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CO, reforming of ethanol has been investigated for hydrogen production by reacting CO,, which is a
greenhouse gas, with ethanol, which is a renewable energy source, over Rh/Ce-SBA-15 catalysts. A series
of Rh/Ce-SBA-15 catalysts have been prepared using Ce-SBA-15 supports with different Ce/Si molar ratio

Keywords: synthesized by direct synthesis method. The catalysts have been characterized by TEM, FESEM, XRD, BET,
SBA-15 TPR, TPD and XPS. All samples show high surface area and mesoporous structure at high Ce/Si (= 0-1/5),
CO, reforming whereas the mesoporous structure is destroyed at high Ce/Si molar ratio (= 1/1). The catalytic tests show
Eg;?:;l that the Ce/Si molar ratio of the catalysts has significant influence on the hydrogen production rate and
Hydrogen product selectivity. The optimal Ce/Si molar ratio for the highest hydrogen production rate is found to be
Syngas 1/20. The increase of catalytic activity of 1%Rh/Ce-SBA-15 from Ce/Si = 0 to Ce/Si = 1/20 is attributed to

the increase of the amount of Ce incorporated into SBA-15 framework, resulting in the enhancement of
the mobility of surface oxygen species. The 1%Rh/Ce-SBA-15 (Ce/Si = 1/20) is found to be the most active,

Surface oxygen mobility
Rhodium catalyst

selective and stable catalyst for CO, reforming of ethanol to syngas or hydrogen.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Global climate change and greenhouse effect have already been
regarded as a long-term international problem faced by every
country all over the world. Global warming and greenhouse effect
are related to atmospheric CO, accumulation [1]. Rising CO, level
in atmosphere have extensive effects on several aspects, such as
the increasing intensities of hurricanes [2], influence of El Nino
phenomena [3], reduced calcification of marine plankton [4,5], and
deglaciation [6]. Therefore, chemical utilization of CO,, which is
one of the main greenhouse gases, has become a challenging and
attractive subject to deal with the above serious issues. CO,
reforming with methane has become one of most important
methods to transform reactants containing CO, to valuable
chemicals, such as syngas or hydrogen.

CO, reforming of ethanol has several advantages. First, ethanol
is renewable, biodegradable, easily transportable, less dangerous
and less toxic, while methane is non-renewable and highly
explosive [7-9]. Second, CO, reforming of ethanol is thermo-
dynamically favorable above 318 °C, whereas CO, reforming of
methane thermodynamically requires reaction temperature over
642 °C [10]. Third, the main reaction of CO, reforming of ethanol:

CHsOH + CO, — 3CO + 3H, (AH°ysx= +297KkJ/mol) (1)
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produces syngas with a theoretical CO/H; molar ratio = 1 which is
suitable for the production of liquid hydrocarbons or oxygenated
hydrocarbons [11,12].

However, some side reactions also occur in CO, reforming of
ethanol, such as: ethanol decomposition (2), dehydration reaction
(3) and reverse water gas shift reaction (4) [12,13].

CHsOH — CHa+CO + Hy (AH°s03x = -+ 49k]/mol) )
CHsOH — GoHa + H,0  (AHz05x = +45k]/mol) 3)
CO; +H; — CO + H,0 (AHozggK: —3951(]/m01) (4)

Reaction (1) is kinetically favored at high temperature because it is
strongly endothermic, reactions (2) and (3), which are moderately
endothermic, are favored at middle reaction temperature range,
whereas reaction (4), which is moderately exothermic, is generally
suppressed at high temperature. Therefore, in order to produce
high hydrogen production rate, high reaction temperature is
chosen for CO, reforming of ethanol so that reaction (1), which
produces hydrogen, can be enhanced and reaction (4), which
consumes hydrogen, can be depressed.

Generally, evaluation of catalytic performance is based on
activity, selectivity, stability, and deactivation. One of the reasons
which cause catalyst deactivation is the formation of coke during
CO, reforming of ethanol because ethanol could be decomposed to
produce coke which caused deactivation at high reaction
temperature [13,14]. Coke formation is also generally observed
during CO, reforming of methane [12]. The related reactions
causing carbon deposition over catalysts in CO, reforming of
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ethanol are listed as follows [14-16]:

2C0 — CO5 +C  (AH°305x = —171k]J/mol) (5)
CHy4 — 2Hy +C  (AH°yg5x= +75Kk]/mol) (6)
CoHs0H — C + CO + 3H, (AH°ygx= + 125k]/mol) (7)
C,H4 — Polymerization — Coke (8)

Therefore, inhibition of carbon deposition over catalysts is critical
to prolong the catalyst life. Carbon deposition significantly
depends on the active metals, indicating that different active
metals have large difference in coke formation. For example, Ni-
based catalysts were reported to easily deactivate due to the
formation of coke from the main reactions of CO,-ethanol
reforming and other ethanol reforming reactions [17-23], as well
as from the side reaction of ethanol decomposition [24].

However, Rh-based catalysts are known to have high activity,
stability and low coke formation in CO, reforming of methane and
steam reforming of ethanol reactions [25-28]. Rh is the most active
metal in steam reforming of ethanol and the order of the activity of
metals in steam reforming of ethanol is as follows:
Rh > Pd > Ni =Pt [25]. No coke formation was detected over Rh/
La,05 catalysts in CO, reforming of methane [26]. Besides catalytic
activity, Rh is found to be the most stable group VIII metals for CO,
reforming of methane [27]. Furthermore, Rh has been shown to
have excellent conversion and selectivity to syngas at very short
contact time in CO,-methane reforming reactions [28]. Therefore,
Rh-based catalysts have been chosen for investigation in this study
for CO, reforming of ethanol.

Although active Rh metal plays a very important role in
catalysis, however catalyst supports also show significant effects
on the catalytic performance due to the metal dispersion and
metal-support interaction. Therefore, in order not only to improve
catalytic performance but also to reduce coke formation, a high-
surface-area catalyst support is generally used to disperse metallic
particles, which would make the catalyst not only active but also
stable due to the low coke formation on highly-dispersed metallic
particles. SBA-15, which has a mesoporous structure with high
surface area (>500 m?/g), uniform pore size (tunable from 4.6 nm
to 30 nm) and thick wall (around 4 nm) has been chosen in this
study as the catalyst support for active Rh metal particle [29-31].
Although SBA-15 is generally not suitable for steam reforming of
ethanol as the ordered structures of SBA-15 have been observed to
be partially destroyed by the presence of steam in hydrothermal
conditions [32,33], however SBA-15 based catalyst is suitable for
CO,, reforming of ethanol as this reaction does not have any water
in the reaction system. Furthermore, incorporation of Ce in SBA-15
mesoporous structure has been found to promote the mobility of
surface oxygen species over the catalyst surface [33-36] because
CeO, shows strong oxygen storage ability with Ce*" — Ce>* redox
and oxygen vacancy formation [37].

In this study, catalytic CO, reforming of ethanol is investigated
for the production of hydrogen/syngas through utilization of CO,,
which is a greenhouse gas, with ethanol, which is a renewable
energy source. A series of Rh/Ce-SBA-15 catalysts, with Ce/Si molar
ratios ranging from 0 to 1, have been synthesized and tested for
this reaction, with the aim of finding the influence of Ce on the
activity, selectivity and stability of catalysts.

2. Experimental
2.1. Preparation of catalysts

Ce-SBA-15 catalyst supports were prepared by hydrothermal
synthesis method as reported by Zhao et al. and Song et al. [38,39],

using TEOS (Aldrich) as the silica source and P123
[(EO)20(PO)70(EO)20, M,,=5800, Aldrich] as the structure-
directing agent. The molar composition of Ce-SBA-15 series
catalyst supports was 1SiO,: (0, 1/40, 1/20, 1/10, 1/5 or 1) CeO5:
0.017P123: 2.9HCIl: 202.6H,0. Typically, the above mixture was
stirred at 40 °C for 1 day followed by crystallization under static
condition for 2 days at 100 °C. The white products were washed
and recovered by DI water, and then dried overnight in an oven at
60 °C. Subsequent calcination of white products in the air was
carried out at 550 °C for 5 h to remove the template.

1 wt%-Rh/Ce-SBA-15 series catalysts were prepared by wet
impregnation method. Ce-SBA-15 powder was mixed with
Rh(NOs3)3 solution under magnetic stirring at ~95 °C to achieve
1 wt%-Rh/Ce-SBA-15. After stirring, the solution was dried and
then calcined in air at 600 °C for 5 h. Rh/Ce-SBA-15 catalyst of 40-
60 mesh was used in a fixed bed reactor.

2.2. Characterization of catalysts

XRD (X-ray diffraction) was used to characterize the material
structure, crystalline lattice and composition. The XRD patterns
was measured using Shimadzu XRD-6000 under 30 mA current
and 40 KV voltages, and a continuous scan angle 26 was selected
from 10° to 80°. A divergence slit was inserted between the X-ray
and the sample to ensure the interaction of X-ray beam with the
sample.

DTA and TGA (Differential thermal analysis and thermogravi-
metric analysis) were performed by using Shimadzu DTG-50
thermogravimetric analyzer. DTA was used to determine the rate
of temperature change of the sample and TGA was used to
determine the weight lost of the sample material when it was
heated at constant heating rate of 10°C/min from room
temperature to 800 °C.

TEM (Transmission Electron Microscope) images of 1%Rh/Ce-
SBA-15 catalysts were collected using JOEL electron microscope
(JEOL JEM-2010, equipped with OXFORD INCA EDS analyzer).
Typically, one droplet of ultrasonically-dispersed suspension of
1%Rh/Ce-SBA-15 series catalysts in DI water was added to the
copper grid on the copper film and the drying was carried out in an
oven at 60 °C.

BET (Brunauer-Emmett-Teller, Autosorb-1, Quantachrome)
was used to analyze the surface area and pore size of 1%Rh/Ce-
SBA-15 series catalysts by nitrogen adsorption and desorption
isotherms. The sample was degassed at 100 °C to remove the
adsorbed water and impurities before measurement.

XPS (X-ray Photoelectron Spectroscopy) analyses were per-
formed on KRATOS AXIS HIS 165 to investigate the change of
valence for cerium and oxygen. Anode HT with a voltage of 15 kV, a
current of 10 mA and a pass energy of 80eV was used. The
photoelectron takeoff angle was 90 °C.

H,-TPD (Hydrogen chemisorption and tempertature-pro-
grammed desorption) was performed on ChemBET 3000 (Quanta-
chrome, TPD/TPR system) to obtain Rh dispersion. Typically, 50 mg
of catalyst was reduced at 450 °C for 60 min followed by H,
adsorption at 30 °C for 60 min. The sample was then purged with
N, gas to remove the physically adsorbed H,, followed by heating
the sample from room temperature to 800 °C under a heating rate
of 10 °C/min. H; pulse titration experiment was also conducted
using the same system. Since 1 ml of H, was used in H, pulse
titration experiment, the total consumption of Hy in H,-TPD was
obtained by comparing the H, peak areas observed in H,-TPD with
that observed in pulse titration experiment. The amount of Rh
atoms on the catalyst surface was calculated based on the amount
of desorbed H,, assuming that one hydrogen molecule was
adsorbed on two Rh atoms of the catalyst surface [40]. Rh
dispersion was then calculated based on the percentage of Rh
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atoms on the catalyst surface with respect to the total Rh atoms in
the catalysts.

TPR (Temperature-programmed reduction) analysis was per-
formed using ChemBET 3000. In a typical experiment, 50 mg of
catalyst loaded in a U-shape quartz tube was degassed with N, gas
for 1 hat 500 °C. After this heat treatment, 5% H,/N, mixed gas was
introduced to system, followed by heating the sample from room
temperature to 800 °C under a heating rate of 10 °C/min. Since H,
pulse titration experiment was also conducted using the same TPR/
TPD system using 1 ml of H,, therefore the total consumption of H,
required in the TPR measurement can be obtained by comparing
the H, peak areas observed in TPR with that observed in pulse
titration experiment. The amount of H, consumption on different
Rh catalysts was similarly calculated based on the corresponding
H, peak areas.

2.3. Reaction system of CO, reforming of ethanol

CO, reforming of ethanol was conducted in a stainless steel tube
reactor (@ = 6 mm) fitted in a tube furnace and linked to an online
gas chromatograph to analyze the molar percentage of each
component in the gas product. Depending on the CO,:ethanol
molar ratio, a certain amount of ethanol was pumped using a syringe
pump (ISCO Model 100DM) into the vaporizer (maintained at
150 °C) before entering tube reactor. In a typical CO, reforming of
ethanol reaction, 100 mg of catalyst was loaded into the stainless
steel reactor and reduced under a stream of 25% hydrogen/nitrogen
mixed gas at 450 °C for 30 min prior to CO, reforming of ethanol.

3. Results and discussion

3.1. Effect of active metals over SBA-15 supports on hydrogen
production rate for CO, reforming of ethanol

Fig. 1 shows the hydrogen production rates, per amount of
metal catalyst, of four active metals - Rh, Ni, Co, Pd - supported on
SBA-15 supports. The 5%Ni/SBA-15 catalyst shows the poorest
activity on the hydrogen production rate among these five SBA-15
supported catalysts. The 1%Rh/SBA-15 catalyst exhibits the highest
hydrogen production rate, about ~470% more active than the
5%Rh/SBA-15.

Fig. 2 shows the TGA-DTA curves characterizing the amount
of carbon deposited on these five SBA-15 supported metal
catalysts after 1h of CO,-ethanol reforming reaction. The
amount of carbon deposited on the 1%Rh/SBA-15 catalyst is
about 1/7, 1/5, 1/4 and 6/5 of the amount of carbon deposited on
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Fig. 1. Effect of active metals over hydrogen production rate over SBA-15 supports
(molar ratio of C;Hs0H/CO, =1:1, GHSV = 15594 h™1).
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Fig. 2. Carbon deposit over five SBA-15 supported catalysts during 1 h testing by
TGA-DTA analysis (molar ratio of C;HsOH/CO- = 1:1, reaction temperature: 700 °C,
GHSV =15594h™1).

the 5%Ni/SBA-15, 5%Pd/SBA-15, 5%Co/SBA-15 and 5%Rh/SBA-15
catalysts, respectively. Although the 1%Rh/SBA-15 catalyst has
slightly more amount of carbon deposited than the 5%Rh/SBA-15
catalyst, the 1%Rh/SBA-15 catalyst is still the most suitable
choice of catalyst among these catalysts for our subsequent
studies for CO,-ethanol reforming as the 1%Rh/SBA-15 catalyst
has much less amount of rhodium catalyst than the 5%Rh/SBA-15
catalyst and yet the 1%Rh/SBA-15 catalyst produces the highest
hydrogen production rate. Therefore, a series of 1 wt%Rh catalyst
supported on SBA-15 with different Ce content has been chosen
for further study in order to investigate whether there is any
synergetic effect of Ce on improving the catalytic activity and
stability of the supported Rh catalytst.

3.2. Morphology of Ce-SBA-15 supports and 1%Rh/Ce-SBA-15

Fig. 3 shows the TEM images of a series of Ce-SBA-15 catalyst
supports with Ce/Si molar ratio ranging from 0 to 1. The diameter
of the mesopores of Ce-SBA-15 is observed to be around 7 nm and
the wall thickness is around 3.5 nm. The TEM images show that the
ordered mesoporous structures are kept intact with the increase of
the Ce/Si molar ratio from 0 up to 1/5. Above the Ce/Si ratio of 1/5,
some of these ordered mesopores start to be destroyed, and at the
Ce/Si ratio of 1, most of the mesopores have been destroyed. These
TEM results indicate that the Ce-SBA-15 with Ce/Si ratio of 1/20 is
the best mesoporous support as it is incorporated with the highest
amount of Ce in the mesoporous framework.

Fig. 4 shows the TEM image of the fresh 1%Rh/Ce-SBA-15 catalyst
(Ce/Si=1/20). The size of Rh particles on Ce-SBA-15 (Ce/Si=1/20)
support is found to be around 3-8 nm, which is much smaller than
the size of Rh particles of around 50 nm supported on SBA-15
(without cerium) as reported in the literature [41]. Fig. 4 also shows
that the ordered mesopores of 1%Rh/Ce-SBA-15 catalyst are still
intact even after wet impregnation with Rh precursor followed by
high temperature calcination. Mu et al. reported that the high
surface area and mesoporosity of Ce-SBA-15 promoted the
dispersion of Cos04, which enhanced the catalytic performance
for oxidation of benzene due to the synergetic effect between Co and
Ce ions [42]. Xu et al. also reported that the strong metal-support
interaction between Au and Co oxide over Au/Co-SBA-15 was highly
related to the catalytic performance for CO oxidation [43]. Therefore,
we believe that there is some interaction between Rh and Ce species
which helps to disperse Rh over Rh/Ce-SBA-15 catalysts [42,43].

3.3. XRD patterns of 1%Rh/Ce-SBA-15 based catalysts

Fig. 5 shows the small angle XRD patterns of a series of 1%Rh/
Ce-SBA-15 catalysts, with Ce/Si molar ratio ranging from O to 1. The
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Fig. 3. TEM images of Ce-SBA-15 catalyst supports at different Ce/Si molar ratios, (a) 0, (b) 1/40, (c) 1/20, (d) 1/10, (e) 1/5, (f) 1/1.

characteristic XRD peaks of mesoporous structure with the 26
values at ~0.7° can be observed over all 1%Rh/Ce-SBA-15 catalysts
[42,44,45]. When the Ce/Si molar ratio is increased from 0 to 1/20,
the characteristic reflection peaks shifts to lower angle. This XRD
result shows that the mesopore diameter has increased, indicat-

50 nm

Fig. 4. TEM image of 1%Rh/Ce-SBA-15 catalyst.

ing that Ce has been incorporated into the mesoporous framework
of SBA-15. However, when the Ce/Si molar ratio is further
increased from 1/20 to 1/1, the characteristic XRD reflection peak
shifts to higher angle, indicating that the diameter of the
mesopores has decreased. Since the TEM results (Fig. 3) has
shown that some mesoporous structures could be destroyed at
higher Ce content (Ce/Si ratio = 1/1), therefore both the XRD and
TEM results show that the destruction of mesoporous structures

Ce-SBA-15 Ce/Si=1/1

Ce-SBA-15 Ce/Si=1/5

Ce-SBA-15 Ce/Si=1/10

Intensity

Ce-SBA-15 Ce/Si=1/20

Ce-SBA-15 Ce/Si=1/40
SBA-15

15 2 25 3 35 4 45 5
20

Fig. 5. XRD patterns of 1%Rh/Ce-SBA-15 based catalysts.
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Fig. 6. Nitrogen absorption/desorption isotherms of 1%Rh/Ce-SBA-15 series
catalysts under different Ce/Si molar ratio (a) Ce/Si=1/20, (b) Ce/Si=1/40, (c)
Ce/Si=0, (d) Ce/Si=1/10, (e) Ce/Si=1/5, (f) Ce/Si=1/1.

at higher Ce content might have caused the decrease of the
mesopore diameter.

3.4. Properties of 1%Rh/Ce-SBA-15 catalysts

Fig. 6 shows the N, adsorption/desorption isotherms for a series
of 1%Rh/Ce-SBA-15 catalysts, with Ce/Si mole ratio from O to 1.
When the Ce/Si mole ratio is <1, the adsorption/desorption
isotherm of 1%Rh/Ce-SBA-15 catalysts is a typical type IV isotherm
with a hysteresis loop, showing that these catalysts possess
mesoporous structures [35,46]. When the Ce/Si molar ratio is equal
to 1, the type IV isotherm disappears, showing the destruction of
ordered mesopores under high Ce content.

As shown in Table 1, the pore diameters of 1%Rh/Ce-SBA-15
increase gradually with the increase of Ce content (from Ce/Si
molar ratio = 0 to 1/20), showing the incorporation of Ce into the
framework of SBA-15 [42]. The pore diameter then starts to
decrease when the Ce/Si molar ratio is subsequently increased
from 1/10 to 1/5 due to the formation of cerium oxide
nanocrystallites outside the mesopores [35]. However, the pore
diameter and specific surface area drop significantly from Ce/
Si=1/5 to Ce/Si=1/1 due to the destruction of the ordered
mesoporous structures at Ce/Si=1/1 as shown in TEM results
(Fig. 3). The N, adsorption results are in good agreement with the
XRD results, which show the incorporation of Ce (up to Ce/Si=1/
20) into the mesoporous framework of SBA-15. Similar studies
have been reported over several mesoporous silica supports
incorporated with Mg [29], La [36], Ti [47], U [48], and V [49].

3.5. H>-TPR profiles of 1%Rh/Ce-SBA-15 series catalysts

Fig. 7 shows H,-TPR profiles of a series of 1%Rh/Ce-SBA-15
catalysts, whereby Rh species are shown to be reduced over Ce-
SBA-15 catalyst supports below 200 °C. In general, the dispersion
of active metal oxide, particle sizes, and interaction between active

Table 1
Surface properties of 1%Rh/Ce-SBA-15 based catalysts.
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Fig. 7. H,-TPR profiles of 1%Rh/Ce-SBA-15 series catalysts.

metal and supports can affect the reducibility of active metal
[50,51,40,52-54]. Rh oxide species usually has several reduced H,-
TPR peaks due to the presence of different particle sizes of Rh oxide,
different Rh valence state, interaction between Rh oxide with
support, and the location of Rh oxide species either inside or on the
surface of catalysts [50,55-57]. The broad H,-TPR peak at around
85 °C as observed in our study is due to the reduction of bulk oxide
RhO, species, which is insignificantly affected by the catalyst
support, whereas a sharp H,-TPR peak at around 120 °C is assigned
to the bulk oxide Rh;O, species, which has been reported to interact
with the catalyst support resulting in higher reduction tempera-
ture [55].

The factors involved in the preparation of rhodium catalysts,
such as calcination temperature and rhodium precursors, are also
known to have significant influence on the reducibility of
supported Rh species. Calcination temperature has been reported
to play an important role in causing a significant increase of the
amount of reducible Rh species over Rh/Al,O3 calcined at 600 °C
than that calcined at 900 °C [57]. Therefore, the calcination
temperature at 600 °C has been chosen for this study. Furthermore,
using RhCls as a precursor, Verykios and co-workers reported that
Rh®, Rh*, and Rh3* coexisted since residual Cl~ species hindered
Rh3* reduction while Rh3* was reduced in the samples using
Rh(NO3)3 as precursors [58]. Therefore, Rh(NOs3); has been chosen
as the Rh catalyst precursor in this study.

The theoretical value of H, consumption required to reduce a
series of 1%Rh/Ce-SBA-15 catalysts completely varies from around
22.5 mmol/g to 33.3 mmol/g, while the actual H, consumption
over these series of catalysts is measured to be from 349.1 umol/g
to 412.5 umol/g. This result shows that the actual H, consumption
required to reduce this series of 1%Rh/Ce-SBA-15 catalysts is only
about 1.8% of the total theoretical H, consumption, suggesting that
only partial mesoporous silica supports could be reduced during
the H,-TPR process [59,60]. Thus H, molecules only reduced the
Rh oxide species and consumed oxygen species located on the

Samples Pore diameter (DH) (nm) Sger (M?/g) Rh dispersion (%)? Pore volume (cc/g) Rh content (%)°
1%Rh/Ce-SBA-15 (Ce/Si=0) 7.15 563.2 67.2 0.702 0.95
1%Rh/Ce-SBA-15 (Ce/Si=1/40) 7.19 579.3 68.5 0.705 0.97
1%Rh/Ce-SBA-15 (Ce/Si=1/20) 7.25 585.8 69.3 0.708 0.92
1%Rh/Ce-SBA-15 (Ce/Si=1/10) 7.11 557.2 64.8 0.649 1.16
1%Rh/Ce-SBA-15 (Ce/Si=1/5) 6.94 530.5 62.9 0.605 0.98
1%Rh/Ce-SBA-15 (Ce/Si=1/1) 3.56 468.6 58.8 0.519 1.11

2 From H,-TPD analysis.
> From XPS analysis.
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Fig. 8. Rh 3d XP spectra of 1%Rh/Ce-SBA-15 series catalysts at different Ce/Si molar
ratio.

surface of catalyst support [61]. As a result, H, consumption peaks
can be used to indicate the mobility of surface oxygen over catalyst
supports. Similar observation has been reported by some
researchers over CeO, and Y,03 supports [60-62].

With the increase of Ce/Si molar ratio from O to 1/20, the H,-
TPR peaks of partially-reduced supports shift from 370 °C to a
lower temperature of around 330 °C, indicating that the surface
oxygen species on 1%Rh/Ce-SBA-15 with Ce/Si = 1/20 have higher
mobility and activity than those on 1%Rh/Ce-SBA-15 with Ce/
Si = 1/40 and 1%Rh/SBA-15. This result suggests that an increase in
the amount of incorporated Ce into the mesoporous framework of
SBA-15 could promote the mobility and activity of surface oxygen
species due to the redox property of Ce (Ce*" — Ce®**) and the
formation of oxygen vacancy [63-66].

3.6. XPS analysis of 1%Rh/Ce-SBA-15 based catalysts

Fig. 8 shows Rh 3d XPS spectra of a series of reduced 1%Rh/Ce-
SBA-15 based catalysts. Two peaks observed at around 307.2 eV
and 312.2 eV are assigned to Rh (3ds;) of Rh® and Rh (3d3,3) of Rh®
[58,67]. For pure Rh metal foil, the XPS peaks of Rh(3ds,,) and
Rh(3d3;) exhibit at 307.0 eV and 311.8 eV, respectively [58,67,68].
The slightly higher binding energies of the reduced 1%Rh/Ce-SBA-
15 than that of the Rh metal foil is attributed to the presence of a
small amount of slightly oxidized Rh species on Ce-SBA-15 support
[69].

Fig. 8 also shows that the measured Rh (3ds,,) and Rh (3d3,) of
Rh® binding energies at Ce/Si=0, 1/40, and 1/20 are almost
unchangeable; therefore the XPS result is in good agreement with
the H,-TPR results which show that the chemical state of
supported Rh species is not affected by the Ce-SBA-15 supports
with Ce/Si ratio from 0 to 1/20.

With the increase of Ce content in SBA-15 from Ce/Si = 1/20 to
1/1, Fig. 8 shows that both the binding energies of Rh (3ds,,) and Rh
(3dsjz) of Rh shift to slightly lower binding energies. This
phenomenon implies that a higher amount of Rh® species have

Table 2
Conversion of CO, over 1%Rh/Ce-SBA-15 series catalysts.
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Fig. 9. Effect of catalyst supports on hydrogen production rate over a series of 1%Rh/
Ce-SBA-15 based catalysts (molar ratio of C,HsOH/CO, =1:1, GHSV = 15594 h™ ).
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Fig. 10. Mole percentage of gas products over 1%Rh/Ce-SBA-15 (Ce/Si = 1/20, molar
ratio of C;Hs0H/CO, = 1:1, GHSV = 15594 h™ 1)

been formed on SBA-15 after reduction, consistent with the H,-
TPR results. When the Ce/Si molar ratio is increased from 1/20to 1/
1, Fig. 7 shows that not only the amount of H, consumption
increases, as attributed to the reduction of a higher amount of Rh
species, but also the H,—-TPR peaks of Rh species shift from 120 °C
to 140 °C, as attributed to the decrease of the dispersion of Rh
species (Table 1) [50,51,40,53,70].

3.7. Activity test

Fig. 9 shows the hydrogen production rate for CO, reforming of
ethanol over a series of 1%Rh/Ce-SBA-15 based catalysts. An
increase of reaction temperature generally yields higher hydrogen
production rate over these catalysts because CO, reforming of
ethanol is an endothermic reaction which causes higher yield of H,
at higher temperature. Among these catalysts, 1%Rh/Ce-SBA-15

Sample Conversion of CO,
550°C 600°C 650°C 700°C 750°C 800°C

1%Rh/Ce-SBA-15 Ce/Si=0 0.14 0.53 0.48 0.62 0.65 0.71
1%Rh/Ce-SBA-15 Ce/Si=1/40 0.19 0.52 0.5 0.64 0.69 0.75
1%Rh/Ce-SBA-15 Ce/Si=1/20 0.2 0.57 0.53 0.68 0.76 0.83
1%Rh/Ce-SBA-15 Ce/Si=1/10 0.23 0.49 0.54 0.62 0.64 0.78
1%Rh/Ce-SBA-15 Ce/Si=1/5 0.15 0.24 0.35 0.44 0.48 0.59
1%Rh/Ce-SBA-15 Ce/Si=1/1 0.15 0.28 0.31 0.3 0.38 0.46
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Fig. 12. TEM images of 1%Rh/Ce-SBA-15 Ce/Si = 1/20 after 24 h running (molar ratio of C;HsOH/CO, = 1:1, GHSV = 15594 h™!) at different reaction temperatures, (a) 600 °C,
(b) 650 °C, (c) 700 °C, and (d) 750 °C.
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(Ce/Si=1/20) catalyst is observed to give the highest H,
production rate at 550-800 °C. It was reported that the enhance-
ment of activity was due to the higher Rh dispersion in some
reactions such as N,O decomposition and partial oxidation of
methane [41,71]. Table 1 shows that the Rh dispersion over Rh/Ce-
SBA-15 catalysts (with Ce/Si from 0 to 1/20) is different from that of
Rh/Ce-SBA-15 catalysts (with Ce/Si from 1/10 to 1/1), indicating
that the decrease of Rh dispersion is the factor causing the decrease
of the catalytic performance of Rh/Ce-SBA-15 catalysts with Ce/Si
molar ratio from 1/10 to 1/1 for CO, reforming of ethanol. Based on
these results, the mobility of surface oxygen species and Rh
dispersion over catalyst support are both found to play important
roles in achieving high catalytic performance [62,72-74].

The increase of the catalytic activity of 1%Rh/Ce-SBA-15, with
Ce/Si molar ratio increasing from 0 to 1/20 for CO, reforming of
ethanol is attributed to the increase of the amount of Ce
incorporated into the SBA-15 framework, which enhances the
mobility of surface oxygen species due to the redox property of Ce
(Ce** — Ce®*) and the formation of oxygen vacancy [63-65]. When
the Ce/Si molar ratio is further increased from 1/20 to 1/1, the
catalytic activity of 1%Rh/Ce-SBA-15 catalyst decreases due to the
decrease of Rh dispersion which causes the decrease of catalytic
activity [41,71]. As a result, the optimal Ce/Si molar ratio for the
highest hydrogen production rate is 1/20.

Fig. 10 shows the mole percentage distribution of gas
products produced from CO, reforming of ethanol over 1%Rh/
Ce-SBA-15 (Ce/Si = 1/20) catalyst. The amount of minor products
(CH4, CoHy, and CyHg) is close to zero, indicating that main
reaction of CO, reforming of ethanol (Eq. (1)) is dominant at the
temperature range of 550-800 °C. With the increase of reaction
temperature from 600 °C to 650 °C, the hydrogen production rate
drops significantly because the dehydration reaction, which is a
side reaction, is promoted at this temperature and thus increases
the mole percentage of CyH, (Figs. 9 and 10). Since this
dehydration reaction does not produce hydrogen (Eq. (3)),
hydrogen production rate decreases at higher temperature
[14,15]. Similar catalytic behavior has also been reported over
the decomposition of ethanol (Eq. (7)) by Szchenyi and Solymosi
[15]. It is worth to note that at the reaction temperature higher
than 650 °C, the molar ratio of H,/CO is between 0.9 and 1.2,
which is suitable for the production of liquid hydrocarbons or
oxygenated hydrocarbons [11,12]. Furthermore, Table 2 shows
that the CO, conversion generally increases with the increase of
reaction temperature and the 1%Rh/Ce-SBA-15 (Ce/Si=1/20)
catalyst has the highest conversion of CO, (about 75%) at around
700-750 °C during CO, reforming of ethanol (with CO,/ethanol
molar ratio =1).

3.8. Stability test

Fig. 11 shows the catalytic stability of the 1%Rh/Ce-SBA-15 (Ce/
Si = 1/20) catalyst during the CO, reforming of ethanol for 24 h. The
mole percentage of gas products (such as Hj, CO, C;Hy, CoHg and
CH,) is almost constant on stream at 600 °C, 650 °C, 700 °C and
750 °C. The 1%Rh/Ce-SBA-15 (Ce/Si = 1/20) catalyst has the highest
hydrogen production yield at 700 °C and 750 °C. Furthermore, as
the reaction temperature increases, CO, conversion increases and
H,/CO molar ratio approaches to about 1.

Fig. 12 displays the TEM images of the 1%Rh/Ce-SBA-15 (Ce/
Si=1/20) used catalyst. It can be seen that the hexagonal
mesopores of SBA-15 of the used catalyst are still kept intact,
even after these catalysts have been used in CO,-ethanol
reforming reaction for 24 h at 600 °C, 650 °C, 700 °C and 750 °C.
This result shows that the 1%Rh/Ce-SBA-15 (Ce/Si = 1/20) catalyst
is a potential commercial catalyst for CO, reforming with ethanol
to produce syngas and hydrogen.

4. Conclusions

CO, reforming of ethanol has been used successfully to produce
syngas or hydrogen over Rh/Ce-SBA-15 catalysts. The mobility of
surface oxygen species and Rh dispersion over Ce/SBA-15 catalyst
support are both found to play important roles in achieving high
catalytic performance. The increase of catalytic activity over 1%Rh/
Ce-SBA-15 from Ce/Si = 0 to Ce/Si = 1/20 in CO, reforming of ethanol
is due to the increase of the amount of incorporated Ce into SBA-15
crystalline lattice, which promotes the mobility of surface oxygen
species. The optimal Ce/Si molar ratio for the highest hydrogen
production rate is 1/20. The hexagonal mesopores of Ce/SBA-15
remains intact during prolonged reaction even up to 750 °C.
Therefore, the 1%Rh/Ce-SBA-15 (Ce/Si = 1/20) catalyst is shown to
be a potential commercial catalyst for CO, reforming with ethanol to
produce syngas (with H,/CO ratio around 1) or hydrogen.
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