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ABSTRACT

Al2O3, TiO2, ZrO2, Al2O3-TiO2, Al2O3-ZrO2 및 TiO2-ZrO2, 혼합 산화물을 지지체로 한 Ni 기반 혼합 
산화물을 졸-겔법으로 제조하였다. 제조된 혼합 산화물은 1173K에서 열처리 한 후 구조적 특성 변화를 전자 
현미경 및 X-선 회절 분석을 이용하여 관찰하였으며, 수소를 이용한 승온 환원(TPR; temperature-programmed 
reduction) 실험을 통하여 1173K 까지 각 시료들의 환원 피크를 비교 고찰하였다. Al2O3 또는 TiO2 가 
혼합된 시료의 경우 1173K 에서의 열처리 후 니켈 알루미네이트 또는 니켈 티타네이트와 같은 새로운 
결정상의 생성이 관찰되었으나 ZrO2가 혼합된 경우에는 새로운 결정상의 생성이 관찰되지 않았다. TPR 
결과에 의하면, Al2O3 또는 TiO2를 혼합된 시료의 경우 벌크 NiO의 TPR 결과와는 달리 생성된 새로운 
결정상에 기인한 여러 개의 환원 피크가 나타났으나 ZrO2를 혼합한 경우 벌크 NiO와 비슷한 환원 피크
를 보였다. TPR 결과를 기초로 Arrhenius plot 으로부터 각 혼합 산화물들의 수소 환원 활성화 에너지를 
도출하였다. ZrO2를 지지체로 사용하는 경우 다른 혼합 산화물들보다 지지체로서 안정한 혼합 산화물 

상을 형성한다는 것을 지시하듯이 상대적으로 가장 낮은 활성화 에너지를 나타냈다.
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1. INTRODUCTION

Ni-based mixed oxides have been extensively 

studied as a catalyst in steam and CO2 reforming 

of methane
1-5)
, selective hydro-dehydrogenation

6,7)
, 

and production of synthesis gas
8,9)
, which are 

industrially important. Furthermore, the feasibility 

of Ni-based catalysts has recently been reported 

for the production of hydrogen by catalytic decom-

position of methane
10,11)
. On the other hand, it is 
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necessary to import support material with high 

thermal stability for suppressing aggregation between 

Ni-based catalysts in high temperature
12-15)
. There-

fore, various metal oxides have been considered 

and investigated as supports, including Al2O3, TiO2, 

ZrO2 and CeO2 which have good thermal stability, 

a large specific area and surface properties such 

as acidity or basicity
3,5,9,16)

. It is well known that 

the activity of the catalyst depends mainly on the 

reducibility of the active metal, which can be 

affected by the interaction of NiO with support 

components
17)
. Consequently, it is necessary to 

investigate the reduction behavior of Ni-based 

oxides mixed with various supports.

In this study, Ni-based mixed oxides, containing 

component oxides such as Al2O3, TiO2, ZrO2, Al2O3- 

TiO2, Al2O3-ZrO2 and TiO2-ZrO2, were prepared 

using the sol-gel method. The reduction behavior 

of the Ni-based mixed oxides was investigated 

through temperature-programmed reduction (TPR) 

to 1173K in association with structural characteristics 

through X-ray diffraction (XRD) analysis.

2. EXPERIMENTAL

2.1 Preparation of Ni-based mixed oxides

The Ni-based mixed oxides were prepared by 

the following modified sol-gel process. Nickel nitrate 

(Junsei, 97%) was used as a source of nickel 

oxide. Aluminum (Aldrich, 99%), titanium (Aldrich, 

97%) and zirconium isopropoxide (Aldrich, 99%) 

were used as the precursors of Al2O3, TiO2 and 

ZrO2, respectively. Each precursor was hydrolyzed 

with a hydrochloric acid solution in order to obtain 

the transparent sol. The obtained sol was added 

to an aqueous solution of copper nitrate at room 

temperature. The mixture was heated to 313K, 

vigorously agitated for 1h, titrated with NaOH 

aqueous solution to adjust to pH=10～11, stirred 

for 3h, heated to 373K and maintained for 2h 

without any agitation. The precipitate was filtered 

and washed with distilled water several times to 

remove the residual sodium hydroxide. The ob-

tained gel was dried in an oven at 383K for 24h. 

The resulting gel powders were calcined at 1173K 

for 3h. The composition of the Ni-based mixed 

oxides was determined on the basis of the molar 

ratio of the final component oxides and the molar 

ratios of each component oxide were fixed to be 

equal.

2.2 Characterization

The TPR measurements were carried out using 

the apparatus described elsewhere18). The water 

evolved during the reduction was removed by a 

cooling trap, which was equipped in a gas line 

prior to the thermal conductivity detector. The 

temperature of the reactor was linearly raised at 

the desired rates by electrical furnace. The hydrogen- 

argon mixture (5% H2/95% Ar) was used to reduce 

the samples at a flow rate of 40ml･min-1. The 

prepared powders were sieved to be the range of 

150～180μm before TPR measurement. Samples 

of 0.03g were mounted on a bed of tubular quartz 

reactor and reduced by hydrogen as the tem-

perature was increased to 1173K at a heating rate 

in the range of 6 to 24K･min-1. The experimental 

setup was depicted in Fig. 1. The mixed oxides 

underwent structural characterization by powder 

XRD technique using a Rigaku (D/max III-B) 

diffractometer (Ni-filtered Cu Kα). X-ray patterns 

were recorded from 10 to 70 degree (2θ) at 40kV 

and 30mA. Scanning electron microscopy (SEM) 

images of the surface of the mixed oxides were 

obtained by gold coating method using JEOL 

equipment (JSM-6700F).
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Fig. 1 Schematic diagram of experimental setup for TPR analysis.
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Fig. 2 X-ray diffraction patterns of the Ni-based mixed oxides 
calcined at 1173K.

Table 1 Main crystalline phases of the Ni-based mixed oxides

Sample Main phases JCPDS File No.
NiO NiO (rhombohedral) 44-1159

NiO/Al2O3
NiO (rhombohedral) 44-1159

NiAl2O4 (cubic) 10-0339

NiO/TiO2
NiO (rhombohedral) 44-1159

NiTiO3 (rhombohedral) 33-0960

NiO/ZrO2

NiO (monoclinic) 44-1159
ZrO2 (monoclinic) 24-1165
ZrO2 (tetragonal) 17-0923

NiO/Al2O3-TiO2
NiAl2O4 (cubic) 10-0339

NiTiO3 (rhombohedral) 33-0960

NiO/TiO2-ZrO2

NiO (rhombohedral) 44-1159
NiTiO3 (rhombohedral) 33-0960

ZrO2 (monoclinic) 24-1165
ZrO2 (tetragonal) 17-0923

NiO/Al2O3-ZrO2

NiO (rhombohedral) 44-1159
NiAl2O4 (cubic) 10-0339
ZrO2 (tetragonal) 17-0923

3. RESULTS AND DISCUSSION

3.1 Characterization of mixed oxides

XRD patterns of mixed oxides are shown in 

Fig. 2. The main crystalline phases of the samples 

calcined at 1173K are also summarized in Table 1. 

As shown in Fig. 2 and Table 1, the diffraction 

patterns for the NiO samples clearly exhibited the 

characteristic peaks of nickel oxide with rhombo-

hedral structure. 

The XRD patterns of the NiO/Al2O3, NiO/Al2O3- 

TiO2 and NiO/Al2O3-ZrO2 samples which were 

mixed with Al2O3, showed the formation of NiAl2O4 

crystallite, while those of the NiO/TiO2, NiO/Al2O3- 

TiO2 and NiO/TiO2-ZrO2 samples, which contained 

TiO2, showed the formation of NiTiO3 crystallite. 

These results were due to the solid-solid reaction 

of NiO and Al2O3 or TiO2 by calcination at 1173K. 

It is well known that some metal oxides such as 

Ni, Co and Cu react with Al2O3 or TiO2 to form 

new crystallites such as aluminates or titanates at 
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Fig. 3 SEM images of the Ni-based mixed oxides calcined at 
1173K; (a) NiO, (b) NiO/Al2O3, (c) NiO/TiO2, (d) NiO/ZrO2, 
(e) NiO/Al2O3-TiO2, (f) NiO/TiO2-ZrO2, and (g) NiO/Al2O3-ZrO2.

high temperature. Such new crystallite formation 

can affect the redox property and activity of the 

mixed oxide when it is applied at high temperature.

On the other hand, the NiO/ZrO2, NiO/TiO2-ZrO2 

and NiO/Al2O3-ZrO2 samples, which were mixed 

with ZrO2, had a coexistent phase of NiO and ZrO2 

crystallite without any formation of new crystallite 

such as zirconates. This result suggested that the 

reduction behaviors of the mixed oxides mixed 

with Al2O3 or TiO2 are different from that of bulk 

NiO.

Fig. 3 presents the SEM images of the mixed 

oxides. As shown in Fig. 3(a), the SEM image of 

bulk NiO showed large NiO particles with a grain 

size of several hundred nanometers due to calcina-

tion at the high temperature of 1173K. The SEM 

images of the samples mixed with Al2O3 or TiO2 

(Fig. 3(b) and (c)) also showed large particles with 

well developed crystal faces which were attributed 

to bulk NiO and NiAl2O4 or NiTiO3. Such morpho-

logies were partially found in the NiO/TiO2-ZrO2 

and NiO/Al2O3-ZrO2 samples (Fig. 3(f) and (g)) 

due to NiTiO3 and NiAl2O4, respectively, whereas 

for the NiO/Al2O3-TiO2 sample (Fig. 3(e)), which 

had NiAl2O4 and NiTiO3 crystallites without any 

formation of bulk NiO crystallites as evidenced 

by the XRD result, an intermediate state between 

small NiAl2O4 and NiTiO3 particles was observed 

and no separated phases of bulk nickel oxides were 

found. The samples mixed with ZrO2 (Fig. 3(d)) 

mainly exhibited the morphology of typical ZrO2 

particles rather than bulk NiO particles, suggesting 

that bulk NiO particles were buried in the ZrO2 

particles.

3.2 H2-TPR study

The H2-TPR patterns of the Ni-based mixed 

oxides, which were obtained by heating to 1173K 

at a rate of 12K･min-1, are displayed in Fig. 4 in 

comparison with that of bulk NiO. As shown in 

Fig. 4(a), the TPR pattern of bulk NiO consisted 

of one broad peak in the range of ca. 600 to 950K 

with a maximum peak at 682K. It has been 

reported in previous works that the TPR pattern 

of bulk NiO has a maximum peak at 600K (4.5K･

min-1) or 691K (10K･min-1) due to reduction of 

Ni2+→Ni0 course19,20). The results in the present 

study were in good agreement with the previous 

works. To explain the marked decrease in the 

reduction rate after the maximum peak, we ex-

amined the nucleation growth model that has been 

proposed for the reduction mechanism of bulk 

NiO18). Bulk NiO is rapidly reduced by hydrogen 
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Fig. 4 TPR profiles of the Ni-based mixed oxides; Sample weight
= 30mg, heating rate = 12K･min-1, reducing gas = 5% H2/95%
Ar, and gas flow rate = 40ml･min-1.

at the initial stage to form metal nuclei at the 

surface of the oxide. With increasing reaction inter-

face, the metal nuclei grow and decrease the 

reaction rate due to the overlapping of the metal 

nuclei. Therefore, the decreased reduction rate after 

the maximum peak was attributed to this reduction 

mechanism.

As shown in Fig. 4(b), the H2-TPR profile of 

the NiO/Al2O3 sample was different from that of 

the bulk NiO sample. The TPR patterns of NiO/ 

Al2O3 showed complicated and broad peaks in the 

range of about 693～1073K, with three maximum 

peaks at 705, 845 and 1044K. These results indi-

cated that the H2 reduction proceeded through the 

multi-stages. Many publications have previously 

reported on the TPR results of nickel oxide catalysts 

supported by alumina using the impregnation or 

co-precipitation method. In these previous works, 

several reduction peaks were observed in the TPR 

profiles of the supported NiO. Low temperature 

peaks are generally attributed to the reduction of 

larger NiO particles which are similar in nature to 

pure bulk NiO, while the high temperature peaks 

are attributed to the reduction of NiO with intimate 

contact with the oxide support
21)
. Consequently, 

the maximum peak at 705 and 845K was possibly 

due to the reduction of bulk NiO and the reduction 

of Ni-O-Al bond which was formed by a weak 

interaction between bulk NiO and Al2O3, respectively. 

The peak at 1044K is attributed to the reduction 

of NiAl2O4 crystallite. The NiO/TiO2 mixed oxide 

showed the maximum peaks at 761K and 943K 

(Fig. 4(c)), possibly due to the reduction of bulk 

NiO and NiTiO3, respectively. 

On the other hand, the TPR pattern of NiO/ZrO2 

in Fig. 4(d) showed one peak at about 736K, 

indicating that only one reduction step through 

Ni
2+
→Ni

0
 occurred. The peak shape of NiO/ZrO2 

was different from that of bulk NiO. As mentioned 

above, bulk NiO showed a reduction peak according 

to the nucleation growth model in which the reaction 

rate proceeded rapidly in the initial stage but 

decreased in the final stage of reduction. However, 

the results indicated that the H2-reduction of 

NiO/ZrO2 did not proceed similarly to that of bulk 

NiO.

Fig. 4(e)～(g) shows the H2-TPR patterns of 

the Ni-based ternary oxides with Al2O3-TiO2, Al2O3- 

ZrO2 and TiO2-ZrO2. As shown in Fig. 4(e), the 

pattern of NiO/Al2O3-TiO2 consists of two maximum 

peaks at 978 and 1050K. As compared with the 

TPR patterns in Fig. 4(b) and (c), the two peaks 

are due to the reduction of NiTiO3 and NiAl2O4, 

respectively. Similarly, the reduction peaks of NiO/ 

TiO2-ZrO2 (Fig. 4(f)) at 758 and 907K were attri-
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Fig. 5 Variation of TPR patterns of the Ni-based mixed oxides 
with increasing heating rate.

Fig. 6 Temperature-programmed Arrhenius plots obtained from
TPR data of the Ni-based mixed oxides; (a) NiO, (b) Ni/Al2O3,
(c) NiO/TiO2, (d) NiO/ZrO2, (e) NiO/Al2O3-TiO2, (f) NiO/TiO2-ZrO2,
and (g) NiO/Al2O3-ZrO2.

buted to the reduction of bulk NiO and NiTiO3, 

respectively. The TPR patterns of NiO/Al2O3-ZrO2 

(Fig. 4(g)) can be interpreted as follows: a peak 

at 673K due to the reduction of the Ni-O bond in 

bulk NiO and two peaks at 853 and 1061K due to 

the reduction of Ni-O in the form of the weak and 

strong Ni-O-Al bond in the NiAl2O4 crystallite, 

respectively.

3.3 Activation energy of H2 reduction

In order to extract the kinetic parameter from 

the TPR experiment, Wimmers et al.
22)
 have reported 

a convenient method expanding Kissinger’s approach 

to obtain the apparent activation energy from 

differential thermal analysis data. From Wimmers’s 

method, the activation energy can be calculated 

from the TPR data by the following equation:


 




 

The activation energy (Ea) is obtained from the 

shift of the rate of maximum temperature (Tmax) 

against heating rate (Ψ). If the plot of ln(Ψ/Tmax
2) 

versus 1/(Tmax) results in a straight line, the slope 

of the plot is Ea/R, where R is the gas constant. 

The conversion at Tmax is assumed to be indepen-

dent of the heating rate. In the variation of the 

TPR patterns of the mixed oxides with increasing 

heating rate (Fig. 5), the rate maximum temperature 

was shifted to a higher temperature with increasing 

heating rate. Fig. 6 shows the temperature pro-

grammed “Arrhenius plots” according to Wimmers’s 

approach, as described above. The plots of ln(Ψ

/Tmax
2) versus 1/(Tmax) were all fitted in a straight 

line. The activation energies of the mixed oxides 
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Table 2 Activation energies for the H2 reduction of Ni-based 
mixed oxides calculated from temperature programmed Arrhenius 
plots

Sample Peaks Activation energy 
(kJ/mol)

NiO α 62.7

NiO/Al2O3

α 71.9
β 106.3
γ 281.0

NiO/TiO2
α 85.4
β 151.7

NiO/ZrO2 α 55.3

NiO/Al2O3-TiO2
α 141.0
β 142.3

NiO/TiO2-ZrO2
α 68.0
β 118.5

NiO/Al2O3-ZrO2

α 99.0
β 78.6
γ 223.3

for H2 reduction were calculated from the slope of 

the plot and are listed in Table 2, where α, β and 

γ denote the peaks in order from low to high 

temperature, respectively. The activation energy 

of bulk NiO was ca. 63kJ･mol-1. In the case of the 

NiO/ZrO2 sample, the activation energy due to the 

reduction of bulk NiO was analogous to that of 

bulk NiO, suggesting that the ZrO2 was a stable 

support for hydrogen reduction. However, the 

NiO/TiO2 and NiO/Al2O3 samples needed a higher 

activation energy than that of bulk NiO, indicating 

that the nickel oxide contained in the NiO/TiO2 

and NiO/Al2O3 samples is difficult to be reduced 

because of Ni-O-Ti or Ni-O-Al bond. 

4. CONCLUSION

Ni-based mixed oxides were prepared by sol-gel 

method and their reduction properties and structural 

characteristics were investigated by the TPR tech-

nique and XRD analysis, respectively. From the 

results, the following conclusions were drawn.

1) Ni-based oxides mixed with Al2O3 or TiO2 showed 

the formation of new crystallites such as nickel 

aluminates or titanates through calcination at 

1173K. Meanwhile, the crystalline structure of 

Ni-based oxides mixed with ZrO2 showed as 

simple mixing phase of component oxides without 

any new crystallite formation.

2) The TPR patterns of Ni-based oxides mixed 

with Al2O3 or TiO2 consisted of multi-peaks 

and showed different reduction behaviors than 

that of bulk NiO due to the reduction of new 

crystallites such as aluminates or titanates, 

whereas the TPR patterns of Ni-based oxides 

mixed with ZrO2 consisted of one peak and 

were similar to that of bulk NiO.

3) The activation energy of Ni-based mixed oxides 

was calculated by Arrhenius plots from the 

TPR data. The results indicated that compared 

to bulk NiO, Ni-based oxides mixed with Al2O3 

or TiO2 need higher activation energies to 

reduce all the Ni species due to the formation of 

aluminates or titanates. Meanwhile, the activation 

energy of a NiO/ZrO2 sample was slightly lower 

than that of bulk NiO, suggesting that the ZrO2 

was a stable support for hydrogen reduction. 
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