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a b s t r a c t

Ni-based catalysts supported on SiO2 aerogel that is unpromoted (Ni/SiO2) or promoted (Ni/ZrO2–SiO2)
with ZrO2 are prepared by the incipient-wetness impregnation method. Their catalytic activities for CO
methanation in hydrogen-rich gases with 1 vol.% CO are studied with a continuous flowing microreactor.
It is found that the Ni/ZrO2–SiO2 catalyst shows higher catalytic activity, over which CO can be completely
converted into CH4 at 240 ◦C. However, CO cannot be completely converted until the temperature was

◦
raised to 320 C over the Ni/SiO2 catalyst under the same reaction conditions. Characterizations using
FT-IR, XRD, TEM, NH3-TPD, H2-TPR and H2-TPD suggest that the formation of Si–O–Zr bond results in
stronger acid strength and larger amounts of acid of the ZrO2–SiO2 support. The changes of acidity lead
to the increase of the interaction between NiO species and the ZrO2–SiO2 support and then enhance the
dispersion degree and the reduction degree of NiO species. Thus, the Ni/ZrO2–SiO2 catalyst possesses
smaller Ni crystallite size, higher Ni dispersion, more active Ni species and stronger adsorption ability
for H2, which may contribute to its higher catalytic activity for CO methanation.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Hydrogen has been widely used as a fuel for proton exchange
embrane fuel cells (PEMFCs) because of its high conversion effi-

iency of the chemical energy into electricity without emission
f any pollutant gases [1–3]. At present, most hydrogen is pro-
uced through steam reforming and partial oxidation of methane
r methanol [4], however, 1–2 vol.% CO is inevitably co-produced
n these reactions, which can poison the Pt anodes and decrease
he efficiency of the PEMFCs greatly [5]. Thus, in order to avoid poi-
oning fuel cell electrodes CO concentration in hydrogen-rich gases
ust be reduced catalytically to less than 10 ppm [6]. Among the
ethods of the removal of CO, methanation has been proved to be

n effective strategy, because the method is somewhat simple and
oes not require adding the necessary reactants (CO and H2) that
re already present [7].

Among these studies, the investigation of Ni-based catalysts for

O methanation was the most active [8]. The commonly used sup-
orts include �- or �-Al2O3, kaolin and calcium aluminate cement,
nd the promoters include alkali metal Na, alkaline-earth metal
g, rare earth metals and so on. SiO2 aerogel has been widely

∗ Corresponding author. Tel.: +86 351 7011587; fax: +86 351 7011688.
E-mail address: yxzhao@sxu.edu.cn (Y. Zhao).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.07.016
used as a support because of its advantages such as small par-
ticle size, high specific surface area and high porosity [9–12].
ZrO2 has also been widely used as a promoter due to its redox
and acid–base properties [13–15]. Li et al. [13] reported that the
addition of ZrO2 promoter in CuZnAlO catalyst could increase the
conversion of methanol and selectivity of H2 in the methanol steam
reforming reaction. The addition of ZrO2 promoter could inhibit
the deactivation of Co/SiO2 catalyst and improve its stability for
F–T synthesis that had been reported by Zhou et al. [14]. Rana et
al. [15] also found that incorporation of ZrO2 with SiO2 strength-
ened the weak interaction of active phases with SiO2 support,
overcame poor dispersion on the support surface, and therefore
efficiently improved the activity of the MoCo(Ni)/ZrO2–SiO2 cat-
alyst through enhanced number of active sites as well as activity
per site. However, to our knowledge Ni-based catalysts sup-
ported on SiO2 aerogel promoted by ZrO2 are studied less for CO
methanation.

In this work, the Ni/SiO2 and Ni/ZrO2–SiO2 catalysts were pre-
pared by the incipient-wetness impregnation method using SiO2
aerogel support unprompted or promoted with ZrO2. Their cat-

alytic activities and the effect of ZrO2 promoter on structure and
catalytic activity of the Ni/SiO2 catalyst for CO methanation were
investigated. Combined with characterizations, a possible reason
for higher catalytic activity of the Ni/ZrO2–SiO2 catalyst has been
given.

dx.doi.org/10.1016/j.cattod.2010.07.016
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:yxzhao@sxu.edu.cn
dx.doi.org/10.1016/j.cattod.2010.07.016
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Table 1
SBET, pore volume, average pore size of the catalysts.

Catalyst SBET (m2 g−1) Pore volume Average pore
Y. Wang et al. / Catalysi

. Experimental

.1. Catalyst preparation

The SiO2 aerogel support promoted with ZrO2 was prepared
ccording to our previous work [16]. The following is a typical
reparation procedure: the desired amounts of zirconyl nitrate
ihydrate (ZrO(NO3)2·2H2O) was dissolved in anhydrous ethanol
t room temperature. Then acetic acid, water and tetraethoxysili-
ane (TEOS) were added with constant stirring. The above mixture
as dried in a stainless-steel tank via the supercritical drying.

n order to exceed the critical condition without a formation of
apor–liquid interface inside the pores, the mixture was trans-
erred into a stainless-steel liner in an autoclave. By being heated,
he temperature and pressure of the liquid in the autoclave could
urpass the Tc (243 ◦C) and Pc (6.36 MPa) of ethanol. The final tem-
erature and pressure were about 270 ◦C and 8.0 MPa, respectively.
he autoclave was kept at the final temperature for 30 min to ensure
omplete thermal equilibration. Then the fluid was released and
ushed with nitrogen to cool down to room temperature. The SiO2
erogel support promoted with 10 wt%ZrO2 was obtained. The ZrO2
ontent 10 wt% was selected in this work according to a content
election test (data not shown). The SiO2 aerogel unpromoted with
rO2 was prepared with the same above process without adding
rO(NO3)2·2H2O.

The Ni/SiO2 and Ni/ZrO2–SiO2 catalysts were prepared by
mpregnating the above supports with an aqueous solution of
i(NO3)2·6H2O with stirring, followed by being dried at 80 ◦C for
h, and then at 120 ◦C for 3 h, calcined in air at 400 ◦C for 3 h
nd reduced with H2 at 400 ◦C for 3 h, respectively. The two cata-
ysts obtained were 13 wt%Ni/SiO2 and 13 wt%Ni/10 wt%ZrO2–SiO2,

hich were labeled as Ni/Si and Ni/Zr–Si, respectively.

.2. Catalyst characterization

N2 adsorption–desorption isotherms were measured at −196 ◦C
sing Micrometritics ASAP 2020 specific surface area and poros-

ty analyzer. The specific surface area (SBET) was determined from
he N2 adsorption isotherm. The pore structure parameters were
btained from adsorption branch of N2 with a cylindrical pore
odel, according to the BJH model. Prior to the adsorption exper-

ments, the samples were degassed under vacuum at 150 ◦C for
2 h.

Fourier transform infrared (FT-IR) spectra of the samples were
btained with a Bruker TENSOR 27 spectrometer in the range of
00–2000 cm−1. 1 mg of each powder sample was diluted with
00 mg of vacuum-dried IR-grade KBr.

X-ray diffraction (XRD) measurements were performed using a
igaku D/MAX-2250 X-ray diffractometer with a target of Cu K�
perated at 40 kV and 100 mA with a scanning speed of 6◦/min
nd a scanning angle (2�) range of 10–80◦. Average crystallite size
f the samples was evaluated from X-ray line broadening analysis
XLBA) using the well-known Scherrer equation (d = 0.89�/ˇ cos �)
17].

Transmission electron microscopy (TEM) measurements were
arried out using JEM-2100 model TEM operated at 200 kV. Sam-
les for TEM were dispersed by ultrasonic in ethanol followed by
eposition of the suspension onto a standard Cu grid covered with
holey carbon film.

NH3 temperature programmed desorption (NH3-TPD) experi-
ents were carried out in a tubular quartz reactor. In order to
emove surface contaminants 100 mg of sample (40–60 mesh) was
retreated in a flowing N2 at 500 ◦C for 2 h, and then cooled down to
0 ◦C. At this temperature, the flow was switched to He (99.999%)
nd then 0.5 mL NH3 pluses were supplied to the samples until
o further uptake of ammonia was observed. The temperature
(cm3 g−1) size (nm)

Ni/Si 567 0.29 2.63
Ni/Zr–Si 553 0.27 2.59

was elevated at a heating rate of 15 ◦C min−1 with a flow rate
of 60 mL min−1. The desorbed NH3 was detected using a thermal
conductivity detector (TCD).

H2 temperature programmed reduction (H2-TPR) experiments
were carried out in a tubular quartz reactor, where 30 mg of sample
(40–60 mesh) was loaded in the thermostatic zone. The reduction
was conducted in a flow of H2/N2 mixture (volume ratio, 5:95) with
a flow rate of 20 mL min−1 and a heating rate of 10 ◦C min−1. The
consumption of H2 was detected using a TCD.

H2 temperature programmed desorption (H2-TPD) experiments
were also carried out in the same system as described in TPR exper-
iments. 100 mg of sample (40–60 mesh) was reduced in situ in a
flowing H2 for 3 h at 400 ◦C, and then swept with Ar (99.999%) for
1 h to yield clean surface. Then, the sample was cooled down to
50 ◦C and H2 was adsorbed for 2 h or not. After that the sample
was swept with Ar until the gas chromatograph baseline became
stable. Finally, the temperature was elevated at a heating rate of
10 ◦C min−1 with a flow rate of 20 mL min−1. The TCD signals of
desorbed H2 were obtained on the basis of the excess of TCD sig-
nals measured for the samples adsorbing H2 with respect to the
ones without adsorbing H2. The TCD area was calibrated by run-
ning TPR experiment on a standard Ag2O sample. Ni dispersion (D)
was calculated from the volume of H2 chemisorbed using the fol-
lowing simplified equations: D (%) = (VadFWNiSF/WsFNiVm) × 100,
where Vad = volume of H2 chemisorbed at STP (mL) to form a mono-
layer, Ws = weight of the sample (g), Vm = molar volume of H2 gas
(22,414 mL mol−1), SF = stoichiometric factor, i.e. Ni:H ratio in the
chemisorption, which is taken as 1, FNi = weight fraction of Ni in the
sample, FWNi = formula weight of Ni (58.71 g mol−1).

2.3. Apparatus and method for activity test

The measurements of catalytic activity for CO methanation
were carried out with a continuous flowing laboratory microre-
actor under atmospheric pressure. The microreactor was 4 mm i.d.
quartz u-tube, and a thermocouple was set into the catalyst bed
to measure the temperature. The samples were sieved to 40–60
mesh so that concentration and temperature gradients and pres-
sure drop over the catalyst bed were negligible. About 100 mg of
catalyst was used for each run. The feed gas, consisted of 1 vol.% CO
and 99 vol.% H2, passed through the catalyst bed with a total flow
rate of 60 mL min−1. Quantitative analysis of CO and CH4 was per-
formed with an on-line gas chromatograph equipped with a 3 m
column packed with carbon molecular sieve, a methanator and a
flame ionization detector (FID). The minimum detection level was
ca. 10 ppm. Prior to all catalytic experiments the catalysts were pre-
treated in flowing H2 at 400 ◦C for 1 h to yield clean surface and then
cooled in the presence of flowing H2. The reaction temperature was
controlled by the temperature controller and ranged in the range
of 100–400 ◦C at a heating rate of 2 ◦C min−1.

3. Results and discussion
3.1. Characterization of catalysts

The N2 adsorption–desorption isotherm analysis results of the
Ni/Si and Ni/Zr–Si catalysts are listed in Table 1. Seen obviously
from Table 1, the addition of ZrO2 promoter slightly decreases the
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Fig. 1. FT-IR spectra of the SiO2 and ZrO2–SiO2 supports.

BET (567–553 m2 g−1), and has little or no influence on the pore
tructure.

Fig. 1 shows the FT-IR spectra of the SiO2 and ZrO2–SiO2 sup-
orts. SiO2 support is known to exhibit the peak at 1094 cm−1 due
o the asymmetric stretching vibration, and the peak at 802 cm−1

ssigned to symmetric stretching vibration of three dimensional
i–O–Si bonds. The peak at 960 cm−1, characteristic of the Si–OH
ibration, is also observed. The peak at 465 cm−1 corresponds to
he bending vibration of the Si–O bonds in a ring structure [18].
he substitutional insertion of the cations into the silica network,
hich resulted in the weakening of the framework can be easily
etected by the wavenumber shift and intensity changes of these
eaks. But the mechanical mixtures would give spectra that can
e derived by linear combination of the spectra of the components
not shown).

Compared with the SiO2 support, the asymmetric stretching
ibration of the Si–O–Si bond shifts to lower wavenumber, reading
s low as 1086 cm−1, and the vibration intensity of the Si–OH bond
t 960 cm−1 decreases for the ZrO2–SiO2 support. Similar obser-
ations were reported earlier by Zhan and Zeng [19] and Lee and
ondrate [20], which indicates a high incorporation of ZrO2 in the
ilica network and the presence of Si–O–Zr bond in the ZrO2–SiO2
upport.

The XRD patterns of the Ni/Si and Ni/Zr–Si catalysts are pre-
ented in Fig. 2. The characteristic peaks (2� = 37.30◦, 43.43◦, 62.80◦)
ttributed to cubic NiO and amorphous silica (2� = 22.10◦) are

bserved in the both samples. But the characteristic peaks of
rO2 are not observed in the XRD pattern of the Ni/Zr–Si catalyst.
iller and Ko [21] suggested that the absence of XRD patterns for
ulticomponent system was the result of high degree mixing of
ulticomponent oxides. The absence of XRD pattern for ZrO2 may

Fig. 3. TEM images of the Ni/S
Fig. 2. XRD patterns of the Ni/Si and Ni/Zr–Si catalysts.

be due to the incorporation of zirconium atoms in the framework
of amorphous SiO2 and the formation of Si–O–Zr bond, which is in
accord with the results of FT-IR.

In addition, it is observed that the characteristic NiO peaks
decrease in intensity and is somewhat broad. The average crys-
tallite size of NiO species in the Ni/Si and Ni/Zr–Si catalysts is 18
and 13 nm, respectively, calculated using the Scherrer equation.
Apparently, the addition of ZrO2 promoter enhances the dispersion
degree of NiO species in the Ni/Zr–Si catalyst, which is generally
consistent with our TEM observation (will be presented shortly).

It is obvious that the TEM image of the Ni/Si catalyst in Fig. 3
shows NiO crystallites are not well distributed on SiO2 support and
a slight aggregation can be observed. But the homogeneous distri-
bution and high dispersion of NiO species on ZrO2–SiO2 support
can be observed from the TEM image of the Ni/Zr–Si catalyst. The
crystallite size of NiO species in the Ni/Si and Ni/Zr–Si catalysts esti-
mated from TEM image is 15–20 and 10–15 nm, respectively, which
is generally consistent with the calculation from the broadening of
powder diffraction peaks in X-ray patterns. Apparently, NiO species
in the Ni/Zr–Si catalyst possesses higher dispersion degree due to
the addition of ZrO2 promoter.

Fig. 4 shows the NH3-TPD profiles of the SiO2 and ZrO2–SiO2
supports. For the SiO2 support, there is only a sharp and Gaus-
sian symmetric desorption peak (Tmax = 135 ◦C) caused by Si–OH
of the support surface, the lower desorption temperature of which
suggests weaker acidity. Compared with the SiO2 support, the
low-temperature desorption peak shifts to a higher temperature
(Tmax = 154 ◦C) for the ZrO2–SiO2 support, suggesting that the weak

acid strength is enhanced. In addition, another desorption peak also
appears in the range of 200–350 ◦C and total peak area increases
obviously, which suggest the existence of medium strong acid sites
and increase of the total amounts of acid of the ZrO2–SiO2 support.

i and Ni/Zr–Si catalysts.
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Fig. 4. NH3-TPD profiles of the SiO2 and ZrO2–SiO2 supports.

The surface acidity of ZrO2–SiO2 mixed oxide has been studied
ntensively by several groups [22–25]. It is widely accepted that the
resence of ZrO2 increase the amount of acid centers on ZrO2–SiO2
ixed oxide due to the formation of Si–O–Zr bond, which has been

onfirmed by the FT-IR characterization. Damyanova et al. [22] have
tudied the acid promotion mechanism of ZrO2 with XPS and FT-IR.
hey supposed that the ZrO2 was responsible for Lewis acidity in
rO2/SiO2 mixed oxide due to the higher ionicity of the Zr–O bond,
nd Bronsted acid sites are produced because of the reduction of
he electron density of the O–H bond, which caused by the Zr–O
igher ionicity bonds neighboring the more covalent Si–O units.
nderson et al. [23] have especially studied the surface acidity of
ilica–zirconia aerogel with different Si/Zr ratios. They also proved
hat the Lewis acid sites originated from ZrO2 and a roughly lin-
ar increased in Lewis acid density as a function of mol% ZrO2 is
xpectable. Apparently, NH3-TPD results suggest that the forma-
ion of Si–O–Zr bond due to the addition of ZrO2 promoter results
n stronger acid strength and an increase in total amounts of acid
f the ZrO2–SiO2 support.

The TPR profiles of the catalysts are shown in Fig. 5. The effect
f ZrO2 promoter on the reduction of NiO species is clearly shown
y the changes of the TPR profile. The TPR profile of the Ni/Si cata-

yst shows a three-stage reduction, and a intense low-temperature
eak, observed in the range of 330–450 ◦C with a Tmax at around
60 ◦C, is attributed to the reduction of NiO species interacting

eakly with support. The others are two high-temperature shoul-
er peaks in the range of 450–650 ◦C, attributed to the reduction of
iO species interacting strongly with support. The TPR profile of the
i/Zr–Si catalyst also shows a three-stage reduction in the range

Fig. 5. TPR profiles of the Ni/Si and Ni/Zr–Si catalysts.
Fig. 6. H2-TPD profiles of the Ni/Si and Ni/Zr–Si catalysts.

of 330–700 ◦C. However, it is observed that the low-temperature
reduction peak shifts slightly to higher temperature with a Tmax at
around 396 ◦C, which is in accord with the literature [26], indicat-
ing stronger interaction of NiO species with support. As is known,
acid strength, number of acid sites and acid distribution of support
can affect the adsorption of metal, the interaction between metal
and support and the dispersion of metal on the support. Combined
with the NH3-TPD results, it can be concluded that the increase
of the interaction between NiO species and ZrO2–SiO2 support is
caused by stronger acid strength and larger amounts of acid of the
ZrO2–SiO2 support.

In addition, the dispersion of active metal on support is
strongly influenced by metal-support interaction. Combined with
the results of XRD and TEM, it can be seen that the appropriate inter-
action between NiO species with ZrO2–SiO2 support increases the
dispersion degree of NiO species, and thus makes Ni crystallite size
decrease after reduction. In Fig. 5, the total peak area of the Ni/Zr–Si
catalyst has a progressive increase due to the addition of ZrO2 pro-
moter, indicating that NiO species has a higher reduction degree.
Therefore, it is concluded that the Ni/Zr–Si catalyst possesses higher
Ni dispersion and more active Ni species after reduction, which is
generally consistent with the results of H2-TPD (will be presented
shortly).

The H2-TPD profiles of the catalysts are shown in Fig. 6. From
Fig. 6, it can be seen that the profiles exhibit two peaks in lower
temperature (<400 ◦C) and higher temperature (>400 ◦C) ranges,
respectively. The lower temperature peak corresponds to the des-
orption of H2 which is weakly adsorbed on the metal surface. The
higher temperature peak located at ca. 600 ◦C could be originated
from strongly chemisorbed H2. Compared with the Ni/Si catalyst,
the temperature and the peak area of the higher temperature peak
has little or no difference, but the lower temperature peak shifts
to a higher temperature and the peak area becomes larger for the
Ni/Zr–Si catalyst, suggesting that it possesses stronger adsorption
ability for H2 and more active Ni species. The Ni dispersion of the
Ni/SiO2 and Ni/ZrO2–SiO2 estimated from the amount of desorbed
H2 are 10.6% and 12.8%, respectively. The results are consistent with
the conclusion of H2-TPR.

3.2. The catalytic activity for CO methanation

The catalytic activities of the catalysts for CO methanation as a
function of temperature are shown in Fig. 7. As seen from Fig. 7, the

CO methanation occurs at the initial temperature of 120 ◦C on the
both catalysts. In the temperature range of 160–220 ◦C, CO conver-
sion shows an evident upward trend with the increase of reaction
temperature, but at the same temperature CO conversion on the
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ig. 7. Effect of reaction temperature on the catalytic activities of the catalysts.

i/Zr–Si catalyst is higher than that on the Ni/Si catalyst. CO can be
ompletely transformed into CH4 on the Ni/Zr–Si catalyst at 240 ◦C,
ut not completely transformed until the temperature was raised
o 320 ◦C on the Ni/Si catalyst under the same reaction conditions.
pparently, the addition of ZrO2 promoter improves remarkably

he catalytic activity of the Ni/Zr–Si catalyst for CO methanation.
As seen clearly from the results of FT-IR and NH3-TPD, the

i–O–Zr bond is formed due to the addition of ZrO2 promoter, and
he ZrO2–SiO2 support possesses stronger acid strength and larger
mounts of acid due to the formation of the Si–O–Zr bond. The
cidity changes lead to an increase of the interaction between NiO
pecies and the ZrO2–SiO2 support. XRD, TEM, H2-TPR and H2-TPD
esults suggest the appropriate interaction enhances the disper-
ion degree and the reduction degree of NiO species on ZrO2–SiO2
upport. Of course, the factors ultimately lead to the decrease of Ni
rystallite size, the increase of the Ni dispersion and the number of
ctive Ni species, and the enhancement of its adsorption ability for
2. So we can conclude that smaller Ni crystallite size, higher Ni dis-
ersion, more active Ni species and stronger adsorption ability for
2 may contribute to higher catalytic activity of the Ni/ZrO2–SiO2
atalyst for CO methanation.

. Conclusions

The Ni/SiO2 and Ni/ZrO2–SiO2 catalysts were prepared by
he impregnation method and the effect of ZrO2 promoter on
he structure and catalytic activity of the Ni/SiO2 catalyst had
een investigated. The tests for CO methanation indicate that
he Ni/ZrO2–SiO2 catalyst shows higher catalytic activity than
he Ni/SiO2 catalyst. The results of characterization reveal that
he addition of ZrO2 promoter results in stronger acid strength
nd larger amounts of acid of the ZrO2–SiO2 support, and thus
ead to an increase of the interaction between NiO species and
rO2–SiO2 support. The appropriate interaction makes NiO species
ossess a higher dispersion degree and reduction degree, thus the
i/ZrO2–SiO2 catalyst possesses smaller Ni crystallite size, higher
i dispersion, more active Ni species and stronger adsorption abil-

ty for H2, which may contribute to higher catalytic activity for CO
ethanation.
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