were then performed to obtain
further insight into evaluating the roles of Ce3+ and phosphate
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groups. Explicitly, NiCo2O4 on Ni foam functionalized by the
respective Ce3+ and phosphate ions (assigned as NiCo2O4−
Ce3+ and NiCo2O4−PO4

3−, respectively) were prepared and
characterized by XPS, as described in Figure S14.
Both NiCo2O4−Ce3+ and NiCo2O4−PO4

3− electrodes were
observed to deliver lower overpotentials and smaller Tafel
slopes than those of NiCo2O4 alone (Figure 4b), suggesting
the positive enhancement induced by both Ce3+ and phosphate
ions. In the case of NiCo2O4−Ce3+, Ce3+ ions were
transformed to Ce(OH)3 and deposited onto the surface of
NiCo2O4 nanowires in an alkaline medium, which can absorb
more water molecules and OH− ions to promote the oxidation
of Ni2+ to Ni3+ as demonstrated by the significantly improved
peaks at a potential of about 1.36 V (vs RHE). The excellent
oxophilic property of Ce(OH)3 can expedite the adsorption of
hydroxide ions and the formation and release of oxygen
molecules, being analogous to the effects of the Ce-dopant and
CeO2 as buffers for oxygen-containing species.

16,41,46 Similarly,
Ce species in CePO4 could also promote the adsorption of
oxygen-containing species and work as the buffer for the
formation and release of molecular oxygen for CePO4/
NiCo2O4, leading to enhanced OER activity as compared to
that for NiCo2O4. As for NiCo2O4−PO4

3−, the small Tafel
slope (72 mV/dec, Figure 4c) suggests that after introducing
PO4

3− as the proton acceptor, the deprotonation process of
M−OOH to form M−OO* is accelerated, while their good
hydrophilicity can promote the adsorption of hydroxide ions
and water molecules, being consistent with previous
reports.31,38 Thus, utilizing CePO4 as a combination of Ce3+

and phosphate would have a unique advantages in the
improved proton-transfer kinetics caused by PO4

3− as well as
the faster transformation of the M−OO* intermediates into
oxygen with the help of Ce, which leads to better activity for
the OER process. Besides, an OER mechanism for CePO4/
NiCo2O4 is proposed through a conventional four-electron
process with NiCo2O4 as the catalytically active species and
CePO4 as the cocatalyst (Figure 4a), in which phosphate
promotes the deprotonation of M−OH and M−OOH in

different steps and Ce aids the formation and stability of M−
OO* together with its turnover to O2.

4. CONCLUSIONS
CePO4 is recognized as a novel cocatalyst to significantly
improve the OER activity of NiCo2O4. The enhancement in
the activity of NiCo2O4 after decorating with CePO4 can be
ascribed to the following reasons. (1) The properly modulated
surface chemical states of Ni and Co with high oxidation states
as well as O with electron-rich states would facilitate OER as a
result of the interaction between CePO4 and NiCo2O4. (2)
The acceleration of proton transfer kinetics and good
hydrophilicity of phosphate groups as proton acceptors
would facilitate the adsorption and deprotonation of
intermediates.27,29,38 (3) The good oxophilicity of Ce3+ in
CePO4 would benefit the formation of intermediates and their
subsequent conversion and release of oxygen molecules.41

Furthermore, CePO4/NiCo2O4 also presents impressive
stability for long time, >1000 h, with a large current density
of ∼64 mA cm−2. All of these advantages would lead to the
enhanced activity of NiCo2O4 decorated with CePO4 as the
superb electrocatalyst for OER processes.
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