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A B S T R A C T

Ag/CeO2 catalysts with a silver loading of 10 wt.% have been prepared by three different techniques: impreg-
nation, Ag/CeO2 (imp), impregnation of prereduced CeO2, Ag/CeO2 (red-imp), and co-deposition precipitation,
Ag-CeO2 (co-DP). The features of the prepared composites have been studied by low-temperature N2 sorption,
TGA, XRF, TPR-H2, TEM HR, XPS and Raman spectroscopy. The Raman and XPS results show that the addition of
silver to CeO2 significantly increases the defectiveness of CeO2 particles, and such an effect is a function of the
preparation method. The Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp) catalysts show enhanced interfacial Ag–CeO2

interaction caused by the epitaxial growth of silver particles (d111= 2.35 Å) on the CeO2 surface (d111= 3.1 Å)
as well as high amount of oxygen vacancies. A morphology-dependent interplay between the oxygen vacancies
and the strength of the Ag–CeO2 interaction has been revealed. Strengthening of the metal–support interaction
enhances the catalytic activity of the composites in both CO oxidation and soot combustion.

1. Introduction

Nowadays the problems of emission of harmful compounds from
industrial plants and motor vehicles in crowded urban areas are getting
more attention, and new solutions for air cleaning are urgently re-
quired. The exhaust gases contain different types of hazardous com-
pounds, including carbon monoxide (CO), nitrogen oxides (NOx), par-
ticulate matter (soot), etc., generated during the incomplete
combustion [1–4]. The catalytic total oxidation of such organic pollu-
tants to CO2 and water is the most effective way for their abatement.

Noble metals (Pt, Ru, Pd, Au, Ag, etc.) supported on oxides (ceria,
alumina, silica, etc.) are typical deep oxidation catalysts, and their high
activity and stability significantly depend on the properties of the
support [5–7]. Despite the developed porous structure [7–13] the use of
Al2O3, SiO2 and ZSM-5 as supports for such catalysts is not widespread
in comparison with the transition metal oxides. Ceria has been widely
used as a support for noble metals by the reasons of its unique redox
properties and high oxygen storage capacity (OSC) [1,14]. Over the
past decades, the metal/ceria catalysts have been widely studied in
total oxidation reactions [15,16], composites based on Pd [17–19], Pt
[20–22], Ru [23,24], Au [25–27], Ru/CeO2 [28,29] and Rh [30,31].

Moreover, recently several publications have been devoted to soot
combustion over ceria-based catalysts [1,32,33].

As known, it is highly desirable that the oxidation of harmful or-
ganic compounds proceeds at low temperature, while accounting for
safety, energy-saving purposes, low costs, and environmental friendli-
ness. However, a significant part of the noble-metal-based catalysts
cannot be used under real conditions due to high cost (Pd, Pt, Au are
used with a loading of 2–10 wt.%). Therefore, the development of high-
performance affordable and stable catalysts for low-temperature total
oxidation of harmful compounds is still challenging. The efficiency and
cost of such catalysts are associated with the proper selection of the
type of active components and the preparation method.

The catalytic properties of the supported materials are determined
not only by the chemical nature of the catalyst, the particle size and the
loading of the active components, but also by their interaction with the
support. The latter effect may be defined in terms of metal–support
interaction (MSI) defined as “any effect that a support material modifies
the performance of a supported metal catalyst via the synthesis pro-
cess”. The enhanced catalytic activity of the catalysts can be achieved
by tuning the metal–support interaction in order to provide a sy-
nergistic effect between the active sites of the support and noble metal.
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Liu [34] identified 12 types of metal-support interactions, among which
the strong metal–support interaction (SMSI) is of particular interest. In
the literature, the role of the SMSI is widely discussed in terms of ex-
plaining the catalytic activity and stability of group VIII metals sup-
ported on reducible oxides [35]. Nowadays, the term “strong me-
tal–support interaction” (SMSI) was largely extended due to the
progress of physical-chemical methods of analysis that allow identifying
the structural features of the materials. Based on the nature of the in-
teraction, the SMSIs can be mainly divided into two types: those in-
teractions stemming from electronic defects and those mainly caused by
the surface structural defects [34]. The SMSIs of electronic defects have
been proved to be capable of anchoring individual atoms tightly either
through direct M2–M1 bonding or through the formation of M2–O–M1,
where M1 and M2 represent the supported metal atom and the metal
cation of the support, respectively. The second type of SMSI, namely
structural defects, can be surface steps, coordinately unsaturated sites,
surface vacancies or other types of surface defects. The geometric SMSIs
are frequently accompanied by the encapsulation of metal particles by
oxide support [36].

The SMSI gives rise to three major effects: electronic, geometric and
bifunctional, and their combination allowed the author [35] to distin-
guish between WMSI (weak metal-support interaction) and SMSI. The
work function of noble metal is one of the main factors that causes the
appearance of the SMSI effect [37]. Indeed, Ag has a work function of
4.26 eV that is lower as compared with 5.65 eV for Pt, but is close to
4.71 eV for Ru, 4.98 eV for Rh [38]. The SMSI effect for Ru-containing
catalysts was described in the literature [39,40]. Thus, the decrease of
the work function for Ag is not an obstacle for the appearance of the
different types of MSI for supported Ag catalysts. Moreover, the work
function of the metal depends on the size of its nanoparticles, the
presence of impurities, etc. In Ref. [41], the author showed that the
clusters of metal atoms (including Ag) provide a significant increase of
the ionization energy beyond the bulk work function, when the particle
size was reduced. Thus, the MSI is poorly described for Ag catalysts,
however, with the decreasing of the sizes of supported Ag particles, the
appearance of the enhanced MSI for Ag catalysts can be expected.

In Ref. [42], the geometric effect of the MSI was shown. If the in-
teraction between a metal particle and a support surface is strong, then
the growth of the metal particle is controlled by the surface structure of
the substrate, and the particle exposes a surface parallel to the substrate
irrespective of the anisotropy of the surface energy of the particle facets
or the substrate. In this situation, the interfacial adhesion energy is high
and the particle is strongly bonded. Small or no mismatch of lattice
constants facilitates epitaxial growth. Usually, epitaxial growth can
immobilize the metal nanoparticles resulting in a relatively uniform
distribution of particles with small sizes. The authors showed a HRTEM
image of an Ag/MgO model catalyst clearly revealing the epitaxial
growth of the small Ag nanoparticles onto the {100} surfaces of the
MgO cubes. J. A. Farmer and C. T. Campbell showed the calorime-
trically measured adhesion energies of Ag nanoparticles to reduced
CeO2–x (111) surfaces and average Ag particle size [43]. These results
show that the adhesion energy of Ag nanoparticles to CeO2 (111) in-
creases with the extent of CeO2 reduction. The adhesion energies of Ag
nanoparticles to these CeO2–x (111) surfaces (∼2.3 to 2.6 J/m2) ap-
proach and even exceed the one for Ag–Ag adhesion (twice the surface
energy of Ag, 2.44 J/m2). For the adhesion energy equal to or larger
than the Ag–Ag adhesion energy, one would generally not expect the Ag
to form a clusters, but instead to wet the surface. However, these results
are for local binding of the Ag particle to some part of the ceria surface,
where there is likely a much greater defect (vacancy) concentration
than elsewhere, and, thus, the local adhesion energy is likely much
lower on the stoichiometric CeO2 terraces. Furthermore, the lattice
mismatch between Ag (111) and the underlying CeO2 (111) will cause
the CeO2 lattice under the Ag island to contract or expand to gain the
interfacial bonding stability. It was found that Ag with small sizes has
much higher stability on the reduced CeO2 (111). Thus, these results

may explain the unusual MSI for Ag/CeO2 materials.
However, the role of the MSI in the Ag/CeO2 catalysts for oxidative

processes is practically not discussed. The authors [44] analyzed the
experimental dependence of the reduction temperature in TPR-H2 mode
for CeO2/M/SiO2 and CeO2/M/Al2O3 samples on the metal work
function. The Pt group metals (Pt, Pd, Ru, Rh) as well as Ag and Au
were considered. For all samples, the linear dependencies of the re-
duction temperature on the metal work function were obtained and
evidenced similar mechanism of interaction between CeO2 and metal
nanoparticles. However, the catalytic activity of the obtained samples
was not studied. The authors [45] showed that due to the MSI effect
between the Ag nanoparticles and CeO2-SBA-15 supports provided by
microwave heating, the highly effective catalysts were obtained with
high TOF values for the 4-nitrophenol reduction. The authors concluded
that the strong charge polarization of CeO2 clusters during the micro-
wave heating process contributed to the precise control of the Ag par-
ticle size and the MSIs relative to those obtained through oil‐bath
heating. In the abovementioned publications, the catalyst composition
contained the supports (SiO2, Al2O3 or SBA-15) besides the Ag and
CeO2. Thus, the study of the main features of the Ag–CeO2 interaction
at the stage of formation of the catalysts as well as the changing of their
catalytic activity in the context of the MSI effect is a relevant task.

The key features of the silver–ceria interaction are connected with
the morphology and size effects of both Ag and CeO2 particles, chemical
and charge state of silver, charge transfer between silver and ceria, type
and concentrations of oxygen vacancies in the ceria structure, oxygen
species over Ag particles and redox properties that are caused by the
interplay between Ag+/Ag0 and Ce3+/Ce4+ pairs [15]. For this reason,
the Ag/CeO2 is a promising heterogeneous catalyst for oxidation of CO
[3,46–48] and soot combustion [49–54] due to its high activity and
relatively low cost.

We have recently reported that addition of CeO2 to Ag/SiO2 cata-
lysts leads to increased activity in oxidative dehydrogenation of ethanol
[55,56], and an enhanced Ag–CeO2 interfacial interaction provides the
increased activity and high acetaldehyde yield at low temperatures
[57]. The preparation methods of such catalysts play an important role
in controlling the interfacial Ag–CeO2 interaction and enhancing the
catalytic activity.

In the present work, we focus on the role of metal–support inter-
action in CO oxidation and soot combustion over Ag/CeO2 catalysts
prepared by different techniques. The structural and reduction prop-
erties, content and type of oxygen vacancies, surface chemical com-
position and oxidation state of the prepared Ag/CeO2 catalysts have
been characterized by the low-temperature N2 sorption, TGA, XRF,
TPR-H2, TEM HR, XPS and Raman spectroscopy methods.

2. Experimental

2.1. Materials

Ceria support was prepared by deposition-precipitation method.
Aqueous ammonia (NH4OH, 25wt.%) was added dropwise to the
aqueous solution of cerium nitrate (III) until pH 12 under intensive
stirring. The obtained precipitate was filtered, washed by distilled
water, dried at 80 °C during overnight and calcined at 500 °C for 5 h.

Ag/CeO2 catalysts with a nominal loading of silver equal to10wt.%
were prepared by three different techniques: incipient impregnation,
co-precipitation, and impregnation of pre-reduced CeO2. The support
was impregnated with an aqueous solution of silver nitrate followed by
drying at 80 °C and calcination at 500 °C in an air flow. This catalyst
was designated as Ag/CeO2 (imp). Co-deposition-precipitation tech-
nique with a redox reaction between the Ag (I) and Ce(III) was used
[58] to prepare a catalyst with an increased interfacial interaction be-
tween the active component and the support. Therefore, an aqueous
ammonia solution was slowly dropped into the aqueous solution of
cerium nitrate (III) and silver nitrate at room temperature under
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stirring. Addition of ammonia led to the formation of Ce(OH)3 and
AgOH precipitates. AgOH precipitate rapidly transformed into the Ag
(NH3)2+ complex. Then the Ag(NH3)2+ ions were adsorbed on Ce(OH)3
surface followed by a redox reaction at pH=12 [59] yielding Ag0 and
Ce(OH)4, according to the reaction:

Ce(OH)3 + Ag(NH3)2OH + 2H2O=Ce(OH)4 + Ag0 + 2NH4OH.
The darkening of the solution color indicated that the reaction had

occurred. The obtained catalyst was designated as Ag–CeO2 (co-DP).
The technique of impregnation of the prereduced CeO2 was used in

order to design a catalyst with an enhanced Ag–CeO2 interfacial in-
teraction. For this purpose, CeO2 was pre-reduced at 500 оC in H2/Ar
flow to generate Ce3+ species on the surface of ceria nanoparticles
(NPs). The impregnation of ceria with an aqueous solution of AgNO3

was accompanied by a redox reaction between the surface Ce3+ and
Ag+ leading to the formation of the Ag–CeO2 interface. After the im-
pregnation, Ag/CeO2 (red-imp) catalyst was dried at 80 °C and calcined
at 500 °C in air flow. According to X-ray fluorescence elemental analysis
(XRF), the loading of silver in the prepared catalysts amounted to
10–15wt.%.

2.2. Materials characterization

Elemental analysis of the catalysts was carried out using a X-ray
fluorescence wave-dispersive spectrometer (XRF-1800, Shimadzu,
Japan). The source was a X-ray tube with a Rh anode, a voltage of
40 kV, a current of 95mA and a diaphragm of 10mm.

The specific surface area (SBET) and a pore size distribution of the
samples were determined by N2 sorption at −196 °C using a TriStar II
3020 analyzer (Micromeritics, United States). Prior to the analysis, all
samples were outgassed at 200 °C under vacuum for 2 h. The specific
surface area was calculated using the Brunauer–Emmett–Teller (SBET)
method, the pore size distribution curves and the pore volume values
were determined by the Barrett–Joyner–Halenda (BJH) method from
the desorption branches of the isotherms.

The XRD patterns were recorded with a Rigaku Miniflex 600 dif-
fractometer (Rigaku, Japan) using CuKαradiation (λ=1.5418 Å). The
X-ray diffractograms were registered in the range of 10 to 80° (2θ) with
a scanning rate of 2°/min. The crystalline phase composition was de-
termined using the ICSD and PDF database, the average crystallite sizes
were determined by the Scherrer’s equation and the POWDER CELL 2.4
software was used for detailed profile analysis and calculation of the
structural parameters.

Structure of samples and features of Ag–CeO2 interfaces were stu-
died by TEM HR method using the JEM–2200FS microscope (JEOL).
The crystal lattice parameters were calculated by Fast Fourier
Transform (FTT) using the DigMicrograph (GATAN) software.

The X-ray photoelectron spectroscopy (XPS) analysis was carried
out with a VG Microtech ESCA 3000 Multilab equipped with a dual Mg/
Al anode. Unmonochromatized Al Kα radiation (1486.6 eV) was used as
an excitation source. The sample powders were analyzed as pellets
mounted on a double-sided adhesive tape. The pressure in the analysis
chamber was in the range of 10−8 Torr during the data collection. The
constant charging of the samples was removed by referencing all the
energies to the C1s 2p set at 285.1 eV arising from the adventitious
carbon. Quick scans of Ce3d region were taken prior to each analysis in
order to evaluate possible reduction under the beam. Analysis of the
peaks was carried out with the CasaXPS software. Atomic concentra-
tions were calculated from the peak intensity using the sensitivity fac-
tors provided with the software. The binding energy (BE) values are
quoted with a precision of± 0.15 eV and the atomic percentage with a
precision of± 10%.

Raman spectra were registered at ambient conditions using an InVia
confocal Raman microscope (Renishaw, UK). Prior to analyses, the
catalysts were preoxidized in a TPO mode from 25 to up to 500 °C with
holding at 500 °C for 20min and prereduced in 10% vol. of H2 in Ar at a
temperature from 25 to up to 200 °C with holding at 200 °C for 20min.

In addition, Raman studies were carried out after CO oxidation.
Oxygen storage capacity (OSC) was measured by thermogravimetric

analysis (TGA) with a TGA/DSC1 STAR system Mettler Toledo. The
sample (15mg) was pretreated in N2 (30ml min−1) by heating from 25
to up to 500 °C (ramp rate was 10 °C /min) (step 1) and holding time at
500 °C of 15min (step 2). Then, the sample was cooled down under
nitrogen atmosphere up to 150 °C (step 3). At 150 °C, the sample was
saturated with pure O2 (30ml/min) during 1 h (step 4) and cooled
down to 25 °C still under O2 (step 5). Finally, the sample was treated
under N2 (30ml/min) heating from room temperature up to 800 °C
(ramp rate was 5 °C/min) (step 6). Steps 1, 2 were carried out in order
to remove any adsorbed water, oxygen or carbonate species; during the
step 3 the sample was stabilized at 150 °C that is a proper temperature
for O2 chemisorption. Steps 4, 5 were aimed to fill the oxygen va-
cancies; finally, during the step 6, the removal of chemisorbed oxygen
species occurred and the weight loss was taken into account in order to
evaluate the oxygen vacancies content of the sample.

The reducibility of catalysts was studied by TPR-H2 using
ChemiSorb 2750 (Micromeritics, United States). The gas flow of 10 vol.
% H2 in Ar with a rate of 20ml/min was passed through the catalysts
(∼200mg) under heating from -50 to 900 °C with a heating rate of
10 °C/min. The samples were pretreated in an air flow at 500 оC prior to
each TPR experiment.

2.3. Catalytic activity tests

The catalytic properties were studied in CO oxidation at atmo-
spheric pressure in a fixed-bed quartz reactor (internal diameter was
6mm) with a heating from -50 °C to up to 500 °C with a rate of 10 °C/
min in a flow of 0.5 vol.% CO, 4.4 vol.% O2 and 95.1 vol.% He gas
mixture (300ml/min). The testing was carried out using the
“Chemisorb 2750″ chromatograph (Micromeritics, USA) equipped with
a gas mass spectrometer UGA-300 (Stanford Research Systems) to
control the concentrations of CO (m/z= 28), CO2 (m/z=44) and O2

(m/z=32). Typically, 0.45 g of the catalysts were preoxidized in air at
500 °C for 10min prior to the catalytic tests.

The reaction rate (W) and the activation energy (Ea) were estimated
for CO conversions for the first and second cycles from 4% (4.5%) to up
to 20% using the following formula:

W (molecules/m2 × s) = (C0CO × X × VRM)/ (m×SBET),

where C0CO is an initial concentration of CO (molecules/cm3), X is a CO
conversion, VRM is a reaction mixture rate (cm3/s), m is a weight of the
sample (g), and SBET is a specific surface area (cm2/g).

To study the catalytic activity of the samples in soot combustion a
simultaneous thermal analysis (STA-TGA) was used. The tests were
carried out using the thermogravimeter STA 449F1 (“Netzsch“,
Germany). A simulated model diesel soot substance was prepared by
mixing 5 wt.% carbon black with the prepared catalyst. Prior to soot
oxidation, the catalysts were pre-oxidized in a TPO mode from 25 to
500 °C with holding at 500 °C during 20min. To obtain the tight contact
the catalyst and carbon black were intensively mixed using an agate
mortar for 10min. TGA was performed in the temperature range of
100–800 °C and a heating rate of 10 °C/min in an airflow.

3. Results

3.1. Textural and structural properties

The textural properties of the ceria support and Ag catalysts were
studied by N2 sorption at −196 °C. The main textual and structural
properties of the samples are summarized in Table 1. The adsorption-
desorption isotherms for ceria and Ag-containing catalysts (see Fig. S1,
supporting information) are characterized by a hysteresis loop at re-
lative pressures of 0.45-0.9 indicating the mesoporous structure of the
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samples. Ceria support has a specific surface area of 66m2/g, a pore
volume of 0.098 cm3/g and a pore size of 4.8 nm. Silver impregnation
over ceria decreases the specific surface area to 33 m2/g and is ac-
companied by the modification of the porous texture of the Ag/CeO2

(imp) catalyst (pore volume decreases to 0.061 cm3/g, when the pore
size is 5.2 nm).

The specific surface area (22m2/g and 16m2/g, respectively), the
pore volume (0.04 cm3/g) for Ag/CeO2 (red-imp) and Ag-CeO2 (co-DP)
catalysts and also the average pore size (4.1 nm) for Ag/CeO2 (red-imp)
are significantly lower with respect to pure CeO2 and Ag/CeO2 (imp).
The increase of the pore size (7.9 nm) for Ag-CeO2 (co-DP) catalyst with
a low pore volume in comparison with those values for other catalysts
are connected with a larger particle size of the CeO2. These findings
may result from the different preparation methods involving a mod-
ification of the textural properties of ceria.

The XRD analysis was used to evaluate the nature of the crystalline
phases formed and to calculate the crystallite size according to
Scherrer’s equation. XRD patterns of the prepared catalysts are shown
in Fig. 1. The ceria support and Ag/CeO2 catalysts are characterized by
the reflection peaks typical for the fluorite CeO2 phase (ICSD #28753)
with the reflection peak (111) at around 28.59° 2θ as reported in
Table 1. The calculated average crystallite size (D) of CeO2 ranges be-
tween 11 and 14 nm. A significant shift of the diffraction peaks of ceria
to lower angle region is observed in the case of Ag-CeO2 (co-DP) and
Ag/CeO2 (red-imp) (from 28.59° to 28.48° 2θ). Moreover, these cata-
lysts are characterized by an increased value of d111 from 3.121 to
3.134 (see Table 1). Such angular shift and the increased value of the
distance between (111) planes of CeO2 can indicate the incorporation of
a part of Ag+ into the ceria lattice [60,61] or a defective structure of
the CeO2 NPs [62]. On the other hand, it is noteworthy that the Ag-
containing catalysts show the reflections at 2θ=38.1° and 44.3°
characteristic for metallic Ag particles (PDF 04-0783). Moreover, a shift
of the main diffraction peak of silver to lower angle value (from 38.116°
to 38.04° 2θ) is observed for the Ag-CeO2 (co-DP) and Ag/CeO2 (red-
imp) catalysts (see the enlarged parts in Fig. 1). This may result from
the expansion of the silver lattice due to the formation of an epitaxial
layer.

3.2. TEM and TEM HR

The structure of the catalysts and ceria support, the distribution of
silver on the ceria surface and the features of Ag-CeO2 composites were
studied by TEM HR. The CeO2 support is characterized by a pseudo-
spherical shape of the particles with sizes of 5–15 nm (Fig. 2a) that
correlates with the XRD data. Fig. 2b shows the TEM HR image of the
Ag/CeO2 (imp) catalyst. Only small silver clusters with the size of
0.5–2 nm are observed on the surface of the CeO2 support (see Fig. 2b
for the FFT patterns of these clusters), and the reflexes with
d111= 2.3–2.4 Å and d200= 2.1 Å confirm the correspondence of such
clusters to metallic silver.

The silver particles that differ in size and the strength of interaction
with the ceria surface are observed (see Fig. 2 and Fig. S2, S3 in Sup-
porting information) for Ag-CeO2 (co-DP) catalyst. The formation of
silver particles with sizes of 3–8 nm is observed (TEM images are not
shown). The TEM HR images for the Ag-CeO2 (co-DP) catalyst shown in
Fig. 2c and d evidence the features of the interaction of Ag NPs with
CeO2 in this catalyst. The epitaxial growth of the Ag NPs with sizes of
2–4 nm and interlayer distances of d111= 2.2 Å and d200= 2.06 Å on
the surface of CeO2 with the corresponding interlayer distances of
d111= 3.1 Å and d200= 2.7 Å are shown in TEM HR (Fig. 2c). The
presence of the epitaxial growth of Ag over CeO2 in contrast to the large
difference of the interlayer distances (25%) indicates strengthening of
the metal–support interaction in this catalyst. The TEM HR image in
Fig. 2d demonstrates the presence of a high amount of areas with the
epitaxial growth of Ag NPs (reflexes with d111= 2.3 Å) on the surface of
CeO2 (d111= 3.1 Å). Thus, TEM results for Ag-CeO2 (co-DP) catalyst
support the occurrence of the enhanced metal–support interaction in
this catalyst.

Fig. 3 shows the results of TEM analysis carried out over the Ag/
CeO2 (red-imp) catalysts. Silver NPs on the ceria surface are not ob-
served in TEM images (not presented). The HAADF-STEM images and
mapping of Ce and Ag are shown in Fig. 3a–c, respectively. Silver is
homogeneously distributed in the catalyst. Small silver clusters with the
size of 1 nm are detected in TEM HR images of the catalyst (Fig. 3d and
e). From the FFT diffraction images (insertion in TEM HR images in
Fig. 3d and e) the small clusters may be unambiguously attributed to

Table 1
Textural and structural properties of CeO2 and Ag/CeO2 catalysts.

Sample Loading,% (XRF) SBET, m2/g Pore volume, cm3/g Average pore size, nm 2θ (peak 111 of CeO2) d111(CeO2),Å D(CeO2),nm

Ag CeO2

CeO2 – 100 66 0.098 4.8 28.59 3.121 12.5
Ag/CeO2 (imp) 14.1 85.9 33 0.061 5.2 28.58 3.121 11.4
Ag-CeO2 (co-DP) 10.2 89.8 16 0.044 7.9 28.48 3.134 14.1
Ag/CeO2 (red-imp) 15 85 22 0.042 4.1 28.48 3.134 12.3

Fig. 1. XRD patterns for CeO2 and Ag/CeO2 catalysts.
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the metallic silver with a lattice parameter d111 ≈ 2.3 Å. The epitaxial
growth of the Ag clusters (d111 ≈ 2.3 Å) on the surface of ceria support
(d111 ≈ 3.1 Å) is revealed (Fig. 3e) that indicates the enhanced inter-
facial interaction in this catalyst.

3.3. XPS and Raman results

To study the surface of the catalysts, the XPS analysis was used.
Fig. 4a shows the cerium 3d region, and Table 2 contains the percentage
of Ce (III) and Ce (IV). In order to check that no artifacts occur due to Ce
reduction under the photon beam, a first quick spectrum (recording
time was 3min) of the cerium region was registered and compared to
the long acquisition (ca. 2 h) performed afterwards. Only a slight in-
crease of cerium (III) is observed for all samples (see the Fig. 4b for XPS
spectrum of CeO2 as an example), thus, the quick scans have been used
for the evaluation of the Ce (III)–Ce (IV) percentage, while the long run
has been used to evaluate the surface concentration of the elements.

The complex Ce 3d region has been fitted according to Burroghs
et al. [63] with ten components that take into account the spin orbit
splitting Ce3d 5/2, Ce 3d 3/2 and other splittings caused by a redis-
tribution of the entire energy spectrum after a core hole is created.
There are four peaks (labeled as v0 u0, vi, ui) attributed to Ce (III) and
six peaks (labeled as v, u, vii, uii, viii, uiii) attributed to Ce (IV). The data
were fitted using the constraints between the corresponding compo-
nents 3d5/2- 3d3/2 given by Preisler et al. [64]. The Ce (III) percen-
tages are shown in Table 2 and for all samples range between 22 and
28%. The Ce (III) content decreases from Ag/CeO2 (imp) to Ag/CeO2

(red-imp) due to a redox reaction between the surface Ce (III) and Ag+

yielding the Ag0–CeO2 interface. Thus, a part of Ce (III) sites partici-
pates in Ag+ reduction and passes into Ce (IV). The Ce(III) content in
CeO2 sample after in-situ prereduction in XPS pretreatment chamber at
300–350 °C for 18 h or at 500 °C in TPR mode was of only 19 and 18%,
respectively. Thus, the calculations of the part of Ce(III) sites partici-
pating in the reduction of Ag+ for Ag/CeO2 (red-imp) catalyst cannot
be carried out correctly because of rapid reoxidation of CeO2 surface or
nonequivalent conditions of reductive pretreatment in TPR mode and in
the pretreatment chamber of XPS spectrometer.

Ag 3d region shows an Ag (3d5/2) peak in the region of
368.6–368.9 eV with the splitting of 6 eV for the 3d3/2 doublet.
According to Refs. [61–69], the value of Ag (3d5/2) BE of metallic Ag
corresponds to 368.0–368.3 eV. The experimentally observed shift to-
wards higher BE region originates from the relaxation of the core hole
created by the photoemission, which depends on the shape or/and size
of the metal particles [70]. It has been reported that a positive BE shift
(+1-2 eV) is connected with highly dispersed particles/clusters sup-
ported on oxides [71,72]. In our case, a significant shift to a higher BE
(368.9 eV) is observed for Ag/CeO2 (imp) catalyst and corresponds to
small Ag metallic particles. The BE shift from 368.9 eV for Ag/CeO2

(imp) catalyst to 368.8 and 368.6 eV for Ag-CeO2 (co-DP) and Ag/CeO2

(red-imp) catalysts, respectively, may be attributed to an increase of the
Ag particle sizes in such an order [72] or/and to a strong electronic
metal–support interaction [73–75]. In addition, the shift to lower BEs
may be explained as a reverse spillover of oxygen atoms from the
Ag−CeO2 interface to the Ag NPs due to the reduced CeO2 surface
[70]. The formation of Ag2O is unlikely because in this case a much
larger negative shift of BEs of Ag 3d core level (367.6 eV) should be

Fig. 2. TEM and TEM HR images of CeO2 (a), Ag/CeO2 (imp) (b) and Ag-CeO2 (co-DP) (c and d) catalysts.
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observed [68,70].
In order to distinguish the chemical species, the Ag MNN Auger

regions were recorded and the Auger parameter (AP) were calculated as
(Ag3d5/2 BE+Ag M4N4.5N4.5 KE) as listed in Table 2. The kinetic en-
ergies and the APs (Table 2) for all Ag-containing catalysts differ from
the metallic Ag and Ag2O. According to Refs. [68,76,77], the experi-
mental values of the AP (721.7, 710.8 and 721.4 for Ag/CeO2 (imp),
Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp), respectively) may indicate
the formation of the oxidized state of Ag (such as in AgNO3) at the Ce-
Ag-O interface [78]. This occurs especially in case of co-DP catalyst
showing the lowest AP value. Moreover, we cannot exclude that such
AP values are due to the formation of transition structures on the
boundary between Ag and CeO2, as it has been observed for Ag/Al2O3

[68,77].
Regarding the surface concentration, the impregnated sample (Ag/

CeO2 (imp)) shows the highest amount of surface silver (XPS-derived
atomic ratio Ag/Ce is equal to 0.99), while the co-precipitated sample
(Ag-CeO2 (co-DP)) shows the lowest amount of surface silver (Ag/Ce is
equal to 0.31). The XPS-derived atomic Ag/Ce ratios (Table 2) were
compared with the XRF data. The increase of the Ag/Ce ratio in com-
parison with the XRF-derived Ag/Ce ratio of Ag/CeO2 (imp) catalyst
confirms the increased amount of silver species on the catalyst surface,
while for Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp) catalysts, the values
of the XPS- and XRF-derived Ag/Ce ratios are relatively close. This
finding suggests the uniform distribution of silver both on the surface
and in the bulk structure of ceria (incorporation of silver ions onto ceria
lattice).

The O1s region is typical for ceria-based materials. According to the
literature [79,80], the O1s peaks centered at 529.7, 530.0, and 532.3 eV
are assigned to oxygen ions in the CeO2 lattice, oxygen ions in oxygen-

deficient regions within the CeO2 lattice (the bulk oxygen vacancies),
and surface-chemisorbed oxygen species, respectively.

Raman spectroscopy was used to study the lattice oxygen defects
and content of oxygen vacancies. Fig. 5a shows the Raman spectra of
CeO2 and Ag/CeO2 samples prior to CO oxidation. The bands below
200 cm−1 can be attributed to particles scattering [81]. The broad
bands at around 300 cm−1 can be assigned to the displacement of
oxygen atoms from the ideal fluorite lattice positions [82]. A strong
Raman band at around 465 cm−1, which corresponds to F2g vibration
mode of cubic fluoride structure of CeO2, is observed for CeO2 sample
[83]. The F2g band exhibits the shifts from 465 to 462, 458 and
456 cm−1 for Ag/CeO2 (imp), Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp)
catalysts, respectively (see the Fig. 5b, where the F2g peak is shown).
This red shift suggests defectiveness of ceria structure according to the
literature [84]. The broad peak in the region from 500 to 630 cm−1

with a maximum at 560 cm−1 is characteristic for all Ag-containing
catalysts. This defect induced (D1) mode can be associated with the
presence of the bulk oxygen vacancies (Ov-b) due to the existence of
Ce3+ ions and may result from the incorporation of silver ions into the
lattice of ceria [46,85,86]. The D2 peak with a maximum at 950 cm−1

observed only for Ag-CeO2 (co-DP) catalyst can indicate the formation
of peroxide species (O-), which may be ascribed to the effect of the high
content of surface oxygen vacancies (Ov-s) on Ox- [87–89]. The high
content of Ov-s vacancies can be related to the presence of the Ce-Ag-O
interface proposed based on the AP values.

The intensity ratio of two peaks, ID1/IF2g and ID2/IF2g (IF2g was used
as an internal standard), represents the quantitative interpretation of
the Ov-b and Ov-s contents, respectively (see Table 3). The ID1/IF2g ratio
amount to 0.28, 0.3 and 0.79 for Ag/CeO2 (imp), Ag-CeO2 (co-DP) and
Ag/CeO2 (red-imp) catalysts, respectively. The ID2/IF2g ratio amounts to

Fig. 3. HAADF-TEM image (a), corresponding distribution of Ce (b) and Ag (c) for this image, and TEM HR images (d and e) of Ag/CeO2 (red-imp) catalyst.
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0.08 and 0.54 for Ag/CeO2 (imp) and Ag-CeO2 (co-DP). The calculation
of the ID2/IF2g ratio is impossible and is not shown. Additionally, the full
width at half maximum of the main peak at 460 cm−1 (FWHM) is af-
fected by the amount of oxygen vacancies [90,91]. Thus, a high FWHM
value is associated with a high amount of oxygen vacancies in the CeO2

structure [84]. According to the trend of the FWHM data, the values are
equal to 31.5 > 20.9 > 17.5, and the lattice oxygen vacancies in-
creased in the order: Ag-CeO2 (co-DP)>Ag/CeO2 (red-imp)>Ag/
CeO2 (imp) and this trend was in agreement with the O1s XPS data (see

Table 2). Thus, the Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp) are char-
acterized by an increased amount of oxygen vacancies in comparison
with the Ag/CeO2 (imp) catalyst. It is noteworthy that the surface va-
cancies are predominant for Ag-CeO2 (co-DP), while an increased
amount of bulk vacancies is characteristic for the Ag/CeO2 (red-imp)
catalyst.

Oxygen vacancies were also monitored after the oxidation of CO
over CeO2 and Ag-CeO2 catalysts. Fig. 5c shows the Raman spectra of
the spent catalysts taken after CO oxidation. The spectra are essentially

Fig. 4. XPS spectra of Ce3d (a), long and quick scan of Ce3d region of CeO2 (b), Ag3d (c) and Ag MNN (c) regions of the catalysts.
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the same before and after catalysis. However, the bands (D2) with a
maximum at 950 cm−1 are completely eliminated after the CO+O2

treatment during the catalytic experiment. For all spent catalysts, F2g
mode centered at 460 cm-1 and the red shift of F2g modes are not ob-
served. The first-order CeO2 F2g peaks significantly reduce the intensity
for spent catalyst as compared to those for the samples before catalysis.
The broad bands centered at 560 cm−1 (D1), characterized by the bulk
oxygen vacancies, remain for all Ag-containing samples. Such a de-
crease in intensity of the F2g peaks and a broadening of the D1 signals
are quantitatively related to increase in the amount of bulk oxygen
vacancies in the spent catalysts after CO oxidation. This may occur
when the reaction is fast (fast reduction and relatively slow reoxidation
of the surface), due to the lattice expansion that occurs when Ce3+

replaces Ce4+ during the oxygen vacancy creation [92]. The intensity
ratio of two peaks (ID1/IF2g) are calculated for the spent catalysts
(Table 3).

The ID1/IF2g magnitudes are 0.24, 2.02 and 0.68 for Ag/CeO2 (imp),
Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp) catalysts, respectively. It was
noteworthy that the ID1/IF2g values for Ag/CeO2 (imp) and Ag/CeO2

(red-imp) are comparable for fresh and spent catalysts. For the spent
Ag-CeO2 (co-DP) catalyst, a significant increase of bulk oxygen va-
cancies (for fresh sample the ID1/IF2g was equal to 0.3) is observed. This

fact may be explained by migration of the oxygen atoms from the ceria
lattice to the surface accompanied by formation of the high con-
centration of the bulk oxygen vacancies. Under conditions of oxygen
excess in the reaction mixture, the disappearance of the surface oxygen
vacancies occurs due to the lack of the need to regenerate the own
oxygen.

3.4. TPR-H2 and TGA

The features of the catalyst reduction were studied by the TPR-H2

method, the results obtained are summarized in Fig. 6 and in Table 4.
The TPR profile for CeO2 is characterized by two regions of hydrogen
consumption: the peaks from 350 to 650 °C may be attributed to the
reduction of the surface of CeO2 NPs, while the peak above 750 °C may
be associated with the reduction of bulk CeO2 to Ce2O3 [32,93,94]. The
area of peaks from 350 to 750 °C corresponds to hydrogen consumption
of 145 μmol/g, while for bulk reduction a H2 consumption of 181 μmol/
g is registered.

The TPR-H2 profiles for Ag-containing catalysts are characterized by
few peaks of hydrogen consumption in the temperature range from 0 to
350 °C and high-temperature peaks at 350–750 °C and above 750 °C,
respectively. According to the literature [80,89], a reduction peak near

Table 2
XPS results.

Sample Ce (III)–Ce (IV) O1s (eV) Ag3d5/2 (eV) AP (eV) Ag/Ce (XPS) Ag/Ce (XRF)

CeO2 22 %-78% 530.0 (80%) – – – –
532.6 (20%)

Ag/CeO2 (imp) 28%-72% 530.0 (66%) 368.9 721.7 0.99 0.36
532.2 (34%)

Ag-CeO2 (co-DP) 26%-7% 529.7 (79%) 368.8 710.8 0.31 0.23
532.3 (21%)

Ag/CeO2 (red-imp) 22 %-78% 530.0 (71 %) 368.6 721.4 0.46 0.40
532.2 (29%)

Fig. 5. Raman spectra of CeO2 and Ag/CeO2 catalysts: (a, b) after oxidation at 500 °C followed by reduction at 200 °C; (c) spent catalysts after CO oxidation.

Table 3
Comparison of the catalysts before and after catalysis by Raman spectroscopy and TGA.

Samples F2g band (cm−1)* ID1/IF2g* ID2/IF2g* Weight loss (%)**

before after before after before after before after

CeO2 465 460 – – – – – –
Ag/CeO2 (imp) 462 460 0.28 0.24 0.08 – 0.47 0.53
Ag-CeO2 (co-DP) 458 460 0.30 2.02 0.54 – 0.28 0.26
Ag/CeO2 (red-imp) 456 460 0.79 0.68 – – 0.28 0.38

*Raman results, **TGA results.

M.V. Grabchenko, et al. Applied Catalysis B: Environmental 260 (2020) 118148

8



0 °C is assigned to the reduction of Ox– species (O2– and O–) at the Ag-
CeO2 interface. The H2 consumption in the temperature region of
0–50 °C increased in the following order: Ag-CeO2 (co-DP)≈ Ag/CeO2

(red-imp)>Ag/CeO2 (imp). The peak at 70 °C detected for Ag/CeO2

(imp) and Ag-CeO2 (co-DP) is associated with the reduction of dispersed
silver oxide and/or oxidized silver clusters stabilized on the ceria sur-
face [95]. It is noteworthy that no TPR peak at 70 °C is observed for Ag/
CeO2 (red-imp). The TPR peaks with a maximum at 120–130 °C may be
associated with the reduction of silver from the oxidized clusters and
highly dispersed silver oxide strongly interacting with ceria surface
[57,96,97]. Concerning all Ag samples, the amount of H2 consumed in
this temperature region is less than the theoretical one (ranging be-
tween ∼1000 and 1300 μmol/g) and is a function of the real silver
loading in the catalysts indicated by the XRF results in Table 1). This
indicates the presence of both metal and ionic states of silver in Ag/
CeO2 catalysts after the calcination. The presence of metallic silver is
also confirmed by the XRD, TEM and XPS analysis.

It is known that the supported noble metals (especially silver) ac-
tivate surface lattice oxygen in CeO2 and easily dissociate H2, greatly
facilitating the surface reduction of CeO2 at low temperatures.

Simultaneous decreasing of the intensity of the peak at 350–750 °C in
comparison with the pure CeO2 sample and the presence of the in-
tensive peaks at 185–210 °C for all Ag/CeO2 catalysts may be attributed
to the low-temperature reduction of surface ceria promoted by the
silver species. Similar effects were observed for Ag/CeO2 catalysts in
[98], Ag-CeO2/SiO2 [55,56], Au/CeO2 [27], Pt/CeO2 [99], etc. These
results indicate the possibility of simultaneous activation of silver and
ceria oxidized species at relatively low temperatures. Thus, the
strengthening of the interfacial interactions allows simultaneous re-
duction of the oxidized silver and ceria.

The highest amount of H2 consumption in the region of 0–350 °C is
obtained for the Ag/CeO2 (imp) catalysts (395 μmol/g, Table 4). This is
attributed to the reduction of highly oxidized silver species that are
formed over such a catalyst during the calcination. The relatively high
specific surface area (33m2/g) and the catalyst preparation method
(impregnation with silver nitrate) favor the distribution of the silver
precursor mainly on the external surface of ceria generating easily
oxidizable species. The TGA curves confirm the highest amount of
surface oxygen species released at low temperatures over the Ag/CeO2

(imp) catalyst.
Conversely, the relatively small amount of the consumed hydrogen

registered for the Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp) catalysts
may result from both a decreased specific surface area (16 and 22m2/g,
respectively) and high amount of metallic silver due to redox reaction
between Ce3+ and Ag+ during the synthesis of the catalysts.

A comparison of the amount of low-temperature consumed hy-
drogen per specific surface area for the investigated catalysts shows that
the maximal H2 consumption (14.2 μmol/m2) is observed for the Ag-
CeO2 (co-DP) sample having the minimal surface area (16m2 per
gram). Taking into account the lowest Ag concentration (Table 1) in
this sample, we think that the oxidized silver state in the co-DP sample
can play the main role, since the co-DP catalyst shows the lowest AP
value due to the formation of the oxidized state of Ag (such as in
AgNO3) at the Ce-Ag-O interface. Table 4 shows that the order of cat-
alysts with respect to H2 consumption per m2 is Ag-CeO2 (co-DP)>Ag/
CeO2 (red-imp)>Ag/CeO2 (imp) in the temperature region of
0–350 °C.

The broad TPR peak in the range of 350–650 °C refers to the re-
duction of ceria surface. The amount of H2 consumed in this region
correlates with the extent of interaction between the ceria surface and
Ag that is a function of the preparation method. All Ag/CeO2 catalysts
exhibit lower H2 consumption (54–105 μmol/g, Table 3) in comparison
with the CeO2 support (145 μmol/g). The lowest H2 consumption value
was registered for the Ag/CeO2 (red-imp) catalyst (54 μmol/g or
2.5 μmol/m2) characterized by the most pronounced interaction be-
tween the Ag and CeO2. High hydrogen consumption value (105 μmol/g
and 3.2 μmol/m2) recorded at 350–750 °C for the Ag/CeO2 (imp) cat-
alyst suggests the highest amount of Ce (III) (28%) according to the XPS
data (Table 2) and a weak Ag–CeO2 interaction for this catalyst.

Thus, based on the TPR results we can conclude that:

1) the silver species in the Ag/CeO2 catalysts exist both in metallic and
ionic states, and the highest amount of oxidized silver is observed
for the Ag/CeO2 (co-DP) catalyst,

2) H2 consumption per m2 in the temperature region of 0–350 °C is
increased in the following order: Ag-CeO2 (co-DP)>Ag/CeO2 (red-
imp)>Ag/CeO2 (imp)”,

3) silver facilitates the low-temperature reduction of surface ceria at
150–250 °C involving the active oxygen species of ceria in the cat-
alytic low-temperature oxidation,

4) the decreased intensity of reduction peaks of surface ceria
(350–750 °C) in the Ag/CeO2 catalysts compared to pure ceria may
be used to measure the strength of the Ag–CeO2 interfacial inter-
action that increases in the following row: Ag/CeO2 (imp) ≈ Ag-
CeO2 (co-DP)<Ag/CeO2 (red-imp) catalysts.

Fig. 6. TPR-H2 profiles of CeO2 and Ag/CeO2 catalysts.

Table 4
Reduction temperatures and H2 consumption.

Sample Tpeak, oC Peak H2 consumed,
μmol/g

H2 consumed,
μmol/(m2)

CeO2 350-650 surface CeO2 145 2.2
750-900 bulk CeO2 181 2.7

Σ 326 4.9
Ag/CeO2 (imp) 0-350 AgOx and

surface CeO2

395 12.0

350-750 surface CeO2 105 3.2
750-900 bulk CeO2 409 12.4

Σ 909 27.5
Ag-CeO2 (co-

DP)
0-350 AgOx and

surface CeO2

227 14.2

350-750 surface CeO2 63 3.9
750-900 bulk CeO2 315 19.7

Σ 605 37.8
Ag/CeO2 (red-

imp)
0-350 AgOx and

surface CeO2

278 12.6

350-750 surface CeO2 54 2.5
750-900 bulk CeO2 317 14.4

Σ 649 29.5
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TGA experiments were carried out in order to get further insights
into the oxygen vacancies content in the prepared catalysts. Fig. 7a
shows the weight (%) curves for the Ag-containing fresh catalysts re-
gistered in the range of 25–800 °C under N2 flow after the pretreatment
up to 150 °C under O2 flow. For all fresh samples, a preliminary weight
loss corresponding to 0.1% was observed after heating up to 100 °C
likely corresponding to the removal of physically adsorbed oxygen.
Then in the range of 100–800 °C, two main regions were detected below
and above ∼500 °C corresponding to the removal of surface and bulk
oxygen species, respectively. According to the literature [100,101],
such species are also denoted as α and β oxygen. According to the TPR-
H2 results (see Table 4, H2 consumption in the range 0–350 °C), the Ag/
CeO2 (imp) catalyst exhibits the most pronounced weight loss (0.3%)
likely due to the removal of active oxygen chemisorbed over the Ag
species dispersed at the catalyst surface. Accordingly, such catalyst
exhibits the highest XPS-derived Ag/Ce ratio (Table 2). Above 500 °C,
the desorption of the so-called “β oxygen” associated to “interfacial or
bulk” species usually takes place, with the extent of such evolution
peaks and the temperature being strongly dependent on the nature of
the reducible materials [102]. Confirming again the TPR-H2 results,
above 500 °C the Ag/CeO2 (imp) catalyst releases the highest amount of
oxygen (weight loss of 0.17%) that is likely removed from the surface of
ceria at the interface with silver (see Table 3, the temperature range of
350–750 °C). In case of Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp), the
lower content of surface silver detected by XPS takes into account the
lower surface “α oxygen” uptake and release registered during the TGA
analysis (weight loss equals to 0.15%). Moreover, both catalysts exhibit

higher content of bulk oxygen vacancies with respect to the Ag/CeO2

(imp) (see Raman data, section 3.3) and, therefore, a lower amount of
bulk oxygen can be removed from such samples in the temperature
range of ∼500 °C, the weight loss equals to 0.13%.

In addition, the TGA experiments were carried out for the spent
catalysts (Fig. 7b) after CO oxidation. The TGA curves exhibit similar
trends for fresh and spent catalysts. The Ag/CeO2 (imp) catalyst is
characterized by the highest weight loss (0.47% and 0.53% for fresh
and spent samples, respectively) confirming that this sample releases
the highest amount of oxygen species. The weight loss for fresh and
spent Ag-CeO2 (co-DP) is equal to 0.28% and 0.26%, respectively, while
for Ag/CeO2 (red-imp) the oxygen release corresponds to 0.28% and
0.38%, respectively for the fresh and spent sample. A comparison of the
overall weight loss registered at 800 °C shows that an increased amount
of oxygen is released by Ag/CeO2 (imp) and the spent Ag/CeO2 (red-
imp) catalysts as compared to the corresponding fresh samples, while
comparable values were obtained for the Ag-CeO2 (co-DP). However, a
perusal of each TGA curve reveals that the respective amounts of α and
β oxygen is removed for each fresh and spent catalyst change. Indeed,
for all samples, the amount of the removed α oxygen species increased
after CO oxidation (higher amount of surface oxygen vacancies), while
less β oxygen is removed after the reaction. Such a decrease in the
amount of β oxygen is particularly indicative for the spent Ag-CeO2 (co-
DP) (the weight loss is 0.05%). The observed trend is connected with
the participation of mainly the lattice ceria oxygen in CO oxidation.
This is consistent with the Raman data.

Fig. 7. TGA curves calculated from step 6 (see experimental part) for fresh Ag/CeO2 (a) and spent Ag/CeO2 (b) catalysts.

Fig. 8. Temperature dependences of CO conversion (a), temperature dependence of reaction rate (b) and Arrhenius plot for the apparent activation energy (c) after
2nd cycle.
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3.5. Catalytic performance in CO oxidation

The catalytic test of the prepared samples was carried out in CO
oxidation reaction. Fig. 8 shows the temperature dependences of CO
conversion (a), the CO oxidation rate (b), and the Arrhenius plot for the
apparent activation energy for CO oxidation rate (c) after 2nd cycle.
The CeO2 support is active in CO oxidation at temperatures above
150 °C, and a total conversion of CO is achieved at ∼400 °C. The ad-
dition of Ag into ceria significantly improves the catalytic performance
in CO oxidation. CO conversion begins at room temperature for all Ag-
containing catalysts, the 50% CO conversion is achieved at 100 °C and
total CO conversion is achieved below 170 °C.

To compare the catalytic activity of CeO2, Ag/CeO2 (imp), Ag-CeO2

(co-DP) and Ag/CeO2 (red-imp) catalysts, the reaction rates in terms of
CO molecules converted at 50 °C per second and per m2 were calculated
during the first and second cycles and are listed in Table 5 along with
the activation energies. For comparison reasons, Table 5 reports some
kinetic data from the literature and the corresponding experimental
conditions used.

After the second catalytic cycle, an increase in the CO oxidation rate
and a decrease of Ea values occur for CeO2 and all Ag supported cata-
lysts (see Table 5 and Fig. 8b and 8c). Among silver catalysts, Ag-CeO2

(co-DP) and Ag/CeO2 (red-imp) are more active than Ag/CeO2 (imp).
The Ea values calculated during the second cycle are equal to 29.3 and
30.5 kJ/mol, for the first two samples, while the value for the im-
pregnated one is 42.6 kJ/mol. Furthermore, the latter catalyst shows
the reaction rate and Ea values (42.6 vs 46.5 kJ/mol during the second
cycle) close to those of pure CeO2.

The above-mentioned data support the occurrence of the MSI for
two samples, Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp), and the positive
effect of the second cycle that makes such an interaction stronger.
Conversely, silver particles and ceria weakly interact in the case of Ag/
CeO2 (imp) not generating oxygen vacancies as active sites for CO
oxidation. Table 5 summarizes the catalytic data on Ag/CeO2 catalysts
from literature. Kibis et al. [78] studied the CO oxidation over Ag/CeO2

catalyst prepared by pulsed laser ablation in liquids (PLA) and found
relatively low values of activation energies. Besides, during the second

cycle, the activity changes significantly depending on the calcination
temperature that strongly affects the MSI: The activity of the as-pre-
pared Ag/CeO2 catalyst increases that is consistent with our results,
while the activity of the Ag/CeO2-600 (calcined at 600 °C) dramatically
decreases which was attributed to the silver redistribution on the ceria
surface and, therefore, to a decreased MSI.

The CO oxidation data support the occurrence of MSI for Ag-CeO2

(co-DP) and Ag/CeO2 (red-imp) that becomes stronger upon the 2nd
cycle, in agreement with the Raman and TGA characterization results
on fresh and used catalysts. The comparison of the catalytic data with
those registered over Ag/CeO2 catalysts in Refs. [47,59] (see Table 5) is
difficult because of the high Ag content in the catalyst composition and
different experimental conditions, such as low flow rate (12 000mL/
(g·h) and 13 000 h−1, respectively), 99% air (that can overheat the
catalytic bed).

3.6. Catalytic performance in soot oxidation

To study the catalytic activity of the samples in soot oxidation the
simultaneous thermal analysis (STA-TGA) was used. Soot oxidation has
been carried out using air in a temperature range of 230–640 °C and
under tight contact conditions. Fig. 9 shows the TG and DTG curves for
a simulation of diesel soot oxidation for the CeO2 support and Ag/CeO2

catalysts. Non-catalytic soot oxidation occurs at 550–700 °C. The pre-
sence of CeO2 shifts the reaction temperature to 400–650 °C. Soot oxi-
dation over Ag/CeO2 catalysts is observed in a temperature range of
230–640 °C with Tmax =390 °C for Ag/CeO2 (red-imp) and Tmax

=415 °C for Ag-CeO2 (co-DP), respectively. Over the Ag/CeO2 (imp)
the reaction occurs between 300 and 680 °C with Tmax =460 °C (Fig. 9).

4. Discussion

Results of characterization of the catalysts evidence the interfacial
interaction between the Ag and CeO2. The strongest interfacial
Ag–CeO2 interaction on Ag/CeO2 catalysts is observed for the samples
prepared by co-deposition and impregnation of the prereduced CeO2.
The enhanced interfacial interaction is mainly a result of the redox

Table 5
Catalytic properties of Ag/CeO2 catalysts in the CO oxidation reaction.

Еа, kJ/mol Conditions T50%, oC Rate at 50 oC, CO molecules (m2 s) Ref.

CeO2 54.6 (1st cycle) 0.5 % CO, 4.4 % O2 290 4.2×10−10 this work
46.5 (2nd cycle) 300 ml/min, 0.45 g 265 1.3×10−9

Ag/CeO2 (imp) 45.9 (1st cycle) 0.5 % CO, 4.4 % O2 99 1.5×10−9 this work
42.6 (2nd cycle) 300 ml/min, 0.45 g 97 6.7×10−9

Ag-CeO2 (co-DP) 44.8 (1st cycle) 0.5 % CO, 4.4 % O2 106 5.6×10−9 this work
29.3 (2nd cycle) 300 ml/min, 0.45 g 101 1.7×10−8

Ag/CeO2 (red-imp) 28.9 (1st cycle) 0.5 % CO, 4.4 % O2 103 1.2×10−8 this work
30.5 (2nd cycle) 300 ml/min, 0.45 g 98 1.3×10−8

Ag/CeO2-600 (4.65 wt.% Ag) 32.8 (1st cycle) 0.2% CO, 1.0 % O2 150 – [78]
46.3 (2nd cycle) 240 000 h‐1 ∼210 –

1000 ml/min, 0.2 g
Ag/CeO2 (4.65 wt.% Ag) 75.7 (1st cycle) 0.2% CO, 1.0 % O2 ∼230 – [78]

44.9 (2nd cycle) 240 000 h‐1 140 –
1000 ml/min, 0.2 g

CeO2-Ag (10 wt.% Ag) – 1 % CO, 10 % O2, 132 – [103]
60 000 mL/(g·h),

– 100 ml/min, 0.1 g – –
Ag/CeO2

(5 wt.% Ag)
– 1% CO, 1.0 % O2 ∼160 – [74]
– 36 000 mL/(g·h), 0.1 g – –

Ag/CeO2

(6 wt.% Ag)
– 1000 ppm CO in air, ∼220 – [86]
– 60 000 mL/(g·h), – –

50 ml/min, 0.05 g
Ag–CeO2-A (Ag/Ce= 1.14 mol. ratio) – 1% CO in air, ∼85 3.2×10−8 [59]

– 12 000 mL/(g·h), ∼90 4.1×10−8

20 ml/min, 0.1 g
Ag/CeO2-HP (8 wt.% Ag) – 1 % CO, 20 % O2 44 8.6×10−9 [47]

– 13 000 h−1 −−

30 ml/min, 0.2 g
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reaction between Ce3+ and Ag+ that occurs during the catalyst pre-
paration. According to N2 adsorption/desorption, these catalysts are
characterized by a significant decrease in the pore volume and SBET in
comparison with those of CeO2 and Ag/CeO2 (imp). This may be caused
by the interaction of silver precursors with the support during the
synthesis accompanied by a reconstruction of the primary ceria parti-
cles and their growth (an increased particle size of CeO2 according to
XRD results). The epitaxial growth of silver on the surface of ceria due
to the strong metal-support binding is observed by TEM HR for both Ag-
CeO2 (co-DP) and Ag/CeO2 (red-imp) catalysts. Therefore, the textural
features of the catalysts should affect the catalytic properties. The XRD
patterns confirm the enhanced Ag–CeO2 interaction for the Ag-CeO2

(co-DP) and Ag/CeO2 (red-imp) catalysts with a shift to lower angle
from ∼28.59° to 28.48° 2θ. The increase in the cell parameter of ceria
in the Ag-CeO2 (co-DP) calculated based on the XRD data indicates an
increase in the number of oxygen vacancies in the CeO2 structure. To
sum up, all these results indicate the incorporation of silver into the
structure of ceria yielding the Ag–CeO2 interface with an enhanced
interfacial interaction. The XPS data show the additional salt-like state
of silver for the Ag-CeO2 (co-DP) catalyst that confirms the presence of
Ag+ species in the CeO2 structure.

The introduction of Ag on CeO2 significantly enhances the re-
ducibility of the surface capping oxygen of CeO2 that is shown by TPR.
The new O− species for Ag/CeO2 catalysts make the Ag/CeO2 catalysts
distinctive in comparison with Ag/SiO2 [104], Ag/TiO2 [105] and other
supported silver catalysts. The maximal amounts of surface and bulk
oxygen vacancies are detected by Raman spectroscopy for Ag-CeO2 (co-
DP) and Ag/CeO2 (red-imp) catalysts, respectively. Thus, we conclude
that the increased amount of oxygen vacancies for Ag-CeO2 (co-DP) and
Ag/CeO2 (red-imp) catalysts is a result of the strengthening of the
metal-support interactions.

Higher activity of the Ag-CeO2 (co-DP) and Ag/CeO2 (red-imp)
catalysts in CO oxidation may be attributed to the enhanced Ag–CeO2

interfacial interaction in these catalysts in comparison with Ag/CeO2

(imp) catalyst. The enhanced Ag-CeO2 interfacial interaction leads to
both charge redistribution between the Ag and CeO2 and increase of the
amount of oxygen vacancies in the ceria support. This leads to higher
reaction ability of Ag/CeO2 catalysts towards CO and molecular
oxygen. The possible cooperation of the silver and ceria species on the
Ag–CeO2 in CO oxidation also should be taken into account. The en-
hanced and extended interfacial boundary in the Ag-CeO2 (co-DP) and
Ag/CeO2 (red-imp) catalysts is favorable for low-temperature CO oxi-
dation.

Thus, the reaction mechanism is close to the one for the CO oxi-
dation over the pure ceria and is practically independent on the

deposited silver. As shown in Ref. [106], the lattice oxygen mainly
participates in the oxidation of CO over CeO2 and partly over the re-
duced CeOx:

CO + * → COads

COads + O2−
surf →□2− + CO2,

where Osurf
2− represents a lattice oxygen. In the presence of CO mo-

lecules, the ceria reduction occurs at an adsorption site (*), which is an
oxygen ion at the surface of the NPs. After the reaction, the product
comprising CO2 molecule desorbs from the surface leaving a charged
oxygen vacancy □2−.

Reoxidation of the formed vacancies can occur at their interacting
with the gas-phase oxygen and due to diffusion of the atoms from the
bulk and surface. Moreover, the rate of the diffusion process depends on
the temperature and the presence of bulk vacancies [107]. The higher is
the amount of vacancies accumulated in the bulk, the lower is the
contribution of the O− diffusion to re-oxidation processes in the range
of T < 200. In our case, for the Ag/CeO2 (imp), such a reoxidation
mechanism will prevail due to the minimal content of the bulk va-
cancies. The reason for this is connected with the absence of the en-
hanced interaction between the Ag and CeO2 NPs for the Ag/CeO2

(imp) catalyst. For the Ag/CeO2 (red-imp) and Ag-CeO2 (co-DP) sam-
ples, the obtained values of the apparent Ea are close to each other (30
and 29 kJ/mol, respectively). Such a decrease in the values of the ap-
parent Ea is associated with a partial transfer of the electron density
during the formation of the epitaxially connected Ag clusters on the
ceria surface (TEM results). The formation of the aggregate structures
between the Ag and CeO2 changes the CO oxidation mechanism, and
the main changes are probably associated with the activation of the gas-
phase oxygen yielding the surface adsorbed species that are able to
participate in CO oxidation. The presence of the surface defects in the
Ag-CeO2 (сo-DP) sample (Raman data) contributes to the formation of a
large amount of Oads in comparison with the Ag/CeO2 (red-imp)
sample. The presence of a large concentration of bulk vacancies sig-
nificantly decreases the contribution of the diffusion mechanism and
contributes to an increase in the fraction of the reaction with the for-
mation of Oads.

The mechanism of soot oxidation is currently under discussion [15].
The adsorbed active oxygen species play a key role in all oxidative
processes that occur on the surface of Ag/CeO2 catalysts. The reox-
idation of the surface by the adsorbed oxygen species occurs in-
dependently on the type of the carrier gas according to the following
sequential scheme [88]:

O O 2O 2O2 ads 2 ads
2

ads lattice
2-

According to this scheme, the surface peroxide species are more
thermally stable than superoxides, and the peroxides are able to convert
into the lattice oxygen.

The role of both oxygen vacancies and adsorbed oxygen in the
oxidation of soot particle and realization of the Mars-van Krevelen
mechanism are under close attention. Different oxygen species (On

x−)
in the CeO2 and Ag/CeO2 catalysts, which are active in soot oxidation,
are described in the literature:

- superoxide adsorbed O2
− species, which is formed due to electron

transfer from the metallic Ag NPs [108] or/and as a result of the
interaction of surface vacancies (VO-s) of CeO2 with the gas-phase
oxygen [109],

- adsorbed oxygen (Oads) species on the interfacial boundaries be-
tween the Ag NPs and ceria,

- oxygen (O2−) species in the crystalline lattice on the CeO2 surface
[53].

The activity of Ag/CeO2 catalysts in soot oxidation is generally at-
tributed to the features of ceria, while the role of silver in activation of

Fig. 9. TGA and DSC curves for soot oxidation over CeO2 support and Ag/CeO2

catalysts.
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oxygen is not clear [43]. Corro et al. [108] studied the electronic state
of silver in Ag/SiO2 and Ag/ZnO catalysts and its effect on the oxidation
of diesel particulate matter. It was established that the 3% Ag/SiO2

catalyst was characterized by the highest activity in oxidation process
due to a high amount of metallic Ag0 (the particle size was 2–5 nm) at
the surface, which was able to form high amounts of O2

− species. Thus,
both CeO2 and silver are able to participate in the formation of the
adsorbed O2

− superoxide species on the surface of Ag/CeO2 catalysts.
However, it is noteworthy that several Ag-containing species should co-
exist on the Ag/CeO2 and provide a tight contact with the support.

Wu et al. [109] studied the influence of the surface (VO-s) and bulk
(VO-b) oxygen vacancies on the soot oxidation over CeO2 and 5% Ag/
CeO2 prepared by the wet impregnation method from the water solu-
tion of Ag NO3. The authors concluded that the addition of the Ag
decrease the amount of surface (VO-s) vacancies with a simultaneous
increase of the bulk oxygen vacancies. Thus, the role of silver was
connected with the redistribution between the surface and bulk oxygen
vacancies. Recently, Wang et al. [110] reported that the activity growth
of CeO2 nanorods and Ag/CeO2 in soot oxidation was connected with
the increased amount of vacancies.

In the present work, the activity of the catalysts in soot oxidation
increased in the following row: CeO2<Ag/CeO2 (imp)<Ag-CeO2 (co-
DP)<Ag/CeO2 (red-imp.) (Fig. 9). The amount of oxygen vacancies
detected in the catalysts (see Raman results, Fig. 5, Table 3) increases in
the same order. Thus, it can be surmised that the enhanced metal-
support interaction also facilitates soot oxidation activity.

It was found for the Ag/CeO2 (imp) catalyst that the addition of
silver to ceria yields weakly bond adsorbed oxygen species over both
silver and ceria detected by XPS (BE =532.2 eV, attributed to the
surface-chemisorbed oxygen species or OH groups), TG (Fig. 7) and
TPR-H2 (Fig. 6). However, no significant changes in the structure of
ceria occurred for the Ag/CeO2 (imp) catalyst (XRD results), and a small
amount of oxygen vacancies was detected by Raman. The activity
growth of the Ag/CeO2 (imp) in CO and soot oxidation in comparison
with the pure ceria is mainly attributed to the small size of silver NPs
and a partial activation of the surface oxygen of ceria in the presence of
silver (TPR-H2 results, Fig. 6). With that, TPR-H2 results show that the
peak from 350 to 650 °C attributed to the reduction of surface ceria is
relatively intensive indicating that a part of ceria NPs are not covered
by silver. This explains the double-peak oxidation of soot over this
catalyst (Fig. 9), where the first peak may be attributed to soot oxida-
tion over ceria NPs with the participation of silver, and the second peak
is a result of soot combustion over silver-free ceria particles.

Different silver particles are observed in the Ag-CeO2 (co-DP) cat-
alyst by TEM: weakly bound Ag clusters (Fig. S1), epitaxially bound Ag
particles over ceria surface (Fig.3, c–d) and large well crystalline silver
particles with a size of 5–8 nm (Fig. S2). The formation of different
silver species in this catalyst is connected with the competitive reac-
tions during the co-deposition: precipitation of Ce(OH)3 and [AgOH],
redox reaction between Ce3+ and Ag+. It is noteworthy that according
to XPS data, the O1s peak is shifted up to 529.7 eV that may be asso-
ciated with the integral signal from both ionic oxygen species weakly
bound with Ag surface and the oxygen ions in the oxygen-deficient
regions within the CeO2 lattice (the bulk oxygen vacancies). The results
of Raman studies indicate the co-existence of the surface and bulk
oxygen vacancies for Ag-CeO2 (co-DP) catalyst (Fig. 5). Thus, different
oxygen vacancies can be located on different particles. In general, the
Ag-CeO2 (co-DP) catalyst is more active in comparison with the Ag/
CeO2 (imp) catalyst in both CO and soot oxidation that may be a result
of the enhanced Ag-CeO2 interfacial interaction in this catalyst.

In the case of Ag/CeO2 (red-imp) catalyst, the small metal Ag0

clusters (with sizes close to 1 nm) uniformly distributed on the ceria
surface were observed by TEM HR. The metal state of Ag clusters is a
result of the redox reaction between the Ag+ ions in the impregnating
solution and the Ce3+ species on the surface of the prereduced CeO2.
The epitaxial growth of silver cluster on the ceria surface was observed

by TEM HR (Fig. 3e) and indicated the strengthening of the Ag/CeO2

interaction in this catalyst.
According to the Raman data, the surface oxygen vacancies are not

observed for Ag/CeO2 (red-imp) catalyst, while the amount of bulk
oxygen vacancies is maximal. In [53], the authors argue that the con-
tent of the bulk oxygen vacancies is more important in real soot oxi-
dation over ceria-based catalysts. In the present work, the Ag/CeO2

(red-imp) catalyst has the highest activity in soot oxidation that may be
connected with both high amount of bulk oxygen vacancies and a co-
operation of strongly bound small silver clusters with ceria.

Thus, the enhanced interfacial interaction in the Ag/CeO2 catalysts
allows creating the surface with the highest reaction ability able to
generate mainly the surface peroxide oxygen species taking part in the
soot oxidation at low temperatures. The control of the Ag–CeO2 inter-
facial interaction plays a crucial role in the development of highly ef-
fective silver-containing catalysts for oxidation reactions. The redox
reaction between Ce3+ and Ag+ during the co-deposition and red-im-
pregnation was demonstrated to be an effective way to enhance the
interfacial interaction and improve the catalytic properties. Thus, the
enhanced Ag–CeO2 interaction increases the reducibility and content of
oxygen vacancies of ceria and plays a key role in enhancing the cata-
lytic performance of Ag/CeO2 catalysts in low-temperature CO oxida-
tion and soot combustion. The strong metal-support bonding in the Ag/
CeO2 catalysts was detected as the epitaxial growth of silver NPs on the
surface of ceria (TEM HR), the distortion of CeO2 lattice (XRD) and an
increased amount of oxygen vacancies (Raman). The enhanced inter-
facial interaction leads to increased reducibility and a cooperation of
oxidized species of both silver and ceria in CO and soot oxidation. The
enhanced Ag–CeO2 interfacial interaction facilitates the enhancement
of the rate of reoxidation of active species that according to Mars–van
Krevelen mechanism provides the oxidation of CO and soot.

5. Conclusions

In the present work the Ag/CeO2 catalysts have been synthesized by
three different methods comprising the impregnation, co-deposition
precipitation and impregnation of the prereduced ceria. For the first
time, it was shown that the redox reaction between silver (I) and cerium
(III) during the component co-precipitation (Ag/CeO2 (co-DP)) or im-
pregnation stages of the pre-reduced ceria (Ag/CeO2 (red-imp)) plays
the key role in the formation of Ag–CeO2 interface with the enhanced
interaction.

A complex of complementary experimental techniques was used to
confirm the presence of strong interfacial interaction between Ag and
CeO2 support. For the first time, a complex of structural changes (XRD,
TEM HR), changes of chemical states of both silver and cerium (XPS,
Raman), reaction ability (TPR, TGA) and catalytic properties in low-
temperature CO oxidation and middle-temperature soot combustion
was demonstrated. It was clearly shown that the correlation between
the catalytic properties and the metal-support interaction occurs in Ag/
CeO2 catalysts. The enhancement of the MSI in following order: Ag/
CeO2 (imp)<Ag-CeO2 (co-DP) ≤ Ag/CeO2 (red-imp) correlates with
the increase of the catalytic activity for both CO and soot oxidation due
to the increased amount of oxygen vacancies in the Ag/CeO2 catalysts.

Thus, the control of the metal–support interaction is a key factor for
designing of highly effective inexpensive catalysts without Pd, Pt, Ru
for environmental applications.
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