
FULL PAPER
www.afm-journal.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1706056 (1 of 8)

Despite the substantial recent progress in energy harvesting, 
highly efficient conversion and storage of electricity gener-
ated from renewable clean energies into large-scale industrial  
platforms are still a crucial challenge for sustainable energy 
utilization. For example, the rechargeable metal–air (i.e., Al–air 
and Zn–air) batteries and water electrolyzer cells catalyzed by 

W. Gao, Prof. J. C. Ho
Shenzhen Research Institute
City University of Hong Kong
Shenzhen 518057, P. R. China
Z. Xia, Prof. Z. Jiang
Shanghai Institute of Applied Physics
Chinese Academy of Sciences
Shanghai 201204, P. R. China
E-mail: jiangzheng@sinap.ac.cn
Prof. J. C. Ho
State Key Laboratory of Millimeter Waves
City University of Hong Kong
83 Tat Chee Avenue, Kowloon 999077, Hong Kong

Comprehensive Understanding of the Spatial 
Configurations of CeO2 in NiO for the Electrocatalytic 
Oxygen Evolution Reaction: Embedded or Surface-Loaded

Wei Gao, Zhaoming Xia, Fangxian Cao, Johnny C. Ho,* Zheng Jiang,* and Yongquan Qu*

Introducing cerium (Ce) species into electrocatalysts has been recently 
developed as an effective approach to improve their oxygen evolution reac-
tion (OER) performance. Importantly, the spatial distribution of Ce species 
in the hosts can determine the availability of Ce species either as additives 
or as co-catalysts, which would dictate their different contributions to the 
enhanced electrocatalytic performance. Herein, the comprehensive inves-
tigations on two different catalyst configurations, namely CeO2-embedded 
NiO (Ce-NiO-E) and CeO2-surface-loaded NiO (Ce-NiO-L), are performed to 
understand the effect of their specific spatial arrangements on OER charac-
teristics. The Ce-NiO-E catalysts exhibit a smaller overpotential of 382 mV 
for 10 mA cm−2 and a lower Tafel slope of 118.7 mV dec−1, demonstrating 
the benefits of the embedded configuration for OER, as compared with 
those of Ce-NiO-L (426 mV and 131.6 mV dec−1) and pure NiO (467 mV 
and 140.7 mV dec−1), respectively. The improved OER property of Ce-NiO-E 
originates from embedding small-sized CeO2 clusters into the host for the 
larger specific surface area, richer surface defects, higher oxygen adsorption 
capacity, and better optimized electronic structures of the surface active 
sites, as compared with Ce-NiO-L. Above findings provide a valuable  
guideline for and insight in designing catalysts with different spatial  
configurations for enhanced catalytic properties.
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earth-abundant materials are considered 
as the two effective approaches to enable 
the sustainable energy conversion and 
storage.[1–4] However, oxygen evolution 
reaction (OER), being involved in both 
water electrolysis with hydrogen evolution 
reaction as well as metal–air batteries with 
oxygen reduction reaction, is always suf-
fered from the inefficient oxygen genera-
tion due to its sluggish kinetics for such 
a four-electron process, where significant 
overpotentials are required.[5–8] In order 
to improve the OER catalytic property of 
earth-abundant, transition metal-based 
electrocatalysts, various strategies such 
as preparing ultrathin nanosheet mor-
phologies, manu facturing heterogeneous 
metal/metal compound structures with 
controllable defects, introducing foreign 
elements, and tuning different constituent 
compositions, are adopted to provide more 
active sites, to facilitate more effective 
charge and mass transfer, and to accelerate 
turnover of reaction intermediates.[9–25]

In general, doping foreign elements 
into catalysts can effectively modify the 
electronic structures and reliably intro-

duce defects to facilitate the adsorption and conversion of active 
intermediates with the lower energy barrier for OER.[7] Transi-
tion metals, especially 3d transition metals such as Fe, Mn, and 
Cr, are widely used as dopants to regulate the chemical states of 
electrocatalysts.[26–28] Typically, incorporation of Fe atoms into 
NiOx would result in the abundant catalytically active trivalent 
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nickel and nickel vacancies to enhance OER activity.[28] Recently, 
several groups reported significant improvement of the electro-
chemical catalytic performance on catalysts for hydrogen and 
oxygen generation by incorporating transitional metal-based 
materials with rare earth elements, namely, doping cerium into 
host catalysts or building hetero geneous structures between 
CeO2 and active catalysts.[29–34] Jaramillo and co-workers clari-
fied that the geometric and electronic effects between NiOx host 
and Ce dopant resulted in favorable binding energies of the 
OER intermediates.[31] The promotion of FeOOH catalysts for 
OER by integrating CeO2 in the heterolayered or loaded struc-
ture has been demonstrated due to the larger oxygen storage 
capacity of CeO2 as well as the optimized electron interaction 
between CeO2 and electrocatalysts.[32] All the above investiga-
tions evidently reveal both of the essential strategies in intro-
ducing Ce species into the hosts and loading CeO2 onto the 
surface of electrocatalysts to form hetero geneous structures, 
which are promising in modulating electronic structure of 
the surface active sites and enhancing their subsequent OER 
activities. However, there is still lacking of a comprehensive 
insight in the effect of spatial configuration on the catalytic per-
formance of electrocatalysts whether surface-loaded Ce-based 
species to form heterogeneous structures or embedded Ce-
based species into host materials (Scheme 1) would drive the 
OER process more efficiently. Understanding all these would 
be extremely important to develop valuable guidelines for the 
design of improved catalysts with appropriate spatial configura-
tion for electrochemical reactions.

In this work, we present a comparative study on the struc-
tural and catalytic differences in NiO electrocatalysts with 
various spatial configurations of CeO2 incorporation and their 
corresponding effects on the OER performance. In specific, two 

CeO2-incorporated NiO catalysts with different spatial arrange-
ments, namely the embedded configuration of CeO2 clusters/
atoms doped NiO (Ce-NiO-E) and the surface-loaded configu-
ration of CeO2 nanoparticles on NiO (Ce-NiO-L), are prepared 
and characterized using various techniques. Interestingly, the 
Ce-NiO-E catalyst shows the better catalytic performance for 
OER with the lower overpotential of 367 mV required to reach 
the current density of 10 mA cm−2, as compared with that of 
Ce-NiO-L (426 mV). X-ray photoelectron spectra and extended 
X-ray adsorption fine structure (EXAFS) analysis indicate that 
the low-coordinated CeO2 clusters in Ce-NiO play an important 
role in creating the more catalytically active defects, promoting 
the oxygen adsorption capacity and facilitating the turnover of 
active intermediates for OER. All these comparisons elucidate 
explicitly the positive effect of incorporating CeO2 with NiO, 
and further explain the cause of improvement in their catalytic 
properties by doping clusters of CeO2, providing a novel insight 
of different spatially configured CeO2 on NiO for enhanced 
OER catalysts.

Generally, the catalysts of NiO, Ce-NiO-E, and Ce-NiO-L were 
prepared through the sol–gel method followed by the high tem-
perature annealing, as described in the Supporting Information. 
The embedded configuration of Ce-NiO-E and the surface-
loaded configuration of Ce-NiO-L are illustrated in Scheme 1. In 
detail, as shown in Figure 1a, the typical transmission electron 
microscopy (TEM) image of NiO catalysts demonstrates their 
particle-like morphology with an average size of 13.6 ± 2.1 nm  
(Figure S1a, Supporting Information) and a specific surface 
area of 56 m2 g−1 (Figure S2, Supporting Information). The 
corresponding high resolution-transmission electron micros-
copy (HR-TEM) image in Figure 1d exhibits the atomic fringes 
with interplanar spacings of 0.21 and 0.24 nm, indexing to the 
(200) and (111) planes of the face-centered-cubic (fcc) structure 
of NiO, accordingly.[28] Also, as depicted in the X-ray diffraction 
(XRD) pattern in Figure 2, there are four main peaks at 37.5°, 
43.6°, 63.1°, and 75.5°, illustrating that the NiO catalyst con-
sists of the fcc structure (joint committee on powder diffraction 
standards (JCPDS) No. 47-1049), which is perfectly consistent 
with the HR-TEM result. For the Ce-NiO-E catalysts, as revealed 
in Figure 1b, the TEM image indicates that addition of cerium 
preserves the similar nanoparticle morphology, but it induces a 
smaller particle size of 7.5 ± 1.4 nm (Figure S1b, Supporting 
Information) and a larger specific surface area of 90 m2 g−1 
(Figure S2, Supporting Information), suggesting that the Ce-
incorporation can prevent the formation of large NiO nanoparti-
cles. At the same time, the corresponding XRD pattern (Figure 2)  
and selected area electron diffraction (SAED, Figure S3a, Sup-
porting Information) show that there is not any apparent evi-
dence for the existence of CeO2 while all materials are observed 
with the pure phase of NiO. However, all these results cannot 
exclude the formation of CeO2 due to the relatively low concen-
tration of Ce (i.e., 5% in molar ratio) utilized during material 
synthesis. Evidently, further careful analysis by HR-TEM dis-
plays the existence of ultrasmall CeO2 there, where fringes with 
interplanar spacings of 0.31 and 0.27 nm are corresponded to the 
(111) and (200) planes of the cubic fluorite structure of CeO2,[35] 
as given in Figure 1e. Moreover, there is a significant shift in the 
reflecting angle from 37.5° to the smaller angle of 37.3° observed 
in the XRD pattern (Figure 2), suggesting the expansion of cell 
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Scheme 1. Diagrams of a) CeO2-embedded NiO (Ce-NiO-E) and  
b) CeO2-surface loaded NiO (Ce-NiO-L). The gray balls represent NiO 
and the yellow ones represent CeO2 species.
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parameter from 0.4152 to 0.4172 nm as a result of introducing 
Ce element into the host lattice. It also indicates that some 
cerium species might be doped into the crystal lattice of NiO. 
In any case, the formation of ultrasmall CeO2 clusters as well 
as the possibly cerium-doped structures does not contribute to 
any noticeable ceria-based XRD peaks observed in the Ce-NiO-E  
catalysts. Their fine structure will be further investigated in the 
following by combining with XAFS results in order to give a 
deeper insight into the structural features of catalysts induced 
by the addition of foreign Ce element. On the other hand, for 
the Ce-NiO-L catalysts, they come with an average particle size 
of 10.8 ± 1.8 nm (Figure S1c, Supporting Information) and a 
specific surface area of 65 m2 g−1 (Figure S2, Supporting Infor-
mation). They also consist of the fringe with interplanar spacing 
of 0.31 nm attributable to the (111) plane of CeO2 and those of 

0.15 and 0.21 nm corresponded to the (220) and (200) planes 
of NiO as clarified in the HR-TEM image (Figure 1f). Notably, 
the corresponding XRD pattern further confirms the existence 
of CeO2 (JCPDS No. 65-0076) with apparent peaks at 28.5°, 
33.1°, and 47.5° (Figure 2), being consistent with SAED pat-
tern (Figure S3b, Supporting Information) but there is not any 
significant shift in the reflecting angle, excluding the doping 
of Ce species into NiO. As shown in Figure S4 in the Sup-
porting Information, the energy dispersive spectrum (EDS) 
results as well witness the existence of Ce element in both  
Ce-NiO-E and Ce-NiO-L samples. Therefore, introducing  
Ce-based species before (cerium nitrate) and after (cerium 
nitrate and ammonia) obtaining the NiO precursor gels could 
decrease the size of NiO nanoparticles during annealing in 
order to form the smaller particles.

To shed light on the atomic and electronic 
structures of the various samples, XAFS 
analyses are performed at Ce K-edge for 
Ce-NiO-E and Ce-NiO-L, where pure com-
mercial CeO2 is also measured as a compar-
ison. Both Ce-NiO-E and Ce-NiO-L samples 
have the similar X-ray absorption near edge 
structures (XANES) (Figure 3a), which indi-
cate that the Ce atoms in both Ce-NiO-E and 
Ce-NiO-L catalysts present the similar elec-
tronic structures as that of the commercial 
CeO2 powder. Explicitly, as demonstrated 
in the Fourier transformed EXAFS spectra 
of Ce-NiO-E, Ce-NiO-L, and CeO2 in Figure 
3b, the first main peak represents the Ce-O 
shell for CeO2. The reduction of Ce-O peak 
intensity can be ascribed to the decrease 
of size and the increase of disorder for Ce-
NiO-E and Ce-NiO-L. The left shift of Ce-O 
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Figure 1. TEM and corresponding HR-TEM images of a,d) NiO, b,e) Ce-NiO-E, and c,f) Ce-NiO-L.

Figure 2. XRD patterns of NiO, Ce-NiO-E, and Ce-NiO-L.
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peak in Ce-NiO-E sample designates a constriction of the Ce-O 
bond length, which may be caused by the smaller size effect of 
embedded CeO2 clusters or the incorporation (i.e., doping) of 
CeO2 clusters into the NiO lattice.

Furthermore, the relationship between cluster sizes and 
average coordination numbers (ACNs) of Ce-Ce shell is as well 
shown in Figure S5 in the Supporting Information by counting 
the ACNs of several spherical-like CeO2 clusters with various 
sizes. The experimental ACNs are determined by quantitative 
fitting of the EXAFS signals, as given in Figure 4 and Table 1. 
The Ce-Ce ACN of Ce-NiO-E sample is found to be 1.6 ± 0.9, 
which demonstrates that most of the CeO2 clusters should be 
composed of several atoms with the size of about 0.5 nm in this 

sample, extracting from the relationship between ACNs and 
cluster sizes in Figure S5 in the Supporting Information. Since 
the CeO2 clusters with the extremely small size of 0.5 nm are 
very difficult to be observed under HR-TEM, only those with 
the size of larger than about 1 nm are then clearly labelled in 
Figure 1e. The XRD pattern (Figure 2) demonstrates a distortion 
of NiO crystal with the extended lattice parameter in Ce-NiO-E 
which is caused by the CeO2 cluster doping. This is also proved 
by the significant incensement of the ACN of Ce-Ni shell in 
Ce-NiO-E sample compared with that in Ce-NiO-L sample. The 
small ACN of Ce-Ni shell (0.8 ± 1.2) may be caused by the struc-
tural disorder or only few CeO2 clusters being doped into the 
NiO structure while the rests are concentrated on the surface of 
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Figure 3. a) XANES results of different investigated catalysts. b) Corresponding k3 weighted EXAFS signals in R-space and c) the fitting curves of the 
k3 weighted Fourier transformed EXAFS signals in R-space of Ce-NiO-E, Ce-NiO-L, and commercial CeO2, respectively. d) Structural models of NiO 
(d1), Ce-NiO-E (d2), and Ce-NiO-L (d3), red: oxygen, blue: Ni, white: Ce.
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NiO. Also, for Ce-NiO-E, the bond lengths of Ce-Ni path (3.16 Å)  
are close to the Ni-Ni path in an NiO lattice which is also the 
evidence of the CeO2-cluster-doping structure. The elongated 
bond length is expected since Ce has larger atomic radii com-
pared to Ni.[36] For Ce-NiO-L, due to the much larger ACN of 
Ce-Ce shell (4.4 ± 1.6), the size of CeO2 clusters in Ce-NiO-L 
is postulated being larger than that of Ce-NiO-E (Figure S2,  
Supporting Information), in which this larger cluster size of 
CeO2 can be confirmed by the corresponding HR-TEM image 

in Figure 1f. As the ACN of Ce-Ni shell (<0.03, see the note in 
Table 1) in Ce-NiO-L is negligible as compared with the one in 
Ce-NiO-E, the CeO2 clusters may be independent or favorable 
to form heterostructures with NiO particles for the Ce-NiO-L 
sample (Scheme 1). As a result, all these findings illustrate the 
difference of atomic structures in these two samples: doping 
ultrasmall CeO2 clusters into NiO as well as surface-loading 
CeO2 clusters onto NiO are realized for Ce-NiO-E to form the 
mosaic-like structure (Scheme 1a); while the formation of 

heterogeneous structure of large CeO2 clus-
ters on the surface of NiO is achieved for 
Ce-NiO-L (Scheme 1b).

At the same time, it is also important to 
investigate the surface chemical states of 
various electrocatalysts fabricated. As shown 
in the Ni 2p3/2 and 2p1/2 spectra in Figure S6  
in the Supporting Information, the peaks 
observed at 853.8 and 871.5 eV, 855.7 and 
873.5 eV, as well as 861.0 and 879.7 eV can be 
assigned to the Ni2+, Ni3+, and satellite peaks, 
respectively.[37,38] For the O 2p spectra, peaks 
located at 529.4, 531.0, and 532.7 eV are 
ascribed to the lattice oxygen, oxygen defects 
and adsorbed oxygen species (e.g., hydrox-
ides and water molecules), accordingly.[38–41] 
Since both Ni3+ and oxygen defects play crit-
ical roles in adsorbing water molecules and 
forming intermediates NiOOH for OER,[7,42] 
their contents can then be compared to study 
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Figure 4. Electrochemical performance of NiO, Ce-NiO-E, and Ce-NiO-L in 1.0 m KOH solution. a) Polarization curves (with iR corrections), b) Tafel 
slopes derived from (a), c) polarization curves normalized to BET surface areas, and d) Cdl calculated from CV curves.

Table 1. Structure parameters of Ce-NiO-E, Ce-NiO-L, and commercial CeO2 extracted from 
the EXAFS fitting results.

Sample Shell ACNa) σ2 (× 10−3)b) Third (× 10−3)c) Rd) [Å] R-factore)

NiOf) Ni-O 6 2.08

Ni-Ni 12 2.95

CeO2
f) Ce-O 8 2.34

Ce-Ce 12 3.84

Ce-NiO-Eg) Ce-O 6.0 ± 1.5 13.2 ± 1.4 0.76 ± 1.2 2.23 ± 0.06 0.019

Ce-Ce 1.6 ± 0.9 3.1 ± 2.1 3.81 ± 0.01

Ce-Ni 0.8 ± 1.2 8.1 ± 2.7 3.16 ± 0.30

Ce-NiO-Lh) Ce-O 7.3 ± 0.6 11.9 ± 2.1 1.7 ± 1.0 2.28 ± 0.06 0.012

Ce-Ce 4.4 ± 1.6 3.6 ± 1.5 3.82 ± 0.01

a)ACN is average coordination number; b)σ2 is Debye–Waller factor; c)Third is the third cumulants; d)R is 
the interatomic distance; e)R-factor is the relative error of the fitting and data; f)Feff calculation of NiO (the 
inorganic crystal structure database (ICSD) No. 9866) and CeO2 (ICSD No. 28753); g)Fitting results include 
Ce-Ni path; h)Fitting results include Ce-Ni path (ACN of Ce-Ni < 0.03) but not present.
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the difference of NiO, Ce-NiO-E and Ce-NiO-L as electrocata-
lysts for OER. Importantly, there are only slight differences of 
Ni3+ and oxygen defects as observed by peak fitting. NiO com-
prises of the smallest surface ratios of Ni3+ (62%) and oxygen 
defects (24%), while Ce-NiO-L has the slightly higher ratios of 
Ni3+ and oxygen defects (69% and 26%, correspondingly) and 
Ce-NiO-E shows the highest contents of Ni3+ and oxygen defects 
(71% and 32%, correspondingly). In this case, the differences 
of surface chemical states here can clearly demonstrate that 
the two different kinds of CeO2-NiO configured catalysts (i.e., 
embedded and surface-loaded) would lead to the higher Ni3+ 
contents and oxygen defects as compared with the standalone 
NiO, which facilitate the more efficient OER process.

After that, the OER performances of three investigated cata-
lysts were recorded in the alkaline electrolyte (1.0 m KOH) to 
assess the effects of their structural differences on the catalytic 
properties. Though NiO has been widely studied as a catalyst for 
OER, its performance is still not satisfying due to the large over-
potential.[5] Polarization curves with iR corrections are exhib-
ited in Figure 4a. To reach the current density of 10 mA cm−2,  
the NiO catalyst requires a relatively large overpotential of 
467 mV, while those for Ce-NiO-E and Ce-NiO-L catalysts 
are only 382 and 426 mV, respectively. As a control experi-
ment, the pure CeO2 nanoparticles are also characterized 
and observed to give a negligible catalytic activity for OER in  
1 M KOH solution (Figure S7, Supporting Information). 
Derived from Figure 4a, the Tafel slope (Figure 4b) of Ce-NiO-E  
(118.7 mV dec−1) is also much smaller than those of NiO 
(140.7 mV dec−1) and Ce-NiO-L (131.6 mV dec−1). Therefore, 
remarkable decreases in both overpotentials and Tafel slopes 
of Ce-NiO-E and Ce-NiO-L are witnessed, indicating that intro-
ducing Ce-based species can significantly improve their cata-
lytic properties for OER. It is worth pointing that to neglect 
the contributions from surface areas, the specific activity nor-
malized to the Brunauer-Emmett-Teller (BET) surface areas of 
various catalysts also followed the same order of Ce-NiO-E > 
Ce-NiO-L > NiO (Figure 4c), suggesting the great promotion of 
Ce involving. Moreover, as the electrochemically active specific 
area is proportional to the double layer capacitance (Cdl), the Cdl 
values of various catalysts are then usually evaluated to uncover 
the actual quantities of catalytic sites of electrocatalysts.[5] Spe-
cifically, cyclic voltammetry (CV) curves (Figure S8, Supporting 
Information) with various scan rates for the NiO, Ce-NiO-E, 
and Ce-NiO-L catalysts are obtained to calculate Cdl. The Cdl 
value is found to be 2.7 mF cm−2 for NiO, while those for Ce-
NiO-E and Ce-NiO-L are observed to be 4.7 and 6.0 mF cm−2, 
correspondingly (Figure 4c), implying that incorporating CeO2 
into the host would lead to the exposure of more active sites 
in order to facilitate the OER process for both Ce-NiO-E and 
Ce-NiO-L. All these results are perfectly consistent with the 
above-discussed size reduction and surface area enhancement 
the increased surface Ni3+ fractions as well as the enhanced 
concentrations of the interfacial oxygen defects of the NiO-
based electrocatalysts with the addition of cerium species. Fur-
ther investigations in the stability were also performed under 
a fixed overpotential of 500 mV. Both Ce-NiO-E and Ce-NiO-L 
catalysts exhibited the better preservation in catalytic current 
densities as compared with that of NiO (Figure S9, Supporting 
Information).

Since the OER process involves a complex procedure of the 
adsorption of hydroxide species, formation of metal-oxygen 
(M-O) and metal-oxyhydroxides (M-OOH) active intermedi-
ates, and subsequent desorption of molecular oxygen, evalu-
ating the affinity of catalysts for oxygen is also important.[6,41] 
In principle, the oxygen storage capacity is previously adopted 
to estimate the ability of oxygen adsorption of OER catalysts, 
where the specific surface areas are measured under an oxygen 
atmosphere, as demonstrated by Li and co-workers[32] Herein, 
the characteristics and difference of OER properties of various 
catalysts are purposely investigated from the view of oxygen 
adsorption and desorption capacity using an oxygen-tempera-
ture programmed desorption (O2-TPD) method. As displayed in 
Figure 5, there are significant peaks at about 200 °C, which can 
be ascribed to the desorption of oxygen species, coming from 
the saturated adsorbed oxygen on the surface of catalysts during 
the pretreatments. For NiO, the oxygen adsorption capacity 
is calculated to be 15.5 µmol g−1, and those for Ce-NiO-E  
and Ce-NiO-L are found to be 47.4 and 41.8 µmol g−1, respec-
tively. As a control, the value for CeO2 nanoparticles is also 
determined to be 39.5 µmol g−1 (Figure S7d, Supporting Infor-
mation). Therefore, the incorporation of CeO2 species here is 
concluded to promote the oxygen capacities of both Ce-NiO-E 
and Ce-NiO-L due to the formation of small-sized CeO2, while 
Ce-NiO-E configured with the small clusters or cerium dopants 
as well as the larger oxygen adsorption capacity yields the best 
catalytic OER performance.

Based on the above findings, it is obvious that the OER perfor-
mance of the NiO electrocatalysts can be substantially enhanced 
by incorporating Ce-based species into the host lattice with dif-
ferent manners. Among them, the embedded configuration 
of the Ce-NiO-E catalyst can deliver the much better catalytic 
performance with the smaller overpotential, lower Tafel slope 
and more active sites for OER as compared with the ones of 
surface-loaded configuration of the Ce-NiO-L catalysts. The dif-
ferences of their catalytic properties towards OER are ascribed 
to their fine structures and surface chemical states of Ce-NiO-E  
and Ce-NiO-L. The following reasons are then summarized  

Adv. Funct. Mater. 2018, 28, 1706056

Figure 5. O2-TPD spectra of NiO, Ce-NiO-E, and Ce-NiO-L.



www.afm-journal.dewww.advancedsciencenews.com

1706056 (7 of 8) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2018, 28, 1706056

to clarify their explicit differences. (1) Both embedding and sur-
face-loading CeO2 in NiO can effectively decrease the particle 
size of the host while the embedded CeO2 can be formed in 
the extremely small crystal size on the order of 1 nm with the 
largest specific surface areas for Ce-NiO-E. (2) CeO2 species in 
both Ce-NiO-E and Ce-NiO-L are known to promote the forma-
tion of M-OOH intermediate due to the high mobility of oxygen 
vacancies, being subsequently worked as an oxygen buffer to 
facilitate the evolution of oxygen.[30,33,43] Also, the lower ACNs 
of Ce-O and Ce-Ce in Ce-NiO-E would suggest the smaller CeO2 
cluster size there and the more oxygen vacancies existed in the 
clusters as compared with those in CeO2-NiO-L. Moreover, 
since the low-coordinated Ce bonding with Ni shows the good 
oxophilicity,[31] the larger ACN of Ce-Ni (0.8 ± 1.2) in Ce-NiO-E  
can further enhance the OER property as compared to that of 
Ce-NiO-L with an ultrasmall ACN of Ce-Ni (<0.03). In other 
words, the embedded configuration of Ce-NiO-E can efficiently 
utilize the cerium species as the additives and consequently 
improve the OER activity of NiO, considering that the cerium 
contents in both Ce-NiO-E and Ce-NiO-L are same. (3) The 
modulation in electronic structures of NiO hosts examined by 
surface chemical states indicates that the existence of rich Ni3+ 
and oxygen defects would facilitate the adsorption/activation of 
water molecules and oxygen intermediates for both Ce-NiO-E  
and Ce-NiO-L, as compared with the pure NiO.[42,44] Mean-
while, these rich defects could be a result of embedding the 
small clusters of CeO2 into NiO in order to induce more defect 
formation in the host crystal of NiO, which can further ben-
efit the efficient adsorption of intermediates. Importantly, the 
O2-TPD results are consistent with previous analyses, showing 
the larger oxygen adsorption capacity of Ce-NiO-E as compared 
with that of Ce-NiO-L. Therefore, the improved catalytic prop-
erty of both Ce-NiO-E and Ce-NiO-L for OER can be ascribed 
to the rich oxygen vacancies, modified surface chemical states 
and small-sized CeO2. Among different CeO2 configuration, the 
best-performed Ce-NiO-E catalyst for OER is entirely related to 
the doping of low-coordinated CeO2 clusters into the NiO host, 
which distinguishes itself uniquely from the heterostructured 
Ce-NiO-L catalyst.

In summary, two different spatial configurations of the 
CeO2-incorporated NiO catalysts are prepared and analyzed 
to evaluate their structural differences in crystallinity and 
electronic structures as well as these effects on their OER 
activity. Embedding the CeO2 clusters into NiO exhibits the 
enhanced catalytic performance for OER process due to (1) 
the decreased catalyst particle size and the larger amount 
of the available surface active sites; (2) the low coordination 
of Ce-Ce and Ce-O to facilitate the activation and conver-
sion of adsorbed water and intermediates; (3) the modulated 
electronic structures of the surface active sites with positive 
effects in regulating their structure properties of the NiO 
host. All these results also demonstrate the improved oxygen 
adsorption capacity of both Ce-NiO-E and Ce-NiO-L as com-
pared with the pure NiO, which can subsequently contribute 
to the better catalytic activity for OER. This unique structure 
achieved by doping CeO2 into NiO for Ce-NiO-E can not only 
promote the OER process more efficiently but also uncover 
a further insight in designing catalysts with different spatial 
configurations for the enhanced catalytic properties.
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