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ABSTRACT: This work presented the influence of metal oxides as
the support for silver-supported catalysts on the catalytic oxidation
of diesel particulate matter (DPM). The supports selected to be
used in this work were CeO2 (reducible), ZnO (semiconductor),
TiO2 (reducible and semiconductor), and Al2O3 (acidic). The
properties of the synthesized catalysts were investigated using XRD,
TEM, H2-TPR, and XPS techniques. The DPM oxidation activity
was performed using the TGA method. Different states of silver
(e.g., Ag° and Ag+) were formed with different concentrations and
affected the performance of the DPM oxidation. Ag2O and lattice
oxygen, which were mainly generated by Ag/ZnO and Ag/CeO2,
were responsible for combusting the VOCs. The metallic silver (Ag°) formed primarily on Ag/Al2O3 and Ag/TiO2 was the main
component promoting soot combustion. Contact between the catalyst and DPM had a minor effect on VOC oxidation but
significantly affected the soot oxidation activity.

1. INTRODUCTION
In many major cities throughout the world, air pollution has
been generally recognized as a serious problem. One of the
main causes is typically the burning of fossil fuels. In the
transport sector, diesel engines are a significant source of air
pollution. These engines release several harmful emissions,
including hydrocarbons (HCs), carbon monoxide (CO),
nitrogen oxides (NOx), and particulate matter (PM).1−3

Especially, PM and NOx cause major environmental and
health issues.4 Diesel PM (DPM) consists of two main
components: a carbon core (called soot) and a volatile organic
compound (VOC) coating on the soot.5 One effective way to
reduce DPM emissions is by using a diesel particulate filter
(DPF). DPF has two main stages: filtration and regeneration.6

Filtration involves trapping DPM particles within the porous
walls of the DPF, while regeneration uses oxygen to oxidize the
entrapped DPM at high temperatures, typically above 600
°C.5,7−11 Unfortunately, the exhaust gas from a diesel engine is
frequently not high enough during normal operation to
support the regeneration process.12,13

The problem of a low exhaust temperature for DPM
oxidation is improved by using oxidation catalyst technology.
The oxidation catalyst promotes DPM oxidation by providing
a lower energy pathway for the reaction to take place.14

Oxidation catalysts are often made from noble metals like
platinum (Pt), ruthenium (Ru), palladium (Pd), gold (Au),

and silver (Ag), which are supported on metal oxide materials
including ceria (CeO2), alumina (Al2O3), and silica
(SiO2).

15−20 The addition of an oxidation catalyst can greatly
reduce the activation energy required for DPM oxidation,
allowing for lower temperatures during DPM combustion. Ag
showed special promise among the numerous noble metals
examined for use as oxidation catalysts. It was shown that Ag
catalysts promoted the generation of adsorbed active oxygen
species such as peroxide (O2

2−) and superoxide (O2
−), which

facilitated the oxidation of DPM.6,18 Ag catalysts exhibited high
stability at high temperatures.21 Moreover, as Ag is less costly
than other noble metals, it can be a more cost-effective
alternative for use in oxidation catalysts.6

The activity of DPM oxidation could be enhanced by using
metal catalysts as well as by selecting an appropriate support
material. Alumina was widely used as a support of Pt,22 Cu,23

and Ag.15,19,20,24−27 The properties of alumina could influence
the activity of catalytic oxidation. Our group21 investigated the
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oxidation of DPM using Ag and ceria-supported alumina as the
oxidation catalysts. The study showed that Ag coated on
alumina at 16 wt % demonstrated excellent DPM oxidation
activity and stability. Aneggi et al.28 studied the behaviors of
soot oxidation using Ag deposited on CeO2, ZrO2, and Al2O3
as the oxidation catalyst. The addition of Ag to ZrO2 or Al2O3
resulted in strong soot oxidation activity under both fresh and
aged conditions. Moreover, the acidic support Al2O3 plays a
crucial role in facilitating the oxidation of soot. In a study
conducted by Liu et al.,29 the investigation focused on the
effects of acid sites on the Pt/H-ZSM5 catalyst during the
catalytic oxidation of DPM. The research findings indicated
that in the presence of surface Pt, the strong acid sites can act
as catalysts for the formation and decomposition of surface
oxygenated complexes on soot. Consequently, the combined
mechanisms of NO2 and acid-assisted soot oxidation
contributed significantly to the exceptional activity observed
in the Pt/H-ZSM5 catalyst.
Semiconductor materials have been utilized as catalysts to

facilitate and enhance oxidation reactions through their oxygen
absorption capabilities. Among these materials, titanium
dioxide (TiO2) stands out as a representative n-type
semiconductor that exhibits significant oxygen absorption
properties.30 This characteristic makes TiO2 particularly
suitable for promoting the occurrence of oxidation reactions.
Moreover, TiO2 was identified as another effective oxide
support material for PM oxidation. It exhibited strong metal-
support interaction (SMSI), high thermal stability, and
excellent mechanical strength,31 which made it a suitable
support for various metal catalysts. Additionally, TiO2 was
found to have a high surface area and good dispersion of the
metal catalyst, which could further enhance the activity of the
catalyst. TiO2 was utilized in conjunction with Group IB
elements, and it was evidenced that larger particle sizes
facilitated the occurrence of SMSI compared to smaller particle
sizes under high-temperature conditions.32 Zhang et al.33

focused on the structure sensitivity between Au and TiO2 and
demonstrated that the presence of SMSI in the Au/TiO2
catalyst was highly dependent on two factors: the sizes of Au
nanoparticles (NPs) and the specific facets of TiO2. It was also
found that Au NPs with an approximate size of 5 nm exhibited
a greater tendency to undergo SMSI compared with those with
a size of around 2 nm. Furthermore, the (001) and (100)
facets of TiO2 were observed to be more prone to experiencing
the SMSI phenomenon than the (101) facet.
Zinc oxide (ZnO) emerges as a compelling semiconductor

material that promotes soot oxidation. It exhibited oxygen
adsorption capability and a propensity to generate oxygen
species on its surface through the formation of oxygen
vacancies.34 Corro et al.35 conducted a study on the catalytic
activity of the Au/ZnO composite in the oxidation of DPM.
The authors emphasized the role of bifunctional sites,
involving Au° and Au3+ species, in enhancing the catalytic
performance of the composite. The investigation demonstrated
that the 1%Au/ZnO catalyst exhibited both high DPM
oxidation activity and remarkable stability. This observation
led the authors to conclude that the electronic state of Au and
its interactions with the ZnO (n-type semiconductor) played
pivotal roles in facilitating the oxidation of DPM. Liu et al.36

studied the interaction between Au NPs and ZnO nanorods
and successfully demonstrated that the SMSI state enhanced
CO oxidation.

CeO2 is one of the most commonly used to support an
active metal because of its redox properties and oxygen storage
capacity (OSC).24,37,38 The redox properties (the switching
between Ce3+ and Ce4+) promoted high OSC performance,
resulting in improved soot oxidation performance.39 An
increase in oxygen vacancy can be detected by a decrease in
lattice oxygen.40−42 Setiabudi et al.43 proposed that CeO2
facilitated the formation of active oxygen from NO2 and then
stored on CeO2. However, the desorption and migration of
this active oxygen was a slow process compared to the soot
oxidation. Alcalde-Santiago et al.44 used 3DOM ceria catalysts
to investigate the contribution of active oxygen and NO2-
assisted soot combustion processes. The results showed that all
ceria catalysts accelerated soot combustion with O2, which
occurred mainly through the active-oxygen generation path-
way. The mechanisms of soot oxidation using CeO2 had two
main consecutive steps. First, the soot was combusted by
lattice oxygen (OL), which affected the formation of oxygen
vacancy (Ov) and reduced CeO2 (Ce4+) to CeO2−x (Ce3+).

44,45

Then, the gas-phase oxygen adsorbed on the surface of CeO2
and transformed into active oxygen.46,47 Lee et al.39

investigated the effects of Ag quantity on the formation of
active oxygen species in Ag-incorporated microporous CeO2
catalysts for soot oxidation. The authors claimed that the
incorporation of Ag as a promoter at a concentration of 5 wt %
demonstrated superior combustion efficiency compared to
other concentrations. Furthermore, they highlighted the
influence of an immoderate Ce3+/Ce4+ ratio and the existence
of oxygen vacancy in the catalyst, which led to the generation
of less reactive oxygen species, specifically O2

−, as opposed to
O− and O2−.
The active metal and support material properties are critical

for promoting DPM oxidation. For example, the morphology
and size of the active metal and the oxygen vacancy in the
supports played important roles in determining the activity of
the oxidation reaction. One property that was found to be
particularly significant is the size of the active metal. Small
particle sizes have been shown to increase the ionization
energy of the catalyst, leading to improved DPM oxidation
performance.48 This was likely due to the increased surface
area of the small particles, which allowed for a more efficient
interaction with the reactants. The high surface oxygen vacancy
of CeO2 may be favorable for the high performance of the
highest CO2 selectivity,

49 which showed the promotion of
oxidation reactions. The OSC of CeO2 was a critical factor in
influencing the soot oxidation activity.46 The charge state of Ag
can be used to distinguish metallic silver (Ag°) from Ag2O
(Ag+).14 In general, Ag° has been found to perform better than
AgOx (Ag+) in promoting soot oxidation.

14,28 Overall, the Ag
catalyst and supports’ characteristics are critical in determining
the DPM oxidation performance. It is possible to create an
efficient catalyst for this crucial reaction by carefully regulating
these features. However, research on the effect of the support
of a Ag catalyst on DPM oxidation has been inconclusive.
This article aims to study the effect of various metal oxides

as the support material of Ag catalysts on the performance of
DPM oxidation. Ag supported on CeO2, ZnO, TiO2, and
Al2O3 is synthesized and characterized using X-ray diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), hydrogen temperature-programmed reduction
(H2-TPR), and X-ray photoelectron spectroscopy (XPS)
techniques. This investigation scrutinizes the influence of
catalyst properties, specifically morphology, oxidation state,
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and reducibility, on the oxidation activity of DPM. The DPM
oxidation activity is assessed by utilizing the thermogravimetric
analysis (TGA) method.

2. EXPERIMENTAL SECTION
2.1. Material Preparation. The Ag supported on metal

oxides was prepared via incipient wetness impregnation. The
silver nitrate (Thomas Baker Chemicals, India) was dissolved
in 0.5 cm3 of distilled water to obtain 16 wt % of Ag on γ-
alumina (Ajax Finechem, Australia, BET of 142 m2/g),
titanium oxide (KEMAUS, Australia), ZnO (Quality Reagent
Chemical, New Zealand), and 5 wt % of Ag on ceria (Sigma-
Aldrich). Then, the precursor solutions were added dropwise
to 1 g of the powdered supports. These solvents were dried in
an oven at 110 °C overnight and calcined in static air at 600 °C
for 2 h. These support materials were chosen because they
span a variety of categories, including materials with redox
characteristics (CeO2), transition metal semiconductors
(TiO2), main group semiconductors (ZnO), and acidic
materials that are acidic (Al2O3). This study selected 16 wt
% of Ag because it was the best condition to promote DPM
combustion when it was used with Al2O3.

21 In the case of Ag/
CeO2, Ag of 5 wt % was selected as it showed the best-
promoted soot oxidation.39

The diesel engine’s exhaust gas served as a direct storage
location for the DPM. The engine operated at a speed range of
1000−2000 rpm and a load range of 25−75% of the maximum
load. A one-rolled stainless-steel mesh (30 cm length) was
inserted in the exhaust pipe (50 mm ID) to trap DPM. Then,
the deposited particles were collected and dried in a furnace at
110 °C for 8 h. The dry DPM was kept in an airtight container
for upcoming studies.

2.2. Catalyst Characterization. The XRD patterns of the
prepared catalysts were identified using a Rigaku Miniflex 600
diffractometer (Rigaku, Japan) with Cu Kα radiation (λ =
1.5418 Å) as an X-ray source. The diffractograms were
recorded between 10 and 80° at a scanning rate of 2°/min.
Scherrer’s equation was used to estimate the average crystallite
size.
The textural catalyst images were obtained using HRTEM

(Thermo Scientific Talos F200X at 200 kV). The composition
of the catalyst was identified by using high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) and energy dispersive X-ray spectroscopy (EDS)
elemental mapping techniques. Before measurements, the
materials were dispersed in ethanol, dropped on 300 mesh
carbon-coated grids, and then dried.
The XPS measurement was performed at the end-station of

the BL3.2U beamline in the Synchrotron Light Research
Institute (SLRI) (Public Organization), Nakhon Ratchasima,
Thailand. The beamline photon source had an energy range of
40−1040 eV at a resolving power of 10000. As reported
elsewhere, the synchrotron radiation source at the storage ring
was generated using a beam energy of 1.2 GeV.50,51 The XPS
was applied to analyze Ag 3d3/2, Ag 3d5/2, and O 1s on the top
surfaces of the prepared catalysts with excitation photon energy
(hν) at 600 eV. The kinetic energy range of 200−250 eV at a
step size of 1.0 eV was used for the wide scan. The Ag 3d3/2
and Ag 3d5/2 narrow scans were operated using the same hν
with a kinetic energy range of 200−250 eV at a step size of 0.1
eV.
The reducibility of catalysts was studied by the H2-TPR

technique using a ChemiSorb 2750 (Micromeritics, United

States) equipped with a thermal conductivity detector (TCD).
The sample of ∼60 mg was placed in a quartz reactor arranged
in a temperature-programmed furnace. Then, the sample was
purged with He at 80 °C until the TCD signal was steady (∼30
min). Finally, H2 (10 vol % in Ar) with a flow rate of 30 mL/
min was passed through the sample and heated to 800 °C with
a heating rate of 10 °C/min. The TCD signal was recorded
continuously to examine the H2 consumption.

2.3. Catalytic Activity Tests. The catalytic oxidation
activity of DPM was examined by using the TGA method
(PerkinElmer Pyris 1). The DPM was physically mixed with
the catalyst at a weight ratio of 1/5 for 5 min in a stainless-steel
mortar to obtain the tight contact mode and was shaken for 5
min in a glass tube for the loose contact condition. Next, the
mixture (∼10 mg) was sampled and placed in a ceramic
crucible and heated from room temperature to 110 °C with a
heating rate of 10 °C/min under N2, and then the purge gas
was switched to O2 until the temperature reached at 700 °C
with a heating rate of 10 °C/min. Purified O2 (99.99% purity)
with a constant flow rate of 50 mL/min was used as the
oxidizer. The oxygen concentration (99.99%) was used for the
best-case scenario, in which the catalyst could deliver DPM
oxidation activity. Furthermore, a high oxygen concentration
ensures a sufficient supply of reactant (oxygen) to promote
complete oxidation of the DPM sample during the TGA test.
This allows for accurate measurement of the DPM’s oxidation
behavior. The sample weight was recorded continuously with a
change in temperature. The DPM oxidation activity was
assessed using T10, T20, T55, and T90. T10 is the temperature at a
10% weight loss from the initial mass of DPM. It is generally
used by the literature to express the beginning of the soot
oxidation process.52 T20 represents the temperature at which a
weight loss of 20% from the initial mass occurs, indicating the
point at which the light VOCs are entirely oxidized. T55
identifies the temperature at which all VOCs are completely
burned, which is a 55% weight loss from the initial mass.21 T90
corresponds to the temperature at which a 90% weight loss is
observed. It is usually employed to indicate the final state of
soot oxidation.53

3. RESULTS AND DISCUSSION
3.1. XRD. The XRD profiles of Ag/CeO2, Ag/ZnO, Ag/

TiO2, and Ag/Al2O3 are demonstrated in Figure 1. The peaks

Figure 1. XRD profiles of Ag/CeO2, Ag/ZnO, Ag/TiO2, and Ag/
Al2O3.
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of metallic silver (Ag°) are indicated by the JCPDS 04-0783
database.54−58 Two diffraction peaks of Ag° at 38 and 44° were
commonly reported in the literature.24,55,56 Ag2O is not
detected on all catalysts. The detection of Ag2O by XRD
depends on the support used. Corro et al.59 found a signal of
Ag2O at 32° on both Ag/SiO2 and Ag/ZnO. In contrast,
Shimizu et al.47 and Aneggi et al.28 did not observe Ag2O on
Ag/CeO2, Ag/ZrO2, and Ag/Al2O3. Aneggi et al.

28 suggested
that in Ag/CeO2 and Ag/ZrO2, Ag2O was formed first and
then rapidly transformed into metallic Ag during calcination.
The remaining Ag2O obtained a low concentration and a small
size (5 nm), which were beyond the detection ability of
XRD.21,28 The peaks of TiO2 indicate the anatase type of TiO2,
which is the most stable crystal of TiO2 polymorphs (e.g.,
anatase, brookite, and rutile).60 The peaks of Al2O3 refer to the
gramma type of alumina (γ-Al2O3).

61 Ag/CeO2 shows the low
intensity of the Ag peak compared to other catalysts because
the percentage of Ag in CeO2 is 5 wt %, while others are 16 wt
%.
Table 1 presents the interplanar distance (dhkl) and the

average crystallite size of Ag°, which were calculated using

Bragg’s law and Scherrer’s equation. The lattice constants of
(111) and (200) are 2.36 and 2.04 Å, respectively, indicating
the Ag° on support.24 The average crystallite sizes of Ag° on
supports increase in the following order: Ag/Al2O3 (10.68
nm), Ag/TiO2 (13.37 nm), Ag/ZnO (14.99 nm), and Ag/
CeO2 (40.73 nm). The difference in crystallite size explains
why different supports affect the active metal dispersion and
metal-support interaction (MSI) differently.

3.2. HRTEM. Figure 2 shows the structure of the Ag
catalysts on different supports presented in the HRTEM
images. The interplanar distance of the crystal planes in the
case of Ag/CeO2 is 0.204 nm, which indicates the Ag° at Miller
indices of (200). This is consistent with the result obtained
from XRD at 2θ = 44.3°. The interplanar distance of Ag2O is
found by HRTEM only in the case of Ag/ZnO at 0.27 nm,
which illustrates Miller indices of (111).24 In the case of Ag/
TiO2, d111 of 0.236 nm matches with Ag° at XRD of 2θ =
38.16°. The Miller indices of Ag° at (111) and (200) are
discovered in Ag/Al2O3, which are d111 = 0.236 nm and d200 =
0.205 nm. The HRTEM was suggested by Liu62 to indicate the
type of MSI. All catalysts in this work except Ag/ZnO present
weak MSIs (WMSIs) because this study uses the incipient
wetness impregnation method for catalyst preparation. The
WMSI is consistent with the results presented by Grabchenko
et al.24 In the case of Ag/ZnO, it exhibits SMSI due to the
tendency of ZnO to be SMSI when it is synthesized with Au,
Ag, Pd, and Pt.63 In general, the SMSI induces metal NP
encapsulation, which, accordingly, reduces the catalytic activity

of supported metal catalysts due to the blockage of active metal
sites.64,65

Figure 3 displays the HAADF-STEM images and mapping of
Ag on oxide supports. The images present the compositions of
Ag/CeO2, Ag/ZnO, Ag/TiO2, and Ag/Al2O3, which are
identical to the components found in the XRD. The STEM
mapping confirms that small particles and clusters of Ag are
impregnated adjacent to the oxide supports. The distribution
of Ag on Al2O3 can be observed, showing that the Ag particles
are small and evenly dispersed across the entire surface area of
the support. However, in the case of Ag/TiO2, clusters of Ag
begin to form, and their dispersion becomes less pronounced.
Dense clusters of Ag appear on the support in the cases of Ag/
ZnO and Ag/CeO2. The difference in the distribution of Ag
NPs impacts the performance of DPM oxidation. This is
because of the interaction between the catalyst and DPM,
which is influenced by the catalyst particle size.66 Smaller
catalyst particles provide a larger surface area, which promotes
closer and more effective contact.21,67

3.3. XPS. The XPS method was frequently used to
characterize and determine the electronic states of cata-
lysts.39,68 Figure 4 presents the binding energy of the fresh
catalyst, which is the Ag catalyst on the oxide support. The
estimation of the peak of Ag intensities involves the assessment
of each peak’s integral after subtracting a background
characterized by an S-shaped curve. Additionally, Gaussian
curves are fitted to the experimental peak data to model the
observed distribution. The peak deconvolution indicates the
presence of both Ag° and Ag+. The binding energies of Ag° are
368.4 (Ag 3d5/2) and 374.5 (Ag 3d3/2) eV, while those of Ag+
are 367.8 (Ag 3d5/2) and 373.9 (Ag 3d3/2) eV.66 The
magnitude of both binding energies can be used to determine
the extent of each oxidation state.39,68 According to Liu et al.,69

an estimation of oxygen species concentrations was achieved
by calculating the ratio of [Ov] (oxygen vacancy) to
([Ov]+[Ol]) (combined oxygen vacancy and lattice oxygen).
The authors utilized the peak area of each oxygen species to
determine the [Ov]/([Ov]+[Ol]) ratio. This work applies the

Table 1. Interplanar Distance (dhkl) at (111) and (200) and
the Average Crystallite Size of Ag°

sample
miller indices at
(111) of Ag°

miller indices at
(200) of Ag°

average crystallite size
(nm) of Ag°

2θ
d111
(Å) 2θ

d200
(Å)

Ag/CeO2 38.10 2.36 44.30 2.04 40.73
Ag/ZnO 38.16 2.36 44.36 2.04 14.99
Ag/TiO2 38.12 2.36 44.32 2.04 13.37
Ag/Al2O3 38.06 2.36 44.26 2.05 10.68

Figure 2. HRTEM images of Ag/CeO2, Ag/ZnO, Ag/TiO2, and Ag/
Al2O3.
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same technique to determine the quantities of Ag° and Ag+.
The areas of Ag° and Ag+, the percentage of Ag° and Ag+, and
the Ag°/Ag+ ratio are calculated and presented in Table 2. The
percentage of Ag° follows the order Ag/Al2O3, Ag/TiO2, Ag/
ZnO, and Ag/CeO2, but the reverse is observed for the
percentage of Ag+, with Ag/CeO2 being the highest. These
variations in the percentages of Ag° and Ag+ are attributed to
the choice of different support materials, resulting in
consequential effects on the type and quantity of active oxygen

formed, thus influencing the oxidation performance of the
DPM.
The determination of binding energies in the O 1s XPS

spectra reveals distinct peaks at 529.4, 530.4, and 532.3 eV.24,39

This characterization of oxygen species, encompassing oxygen
vacancy (Ov), lattice oxygen (Ol), and adsorbed oxygen (Oc),
assumes pivotal significance in elucidating the oxidation-
promoting attributes of DPM, as illustrated in Figure 5.
Analysis reveals that in the systems Ag/TiO2 and Ag/Al2O3,
only Ol and Oc are present, as confirmed by the results of H2-
TPR, which display two distinct peaks corresponding to
oxygen species. Specifically, in the case of Ag/TiO2, the
composition of Ol and Oc accounts for 94.93 and 5.7% of all
oxygen species, respectively. Ag/Al2O3 shows Oc (12.47%) and
Ol (87.53%). In the instances of Ag/ZnO and Ag/CeO2, the
presence of Ol, Ov, and Oc was confirmed through H2-TPR,
which exhibited two peaks indicative of hydrogen consump-
tion. Specifically, in the case of Ag/CeO2, the composition of
Oc, Ov, and Ol accounted for 18.32, 39.56, and 42.11%,
respectively. Conversely, in the case of Ag/ZnO, the
percentages were 39, 46.98, and 14.02%, respectively. These
findings underscore the significance of different oxide supports
and their interactions with varying types and concentrations of
oxygen species, thereby contributing to the oxidation-
promoting behaviors observed.
The interactions between the metal catalyst and the support

materials are pivotal in shaping their catalytic properties. These
interactions are multifaceted, encompassing chemical, elec-
tronic, and structural. First, the varying chemical affinities of

Figure 3. HAADF-STEM and EDS elemental mapping images of Ag/CeO2, Ag/ZnO, Ag/TiO2, and Ag/Al2O3.

Figure 4. XPS spectra of the fresh catalysts of Ag 3d3/2 and Ag 3d5/2
of Ag/CeO2, Ag/ZnO, Ag/TiO2, and Ag/Al2O3.

Table 2. Percentage of the Oxidation State of Ag (Ag° and
Ag+) and Ag°/Ag+ Ratio

catalyst area of Ag° area of Ag+ Ag° Ag+ Ag°/Ag+

Ag/CeO2 3.7 4.7 43.9 56.06 0.78
Ag/ZnO 13.2 15.3 46.3 53.71 0.86
Ag/TiO2 16.1 15.8 50.5 49.47 1.02
Ag/Al2O3 24.4 22.0 52.6 47.40 1.11
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different support materials toward metal species influence their
adsorption, dispersion, and stabilization on the support surface.
Additionally, the electronic properties of oxide supports play a
crucial role in modulating the oxidation states of the metal
species. For example, redox-active supports like ceria (CeO2)
can facilitate electron transfer reactions, thereby influencing
the distribution of metal species and their catalytic activity.
Moreover, surface chemistry parameters such as defects,
surface functional groups, and crystallographic planes dictate
the adsorption and activation of reactant molecules, which are
pivotal for catalytic oxidation reactions. Furthermore, oxide
supports can stabilize active sites, such as oxygen vacancies,
which are crucial for catalytic activity.

3.4. H2-TPR. The H2-TPR technique is employed to analyze
the reducibility characteristics of the catalysts, as depicted in
Figure 6. The release of oxygen from the catalyst is identified
through the H2-TPR profile. Ag2O is reduced as follows:70

Ag2O + H2 → 2Ag° + H2O. The atomic oxygen separated from
Ag2O was defined as active oxygen, and it formed at

temperatures below 300 °C. As a result, at a temperature
higher than 300 °C, Ag2O completely changed to Ag°.66
Ag/Al2O3 shows one peak of the H2-TPR profile at around

100 °C. This peak is at a temperature lower than 300 °C,
which identifies the reduction of Ag2O since Al2O3 is not
reduced at this temperature range.67,71 Ousji et al.67 studied
Ag-based catalysts on different supports for formaldehyde
oxidation and used the H2-TPR to determine the reducibility
of metal oxides. In the case of Ag/Al2O3, the authors found a
reduction of peak Ag2O at around 100 °C. Additionally, the
absence of the TCD peak indicates that there is no catalyst-
driven oxygen release at temperatures exceeding 150 °C. Our
result is also in line with Aneggi et al.,28 who found that there
were no H2-TPR traces of both Ag/Al2O3 and Ag/ZrO2 at
temperatures higher than 110 °C. Based on these experimental
findings, it can be confirmed that Ag2O in Ag/Al2O3 is readily
and fully converted to Ag° once it is reduced by H2.
Ag/TiO2 indicates one peak of H2-TPR at 150−250 °C.

Boccuzzi et al.72 studied Au, Ag, and Cu catalysts supported by
TiO2 for hydrogen production. The H2-TPR peak of Ag/TiO2
was found at 150 °C. Moreover, Kim et al.14 used ceria to
promote Ag/TiO2 for soot oxidation with improved active
oxygen generation and delivery abilities. The authors presented
the H2-TPR peak of Ag/anatase between 250 and 330 °C.
These H2-TPR results are like the reducibility characteristics of
Ag/TiO2 presented in this study. The H2 consumption at
150−250 °C is likely attributed to the reduction of Ag2O, as
significant amounts of Ag2O are also detected by XPS.
Ag/ZnO shows two peaks of H2-TPR at around 200 and 600

°C, which express the reduction of Ag2O and lattice oxygen in
the ZnO bulk, respectively. The transformation of Zn+ to Zn°
follows ZnO + H2 → Zn° + H2O. This conversion was also
identified on Cu/ZnO.73 Zhao et al.74 studied the CeO2−ZnO
catalysts for C3H6-SCR of NO and found that the H2-TPR
peak of ZnO appeared obviously at 600 °C. Accordingly, the
H2-TPR peak at 600 °C in this work is presumably the release
of oxygen from the lattice of ZnO.
Ag/CeO2 obtains two peaks of H2 consumption at around

200 and 700 °C, corresponding to the reduction of Ag2O and
lattice oxygen in Ag/CeO2. In the H2-TPR of CeO2, Queiroz
et al.75 showed two reduction peaks: one at 456 °C attributed
to the reduction of CeO2 species on the surface, and another
one at 790 °C stood for that of CeO2 containing bulk. Wei et
al.76 and Yao et al.77 pointed out the peaks at low (400 °C)
and high (500 °C) temperatures to the reduction of surface
adsorbed oxygen and lattice oxygen of ceria, respectively. The
presence of Ag was found to facilitate the reduction of surface
oxygen of CeO2.

39,78 Lee et al.39 suggested that the reduction
peak at 167−222 °C of Ag/CeO2 represented not only the
reduction of AgxO but also the reduction of surface oxygen of
ceria. Furthermore, Grabchenko et al.24 studied the role of MSI
in Ag/CeO2 catalysts for CO and soot oxidation, and the
authors showed H2 consumption in the temperature range of
0−350 °C. Therefore, it can be implied that the first peak at
around 200 °C in this study characterizes the reduction of both
Ag2O and surface oxygen of CeO2.
The support has an impact on the reducibility of the

catalysts, as indicated by the variation in the peak temperature
of the H2-TPR profile. This variation describes the differences
in the reduction behaviors of active oxygen generated from Ag
in the form of Ag2O, from the surface of support (e.g., Ag/
CeO2), and from the lattice of support (e.g., Ag/ZnO and Ag/
CeO2). Consequently, the utilization of the created active

Figure 5. XPS spectra of fresh catalysts of O 1s of Ag/CeO2, Ag/
ZnO, Ag/TiO2, and Ag/Al2O3.

Figure 6. H2-TPR profiles of Ag/Al2O3, Ag/TiO2, Ag/ZnO, and Ag/
CeO2.
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oxygen for the oxidation of DPM leads to alterations in its
activity, thus highlighting the influence of support selection on
the catalytic performance.

3.5. Catalytic Oxidation of DPM. Figure 7 illustrates the
catalytic oxidation activity of DPM accelerated by the

synthesized catalysts. The percentages of weight loss and the
first derivative of weight loss (DTG) are shown in Figure 7a,b,
respectively. Without any catalyst, the DPM is oxidized slowly
and monotonously, starting from 200 °C, until it is entirely
converted at 650 °C. The DTG of DPM in the absence of a
catalyst, Figure 6b, shows three peaks at 230, 380, and 500 °C.
The first two peaks at relatively low temperatures indicate the
combustion of VOCs. Light VOCs consisting mainly of
straight-chain HCs are burned first at low temperatures. Then,
polycyclic aromatic hydrocarbons and heavy VOCs are
combusted at high temperatures.21 Finally, solid carbon
(soot) is oxidized at temperatures of 400−650 °C.20,21,79
This implies that amorphous and nanofiber carbons, which are
noncatalytically oxidized with oxygen at 200−500 °C and
500−600 °C, respectively,80,81 are the main components of
diesel soot. Graphitic carbon, which is combusted at 600−800
°C, is not found in the PM of diesel-engine exhaust.

In the presence of Ag/Al2O3, the light VOCs are converted
in the same manner as the noncatalytic path, which informs
that the oxidation of light VOCs is not improved by Ag/Al2O3.
In contrast, the oxidation of heavy VOCs and soot is strongly
promoted by Ag/Al2O3. The temperature corresponding to the
complete conversion of heavy VOCs is reduced from 459 to
352 °C, and all soot is completely removed at the temperature
of 540 °C instead of 650 °C in the absence of a catalyst. The
high fraction of Ag° as evidenced by HRTEM and XPS is
responsible for this promotion.
In the case of Ag/TiO2, the combustion of the VOCs is

substantially improved. Both light and heavy VOCs are
oxidized simultaneously as their DTG peaks are combined
and shown as a single peak at 205 °C. This is the lowest
temperature among other catalysts, suggesting that Ag/TiO2 is
suitable for VOC removal. The active oxygen generated in the
form of Ag2O on the surface of Ag/TiO2 as shown in H2-TPR
is behind this promotion effect. All DPM is completely burned
off at around 550 °C, which is the same temperature as that for
Ag/Al2O3. However, the combustion rate of Ag/TiO2 is much
lower than that of Ag/Al2O3. For example, at 430 °C, 95% of
DPM is combusted by Ag/Al2O3, while only 60% is converted
by Ag/TiO2. Moreover, the T90 values of both catalysts are
markedly different. The T90 values of Ag/Al2O3 and Ag/TiO2
are 408 and 488 °C, respectively.
The DPM oxidation characteristic catalyzed by Ag/ZnO

differs from that of Ag/Al2O3 and Ag/TiO2. The DTG profile
indicates a peak at 220 °C, a shoulder at 390 °C, and a peak at
492 °C, which correspond to the maximum oxidation rates of
light and heavy VOCs, and soot, respectively. As the Ag2O
formed on Ag/ZnO is reduced at 150−400 °C (from the H2-
TPR result), this reveals that active oxygen released from Ag2O
is responsible for the combustion of light and heavy VOCs.
The oxidation of carbonaceous solids, then, takes place after
the oxidation of VOCs at a temperature of 450−550 °C. The
lattice oxygen, which is released from ZnO at 400−700 °C, as
given in H2-TPR, is one of the oxidizers.

73 Moreover, the
metallic silver generated previously from the reduction of Ag2O
by VOCs acts as an active site on which gas-phase oxygen to
adsorb on. In summary, the oxidation of soot on Ag/ZnO is
facilitated either by lattice or gas-phase oxygen.
Ag/CeO2 gives DPM oxidation activity like Ag/ZnO. The

DTG profile shows three peaks at 245, 389, and 508 °C, which
are attributed to the maximum oxidation rates of light and
heavy VOCs and soot, respectively. As presented in the H2-
TPR, the active oxygen is removed from the Ag/CeO2 surface
at temperatures lower than 200 °C, but the combustion of
VOCs takes place at temperatures higher than 200 °C. This
implies that the active oxygen migrates from the catalyst
surface to DPM first, and the catalytic burnout of VOCs
initiates later. The high fraction of Ag+ of Ag/CeO2 (shown in
Table 2) illustrates the fast rate of VOC decomposition. The
oxidation rate of solid carbon is relatively low and occurs at
relatively high temperatures compared with other catalysts.
The small amount of Ag° on the surface of Ag/CeO2 (Table 2)
results in less soot oxidation than in other cases. The metallic
silver could promote the formation of active oxygen species
(O2

−) that was the main oxidizer to assist the soot
oxidation.28,82 Corro et al.59 studied the electronic state of
Ag in Ag/SiO2 and Ag/ZnO catalysts. The authors concluded
that the presence of Ag° on the surface of the composite
catalysts produced a large amount of O2

−, which was a
particularly active species for enhancing DPM oxidation. This

Figure 7. (a) DPM oxidation and (b) first derivative of DPM
oxidation; DPM/catalyst weight ratio of 1/5; heating rate of 10 °C/
min; and tight contact.
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can be summarized as Ag+ (which is derived from Ag2O)
contributing to the combustion of VOCs, while Ag° facilitates
the adsorption of gas-phase oxygen to generate active oxygen
needed to oxidize with soot.
The temperature range at which Ag2O is reduced

significantly impacts the combustion of light VOCs. In the
case of Ag/Al2O3, the release of active oxygen from Ag2O
occurs at a temperature range of 80−150 °C (Figure 6), which
is lower than the starting point of light VOC combustion
(Figure 7). Consequently, no active oxygen remains to initiate
the oxidation of light VOCs. In contrast, in the case of Ag/
TiO2, the catalyst gives the best performance of light VOC
combustion. This can be attributed to the temperature-
dependent release of active oxygen from Ag2O, which is
suitable for triggering the combustion of light VOCs within the
appropriate temperature range. Interestingly, although Ag2O
on Ag/TiO2 and Ag/CeO2 have a similar reduction temper-
ature (Figure 6), Ag/TiO2 produces a higher quantity of Ag2O
(a higher area of Ag+ in Table 2). These experimental findings
reveal that not only the temperature range in which atomic
oxygen is released from Ag2O but also the amount of active
oxygen is responsible for burning off light VOCs. The choice of
support material influences these factors and, thereby, affects
the characteristics of light VOC combustion.
Figure 8 demonstrates the performance of synthesized

catalysts for DPM oxidation. T10 increases in the following

order: Ag/TiO2 (189 °C), Ag/ZnO (209 °C), Ag/CeO2 (217
°C), Ag/Al2O3 (225 °C), and DPM (232 °C). The peak
temperatures of H2-TPR (Figure 6) and T10 of Ag/TiO2, Ag/
ZnO, and Ag/CeO2 are strongly related. It implies that the
active oxygen generated by these catalysts is crucial for
initiating the combustion of light VOCs. Despite having the
lowest peak temperature in H2-TPR (approximately 100 °C),
Ag/Al2O3 appears to be less effective than other catalysts in
initiating the oxidation of light VOCs. Also, it was stated that
VOCs inherent in DPM made lower ignition temperature and
faster combustion rate than carbon black (which was usually
used in the literature as model DPM).52,83

T20 states the capability of catalysts for entirely oxidizing
light VOCs. Figure 8 clearly shows that T20 is in the same trend
as T10. Ag/TiO2, Ag/ZnO, and Ag/CeO2 show high

performance, while Ag/Al2O3 gives the lowest activity (highest
T20). The weak bonding between atomic oxygen and Ag leads
to the reduction of Ag2O into fundamental metallic silver at
exceptionally low temperatures, as previously discussed,
resulting in the low activity of Ag/Al2O3. This observation is
substantiated by the outcomes of the H2-TPR analysis
conducted at temperatures below 100 °C. The discerned
occurrence can be attributed to the Al2O3-type support
material facilitating the interaction between oxygen and Ag.
This phenomenon permits the desorption of oxygen from
Ag2O at lower temperatures compared to those of other
scenarios. Moreover, the manifestation of oxygen release at
reduced temperatures aligns with findings reported by Aneggi
et al.,28 where the influence of H2-TPR was not evident in the
case of Ag/Al2O3 at elevated temperatures. It can be posited
that Al2O3 exerts an influence on the interaction between
oxygen and the Ag bond, resulting in a diminished bond
strength and consequently facilitating oxygen desorption at
lower temperatures. Consequently, the oxygen needed to
oxidize light VOCs must be sourced directly from the gas-
phase oxygen. The evidence is given in Figure 7 that the light
VOC oxidation activities of Ag/Al2O3 and DPM (without
catalyst) are identical.
T55 indicates the point at which both light and heavy VOCs

are entirely burned off. The potential for depleting VOCs is in
the following order: Ag/Al2O3 (352 °C) > Ag/CeO2 (410 °C)
∼ Ag/TiO2 (412 °C) ∼ Ag/ZnO (415 °C) > PM (459 °C).
Surprisingly, although Ag/Al2O3 has the lowest performance of
light VOC oxidation, it is the best catalyst for the combustion
of all VOCs. This reveals that the active oxygen produced by
Ag/Al2O3 is more active with heavy VOCs than that yielded by
Ag/TiO2, Ag/ZnO, and Ag/CeO2. According to Table 2, Ag/
Al2O3 has the highest values of Ag° area, Ag° fraction, and
Ag°/Ag+ ratio, and the H2-TPR result demonstrates that at
temperatures above 150 °C, there is no oxygen released from
Ag/Al2O3. It can be concluded that the active oxygen
generated by Ag/Al2O3 is directly formulated from gas-phase
oxygen, mainly on the Ag° sites.
Ag/Al2O3 gives the lowest value of T90, which highlights the

positive effect of Ag/Al2O3 on solid-carbon combustion. Ag° is
the major species generated on the Ag/Al2O3 surface, and it
functions as the active site necessary for the adsorption of gas-
phase oxygen to produce highly active oxygen. This active
oxygen is particularly reactive with both heavy VOCs and soot.
The performance of soot oxidation as expressed by T90 is in the
order of Ag/Al2O3 (408 °C), Ag/TiO2 (488 °C), Ag/ZnO
(504 °C), Ag/CeO2 (515 °C), and DPM (580 °C), which
relates directly to the amount of Ag° created by the catalysts
(Table 2).
Figure 9 illustrates the sensitivity of DPM catalytic oxidation

to the contact condition. In the case of Ag/Al2O3, as depicted
in Figure 9a, since Ag2O formed on Ag/Al2O3 is easily reduced
at low temperatures (shown in H2-TPR), there is no active
oxygen from Ag2O remaining for the oxidation of light VOCs.
A slight improvement in the oxidation of light and heavy
VOCs for the loose contact expresses that the active oxygen is
directly formulated from gas-phase oxygen on Ag° sites. The
higher activity of loose contact than tight contact is probably
due to its low site blockage (higher catalyst surface exposed to
gas-phase oxygen). For the oxidation of soot, loose contact
exhibits a much lower performance compared to tight contact.
This suggests that the active oxygen created by Ag° of Ag/

Figure 8. DPM oxidation performance of Ag with different supports;
DPM/catalyst weight ratio of 1/5; and tight contact.
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Al2O3 has a low ability to migrate from the catalyst sites to
soot.
Figure 9b shows that for the catalytic combustion of light

and heavy VOCs promoted by Ag/TiO2, the oxidation profiles
of tight and loose contacts are identical. As previously
mentioned, Ag2O is responsible for the light VOC oxidation
under tight contact conditions. The equivalent activity for light
VOC depletion of tight and loose contacts suggests that active
oxygen created from Ag2O has a high degree of mobility. In
contrast, the active oxygen formulated on Ag° sites contributes
to the combustion of heavy VOCs and soot. The similar
pattern for heavy VOCs elimination of the tight and loose
contacts states that the active oxygen on Ag° can readily
transfer to a hydrogen atom of VOCs. Nonetheless, this active
oxygen has a low ability to migrate from the Ag° sites to a
carbon atom of soot, which is indicated by the discrepancy in
combustion performance of the loose and tight contacts.
For Ag/ZnO (Figure 9c), the high mobility of active oxygen

generated from Ag2O and Ag° corresponds to the high rate of
light and heavy VOC oxidation, respectively, in the loose
contact. This circumstance is similar to that of Ag/TiO2.
Interestingly, at 400−480 °C, the soot combustion activity in
loose and tight contact is identical. This expresses that the
oxidizer active in this temperature range has a high ability to
transfer from the catalyst to the soot. According to the H2-
TPR, the oxidizer reduced at 400−700 °C is derived from

lattice oxygen in the ZnO bulk. This demonstrates the benefit
of generating highly active oxygen of Ag/ZnO. However, at a
temperature higher than 480 °C, the active oxygen from Ag° is
still crucial for the combustion of soot.
Figure 9d illustrates the influence of Ag/CeO2 on DPM

oxidation in the loose contact. The active oxygen derived from
Ag2O and Ag° still shows a high level for light and heavy VOC
removal, respectively, compared to the tight contact mode.
Interestingly, at high temperatures (∼400 °C), the loose
contact gives a lower rate of heavy VOC oxidation. This is
possibly caused by the insufficient active oxygen formulated on
Ag°, as indicated by the low quantity of “area of Ag°” in Table
2. Ag/CeO2 clearly illustrates the poor soot oxidation
performance in loose contact, which results from the low
quantity and mobility of active oxygen. The soot combustion
profile in loose contact is identical to the uncatalyzed
oxidation, implying that Ag/CeO2 does not assist the transfer
of active oxygen from Ag° to soot.
Figure 10 demonstrates the effect of the contact mode and

support material on the performance of DPM oxidation. In
tight contact, the created active oxidizer can transfer readily
from the catalyst surface to DPM, resulting in a high rate of
DPM combustion.84 In contrast, the long distance between the
catalyst and DPM hinders the mobility of active oxygen in a
loose contact. The potential for depleting VOCs (represented
by T55) in loose contact is in the following order: Ag/Al2O3

Figure 9. Influence of contact condition on the catalytic oxidation of DPM catalyzed by (a) Ag/Al2O3, (b) Ag/TiO2, (c) Ag/ZnO, and (d) Ag/
CeO2; DPM/catalyst weight ratio of 1/5; and heating rate of 10 °C/min.
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(346 °C) > Ag/ZnO (411 °C) > Ag/TiO2 (413 °C) > Ag/
CeO2 (435 °C). Interestingly, the loose contact has a
negligible effect on the ability to remove VOCs of Ag/Al2O3.
As mentioned, active oxygen created by and adsorbed on Ag°
of Ag/Al2O3 originates from gas-phase oxygen. This result
suggests that this active oxygen can migrate instantly from the
Ag° site to heavy VOCs, even over a long distance. Possibly,
adsorbed oxygen is easily induced by the hydrogen atoms of
VOCs. In Ag/TiO2, Ag/ZnO, and Ag/CeO2, the capability to
remove heavy VOCs reduces obviously in the loose contact
mode. These catalysts generate active oxygen on the Ag+ site in
the form of Ag2O, which is reactive with light and heavy VOCs.
The result states that the atomic oxygen of Ag2O has a
relatively high bonding strength with Ag+. To break this bond,
Ag2O needs to be close to heavy VOCs.
T90 of loose contact is in the order of Ag/TiO2 (521 °C),

Ag/ZnO (530 °C), Ag/Al2O3 (547 °C), and Ag/CeO2 (569
°C). There is only solid carbon left in the DPM at
temperatures after T55. The loose contact significantly impacts
the oxidation performance of Ag/Al2O3, even though Ag/
Al2O3 performs excellently in tight contact. It reveals that the
active oxygen on the Ag° site of Ag/Al2O3 has low mobility in
the presence of only carbon atoms. This circumstance
contrasts with the case of heavy VOCs, in which hydrogen
atoms are present in the DPM. In Ag/TiO2, Ag/ZnO, and Ag/
CeO2, the loose contact has a relatively low influence on solid-
carbon combustion capability, compared with Ag/Al2O3. It
expresses that the active oxygen formulated from these
catalysts has more ability to migrate to solid carbon than
that created by Ag/Al2O3.

4. CONCLUSIONS
This work studies the positive effect of Ag supported on several
supporting materials on DPM oxidation. Ag/Al2O3, Ag/TiO2,
Ag/ZnO, and Ag/CeO2 are synthesized and characterized
using H2-TPR, XRD, HRTEM, XPS, and TGA techniques.
Without a catalyst, VOCs are slowly burned at 200−400 °C,
and carbonaceous solids are gradually oxidized between 400
and 650 °C. With catalysts, Ag2O and Ag° are formed in all
catalysts, with different contents depending on the support
used. Ag2O plays a crucial role in creating active oxygen that is
used for the combustion of light VOCs. This active oxygen

shows high performance in both tight and loose contacts due
to its high mobility. The catalysts with a high fraction of Ag2O
(e.g., Ag/ZnO and Ag/CeO2) give a high ability to burn out
light VOCs, while Ag/Al2O3 with a low extent of Ag2O shows
poor performance for the removal of light VOCs. For the
combustion of heavy VOCs and soot, Ag° is of critical
importance. The active oxygen formulated on Ag° sites can
readily transfer to the hydrogen atom of heavy VOCs even
under the loose contact condition; however, it has a low ability
to migrate to the carbon atom of soot. Ag/Al2O3 with a high
portion of Ag° presents the powerful capability to oxidize both
heavy VOCs and soot in tight contact. However, it shows poor
soot oxidation activity in loose contact due to its low ability to
transfer active oxygen. Ag/ZnO facilitates the transfer of active
oxygen from Ag° to soot sites, resulting in the high
performance of soot oxidation in loose contact conditions.
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