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ABSTRACT

Diesel particulate matter (DPM) oxidation activities of 3%Ag/SiO, and 3%Ag/ZnO0 catalysts were investi-
gated. The catalysts were characterized by X-ray diffraction, X-ray photoelectron spectroscopy (XPS) and
diffuse reflectance spectroscopy (DRS). 3%Ag/SiO, showed excellent activity for DPM oxidation below
300°C. The high activity is attributed to the presence of Ag° at the surface of SiO,, which enhances the
generation of superoxide O, -, the highly active species in the oxidation reactions. The activity of the
catalyst did not change up to 6 oxidation cycles, indicating there is no change in electronic state of Ag
during high temperature oxidation of DPM. However, 3%Ag/ZnO exhibited a very low DPM oxidation
activity at the studied temperature range (25-600°C). XPS analysis performed on the catalysts before
and after their use in DPM oxidation revealed that a fraction of Ag® in the 3%Ag/ZnO converts to Ag'*
state, probably due to the electron transfer from the Fermi level of the low work function metallic Ag
to the conduction band of high band gap n-type semiconductor ZnO. We demonstrate a direct relation

between the DPM oxidation activity of silver and its electronic state at the catalyst surface.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Diesel technology achieved a great advancement over the past
decades owing to the efficient energy conversion of diesel engine
[1]. However, emission of particulate matter from diesel vehicles
(DPM), which consists mostly of carbonaceous soot as major envi-
ronmental pollutant, causes acute health problems to humans and
animals. Consequently, a diesel particulate filter which can collect
more than 90% of DPM has been employed [2]. The most challeng-
ing task in this regard is the simultaneous in-situ regeneration of
the filter by combustion of trapped DPM. Accordingly, active regen-
eration of filter requires a higher temperature (ca. 550-600 °C) than
that of exhaust gas temperature (200-400 °C) of a diesel engine [3].

Use of a catalyst is the key to lower the ignition temperature
of the trapped DPM [4]. Among the available technologies for fil-
ter regeneration, addition of the catalysts to the fuel in the form of
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organic derivates of active metals, known as fuel-borne catalysts
(FBCs) and the deposition of a catalytic coating onto the filter sur-
face are the most popular ones. While in both of these technologies,
soot particle combustion occurs at lower temperatures 5], the con-
tinuous consumption of FBCs and the accumulation of metal oxide
ash inside the filter restrict their applications [6].

Catalyzed diesel particulate filter is regarded as the most viable
solution to reduce DPM emissions. In the filter, DPM is trapped and
oxidized with a catalyst at lower temperature. The major problem
with this filter is the poor contact between the catalyst surface
and the particulates [7]. To overcome this problem, the so-called
continuously regeneration trap (CRT) has been developed [8]. In
this technology, a NO, gaseous flux, generated from the oxidation
of NO over a platinum catalyst, functions as a mobile species for
DPM oxidation by creating catalyst-DPM contact. However, the new
trend of diesel engines to decrease NOy emission could prevent the
application of this technology.

Transition metals [9], transition metal oxides [10], alkaline
metal oxides [11],perovskites [12], and rare earth oxides [13] are
some of the catalysts which have exhibited good catalytic perfor-
mances. The role of transition metal catalysts in DPM oxidation is to
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transfer active oxygen species from their surface to the particulates
[14]. Therefore, the performance of these catalysts for DPM oxida-
tion depends on their capacity to activate oxygen and on the contact
condition between the catalysts and the particulates [15-18].

Supported silver nanoparticles as active components are an
interesting choice to enhance the intrinsic catalytic performance
of oxidation catalysts [16-19]. Aneggi et al. studied the effect of Ag
addition on the soot oxidation activity of various metal oxides [19].
They found that the combustion of DPM is promoted by the pres-
ence of silver, especially in the zero valent state, which is favored by
alumina and zirconia supports. However silver deposited on CeO-,
which favors Ag to stay in its positive electronic state, losses its
activity at high temperature.

Recently we have demonstrated a high DPM oxidation capacity
of hydrogen reduced Ag/SiO, due to the presence of metallic Ag®
species on SiO surface, which probably enhances the generation of
very active superoxide O, ~ species during oxidation reactions. The
low probability of electron transfer between SiO, and Ag due to the
insulating character of SiO, results in the formation of very stable
Ag? species over SiO; surface [20]. As the electron transfer process
between the supported metal and supporting metal oxide is known
to play important role in the production of metal ions of different
valence states and hence the catalytic activity of supported cata-
lysts, in this investigation, we have analyzed the valence state of
silver, supported on insulating SiO, and on n-type semiconductor
ZnO, to correlate their catalytic activity for DPM oxidation.

The structural and electronic properties of the catalysts were
studied utilizing X-ray photoelectron spectroscopy (XPS), UV-vis
diffuse reflectance spectroscopy (DRS), and X-ray diffraction
spectroscopy (XRD) techniques. The catalytic behavior of the com-
posites in DPM oxidation in the 25-600 °C temperature range has
been correlated to their physicochemical properties, considering
the interactions of active and non-active species such as Ag%, and
Ag!* with oxygen and DPM, along with the interactions between
Ag and the SiO; and ZnO supports.

2. Experimental
2.1. Catalysts preparation

Si0, and ZnO powders (99.99%), supplied by Aldrich, Mexico,
were used as support materials. The catalysts were prepared by
impregnation, using the appropriate amount of an aqueous solu-
tion of 1% silver nitrate (Aldrich, 99.99%). After impregnation, the
catalysts were dried at 120 °Covernight and reduced in pure hydro-
gen flow (80 mImin~') for 4 h at 450 °C. After cooling down to room
temperature, the samples were purged with N, for 30 min and
stored in dry conditions, after which were named as 3%Ag/SiO,
and 3%Ag/ZnO0. SiO, and ZnO supports without AgNO3 were also
prepared following the same procedure, to use them as References

2.2. Catalysts characterization

A Quantachrome Nova-1000 sorptometer was used to measure
the N, adsorption-desorption isotherms of the catalysts. Specific
surface area (Sg) of the samples was estimated from their N;
physisorptions at 77 K, using BET analysis. The samples (1g each)
were degassed at 400 °C for 2 h before recording their adsorption-
desorption isotherms. After cooling to room temperature (25 °C),
the isotherms were recorded in the pressure range 0.0-6.6 kPa.
The technique of back extrapolation of the linear portion of the
isotherms to zero equilibrium pressure was used to determine the
saturation uptake.

The diffuse reflectance spectra (DRS) of the catalysts before
and after 6 particulate matter oxidation cycles were measured on

dry-pressed disks (~15mm diameter) using a Shimadzu UV-vis
spectrophotometer equipped with an integrating sphere, and
BaS0O, as standard reflectance sample. The crystallinity and struc-
tural phase of the samples were verified through powder X-ray
diffraction (XRD), using the CuKa radiation (A=1.5406A) of a
Bruker D8 Discover diffractometer.

X-ray photoelectron spectra were recorded on freshly pre-
pared hydrogen reduced 3%Ag/SiO, and 3%Ag/ZnO catalysts and
after their 6th particulate matter oxidation cycle, using an Escalab
200R electron spectrometer equipped with a hemispherical ana-
lyzer, operating in a constant pass energy mode. Monochromatic
MgK,, emission (hv=1253.6eV) from the X-ray tube operating at
10mA and 12KkV was utilized for recording the XPS spectra of
the samples. Different energy regions of interest of the photo-
electrons were scanned a number of times in order to get good
signal-to-noise ratios. The intensities of the emission peaks were
estimated by determining the integral of each peak after subtract-
ing an S-shaped background and fitting the experimental peak to
Lorentzian/Gaussian curves (80%L/20%G). The peak positions of the
elements were corrected utilizing the position of C1s peak coming
from adventitious carbon appeared at 284.9 + 0.2 eV.

TEM images of the fresh 3%Ag/SiO, and 3%Ag/ZnO catalysts and
after 6 oxidation cycles were obtained in a JEM 2100F microscope
fitted with an INCA X-sight (Oxford Instruments) energy dispersive
X-ray spectroscope (EDS), operating at 200 kV accelerating voltage.

2.3. Generation of diesel particulate matter

The particulate matter used in this study was generated by burn-
ing pure Mexican diesel acquired from local market in a glass vessel
under controlled air flow, as described in Fig. 1. In this study, the
term ‘particulate matter’ is used to refer both the soluble and insol-
uble (carbon) fractions of the diesel-emission.

The emission from the exhaust of the vessel was directed to
the catalyst sample (200 mg) placed inside a tubular quartz reactor
(inner diameter 10 mm) in a programmable furnace. The process
was performed using an air feed volume flow rate of 100 cm? min~1.
The particulate matter generated from the exhaust of the vessel
was accumulated on the catalyst in the tubular reactor. The result-
ing contact between particulate matter and the catalyst in this case
was considered similar to the contact between the particulate mat-
ter generated from a real diesel engine and the catalyst used in a
particulate filter. Therefore, the concept of tight mode or light mode
contact between the particulate matter and the catalyst used in
several research studies is of no significance here.

After 1h of diesel combustion, the total amount of particulate
matter retained by the catalysts was measured using a Shimadzu
AX200 balance. To investigate the reproducibility of the quantity
and composition of the DPM produced on diesel burning in the
vessel, the amount of DPM retained by the different catalysts was
measured after 3 accumulation processes.

To investigate the reproducibility of the composition of DPM
produced in the diesel-burning vessel, the organic functional
groups in the particulate matter emanating from the combustion
vessel exhaust were analyzed in a Bruker FT-IR spectrometer (Ver-
tex 70) in the 800-4000 cm~! spectral range. A thin, uniform KBr
pellet prepared with 0.2 wt¥% of the particulate matter sample was
used for recording the FT-IR spectra.

The composition of the exhaust gas was determined in a Bruker
(Vertex 70) FTIR gas spectrometer. The analysis of the exhaust was
performed in a quartz cell (provided by Pike Technologies), and the
gas composition was analyzed, using the QAsoft-quantitative Anal-
ysis Software (provided by Infrared Analysis Inc) which allowed
determining the quality and quantity of the emitted gases from the
vessel exhaust.
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Fig. 1. Schematic diagram of the system used for monitoring the combustion process. 1: Air; 2: Diesel burner; 3: Reactor; 4: Temperature controller; 5: Gas chromatograph.

2.4. Particulate matter oxidation through programmed
temperature experiments

After the accumulation of diesel particulate matter over catalyst
surface, air was purged for 15 min to remove weakly attached com-
bustion products. The air (20 vol% of O, and 80 vol% of N, ) flow rate
was maintained at 100 cm®.min~!. The mixture was then heated
from room temperature (25 °C) to 600 °C at the rate of 5°C*min~1.
A thermocouple was inserted into the particulate matter-catalyst
mixture to monitor its temperature along with the exothermic heat
of the particulate matter oxidation. The emissions from the reactor
were analyzed every 5 min through a computer programmed Shi-
madzu gas chromatograph provided with a thermo-conductivity
detector (TCD) to monitor the CO, evolution at different temper-
atures. The chromatograph was fitted with a Porapak column to
analyze CO, evolutions as a function of the temperature of the
particulate matter-catalyst mixture. The process comprising par-
ticulate matter accumulation on the catalyst at room temperature
(during 1 h), its subsequent oxidation at high temperature, and then
cooling down to 25 °C is designated as a cycle. The duration of each
cycle was about 2.5 h. After the first cycle, five similar cycles were
performed over the same catalyst sample. It is important to note
that no CO emission was detected during the DPM oxidation cycles.

To determine the catalytic effect, an uncatalyzed particle mat-
ter oxidation cycle was performed under the same conditions over
quartz wool from 25 to 800°C.

3. Results and discussion

3.1. Characterization of the diesel particulate matter and diesel
exhaust of the vessel

The FT-IR spectrum of the DPM used in this investigation
is shown in Fig. 2. Principal characteristic peaks revealed in
the spectrum corresponds to the C—H asymmetric and symmet-
ric stretching of aliphatic groups at 2953 cm~!, 2923 cm~! and
2853 cm~!; C—O stretching of carbonyl groups at 1700 cm~1!; C=C
stretching of aromatics and alkenes at 1560 cm~!; and aliphatic
C—H plane deformation of CH,/CH3; groups at 1450cm~! and
1380cm~! [21,22]. The experiment was performed in triplicate.
Similar qualitative results were obtained for the 3 DPM spectra.
The amounts of DPM retained by the catalysts during 3 deposi-
tion cycles are summarized in Table 1. While the amounts of DPM
deposited over a particular catalyst during 3 burning cycles are

Absorbance

T T T T T
3000 2500 2000 1500 1000 500

Wavenumber(cm'1)

Fig. 2. FTIR spectrum of diesel particulate matter sampled from the combustion
vessel exhaust.

similar, the similarity in the values of DPM quantities for differ-
ent catalysts suggests the catalysts have similar capacities to retain
DPM.

The results obtained from the qualitative analysis performed by
FT-IR spectroscopy of the emitted gases from the diesel burning
vessel exhaust are summarized in Table 2. As can be seen, the con-
centration of sulfur compounds in the exhaust gas is very low (e.g.
[SO], =15 ppm).

3.2. Catalysts characterization
3.2.1. Surface area analysis

Table 3 summarizes BET surface areas of the freshly prepared
silver-supported catalysts and after using them in 6 DPM oxidation

Table 1

Amounts of DPM deposited on the catalysts during diesel combustion in the vessel.
Catalyst Diesel particulate matter (mg)

1st 2nd 3rd

SiO, 8.55 8.43 8.74
Zno 8.66 8.35 8.55
3%Ag/Si0; 8.31 8.59 8.63
3%Ag/ZnO 8.36 8.30 8.48
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Table 2

Diesel emissions (from the burning vessel) composition.
Compound Concentration(ppmV) Compound Concentration(ppmV)
Allene 122 1,2-epoxybutane 532
Butane 41 Ethylene oxide 53
Ethylene 27 Hydrogen peroxide 34
Methane 16 Maleic anhydride 19
Propyne 122 Acetic acid 24
Isoprene 17 Propionic acid 18
2-methyl-2-butene 151 Crotonaldehyde 46
3methyl-1-butene 86 Acetophenone 12
n-pentane 20 Cyclohexanone 2890
2-pentene 47 Methyl vinil ketone 1017
Alpha-pinene 480 Benzyl alcohol 9
Beta-pinene 36 n-butil alcohol 26
Cyclohexene 23 Ethanol 11
Dicyclopentadiene 514 2-ethoxy ethanol 19
n-hexane 32 [sopropanol 112
1-hexene 55 1-nonanol 79
2-methypentane 19 n-propanol 76
3-methylpentane 19 Ethyl butyrate 516
2-methyl-1-pentene 41 Chloromethyl methyl ether 7
2-methyl-2-pentene 31 Nitric oxide 13
1-nonene 64 Acrylo nitrile 56
Isopropyl benzene 14 Methyl amine 700
Mesitylene 49 Nitro benzene 126
Naphthalene 21 Ethyl mercaptane 340
n-propyl benzene 210 Sulfur dioxide 11
Ter-bulyl benzene 186 Tetrehydrothiophene 49
1,2,3, trimethyl benzene 394 Thiophene 193
m-xylene 68 Carbon tetrachloride 48
Arsine 760 lodomethane 50
Hydrogen bromide 19 Chloroethane 82
Phosphine 251 1,1-dichloroethane 106
Silane 191 1,1,2,2,-tetrachloroethane 101
Carbon dioxide 53824 m-dichlorobenzene 121
Carbon monoxide 2072 o-dichlorobenzene 63
Chlorine dioxide 146 p-dichlorobenzene 138

Table 3

Characteristics of the catalytic samples used in this study.
Catalyst Specific surface area (m?g-1) 3%A9/Si02

Fresh sample After oxidation cycles

Si0; 180 159
3%Ag/[Si0; 156 153
Zn0 40 35
3%Ag/ZnO 34 30

cycles. It can be seen that the addition of Ag results in a decrease in
surface area of both SiO, and ZnO supports. After 6 DPM oxidation
cycles, an additional drop in surface area is observed for both the
catalysts.

3.2.2. X-ray diffraction characterization of the catalysts

XRD spectra of the fresh SiO, and 3%Ag/SiO, samples are shown
in Fig. 3. The 3%Ag/SiO, sample revealed four clear diffraction peaks
of metallic Ag (JCPDS # 87-0717) around 26 =38°, 44°, 64°, 78°,
which correspond to the (111), (200), (220), and (311) planes of
face-centered cubic structures of silver, along with a weak peak
associated to cubic Ag,0 (20 =32°). The result indicates that a high
amount of metallic silver (Ag®) is present in the catalyst. Fig. 4
shows the XRD spectra of freshly prepared 3%Ag/Zn0O and ZnO sam-
ples. The 3%Ag/Zn0 spectrum revealed the characteristic bands of
Ag? (20=38°,44°, 64°), and Ag,0 (20 =32°), along with the diffrac-
tion peaks of ZnO (26 =32°, 34°, 36°,47°, 56°, 63°, 66°, 68°, and 69°)
in hexagonal wurtzite phase (JCPDS # 36-1451). The results suggest
that despite the use of strong reduction conditions during catalyst
preparation, in both the samples, a part of the deposited Ag was not
reduced to Ag®.

Intensity (a.u.)

20 30 40 50 60 70 80
Bragg angle, 26 (degrees)

Fig. 3. XRD spectra of fresh 3%Ag/SiO, and fresh SiO;.

3.2.3. TEM study of the catalysts

Representative TEM images of 3%Ag/SiO, and 3%Ag/Zn0O cata-
lysts before and after the DPM oxidation cycles are presented in
Fig. 5. The Ag particles can be seen as dark contrasts on the surface
of the supports particles. The images revealed no traces of carbon
or other particle matter after 6 DPM oxidation cycles.

3%Ag/SiO,
From Fig. 5, we can see the formation of well-dispersed Ag

nanoparticles of uniform sizes, with average size (c.a.) 3.03 nm over
the fresh catalyst. After its use in oxidation cycles, the Ag nanopar-
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1%Ag/ZnO

Intensity (a.u.)

20 30 40 50 60 70
Bragg angle 26 (degrees)

Fig. 4. XRD spectra of fresh ZnO and fresh 3%Ag/ZnO.

ticles aggregated to some extent, forming Ag particles of (c.a.)
5.36 nm average size. The increase of average size of Ag particles
due to the high temperature catalytic process is about 1.77 times
(77%). It is interesting noting that, even after the catalytic cycles,
the average size of the Ag nanoparticles in silica matrix remains
close to 5.0 nm, which is ideal for their catalytic applications.

3%Ag/Zn0O

Formation of well dispersed Ag nanoparticles of 3.0-11.4nm
size range, with average size of (c.a.) 6.36 nm can be seen for the
fresh 3%Ag/ZnO catalyst (Fig. 5). However, after the DPM oxidation
cycles, the Ag nanoparticles agglomerated due to high temperature,

Absorbance (a.u.)

T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 6. Absorption spectra of: 1) fresh SiO,; 2) 3%Ag/SiO, before DPM oxidation
cycles; 3) 3%Ag/SiO, after DPM oxidation cycles.

forming only a very few bigger Ag NPs of average size (c.a.) 88.0 nm.
The increase of average size due to high temperature catalytic pro-
cesses is about 13.84 times (1284%).

3.2.4. Diffuse reflectance spectra of the catalysts

3%Ag/SiO,

The UV-vis diffuse reflectance spectra (DRS) of SiO, and
3%Ag/Si0, before and after their use in DPM oxidation, were

recorded in absorption mode and presented in Fig. 6. The absorp-
tion spectrum of 3%Ag/SiO, before its use in DPM oxidation

Fig. 5. Typical TEM images of the a) unused Ag/ZnO, b) used Ag/ZnO, c) unused Ag/SiO>, and d) used Ag/SiO; catalysts. Magnified images of typical Ag particles in the samples

are presented as corresponding insets.
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Absorbance (a.u.)

300 400 500 600 700 800 900
Wavelenght/ (nm)

Fig. 7. Absorption spectra of: 1): 3%Ag/ZnO before DPM oxidation cycles; 2):
3%Ag/ZnO after DPM oxidation cycles; 3) fresh ZnO.

revealed two bands (spectrum 2). The first band, spreading through
320 and 600 nm, with maximum around 400 nm, corresponds to
the overlapping of silver surface plasmon resonance (SPR) signal
(400-550nm) with the o- ¢* and n- ¢ transition signals of Ag,
clusters, which appear in the 330-360 nm and 440-540 nm spectral
range, respectively [23,24]. The absorption band appearing around
400 nm was suggested [25] to be the SPR band of metallic Ag parti-
cles, attributed to the collective oscillations of the conduction band
electrons, induced by the incident electromagnetic radiation [26].
The second band at around 270 nm has been attributed to Ags2*
[27,28]. As can be seen in this figure, the absorption spectrum of
3%Ag/Si0, after its use in oxidation cycles (spectrum 3) presents
the same bands as the catalyst before using it in oxidation cycles
(spectrum 2). The result suggests that the same electronic states of
silver prevail in 3%Ag/SiO, even after six DPM oxidation cycles.

3%Ag/Zn0

The absorption spectra of ZnO and 3%Ag/ZnO before and after
their use in DPM oxidation cycles are represented in Fig. 7. The
absorption spectrum of the fresh 3%Ag/ZnO catalyst (spectrum 1)
revealed two bands. The first band appeared between 400 and
650 nm with maximum around 450nm, which corresponds to
the characteristic surface plasmon resonance (SPR) band of silver
nanoparticles [26,29]. The second band is observed with onset at
around 400 nm, which is close to the absorption edge of ZnO [30],
showing a band gap value around 3.1 eV. Spectrum 2, correspond-
ing to the diffuse reflectance spectrum of 3%Ag/ZnO after its use in
DPM oxidation cycles, revealed that the intensity of the absorption
band between 400 and 600 nm reduces considerably after using
the catalyst in DPM oxidation cycles, along with a shift towards
higher wavelengths, suggesting probably an electron deficit of the
Ag nanoparticles, and size increase during DPM oxidation at high
temperature. However, the intensity and position of the second
band, corresponding to the absorption edge of ZnO (at around
400 nm) remained the same for both samples.

As can be noticed from Fig. 7, while the absorption edge of
pure ZnO (spectrum 3) resides around 400 nm (corresponding to
a band gap around 2.9eV), its absorption edge in the 3%Ag/ZnO
catalyst (freshly prepared and after DPM cycles) is located around
390 nm. Such a blue-shift of the absorption edge in the composite
catalyst might had been occurred due to an interfacial electronic
transfer from Ag nanoparticles to ZnO support. Such an electron
transfer process would result in a deficit of electrons at the surface
of Ag nanoparticles and an enrichment of electrons in ZnO support,
leading to the blue shift of the excitonic absorption band of ZnO,
effectively increasing its band gap energy.

AgSiO, fresh a
3d

512

Counts per second (au)

T T T T T T T
364 366 368 370 372 374 376 378

BE (eV)
3AgSIO, used b
3d,,
e}
&
o
c
<]
(8]
o}
2]
[}
Q
2
[ =
= |
o
(@]
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Fig. 8. XPS spectra of 3%Ag/SiO,: (a) before, and (b) after 6 DPM oxidation cycles.

3.2.5. XPS characterization of the catalysts

The activity of a catalyst in oxidation reactions is closely associ-
ated to its capability to activate oxygen. To determine the possible
interactions between the catalysts and oxygen, the electronic states
of Ag supported over SiO, and over ZnO were determined by XPS
before and after using the catalysts in the DPM oxidation cycles.

3%Ag/SiO,

The XPS spectra of the freshly prepared 3%Ag/SiO, catalyst and
after its use in DPM oxidation are presented in Fig. 8. As can be
seen, the freshly prepared sample revealed well defined single
component Ag 3ds,, emission band peaked around 368.0 eV, cor-
responding to Ag® electronic state [31-33]. The XPS spectrum of
the sample revealed very similar Ag 3ds,, emission after its uti-
lization in six DPM oxidation cycles (Fig. 10, Table 4). The position
(binding energy) of Ag 3ds,, emission remained the same as that
of the unused catalyst, suggesting that the zero valent (metallic)
electronic state of silver in 3%Ag/SiO, remained unaltered, thus
the oxidized Ag* species were not formed, despite the strong high
temperature oxidation conditions to perform the DPM oxidation
cycles. The high stability of Ag0 can be explained considering the
very low enthalpy of formation of bulk Ag;0 (- AH¢=7 kcal/mol)
[34]. This value indicates that the surface oxidation of Ag® to Ag,0
is improbable, even in high temperature oxidation conditions.

It is worth noting that the XRD spectrum of 3%Ag/SiO, (Fig. 3)
revealed a weak peak associated to Ag, 0O in cubic phase, indicating
the presence of a fraction of silver in Ag* state. These apparent
contradictions between the XRD and XPS results, can be justified
considering that the XRD technique is a bulk technique, providing
information of the entire sample, while XPS technique is a surface
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Table 4

Binding energy position of the components, and Ag/Si or Ag/Zn atomic ratios at the surface of the fresh catalysts (before) and after their use in six DPM oxidation cycles. The%

peak area of Ag 3ds,, components is presented in parentheses.

Catalyst Ag 3ds), (eV)

(eV)

Si2ps3/;

Zn 2p3); Atomic ratio

(eV)

Ag/Si Ag/Zn

3%Ag/Si0,, fresh
3%Ag/Si0,, used
3%Ag/ZnO, fresh

368.0
367.9
367.3

(100) 103.8

(1

(8
368.3 (2

(9

(9

0
0) 103.7
)
)
)

367.2
368.4

3%Ag/Zn0, used

0.05
0.04
1021.7

1021.7

technique, providing surface composition of the catalyst, detecting
the presence of metallic Ag® species at its surface.

The XPS estimated Ag/Si atomic ratios in the catalyst before and
after its use in DPM oxidation cycles are presented in Table 4. The
Ag/Si atomic ratio at the surface of the catalyst before (0.05) and
after its use in DPM oxidation cycles (0.04) remained rather the
same. The results suggest that the Ag particles size was not altered
by the high temperature DPM oxidation cycles. This suggestion is
supported by the micrographs obtained from TEM which show only
a slight increase of Ag particles after the reaction cycles (Fig. 5).

3%Ag/Zn0

To examine the oxidation state of silver in 3%Ag/Zn0, XPS anal-
ysis was performed before and after its use in six DPM oxidation
cycles. Binding energies for the core electrons of the catalysts are
reported in Table 4.

The XPS spectrum of 3%Ag/Zn0 catalyst before its use in DPM
oxidation is displayed in Fig. 9, where we can observe the Ag 3ds,
emission band with two components, located around 367.3 and
368.3 eV, corresponding to Ag!*, and Ag® electronic states, respec-
tively [31-33,35,36]. The XPS spectrum of the sample after its use in
DPM oxidation cycles (Fig. 9b) revealed the Ag 3ds , emission band
with the same two components around 367.2 and 368.4 eV, corre-
sponding to Ag'*, and Ag? electronic states, respectively. However,
their relative intensity changed. The relative content of silver in
Ag? state decreased from 20% to 9%, and the relative content of
Ag!* increased from 80% to 91%, indicating that during oxidation
cycles, a fraction of silver in Ag? state transformed to Ag!* state.
Now, the oxidation of Ag® to Ag!* is not favored under the used
reaction conditions, as we discussed to explain the high stability of
Ag? in 3%Ag/SiO;.

3.2.6. TEM analysis of the catalysts

The TEM image of the fresh 3%Ag/ZnO sample (Fig. 5) shows
formation of small, highly dispersed Ag nanoparticles over ZnO sur-
face. It is well known that small metal nanoparticles can present
electron deficiencies due to metal-support interactions [37,38]
in contrary to that of larger metal nanoparticles. This fact could
explain the high relative content of Ag* species at the surface of
ZnO in the fresh 3%Ag/ZnO catalyst. However, the TEM study shows
that after using the catalyst in DPM oxidation cycles, the size of the
Ag nanoparticles increases drastically (1284%). While such increase
in particles size of Ag clusters reduces the contact surface area of
Ag-ZnO interface, it also reduces the probability of electron transfer
from Ag to ZnO support. In other words, the increase of Ag nanopar-
ticle size would increase the relative content of Ag® at the ZnO
surface. Notwithstanding, our XPS results revealed an increase in
the relative content of Ag* in the 3%Ag/ZnO0 catalyst after using in
DPM cycles.

To explain these apparent opposite results, we must consider
the effect of ZnO semiconductor in 3%Ag/ZnO composite and the
concept of energy level alignment between Ag nanoparticles and
ZnO support. The high content of Ag!* at the catalyst surface might

Ag/ZnO fres| a

52

Counts per second (au)

364 366 368 370 372 374 376 378
BE (eV)

Ag/ZnO used b
3d5!2

Counts per second (au)

364 366 368 370 372 374 376
BE (eV)

Fig. 9. XPS spectra of 3%Ag/Zn0: (a) before, and (b) after 6 DPM oxidation cycles.

had been caused by the electron transfer from Ag® to ZnO particles
during the formation of ZnO-Ag composite [39]. It is well known
that the work function of ZnO (~4.5eV) is larger than that of Ag
(4.26 eV). The Fermi energy level of Ag resides at higher level than
that of ZnO due to its smaller work function; implying that the
electrons will migrate from silver to the conduction band (CB) of
ZnO to achieve the Fermi level equilibration when they are in con-
tact, decreasing the stability of metallic silver at the metal-support
interface [40,41]. The electron transfer from Ag to ZnO results in the
formation of Ag!*, as revealed by XPS analysis. These assumptions
are in agreement with the results obtained from the absorption
spectra of the 3%Ag/Zn0 before and after the DPM oxidation cycles
presented in Fig. 7. The decrease of the intensity of metallic Ag
after the DPM oxidation cycles might be due to the decrease of Ag®
metallic species, resulting in a decrease in intensity of the SPR band,
which is red-shifted [42]. Consequently, this transfer might result
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Fig. 10. Evolution of CO, as a function of temperature during DPM oxidation over
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Fig. 11. Evolution of CO; as a function of temperature during DPM oxidation over
3%Ag/Zn0.

in an enrichment of electrons in ZnO support, resulting in a blue
shift of its absorption band edge.

3.3. Diesel particulate matter oxidation over the catalysts

In order to compare the activities of the different catalysts, the
results obtained on the CO, evolution during the DPM oxidation
cycles (6 oxidation cycles) as a function of temperature are pre-
sented in Figs. 10 and 11. The values calculated from these figures,
led to the construction of Table 5, which summarizes the integrated
areas under CO, evolution curves during particulate matter oxi-
dation over the catalysts (intensity of CO, evolution) ([CO2]cat);
the temperatures at which the oxidation started (Tjpiiar); the tem-
peratures when the oxidation reached a maximum (Tyax) and the
temperatures when the reaction completes (Trinar)-

Diesel particulate matter oxidation over SiO,

The evolution of the DPM oxidation over SiO, at temperatures
between 25 and 600°C (Fig. 10) revealed the production of very
small amounts of CO, during the 1st oxidation cycle. The amounts
of generated CO, remained rather constant during the subsequent
cycles as reported in Table 5.

Diesel particulate matter oxidation over 3%Ag/SiO,

Fig. 10 shows of CO, evolution, as a function of the oxidation
temperature, during 6 particulate matter oxidation cycles over
the 3%Ag/SiO, catalyst. In all the six CO, evolution curves, there

Table 5

Integrated areas under CO; evolution, starting temperatures of oxidation (Tyyitial );
temperatures of maximum oxidation (Twax ), and the temperatures of reaction com-
pletion (Tgjp, ) for the catalysts during DPM oxidation cycles.

Catalyst Cycle Intensity of CO, Temperatures
evolution (°C)
(10'8 molecules)
Tinitial Tmax Trinal
Quartz wool 450 477 726 820
SiO, 1st 72 200 330 550
2nd 69 210 345 550
6th 74 220 350 550
ZnO 1st 64 225 - -
2nd 55 256 - -
6th 48 248 - -
3%Ag/Si0, 1st 354 70 220 542
2nd 346 105 225 540
6th 353 100 223 536
3%Ag/ZnO 1st 146 102 228 475
2nd 132 104 228 450
6th 130 102 230 450

appeared a broad signal through 150-300°C, peaking at about
220°C, indicating that the highest DPM oxidation temperature
(Tmax ) remains the same from cycle to cycle. The unaltered position
of Tyax would mean that during 6 oxidation cycles, the stoichiom-
etry and electronic structure of the catalyst remained the same.
Now, XPS results revealed that the surface metallic electronic state
of silver in the catalyst remained the same after six DPM oxida-
tion cycles. The constant activity during DPM oxidation cycles and
unaltered electronic state of Ag, suggest that metallic Ag? is the
active species for the reaction. The results presented above indi-
cate that this catalyst is thermally stable and could operate at the
temperatures of diesel engine exhaust gases.
Diesel particulate matter oxidation over ZnO

The evolution of the DPM oxidation over ZnO at temperatures
between 25 and 600 °C during the 1st cycle is presented in Fig. 11.
This result revealed the production of very small amounts of CO,
during DPM oxidation; which is even lower than the amount of
CO, generated during the 1st DPM oxidation cycle performed using
SiO,. During the subsequent 5 DPM oxidation cycles (Table 5), the
amounts of generated CO, remained very low.

These results suggest that, although the DPM quantities
deposited over SiO, and ZnO are similar (Table 1; 8.55mg and
8.66 mg, respectively), their oxidation activities are different.

Diesel particulate matter oxidation over 3%Ag/ZnO

Fig. 11 shows the temperature evolution of CO, during 6 partic-
ulate matter oxidation cycles over the 3%Ag/Zn0. As can be seen,
during the first oxidation cycle, there appeared a small CO, sig-
nal at about 225 °C (Tpax)- This signal decreased slightly during the
successive cycles, indicating a slight deactivation of the catalyst.
Now, the results obtained from the DRS and XPS analyses of the
catalyst revealed that after the oxidation cycles, the content of Ag®
decreased; which suggests that there is a direct dependence on
the oxidation activity and the percentage of Ag® on the 3%Ag/ZnO
catalyst surface.

Catalysts diesel burning efficiency

To estimate the catalytic activity of the different catalyst, the
CO, evolution during the oxidation of DPM deposited on quartz
wool was also monitored. The results presented in Table 5 indicate
that DPM oxidation initiated at about 477 °C (Typjtjar), and com-
peted around 820 °C (Tjpar)- The Tyax detected was about 726 °C.
The result permitted to calculate the total area under the CO, evo-
lution curve between 25 and 820°C. This value is considered as
a measure of the total amount of carbon in the particulate mat-
ter, generated from the exhaust gas of the vessel and accumulated
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Table 6

CO, evolution, and estimated efficiency of the 3%Ag/SiO, and 3%Ag/ZnO catalysts for the 1st, 2nd, and 6th oxidation cycles of DPM oxidation. Temperature range: 25-600°C.

Catalyst Intensity of CO,  evolution (10'® molecules) Catalyst efficiency

1st 2nd 6th 1st 2nd 6th
Quartz wool’ 450
SiO, 72 69 74 0.16 0.15 0.16
Zn0 24 19 15 0.05 0.00 0.00
3%Ag/Si0, 354 346 358 0.78 0.76 0.82
3%Ag/Zn0O 146 132 130 0.32 0.29 0.28

" Temperature range: 25-820°C.

for 1h ([CO; ]ges). To estimate and compare the catalytic activity of
the catalysts studied in this investigation, we define the Relative
Catalytic Activity of the catalyst as the ratio of CO, concentration
evolved during the catalytic process and the same in absence of the
catalyst (using only quartz wool) as:

[COZ]Cat
[COz e’

where [CO;]ca is the area under CO, evolution curve (between
25°C and 600°C) during DPM oxidation over the catalyst, and
[CO; ]Ref is the area under CO, evolution curve during DPM oxida-
tion over quartz wool. The [CO; |c,¢ and calculated Relative Catalytic
Efficiency values for the catalysts for different oxidation cycles
have been presented in Table 6. As can be seen from this table,
the 3%Ag/SiO, catalysts is far more efficient than 3%Ag/Zn0O, and
remains highly active during six DPM oxidation cycles.

Relative Catalytic Activity =

3.4. Mechanistic considerations of DPM oxidation over the
catalysts

It is well known that metallic silver is an oxidation catalyst
which can form several sub-oxide species (oxygen admolecule,
superoxide ion, subsurface oxygen, oxygen adatoms, and oxidic
oxygen adatoms) in oxidation atmosphere [43-48]. Nakatsuji et al.
[49,50] studied the mechanism of silver catalyzed partial oxidation
by theoretical calculations and concluded that the active species
was superoxide ion O~ which was molecularly adsorbed. Other
investigations have also demonstrated that Ag® promotes the for-
mation of superoxide ions [51-55]. Annegi et al. pointed out that
the superoxide ions generated by metallic silver might assist carbon
oxidation [19].

The results presented in this investigation suggest that Ag®
species present in 3%Ag/SiO, and 3%Ag/ZnO might be responsible
for DPM oxidation. Based on the results presented in the previous
reported studies, in which the presence of superoxide ions O, ~ was
demonstrated [49-55], we propose the following probable mech-
anism in terms of Eley-Rideal reaction pathways to explain the
activity of the catalysts studied for DPM oxidation.

—

. Adsorption of O, on the Ag? catalytic sites.

2. Generation of superoxide species O, ~ by the transfer of one elec-
tron from Ag® to the moleculary adsorbed O, as proposed by
Nakatsuji et al. [49,50] to describe the mechanism of metallic-
silver catalyzed ethylene epoxidation.

3. Reaction of the DPM particle with the adsorbed superoxide
molecule on Ag®.

4. Reaction of C—H and/or C=C bonds present in the DPM particle

with the O, formed at Ag9[19].

The superoxides formed on Ag® would have strongly increasd
the probability of DPM oxidation, resulting in the production of
CO, and H,0 molecules as final products.

Now, it is well known that Ag!* is not active in oxidation reac-
tions, thus it is not active in DPM oxidation. The very low activity

of 3%Ag/Zn0O for DPM oxidation can be explained considering the
high content of Ag'* species present at the catalyst surface, there-
fore, the low content of Ag3 which might have generated very low
amounts of superoxides (0O, ™), resulting in very low activity for
DPM oxidation (Fig. 11).

In 3%Ag/Si0,, electronic transfer from Ag to SiO, does not takes
place due to the insulating character of SiO,. However, in 3%Ag/ZnO0,
due to favorable electronic structure at the metal-semiconductor
interface, electrons from Ag® move to the conduction band of ZnO,
producing Ag!* at the surface of ZnO. During DPM oxidation cycles,
this electron transfer process enhances, reducing the oxidation
capacity of Ag/ZnO. The high content of metallic Ag?, stabilized at
the surface of SiO, results in a very high activity for DPM oxidation
(Fig. 10).

4. Conclusions

In summary, the results obtained in this investigation suggest
that catalytic activity of Ag supported metal oxide catalysts for DPM
oxidation is a function of the electronic state of Ag at their surfaces,
which depends on the electronic interactions of Ag and the support,
especially on the work function values of Ag and the support.

The high diesel particulate matter oxidation activity presented
by 3%Ag/SiO, may be due to the very high amount of metallic Ag®
at the surface, stabilized due to the lack of electronic interactions
between Ag and SiO, (insulator). The presence of Ag?, at the sur-
face of the composite catalysts, generates high amounts of O, ~, the
very active species for improving diesel particulate matter oxida-
tion. However, the electronic interactions of Ag with ZnO (n-type
semiconductor) at the metal-support interface led to the formation
and stabilization of high amounts of Ag!* species, which are inac-
tive for the O, generation over 3%Ag/ZnO surface, resulting in a
very low activity for diesel particulate matter oxidation.
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