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Co-doped LaAlOs; nanoparticles with partial reduction were applied as a catalyst to ethanol steam reform-
ing. Co-doped LaAlOs; nanoparticles were prepared using chemical solution deposition. The Co compo-
nent was generated on the nanoparticle surface by a partial reduction process. The estimated H, yield
of the ethanol steam reforming process was changed by altering the reduction conditions, although

the surface areas of the reduced nanoparticles were almost equal. The highest H, yield was attained at
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943 K reduction temperature. The calculated H, yield and the conversion ratio were, respectively, 78%
and 99%. Reaction bi-products during steam reforming were measured to elucidate the change of the
H, yield with the reduction temperature.

© 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights

reserved.

1. Introduction

Steam reforming is an important process to produce hydrogen
for fuel cell units. In general, methane steam reforming is used
commercially for hydrogen generation. In contrast, steam reform-
ing using other hydrocarbons such as alcohol [1-3], toluene [4,5],
and glycerol [6] present difficulties related to the catalyst. For
example, Ni loaded Al,03 (Ni/Al,053) catalyst is the major catalyst
for methane steam reforming process. However, if Ni/Al,O3 cata-
lyst is applied to ethanol steam reforming, then carbonaceous
materials deposit on the Ni/Al,O3; catalyst surface [7], thereby
decreasing the catalytic activity. To suppress this phenomenon,
perovskite materials have received much attention for use as a cat-
alyst for steam reforming because perovskite catalysts exhibit
stable activity with high resistance to coking in partial oxidation
of hydrocarbon [8-10]. Therefore, many researchers have reported
perovskite catalyst effects on catalytic activity during steam
reforming. Some reports of the relevant literature describe investi-
gations of perovskite catalysts with small surface area and low dis-
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persibility of the metal catalyst, such as Ni and Co, on the
perovskite because the perovskite material surface is flat [11].

In our earlier research, Ni-doped LaAlOs; (LAO) catalyst with
partial reduction process was applied to mitigate low dispersibility
of the metal catalyst component on the perovskite [10]. Results
show that Ni-doped LAO catalyst has high H, yield compared with
that of the Ni-loaded LAO catalyst produced using a conventional
impregnation process. We confirmed sintering of the generated
Ni component during steam reforming because we were unable
to control the amount of Ni component by H, reduction (partial
reduction process). The surface area and the inside of the particles
were reduced by partial reduction processes, resulting in a large
amount of the generated Ni component sintered during the steam
reforming process. Here, Co in the perovskite structure (LaCoOs3) is
known as the only slightly reducible metal compared with Ni in
the perovskite structure (LaNiOs) [12]. Therefore, we expected that
the surface area of the Co component (small amount of Co compo-
nent) reduced by the partial reduction process, resulting in a highly
dispersed Co component on the perovskite catalyst. Based on the
assumption described above, Co-doped LAO catalyst was applied
in this study as the catalyst for ethanol steam reforming. Further-
more, effects of the reduction conditions on the catalytic activity of
the Co-doped LAO catalyst with the partial reduction process were
investigated.

0921-8831/© 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights reserved.
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2. Experimental procedure
2.1. Particle preparation

Co-doped LAO nanoparticles with La(Alg5Cog5)03 composition
were prepared by chemical solution deposition. Lanthanum nitrate
hexahydrate, aluminum iso-propoxide, and cobalt acetate tetrahy-
drate were selected as the starting reagents. First, lanthanum
nitrate hexahydrate and cobalt acetate tetrahydrate were dried at
423 K for 1h to remove the hydrate. Subsequently, lanthanum
nitrate was dissolved into 2 methoxymethane at room tempera-
ture. Nitric acid was added to the lanthanum precursor solution
with [HNOs]/[La] = 1.5 to adjust pH of the precursor solution. Alu-
minum iso-propoxide and cobalt acetate were dissolved separately
into 2-methoxyethanol at 423 K for 2 h. Subsequently, aluminum
and cobalt precursor solutions were mixed at 273 K for 2 h. Finally,
a lanthanum precursor solution and aluminum-cobalt precursor
solution were mixed at 273 K for 2 h to obtain La(Aly5Cog5)03 pre-
cursor solution. The precursor particle was obtained using conven-
tional evaporation using the prepared precursor solution. Pre-
annealing and annealing were conducted, respectively, at 673
and 1073 K for 3 h.

Furthermore, LaCoO3 (LCO) and LAO were prepared using chem-
ical solution deposition to estimate the thermal decomposition of
the easily reducible part and the nondeductible part. The starting
reagents and the experimental procedures were almost identical:
LCO precursor solution was prepared by mixing of the La and Co
precursor solutions. By contrast, LAO precursor solution was pre-
pared by mixing of La and Al precursor solutions. The pre-
annealing and annealing were also conducted under the same
conditions.

2.2. Particle characterization

The crystal size and the phase were estimated using X-ray
diffraction (XRD, D8 Advance; Bruker AXS GmbH) with copper
Ko radiation. XRD patterns were collected using the step scan
mode with 0.02° of step width and 5 s of step time. In addition,
the (200) plane of the obtained sample was estimated with
0.01° of step width and 10 s of step time to compare the respective
peak positions of Co-doped LAO and undoped LAO. The obtained
XRD patterns were fitted by a Voigt function to clarify the full
width at half maximum and the peak position. Elemental mapping
of the prepared nanoparticles was investigated using a transmis-
sion electron microscope (TEM, JEM-2100F; JEOL) with energy dis-
persive X-ray spectrometry (EDS).

The surface area of the reduced sample was estimated using the
adsorption isotherm of N, using the BET equation. After the reduc-
tion process, the adsorption isotherm N, was measured at 77 K
using a conventional high-vacuum static system.

2.3. Catalytic activity

The obtained La(Alps5Cog5)03 nanoparticles were reduced at
several conditions at 823-998 K for 1 h under H, flow (30 mL/
min) to generate metal Co on the surface. The catalytic activity of
the ethanol steam reforming process was estimated at 823 K under
atmospheric pressure in a conventional fixed bed reactor. A mix-
ture of steam, ethanol and nitrogen with a molar ratio (H,O/
C,HsOH) of 5 was introduced onto the catalyst bed at the W/F of
2.0 g-cat-h/CHsOH mol. Here, nitrogen was used as an internal
standard. The outlet gas was estimated using a gas chromatograph
(GC, GC-14B; Shimadzu Corp.) with a thermal conductivity detec-
tor (TCD) and a flame ionization detector (FID). The concentrations
of Hy, CO, CO,, and CH, in the outlet gas were determined by TCD

using an activated charcoal column for separation. Ethanol,
acetaldehyde and hydrocarbons were analyzed with FID using
TC-1 and Unipak S separation columns. The H; yield was calculated
using Eq. (1).

out

Yy = —2—— %100 (% 1
VH2 6 Fl o (%) (1)

In that equation, yu,, FA% and F%yson denote the hydrogen
yield, the flow rate of H, gas in the outlet gas, and the flow rate
of ethanol in the inlet gas. The catalytic activity test was conducted
under the same conditions as those described in our past reports
[10] to ascertain the effects of the kind of metal catalyst on the cat-
alytic activity.

3. Results
3.1. Crystal structure

The crystal structure of the prepared La(Alp5C0g5)03 nanoparti-
cles is depicted in Fig. 1. The inset presents a comparison of the (2
0 0) reflection of the prepared Co-doped LAO and the undoped LAO.
The measured XRD pattern portrays the prepared Co-doped LAO as
perovskite mono-phase. The (2 0 0) peak position shifted to a lower
angle compared with that of the undoped LAO. The lattice constant
of the LAO and LCO has been reported, respectively, as 3.791 [13]
and 3.820 [14] A. Therefore, the estimated peak shift to be lower
angle by Co doping is the reasonable result. In addition, the esti-
mated lattice constants of prepared LAO and Co-doped LAO were,
respectively, 3.794 and 3.806 A. From the result presented above,
we concluded that the Co element was doped into the B-site of
the LAO perovskite lattice.

Co-doped LAO comprises the nonreducible metal oxide (LAO)
part and the easily reducible metal oxide (LCO) part. The LCO part
is partially reduced under the reduction process to generate the
metal catalyst (Co) component on the metal oxide particles. There-
fore, the effect of the reduction temperature on the LCO decompo-
sition was estimated using XRD analysis. Fig. 2 portrays the change
in the crystal phase of the reduced LaCoO5 with different reduction
temperatures. From Fig. 2, LCO with perovskite phase was com-
pletely reduced to La,03 and Co at 773 K reduction temperature
although the thermal decomposition started from 673 K reduction
temperature. However, LAO has no thermal decomposition at 973
K reduction temperature. Based on these results, we inferred that
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Fig. 1. XRD pattern of the obtained La(Alp s, 0o 5)03 nanoparticles.
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