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a  b  s  t  r  a  c  t

Novel  Pd  sulfated  ceria–zirconia  catalysts  for  the  SCR  of NOx by  methane  were  prepared  by  impreg-
nation  of a PdCl2 precursor  dissolved  in  ammonia  solution  on  a sulfated  Ce0.21Zr0.79O2 support,  itself
obtained  by  direct  sulfation  of a ceria–zirconia  nanopowder  in  0.5  M  H2SO4. Best  CH4-SCR  performances
under  the  conditions  150  ppm  NO;  1500  ppm  CH4; 7 vol.%  O2 were  achieved  using  Pd loadings  in  the  range
0.24–0.53  wt.%  with  30–35%  NO conversion  to N2 around  350–400 ◦C.  By  contrast,  the  formation  of  a PdOx
eywords:
Ox

exZr1−xO2

H4-SCR
ulfates
O2

phase  at  superior  Pd loadings  was  found  detrimental  for  the  SCR  activity  because  it  promotes  also  the
non-selective  methane  oxidation.  Increasing  CH4 concentrations  or adding  H2O to  the  feed  have  opposite
trends  on  DeNOx, activity,  the  latter  being  detrimental  at low-medium  temperatures  due  to inhibit-
ing  effects  on  adsorption.  As  evidenced  by  DRIFTS  of  CO  and  pyridine  adsorption,  UV–Vis,  HRTEM–EDX
and  XRD,  the  nature  of  the  Pd  species  active  in SCR  could  be  [Pd(O)–H]x+ isolated  species  and/or  small
[(PdO)n–H]x+ clusters  possessing  a high  Lewis  acidity  and  a  low  reducibility.
O adsorption
alladium

. Introduction

The selective catalytic reduction (SCR) of NOx with methane
s an attractive approach to pollution control due to the hydro-
arbon availability through natural gas infrastructures. This
fter-treatment technology would be particularly applicable to sta-
ionary sources such as natural gas engines and small-scale gas
oilers, in which unburned methane remains as a component in
he exhaust. However, these engines typically operate under lean
onditions in order to improve their efficiency. This presents a chal-
enge to the SCR of NOx, as hydrocarbon (HC) combustion with O2
ends to deplete the reducing agent [1,2].

From the literature data, active CH4-SCR catalysts can be sepa-
ated within two broad categories. The first one includes Pd, Co, In,
n,  Ga, Ag and Fe ion-exchanged cations, used alone or in combina-
ion, on acidic zeolithes having the ZSM-5, MOR  and FER structures
2–9]. Some of these catalysts, namely those which include Pd or Co,
re capable to reach very high DeNOx activities around 450–550 ◦C
nder dry conditions [4,5]. However, most of them also deacti-
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vate in the presence of wet exhaust streams (such as those from
combustion of fossil fuels) due to the deterioration of the zeolithic
metastable structures or even the washout of supported cations
from their ideal positions [4,5]. The second category is represented
by the same active phases, but supported on metal oxides whose
acid properties were generally increased prior to impregnation by
the introduction of oxoanions, namely of the sulfate type, using
different methods [10–13].  The most successful preparations of Pd,
Co, Mn  and Pd–Co catalysts supported on sulfated zirconia were
found to have DeNOx activities rather comparable to those of the
best zeolithic catalysts in addition to improved hydrothermal and
thermal stabilities and resistance to SO2 [10].

The link between these two  categories is the stabilization of
highly dispersed cationic species at low metal loadings, which is
promoted by the Brönsted acidity of the support [1,10].  For Pd
supported catalysts, it was claimed that CH4-SCR active palladium
species could have either the Pd2+, [Pd–O–Pd]2+, H+(PdO)H+ or the
Pd0 forms, among other possibilities [14 and references therein]. By

contrast, it was  proposed that PdO particles and/or mixed PdOx/Pd0

phases rather catalyze the non-selective hydrocarbon oxidation
[15].

Surprisingly, ceria–zirconia supports have been only very
scarcely used in HC-SCR reactions [16,17],  presumably due to

dx.doi.org/10.1016/j.cattod.2010.12.026
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bazambre@univ-metz.fr
dx.doi.org/10.1016/j.cattod.2010.12.026
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Table  1
elemental analyses and specific surface area of the different catalysts.

Catalysts Label S (wt.%) Cl (wt.%) SBET (m2 g−1)

Ce0.21Zr0.79O2 CZ28 – – 185
Sulfated Ce0.21Zr0.79O2 SCZ28 1.70 – 179
Pd/Ce0.21Zr0.79O2 Pd1.04%/CZ28 – 0.56 158
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Sulfated Pd/Ce0.21Zr0.79O2 Pd0.99%/SCZ28 

Pd0.53%/SCZ28 

Pd0.47%/SCZ28 

Pd0.24%/SCZ28 

he well-known oxygen storage capacity (OSC) of ceria, which is
hought to promote the detrimental combustion of the hydro-
arbon rather than the SCR reaction [18]. However, ceria can
lso be sulfated [19], which allows in principle to tune both the
cid–base and the OSC properties of sulfated ceria–zirconia cata-
ysts. Recently, we have reported an extensive characterization of
hese materials [20]. In this study, the CH4-SCR performances of
ulfated ceria–zirconia catalysts loaded with different amounts of
d are reported under a variety of reaction conditions and are com-
ared with a conventional non-sulfated Pd catalyst. The nature of
he SCR-active Pd species is also investigated using different ana-
ytical techniques.

. Experimental

.1. Preparation of Pd-supported catalysts

The ceria–zirconia (CZ) support (Ce0.21Zr0.79O2, CZ28) was sup-
lied by Rhodia (La Rochelle) and obtained from nitrate precursors.
ulfated ceria–zirconia (SCZ28) was obtained as follows: 5 g of the
are support was reacted with 75 mL  of sulfuric acid (0.46 M)  for
5 min, filtered, washed with diluted H2SO4 (0.05 M),  dried at 70 ◦C
nder vacuum and finally calcined at 500 ◦C (2 h). Pd-supported cat-
lysts with different loadings in Pd (between 0.24 and 5 wt.%) were
repared by incipient wetness impregnation of CZ28 or SCZ28 using
ppropriate amounts of a PdCl2 precursor (purity 99%, Aldrich) dis-
olved in NH3. After drying under vacuum at 70 ◦C, the catalysts
ere calcined under air at 500 ◦C during 2 h. A list of the catalysts
repared and their corresponding labels are given in Table 1.

.2. Characterization of the catalysts

The specific surface area (BET method, N2 adsorption at 77 K)
f the different prepared catalysts and their Pd, S and Cl con-
ents, as determined from elemental analyses, are given in Table 1.
owder X-ray diffraction (XRD) measurements were performed on

 Siemens D-500 diffractometer using Cu K� monochromatized
adiation from 10 up to 80◦ (2�). HRTEM/EDX analyses of some
elected catalysts previously dispersed in ethanol and deposited
nto a perforated carbon foil supported on a copper grid were car-
ied out on a JEOL-JEM 2011 UHR microscope operating at 200 kV
0.194 nm resolution). Solid UV–Vis spectra were recorded in the
90–800 nm range on a Varian Cary 5E spectrometer equipped
ith an integration sphere coated with polytetrafluoroethylene

PTFE). The sulfated ceria–zirconia support was used as refer-
nce.

Diffuse reflectance spectra (DRIFTS) were recorded in the
000–700 cm−1 range (resolution 4 cm−1, 100 scans) on a Bio-Rad
TS 185 spectrometer equipped with a MCT  detector, a “Graseby
pecac” optical accessory and a Spectra-Tech environmental cell.

R acidity studies using pyridine adsorption were carried out
t 60 ◦C into a static home-made adsorption cell, allowing the
atalysts pre-treatment at 130 ◦C under dynamic vacuum. After
4 h, physisorbed pyridine was removed by purging the catalysts
t 80 ◦C prior to their transfer to the FTIR spectrometer where
1.63 1380 ppm 161
1.85 <300 ppm 168
2.09 500 ppm 144
1.89 440 ppm 159

DRIFTS spectra were recorded (using the corresponding unex-
posed catalyst pre-treated in the same conditions as reference).
For the in situ DRIFTS experiments related to the examination
of Pd supported catalysts by CO adsorption, the samples were
first outgassed in situ under He up to 400 ◦C, cooled down to
30 ◦C and then CO (1000 ppm/He, 80 mL/min) was introduced at
the same temperature in order to obtain time-resolved spectra
corresponding to increasing CO exposures. Upon saturation by
adsorbed CO, samples were purged under He and then heated
up to 400 ◦C under He (v = 10 ◦C/min) to study the thermostabil-
ity of the different CO ad-species. In all this series of experiments,
the background reference was the single-beam spectrum of the
catalyst pre-treated at the same temperature before CO adsorp-
tion.

2.3. Catalytic tests

Prior to catalytic measurements, the calcined samples were pre-
treated in situ under Ar at 500 ◦C (10 ◦C/min) in a U-type quartz
reactor itself placed inside a vertical furnace regulated with a
Eurotherm controller. Temperature programmed surface reactions
(TPSR) and isothermal tests were both carried out under the follow-
ing conditions (unless otherwise stated): 150 ppm NO; 1500 ppm
CH4; 7 vol.% O2; balance Ar; GHSV = 40,000 h−1; mcatalyst = 0.55 g.
First, the temperature was ramped from 25 to 500 ◦C (v = 10 ◦C/min)
under the reactant mixture (TPSR mode) and then the SCR activ-
ity of the catalysts was measured under steady-state conditions
back from 500 ◦C to 250 ◦C (dwells of 50 ◦C). The reactor outflow
was  monitored continuously using both an Eco Physics CLD 700
AL chemiluminescence NOx analyzer (for NO, NO2 and total NOx),
Ultramat 6 IR analyzers (N2O, CO, CO2) and a FID detector (FIDAMAT
5E) for the total concentration of hydrocarbons. A gas microchro-
matograph VARIAN CP 4900 (the capillary columns were PLOT
5A 10 m × 0.32 m ID and Paraplot Q 10 m × 0.15 m ID) was cou-
pled to the experiment at the outlet of the reactor to monitor
N2.

The relative amounts of methane reacted with NO (SCR:
CH4 + 2NO + O2 → N2 + 2H2O + CO2) and O2 (combustion:
CH4 + 2O2 → CO2 + 2H2O) during isothermal SCR tests were
calculated as follows:

%CH4(SCR) = 100 × [NOx]reacted
2 × [CH4]reacted

%CH4(comb) = 100 − %CH4(SCR)

3. Results and discussion

3.1. Catalytic performances of the sulfated support and
Pd-supported catalysts
The interpretation of TPSR profiles being useful to describe the
functioning of the catalysts, it will be presented in the next section
before to come across the effect of the different catalytic parameters
on the steady-state SCR activities.
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 Pd0,9 9%/SCZ2 8
Pd1,04 %/CZ28  
ig. 1. Concentration profiles for NO, NO2, NOx , CO, N2O, CO2 and CH4 measured
n  the course of the TPSR reaction (10 ◦C min−1) over the Pd0.53%/SCZ28 cata-
yst from 25 to 500 ◦C under a mixture of 150 ppm NO, 1500 ppm CH4 and 7% O2

GHSV = 40,000 h−1).

.1.1. TPSR patterns of supported Pd catalysts: general features
Rather similar observations were made from the TPSR patterns

btained on the different catalysts, the latter differing only in the
emperatures at which products are formed and the amounts of NOx

nd CH4 transformed or COx, N2 and N2O produced. As a represen-
ative example of an active catalyst, the TPSR profiles were reported
or the sulfated 0.53%Pd/SCZ28 in Fig. 1. They are commented using

 three-function DeNOx model described in [21].
The NO2 desorption peak (max. at 263 ◦C) could be attributed to

he decomposition of some ad-NOx species formed via NO oxidation
o NO2 (function I, which occurs both on the support and Pd) at
ower temperatures and subsequent storage of the latter on the
upport, namely as nitrites and nitrates [22]. Two  NO desorption
eaks were observed (195 ◦C and 300 ◦C). Though the former arises
ainly from the redox decomposition of nitrites, yielding a nitrate

pecies and NO [23], the second probably indicates the reaction of
n ad-NO2 species with an activated form of methane (function II
ccurring on Pd sites), according to the second function described
n [21]:

O2 + methane → RNOx → NO + CxHyOz (1)

Above 310 ◦C, the drastic decrease of the total NOx below the
eference level (Fig. 1) is indicative of the transformation of NO to
2 (35% DeNOx was obtained at 370 ◦C), the O left during NO dis-

ociation being scavenged by the oxygenated hydrocarbon species
erived from Eq. (1) while forming CO2 (function III [21]). It is worth
oting that Pd/SCZ catalysts were highly selective for N2, and only
races amounts of N2O detected at the low-temperatures side of the
eNOx window. Above 370 ◦C, it is evident that the non-selective
xidation of methane by O2 becomes progressively preponderant
ver the SCR reaction in line with the decreased NOx removal and
he “jumps” observed in the concentrations of CO2 and CH4 (Fig. 1).

.1.2. Effect of the sulfation, the Ce promoter and the Pd loading
n DeNOx activity

The SCR performances of the different catalysts measured under
teady-state conditions are reported now. Over the investigated
emperatures range (25–500 ◦C), the non-sulfated support (CZ28)
as found totally inactive whereas the sulfated support (SCZ28)
anifests little activity for the formation of N2 from 350 to 400 ◦C,
hich peaks at 500 ◦C (12% DeNOx in isothermal mode, Fig. 2).
he methane consumption by SCZ28 remained very low (<6% at
00 ◦C), proving that methane activation is difficult even on sulfated
upports. Indeed, the superior DeNOx performances of the SCZ28
upport compared with the parent CZ28 one are due to the grafting
f surface sulfates during the treatment with H2SO4. As shown in
Fig. 2. Steady-state NOx conversions to N2 under a mixture of 150 ppm NO,
1500 ppm CH4 and 7% O2 (GHSV = 40,000 h−1) for the different catalysts in function
of  the reaction temperature.

our recent study [20] and also later on (see Section 3.2.2), the with-
drawing effect brought by surface sulfate species (with a nominal
density of the order of 2–3 SO2−

4 /nm2) increases the amount and
strength of Lewis acid sites (cus Cex+ and Zrx+ cations) and cre-
ates some Brönsted acidity in the CZ material. Though the induced
electronic/chemical effects may  be important regarding the SCR
mechanism and activity, another effects induced by sulfation are:
(i) the modification of the apparent OSC (by limiting the O mobility
in the CZ material); (ii) but also the NOx/methane sorption proper-
ties. Considering the latter effect and providing that the reaction of
CH4 with NOx follows a Langmuir–Hinshelwood mechanism [24],
the reaction rate between the activated forms of methane and NOx

should be maximal at equal surface coverages. As it is common
for most metal oxide surfaces, methane does not simply adsorb
on the CZ and SCZ materials in its molecular form at low-medium
temperatures. Rather, it is dissociated into CH3 and H by a ther-
mally activated mechanism, this process being often considered as
the rate-determining step on the way  of methane oxidation to COx

[25]. On the other hand, the oxidation of NO by O2 occurs readily
from room temperature on CZ surfaces and induces the sorption
of the formed NO2 as nitrites ad-species, which are subsequently
transformed to nitrates, the latter reaction being promoted by NO2,
O2 and the temperature [26]. Hence, the adsorption competition is
clearly at the advantage of NOx at low-medium temperatures (as
also outlined by TPSR data). On non-sulfated CZ surfaces, we  have
shown that these nitrates have a relatively high site occupancy of
the order of 3 NO−

3 /nm2 up to temperatures of 350 ◦C and above
(desorption ends at 500–550 ◦C) [26]. By contrast, the NOx surface
coverage and the maximal desorption temperature (400 ◦C) of the
most stable forms of nitrates is lower for the sulfated materials due
to some site blockage and/or electronic effects brought by the sul-
fates. Hence, it could be proposed that methane activation becomes
promoted only when nitrates become partially desorbed and this
may  contribute to explain the superior performances of the sul-
fated materials. Indeed, it is worth noting that the lower limit of
the DeNOx temperature range on TPSR curves (Fig. 1) corresponds
both to NO2 desorption and to the onset of methane oxidation to
COx.

The effect of sulfation on the SCR activity of Pd-supported cat-

alysts with equal Pd loadings (about 1 wt.%) is considered now.
The non-sulfated supported catalyst (1%Pd/CZ28) is only very lit-
tle active in SCR with a maximum of 6% DeNOx around 300 ◦C in
isothermal mode (Fig. 2) and 4% in TPSR mode at 320 ◦C (not shown
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Fig. 3. Relative amounts of CH4 used for the combustion (A) and the SCR (B) 

ere). By contrast, the sulfated supported catalyst (1%Pd/SCZ28)
xhibits a broader DeNOx window (250–500 ◦C) with a maximum
f 17% N2 at 370 ◦C (Fig. 2). Our results clearly confirm that the
ombination of sulfation with Pd is needed to enhance the SCR
erformances. As expected in the case of SCR catalysts, a typical
volcano” shape is obtained because the non-selective oxidation
f methane by O2 becomes progressively preponderant over the
CR reaction in the high-temperatures range. The weak perfor-
ances of 1.04%Pd/CZ28 in CH4-SCR are therefore also in line with

rends reported in the literature concerning the high activity of
d/ceria–zirconia catalysts for methane combustion [15] and the
oor behaviour of reducible supports in SCR reactions [1,17].

The influence of the Pd content of the SCZ catalysts is shown
n Figs. 2 and 3. By decreasing the Pd loading from 0.99 wt.%
o 0.24–0.53 wt.%, a strong promoting effect is observed on the
CR performances, with 30–35% conversion of NO to N2 in the
50–440 ◦C range (Fig. 2). The T50(CH4) values, reflecting the
ethane oxidation activity of the different Pd/SCZ catalysts in

he presence of NOx, increase monotonically with the Pd con-
ent from 425 ◦C (0.99 wt.%) to 455 ◦C (0.53 and 0.47 wt.%) and
10 ◦C (0.24 wt.%). This indicates different uses of the hydrocar-
on by the catalysts (which are better illustrated in Fig. 3A and B),
nd thus, the existence of different types of Pd species according
o the Pd content. As described in the introduction, these trends
lso observed on Pd catalysts supported on acidic zeolithes and
ulfated or tungstated zirconia have been rationalized by the pro-
ressive transition from Pdx+ isolated cations (rather active in SCR)
o PdO/PdOx clusters (rather active in methane combustion) when
he Pd loading increases.

By comparing our Pd/SCZ28 samples with the literature
d/sulfated zirconia catalysts [10], it is found that the DeNOx tem-
erature window is shifted to the lower temperatures (by about
00 ◦C) in the presence of the Ce promoter. We  also observed this
ositive effect when acidic ceria–zirconia catalysts with increas-

ng Ce content were used for the SCR of NOx by ethanol [27].
ccording to the well-known redox properties of Ce-based cata-

ysts, one obvious effect of cerium is that Cex+ sites increase both
he oxidation of NO to NO2 and the hydrocarbon oxidation activity
18]. Both reactions may  be mandatory to enhance the SCR per-
ormances at low temperatures because they will help to activate
he methane (see Section 3.1.1) and the lower thermostability of

itrates on Ce sites in comparison with Zr sites may  also beneficial

n that way [28]. At higher temperatures, the adsorption competi-
ion between NOx (0.015%) and O2 (7%) becomes more and more
t the advantage of O2 and the redox interplay between Pd and Ce
ites (by spillover effects) may  be detrimental for the SCR perfor-
250 30 0 35 0 40 0 45 0 50 0

Tempera ture  (°C )
250 30 0 35 0 40 0 45 0 50 0

Tempera ture  (°C )

ns during isothermal CH4-SCR tests in function of the reaction temperature.

mances [17]. On the other hand, it is worth noting that the DeNOx

activities remained almost constant in the 0.24–0.53 wt.% range for
our Pd/SCZ catalysts (Fig. 2) whereas they reached a maximum for
Pd/SZ catalysts at 0.1 wt.% and decreased slowly at higher load-
ings. It is clear that the optimal Pd loading is both function of
the specific surface area of the support, the sulfate content and
the nature of the Pd precursor. However, it is difficult to know if
the presence of Ce also played a role in stabilizing the palladium
ionic species up to higher metal loadings or even change their elec-
tronic properties. More investigations are needed to elucidate that
point.

3.1.3. Effect the CH4:NO ratio and water vapour on DeNOx

The other reaction parameters being kept constant (7% O2,
150 ppm NO), the methane concentration was increased from
3000 ppm (corresponding to [CH4]/[NO] = 20) to 9000 ppm in order
to examine the influence of the [CH4]/[NO] ratio on the NO conver-
sion to N2 in the case of the active Pd0.53%/SCZ28 catalyst (Fig. 4A).
As expected, both the DeNOx yield and the temperature window
progressively increase with the reductant concentration. However,
the gain (42% DeNOx at 9000 ppm CH4) is weak and by no means
proportional to the [CH4]/[NO] ratio as was the case for Pd,Co/Al2O3
catalysts [29] under the same conditions (increase from 15% to
62% DeNOx when changing the [CH4]/[NO] ratio from 10 to 40).
Anticipating our characterization results, this may  be due to some
differences in the nature of the active Pd phase in the two catalysts,
which is itself affected by the acid–base properties of the support.

The effect of adding and removing successively 1.7% H2O from
the reaction mixture were investigated according to the temper-
ature for the Pd0.53%/SCZ28 catalyst. As displayed in Fig. 4B, the
conversion of NOx to N2 and to a lesser extent the methane con-
sumption are strongly affected in wet conditions, resulting in the
shift of the DeNOx window to the high temperatures and a dras-
tic decrease in the conversion of NO to N2. After removing H2O
from the feed (Fig. 4B), the initial SCR activity is however recov-
ered, reaching similar DeNOx levels than before (about 30% N2).
Hence, this reversibility is indicative of some inhibiting effects on
adsorption (more visible on TPSR curves), which take place namely
at low-medium temperatures and become less and less significant
at high-temperatures. Indeed, the presence of Ce (which lowers
the DeNOx temperature) and sulfates (which probably increase

the water affinity at low/medium temperatures) seem detrimen-
tal to achieve high DeNOx yields under wet conditions at medium
temperatures. This could be paralleled with the better behaviour
of Pd/sulfated zirconia catalysts in the presence of water around
500 ◦C [10].
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denotes the presence of small palladium entities [30–32].  The
observed shift according to the Pd content has probably to be
related to the transformation of isolated Pdn+ cations strongly inter-
acting with the sulfated support at low Pd loadings to neighbouring
Pd2+ in PdOx cluster as the metal content increased to 0.99 wt.%. For
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ig. 4. Steady-state NOx conversions to N2 obtained over the 0.53%Pd/SCZ28 cataly
000  to 9000 ppm, [NO] = 150 ppm, [O2] = 7%); (B) under wet  (1.7% H2O) and dry (0%

.2. Characterization of the supported Pd catalysts

.2.1. Structural characterization
As already reported [20], the preparation of sulfated CZ catalysts

y direct sulfation of the crystallized oxide in sulfuric acid does
ot significantly alter the specific surface area and crystallite struc-
ure (Table 1) while enhancing the acidic properties. As deduced
rom Table 1, the presence of surface sulfates also apparently pre-
ented the deposition of significant amounts of chlorine during the
atalyst preparation, which was observed on the non-sulfated Pd
atalyst. Following sulfation and deposition of palladium species
ith Pd loadings in the range 0.24–0.99 wt.%, no changes were
etected in the XRD pattern and the Raman spectrum (not shown
ere) of the sulfated ceria–zirconia, which both exhibit the char-
cteristic features of the tetragonal t structure of the parent mixed
xide. However, when the Pd loading was increased to 5 wt.%, a
ather sharp PdO peak appeared in the XRD pattern. This indi-
ates that for the catalysts used in the present study, Pd species
re dispersed rather homogeneously on the support, at least for Pd
oadings inferior or equal to 0.99 wt.%. The existence of PdO par-
icles was neither evidenced by XRD for the non-sulfated Pd/CZ28
atalyst with 1.04 wt.% Pd.

As deduced from the examination of the sulfated SCZ28 sup-
ort and some of the Pd/SCZ catalysts (0.53 and 0.99 wt.%) by
RTEM/EDX, electron micrographs were dominated by the pres-
nce of interconnected ceria–zirconia crystallites of 3–7 nm in
verage (Fig. 5). Though Pd was detected by EDX in most areas
f the samples (inset of Fig. 5), a scrupulous analysis of related
igh-resolution pictures did not provide any clear evidence for the
xistence of supported Pd-containing particles. Therefore, this con-
rmed the high dispersion of Pd species, most probably as isolated
ations or very small clusters (with size at least <1–2 nm) on the
ulfated catalysts.

The characterization of the Pd catalysts by DR–UV–Vis spec-
roscopy (Fig. 6) revealed discrete changes according to the Pd
oading and the sulfation treatment. It is worth noting that in
he course of the calcination to 500 ◦C, the aspect of the Pd-
oaded samples changes from yellow-pink (the colors of the
eria–zirconia powder and PdCl2 precursor dissolved in NH3) to
ark yellow/orange (at low Pd loadings) or tobacco-brown (at
igh Pd loadings) after calcination. In DRS spectra, a weak absorp-

ion around 250 nm was only observed for the lowest Pd loadings
<0.53 wt.%) and could possibly be assigned to a O2− → Pd2+ charge
ransfer band [30,31]. Taking into account HRTEM observations and
he literature data, the signal detected in the region of d–d transi-
ions, which gradually shifted from 449 to 488 nm (and increased
Fig. 5. Selected HRTEM image and corresponding EDX spectrum (inset) for the
Pd0.99%/SCZ28 catalyst.

in intensity) when the Pd loading increased from 0.24 to 0.99 wt.%,
200 300 40 0 50 0 600 70 0 80 0
0,0

λ (n m)

Fig. 6. UV–Vis spectra of the Pd/SCZ28 catalysts in function of the Pd loading.
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ig. 7. (A) DRIFTS spectra of pyridine adsorbed on the different sulfated catalysts i
ands in function of the Pd loading. See text for details.

he non-sulfated Pd catalyst with similar metal loading (1.04 wt.%),
his absorption was shifted at 462 nm (against 488 nm for the
d0.99%/SCZ28). This difference could be either attributed to some
hanges of coordination of supported Pd species on the two  sup-
orts and/or to a variation in cluster size [30,31]. More information
n the oxidation states and reducibility of Pd species was obtained
rom DRIFTS of adsorbed CO, which will be presented in a forth-
oming section.

.2.2. Acidic properties
The acid properties of the different Pd catalysts used in this

tudy were examined by DRIFTS of adsorbed pyridine (Fig. 7A and
). The nature and strength of acid and basic sites existing on
he SCZ28 and CZ28 supports have been described extensively in
20 and references therein]. The non-sulfated CZ28 support dis-
layed only Lewis acid sites of moderate strength (cus Zr4+ and
ex+ cations), as shown by the presence of absorptions at 1445 and
608 cm−1. The corresponding Pd1.04%/CZ28 catalyst exhibited the
ame species added to a new one located at 1453 cm−1 and assigned
o a Py → Pdx+ Lewis complex. Following sulfation (Fig. 7A), the
CZ28 support displayed still one type of Lewis acid sites at the
ame IR frequencies that the non-sulfated one, but also Brönsted
cid sites (of acidic OH type and/or bisulfate species), as revealed
y the absorption at 1543 cm−1 (the 1489 cm−1 mode accounts
amely for Brönsted sites but also partly for Lewis sites). In our
revious study, we have demonstrated that these Brönsted sites
ransformed to a new type of Lewis sites (presumably more acidic)
pon dehydration at moderate-high temperatures [20]. As deduced
rom the lack of significant variations observed for the 1543 cm−1

and following Pd impregnation, the amount of Brönsted acid sites
id not change considerably whatever the Pd loading. By contrast,
he intensity of the 1445 cm−1 band, ascribed previously to Lewis
cid sites on the support, decreased by half whereas the one corre-
ponding to Py → Pdx+ Lewis complexes (now shifted to 1455 cm−1)
ollowed a regular increase with the Pd loading (Fig. 7B). As most
d sites were apparently accessible to the molecular probe, this led
s to conclude that the dispersion of Pd species should be rather
igh over the range of Pd loading investigated (0.24–0.99 wt.%),
herefore confirming the results obtained by HRTEM and XRD.
.2.3. DRIFTS study of CO adsorption
By exposing the parent CZ28 support to CO at room temperature,

nly very weak bands were detected around 2170 and 2120 cm−1,
hich rapidly disappeared upon evacuation under He flow. Due
tion of the Pd loading; (B) semi-quantitative evolution of the 1445 and 1455 cm−1

to the low definition of these bands, they are assigned to CO
linearly adsorbed on Ce4+ and Zr4+ sites for the high-frequency
band, and on reduced Ce3+ sites for the low-frequency one [33 and
references therein]. The simultaneous detection of gaseous CO2 in
the first minutes of experiment and the build-up of weak over-
lapped absorptions in the 1800–1100 cm−1 region indicated that
CO oxidation and the formation of carbonate-like species (involving
basic oxygens) took also place to a little extent [17]. After sulfation,
the main spectral features of the SCZ28 support above 1800 cm−1

were a small band at 2198 cm−1, accompanied by broad shoulders
centred at 2170 and 2115 cm−1. In line with the literature exist-
ing on acidic zirconia and ceria catalysts [33,34],  the 2198 cm−1

band should be reasonably assigned to M4+ species (M = Ce, Zr)
with increased acidity due to the withdrawing electronic effect of
neighbouring sulfate groups. Interaction of CO with Brönsted acid
sites (as revealed by the negative absorptions in the OH region) on
the SCZ material is thought to contribute also to the absorption
near 2170 cm−1 [33]. By contrast with the parent CZ28 sample,
carbonates were not observed on SCZ28. Instead, the simultane-
ous detection of gaseous CO2 and adsorbed water (which induces
a perturbation of some sulfate species as deduced from the nega-
tive band at 1398 cm−1), is thought to involve the reaction of the
CO probe with some OH groups. This confirms that the sulfated CZ
has not only an acidic character (as deduced from the absence of
carbonates) but also possesses oxidizing properties [20].

Because of the higher thermal stability of the resulting surface
structures, IR absorptions due to CO adsorbed on Pd species at
298 K (Fig. 8) were much more intense than for the support alone at
the same temperature. On the non-sulfated Pd1.04%/CZ28 catalyst
(Fig. 8A), the first minutes of exposure to CO led to the build-up
of intense absorptions mainly due to hydrogen carbonate (bands
at 1630 and 1220 cm−1), and to a lesser extent to monodentate
and polydentate carbonate species (shown in Ref. [17]). The for-
mer  species arises from the oxidation of CO to CO2 on PdO clusters
and the subsequent reaction of carbon dioxide with Cex+–OH− sur-
face groups of the support. This process was accompanied by the
partial reduction of clustered palladium species, which occurred
in two-steps as shown by the decrease of the band at 2145 cm−1

at the benefit of the 2107 cm−1 band and then the 2091 cm−1
band, in that order (Fig. 8A). These absorptions correspond to CO
adsorbed linearly on Pd2+, Pd+ and Pd0, respectively [17,33]. The
bands below 2050 cm−1 are mainly related to multi-bonded CO
on Pd0 terraces [33]. According to the literature data, absorptions
at 1934 and 1882 cm−1 could be assigned to doubly- and triply
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Fig. 8. In situ DRIFTS spectra of adsorbed CO (1000 ppm/He) at 25 ◦C for: (A) the non-
s
c
l

b
1
a
b
t
o
o
a
e
c
t

rise to carbonyl Pd clusters such as [Pdn(CO)z–H]y+ (y < x), which
ulfated Pd1.04%/CZ28 catalyst as function of time; (B) the sulfated Pd0.99%/SCZ28
atalyst as function of time; (C) the different sulfated catalysts in function of the Pd
oading (t = 2 min).

ridged CO, respectively, on Pd(1 1 1) facets whereas the shoulder at
970 cm−1 is due to adsorption on Pd(1 0 0) [33,35].  The small band
t 1992 cm−1, which decreases at the expense of the 1970 cm−1

and is due to Pd+–CO–Pd+ species (Fig. 4A). By comparing the frac-
ion of adsorbed CO present in linear form (2091 cm−1 band) to that
f the bridged CO forms, it could be established that the dispersion
f metallic Pd is very high [35]. By correlating these results with the

bsence of Pd peaks in XRD, it could be concluded that Pd species
xist as very small PdOx entities exhibiting high reducibility on the
eria–zirconia support. In a previous study [17], it was shown that
hese Pd species were also highly active for methane combustion.
ay 176 (2011) 242– 249

The effect of sulfation on the state of Pd species is considered
now. Due to their acidic properties, carbonate-like species were not
formed on sulfated Pd catalysts [20]. Rather, weak absorptions cor-
responding to molecularly adsorbed CO2 at 2355 cm−1 or the gas
were generally observed. As expected from SCR catalytic results,
the CO adsorbed species on Pd sites of the sulfated catalysts were
markedly different than those described earlier on the conventional
Pd1.04%/CZ28 catalyst (Fig. 8A and B). Following the first doses of
CO (2 min  exposure), the main bands for the Pd0.99%/SCZ28 cata-
lyst (Fig. 4B) were located at 2164 and 2125 cm−1. Upon increasing
the exposure time, the latter band developed more rapidly than
the former simultaneously to the growth of new absorptions at
2157, 2100, 1982, 1956, 1903 and around 1880 cm−1. By compar-
ing the time evolution of adsorbed CO species (Fig. 8A and B), it
is deduced that Pd species on SCZ28 displayed less reducibility
than the Pd1.04%/CZ28 catalyst into the same conditions, which
points out again the role of the sulfated support in stabilizing the
Pd ionic species. Moreover, the blueshift of the frequencies of lin-
early CO adsorbed species compared with the non-sulfated catalyst
indicates an enhancement of the Lewis acidity, i.e.  the degree of
insaturation of palladium cations [33]. By decreasing the Pd load-
ing to 0.24 wt.%, the high-frequency band observed at 2164 cm−1

for Pd0.99%/SCZ28 was  shifted to 2172 cm−1 and still dominated
the spectra after 100 min  exposure to CO (Fig. 8C). Absorptions
around 2157 and 2125 cm−1 very present at higher Pd loadings
were also detected, but with much less relative intensity compared
with the high-frequency band. The 1956 cm−1 band was  absent
and a new species, not detected for Pd0.99%/SCZ28, appeared at
1814 cm−1. Upon examining the same sample after a full catalytic
test in the NO/CH4/O2 reaction mixture, a similar time evolution of
CO adsorbed species was  noticed. Hence, no loss of dispersion or
a change in the state of Pd species could be inferred following the
SCR reaction. Finally, the Pd0.53%/SCZ28 catalyst displayed logi-
cally an intermediate behaviour between the two other sulfated
Pd catalysts (0.24% and 0.99%). Also worth noting and as deduced
from the magnitude of the signals recorded for the CO adsorbed
species on the different Pd/SCZ28 catalysts, the relative dispersion
of Pd species in function of the Pd loading was  somewhat similar
in the range investigated (0.24–0.99%), which confirms the results
obtained by DRIFTS of adsorbed pyridine. In our view, this rules out
the presence of large three-dimensional Pd entities on the sulfated
support.

For the interpretation of DRIFTS data, we took into account
some symmetric trends reported for the catalytic behaviour and
the characterization of Pd catalysts supported on acidic zeolithes
and sulfated zirconia in the CH4-SCR reaction [2–10]. Hence, the
evolutions observed in the state of Pd species after sulfation and in
function of the Pd loading are explained as follows. On the sulfated
ceria–zirconia support, the deposited Pd interact with the protons
in the vicinity of Brönsted acid sites to generate either [Pd(O)–H]x+

isolated species or small [(PdO)n–H]x+ clusters. These electron-
deficient Pd species have both a high Lewis acidity (x should be >2)
and a weak reducibility and are thought to be responsible of the
high-frequency CO band observed at 2172–2164 cm−1 (Fig. 8C). In
this concept, it seems likely that as the Pd loading increases, more
Pd atoms share a proton as their amount is imposed by the sul-
fate content, which is constant in our case. Hence, these small Pd
clusters have an inferior Lewis acidity (a lower IR frequency) as
well as a superior reducibility than the isolated Pd entities (pre-
sumably more present at low Pd loadings). In the course of the
exposure to CO, some [(PdO)n–H]x+ clusters slowly reduced giving
accounts for most of the absorptions observed at 2125 cm−1 and
below 2100 cm−1. In this respect, the resemblance between our
IR spectra and those reported for carbonyl Pd clusters encapsu-
lated in zeolithe supercages (with a core of 13 Pd atoms) [36]
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s striking but rather intriguing taking into account that the sul-
ated ceria–zirconia support has no cavities. The 2157 cm−1 band,
hich also increases with the Pd loading, is assigned to some Pd

ations maintaining somewhat a high oxidizing state in such type
f carbonyl clusters. Taking into account the evolution of the SCR
erformances in function of the Pd loading, it is very probable
hat some “normal” PdO-like species (such as those existing on the
on-sulfated Pd catalyst and active for the combustion reaction)
o-exist more and more with these acidic Pd clusters as the Pd load-
ng increases. During impregnation, these species may  have been
eposited on some portions of the surface which not bear sulfate
roups.

. Conclusions

In this study, the CH4-SCR activity of Pd catalysts supported
n acidic ceria–zirconia (prepared by direct sulfation of the crys-
allized CZ materials in H2SO4) was investigated according to the
cidic/redox properties of the support, the Pd loading and the feed
onditions.

According to the different characterizations, the Brönsted acid-
ty of the sulfated support allowed to stabilize at the low Pd
oadings highly dispersed palladium species, presumably exist-
ng as [(PdO)n–H]x+ adducts located in the vicinity of sulfate
pecies. The corresponding Pd(0.24–0.53 wt.%)/SCZ catalysts dis-
layed 30–35% NOx conversion to N2 around 370 ◦C under standard
eaction conditions. By contrast, higher Pd loadings were found
etrimental for the SCR activity because they also promote the
ormation of PdOx clusters, which are more selective for the com-
ustion of methane. Though the increase of the [CH4]/[NO] ratio
as found to slightly promote the SCR performances, the effect of

dding water to the feed was detrimental due to the inhibition of
Ox and methane sorption sites at low-medium temperatures.

Overall, the observed catalytic behaviour can be paralleled to
hat of Pd supported on acidic zeolithes. By comparing our results
ith Pd/SZ catalysts from the literature, it is deduced that cerium

ites on the sulfated ceria–zirconia support acted as a promoter
or the SCR reaction but also for the non-selective oxidation of

ethane.
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