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Abstract

ZnO-supported Ni and Cu as well as bimetallic Co-Ni and Co-Cu catalysts containing ca. 0.7 wt% sodium promoter and prepared by the co-

precipitation method were tested in the ethanol steam-reforming reaction at low temperature (523–723 K), using a bioethanol-like mixture diluted

in Ar. Monometallic ZnO-supported Cu or Ni samples do not exhibit good catalytic performance in the steam-reforming of ethanol for hydrogen

production. Copper catalyst mainly dehydrogenates ethanol to acetaldehyde, whereas nickel catalyst favours ethanol decomposition. However, the

addition of Ni to ZnO-supported cobalt has a positive effect both on the production of hydrogen at low temperature (<573 K), and on catalyst

stability. Evidence for alloy formation as well as mixed oxides at the microstructural level was found in the bimetallic systems after running the

ethanol steam-reforming reaction by HRTEM–EELS.
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1. Introduction

The use of a renewable, non-toxic biomass-derived source,

like bioethanol, to produce hydrogen is currently very

attractive. In this domain, the search for a highly effective

catalytic system for the selective steam-reforming process is of

high research interest:

CH3CH2OH þ 3H2O ! 6H2þ 2CO2

Besides noble metal-based systems, the reaction has been

studied extensively over supported Ni [1–8], Cu [6], Ni–Cu

[9,10] and Co [11–17]. From the data reported, not only the

metal phase, but also the support used has been shown to

influence the catalytic performance [18]. The steam-reforming

of ethanol involves numerous steps and usually competes with
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several parallel reactions that originate undesired products that

result in lower hydrogen yields and create difficulties for

practical applications. Undesired products like CO and CH4

must be further processed in order to be removed, with addi-

tional energy cost. On the other hand, a major concern in the

steam-reforming reaction of ethanol is the deactivation of

catalysts, which mainly takes place via carbon deposition.

Recently, we have shown that sodium addition to ZnO-sup-

ported cobalt catalysts promotes the steam-reforming of etha-

nol [15]. The promotion has been related to the increasing of H2

yield and the stability of catalysts by suppressing the deposition

of carbon. Taking into account these considerations and the

well-documented state of the art of the reaction with Ni- and

Cu-based systems, the present article reports our study of ZnO-

supported Ni and Cu catalysts as well as the effect of Ni or Cu

addition on the Na-promoted, Co-ZnO system. The catalysts

were characterised by means of X-ray diffraction (XRD), X-ray

photoelectron spectroscopy (XPS), high-resolution transmis-

sion electron microscopy (HRTEM) and electron energy loss

spectroscopy (EELS) and tested in the steam-reforming reac-

tion of bioethanol-like mixtures.
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Table 1

Chemical analysis (wt%) and BET surface areas of catalysts

Catalyst Co (%) Ni (%) Cu (%) Na (%) (m2 g�1)

10Co1Ni(Na)-ZnO 9.40 0.95 – 0.64 41.4

10Co1Cu(Na)-ZnO 9.30 – 0.93 0.78 39.7

10Co(Na)-ZnO 10.7 – – 0.78 36.2

10Ni/ZnO – 10.9 – – 47.9

10Cu/ZnO – – 10.4 – 46.8
2. Experimental methods

Bimetallic catalysts with a cobalt content of ca. 10 wt%, Ni or

Cu content of ca. 1 wt%, and sodium content of ca. 0.7 wt% were

prepared by the co-precipitation method. Precipitation was

accomplished at 313 K by the addition of a Na2CO3 solution to

Zn(NO3)2 and Co(NO3)2, and Ni(NO3)2 or Cu(NO3)2 aqueous

solutions. After ageing at 313 K for 1.5 h, the suspensions were

filtered and the filtrates washed with distilled water. The resulting

solids were then dried at 363 K overnight and calcined in air at

673 K for 12 h. Samples were reduced under hydrogen at 673 K

for 12 h and labelled as 10Co1M(Na)-ZnO (M = Ni, Cu). As

reference, a sodium-promoted cobalt catalyst, 10Co(Na)-ZnO,

was prepared similarly [15]. For comparative purposes,

monometallic ZnO-supported Ni and Cu catalysts were prepared

by impregnation from their respective nitrates on ZnO. The

support was prepared by decomposition of 3ZnO�2ZnCO3�3H2O

under Ar at 573 K. The salts were impregnated by the incipient

wetness method from aqueous solutions. Samples were dried at

373 K for 6 h, calcined at 673 K for 6 h, and reduced under H2 at

673 K. The resulting catalysts were labelled as 10M/ZnO

(M = Ni, Cu). Table 1 compiles the chemical composition

obtained by optical emission spectroscopy with inductively-

coupled plasma (ICP-OES, Perkin-Elmer Optima apparatus) and

BET surface area determined using a Micromeritics ASAP 9000

instrument of all samples. X-ray diffraction profiles were

collected at a step width of 0.028 and by counting 10 s at each step
Table 2

Catalytic performance of 10M/ZnO (M = Cu, Ni) in the ethanol steam-reforming

Catalyst T

(K)

t

(h)

Conversion

(%)

Activitya

(mol C2H5OH/mol M h)

Selectivityb (%)

H2 CO CO

10Cu/ZnO 573 2 <1 – – – –

623 4 3.0 0.17 52.4 – 0.

673 6 21.1 1.22 53.6 – 1.

673 26 18.5 1.07 52.1 – 1.

723 28 82.2 4.77 56.2 – 8.

723 48 84.1 4.88 58.6 – 9.

10Ni/ZnO 573 2 77.3 4.27 47.6 15.9 6.

623 4 100 n.a. 54.2 – 25.

673 6 100 n.a. 55.6 – 25.

673 26 100 n.a. 65.1 – 25.

723 28 100 n.a. 64.5 1.2 24.

723 48 100 n.a. 66.5 1.3 23.

C2H5OH:H2O:Ar = 1:13:70 (molar ratio); GHSV = 5000 h�1; 0.1 g of catalyst.
a n.a., Non-applied.
b Molar percentage of products (water excluded).
c Corresponds to ethanol in the reactant mixture.
with a Siemens D-500 instrument equipped with a Cu target and a

graphite monochromator. Photoelectron spectra (XPS) were

acquired with a Perkin-Elmer PHI-5500 spectrometer equipped

with an Al X-ray exciting source and a hemispherical electron

analyser. High-resolution transmission electron microscopy and

electron energy loss spectroscopy was performed with a JEOL

JEM 2010F instrument working at 200 kV and equipped with a

field emission source. Catalytic studies of ethanol steam-

reforming were performed at atmospheric pressure in a U-shaped

quartz reactor (5 mm internal diameter). 0.1–0.2 g of catalyst

were charged and diluted with inactive SiC, giving a catalyst bed

volume of 0.6 ml. A constant mixture of C2H5OH:H2O = 1:4 (v/

v) (C2H5OH:H2O � 1:13 molar basis, HPLC purity grade) was

supplied by a Gilson 307 Piston Pump and vaporised at 453 K.

The temperature of the catalyst was first raised under Ar to that of

the first temperature tested, and then the Ar stream was mixed

with the C2H5OH + H2O mixture ((C2H5OH + H2O):Ar = 1:5

molar basis). The GHSV was 5000 h�1 in all cases. At the end of

the catalytic tests, the flow of C2H5OH + H2O was stopped and

the catalysts were cooled under Ar stream and stored for

characterisation. The analysis of the reactants and all the reaction

products was carried out on-line by gas chromatography as

described previously [12]. The detection limit of CO was ca.

20 ppm. Response factors for all products were obtained with

appropriate standards before and after each catalytic test. The

selectivity of the products was calculated on the basis of molar

percentage of each product evolved (water excluded) with

respect to the total moles of products formed.

3. Results and discussion

3.1. Monometallic catalysts

In this section, we evaluate the catalytic behaviour of

monometallic ZnO-supported nickel and copper catalysts, and

discuss their bulk structural characteristics from X-ray
reaction

mol H2/mol

EtOHc

mol CO2/mol

EtOHc

2 CH4 C2H4 C3H6 CH3CHO Me2CO

– – – – – – –

3 – 3.1 – 44.2 – 0.03 0.00

1 – 3.2 – 42.1 – 0.25 0.01

5 0.1 2.4 0.1 43.3 0.5 0.20 0.01

3 0.5 1.9 0.5 24.8 7.8 1.06 0.16

0 1.2 0.9 0.4 23.0 7.0 1.23 0.19

3 15.3 0.1 – 14.7 – 1.09 0.14

0 20.7 0.2 – – – 2.35 1.09

0 19.4 – – – – 2.50 1.12

0 9.9 – – – – 3.73 1.43

0 10.2 – – – – 3.64 1.35

8 8.4 – – – – 3.96 1.42
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diffraction profiles recorded before and after reaction. Catalytic

results are compiled in Table 2.

Under the reaction conditions used, 10Cu/ZnO material is a

poor catalyst. Below 723 K, ethanol conversion is less than

20% and the main product besides hydrogen is acetaldehyde,

thus indicating that it behaves as a dehydrogenation catalyst,

favouring the reaction:

CH3CH2OH ! CH3CHO þ H2

In contrast, 10Ni/ZnO is a very active catalyst and full

ethanol conversion is achieved already at 623 K. However,

products are almost exclusively H2, CO2 and CH4. This seems

to indicate that the decomposition reaction of ethanol over this

catalyst is clearly favoured:

CH3CH2OH ! CH4þH2þCO

and the large excess of water present in the bioethanol-like

mixture used favours the water gas shift reaction (WGSR), at

least up to 723 K:

CO þ H2O ! H2þCO2

Also, at higher temperatures there is a decrease of methane

selectivity which could be related to the concurrence of

additional reactions such as:

CH4þH2O ! 3H2þCO

Concerning the structural characteristics of catalysts, Fig. 1

shows the X-ray diffractograms recorded for the 10Cu/ZnO

catalyst before and after the reduction treatment as well as after

the catalytic test. Before reduction (Fig. 1a), diffraction peaks

due to the CuO phase appear at 35.5, 38.9, 48.8, 58.3 and 61.78.
After reduction at 673 K (Fig. 1b), all the diffraction peaks of
Fig. 1. X-ray diffraction profiles of sample 10Cu/ZnO before reduction (a),

after reduction at 673 K (b), and after ethanol steam-reforming (c). (&) ZnO;

(~) CuO; (*) Cu.
CuO disappear and new peaks appear at 42.9 and 49.88 which

correspond to Cu alloyed with Zn. However, after the reaction

test at 723 K (Fig. 1c), the diffraction lines at 43.3 and 50.38
indicate that metallic Cu is the dominant crystalline phase

visible by X-ray diffraction, although some minor amount of

Cu–Zn alloy is still visible. There are no diffraction peaks

corresponding to Cu oxides.

The X-ray diffractogram recorded for the 10Ni/ZnO catalyst

before the reduction treatment (Fig. 2a) shows the presence of

the NiO phase (peaks at 37.2 and 43.28). After the reduction

treatment at 673 K (Fig. 2b), several Ni–Zn alloys develop

(lines at 43.7, 44.2, 46.9 and 51.28) and there are still diffraction

lines due to NiO. However, the diffractogram recorded after the

catalytic test at 723 K (Fig. 2c) only contains diffraction lines of

metallic nickel at 44.5 and 51.98.

3.2. Bimetallic catalysts

The catalytic results obtained from ethanol steam-reforming

tests performed over the ZnO-supported and Na-promoted

bimetallic Co-Cu and Co-Ni catalysts are compiled in Table 3.

For comparative purposes, Table 3 also contains a summary of

the catalytic performance of 10Co(Na)-ZnO catalyst which has

been previously reported in detail [15]. The temperature of the

catalytic tests has been raised from 523 up to 723 K and, after

that, decreased down to 523 K in order to check for catalyst

deactivation. There is a clear improvement in the catalytic

performance of the 10Co1Ni(Na)-ZnO and 10Co1Cu(Na)-ZnO

catalysts with respect to the monometallic 10Ni/ZnO and 10Cu/

ZnO, respectively, both in terms of activity and selectivity to

reforming products (see Tables 2 and 3). On the other hand, the

most remarkable effect of the addition of nickel to cobalt with
Fig. 2. X-ray diffraction profiles of sample 10Ni/ZnO before reduction (a), after

reduction at 673 K (b), and after ethanol steam-reforming (c). (&) ZnO; (~)

NiO; (*) Ni.
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Table 3

Catalytic performance of 10Co1M(Na)-ZnO (M = Cu, Ni) in the ethanol steam-reforming reaction

Catalyst T

(K)

t

(h)

Conversion

(%)

Activitya (mol C2H5OH/mol

(Co + M) h)

Selectivityb (%) (mol H2/mol

EtOH)c

(mol CO2/mol

EtOH)c

H2 CO CO2 CH4 C2H4 CH3CHO

10Co1Cu(Na)-ZnO 523 2 3.9 0.23 51.2 – – – – 48.8 0.04 –

573 4 74.1 4.36 70.8 – 23.7 2.8 0.3 2.3 3.29 1.10

573 24 74.3 4.37 70.8 – 23.9 3.1 0.1 2.1 3.35 1.13

623 26 100 n.a. 72.2 – 25.0 2.8 – – 5.19 1.80

673 28 100 n.a. 73.0 – 24.9 2.1 – – 5.41 1.85

723 30 100 n.a. 73.2 0.2 24.9 1.7 – – 5.46 1.85

723 50 100 n.a. 73.4 – 25.0 1.5 – – 5.53 1.88

573 52 70.2 4.14 70.9 – 23.2 2.4 – 3.5 3.05 1.00

523 54 5.4 0.32 50.6 – – – – 49.4 0.06 –

10Co1Ni(Na)-ZnO 523 2 4.1 0.24 50.4 – – – – 49.6 0.04 –

573 4 89.9 5.23 68.1 – 25.0 6.9 – – 3.84 1.41

573 24 91.0 5.29 68.3 – 25.0 6.7 – – 3.93 1.43

623 26 100 n.a. 64.5 – 25.1 10.5 – – 3.63 1.41

673 28 100 n.a. 67.5 – 24.9 7.6 – – 4.15 1.53

723 30 100 n.a. 60.5 1.0 23.9 14.6 – – 3.07 1.21

723 50 100 n.a. 66.2 – 25.0 8.8 – – 3.92 1.48

573 52 90.8 5.29 67.9 – 25.0 7.1 – – 3.84 1.41

523 54 7.4 0.43 46.8 – – 3.2 – 50.0 0.07 –

10Co(Na)-ZnOd 523 2 1.4 0.08 50.4 – – – – 49.6 0.01 –

573 4 66.3 3.73 73.0 – 24.4 1.2 – 1.5 3.39 1.13

573 24 66.5 3.74 73.1 – 24.2 1.1 – 1.6 3.41 1.13

C2H5OH:H2O:Ar = 1:13:70 (molar ratio); GHSV = 5000 h�1; 0.1 g of catalyst.
a n.a., Non-applied.
b Molar percentage of products (water excluded).
c Corresponds to ethanol in the reactant mixture.
d Data from Ref. [15].

Table 4

Surface atomic ratios from X-ray photoelectron spectroscopy of several cat-

alysts as prepared and after ethanol steam-reforming

Catalyst Coat/Znat Naat/Coat Mat/Coat
a DCb

Before After Before After Before After

10Co(Na)-ZnO 0.30 0.24 1.09 0.97 – – 0.33

10Co1Ni(Na)-ZnO 0.26 0.24 0.97 1.10 0.19 0.17 0.20

10Co1Cu(Na)-ZnO 0.32 0.36 0.97 1.05 0.17 0.12 2.41

a M = Ni, Cu.
b (Cat/Coat)after reaction � (Cat/Coat)before reaction.
respect to monometallic cobalt-based catalyst is an increase in

activity values at low reaction temperatures (523 and 573 K),

which results in a higher yield of hydrogen production: 3.9 mol

H2 per mol EtOH versus 3.4 mol H2 per mol EtOH introduced

for 10Co1Ni(Na)-ZnO and 10Co(Na)-ZnO after 24 h on stream

at 573 K, respectively (Table 3). The activity of catalyst

10Co1Cu(Na)-ZnO is also higher than that of 10Co(Na)-ZnO,

but the poorer selectivity to reforming products of the former

results in a similar production of hydrogen for both catalysts.

Concerning the stability of the bimetallic catalysts, when the

sample 10Co1Cu(Na)-ZnO has been held for 20 h at 723 K,

there is a decrease in the activity at 573 K in comparison with

the initial value at this temperature (Table 3), whereas no

deactivation occurs over the 10Co1Ni(Na)-ZnO catalyst after

the same treatment. In fact, the deactivation for 10Co1Ni(Na)-

ZnO is even lower than that reported for 10Co(Na)-ZnO [15].

The deactivation of 10Co1Cu(Na)-ZnO may be related to the

build-up of carbonaceous deposits, as is illustrated by XPS

measurements (DC column in Table 4).

The X-ray diffraction characterisation of catalysts (not

shown) points to the presence of diffraction peaks due mainly to

metallic cobalt, although the possibility of alloying and the

presence of metal oxides cannot be ruled out. The character-

isation of samples by X-ray photoelectron spectroscopy before

and after ethanol steam-reforming is resumed in Table 4. It can

be deduced that the surface composition of samples before and

after reaction do not substantially differ. A slight enrichment of
copper or nickel on the surface of the catalysts is observed in the

bimetallic samples. In all cases there is a significant segregation

of sodium on surface.

In order to gain further insight into the microstructural

characteristics of the bimetallic samples after ethanol steam-

reforming, a detailed HRTEM–EELS study was performed.

Fig. 3 shows a representative HRTEM image of catalyst

10Co1Cu(Na)-ZnO along with Fourier transform images of

selected areas. Area labelled ‘a’ corresponds to the ZnO

support (lattice fringes at 2.81 and 2.48 Å for (1 0 0) and

(1 0 1) planes, respectively). The particle on top of ZnO

exhibits a complex high-resolution pattern. The Fourier

transform image of area labelled ‘b’ contains spots at 4.68

and 2.87 Å in addition to ZnO spots, which may correspond to a

Co3�xCuxO4 phase (values at 4.68 and 2.87 Å are exactly
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Fig. 3. High-resolution transmission electron microscopy image of catalyst

10Co1Cu(Na)-ZnO after ethanol steam-reforming. Fourier transform images of

selected areas labelled a, b, and c are included.
encountered for Co2.08Cu0.92O4, JCPDS-ICDD 37-0878). The

Fourier transform image of the area labelled ‘c’ contains spots

at 2.49, 2.48, and 2.07 Å. The value at 2.07 Å is in agreement

with (1 1 1) planes of metallic Co-Cu solid solutions (JCPDS-

ICDD 50-1452), whereas the spots at 2.48–2.49 Å are

unspecific and may correspond to a variety of mixed Co-Cu

oxides or even Cu oxide alone.

Fig. 4 shows a representative HRTEM image of catalyst

10Co1Ni(Na)/ZnO. Again, a quite complex lattice fringe
Fig. 4. High-resolution transmission electron microscopy image of catalyst

10Co1Ni(Na)-ZnO after ethanol steam-reforming. The EEL spectrum and

Fourier transform image of the circled area are included.
pattern is observed for the particles on ZnO. The insets of Fig. 4

correspond to the electron energy loss spectrum and Fourier

transform image of the marked area. From EELS it is deduced

that cobalt and nickel are both present in the area encircled.

Spots in the Fourier transform image at 4.70 Å can be explained

by the presence of (1 1 1) planes of a Co-Ni oxide with Fd3m

space group (Co1.29Ni1.71O4; JCPDS-ICDD 40-1191), and

those at 4.05 Å correspond to (0 0 1) planes of hexagonal

metallic cobalt. Finally, spots at 4.63–4.65 and 4.86 Å are again

unspecific, but point to the presence of Co-Ni mixed oxides.

The characterization results point to the formation of

Co3�xMxO4 mixed oxide particles (M = Ni, Cu) after the

calcination of catalysts, these particles may evolve to metallic

aggregates containing Co-M solid solutions after reduction.

4. Conclusions

Neither copper nor nickel alone supported on zinc oxide

appear as appropriate catalysts for the steam-reforming of

bioethanol under desired low temperature conditions for

hydrogen production. Over the copper sample dehydrogenation

of ethanol into acetaldehyde occurs but the reforming reaction

does not further progress significantly into H2 and COx. On the

other hand, over the nickel sample the decomposition reaction

of ethanol to CH4 and COx is favoured. Only at high

temperature can the methane production be lowered through

steam-reforming. The yield of H2 production is improved over

ZnO-supported, Na-promoted Co-Ni sample with respect to Co

catalysts at low temperatures due to an increase of catalytic

activity. No significant improvement is observed over a similar

Co-Cu sample. Mixed oxides and as well as metallic solid

solutions are present at the nanoscale level after ethanol steam-

reforming.
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