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1. Introduction

Hydrogen production by steam reforming (SR) of ethanol has
recently attracted wide attention because of the increasing
concern in effective utilization of bio-ethanol and the potential
application in fuel cells. To date, most studies have focused on
supported Ni [1–4], Co [5–7], Ir [8], and Rh [9] catalysts for SR of
ethanol, operated at relative higher temperatures, typically 600–
800 8C. Among them, Ir and Rh catalysts show the most effective
and promising performance with respect to ethanol conversion
and hydrogen productivity. However, the high cost of noble metals
limits their practical applications.

Among the non-precious metals, Ni catalyst is the most
favorable candidate in SR of ethanol, which exhibits adequate
activity through the strong capability of breaking the C–C bond in
ethanol, but it usually results in low-hydrogen yield because of the
formation of significant amounts of methane [1–4,10]. Meanwhile,
the Ni catalyst also suffers sever deactivation caused by the
sintering Ni particle and the heavy coke deposition during the
course of reaction. The sintering of Ni particle rapidly decreases the
activity, but it can be partially inhibited by using additional metals
such as Ag [11], Rh [12], and Cu [13–15] through the formation of
metal alloys. For example, the combination of Ni and Cu showed
higher activity and longer stability for SR of ethanol. The formation
of Ni–Cu alloy resulted in the preferential elimination of large Ni
ensembles necessary for carbon deposition [14]. On the other hand,
coke deposition is the major reason for the deactivation of Ni
catalysts during ethanol SR [3,4,10]. The Ni catalysts reported so far

for ethanol SR use metal oxides as supports to disperse the fine Ni
particles and to prevent their sintering under reaction conditions.
But the acidic and/or basic nature of the metal oxides usually
favors the dehydration of ethanol to ethylene and its oligomeriza-
tion [4,10], which is largely contributed to the formation of carbon
in ethanol SR. Reforming of methane, formed by the decomposition
of ethanol, also produced significant amounts of carbon, especially
at temperatures above 400 8C [16,17]. Additionally, the Boudouard
reaction that is thermodynamically favored below 700 8C may
convert the produced CO into carbon as well [18]. Although not all
of the deposited carbon causes the loss of activity, like filamentous
carbon [10], it is generally acknowledged that the encapsulating
carbon would cause significant deactivation. Therefore, it seems
that carbon deposition is still the major difficulty to develop the
long-term stable and coke resistant Ni catalysts.

We have previously reported that unsupported fibrous nickel is
very active for methane decomposition to produce hydrogen and
carbon nanofiber [19]. In this work, we examined these Ni and Ni–
Cu catalysts for ethanol steam reforming where the formation of
coke through ethylene was eliminated due to the absence of acidic
or basic metal oxides [4,10]. The catalytic stabilities of the Ni and
Ni–Cu catalysts for ethanol SR were comparatively studied and the
coke depositions during the courses of reaction were extensively
analyzed.

2. Experimental

2.1. Catalyst preparation

The nickel hydroxide was prepared by precipitation of nickel
acetate dissolved in ethylene glycol with sodium carbonate
aqueous solution at 120 8C, as described elsewhere [19]. A mixture
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reaction intermediates like acetaldehyde and acetone are entirely converted into hydrogen and C1
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containing 0.05 mol of nickel acetate (Ni(OAc)2�4H2O) and 150 ml
of ethylene glycol (EG) was heated to 120 8C under stirring and
maintained at the same temperature for 30 min. 500 ml of 0.2 M
aqueous Na2CO3 solution were then slowly added to the Ni-EG
solution with a final pH value of about 10. The precipitate was aged
in the mother liquid for 1 h. After being filtered and washed
thoroughly with distilled water, the nickel hydroxide precipitate
was dried at 100 8C overnight and finally calcined in air at 700 8C
for 6 h, giving NiO.

The Ni0.99Cu0.01O sample was prepared with the same
procedure as that of the NiO, but a mixture of nickel and copper
acetates with a proper Ni/Cu ratio was used.

2.2. Catalyst characterization

N2 adsorption–desorption isotherms were recorded at �196 8C
using ASAP V2.02 instrument. Before the measurement, the sample
was degassed at 300 8C for 2 h. The surface area of the sample was
calculated by a multipoint Braunauer–Emmett–Teller (BET)
analysis of the nitrogen adsorption isotherm.

X-ray power diffraction (XRD) patterns were recorded using a
Rigaku D/MAX-RB diffractor with a Ni-filtered Cu Ka radiation
operated at 40 kV and 200 mA. The spectra were taken in the 2u
range of 10–808 at a scan speed of 58/min with a step interval of
0.028. In situ XRD measurements for the reductions of the NiO and
Ni0.99Cu0.01O samples were performed in a high-temperature
chamber. The sample was heated 650 8C under N2 flow, and a
5 vol% H2/N2 mixture was introduced into the chamber and kept at
650 8C for 3 h, after which the XRD patterns were recorded. The
mean crystalline sizes of NiO and Ni were calculated according to
the Scherrer equation.

Transmission electron microscopy (TEM) images were taken on
Philips Tecnai G2 Spirit microscope operated at 120 kV. Specimens
were prepared by ultrasonically suspending the sample in ethanol.
A drop of the suspension was deposited on a thin carbon film
supported on a standard copper grid and dried in air.

Temperature-programmed reduction (TPR) measurement was
performed with a conventional setup equipped with a thermal
conductivity detector. 50 mg (40–60 mesh) samples were pre-
treated at 300 8C for 1 h under N2 flow (40 ml/min). After cooling to
room temperature and introducing the reduction agent of a 5 vol%
H2/N2 mixture (40 ml/min), the temperature was then pro-
grammed to 700 8C at a rate of 10 8C/min.

Temperature-programmed hydrogenation (TPH) and oxidation
(TPO) of the deposited carbon on the catalyst were performed in U-
type quartz tubular reactor equipped with a mass spectrometer.
20 mg of the used catalysts were loaded and the sample was
heated from room temperature to 700 8C at a rate of 10 8C/min
under the flow of a 20 vol% H2/He mixture (30 ml/min for TPH) or a
20 vol% O2/He mixture (30 ml/min for TPO). The m/e intensities of
16 (CH4), 18 (H2O), 28 (CO), 28 (C2H4), 30 (C2H6), and 44 (CO2) were
monitored by the mass spectrometer. The amount of carbon
deposited on the catalyst was calculated according to the
intensities of carbon oxides.

2.3. Catalytic evaluation

Ethanol steam reforming was conducted in a continuous-flow
fixed bed quartz reactor at atmospheric pressure. 100 mg of
catalyst (40–60 mesh) was loaded and sandwiched by two layers of
quartz wool. Before the reaction, the catalyst was reduced with a
5 vol% H2/He (20 ml/min) mixture at 650 8C for 3 h. Then, the
temperature was set to 400–650 8C under N2 flow and a 50 vol%
ethanol aqueous solution (water/ethanol molar ratio of 3/1) was
fed by a micro-pump with a gas hourly space velocity (GHSV) of
6000 ml/g h. The effluent was analyzed by on-line gas chromato-

graphy equipped with a thermal conductivity detector and a flame
ionization detector. The concentrations of the products were
calculated by excluding water, that is, dry-based gas composition.
The reaction test at each temperature was conducted for 10 h,
during which no obvious deactivation was detected and the
average conversion of ethanol and the mean composition of the
product were used.

3. Results and discussion

3.1. Physical and chemical properties of the Ni catalysts

Fig. 1 shows the XRD patterns of the NiO and Ni0.99Cu0.01O
samples. Only the diffraction peaks of nickel oxide with cubic
structure (JCPDS# 4-835) were observed, and the average crystal-
line sizes of NiO were about 4 nm in both cases. There were no
diffraction peaks of CuO in the Ni0.99Cu0.01O sample probably
because of the very low content. Fig. 2 shows the TEM images of the
two samples. Clearly, the nickel oxides exhibited inter-layered
structure, and the addition of copper oxide did not alter the fibrous
shape of the NiO. The specific surface areas of the NiO and
Ni0.99Cu0.01O samples were 126 and 129 m2/g, respectively.

Fig. 3 shows the H2-TPR profiles of the oxides. The reduction of
NiO occurred at about 700 8C with a small shoulder at 320 8C,
character of fibrous nickel oxide [19]. The Ni0.99Cu0.01O sample
exhibited two hydrogen consumptions at 360 and 700 8C,
respectively. The former is due to the reduction of copper oxide,
which probably has a strong interaction with nickel oxide [20],
while the latter is attributed to the reduction of nickel oxide. This
implies that the addition of small amounts of copper oxide does
not appreciably change the reduction feature of the fibrous nickel
oxide.

Fig. 4 illustrates the XRD patterns of the Ni catalysts obtained by
reducing the NiO and Ni0.99Cu0.01O samples with hydrogen at
650 8C. Both NiO and Ni0.99Cu0.01O were fully reduced to metallic
nickel with a similar crystallite size of 11 nm. There were no
diffraction peaks of copper mainly due to the very low content and
the possible formation of Ni–Co alloy. This phenomenon is accord
with the observation in the TPR profiles that the presence of copper
oxide does not apparently modify the reduction feature of the
fibrous nickel oxide.

3.2. Steam reforming of ethanol

Fig. 5 shows the temperature dependence of the product
distribution during ethanol steam reforming over the Ni and Ni–

Fig. 1. XRD patterns of the NiO and Ni0.99Cu0.01O samples and the used Ni and Ni–Cu

catalysts for ethanol steam reforming.
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