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Kinetic study on the CH4/CO2 reforming reaction: Ni–H in Ni/�-Al2O3

catalysts greatly improves the initial activity
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Abstract

The Ni–H is proved to be formed in Ni/�-Al 2O3 corresponding to the high temperature desorbed H in its H2-TPD. Ni–H can be generated in
Ni/�-Al 2O3 either by the hydrogen reduction above 500◦C or during the in situ CH4/CO2 reforming reaction and it can also be eliminated by
the treatment above 900◦C. Kinetic experiments show that the activity of the reforming reaction is initially increased with the amount of Ni–H
in Ni/�-Al 2O3 and finally it reaches one constant value due to the in situ regeneration of Ni–H. Pulse results indicate that Ni–H in Ni/�-Al 2O3

is prone to form CHx species with higherx value, which have higher activity for the reaction with CO2. The catalysts with plentiful Ni–H show
h e pulse of
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igher reaction rate and lower apparent activation energy (77 kJ/mol versus 143 kJ/mol) than those of the catalyst without Ni–H for th
O2 after CH4.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The CO2/CH4 reforming reaction is widely used to
roduce synthesis gas (CO and H2), which can be further
tilized in chemical energy transmission systems[1,2] or the
ischer–Tropsch reaction to produce liquids[3,4]. Industrial
ractice relies on Ni-based catalysts for their low cost and
vailability compared to the noble metals[5,6]. Due to Ni0

s the active center of the reaction, the Ni-based catalysts
enerally need to be reduced by hydrogen before the reactions

5,7]. It was always found the H species desorbed above 400◦C
rom the reduced Ni-based catalysts during the temperature
rogram desorption (TPD)[8,9]. Then some questions come
ut here whether these hydrogen species in the reduced Ni also
articipate the reforming reaction and whether the hydrogen
pecies influence the catalytic activity of Ni for the reforming
eaction.

In fact, the high temperature desorbed H from the reduced Ni
atalysts has been noticed before. Some groups consider the high
emperature desorbed hydrogen as spiltover H since they noticed

that hydrogen dissociated by Ni metal spills over the sup
and involves the formation of hydroxyl groups on the sur
of supports[10–12]. These supports are usually�-Al2O3 or 5Å
molecular sieves and the formed hydroxyl groups promot
CH4/CO2 reforming reaction by activating CO2. Our inspiration
comes from that the used catalytic center Ni is actually one o
excellent metals used for storage hydrogen[13,14]. Once hydro
gen is dissolved in Ni metal, Ni-vacancy–hydrogen is forme
Ni–H [15,16]. The formation of Ni–H will change the electron
property of Ni[17], which is different from the spiltover H form
ing the surface hydroxyl groups. Therefore, there might b
different catalytic properties for the CH4/CO2 reforming reac
tion over the Ni catalyst involving Ni–H. Then we want to kn
whether the Ni–H can also be generated in the supported N
alysts during the H2 reduction before reaction and whether
high temperature desorbed H species are also originated
the formed Ni–H in Ni-based catalysts.

Considering that both the spiltover H and Ni–H show
high temperature desorbed H in the H2-TPD, the spiltover H
over the Ni-based catalysts should firstly be avoided in ord
investigate the influence of Ni–H on the reforming reaction.
∗ Corresponding author. Tel.: +86 411 84581234; fax: +86 411 84581234.
E-mail address: xuhy@dicp.ac.cn (H. Xu).

formation of spiltover H over catalysts is based on the support
having big surface with plentiful surface hydroxyl groups, such
as�-Al2O3 [10–12]. Therefore,�-Al2O3 was selected as support
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for preparing Ni/�-Al2O3 due to its much inerter, small surface
(2.1 m2 g−1) and few surface hydroxyl groups[18].

In this work, Ni–H is proved to generate in the reduced
Ni/�-Al2O3, companying with high temperature desorbed H
species in H2-TPD-MS. The formed Ni–H greatly improves
the initial reaction rates for CH4/CO2 reforming reaction:
Ni/�-Al2O3 containing Ni–H shows the initial CH4 con-
version rate of 1.28× 10−4 mol s−1 g−1, much higher than
0.54× 10−4 mol s−1 g−1 for the same catalyst without Ni–H.
Ni–H can also be in situ regenerated during the reforming reac-
tion, therefore the latter rate is gradually increased to constant
1.28× 10−4 mol s−1 g−1. The pulse results further reveal that
the Ni–H improves the reforming reaction by increasing thex
value of the intermediate CHx species. However, the influence of
Ni–H on the reforming reaction is usually not easy to be detected
out during the steady state research. The higher reaction rate and
lower activation energy for the CH4/CO2 pulse through Ni/�-
Al2O3 with plentiful Ni–H further demonstrate that the Ni–H
improves the reforming reaction.

2. Experimental

2.1. Catalysts and feed gases

All the catalysts were prepared by impregnating�-Al2O3
(
f were
d

catalysts used for the CO2/CH4 reforming reaction are 8 wt%
Ni/�-Al2O3. CH4 (99.995% purity), CO2 (99.98% purity), N2
(99.95% purity), He (99.99% purity), Ar (99.99% purity) and
H2 (99.99% purity) are used for the studies.

2.2. H2-TPD

All the samplesA–H below were analyzed by H2-TPD-MS
with an Ar flow of 30 ml/min and a rising temperature rate of
10◦C/min. The effluents from the reactor were on-line analyzed
by GC–MS (GC Model 6890, carbon sieve as column, TCD
as detector; MS 5973, three channels to detect H2, H2O and
O2). The sampleA and catalystsB–H used for H2-TPD tests
are treated according toScheme 1. SampleA is prepared by
reduction of NiO (30 mg) by H2 at 850◦C for 30 min then to
RT under H2. CatalystB is obtained by the reduction of NiO/�-
Al2O3 (100 mg, 8 wt% Ni) by H2 at 850◦C for 30 min then
to RT under H2. CatalystsC–H are treated as follows. All the
NiO/�-Al2O3 were first reduced by H2 at 850◦C for 30 min
then under Ar to 900◦C and kept for 1 h then: to RT under
Ar to offer catalystC; to 100◦C, 400◦C, 500◦C and 550◦C
under Ar then reduced by H2 for 30 min then to RT under H2
to, respectively, give catalystsD–G; to 550◦C under Ar then
treated by CH4/CO2 reforming reaction at 550◦C for 1 h then to
RT under He to give catalystH. All the sampleA and catalysts
B–H were tested by H2-TPD-MS with Ar flow of 30 ml/min and
t f
s es
a

2.1 m2 g−1, 100–160 meshes) with aqueous Ni(NO3)2·6H2O
or 12 h at room temperature (RT). Then the catalysts
ried at 120◦C for 3 h and calcined in air at 800◦C for 6 h. The
Scheme 1. The treatments of the sampA
he rising temperature rate of 10◦C/min. The TPD profiles o
ampleA and catalystsB–H are, respectively, shown as curv
–h inFig. 1.
leand catalystsB–H used for H2-TPD.
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Fig. 1. The H2-TPD of sampleA and catalystsB–H.

2.3. X-ray diffraction (XRD) and H2 chemisorption

XRD patterns were obtained with a Philips X’Pert Highscore
powder diffractometer (Cu K�, 20◦ < 2θ < 80◦). The particle
size of Ni can be calculated based on Scherrer equation. The
exposed outer surface of Ni in Ni/�-Al2O3 was measured by H2
chemisorption at room temperature by assuming H/Ni atomic
ratio of 1. The samples 8 wt% Ni/�-Al2O3 were reduced at
850◦C for 0.5 h then decreased to 100◦C under Ar and kept
for 20 min, and then further decreased to RT for in situ H2
chemisorption measurements.

2.4. Kinetic studies

The apparatus employed for the kinetic measurements
consists of a flow measuring and control system, a heated quartz
tube differential reactor and an on-line gas chromatograph
(Model 1102, TCD detector, carbon sieve as column). Feed
flow rates were measured and controlled by mass flow meters.
Reaction mixture of CH4, CO2 and N2 in 5:5:90 (v/v/v) with a
total flow rate of 360 ml/min (space velocity ca. 2,160,000 h−1)
was plugged into the quartz tube differential reactor containing
10 mg of catalyst at 550◦C under 1 atm. These catalysts were
all treated with a He flow for 5 min at 550◦C before reactions
in order to eliminate the influence of low temperature hydrogen
s
( . Th
C l),
b tion
r te
m

F

F

Fig. 2. The amount of H atoms sorbed in Ni/�-Al2O3 is increased with the Ni
content.

2.5. High temperature H2 pulse and CH4/CO2 pulse
reactions

A quartz tube of dimension of 6 mm o.d.× 4 mm i.d.× 40 cm
length was used as a reactor. A thermocouple was introduced
from the top of the reactor to measure the temperature of
the catalyst bed. The H2 pulse through 10 mg Ni/�-Al2O3
(2 wt%, 4 wt%, 8 wt% and 12 wt% Ni) was carried out as fol-
lows. The fresh catalyst was used in every pulse. The catalysts
were first reduced by H2 at 850◦C for 30 min then to 900◦C
under Ar and kept for 1 h then to 550◦C under Ar. Then H2
was pulsed through these catalysts at 550◦C until H2 sorp-
tion reaches the equilibrium. The total equilibrated amount of
the sorbed H (Ni–H) in each catalyst can be calculated by
summing the sorbed H in every H2 pulse. The relationship
between the H (Ni–H) amount and Ni content is shown inFig. 2.
Similarly, 10 mg Ni/�-Al2O3 (8 wt% Ni) without Ni–H was
pulsed by H2 at different temperature (550◦C, 575◦C, 625◦C
and 850◦C) until H2 sorption reaches the equilibrium. The
amount of H (Ni–H) versus the pulse temperature is shown in
Fig. 3.

The catalysts (5 mg) and the high-purity Ar flow rate of
22 ml/min were used in order to keep the reforming reaction
far away from the thermal equilibrium. All the catalysts were
pre-treated by He at 550◦C for 5 min before the pulse reac-
tions. The reactants and products were analyzed by an on-line
G d the
c l
s

C

C

pecies in H2-TPD. The Con% (CH4 and CO2) and Sel%
H2) was calculated based on the C, H and O balances
on% of CH4 and CO2 are kept in 4–10% (kinetic contro
eing far from the thermodynamic value of 60%. The reac
ates (shown asFig. 4) are obtained using the initial ra
ethod:

or CH4 or CO2 : Reaction rate= Con%× flow rate

catalyst mass
;

or CO : Reaction rate= 2 × Rate(CO2) − 2 × Rate(CH4)

×(1 − Sel% (H2)).
e

C (Model 103, TCD detector, carbon sieve as column) an
onversions (Tables 1 and 2) were calculated with N2 as interna
tandard:

on% (CH4) = (CH4/N2)before pulse− (CH4/N2)after pulse

(CH4/N2)before pulse

×100%;

on% (CO2) = (CO2/N2)before pulse− (CO2/N2)after pulse

(CO2/N2)before pulse

×100%.
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Fig. 3. The amount of H atoms sorbed in Ni/�-Al2O3 (8 wt%) is increased with
the H2 pulse temperature.

Table 1
The conversions for the pulse of CH4 then CO2 on catalystsB, G andC with
different amount of Ni–Ha

Catalyst Pulse Conv. CH4(%) Conv. CO2(%)

B CH4 22.4 –
CO2 – 19.0

G CH4 21.5 –
CO2 – 11.2

C CH4 23.1 –
CO2 – 0.0

a Three catalysts are pulsed by CH4 and then CO2 with Ar as a carrier gas with
a flow rate of 22 ml/min at 550◦C and the conversions are calculated according
to the difference in its amount before and after the pulse.

2.6. Calculation of Ea

The conversions of CO2 for the pulse CO2 after CH4 were
tested in the range of 550–625◦C. The catalysts (5 mg) and the
high-purity Ar flow rate of 22–33 ml/min were selected to keep
the reforming reaction far away from the thermal equilibrium.
The CO2 reaction rates for the CO2 pulse through the catalyst
bed that has pulsed by CH4 can be achieved from the conversions

Table 2
The conversions for the pulse of CO2 then CH4 and CO2 again on catalystsB,
G andC with different amount of Ni–Ha

Catalyst Pulse Conv. CH4(%) Conv. CO2(%)

B CO2 – 2.4
CH4 23.9 –
CO2 – 21.7

G CO2 – 2.2
CH4 23.2 –
CO2 – 14.5

C CO2 – 1.9
CH4 22.5 –
CO2 – 1.2

a Three catalysts are pulsed by CO2 then CH4 and CO2 again with Ar as
a carrier gas with a flow rate of 22 ml/min at 550◦C and the conversions are
c ulse

of CO2 divided by contact time. Then the rates versus the differ-
ent reaction temperature is shown asFig. 5. The rate expressions
for the reaction of CO2 with adsorbed CHx are shown as Eqs.
(1)–(4). The apparent activation energy (Ea) for the reaction of
CO2 and adsorbed CHx species on Ni sites was obtained by
plotting the ln(CO2 rates× H2 chemisorption amount/CH4 con-
version) versus the reciprocal of the pulse temperature (Fig. 6).

RCO2 = A exp

(
− Ea

RT

)
(PCO2)nCCHx (1)

CCHx = Conv. CH4% × molCH4

Sexposed Ni area
(2)

Sexposed Ni area= 2molH2 chemisorption× SNi mol cross area (3)

ln RCO2 = Constant− Ea

RT
+ ln

(
Conv. CH4%

molH2 chemisorption

)
(4)

3. Results and discussion

3.1. The formation of Ni–H in Ni/α-Al2O3

Fig. 1shows the H2-TPD profiles of sampleA and catalysts
B–H corresponding to the curves a–h. The hydrogen desorption
temperature from the reduced pure Ni metal ranges from 400◦C
to 900◦C (curve a), which is due to the formed Ni–H in Ni
m
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alculated according to its difference in the amount before and after the p
 .

etal has high desorption temperature. The NiO/�-Al2O3 is
educed by H2 to form Ni/�-Al2O3, which also gives the simila
PD profile with that of the Ni metal (curve b). Comparing

wo TPD patterns of Ni metal and Ni/�-Al2O3, the areas o
esorption peaks are almost consistent with the amount of
i metal and Ni/�-Al2O3. These results indicate that the h

emperature desorbed H from Ni/�-Al2O3 is greatly contribute
o the amount of metal Ni.

Further experiments were also carried out to confirm w
he high temperature H species come from. Firstly, the NiO�-
l 2O3 catalysts (8 wt% Ni) was pre-reduced by H2 at 850◦C

hen was flowed by a Ar flow at 900◦C for 1 h and then kep
nder Ar to RT to form catalystC. Its TPD profile (curve c in
ig. 1) shows that all the high temperature H species on cata
ave been eliminated. Then catalystC without H species wer
ulsed H2 again at 550◦C till saturation. The total amount

he sorbed H in catalystC (8 wt%) can be determined as ab
.1× 10−4 mol g−1. According to the results of H2 chemisorp

ion and XRD of Ni/�-Al2O3, the �-Al2O3 surface occupie
y spherical Ni nano-particles is estimated 1.6 m2 g−1. Then the

eft exposed�-Al2O3 surface is about 0.5 m2 g−1 and the surfac
xposed oxygen atom is less than 3.8× 10−5 mol g−1. Even if all
he oxygen atoms are attached with H atoms, however, this
ardly happens because of the inert support surface of�-Al2O3,
nly 3.8× 10−5 mol g−1 (<9%) H is sorbed on the support. Th
e can conclude that the high temperature desorbed H sp
riginated from the metal Ni.

Another series of experiments were also carried out to fu
onfirm what the high temperature H species are. The Ni�-
l 2O3 catalysts with different Ni content (2 wt%, 4 wt% a
2 wt%) were also treated under the same conditions as
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of 8 wt%. Then the four catalysts (2 wt%, 4 wt%, 8 wt% and
12 wt%) without H species were again sorbed H2 by H2 pulses
at 550◦C till the H2 sorption saturation, where the sorbed H in
the catalyst reaches its equilibrated amount. The amount of the
sorbed H in every catalyst was found to linearly increase with the
Ni content of Ni/�-Al2O3 (Fig. 2). The atom ratio of the sorbed
H to the total Ni in catalysts was calculated as 0.3–0.4 for the
pulse at 550◦C. And these four saturated catalysts show the high
temperature desorbed H in their H2-TPD. The ratio of the peak
area almost agrees with the results of the H2 pulse. Therefore,
it can be experimentally confirmed that the high temperature
desorbed H comes from Ni, rather than from the spiltover H on
the support, and these H species can be named Ni–H, which
means presence of some interaction between Ni and H.

It should be mentioned here that Ni/�-Al2O3 (8 wt%)
pulsed by H2 at 550◦C till sorption equilibrium contains
4.1× 10−4 mol g−1 H, while the exposed Ni atom amount can
be calculated as 2.4× 10−4 mol g−1. It is generally accepted
that one exposed Ni atom adsorbs one H atom and this theory is
especially used in the H2 chemisorption measurement. There-
fore, the Ni–H should also be present in the Ni nanoparticles of
Ni/�-Al2O3. The linear relationship between the Ni–H amount
and the total Ni amount in catalysts further proves the presence
of Ni–H in the Ni particles. The influence of the pulse temper-
ature (550◦C, 575◦C, 625◦C and 850◦C) on the equilibrated
Ni–H amount was also investigated (Fig. 3). The Ni–H amount
i the
i

n of
N
b e
t e
T
i
r s
l
t -
p ze
t
c
s
t self.

3.2. Ni–H promotes the reforming reaction

The presence of Ni–H in Ni/�-Al2O3 will affect the elec-
tronic property of the catalyst, which might further affect the
CH4/CO2 reforming reaction. Then the Ni/�-Al2O3 catalysts
containing different amount of Ni–H (catalystsB–G) were tested
for the CH4/CO2 reforming reaction by kinetic method. The
CH4 reaction rates for the reforming reaction over the dif-
ferent catalysts are shown inFig. 4 CH4. A constant rate of
ca. 1.3× 10−4 mol g−1 s−1 (b in Fig. 4 CH4) is obtained for
Ni/�-Al2O3 with plentiful Ni–H (catalystB) corresponding to
curve b inFig. 1. When all the Ni–H was eliminated from the
catalystC just as curve c inFig. 1, the initial rate of CH4 con-
version is greatly decreased to 0.54× 10−4 mol g−1 s−1 at the
initial 5 min (c in Fig. 4CH4). It is noticed that the rate is then
slowly increased and finally it reaches the constant value of ca.
1.3× 10−4 mol g−1 s−1 after an hour reaction. The increase in
the CH4 reaction rate can be due to the in situ regeneration of
Ni–H in the fresh catalyst during the reforming reaction (curve
h,Fig. 1), which maybe involves the surface reorganization[19].
Similar tendency of CH4 rate (d and e inFig. 4CH4) is obtained
for the Ni/�-Al2O3 catalystsD andE without Ni–H correspond-
ing to curves d and e inFig. 1. The partial presence of Ni–H
in the catalystsF and G, shown as curves f and g inFig. 1,
give the initial reaction rate of 0.72× 10−4 mol g−1 s−1 and
1.16× 10−4 mol g−1 s−1, respectively (f and g inFig. 4 CH ).
A the
c f
t

v lved
i
s unt
o e of
1 he
a
C por-
t ,
r eac-
t n be
i ng the
r

ming
n Ni/�-Al2O3 catalyst (8 wt%) was found to increase with
ncreasing the pulse temperature.

The regeneration of the Ni–H was studied by a reductio
i/�-Al2O3 without Ni–H (corresponding to curve c inFig. 1)
y H2 at 100◦C, 400◦C, 500◦C or 550◦C for 30 min. When th

emperature is 100◦C or 400◦C, no Ni–H is observed from th
PD profiles of catalystsD andE (curves d and e inFig. 1). It

s found that the Ni–H appears again in the catalystF with the
eduction at 500◦C (curve f,Fig. 1), but the amount of Ni–H i
ower than that of catalystG reduced at 550◦C (curve g). The
endency is consistent with that of the H2 pulse at different tem
erature (Fig. 3). If the catalyst without Ni–H is used to cataly

he CH4/CO2 reforming reaction at 550◦C for an hour, the Ni–H
an be detected out again in catalystH (curve hFig. 1). This
hows that the Ni–H can be regenerated either by the H2 reduc-
ion at high temperature or during the reforming reaction it

Fig. 4. The rates of CH4, CO2 and CO for the CH4/CO2 refor
4
nd then the CH4 conversion rate is again increased up to
onstant value of 1.3× 10−4 mol g−1 s−1 with the progress o
he reaction.

These kinetic results clearly state that the initial CH4 con-
ersion rates much depend on the amount of Ni–H invo
n Ni/�-Al2O3 catalysts. Similarly, the initial CO2 conver-
ion rates (Fig. 4 CO2) are also increased with the amo
f Ni–H in the catalysts and later reach a constant valu
.47× 10−4 mol g−1 s−1. The rates of CO formation on t
bove catalysts (Fig. 4 CO) are similar with those of CH4 and
O2. It can be concluded that the Ni–H indeed plays an im

ant role in the improvement of CH4/CO2 reforming reaction
esulting in a higher initial reaction rates. The final constant r
ion rates for the reforming reaction are due to that Ni–H ca
n situ regenerated and reaches to a constant content duri
eforming reaction.

reaction on the catalystsB–G with different amount of Ni–H.
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3.3. The mechanism of Ni–H for the reforming reaction

In order to study how Ni–H in Ni/�-Al2O3 affects the
reaction performance, CH4 and CO2 pulse experiments were
carried out on the catalysts with different amount of Ni–H. The
catalystsB, G andC with the plentiful, some and no Ni–H were
tested for the pulse experiments at 550◦C. Each of the three
catalysts was pulsed by CH4 followed by CO2 and the conver-
sions of CH4 and CO2 are listed inTable 1. The conversions
of CH4 are almost the same for the three catalysts (B: 22.4%,
G: 21.5% andC: 23.1%). However, the succedent CO2 pulse
through the above CH4-pulsed catalysts gives the completely
different CO2 conversions (B: 19.0%, G: 11.2% and C:
0.0%).

Another serial of pulse experiments were also carried
out, in which the catalystsB, G and C were first pulsed by
CO2, followed by CH4 then by CO2 again and the pulse
results are shown inTable 2. Almost the same conversions
of CO2 are achieved during the first pulse of CO2 (B: 2.4%,
G: 2.2% andC: 1.9%). The succedent CH4 pulse through
the above catalysts give the similar CH4 conversions (B:
23.9%,G: 23.2% andC: 22.5%). When the above catalysts are
exposed again to a CO2 pulse, the large differences in the CO2
conversions appear again (B: 21.7%,G: 14.5% andC: 1.2%,
Table 2).

Both the pulse experiments show that Ni–H does not affect the
p ion
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o
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the increase in the reaction activity.

∗CH4 → ∗CHx + (4− x)∗H (5)

∗CHx � ∗CHx−1 + ∗H (6)

∗CHx + Ni � ∗CHx−1 + Ni–H (7)

∗H + Ni � Ni–H (8)

3.4. Ni–H reduces the Ea

In order to further quantitatively identify what extent Ni–H
affects CO2 reforming reaction, the reaction rates of CO2 with
adsorbed CHx species were calculated by pulsing CO2 after
CH4 pulse from 550◦C to 625◦C. The catalystB with plentiful
Ni–H and catalystC without Ni–H were selected. The catalyst
B results in CHx species with higherx values, while catalystC
produces the CHx species with lowerx values. We can see from
Fig. 5 that the rates of CO2 obtained for the catalystB are all
much higher than those for the catalystC in the range of 550◦C
to 625◦C. The formation of CHx species with higherx values
greatly improves the reaction rate of CO2 reforming reaction.

CHx species have been adsorbed on the exposed Ni sites and
CO2 reacts with them in the following CO2 pulse. The function
of the Ni–H species is to increasex value of the CHx species
and to improve the reaction rate. The rate expression of CO2 is
s or
t
c g the
r ume
o -
f nt
o a of
m CH
a ed,
r q.
( -
l
c l of

F
o

ulse conversion of CO2 or CH4 alone, as well as the convers
f CH4 after CO2 pulse. But Ni–H greatly alters the conversio
f CO2 after CH4 pulse. It has been reported that CHx species
re formed as the reaction active intermediate[5,20] over Ni/�-
l 2O3 during the CH4 pulse. The different CO2 conversion afte
H4 pulse can be due to the influence of Ni–H on the reac
etween CO2 and CHx species. However, the almost same C4
onversions over the three catalysts mean the similar amo
Hx species over each catalyst. The only reason for the diff
O2 conversions can be attributed to the differentx value of

he CHx species on catalystsB, G andC. It has been reporte
hat CH4/CO2 reforming activity is increased with increasinx
alue of CHx intermediate[5,21]. Therefore, Ni–H must pla
significant role in the formation of CHx species with higherx

alue. It is different from the previous report that the spiltove
n Ni-based catalysts improves reforming reaction by activa
O2 [12].
The reforming mechanism is proposed as Eqs.(5)–(8). CH4

s slowly dissociated to CHx (Eq. (5)) [22]. The further disso
iation of CHx to CHx−1 is a quasi-equilibration reaction (E
6)) [22]. Just as mentioned above, Ni/�-Al2O3 without Ni–H is
rone to sorb H till saturation in reforming reaction. In the p
xperiments, catalystC without Ni–H will sorb H, just show
s the proposed Eqs.(7) and(8), resulting in CHx species with
mallerx value, while catalystB with plentiful Ni–H will keep
igherx value. Therefore, the presence of Ni–H on the N�-
l 2O3 will offer CHx species with higherx value, which lead

o a higher activity for the reforming reaction. While the abse
f Ni–H in catalyst presents the CHx species with lowerx value,
esulting in a lower initial reaction activity. And the Ni–H w
e in situ formed during the reforming reaction, accompan
f
t

hown as Eq.(1), in which A is the pre-exponential factor f
he reaction andn is the reaction order of CO2. A, Ea andn are
onsidered unchanged with the reaction temperature durin
eaction. ThePCO2 is also constant because of the same vol
f CO2 for every pulse. The concentration of CHx on the Ni sur

ace can be expressed as Eqs.(2) and(3), where the mol amou
f CH4 used for every pulse and the mol mono-layer are
etal Ni are constant for every pulse. The conversions of4
nd the mol amount of H2 chemisorption can be determin
espectively. Then the Eqs.(1)–(3) can be summarized as E
4). The apparent activation energies (Ea) over the both cata
ystsB andC can be obtained by plotting the ln(CO2 rates× H2
hemisorption amount/CH4 conversion) versus the reciproca

ig. 5. The pulse reaction rates of CO2 for the pulse of CO2 with CHx adsorbed
n catalystsB with Ni–H (�) andC without Ni–H (�).
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Fig. 6. The activation energy for the pulse reaction of CO2 with CHx adsorbed
on catalystsB with Ni–H (�) andC without Ni–H (�).

the pulse temperature (Fig. 6). TheEa for the CO2 pulse reac-
tion with the adsorbed CHx species can be estimated as 77 kJ/mol
for catalystB with Ni–H and 143 kJ/mol for catalystC without
Ni–H. It quantitatively shows that the catalyst with Ni–H can
more effectively catalyze the reforming reaction of CO2/CH4
than that of without Ni–H.

4. Conclusions

The Ni–H can be formed in Ni/�-Al2O3 either by hydro-
gen reduction above 500◦C or during the in situ CH4/CO2
reforming reaction and it can also be eliminated by the treat-
ment above 900◦C. The activity of the reforming reaction is
initially increased with the amount of Ni–H in Ni/�-Al2O3 and
finally it reaches one constant value due to the in situ regenera
tion of Ni–H. Ni–H greatly improves the reforming activity by
increasingx value of CHx species, which have higher activity for
the reaction with CO2. The catalysts with plentiful Ni–H show
higher reaction rate and lower apparent activation energy tha
those of the catalyst without Ni–H for the pulse of CO2 after
CH4. The formation of Ni–H in Ni/�-Al2O3 bridges the storage
hydrogen of metal and catalytic activity of CH4/CO2 reform-
ing reaction. The investigation on Ni–H in Ni-based catalysts

will open up new ways for a better understanding of reaction
mechanism and catalyst design for the CH4/CO2 reforming
reaction.
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