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This paper deals with an experimental investigation concerning steam reforming of methanol at 280, 340 and 380 �C over NiAl

and Ni (Au, Rh or Ir)Al layered double hydroxides (LDHs) derived catalysts. Incorporation of noble metal ions into the NiAl-

LDH framework was evidenced by XRD, TGA and TEM techniques. High selectivity to H2 and CO2 with less than 5% (volume)

CO and trace CH4 was observed over the NiAl-LDH catalyst. Whereas CO and H2 are major products at lower temperatures after

addition of Au, Rh and Ir to the NiAl-LDH system. They are significantly reduced with the concomitant increase in CH4 and CO2

as the temperature increased.
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1. Introduction

Methanol is a primary candidate as a hydrogen
carrier for on-board production of hydrogen for fuel-cell
generators for portable applications because of its safe
handling, low cost, high energy density and easy syn-
thesis from biomass, coal and natural gas [1]. Steam
reforming over copper-containing catalysts, especially
CuZn or CuZnAl mixed oxides, is a highly effective
conversion process (CH3OHþH2O! 3H2 þ CO2;D
H0 ¼ 49:4 kJ/mol), due to the high selectivity and
activity of Cu-based catalysts [2–5]. However, because
the Cu-based catalysts are in general very prone to
deactivation by thermal sintering, there is a need for the
development of new catalysts that are more thermally
stable for use in metal integrated membrane steam
reformer. Combining a palladium membrane with a
methanol reformer shows considerable promise for
generating high purity H2 in terms of energy efficiency,
system simplicity, and compactness [6,7]. Desired cata-
lyst characteristics include high activity and stability in
the temperature range of 300–400 �C, which is higher
than current commercial Cu-based catalysts, can
endure.

Layered double hydroxides belong to a class of
anionic clays having a hydrotalcite-like structure. The
general molecular formula can be presented as:
fM2þ

1�xM
3þ

xðOHÞ2�½A
n��x=n �mH2O, where M2+ and

M3+ are metal cations which are cross-linked through
hydroxide group and An) is a charge-compensating
anion. It is possible to synthesize hydrotalcite-like
compounds with more than two metals and two anions
[8]. We have recently conducted studies concerning the

catalytic steam reforming of methanol using as-synthe-
sized NiAl layered double hydroxide (LDH) catalysts,
which have shown relatively higher stability than com-
mercial Cu catalysts at 390 �C [9]. Unfortunately the
improved thermal stability is accompanied by a decrease
in selectivity resulting in increased levels of CO and CH4

in the product gas. So far, no reformate with high
selectivity to H2 and CO2 has been reported in the lim-
ited number of publications concerning Ni-LDH [10,11].

In the present study, we extend our investigation of
methanol steam reforming over a NiAl-LDH catalyst,
which has a different formula with our previous sample
used in [9], and its analogues with the partial substitu-
tion of Al3+ by Au, Rh and Ir cations. The performance
of these catalysts was studied at various temperatures
and a molar ratio of 1.2 of steam to methanol.

2. Experimental

2.1. Catalyst preparation

A co-precipitation technique was used to prepare the
Ni(M)Al LDHs (M = Au, Rh, Ir), in which molar
ratios of 9:0.9:0.1 for Ni/Al/M and 0.1 for (Al+M)/
(Ni+Al+M) were adopted. The syntheses were per-
formed at room temperature in air under a constant pH
of 7. 800 mL of 0.125 M K2CO3 aqueous solution and
800 mL of aqueous solution containing 0.125 M Ni
nitrate [Ni(NO3)2Æ6H2O], 0.0125 M Al nitrate [(NO3)3Æ
6H2O] and 0.00139 M M3+ chloride [HAuCl4ÆH2O,
HIrCl4ÆxH2O, RhCl3ÆxH2O, respectively] were simulta-
neously added drop-wise into 800 mL distilled water
under vigorous stirring. After addition of all reagents,
the precipitates formed were further aged for 1 h under
continuous stirring, then filtered, washed with distilled
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water, re-slurried for another hour and then re-filtered,
washed and dried at 70 �C for 22 h. Finally, the dried
precursor was calcined in air at 400 �C for 5 h to obtain
the catalysts.

2.2. Characterization

Elemental composition was determined by neutron
activation analysis (NAA) using a SLOWPOKE-2
reactor at half power, which produces a flux of 5� 1011

neutrons cm)2 s)1. After the sample was made radio-
active, it was counted on a Perkin–Elmer Ortec high
purity germanium detector. BET surface areas were
determined by N2 adsorption–desorption measurements
at 77 K using a Quantachrome Autosorb Automated
Gas 9Sorption System (Quantachrome Corp., USA).
Thermogravimetric Analyses (TGA) was performed on
a 2050 Model Thermogravimetric analyser (TA Instru-
ments, USA). Each sample was heated from room
temperature to 700 �C at 10 �C/min in flowing N2

(100 mL/min). X-ray diffraction was conducted with a
SCINTAG X1 diffractometer (USA) using Cu-Ka radi-
ation operated at 40 kV and 45 mA, a step size of 0.02�,
and a scan rate of 2� 2h/min from 2 to 80� 2h.
Transmission electron microscopy was carried out over
Philips CM 20 at 200 kV.

2.3. Catalytic activity measurement

Catalytic activity testing was carried out at atmo-
spheric pressure in an isothermal fixed-bed tubular
reactor that contained 0.150 g of 20� 30 mesh catalyst.
The reactant composition was 1.2:1 mol ratio water to
methanol and this deaerated solution was fed to the
reactor using a Gilson model 302 HPLC pump at a total
flow rate of 3 mL/h. The catalyst was purged with He at
200 �C overnight and then activated in situ with the
reactant stream at 200 �C for 6 h prior to reaction at
280, 340 and 380 �C, respectively. The product stream
was passed through a condenser (chilled to )4 �C) to
trap any unreacted water and methanol. The mixture of
dry gas was analysed at intervals of 2 h using a

GOW-MAC 550P gas chromatograph equipped with a
thermal conductivity detector. The carrier gas was 9
(vol.)% H2 in He that ensured that H2 peak was com-
pletely negative so that an accurate calibration could be
obtained. Separation of H2, CO, CH4 and CO2 was
accomplished using a Carbosieve-S column.

3. Results and discussion

3.1. Structural properties of the catalysts

The chemical composition and textural properties for
the four calcined catalysts are given in Table 1.
AðAl3þ þM3þÞ=ðNi2þ þAl3þ þM3þÞ atomic ratio of
>0.20 for the four samples is larger than the ratio of 0.1
used in the starting solution and the molar ratio of Ni to
(Al + M) in all samples is significantly less than that in
the starting solutions, indicating the incomplete precip-
itation of Ni2+ ions. Incomplete precipitation of Ni2+

ions may be a consequence of using a pH of 7 during
synthesis [12,13]. N2 adsorption–desorption experiments
show that all catalysts are mesoporous materials with
high surface area. Smaller pore diameter and pore vol-
ume after addition of M3+ (M = Au, Rh, Ir) suggests
the possible incorporation of M3+ into NiAl-LDH
framework.

Figure 1 displays TGA data for the four calcined
catalysts (solid lines) and their corresponding as-syn-
thesized precursors (dotted lines). For the precursors,
the curves show two principal regions where weight loss
occurs in the LDHs. The first weight loss occurs below
200 �C and corresponds to removal of interlayer water
molecules. The second weight loss occurs at tempera-
tures around 315 �C. It is ascribed to removal of
hydroxyl group from the brucite layers as water mole-
cules and the loss of interlayer carbonate anions as
carbon dioxide [14]. The calcined catalysts showed only
one small weight loss. This occurs at room temperature
and is attributed to physisorbed water, indicating the
decomposition of the layered double structure after
calcination at 400 �C.

Table 1

Chemical composition and surface areas of the four calcined catalysts

Catalysta Metal composition (atom.%)b xc Ni/(Al + M) N2 adsorption–desorption measurementsd

Me Ni Al ABET (m2/g) Rp (Å) Vp (cm3/g)

NiAl – 76.5 23.5 0.23 3.3 201.6 50.8 0.48

NiAl-Au 1.2 79.5 19.3 0.20 3.9 195.0 39.5 0.41

NiAl-Rh 2.4 76.2 21.3 0.24 3.2 213.2 37.2 0.38

NiAl-Ir 2.4 74.8 23.1 0.23 3.1 215.8 37.2 0.39

aAll catalysts were obtained by calcination of as-prepared precursors in air at 400 �C for 5 h.
bDetermined by Neutron Activation Analysis (NAA).
cx: atomic ratio of (Al + M)/(Al + Ni + M).
d The pore structure analysis was based on BJH method [22], applied on the desorption branch of the isotherms.
eM: noble metal Au, Rh and Ir.

C. Qi et al./Methanol steam reforming over layered double hydroxides-derived catalysts58



The XRD patterns of all four catalysts and their
precursors are displayed in figure 2. For all precursors,
there are six peaks for (003), (006), (012), (015), (018)
and (110)/(113) reflections, indicating the presence of a
single phase of hydrotalcite-like layered double
hydroxide (JCPDS file no. 15–87) [15]. The doublet
peaks corresponding to (110) and (113) reflections did
not separate clearly in our case. All calcined catalysts
show a poorly crystalline NiO, evidenced by three
peaks at 2h of 37.2, 43.3 and 62.9 with respect to (101),
(012) and (110) reflections (JCPDS file no. 44–1159),
respectively. Another broad and asymmetric peak
observed at 2h of 11.7 corresponds to the (003) reflec-
tions, the most intense peak for the LDHs, indicating
the partial retention of the LDH structure in the cal-
cined sample. It has been reported that the calcination
at 350–550 �C of the NiAl-LDH precursor leads to the
complete disappearance of the XRD patterns of the
LDH structure and to the appearance of the charac-
teristic patterns of mixed oxides of NiO-type [16–19]. In
our case, the appearance of (003) reflections could be a
consequence of the partial reconstruction of the cal-
cined samples because the samples were taken out of
furnace at high temperature. Reconstruction of Ni-
containing mixed oxides obtained by calcination under
hydrothermal conditions has been proven and the ease

of reconstruction depends on calcination temperature
[13,18,19].

It can be seen from the XRD patterns that the inten-
sity/sharpness of all diffraction peaks is reduced upon the
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Figure 2. XRD patterns for (a/a¢), NiAl; (b/b¢) NiAl-Au; (c/c¢), NiAl-

Rh; and (d/d¢), NiAl-Ir layered double hydroxide precursors and the

calcined catalysts.
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Figure 1. TGA data for the four calcined catalysts (solid lines) and their as-synthesized precursors (dotted lines).
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addition of Au, Rh and Ir for both precursors and the
calcined catalysts. This is consistent with many obser-
vations when a cation is substituted by another isovalent
cation having similar ionic radii [14], indicating that the
M3+ (M = Au, Rh, Ir) isomorphously substitute the
Al3+ in the LDH framework (ionic radii of Ni2+, Al3+,
Au3+, Rh3+ and Ir3+ in their octahedral coordination
are 0.83, 0.68, 0.99, 0.81 and 0.82, respectively [20]).

TEM images of the four calcined catalysts are dis-
played in figure 3. For the calcined NiAl sample (fig-
ure 3a), aggregates of fibrous particles, characteristic of
hydrotalcite-like compounds [16,21], were detected. This
suggests the retention of the general crystal morphology
of the precursor after calcination, in agreement with
previous observations [13,16,18]. The morphology of
noble-metal modified catalysts (figure 3b, c, d) was
markedly different, showing aggregates of small, irreg-
ular crystallites. Au, Rh and Ir particles are homoge-
neously dispersed in the NiAl mixed oxides. This further
confirms the introduction of noble metals into the NiAl-
LDH system.

3.2. Catalytic activity

Table 2 summarizes the catalytic performance of four
Ni-based LDH-derived catalysts in the steam reforming

reaction. It was found that NiAl-LDH catalyst was
inactive at temperature of 280 �C. However, the cata-
lytic activity increased and showed high selectivity to H2

and CO2 from 340 to 380 �C. These results compare well
with those reported by Segal et al. [10 and Velu et al.
11]. While our results show similar conversions of
methanol to their catalysts, the selectivity of our catalyst
is far superior, with no CH4 and much lower contents of
CO in the product stream. On the other side, the noble-
metal modified catalysts are more active than NiAl-
LDH one, indicated by higher conversion rates of
methanol. However, these catalysts displayed dramatic
differences in terms of product composition. CO and
hydrogen are primary products at low temperatures
(such as 280 �C). A ratio of H2 production rate/CH3OH
conversion rate of around 2 suggests that methanol
decomposition is the major reaction. As temperature
increased, significant amounts of CH4 are formed,
resulting in the virtual disappearance of CO and
appreciable reduction in H2 generation. The methanol
conversions were also appreciately enhanced. The reac-
tion of COþ 3H2 ! CH4 þH2O DH0=)206.4 kJ/mol)
is probably the source of methane production. Obvi-
ous increases in CO2 selectivity as temperatutre
increased suggested that the steam reforming of metha-
nol was accerlerated significantly at high reaction

Figure 3. TEM images of (a), NiAl; (b), NiAl-Au; (c), NiAl-Rh; and (d), NiAl-Ir LDH-derived catalysts.
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temperature, leading to a higher partial pressure of H2

and further kinetically increasing the rate of the
methanation reaction, a thermodynamically unfavorable
reaction.

4. Conclusions

Ni-based catalysts derived from NiAl-layered double
hydroxides with or without modification of noble metals
like Au, Rh, and Ir were synthesized by co-precipitation
method and investigated in the steam reforming of
methanol at relatively high temperatures. Noble metal
ions were evidenced to be incorporated into NiAl-LDH
framework, showing the textural features of LDHs as
checked by XRD, TGA and TEM technique. The cat-
alyst without modification presented high selectivity to
CO2 and H2, therefore largely reducing the risk of
deterioration in the efficiency and lifetime of metal
permeable membranes due to the high amount of CO in
the reformate [23,24]. This catalyst shows the potential
to be used in the integrated-membrane reactor for the
methanol steam reforming in the temperature range
300–400 �C. Partial substitution of Al by Au, Rh or Ir
considerably catalyzes the methanation reaction at
higher temperatures. Methane is undesirable byproduct
in methanol-steam reforming for the purpose of pro-
ducing H2, because the production of CH4 drastically
reduces the H2 yield. These catalysts would likley not be
suitable for fuel-cell hydrogen production from metha-
nol.
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