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a b s t r a c t

Ni, NiRh and NiCo catalysts supported on Ce–Zr-oxide synthesised by pseudo sol–gel method have been
investigated. Monometallic samples were performed with two different Ce/Zr ratios and by conventional
impregnation. BET, XPS, TPR, TPO and TEM were applied for sample characterization and dry reforming
of methane was carried out with a feed mixture consisted of CH4/CO2/Ar = 10/10/80 or CH4/CO2 = 70/30
ratio. Co and Rh containing samples were proved to be stable catalysts, the impregnated Ni catalyst only
slightly, while sol–gel Ni samples slowly deactivated during the long term overnight run.

The amount of carbon on the sample’s surface after catalytic runs varied between 1 and 12 mg C/100 mg
of catalyst. The Ni samples prepared by sol–gel and impregnation method had a peak maximum in TPO
at 400 ◦C and 600 ◦C, respectively. In the case of bimetallic sol–gel samples the carbon that gave TPO peak
at 360 ◦C was slowly transformed to that at 600 ◦C, showing that after several carbon deposition (dry
reforming) and gasification (TPO) cycles structural changes in the catalyst and in the carbon morphology
take place and graphitic carbon and nanotube formation become prevailing as was detected by TEM.

Upon high temperature pre-treatment and methane dry reforming reaction, alloyed NiRh, NiCo parti-
cles and sintered Ni were observed, with the simultaneous presence of carbidic carbon, carbon nanotubes
and shell-type graphitic carbon deposition. Support degradation and segregation happened to some

extent, but still there was a certain amount of Ni in strong interaction with the support probably still
included in the oxide matrix. Broad metal particle size distribution seems to play a role in long term
stability.

When pure methane was decomposed on Ni catalyst prepared by sol–gel method, the carbonaceous
deposit could completely be removed by the subsequent CO2 treatment, emphasizing the active role of
Ce–Zr mixed oxide support in gasification of surface coke.
. Introduction

In methane dry reforming using CO2 (CH4 + CO2 ↔ 2CO + 2H2)
he presence of carbonaceous deposits is almost inevitable what

ight lead to structural degradation, deactivation and reactor
lug-in in long term runs. Coke formation originates from the

ontribution of the different side reactions such as Boudouard
eaction (2CO ↔ CO2 + C) and methane decomposition reaction
CH4 ↔ 2H2 + C).

∗ Corresponding author at: Institute od Isotopes, Konkoly Th. M. út 29/33, 1121
udapest, Hungary.

E-mail address: guczi@mail.kfki.hu (L. Guczi).

920-5861/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.cattod.2010.08.004
© 2010 Published by Elsevier B.V.

There are 2 approaches to avoid or decrease the substantial car-
bon formation: the first is to choose appropriate support and the
second one is to modify the most frequently used nickel metal
with a second one. In our previous paper [1] we have studied the
behaviour of nickel catalyst supported on MgAl2O4 spinel. It was
established that three different types of carbon are formed, such
as: Ni-carbide, graphite and carbon nanotubes and it was proved
that the crystallized carbon nanotubes are mainly responsible for
the decrease in catalyst activity. The addition of small amount of
gold decreased the deactivation process to some extent.
Ceria and zirconia seem to be promising supports for methane
dry reforming. Darujati et al. [2] studied ceria-promoted and non-
promoted Mo2C/�-Al2O3 (3 wt.% Ce, 30 wt.% Mo) catalyst and found
that the ceria-promoted one had significantly higher dispersion.

dx.doi.org/10.1016/j.cattod.2010.08.004
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:guczi@mail.kfki.hu
dx.doi.org/10.1016/j.cattod.2010.08.004
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Table 1
The major parameters of the various samples.

Catalysts Abbreviation Ni nominal
wt.(%)

Me nominal
wt.(%)

BET surf. area
(m2/g)

Lattice parameter
(Å)

Support particle
size (nm)

5%Ni/Ce2Zr2O8 Ni/Ce2Zr2 (imp) 5 – 17 5.27 6
Ce0.6Zr2.97Ni0.43O8-� NiCe0.6 Zr2.97 (sg) 5 – 15 5.17 7
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Ce2Zr1.51Ni0.49Co0.29O8-� NiC Ce2Zr1.51 (sg) 3 2
Ce2Zr1.51Ni0.49Rh0.03O8-� NiRhCe2Zr1.51 (sg) 4.5 0.5
Ce2Zr1.5Ni0.5O8-� NiCe2Zr1.51 (sg) 5 –

he catalyst provided much higher reforming activity and excel-
ent resistance against carbon deposition compared to e.g. Ni/Al2O3.
hese enhancements are due to the fact that CH4 and CO2 activa-
ion occurred on both ceria and Mo2C particles, with carbidic carbon
xtraction by oxygen on ceria, emphasizing the unique redox prop-
rty of high surface area CeO2. Ceria has been used not only as
modifying agent of the support, but in the form of a compos-

te catalyst. The activity of 13.5Ni-2K/10CeO2–Al2O3 catalyst has
een tested in dry reforming of methane [3]. Results suggested that
oth CH4 cracking and CO disproportionation contribute to coke
eposition.

The main effect of ZrO2 is quite similar to that of CeO2: it causes
igher stability due to the strong inhibition of the carbon formation
4]. For example, addition of ZrO2 to Ni/Al2O3 catalyst increased its
esistance against coke formation. Through the sequential impreg-
ation of Ni and ZrO2 precursors Ni is supposed to be positioned
lose to the ZrO2, where oxygen intermediates are dissociated and
etter react with carbon species [5].

The simultaneous presence of Zr and Ce-oxides is also beneficial.
ezaei et al. synthesized high surface area mesoporous nanocrys-
alline zirconia with pure tetragonal crystalline phase and doped
ith 3% Ce phase to produce excellent support for nickel catalysts in
ethane dry reforming [6–8]. NiCoMgCeOx/zirconia–hafnia cata-

yst with unusually high thermal stability was applied by Choudary
t al. [9].

One has to note that methane dry reforming test reactions are
sually carried out with diluted reactants and so they are far from
he realistic conditions. There are a few examples in the litera-
ure reporting methane dry reforming on Ce–Zr-oxides without any
iluting gas. We ought to cite here the work of Corthals et al., who
pplied MgAl2O4 supported Ni catalysts promoted with both CeO2
nd ZrO2 for dry reforming of methane in CH4:CO2 = 1:1 gas mix-
ure without reagent dilution. It was shown that within a certain
omposition range, crystalline CexZr1−xO2 mixed oxide phase was
ormed on MgAl2O4 that improved catalyst stability, Ni reducibil-
ty and suppressed coke formation [10]. Daza et al. investigated
e-promoted Ni/Mg–Al samples derived from hydrotalcites [11].
hey concluded that Ce promotes the reduction of Ni, acidic support
avours the growth of carbonaceous deposits and basic character
acilitates carbon gasification. Under “drastic conditions” their cat-
lyst was stable up to 20 h with CH4/CO2 20/20 at 48 L g−1 h−1 or
p to 15 h with CH4/CO2 40/40 at 96 L g−1 h−1. Filamentous coke
ormation was demonstrated on the catalyst when gas dilution in
he reactants was not used [12].

With excess amount of methane (CH4/CO2 = 2) Montoya et
l. studied Ni/ZrO2–CeO2 sol–gel catalysts for dry reforming of
ethane, and declared that phase transformation, support sinter-

ng and not coke formation was the main cause of the deactivation.
olid solution of CeO2–ZrO2 was formed by adding 1, 8, 20% CeO2
o 15%Ni/ZrO2. It was stated that Ce-oxide prevented the tetrago-
al to monoclinic transformation of ZrO2 and the part of Ni2+ was

ncorporated in ZrO2, and CeO2 being partially segregated in the

ase of 20% CeO2 [13].

The aim of this paper is to study the Ce–Zr-oxide based metal
atalysts prepared by sol–gel technique or impregnation method to
ather information about their structure, activity and the different
11 5.30 7
21 5.30 6
18 5.29 7

carbonaceous species formed during CH4 dry reforming with CO2.
It is well known that natural methane source sometimes contains
about 30 vol.% CO2. For this reason we apply a gas mixture com-
posed of CH4/CO2 = 70/30 ratio without any dilution by which coke
formation is of high chance.

2. Experimental

2.1. Catalyst preparation

The monometallic Ni and bimetallic NiRh and NiCo catalysts
were prepared by pseudo sol–gel method based on thermal decom-
position of metallic propionates [14,15]. The metal precursors used
for synthesis were: cerium (III) acetate sesquihydrate, zirconium
(IV) acetylacetonate, rhodium (II) acetate dimer, nickel (II) acetate
hydrate and cobalt (II) acetate hydrate. The salts were dissolved
in the excess of propionic acid and the solutions were mixed and
heated under reflux. The solvent was evaporated to obtain gel
which was than calcined in air at 750 ◦C during 4 h. Monometal-
lic Ni samples were prepared with two different Ce/Zr ratio
Ce0.6Zr2.97 and Ce2Zr1.5, respectively (named as NiCe0.6Zr2.97 (sg)
and NiCe2Zr1.51 (sg)), the latter composition was further set for the
preparation of NiRh and NiCo catalysts (denoted as NiRhCe2Zr1.51
(sg) and NiCoCe2Zr1.51 (sg)) (Table 1).

The reference Ni/Ce2Zr2 (imp) catalyst was prepared by wet
impregnation of Ce2Zr2O8 support, prepared by previously men-
tioned sol–gel technique, in excess of water which was then
removed during heating up to 160 ◦C under stirring. The obtained
residue was dried overnight and calcined in air at 750 ◦C during 4 h.
The metal precursor used in this case was nickel (II) nitrate hexahy-
drate. The nominal metal concentrations of the samples are shown
in Table 1. It has to be stressed here that metal loading for all the
catalysts is always the same, equal to 5 wt.%.

2.2. Sample characterization

The specific BET surface area was determined by N2
adsorption–desorption measurements at −196 ◦C in a Tristar gas
adsorption system. The crystalline structure of mixed oxides
was determined by powder X-ray diffraction using Brucker D8
Advanced apparatus with CuK� radiation. The lattice parameters,
support particle sizes and BET specific surface areas are summa-
rized in Table 1.

The reducibility of selected catalysts was studied by tempera-
ture programmed reduction (TPR) using 0.05 g sample heated from
room temperature to 900 ◦C with a ramp of 15 ◦C/min under hydro-
gen/argon flow.

The oxidation state and surface concentration of Ni on
NiCe0.6Zr2.97 (sg) were determined by XPS performed by a KRATOS
XSAM 800 XPS machine equipped with an atmospheric reaction
chamber. Spectra were taken in (a) the “as prepared” form of the
sample and after each in situ subsequent treatment; (b) flowing

H2 at 770 ◦C; (c) reaction mixture of CH4/CO2 = 70/30 at 660 ◦C; (d)
air at 700 ◦C and (e) again reaction mixture at 660 ◦C. AlK� excita-
tion and 40 eV pass energy was used during data acquisition. The
binding energies (BE) were determined relative to C 1s at 285 eV.
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CO2 and CH4 conversion was observed for NiRhCe2Zr1.51 (sg) sam-
ple, Ni/Ce2Zr2 (imp) catalyst exhibited quite similar activity while
the monometallic NiCe0.6Zr2.97 (sg) had the lowest activity. This
activity order changed in non-diluted gas mixture proving that
04 A. Horváth et al. / Cataly

or the surface composition, signals of Ni 2p, Ce 3d, Zr 3d, O 1s,
nd C 1s were considered using the sensitivity factors given by the
anufacturer. In fitting the entire Ni 2p region first a Shirley-type

ackground was subtracted The entire Ni 2p region was fitted using
7.3 eV separation between the 2p1/2 and 2p3/2 states and 6 to 7 eV
eparation for the satellites of the Ni2+ peaks.

The amount of carbon on the sample surface after catalytic run
ith CH4/CO2 = 70/30 feed was estimated from the amount of CO2

volved in TPO experiments carried out in 5 vol.% O2 and 1 vol.% Ar
n He. To detect CO2 formation mass spectrometer was employed.
sing the correlation between the intensity and flow ratio of CO2 to
r the flow of CO2 could be determined and then integrated through

he time, which resulted in the amount of CO2 formed [1].
The Ni particle size and the structure of the carbon species were

tudied by a Philips CM20 TEM operating at 200 kV equipped with a
ORAN energy dispersive spectrometer (EDS) of germanium detec-

or for electron probe microanalysis. The aqueous suspensions of
he samples were dropped on carbon-coated grid and after evapo-
ating water the electron micrographs of the particles were taken.

.3. Catalytic activity

Catalytic tests were performed under two different conditions
n fixed bed quartz reactors. The first set of activity measurements

as performed on 0.1 g of catalyst with a feed mixture consisted of
H4/CO2/Ar = 10/10/80 and total space velocity of 30 L h−1 g−1. Prior
o the reaction the catalyst was reduced in 5% H2–95%Ar at 750 ◦C
or 4 h (0.0025 L/min). The reforming activity was studied increas-
ng the temperature from 550 ◦C to 800 ◦C with the stabilization of
h at each temperature.

A second set of catalytic reaction was performed using
H4/CO2 = 70/30 mixture without any diluting inert gas to mimic
ealistic reforming gas composition. 0.1 g of catalyst was put into
he quartz reactor and the reactant mixture with 20 ml/min flow
ate (total space velocity 12 L/gh) was introduced after the stan-
ard reduction pre-treatment that means 100% H2 at 750 ◦C for 4 h.
emperature during the reaction was raised up to about 800 ◦C until
ll the CO2 was consumed (standard reaction with temperature
amp). When repeated reactions were carried out, the reduction
reatment at 750 ◦C took only 1 h after TPO (that served as calcina-
ion as well). A quadrupole mass spectrometer (type Balzers 100)
as used for analysis of the reaction products and the methane and

arbon dioxide conversions were calculated [1].
Long term (overnight) stability tests using CH4/CO2 = 70/30 mix-

ure were carried out in he following way. First, a standard reaction
ith temperature ramp up to 750–800 ◦C was conducted on fresh,

alcined and reduced sample, then the system was cooled down
o 650 ◦C in CO2 + CH4 mixture and the stability measurement was
tarted at that point and lasted for about 24 h. During the stability
ests the main stream of the effluent gas mixture was connected to
gas chromatograph Chrompack 900 and CO, CO2 and CH4 were

eparated on a 5 m long 60/80 Carboxen 1000 column.

. Results and discussion

The XRD patterns (Fig. 1(a)–(e)) are shown for Ni/Ce2Zr2
imp), NiCe0.6Zr2.97 (sg), NiCe2Zr1.51 (sg), NiRhCe2Zr1.51 (sg) and
iCoCe2Zr1.51 (sg) catalysts after calcination in air at 750 ◦C for
h. It can be clearly seen that the patterns match well to the

ace-centered cubic structure of Ce0.6Zr0.4O2 (JCPDS 38-1439). Nev-
rtheless, the small, broad peaks at 2� = 37.3◦ and 43.3◦ indexed as

iO, with (0 0 1) and (2 0 0) planes can also be observed for all sam-
les except NiCe0.6Zr2.97 (sg) one even after zoom in this region.
e suggest that this difference for NiCeZr (sg) catalysts is due to

o the varying Ce/Zr ratio. It might be explained by partial rejection
Fig. 1. XRD of freshly prepared catalyst: (a) Ni/Ce2Zr2 (imp); (b) NiCe0.6Zr2.97 (sg);
(c) NiCoCe2Zr1.51 (sg); (d) NiRhCe2Zr1.51 (sg); (e) NiCe2Zr1.51 (sg). * face-centered
cubic fluorite structure, † NiO species.

of Ni from the host Ce–Zr structure. For the bimetallic catalysts
besides diffraction patterns characteristic of fluorite structure and
NiO species, no evidence of Co or Rh oxides was observed. In the
case of Rh-containing catalyst this could be ascribed to the low Rh
loading (∼0.5 wt. %). In the all cases total metal loading was 5 wt.%
and it was demonstrated that not all the metal can be inserted into
host Ce–Zr fluorite structure. For NiCoCe2Zr1.51 (sg) catalyst it is
nickel, which is rejected due to the difference in ionic radii of Co2+

(75pm), Ni2+ (69 pm) and Zr4+ (84 pm). Co2+ ionic radius is more
compatible with Zr4+ one than the Ni2+. It was also stated that the
insertion of Ni up to 3 wt.% into fluorite Ce–Zr structure do not lead
to the rejection [16].

The catalytic tests demonstrate the temperature dependence
of catalytic activity in diluted reactant feed (Fig. 2) and in pure
CH4 + CO2 mixture (Figs. 3 and 4). It should be noted that CH4
conversion was always lower than CO2 one. This phenomenon is
particularly remarkable with the CH4/CO2 = 70/30 composition. It
is due to the presence of reverse water gas-shift reaction (RWGS:
CO2 + H2 ↔ H2O + CO) occurring simultaneously with CO2 reform-
ing of CH4 [17]. In the case of CH4/CO2/Ar = 10/10/80 the highest
Fig. 2. Dry reforming tests with diluted reactants. CH4 conversions for (�) Ni/Ce2Zr2

(imp); (+) NiCoCe2Zr1.51 (sg); (�) NiCe0.6Zr2.97 (s/g), (· · ·) NiCe2Zr1.51 (sg) and (�)
NiRhCe2Zr1.51 (sg). CO2 conversions are depicted with dotted lines for the most
and the least active samples: (�) NiRhCe2Zr1.51 and (�) NiCe0.6Zr2.97 (sg). Reaction
conditions: CH4/CO2/Ar = 10/10/80; total space velocity: 30 L h−1 g−1.
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Fig. 3. Comparison of CO2 conversion curves (and CH4 conversion of the most and
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east active samples) in the first reaction after reduction treatment at 750 ◦C/4 h.
eaction conditions: CH4/CO2=70/30; total space velocity: 12 L h−1 g−1; temperature
amp 10 ◦C/min.

eaction conditions may influence the overall catalytic behaviour to
great extent and that the comparison of catalyst samples without
iving the reaction details can be misleading.

For the results obtained in the CH4/CO2 = 70/30 mixture the
ost active sample was again NiRhCe2Zr1.51 (sg) catalyst, the

econd one was NiCe0.6Zr2.97 (sg), while NiCe2Zr1.51 (sg) sample
roved to be the worst catalyst, although the difference between
he conversions vs. temperature curves is small (see Fig. 3). There is
slight deviation in the rise of curve obtained for Ni/Ce2Zr2 (imp)

uggesting different catalyst structure. Fig. 4 depicts the effective-
ess of several reaction-regeneration cycles on the CO2 conversion
alues of NiRhCe2Zr1.51 (sg) sample. It is clearly seen that the origi-
al activity can be regained by calcinations (TPO)/reduction cycles.
ote that the curve is the same if only TPO not followed by reduction
as applied to remove the carbonaceous contamination, meaning

hat the Rh containing sample is able to get reduced by the gas
ixture present. The same applies for the other samples, although

here is a sudden jump in the conversion values as the temperature
eaches the sufficient 620 ◦C (results not shown here) suggesting
hat reduced state of Ni is needed for high catalytic activity.
The stability of catalysts in the CH4/CO2 = 70/30 mixture in
vernight reaction at 650 ◦C was also measured as shown in Fig. 5.
ote that these tests were carried out on catalyst samples previ-

ig. 4. Catalytic activity of NiRhCe2Zr1.51 (sg) sample in subsequent reactions: (a) 1st
eaction; (b) 2nd reaction after TPO/reduction (regeneration); (c) 3rd reaction after
egeneration; (d) 4th reaction after TPO only and (e) 5th reaction without regen-
ration. Reaction conditions: CH4/CO2 = 70/30; total space velocity: 12 L h−1 g−1,
emperature ramp 10 ◦C/min.
Fig. 5. Long term stability tests at 650 ◦C on “spent” samples. Reaction conditions:
CH4/CO2 = 70/30; total space velocity: 12 L h−1 g−1.

ously used in a standard reaction with temperature ramp (spent
samples), that means carbonaceous contamination formed up to
750–800 ◦C were already present on their surface. Thus, we should
handle the starting points in Fig. 5 as data of a kind of second reac-
tion without any regeneration. Co and Rh containing samples seem
to be stable catalysts, the impregnated Ni catalyst only slightly,
while sol–gel monometallic Ni samples slowly but surely deacti-
vate during 24 h. The addition of 0.5 wt.% Rh apparently prevents
the long term deactivation during overnight test. However, accord-
ing to Fig. 5 and Fig. 3, the NiRhCe2Zr1.51 (sg) sample shows the
largest activity decrease after a standard reaction with tempera-
ture ramp, since the CO2 conversion in Fig. 5 is only 48% compared
to the conversion value of the fresh, calcined and reduced sam-
ple (corresponding data point at 650 ◦C in Fig. 3). Thus, we can
declare that the Rh-containing sol–gel sample besides the high
activity has a high tendency for fast, initial deactivation but then
stable activity is maintained for even 24 h. Addition of Co turns to
be more favourable, since the presence of Co also improves cat-
alyst stability but provides higher CO2 and CH4 conversion after
24 h than the Ni, Rh sol–gel sample. However, we should keep in
mind that Co content is 2 wt.% compared to the 0.5 wt.% Rh content
of NiRhCe2Zr1.51 (sg). Studies on Ni and Co-containing perovskite-
type oxide catalysts revealed the synergetic effect of Ni and Co
contributing to catalyst stability [18,19], while other work showed
that cobalt decreased the methane reforming activity of Ni [20].

We can conclude that our catalytic test reactions proved the
beneficial effect of 0.5 wt.% Rh and 2 wt.% Co on catalyst stability,
while, as for the sol–gel Ni samples, the higher Zr content in the
mixed oxide support resulted in a more active but still deactivat-
ing catalyst. It is interesting to note the relatively good catalytic
performance of the impregnated Ni catalyst.

One possible reason of decreasing activity of the catalyst is
the coke formation that gradually blocks catalyst active sites for
methane dry reforming reaction. In order to study the surface car-
bonaceous deposits formed during the reaction in CH4/CO2 = 70/30
mixture, temperature programmed oxidation (TPO) of the sur-
face carbon was performed. The Tmax obtained in TPO curves
may be characteristic of the carbon bond strength to the cat-
alyst surface, reflects the kinetics of carbon burning process,
while the CO2 amount evolved during the oxidation enables
quantitative comparison. The results obtained are summarized in

Fig. 6(a)–(e). NiCe0.6Zr2.97 (sg), NiCe2Zr1.51 (sg) (Fig. 6(a),(b)) and
NiCoCe2Zr1.51 (sg) (Fig. 6(d)) samples were the least contaminated
(1–3 mg C/100 mg catalyst depending on the conditions prior to
TPO), NiRhCe2Zr1.51 (sg) (Fig. 6(e)) had a medium amount of sur-
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ig. 6. TPO measurements on: (a) NiCe0.6Zr2.97 (sg); (b) NiCe2Zr1.51 (sg); (c) Ni/Ce2
eaction with temperature ramp was conducted on the regenerated sample. In som

ace carbon of 4–10 mg while the highest amount of carbon was
etained by the surface of 5% Ni impregnated on Ce2Zr2-oxide sup-
ort (7–12 mg C) (Fig. 6(c)). The results reflect that there is no
traightforward relation between catalytic activity and the amount
f surface carbon measured. Comparing the amount of CO2 pro-
uced during the TPO with that obtained on 8.8% Ni/MgAl2O4 [1]
n which the surface carbon was significantly higher, we ascer-
ain the significant role of Zr–Ce mixed oxide in the gasification
f surface carbon by reverse Boudouard reaction (C + CO2 = 2CO) or

+ H2O reaction to form CO + H2.

The Ni samples produced CO2 in a single peak but with 200 ◦C of
ifference depending on the preparation method: sol–gel samples
ad a peak maximum at 400 ◦C, while the position of TPO peak max-
mp); (d) NiCoCe2Zr1.51 (sg) and (e) NiRhCe2Zr1.51 (sg). Before each TPO a catalytic
s curves are shifted for the sake of clarity.

ima was shifted to 600 ◦C for the impregnated catalyst (however,
note the small shoulder at 400 ◦C). In the case of bimetallic sol–gel
samples the low and the high temperature peak was simultane-
ously observed but each one shifted to lower values, to 350 ◦C and
about 500 ◦C. Furthermore, the ratio between low and high tem-
perature peaks apparently changed which points to the alteration
of catalyst/carbon structure after repeated reactions and changes
with the nature of the second metal. In the case of NiRhCe2Zr1.51
(sg) catalyst less high temperature carbon was observed.
Close investigation of TPO data reveals that the amount of car-
bon slightly decreases on spent samples (see 1st, 2nd and 3rd
TPO data). We also observed that the amount of carbon after the
overnight reaction is sometimes lower than in a single reaction
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Fig. 7. TEM image of NiCe2Zr1.51 (sg) in as prepared (calcined) state.

ith temperature ramp in agreement with Verykios co-workers
ho detected decreased amount of carbon on Rh/Al2O3 after 2 h of

eaction [21,22]. This observation also suggests a structural change
n the catalyst and carbon morphology as well while repeating the
arbon deposition (dry reforming) and gasification (TPO) cycles.
oula et al. studied the coking behaviour of Ni/CaO–Al2O3 catalyst

n dry reforming and found that the rates of carbon formation and
emoval depends on time on stream and catalyst surface composi-
ion (the amount of carbon increased or decreased after 15 min time
n stream depending on the catalyst) [23]. Chen et al. also detected
hat cyclic carbon formation–gasification reduced the filamentous

arbon formation [21].

Transmission electron microscopy (TEM) images
Figs. 7–10 and 12) of the catalyst samples support the observation
erformed by TPO. In the as prepared state of the sol–gel samples

ig. 8. TEM images of Ni/Ce2Zr2 (imp) in as prepared state: (a) support with Ni-oxide
anoparticles incorporated and (b) separated Ni-oxide particles detached from the
upport.

Fig. 9. TEM images of Ni sol–gel samples after long term test: (a) small Ni particles
of NiCe0.6Zr2.97 (sg) incorporated in the support and inside thin nanotubes and (b)
sintered Ni particles of NiCe0.6Zr2.97 (sg) separated from the support, encapsulated

in carbon and thick nanotubes; (c) no sign of filamentous carbon on NiCe2Zr1.51 (sg).
(Conditions: overnight reaction at 650 ◦C in CH4/CO2 = 70/30; total space velocity:
12 L h−1 g−1).

after initial calcination nickel and the other metals are intimately
incorporated in a solid Ce–Zr-oxide composite material which
is rather compact, and sign of larger metal-oxide particles is
hardly seen. The size of the nickel-oxide particles could be rarely
distinguished by TEM remained in nano range between 4 and

6 nm. Fig. 7 shows the TEM image of NiCe2Zr1.51 (sg) in as prepared
state as a representative example. In the case of the impregnated
sample probably due to the weak interaction between the Ni-
nitrate precursor and the support, 2 types of Ni-oxide species
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For the bimetallic sol–gel samples, the structural degrada-
tion and support segregation after catalytic run are even more
pronounced. In the case of NiC ◦Ce2Zr1.51 (sg), the EDS analysis dur-
ig. 10. TEM images of Ni/Ce2Zr2 (imp) after long term test: (a) Ni particles of 100
ith smaller Ni particles inside carbon nanotubes (Conditions: overnight reaction a

ere detected: Ni-oxide that is incorporated in the oxide matrix
Fig. 8a), and agglomerated 50–150 nm large Ni-oxide particles
etached from the support surface (Fig. 8b). As for the bimetallic
amples, Co is seen by EDS analysis, while the amount of Rh seen
y EDS technique was only slightly above the detection limit.

Significant changes can be observed in the structure of all
amples after the catalytic reactions that include high temper-
ture oxidation/reduction treatments as well. By comparison of
iCe0.6Zr2.97 (sg) and NiCe2Zr1.51 (sg) after overnight reaction

Fig. 9(a)–(c), respectively), TEM images clearly indicate that cata-
yst with higher Ce/Zr ratio does not produce filamentous carbon.

oreover, the electron diffraction (SAED not shown here) detected
i in oxidic form in the case of NiCe2Zr1.51 (sg). According to
ig. 9(a) and (b), NiCe0.6Zr2.97 (sg) contains a certain amount of
i that is in strong interaction with the support probably still

ncluded in the oxide matrix, while there are Ni particles of
–80 nm inside carbon nanotubes and encapsulated by graphitic

ayers separated from the parent mixed oxide support. In this
ase SAED (selected area electron diffraction) pattern showed
he presence of Ni-carbide and metallic Ni. Junke et al. observed
uppressed formation of filamentous carbon when the diame-
er of metal particles was smaller than 15 nm [24]. This and
he oxidized state of nickel probably caused by higher amount
f Ce in the support might be the reason for the lack of nan-
tubes.

The surface carbon of these samples can be easily removed by O2
see the corresponding TPO curves in Fig. 6). Since NiCe2Zr1.51 (sg)
s less active and less stable in reforming reaction even with no fila-

entous carbon formation, its poorer catalytic performance should
e more attributed to the partial re-oxidation of nickel particles
han to the carbon formation.

The impregnated Ni sample produced the highest amount of
oke: carbon nanotubes of different diameters and encapsulating
ype carbon were seen after the reforming reaction (see Fig. 10(a)
nd (b)). The kinetics of carbon filament formation is well described
n the literature, depending on the conditions (depending on the
ate of carbon nucleation and rate of carbon diffusion): pear shaped
i appears at high temperature with hollow filaments, conical

haped Ni and full filaments at lower temperature [25] while
ragmentation of the metal particle due to its destruction by the
rowing carbon filament can also happen [26]. We also observed
ifferently shaped Ni particles inside the nanotubes and Ni particles
f more than 200–300 nm surrounded by graphitic shell of about

0 nm thickness (see Fig. 10(a)). Those were produced from the
gglomerated Ni-oxide particles already seen in as prepared state.
espite the very broad size distribution of this sample the catalytic

tability is considerably higher than that of the sol–gel Ni samples,
nm surrounded by graphitic shell and separated from the support and (b) support
◦C in CH4/CO2 = 70/30; total space velocity: 12 L h−1 g−1).

suggesting that large particles must be involved in the maintenance
of long term activity.

Now we consider the results of TPR (Fig. 11(a)–(c)) on
NiCe0.6Zr2.97 (sg), NiCe2Zr1.51 (sg) and Ni/Ce2Zr2 (imp) samples.
The TPR profiles are composed of two peaks totally different for
sol–gel and impregnated catalysts. This is due to the presence
or lack of strong metal support interaction. The impregnated Ni
sample (Fig. 11b) is reduced at lower temperature. The hydrogen
consumption at ca. 310–320 ◦C is assigned to Ni particles free of
interaction and the peak at 380–420 ◦C could correspond to nickel
incorporated into the Ce–Zr structure. Peak at 380 ◦C indicates that
even by impregnation, small part of nickel could be integrated into
the fluorite. For Ce–Zr-oxide, two small peaks at 600 ◦C and 780 ◦C
have been evidenced [27]. In Fig. 11(a), peak at 600 ◦C could be also
attributed to ceria reduction helped by the presence of reduced
nickel. For Ni/Ce2Zr2 (imp) reduction of ceria occurs more slowly
between 550 ◦C and 730 ◦C. Oxygen from ceria-zirconia is more
mobile, and thus more available than oxygen resulting from the
impregnated catalyst. This might be in relation with the carbon
removal after catalytic test where mobility of oxygen is of high
importance in deposited carbon oxidation. Furthermore, the less
the reduction temperature, the bigger the size of Ni particles will
be (TEM).
Fig. 11. TPR profiles of (a) NiCe0.6Zr2.97 (sg); (b) Ni/Ce2Zr2 (imp); and (c) NiCe2Zr1.51

(sg) catalysts.
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Fig. 12. TEM images of bimetallic sol–gel samples after long term test: (a)
N
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Fig. 13. (1) XPS spectra on NiCe0.6Zr2.97 (sg) sample: (a) as received, (b) after reduc-
tion in H2 at 770 ◦C/1 h, (c) after CO2 + CH4 reaction at 660 ◦C, (d) treatment in air at

◦ ◦
iCoCe2Zr1.51 (sg); (b) large, encapsulated NiRh particles on NiRhCe2Zr1.51 (sg) and
c) smaller encapsulated Ni particles and carbon nanotubes on NiRhCe2Zr1.51 (sg).
Conditions: overnight reaction at 650 ◦C in CH4/CO2 = 70/30; total space velocity:
2 L h−1 g−1).

ng TEM detected bimetallic 50–200 nm NiCo particles shown in
ig. 12(a) surrounded by thick encapsulating carbon together with
he presence of thin nanotubes containing small Ni particles inside.
upport segregation occurs to some extent as well, see the small
articles in Fig. 12(a) signed as ZrO2 which contain Ni according

o EDS. Alumina supported Ni–Co bimetallic catalysts were stud-
ed in dry reforming of methane and the 7.6 wt.% Co monometallic
ample was the most active one producing the largest amount of
arbon deposit of encapsulating and filamentous form [28].
700 C/1 h and (e) after CO2 + CH4 reaction at 660 C; (2) XPS spectra of carbon C 1s
on NiCe0.6Zr2.97 (sg) sample: (a) as received, (b) after reduction in H2 at 770 ◦C/1 h,
(c) after CO2 + CH4 reaction at 660 ◦C, (d) treatment in air at 700 ◦C/1h and (e) after
CO2 + CH4 reaction at 660 ◦C.

The sample NiRhCe2Zr1.51 (sg) looks somewhat similar to
NiC ◦Ce2Zr1.51 (sg) in TEM images (Fig. 12b and c). 100–150 nm size
bimetallic NiRh particles and several large Ni particles were formed
and encapsulated by graphitic shell, sit in the network of filamen-
tous carbon. The original mixed oxide phase might have been also
segregated to some extent.

Considering the above observations, now we tend to describe
TPO peaks obtained at high and low temperature to carbonaceous
deposits of two distinctly different types in contact with distinctly
different metal proximity. Pan et al. observed that for Ni/Al2O3
depending on the feed gas composition, ratio of encapsulating and
filamentous carbon was different, and when most of the carbon was
encapsulating type, the TPO peak appeared at lower temperature
(under 600 ◦C) [29]. We suggest, when small metallic particles in
strong interaction with support being able to provide active oxygen
are present and carbidic, amorphous or thin fragile filamentous car-
bon is formed, the TPO peak appears at lower temperatures, (or as
in the case of the single TPO peak of Ni sol–gel samples). When sin-
tered metal particles detached from the support oxidize graphitic
robust nanotubes or thick rather encapsulating type carbon, TPO
peaks are observed around 500–600 ◦C. The beneficial effect of Rh
and Co addition is seen in the relative ease of oxidation of any kind

of coke compared to the Ni samples that manifests itself in the
decrease of TPO maxima. The other positive effect of Co and Rh
might be the prevention of Ni oxidation and active alloy formation
resulting in stable catalytic activity in the long term test.
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Fig. 14. (a) Temperature programmed reaction (decomposition) of CH4 on
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iCe0.6Zr2.97 (sg) that was cleaned by TPO previously; (b) after cooling down to
T the sample was treated in 10% O2 in He and (c) after second CH4 decomposition
he sample was treated in 20%CO2 in He to remove surface carbon.

In agreement with the literature, thus, there are several type
f carbon in our catalysts, viz. amorphous and carbidic carbon, fila-
entous that can be nanotube with Ni particle inside and shell-like

hat also encapsulates Ni but it is not of filamentous form. Encap-
ulating carbon is declared to cause deactivation, by blocking the
etal surface [30], while beside of the formation of filamentous

ype carbon, even with a graphitic structure, catalyst can still work
31–33]. However, if the filamentous carbon formation is accel-
rated, eventually it is also detrimental causing catalyst plug-in,
tructural and metal particle destroy. For the increased formation
f nanotubes metal particles should possess proper morphology

n terms of exposure of open 〈1 0 0〉 and 〈1 1 0〉 and 〈1 1 1〉 crys-
al planes at the front and the back side, thus, for any reason
smoothened” metal particles produce less filaments but more
morphous carbon and Ni3C or at high temperature shell-like
ay 169 (2011) 102–111

encapsulating carbon [34,35]. This can explain the reduced carbon
formation on both NiCeZr (sg) samples, which do not contain large,
faceted Ni, but rather small, Ni-oxide probably still incorporated in
the oxide matrix.

Despite the fact that our catalyst are sintered, contaminated by
all kinds of carbon, catalytic activity is extremely good concerning
the reaction conditions (CH4/CO2 = 70/30) that are highly suscep-
tible for coke formation. This indicates that carbon contamination
may play a dynamic role in the reaction to produce CO in agreement
with Ref. [3].

Alonso et al. pointed out that broad particle size is even bene-
ficial in catalytic point of view, because small particles causes CH4
decomposition at the beginning of methane dry reforming, while
large particles are responsible for long term stability due to the
formation of non deactivating carbon deposits. The CO2 + C = CO
(carbon gasification) reaction is structure sensitive favoured on
small particles while the filamentous carbon formation is sup-
pressed [28]. This is in complete agreement with our results, since
all the samples have broad size distribution after catalytic tests, and
the samples that contain larger Ni or NiCo, NiRh particles exhibit
more stable activity.

The NiCe0.6Zr2.97 (sg) sample was further investigated by X-ray
photoelectron spectroscopy (XPS). In Fig. 13 (1) the change of Ni
2p + Ce 3d spectra are plotted using in situ measurements (the mea-
surement was performed on the same sample placed into a reaction
chamber attached to the XPS machine, and after each treatment the
XP spectra were directly recorded). Fig. 13 (2) shows the change of
C 1 s region after the various treatments. For the better identifica-
tion the intensity of the spectra has been shifted. Detailed data on
the surface concentrations as well as the Ni/Zr ratios and sample
charging during the XPS measurement are given in Table 2.

In the “as prepared” state the nickel was in the form of Ni2O3
with 855.5 eV BE and the cerium in CeO2 showing the character-
istic satellite peak at 916.7 eV BE. After reduction with hydrogen,
nickel oxide was mainly reduced to metallic nickel but about 30%
of the nickel was still in the form of Ni2+. The Ce4+ satellite practi-
cally disappeared indicating the reduction of Ce4+ The Ni/Zr atomic
ratio, measured by XPS decreased from 0.098 to 0.059 and the
surface carbon concentration decreased from 29.4 at.% to 6.2 at.%.
We should note that by re-oxidation at room temperature with
air, the initial Ni/Zr ratio was restored. This increase in the Ni/Zr
ratio at room temperature is an indication of the mobility of nickel
in the catalyst. CO2 + CH4 reaction at 660 ◦C had no influence on
the shape of Ni, Ce and Zr spectra but carbon peak broadened and
shifted to lower BE (see Fig. 13(2)(c)). At the same time there was
a decrease of about 4 eV in the charging of the sample, indicating
an increased conductivity of the sample due to the carbonaceous
layer. The “as prepared” state but with negligible amount of carbon
could be regenerated by treating in air at 700 ◦C (13(2)(d)). A second
CO2 + CH4 reaction returned the catalyst into the state as it was after
the first reaction (13(2)(c) and 13(2)(e)). This suggests that the state
of the catalyst adopts itself to the reaction conditions independent
of the state (oxidized or reduced) before the reaction. XPS data of a
catalyst used ex situ for a long time in the catalytic tests are listed
in the last line in Table 2. The increased carbon concentration is the
major difference compared to the in situ reactions.

Finally in order to elucidate the surface elementary processes,
methane decomposition without CO2 was studied on the oxidized
NiCe0.6Zr2.97 (sg) sample. In Fig. 14(a) the products of methane con-
version are plotted vs. temperature. Up to 470 ◦C no products are
formed, while about CO and water are measured by QMS together
in a 30 ◦C gap. Since there is no oxygen source present in the gas

phase, most likely some amount of oxygen is taken from the easily
removable oxygen in cerium oxide, since the sample was oxidized
before the experiment. At higher temperature only hydrogen is
formed from methane leaving carbonaceous deposit on the sur-
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Table 2
Surface concentrations of NiCe0.6Zr2.97 (sg) and charging values determined by XPS.

Treatmenta O (%) C (%) Ni (%) Zr (%) Ce (%) Ni/Zr Charging (eV)

As prepared 50.5 29.4 1.55 15.8 2.8 0.098 5.1
H2 at 770 ◦C 59.9 6.2 1.11 18.8 2.8 0.059 4.1
Reaction in 30% CO2 + 70% CH4 at 660 ◦C 40.7 28.5 0.58 14.4 2.6 0.04 1.0
air at 700 ◦C 66.8 5.06 2.93 20.7 4.4 0.14 4.1
Reaction in 30% CO + 70% CH at 660 ◦C 43.8 38.6 0.28 14.9 2.4 0.019 2.0
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a In the sequence of in situ treatments.

ace. As shown in Fig. 14(b), this carbon can be easily removed by
2 at around 400 ◦C in the form of CO2. After the second reaction

he carbon removal with CO2 starts at 600 ◦C and only CO is formed
ost likely by reverse Boudouard reaction (Fig. 14(c)). Józwiak et al.

tudying NiRh/SiO2 detected graphitic carbon formation (by XRD)
ut the catalyst was active and stable. This carbon could be partially
asified by CO2, although the subsequent TPO removed the remain-
ng carbon from the catalyst [36]. In our case after CO2 treatment,
he TPO with O2 (not shown in Fig. 14. as the last step) could not
emove further coke from the sample, thus, all the carbon deposit
as removed by CO2, probably by the aid of mixed oxide support

n activating CO2.

. Conclusions

Ce–Zr-oxide supported monometallic Ni and bimetallic NiRh
nd NiCo catalysts were prepared by pseudo sol–gel method based
n thermal decomposition of metallic propionates. Impregnated
atalyst on the same type of support (Ce2Zr2O8 prepared by sol–gel)
as synthesized as a reference. The as prepared support was face-

entered cubic structure of Ce0.6Zr0.4O2. It was stated that a part of
i was inside the fluorite structure and the other one was rejected.
o diffraction patterns corresponding to cobalt or rhodium oxides
ere observed.

Catalytic tests were carried out with (CH4/CO2/Ar = 10/10/80)
nd without diluting gas (CH4/CO2 = 70/30) demonstrated that the
ost active sample was the NiRhCe2Zr1.51 (sg). The original activ-

ty could be regained for all the samples by calcinations/reduction
reatment. Co and the Rh containing bimetallic sample seemed
o be stable catalyst, the impregnated Ni catalyst only slightly,
hile sol–gel prepared Ni samples slowly but surely deactivated
uring the long term run. Due to methane dry reforming and
igh temperature oxidation/reduction treatments, support degra-
ation and segregation happened, sintered metal particles were
emoved from the support by the growing carbonaceous fila-
ents and surrounded by network of nanotubes, encapsulated by

raphitic layer, but there was a certain amount of Ni in strong
nteraction with the support probably still included in the oxide

atrix.
TPO results demonstrate that there is no straightforward rela-

ion between catalytic activity and amount of surface carbon. This
ndicates that carbon contamination may play a dynamic role in dry
eforming reaction to produce CO. Thus, the deactivation process
an be caused partially by the re-oxidation of Ni into NiO during
he reaction and partially by detrimental coke formation.

XPS measurements and catalytic reaction only after oxidation
uggested that the state of the catalyst adopts itself to the reaction
onditions and is independent of the state (oxidized or reduced)
efore the reaction. When pure methane was decomposed on Ni

repared by sol–gel method, the carbonaceous deposit could com-
letely be removed by the subsequent CO2 treatment, emphasizing
he active role of Ce–Zr mixed oxide support in gasification of sur-
ace coke.
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