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a b s t r a c t

Hydrogen-reduced air-calcined 1%Au/ZnO composite synthesized by gold impregnation in ZnO has been
utilized as catalyst for diesel particulate matter (DPM) oxidation. The catalyst was characterized by UV-
vis optical absorption, X-ray photoelectron spectroscopy and transmission electronic microscopy. The
composite catalyst showed excellent activity for the oxidation of DPM at temperature as low as
230 �C. The activity of the catalyst does not change up to 6 oxidation cycles. The high catalytic activity
of the composite has been attributed to the formation of stable Au0–Au3+ bifunctional catalytic sites at
the gold-ZnO interface, which enhances the contact efficiency of solid particulate matter on Au3+ and
the generation of superoxide species on Au0. The high stability of the bifunctional Au0-Au3+ sites is asso-
ciated with the electronic interactions between gold and n-type semiconductor ZnO at their interface.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Particulate matters (PM), containing mainly the soot emitted
from diesel engines have caused acute human health and environ-
mental problems [1]. Wall flow filters are commonly employed in
diesel engine exhausts to trap these soot particulates. However, to
keep the backpressure of the engine low, the filter needs frequent
regeneration by burning the trapped soot at high temperatures,
which often damage the filter.

Diesel particle traps with different designs can be used for die-
sel particulate matter (DPM) removal from gas streams [2,3]. Once
the DPM is collected on a filter, different regeneration strategies
can be applied. The thermal combustion is usually performed
above 450 �C. The use of a catalyst is the key to lower the ignition
temperature [4]. Among the available technologies for filter regen-
eration, there is PSA system, in which a Ce fuel additive leads to the
formation of CeO2 particles well embedded into the DPM structure,
lowering its ignition temperature. Although this system works sat-
isfactorily, fuel penalty and high investment cost are its main
drawbacks [5]. On the other hand, the Continuously-Regenerat
ing–Trap (CRT system by Johnson Matthey) that consists of a
wall-flow trap with an upstream flow through a platinum-group-
metal catalyst converts NO to NO2, which rapidly reacts with
trapped DPM. The system oxidizes DPM at temperatures as low
as 220 �C [6].

The key challenge of this technology is to develop a catalyst that
can accelerate particulate matter oxidation at temperatures as low
as possible [7–9].

The catalytic activity of a material for diesel particulate matter
(DPM) oxidation is affected by two factors: the contact efficiency
between solid particles and the catalyst surface, and the intrinsic
activity of the catalyst [10–17].

For a long time, gold did not attract much attention in catalyst
research and chemical engineering as it is catalytically much less
active than the platinum group metals due to its 5d10 electronic
configuration. In the absence of support material, H2, CO and O2

are not adsorbed on pure gold surfaces. On the other hand, hydro-
carbons interact only weakly with gold surfaces [18]. The intrinsic
inertness of gold could be overcome successfully by dispersing
over support surface as small nanoparticles.

Downsizing the dimension of particles however, also affects
their electronic properties. For gold nanoparticles grown by vapor
deposition under ultrahigh vacuum on single crystalline TiO2

(110) surfaces, scanning tunneling spectroscopy revealed a higher
band gap (HOMO-LUMO gap) for particles smaller than 4 nm,
which increases further with size reduction, giving rise a non-
metallic character to these fine particles [19]. The result suggests
that if the metal-mediated oxidation depends on the nature of
metal, significant changes in catalytic properties should be
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observed with the electronic change (or charge distribution) of
metal nanostructures. One powerful method for determining the
electronic state of metal is X-ray photoelectron spectroscopy
(XPS). The electronic properties of metal nanoparticles also differ
markedly from their bulk counterparts due to quantum size effects
[20]. The essential issue of these phenomena is that in nanometric
particles, the conduction electron band is not a continuum as in the
bulk metal, but splits into discrete energy levels.

Supporting gold nanoparticles as active components is an
attractive choice to enhance the intrinsic catalytic performance
of oxidation catalysts, because they promote adsorption-
activation of molecular oxygen and increase the amount of active
oxygen species (O2

&�) over the catalyst surface [21–32]. Gold
nanoparticles dispersed on metal oxides have been applied to a
number of catalytic reactions including complete oxidation of
hydrocarbons, hydrogenation, NO reduction, and water gas shift
reactions [33–35].

The efficiency of supported Au nanoparticles depends on their
size and shape [36], the nature of the support [37], the oxidation
state of the active gold species (Au0, Au1+ or Au3+) [38], the gold
species-support interactions, and the oxygen supply pathways
[39]. It is commonly accepted that activation of O2 is the most crit-
ical step in catalytic oxidation reactions involving gold. The reac-
tivity of gold clusters with O2 is important for understanding
their remarkable catalytic effects. One of the reported reasons of
the chemisorption and activation of O2 on Au-based catalysts is
the so-called metal-support interactions. These include electronic
interactions between the components (metal and the support)
[40], stabilization of certain shapes or sizes of the particle [41],
strong metal-support interactions [42] or the stabilization of oxi-
dized active phases by the support [43]. Wei et al. [44] have suc-
cessfully synthesized three-dimensionally ordered macroporous
Au/Ce1�xZrxO2 catalysts which, with the assistance of NOx could
decrease the ignition temperature of diesel soot as low as to
250 �C even in loose contact conditions. However, a poor thermal
stability of supported Au based catalysts for soot oxidation was
reported. Indeed, gold-based catalysts have been commercialized
for diesel engines (e.g. Nanostellar Inc.) for the control of CO and
HC in their exhausts [45]. However, an exact mechanism of gold-
mediated catalysis has not been fully understood, especially for
the reactions associated with particulate matters.

In general, the catalysts studied for DPM oxidation have smal-
ler pore sizes (>10 nm) than the size of DPM particles, whose
diameter varies from 20 nm to 1 lm. Thus, it is difficult for the
DPM particles to enter into the inner pores of these catalysts with
high surface area [46–48]. Therefore, the contact area and the
exposed active sites are limited, which affect the performance of
the catalyst.

In the present work, we present a 1%Au/ZnO composite, which
can act as efficient catalyst for DPM oxidation at low temperature.
The catalyst was prepared by impregnation of gold ion solution in
ZnO particles of a very low specific surface area. We used this sup-
port due to its bigger average pore size (>50 nm), which could per-
mit solid reactant to enter the inner pores of the catalyst, with easy
to transport and diffuse. Consequently, the effective contact area
between the DPM and the catalyst would increase.

The structural and electronic properties of the catalyst were
studied utilizing X-ray photoelectron spectroscopy (XPS), UV-vis
diffuse reflectance spectroscopy (DRS) and transmission electronic
microscopy (TEM) techniques. The catalytic behavior of the com-
posite in DPM oxidation in 25–600 �C temperature range has been
correlated with its physicochemical properties, considering the
interactions of active and non-active species such as Au0, Au1+,
and Au3+ with oxygen and DPM, along with the interactions
between Au and the ZnO support.
2. Experimental section

2.1. Catalysts

2.1.1. Catalyst preparation
ZnO powders obtained from Merck, Germany (99.9%), were

impregnated with appropriate amount of aqueous NaAuCl4
(Aldrich 99.99%) solution to obtain a nominal 1 wt% Au/ZnO mix-
ture. The suspension was magnetically stirred at room temperature
for 1 h, after which the catalyst was recovered by filtration, and
washed thoroughly to remove soluble sodium, chlorine, and other
unreacted species (if any), and dried at 120 �C overnight. After dry-
ing, the resulting powder was reduced under pure H2 using a feed
volume flow rate of 80 ml min�1 at 450 �C for 4 h. The temperature
of the furnace was increased at the rate of 10 �C min�1. After cool-
ing down to room temperature (25 �C) under H2 flow, the sample
was purged with air for 30 min. The catalyst was then calcined
under air using a feed volume flow rate of 100 ml min�1 at
600 �C for 4 h. After cooling down to room temperature (25 �C)
the catalyst was stored in dry conditions, after which it is called
1%Au/ZnO. A ZnO sample, without NaAuCl4 solution impregnation
was prepared in the same way to use as the reference.
2.1.2. Catalyst characterization
The loadings of Au and Na species in the catalyst were deter-

mined using a Shimadzu AA-7000 atomic absorption spectropho-
tometer, with hollow Au and Na cathode lamps and a deuterium
background corrector at respective wavelengths using an air-
acetylene flame. The lamp current was set to 10 mA.

A Quantachrome Nova-1000 sorptometer was used to measure
the N2 adsorption-desorption isotherms of the catalysts. Specific
surface area (Sg) of the samples was estimated from their N2

physisorptions at 77 K, using BET analysis. The samples (1 g 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 iso-
therms 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 (�15 mm diameter) using a Shimadzu UV-vis spec-
trophotometer equipped with an integrating sphere, and BaSO4

as standard reflectance sample. The crystallinity and structural
phase of the samples were verified through powder X-ray diffrac-
tion (XRD), using the CuKa radiation (k = 1.5406 Å) of a Bruker D8
Discover diffractometer.

X-ray photoelectron spectra (XPS) were recorded on freshly
prepared 1%Au/ZnO catalyst and after its 6th particulate matter
oxidation cycle, using an Escalab 200R electron spectrometer
equipped with a hemispherical analyzer, operating in a constant
pass energy mode. Monochromatic MgKa emission
(hm = 1253.6 eV) from the X-ray tube operating at 10 mA and
12 kV was utilized for recording XPS spectra of the samples. Differ-
ent energy regions of interest of the photoelectrons 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 subtracting 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 1%Au/ZnO and after 6 oxidation cycles
were obtained in a JEM 2100F microscope fitted with an INCA
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X-sight (Oxford Instruments) energy dispersive X-ray spectroscope
(EDX), operating at 200 kV accelerating voltage.
2.2. Generation of diesel particulate matter

The particulate matter used in this study was generated by
burning pure Mexican diesel acquired from the 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
insoluble (carbon) fractions of the diesel-emission.

The emission from the exhaust of the vessel was directed
through a 20 cm long pipework 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 cm3 min�1. The diesel particulate
matter (DPM) generated from the exhaust of the vessel was accu-
mulated on the catalyst in the tubular reactor. After 1 h of diesel
combustion, the total amount of DPM retained by the catalyst in
the blank experiment was about 8.45 mg (measured using a Shi-
madzu AX200 balance), attaining a DPM/catalyst mass ratio of
0.042. The amount of DPM retained by the catalyst was measured
after 3 accumulation processes before proceeding with its temper-
ature programmed oxidation. The DPM mass accumulated was
rather constant and about 8.4 ± 0.5 mg.
Fig. 1. Schematic diagram of the system used for monitoring the combustion process. 1:

Fig. 2. Photographs of 1%Au/ZnO catalyst (a): before; (b): after DPM dep
In Fig. 2, pictures (magnified 400�) of 1%Au/ZnO before (a) and
after (b) DPM deposition can be observed. It is interesting to note a
homogeneous mixture of the DPM and the catalyst after
deposition.

The contact between DPM and the catalyst during DPM accu-
mulation was considered similar to the contact between the DPM
generated from a real diesel engine and the catalyst used in a par-
ticulate filter. However, in order to compare the reactivity of 1%Au/
ZnO for the DPM (formed by soluble and insoluble carbon) oxida-
tion with other literature results obtained using synthetic soot
[49,50,48,13,51–56], we performed additional experiments using
carbon-black from Degussa (Printex-U, with 92.0% C, 3.5% O, 0.3%
N, 0.3% S and 3.9% other). The catalyst (200 mg) and soot (2 mg)
were mixed with a spatula in the so-called loose contact mode
[57]. A picture of the mixture (magnified 400�) can be seen in
Fig. 2(c). The mixture was placed inside the tubular quartz reactor
(inner diameter 10 mm) in the programmable furnace. The process
was performed using an air feed volume flow rate of
100 cm3 min�1.

Organic functional groups in the DPM synthesized in this inves-
tigation and in the Printex-U carbon-black were analyzed using a
Bruker FT-IR spectrometer (Vertex 70) in the 800–4000 cm�1

spectral range. A thin, uniform KBr pellet prepared with 0.2 wt%
of the samples was used for recording the FT-IR spectra.
Air; 2: Diesel burner; 3: Reactor; 4: Temperature controller; 5: Gas chromatograph.

osition and (c): mixture of 1%Au/ZnO and carbon-black (Printex-U).
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2.3. Particulate matter oxidation through programmed temperature
experiments

After the accumulation of DPM over the catalyst surface (or
after placing the catalyst/carbon-black in the reactor), air was
purged for 15 min to remove weakly attached combustion prod-
ucts. The air (20 vol% of O2 and 80 vol% of N2) flow rate was main-
tained at 100 cm3 min�1. The mixture was then heated from room
temperature (25 �C) to 600 �C at the rate of 5 �C min�1. A thermo-
couple was inserted into the DPM-catalyst mixture to monitor its
temperature along with the exothermic heat of the DPM oxidation.
The emissions from the reactor were analyzed every 5 min through
a computer programmed Shimadzu gas chromatograph provided
with a thermo-conductivity detector (TCD) to monitor the CO2 evo-
lution at different temperatures. The chromatograph was fitted
with a Porapak column to analyze CO2 evolutions as a function of
the temperature of the particulate matter-catalyst mixture. The
process comprising particulate matter accumulation on the cata-
lyst at room temperature (during 1 h), its subsequent oxidation
at high temperature, and then cooling down to 25 �C is called a
cycle. The duration of each cycle was about 2.5 h. After the first
cycle, five similar cycles were performed over the same 1%Au/
ZnO sample. The same process was performed for the mixture
catalyst/carbon-black placed in the reactor. In order to determine
the catalyst effect, an uncatalyzed particulate matter oxidation
cycle was performed over only quartz wool at fixed temperatures
between 25 and 800 �C.
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Fig. 3. UV-vis absorption spectra of the (a) ZnO before using in oxidation cycles; (a)
ZnO after oxidation cycles; (c) 1%Au/ZnO before using in oxidation cycles; (d) 1%Au/
ZnO after 6 oxidation cycles.
3. Results and discussion

3.1. Characterization of the catalysts

3.1.1. Surface area analysis and Au and Na loading determinations
The specific surface area of the catalysts before and after utiliza-

tion in oxidation cycles was estimated from their N2 adsorption-
desorption isotherms recorded at 77 K. Obtained results are sum-
marized in Table 1. All the freshly prepared catalysts revealed very
low specific surface area, which remained constant after their use
in DPM oxidation cycles. From Table 1, it can be seen that the esti-
mated gold and sodium loadings (AAS results) in the catalyst were
1.03% and 0.0005%, respectively. Such a low concentration of Na in
the catalyst is expected to have no influence in the performance of
the catalyst.

3.1.2. UV-vis characterization of the catalysts
Fig. 3 shows the UV-vis diffuse reflectance spectra (DRS) of ZnO

and 1%Au/ZnO, before and after their use in DPM oxidation cycles.
The absorption spectrum (spectrum c) of the 1%Au/ZnO sample
before its use in DPM oxidation revealed two bands. The first band
appeared between 450 and 650 nm with maximum around
562 nm corresponding to the surface plasmon resonance (SPR) of
Au nanoparticles [58]. The second band is observed with onset
around 400 nm, which is close to the absorption edge of ZnO semi-
conductor (spectrum a) [59]. On the other hand, in the figure, it can
be seen that there are not differences between the absorption spec-
tra of the catalyst before (spectrum c) and after DPM oxidation
Table 1
Au and Na loading, and estimated specific surface area of the catalysts before and after th

Catalyst Metal loading (%)

Au Na

ZnO – –
1%Au/ZnO 1.03 0.0005

a After 1st cycle.
(spectrum d). This result suggests that the electronic state of Au
particles in 1%Au/ZnO remained the same, even after six soot oxi-
dation cycles.

3.1.3. XPS characterization of the catalysts
The catalytic performance of a material in oxidation reaction is

frequently correlated with its capability to activate oxygen. To
determine the possible interactions between the catalyst and oxy-
gen, the electronic properties of the gold supported over ZnO were
studied by XPS before and after using the catalyst (1%Au/ZnO) in
oxidation cycles. The results are presented in Fig. 4 and Table 2.
The XPS spectrum of the freshly prepared 1%Au/ZnO catalyst
revealed Au 4f7/2 emission band with three components located
around 83.4, 85.6, and 88.0 eV, corresponding to Au0, Au1+, and
Au3+ states, respectively (Fig. 4). On the other hand, the catalyst
after utilization in 6 DPM oxidation cycles, revealed similar three
fold Au 4f7/2 emission and the positions of the component bands
(i.e. their binding energies) remained the same as that of the
unused catalyst. In Table 2, it can be seen that the content of gold
in Au0, Au1+, and Au3+ states remained the same in the catalyst
after using in oxidation cycles. These results indicate that the elec-
tronic state of Au particles in 1%Au/ZnO remained the same, even
after six soot oxidation cycles. On the other hand, the Au/Zn atomic
ratio value at the surface of the catalyst remained the same after
using it in 6 DPM oxidation cycles. These results show the high sta-
bility of the catalyst for the oxidation cycles.

3.1.4. TEM images of the catalysts
Representative TEM images and Au particle size distribution of

1%Au/ZnO before and after the DPM oxidation cycles are presented
in Fig. 5. The Au particles can be seen as dark contrasts on the sur-
face of ZnO particles. Average diameter of the Au nanoparticles
estimated from their size distribution histograms was 89.3 nm
eir utilization in particulate matter oxidation cycles.

Specific surface area (m2 g�1)

Fresh sample After oxidation cycles

4.78 4.62a

3.93 3.69
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Table 2
Binding energy positions of the components and Au/Zn atomic ratio at the surface of
the catalysts before and after using them in 6 diesel particulate matter oxidation
cycles. The % peak area of Au0, Au1+, and Au3+ components is presented in
parentheses.

Catalyst Au 4f7/2 (eV) Zn2p3/2
(eV)

O1s
(eV)

Au/Zn
atomic
ratio

1%Au/ZnO before particulate
matter oxidation

83.4 (7)85.6 (9)
88.0 (84)

1021.5 530.4 0.189

1%Au/ZnO after particulate
matter oxidation

83.3 (6)85.6 (8)
87.9 (86)

1021.5 530.3 0.181
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and 90.5 nm for the fresh catalyst and after its use in oxidation
cycles, respectively. The results show that during the 6 DPM oxida-
tion cycles, the Au particle size distribution remained the same.
During preparation, the catalyst was first reduced at 450 �C and
then calcined at 600 �C. Both temperatures were higher than the
Tammann temperature of gold (395 �C). Such high temperature
pretreatments to the catalyst lead to the sintering of already
formed gold particles over catalyst surface, and increase their size
(around 90 nm) before their use in catalytic reactions. It is worth
noting that most of the reported gold catalysts contain smaller par-
ticles [60].

From Fig. 5, we can see that the gold particles are hemispherical
in shape and they are attached to the support through their flat
plane with a specific crystal orientation with respect to the sup-
port. The interfaces between Au and ZnO thus appear to be in tight
contact, exhibiting specific crystal orientation. This fact strongly
suggests that Au atoms are at the metal-support interface, with
electronically different characters compared to the other atoms
of the nanoparticle. The images revealed no traces of carbon or
other particulate matter after 6 DPM oxidation cycles. These
results are consistent with UV-vis and XPS results discussed in
the previous sections.

3.2. Diesel particulate matter oxidation over the catalysts

3.2.1. Diesel particulate matter oxidation over ZnO
The DPM oxidation activity of ZnO was measured for the first

oxidation cycle, in the temperature range 25–600 �C (results not
shown). Only a very small amount of CO2 was detected at about
590 �C, indicating that the total oxidation of DPM was not
achieved.

As the UV-vis absorption spectra of ZnO (Fig. 3) before and after
its use in the particulate matter oxidation cycle remained rather
unchanged, it can be considered that the electronic structure of
ZnO remained the same even after the DPM oxidation cycle.

3.2.2. Diesel particulate matter oxidation over 1%Au/ZnO
CO generated during the 6 DPM oxidation cycles was not

detected in the studied temperature range, probably due to the
strong oxidation activity of 1%Au/ZnO, which might have oxidized
CO at an oxidation rate higher than the CO generation rate. Indeed,
Haruta et al. [35] demonstrated that supported Au catalysts are
very active for CO oxidation at temperatures ‘‘as low as 0 �C.”

Fig. 6 shows the temperature evolution of CO2 during the 6 DPM
cycles over the 1%Au/ZnO catalyst. In all the six CO2 evolution
curves, there appeared a sharp signal through 200–300 �C, peaking
at 230 �C, indicating that the highest DPM oxidation temperature
(Tmax) remains the same from cycle to cycle. The unaltered position
of Tmax would mean that during the 6 oxidation cycles, the stoi-
chiometry and the electronic structure of the catalyst remained
unaltered.

In order to discard a possible deactivation of the catalyst due to
high concentrations of CO2 and water which are present in a real
diesel engine exhaust gas, we performed the following experiment.
The combustion emissions (comprising produced CO2, CO, HC, NOx,
and H2O) from the exhaust of the vessel (used in this investigation)
were directed to a catalyst sample in the tubular reactor, for 8 h at
300 �C, after which the temperature was lowered to 25 �C and a
new DPM deposition followed by its TPO was performed. In
Fig. 6 (7th cycle) it can be seen that the CO2 evolution profile
and the Tmax of this cycle remained the same as that of the process
performed with air. The results indicate that CO2 and H2O do not
affect the activity of 1%Au/ZnO catalyst, in contrary to the results
reported by Goguet et al. in the study of water gas shift reaction
catalyzed by Au/CeZrO4 [61].

In order to compare our results with those reported in the liter-
ature in which synthetic soot (in loose mode) was used to investi-
gate the catalytic activity for soot oxidation, we performed an
additional experiment using carbon-black (Printex-U) to measure
the oxidation activity of 1%Au/ZnO in loose contact mode (Fig. 7).
This result indicates a high activity of 1%Au/ZnO for carbon-black
oxidation. However, the Tmax determined for this reaction
(350 �C) is higher than the Tmax measured (�230 �C) for the DPM
generated by direct diesel burning.

Fig. 8(a) shows the FT-IR spectrum of DPM synthesized in this
investigation. Principal characteristic peaks revealed in this spec-
trum correspond to the CAH asymmetric and symmetric stretching
of aliphatic groups at 2954 cm�1, 2920 cm�1 and 2854 cm�1; CAO
stretching of carbonyl groups at 1711 cm�1; C@C stretching of aro-
matics and alkenes at 1548 cm�1; and conventional coke at
1462 cm�1 [62,63]. The signal at about 1358 cm�1 has been
observed in graphite, carbon black and activated carbon [64]. The
spectrum shows a broad signal between 1250 and 900 cm�1, which
might be the result of several peak overlapping corresponding to
CAO stretching (1191 and 1070 cm�1), CAOAC stretching
(1121 cm�1), and CACAO stretching [62]. The signal at around
2360 cm�1 corresponds to atmospheric CO2 adsorbed on the
samples.

Now, the FT-IR spectrum of carbon-black (Fig. 8(b)) revealed
similar signals at 1735 cm�1, 1548 cm�1, 1459 cm�1, and
1359 cm�1. However, the signals corresponding to aliphatic groups
(between 3000 and 2750 cm�1) and the broad band found in DPM
spectrum (between 1250 and 1000 cm�1) corresponding to oxygen
containing compounds are not present. From the obtained results,
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Table 3
CO2 evolution and estimated relative activity of the composite catalyst for the 1st,
2nd, and 6th oxidation cycles of DPM oxidation.
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Fig. 9. FTIR spectra of (a) diesel particulate matter sample collected from the
combustion vessel exhaust, (b) 1%Au/ZnO after DPF oxidation cycles, and (c) 1%Au/
ZnO before DPF oxidation cycles.
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it can be concluded that carbon-black (Printex-U) does not contain
unburnt hydrocarbons or unburnt oxygen-containing compounds,
which may constitute the soluble organic fraction (SOF) in DPM
synthesized in this investigation. The composition of this DPM
might be similar to the composition of DPM generated by a real
diesel engine.

The lower Tmax measured for DPM oxidation indicates a high
amount of DPM in contact with the catalyst, and the transfer of a
huge exothermic heat generated during oxidation of the SOF to
the neighboring DPM molecules, resulting in low temperature
combustion. In the case of carbon-black oxidation, which does
not contain the SOF, there is no exothermic heat transfer from
SOF combustion, and therefore, higher temperatures will be
needed to attain the activation energy for carbon oxidation.

To estimate the catalytic activity of our 1%Au/ZnO composite,
CO2 evolution during particulate matter oxidation in the absence
of catalyst was also monitored between 25 and 800 �C. Fig. 10
shows the effect of temperature on DPM oxidation, deposited on
quartz wool. As can be seen, only one signal of CO2 evolution is
revealed between 550 and 800 �C, peaked at about 735 �C. Only a
very small amount of CO2 could be detected during the DPM oxida-
tion reaction at temperatures between 25 and 600 �C. At 800 �C, no
CO2 signal was detected, suggesting that the total DPM oxidation
was achieved at this temperature. The total area under the CO2

evolution curve between 25 and 800 �C, [CO2]Ref, was considered
as a measure of the maximum amount of carbon in the particulate
matter that can be oxidized, generated from the exhaust gas of the
vessel and accumulated for 1 h. We define the Relative Catalytic
Activity of the catalyst as the ratio of [CO2] evolved during the cat-
alytic process and the same in the absence of the catalyst (using
only quartz wool) as follows:

Relative Catalytic Activity ¼ ½CO2�Cat
½CO2�Ref

;

where [CO2]Cat is the area under CO2 evolution curve (between
25 �C and 600 �C) during particulate matter oxidation over the cat-
alyst, and [CO2]Ref is the area under CO2 evolution curve during par-
ticulate matter oxidation over quartz wool. The [CO2]Cat and
calculated catalytic efficiency values for the 1%Au/ZnO catalyst for
different oxidation cycles have been presented in Table 3. The
results obtained from the catalytic evaluation of 1%Au/ZnO compos-
ite indicate clearly that the catalyst remains active even after six
cycles of particulate matter oxidation, and the oxidation tempera-
ture remains as low as 230 �C.
The results presented in Table 3 indicate that the total charge of
soot deposited in each oxidation cycle was fully oxidized. This
observation is supported by the FTIR spectra of the catalyst before
and after the oxidation cycles, presented in Fig. 9. The FTIR results
show that no carbon traces remained in the catalyst after the oxi-
dation cycles. In addition, the TEM images (Fig. 5) of the catalyst
did not reveal any carbon or other particulate matter trace after
its use in oxidation cycles.
3.3. Mechanistic considerations of diesel particulate matter oxidation
over hydrogen reduced 1%Au/ZnO

XPS analysis of the catalyst used for six particulate matter oxi-
dation cycles revealed the presence of Au0 at the catalyst surface
despite the strong oxidation conditions of the reaction. As the work
function of Au (5.3 eV) is higher than that of ZnO (3.9–4.9 eV), an
electronic transfer might have occurred at the Au/ZnO interface
increasing the stability of Au0 sites, preventing its oxidation to
Aud+. Moreover, ZnO being an n-type semiconductor, is capable
of transferring electrons to the Au core, stabilizing the metallic
gold state at the metal-support interface.

Therefore, to explain the exceptional high activity at low tem-
perature of 1%Au/ZnO for the diesel particulate matter oxidation,
we propose a catalytic site model at the catalyst surface (Fig. 11),
involving Au0 sites at the Au/ZnO interface and surface Au3+ site
in proximity to Au0. A bifunctional catalytic site consisting of adja-
cent Au0 and Au3+ (Au0–Au3+) can be developed, which would facil-
itate the particulate matter oxidation according to a Langmuir-
Hinshelwood reaction mechanism, involving the following steps:



0 100 200 300 400 500 600 700 800 900

0

2

4

6

8

10

12

14

16

C
O

2 
m

ol
ec

ul
es

 / 
10

17

Temperature / °C

Fig. 10. Evolution of CO2 as a function of temperature during particulate matter
oxidation over quartz wool.

Fig. 11. Schematic model proposed to explain the high activity of 1%Au/ZnO for
particulate matter oxidation.
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1. Adsorption of O2 on the Au0 moiety (at the Au/ZnO interface)
and generation of superoxide ions (O2

&�), the very active species
well known for improving the oxidation of diesel particulate
matter [65,66].

2. Simultaneous adsorption of particulate matter at the Au3+ moi-
ety of the catalytic site. Adsorption may take place by the dona-
tion of the p electrons of the C@C bonds present in the
particulates to Au3+ and p-back donation of d electrons of
Au3+ to antibonding p⁄ orbitals of C@C.

3. Reaction of HAC bond of the adsorbed particulate matter mole-
cule at Au3+ with the superoxide formed at Au0, resulting in the
abstraction of H atom by superoxide ion.

The simultaneous interaction between the adsorbed particulate
matter on Au3+ with the superoxides formed on Au0 would
strongly increase the probability of particulate matter oxidation,
resulting in the generation of CO2 and H2O molecules (as the final
products) at very low oxidation temperature.

The results obtained in this investigation for 1%Au/ZnO were
compared with the DPM oxidation performances of other group-
IB metals supported on ZnO, such as 5%Cu/ZnO [67] and 3%Ag/
ZnO (unpublished results) under similar experimental conditions.
Obtained results indicate that the performance of metal-
semiconductor catalysts depends on the electronic interactions at
metal-semiconductor interface. The very high activity of 5%Cu/
ZnO detected for this reaction can be explained considering the
presence of the high active species Cu1+ at the metal-support inter-
face, which might have been stabilized by the isoelectronic interac-
tion between Zn2+ and Cu1+ at the interface. On the other hand, 3%
Ag/ZnO did not present activity for DPM oxidation. XPS analysis
performed on this catalyst revealed the presence of stable Ag1+

species, which is not active for this reaction. As the work function
of Ag (4.26 eV) is lower than that of ZnO (�4.5 eV), an electronic
transfer might have occurred form Ag to ZnO at the Ag/ZnO inter-
face, increasing the stability of Ag1+.

The simple preparation method, high activity, low Tmax, and
high stability of the Au nanoparticles in diesel particulate matter
oxidation presented in this study might lead to its utilization as
the part of commercial catalytic converter for diesel engines,
despite the price of gold is currently a bit higher than the price
of Pd, Pt or Rh, which are commonly used as active species for die-
sel emission abatement.

4. Conclusions

In summary, we demonstrated the high particulate matter oxi-
dation capacity of hydrogen-reduced-air-calcined 1%Au/ZnO cata-
lyst at very low temperature. The results obtained from diesel
particulate matter oxidation behavior and electronic state analysis
of incorporated gold in the catalyst suggest the formation of highly
stable bifunctional Au0–Au3+ catalytic surface sites which promote
the contact efficiency of the solid particulate matter with the cat-
alyst. While the Au3+ moieties enhance this contact efficiency,
the Au0 moieties enhance the generation of superoxide species at
the gold-ZnO interface. Enhancement of contact efficiency of par-
ticulate matter at the catalyst surface and enhanced generation
of superoxide species result in a high particulate matter oxidation
activity for the gold loaded ZnO catalyst after annealing in hydro-
gen atmosphere. The high diesel particulate matter oxidation
activity and high stability of the 1%Au/ZnO catalyst presented in
this investigation show that the electronic state of gold and its
electronic interactions with ZnO (n-type semiconductor) support
surface are the key factors in diesel particulate matter oxidation.
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