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Reforming of CH4 with CO2 to produce syngas was studied over Nio.03Mgo.970 solid solution catalyst and its bimetallic deriva- 
tive catalysts which contained small amounts ofPt, Pd or Rh (the atomic ratio M/(Ni + Mg) was about 2 x 10 -4, M = Pt, Pd or 
Rh). It was found that although the Ni0.03Mg0.970 catalyst showed an excellent stability and activity at the reaction temperature of 
1123 K, it lost its activity completely within 51 h when the reaction temperature was as low as 773 K. However, both the activity and 
the stability at 773 K were improved significantly by adding Rh, Pt, or Pd. This synergistic effect is rationally explained by the pro- 
moted reducibility of Ni. On all these catalysts, the amount of deposited carbon during the reaction was very low, suggesting that 
carbon deposition was not the main cause of the deactivation. Also, the catalytic activity of bimetallic catalysts increased gradually 
with the noble metal loading, but after passing through a maximum, it decreased with superfluous addition. The maximum was 
found to be located at around the atomic ratio of M / (Ni + Mg) ~ 0.02% (M = Pt, Pd and Rh). This phenomenon could most prob- 
ably be attributed to the different composition of Pt-Ni alloy particles formed after the reduction. 

Keywords: reforming of methane with carbon dioxide; nickel magnesia solid solution; magnesia supported nickel catalyst; 
platinum-nickel alloy; deposited carbon 

1. I n t r o d u c t i o n  

Extensive work  has been done on the catalytic reform- 
ing of  CH4 with CO2 to produce syngas in recent years 
considering the chemical utilization of natural  gas and 
CO2. Ni, Pd, Pt, Rh, Ru and Ir  have been proved to be 
effective catalytic components  for this reaction [1-10]. 
However,  one of  the major  problems in conducting this 
reaction is the deactivation of  catalyst  caused by carbon 
format ion  p robab ly  via the Boudouard reaction 
(2CO ~ CO2 + C) and methane decomposit ion 
(CH4 ~ C + 2H2). I t  has been reported that  supported 
noble metal  catalysts experienced less carbon format ion 
than did Ni-based catalysts [1-5]. Despite that  this con- 
clusion is available for the conventional Ni-based cat- 
alysts, it does not  suit our developed Ni0.03 Mg0.g70 solid 
solution catalyst  which retained its high activity for 3000 
h at the reaction tempera ture  of  1123 K with the used 
catalyst  containing less than 1% carbon even under the 
condition of  CO2/CH4 rat io of  1 [11]. This excellent 
anticoking per formance  of  Ni0.03Mg0.g70 is at least com- 
parable  to that  of  noble metal  catalysts [5]. As a solid 
solution, Ni0.03Mgo.970 has a disadvantage over conven- 
tional Ni-based  catalysts in its hard reducibility. 
Therefore, high temperature  reduction is essential to 
generate the reduced state Ni  and consequently to cata- 
lyze the reforming of  CH4 with CO2. Also, the 
Ni0.03Mg0.970 had a lower activity and poor  stability at 
the low reaction tempera ture  of  773 K. This is probably  
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due to the low concentration of  active sites and the par-  
tial oxidation of the active Ni  species by CO2 or H 2 0  
during the reaction. I t  is well known that  a small amount  
of  noble metals can promote  the reducibility of  base 
metal, such as Ni, and stabilize their degree of  reduction 
during the catalytic process [12,13]. Thus, we expect to 
improve the performances of  the Nio.03Mgo.970 catalyst  
by adding small amounts  of  noble metals (Pt, Pd or Rh) 
to Nio.03Mgo.970. In this paper,  the results on the addi- 
tive effect ofPt ,  Pd and Rh are presented. 

2. E x p e r i m e n t a l  

Ni0.03Mg0.970 solid solution catalyst  was prepared 
by co-precipitating nickel acetate and magnesium 
nitrate aqueous solutions using potass ium carbonate.  
The details of  the catalyst preparat ion were described in 
a previous paper  [6]. After being filtered and washed 
with hot water, the precipitate was dried overnight at 
393 K, and then calcined at 1223 K for 10 h. The bimetal-  
lic catalysts containing Pt, Pd and Rh on Ni0.03Mg0.970 
were prepared by impregnating Nio.03Mg0.970 with ace- 
tone solutions of  the corresponding metal  acetyl- 
acetonate complexes, which have been reported to be 
suitable for the preparat ion of  highly dispersed metal  
particles [14-16]. The loading of added metals ranged 
f rom 0.011 to 0.032% as the molar  ratio of  
M / ( N i  + Mg) (M = Pt, Pd and Rh). The acetone was 
then removed in a water  ba th  at 343 K. M / M g O  cat- 
alysts were also prepared by substituting Ni0.03Mg0.970 
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Table 1 
Preparation parameters of the catalysts 

Sample Preparation method Precursor Calcination Calcination BET surface 
temp. (K) time (h) area (m 2/g) 

MgO 
Ni0.03 Mg0.970 
0.021 moP/o M/MgO a 
0.021 mol% M/Ni0.03 Mg0.970 a 

coprecipitation 
coprecipitation 
impregnation b 
impregnation b 

Mg(NO3)2 + K2CO3 1223 10 27 
Mg(NO3)2 + Ni(C2H302)2 + K2CO3 1223 10 19 
M(CsH702)x e+MgO _ d _ d 28 e 
M(CsHTO2)x e+Ni0.03Mg0970 _d _d 20-25 

a M = Pt, Pd a n d  R h .  

b Impregnation with acetone solution of M(CsH702)x. 
c For Pt and Pd, x equals 2, for Rh, x equals 3. 
d Only dried at 393 K overnight. 
e Pt-promoted catalyst. 

with a home-made MgO support of which the prepara- 
tion method was the same as that for Ni0.03Mg0.970. 
Table 1 lists the preparation parameters. All these sam- 
ples were pressed into tablets and the particles with the 
size of 20-40 mesh were obtained by crushing and 
sieving. 

Activity measurements were carried out in a fixed- 
bed continuous-flow reactor made of 6 mm i.d. quartz 
tube. The catalysts were reduced in a flow of H2 at 1123 
K for 0.5 h before catalytic reactions were performed. 
The standard reaction conditions were: reaction tem- 
perature range 773-973 K, total pressure 0.1 MPa, 
CH4/CO2 = 1/1, W/F = 1.2 or 0.5 g-cat h/mol, the 
amount of catalysts 0.3 or 0.1 g. The effluent gas was 
analyzed with an on-line gas chromatograph using 
active carbon as the separating column. An ice bath was 
set between the reactor exit and the GC sampling valve 
to remove the water. The surface area was measured by 
BET method. The amount of deposited carbon on the 
catalysts was quantified in terms of the methane forma- 
tion during the temperature-programmed reaction 

(TPR) of H2 in the temperature range between 295 and 
1123 K. 

3. Resu l t s  and  d i scuss ion  

We first examined the stability of the catalysts at 773 
K (or 1123 K) and space velocity of 48000 h -1, followed 
by measuring the amount of deposited carbon on these 
used samples. Results are illustrated in fig. 1 and table 2. 
Clearly, the high activity over the Ni0.03Mg0.970 solid 
solution catalyst remained constant at 1123 K for 51 h. 
However, at reaction temperature of 773 K, the 
Ni0.03Mg0.970 deactivated gradually with time-on- 
stream until its activity reached zero. This large differ- 
ence in stability could not be explained by the carbon 
deposition, since the amount of carbon on the catalyst 
was almost zero after the reaction at 773 K for 51 h. An 
obvious change in the color of the catalyst was observed 
from gray before reaction to green after reaction. This 
result indicates that the deactivation of Ni0.03Mg0.970 
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Fig. 1. Activity as a function of time-on-stream for CH4-CO2 reaction over Nio.03Mgo.970 and M/Nio 03Mg0.970 catalysts (M = Pt, Pd and Rh). 
�9 . o . . o . . o . . . .  (11) Nio o3Mg0 97 O ,  ( O )  0.021 mol Vo Pt/Nio o3 Mg0 97 O ,  ( 0 )  0 021 mo1 ~ Pd/Ni003Mg0970, ( 4 )  0.021 mol ~ Rh/Nio o3Mgo 97 O ,  ( E ] )  Nio 03Mgo 97 ~ 

(reaction at 1123 K). Reaction temperature: 773 K, CH4 / CO2 = 1 / 1, total pressure: 0.1 MPa, W / F  = 0.5 g-cat h/mol,  weight of catalyst: 0.1 g. 
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Table 2 ~ 75 Irjl 
Amount of carbon deposited on various catalysts estimated by H2 
TPR after the reaction of reforming CH4 with CO2 for 51 h at 773 K a ' ~  

o 
Catalyst Amount ofcarbon dll 60 

(10 .4 g g-cat -1) 

Ni0.03Mg0.970 b 3.1 
Nio.03Mg0.970 o 2.6 
Ni0.03Mg0.970 0.0 
0 021 mol% Pt/Ni0.03Mgo.970 1.4 ~o 
0.021 mol% Pd/Ni0.03Mg0.970 0.4 
0.021 mol% Rh/Ni0.03 Mg0.970 2.1 

a Reaction conditions: total pressure, 0.1 MPa; CH4/CO2 = 1/1; 
W/F = 0.5 g-cat h/tool; weight of catalyst, 0.1 g. 

b Reaction temperature, 1123 K. 
e Time on stream, 23.5 h. 

Q 

may be ascribed to the oxidation of reduced state Ni dur- 
ing the reaction. At 773 K, the conversion of CH4 and 
CO2 was too low to maintain the reductive atmosphere 
surrounding the catalyst which was required to keep the 
degree of Ni reduction constant. In contrast, the high 
(CO + H2)/(COE + HaO) ratio in the product at 1123 K 
should be enough to keep Ni in the reduced state. 
Neither XRD nor XPS measurements could give direct 
evidence for the oxidation of reduced state Ni because of 
the low content of Ni in the catalyst. It can be seen from 
table 2 that, on all catalysts studied here, the amount of 
deposited carbon is much lower than that reported on 
other conventional Ni-based catalysts [7,8]. This fact 
reveals that both the Ni0.03Mg0.970 solid solution cat- 
alyst and its bimetallic catalysts M/Ni0.03Mg0.970 
(M = Pt, Pd and Rh) have low activity in carbon forma- 
tion. Note that there is a strong correlation between the 
catalyst activity and the amount of carbon formed. The 
greater the amount of carbon formed, the more active 
the catalyst (see table 2 and fig. 2). Similar results have 
already been reported by Chert and Ren [17]. This fact 
possibly implies a mechanism as suggested later that the 
catalyst with higher activity for the reforming of CH4 
with COE should be more active for the CH4 decom- 
position. 

As shown in fig. 1, the initial activity for noble metal 
promoted Ni0.03Mg0.970 catalysts was two times higher 
than that for the unpromoted catalyst. Simultaneously, 
the stability was also enhanced dramatically by the addi- 
tion of Pt, Pd and Rh. Among these bimetallic catalysts, 
Rh/Ni0.03Mg0.970 was the most effective. The relative 
activity, a, (a = at/ao, where at and a0 are respectively 
the activity at 51 h and 5 min) is 0.64 for Rh/  
Ni0.03Mg0.970, 0.36 for Pt/Ni0.03Mg0.970, 0.33 for Pd/ 
Ni0.03Mg0.970 and 0.02 for Ni0.03Mg0.970. 

The catalytic activity of bimetallic catalysts versus a 
range of M/(Ni  + Mg) (M = Pt, Pd and Rh) atomic 
ratios is demonstrated in fig. 2. The activity over M/ 
MgO (M/(Ni + Mg) = 0.021%) is also given for com- 
parison. First, it is seen that, although each of the pro- 
moters is inactive for this reaction when it is used alone, 
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Fig. 2. Dependence of CO formation rate on the loading amount of M 
(M = Pt, Pd and Rh) over M/Nio.03Mgo.970 catalysts for CH4-COz 
reaction. (111) Pt/Nio.03Mgo.970, ( 0 )  Pd/Nio.03Mgo.970, (A)  Rh/  
Nio.03Mgo.970, (V) Pt/MgO, (O) Pd/MgO, ( q )  Rh/MgO. Reaction 
temperature: 773 K, CH4/CO2= 1/1, total pressure: 0.1 MPa, 

W/F = 0.5 g-cat h/mol,  weight of catalyst: 0.1 g. 

the bimetallic catalysts show much higher activity than 
the original one. Second, the content of the promoter 
plays an important role in determining the activity for 
the bimetallic catalysts. The activity showed an initial 
increase followed by a decrease with increasing 
M/(Ni  + Mg) atomic ratio for each bimetallic catalyst, 
with its maximum appearing at around 0.02% where the 
bimetallic catalysts have much higher activity than 
would be expected from the linear combination of 
Ni0.03Mgo.970 and the corresponding M / MgO catalyst. 
These results suggest that a synergistic effect exists 
between Ni and promoter in a suitable range of M/ 
(Ni + Mg) atomic ratio. 

The influence of reduction temperature on the initial 
catalytic activity was investigated for Nio.03Mg0.970 and 
Pt/Nio.03Mg0.970 catalysts (fig. 3). For Ni0.03Mgo.970, a 
significant increase in activity with increasing reduction 
temperature was observed. The rate of CO formation 
varied from 0 to 30 #mol g-cat -1 s q as the reduction 
temperature increased from 923 to 1123 K. However, 
raising the reduction temperature from 923 to 1123 K 
scarcely affected the catalytic activity of Pt/ 
Nio.03Mg0.970. The sufficient reduction temperature was 
at most 1023 K for Pt/Nio.03Mg0.970, at which the activ- 
ity approached the saturation value. This result suggests 
that Ni a+ in Nio.03Mg0.970 is difficult to be reduced, 
which is consistent with the results reported by 
Parmaliana et al. [18] that the formation of a NiO-MgO 
solid solution lowers the reducibility of Ni 2+. 
Accordingly, it can be deduced that the addition of Pt 
dramatically promotes the reducibility of the 
Ni0.o3Mg0.970 by the spillover of hydrogen from Pt to 
Ni0.03Mg0.970 surface [19]. It has been pointed out that a 
Pt-Ni alloy was formed during the reduction, and the 
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Fig. 3. Effect of the reduction temperature on CO formation rate for CH4-CO2 reaction over Ni0.03 Mg0.97 O and 0.021 mol% Pt/Ni0.03Mg0.970 cat- 
alysts. ([]) Ni0.03Mg0.970, ( 0 )  0.021 rnol% Pt/Ni0.03Mg0.970. (a) H2 reduction at 923 K, (b) H2 reduction at 1023 K, (c) H 2 reduction at 1123 K. 

Reaction temperature: 773-973 K, CH4/CO2 = 1/1, total pressure: 0.1 MPa, W / F  = 1.2 g-cat h/tool, weight of catalyst: 0.3 g. 

presence of Pt facilitated the reduction of Ni 2+ signifi- 
cantly [13]. Assuming that Pt and reduced Ni species had 
no intimate interaction, and that the activity was deter- 
mined only by the amount of surface reduced Ni species, 
the catalytic activity of bimetallic catalyst would 
increase with the concentration of Pt until all reducible 
Ni 2+ were reduced, and then it would level off at higher 
concentration of Pt. Together with the dependence of 
activity on the loading of promoter, the Pt-Ni alloy is 
very likely to be formed on the Pt/Nio.03Mgo.970 cat- 
alyst. The different surface composition of Pt-Ni alloy 
may be responsible for the observed catalytic perfor- 
mance, as Gauthier et al. suggested [20] that the activity 
and selectivity on an alloy is correlated with the surface 
composition of the alloy. At present, we have no direct 
evidence of the M-Ni (M = Pt, Pd and Rh) alloy forma- 
tion. We tried to study the reduction behavior of the cat- 
alysts by means of temperature-programmed reduction, 
however, we could not get any evidence for the Pt-Ni 
alloy formation because the content of Pt was too low 
and the solid solution Ni0.03Mgo.970 itself was very diffi- 
cult to be reduced, thus no clear H2 consumption peak 
was observed corresponding to the reduction of Pt and 
Ni. Therefore, further characterization is necessary to 
substantiate this suggestion. In addition, it was noted 
that the activity over the Ni0.03Mgo.970 leveled off at 
reaction temperature higher than 923 K. As a result of 
the insufficient reduction of the Nio.03Mgo.9vO at 1023 
K, the formed Ni ~ might be in the pseudo-stable state 
and was easier to be oxidized in CH4-CO2 reactant gas. 
From fig~ 3b, this deactivation due to the oxidation of 
Ni ~ is very likely to be related to the reaction tempera- 
ture and time on stream, since the differences in activities 
between the two catalysts became larger as the reaction 
temperature increased. At the reduction temperature of  
1123 K, the activity on both catalysts tended to be the 

same. This is because the CH4 conversion reached the 
equilibrium level under this reaction condition 
(W/F = 1.2 g-cat h/mol). 

The effect of partial pressure of CH4 and CO2 on the 
catalytic activity over Nio.03Mg0.970 and 0.021 mol% 
Pt/Ni0.03Mgo.970 was also investigated under differen- 
tial reaction conditions. The kinetic data are summar- 
ized in table 3. The fact that for Nio.03Mgo.970 the 
reaction order with respect to CH4 is close to 1, and that 
of CO2 is almost zero indicates that the decomposition 
of CH4 is the rate-determining step. However, for Pt- 
promoted bimetallic catalyst, the reaction order of CH4 
decreases to 0.43 in company with the increase of that of 
CO2 to 0.3. The different kinetic order between these 
two catalysts can be rationalized in the following way, 
taking account of the reaction mechanism proposed by 
Solymosi et al. [3]: 

ell4 --* CHx + ((4 - x)/2)H2 (1) 

CO2 ~ COa + Oa (2) 

CHx + Oa ~ COa + (x/2)H2 (3) 

Table 3 
The reaction order of CH4 and CO2 in the reforming of CH4 with CO 
at 773 K over Nio.03 Mgo.970 and 0 021 mol% Pt/Nio.03 Mgo.970 a 

Catalyst Kinetic order b 

CH4 CO2 

Nio.o3 Mgo,97 O 0.9 0.1 
0.021 mol% Pt/Nio.o3Mgo.970 0.4 0.3 

a W / F  = 0.5 g-cat h/mol, 0.0075 MPa ~< Poe, <~ 0.0375 MPa, 0.0075 
MPa ~< Pr ~< 0.0375 MPa, balance gas: At. 

b Based on initial CO formation rate. 
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For  Pt/Ni0.03Mgo.970, the dissociation of  CO2 (eq. (2)) 
or the oxidation of  the surface hydrocarbon species by 
adsorbed oxygen (eq. (3)) m a y  become more  rate-deter- 
mining by the p romot ion  of  reaction (1) by added Pt. 
This p romot ion  might  be at tr ibuted to the enhancement 
of  the catalyst  reducibility. The activation energies for 
the reforming of  CH4 with CO2 obtained at W / F  

= 0.5 g-cat h / m o l  were 17 (CH4 conversion rate), 14 
(CO2 conversion rate), 20 (CO format ion  rate) and 20 
(H2 format ion  rate) kca l /mo l  for Nio.03Mg0.970, as well 
as 11 (CH4), 18 (CO2), 15 (CO) and 18 (H2) kca l /mol  for 
Pt/Ni0.03Mgo.970. 

4. C o n c l u s i o n  

(1) Al though Ni0.03Mg0.970 catalyst  has a stable 
activity for the reforming of  CH4 with CO2 at high reac- 
tion tempera ture  (1123 K), the deactivation was 
observed at low reaction temperature  (773 K), which is 
at tr ibuted to the oxidation of  active Ni  species. 

(2) The catalytic activity and stability of  
Ni0.03Mg0.970 was improved significantly by the addi- 
tion of  Pt, Pd or Rh. An apparent  synergistic effect 
between Ni  and the p romoter  was observed. This is 
par t ly  due to the increased reducibility through hydro-  
gen spillover f rom noble metal  to Ni0.03 Mg0.97 O. 

(3) The catalytic activity of  bimetallic catalysts 
increased gradual ly with the noble metal  loading, but  
after passing through a maximum,  it decreased with 
superfluous addition. The m a x i m u m  activity located at 
about  M / ( N i  + Mg) = 0.02% for each bimetallic cat- 
alyst was two times higher than that  for Ni0.03Mg0.970 
catalyst. 

(4) The reaction order of  CH4 and CO2 for the reform- 
ing of  CH4 with CO2 on Ni0.03Mg0.970 was 0.9 and 0.1, 
while that  on Pt/Ni0.03Mg0.970 was 0.4 and 0.3, respec- 
tively. This means that  the reaction mechanism or the 

rate-determining step was changed by the addition of  Pt, 
suggesting that  P t - N i  alloy particles are formed.  
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