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a b s t r a c t

Hydrogen production from ethanol in the presence of water (H2O/C2H5OH = 3) was investigated over
cerium nickel CeNixOy (0 < x ≤ 5) mixed oxide catalysts. The influence of different parameters was anal-
ysed, such as reaction temperature, Ni content and in situ pre-treatment in H2. While an ethanol
conversion of 100% is reached at 400 ◦C, a stable activity i.e. ethanol conversion and H2 selectivity can be
obtained at very low temperature (200 ◦C) when the solid is previously in situ treated in H2 in a temper-

◦

eria ature range between 200 and 300 C. After such a treatment, the solids studied are hydrogen reservoirs,

called oxyhydrides, with the presence of hydrogen species of hydride nature in the anionic vacancies
of the solid. Different physicochemical techniques were used to characterize the catalysts. Depending
on the composition and metal loading, a solid solution and/or a highly dispersed nickel oxide in ceria
can be obtained. Correlations among the species present in the solid, and the catalytic performances
are discussed, an active site based on the formation of anionic vacancies and a mechanism involving a

a hyd
heterolytic abstraction of

. Introduction

The potential benefits of a hydrogen economy coming from
enewable energy sources are creating a large consensus [1]. Hydro-
en has to be produced, and among renewable sources bio-ethanol
s a promising candidate since it is readily produced from fermenta-
ion of biomass and has reasonably high hydrogen content [2–10].
n theory, hydrogen production from biomass or biomass derived
iquids can be a carbon-emission free process since all carbon diox-
de produced can be recycled back to plants using solar energy.
esides, ethanol is also safe, simple to handle, transport and store,
o ethanol lends itself very well to a distributed-production strat-
gy.

A very interesting use of hydrogen is based on its conversion
nto power in fuel cell systems. The wide-spread application of fuel
ells becomes closer to reality, so increased attention is focused
n hydrogen production technologies [8–10]. Solid oxide fuel cells
SOFCs) are under development as energy production devices, they
llow the use of carbon-monoxide resistant nickel anodes and the

se of fuels different from hydrogen at the anode, in the so-called
irect internal reforming SOFC [9,10]. However the high operat-

ng temperatures undergo catalytic deactivation due to sintering of
ickel crystallites and carbon deposition. Hence, worldwide efforts

∗ Corresponding author. Tel.: +33 (0)3 20 33 77 35; fax: +33 (0)3 20 33 65 61.
E-mail address: louise.duhamel@univ-lille1.fr (L. Jalowiecki-Duhamel).
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ride species from ethanol are proposed.
© 2010 Elsevier B.V. All rights reserved.

are in progress to discover novel, more active and more stable cat-
alysts. Performing the reaction at lower temperature than 600 ◦C is
a challenging goal.

C2H5OH + 3H2O → 2CO2 + 6H2 (1)

The ideal hydrogen production by ethanol steam reforming (SR)
only generates CO2 and hydrogen (Eq. (1)). However, in reality
ethanol reaction occurs by a complex mechanism and product com-
positions are far more complicated due to the co-occurrence of
multiple reactions [2]. Noble metals have shown to have signif-
icant activity at 500–600 ◦C range, but high cost of these metals
limits their application. As a less expensive alternative, high feed-
stock and high activity, nickel catalysts have been widely studied
[3,4,6,7,10], although this metal favours coke deposition. The major
difficulty for a reforming of ethanol is the deactivation of the
catalyst due to a possible carbon deposition during ethanol decom-
position, particularly at high temperature. On the other hand, it
is known that metal-support interaction plays an important role
during the preparation step and thermal treatments, since both
of them can define the properties of final catalysts: reducibility,
resistance to thermal sintering of the active sites or metallic dis-
persion [2]. The reducibility, the catalytic activities and coking

resistant behaviors of catalysts are affected by their surface and
structural properties, so the methodology used in the preparation
can lead to the obtainment of materials with important properties
for applications in catalytic processes, such as ethanol reforming.
Moreover, carbon formation can be minimized using a support

dx.doi.org/10.1016/j.cattod.2010.03.068
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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of Ce4+ cations by Ni2+ cations inside the CeO2 lattice and inter-
preted by the formation of a cerium–nickel solid solution [14]. As
a matter of fact, the nickel ionic radius (Ni2+: 0.07 nm) is smaller
than the cerium ionic radius (Ce4+: 0.09 nm). It was reported that
L. Jalowiecki-Duhamel et al. / C

ith good redox properties, a promoter or enhancing the strong
etal-support interaction. Better catalytic performance with good

tability and high hydrogen selectivity can be expected over sup-
orts with redox properties, such as CeO2 [3–5,7,8].

Ceria, a stable fluorite-type oxide, has been studied for vari-
us reactions utilizing its particular properties, such for example,
ts redox properties, which can be further enhanced in the pres-
nce of a metal or metal oxide. In the laboratory, CeNixOy mixed
xides were largely studied because of strong interactions existing
etween Ni and Ce species inside the solid [11–14]. It was reported
hat the catalysts correspond to a solid solution with the substitu-
ion of Ni2+ ions in the CeO2 lattice when x ≤ 0.5 and when x > 0.5 to
ompounds in which crystallized NiO and solid solution can coex-
st. The size of nickel oxide varies considerably from clusters to a
rystallized material depending on the x value and the experimen-
al conditions (preparation conditions, calcination temperature,
tc.). Furthermore, depth sputtering followed by XPS analysis evi-
enced on CeNi0.5Oy, depending on whether the solid solution

s, or is not, taken into account, small particles of NiO estimated
etween 3.1 and 3.6 nm [13]. A series of reactions were proposed
ccounting for the reduction mechanism that take place in the solid
olution. Redox processes between Ce4+, Ce3+, Ni0 and Ni2+ were
emonstrated. These Ni species present the characteristic of being
ble to be reduced and reoxidized easily and reversibly allowed
y their close interaction with Ce species. Moreover, in the par-
ially reduced state anionic vacancies able to receive hydrogen, in a
ydride form, are created at the surface and in the bulk of the solid
nd a reduction mechanism based on heterolytic dissociation of H2
as proposed (O2− +�+ H2 → OH− + H− with �: anionic vacancy).
elation between the ability of the partially reduced solids for stor-

ng hydrogen, the nature of the occluded hydrogen species, and the
egree of reduction of the cations was discussed [11–15]. It appears
hat different kinds of active sites which differ from each other in
erms of the environment of Ni species can exist [16].

In the present study, we report on H2 formation activity over
eNixOy catalysts from ethanol in the presence of water. The aim of
his work was to develop a highly active, selective, stable and cost
ffective catalyst at relatively low temperature which should avoid
arbon formation and also allow an application to fuel cells.

. Experimental methods

The mixed oxides denoted CeNixOy, where x is the Ni/Ce
tomic ratio were prepared by coprecipitation of the correspond-
ng hydroxides from mixtures of cerium and nickel nitrates (0.5 M)
sing triethylamine (TEA) as a precipitating agent. After filtra-
ion, the solids were dried at 100 ◦C and calcined in air at 500 ◦C
or 4 h. The metal concentration MT is the sum of Ce and Ni and
i/MT = x/(1 + x). The loading was measured by microanalysis (Cen-

re d’analyses CNRS Vernaison). The surface areas were determined
y the BET method.

Catalytic performances were conducted at atmospheric pres-
ure with a quartz fixed-bed reactor (inner diameter 10 mm) fitted
n a programmable oven, in the temperature range of 50–480 ◦C.

hen noted, the catalyst was previously in situ treated in H2 at
00 ◦C for 10 h. The water:ethanol mixture (molar ratio 3:1) is
umped into a heated chamber and vaporized. The water–ethanol
as (N2) stream (total flow: 60 mL/min) is then fed to the reactor
ontaining 0.2 g of catalyst sandwiched between layers of SiC. The
ases at the outlet of the reactor were taken out intermittently with

he aid of a sampler directly connected to the system and analysed
n-line by FID and TCD gas chromatography. Reaction data were
ollected as a function of time and reported after about 5 h when
he steady state was obtained for each temperature. Carbon is also
ormed but the quantity was not analysed. The concentrations of
is Today 157 (2010) 456–461 457

the outlet products were calculated by excluding water, that is,
dry-based gas composition.

X-ray powder diffraction (XRD) analysis was carried out with
a D 5000 Siemens diffractometer using a copper target and a sec-
ondary beam monochromator. The XRD patterns were registered
in the 2� domain (15–80◦) with a measured step of 0.02◦ and the
time of integration was fixed to 12 s. The crystallites size was calcu-
lated using the Scherrer equation, from the most intense reflections
observed for the NiO and CeO2 crystallographic structures: (1 1 1),
(2 0 0), (2 2 0).

Temperature-programmed reduction (TPR) was performed on
a Micromeritics Autochem 2920 analyser, and hydrogen consump-
tion was measured by a TCD detector: 25 mg of the sample was
treated in the 5% H2–95% Ar gas mixture (2 l h). The temperature
was increased to 800 ◦C at a heating rate of 10 ◦C/min.

The X-ray photoelectron spectroscopy (XPS) spectra of the sam-
ples were obtained on a VG Escalab 220 XL instrument using Al
K� radiation (h� = 1486.6 eV). The details of the spectrometer and
the experimental procedure are given in Ref. [13]. The anode was
operated at a power of 300 W and the fixed retardation ratio (FRR)
was applied. The base pressure attained during the analysis was
1.33 × 10−6 Pa. The calcined samples were lightly pressed on an Au-
holder. The measurements were performed at room temperature.
For calibration of the binding energy (EB) scale of photoemission
features, the Ce3d u′′′ peak at 916.7 eV was taken as an internal
reference. In our experimental conditions, the reproducibility of EB
was estimated at ±0.2 eV. As for atomic ratios, they were calculated
by assuming a homogeneous distribution of the catalyst compo-
nents. The spectrometer allows ions to be bombarded directly onto
the surface of compounds. For this, the solids were thinly pressed
on an indium-holder and measurements were performed with the
same analysis conditions as those previously described.

3. Results and discussion

3.1. XRD

Fig. 1 reports the diffraction patterns obtained with different
CeNixOy solids. A ceria like phase is apparent in every solid anal-
ysed (34-0394 JCPDS file) while crystallized NiO (4-0835 JCPDS file)
appears when x ≥ 0.4. As already reported in previous studies for
CeNixOy compounds, a careful examination of the patterns shows
that the addition of nickel affects not only the broadness of the
ceria peaks, but also their position, attributed to the substitution
Fig. 1. XRD patterns of CeNixOy compounds. x = (a) 0, (b) 0.01, (c) 0.1, (d) 0.4, (e) 0.5,

(f) 0.9 and (g) 2.3. CeO2 ( ), NiO (©).
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Table 1
Surface area (BET) and crystallite size (calculated from the Scherrer equation).

Catalyst Area (m2 g−1) CeO2 (nm) NiO (nm)

CeNi0.07Oy 92 5.6 –
CeNi0.2Oy 100 5.1 –
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majority to reduce nickel species in this range of temperatures. It
is usually reported that TPR analysis of CeO2 presents two peaks
at about 500 and 820 ◦C, and that the reduction peak obtained at
temperature higher than 700 ◦C corresponds to the reduction of

Table 2
Estimation of NiO crystallites size (nm) by depth sputtering followed by XPS for
CeNi0.4Oy 136 4.7 8.0
CeNi0.7Oy 91 4.8 12.0
CeNi0.9Oy 109 4.4 11.0
CeNi5Oy 84 4.6 9.4

he highest proportion of solid solution is obtained for the CeNi0.5Oy

ompound, as also observed here, when the molar ratio Ni/MT = 0.33
MT = Ni + Ce, Ni/MT = x/(1 + x)). The studied CeNixOy mixed oxides
ith x < 0.4 correspond to a solid solution with the substitution of
i2+ ions in the CeO2 lattice, to compounds in which crystallized
iO and solid solution coexist when 0.4 ≤ x < 1, and to a mixture of
eO2 and NiO when x > 1.

It was reported that the size of nickel oxide particles varies con-
iderably from clusters to a crystallized material depending on the x
alue and the experimental conditions (preparation conditions, cal-
ination temperature, etc.) [11–15]. In a similar manner as reported
reviously, the crystallite size was estimated from the XRD line
idths taking into account the (1 1 1), (2 0 0) and (2 2 0) peaks, for

oth NiO and CeO2. The average dimensions obtained for CeNixOy

xides are summarized in Table 1. The size of the crystallites of the
ixed oxides is found smaller than the size measured for the pure

xides. This phenomenon was already explained by an increase of
he crystallographic disorder in the mixed oxides. This technique
llows an estimation of the average crystallites size at about 5 nm
or CeO2-like species and at about 10 nm for NiO species. However,
t is important to recall that crystallites with a size smaller than
nm cannot be detected by XRD (because of the limits of detection).

.2. XPS

As for the CeNixOy solids already studied by this technique in the
aboratory [13], one can unambiguously ascribe the 3d envelope to
e4+ cations in CeO2-like species. O1s lines of the compounds have
ll binding energies of 529.1 ± 0.1 eV, showing without doubt that
he oxygen element is characteristic of some typical O2− lattice oxy-
en species. Moreover, a careful examination of the Ni2p3/2 band
hapes of the mixed oxides shows a line broadening effect when the
ickel content increases. As already published in previous works
n cerium based compounds, it can be admitted that Ni2+ species
ainly form a solid solution with ceria for low Ni contents. For

igh Ni/Ce ratios several types of surface nickel seem to coexist, in
greement with XRD. Therefore, the system can be described as a
olid solution of nickel in ceria in close contact with nickel oxide.

However, some quantitative XPS features provide additional
nformation. Superficial nickel compositions of the mixed oxides
etermined from XPS atomic ratios are compared to bulk nickel
ontent (elemental analysis) in Fig. 2. The 45◦ diagonal line corre-
ponds to the case of a homogeneous distribution of nickel inside
he solid, and rather good results are obtained on the studied com-
ounds when comparing with the results obtained on a precedent
eries of catalysts [17].

Ions sputtering in combination with surface analysis techniques
uch as XPS provide information on the in-depth distribution of
lements inside the solid. This technique found many applications
n materials that show some composition inhomogeneity in their
opmost layers and was previously detailed and applied in our lab-

ratory to characterize the CeNixOy compounds [13]. During the
rst minutes of sputtering, there is a sharp decrease of the Ni/Ce
atio, registered on all the binary oxides, confirming that the struc-
ure does not correspond to a homogeneous solid solution, the
resence of small particles in strong interaction with some big-
Fig. 2. Variation of Ni/MT surface ratio (XPS) as a function of Ni/MT bulk ratio (micro-
analysis) in the CeNixOy compounds. This work (�) and from Ref. [18] (�) .

ger particles can be in such a case privileged, whatever the nickel
content included in the CeNixOy compounds. In order to estimate
the size of the NiO particles on the support, two models were sug-
gested, allowing simplifying the problem in two extreme cases,
taking into account or not the presence of a solid solution of nickel
in ceria. Despite the fact that these two cases describe a very sim-
ple structure of the CeNixOy catalysts, they allow the calculation
of the particles size by default and by excess. The results obtained
using these models are summarized in Table 2, showing an increase
of the NiO crystallite size when the solid solution is taken into
account. Therefore, as an example, the size of the NiO crystallites is
respectively estimated to be 3.4 and 2.1 nm for the CeNi0.5Oy com-
pound (x = 0.5), when taking into account or not the presence of
a solid solution. However, as XRD analyses show the presence of
cerium nickel solid solution for low Ni contents, the first value is
more probable. Clearly some small NiO particles, smaller than the
ceria particles (5 nm), coexist with larger NiO crystallites (10 nm)
observed by XRD.

3.3. TPR in H2

The temperature-programmed reduction (TPR) profiles in H2 of
the catalysts are shown in Fig. 3. A first temperature reduction peak
at bout 270 ◦C is more intense for a low Ni content, when x = 0.1.
When x increases from 0.1 up to 0.4 a second peak at about 370 ◦C
increases. For higher Ni contents, the first peak decreases while the
second peak shifts to higher temperatures (390 ◦C). It was already
observed that a shoulder at 440 ◦C is emerging in the shape of
the curve obtained for higher Ni contents [17]. The reduction peak
obtained at about 400 ◦C increases with the Ni content. For temper-
atures lower than 600 ◦C, a linear relationship is obtained between
the total hydrogen consumed during TPR with the Ni content of
the CeNi O compounds (Fig. 4), showing that H is consumed in
CeNixOy taking into account (with) or not (without) the presence of solid solution.

Solid solution x = 0.2 x = 0.5 x = 1

Without 0.4 2.1 1.2
With 2.4 3.4 1.5
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Fig. 3. TPR of CeNixOy compounds. x = (a) 0.07, (b) 0.4, (c) 0.7 and (d) 0.9.
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Fig. 4. H2 consumed during TPR versus Ni content of CeNixOy compounds.

ulk Ce4+ to Ce3+ [18]. Moreover, it was also shown that NiO facil-
tates the reduction of a cerium solid solution [14,17], therefore it
an be proposed that the TPR peaks correspond to the reduction of
ickel species in various environments. The low temperature peak
an be attributed to nickel species: (i) belonging to the solid solu-
ion and/or to (ii) small NiO particles, easily reducible, but with the
imultaneous reoxidation of a part of these species by reduction of
he Ce4+ ions in their vicinity into Ce3+ species as the existence of

redox system was established (Eqs. (2) and (3)), then larger NiO

rystallites are reduced when increasing temperature:

i2+ + O2− + H2 → Ni0 + H2O + � (2)

ig. 6. Products distribution obtained over fresh (white) and treated in H2 at 200 ◦C (bla
O2 (�, �), CO (©, �) and CH4 (�, 	). No ethylacetate, no acetone over treated in H2 cata
Fig. 5. Ethanol conversion (�, ♦) and H2 (�, 	) formation over fresh (white) and
treated in H2 at 200 ◦C (black) CeNi0.5Oy catalyst.

(with �: anionic vacancy),

2Ce4+ + Ni0 ↔ 2Ce3+ + Ni2+ (3)

3.4. Ethanol transformation in the presence of water

Ethanol transformation in the presence of water was studied as
a function of reaction temperature, activation treatment in H2 and
metal loading of CeNixOy catalysts. Figs. 5 and 6 show, as exam-
ples, the results obtained over the fresh and treated in H2 CeNi0.5Oy

catalyst versus reaction temperature. Over the fresh catalyst, with-
out any H2 pre-treatment, an ethanol conversion is observed at
temperatures higher than 300 ◦C, as expected it increases with tem-
perature, and reaches 100% at 480 ◦C (Fig. 5). When the CeNi0.5Oy

catalyst is previously in situ treated in H2 at 200 ◦C during 10 h, there
is globally an increase versus temperature but with the existence
of an optimum at about 30% of conversion for a reaction tempera-
ture of 250 ◦C. Finally, total ethanol conversion is obtained at 480
and 400 ◦C over, respectively, the fresh and H2 treated catalyst with
about 50% of H2 among the gas phase products. So total ethanol con-
version with about the same H2 yield are obtained at 80 ◦C lower
with an adequate pre-treatment of the catalyst in H2.

Over the treated in H2 CeNi0.5Oy catalyst, the other products
obtained in the outlet gas stream are acetaldehyde, CO, CH4 and
CO2 (Fig. 6). Whatever the temperature, ethylacetate and acetone
formations are lower than 0.5%. Acetaldehyde decreases with tem-
perature (Eq. (4)) and disappears at 400 ◦C. CO and CH4 present
optima at 250 ◦C (Eq. (5)) following the evolution of conversion. For
temperatures higher than 300 ◦C, CH4 increases while CO remains
expected, the steam reforming of ethanol (Eq. (1)) is negligible at
these low temperatures, and it increases for higher temperatures.

C2H5OH → CH3CHO + H2 (4)

ck) CeNi0.5Oy catalyst. (a) Acetaldehyde (�, ♦), ethylacetate (+) and acetone (x). (b)
lyst.
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ig. 7. Ethanol conversion (�,♦) and H2 formation (�, 	) at 440 ◦C over fresh (white)
nd treated in H2 at 200 ◦C (black) CeNixOy compounds.

2H5OH → H2 + CH4 + CO (5)

Over the fresh CeNi0.5Oy catalyst, between 200 and 300 ◦C the
as phase products observed are acetaldehyde and ethylacetate
Fig. 6a) (Eq. (6)), typical of dehydrogenation reaction (with a very
ow ethanol conversion ∼1%), and at 300 ◦C, about 70% of H2 is
bserved. Ethylacetate, acetaldehyde and acetone are found in con-
entration range between 5 and 10% depending on the reaction
emperature. For temperatures higher than 300 ◦C ethylacetate dis-
ppears, while acetone appears at 300 ◦C (Eq. (7)) and presents
n optimum of 10% at about 400 ◦C. CO2 appears at temperatures
igher than 250 ◦C and increases with temperature, while CO and
H4 are formed at temperatures higher than 400 ◦C (Eq. (5)).

H3CHO + C2H5OH → CH3COOC2H5 + H2 (6)

CH3CHO + H2O → CH3COCH3 + 2H2 + CO2 (7)

The catalytic results obtained depend on the Ni content of
he compounds, in particular for ethanol conversion. At 440 ◦C
thanol conversion increases with Ni content and is of 100% when
i/MT ≥ 0.4 (CeNi0.7Oy) over fresh catalysts and when Ni/MT ≥ 0.3
ver treated in H2 catalysts (Fig. 7), while H2 formation decreases
rom about 70% to about 40% when increasing the Ni/MT ratio
lmost whatever fresh or H2 treated catalysts. The products dis-
ribution depends on the ethanol conversion, and even if the
electivities should be compared for similar conversions, one can

emark some tendencies. Acetone is formed only over fresh com-
ounds for low Ni contents and it disappears when Ni/MT ≥ 0.4
Fig. 8) when conversion is total. Acetaldehyde is formed over com-
ounds with low Ni contents and favoured over fresh catalysts.
herefore, at 440 ◦C oxygenated compounds formation (other than

ig. 8. Acetaldehyde (�, ♦) and acetone (x) formation at 440 ◦C over fresh (white)
nd treated in H2 at 200 ◦C (black) CeNixOy compounds. No acetone over treated in
2 catalyst.
Fig. 9. CH4 formation at 440 ◦C over fresh (	) and treated in H2 at 200 ◦C (�) CeNixOy

compounds.

COx) are favoured over fresh catalysts and low Ni contents, with
the lowest conversions. As shown in Fig. 9, CH4 formation is higher
over the H2 treated compounds and with high Ni contents. CO is
favoured over low Ni content H2 treated catalysts (Fig. 10) and dis-
appears at high Ni contents with total conversion due to water gas
shift reaction. CO2 and CH4 follow almost similar evolutions over
treated and not treated catalysts with an increase with Ni content,
following total conversion (Figs. 9 and 10). Finally, at 440 ◦C over the
treated in H2 CeNi0.7Oy catalyst (Ni/MT = 0.4), only H2, CH4, CO and
CO2 gases are obtained with a very low amount of CO. It is impor-
tant to recall that solid carbon is also formed, and in relatively high
quantity at this high temperature, but without deactivation of the
catalyst. The precise analysis of carbon formation is not performed
because it is not the aim of the present study, but as this parameter
is also important it will be the subject of a future publication.

As the treatment in H2 (TT) at 200 ◦C leads to a dramatic effect
on H2 formation at low temperatures (≤250 ◦C), the influence of
TT in H2 was studied over the CeNi0.7Oy chosen catalyst. As shown
in Fig. 11, ethanol conversion at 250 ◦C presents an optimum for
a treatment temperature TT in H2 of 275 ◦C, following in a quite
interesting way the first reduction peak seen by TPR. Moreover,
the products distribution in the outlet gas stream depends also on
TT. H2 is formed at 250 ◦C with TT higher than 100 ◦C. For treat-
ment temperatures TT in H2 lower than 200 ◦C, ethylacetate is the
main product obtained with acetaldehyde as by-product. Forma-
tion of H2 is optimum over a treated in H2 at 200 ◦C catalyst, but for

higher treatment temperatures it remains relatively stable. CH4 and
CO concentrations follow same evolutions; they present optima for
TT ∼= 275 ◦C like conversion, and when acetaldehyde concentration
presents a minimum. For TT ≥ 200 ◦C, ethanol dehydrogenation to

Fig. 10. CO (©, �) and CO2 (�, �) formation at 440 ◦C over fresh (white) and treated
in H2 at 200 ◦C (black) CeNixOy compounds.
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Fig. 11. Ethanol conversion (♦) and products obtained at 250 ◦C over CeNi0.7Oy cat-
alyst versus treatment temperature in H2. H2 (�) CH3CHO (+), ethylacetate (−), CH4

(�) and CO (©). CO2 (<1%).
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cheme 1. Ni species in interaction with Ce species in the cerium nickel solid solu-
ion and at the interface (x) between small and large NiO crystallites and CeO2 or
erium and nickel solid solution.

cetaldehyde and ethanol decomposition reaction seem to occur
s the main reactions (Eqs. (4) and (5)). The decomposition reac-
ion (Eq. (5)) is accentuated at 250 ◦C when the solid is activated
n H2 between 250 and 300 ◦C. When the solid is activated in H2 at
T > 300 ◦C, decomposition reaction decreases but it is important to
ecall that conversion decreases too.

It is well known that physicochemical properties of a catalyst
lay an important role in the evolution of surface reactions. In
thanol transformation both dehydrogenation to acetaldehyde or
ehydration to ethylene can occur upon the nature of the catalyst.
learly, CeNixOy catalysts possess good dehydrogenation proper-
ies, accentuated once treated in H2 at 275 ◦C corresponding to the
rst TPR peak.

Besides, after an in situ treatment in H2 in particular between
00 and 300 ◦C, it was shown that the CeNixOy solids studied
ecome hydrogen reservoirs. During the activation treatment in
2 in temperature, the anionic vacancies created are able to accept
ydride species and the solids were called oxyhydrides [14,15].
oreover, taking into account the structure of the catalysts, par-

icular active sites were modeled, involving anionic vacancies,
ydrogen species and cations in strong interaction whatever in the
olid solution or at the NiO and ceria, and/or solid solution (with
i) interfaces, as reported as an example in Scheme 1. These sites
ere noted xM–yM′ and x and y correspond to the number of coor-
inative unsaturations i.e. anionic vacancies on each cation M and
′
 [16]. Different kinds of active sites which differ from each other

n terms of the environment of Ni can exist.
Therefore, H2 production from ethanol in the presence of water

ertainly involves particular Ni species in strong interaction with Ce
pecies. These Ni species are easily reducible and reoxidable by the

[

[

[
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presence of Ce in close vicinity (redox system). Clearly, the treat-
ment in H2 between 200 and 300 ◦C leads to a beneficial effect on
H2 production. It was shown that this treatment allows the CeNixOy

mixed oxides to accept large quantities of hydrogen by the presence
of anionic vacancies. Therefore, over the fresh catalyst, up to 300 ◦C
acetaldehyde and ethylacetate are observed and H2 produced from
ethanol is certainly consumed by the solid leading to a partially
reduced compound. Taking into account that dehydrogenation step
requires abstraction of hydrogen species from alcohol, the ability
of the solid to accept hydrogen can be a prerequisite condition and
“filling” the solid with hydrogen (during the pre-treatment in H2)
allows its formation from alcohol at low temperatures. Therefore,
by analogy to heterolytic dissociation of H2, heterolytic dissociation
of ethanol can be envisaged on a low coordination site involving an
anionic vacancy, as it was already proposed for oxidative dehydro-
genation of propane [19] and methane activation [17] over CeNixOy

compounds.

4. Conclusion

Ethanol transformation in the presence of water was studied
over CeNixOy (0 < x ≤ 5) catalysts. The active nickel species belongs
to the NiO nano-particles and/or to the cerium nickel solid solu-
tion where Ni species are in strong interaction with Ce species.
Hydrogen can be produced at low temperature ≤250 ◦C once the
CeNixOy mixed oxides are previously in situ treated in H2 at about
250 ◦C leading to the formation of oxyhydrides. Therefore, an active
site is proposed based on the presence of anionic vacancies able to
abstract hydride species from ethanol.
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