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A B S T R A C T   

Ag-CeO2 catalysts were prepared via urea- and activated carbon- assisted pyrolysis to study an improvement 
strategy for their catalytic performance in catalytic CO combustion. Different synthetic methods induced the 
change of Ag-CeO2 interface interaction by tuning the surface chemical state of Ag nanoparticles and CeO2 
nanoparticles. However, it was completely different to arouse the change degree in the structure and perfor-
mance of these Ag-CeO2 catalysts. Fabrication of Ag-CeO2 catalysts using a urea pyrolysis induced to create an 
Ag-CeO2 interface with more metallic Ag species, which improved the reductivity of CeO2 surface and enhanced 
the Ag-CeO2 catalyst performance. Fabrication of Ag-CeO2 catalysts using an activated carbon pyrolysis method 
induced to form an Ag-CeO2 interface with more positively charged Ag+ ions and required higher temperature of 
CO conversion. For the Ag-CeO2 catalysts with more positively charged Ag+ species, the participation of sodium 
salts could alleviate Ag nanoparticle oxidation and promoted the transformation of Ag-CeO2 interface with more 
positively charged Ag+ ions into Ag-CeO2 interface with more metallic Ag species, which caused the formation of 
more Ce3+ cations and the production of more reducible surface oxygen and enhanced the catalyst performance 
in catalytic CO combustion.   

1. Introduction 

With the rapid development of industrial technology and an 
increasing emphasis on the environment and human health, catalytic CO 
combustion has been extensively investigated to remove the exhaust gas 
emitted from the energy and chemical industry such as the petrochem-
ical processes, exhaust purification from fuel vehicles and H2 purifica-
tion in fuel cells. As an efficient and promising candidate for catalytic CO 
combustion, CeO2-based catalysts have impassioned widespread 
research interests due to their outstanding capabilities in the storage and 
release of oxygen [1–3]. The introduction of metal nanoparticles can 
more efficiently enhance their catalytic performances in catalytic CO 
combustion [1–4]. Silver-based catalysts can be derived from the wide 
variety of silver compounds and has excellent oxidative resistance and 
relatively much lower cost among noble metal. At the same time, Ag- 
CeO2 catalysts exhibit excellent catalytic activity for CO combustion, 

which is even comparable to the widely studied noble metal-CeO2 cat-
alysts such as Au, Pd, Pt [5–10]. In addition, strong metal-support 
interaction and large adhesion energy between Ag and CeO2 can 
induce the better incorporation of Ag nanoparticles on CeO2 surface to 
alleviate the sintering behavior in high temperature processes [11,12]. 
Therefore, Ag-CeO2 catalysts are potential and promising candidate 
catalyst systems in the industrial application of CO combustion and they 
have shown the increased research interests in energy and environ-
mental catalysis. 

The catalytic performance of most catalysts is closely related to 
chemical structure of their surfaces. It is known that the surface chem-
istry of CeO2 is closely correlative to the arrangement of its terminal 
surface atoms, and there is no expected ‘perfect CeO2 surface’ with 
coordinative unsaturation [3,4,13]. The CeO2 surface is mainly 
composed of a nonpolar terminal oxygen surface and a polar terminal 
cerium surface and the surface structure is generally complex due to the 
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complicated arrangement of its terminal atoms [14,15]. The incorpo-
ration of metal nanoparticles results in the surface structure of CeO2 
becoming even more complicated and moreover, the fabrication of 
metal-CeO2 interface assists with the surface reconstruction of metal- 
CeO2 catalysts [16–18]. Therefore, the modification of the CeO2 surface 
is greatly important in improving the catalytic properties of CeO2-based 
catalysts. 

The incorporation of metal nanoparticles is reported to result in 
electron transfer via the metal-CeO2 interface, which facilitates the 
creation of Ce3+ species and reduction of CeO2 surface [19,20]. The 
incorporation of metal nanoparticles with different CeO2 nanoparticles 
can strengthen metal-CeO2 interfacial interactions, inducing the for-
mation of defect structure and the production of oxygen vacancy around 
metal-CeO2 interface [21–23]. The presence of surface defect and oxy-
gen vacancy at the interfacial sites may accelerate the dissociation of 
molecular oxygen to form active surface oxygen, which then reacts with 
adsorbed CO molecules at the active interface, enhancing the catalytic 
activities of the metal-CeO2 catalysts [24]. Additionally, the formed 
interfacial sites facilitate oxygen regeneration/delivery and the dynamic 
conversion between surface oxygen and oxygen vacancies; this is a key 
structural factor that enhances catalyst performance in oxidation re-
actions [25]. Thus, the introduction of metal facilitates the surface 
reconstruction of metal-CeO2 catalysts, producing an efficient surface 
structure for the elevated catalytic performance. This interfacial catal-
ysis in metal-CeO2 catalyst systems is of significant research interest. 

The metal-CeO2 interfacial structure can be tuned to develop novel, 
highly efficient metal-CeO2 catalysts. Through the specific design of the 
synthetic conditions, the metal-CeO2 interface formation can be tuned to 
optimise the surface properties of the catalysts [26,27]. The metal-CeO2 
interfacial structure is improved by tuning their morphological structure 
and CeO2 crystal plane to promote the reductivity of CeO2 surface ox-
ygen, the creation of oxygen vacancies and oxygen migration from the 
bulk to the surface [17,23,28–30]. Various post-treatments can be 
employed to improve the metal-CeO2 interface structure and change the 
redox capability of CeO2 surface oxygens, thereby inducing the efficient 
evolution of the metal-CeO2 interfacial structure into chemically active 
states [16,31–33]. Despite the dramatically increased research interest 
in interfacial catalysis of metal-CeO2 catalysts, knowledge is lacking 
regarding the properties of the active interface between metal and CeO2 
[34]. Therefore, further studies exploring the close relationship between 
the catalytic activity of metal-CeO2 catalysts and the surface properties 
of metal and CeO2 at metal-CeO2 interface are required. 

The simple pyrolysis methods using organic compounds and sacri-
ficial carbon templates have widely been used to synthesize metal oxide 
nanostructured materials [35–38]. It is reported that the Ag-CeO2 cat-
alysts prepared by one-spot pyrolysis in the presence of organics and 
carbon templates show the significant improvement of their catalytic 
performances, since the preparation method has a great influence on the 
physicochemical properties of the catalysts [26,37]. In the present 
study, Ag-CeO2 catalysts were prepared via simple urea- or activated 
carbon-assisted pyrolysis. It was found that the CeO2 prepared by urea- 
assisted pyrolysis had different surface structures and catalytic proper-
ties to the CeO2 prepared by activated carbon–assisted pyrolysis. After 
Ag incorporation, CeO2 nanoparticles were activated to promote the 
improved reductivity of their surface oxygen and the creation of more 
Ce3+ species at Ag-CeO2 interface. However, the Ag-CeO2 catalysts 
exhibited different structural properties when prepared by different 
methods. As a result of Ag-CeO2 interface with different Ag chemical 
states, the Ag-CeO2 catalysts had different surface Ce3+ content, 
different surface reductivity of CeO2 nanoparticles and different cata-
lytic performance. For Ag-CeO2 catalysts with more Ag+ ions, the 
incorporation of sodium salts induced changes in the surface properties 
to promote the improved surface reductivity, the increased surface Ce3+

content and the alleviation of Ag nanoparticle oxidation, which 
enhanced the catalytic performance in catalytic CO combustion. 

2. Experimental section 

2.1. Materials 

Powder activated carbon (purity ≥ 98.0 %) was purchased from 
Shanghai Shanpu Chemical Co., Ltd. AgNO3 (AR, purity ≥ 99.8 %), 
NaNO3 (AR, purity ≥ 99.0 %), urea (AR, purity ≥ 99.0 %) and Ce 
(NO3)3⋅6H2O (AR, purity ≥ 99.0%) were provided by Sinopharm 
Chemical Reagent Co., Ltd. 

2.2. Catalyst preparation 

CeO2 and Ag-CeO2 catalysts were synthesized by activated carbon- 
assisted pyrolysis or urea-assisted pyrolysis. Ce(NO3)3⋅6H2O (1.3 g) or 
Ce(NO3)3⋅6H2O (1.3 g) and AgNO3(10 mg⋅mL− 1, 4 mL) were dissolved 
in distilled water (30 mL) at room temperature. Powder activated car-
bon (2.4 g) was used and the mixture stirred for 2 h. The resulting 
suspensions were dried at 70 ℃ for 24 h then calcined at 550 ℃ for 3 h to 
afford yellowish-brown CeO2 and Ag-CeO2 catalysts (nominally 5 wt% 
Ag); these were labelled as CeACN and AgCeACN, respectively. CeACN- 
W and AgCeACN-W were prepared according to the same experimental 
procedure as for CeACN and AgCeACN, respectively, with the only dif-
ference being that the powder activated carbon was washed to remove 
the sodium salts. 

For the Ag-CeO2 catalysts prepared with artificially added sodium 
salts, NaNO3 (0.024 g, 0.096 g or 0.24 g) was dissolved in distilled water 
(30 mL). When washed powder activated carbon (2.4 g) was placed, the 
mixed solution was stirred for 2 h. The suspensions were dried at 70 ℃ 
for 24 h to afford activated carbon modified with NaNO3. AgCeACN-W- 
xN (x represents the mass percentage ratio of NaNO3 to activated car-
bon) was prepared according to the same experimental procedure as for 
AgCeACN. 

For the CeO2 and Ag-CeO2 catalysts synthesized via urea-assisted 
pyrolysis, powder activated carbon was replaced by urea (10 g). The 
remainder of this experimental procedure was as for the synthesis of 
CeACN or AgCeACN. The synthesized CeO2 and Ag-CeO2 catalysts 
(nominally 5 wt% Ag) were labelled as CeUA and AgCeUA, respectively. 

2.3. Characterization 

Powder X-ray diffraction (XRD) was performed using a Rigaku Ul-
tima IV X-ray diffractometer with Cu Kα radiation. Transmission elec-
tron microscopy (TEM) was performed using a JEOL-JEM-2100F 
transmission electron microscope. Nitrogen adsorption-desorption 
isotherm analysis was performed at 77 K using a Micromeritics 
ASAP2460. Hydrogen temperature-programmed reduction (H2-TPR) of 
catalysts was performed via homemade temperature-programmed 
reduction equipment using H2 (10 vol%) in Ar. After activation of the 
catalysts with the mixed gas, H2-TPR profiles were collected from room 
temperature to 700 ℃. X-ray photoelectron spectroscopy (XPS) was 
performed using a Thermo Scientific K-Alpha + X-ray photoelectron 
spectrometer. The binding energy value of C1s at 284.6 eV was refer-
enced to calibrate the binding energies of all other elements. The metal 
content of Ag-CeO2 catalysts was determined via inductively coupled 
plasma optical emission spectrometry (ICP-OES) using an Agilent 720ES 
instrument. 

2.4. Catalyst activity 

Catalytic CO combustion was performed to discuss the catalytic ac-
tivities of CeO2 and Ag-CeO2 catalysts. Catalysts (25 mg) was put into a 
fixed-bed quartz microreactor and activated with CO (1 vol%) and O2 (5 
vol%) in Ar at 240 ℃ for 20 min. The flow rate of the mixed gas was set 
at 20 mL⋅min− 1 using a thermal mass flow controller. After activation 
with the mixed gas, catalytic CO combustion was performed at a 
different temperature. The gas effluent was detected via online gas 
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chromatography (GC1690, Hangzhou Kexiao Chemical Instrument Co., 
Ltd., China) with a TCD detector and TDX-01 column. The catalytic CO 
conversion was obtained based on the change in inlet and outlet CO 
concentration. 

Fig. 1. TEM images and size distributions of (A, B) CeACN, (C, D) CeUA, (E, F) AgCeACN and (G, H) AgCeUA.  
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3. Results and discussion 

3.1. Characterization of Ag-CeO2 catalysts 

3.1.1. TEM results 
TEM experiments were utilized to determine the morphology of 

CeO2 and Ag-CeO2 catalysts prepared using different methods. Fig. 1A 
and its inset showed that CeACN was composed of small nanocrystals 
with 5–10 nm in diameter. High-resolution TEM images in Fig. 1B 
revealed its non-uniform morphology and multiple exposed crystal 
planes with interplanar spacings of d[1 1 0] = 0.19 nm, d[100] = 0.27 nm 
and d[111] = 0.31 nm, as shown in the inset FFT diffraction patterns. 
CeUA had a larger particle size with a broader diameter range of 7–14 
nm (Fig. 1C, inset). Fig. 1D shows the non-uniform morphology of CeUA, 
which had multiple exposed crystal planes that were almost identical to 
CeACN. After the incorporation of silver in CeAC-500 to form AgCeACN, 
the particle size of Ag nanoparticles and CeO2 nanoparticles increased 
slightly and mainly distributed in a diameter range of 6–12 nm (Fig. 1E), 
indicating that Ag incorporation resulted in the growth of CeO2 nano-
particles. AgCeACN also exhibited the non-uniform morphology of CeO2 
with near-identical multiple exposed crystal planes (Fig. 1F). After the 
incorporation of Ag nanoparticles into CeUA to form AgCeUA, TEM 
images (Fig. 1G and H) revealed a similar non-uniform morphology and 
almost the same main exposed crystal planes. However, AgCeUA had a 
much larger particle size of Ag nanoparticles and CeO2 nanoparticles 
and they mainly distributed in a much wider diameter range of 7–20 nm 
(Fig. 1G) than AgCeACN, indicating that Ag incorporation resulted in 
the faster growth of CeO2 nanoparticles for the urea-assisted pyrolysis 
synthesis system. Therefore, compared with the urea-assisted pyrolysis, 
the activated carbon–assisted pyrolysis of CeO2 and Ag-CeO2 catalysts 
could better alleviate the sintering behaviour of Ag nanoparticles and 
CeO2 nanoparticles due to the introduction of silver during the high- 
temperature calcination, inducing the synthesis of smaller Ag nano-
particles and CeO2 nanoparticles with narrower diameter distribution. 

3.1.2. XRD results 
The phase characteristics of different catalysts were studied using 

XRD diffraction. Fig. 2A depicted the main diffraction peaks of four 
samples, which were designated as fluorite CeO2 (JCPDS 34-0394). 
Furthermore, AgCeUA had a small Ag peak at 2θ = 38.12◦, while no 
Ag signal was detected for AgCeACN. This result was mainly due to the 
high-temperature calcination of AgCeUA which caused the aggregation 
of Ag nanoparticles. Owing to the different chemical reagents and 
preparation methods, the aggregation of Ag nanoparticles in AgCeACN 
was partially ameliorated; the low percentage of Ag nanoparticles (<4 
wt%, Table 1) and their high dispersion on the CeO2 nanoparticles also 
resulted in their being difficult to detect. 

The mean crystal size of CeO2 in the different catalysts was calcu-
lated according to the FWHM value using Scherrer’s equation, with the 

results listed in Table 1. Notably, these catalysts exhibited different 
FWHM values at about 28.5◦. CeACN prepared by the activated carbon- 
assisted pyrolysis had the smallest mean crystal size of all samples. After 
the incorporation of Ag nanoparticles, AgCeACN and AgCeUA exhibited 
larger CeO2 nanoparticles. However, there was a much faster increase in 
the mean crystal size of CeO2 particles in AgCeUA compared with 
AgCeACN. Therefore, the incorporation of Ag species aroused the cre-
ation of Ag-CeO2 interface and accelerated the growth of CeO2 particles 
at high temperature. However, the growth degree of CeO2 particles in 
Ag-CeO2 catalysts was influenced by their preparation methods, espe-
cially the urea-assisted pyrolysis. 

3.1.3. BET results 
Fig. 3 exhibits the textural properties of different catalyst samples. 

CeACN had a classic type IV sorption isotherm accompanied by H3 
hysteresis loop (Fig. 3A), suggesting the formation of slit-like mesopores 
caused by CeO2 nanoparticle aggregates. CeUA had a similar type IV 
isotherm associated with the formation of slit-like mesopores (Fig. 3A). 
However, its adsorption or desorption isotherm dropped much faster 
than that of CeACN, perhaps due to its larger overall particle size. When 
Ag species were incorporated on the CeO2 surface, AgCeACN still had an 
IV type isotherm related to the presence of slit-like mesopores and its 
sorption isotherm became slightly steeper due to the increased CeO2 
nanoparticle size. The AgCeUA sorption isotherm had almost the same 
shape as that of CeUA except for a slight change arising from the much 
larger CeO2crystal size. The pore size distributions associated with the 
desorption branch for different catalysts were determined according to 
the BJH method (Fig. 3B). CeACN had a wide mesoporous distribution of 
the diameter range of 2.5 to 60 nm and the largest pore volume 
(Table 1). Ag incorporation resulted in a large drop in the pore volume 
and changes to the mesopore structure, with AgCeACN having a nar-
rower distribution of 4.8 to 60 nm. CeUA had a hierarchical mesopore 
structure with 2.3, 3.6 and 29.3 nm mesopores, but its pore volume was 
decreased by nearly 40% (Table 1). After Ag incorporation, there were 
obvious changes in the mesopore structure of AgCeUA compared with 
CeUA, with pore sizes of 2.3 and 3.6 nm. Its pore volume was also much 
smaller than that of other samples (Table 1). The BET results in Table 1 
showed that CeACN, which had the widest distribution of mesopore 
sizes, also had a much larger specific surface area than other samples. 
CeUA only had about 71% BET surface area of CeACN. After the 
incorporation of Ag species, the BET area of Ag-CeO2 catalysts was 
drastically lowered. AgCeUA displayed the lowest specific surface area, 
which was only slightly more than half that of AgCeACN. From the N2 
sorption isotherms of four catalysts, CeACN had the most favourable 
textural properties for industrial applications compared with the other 
catalysts. Although the textural properties of AgCeACN were inferior to 
those of CeACN, it had significantly better textural properties than 
AgCeUA. These results indicated that the preparation methods of CeO2 
and Ag-CeO2 catalysts strongly influenced their textural properties. 

Fig. 2. XRD spectra of different samples.  

Table 1 
Summary of mean crystal size (D), BET surface area, pore volume and ICP results 
for CeO2 and Ag-CeO2 catalysts.  

Samples D (nm) a BET (m2g− 1) Pore volume (cm3/g) ICP results (wt 
%) 

Ag Na 

CeACN  7.6  69.4  0.297  –  2.06 
CeUA  10.0  49.4  0.185  –  0.01 
AgCeACN  8.5  39.8  0.216  3.31  2.02 
AgCeUA  14.8  23.9  0.158  3.21  0.01  

a Mean crystal sizes of different samples were obtained on the basis of 
Scherrer’s equation (D = 0.89λ/βcosθ, where λ is the X-ray wavelength, β is the 
width at half maximum (FWHM) from the [111] diffraction peak and θ is the 
diffraction angle of the peak). 
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Fig. 3. (A) N2 adsorption-desorption isotherms and (B) pore size distribution curves of different catalysts.  

Fig. 4. Ce3d spectra (A), O1s spectra (B) and Ag 3d spectra (C) of different catalysts.  
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3.1.4. XPS results 
XPS experiments were utilised to research surface chemical compo-

sitions of CeO2 and Ag-CeO2 catalysts after activation with the mixed 
gas. It was noteworthy that the XPS spectra of these samples prepared 
via activated carbon–assisted pyrolysis exhibited the presence of a small 
amount of sodium element at about 1071 eV, in addition to O1s, Ag3d 
and Ce3d peaks in the survey scan spectrum (Fig.S1). However, no so-
dium was detected for CeUA or AgCeUA, as shown in Fig.S1. ICP ex-
periments were further utilized to determine the Na content (Table S1). 
For the AgCeACN sample prepared by activated carbon–assisted pyrol-
ysis, the content of Na species detected by XPS was higher than that 
detected by ICP due to its larger Na/Ag weight ratio in Table S1. This 
was because XPS mainly detects its surface composition while ICP 
mainly detects its bulk composition. Therefore, the Na salts were mainly 
presented on the surface of the samples prepared by activated carbon-
–assisted pyrolysis. 

Fig.S2 shows the stacked Ce3d spectra of the different CeO2-based 
catalysts. Different valleys were observed at around 885.2 and 903.5 eV 
for these catalysts, which were attributed mainly to the different Ce3+

content. Deconvolution of their Ce3d spectra (Fig. 4A) revealed two 
types of spin-orbital multiplets from the CeO2 and Ag-CeO2 catalysts: 
Ce3+ (u) and Ce4+ (v) [39–42]. The surface Ce3+ content was calculated 
according to the equation Ce3+/Ce = Σu/Σ(u + v) from the deconvoluted 
Ce3d spectra [39–42] and the calculated result was shown in Table 2. 
CeACN had a relative low Ce3+/Ce atomic ratio. The loading of metal 
nanoparticles on the CeO2 surface is reported to induce its partial 
reduction, producing more Ce3+ ions at the metal-CeO2 interface via 
electron transfer between the metal and the CeO2 surface [18–20,28]. 
The present study confirmed that following the incorporation of Ag 
species, AgCeACN contained more surface Ce3+ ions than CeACN due to 
the partial reduction of CeO2 (Table 2), indicating the formation of an 
Ag-CeO2 interface. Additionally, CeUA had a higher surface Ce3+/Ce 
atomic ratio than CeACN. After modification by Ag species, AgCeUA had 
a higher Ce3+ content than CeUA and AgCeACN (Table 2). This indicated 
that for Ag-CeO2 catalysts, surface structure of CeO2 samples had an 
important influence on the reduction behaviour of its surface and the 
urea-assisted pyrolysis was favorable to form much higher surface Ce3+

concentration on AgCeUA surface. 
Fig. 4B depicts O1s spectra of different CeO2 samples. All samples 

contained asymmetric O1s peaks. These O1s profiles were divided into 
three main peaks: the OI lattice oxygen next to Ce4+ at about 528.9 eV, 
the OII surface-adsorbed oxygen at about 530.8 eV and the OIII oxygen 
from lattice oxygen and other oxygen species next to Ce3+ at about 
531.6 eV [39–44]. Fig. 4B and Table 2 also showed that CeUA had a 
higher concentration of OI and OIII oxygen and much less OII surface- 
adsorbed oxygen than CeACN. The incorporation of Ag species caused 
the partial conversion of OI lattice oxygen into OIII oxygen associated 
with Ce3+, indicating that the reduction of CeO2 surface had occurred 
with the participation of silver. AgCeUA and AgCeACN exhibited a 
significant increase in the OIII oxygen associated with Ce3+ relative to 
CeACN and CeUA. However, AgCeUA had a significant increase in the 
OIII oxygen relative to AgCeACN. This result revealed that the incorpo-
ration of Ag on CeO2 resulted in considerable changes to the oxygen 

species on different CeO2 surfaces. The urea-assisted pyrolysis was 
favorable to produce more surface oxygen species associated with Ce3+

for CeO2 or Ag-CeO2 catalysts. 
Undoubtedly, the chemical states of surface Ag species were strongly 

influenced by their different synthesis methods for Ag-CeO2 catalysts. 
The Ag3d spectra of these catalysts prepared with different methods are 
shown in Fig. 4C and Fig.S3. AgCeACN prepared by the activated car-
bon–assisted pyrolysis showed Ag3d5/2 binding energy at 368.00 eV and 
an asymmetric Ag3d5/2 profile with small shoulder peak at low binding 
energy (Fig.S3). Since Ag+ ions in Ag2O had a low binding energy at 
367.6–367.8 eV [45,46], the silver state of AgCeACN existed in the form 
of more metallic silver species, companying by the partial production of 
positively charged Ag species [47]. The Ag MNN Auger peaks were 
further employed to clarify the chemical components of the Ag species 
(Fig.S4). The Auger parameters (Ag3d5/2 binding energy + Ag 
M4N4.5N4.5 kinetic energy) of AgCeACN were calculated at 719.4 eV, 
which differed from the Auger parameters of metallic Ag and Ag2O 
[48,49]. The Auger value of AgCeACN indicated the formation of 
partially oxidised Ag species at the Ag-CeO2 interface [50]. However, for 
AgCeUA prepared by the urea-assisted pyrolysis, its Ag3d5/2 binding 
energy had an obvious shift to higher value at 368.15 eV in comparison 
with AgCeACN prepared with different methods. Fig.S5 showed the 
deconvoluted Ag3d spectra of AgCeACN and AgCeUA. AgCeUA had very 
high content of metallic silver species to 79.5% and while AgCeACN has 
much higher Ag+ content (51.5%). The results of the deconvoluted Ag3d 
spectra indicated that different pyrolysis methods could greatly change 
the chemical state of Ag species in Ag-CeO2 catalysts. The silver state in 
AgCeUA was mainly metallic silver species with the reduced state, 
indicating that the urea-assisted pyrolysis more efficiently alleviated Ag 
nanoparticle oxidation on its CeO2 nanoparticle surface. However, the 
activated carbon-assisted pyrolysis was employed to induce the main 
formation of the positively charged Ag+ species, accompanied by many 
metallic silver species (48.5% metallic Ag content for AgCeACN). 
Therefore, the chemical state of surface Ag species was strongly related 
to the preparation methods of Ag-CeO2 catalysts and the urea-assisted 
pyrolysis was favorable to create more metallic silver species on Ag- 
CeO2 catalysts and to efficiently alleviate oxidation of Ag nanoparticles 
on their surface. 

3.1.5. Raman results 
Fig. 5 exhibited Raman spectra of different samples after activation 

with the mixed gas. CeUA had a prominent Raman band at 461.7 cm− 1, 
which was identified as F2g vibration mode of cubic fluorite CeO2 
[21,51]. However, the Raman band of CeACN moved to the left to 460.6 
cm− 1. The left Raman shift was reported to originate from the conver-
sion of the Ce-O vibration mode caused by the substituted cation ions 
with larger ion radius for the surface-modified CeO2 [10,51,52]. 
Although CeACN presented many Ce3+ ions (0.102 nm) with larger ionic 
radius relative to Ce4+ ions (0.087 nm), it had lower surface Ce3+

Table 2 
The XPS results of different catalysts.  

Samples Deconvoluted O1s (at 
%) 

Ce3+/Ce (at 
%) 

Ag/Ce (at 
%) 

Na/Ce (at 
%) 

OI OII OIII 

CeUA  76.0  5.1  18.9  20.9  –  – 
AgCeUA  73.1  5.0  21.9  23.7  0.087  – 
CeACN  55.9  31.6  12.5  17.6  –  0.484 
AgCeACN  54.8  29.3  15.9  19.6  0.092  0.480 
CeACN-W  55.6  35.2  9.2  15.1  –  0.287 
AgCeACN- 

W  
54.5  34.1  11.4  16.7  0.094  0.260  

Fig. 5. Raman spectra of different catalysts.  
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concentration than CeUA (Table 2). Thus, the left shift of its F2g vi-
bration mode to CeUA was not caused by larger ionic radius of Ce3+ ions 
but the presence of sodium salts with larger ionic radius (0.102 nm) on 
its surface (Table 2) and meanwhile, the left shift of CeACN indicated the 
incorporation of sodium salts to CeO2 lattice. After Ag incorporation, 
AgCeUA showed larger left shift to 456.6 cm− 1 due to higher Ce3+

concentration produced by promoting the reduction of CeO2 surface 
after silver introduction (Table 2). It is noteworthy that AgCeACN 
exhibited the much larger left shift to 448.7 cm− 1 relative to AgCeUA. 
The XPS result in Table 2 suggested that AgCeUA had much higher 
concentration of Ce3+ ions than AgCeACN and at the same time, the 
content of sodium salts on AgCeACN surface was almost as much as 
CeACN was. As a Raman result of AgCeACN, the much larger left shift of 
F2g vibration mode should not be attributed to the contribution of so-
dium salts and Ce3+ ions. Since the substituted cation ions with larger 
ion radius caused the left shift of the F2g vibration mode in CeO2 sam-
ples, AgCeACN should be attributed to higher content of positively 
charged Ag+ species with larger ionic radiuses (0.126 nm), instead of 
more metallic silver species in comparison with AgCeUA. The Raman 
left shift of AgCeACN was consistent with its lower Ag 3d5/2 binding 
energy to AgCeUA (Fig. 4C). Therefore, the Raman result further 
confirmed that AgCeACN had higher content of positively charged silver 
species than AgCeUA. 

CeUA had a prominent broad band at 601.0 cm− 1, which was 
attributed to structural defects in the CeO2 lattice related to the bulk 
oxygen vacancy because of the presence of Ce3+ species [10,21,51]. 
CeACN also was observed to have broad peak in the same region. After 
Ag incorporation, the defect induced bands of AgCeUA were shifted to 
lower wavenumber (547.2 cm− 1) relative to CeUA. This reason was that 
the silver incorporation facilitated the production of Ce3+ ions (Table 2) 
and the creation of more oxygen vacancies. In addition, AgCeUA (0.19) 
exhibited higher ID/IF2g Raman intensity ratio than AgCeACN (0.16), 
indicating a higher amount of lattice oxygen vacancy induced by Ce3+

ions in comparison with AgCeACN [21,53]. 

3.1.6. TPR results 
The redox capabilities of different samples were determined using 

H2-TPR. Fig. 6 showed that CeACN had a broad temperature range of 
surface oxygen reduction (450–600 ℃). After the incorporation of Ag 
species, AgCeACN had a slightly higher surface oxygen reduction tem-
perature at about 532 ◦C, which was identified as the reduction of CeO2 
nanoparticles instead of Ag2O nanoparticles. Simultaneously, the 
reduction peak area of its surface oxygen was significantly increased (by 
34%), indicating the production of more reducible surface oxygen on 
AgCeACN. The CeO2 and Ag-CeO2 catalysts obtained by urea-assisted 
pyrolysis exhibited different reduction behaviour of surface oxygen to 
CeACN and AgCeACN. Fig. 6 shows that CeUA had a lower reduction 
temperature of surface oxygen (about 466 ℃), indicating its different 
surface reductivity to CeACN. After the incorporation of Ag species, 

AgCeUA also showed different reduction behaviour to AgCeACN. 
AgCeUA only exhibited a much lower reduction temperature (156 ◦C) of 
surface oxygen and the CeO2 nanoparticle reduction peak disappeared 
completely in the 450–600 ◦C temperature range. 

XPS result of Fig. 4 suggested that Ag3d binding energy of Ag-CeO2 
catalysts prepared by urea-assisted pyrolysis shifted to a higher value 
and metallic Ag was the main form of their Ag species [26,29]. The 
Raman result in Fig. 5 also indicated that AgCeUA had less content of 
positively charged silver species and more metallic silver species than 
AgCeACN. Metallic silver could facilitate the creation of an Ag-CeO2 
interface to activate surface oxygen species around metallic Ag and 
stimulated the surface reduction of CeO2 nanoparticles because of strong 
interface interaction and electron transfer between CeO2 and Ag 
[18–20,28,54]. The reduction mechanism of H2-TPR for metal-CeO2 
catalysts mainly included the preferential dissociation of hydrogen 
molecules into atomic hydrogen and the followed abstraction of lattice 
oxygen through reaction with the atomic hydrogen [55–57]. The 
reductivity of Ag-CeO2 catalysts was closely connected with the acti-
vated oxygen of their surface. For AgCeUA, CeO2 surface oxygen species 
were activated by the incorporation of Ag species, resulting in its surface 
oxygen reduction occurring at very low temperature. Since it was more 
difficult for AgCeACN with more Ag+ species to promote the activation 
of CeO2 surface oxygen [26,58,59], XPS results in Fig. 4C and Raman 
results in Fig. 5 confirmed that AgCeACN had higher content of posi-
tively charged Ag+ ions and thus it was more difficult to provide surface 
oxygen until higher reduction temperature. Therefore, the surface oxy-
gen of AgCeUA was activated at a lower temperature; this was very 
different to AgCeACN and was primarily because of the existence of 
more metallic silver at the Ag-CeO2 interface. 

3.2. Na-promoting action of Ag-CeO2 catalysts with more Ag+ ions 

It was found that the existence of sodium salts could improve the 
surface structure and physicochemical properties of CeO2 or Ag-CeO2 
catalysts with more positively charged Ag species, which were prepared 
by activated carbon–assisted pyrolysis. Fig. 7 showed a small Na1s peak 
at 1071.1 eV arising from sodium salts in CeACN [60,61]. The partial 
removal of sodium salts in CeACN-W resulted in a minimal shift of this 
Na1s peak, indicating that the different CeO2 surface structure did not 
induce changes in the chemical structure of the sodium salts. After the 
introduction of Ag, the Na1s peak on CeO2 surface shifted to higher 
binding energy for the rich Ag+ AgCeACN sample prepared by activated 
carbon–assisted pyrolysis. For AgCeACN-W, which was prepared with 
washed activated carbon, XPS analysis demonstrated that the surface Na 
salts were partially removed and also mainly presented on its surface 
(Table 2 and Table S1). Its Na1s peak also shifted to higher binding 

Fig. 6. H2-TPR curves of different samples.  Fig. 7. Na1s spectra of different samples.  
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energy relatively to CeACN-W, which was similar to the binding energy 
of sodium in AgCeACN (Fig. 7). These results indicated that surface 
structure of CeO2 nanoparticles could not directly change the chemical 
environment of the sodium salts but that the incorporation of Ag could 
significantly change the chemical environment of sodium salts on their 
surface. Therefore, the presence of sodium salts could largely influence 
the chemical state of Ag species in Ag-CeO2 catalysts with more posi-
tively charged Ag species. 

The effect of sodium ions was further investigated for the surface 
properties of CeACN and AgCeACN. Fig. 8A and Table 2 showed that 
CeACN-W, which was prepared with the partial removal of sodium salts, 
had lower surface Ce3+/Ce ratio than CeACN. Ag loading on CeO2 sur-
face also aroused the production of more Ce3+ ions in comparison with 
CeACN-W due to the partial reduction of CeO2 (Table 2). The result also 
confirmed the formation of an Ag-CeO2 interface for AgCeACN-W. It was 
seen that after the partial removal of sodium species (Table S1), there 
was a decrease in the Ce3+/Ce ratio in comparison with AgCeACN 
(Table 2). This demonstrated that, upon creation of an Ag-CeO2 inter-
face, the sodium incorporation could further promote the reduction of 
CeO2 surface to form more Ce3+ ions. The O1s spectra of Fig. 8B and 
Table 2 showed that CeACN-W had a lower concentration of OIII oxygen 
and higher OII surface-adsorbed oxygen content in comparison with 
CeACN. Since Ag incorporation aroused the partial surface reduction of 
CeO2, AgCeACN-W had more OIII oxygen and simultaneously less OII 
oxygen (Table 2). However, compared to AgCeACN, AgCeACN-W was 
observed to have an increased concentration of OII surface-adsorbed 
oxygen and a decrease in OIII oxygen. This indicated that sodium salts 
could change the chemical environment of oxygen on CeO2 surface and 
promoted the production of OIII oxygen associated with Ce3+. In addi-
tion, the Ag3d spectra of Fig. 8C indicated that after the partial removal 
of sodium salts, AgCeACN-W had very low Ag3d5/2 binding energy at 
367.55 eV and an asymmetric Ag3d5/2 profile with a small shoulder 
peak at higher binding energy (over 368 eV). Fig.S6 further demon-
strated that the silver chemical state of AgCeACN-W should mainly be 

designated as the existence in the form of positively charged Ag+ ions 
(84.2% Ag+ content), companying by a small amount of reduced 
metallic silver species (15.8% metallic Ag content). Since it was more 
difficult for AgCeACN-W with more Ag+ to facilitate the activation of 
CeO2 surface oxygen [26,58,59], it was speculated that the presence of 
sodium salts in AgCeACN could probably promote the alleviation of the 
partial oxidation of Ag nanoparticles and produce more active oxygen 
on CeO2 surface. In addition, the sodium salts added artificially in the 
form of NaNO3 were used to study its influence on the chemical state of 
silver species (Fig. 8 C). AgCeACN-W-N had almost the same peak profile 
and position of Ag3d5/2 binding energy at 367.99 eV in comparison with 
AgCeACN. After deconvolution, its content of positively charged silver 
species dropped dramatically from 84.2% to 52.6 % and the metallic 
silver content greatly increased from 15.8% to 47.4% in comparison 
with AgCeACN-W. Thus, the Ag chemical state of AgCeACN-W-N should 
be identified as the existence in the form of more metallic silver species 
with the reduced state. This result fully indicated that artificially added 
sodium salts, just like the inherent sodium salts of activated carbon, 
could also efficiently promote the alleviation of partial oxidation of Ag 
nanoparticles. Therefore, for Ag-CeO2 catalysts with more Ag+ ions, the 
presence of sodium salts, to some extent, promoted the alleviation of 
partial oxidation of Ag nanoparticles and produce more active oxygen 
on CeO2 surface. 

Fig. 8D shows that CeACN-W had almost the same high surface ox-
ygen reduction temperature as CeACN, yet its reduction peak area was 
reduced to 86% compared to CeACN, indicating that sodium salts could 
promote the production of more reducible surface oxygen but hardly 
changed the CeO2 nanoparticle reduction temperature. After Ag intro-
duction, the reduction temperature of AgCeACN-W was slightly higher 
(about 525 ◦C) than that of CeACN-W and slightly lower for AgCeACN, 
indicating that an Ag-CeO2 interface had formed in AgCeACN-W due to 
the change in its reduction temperature and the presence of sodium salts 
changed the surface reduction performance of the CeO2 nanoparticles. 
The Ag incorporation was reported to induce the formation of an Ag- 

Fig. 8. (A) Ce3d spectra, (B) O1s spectra, (C) Ag 3d spectra and (D) H2-TPR curves of different catalysts.  
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CeO2 interface and electron transfer between Ag and CeO2 [19,20,62]. 
Due to the partial oxidation of Ag nanoparticles and the production of 
more positively charged silver in AgCeACN-W, as shown in XPS 
(Fig. 8C), the electrons at the Ag-CeO2 interface moved towards the 
electron-deficient silver nanoparticles that contained more Ag+ ions 
instead of moving towards the CeO2 surface, which made the CeO2 
surface oxygen more difficult to reduce relative to CeACN-W and 
CeACN. It has indeed been reported that it is very difficult to activate 
lattice oxygen of CeO2 surface for Ag-CeO2 catalysts with more posi-
tively charged silver species [26,58,59]. Additionally, it has been re-
ported that, the incorporation of sodium salts impeded the hydrogen 
transfer on CeO2 surface and resulted in a distinct increase in the CeO2 
reduction temperature [61,63]. Thus, AgCeACN-W, as well as AgCeACN, 
had higher surface oxygen reduction temperatures than CeACN and 
CeACN-W, and yet AgCeACN-W had a lower reduction temperature than 
AgCeACN due to the incorporation of more sodium salts in the latter. 
Notably, compared to that of CeACN-W, the reduction peak area of 
AgCeACN-W increased by about 10% and yet decreased to about 70% 
compared to that of AgCeACN. The presence of more Ce3+ ions was 
reported to promote the surface reduction of CeO2 nanoparticles and 
produces more reducible surface oxygen [64]. Owing to the promoting 
action of sodium ions, AgCeACN contained more Ce3+ ions and thus had 
more reducible surface oxygen than AgCeACN-W. For the Ag-CeO2 
catalysts prepared by activated carbon–assisted pyrolysis, the presence 
of more sodium salts and the formation of an Ag-CeO2 interface with 
more positively charged Ag+ ions aroused a slight increase in the 
reduction temperature of CeO2 surface oxygen. On the other hand, more 
sodium salts of the catalysts induced the creation of more Ce3+ species at 
Ag-CeO2 interface, which promoted the surface reductivity of CeO2 
nanoparticles and provided more reducible surface oxygen. 

3.3. Catalytic performance for CO combustion 

3.3.1. Effect of Ag-CeO2 interface interaction 
The catalytic performance of Ag-CeO2 catalysts was evaluated to 

study the influence of Ag-CeO2 interfacial interactions. Fig. 9A described 
the catalytic activities of different samples. CeACN had very low cata-
lytic activity in catalytic CO combustion. Although CeACN had a much 
smaller mean CeO2 nanoparticle size, a much higher pore volume and a 
much larger specific surface area than CeUA, CeUA demonstrated better 
catalytic performance due to more surface Ce3+ content and more easily 
provided surface oxygen. In the catalytic CO combustion process, active 
surface oxygen on CeO2 is initially attacked and reacts with CO molecule 
activated by adsorption to generate reactive oxygen intermediates, 
which are subsequently replenished by O2 to restore active surface ox-
ygen [2,13,65]. The reactive oxygen intermediates are strongly deter-
mined by the ease of oxygen vacancy production associated with the 
conversion of the Ce3+/Ce4+ redox couple [65,66]. The reaction 
mechanism on the CeO2 surface involves the production and 

replenishment process of oxygen vacancies in terms of the Mars-van 
Krevelen mechanism [2,65,67]. The characterisation results revealed 
that CeUA had higher surface Ce3+ content and more facile reduction of 
surface oxygen into oxygen vacancy. Additionally, the larger ionic 
radius of Ce3+ ions can induce the production of larger lattice distortions 
and more oxygen vacancies on CeO2 [41,54,55,68]. CeUA promoted the 
production and replenishment of oxygen vacancies at its surface at a 
lower temperature, which favoured the formation of reactive oxygen 
intermediates for catalytic CO combustion. Therefore, CeUA, despite 
having no advantage in terms of its textural properties, had superior 
catalytic oxidation performance than CeACN due to its higher surface 
Ce3+ content and its easier surface oxygen reductivity. 

Fig. 9A also exhibited the catalytic activities of Ag-CeO2 catalysts. 
These catalysts exhibited higher catalytic oxidation performance than 
CeO2 catalysts. AgCeUA showed excellent catalytic performance at a 
much lower reaction temperature, with the 50% CO conversion tem-
perature (T50) being 180 ◦C compared with 305℃ for AgCeACN. 
Noticeably, the catalytic activities of AgCeUA (180 ◦C) and AgCeACN 
(300 ◦C) were almost not dramatically changed for 30 h, indicating that 
two Ag-CeO2 catalysts had a superior catalytic stability. For two series of 
Ag-CeO2 catalysts, the effect of the calcination temperature was further 
studied to reveal the change in their catalytic performance (Fig. 9B). As 
the calcination temperature of AgCeAC-x (x represents the calcination 
temperature of samples) increased, the reaction temperature of catalytic 
CO combustion gradually increased. However, AgCeUA-x (x represents 
the calcination temperature of samples) showed a different change trend 
of its catalytic activity. And at the same calcination temperature, 
AgCeUA-x showed much higher catalytic activity than AgCeAC-x. From 
these abovementioned characterisation results, Ag nanoparticles sup-
ported on CeO2 nanoparticles may activate the CeO2 surface lattice 
oxygen and facilitate CeO2 nanoparticle surface reduction to form more 
Ce3+ ions, which promoted the reversible transformation between sur-
face oxygen consumption and oxygen vacancy supplementation, thereby 
improving catalytic performance [54,55]. However, the incorporation 
of Ag nanoparticles resulted in completely different changes in the CeO2 
surface structure. On one hand, surface oxygen on AgCeUA was acti-
vated by the incorporation of Ag at the Ag-CeO2 interface, which was 
then reduced to create oxygen vacancy at very low temperature (Fig. 6). 
On the other hand, the characterisation results in Fig. 4 showed that 
AgCeACN had much fewer Ce3+ ions associated with oxygen vacancies 
and had more positively charged Ag+ cations at Ag-CeO2 interface, 
decreasing the CeO2 surface reductivity. However, the common actions 
of more sodium salts and the Ag-CeO2 interface containing positively 
charged Ag+ ions resulted in improvement of the surface reductivity of 
AgCeACN to produce more active surface oxygen, although its reduction 
temperature was slightly increased relative to CeACN (Fig. 6). Addi-
tionally, the occurrence of partially oxidative Ag nanoparticles has been 
reported to induce the formation of more Ag+ ions, the presence of 
which makes the promotion of activation of CeO2 nanoparticle surface 

Fig. 9. (A) CO conversion of different catalysts; (B) The influence of calcination temperature.  
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oxygen more difficult [58,59]. The results of the present study indicated 
that AgCeUA had different interfacial interactions to AgCeACN, which 
facilitated the production of more active surface oxygen, the creation of 
more Ce3+ ions and the alleviation of partial oxidation of Ag nano-
particles. Ultimately, AgCeUA showed significantly improved catalytic 
efficiency in the catalytic CO combustion reaction relative to AgCeACN. 

3.3.2. Effect of sodium salts 
The effect of sodium salts was investigated to explore the promoted 

action in catalytic performance of CeO2-based catalysts. Firstly, the ef-
fect of sodium salt on the catalytic performance of AgCeUA was inves-
tigated. AgCeUA-N was prepared by the introduced Na salts according to 
the same experimental procedure as AgCeACN-W-N. Fig.S7 showed the 
much lower catalytic activity of the AgCeUA-N catalyst introduced 
artificially by NaNO3 in comparison with AgCeUA, indicating that the 
presence of sodium salts greatly decreased the catalytic activity of 
AgCeUA. It was obvious that for AgCeUA with more metallic Ag species 
using a urea pyrolysis, the introduciton of sodium salts was not condu-
cive to the improvement of its catalytic activity. 

For CeO2 catalysts using an activated carbon pyrolysis method, XPS 
results (Fig. 7 and Fig. S1) indicated that CeACN contained a small 
amount of sodium salts. After a washing step was employed to remove 
sodium salts in the preparation process, CeACN-W had fewer sodium 
salts relative to CeACN (Table 2). However, CeACN-W had much poorer 
catalytic activity with only about 30% CO conversion at 460 ℃ 
(Fig. 9A). Even after the incorporation of Ag nanoparticles, despite its 
improved catalytic activity relative to CeACN-W, AgCeACN-W still 
exhibited very poor CO conversion of just over 60% at 460 ℃ due to the 
partial removal of sodium salts (Fig. 9A and Table 2). Clearly, CeACN-W 
and AgCeACN-W had much lower catalytic activity than CeACN and 
AgCeACN. XPS results (Fig. 8 and Table 2) indicated that CeACN-W 
contained fewer surface Ce3+ ions and less surface oxygen adjacent to 
the Ce3+ ions, relative to CeACN (Table 2). Also, the H2-TPR result of 
CeACN-W (Fig. 5) revealed a smaller surface oxygen reduction peak area 
than that of CeACN (decreased by nearly 15%). This result indicated that 
CeACN could provide more active surface oxygen with increased oxygen 
mobility due to the incorporation of sodium salts. The incorporation of 
Ag nanoparticles also increased the difference in the concentration of 
surface Ce3+ and surface oxygen associated with Ce3+ between 
AgCeACN and AgCeACN-W. This promoted CeO2 surface reduction to 
produce more reducible surface oxygen. This result revealed that for 
CeO2 and Ag-CeO2 catalysts prepared by activated carbon–assisted py-
rolysis, the incorporation of sodium salts could increase the surface Ce3+

concentration, enhanced oxygen mobility on the CeO2 nanoparticles 
and, in the presence of an Ag-CeO2 interface with positively charged Ag+

ions, improved the redox properties of surface oxygen. Overall, the 
incorporation of sodium salts promoted the improved catalytic activity 
of the AgCeACN sample. 

To further confirm the influence of sodium salts on catalytic activity 
of Ag-CeO2 catalysts prepared by activated carbon–assisted pyrolysis, 
the activated carbon samples were sufficiently washed and then sodium 
salts were introduced in the form of NaNO3 to prepare Ag-CeO2 catalysts 
with different sodium content. Fig. 10 shows CO catalytic conversion 
over Ag-CeO2 catalysts prepared with washed activated carbon and then 
artificially added sodium salts. The presence of artificially added sodium 
salts could decrease the CO conversion temperature and largely 
enhanced their catalytic activities in comparison with AgCeACN-W. The 
introduction of suitable sodium salts content (AgCeACN-W-N) greatly 
improved the catalytic activity of AgCeACN-W, even equalling the cat-
alytic performance of the AgCeACN sample. However, AgCeACN-W-4 N 
and AgCeACN-W-10 N exhibited lower catalytic activity in catalytic CO 
combustion due to their higher sodium salt content. Although the 
introduction of excessive sodium salts decreased their catalytic activ-
ities, these catalysts still had much higher catalytic activity than 
AgCeACN-W. Since the Ag chemical state of Ag-CeO2 catalysts could 
influence the activation of surface oxygen on CeO2 nanoparticles 
[26,58,59], Ag3d spectra of AgCeACN-W-N and AgCeACN-W-4 N were 
detected as shown in Fig. 8C and Fig.S6. AgCeACN-W-N had Ag3d5/2 
binding energy at 367.99 eV and its Ag chemical state should exist as 
more metallic silver species with the reduced state (47.4% metallic Ag 
content), indicating that the appropriate amount of sodium salts could 
promote the change of the positively charged silver species into active 
metallic silver species that was beneficial to catalytic conversion of CO. 
However, AgCeACN-W-4 N showed in the main form of the positively 
charged Ag+ ions and it also had a small amount of reduced metallic 
silver species due to its very low Ag3d5/2 binding energy at 367.72 eV 
and an asymmetric Ag3d5/2 profile at high binding energy. Compared to 
AgCeACN-W (367.55 eV, 15.8% metallic Ag content), Ag3d5/2 binding 
energy of AgCeACN-W-4 N was right moved. From the deconvoluted 
Ag3d5/2 spectra in Fig.S6, it showed the higher amount of metallic silver 
species with the reduced state (21.0% metallic Ag content). This result 
demonstrated that the introduction of excessive sodium salts still could 
promote the alleviation of partial oxidation of Ag nanoparticles and 
produce more active oxygen on CeO2 surface. Therefore, the enhanced 
catalytic activity of Ag-CeO2 catalysts prepared with artificially added 
sodium salts demonstrated that, whether artificially added or present in 
the activated carbon, the participation of sodium salts promoted cata-
lytic performance of Ag-CeO2 catalysts prepared by activated carbon-
–assisted pyrolysis due to the alleviation of oxidation of silver species in 
Ag-CeO2 interface interaction. 

4. Conclusions 

Two series of Ag-CeO2 catalysts were synthesised via activated car-
bon–assisted pyrolysis and urea-assisted pyrolysis to investigate the 
improvement strategy of catalytic performance of Ag-CeO2 catalysts. 
The CeO2 nanoparticles prepared by activated carbon–assisted pyrolysis 
had excellent textural properties and the CeO2 nanoparticles prepared 
by urea-assisted pyrolysis had higher surface Ce3+ content and a lower 
oxygen reduction temperature. The incorporation of Ag nanoparticles 
formed an Ag-CeO2 interface, which activated CeO2 surface oxygen and 
improved its surface reductivity because of more Ce3+ ions. However, 
different degrees of change in the structure and performance occurred 
when Ag-CeO2 interface interaction of Ag-CeO2 catalysts was tuned by 
using various pyrolysis methods. After the creation of Ag-CeO2 interface, 
the catalysts prepared by urea-assisted pyrolysis exhibited the formation 
of more Ce3+ ions and the significant alleviation of partial oxidation of 
Ag nanoparticles, resulting in the activation of CeO2 nanoparticle sur-
face oxygen at a much lower temperature. For the Ag-CeO2 catalysts 
prepared using activated carbon–assisted pyrolysis, it was found to form 
Ag-CeO2 interface with more Ag+ ions, resulting in the changes to Ag- 
CeO2 interfacial interactions and more difficult reduction of surface 
oxygen. For the catalysts with more Ag+ species, the participation of 
sodium salts could alleviate Ag nanoparticle oxidation and promoted the 

Fig. 10. CO conversion of Ag-CeO2 catalysts prepared with washed activated 
carbon and then artificially added sodium salts. 
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conversion of Ag-CeO2 interface with more Ag+ ions into Ag-CeO2 
interface with more metallic Ag species, which induced the formation of 
more Ce3+ species and the production of more reducible surface oxygen. 

The synthesized catalysts were utilised to evaluate the influence of 
Ag-CeO2 interfacial interactions and the presence of sodium salts on 
their catalytic activities of CO combustion. Owing to higher surface Ce3+

content and easier surface oxygen reduction, CeO2 nanoparticles pre-
pared by urea-assisted pyrolysis had better catalytic performance than 
CeO2 nanoparticles prepared by activated carbon–assisted pyrolysis. 
After Ag incorporation, the Ag-CeO2 catalysts exhibited significantly 
improved catalytic performance because of the creation of an Ag-CeO2 
interface. However, the Ag-CeO2 catalysts prepared by urea-assisted 
pyrolysis enabled complete catalytic CO combustion at lower tempera-
ture than those catalysts synthesized by activated carbon–assisted py-
rolysis. This reason was that Ag-CeO2 interface interaction was 
improved by using urea-assisted pyrolysis method, which promoted the 
increased surface Ce3+ content, the alleviation of partial oxidation of Ag 
nanoparticles and the reduction of CeO2 surface oxygen at lower tem-
perature. For Ag-CeO2 catalysts with more Ag+ ions, which were pre-
pared by activated carbon–assisted pyrolysis, the addition of sodium 
salts greatly enhanced their catalytic performance because of the 
improvement of Ag-CeO2 interfacial interactions and the production of 
more reducible surface oxygen. 
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