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ABSTRACT: In this work, NiO/CeO2 catalysts were synthesized with tunable CeO2 

crystal facets ({110}, {111} and {100} facets) to study the crystal-plane effects on the 

catalytic properties. Kinetic studies of CO oxidation showed that NiO/CeO2 {110} 

had the lowest activation energy. Furthermore, the obtained samples were 

characterized by means of TEM, XRD, Raman, N2-physisorption, UV-Vis DRS, XPS, 

H2-TPR and in-situ DRIFTS technologies. The results demonstrated that the 

geometric and electronic structures of nickel species were dependent on the 

NiO/CeO2 interfaces, which had an influence on the synergetic interaction of absorbed 

CO and active oxygen species, and then the generation of the formate intermediate 

played an important role in the catalytic performance. The possible interface 

structures of nickel species on the CeO2 {110}, {111} and {100} surface were 

proposed through the incorporation model, suggesting that the advantageous 

NiO/CeO2{110} interface was facilitate for CO adsorption/activation and active 

oxygen species formation, leading to the best catalytic performance.  

 

KEYWORDS: crystal-plane effect, NiO/CeO2, CO oxidation, in-situ DRIFTS, 

interfacial interaction 
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1. INTRODUCTION 

Cerium oxide and ceria-based materials have received increasing attentions and 

intensively studied in environmental catalysis,
1-3

 due to the rich oxygen vacancy and 

high oxygen storage-release capacity (OSC) in Ce
4+

/Ce
3+

 redox cycle.
4,5

 Furthermore, 

thanks to the advantage of shape-controlled synthesis, the ceria nanocrystals with 

specific exposure facets, such as rods with {110} facets, octahedrons with {111} 

facets and cubes with {100} facets, have attracted considerable research interest.
6,7

 

Theoretical and experimental studies have demonstrated that the properties of 

ceria-based nanocrystals are affected by the surface structures of different exposed 

crystal facets.
8-11

 Nolan et al. proposed that the oxygen vacancy formation energy of 

CeO2 was surface sensitive by theoretical calculation, in the order of {110} < {100} < 

{111}.
8
 And the stability of CeO2 was closely related to the crystal facets. It was 

showed that the CeO2 {111} facet was provided with the lowest surface energy, {110} 

facet was followed, and {100} facet had the highest surface energy.
9,10

 Extensive 

studies have been devoted to exploring the structure-effects of ceria nanocrystals on 

CO oxidation.
12,13

 Wang et al. compared the activity of CeO2 cube and truncated 

octahedron in CO oxidation, and found that the cube displayed the enhanced activity, 

due to the existence of more coordinatively unsaturated cerium atoms and active 

adsorption oxygen species on the CeO2 {100} surface.
12

  

Moreover, it is reached a general consensus that the strong metal-support 

interaction (SMSI) is the key factor for the catalytic performances.
14,15

 

Flytzani-Stephanopoulos et al. studied the crystal-plane effects of CeO2 nanocrystals 

on the Au/CeO2 for the water-gas shift (WGS) reaction, and discovered that ceria rods 

with {110} planes were most active for gold stabilization/activation.
16

 Similarly, 

between the oxide-oxide interface, the interactions also play an important role in 

catalysis. Our previous work had presented that the crystal planes of CeO2 

nanocrystals made a great influence on the CuO/CeO2 catalysts for NO+CO reaction, 

we found that the synergistic interactions between CuO and CeO2 rods were 

intensified, leading to the superior performances.
17

 In addition, nickel oxide, with 
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excellent redox property, has been attempted to combine with ceria. The addition of 

NiO into ceria can generally increase the concentration of oxygen vacancies and 

enhance the oxygen diffusion of ceria, which contributes to superior performance in 

many reactions.
18,19

 Zhou et al. prepared a series of NiCe mixed oxides for the 

catalytic N2O decomposition, and found that the strong interaction between NiO and 

CeO2 resisted the inhibition of O2 and enhanced the oxygen mobility.
20

 However, in 

literature, most of the NiO/CeO2 catalysts are irregularly shaped, without the 

well-defined crystal facets exposed. On the basis that the different CeO2 

nanostructures affect the geometric and electronic states of nickel species on the 

interface, the oxide-oxide interfacial interaction of NiO/CeO2 catalysts is worthy of 

study. 

  Therefore, in this work, NiO nanocrystals loaded on the tunable CeO2 crystal facets 

({110}, {111} and {100} facets) were effectively synthesized. The obtained 

NiO/CeO2 catalysts with three shapes were characterized in detail by X-ray 

diffraction (XRD), transmission electron microscopy (TEM), N2-physisorption, 

UV-Vis diffuse reflectance spectra (DRS), X-ray photoelectron spectroscopy (XPS), 

temperature-programmed reduction (TPR), and in-situ diffuse reflectance infrared 

Fourier transform spectra (DRIFTS). The study was mainly focused on: (1) the 

crystal-plane effects of CeO2 supports on the properties of NiO/CeO2 catalysts; (2) 

investigating the interfacial structures between NiO and different-shaped CeO2 

nanocrystals by the incorporation model; (3) exploring the key factors which had the 

significant influence on the reactivity of CO oxidation. This study could provide a 

scientific basis on ceria-based catalysts CO oxidation by the effective interface 

design. 

 

2. EXPERIMENTAL SECTION 

2.1. Catalyst preparation 

The nano-CeO2 supports were synthesized following an approach by hydrothermal 

method.
17

 In the preparation of CeO2 nanorods, the desired amount of CeCl3·7H2O 
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(0.75 g) was dissolved in 40 mL NaOH (9.6 g) aqueous solution. This stock solution 

was stirred vigorously for 30 min in a Teflon bottle, and the mixture was carried out 

under hydrothermal treatment at 140 
o
C for 18 h. After cooling, the precipitate was 

collected, washed with deionized water until the chloride ions were removed and 

pH=7, and dried at 60 
o
C overnight. The samples were calcined in air at 450 

o
C for 3 

h.  

In the preparation of CeO2 nanooctahedron, the desired amount of Ce(NO3)3·6H2O 

(0.44 g) was dissolved in the mixture of toluene (15mL) and H2O (25mL), and 

then 0.15 mL butylamine was dropped. The above mixture was stirred vigorously for 

30 min in a Teflon bottle, and carried out under hydrothermal treatment at 180 
o
C for 

24 h. The obtained precipitate was washed with deionized water until pH=7, and dried 

at 60 
o
C overnight. The samples were calcined in air at 450 

o
C for 3 h.  

In the preparation of CeO2 nanocubes, the desired amount of Ce(NO3)3·6H2O (0.87 

g) was dissolved in 40 mL NaOH (9.6 g) aqueous solution. This stock solution was 

stirred vigorously for 30 min in a Teflon bottle, and the mixture was carried out under 

hydrothermal treatment at 180 
o
C for 24 h. The obtained precipitate was treated in the 

similar way as the case of octahedron. 

The NiO/CeO2 catalysts were prepared by the wet impregnation method with a 

solution containing Ni(NO3)2. The mass ratio of NiO:CeO2 = 3 wt%. The mixture was 

stirred for 7 h at room temperature, and the solvent was evaporated at 100 
o
C. The 

resulting powder was dried overnight at 110 
o
C, and calcined at 350 

o
C in air for 3 h. 

The obtained NiO/CeO2 rod, octahedron and cube were denoted as Ni/CeO2-r, 

Ni/CeO2-o and Ni/CeO2-c, respectively. 

2.2. Catalyst characterization  

Transmission electron microscopy (TEM) images were taken on a JEM-2100 

instrument at an acceleration voltage of 200 kV. The samples were crushed and 

dispersed in A.R. grade ethanol and the resulting suspensions were allowed to dry on 

carbon film supported on copper grids. The crystal structure of three Ni/CeO2 

catalysts were identified by X-ray diffraction (XRD) with a Philips X’Pert Pro 
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diffractometer using Ni-filtered Cu Kα radiation ( = 0.15418 nm). 

Brunauer–Emmet–Teller (BET) surface areas were measured by nitrogen adsorption 

at 77 K on a Micrometrics ASAP-2020 adsorption apparatus. Before each adsorption 

measurement, approximate 0.1 g sample was degassed in a N2/He mixture at 200 
o
C 

for 3 h. UV-Vis diffuse reflectance spectroscopy (UV-vis DRS) were recorded in the 

range of 200–800 nm by a Shimadzu UV-2401 spectrophotometer with BaSO4 as 

reference. Laser Raman spectra (LRS) were collected on a Renishaw invia Laser 

Raman spectrometer using Ar+ laser beam. The Raman spectra were recorded with an 

excitation wavelength of 532 nm and the laser power of 20 mW. The X-ray tube was 

operated at 40 kV and 40 mA. X-ray photoelectron spectroscopy (XPS) analysis were 

performed on a PHI 5000 VersaProbe high performance electron spectrometer, using 

monochromatic Al Kα radiation (1486.6 eV), the sample was outgassed at room 

temperature in a UHV chamber (< 5 × 10
–7 

Pa). The sample charging effects were 

compensated by all binding energies (BE) referenced to the C 1s peak at 284.6 eV. 

This reference gave BE values with an error within ±0.1 eV. H2-temperature 

programmed reduction (H2-TPR) experiments were performed with H2 as a reduced 

agent in a quartz U-type reactor, and about 50 mg sample was used for each 

measurement. Prior to the reduction, the sample was pretreated in a highly purified N2 

stream at 200 
o
C for 30 min and then cooled to ambient temperature. H2-Ar mixture 

(7% H2 by volume) was switched on, the temperature increased with a ramp of 5 

o
C/min. The consumption of H2 was monitored on line by a thermal conductivity 

detector. In-situ diffuse reflectance infrared Fourier transform spectra (in-situ DRIFTS) 

were collected from 1000 to 4000 cm
–1

 at a spectral resolution of 4 cm
–1

 (number of 

scans, 32) on a Nicolet 5700 FT-IR spectrometer equipped with a high-sensitive MCT 

detector cooled by liquid N2. The DRIFTS cell (Harrick) was fitted with a ZnSe 

window and a heating cartridge that allowed sample to be heated to 400 
o
C. The fine 

catalyst powder placed on a sample holder was carefully flattened to enhance IR 

reflection. The sample was purged with a high purified N2 stream from room 

temperature to 400 
o
C at 10 

o
C/min to eliminate the physisorbed water and other 

impurities. The sample background of each target temperature was collected during 
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the cooling process. At ambient temperature, the sample was exposed to a controlled 

stream of CO-Ar (10% of CO by volume) and O2 at a rate of 5.0 ml/min for 30 min to 

be saturated. Reaction studies were performed by heating the adsorbed species and the 

spectra were recorded at various target temperatures at a rate of 10 
o
C/min from room 

temperature to 250 
o
C by subtraction of the corresponding background reference. The 

CeO2 crystal structures were drawn using the Materials Studio 6.0 software. 

2.3. Catalytic performances measurement 

The CO oxidation activities of the catalysts were measured in a flow micro-reactor 

with a gas composition of 1.8 vol% CO, 10.0 vol% O2 and 88.2 vol% N2 at a space 

velocity of 40,000 mL g
−1

 h
−1

, and 50 mg catalyst was used for each measurement. 

The catalyst was pretreated in a N2 stream at 200 
o
C for 30 min and then cooled to  

room temperature, after that, the mixed gases were switched on. Two columns and 

thermal conductivity detector (TCD) were used for the purpose of analyzing the 

production, column A with 13× molecular sieve for separating O2, N2 and CO, and 

column B, packed with Porapak Q for separating CO2. 

In the kinetic study, approximately 10 mg of catalyst was carried out in sequential 

measurements (the conversion of CO was below 20%). The turnover frequency (TOF) 

for CO conversion to CO2 was calculated in a following equation TOF = 

PVsηVCO%/RTnNi (P = atmospheric pressure, Vs = space velocity, η = CO conversion, 

VCO% = CO concentration, nNi = the moles of surface NiO determined by XPS). 

 

3. RESULTS AND DISCUSSION 

3.1. Morphology characterizations (TEM and high resolution TEM)  

TEM was performed to determine the morphologies of as-synthesized CeO2 

nanocrystals. As shown in Figure S1 (in Supporting Information), these particles had 

the uniform shapes. Nanorods with the length of 70-100 nm and the diameter of ca. 

10 nm were displayed in Figure S1a, and the lattice spacing of 0.19 and 0.27 nm 

suggested that nanorods preferred to expose {110} and {100} facets (Figure S1b). 
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Nanooctahedrons and cubes with the average size of 30 nm were mainly exposed 

{111} and {100} facets, respectively (Figure S1c-f).  

The morphologies of Ni/CeO2 samples were determined in Figure 1 and Figure S2, 

3, suggesting that CeO2 nanocrystals still kept the original shapes and unique crystal 

facets after the introduction of nickel oxide. Since the loading amount of NiO was low, 

the selected area electron diffraction technology was employed to catch the NiO 

particles. In Figure 1a, the different diffraction rings arose from the diffraction spots, 

which corresponded to CeO2 (111), (200) and (220) planes, respectively 

(JCPDS65-2975). While, for the selected area electron diffraction of Ni/CeO2 rod 

(Figure 1b), besides the above diffraction rings corresponding to CeO2, some weak 

diffraction spots were observed, which was ascribed to the NiO (200) plane 

(JCPDS78-0643). The white contrast in the dark field image (Figure 1c) came from 

the selection of electrons, which were diffracted by the crystal planes of NiO 

nanocrystals with respect to the incident beam.
21,22

 Moreover, the corresponding 

bright field image was showed in Figure 1d. Compared the bright field with the dark 

field images (Figure 1c and d), the approximate location of NiO nanoparticles was 

found, and the HRTEM result of Ni/CeO2 rod was displayed in Figure 1e. The lattice 

spacing of 0.20 nm was ascribed to the NiO (200) crystal plane, and the lattice 

spacing of 0.19, 0.26 nm are ascribed to the CeO2 (220) and (200) crystal planes, 

respectively. Similarly, the selected area electron diffraction, dark field, bright field 

and HRTEM images of Ni/CeO2 octahedron and cube were showed in Figure S2 and 

S3, respectively. From the above images, NiO nanoparticles could be found, and the 

interface between NiO and CeO2 (rod, octahedron, cube) were clearly displayed. 

Therefore, it was concluded that the obtained Ni/CeO2 samples with different CeO2 

crystal facets were ideal model catalysts to investigate the crystal-plane effect on 

catalytic performance. 

3.2. Catalytic tests of CO oxidation 

CO oxidation was employed as the model reaction to assess the activity of Ni/CeO2 

and CeO2 with different morphologies. Figure S4 suggested that the activities of 

different-shaped CeO2 were in the following order: CeO2-r > CeO2-o > CeO2-c. When 
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NiO were loaded on the three CeO2 supports, the CO oxidation performances were 

significantly enhanced (Figure 2a). Moreover, the obtained Ni/CeO2 catalysts 

displayed different activities. Ni/CeO2-r {110} catalysts showed the superior activity: 

100% CO conversion was achieved at 130 
o
C, while, for Ni/CeO2-o {111} and 

Ni/CeO2-c {100}, the temperatures were 160 and 190 
o
C, respectively. The CO 

oxidation activities were ranked by Ni/CeO2-r {110} > Ni/CeO2-o {111} > Ni/CeO2-c 

{100}. The kinetic data were further confirmed that Ni/CeO2-r {110} was the best 

catalyst. The activation energies were ranked by: Ni/CeO2-r (55.4 kJ/mol) < 

Ni/CeO2-o (68.2 kJ/mol) < Ni/CeO2-c (88.7 kJ/mol) (Figure 2b). The turnover 

frequency numbers at 120 
o
C for CO conversion over per mole of NiO were ranked 

by Ni/CeO2-r (35.2 h
-1

) > Ni/CeO2-o (10.1 h
-1

) > Ni/CeO2-c (0.5 h
-1

) (Table S1).  

On the basis of the above results, it could be deduced that NiO nanoclusters on 

different CeO2 crystal facets formed the different Ni/CeO2 interfaces, and then the 

interfacial structures exerted an effect on the properties of Ni/CeO2 samples. 

Therefore, the obtained samples were characterized in detail to reveal the 

relationships.  

3.3. Structural and textural characterizations (XRD, Raman and N2-physisorption)  

XRD patterns indicated that CeO2 nanorod, nanooctahedron and nanocube were the 

pure cubic phase with the fluorite structure (JCPDS65-2975, space group Fm3m), and 

the lattice parameters were 5.4133, 5.4064, and 5.4022 Å, respectively (Figure S5). 

After the introduce of nickel oxide species, the three CeO2 maintained the original 

face-centered cubic structure, no other nickel oxide species could be detected in this 

pattern, suggesting that the NiO species were well dispersed.
23

 However, the lattice 

parameters of ceria decreased when ceria was supported by NiO (in Table S1), which 

in turn confirmed that partial Ni
2+

 ions might be incorporated into the surface layer of 

CeO2 supports. In addition, the decreased degree of three Ni/CeO2 samples were 

different in comparison with the bare CeO2, implying the structures of nickel species 

on the surface layers of ceria were various.  

The surface structure information of the Ni/CeO2 samples was further investigated 

by Raman spectroscopy. An obvious peak at 460 cm
–1

 corresponded to the Raman 
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active F2g vibration model of the CeO2 fluorite structure and two weak bands ~ 600 

and 1170 cm
–1

 related to the presence of oxygen defects were displayed in Figure 3.
24

 

The absence of characteristic bands for NiO crystallite phase implied the 

well-dispersion of NiO, consistent with XRD results. Evidently, the F2g vibration peak 

was red-shifted in Ni/CeO2-r, indicating that the stronger interfacial interaction 

decreased the symmetry of the Ce-O bond. The surface oxygen defect concentration 

determined by I605+1172/I460 (Table S1) was followed the sequence of Ni/CeO2-r > 

Ni/CeO2-o > Ni/CeO2-c > CeO2-r > CeO2-o > CeO2-c. On the basis of the above 

discussion, it was deduced that the interface structures between NiO and CeO2 {110} 

decreased the bond strength of Ce−O bond and then enhanced the surface oxygen 

defect concentration, which might result in the superior reactivity of CO oxidation. In 

addition, the textural properties of the prepared Ni/CeO2 and CeO2 samples were 

studied by N2 adsorption–desorption isotherms (Figure S6). The surface area results 

in Table S1 seemed to have little relationship with the reactivity, and thus it was not 

the key factor for the catalytic performance of CO oxidation. 

3.4. Chemical states analysis (UV-Vis DRS and XPS)  

The information of the surface electronic states could be found out from UV-Vis 

DRS characterization. In Figure 4, different-shaped CeO2 samples exhibited a peak at 

323 nm corresponding to an O
2-

→Ce
4+

 charge transfer and a broad absorption edge of 

CeO2.
25

 While, for Ni/CeO2 samples, a weak peak at 220 nm was attributed to an 

O
2-

→Ce
3+

 charge transfer,
17

 due to the fact that partial interfacial Ni
2+

 ions were 

incorporated into the surface layer of CeO2, the redox equilibrium 

(Ni
2+

+Ce
4+

→Ni
3+

+Ce
3+

) shifted to the right, and then Ce
3+

 species were generated. 

Another peak at around 735 nm was the d-d bands of octahedrally coordinated 

Ni
2+

.
25,26

 It was observed that the peak of Ni/CeO2-r was blue-shifted and weakened, 

further suggesting that interfacial interaction between NiO and CeO2 {110} affected 

the electronic structures of surface nickel species. 

In order to exhaustively explore the surface compositions and elementary oxidation 

states of Ni/CeO2 samples with different shaped, XPS technique was carried out and 

the corresponding results were displayed in Figure 5. The Ce 3d spectra of these 
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samples were fitted into eight peaks as defined in Figure 5a. On the basis of the 

literatures, the peaks labeled as u′ and ν′ represented Ce
3+

, and the other six peaks 

labeled as u′′′ and ν′′′, u′′ and ν′′, u and ν were corresponding to Ce
4+

.
27-29

 The content 

ratio of Ce
3+

 to Ce
4+

 over Ni/CeO2 and CeO2 samples were calculated in Table 1. It 

could be observed that the introduce of NiO enhanced the amount of Ce
3+

 species, and 

the content of Ce
3+

 in Ni/CeO2-r was the highest among Ni/CeO2 samples. Moreover, 

it was well-known that the surface oxygen activation was the key factor for CO 

oxidation, and then the O 1s information was measured (Figure S7). The main peak 

labeled as O′ at 529.1 eV was the lattice oxygen in metal oxide, and a shoulder 

labeled as O′′ at 531.5 eV was attributed to the adsorbed oxygen (oxygen in hydroxyl, 

carbonates groups).
30

 The ratios of O′′/O′ for Ni/CeO2 and CeO2 samples suggested 

that more active oxygen was adsorbed on Ni/CeO2 surface and Ni/CeO2-r was the best 

for the surface active oxygen adsorption, confirmed by the result of O/(Ni+Ce) (Table 

1). The above phenomenon was mainly from Ce
3+

 species, which was beneficial for 

water and C-O species adsorption than Ce
4+

 species.
31,32

 

In addition, the valence state of nickel species was also investigated, and the Ni 2p 

spectra were exhibited in Figure 5b. A main peak centered at ca. 854.9 eV was 

assigned to Ni
2+

 species, with a broad shake-up satellite peak at ca. 861.0 eV.
33,34

 The 

Ni
2+

 binding energy of Ni/CeO2-r was higher, which indicated that the interface might 

make some electrons transfer from Ni
2+

 to Ce
4+

, and then the Ce
3+

 and adsorbed 

oxygen species were increased, which led to the enhanced catalytic performance.  

3.5. Reduction properties (H2-TPR and in-situ CO-adsorption DRIFTS)  

The reducibility of Ni/CeO2 samples was estimated by H2-TPR and in-situ 

CO-adsorption DRIFTS characterizations. The H2-TPR results were showed in 

Figure S8, obviously, the reduction temperature of Ni/CeO2 was lower than that of 

CeO2, suggesting that the introduce of NiO was helpful for the migration of oxygen 

species. Furthermore, it was observed that the shapes of these TPR profiles over 

Ni/CeO2 samples were distinct, suggesting that the migration of oxygen species were 

greatly dependent on the interfacial interactions of Ni/CeO2 samples. The broad peak 

in Figure 6 was fitted into three peaks (labeled as α β γ). According to literatures, the 
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peak at ca. 200 
o
C (α1, α2) attributed to the surface active adsorbed oxygen species.

35
 

The second peak (β) was the reduction of NiO species strongly interacted with CeO2 

supports. While, the third peak (γ) might come from the reduction of NiO clusters.
25

 

Among three Ni/CeO2 samples, Ni/CeO2-c sample had the poorest reducibility. In 

addition, the hydrogen consumption of the complete reduction of Ni
2+

 to Ni
0
 over 

three Ni/CeO2 samples were displayed in comparison (Table 1). It could be found that 

the actual hydrogen consumption was much higher than the theoretical value (388 

μmol•g
-1

), for the reason that the surface oxygen species from CeO2 was reduced with 

NiO reduction.
17

 Notably, the actual H2 consumption of Ni/CeO2-r was approximately 

two times higher than that of Ni/CeO2-c, illustrating that the geometric and electronic 

structures of nickel species were relying on the interfacial interactions of Ni/CeO2 

samples. The interfacial between nickel species and CeO2 {110} was advantageous 

for the improved oxygen species migration and reducibility. 

To further understand the reduction properties of Ni/CeO2 catalysts, in situ 

CO-adsorption DRIFT as a probe reaction was carried out in a TPR procedure, the 

related results were present (Figure S9). The band at ca. 2170 cm
–1

 from the CO 

adsorption on Ni species and bands at 1000-1800 cm
–1

 for the vibration of 

carbonates
36

 were obvious for Ni/CeO2-r, suggesting that Ni/CeO2-r was facilitate for 

the adsorption and activation of CO. Moreover, with the increase of temperature, a 

peak centered at ca. 2358 cm
–1

 of gaseous CO2 appeared,
31,35

 indicating the surface 

species of oxides started to reduce. The initial reduction temperatures were ranked by 

Ni/CeO2-r ≈ Ni/CeO2-o < Ni/CeO2-c, and the initial reduction temperature was 

lower than that of H2-TPR, for the reason that the DRIFT method was very sensitive 

to surface process.
5
 On the basis of the above analysis, it was suggested that the 

interfaces between NiO and CeO2 rod {110} were more beneficial for CO adsorption 

and activation, which was an important factor for CO oxidation. 

3.6. Proposed mechanism of CO oxidation and interfacial model of Ni/CeO2 catalysts 

(in-situ DRIFTS of CO and O2 co-adsorption)  

In order to explore the surface reaction situation of Ni/CeO2 catalysts with different 

crystal planes, CO and O2 co-adsorption in-situ DRIFTS were recorded at various 
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temperatures in the simulated reaction conditions, the results were displayed in 

Figure 7. Hydroxyl species was detected in the range from ca. 3700 to 3000 cm
–1

. It 

was reported that the band at ca. 3650 cm
–1

 was assigned to OH coordinated on Ce
3+

 

sites, whereas, the band at ca. 3300 cm
–1

 was assigned to OH coordinated on Ce
4+

 

sites.
18,37

 It was worth noting that hydroxyl groups were more apparent for Ni/CeO2-r, 

followed by Ni/CeO2-o; conversely, the intensity of the hydroxyl species bands was 

negligible in the Ni/CeO2-c. With the increase of temperatures, the OH band was 

disappeared, which indicated that the OH sites participated in CO oxidation, 

consistent with our previous work, i.e., OH species played an role.
15

 Therefore, 

Ni/CeO2-r had the superior catalytic performance, because the advantageous 

interfacial interactions could active the substrate molecules of hydroxyl species. 

On the other hand, the formation of carboxylate, carbonate and other related species 

were comprehensively analyzed. Based on the literature, the bands at ca. 2926, 2863, 

1600, 1300 cm
–1

 were ascribed to carboxylate ions, the C–H stretching, the 

antisymmetric and symmetric stretching vibration (νas and νs) of formate species.
38,39

 

The intensity of formate species band was ranked by Ni/CeO2-r ≈ Ni/CeO2-o > 

Ni/CeO2-c. With the increase of temperatures, the intensity of formate species was 

decreased, while, the carbonate species (1530 and 1390 cm
–1

 for monodentate 

carbonates; 1470 and 880 cm
–1

 for carbonites)
40,41

 and CO2 (2358 cm
–1

) were 

generated. With the higher temperature, the carbonate species were decreased. It was 

observed that carbonate species on Ni/CeO2-c were difficult to desorbed, which was 

proposed to decrease the activity.
42

 On the basis of the above discussion, it was 

deduced that the important intermediate formate species was resulted from the 

synergetic interaction of adsorbed OH and CO species. The OH species was from the 

active oxygen species on surface, and the CO molecule was from the adsorption on 

interfacial nickel species. Both the two factors for CO oxidation were related to the 

geometric and electronic structures of nickel species on CeO2 crystal planes. 

Therefore, a tentative model of interfacial nickel oxide species on the CeO2 (110), 

(111) and (100) surface layers was proposed as followed. 

According to our previous incorporation model,
43

 it was deduced that the nickel 
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species on interface were incorporated in different vacancy sites of CeO2 {110} {111} 

{100} surface layers, and the interfacial structures of nickel species were proposed 

(Figure 8). On Ni/CeO2 {110} interface, the nickel species were surrounded by four 

lattice oxygen atoms in a square structure; on Ni/CeO2 {111} interface, that were 

surrounded by four lattice oxygen atoms in a trigonal pyramid structure; whereas, on 

Ni/CeO2 {100} interface, that were surrounded by eight lattice oxygen atoms in a 

hexahedron structure. Due to the steric effect, the Ni/CeO2 {110} interface was 

helpful for CO adsorption and activation. This similar phenomenon of steric effect 

was also observed in the report about CO adsorption on different-shaped Cu2O.
44

 In a 

word, the interfacial structures of nickel species on CeO2 surface layers could not only 

affect the adsorption and activation of reactant CO on nickel species, but also modify 

the surface oxygen atoms migration of CeO2, which had influences on the catalytic 

property of CO oxidation.  

Moreover, the possible reaction process was described as followed: CO firstly 

adsorbed and activated on interfacial nickel species, and then reacted with the 

surrounding active oxygen species to generate the formate species, finally the formate 

species was decomposed to CO2 and carbonate species at relatively high temperature. 

In the process, the adsorption/activation of CO, the form of active surface oxygen 

species and formate species, and desorption of carbonate species were highly 

dependent on Ni/CeO2 interface. 

 

4. CONCLUSIONS 

In this work, it was showed that the catalytic properties were markedly resulted 

from the geometric and electronic structures of NiO/CeO2 interface. NiO 

nanoparticles loaded on tunable CeO2 crystal facets ({110}, {111} and {100} facets) 

were synthesized. Kinetic studies of CO oxidation demonstrated that the catalytic 

performances of three prepared NiO/CeO2 samples followed this order: NiO/CeO2 

{110} > NiO/CeO2 {111} > NiO/CeO2 {100}. With the help of XRD, Raman, UV-Vis 

DRS, XPS and TPR characterizations, it was showed that the interaction 
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(Ni
2+

+Ce
4+

→Ni
3+

+Ce
3+

) was present on the interface and then more Ce
3+

 and surface 

active oxygen species were generated. The reaction process was explored by in-situ 

DRIFTS, it was proposed that CO firstly adsorbed and activated by the interfacial 

nickel species, and then reacted with the surrounding active oxygen species to 

generate the formate species, finally the formate species was decomposed to CO2 and 

carbonate species at relatively high temperature. The important intermediate formate 

species was related with the geometric and electronic structures of nickel species on 

interface. Due to the advantageous NiO/CeO2 {110} interface, it was helpful for CO 

adsorption/activation and the generation of surface active oxygen species, which 

played the key role in CO oxidation. Considering of their different interfacial 

structures, it was believed that tuning the crystal facets of CeO2 supports would be an 

effective strategy to enhance the reactivity of ceria-based catalysts. 
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Figure 1. Electron diffraction patterns of (a) CeO2 rod, (b) Ni/CeO2 rod; (c) the 

corresponding dark field image of white spot in the red circle; (d) the corresponding 

bright field image; (e) the HRTEM image of Ni/CeO2 rod. 
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Figure 2. (a) CO conversion; (b) Arrhenius plots for CO conversion over Ni/CeO2 

catalysts with different shapes.  
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Figure 3. Raman results of Ni/CeO2 catalysts with different shapes. 
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Figure 4. UV-vis DRS of Ni/CeO2 and CeO2 (insert graph) samples with different 

shapes. 
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Figure 5. XPS spectra (a) Ce 3d and (b) Ni 2p of Ni/CeO2 samples with different 

shapes. 
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Figure 6. H2-TPR profiles of Ni/CeO2 with different shapes. 
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Figure 7. In-situ DRIFTS of CO and O2 interaction with Ni/CeO2 catalysts of different 

shapes. 
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Figure 8. A tentatively proposed model of interfacial nickel oxide species on CeO2 

(110), (111) and (100) surface layers. 
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Table 1. XPS information and the actual H2 consumption (the reduction of Ni
2+

 to Ni
0
) 

of Ni/CeO2 samples. 

Samples Atomic ratio  The actual H2 consumption (μmol g
-1

) 

O/(Ni+Ce) SO′′/SO′ Ce
3+

/Ce
4+

 α β γ Total amount 

Ni/CeO2-r 3.71 0.29 0.22  312 240 161 713 

Ni/CeO2-o 3.58 0.25 0.21  267 189 195 651 

Ni/CeO2-c 3.56 0.27 0.17  104 91 206 401 

CeO2-r – 0.27 0.16  – 

CeO2-o – 0.24 0.15  – 

CeO2-c – 0.23 0.16  – 
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