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INTRODUCTION
  A great attention is being paid to the simultaneous conversion of methane and carbon dioxide to produce the synthesis gas with a low H2/CO ratio, because the chemical process is of a big industry interest to convert the green-house gases CH4 and CO2 to useful components.1,2 For that, nickel-based catalysts, which have a low cost and a wide availability, present the most promise in the future application compared with noble-metal based catalysts. To develop one high performance catalyst, it is essential to elucidate the behavior of coke including its formation, transformation and especially its role in the reaction.3,4 Recently, we have reported that Ni/ZrO2 catalysts with high nickel loading can exhibit not only a high activity but also a good catalytic stability.5 In this study, we investigate the carbon deposition on Ni/ZrO2 catalyst during the carbon dioxide reforming of methane using multiple noble techniques in order to illuminate the characteristics of the deposited carbon and enhance our understanding of the unique property of this type catalyst. 

EXPERIMENTAL
  All the nickel catalysts were prepared by impregnation of zirconia (SBET = 28 m2g-1) with solution of nickel nitrate, drying at 373 K overnight, and calcination at 773 K for 4 hr. Activity tests were performed as previously described.5 Thermogravimetric analysis (TG) was performed on an Intelligent Gravimetric Analyser. The sample was pre-reduced at 973 K for 2 h, purged with helium for 20 min, and then cooled down to low temperature. Afterwards, temperature programmed surface reaction was performed with 20% CH4/20% CO2/He at the flow rate of 50 cm3min-1 and heating rate of 5 Kmin-1. Transmission electron microscopy (TEM), powder X-ray diffraction (XRD), and X-ray photo spectroscopy (XPS) were applied to study the reduced 13.2% Ni/ZrO2 and the samples after 1 and 8 h reaction. The X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) of oxide, reduced and used Ni/ZrO2 were measured. 

RESULTS AND DISCUSSION
1. Implication of catalytic reaction
The advantage of zirconia as a support has been recognized for noble metal based catalysts toward the CO2 reforming of methane.4 In the case of Ni/ZrO2, unfortunately, an increase in nickel loading to more than 10% has been failed in the reaction due to a serious plug of the reactor by coke.4 When a dilution method was adapted for both the catalyst and the reactants, however, we have successfully performed long run operations at 973K for 30 h and at 1123 K for 20 h, respectively, on a 13.2% Ni/ZrO2 catalyst.5 As a matter of fact, we could also perform the reaction even on the catalyst with a very high nickel loading such as 22.6% Ni/ZrO2, which did not show a significant activity decrease after reaction at 1123 K. Our reaction results suggest that new catalytic sites, which were quickly formed on the Ni/ZrO2 catalyst surface upon exposure to the reactants, are active and stable towards the reaction of CH4 and CO2.

2. Specificity of the carbon deposition

A typical experimental procedure for measuring the amount of carbon deposition in TPSR is shown in Fig.1. The catalyst was at first purged by He at 773 K and then reduced in 5% H2/N2 at 973 K for 2 h. The weight of the catalyst was observed to decrease during the reduction. It was calculated that more than 70% of the supported NiO was reduced. Subsequently the catalyst was purged with He, cooled to low temperature, and then followed by a TPSR using 20% CH4/20% CO2/He. It was observed that the carbon deposition proceeded at a high rate as increasing the temperature, which indicates one kind of carbon was formed. Afterwards, when the sample was hold at 973 K for 6 h, no significant change of the weight was caused indicating that the carbon deposition reached its steady state. Similar phenomena were also observed on other Ni/ZrO2 catalysts. 

3. Reactivity of the deposited carbon

  Additional experiment was carried out by a sequent temperature programmed oxidation (TPO) using CO2 after the carbon deposition (Fig. 2). The results showed that the weight was nearly restored to its original level when the sample was heated in CO2 at 973 K, which reveals that the deposited carbon is so active to be oxidized to CO. Meanwhile a fraction of metallic nickel was partially oxidized to nickel oxide. The partially oxidized sample showed different behavior of carbon deposition from that occurred on the freshly reduced catalyst (Fig. 2). The results obtained by XANES and EXAFS on fresh, coked and de-coked samples indicate that with prolonging the CO2-treating time of the coked sample, metallic nickel was completely oxidized to nickel oxide during the removal of the carbon. These results demonstrate that the oxygen species from CO2 decomposition exhibits high activity in the oxidation of the deposited carbon. In other words, the deposited carbon shows high reactivity to CO2 at the reaction temperature 973 K.
With a purpose of recognizing the role of the deposited carbon in the CO2 reforming of methane, a trend of methane conversion measured at 973 K versus the amount of the carbon is drawn as depicted in Fig. 3. Generally, the higher the amount of the deposited carbon is, the higher the activity is. However, there is not a simple linear correlation between the two factors. Recently, Chen et al.3 have reported that there is a good relationship between the quantity of active carbon species and the catalytic activity, therein the active carbon species can be hydrogenated at temperatures between 550 to 700 K as characterized by temperature programmed hydrogenation. Also with considering that all the initially deposited carbon could be discarded by CO2, so we define the initial carbon deposition, at least part of it, as an active reaction intermediate to participate in the production of CO. 

4. Morphology of the deposited carbon
  The morphology of the reduced 13.2% Ni/ZrO2 catalyst and the carbon deposited on it was determined by TEM. On the reduced sample, it can be seen that metallic nickel formed fine particles on the surface of zirconia. The Ni particles were not completely encapsulated by the deposited carbon formed after 1 hr or even 8 hr on stream of the reaction at 1023 K. The carbon presented clearly in a filamentous form, like many tree branches cross above the catalyst surface, while the nickel particles placed at the tip of the filaments. Following the reaction time, these filamentous carbon trees grew up markedly in its thickness. Corresponding to the steady state of the deposited carbon, the increasing thickness of the carbon filaments must be accompanied by a reduction of the length. These facts demonstrate that the reverse Boudouard reaction, CO2 + C ( 2CO, occurred in the reaction, and evidently support the above conclusion that the deposited carbon could act as an intermediate. 

5. Transformation of the deposited carbon

  In addition, the used samples were characterized by XPS and XRD. The peak of C1s became narrow on the 8 hr on-stream sample compared with the sample after 1 hr reaction, which indicates that the deposited carbon had been changed during the reaction. In the XRD patterns, there is no any characteristic peaks of carbon appeared on the sample proceeded 1 hr reaction indicating that the initially deposited carbon was in an amorphous form. Phase transformation of the amorphous carbon to crystallite carbon was observed to occur on the sample proceeded the reaction for 8 h, which resulted in a small peak at 2( = 26. Furthermore, changes in the binding energies and crystallite phase of the metallic nickel and zirconia were also observed simultaneously. These results demonstrate that the metallic nickel, the support and the carbon together participate in the reaction. 

6. Speculation of reaction mechanism
  Though the deposited carbon was revealed to exist on the surface of a working catalyst besides the nickel sites and the support, it is generally accepted that nickel contributes to the reaction much more significantly than the others. On zirconia, it was observed that there was no significant conversion of methane until temperature increased up to 1023 K.  In contrast, CO2 could interact with the support at low temperatures. The interaction of CO2 with the support was strongly enhanced as increasing the reaction temperature, so that a much higher yield of CO than that of H2 was produced in the temperature range 1023 - 1173 K, which indicates that the support is more superior to activate CO2 than to CH4. However, comparing with the Ni-containing catalyst, the support itself exhibited a much low activity of the CO2 reforming of methane, which reveals that it is the nickel metal dominates the key role in the reaction. Additionally, the catalytic activity on Ni/ZrO2 was observed to increase as increasing the nickel content in the nickel loading range 2 - 13.2%. It is no doubt that the number of the surface metallic nickel absolutely determines the activity of the CO2 reforming reaction. The direct reaction of the carbon filament with CO2, via the reverse Boudouard reaction, is highlighted by the present TG and TEM results. Herein, the existence of a tracer amount of the residual hydrogen in CnHx may assist CO2 activation, which needs further investigation. In our present study, at least three partners, i.e., metallic nickel, weakly bond oxygen from CO2 decomposition and the deposited carbon, are revealed to participate in the production of synthesis gas. Herein, the amount of the deposited carbon is found to remain in an equilibrium state. It seems that the reaction of the Ni-bonding carbon with the adsorbed oxygen from the dissociatively adsorbed CO2 is playing a significant role to control the surface coke formation. 
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Fig. 1  A typical procedure of TG analysis on a 22.6% Ni/ZrO2 catalyst. 
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Fig. 2  TG result of carbon formation and removal in cycle reactions on 
      reduced 13.2% Ni/ZrO2 catalyst.
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Fig.3  Methane conversion versus the amount of the deposited carbon. [image: image4.wmf]0
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