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ABSTRACT

The objective of the study is to investigate the catalytic performance of Cr-promoted Ni/
char in CO, reforming of CH, at 850 °C. The char obtained from the pyrolysis of a long-
flame coal at 1000 °C was used as the support. The catalysts were prepared by incipient
wetness impregnation methods with different metal precursor doping sequence. The
characterization of the composite catalysts was evaluated by XRD, XPS, SEM-EDS, TEM, H,-
TPR, CO,-TPD, CH,4-TPSR, and CO,-TPO. The results indicate that the catalyst prepared by
co-impregnation of Ni and Cr possess higher activity than those by sequential impregna-
tion. The optimal loading of Cr on 5 wt% Ni/char is 7.8 wt9,. Moreover, the molar feed ratio
of CH4/CO; has a considerable effect on both the stability and the activity of Cr—Ni/char.
The main effect of Cr is the great enhance of the adsorption to CO,. It is interesting that the
conversions of CH, and CO, over Cr-promoted Ni/char and Ni/char decrease initially,
following by a steady rise as the reaction proceeds with time-on-stream (TOS). In addition,
cyclic tests were conducted and no distinct deterioration in the catalytic performance of
the catalysts was observed. On the basis of the obtained results, nickel carbide was spec-
ulated to be the active species which was formed during the CO, reforming of CH,4 reaction.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

CO, reforming of CH, or dry CH, reforming with several ad-
vantages [1-3], as shown in (R1),

CH, + CO, = 2CO + 2H, AH,ss = 247.1 kJ/mol (R1)

has drawn increasing attention recently. This reaction con-
verts two carbon-rich gases (CH, and CO,) into synthesis gas (a
combination of H, and CO). On one hand, both of the reactants
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Table 1 — Proximate and ultimate analyses of Yulin coal and as-made coal char.

Sample Proximate analysis (wt%, dry basis) Ultimate analysis (wt%, dry basis)

A \Y% EC C H N S o*
Yulin coal 6.80 35.40 57.80 73.50 4.13 0.89 0.34 14.34
Yulin char 12.76 3.03 84.21 80.75 1.04 0.52 0.17 4.76
*: by diff.

A: ash; V: volatile matter; FC: fixed carbon.

are greenhouse gases and as such are intimately related to the
impact of global warming impact [4,5]; their simultaneous
utilization could mitigate depletion of other fossil fuels. On
the other hand, this reaction can produce synthesis gas with a
low H,/CO ratio, which is favorable for the subsequent syn-
thesis of long-chain hydrocarbons and other high value-added
chemicals, especially via Fischer—Tropsch synthesis [1-3].

Due to the highly endothermic nature of this reforming
reaction, elevated temperature is required for high conver-
sions. In order to relieve this problem, efforts have been made
to develop catalysts with high activity and stability. Group VIII
transition metals have been widely reported for this applica-
tion, among which, noble metal-based catalysts such as Rh,
Ru, and Ir show higher activity and stability than Ni-based
catalysts [6—9]. However, Ni-based catalysts are industrially
preferred for their lower cost, although they are more sensi-
tive to carbon deposition and sintering of Ni particles [10—12].
Apart from the metal, support plays a critical role. Al,03
[13,14], SiO, [15], ZrO, [16], perovskite [17], and zeolites [18,19],
were typically reported as good candidates for supporting
materials. Coal char itself, as a cheap carbonaceous material,
was reported as a promising catalyst for CO, reforming of CHy
in recent studies [20—22]. Guo et al. found that char from coal
with lower rank possessed better catalytic activity than that
with higher rank [21]. However, the conversions of CH, and
CO, catalyzed by char are much lower than those catalyzed by
metal-based catalysts under similar reaction conditions,
especially below 900 °C.

In this study, a novel catalyst was designed to take the
advantages of both char and Ni-based catalysts as well as the
introduction of Cr as the promoter. The influential factors
such as impregnation sequences, Cr loadings, molar feed ratio
of CH4/CO,, and the reusability of the catalyst were investi-
gated. Finally, the reaction mechanism over the composite
catalysts was proposed by the integration of catalytic perfor-
mance and catalyst characterization which was realized by a
variety of analytical techniques (XRD, XPS, SEM-EDS, TEM, H,-
TPR, CO,-TPD, CH,-TPSR, and CO,-TPO).

Experimental
Catalyst preparation

The catalyst support was obtained from the pyrolysis of Yulin
coal (a type of long-flame coal). The temperature was heated
from ambient to 1000 °C at a heating rate of 10 °C/min, and
kept isothermal for 1 h. The char was pre-sieved to

380—550 um for further impregnation use. The proximate and
ultimate analyses of Yulin coal and the as-made coal char are
listed in Table 1.

The Ni/char catalyst was prepared by the incipient wetness
impregnation method, in which the coal char was impreg-
nated into an aqueous solution of Ni(NOs), with a pre-
determined Ni loading amount (5 wt% of the support). The Cr-
modified Ni/char catalysts were prepared by either co-
impregnation or sequential impregnation methods. The
loadings of Ni and Cr were 5 wt% and 2.6 wt% of the char,
respectively. In this case, Ni(NOs),-6H,0 and Cr(NOs)3-9H,0
(Sigma—Aldrich, analytical grade) were used as active metal
and promoter precursors, respectively. After the impregna-
tion step, the sample was dried overnight at 110 °C. The cat-
alysts prepared by co-impregnation, sequential impregnation
(Cr before Ni), and sequential impregnation (Ni before Cr) are
denoted as Cr&Ni/char, Ni~Cr/char, Cr~Ni/char, respec-
tively. So as to investigate the effect of Cr loading on the cat-
alytic performance, the loading of Cr on 5 wt% Ni/char was
selected ranging from 5.2 wt9,, to 39.0 wt%,.

Catalyst characterization

The catalysts were subjected to characterization by XRD, XPS,
SEM-EDS, TEM, H,-TPR, CO,-TPD, CH,-TPSR, and CO,-TPO.
The X-ray powder diffraction (XRD) patterns of the catalysts
were recorded by a Rigaku Smartlab X-ray diffractometer at a
scanning rate of 4°/min in the 24 scanning range of 20—-80°. A
Cu KB radiation source (A = 1.392 A) working at 40 kV and
40 mA was used in the tests. X-ray photoelectron spectros-
copy (XPS) was measured with a Physical Electronics ESCA
5800 spectrometer which is equipped with a monochromatic
Al Ka X-ray source (E = 1486.6 eV). The scanning step and
working pressure were 0.1 eV and 2 x 10~° mbar, respectively.
Binding energies were calibrated to C 1s peak at 284.5 eV. The
morphology and the particle size as well as the dispersion of
the composite catalysts were studied by a scanning electron
microscope along with an energy dispersive spectrometer
(SEM-EDS, FEI, Quanta FEG MK2; Oxford Instruments America,
Model #51-XMX0005) and a transmission electron
microscopy (TEM, FEI, Tecnai G2 F20 S-Twin 200 kV). The
particle size distribution was calculated by using Image ]
software.

Temperature-programmed reduction (TPR), temperature-
programmed desorption (TPD), temperature-programmed
surface reaction (TPSR), and temperature-programmed
oxidation (TPO) were performed in a micro-reactor equipped
with an on-line mass spectrometer (Hiden, HPR-20 QIC). A
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sample size of 150 mg was used for each run. For H,-TPR, the
catalyst was previously outgassed at 300 °C for 1 h under
20 ml/min He flow. As soon as the catalyst was cooled down to
50 °C, a 25 ml/min gas flow (10% H, in He) was introduced to
the catalyst bed, then the temperature programming up to
800 °C with a heating rate of 10 °C/min was used for H,-TPR
test. For CO,-TPD, the catalyst was pre-reduced with H, at
600 °C for 1 h and then outgassed at 300 °C for 1 h under He. As
soon as the catalyst was cooled down to 50 °C, a 25 ml/min gas
flow (10% CO, in He) was introduced to the catalyst bed for CO,
adsorption. After CO, adsorption for 30 min, CO, flow was
turned off while He flow was remained at 20 ml/min to sweep
out the residue CO, from the entire process for another
30 min. Subsequently, the CO,-TPD test was carried out by
heating the catalysts to 800 °C with a heating rate of 10 °C/min.
In the case of CH,-TPSR test, the pre-reduced catalyst was
heated to 950 °C at a heating rate of 10 °C/min under a 25 ml/
min gas mixture (10% CH, in He). In order to determine the
active species during reforming, the used catalysts, after the
reforming reaction in the micro-reactor, were cooled down to
200 °C in He and also subjected to CH,4-TPSR. For CO,-TPO
experiments, the used catalyst was heated to 1050 °C with a
ramp of 10 °C/min under 25 ml/min gas flow (10% CO, in He).

10pm

CO, reforming of CH,

The CO, reforming of CH4 experiments were carried out in a
quartz fixed-bed reactor (3 mm ID) under atmospheric pres-
sure, which was mounted inside a cylindrical and vertical
electric furnace. The reactor temperature was measured by
inserting a K-type thermocouple into the catalyst bed. Before
the reaction, the system was purged with 30 ml/min of He for
30 min and the catalyst was then in situ reduced with con-
stant H, flow (20 ml/min) at 600 °C for 1 h. All the reforming
reactions were conducted at 850 °C. Various molar feed ratios
of CH,4 to CO, (3:2, 1:1 and 2:3) with a total flow rate of 20 ml/
min were investigated. The volumetric concentration of both
the reactants and the products were monitored by means of
an on-line gas chromatography (Shimazu GC-14C) installed
with a thermal conductivity detector (TCD). After each reac-
tion, He was introduced into the reactor bed again to purge gas
out of the experimental apparatus and the reactor was cooled
down to room temperature. The collected catalysts after re-
action were subjected to characterization tests. The cyclic
reforming experiments were carried out over 7.8 wt%, Cr &
5 wt% Ni/char and 5 wt% Ni/char at 850 °C for 4 cycles, and
each run last 8 h. As the preceding cyclic experiment ends, the

N1 10pm

Fig. 1 — The SEM images of Cr-promoted Ni/char catalysts prepared by different impregnation sequences and the
distribution of Ni and Cr on the catalyst surface. (a) Cr&Ni/char (co-impregnation); (b) Cr ~Ni/char (sequential impregnation:
first Ni then Cr); (c) Ni~Cr/char (sequential impregnation: first Cr then Ni). [Ni loading: 5 wt%; Cr loading: 2.6 wt%.]
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(@)

(b)

©

Fig. 2 — The TEM images of Cr-promoted Ni/char catalysts prepared by different impregnation sequences. (a) Cr&Ni/char (co-
impregnation); (b) CGr~Ni/char (sequential impregnation: first Ni then Cr); (c) Ni~ Cr/char (sequential impregnation: first Cr

then Ni). [Ni loading: 5 wt%; Cr loading: 2.6 wt%.]

used catalyst was cooled down rapidly by exposing the cata-
lyst directly to the ambient and left for 12 h. It is noteworthy
that no further activation treatment for catalyst was
employed before the catalyst was used for the next cycle. The
conversions of CH, and CO, were calculated as follows:

(CH4,in — CHALout)

CH i % = 100
4 conversion, % x CHajn

(E1)

(COZ.in - COZout)

co ion, % = 100
» conversion, % % CO2in

(E2)
where CHyin, COsin and CHy oy, COo0ut represent the molar
flow rate of each gas component at the inlet and outlet of the
reactor, respectively.

Results and discussion
Effect of impregnation sequence

Fig. 1 shows the SEM images of Cr-promoted Ni/char catalysts
prepared by different impregnation sequences and the dis-
tribution of Ni and Cr on the catalyst surface.

Unlike well-ordered supporting materials, char generally
possesses tough and irregular morphology on the surface.
Among the catalysts prepared via three different impregna-
tion sequences, the most even dispersion of both Ni and Cr
can be observed on the surface of Cr&Ni/char catalyst. Com-
plementally, the atomic ratios of Ni/Cr calculated from the
EDS results in terms of Cr&Ni/char, Cr~Ni/char, and Ni~Cr/
char are 1.43, 2.96, and 1.29, respectively. The difference
among the Ni/Cr ratios over the composite catalysts might lie
in the different sorption ability of Ni*" and Cr*' onto the
activated carbon support. In the case of co-impregnation for
Cr&Ni/char, the binding sites of the support could be
competitively divided upon simultaneous addition of the bi-
nary metal ions. While in the case of sequential impregna-
tions for Cr~Ni/char and Ni~Cr/char, the preceding
impregnated metal ion which is bonded with the support
could entirely change the surface properties of support

thereby has a significant impact on the addition of second
metal ion. Makeswari et al. [23] studied the competitive
sorption between Ni?* and Cr*" onto activated carbon and
found that the electronegativity of metal ion is a dominant
factor for competitive sorption; since the electronegativity of
Ni?* (1.75, Pauling scale) is more than that of Cr*" (1.66,
Pauling scale), Cr** in the binary solution weakly affects Ni**
uptake on the activated carbon. According to this explanation,
Ni** would have stronger affinity with the support than Cr>",
hence, Cr&Ni/char and Ni~Cr/char possesses similar Ni/Cr
ratios; whereas, the difference between Cr&Ni/char and
Cr~Ni/char is remarkable.

The TEM images of Cr-promoted Ni/char catalysts pre-
pared by different impregnation sequences are presented in
Fig. 2, among which the most highly dispersed Ni particles can
be observed on the surface of Cr&Ni/char catalyst. The mean
Ni particle sizes on the surface of Cr&Ni/char, Cr~Ni/char,
and Ni~ Cr/char catalysts were calculated as 9.3 nm, 23.2 nm,
and 18.4 nm, respectively. Therefore, the impregnation
sequence is demonstrated to have a significantly impact on
the dispersion of Ni particles. Comparably, the co-
impregnation could achieve better Ni dispersion than the
sequential impregnation. The uneven Ni dispersion and larger
particle size as a consequence of sequential impregnation
could have a negative effect on the catalytic performance
which will be discussed later.

Fig. 3 shows the influence of different impregnation se-
quences on catalytic performance. The variations in both CHy
and CO, conversions with TOS at 850 °C over the catalysts
prepared by three different impregnation sequences are pre-
sented in Fig. 3(a); the changes in the H,/CO ratios are also
given in Fig. 3(b). Among the three composite catalysts,
Cr~Ni/char and Ni~Cr/char exhibit similar activity with
respect to the reactant conversions under the given reaction
conditions, while Cr&Ni/char shows higher CH, and CO,
conversions than the other two catalysts by approximately 9%
and 7% (absolute value), respectively. Besides, the H,/CO ra-
tios over Cr&Ni/char, Cr~Ni/char and Ni~Cr/char tend to be
stable above 180 °C and retain respectively at the values of
0.899, 0.877, and 0.861 after 20 min TOS. Oezkara-Aydinoglu
et al. [24] investigated the impregnation strategy on the
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Fig. 3 — Effect of impregnation sequence on catalytic performance. (a) The conversions of CH, and CO,; (b) The molar ratio of
H,/CO. [Temperature: 850 °C; Feed flow rate: 20 ml/min; CH,/CO, = 1; Ni loading: 5 wt%; Cr loading: 2.6 wt%.]

activity and stability of 1 wt%Ce—1 wt%Pt/ZrO, catalyst in CO,
reforming of CH, and found that the catalyst prepared by co-
impregnation has stronger surface interaction between Pt
and Ce resulting in better catalytic activity than that by
sequential impregnation. Koo et al. [25] reported 12 wt%
Ni—6 wt%Ce/Al,05 catalysts prepared by co-impregnation
exhibits higher catalytic performance and less coke forma-
tion than those prepared by sequential impregnation in a
combined steam and CO, reforming of CH, reaction due to an
enhancement in Ni dispersion. Moreover, Yoshida et al. [26]
found that the bimetallic (Pd and Ni) catalysts prepared by
the co-impregnation method show higher resistance to hot-
spot formation than those prepared by sequential impregna-
tion in oxidative steam reforming of CH, partly because of the
decrease of average metal particle size. However, the influ-
ence mechanism regarding impregnation sequence is com-
plex, and various factors such that the type of metal, the
amount of metal, and the interaction between metal and
support could have impacts in varying degrees [25—28].
Through the results of catalytic performance, a preliminary
conclusion could be drawn here that the Cr-promoted Ni/char
catalysts prepared by the co-impregnation has higher activity
than the others prepared by sequential impregnation in this
research.

According to Fig. 3, it is also observed that the conversions
of both CH, and CO, initially decrease within 20 min TOS,
following by a progressive rise to the steady levels eventually,
which are much higher than the initial ones. The interesting
phenomenon will be discussed later on. Meanwhile, on the
basis of foregoing results regarding the effect of impregnation
sequence Cr&Ni/char was screened out to be employed on
more in-depth study of this interesting observation.

Effect of Cr loading

The conversions of CH, and CO, as well as the molar ratios of
H,/CO over 5 wt% Ni/char catalysts with various Cr contents at

850 °C are shown in Fig. 4. Obviously, both CH, and CO, con-
versions reach a maximum and then decrease with increasing
Cr contents; in another word, there is an optimal loading for
Cr. It can also be noted that all the catalysts with Cr content
ranging from 0 to 26 wt9, have a H,/CO ratio which remains
unchanged at about 0.9. However, a decrease in the H,/CO
ratio occurs when Cr content is as high as 39 wt%,. Moreover,
the catalysts with Cr loadings ranging from 7.8 wt%, to
13.0 wt9%, show similar conversions, which are higher than the
other Cr loadings under the same experimental conditions.
Hence, 7.8 wt%, would be the best choice for Cr loading.
Hereafter, the catalyst denoted as 7.8 wt%, Cr & 5 wt% Ni/char
will be focused on for further investigation of the catalytic
behavior. Nagaoka et al. studied the effect of Cr on Cog s4N-
10.018Mg0.930 solid solution for CH4/CO,/H,0 reforming and
proposed that the dispersion of nickel species could be
enhanced by limited and lower Cr loadings; they also
concluded that Cr acts as a glue for sticking the support ma-
terials to each other and thereby induces the aggregation of
the metal particles with the presence of excess Cr [29]. Apart
from the optimum Cr loading, an unusual variation trend was
detected. The initial CH, and CO, conversions over 7.8 wt%, Cr
& 5 wt% Ni/char after 5 min TOS are 56.8% and 48.8%,
respectively. The conversions then shortly reach their mini-
mums (33.0% for CHy and 43.9% for CO,) after 15 min TOS.
Subsequently, the conversions start to rise and almost double
the initial ones after 45 min TOS. Both CH, and CO, conver-
sions reach above 90% after 2 h TOS and negligible increase in
the conversions could be observed afterward.

Effect of the molar feed ratio of CH,/CO, on the catalytic
activity over 7.8 wt%, Cr & 5 wt% Ni/char

The effect of molar feed ratio of CH,/CO, on the CH4 and CO,
conversions as well as of the H,/CO ratio over 7.8 wt%, Cr &
5 wt% Ni/char at 850 °C is illustrated in Fig. 5. The initial
conversions of CH, with the molar feed ratios of CH4/CO, (2:3,
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Fig. 4 — Effect of Cr loading over Ni/char on catalytic performance. (a) The conversion CHy; (b) The conversion of CO,; (c) The
molar ratio of H,/CO. [Temperature: 850 °C; Feed flow rate: 20 ml/min; CH,/CO, = 1; Ni loading: 5 wt%.]

1:1, and 3:2) are 61.6%, 56.8%, and 28.3% after 5 min TOS,
respectively. The initial CH, conversions decrease as the CH,
concentration increases in the feed. When the molar feed
ratio of CH,/CO, was set at 2:3 and 1:1, the CH, conversions
have a slight decrease within the initial 15 min TOS and rise
afterward; whereas no decline in the CH4 conversion could be
observed initially when the CH4,/CO, ratio was set at 3:2, and
the CH, conversion keeps rising until it reaches about 80%
after 1 h TOS. In the case of CO, conversion, it decreases as
CO, concentration increases in the feed throughout the entire
experimental time range. For the CH,/CO, ratio equal or less
than unity, the CO, conversion decreases at first and then
increases; whereas, the CO, conversion keeps rising until it
reaches about 100% after 1 h TOS when the CH,/CO, in the
feed exceeds unity. According to the characteristic of CO,
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reforming of CH, reaction, a CH,/CO, feed ratio close to unity
isrequired to achieve higher conversions. In addition, it seems
that the trend of conversion is interrelated with the feed ratio
of CH4/CO,, or the decrease of conversion within 20 min TOS
would disappear with the increasing CH, concentration in the
feed. As depicted from Fig. 4(b), the ratios of H,/CO are stable
at0.75, 0.90, and 1.13 with an increase of CH4 concentration in
the feed, indicating that higher CH,/CO, ratios in the feed
would lead to higher ratios of H,/CO in the products. The re-
sults reveal that it is important to control the H,/CO ratio of
syngas product by adjusting the CH,/CO, ratio in the feed.
Fig. 6 shows the SEM images of 7.8 wt, Cr & 5 wt% Ni/char
catalyst prior to and after reforming reaction with different
feed ratios. According to Fig. 6, the agglomeration of the active
phase becomes severe after reaction with the molar feed ratio
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Fig. 5 — Effect of the molar feed ratio of CH,/CO, on catalytic performance over 7.8 wtJ,, Cr & 5 wt% Ni/char. (a) The
conversions of CH, and CO,; (b) The molar ratio of H,/CO. [Temperature: 850 °C; Feed flow rate: 20 ml/min; Ni loading: 5 wt%;

Cr loading: 7.8 wt%,,.]
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Fig. 6 — The SEM images of the fresh Cr&Ni/char and the used ones reforming in different feed ratio of CH4/CO,. (a) Fresh
Cr&Ni/char; (b) Used Cr&Ni/char in CH4/CO, = 2:3; (c) Used Cr&Ni/char in CH4/CO, = 1:1; (d) Used Cr&Ni/char in CH./
CO, = 3:2. [Reaction temperature: 850 °C; Reaction time: 8 h; Feed flow rate: 20 ml/min; Ni loading: 5 wt%; Cr loading:

7.8 wt%,.]

of CH4/CO, equal to 2:3, while there are no significant changes
on the catalyst surface with the molar feed ratio of CH,/CO,
equal to 1:1. The surface of the catalyst is dim after reaction
with the molar feed ratio of CH4/CO, equal to 3:2, being
attributed to the shielding of carbon deposition originating
from CH, dissociation.

The reusability of 7.8 wt%, Cr & 5 wt% Ni/char

The catalytic performance of 5 wt% Ni/char and 7.8 wt%, Cr &
5 wt% Ni/char during four cycles at 850 °C is illustrated in
Fig. 7. As depicted from Fig. 7, both catalysts exhibit similar
variation tendencies as time proceeds during all the cycles. It
is also noted that the CH, and CO, conversions over Cr-
promoted Ni/char are always roughly 10% (absolute value)
higher than those over the catalyst without Cr promotion
throughout the entire TOS range. The initial conversions of
CH,4 and CO, during cycles 2, 3 and 4 are observed to be much
higher than those during cycle 1. In addition, it takes less time
for both reactant conversions to reach steady state during
cycles 2, 3, and 4 than cycle 1. For instance, in the case of Cr-
promoted Ni/char catalyst during the 1st cycle, it takes about
120 min for CH4 and CO, conversions to reach 90%; whereas it
takes only 50 min for cycle 2 to reach the same conversions of
CH,4 and CO,. Negligible difference could be detected for cycle

CH, or CO, conversion (%)

40 : :
e CO, conversion over Cr&Ni/char
~~#— CH, conversion over Cr&Ni/char
~+#— CO, conversion over Ni/char
——#— CH, conversion over Ni/char

20 T T T T T T T T T 1 T T

120 240 360 480 120 240 360 480 120 240 360 480 120 240 360 480
Time (min)

Fig. 7 — The catalytic performance of Ni/char and Cr&Ni/
char in cyclic experiments. [Reaction temperature: 850 °GC;
Feed flow rate: 20 ml/min; CH,/CO, = 1; Ni loading: 5 wt%;
Cr loading: 7.8 wt%,,.]
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2 and cycle 3 with respect to the conversions of CH, and CO,.
Furthermore, the H,/CO ratios do not differ too much from
each other and remain almost constant at the value of 0.9.
Therefore, without additional treatment, both Ni/char cata-
lysts with and without Cr addition have unique stability and
promising activity during consecutive cyclic reforming
reactions.

Mechanism

On the basis of foregoing results, one might wonder why there
are inflection points for the conversions of CH, and CO, at
about 15 min with the molar feed ratio of CH4/CO, equal or
less than 1; and questions regarding the disappearance of
inflection points in conversions as the concentration of CH,
increases.

The bulk phases of the char-based catalysts in three stages
(fresh, reduced, and used) were determined by XRD as pre-
sented in Fig. 8. The strong peak at 26.2° is ascribed to the
diffraction of C (0 0 2) of turbostratic carbon [30]. The peaks at
37.5°, 43.4° and 63.0° are attributed to NiO crystalline phase
[10,11]. For catalysts in the fresh stage, NiO peaks are too weak
to be used to calculate the crystallite sizes of NiO with the
Scherrer equation. Such weak peaks of NiO in the XRD pat-
terns indicate that the NiO particles were well-dispersed on
the char. The peaks at 44.4°, 51.8° and 76.4° are due to metallic
Ni phase [31,32]. For the catalyst without addition of Cr after
H, reduction, the remarkable peaks at 44.4°, 51.8° and 76.4°
appear, suggesting the reduction of NiO to Ni under such
pretreatment; the Ni particle size is 157 A calculated by
Scherrer equation. For the Cr-promoted catalyst after reduc-
tion, the peak signals of Ni are comparably weaker, indicating
smaller Ni particles formation by the enhancement of Cr
addition. For used catalyst, distinct diffraction peaks of Ni
were detected, suggesting the growth of Ni particles during
the reaction. The Ni particle sizes over Ni/char and Cr&Ni/char
are 641 A and 438 A, respectively, indicating that the addition

Used Cr&Ni/char

Used Ni/char

Intensity

_Reduced Cr&Ni/char

ety L Mok
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i P '%vr‘#"%
. Fresh Cr&Ni/char

. Fresh Ni/char

N

U i
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20 ()

Fig. 8 — The XRD patterns of Ni/char and Cr&Ni/char.
[Reduced conditions: 600 °C, 20 ml/min H,, 1 h; Reaction
conditions: 850 °C, 8 h, Feed flow rate of 20 ml/min, CH,/
CO, = 1; Ni loading: 5 wt%; Cr loading: 7.8 wt?,..]

of Cr could improve the dispersion of Ni and lead to smaller Ni
particles. However, Cr itself does not reflect on the XRD pat-
terns since such a small quantity of Ce loading is below the
detection limit of XRD. It is widely accepted that the dramatic
increase in the crystallite size of Ni particle is responsible for
the loss in catalyst activity during reaction [33]. As the reac-
tion proceeds, the size of Ni crystal particle could increase and
the persistent growth of deposited carbon on the catalyst
surface would block the active sites, causing an irreversible
deactivation of catalyst. Typically, this drastic drop in catalyst
activity could be observed at the beginning of reaction.

Even though Ni alone can be considered as the active
species during the reforming reaction, the experimental re-
sults could not support this simplex viewpoint and discussion
in terms of another active species will be given as follow. As
mentioned earlier, the existence of the inflection points for
CH,4 and CO, conversions might be intimately related to the
carbon formation, where two possibilities could be speculated
here: (i) the diffraction peaks of the potential active species are
difficult to be identified due to peak overlapping with the other
distinct components; (ii) the particle size of the new active
species is too small to exhibit a distinct signal on the XRD
patterns. It is therefore conjectured that Ni;C might be the key
to answer the argument proposed. Goto et al. reported that the
diffraction peaks of NisC have characteristic theta angles
which are close to those of Ni; thereby it is difficult to isolate
these two species by traditional XRD detection method [34].
Hence, XPS technique was employed to make up the defi-
ciency of XRD in the application of Ni;C detection.

Fig. 9 shows the XPS spectra in the Cls region of the raw
support (char), the used Ni/char, and the used Cr&Ni/char.
According to Fig. 9, the remarkable change in Cls spectra
among the support and the used catalysts is the obvious peak
broadening of C1s after reaction, suggesting the appearance of
another carbon species. According to the position data of
binding energy from NIST X-ray Photoelectron Spectroscopy
Database (NIST Standard Reference Database 20, Version 4.1),
the C1s spectra could be resolved into various types of carbon
species (3 for char support, 4 for the used catalysts). The
binding energies centered at 283.9, 284.5, 285.5, and 286.4 eV
are attributed to Ni3C, C=C, C—C, and C—O, respectively. The
latter three carbon species correspond to the inherent struc-
tures of char, while NisC specie is unique and could not be
found on the char support naturally. Moreover, the amount of
this carbide material, NisC, on the surface of used 7.8 wt%, Cr &
5 wt% Ni/char and 5 wt% Ni/char constitutes approximately
15% and 10% of the total carbon content, respectively. Kroll
et al. noticed a similar change of Cl1s spectra by XPS during the
investigation of the active phase over Ni/SiO, catalyst in
CH,—CO, reforming; by using techniques including XPS,
steady-state isotopic transient kinetics analysis, and mag-
netic measurement, they concluded that nickel carbide-like
layers, established in the initial period of the run, constitute
the active phase for the reaction with little dependence on the
particle morphology and the degree of nickel reduction [35].

The XPS spectra in the Ni 2p region of the reduced Ni/char,
the used Ni/char, and the used Cr&Ni/char are also presented
in Fig. 10. For the reduced Ni/char, the binding energies posi-
tioned at 852.4 eV and 870.0 eV could be attributed to 2p 3/2
and 2p 1/2 of metallic Ni, respectively; meanwhile, the binding
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Fig. 9 — The XPS spectra in the C1s region of the raw support (char), the used Ni/char, and the used Cr&Ni/char. [Reaction
conditions: 850 °C, 8 h, Feed flow rate of 20 ml/min, CH,/CO, = 1; Ni loading: 5 wt%; Cr loading: 7.8 wt%,.]

energies at 857.7 eV and 876.2 eV could be ascribed as the Ni
satellites of 2p 3/2 and 2p 1/2. For the used catalysts, a
remarkable shift of Ni 2p 3/2 (0.6 eV) to higher binding energy
(853.0 eV) and the appearance of more satellite peaks are
observed, suggesting the generation of new Ni species. Since
the binding energy of NiO 2p 3/2 is centered at 854.4 eV, it is
not feasible for the new Ni species to be identified as oxidized
Nispecies. An et al. [36] reported that the Ni 2p 3/2 peak of heat
treated NisC nanoparticles on carbon was shifted to high
binding energy side (853 eV), which is in good agreement with
our findings. Moreover, the appearance of more satellite peaks

Used Cr&Ni/char

Used Ni/char

Intensity (a. u.)

Reduced Ni/char :

850

T T
870 860
Binding Energy (eV)

880

Fig. 10 — The XPS spectra in the Ni 2p region of the reduced
Ni/char, the used Ni/char, and the used Cr&Ni/char.
[Reduced conditions: 600 °C, 20 ml/min H,, 1 h; Reaction
conditions: 850 °C, 8 h, Feed flow rate of 20 ml/min, CH,/
CO, = 1; Ni loading: 5 wt%; Cr loading: 7.8 wtJ,.]

indicates that both metallic Ni and Ni;C present in the used
catalysts.

Fig. 11 shows the XPS spectra of Cr 2p over both the
reduced and used Cr&Ni/char. No obvious difference in
spectra between the reduced and used Cr&Ni/char catalyst
could be found. Two remarkable peaks centered at 577.3 eV
and 587.1 eV respectively, are attributed to Cr 2p 3/2 and its
satellite, indicating the presence of trivalent Cr cation.

Diaz et al. studied CO, reforming of CH, reaction catalyzed
by a bimetallic (Ni and Ca) catalyst supported by activated
carbon. Ni3C, identified as the active species, was also found in

2p3/2

2p3/2, satellite

Reduced catalyst,

Intensity (a. u.)

Used catalyst

585 580 575
Binding Energy (eV)

595 590 570

Fig. 11 — The XPS spectra in the Cr 2p region of the reduced
and used Cr&Ni/char. [Reduced conditions: 600 °C, 20 ml/

min H,, 1 h; Reaction conditions: 850 °C, 8 h, Feed flow rate
of 20 ml/min, CH,/CO, = 1; Ni loading: 5 wt%; Cr loading:

7.8 wtY,.]


http://dx.doi.org/10.1016/j.ijhydene.2014.04.172
http://dx.doi.org/10.1016/j.ijhydene.2014.04.172

10150

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 39 (2014) 1014I—I0153

the used catalyst [37]. Transition metal carbides which
possess similar chemical properties as noble metals are
widely applied in various reactions, such as CH, reforming
[38,39], hydrotreating of oil fractions [40,41], hydro-
deoxygenation reactions [42—44], hydrogenation of carbon
oxides, and F—T synthesis [45—47], etc. Guo et al. [39] investi-
gated a catalyst comprising of metallic Ni and Mo,C for CO,
reforming of CH, reaction and the composite catalyst exhibits
good activity and stability. In general, metal carbides can be
prepared through temperature programmed process by
exposing metal oxides to a gas flow of CH, and H,; Zhanget al.
[38] found that Ni—Mo,C catalyst for CH;—CO, reforming was
in situ synthesized from NiMoOy in a feed ratio of CH,/CO,
equal to unity. In our study, NisC was also formed in situ over
char supported Ni-based catalyst during the reaction, espe-
cially after 15 min TOS. For non-carbonaceous materials
supported catalysts, carbide species was also observed and
recognized as an active intermediate in the reformingreaction
[35,48,49].

Fig. 12 shows the H,-TPR profiles of fresh Ni/char and
Cr&Ni/char catalysts. As Fig. 12 depicts, negligible difference
could be observed between the profiles of both catalysts with
respect of peak position and area. Two distinct peaks centered
roughly at 405 °C and 515 °C could be ascribed to the reduction
of NiO with low and high interaction with the support,
respectively [S0]. It is widely reported that Cr could play a role
in either stabilizing the material [51], while some other liter-
ature propose that Cr might be able to shift the lower reduc-
tion temperature downward [52,53]. In our study, the
introduction of Cr to Ni/char catalyst does not seem to exhibit
great impact on the reduction temperature.

The CO,-TPD results of the reduced catalysts are presented
in Fig. 13.Itis observed that the introduction of Cr significantly
enhances the adsorptive capacity of catalyst to CO,. For the
reduced catalyst without Cr, two strong CO, desorption peaks
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= Cr&Ni/char
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Fig. 12 — The H,-TPR profiles of the fresh catalysts. [Ni
loading: 5 wt%; Cr loading: 7.8 wt?,..]
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Fig. 13 — The CO,-TPD profiles of the reduced catalysts.
[Reduced conditions: 600 °G, 20 ml/min H,, 1 h; Ni loading:
5 wt%; Cr loading: 7.8 wtJ,,.]

Normalized MS signal of CH,

Reduced Cr&Ni/char
—=— Used Cr&Ni/char
—=— Reduced Ni/char
—*— Used Ni/char

Normalized MS signal of H,

T T T T
300 450 600 750 900

Temperature ("C)

Fig. 14 — The CH,-TPSR profiles of the reduced and the used
catalysts. [Reduced conditions: 600 °C, 20 ml/min H,, 1 h;
Reaction conditions: 850 °C, 8 h, Feed flow rate of 20 ml/
min, CH,/CO, = 1; Ni loading: 5 wt%; Cr loading: 7.8 wt?,.]
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positioned at about 145 °C and 515 °C as well as several weak
peaks are observed. For Cr-promoted catalyst after H, reduc-
tion, the intensity of CO, desorption in the range of
50 °C—255 °C gets increased dramatically, accompanied by the
appearance of another obvious CO, desorption peak at about
650 °C. The CO,-TPD results indicate that the Cr-promoted
catalyst has stronger affinity toward CO, than the catalyst
without Cr addition, thereby exhibits high activity and resis-
tance to carbon formation, which is consistent with Kim
et al.’s findings [33].

Fig. 14 shows the CH,-TPSR profiles of the reduced and
used catalysts. For the reduced Ni/char catalyst, the remark-
able CH, decomposition peak and the synchronously corre-
sponding H, production peak are at about 520 °C. Several weak
peaks are also detected below 800 °C, which could be assigned
to different kinds of CH, species derived from CH, decompo-
sition according to reference [54—57]. For the reduced catalyst
with Cr addition, both the CH4 decomposition and the corre-
sponding H, production peaks are shifted to higher tempera-
ture at about 560 °C. In the case of used catalysts, only several
weak peaks (at about 650 °C and 690 °C) below 800 °C are
observed. The significant difference between reduced and
used catalysts lies in the amount of H, formed via CHy
decomposition, which is intimately related to the carbon
resistance ability of catalyst. Upon the previous discussion,
Ni;C and Ni are then confirmed to be the main active species
over used and reduced catalyst, respectively. Besides, Ni;C has
a much higher resistance to coke than Ni.

Fig. 15 shows the CO,-TPO profiles of used catalysts. Ac-
cording to Fig. 15, three types of deposited carbon species are
found over both catalysts with and without Cr. All the carbon
species can be gasified with CO, and the corresponding peaks
are located at about 660 °C, 780 °C and 920 °C. Upon Cr addi-
tion, the peak at about 920 °C gets declined with respect to the
peak area, indicating a significant reduction by 52.4% in the
amount of carbon formed on the catalyst surface.

By integrate the results of catalyst characterization and
catalytic performance, it is believed that NisC as the main

—=— Used Ni/char
Used Cr&Ni/char

Mormalized MS signal of CO,

| 1
T T T T 1
200 400 600 800 1000
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Fig. 15 — The CO,-TPO profiles of the used catalysts.
[Reaction conditions: 850 °C, 8 h, Feed flow rate of 20 ml/
min, CH,/CO, = 1; Ni loading: 5 wt%; Cr loading: 7.8 wt?,..]

active species is formed during the reforming process. A re-
action mechanism and the formation routes of Ni;C are pro-
posed as follows: (i) in the initial reaction period, within
15 min TOS, Ni presents to be the only active species. The
reactivity of catalyst tends to decrease rapidly due to the in-
crease of Ni particle size and carbon deposition onto the char
with limited specific surface area [20]; (ii) as the reaction
proceeds, the preliminary formation of NisC is from the
interaction between the deposited carbon and Ni under a
proper molar ratio of CH, to Hp; (iii) The results of cyclic tests
suggest that NizC could be regenerated via a reduc-
tion—oxidation cycle. In these regards, the mechanism could
be represented as below;

Ni;C + 4CO, = 3NiO + 5CO (R2)

3NiO + 4CH, = NizC + 3CO + 8H, (R3)

It is supposed that the interaction between the carbon
atom of NisC and the O* originating from the dissociation of
adsorbed CO, could generate a vacancy, making the NisC
more vulnerable to be oxidized. The filling of the vacancy
with a C* is hence desirable to avoid bulk oxidation. In
another word, if the rate of CH, decomposition is lower than
that of CO, dissociation, the catalyst would more likely be
oxidized and subsequently lose its activity [37]. This
assumption could be demonstrated by the catalytic behavior
of the cyclic tests. As the used catalyst after the first cycle
was collected, the inevitable contact with air can cause the
oxidization of NizC. In the second cycle, the initial conversion
is not as high as the final conversion of the first one. Fortu-
nately, sustainable catalytic activity in beneficial to the re-
covery of NisC from the following cycles proves the
promising application of this catalyst in CO, reforming of CH,
reaction. Moreover, two pathways can be inferred for the
formation of NizC: (i) the direct interaction between the
deposited carbon and Ni particles; (ii) the interaction of NiO
with CH,. The second route can be considered an effective
shortcut for the preparation of such catalysts with Ni;C as
the active species, avoiding unnecessary H, treatment.

Conclusions

The catalytic CO, reforming of CH, was studied over Cr-
promoted Ni/char. The catalysts prepared by co-
impregnation exhibits better activity than those prepared
by sequential impregnation. An optimal Cr loading was
determined as 7.8 wt%, over 5 wt% Ni/char, which could
improve the dispersion of Ni and the affinity to CO,. It is
interesting that the conversions of CH, and CO, over both
Cr&Ni/char and Ni/char catalysts have an inflection point,
before which the conversions rapidly decrease and after
which the conversions rise up until a maximum is
reached. The mechanism behind this phenomenon is
revealed: Ni presents to be the major active species at the
beginning of this reaction; Ni;C formed in situ during the
reforming reaction by the interaction between Ni and the
deposited carbon turns out to be the new major active spe-
cies. Although it is proved in this research that Ni;C exhibits
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higher reactivity and stability than Ni, more in-depth inves-
tigation should be done to optimize the catalyst preparation
while avoiding unnecessary reduction procedures.
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