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Steam methane reforming performance of Ni/AL,O; composite catalysts prepared
via a hydrothermal-infiltration method
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Ni as a catalyst for steam methane reforming (SMR) was deposited on a porous AlL,O; support using a hydrothermal-
infiltration method. The SMR performance of Ni/Al,O; composites was strongly affected by the microstructural change of the
support according to the firing temperature. While there was no significant change up to 800 °C, significant grain growth and
large interfacial necking occurred after firing at 1,200 °C, resulting in a significant increase in both porosity and pore size. The
ALO; support with a large pore size and broad pore size distribution could load a relatively larger amount of Ni catalyst
during the hydrothermal-infiltration process and facilitate the diffusion of reaction gases. Therefore, the Ni/Al,O; composite
with the support fired at 1,200 °C exhibited the best SMR performance. Meanwhile, Ni catalysts were distributed evenly
throughout the porous support in the Ni/ALLO; composite prepared by the hydrothermal-infiltration method compared to that
prepared by the conventional infiltration method. Therefore, the Ni/Al,O; composite prepared by the hydrothermal-
infiltration method exhibited much better SMR performance. Moreover, no significant performance degradation was observed
at 600 °C for 100 h.
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Introduction Al,Os. Therefore, it is an important issue to distribute
the Ni catalyst evenly over the support. The infiltration
Hydrogen has attracted much attention as an method is the most widely used because the solution-
alternative energy source due to its high energy density, based process is very simple and does not need high
abundance, and eco-friendliness [1-4]. Among many temperature sintering accompanied by grain growth of
hydrogen production methods, the steam methane the catalyst [21-23]. When the porous support is
reforming (SMR) method via the reaction of methane immersed in the precursor solution of the catalyst in the
and water is well known to be cost-effective [5-7]. The infiltration method, the precursor solution penetrates
SMR reaction can be described as follows: into the pores of the support by capillary forces.
Therefore, the deposition amount and distribution of
CH,4 (g) + HyO (g) = 3H, (g) + CO (g) @) the catalyst strongly depend on the microstructure of
the support.
CO (g) + H,O (g) = H; (g) + CO;, (g) 2) Meanwhile, the hydrothermal method is a well-
known technique for the synthesis of high quality
While the first reaction is strongly endothermic, the nano-powders. The hydrothermal method is also a
second reaction, called the water-gas shift reaction, is solution-based process using an aqueous solution under
slightly exothermic [8,9]. In general, metal based- high temperature at high vapor pressure [24-28]. One
catalysts such as Ni, Co, Ru, Rh, Pd, and Pt are used to of the major advantages of the hydrothermal method is
improve the performance of the SMR process [10-16]. that nano-powders, which are not stable at elevated
While noble metal-based catalysts are expensive and temperatures, can be synthesized. Nano-powders with
have limitations in mass production and industrialization, high vapor pressures can also be produced by the
Ni has been widely used due to its low cost and high hydrothermal method with minimum loss of materials.
catalyst performance [17-20]. The compositions of nano-powders to be synthesized
A Ni catalyst for SMR is generally used in the form can be well-controlled through liquid phase or multiphase
of a composite coated on a porous support such as chemical reactions.
While the conventional infiltration method is limited by
*Corresponding author: the capillary forces of the pores, the hydrothermal method
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infiltration method, which can distribute the catalyst
evenly throughout the porous support by the driving
force of high temperature and high pressure. In this
study, Ni as a catalyst was deposited on an Al,O3
support using the hydrothermal-infiltration method.
The microstructure and SMR performance of Ni/Al,O4
composite catalysts synthesized by the hydrothermal-
infiltration method were compared with those of the
catalyst prepared by the conventional infiltration
method and commercial SMR catalysts.

Experimental Procedure

Ni/Al,O; composite catalysts were prepared using the
conventional infiltration method and the hydrothermal-
infiltration method. Ni(NO3),-6H,O (> 99.0%, Sigma
Aldrich, USA) was used for the precursor solution. De-
ionized water was used for the aqueous phase. Porous
Al,O; (Puresorb, PA-AS2, Puresphere, Korea) was used
as a support. To investigate the microstructural effect,
Al,O53 supports were sintered at 500 °C, 800 °C, and
1,200 °C. Stock solutions containing 3 M Ni were
prepared by dissolving the stoichiometric amount of
Ni(NOs),-6H,0 in de-ionized water. In the case of the
infiltration method, an Al,O; support was immersed in
the Ni-precursor solution for 1 h at room temperature,
followed by holding in a vacuum oven at 80 °C for 30
min. In the case of the hydrothermal-infiltration method,
an AlLO; support was also immersed in the Ni-
precursor solution for 1 h at room temperature and then
put into a hydrothermal autoclave reactor holding at

150 °C for 15 h. The Ni-impregnated Al,O3 supports
were dried at 100 °C for 24 h and fired at 500 °C in air
to remove organic substances and impurities, followed
by final treatment at 800 °C in a 5% H,/Ar atmosphere
to obtain Ni/Al,O3; composites.

The phases of the as-synthesized Ni/Al,O; composites
were characterized by X-ray diffraction analysis (XRD;
MAX-2500, Rigaku, Japan) using Cu (Ka) radiation.
The morphology and microstructural characterizations
were analyzed using high-resolution scanning electron
microscopy/energy-dispersive X-ray spectroscopy (HR-
SEM/EDX; SN-3000 Hitachi, Japan). The pore size and
distribution were analyzed via mercury porosimetry
analysis (Autopore IV, Micrometrics, USA), and the
SMR performance was analyzed via gas chromatography
(GC; YL6100GC, Youngin, Korea) from 300 °C to 800
°C. 10 g of Ni/Al,O3 and CH, with 20% H,0O was used
as the catalyst and reforming gas, respectively. Long-
term testing was also performed at 600 °C for 100 h to
evaluate durability and performance retention. Meanwhile,
a commercial Ni-based catalyst (HyProGen® R-70,
Clariant) was used for the SMR performance comparison.

Results and Discussion

Microstructural changes of the Al,Os support according
to firing temperature are shown in Fig. 1. The as-
received Al,O3 support had well-connected grains with
a size of 50 nm. While there was no significant change
in the microstructure after heat treatment up to 800 °C,
significant grain growth and large interfacial necking

Fig. 1. HR-SEM images of (a) the as-received Al,O; support and that fired at (b) 500 °C, (c) 800 °C, and (d) 1,200 °C.
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occurred after firing at 1,200 °C. Fig. 2 shows the pore
size distribution of the Al,O; support according to the
heat treatment, measured by the mercury porosimeter.
The calculated porosity and median pore diameter
based on the mercury porosimetry analysis are listed in
Table 1. The as-received Al,O; showed a porosity of
56.9% and a median pore diameter of 5.9 nm with a
narrow pore size distribution. Both the porosity and

Sang-Hun Lee and Ki-Tae Lee

median pore diameter increased gradually while retaining
the narrow pore size distribution as the heat-treatment
temperature increased up to 800 °C. On the contrary,
dramatic changes in median pore diameter and pore
size distribution were observed after firing at 1,200 °C.
While there is no significant change in porosity, the
median pore diameter of the support fired at 1,200 °C
was 20 times larger than that of the as-received Al,O;
support. The pore size distribution also become very
broad after firing at 1,200 °C. This behavior is due to

_ :: significant grain growth and large interfacial necking at
g 0'5' _ 1,200 °C, as shown in Fig. 1.
E =) As-racalved The surface morphologies of the Ni/Al,O; composites
5 9T ' ' ' ' prepared by the hydrothermal-infiltration method according
B ::g: _ " to the firing temperatures of the Al,O3 support are shown
£ 05 - Fired at 500°C in Fig. 3. The fine Ni particles shown in bright colors
E g:g : L] T T T
g 1.0 . ° Table 1. Porosity and median pore diameter of the Al,O3 support
= Fired at 800°C
£ 0.51 according to the firing temperature, measured by a mercury
] g:g— . ' : ' porosimeter.
o 154 — - -
© 1.0 . Firing temperature . Median pore diame-
3 5] K Fired at 1200°C “C) Porosity (%) fer (nm)
e 0 100 200 300 400 As-received 56.9 5.6
Pore size diameter (nm) 500 589 6.4
. . . . 800 60.5 9.6
Fig. 2. Pore size distribution of the Al,O; support according to
1,200 65.3 131.1

heat-treatment temperatures.

SE{L)

Fig. 3. HR-SEM images of the Ni/Al,O; composites prepared by the hydrothermal-infiltration method with (a) a non-heat-treated, (b) 500
°C heat-treated, (c) 800 °C heat-treated, and (d) 1,200 °C heat-treated Al,O5 support.
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in Fig. 3 were dispersed evenly on the Al,Os support.
In the case of the samples with the similar pore diameters
as shown in Fig. 3(a)-(c), the grain sizes of Ni particles
were similar. On the contrary, both the amount and
grain size of the Ni particles increased in the case of
the 1,200 °C heat-treated Al,O; support (Fig. 3(d)).
Basically, both the amount and size of the particles in
the infiltration technique strongly depend on the porosity
and pore size of the support because the amount of
precursor solution infiltrated into the porous support is
restricted by the pore channel. A relatively large amount
of solution was infiltrated into the Al,O; support fired
at 1,200 °C where large pores existed, as shown in Fig.
1 and Table 1. The nucleation and grain growth might
increase, resulting in the formation of Ni particles with
relatively large sizes.

The SMR performance of the Ni/Al,O; composite
prepared by the hydrothermal-infiltration method with
the Al O; support fired at various temperatures is
shown in Fig. 4. The SMR performance improved as
the firing temperature of the Al,Os; support increased.
The 1,200 °C heat-treated Al,O3 support had relatively
large pore sizes and a wide pore size distribution, as
shown in Table 1 and Fig. 2. Therefore, a relatively
large amount of Ni catalyst might be loaded into the
support, and diffusion of the reaction gas is facilitated,
resulting in the improved SMR performance.

Fig. 5 shows a comparison of the SMR performance
of the Ni/Al,O; composite according to the preparation
technique. The Ni/Al,O; composite prepared by the
hydrothermal-infiltration method showed a much higher
methane conversion ratio at the same reaction temperatures
than that prepared by the conventional infiltration
method. Moreover, the Ni/Al,O; composite prepared
by the hydrothermal-infiltration method exhibited better
SMR performance than the commercial SMR catalyst.

XRD patterns of the Ni/Al,O; composite according
to the preparation technique are shown in Fig. 6. No
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Fig. 4. SMR performance of the Ni/Al,O; composites prepared
by the hydrothermal-infiltration method according to heat-
treatment temperatures of the Al,O; support.

secondary phases except Ni and Al,O; were observed
in any of the samples. This indicates that there is no
change in phase or composition that affects SMR
performance according to the preparation technique. In
other words, the difference in the SRM performance
between the samples prepared by the conventional
infiltration method and the samples prepared by the
hydrothermal-infiltration method is mainly due to the
microstructure rather than a change in phase or
composition.

EDX analysis for the fractured Ni/Al,O; composite
was carried out to verify the amount of Ni catalysts
from surface to interior, and the elemental analysis data
are listed in Table 2. The Ni content on the surface and
inside the composite prepared by the hydrothermal-
infiltration method was similar. On the contrary, there
were much more Ni catalyst on the surface than inside
the composite prepared by the conventional infiltration
method. A schematic illustration of the Ni/Al,O;
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Fig. 5. Comparison of the SMR performance of the Ni/AL,O;
composite according to the preparation technique.
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Fig. 6. XRD patterns of the Ni/Al,O; composite according to the
preparation technique.
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Table 2. Elemental analysis based on the HR-SEM/EDS data at the surface and interior of the Ni/Al,O5; composite.

Sample Surface (Wt%) Interior (Wt%)
Ni Al O Ni content in Ni/ALL, O3 Ni Al (0] Ni content in Ni/AlL,O5
Infiltrated 39.00 34.19 26.81 37.65 12.96 48.01 39.03 12.50
Hydro-thermal 14.40 49.09 36.51 13.44 13.72 46.22 40.06 13.58

(a) (b)

° Porous Al;0, support @ Ni catalyst

Fig. 7. Schematic illustration of the Ni/Al,O; composite prepared
by (a) the conventional infiltration method and (b) the
hydrothermal-infiltration method.
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Fig. 8. Long-term stability of the Ni/Al,O; composite prepared
by the hydrothermal-infiltration method compared with the
commercial catalyst at 600 °C for 100 h.

composites prepared by the conventional infiltration
method and hydrothermal-infiltration method is shown
in Fig. 7. In the case of the sample prepared by the
hydrothermal-infiltration method, the Ni catalyst is
evenly distributed on the surface and inside the porous
support, whereas in the case of the sample produced by
the conventional impregnation method, the Ni catalyst
is mainly aggregated and distributed on the surface of
the support. Since the methane conversion reaction is
proportional to the number of reaction sites, the sample
produced by the hydrothermal-infiltration method with
Ni catalysts evenly distributed inside and outside the
support exhibited better SMR performance, as shown
in Fig. 5.

Meanwhile, Fig. 8 shows the long-term stability of
the Ni/Al,O; composite prepared by the hydrothermal-
infiltration method compared with the commercial
catalyst at 600 °C for 100 h. The Ni/Al,O; composite
prepared by the hydrothermal-infiltration method showed
a higher methane conversion ratio at 600 °C than the
commercial catalyst. Moreover, no degradation in the
SMR performance of the Ni/Al,O3; composite prepared
by the hydrothermal-infiltration method was observed
for 100 h.

Conclusions

Ni/Al,O3 composites as SMR catalysts were prepared
successfully using the hydrothermal-infiltration method
in this study. The heat-treatment temperature strongly
affected the microstructure of the Al,O; support.
Significant grain growth and large interfacial necking
occurred at 1,200 °C, resulting in an increase in porosity
and pore diameter. Therefore, the Ni/Al,O; composite
with the support fired at 1,200 °C exhibited the best
SMR performance due to a relatively large amount of
Ni catalyst loading and easy diffusion of the reaction
gas through the large pores. Moreover, the Ni/Al,Os
composite prepared by the hydrothermal-infiltration
method showed much better SMR performance than
that prepared by the conventional infiltration method
because Ni catalysts could be distributed evenly
throughout the porous support by the driving force
of high temperature and high pressure during the
hydrothermal-infiltration process. Meanwhile, the Ni/
Al,O; composite prepared by the hydrothermal-infiltration
method showed a higher methane conversion ratio at
600 °C than the commercial catalyst and no SMR
performance degradation for 100 h. In this regard, the
Ni/Al,O3; composite prepared by the hydrothermal-
infiltration method can be a promising SMR catalyst
due to its high performance and stability.
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