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a  b  s  t r  a  c  t

A dual-templated  Ni–Al2O3 catalyst  (SINA)  was  prepared  by a single-step  evaporation-induced  self-
assembly  (EISA)  method  using  P123  and  ionic  liquid  as templates.  For  comparison,  a  P123-templated
Ni–Al2O3 catalyst  (SNA)  was  also  prepared  by a single-step  evaporation-induced  self-assembly  (EISA)
method  in the  absence  of ionic  liquid.  Both  catalysts  were  applied  to  the  hydrogen  production  by  steam
reforming  of ethanol.  The  effect  of  ionic  liquid  addition  on the  physicochemical  properties  and  catalytic
activities  of  the catalysts  was  investigated.  Although  both  catalysts  exhibited  a  mesoporous  structure,
SINA  catalyst  retained  higher  surface  area  and larger  pore  volume  than  SNA  catalyst.  It  was  also  revealed
that  SINA  catalyst  retained  higher  nickel  surface  area  and  higher  ethanol  adsorption  capacity  than  SNA
esoporous Ni–Al2O3 catalyst
ickel surface area
thanol adsorption capacity

catalyst.  In  the  hydrogen  production  by steam  reforming  of  ethanol,  both  catalysts  exhibited  a  stable
catalytic  performance  with  complete  conversion  of  ethanol.  However,  SINA  catalyst  exhibited  higher
hydrogen  yield  than  SNA  catalyst.  High  surface  area  and high  nickel  dispersion  of SINA  catalyst  were
responsible  for its high  hydrogen  yield.  The  addition  of ionic  liquid  as  a co-template  in  the preparation  of
mesoporous  SINA  catalyst  increased  surface  area,  nickel  dispersion,  and  catalytic  activity  of  the  catalyst.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

With increasing concerns about dependence on fossil fuel and
nvironmental problems, the need for alternative energy sources
as been emphasized [1,2]. Hydrogen has been considered as one of
he promising candidates for alternative energy carrier because of
ts non-toxicity, abundance, and high specific energy density (ca.
20.7 kJ/g) [3]. Many hydrocarbons such as gasoline, natural gas,
ethanol, propane, and ethanol can serve as a hydrogen source.
owever, most hydrogen energy is currently produced from non-

enewable natural gas through the reforming processes, which is
till based on fossil fuel system [4]. Although natural gas is the
ost common source for hydrogen production, ethanol, which is

iodegradable, renewable, and non-toxic, can serve as an attractive
ydrogen source [5].

For hydrogen production by steam reforming of ethanol, Ni-

ased catalyst such as Ni/Al2O3 has been widely used because of

ts high C C bond cleavage activity and low cost [6,7]. However,
t is known that Ni/Al2O3 catalyst experiences severe deactivation

∗ Corresponding author.
E-mail address: inksong@snu.ac.kr (I.K. Song).

ttp://dx.doi.org/10.1016/j.cattod.2015.07.041
920-5861/© 2015 Elsevier B.V. All rights reserved.
in the steam reforming of ethanol because acid sites of Al2O3 pro-
mote dehydration reaction of ethanol, forming ethylene which acts
as a coke precursor [8]. In order to develop a Ni/Al2O3 catalyst with
high catalytic activity and long term stability, there have been many
attempts to modify physicochemical properties of Ni/Al2O3 cata-
lyst. For example, alkaline oxides such as MgO  and CaO have been
added to Ni/Al2O3 catalyst in order to promote reactivity toward
water and to retard dehydration reaction by neutralizing acid sites
of Al2O3 [9]. It is also attempted that the addition of Ce and La to
Ni/Al2O3 catalyst prevents the formation of carbon filaments which
are responsible for catalyst deactivation [7]. Ni–Al2O3–ZrO2 xero-
gel catalyst has also been investigated because ZrO2 can increase
the stability of the catalyst in the steam reforming of ethanol
[10–12].

In order to improve physicochemical properties of materials,
there have been many researches on templating methods. In par-
ticular, soft templates such as surfactants have been widely used
for the synthesis of ordered mesoporous materials [13–15]. Since
the discovery of supramolecular-templated mesoporous materials

such as MCM-41 and M41S, ordered mesoporous alumina has been
successfully prepared by an evaporation-induced self-assembly
(EISA) method using P123 as a surfactant material [16–18]. Mix-
tures of templates have also been employed to achieve mesoporous

dx.doi.org/10.1016/j.cattod.2015.07.041
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2015.07.041&domain=pdf
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tructure and hierarchically porous structure. It is known that
he surfactant mixtures can form three compound models; indi-
idual micelle, compound micelle, and micelle of the surfactant
nd single surfactant of the other [19–21]. Recently, ionic liq-
ids have been used as templates to prepare microporous and
esoporous materials by taking advantage of their amphiphilic

roperty [22]. Long chain ionic liquids, which are composed of ionic
ead and organic chain, have induced self-aggregation, demon-
trating their potential usage as templates [23–26]. For example,
16mimCl  has been used as a template to prepare monolithic super-
icroporous silica with lamellar order via nanocasting technique

27,28].
In this work, a dual-templated Ni–Al2O3 catalyst was prepared

y a single-step evaporation-induced self-assembly (EISA) method
sing P123 and ionic liquid (1-hexadecyl-3-methylimidazolium
hloride) as templates. For comparison, a P123-templated Ni–Al2O3
atalyst was also prepared by a similar method in the absence
f ionic liquid. The effect of ionic liquid addition on the physi-
ochemical properties and catalytic activities of the catalysts was
nvestigated.

. Experimental

.1. Preparation of dual-templated Ni–Al2O3 catalyst

A dual-templated Ni–Al2O3 catalyst (denoted as SINA) was
repared by a single-step evaporation-induced self-assembly
EISA) method using P123 and ionic liquid as templates
ccording to the similar methods reported in the literature
16]. 2.3 g of (EO)20(PO)70(EO)20 triblock copolymer (Pluronic
123, Sigma–Aldrich) and 0.5 g of ionic liquid (1-hexadecyl-3-
ethylimidazolium chloride monohydrate, Acros) were dissolved

n anhydrous ethanol (50 ml)  at room temperature with constant
tirring for 4 h (Solution A). 4.3 g of aluminum precursor (aluminum
sopropoxide, Sigma–Aldrich) and 0.94 g of nickel precursor (nickel
itrate hexahydrate, Sigma–Aldrich) were then added into the solu-
ion A (Solution B). 4.7 ml  of nitric acid (69%) was added to the
olution B for complete homogenization and hydrolysis of metal
recursors (Solution C). The solution C was stirred for 5 h, and sub-
equently, self-assembly of micelle structure was induced through
olvent evaporation at 60 ◦C for 48 h without stirring. The resulting
olid was calcined at 550 ◦C for 5 h at a heating rate of 1 ◦C/min to
ield SINA catalyst.

For comparison, a P123-templated Ni–Al2O3 catalyst (denoted
s SNA) was prepared by a single-step evaporation-induced self-
ssembly (EISA) method in the absence of ionic liquid (C16mimCl).
.3 g of P123 was used as a template for the preparation of
123-templated Ni–Al2O3 catalyst. The remaining preparation
rocedures for SNA catalyst were identical to those for SINA
atalyst. After EISA process, the resulting solid was calcined at
50 ◦C for 5 h at a heating rate of 1 ◦C/min to yield SNA catalyst. Ni
ontent in the SNA and SINA catalysts was fixed at 15 wt%.

.2. Characterization

Textural properties of SNA and SINA catalysts were determined
y N2 adsorption–desorption experiments using a BELSORP-mini II
BEL Japan) apparatus. The Brunauer–Emmett–Teller (BET) method
as used to determine surface area of the catalysts. Nickel

ontent of the catalysts was measured by ICP-AES (ICPS-100IV,
himadzu) analyses. X-ray diffraction (XRD) experiments were

erformed by a D-Max2500-PC (Rigaku) instrument using Cu-K�
adiation (� = 1.541 Å) operated at 50 kV and 100 mA.  Temperature-
rogrammed reduction (TPR) measurements were conducted using

 conventional flow apparatus. For the TPR measurements, 100 mg
y 265 (2016) 103–110

of catalyst sample was  reduced with a mixed stream of H2
(2 ml/min) and N2 (20 ml/min) at temperatures ranging from room
temperature to 1000 ◦C with a ramping rate of 5 ◦C/min. TPR pro-
files were collected on a gas chromatograph (ACME 6000, Younglin)
equipped with a thermal conductivity detector (TCD). Transmission
electron microscopy (TEM) analyses were performed to investigate
pore structure and nickel dispersion of the catalysts using a TEM
instrument (JEM-2000EXII, Jeol). Hydrogen adsorption capacity
and adsorption strength of the reduced catalysts were measured by
H2-TPD (temperature-programmed desorption) experiments using
a BELCAT-B instrument (BEL Japan). Prior to the H2-TPD measure-
ments, 50 mg  of catalyst sample was  reduced with a mixed stream
of hydrogen (2.5 ml/min) and argon (47.5 ml/min) at 650 ◦C for 3 h.
After purging and cooling the sample to 50 ◦C under argon flow
(50 ml/min), diluted hydrogen (5% hydrogen and 95% argon) was
injected into the reduced catalyst at 50 ◦C for 30 min. Physisorbed
hydrogen was  removed under argon flow (50 ml/min) at 100 ◦C for
1 h. Furnace temperature was then increased from 50 ◦C to 1000 ◦C
at a heating rate of 5 ◦C/min under a flow of argon (30 ml/min).
The desorbed hydrogen was detected using a thermal conductiv-
ity detector (TCD). Adsorption stoichiometry of H/Ni = 1 and atomic
cross-sectional area of 6.49 × 10−20 m2/Ni-atom were assumed to
calculate nickel surface area. Ethanol adsorption capacity of the cat-
alysts was measured by performing EtOH-TPD experiments. Prior
to the EtOH-TPD experiments, 0.1 g of catalyst sample was reduced
at 650 ◦C for 3 h under a mixed flow of hydrogen (3 ml/min) helium
(30 ml/min). After purging and cooling the sample to room tem-
perature under helium flow (30 ml/min), 10 ml of ethanol vapor
(49.7% ethanol and 50.3% helium) was  pulsed into the reactor every
minute under a flow of helium (5 ml/min) until the active sites
were saturated with ethanol. Physisorbed ethanol was  removed
by evacuating the sample at 50 ◦C for 1 h under a flow of helium
(15 ml/min). Furnace temperature was  then increased from room
temperature to 900 ◦C at a heating rate of 10 ◦C/min under a flow of
helium (10 ml/min). The desorbed ethanol and carbon-containing
products were detected using a GC-MSD (6890N GC-5975MSD,
Agilent). In order to investigate carbon deposition on the used cat-
alysts, TPO (temperature-programmed oxidation) measurements
were conducted. 0.05 g of spent catalyst obtained after 1000-min
reaction was used for TPO experiments. TPO measurements were
performed using a GC-MSD (6890N GC-5975MSD, Agilent) with a
mixed stream of O2 (2 ml/min) and He (20 ml/min) at temperatures
ranging from room temperature to 900 ◦C with a ramping rate of
5 ◦C/min.

2.3. Hydrogen production by steam reforming of ethanol

A continuous flow fixed-bed reactor system under atmospheric
pressure was used to evaluate catalytic performance in the steam
reforming of ethanol over SNA and SINA catalysts. Prior to the reac-
tion, each catalyst was reduced with a mixed stream of hydrogen
(3 ml/min) and nitrogen (30 ml/min) at 650 ◦C for 3 h. After purg-
ing the reactor with nitrogen flow (30 ml/min) for 30 min, steam
reforming of ethanol was conducted at 450 ◦C for 1000 min. A liq-
uid mixture of ethanol and water (1:6 molar ratio) was constantly
fed to the inlet line by a syringe pump (US/KDS-101, KdScientific)
at a flow rate of 1 ml/h. In order to vaporize the reactant, inlet line
of the reactor was heated at 200 ◦C. Feed composition was fixed at
C2H5OH:H2O:N2 = 1:6:12.2, and total feed rate with respect to cat-
alyst weight was maintained at 25,910 ml/h g. The composition of
outlet gases was  analyzed using an on-line gas chromatograph

(ACME 6000, Younglin) equipped with a thermal conductivity
detector (TCD). Porapak N and Molecular Sieve 5A columns were
used for product separation. Ethanol conversion, hydrogen yield,
and selectivity for carbon-containing product were calculated
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e-size distributions of SNA and SINA catalysts calcined at 550 ◦C for 5 h.
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Table 1
Detailed physicochemical properties of SNA and SINA catalysts calcined at 550 ◦C
for 5 h.

Catalyst Ni content
(wt%)a

Surface area
(m2/g)b

Pore volume
(cm3/g)c

Average pore
diameter (nm)d

SNA 13.9 168 0.49 11.6
SINA 13.5 212 0.57 10.8

a Determined by ICP-AES measurement.
b Calculated by the BET equation.
c Total pore volume at P/P0 ∼ 0.995.
Fig. 1. (a) Nitrogen adsorption–desorption isotherms and (b) por

ccording to the following equations, as defined in our previous
ork [29].

thanol conversion (%) =
(

FEtOH,in − FEtOH,out

FEtOH,in

)
× 100 (1)

ydrogen yield (%) = FH2,out

3 × (FEtOH,in − FEtOH,out)
× 100 (2)

i,Carbon-containing product (%) = ni × Fi, Carbon-containing product

2 × (FEtOH,in − FEtOH,out)
× 100

(3)

. Results and discussion

.1. Physicochemical properties of catalysts
Textural properties of the catalysts were examined by
itrogen adsorption–desorption measurements. Nitrogen
dsorption–desorption isotherms of SNA and SINA catalysts
re shown in Fig. 1(a). Both catalysts exhibited type-IV isotherm

Fig. 2. TEM images of (a) SNA and (b) SINA
d Mean pore diameter.

and H1-type hysteresis loop. This indicates that both catalysts
retained a mesoporous structure with uniform pores [30]. Fig. 1(b)
shows the BJH (Barrett–Joyner–Halenda) pore size distributions of
SNA and SINA catalysts obtained from desorption branches. SNA
catalyst showed a monomodal distribution centered at around
10 nm.  On the other hand, SINA catalyst exhibited a major distribu-

tion centered at around 10 nm and a minor distribution centered
at around 3 nm.  It is inferred that mesopores at around 10 nm was
due to compound micelles of block copolymer with ionic liquid

 catalysts calcined at 550 ◦C for 5 h.
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of SNA catalyst.
Fig. 3. XRD patterns of SNA and SINA catalysts calcined at 550 ◦C for 5 h.

hile mesopores at around 3 nm was due to individual micelles of
onic liquid.

Detailed textural properties of the catalysts determined from
he isotherms are presented in Table 1. ICP-AES results showed that
ickel content of the catalysts was quite similar to the designed
alue. It was also observed that SINA catalyst retained higher
urface area, larger pore volume, and smaller average pore diam-
ter than SNA catalyst. Considering the pore size distribution, it
s inferred that large pore volume of SINA catalyst was mainly
ttributed to the increase of mesopores at around 10 nm.  On the
ther hand, high surface area of SINA catalyst was due to the
ncrease of mesopores at around 3 nm,  which interconnected large

esopores [21,31].
In order to investigate pore structure of the catalysts, TEM analy-

es were conducted. Fig. 2 shows the TEM images of SNA (Fig. 2(a))
nd SINA (Fig. 2(b)) catalysts calcined at 550 ◦C. It was  observed
hat both catalysts retained a rod-like mesoporous structure. The
od-like mesopores were formed by the removal of cylindrical
icelle assembly through thermal decomposition of micelle during

he evaporation-induced self-assembly process. Thus, the rod-like
esoporous structure was successfully formed in both catalysts via

vaporation-induced self-assembly method as attempted in this
ork [16].

.2. XRD and TPR results

XRD patterns of SNA and SINA catalysts calcined at 550 ◦C for
 h are presented in Fig. 3. Both catalysts exhibited weak crystalline
hase of NiO (solid lines in Fig. 3) but they showed no distinct crys-
alline phase of Al2O3, indicating that highly dispersed NiO was
ormed in amorphous Al2O3 structure in both catalysts. This can be
xplained by the fact that co-existence of Al2O3 and NiO can retard
rystallization during the calcination process [32].

TPR measurements were conducted to investigate the metal-
upport interaction in the SNA and SINA catalysts as presented in

ig. 4. Both catalysts retained a single reduction band at around
90 ◦C with no great difference. Considering the XRD results of cal-
ined catalysts (Fig. 3), it can be inferred that the reduction band of
Fig. 4. TPR profiles of SNA and SINA catalysts calcined at 550 ◦C for 5 h.

SNA and SINA catalysts was related to the reduction of NiO inter-
acted with Al2O3 support.

Fig. 5 shows the XRD patterns of SNA and SINA catalysts reduced
at 650 ◦C. Both catalysts exhibited diffraction peaks corresponding
to metallic Ni (solid lines in Fig. 5) but they showed no diffraction
peaks corresponding to NiO. This means that NiO species in the SNA
and SINA catalysts were completely reduced into metallic nickel
during the reduction process employed in this work. Nickel particle
size of reduced catalysts was calculated from Ni (1 1 1) peak in Fig. 5
using the Scherrer equation as listed in Table 2. It was found that
nickel particle size of SINA catalyst was  slightly smaller than that
Fig. 5. XRD patterns of SNA and SINA catalysts reduced at 650 ◦C for 3 h.
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Fig. 6. TEM images of (a) SNA and (b) SINA

Table 2
Nickel particle size of reduced SNA and SINA catalysts.

Catalyst Nickel particle size (nm)a

SNA 5.5

3
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(Fig. 8(b)) catalysts. Both catalysts showed profiles for ethanol
(m/z = 31), methane (m/z = 16), acetaldehyde (m/z = 29), carbon
monoxide (m/z = 28), and carbon dioxide (m/z = 44). Both catalysts
exhibited peaks for molecularly desorbed ethanol and acetalde-
SINA 5.3

a Calculated from Ni (1 1 1) diffraction peak in Fig. 5.

.3. Ni dispersion in the reduced catalysts

Fig. 6 shows the TEM images of SNA (Fig. 6(a)) and SINA
Fig. 6(b)) catalysts reduced at 650 ◦C. It was observed that metallic
ickel was well dispersed in the SINA catalyst, while aggregation of
etallic nickel was observed in the SNA catalyst. In addition, rod-

ike mesopores in the SINA catalyst were better conserved than
hose in the SNA catalyst. Accordingly, it can be inferred that the
ddition of ionic liquid in the preparation of SINA catalyst not only
ncreased thermal resistance of pore structure but also improved
ickel dispersion of SINA catalyst.

H2-TPD experiments were performed over SNA and SINA cata-
ysts in order to determine the nickel surface area of the catalysts.
ccording to the previous reports [33,34], hydrogen not only forms

 monolayer on the active metal but also migrates to the subsurface
ayer or undergoes spillover. For quantitative analysis, therefore,

2-TPD profiles of the catalysts were deconvoluted into three
omains as presented in Fig. 7. The amounts of H2 desorbed from
eak site (<300 ◦C) and strong site (300–600 ◦C) were calculated

rom each deconvoluted area in the H2-TPD profiles as summa-
◦
ized in Table 3. Here, the desorbed peak appearing above 600 C,

hich was attributed to hydrogen migration to subsurface layer
r spillover, was excluded in the calculation of nickel surface area.
ickel surface area was then calculated from total weak and strong

able 3
2-TPD results for reduced SNA and SINA catalysts.

Catalyst SNA SINA

Amount of H2

desorbed
(�mol-H2/g)a

Weak site (<300 ◦C) 26.2 (43.6%)b 32.8 (41.5%)b

Strong site (300–600 ◦C) 33.9 (56.4%)b 46.2 (58.5%)b

Total 60.1 79.0

Nickel surface area (m2/g-Ni)c 31.3 41.1

a Calculated from peak area of H2-TPD profiles in Fig. 7.
b Values in parentheses are percentage of each deconvoluted area in the H2-TPD

rofiles.
c Calculated by assuming H/Niatom = 1.
 catalysts reduced at 650 ◦C for 3 h.

peak areas of H2-TPD profiles. It was  observed that SINA cata-
lyst retained larger amount of hydrogen desorption and higher
nickel surface area than SNA catalyst. In particular, SINA catalyst
with higher nickel surface area retained larger amount of strong
hydrogen-binding sites. This is because the addition of ionic liquid
increased dispersion of nickel species by acting as a spacer, which
increased adsorption sites for intimate contact with nickel crystal-
lites [35]. Thus, it can be inferred that higher dispersion of nickel
particles in the SINA catalyst was  responsible for its higher nickel
surface area, in good agreement with XRD and TEM results.

3.4. Ethanol adsorption study on the reduced catalysts

In order to investigate the ethanol adsorption capacity and
reaction mechanism, EtOH-TPD measurements were conducted.
Fig. 8 shows the EtOH-TPD profiles of SNA (Fig. 8(a)) and SINA
Fig. 7. H2-TPD profiles of SNA and SINA catalysts reduced at 650 ◦C for 3 h.
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catalyst in the steam reforming of ethanol.
Detailed catalytic performance of SNA and SINA catalysts

in the steam reforming of ethanol at 450 ◦C obtained after a
1000-min reaction is summarized in Table 5. It was  revealed
Fig. 8. EtOH-TPD profiles of (a) SNA an

yde at temperature range of 150–300 ◦C. This indicates that
ehydrogenation of ethanol (C2H5OH ↔ CH3CHO + H2) via selective

 H bond cleavage of surface ethoxides occurred at low temper-
ture [36,37]. On the other hand, peaks for methane and carbon
onoxide appeared at around 280 ◦C, indicative of decomposition

f acetaldehyde (CH3CHO ↔ CO + CH4) [36,37]. Peaks for methane
ere also observed above 300 ◦C, which was caused by decompo-

ition of acetaldehyde (CH3CHO ↔ CO + CH4). Concurrently, peaks
or carbon dioxide were detected instead of carbon monoxide,
emonstrating that Boudouard reaction (2CO ↔ CO2 + C) occurred
ominantly at temperatures above 300 ◦C [38,39]. Therefore, it can
e deduced that bond breakage of ethanol on nickel active sites
ccurred in the following order; O H bond scission in adsorbed
thanol, C H bond scission in adsorbed ethoxides, and C C bond
cission in adsorbed acetaldehyde [40,41].

To determine total amount of adsorbed ethanol, the amount of
ach molecule was quantified from EtOH-TPD profiles in Fig. 8,
s summarized in Table 4. It was observed that both catalysts
etained large amount of molecularly desorbed ethanol, which was
ttributed to large ethanol adsorption capacity of Al2O3. Although
INA catalyst showed larger total amount of ethanol adsorption
han SNA catalyst, the amounts of ethanol and acetaldehyde des-
rbed from SINA catalyst were smaller than those from SNA
atalyst. This indicates that SINA catalyst retained large amount
f active sites which led to decomposition and dehydration, result-
ng in low residence time of reaction intermediates. It has been

eported that ethanol is adsorbed not only on the Lewis acid sites
f alumina support but also on the active phase of the catalyst [42].
ecause BET surface area is related to the adsorption sites of alu-
ina support and nickel surface area is related to the adsorption

able 4
tOH-TPD results for reduced SNA and SINA catalysts.

Catalyst SNA SINA

Amount of
desorption
(mmol/g)a

EtOH 0.47 0.40
CH4 0.28 0.43
CH3CHO 0.075 0.069
CO 0.23 0.23
CO2 0.38 0.50

Total amount of ethanol adsorbed (mmol/g)a 0.99 1.05

a Calculated from peak area of EtOH-TPD profiles in Fig. 8.
INA catalyst reduced at 650 ◦C for 3 h.

sites of active phase, both BET surface area and nickel surface area
are related to the ethanol adsorption capacity.

3.5. Hydrogen production by steam reforming of ethanol

Fig. 9 shows the hydrogen yields with time on stream over SNA
and SINA catalysts in the steam reforming of ethanol at 450 ◦C.
Both catalysts exhibited a stable performance without severe
deactivation due to their well-developed mesoporous structure.
Although both catalysts showed a stable performance with time
on stream, SINA catalyst exhibited higher hydrogen yield than SNA
Fig. 9. Hydrogen yields with time on stream in the steam reforming of ethanol over
SNA and SINA catalysts at 450 ◦C. All the catalysts were reduced at 650 ◦C for 3 h
prior to the reaction.
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Table  5
Detailed catalytic performance of SNA and SINA catalysts in the steam reforming of
ethanol at 450 ◦C after a 1000 min-reaction.

Catalyst Ethanol
conversion (%)

Hydrogen yield (%) Selectivity (%)

CH4 CO CO2

t
C
a
c
t
t
s
w
i
(
i
s
e
t
b
y
w

r
o
a
t
t
a
b
[
w
f
r
o

SNA 100 90.3 35.6 10.5 53.9
SINA 100 94.2 35.4 8.1 56.5

hat both catalysts showed complete conversion of ethanol.
arbon-containing compounds such as methane, carbon monoxide,
nd carbon dioxide were produced as by-products. Carbon-
ontaining compounds were formed by additional reactions during
he steam reforming of ethanol such as ethanol decomposi-
ion (C2H5OH → CH4 + CO + H2) and steam reforming of ethanol to
yngas (C2H5OH + H2O → 2CO + 4H2) [43]. Interestingly, ethylene
as not observed over both SNA and SINA catalysts. Ethylene

s an intermediate product formed by dehydration of ethanol
C2H5OH → C2H4 + H2O), which serves as a main precursor of cok-
ng. Therefore, it can be inferred that both catalysts retained high
tability in the steam reforming of ethanol because dehydration of
thanol was suppressed during the reaction over the catalysts. On
he other hand, SINA catalyst retained higher selectivity for car-
on dioxide than SNA catalyst. This indicates that higher hydrogen
ield over SINA catalyst was also attributed to higher reactivity of
ater–gas shift reaction (CO + H2O → H2 + CO2).

Fig. 10 shows the temperature-programmed oxidation (TPO)
esults of spent SNA and SINA catalysts. Major oxidation peak
f SNA catalyst appeared at 627 ◦C while that of SINA catalyst
ppeared at 598 ◦C. This indicates that carbon filaments formed on
he SINA catalyst were oxidized more easily than those formed on
he SNA catalyst. It is known that coke gasification is much favor-
ble on the catalyst with high surface area and large pore volume
ecause of pore diffusion limitation in the coke gasification reaction
44]. It was also observed that the area of TPO peak of SNA catalyst
as larger than that of SINA catalyst. This can be explained by the

act that SNA catalyst with low nickel surface area retained high

esidence time of coke precursors, which increased the probability
f coke polymerization [45,46].

Fig. 10. TPO profiles of spent SNA and SINA catalysts.
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4. Conclusions

A dual-templated Ni–Al2O3 catalyst (SINA) was prepared by
a single-step evaporation-induced self-assembly (EISA) method
using P123 and ionic liquid as templates. For comparison, a
P123-templated Ni–Al2O3 (SNA) was also prepared by a single-
step evaporation-induced self-assembly (EISA) method. The effect
of ionic liquid addition on the physicochemical properties and
catalytic activities of the catalysts was  investigated. It was
revealed that both catalysts retained a well-developed meso-
porous structure. H2-TPD experiments revealed that SINA catalyst
retained higher nickel surface area than SNA catalyst. In addi-
tion, SINA catalyst retained higher ethanol adsorption capacity
than SNA catalyst. In the hydrogen production by steam reform-
ing ethanol, both catalysts exhibited a stable catalytic performance
without severe deactivation. However, SINA catalyst showed
higher hydrogen yield than SNA catalyst. The superior cat-
alytic performance of SINA catalyst was  due to its high surface
area and high nickel dispersion. Therefore, it was  concluded
that the addition of ionic liquid as a co-template increased
surface area, nickel dispersion, and catalytic activity of SINA
catalyst.
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