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Carbon dioxide reforming of methane to synthesis gas has been
investigated using a KNiCa catalyst loaded on a highly siliceous
NaZSM-5 zeolite support which was promoted with alumina. The
catalytic behavior of the supported KNiCa catalyst has also been
compared to that of the supported Ni catalyst. Long-time catalytic
measurements at 800◦C show that the supported KNiCa catalyst
has excellent catalyst stability for 140 h due to the promotional ef-
fect of surface carbonate species leading to surface enrichment of
carbon dioxide, while the supported Ni catalyst is subjected to severe
catalyst deactivation due to extensive coke deposition less than 40 h
on stream. Pulse reaction, thermogravimetric analysis, isotope ex-
periment, and X-ray absorption spectroscopy have been performed
for understanding the detailed chemistry and the mechanistic as-
pects of the CO2 reforming. Pulse reaction and thermogravimetric
analysis on the supported KNiCa catalyst indicate that methane
is activated on the surface Ni species and carbon dioxide interacts
with alkaline promoters to form surface carbonates which hinder
the formation of inactive coke or scavenge carbon from the surface
Ni species. A study of deuterium isotope effects for the reforming re-
action shows that there is almost no isotope effect on the supported
KNiCa catalyst, suggesting that a CH4 dissociation step is not rate
determining. In this work, mechanistic investgations reveal that
reaction between the adsorbed carbon species and the dissociated
oxygen atoms on Ni sites of catalyst surface leads to the production
of carbon monoxide and the regeneration of metallic nickel species
as a consequence, which is assumed to be a rate-determining step
in the CO2 reforming. It is also proposed that the oxidation step of
surface carbon with surface oxygen or adsorbed CO2 as surface car-
bonate species on the catalyst is important for maintaining catalyst
stability of the supported KNiCa by the efficient removal of surface
carbon species. c© 2000 Academic Press
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INTRODUCTION

In recent years, carbon dioxide reforming of methane
(so-called “dry reforming”) to produce synthesis gas is be-
1 To whom correspondence should be addressed. Fax:+82-42-860-7676.
E-mail: separk@pado.krict.re.kr.

1

coming an attractive and challenging subject for the chem-
ical utilization of natural gas and carbon dioxide, which are
substances intimately related to the greenhouse effect and
energy resources (1). From an industrial viewpoint, the re-
action is also potentially beneficial because it produces CO-
rich synthesis gas (H2/CO), in comparison with that from
either steam reforming or partial oxidation of methane (2).
However, the coke formation over catalysts during the re-
forming of methane has been regarded as a main reason
for catalyst deactivation (3). In particular, coke formation
in dry reforming was known to be more serious than for
any other reforming reactions (3).

The dry reforming reaction has been studied over nu-
merous supported metal catalysts such as Ni-based catalysts
(4–10) as well as supported noble metal catalysts (1, 11–15),
which have been found to exhibit promising catalytic per-
formance in terms of methane conversion and selectivity
to synthesis gas. The catalysts based on noble metals have
been reported to be more active and less sensitive to coking
than the Ni-based catalysts (13, 14). However, considering
the aspects of high cost and limited availability of noble
metals, it is more practical to develop Ni-based catalysts
which are resistant to carbon deposition and exhibit high
activity for the reaction (8).

To develop a high-performance catalyst, it is essential to
elucidate the reaction mechanism (16). In particular, the
exact nature of the reaction intermediates arising from the
possible sources of carbon and oxygen and their fate in re-
action pathways remain open fundamental questions (17).
Some mechanistic approaches for supported Ni catalysts
have recently been published (16–25). However, the mech-
anism for this reforming reaction has not been clarified
yet. Concerning a rate-determining step of this reaction,
there are five different suggestions. Martin et al. (18) pro-
posed that dissociation of carbon dioxide over Ni/SiO2 cata-
lysts is a rate-determining step in dry reforming. Gamman
et al. (19) claimed that the dissociative chemisorption of
CO2 over Ni/SiO2 catalysts into its atomic constituents is
crucial and the reaction mechanism is associated with dis-
sociatively adsorbed CO2 and methyl radicals. Methane
dissociation was also assumed to be the rate-determining
0021-9517/00 $35.00
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step in the kinetic studies by Zhang and Verykios (20) and
Mirodatos et al. (21). They reported that methane activa-
tion over Ni/La2O3 catalysts is a slow step. In addition,
Wang and Au recently found that CH4 conversion in the
dry reforming is higher than CD4 conversion in the reac-
tion over Ni/SiO2 catalysts, indicating that methane disso-
ciation would be the rate-determining step (16). They also
suggested that based on the observed CH4/CD4 isotope ef-
fects, there are two different pathways for the formation
of CO. Besides the dissociation of methane and carbon
dioxide, the reaction between surface carbon or hydrocar-
bon species and surface oxygen on metallic nickel sites is
also considered to be the rate-determining step. Bradford
and Vannice, in contrast, suggested two rate-determining
steps: methane activation and CHxO decomposition (22).
In their report, adsorbed hydrogen reacts with CO2 to form
CO and an OH group is retained on the support. The
OH groups were thought to react at the metal-support in-
terface with CHx, resulting from methane decomposition,
to form CHxO species which subsequently decompose to
CO and H2. In general, trends in a microkinetic model
by Aparicio’s report (23) were in agreement with the ki-
netic model for the dry reforming proposed by Bradford
and Vannice (22). In view of the equal rate constant ob-
served between CO and H2 production, Osaki et al. (24)
insisted that CHx(s)+O(s)→CO(s)+ xH(s) is the rate-
determing step. This assumption was proved by pulse sur-
face reaction rate analysis (PSRA) (24) and the kinetic
isotope effect by ab initio molecular orbital calculation
(25). According to Hu and Ruckenstein (26), transient re-
sponse analysis on Ni/SiO2 catalysts indicated that the sur-
face reaction between carbon and oxygen species on metal-
lic nickel sites constitutes the rate-determining step of the
dry reforming reaction. Miradotos et al. (17) proposed that
the oxidation step which does not involve any C–H bond
activation, i.e., the reaction of surface carbon monomers
with surface oxygen atoms into CO, is assumed to be rate
limiting since no kinetic isotopic effect is found for the
formation of CO under the stoichiometric reforming con-
ditions. However, Rostrup-Nielsen and co-workers (15)
reported that replacing steam by CO2 has no significant
impact on the reforming mechanism. When carbon dioxide
is added to the feed (CH4+H2O), the decreasing rate could
in principle be explained by the CO2 activation becom-
ing the rate-determining step, but this appears unlikely be-
cause all catalysts had high rates for reverse water-gas shift
(RWGS) reactions. It was more likely that the rates were
influenced by the adsorption of carbon monoxide, which
has a high concentration under dry reforming conditions.
In parallel with this, Baerns and co-workers found that a
synergistic interaction between active metal and support
was derived for the RWGS reaction which was explained
by an additional driving force of the CO dissociation
2

(27).
ET AL.

In addition, the effect of structure sensitivity for the dry
reforming should be considered for catalyst design because
basic reaction steps such as methane decomposition and
CO2 dissociation are structure sensitive (28, 29). Therefore,
taking the previous reports into consideration, it seems
likely that the rate-determining step in the dry reforming
is greatly dependent on the working catalyst and reaction
condition.

We have previously reported that zeolite-supported
KNiCa catalysts exhibit high activity as well as strong coke
resistance for the dry reforming into synthesis gas (30).
The support used for KNiCa catalyst was a highly siliceous
NaZSM-5 zeolite mixed with alumina as a binder of zeolite
pellet. It was found that this support offered high catalyst
stability for the KNiCa catalyst, as compared with γ -Al2O3

and SiO2 supports (32). In addition to elucidation of the
reaction mechanism, studies of carbon formation and re-
moval on reforming catalysts are also important for devis-
ing more effective and stable catalysts. To understand the
detailed chemistry of dry reforming, we investigated the
behavior of CO2 and CH4 during the reaction, as well as
on the catalyst surface. The present work also addresses
the mechanistic aspects of the dry reforming reaction using
pulse reaction, isotope experimentation, and X-ray absorp-
tion spectroscopy.

EXPERIMENTAL

Catalyst Preparation and Testing

Zeolite-supported Ni and KNiCa catalysts were prepared
by the molten-salt method and are designated as Ni/ZSI
and KNiCa/ZSI, respectively, hereinafter. Detailed proce-
dures of preparation of these catalysts have been described
elsewhere (30). The support was a highly siliceous ZSM-5
zeolite (UOP S-115, SBET= 340 m2/g, Si/Al> 200) mixed
with alumina (19.5 wt%) as a binder for the zeolite pel-
let. The loading of metallic nickel on both catalysts was
5.3 wt%. The molar ratio of KNiCa oxide in KNiCa/ZSI
was K : Ni : Ca= 0.08 : 1.0 : 2.2. The total metallic oxide con-
tent was 17.9 wt%.

Catalytic measurements for long-time durability tests at
800◦C were carried out in a fixed-bed quartz reactor with
inner diameter of 4 mm at atmospheric pressure. Before
each catalytic measurement, the catalyst measurement, the
catalyst was reduced in situ at 700◦C for 1 h in a 5%
H2/N2 flow (50 ml/min). The reactant gas stream consisted
of carbon dioxide and methane was diluted with nitrogen
(molar ratio of CH4 : CO2 : N2= 1 : 1 : 2.2). The flow rate of
the feed was GHSV= 6.0× 104 ml/h · g cat. The gas com-
positions of reactants, products, and nitrogen as an internal
standard were analyzed by an on-line gas chromatograph
(Chrompack Model CP 9001) equipped with a packed col-

umn (Carbosphere) and a thermal conductivity detector.
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Gravimetric Analysis

Gravimetric changes of the reduced catalysts during
treatment with methane at 600◦C were measured by IGA
(Intelligent gravimetric analyzer, Hiden IGA-002). Fresh
catalyst (ca. 51 mg) was loaded on a sample pan which
was placed in a gravimetric chamber for thermogravimet-
ric analysis. Temperature-programmed treatment with CO2

(CO2–TPO) on the catalysts pretreated with methane at
600◦C and temperature-programmed desorption of CO2

(CO2–TPD) of reduced Ni catalysts were also investigated
by IGA, coupled with a mass spectrometer (Hiden DSMS).

Pulse Reactions

The gases used—methane (purity: 99.995%), carbon
dioxide (99.999%), nitrogen (99.999%), argon (99.999%),
and helium (99.999%)—were supplied by Air Products and
Korea Standard Gas Co. Experiments using pulse reaction
of reactant gases were conducted with a gas sampling valve
in a pulse reactor (1/4-inch outer diameter, quartz), which
was incorporated between the sample inlet and the col-
umn of the gas chromatograph. All the catalysts were re-
duced in the reactor with 5% H2/N2 (50 ml/min) at 700◦C
for 3 h before use. During the pulse experiments, the flow
rate of helium gas through the reactor was kept constant
with 30 ml/min and the reactant gas mixture was injected to
the reactor by helium carrier gas. Thus the reactant gas was
diluted before passing through the reactor. For each mea-
surement, 100 mg of catalyst was used, and one pulse with
the sampling loop contained 30.4 µmol of reactant gases.

Deterium Isotope Experiments

Steady-state experiments for determining kinetic isotope
effects were performed at 600–700◦C and atmospheric pres-
sure by feeding the fixed-bed reactor with the mixtures
CH4/CO2/N2 or CD4/CO2/N2 (24/24/52). Ten miligrams of
catalyst was employed in each experiment. The CD4 had
a purity of 99% and was supplied by Isotec Inc. The cata-
lysts were first reduced in the reactor with 5% hydrogen
in nitrogen stream (50 ml/min) at 700◦C for 3 h prior to
each catalytic measurement. Mixtures of CH4/CO2/He and
CD4/CO2/He were alternatively introduced into the reac-
tor after reaction for 2 h at each step, with a step interval of
50◦C in the temperature range of 600 to 700◦C. Space veloc-
ity of total gas mixture (GHSV) was 3× 105 ml/h · g cat. The
reactor effluent was analyzed with an on-line gas chromato-
graph (Chrompack Model CP 9001) with a capillary col-
umn (Chromapck carboPLOT P7) connected to a thermal
conductivity detector. By performing the CH4+CO2 and
CD4+CO2 reactions alternatively in this way, CH4/CD4

isotope effects could be investigated. The ratio in percent-
age of CO formed in the reaction to the total feed before
reaction on the basis of carbon content was defined as the

formation rate of CO. The relative ratios of CH4 conversion
E OVER SUPPORTED KNiCa 3

in the CH4+CO2 reaction to the corresponding ratios in the
CD4+CO2 reaction were used to express the magnitude of
CH4/CD4 isotope effects.

Extended X-Ray Absorption Fine Structure
(EXAFS) Analysis

X-ray absorption experiments were carried out mainly
on beam line 10B at the Photon Factory of the National
Laboratory for High Energy Physics (KEK-PF) in Tsukuba
(Japan) with a ring energy of 2.5 GeV and stored cur-
rent of 200–350 mA, and partially on beam line 3C at the
Pohang Light Source (PLS) of Pohang Accelerator Labo-
ratory (PAL) in Pohang (Korea) with the ring energy of
2.2 GeV and stored current of 150–250 mA. Details re-
garding the EXAFS measurements and data analysis were
published elsewhere (33). X-ray absorption spectra were
recorded in a transmission mode at room temperature with
a Si(111) channel-cut monochromator. Higher harmonics in
the beam were rejected by detuning the Si(111) monochro-
mator crystals to give 80% of the maximum intensity. The
transmission measurement geometry was arranged using
gas-filled ionization chambers to monitor the intensities
of the incident and transmitted X-rays. The gas ionization
chambers were filled with an Ar/N2 mixture to optimize sen-
sitivity. The monochromator was scanned in energy with
0.5–2 eV steps starting from 250 eV below until 1000 eV
above the Ni K-absorption edge (E0= 8333 eV). The energy
steps in the absorption edge and extended X-ray absorption
fine structure regions were 0.1 and 2 eV, respectively. For
X-ray absorption measurement, about 0.1 g of the sample
was pressed into thin wafers of 10 mm in diameter and
treated in an in situ sample chamber prior to measurement
at room temperature (33). The weight of samples was se-
lected to achieve an absorption of less than µx= 2.5 for the
calcined catalyst to optimize the signal to noise ratio and to
avoid nonlinear variations of µx induced by the thickness
of the sample pellet.

Analysis of the X-ray absorption data was carried out
with a standard method using the UWXAFS2 program
package (34) and FEFF 6.0 distributed by the Univer-
sity of Washington (35). To isolate the EXAFS from the
X-ray absorption edge, a polynomial function characteris-
tic of the background was subtracted. The EXAFS oscil-
lations (χ(k)) after background removal and normaliza-
tion were k3-weighted and Fourier-transformed within the
limits k= 2.0–14.0 Å−1 to isolate the contributions of the
different coordination shells. A curve-fitting procedure for
FT data was employed to determine structural parameters,
such as radial distance, R, and coordination number, N.
The main peaks in the radial distribution function (RDF)
were inverse-transformed into k space and least-squares
calculations performed using the EXAFS equation χ(k)

(35).
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RESULTS

EXAFS Analysis

Figure 1 illustrates the Fourier transforms spectra of Ni
K-edge EXAFS on Ni foil and NiO crystallite, and EXAFS
data in k and r spaces of KNiCa/ZSI catalysts according to
several treatments without the correction of the phase shift,
where Fourier transformation was performed using the data
in the range of 2.0≤ k≤ 14.0 Å−1. The spectra of NiO and
Ni foil as the references were obtained to decide the param-
eters for phase-shift (polynomial) and amplitude functions
(Lorentzian). Those parameters were used to analyze the

FIG. 1. Ni K-edge EXAFS for Ni foil, NiO, and KNiCa/ZSI catalysts.
(a) Fourier transforms in r space of Ni foil (—) and NiO (-----); (b) k3-
weighted EXAFS oscillation, and (c) Fourier transforms in r space of
KNiCa/ZSI catalysts after calcination in air at 650◦C for 4 h (—), after
reduction with 5% H2 in N2 at 700◦C for 1 h (.....), and after treatment

with 20% CO2 in N2 at 700◦C for 30 min (– · –).
ET AL.

TABLE 1

Structural Parameters from EXAFS Ni K-Edge Analysis of
KNiCa/ZSI Catalysts According to Pretreatment Conditions

Treatment condition Atomic pair∗ R/Åa Nb 1σ 2/10−4 Åb,c

Calcination in air at Ni–O 2.06 5.9 63
650◦C for 4 h Ni–Ni(O) 2.94 9.6 79

Reduction with 5% H2 Ni–O 2.09 3.2 79
at 700◦C for 1 h Ni–Ni(R) 2.47 9.1 78

Ni–Ni(O) 2.96 1.1 81

Treatment with 20% CO2 Ni–O 2.04 6.9 78
at 700◦C for 0.5 h Ni–Ni(R) 2.46 2.3 79
after reduction Ni–Ni(O) 2.94 11.7 84

a Nearest neighbor distance (±0.02).
b Nearest neighbor coordination number (±1.0).
c Difference in the Debye-Waller factor between samples and standards

(±0.0005).
∗Ni–Ni(R), Ni–Ni bond of metallic Ni; Ni–Ni(O), Ni–Ni bond of NiO.

Reference: for NiO powder, Ni–O; R= 2.09 Å, N= 6; Ni–Ni(O); R=
2.95 Å, N= 12; For Ni foil, Ni–Ni(R); R= 2.49 Å, N= 12.

data of catalyst samples and to determine bond lengths (R)
and coordination numbers (N) for Ni–Ni and Ni–O (34).
To figure out the change of the local structure around the
Ni atoms in the catalyst, we performed nonlinear curve-
fitting analyses of the Fourier-filtered EXAFS of the first
and second coordination shells of a nickel atom by a least-
squares method. The fitting results are given in Table 1. In
RDFs of a NiO reference, the peak appearing at 1–2 Å is
due to the backscattering from the adjacent oxygen atoms,
and the peak at 2–3 Å shows the presence of the second-
neighboring nickel atoms (Fig. 1a). The peaks due to the
backscattering from the nickel atoms are also seen in the
high-distance region higher than 3 Å. Such a RDF pattern is
characteristic of f.c.c. structure. On the KNiCa/ZSI catalyst
after calcination, the magnitude of the peak appearing at
1–2 Å is almost constant, indicating that the number of oxy-
gen atoms adjacent to Ni atoms is constant; i.e., Ni atoms
in the catalyst keep their octahedral environment (Fig. 1c).
This behavior is commonly observed from other groups’
results on NiO–MgO catalysts (36) and Ni/SiO2 catalysts
(37). On the other hand, the magnitude of the peak appear-
ing at 2–3 Å decreases remarkably and the peak pattern
higher than 3 Å is considerably different from that of a NiO
reference. This result implies that Si atoms of zeolite sup-
port would be partially occupied in the second coordination
shells of a Ni atom (37). Although the second coordination
shell is not exactly discerned into Ni–Ni and Ni–Si shells
through curve-fitting analysis, the coordination number of
the second shell is calculated as 9.8. When KNiCa/ZSI is
reduced at 700◦C for 1 h under 5% H2 flow, a new peak
at 1.5–2.5 Å appears (Fig. 1c). A new peak is ascribed to
neighboring Ni atoms of first shell in metallic Ni environ-
ment. On the other hand, the magnitude of the peak ap-

pearing at 2–3 Å decreases and the amplitude of the peak at
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1–2 Å somewhat decreases together with a little change of
peak position. It seems that there is only a trace of second-
neighboring Ni atoms in the oxidized nickel domain due to
its reduction while the nearest neighboring oxygen atoms in
the oxidized nickel domain are partially lost. The number
of nearest neighbors at the reduced nickel atoms is 9.1 for
the reduced KNiCa/ZSI, which is lower than the value of
12 for metallic nickel.

It is considered that carbon dioxide is not an inert gas and,
therefore, it can reoxidize a partly reduced surface (38).
This oxidizing effect can be confirmed through EXAFS
analysis. When the reduced KNiCa/ZSI catalyst is treated
with 20% CO2 at 700◦C for 30 min, the amplitude of the
metallic Ni–Ni bonds decreases (Fig. 1c and Table 1). After
treatment with CO2, peaks corresponding to Ni–O bond
at 1–2 Å and Ni–Ni bond at 2–3 Å, respectively, reappear,
indicating that the Ni clusters of the reduced catalyst are
transformed into the oxidized Ni species by CO2. On the
other hand, the amplitude of the second coordination shell
(Ni–Ni) peak is larger than that of the first coordination
shell (Ni–O) peak, different from that of the calcined cata-
lyst. This reflects the increase of coordination number in
the second shell (N= 11.7) caused by increasing the crys-
tallite size of oxidized Ni species. The number of first oxy-
gen neighbors in the catalyst is calculated to be 6.9. In the
case of nickel oxide with regular f.c.c. structure, the num-
ber of first oxygen neighbors to a central Ni atom should be
limited to 6. However, it is probably assumed that Ni species
are still surrounded by six oxygen atoms because the devi-
ation from 6 coordination is within the error range of co-
ordination number (N± 1). Consequently, these EXAFS
results demonstrate that carbon dioxide can play a role as
an oxidant on the nickel surface.

Catalytic Activity at Steady States

The KNiCa/ZSI catalyst exhibits high activity and high
resistance against coke formation in the CO2 reforming of
methane, as shown in Fig. 2. Its high activity displayed in
terms of CO2 conversion attains to near equilibrium con-
version (96.5%) of CO2 to produce CO without catalyst
deactivation at 800◦C for 140 h. On the other hand, the
Ni/ZSI catalyst is also highly active at initial period of reac-
tion, but it is subjected to severe catalyst deactivation due
to large coke deposition less than 40 h.

Pulse Reaction Analysis

The amounts of CO produced according to sequential
injections of CO2, CH4 and CO2 pulses at 600◦C over the
reduced KNiCa/ZSI catalyst are plotted in Fig. 3. It can be
confirmed from these pulse reactions that the dissociative
adsorption of CO2 on the metallic Ni surface of KNiCa/ZSI
catalyst produces CO and surface oxygen. The formation of
CO is relatively large during the first several CO2 pulses, but

it decreases notably with increasing CO2 pulse number. The
E OVER SUPPORTED KNiCa 5

FIG. 2. Catalytic activity and stability of Ni/ZSI and KNiCa/ZSI cata-
lysts for CO2 reforming of methane in terms of CO2 conversion. Reaction
conditions: T= 800◦C, CH4/CO2/N2= 1 : 1 : 2.2, GHSV= 6.0 × 104 ml/h · g
cat.

total amount of surface oxygen formed upon exposure to
10 pulses of CO2 is estimated to 18.7 µmol, indicating that
21% of total Ni content on the catalyst would be oxidized.
When the catalyst exposed to 10 pulses of CO2 is subjected
to CH4 pulses, CO, CO2, and H2O are generated together
with H2. About 4.3 µmol of CO is formed during the first
CH4 pulse, and the amounts of CO formed during subse-
quent pulses are greatly diminished. This explains why oxy-
gen species on the catalyst surface are formed together with
the generation of CO during the injection of CO2 pulses
and remain on the catalyst surface even after stopping CO2

pulses and flushing with inert gas. The amount of CO2 and
H2O produced during these pulses are 3.3 and 6.5µmol, re-
spectively. The formation of H2 (ca. 9.6 µmol) from 6 CH4

FIG. 3. Pulse test on the dissociation of CO2 followed by the oxidation

of CH4 over the reduced KNiCa/ZSI catalyst at 600◦C.
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FIG. 4. Pulse test on the dissociation of CH4 followed by CO2 disso-
ciation over the reduced KNiCa/ZSI catalyst via pulse reaction at 600◦C.

pulses after the reaction with 10 CO2 pulses is much lower
than that on the freshly reduced catalyst, indicating the loss
of hydrogen by its oxidation into water with the formed oxy-
gen species from CO2. When the catalyst is exposed again
to a CO2 pulse after sequential pulses of CO2 and CH4, the
amount of CO produced increases four times higher than
that of the reduced catalyst at initial stage.

Figure 4 provides the amount of H2 or CO formed
through sequential injections of CH4 and CO2 pulses at
600◦C over the reduced KNiCa/ZSI catalyst. As compared
to the integrated amount of CO produced during the same
number of pulses, the activity of CH4 dissociation is higher
than that of CO2 dissociation on the reduced catalyst. The
amount of H2 produced from CH4 dissociation over this
catalyst is gradually decreased with ordinal pulse number,
which is different from the behavior of CO2 dissociation
during the injection of CO2 pulses. When the catalyst is
exposed to CH4 pulses followed by CO2 pulses, high ac-
tivity for the CO formation is maintained even after the
sixth CO2 pulse. This indicates that surface carbon species
are present on the catalyst after the CH4 pulse and these
species which are accumulated on the catalyst surface are
originated mainly from the methane molecules rather than
CO2 molecules. As compared to the activity of the freshly
reduced catalyst for the CO2 pulse, higher catalytic activity
on the CO2 pulse after the CH4 pulse seems to be ascribed
mainly to the oxidation of surface carbon by CO2 or surface
oxygen. This step appears to be essential to the removal of
surface carbon or the prevention of coke accumulation.

Gravimetric Analysis

Weight changes of supported Ni and KNiCa catalysts oc-
curred during methane and subsequent CO2 treatments are
depicted in Fig. 5. It has been found that the maximum peak
temperatures (Tmax) for carbon deposition on these cata-
lysts during the dry reforming are located at 570–630◦C
(31). For this reason, gravimetric analyses of the reduced

catalysts toward methane decomposition were carried out
ET AL.

at 600◦C. When CH4/He is flowed into the TGA reactor,
the catalyst weight on Ni/ZSI is steeply increased with time,
indicating the decomposition of methane to carbon and hy-
drogen. The amount of carbon deposited on the catalyst
remains nearly constant after 1 h. Carbon deposition on
KNiCa/ZSI is suppressed compared to that on Ni/ZSI, but
it proceeds via two steps. These data obviously show that
methane is more easily decomposed on the reduced sur-
face of the Ni/ZSI catalyst than on the KNiCa/ZSI cata-
lyst. It is further confirmed that decomposition activity of
methane over Ni/ZSI (213 mg carbon/g cat) is eight times
higher than that of KNiCa/ZSI (26 mg carbon/g cat), via
weight gain on the catalysts during methane treatment.
In addition, whisker-like carbon filaments have been ob-
served over Ni/ZSI catalyst after the reaction (9); it is gen-
erally known that whisker-type carbon can be formed on
supported Ni catalysts under methane decomposition (39).
Ni dispersions of catalysts reduced at 700◦C are 6.6% for
Ni/ZSI and 2.0% for KNiCa/ZSI, respectively. Consider-
ing surface Ni dispersion and the increased weight after
methane decomposition, the ratios of the formed carbon
to surface Ni (C/Nis) on the catalysts are much higher than
1, indicating the formation of bulk-like carbon filaments
together with surface carbon (31). After methane treat-
ment these catalysts were flushed with helium gas and then
treated with CO2 up to 700◦C. Changing the flowing gas
to CO2/He results in a fast decrease in the weight of the
catalysts with increasing temperature from 430 to 470◦C,
because of the reaction of carbon with CO2. After this

FIG. 5. Results on gravimetric analyses of zeolite-supported Ni cata-
lysts depending on reactions with methane and carbon dioxide: (a) Ni/ZSI
and (b) KNiCa/ZSI. Catalysts were carburized with 20% CH4 diluted in He
(50 ml/min) at 600◦C for 30 min followed by oxidation with 20 vol% CO2
diluted in He (50 ml/min) as increasing temperature in a rate of 10◦C/min.
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treatment the initial weight of KNiCa/ZSI catalyst is re-
covered, while the resulting weight of the Ni/ZSI catalyst is
not fully recovered. A profile of its weight change by CO2

treatment indicates that carbon species are still present on
the Ni/ZSI catalyst. It is noted that even after treating the
carburized Ni/ZSI catalyst with CO2 up to 700◦C, the weight
of the used catalyst increased by 1.3 wt% compared to that
of the fresh catalyst. Thus, carbon deposits on Ni/ZSI could
not be completely gasified by CO2 even at this tempera-
ture. These deposits could cause catalyst deactivation if they
are continuously accumulated on catalysts under reaction
conditions. This phenomenon was also reported by other
researchers (40, 41). Shi et al. (40) found that carbon de-
posited from CH4 for a longer period of time decreases the
reactivity of the carbon toward CO2 gasification, resulting
in the buildup of carbon deposits on catalysts. Matsukata
et al. (41) showed that the ungasified carbon was present
in a moss-like morphology. The fact that the KNiCa/ZSI
catalyst can be restored to its original weight indicates that
carbon dioxide can oxidize deposited carbon, and therefore
might be related to the removal of carbon on the catalyst.

The weight change of catalysts due to carbon formation
during CO2 reforming was also examined at 600◦C. The
amount of carbon deposits was estimated to be 4.9 mg
carbon/g cat on KNiCa/ZSI for 1 h, and 54 mg carbon/g
cat on Ni/ZSI under the same conditions (32). It is noted
that all the carbon deposits on KNiCa/ZSI during the CO2

reforming were formed within the initial 20 min of reaction,
after which the accumulation of carbon ceased. This indi-
cates that once the catalytic activity reaches steady state,
carbon deposition via methane decomposition and carbon
removal via CO2 gasification are dynamically equilibrated
with each other during the CO2 reforming. Earlier work
from our group also showed that methane decomposition
is the major route responsible for carbon deposition, and
that carbon dioxide in the reactant feed inhibits carbon de-
position (30). The inhibiting effect of CO2 on carbon de-
position in a gas mixture of CO2 and CH4 can be ascribed
to the CO2 adsorption on active sites reacting with other
surface species to produce CO.

Figure 6 shows differential profiles of weight loss of cata-
lysts as a function of temperature during CO2–TPO experi-
ments, which were done after carburization of catalysts with
methane at 600◦C for 30 min. A CO2–TPO peak maximum
on the KNiCa/ZSI catalyst is centered at 590◦C. For the
Ni/ZSI catalyst, temperature maximum occurs at 690◦C. A
CO2–TPO profile of Ni/ZSI suggests that CO2 gasification
of carbon on Ni/ZSI starts at 430◦C which is earlier than that
on KNiCa/ZSI, but it is not terminated at 700◦C (see Fig. 5).
In Fig. 6, the weight loss and mass number of a product gen-
erated from the carburized catalyst surface by CO2 treat-
ment with the increase of temperature are identified as CO.
Moreover, it is noted that there is no formation of water on

the carburized Ni surface during the CO2–TPO experiment.
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FIG. 6. CO2–TPO profiles of supported Ni catalysts after carburiza-
tion with 20 vol% CH4 diluted in He (50 ml/min) at 600◦C for 1 h: (a)
Ni/ZSI and (b) KNiCa/ZSI. In CO2–TPO runs, carburized catalysts were
oxidized with 20 vol% CO2 diluted in He (50 ml/min) as increasing tem-
perature in a rate of 10◦C/min.

Hence, it is assumed that surface carbon species formed on
the catalyst are present mainly as a type of Ni–C(s).

On the other hand, the reactivity of the KNiCa/ZSI cata-
lyst for the CO2 dissociation at 600◦C is larger than that
of Ni/ZSI at the same temperature (32). From gravimetric
analyses of the catalysts during the treatment with diluted
CO2 (20%) for 1 h, it is observed that the weight gain due
to the formation of surface oxygen from the dissociation
of carbon dioxide is much higher on KNiCa/ZSI (7.5 mg
oxygen/g cat) than Ni/ZSI (1.1 mg oxygen/g cat).

Deuterium Isotope Effect

The results of the deuterium isotope experiment for
the dry reforming to synthesis gas over the Ni/ZSI and
KNiCa/ZSI catalysts are summarized in Table 2. Before

TABLE 2

The Relationships of the Activities in the CO2 Reforming of
Methane over ZSI-Supported Ni Catalysts by using CH4/CO2 and
CD4/CO2 Gas Mixtures

Temperature RCH4 (CH4)
a RCD4 (CD4)

b

Catalyst (◦C) (µmol/s · g cat) (µmol/s · g cat) RCH4/RCD4
c

Ni/ZSI 600 57.5 49.6 1.16
650 139 128 1.09
700 425 409 1.04

KNiCa/ZSI 600 54.9 52.3 1.05
650 134 130 1.03
700 443 441 1.00

a RCH4 (CH4): the absolute rate of CH4 consumption for CH4/CO2

mixture.
b RCD4 (CD4): the absolute rate of CD4 consumption for CD4/CO2

mixture.
c RCH4/RCD4 corresponds to the relative ratio on the rates of CH4 con-

sumption obtained when using a CH4/CO2 mixture to that when using a

CD4/CO2 mixture.
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switching the mixture from CH4/CO2/He to CD4/CO2/He,
the reaction at each temperature was run to reach stable
performance of the catalysts for at least 1 h. Although the
rate of CH4 consumption, RCH4 , is slightly affected by re-
placement of CH4 with CD4 at 600◦C, this rate over the
KNiCa/ZSI catalyst is almost unchanged upon replacing
CH4 with CD4 in feed mixtures at 700◦C, indicating that
the dissociation of the C–H bond of CH4 molecule is a fast
step over the KNiCa/ZSI catalyst. However, a small but
discernible reduction in the rate of CH4 consumption over
the Ni/ZSI catalyst is observed when CH4 is replaced with
CD4, i.e., the value of the RCH4/RCD4 ratio amounts to 1.16–
1.04 at 600–700◦C. The mild isotope effect on Ni/ZSI may
be due to the surface structure of the Ni crystals as illus-
trated in a comprehensive review of Bradford and Vannice
(28). This ratio is also temperature dependent, increasing
with decreasing the reaction temperature. This indicates
that the catalytic activity is significantly affected by the re-
placement of CH4 with CD4 at lower temperature, i.e., ac-
tivity decrease, since carbon monoxide can also be formed
via the RWGS reaction (CO2+H2→CO+H2O) which is
thermodynamically favorable at lower temperatures. On
the other hand, a very weak deuterium isotope effect over
KNiCa/ZSI indicates that the rate of CH4 dissociation is not
affected by the rate of RWGS reaction, implying that the
adsorbed carbon species is not expected to contain any hy-
drogen atom(s). This phenomenon corresponds to Zhang
and Verykios’ observation over Ni/γ –Al2O3 catalysts (20).
As a result, the CH4 dissociation is excluded from the rate-
determining step since this seems to proceed rapidly as de-
scribed above. Instead, the surface reaction of adsorbed
carbon species and adsorbed oxygen or surface carbon-
ate species is probably rate determining step for the dry
reforming.

DISCUSSION

The Role of Support and Alkaline Promoters

It has been generally observed that the nature of the sup-
port greatly affects catalytic performance in dry reforming
(2, 5, 8, 9). The selection of a suitable support is regarded as
one of the key aspects for designing a stable catalyst for the
reaction (42). Indeed some supported nickel catalysts have
shown promising activity and long life without obvious de-
activation through the selection of a suitable support (2, 5,
8, 9). Zhang et al. (8) attributed the remarkable stability of
Ni/La2O3 compared to Ni/γ –Al2O3 or Ni/CaO to the inter-
action of carbon dioxide with the La2O3 support to form
lanthanum carbonate, which scavenges carbon from nickel
at the Ni–La2O3 interface, thus restoring the Ni particles
to their original state (21). Fujimoto and co-workers (5) re-
ported that an excellent catalyst is a MgO support for form-

ing a nickel magnesia solid solution catalyst, Ni0.03Mg0.97O.
ET AL.

It has been also shown that a ZrO2 support for Pt catalysts
is very effective toward the dry reforming (2, 42, 43). In
that case, the catalytic activity of Pt/ZrO2 catalysts was ex-
plained in terms of the CO2 activation via carbonate species
on the support which must be in the proximity of the Pt par-
ticles to react with the methane activated on the metal (42,
43). We also found that the composite support which is com-
posed of a highly siliceous NaZSM-5 zeolite and an alumina
binder offers high catalyst stability for the KNiCa catalyst
compared with a highly siliceous NaZSM-5 zeolite itself,
γ -Al2O3 and SiO2 supports (32). Thus, it is most likely that
besides the role of alkaline promoters, high catalyst stabil-
ity for KNiCa/ZSI is partially originated from a synergistic
effect due to the contribution of each component.

It is assumed that a zeolite component in ZSI-supported
Ni catalysts plays a role in minimizing the formation of
NiAl2O4 spinel due to the presence of microporous zeolite,
which is considered to be a factor of catalyst aging (39). Be-
sides, it is pointed out as another characteristic that ZSM-5-
type zeolite is the most thermally stable among many zeo-
lite molecular sieves, and a favorable adsorbent for carbon
dioxide. Although it is rare, some reports have dealt with the
utilization of zeolite as a support for Ni catalyst in the dry
reforming (44–46). Li et al. also used ZSM-5 zeolite support
for dry reforming in order to utilize its good physical and
chemical properties (45). On the other hand, the role of the
alumina component in the KNiCa/ZSI catalyst was consid-
ered to form a CaAl2O4 phase through solid-state reaction
with calcium oxide which suppresses the coke formation as
well as the formation of NiAl2O4 spinel (30, 32). This phase
was identified by XRD and solid-state 27Al NMR analyses.
It is noted that the CaAl2O4 phase formed in the catalyst
is known as a good support for steam-reforming catalysts
(4, 39).

The metallic Ni and CaO or K2O sites adjacent to reduced
nickel metal sites on the KNiCa/ZSI catalyst are regarded
as sites for CO2 chemisorption. The chemisorbed amount
of CO2 on the KNiCa/ZSI catalyst is 40% higher than that
of the Ni/ZSI catalyst (32). As shown in the CO2 desorption
profiles of Fig. 7, the integrated amount of CO2 desorption
on the KNiCa/ZSI catalyst is higher than that on the Ni/ZSI
catalyst, which corresponds with the results of volumetric
CO2 adsorption. In addition, a significant difference in the
CO2–TPD profiles for Ni/ZSI and KNiCa/ZSI catalysts is
observed in the high temperature region. A CO2–TPD pro-
file of KNiCa/ZSI exhibits a strong desorption peak above
600◦C, which is not observed on Ni/ZSI. The desorption
peak at higher temperatures indicates the formation of sur-
face carbonate, mainly on a Ca promoter due to its high
composition and, therefore, the presence of this peak seems
to be directly related to the excellent stability of KNiCa/ZSI
compared to Ni/ZSI.

Previous FT-IR observations of the reduced catalysts re-

vealed that the behavior of adsorbed CO2 on KNiCa/ZSI is
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FIG. 7. CO2–TPD profiles of reduced (a) Ni/ZSI and (b) KNiCa/ZSI
catalysts (β = 10◦C/min).

greatly different from that on Ni/ZSI (47). The IR spectrum
of the reduced KNiCa/ZSI catalyst upon the CO2 adsorp-
tion or the reforming reaction showed two distinct bands
at 1480 and 1410 cm−1, which are assigned to asymmetric
(νas(OCO)) and symmetric stretching vibration (νs(OCO))
modes of monodentate carbonate species (47), respectively.
These species were supposed to be coordinated to calcium
or potassium oxide of the catalyst. However, these bands
were not present on the Ni/ZSI catalyst. The formation of
carbonate species on the CO2 adsorption sites of the basic
catalyst surface would be closely related to the high stabil-
ity of the KNiCa/ZSI catalyst due to the inhibition of coke
deposition on its nickel surface. Thus the enrichment of sur-
face carbonate species upon CO2 adsorption may take part
in the elimination of coke by converting it into CO. Indeed
the importance of carbonate for the dry reforming has been
previously pointed out by several authors (21, 43).

The presence of alkali and alkaline earth metals could
offer several effects for the physicochemical properties of
the reforming Ni catalyst (48–50), i.e., (a) electronic prop-
erties of the Ni clusters as well as their dimensions, (b) the
modification of surface acidity of support, and (c) surface
enrichment of CO2 through the stabilization of surface car-
bonate species. Alkaline metal atoms such as K and Ca can
modify the local electron density and particle size of metal-
lic Ni clusters. The change of reducibility of nickel would be
responsible for the modification of its electronic property.
The addition of potassium resulted in either a promoting
or poisoning effect. It has been shown that the addition
of 0.6 wt% K on Ni/ZSI catalyst improves catalyst stabil-
ity without loss of catalytic activity, while with an increase
of the potassium content above 1 wt%, the promotion ef-
fect on catalyst stability is suppressed by some poisoning

function of potassium due to the surface coverage to active
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sites, resulting in remarkable loss of catalytic activity. There-
fore, the composition of potassium on KNiCa/ZSI catalyst
is desirable at less than 1 wt%. In contrast to the case of
potassium, the catalytic activity was not affected much by
the content of calcium in the catalyst. In addition to these,
many studies suggest that alkaline metal oxides can neu-
tralize the surface acidic sites of reforming catalysts, thus
enhancing their resistance to poisoning via acid-catalyzed
carbonaceous species from polymerization of the CHx or
Cx groups (51). Although promotional effects upon the ad-
dition of alkaline metals can not be separated distinctly ac-
cording to each factor, the most important role of alkaline
promoters in the catalyst is considered to be surface enrich-
ment of CO2 as a kind of CO2 pool through the stabilization
of surface carbonate species and their participation in the
removal of carbonaceous species.

The ungasified carbon on Ni/ZSI would be the origin
of catalyst deactivation if it is accumulated on the catalyst
without complete removal under given reaction condition
as shown in Fig. 7. Therefore, it is possible that CO2 gasifi-
cation of carbon on KNiCa/ZSI is cooperatively promoted
by the addition of K and Ca promoters. This can be further
supported by the following bases. It is known that alkali
and alkaline earth oxides and salts including K and Ca are
the best catalysts for the gasification reactions of carbon
by CO2 as well as H2O, which are the bases of coal gasifi-
cation processes (52, 53). For example, many types of ac-
tive intermediates such as CaCO3, CaO, CaO2, and CaxOy

have been proposed for calcium-catalyzed gasification re-
actions (53). Heinemann and Somorjai (54) also reported
that KNiCa oxide catalysts are very highly selective on C2+
hydrocarbons in the oxidative coupling of methane (OCM)
via cofeeding with steam. Their OCM activities partially
originated from the activity for steam gasification of carbon.
Besides, Haga et al. (55) found that the role of Ca added in
Ni-catalyzed hydrogasification of carbon is to supply in situ
active oxygen to the Ni–C interface during the reaction to
promote the nickel catalysts and prevent the coke forma-
tion. Therefore, it is supposed that carbon dioxide forms a
surface CaCO3 species with surface CaO on the catalyst,
leading to partial conversion of surface carbon on nickel
into CO via oxygen transfer under reaction conditions.

Mechanistic Consideration

In connection with the results described above, we pro-
pose the elementary reaction steps plausible to describe
the mechanism for the dry reforming over the KNiCa cat-
alyst in the following way. The first step of methane ac-
tivation consists of reversible reaction between methane
molecules and surface Ni sites, leading to adsorbed carbon
species and gaseous hydrogen (step [1]) through stepwise
dissociation of methane. What happens to the adsorbed

hydrogen species cannot be ascertained from the present
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experiments, but it may be assumed that these species des-
orb mainly as H2 because of no evidence of surface hy-
drogen accumulation. Surface carbon species formed on
the catalyst are present probably as a type of Ni–C(s) or
carbide-like species which contains no C–H bond.

CH4(g)+Ni(s)→←Ni–C(s)+ 2H2(g), [1]

where s is surface adsorbed species and g is gas phase
species.

The dissociative adsorption of carbon dioxide occurred
mainly on different Ni sites, leading to surface oxygen and
gaseous CO according to step [2]. This step is slower than
the methane dissociation but not rate determining. Carbon
monoxide formed in step [2] would be immediately released
into the gas phase, as observed by the earlier IR study of
our group (30) and studies of CO2 activation on metallic
nickel reviewed by Solymosi (56),

CO2(g)+Ni(s)→←Ni–O(s)+ CO(g). [2]

Then, the Ni surface of the catalyst is mostly occupied
by adsorbed carbon and oxygen species as reaction inter-
mediates during the reaction. The surface reaction of these
species produces gaseous CO and simultaneously rejuve-
nated nickel species (step [3]), which is assumed to be the
rate-determining step under our reaction condition. This
assumption can be supported by the fact that this step re-
quires surface migration of surface species (17),

Ni–C(s)+Ni–O(s)→ CO(g)+ 2Ni(s). [3]

The surface reaction of these species seems to be proceeded
by the Langmuir-Hinshelwood mechanism. This is similar
to the pyrolysis mechanism in which CO is generated by
the oxidation of surface carbon species formed via the CH4

dissociation (57). If this step is not facilitated during the
reaction, carbon deposition would be predominant and as
a consequence catalyst would be deactivated by severe coke
accumulation.

Carbon dioxide either directly in the gas phase or as sur-
face carbonates can also react with surface carbon species
arising from methane dissociation according to step [4] or
[5], assuming that these reactions reach equilibrium overall
(17). It seems that step [4] or [5] is essential for maintain-
ing highly stable activity by the removal of surface carbon
species. As a result, over KNiCa/ZSI catalysts the accumu-
lation of surface carbon species is suppressed by the func-
tion of surface carbonates or CO2 gasification of carbon
which is facilitated by the presence of alkaline promoters,

CO2(g)+Ni–C(s)→ 2CO(g)+Ni(s) [4]

or
CO2(s) as carbonates+Ni–C(s)→ 2CO(g)+Ni(s). [5]
ET AL.

Although it is not quantitatively discussed in this work,
the formation of water should also be taken into account
because the water is inevitably formed during the dry re-
forming reaction. Besides in steps [2] and [4], carbon diox-
ide can also be dissociated by hydrogen species on Ni sites
to yield surface hydroxyl and gaseous CO according to step
[6], as similar to the suggestion of Bradford and Vannice
(22). These steps would be further followed by step [7] to
yield water,

CO2(g)+Ni–H(s)→←Ni–OH(s)+ CO(g) [6]

Ni–OH(s)+Ni–H(s)→← 2Ni+H2O(s)→←H2O(g). [7]

The plausible combination of hydrogen adsorption and
these two steps represents the RWGS equilibrium. In the
present work the contribution of step [6] to the formation
of CO may not be so significant and this step may be tem-
perature dependent because the rates of CO production
on the supported Ni catalysts were only slightly affected
by replacement of CH4 with CD4 as well as the concen-
tration of water produced during the reaction which was
much lower than that of CO. As previously shown (30),
the H2/CO ratio in the product stream over ZSI-supported
Ni catalysts was less than one as expected from the stoi-
chiometric reforming reaction, which is affiliated with the
RWGS reaction. This reaction consumes part of H2 pro-
duced from methane decomposition through the reaction
of H2 with CO2 to yield CO and water. At higher temper-
atures (>700◦C) the H2/CO ratio is close to one because
the dry reforming becomes gradually predominant and the
water formed from RWGS can be consumed by the steam-
reforming reaction to produce H2 and CO.

CONCLUSIONS

It is clearly shown that metallic Ni sites have strong re-
activity with methane, while alkaline promoters do with
carbon dioxide. Zeolite-supported Ni catalysts without al-
kaline promoters are readily deactivated due to the high
reactivity toward methane to cause severe carbon deposi-
tion on the surface. In contrast, zeolite-supported KNiCa
catalyst has very stable activity due to the retardation ef-
fect of alkaline promoters to coke deposition, which is at-
tributed to surface enrichment of carbon dioxide by way
of carbonate species. Because coke deposition is mainly
caused by methane decomposition, the catalyst surface cov-
ered with adsorbed CO2 as carbonate species or reactive
oxygen species from the dissociation of CO2 would prevent
coke deposition. The addition of alkaline promoters also
seems to greatly suppress the activity of supported Ni cata-
lyst for the direct decomposition of methane. It is also found
that the dissociation of CO2 and CH4 in the CO2 reform-
ing of methane are initial steps in the production of CO and

H2, respectively. However, the surface reaction of adsorbed
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carbon (Ni–C(s)) and oxygen (Ni–O(s)) species to produce
carbon monoxide is proposed as a rate-determining step in
this reaction. This step obviously leads to the regeneration
of metallic nickel species to be necessary for maintaining
high catalyst stability during the reaction. In addition, the
oxidation step of surface carbon with gaseous CO2 or sur-
face carbonates over KNiCa/ZSI catalyst is also considered
to eliminate surface carbon species effectively.
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