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a  b  s  t  r  a  c  t

Hydrogen-reduced  copper-loaded  ZnO  (Cu/ZnO)  showed  a strong  diesel  particulate  matter  oxidation
activity  at  temperature  as  low  as  150 ◦C. Cu/ZnO  catalyst  with  5% nominal  Cu  content  was  tested  for  the
oxidation  of diesel  particulate  matter  under  air flow between  25  and  800 ◦C. The  high  catalytic  perfor-
mance  of  reduced  5%Cu/ZnO  even  after its use  in  diesel  particulate  matter  oxidation  has  been  assigned  to
vailable online 28 October 2014

eywords:
u/ZnO composite catalyst
iesel particulate matter oxidation
u1+

the  presence  of Cu1+ ions  at  its  surface,  determined  by Auger  electronic  spectroscopy.  The  high  stability
of  Cu1+ could  be assigned  to the isoelectronic  interaction  of  Cu1+ (3d10)  with  Zn2+ (3d10)  at  the  Cu2O–ZnO
interface.  Results  presented  in this  work  indicate  that  the  composite  catalyst  can  be  considered  as  part
of  an  exhaust  catalytic  system,  for abating  diesel  particulate  matter  emission  at  low  temperature.

©  2014  Elsevier  B.V.  All  rights  reserved.

old engine diesel emissions

. Introduction

Finding efficient catalysts for the combustion of particulate mat-
er emitted by diesel engines is one of the main tasks for protecting
nvironment from toxic car-transport surges. The interest in diesel-
ngine exhaust after-treatment systems is ever-growing due to
he increasingly stringent US and European emission standards.
he main pollutants emitted from these engines are particulate
atter and nitrogen oxides. Diesel particulates are hazardous envi-

onmental pollutants that account for a major fraction of fine air
articulate matter in urban areas.

Diesel exhaust particles consist mainly of highly agglomerated
olid carbonaceous material, volatile organic and sulfur com-
ounds. Removal of the particulate matter containing polycyclic

romatic hydrocarbons from diesel-engine exhaust is a problem of
reat concern due to the well-known carcinogenic and mutagenic
ffects of these hydrocarbons [1–5]. Typically, the temperature of
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926-3373/© 2014 Elsevier B.V. All rights reserved.
diesel exhaust remains between 120 and 360 ◦C at the start of cold
engines, seldom exceeding this temperature in the positioned nor-
mal  regime [6,7].

The diesel particulate filter (DPF) has so far been the most
potential technological option for the effective control of diesel par-
ticulate matter emissions, where the particulate matter is trapped
and periodically removed by combustion. However, the regenera-
tion of DPF is a tedious process. The direct oxidation of particulate
matter over the DPF requires high temperatures (∼600 ◦C) and is
generally carried out by injecting diesel into the exhaust, which
results in an additional fuel consumption and thermal stress to
the DPF. A catalytic diesel particulate filter is the best solution at
present to reduce particulate matter emissions from diesel engines,
where the particulate matter is trapped and oxidized with the help
of a catalyst at temperatures below 600 ◦C. The only problem associ-
ated with this filter is the poor contact between the catalyst surface
and the particulate matter [8,9]. Though several catalysts and tech-
nologies have been proposed to control this problem, the so-called
fuel-borne catalysts (FBC), consisting in organometallic fuel addi-
tives, has seen to perform effectively in DPF, for the oxidation of
particulate matter at lower temperatures [10,11]. However, the
application of FBC is strongly restricted due to its continuous con-

sumption and the accumulation of metal oxide as ash inside DPF.
On the other hand, molten salt catalysts, which are generally con-
sidered as mobile catalysts, can wet the particulate matter surface,
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ausing a decrease of its oxidation temperature [12–17]. However,
hese catalysts have several drawbacks for practical applications
ue to their thermal degradation or selective leaching during par-
iculate matter oxidation process.

Use of gaseous NO2 in continuously regeneration trap tech-
ology, also results in a decrease in particulate matter oxidation
emperature [18]. However, the present trend of reducing NOx

mission from diesel engines is the principal restriction for apply-
ng this technology. Therefore, diesel particulate matter oxidation
y oxygen/air remains the focus of intense research to avoid the
roblems generated by all the above mentioned technologies.

Considerable success has been achieved on the development of
ew catalytic materials, and on understanding the possible mecha-
isms of direct oxidation of particulate matter by oxygen [19,20]. As
he diesel-engine exhaust temperature is substantially lower than
he particulate matter oxidation light-off temperature (between
50 and 650 ◦C), development of active catalytic materials is still

 challenging issue, and demands further investigation on new cat-
lytic materials. One of the common methods proposed for diesel
articulate matter oxidation at lower temperature is the use of
xidation catalysts that reduce the combustion temperature of par-
iculate matter down to the diesel exhaust temperature. During
he last few years, several catalytic systems have been investigated
or this purpose, and the diesel particulate matter oxidation tem-
erature could be reduced to 200–400 ◦C [19–23] using these new
atalysts. As far as our knowledge goes, particulate matter oxidation
emperatures lower that 200 ◦C has not been achieved.

Most of the oxidation catalysts available in market are based on
oble metals like Pt, Pd, and Rh, which are highly expensive and
ulnerable to further price increase with their increasing demands.
herefore, research on noble-metal free catalysts or catalysts con-
aining low amounts of noble metals are increasing worldwide.
opper-based catalysts have attracted much attention recently for
eterogeneous catalysis not only for their economic advantage,
ut also for their high catalytic activity for NO reduction, CO and
ydrocarbon oxidation, water-gas shift reaction, methanol synthe-
is and wet-oxidation of phenol [24–33]. Copper oxide (CuO) has
een supported on different matrices for applications in many areas

nvolving environmental catalysis [34,35], particularly for abate-
ent of nitrogen oxide species or production of hydrogen from

lcohols. On the other hand, Cu/ZnO catalysts have been widely
sed in many traditional applications such as in water-gas shift
eaction [36,37], methanol synthesis [38–42], higher alcohol syn-
hesis [43–45], methanol decomposition [46–50], partial oxidation
f methanol [51–53], steam reforming of methanol [54–56], and
hoto-reduction of carbon dioxide with water [57].

Several research groups have studied the reduction kinetics of
uO/ZnO using conventional temperature-programmed reduction
TPR) methods [58,59,54,60]. Fierro et al. [60] have studied the
eduction of CuO/ZnO with different Cu/Zn ratios, finding a promot-
ng effect of ZnO on the reducibility of CuO. Time resolved XANES
nalysis of CuO/ZnO composite catalyst during oxidative reform-
ng of methanol [61] could detect the formation of Cu1+ species
s transient intermediate product during the reduction of Cu2+ to
u0. Oguchi et al. [62] have also detected Cu2O as active species in
team reforming of methanol over CuO/ZnO catalysts. Formation of
u1+ species has also been reported in Cu/ZnO catalysts utilized for
ethanol synthesis [63] and water-gas shift reaction [64,65].
In the present work, we  have utilized hydrogen reduced Cu/ZnO

omposite as efficient catalyst for diesel particulate matter oxida-
ion at low temperature, exploiting the interactions of transient
nd non-transient active copper species generated during its

rocessing steps. The structural and electronic properties of the
u/ZnO catalyst were studied utilizing X-ray diffraction (XRD), X-
ay photoelectron spectroscopy (XPS), Auger electron spectroscopy
Cu2p3/2, CuL3MM)  and UV–vis diffuse reflectance spectroscopy
ironmental 165 (2015) 555–565

(DRS) techniques. The catalytic behavior of the Cu/ZnO composite
in diesel particulate matter oxidation performed between 25
and 800 ◦C was  correlated with its physicochemical properties,
considering the contributions of active and non-active species like
Cu0, Cu1+, and Cu2+ present on its surface.

2. Experimental

2.1. Catalysts

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

impregnated with an appropriate amount of aqueous Cu(NO3)2
solution to incorporate a nominal 5 wt%  of Cu in them. The sus-
pension was stirred at room temperature for 1 h and dried at 120 ◦C
overnight. After drying, the sample was reduced under pure H2 flow
(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 cooling down the sample
to 25 ◦C under H2 flow, it was purged with air for 30 min, and stored
in dry condition for its characterization.

A reference ZnO sample without Cu(NO3)2 solution was pre-
pared in the same way. CuO powders (Merck, 99.9%), metallic
unsupported copper particles (Baker, 99.9%, 0.59–1.00 mm)  and
metallic unsupported zinc particles (Baker, 99.9%, 0.59–1.00 mm)
were also used as reference catalysts.

2.1.2. Catalyst characterization
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 methods. The samples
(1 g each) were degassed at 400 ◦C for 2 h before recording their
adsorption-desorption isotherms. After cooling to room tempera-
ture (25 ◦C), the isotherms were recorded in the pressure range of
0–6.6 kPa. The technique of back extrapolation of the linear portion
of the isotherms to zero equilibrium pressure was  used to deter-
mine the saturation uptake.

The diffuse reflectance spectra (DRS) of the catalyst before and
after its 1st and 6th particulate matter oxidation cycles were mea-
sured on dry-pressed disk (∼15 mm diameter) samples using a
Varian Cary 500 UV-Vis spectrophotometer with DRA-CA-30I dif-
fuse reflectance accessory, using BaSO4 as standard reflectance
sample. The crystallinity and structural phase of the samples were
verified through powder X-ray diffraction (XRD), using the Cu K�
radiation (� = 1.5406 Å) of a Bruker D8 Discover diffractometer.
X-ray photoelectron spectra (XPS) were recorded on the freshly
prepared hydrogen reduced 5%Cu/ZnO catalyst, after its 1st and 6th
particulate matter oxidation cycles, using an Escalab 200R electron
spectrometer equipped with a hemispherical analyzer, operating
in a constant pass energy mode. Monochromatic Mg  K� emission
(h� = 1253.6 eV) from the X-ray tube operated at 10 mA  and 12 kV
was utilized for recording XPS spectra of the samples. Different
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 Lorenzian/Gaussian curves
(80%L/20%G). The peak positions of the elements were corrected
utilizing the position of C 1s peak coming from adventitious carbon
appeared at 284.9 ± 0.2 eV.

2.2. Generation of diesel particulate matter
In this study, the term particulate matter has been used to refer
both the soluble and insoluble (carbon) fractions of the diesel-
emission. The particulate matter used in this study was generated
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after its use in particulate matter oxidation cycles. The XRD results
presented above indicate that a major part of the incorporate cop-
per remains in its divalent (Cu2+) state.

Table 1
Catalyst characterization data.

Catalyst Specific surface area (m2 g−1)
G. Corro et al. / Applied Catalysis 

y burning pure Mexican diesel acquired from the market in a glass
essel, under controlled air flow as described in our previous work
66]. The emission from the exhaust of the vessel was  directed to
he catalyst sample (200 mg)  placed inside a tubular quartz reactor
inner diameter 10 mm)  in a programmable furnace. The process
as performed using an air feed volume flow rate of 100 cm3 min−1.

The particulate matter generated from the exhaust of the vessel
as accumulated on the catalyst in the tubular reactor. The result-

ng contact between particulate matter and the catalyst in this case
as considered similar to the contact between the particulate mat-

er generated from a real diesel engine and the catalyst used in a
articulate filter, and hence, the concept of tight mode or light mode
ontact between the particulate matter and the catalyst, used in
everal research studies, is of no significance.

After 1 h of diesel combustion, the total amount of particulate
atter retained by the catalyst or by the quartz wool used for the

lank experiment, was about 8.45 mg  (measured using a Shimadzu
X200 balance), attaining a particulate-matter/catalyst-mass ratio
f 0.042. Additional experiments were performed to determine the
ffect of higher particulate matter levels on the catalyst oxidation
ctivity. The time of diesel combustion was increased to 2 h and 3 h,
or attaining a particulate-matter/catalyst-mass ratio of 0.084 and
.126, respectively.

To be sure that the combustion of diesel took place in lean
onditions, oxygen feed volume flow in the vessel exhaust was
onitored by gas chromatography. Oxygen flow remained higher

han 10 cm3 min−1 throughout the combustion process (oxygen
n excess during diesel combustion). Organic functional groups
resent in the particulate matter were analyzed using a Bruker FT-

R spectrometer (Vertex 70) in the 800–4000 cm−1 spectral range.
 thin, uniform KBr pellet prepared with 0.2 wt%  of the particulate
atter sample was used for recording the FT-IR spectra.

.2.1. Oxidation of particulate matter through programmed
emperature experiments

After 1 h of accumulation of diesel particulate matter over the
atalyst surface, air was purged for 15 min  to remove weakly
ttached combustion products. The air (20 vol.% of O2 and 80 vol.%
f N2) flow rate was maintained at 100 cm3 min−1. The mixture
as then heated from room temperature (25 ◦C) to 800 ◦C at the

ate of 10 ◦C min−1. A thermocouple was inserted into the partic-
late matter–catalyst mixture to monitor its temperature along
ith the exothermic heat of the particulate matter oxidation. The

missions from the reactor were analyzed every 3 min through
 computer-programmed Shimadzu gas chromatograph provided
ith a thermo-conductivity detector (TCD), to monitor the CO2

volution at different temperatures. The chromatograph used a
orapak column to analyze CO2 evolutions as a function of the
emperature of the particulate matter–catalyst mixture. The pro-
ess comprising particulate matter accumulation on the catalyst
t room temperature, its subsequent oxidation at high tempera-
ure, and then cooling down to 25 ◦C is named a cycle. The duration
f each cycle was about 2.5 h (for 1 h of particulate matter accu-
ulation). After the first cycle, five similar cycles were performed

ver the same catalyst sample. In order to determine the catalytic
ffect, an uncatalyzed particulate matter oxidation cycle was  per-
ormed over only quartz wool at fixed temperatures between 25
nd 800 ◦C.

. Results and discussion
.1. Characterization of diesel particulate matter

Fig. 1 shows the FT-IR spectra of the diesel particulate matter
tudied in this investigation. Principal characteristic peaks revealed
Fig. 1. FT-IR spectrum of diesel particulate matter sampled from the combustion
vessel exhaust.

in the spectrum correspond to the C H asymmetric and symmet-
ric stretching of aliphatic groups at 2953 cm−1, 2923 cm−1 and
2853 cm−1; C O stretching of carbonyl groups at 1700 cm−1; C C
stretching of aromatics and alkenes at 1560 cm−1; and aliphatic
C H plane deformation of CH2/CH3 groups at 1450 cm−1 and
1380 cm−1 [67,68].

3.2. Characterization of the catalysts

The catalyst characterization data are summarized in Table 1. As
can be seen, all the samples were of very low specific surface area,
which do not change significantly after using them in particulate
matter oxidation, even after several cycles.

3.2.1. X-ray diffraction of the catalysts
In Figs. 2 and 3, the powder XRD patterns of the hydrogen

reduced Cu/ZnO catalyst before and after its use in particulate mat-
ter oxidation process (6 cycles) are presented, respectively. As can
be seen, both samples revealed several well defined intense diffrac-
tion peaks corresponding to ZnO in hexagonal wurtzite phase
(JCPDS#36-1451). There appeared two  peaks of very low inten-
sity at about 35.48◦ and 38.74◦ in the hydrogen reduced sample,
which correspond to CuO in monoclinic (base-centered) phase
(JCPDS#18-1916). While after using the catalyst for 6 cycles of par-
ticulate matter oxidation, the intensity of the XRD peaks associated
to ZnO increased slightly, the intensity of the peaks associated to
CuO increased substantially. There appeared no diffraction peak
associated to metallic Cu in the hydrogen reduced catalyst before or
Fresh sample After 6 oxidation cycles

ZnO 4.52 4.51
CuO 5.22 5.14
5%Cu/ZnO 3.31 3.25
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Fig. 4. Room temperature UV–vis absorption spectra of the (a) fresh metallic unsup-

use in particulate matter oxidation cycles. As we can see (curve a of
Fig. 5), the absorption spectrum of the fresh metallic unsupported
zinc particles reveals a sharp peak centered around 232.4 nm with
a tail toward longer wavelength side, which can be ascribed to the
ig. 2. XRD pattern of the Cu/ZnO catalyst with 5 wt% nominal Cu content after
ydrogen reduction.

.2.2. UV–vis characterization of the catalysts

.2.2.1. Cu containing catalysts. The UV–vis absorption spectra of
he metallic unsupported copper particles before and after their
se in particulate matter oxidation process are presented in Fig. 4.
he absorption spectrum of the fresh metallic unsupported cop-
er particles (Fig. 4a) revealed several absorption bands. The band
ppeared in the 220–360 nm spectral range can be assigned to the
harge transfer transition of the ligand O2− to isolated metal cen-
er Cu2+ and the d–d transition in CuO particles [69–71]. The broad
and spreading through 350–650 nm can be assigned to the over-

apped absorption bands at around 400 and 510 nm,  corresponding
o the charge transfer transitions of O2− and the hybridized 3d
ith 4s or 4p states of Cu1+ in Cu2O [70,72,73], respectively.

he band appeared between 530 and 650 nm is associated to the
lasmonic absorption of metallic copper particles [74]. The weak
ignal appeared between 650 and 850 nm could be ascribed to the
Eg → 2T2g spin-allowed transitions of Cu2+ in the distorted octa-
edral symmetry [75]. The presence of CuO in the sample probably
esulted from the reaction of atmospheric oxygen with the surface
f the metallic unsupported copper particles.

The UV–vis absorption spectrum of the metallic unsupported

opper particles after particulate matter oxidation cycles (Fig. 4b)
hows a strong increase of absorption between 650 and 850 nm.
resence of this broad band associated to Cu2+ ions in distorted
ctahedral environment confirms the formation of CuO layer on
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metallic copper surface during particulate matter oxidation process
[75]. Oxidation of metallic copper to form CuO during particulate
matter oxidation process is clear when the absorption spectrum
is compared with the absorption spectrum of a commercial CuO
before (curve c of Fig. 4) and after its use in particulate matter oxi-
dation cycles (curve d of Fig. 4). The position and intensity of the
broad signal corresponding to CuO remained unchanged even after
6 oxidation cycles, suggesting a strong electronic stability of the
Cu2+ species in CuO.

3.2.2.2. Zn containing catalysts. Fig. 5 shows the UV–vis absorption
spectra of metallic unsupported zinc particles before and after its
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6  oxidation cycles.
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urface plasmon absorption of metallic zinc [76]. The appearance of
 broad absorption band in the 240–400 nm spectral region with a
eak at around 350 nm might be due to the formation of a thin ZnO

ayer on metallic zinc surface. After 6 oxidation cycles (curve b of
ig. 5), the absorption band in 200–400 nm spectral region broad-
ned and became more intense, indicating a growth of ZnO layers
uring diesel particulate matter oxidation.

The absorption spectra of pure ZnO sample before (curve c of
ig. 5) and after using it for 6 particulate matter oxidation cycles
curve d of Fig. 5) revealed similar absorption characteristics, with

 strong absorption band between 200 nm and 400 nm, suggesting
 good stability of the electronic properties of ZnO in high temper-
ture.

.2.2.3. 5%Cu/ZnO catalyst. Fig. 6 presents the UV–vis absorption
pectra of the 5%Cu/ZnO catalyst before and after performing the
st and 6th particulate matter oxidation cycles. The main fea-
ures identified from the absorption spectrum of the hydrogen
educed 5%Cu/ZnO (curve a of Fig. 6) are: (i) a broad absorption
ignal between 200 nm and 400 nm with a sharp absorption edge
t about 370 nm,  corresponding to crystalline ZnO; (ii) a broad
ump spreading through 400–510 nm associated to the absorp-
ion by Cu1+; and (iii) a broad hump between 550 nm and 650 nm
orresponding to the absorption due to metallic Cu [74].

The UV–vis absorption spectra of the 5%Cu/ZnO sample after
erforming the 1st and 6th oxidation cycles (curves b and c of Fig. 6)
evealed apart from the absorption band edge of ZnO, a broad band
preading through 400–820 nm.  This broad band appeared proba-
ly due to the overlapping of several low intensity bands like the
bsorption bands corresponding to Cu1+ ions (400 nm and 510 nm)
70], the plasmon absorption band of metallic copper between 350
nd 650 nm [74], and the absorption band of Cu2+ ions in the higher
avelength side (650–850 nm)  [69–71]. These results clearly indi-

ate the oxidation of surface Cu atoms (Cu → Cu1+ → Cu2+) during
articulate matter oxidation process. The results obtained from
ptical characterization of the samples are in good agreement with
he results obtained from their XPS analysis, presented in the fol-
owing sub-section.

.2.3. Characterization of the catalysts by XPS and Auger

pectroscopy
.2.3.1. Cu2p3/2. As the binding energies of the Cu2p3/2 core-level
missions from Cu1+ and Cu0 are essentially the same, appearing
t about 1.4 eV below that of Cu2+ ions, identification of both the
BE (eV)

Fig. 7. CuL3VV Auger transition of the catalysts.

reduced copper species (Cu1+ and/or Cu0) in solid catalysts is very
difficult by considering XPS data alone [77]. To identify these two
copper species in our catalysts, we  monitored their L3VV X-ray
induced Auger emissions (AES). For this purpose, the Auger param-
eter (˛A) was defined as:

˛A = hv + (BE Cu2p3/2 − BE CuL3MM)

where h� is the energy of the incident photon (1253.6 eV) and BE
Cu2p3/2 and BE CuL3MM are the binding energies of the Cu2p3/2
photoelectron and the L3VV Auger emission, respectively.

The CuL3VV Auger spectra of the freshly prepared hydrogen
reduced catalyst, after its use in 1st oxidation cycle and 6th oxida-
tion cycle are displayed in Fig. 7. It can be seen that the spectra are
dominated by the ZnL3VV Auger peaks that are located in the same
energy region as of CuL3VV. Notwithstanding, the peak fitting pro-
cedure allowed us to identify the CuL3VV contribution. The values
of ˛A, the binding energies of Zn2p3/2 and Cu2p3/2 levels together
and the Cu/Zn atomic ratios of the fresh reduced catalyst, and after
its use in the 1st and 6th oxidation cycles of soot oxidation are
compiled in Table 2.

The hydrogen reduced 5%Cu/ZnO catalyst, before using it in
particulate matter oxidation, shows a binding energy (BE) of the
Cu2p3/2 emission of 932.7 eV (Fig. 8). This BE value and the absence
of satellite line somewhere around 941 eV preclude the presence
of Cu2+ ions. In other words, copper species must be either as Cu0

and/or Cu1+. The L3VV Auger spectrum of the sample suggests that
both Cu0 and/or Cu1+ are present; although the metallic phase is
dominant. On the other hand, the catalyst, after six particulate mat-
ter oxidation cycles, displays the BE of the Cu2p3/2 level at 934.1 eV
together with the intense satellite line. Both the facts indicate that

copper remains essentially as CuO. This assignment is confirmed
by the L3VV Auger peak at 1851.1 eV with a minor contribution at
1849.1 eV, indicating that the major CuO species coexists with a
minor proportion of Cu1+. Finally, the BE of the sample 5%Cu/ZnO
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Table 2
Binding energies (eV), Auger parameter (˛A) and Cu/Zn atomic ratios at the surface of the catalyst before and after using in diesel particulate matter oxidation.

Catalyst Zn2p3/2 Cu2p3/2 ˛A (eV) Cu/Zn at

5%Cu/ZnO fresh 1020.82 932.7 1849.2 0.461
1851.0

5%Cu/ZnO after
1st cycle

1022.50 932.6 (85)a 1849.5 0.318
934.1  (15)a

1022.64 934.1 1849.1 0.128

a
d
a
B
a
A

s
t
i
s
p
t
C

3
a
p
i
T
e
t
i
Z

5%Cu/ZnO after 6 cycles

a Percentage peak area of each component presented in parenthesis.

fter the 1st particulate matter oxidation cycle shows an interme-
iate behavior: a major contribution of reduced (Cu1+/Cu0) species
nd a minor contribution at CuO as confirmed by the small peak at a
E of 934.1 eV at its corresponding satellite structure. This tentative
ssignment is confirmed by a dominant L3VV contribution whose
uger parameter fits with the expected value (1849.1 eV) for Cu2O.

In addition, the Cu/Zn atomic ratio was calculated for the three
amples and data are also collected in Table 2. It can be observed
hat the Cu/Zn atomic ratio at the catalyst surface reaches the max-
mum value (0.461) for the freshly prepared hydrogen reduced
ample, whereas it drops substantially for the sample after the 1st
articulate matter oxidation (0.318) and even more (0.128) after
he 6th oxidation cycle. This observation indicates that sintering of
u nanoparticles occurs during particulate matter oxidation.

.2.3.2. Zn2p3/2. The core level XPS spectra of the 5%Cu/ZnO cat-
lyst in the Zn2p3/2 emission region before and after its use in
articulate matter oxidation cycles are shown in Fig. 9. The bind-

ng energies of the core electrons in the samples are presented in
able 2. The binding energy value of 1020.82 eV for the Zn2p3/2

mission in the catalyst before its use in particulate matter oxida-
ion process indicates the presence of reduced zinc (Zn0) species on
ts surface [78]. On the other hand, the binding energy position of
n2p3/2 emission for the catalyst after using it in particulate matter

972960948936924

BE (eV)

hydrogen reduced

2p1/2

Cu2p

co
un

ts
 p

er
 se

co
nd

 (a
u)

after 6th cycles
satell

2p3/2

after 1st cycl e

Fig. 8. Cu2p3/2 core level XPS spectrum of 5%Cu/ZnO.
1851.1

oxidation, revealed a binding energy value of 1022.64 eV, indicat-
ing the presence of oxidized zinc at its surface, probably due to the
formation of ZnO during oxidation cycles.

The presence of reduced zinc (Zn0) species at the surface of the
catalyst before using it in particulate matter oxidation cycles is
expected as the catalyst was  prepared by reducing it at high tem-
perature in hydrogen atmosphere. It is well known that Zn2+ can
be reduced in hydrogen atmosphere only at temperatures above
600 ◦C [79]. However, we  reduced the catalyst (5%Cu/ZnO) at 450 ◦C
in hydrogen before using it for particulate matter oxidation cycles.
As the copper can be reduced between 150 and 300 ◦C in hydro-
gen [80,81], during our reduction process, a fraction of copper gets
reduced to metallic copper (Cu0) which might have catalyzed the
reduction of ZnO to Zn0 at least at the catalyst surface according to
the reaction:

ZnO + H2
Cu0

−→Zn0 + H2O (1)

as has been proposed by Okamoto et al. [82] for their reduced
CuO–ZnO catalysts.

It is interesting to note (Table 2) that the Cu/Zn atomic ratio at
the surface of the fresh hydrogen reduced catalyst is higher (0.461)
than the value estimated (0.128) after its use in 6 oxidation cycles.
The decrease of Cu/Zn ratio in the catalyst after its use in partic-
ulate matter oxidation cycles can be understood if we consider an
increase in size of the Cu particles due to agglomeration during oxi-
dation cycles performed at high temperature. The increase in the
size of the Cu particles results in a decrease in net surface Cu atoms.
Now, this decrease of surface Cu atoms should have reduced the
catalytic activity of the composite catalyst for the particulate mat-
ter oxidation reaction. However, as can be seen from the catalytic

performance of the catalyst discussed in the next sub-section, this
is not the case. These results are not at all surprising as the particu-
late matter oxidation process generates Cu1+ sites, which are active

10261024102210201018
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Fig. 9. Zn2p3/2 core level XPS spectra of 5%Cu/ZnO: (a) before particulate matter
oxidation cycles and (b) after particulate matter oxidation cycles.
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ig. 10. Evolution of CO2 molecules as a function of particulate matter oxidation
emperature over quartz wool.

or particulate matter oxidation, compensating the loss of surface
toms of the Cu particles.

.3. Particulate matter oxidation over the catalysts

.3.1. Particulate matter oxidation over quartz wool
Fig. 10 shows the effect of temperature on particulate matter

xidation over quartz wool. As can be seen, only one signal of CO2
volution was revealed between 550 and 800 ◦C, peaked at about
00 ◦C. Only a very small amount of CO2 could be detected during
he particulate matter oxidation reaction at temperatures between
5 and 600 ◦C.

.3.2. Particulate matter oxidation over metallic unsupported
opper particles

The evolution of CO2 during particulate matter oxidation over
etallic unsupported copper particles during successive cycles is

resented in Fig. 11. As can be seen, during the first cycle, there is a

trong CO2 signal at about 250 ◦C. However, this signal disappeared
lmost completely during the subsequent oxidation cycles, indicat-
ng a complete deactivation of the catalyst. The effect is expected as
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ig. 11. Evolution of CO2 molecules as a function of particulate matter oxidation
emperature over metallic unsupported copper particles.
Fig. 12. �G0 values calculated for the reactions: (2) 2Cu0 + O2 → 2CuO; (3)
2Zn0 + O2 → 2ZnO; (4) 4Cu0 + O2 → 2Cu2O; (5) 2Cu2O + O2 → 4CuO.

the electronic state of metallic copper changes at high temperature
under excess oxygen flow utilized for particulate matter oxidation,
converting most of the active metallic catalytic sites to non-active
sites for diesel particulate matter oxidation according to the reac-
tion:

2Cu0 + O2 → 2CuO (2)

The �G0 values calculated for the reaction (2) and all other
possible oxidation reactions of copper and zinc are presented
graphically in Fig. 12, for the whole temperature range used for
particulate matter oxidation. The negative estimated values of �G0

indicate all the reactions (reactions (2)–(5)) can take place sponta-
neously in the used temperature range.

The UV–vis absorption spectra of the metallic unsupported
copper particles before and after their use in particulate matter
oxidation cycles (Fig. 4) are in good agreement with the calculated
�G0 values of the possible oxidation reactions of copper. Absorp-
tion spectrum of the catalyst before particulate matter oxidation
reaction revealed the presence of reduced copper (Cu0), which can
generate the superoxide O2

− ions, the highly active species well
known for improving the oxidation of diesel particulate matter
[83,84]. The broad signal appeared in the 650–850 nm range for the
catalyst after six oxidation cycles is associated to CuO [69–71]. As it
is well known, CuO does not have the capacity of adsorbing oxygen,
and presents very low activity for particulate matter oxidation, as
has been shown by Lopez-Suarez et al. [85]. It is interesting to note
that the absorption band appeared between 530 nm and 650 nm,
corresponding to the Cu0 plasmon absorption [74], remained unaf-
fected by the particulate matter oxidation process, indicating the
presence of metallic copper inside the metallic unsupported cop-
per particles despite being in strong oxidation conditions. However,
the surface CuO layer built-up over Cu0 during the first oxidation
cycle would have acted as a barrier for the interaction of diesel
particulate matter and/or O2 with the inner Cu0 sites.

In a recent study [66], we demonstrated that 3%Ag/SiO2 is a very
active, highly stable catalyst for diesel particulate matter oxidation
at temperatures around 250 ◦C. The high activity and stability of
this catalyst have been associated to the presence of silver species
at the surface of the catalyst, which remain in metallic state, despite

the severe oxidation conditions of the reaction. Metallic silver (Ag0)
was considered to promote the formation of superoxide ions (O2

−)
resulting in an enhancement of diesel particulate matter oxida-
tion rate, in a similar way as Cu0 might have generated O2

− at the
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ig. 13. Evolution of CO2 molecules/g cat as a function of particulate matter oxida-
ion temperature over metallic unsupported zinc particles.

etallic unsupported copper particles surface in the present case.
he evolution of CO2 with temperature for the diesel particulate
atter oxidation during 6 reaction cycles catalyzed by 3%Ag/SiO2

howed a similar profile as the evolution of CO2 measured during
he first diesel particulate matter oxidation cycle catalyzed by the

etallic unsupported copper particles. This similarity suggests a
imilar reaction path for diesel particulate matter oxidation by the
uperoxide ions promoted by Ag0 or Cu0 species in the two cases.

.3.3. Particulate matter oxidation over commercial CuO
In order to confirm the assumption that CuO is not active for

articulate matter oxidation process, we investigated the activity
f a commercial CuO for diesel particulate matter oxidation. The
volutions of CO2 with the increase of temperature during 6 oxida-
ion cycles (results not shown) revealed only a very small amount
f CO2 evolution at about 500 ◦C. These results demonstrate that
uO is not active for oxidizing diesel particulate matter.

.3.4. Particulate matter oxidation over the metallic unsupported
inc particles

The evolution of CO2 during particulate matter oxidation over
he metallic unsupported zinc particles is shown in Fig. 13. As we
an see, there appeared an intense CO2 evolution signal at about
00 ◦C during the first particulate matter oxidation cycle. However,
his signal disappeared almost completely during the subsequent
eaction cycles, indicating a complete deactivation of the catalyst
uring the first cycle of diesel particulate matter oxidation.

The result is not at all unexpected as metallic zinc gets oxidized
o form ZnO at the high temperature used for particulate matter oxi-
ation in presence of abundant oxygen. While the produced ZnO

s not active for diesel particulate matter oxidation, formation of
nO layer at the surface of the unsupported metallic zinc particles
revent them to participate in the oxidation process. Formation of
nO during the particulate matter oxidation cycles over the metal-
ic unsupported zinc particles has also been verified by their UV–vis
bsorption spectra before and after the particulate matter oxidation
ycles (Fig. 5). In the absorption spectrum of the catalyst used for
articulate matter oxidation cycles, the signal due to ZnO (between
00 and 400 nm)  increased drastically, indicating a strong oxidation
f metallic zinc particles. The possibility of this spontaneous reac-
ion can be perceived from the �G0 values (Fig. 12) estimated for

eaction (3) in the whole temperature range used for particulate
atter oxidation process:

Zn0 + O2 → 2ZnO (3)
Fig. 14. Evolution of CO2 molecules/g cat as a function of particulate matter oxida-
tion  temperature over 5%Cu/ZnO.

3.3.5. Particulate matter oxidation over ZnO
The results of diesel particulate matter oxidation over ZnO at

different temperatures revealed (not shown) a very small amount
of CO2 evolution during all the six oxidation cycles. As the UV–vis
absorption spectra of the catalyst (Fig. 5) before and after its use
in particulate matter oxidation cycles remained almost unchanged,
we can consider that the compositional stoichiometry or electronic
structure of ZnO remained unaffected even after 6 particulate mat-
ter oxidation cycles.

3.3.6. Particulate matter oxidation over hydrogen reduced
5%Cu/ZnO catalyst

Fig. 14 shows the temperature evolution of CO2 during par-
ticulate matter oxidation over the hydrogen reduced 5%Cu/ZnO
catalyst. The CO2 evolution characteristics during each cycle of
particulate matter oxidation are discussed below:

During the 1st oxidation cycle:

The CO2 evolution curve revealed a broad signal spreading
through 200–550 ◦C, which can be assigned to the overlapping of
two signals: a signal at about 250 ◦C arising from the particulate
matter oxidation over metallic copper (as was demonstrated for
the particulate matter oxidation over metallic unsupported copper
particles in Fig. 11), and another signal at about 300 ◦C associ-
ated to the particulate matter oxidation over metallic zinc (as was
demonstrated for the particulate matter oxidation over metallic
unsupported zinc particles in Fig. 13). Further, the intensity of both
signals (at 250 ◦C and 300 ◦C) are higher than the signals observed
for Cu (Fig. 11) and for Zn (Fig. 13), indicating the presence of Cu0

and Zn0 particles in higher amounts at the surface of the composite
catalyst which might have been formed during its preparation. It is
interesting to note a small signal which appeared at about 150 ◦C.
This signal was  not detected during particulate matter oxidation
over the other catalysts (metallic unsupported copper particles,
CuO, metallic unsupported zinc particles, and ZnO). Now, the cat-
alyst composition determined by the core level XPS spectra, and
the values of the Auger parameter ˛A revealed the presence of Cu0,

Zn0, Cu2+, Zn2+, and Cu1+ species in the hydrogen reduced 5%Cu/ZnO
catalyst before its use in particulate matter oxidation process, how-
ever, the observed CO2 evolution signal at about 150 ◦C cannot be
associated to the particulate matter oxidation over Cu0, or Zn0 sites,
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s they present oxidation activities at higher temperatures (250 ◦C
nd 300 ◦C, respectively). This signal can neither be associated to
he particulate matter oxidation over Cu2+ or Zn2+ species, since
uO and ZnO are inactive for the reaction. We  assign CO2 evolu-
ion signal detected at 150 ◦C to the particulate matter oxidation
ver Cu1+ ions present in the hydrogen reduced composite catalyst.
s has been demonstrated earlier, the freshly prepared hydrogen
educed 5%Cu/ZnO sample contains Cu1+ ions, revealing corre-
ponding absorption band between 400 nm and 510 nm (curve a,
ig. 6), and Auger parameter ˛A of 1849.5 eV corresponding to Cu2O
discussed in Section 3.2.3).

It is worth noting that the particulate matter used in this study
ontains both the insoluble (carbon) and soluble organic fraction
SOF) components. We  associate the CO2 evolution peak detected
t 150 ◦C to the catalytic oxidation of both the SOF and insoluble
arbonous components over the composite catalyst through Cu1+

ctive species. In fact there appeared no other peak of CO2 evo-
ution by extending the particulate matter oxidation temperature
p to 800 ◦C while using our composite catalyst. We  believe that
he oxidation of the insoluble carbon of particulate matter in close
ontact with Cu1+ ions is promoted by the exothermic heat of SOF
atalytic oxidation at the surface of the catalyst particles.

During the 2nd to 6th cycles:

The intensity of the CO2 evolution signal attributed to partic-
late matter oxidation over Cu1+ increases strongly from cycle to
ycle (Fig. 14), suggesting a gradual increase of Cu1+ concentra-
ion at the catalyst surface in each oxidation cycle. An enhanced
xidation of SOF at the Cu1+ sites of the catalyst along with the
romoting effect of the exothermic heat of SOF oxidation might be
he reasons for the higher CO2 evolution signals observed in the
uccessive oxidation cycles.

The CO2 evolution signals detected at about 250 ◦C and 300 ◦C
or the 1st cycle (due to particulate matter oxidation over Zn0 and
u0, respectively) decrease gradually from cycle to cycle due to
he oxidation of metallic zinc and metallic copper at the surface
f the catalyst. While the Zn0 present in freshly prepared hydrogen
educed catalyst gets oxidized to Zn2+ following Eq. (3), Cu0 species
resent in the catalyst get oxidized to Cu1+ during the oxidation
ycles following the reaction:

Cu0 + O2 → 2Cu2O (4)

Following Eq. (4), the concentration of Cu1+ species over the
atalyst surface increases in expense of Cu0 on repeating the oxi-
ation cycles, increasing CO2 evolution at 150 ◦C, and suppressing
he signal at 250 ◦C. The conclusion is supported by the CuL3VV
uger spectra displayed in Fig. 7 and the Auger parameter reported

n Table 2, which show for the 5%Cu/ZnO catalyst after 6 particu-
ate matter oxidation cycles a dominant L3VV contribution, whose
uger parameter fits the expected value for Cu2O (1849.5 eV).

We  must take into consideration that both Cu0 and Cu1+ could

e oxidized to form Cu2+ in the used oxidation conditions according
o the reactions:

Cu0 + O2 → 2CuO, (2)

able 3
O2 evolution, and estimated efficiency of the composite catalyst for the 1st, 2nd, and 6th

Catalyst Intensity of CO2 evolution (1018 molecules) 

1st 2nd 6

Quartz wool 627
5%Cu/ZnO 617 598 6
ironmental 165 (2015) 555–565 563

and

2Cu2O + O2 → 4CuO (5)

The �G0 values for these reactions (Fig. 12) also suggest that
both reactions can take place spontaneously in the temperature
range used for particulate matter oxidation in this study. However,
as the results presented above indicate, the fraction of Cu1+ oxidized
to form Cu2+ (reaction (5)) in our hydrogen reduced 5%Cu/ZnO cat-
alyst during particulate matter oxidation is very low, i.e. the Cu1+

ions are highly stable in the used oxidation conditions. The high
stability of Cu1+ ions in the severe oxidation conditions of partic-
ulate matter oxidation cycles can be understood considering the
isoelectronic interactions between Cu1+ (3d10) with Zn2+ (3d10) at
the Cu2O–ZnO interface as has been explained by Herman et al.
[86].

As can be observed from Fig. 10, a very small amount of CO2
can be generated through particulate matter oxidation between
25 and 600 ◦C in absence of an oxidation catalyst. To estimate the
catalytic activity of our hydrogen reduced Cu/ZnO composite, CO2
evolution during particulate matter oxidation in absence of the
catalyst was  monitored on particulate matter deposited on quartz
wool between 25 and 800 ◦C. The total area under the CO2 evolution
curve between 25 and 800 ◦C [CO2]Ref was considered as a measure
of the total amount of carbon in the particulate matter, generated
from the exhaust gas of the vessel and accumulated for 1 h. The
catalytic efficiency of the catalyst was calculated from the ratio of
[CO2] evolved during the catalytic process and the same in absence
of the catalyst (using only quartz wool) as:

Catalyst efficiency = [CO2]Cat

[CO2]Ref
,

where [CO2]Cat is the area under CO2 evolution curve (between
25 ◦C and 800 ◦C) during particulate matter oxidation over the
catalyst, and [CO2]Ref is the area under CO2 evolution curve dur-
ing particulate matter oxidation over quartz wool. The [CO2]Cat
and calculated catalytic efficiency values for the 5%Cu/ZnO cata-
lyst for different oxidation cycles have been presented in Table 3.
The results obtained from the catalytic evaluation of our hydrogen
reduced 5%Cu/ZnO composite indicate clearly that the cata-
lyst remains active even after six cycles of particulate matter
oxidation, and the oxidation temperature remains as low as
150 ◦C.

To verify the effect of soot loading on the oxidation perfor-
mance of the catalyst, we deposited different amounts of soot on
the surface of a fixed amount of catalyst to obtain particulate-
matter/catalyst-mass ratios of 0.084 and 0.126. The CO2 evolutions
during particulate matter oxidation over 5%Cu/ZnO in its 6th cycle
for the particulate-matter/catalyst-mass ratios of 0.042, 0.084, and
0.126 are shown in Fig. 15. As can be seen, though the intensity of
CO2 evolution attributed to particulate matter oxidation over Cu1+

(at about 150 ◦C) increases with the particulate-matter/catalyst-
mass ratio, the peak position of CO2 evolution shifts gradually

toward higher temperature with higher soot loading. While the
increase in CO2 evolution intensity for higher soot loading can
be associated to an increased amount of soot in contact with the
catalyst, and the transfer of a huge exothermic heat generated

 oxidation cycles of PM oxidation.

Catalyst efficiency

th 1st 2nd 6th

13 0.98 0.95 0.97
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ig. 15. Evolution of CO2 molecules/g cat as a function of particulate matter
xidation temperature over 5%Cu/ZnO, its 6th cycle for different particulate-
atter/catalyst-mass ratios.

uring soot oxidation to the neighboring particulate matter
olecules, the high temperature shift of the oxidation peak is

robably due to the full coverage of catalyst surface for higher
oot loading (not all the particulate matter molecules might be
n contact with the catalyst). While a higher particulate matter
oading on the catalyst generates higher amount of CO2 due to
he oxidation of higher number of particulate matter molecules,
he oxidation activity of the composite catalyst remains unaf-
ected. Such characteristics of the composite catalyst indicate
hat it can be considered as the part of an exhaust catalytic
ystem, for abating diesel particulate matter emission at low
emperature.

. Conclusions

A low cost, high performance catalyst for diesel particulate mat-
er oxidation could be synthetized by hydrogen reduction of Cu
oaded ZnO powders. Using the catalyst, the oxidation temperature
f diesel particulate matter in air could be lowered to 150 ◦C. The
atalyst can be used for the abatement of diesel engine emissions
ven from the starting moment of a cold engine. The electronic
roperties of the composite catalyst evaluated through XPS and
ES revealed that even after 6 oxidation cycles between 25 and
00 ◦C, the concentration of Cu1+ species at the catalyst surface
oes not decrease due to the isoelectronic interactions of Cu1+

3d10) with Zn2+ (3d10) at the Cu2O–ZnO interface. On the other
and, during the first few cycles of soot oxidation at high tem-
erature, the concentration of surface Cu1+ species can increase,
hich in turn increases the efficiency of the catalyst over oxidation

ycles.
The results obtained from diesel particulate matter oxidation

ctivity and electronic state analysis of incorporated copper in the
omposite catalyst suggest that the Cu1+ ions at the catalyst surface
ct as active species for particulate matter oxidation due to their
avorable electronic configuration.
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