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Abstract

A series of NiO–ZrO2 samples with 2 to 40 mol% of NiO were prepared using a sol–gel synthesis technique and calcined at 873
characterization of the samples revealed the stabilization of a cubic zirconia- (fluorite) phase containing nickel oxide up to 20 mo
NiO characteristics were observed above 20 mol% loading of NiO. The linear decrease in lattice parameter up to 20 mol% of NiO
the probable incorporation of Ni2+ into the lattice position of Zr4+ ions. The NiO–ZrO2 sample with 20% NiO retained its cubic pha
even after prolonged heating at 1273 K, indicating 20 mol% as an optimum content of NiO for a thermally stable cubic zirconia ph
BET surface areas of these samples were in the range of 40 to 70 m2 g−1. XPS spectra along with XRD data indicated that at low (5 mo
concentrations of NiO, Ni2+ enters ZrO2 lattice substitutionally creating oxygen vacancies. TPR of NiO–ZrO2 showed the reduction o
nickel oxide at 533 and 633 K, indicating nickel in two different environments, at a substitutional position and at a surface/in
position.18O-isotope exchange studies of these samples showed a partial heterogeneous exchange and theTonsetwas found to be lowest fo
the sample containing 20 mol% NiO. The activity for CH4 and CO oxidation was investigated by18O-isotope exchange as well as cataly
studies in complete oxidation of CH4 and CO. The activity for CH4 oxidation was highest for the NiO–ZrO2 sample with 20 mol% NiO
CH4 and CO oxidation with18O isotope over NiO–ZrO2 catalysts showed the formation of CO2 with 16O (amu 44), suggesting that the bu
oxygen is acting as an active species for methane oxidation. The structure of NiO–ZrO2 samples with varying NiO content and its correlati
with catalytic activity mechanism is discussed.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Transition metal oxide-stabilized zirconia has shown r
sonably good catalytic activity for complete oxidation
methane as well as forn-butane [1,2]. Especially, coppe
oxide-stabilized zirconia showed an excellent catalytic ac
ity for complete oxidation of methane and carbon monox
The catalytic activity was correlated to the high dispers
of copper as an active redox species into the cubic zi
nia combined with oxygen mobility due to the oxygen v
cancies because of substitution lattice zirconium by cop
ions [3]. Ni-supported yttria–zirconia or ceria–zirconia
being widely studied for its applications as a catalyst
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E-mail address: dongare@cata.ncl.res.in (M.K. Dongare).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.11.009
steam reforming of methane and methanol [4,5], for p
tial oxidation of methane [6], and as an anode materia
solid oxide fuel cells [7]. Conventionally Ni-supported z
conia catalysts are prepared by the wet impregnation me
using a nickel salt solution and yttria-stabilized cubic zir
nia as a support which results in a two-phase binary m
oxide catalyst. It is now well established that the catal
activity of NiO-supported zirconia catalysts is very se
sitive to the method of preparation and their subseq
heat treatment. The ultrasonic mist pyrolysis method
found to be useful for the preparation of micrometer-sc
NiO/ZrO2 powders, which showed a high efficiency as
odes in SOFC as well as for methane oxidation to CO
CO2 [7]. Ni–Ce–ZrO2 catalysts prepared by a one-step
precipitation digestion method showed higher activity a
stability compared to catalysts by a conventional impreg

http://www.elsevier.com/locate/jcat
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tion method [8]. The higher activity, conversion, and s
bility of these catalysts were related to the nanocrystal
nature of cubic Ce1−xZrxO2 producing a strong interactio
with finely dispersed nanosized NiOx crystallites.

In continuation of our efforts to stabilize zirconia into t
cubic phase using transition metal oxides we have syn
sized nickel oxide-stabilized zirconia for its use as a cata
for methane oxidation. Here we report the preparation
NiO/ZrO2 catalyst by the sol–gel technique, which resu
in Ni2+ ions occupying different sites in the stabilized c
bic zirconia phase. In this work, the18O-exchange proces
and oxidation of CH4 and CO on NiO–ZrO2 are investigated
by online mass spectrometry. The results are compared
those obtained from the catalytic oxidation of methane
NiO–ZrO2.

2. Experimental

2.1. Preparation of NiO–ZrO2 samples

Samples of Ni-stabilized zirconia were prepared emp
ing the sol–gel technique. A solution of nickel nitrate
isopropanol was added under constant stirring to a s
tion of zirconium butoxide in butanol. The final homog
neous solution thus formed was allowed to stand for 2–
A transparent greenish gel was formed which was air-dr
The resulting glassy solid was ground to a fine powder
subsequently heat-treated at different temperatures to s
the X-ray structure and phase transformations. The sam
were heated for 12 h at 623 K, for 12 h at 873 K, and
another 12 h at 1273 K to study the phase transformatio

2.2. Catalyst characterization

2.2.1. X-ray diffraction
The powder X-ray diffraction analysis was carried o

using a Rigaku X-ray diffractometer (Rigaku minifle
equipped with a Ni-filtered Cu-Kα (1.542 Å) radiation and
a graphite crystal monochromator. Silicon was used a
external standard. The data were collected in the 2θ range,
20–80◦ with a step size of 0.02◦ 2θ and counting time o
15 s at each step. The observed inter planar ‘d ’ spacing was
corrected with respect to silicon. The unit cell parame
were determined using the correctedd values.

2.2.2. X-ray photoelectron spectroscopy
Photoemission spectra were recorded on a VG Micro

Multilab ESCA 3000 spectrometer using a nonmonochr
atized Mg-Kα X-ray source (hν = 1253.6 eV). Base pres
sure in the analysis chamber was maintained at the 3–×
10−10 Torr range. The energy resolution of the spectrom
ter was set at 0.8 eV with Mg-Kα radiation at a pass energ
of 20 eV. Binding energy (BE) calibration was perform
with a Au 4f7/2 core level at 83.9 eV. BE of adventitiou
carbon (284.9 eV) was utilized for charge correction with
the samples. The error in all the BE values reported he
within ±0.1 eV.

2.2.3. Temperature-programmed reduction
Temperature-programmed reduction was performed

quartz tube reactor and hydrogen consumption was m
sured by a TCD detector. A weighed amount (25 mg) of
sample was placed in the reactor and treated in 10% O2/He
gas mixture at 573 K for 30 min and cooled down to 373
in the same atmosphere; then 20 ml/min of the 1% H2/Ar
gas mixture was allowed to flow through the reactor. T
temperature was increased to 1073 K at a heating ra
10 K/min.

The surface areas (BET) of the samples were determ
after degassing the samples at 573 K and analyzing th2
adsorption isotherm at liquid nitrogen temperature (AS
2000 system, Micromeritics).

2.2.4. Temperature-programmed 18O-isotope exchange and
oxidation measurements

Temperature-programmed18O-isotope exchange and o
idation measurements were carried out in a quartz rea
with an online-coupled mass spectrometer. Before star
the reaction, about 300 mg of the sample was heated fo
at 573 K and 200 Pa, in order to remove H2O, CO2, and
other molecules from the surface of the oxide. After cool
down to room temperature, Ar,18O2, and the second reacta
(viz. 16O2, CO, or CH4) were introduced in an appropria
ratio into the reaction system. The initial pressure was
justed top0 = 100 Pa and the quartz reactor was heate
973 K applying a constant heating rate ofβ = 10 K min−1.
The variation of the gas-phase composition during cons
heating was analyzed by a quadrupole mass spectrom
(QMG421I, Pfeiffer Vacuum GmbH). During the interactio
among18O2, 16O2, and the solid oxide, diffusion, sorptio
and18O-isotope exchange processes may take place ac
ing to the following scheme (Eqs. (1)–(3)).

Homomolecular 18O-isotope exchange

(1)18O2(g) +16 O2(g) → 216O18O(g);
Partially heteromolecular 18O-isotope exchange

(2)18O2(g) +16 O(s) → 16O18O(g) +18 O(s);
Completely heteromolecular 18O-isotope exchange

(3)18O2(g) + 216O(s) → 16O2(g) + 218O(s).

From the occurrence of the individual processes and
onset temperatures, conclusions can be drawn on the
perature regions of enhanced oxygen mobility and acti
to promote homomolecular or heteromolecular redox
actions. The measuring principle and the theoretical ba
ground of the18O-isotope exchange measurements were
scribed in detail elsewhere [9,10]. In a similar manner,
oxidation of CO or CH4 by 18O2 can be investigated. Fo
that purpose, the reaction gas mixture (p0 = 100 Pa) was in-
troduced into the quartz finger and the reaction system
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heated to 873 K. The onset of the oxidation reaction and
oxidation product distribution were determined to draw c
clusions on the mechanism of the catalytic process.

2.2.5. Catalytic oxidation of CH4

The catalytic oxidation of CH4 was performed in an up
flow, fixed-bed quartz reactor. Approximately 300 mg of
ground oxide was pressed in the form of pellet. The p
let was crushed to obtain the catalyst in the form gran
(mesh size 0.5–1 mm) and was preheated for 1 h at 72
in N2 flow (10 ml min−1). After cooling down to 523 K
the sample was exposed to the reaction gas mixture o2
(48 ml min−1) and CH4 (12 ml min−1) at atmospheric pres
sure and at the residence time of 0.25 s (gas hourly s
velocity GHSV of 15,000 h−1). After 20 min, the gas com
position at the reactor exit was determined by an online
chromatograph (Shimadzu 17A) with thermal-conductiv
detector (column, C molecular sieve, i.d. 3 mm, length, 2
The conversion of methane was calculated in terms of C2
formed. The catalyst was tested with ascending and desc
ing temperature to study the light-off temperature and
alyst deactivation. The catalytic activity was also studie
various lower residence times to study the mass-transfer
itations. Similarly few samples of catalyst were also tes
for CO oxidation in the absence and in the presence of
drogen to test its utility for removal of CO from hydrog
produced by steam reforming for a polymer membrane
cell.

3. Results and discussion

3.1. Catalyst characterization

X-ray diffraction patterns of various NiO–ZrO2 compo-
sitions calcined at 873 K are shown in Fig. 1. Results sh
that adding NiO to ZrO2 using the sol–gel technique r
sults in a single-phase composition with a cubic (Fluor
structure up to 20 mol% NiO. Compositions with conc
tration of NiO above 20 mol% show distinct NiO reflectio
(2θ = 37.3, 43.4, 61.6) and indicate its presence as a
ond phase. The variation of lattice constant of cubic ph
is shown in Fig. 2. Up to 20 mol% NiO, a linear decrea
in lattice constant with increase in the concentration of N
most likely indicates that nickel enters the lattice of zir
nia substitutionally. Smaller size Ni2+ (ionic radius 0.78 Å)
replaces bigger size Zr4+ (0.87 Å) and hence reduction
lattice constant is expected. However, the extent of decr
is much smaller than when all the Ni2+ occupies a substitu
tional position. This behavior is similar to the one repor
for Cu2+ substitution of Zr4+ [3]. It is therefore suggeste
that part of the Ni2+ may enter the ZrO2 lattice interstitially.

Thermal stability of the samples was also studied. X-
diffraction patterns of these samples calcined at 1273 K
shown in Fig. 3. It is interesting to note that, like pure z
conia, samples with NiO concentrations upto 15 mol% a
-

e

Fig. 1. X-ray diffraction patterns of (a) pure ZrO2, ZrO2 with (b) 2% NiO,
(c) 10% NiO, (d) 20% NiO, and (e) 25% NiO. Arrows indicate the N
peaks.

Fig. 2. Variation of lattice constant as a function of NiO concentration

transform to monoclinic structure (2θ = 28.32 and 31.6)
at high temperature. However, with 20–25 mol% NiO,
cubic structure is maintained even at high temperatures
dicating that 20 mol% NiO is required to obtain therma
stable cubic zirconia similar to CaO or Y2O3-stabilized zir-
conia.

A Ni 2p3/2 core-level spectrum is shown for all samp
in Fig. 4 (top panel). At a low input of NiO (at 2mol%), on
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Fig. 3. X-ray diffraction patterns of ZrO2 with (a) 10% NiO, (b) 15% NiO,
and (c) 20% NiO after calcination at 1273 K.

Fig. 4. Ni 2p3/2 core-level XPS of representative NiO–ZrO2 samples
shown in top panel. Bottom panel shows 5% NiO-loaded spectrum
deconvolution to show the lattice and interstitial Ni in ZrO2 substrate.

one peak appears at a binding energy of 856 eV. Howe
at intermediate NiO concentration (5 and 10 mol%) a sh
der appears at a lower BE (854 eV) in addition to the ab
peak at 856 eV. At high input of NiO (20 mol%) the Ni 2p3/2
peak structure is entirely different and very much simila
that of bulk NiO [11]. It is concluded from the above obs
vation that all Ni2+ ions occupy the lattice position in ZrO2
below 5 mol%. Above 5 mol%, a small amount of Ni io
occupies the interstitial position and the remaining goe
Table 1
Physicochemical characterization of NiO–ZrO2 for representative sample

NiO XRD Lattice Surface area Ni/Zr surface
(mol%) phase parameterSBET (m2 g−1) atomic ratio

(a) (Å) from XPS

0.00 Cubic ZrO2 + 5.110 40 –
monoclinic (traces)

2.00 Cubic ZrO2 5.106 51 0.02
5.00 Cubic ZrO2 5.101 65 0.08

10.00 Cubic ZrO2 5.082 62 0.19
15.00 Cubic ZrO2 5.073 66 –
20.00 Cubic ZrO2 5.061 70 3.03
25.00 Cubic ZrO2 + NiO 5.072 55 –

(traces)
40.00 Cubic ZrO2 + NiO 5.075 45 –

the lattice positions. The intensity and BE of Ni species t
are at interstitial positions is clearly shown in the bott
panel in Fig. 4 after deconvolution. Similar characteris
of bulk NiO appeared at high input of NiO, clearly demo
strating that ZrO2 is covered mostly by NiO. This is furthe
supported by a high Ni/Zr ratio for 20 mol% NiO sample
calculated from Ni 2p3/2 and Zr 3d5/2 peaks (Table 1). A
low Ni input the above ratio is close to the bulk value a
that indicates the uniform distribution of Ni in the ZrO2 lat-
tice. The above results clearly support the results obta
from XRD.

Fig. 5 shows the photoemission results from O 1s c
level up to a NiO input level of 10 mol%. A main peak
observed around 530 eV for all compositions. Additiona
there is a shoulder seen between 531.3 and 532 eV (
cated by arrow) for all the samples and its intensity increa
with NiO input. The main peak at 530 eV is attributed to t
oxygen in the zirconia lattice and the high BE shoulde
attributed to the oxygen vacancies and/or O− species asso
ciated with Ni. BE of the latter species increases with N
input and indicates an increase in its concentration. This

Fig. 5. XPS of O 1s core level of NiO–ZrO2 samples.
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Fig. 6. Temperature-programmed reduction of (a) 2% NiO/ZrO2, (b) 5%
NiO/ZrO2, (c) 10% NiO/ZrO2, (d) 20% NiO/ZrO2, (e) 40% NiO/ZrO2,
and (f) bulk NiO. Bulk NiO intensity is divided by a factor of 5.

servation hints that high oxygen mobility might be expec
in this material, which will directly influence the catalyt
properties, especially oxidation, in a significant way.

TPR of pure NiO showed only one reduction peak
656 K, indicating reduction of Ni2+ to Ni0 without go-
ing through intermediate oxide. TPR results of a serie
NiO/ZrO2 samples and bulk NiO are shown in Fig. 6. NiO
ZrO2 sample containing 2 mol% NiO (Fig. 6, a) sho
two reduction peaks in the temperature range of 703–
and 773–853 K, suggesting that NiO in zirconia is in t
different environments. The reduction peak at 802 K m
be assigned to the Ni2+ in the substitutional lattice pos
tion with a stronger interaction with lattice. The peak
733 K may be due to the highly dispersed NiO on the
conia surface, requiring a higher temperature for reduc
than pure NiO because of a metal support interaction
the NiO content in the zirconia is increased the inten
(Fig. 6, b, c, d) of both peaks keeps on increasing and N
ZrO2 with 20 mol% showed the maximum peak intens
for both peaks. A strong peak in the temperature rang
573–623 and a small hump in the range of 673–773 K
the NiO–ZrO2 sample with 40 mol% NiO suggest a ma
imum amount of NiO on the surface as bulk nickel oxi
These TPR results are in good agreement with the X
results where above 20 mol% a separate NiO phase star
pearing. Takeguchi et al. [5] prepared high-surface zirco
NiO–CeO2–ZrO2 catalysts by a glycothermal method a
the TPR results showing two reduction temperatures w
correlated to two types of NiO with different particle siz
and their interaction to the support.

3.2. Methane oxidation

The catalytic activity of NiO–ZrO2 samples was studie
after the ground powder was calcined at 873 K. Fig. 7 sh
the results of catalytic activity of various NiO–ZrO2 sam-
ples between 523 and 823 K. All the samples were foun
be active and total conversion of CH4 to CO2 was observed
-

Fig. 7. (a) Kinetics of methane oxidation to CO2 on NiO–ZrO2 samples are
given. (b) Rate of CO2 formation at 673 K is plotted for all NiO loadings.

between 723 and 823 K. It was observed that the light
temperature shifts toward the lower side with the addi
of nickel to ZrO2. The presence of CO2 and the absence o
CO in the oxidation product confirms the complete oxi
tion of methane. The temperature range between apprec
methane conversion and complete conversion was alw
less than 100 K. This may be associated to the autothe
oxidation due to the exothermic nature of the reaction.

A sample containing 20 mol% NiO showed the b
catalytic performance with almost complete convers
at 673 K. An increase in catalytic activity with an increa
in Ni content shows that the catalytic activity is linked
the Ni species in the lattice as well as on the surface.
the sample containing 40 mol% NiO shows lesser activit
compared to the 20 mol% sample. This may be becaus
the fact that at such a high concentration of nickel spec
the catalyst starts to behave like the bulk nickel oxide.

3.3. CO oxidation

The results of CO oxidation with 10 mol% NiO and
mol% NiO/ZrO2 are shown in Fig. 8. It is seen that CO
oxidized to CO2 below 383 K for the 20 mol% NiO which
is nearly 50 K lower than (433 K) required for the 10 mo
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Fig. 8. CO oxidation with 10% NiO, 20% NiO/ZrO2, and 20% NiO/ZrO2
in presence of 1% hydrogen.

NiO sample. These results are in agreement with the re
obtained in methane oxidation. As expected among the
samples studied the 20 mol% NiO/ZrO2 was found to be the
more active sample for CO oxidation. When CO oxidat
was carried out in presence of hydrogen (1% CO, 76%2,
2% O2, and remaining N2), CO was completely oxidized t
CO2. The catalytic activity was tested for five cycles witho
any decrease in catalytic activity, indicating the utility of th
catalyst for purification of hydrogen (CO removal) produc
from steam reforming of methanol for polymer membra
fuel cells.

3.4. Isotope exchange

Temperature-programmed18O-isotope exchange me
surements of the samples were carried out to investigat
oxygen transfer mechanism for these catalysts. The re
of the18O-isotope exchange reaction of NiO–ZrO2 catalysts
are illustrated in Fig. 9. In the temperature range of 3
598 K, all the ionic currents of16O2, 18O2, and16O18O are
constant. The sample containing 20 mol% NiO showed
lowest Tonset for the change of the oxygen ionic curren
At about 598 K,18O2 begins to decrease and continues
to 973 K. At the same time, the16O2 and 16O18O ionic
currents increase. But the rates of increase or decreas
different depending on the temperature range. The18O2
decreases with reaction temperature demonstrating c
pletely heteromolecular18O-isotope exchange and reach
a minimum at 923 K. The partially heteromolecular18O-
isotope exchange simultaneously takes place between
and 973 K.

During 18O-isotope exchange measurements on all s
ples of NiO–ZrO2, considerable quantities of16O18O were
formed by partial heteromolecular18O-isotope exchange
Moreover, the formation of16O18O reaches a maximum
for the samples with NiO content between 5 and 20 mo
above 20 mol% the formation rate of16O18O increases
without a maximum. The similar tendency is also obser
e

-

Fig. 9. 18O-isotope exchange interaction with ZrO2 containing 5% NiO,
10% NiO, 20% NiO, 25% NiO, and 40% NiO.

for 16O2. This shows that the samples with NiO content m
than 20% no longer incorporate Ni in the lattice of ZrO2,
and this NiO is the source of a higher16O release. This is in
agreement with TPR and XRD results where above 20 m
a separate NiO phase starts to appear.

3.5. The reaction of 18O2 and CH4 under static conditions

In the above section, the18O2-isotope exchange behavi
of the samples was investigated. In order to understand
confirm the reaction mechanism, oxidation of methane w
18O2 isotope gas was performed as described above in
same apparatus.

Fig. 10 depicts the temperature dependence of the i
currents of the reactant and the products over the mos
tive 20 mol% NiO catalyst. Consumption of CH4 resulted
in the formation of C16O2, with traces of C16O18O and al-
most no C18O2. Considering the ratio of18O which is the
only oxygen source in the original gas phase in the ox
tion products, one can deduce that the oxidizing agent in
reaction is the metal in a high oxidation state and the oxy
being transferred into the gaseous products from the s
Hence, a possible reaction pathway can be summarize
follows:

CH4(ad) + 416O2−
(s) → C16O2(g) + 2H2

16O(g) + 8e−,

8/nNi2+
(s) + 8e− → 8/nNi(2−n)+

(s) ,

8/nNi(2−n)+
(s) + 218O2(g) → 8/nNi2+ + 418O2−

(s) .

Such a redox mechanism in which the solid oxide ph
is directly involved is normal for transition metal oxide ca
lysts [12,13]. As the oxygen in the products originates fr
the solid surface containing16O2− only at the beginning, fa
more C16O2 is produced than C16O18O and C18O2. With
longer reaction times, more and more18O is incorporated
into the solid via the above-noted mechanism and comp
heteromolecular isotope exchange. This leads to a gra
increase in the ionic current of C16O18O.
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Fig. 10. Methane oxidation by18O2 on cubic 20 mol% NiO–ZrO2.

Fig. 11. Oxidation of methane to CO2 (amu 44) by18O2 on NiO/ZrO2
catalysts.

Fig. 11 shows the formation of C16O2 during the oxida-
tion reaction over different samples. The catalytic activi
observed here are consistent with the results obtaine
flow reaction. The most active catalyst, 20 mol% NiO a
displays the highest activity in isotope exchange. Clea
a high mobility of oxygen species leads to high oxidation
tivity. It is generally considered that for complete oxidat
catalysts, considerable amounts of weakly bound oxyge
required on the surface and the weaker the oxygen b
ing with the catalyst surface, the more efficient the cata
-

for complete oxidation as in the present case [13]. Howe
very weakly bound oxygen leads to very high oxygen rele
and a lowering of the surface reoxidizability. This cause
decrease in the catalytic oxidation activity [13].

4. Conclusions

NiO/ZrO2 containing 2–40 mol% NiO prepared by t
sol–gel technique showed the formation of single-phase
bic (fluorite type) zirconia upto 20 mol% of NiO. Abov
20 mol%, a second bulk NiO phase is formed along with
bic zirconia. Up to 20 mol% NiO, part of Ni is incorporate
in the zirconia lattice at a substitutional position and part
mains on the surface and in the interstitial positions. Am
the series, NiO/ZrO2 containing 20 mol% NiO was found t
be the most active catalyst for methane and CO oxida
18Oxygen isotope exchange study revealed heteromole
exchange and the methane oxidation using18oxygen isotope
clearly indicated the lattice oxygen as the active O− species
in methane oxidation. The presence of Ni at a substituti
site creates oxygen vacancies. Higher oxygen mobility
well as the ease of reduction and oxidation of Ni lead
higher catalytic activity of NiO/ZrO2 for methane and CO
oxidation.
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