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a b s t r a c t
In this work, CuO/ZnO/Al2 O3 catalysts were prepared by adjusting the initial alkali concentration in the
process of co-precipitation. The correlation between the structure and catalytic activity was studied, and
the catalyst derived from LDHs (layered double hydroxides) structure exhibited the highest activity in
the hydrogenation of fatty esters as well as high selectivity to fatty alcohol, producing fatty alcohol with
a yield above 98%. The high catalytic performance was attributed to relatively high dispersion (small
crystal size) and the high reducibility of copper species. In addition, the active species was discussed and
the Cu+ /Cu0 were supposed to be the active site for the present hydrogenation.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The ternary composite oxide of CuO/ZnO/Al2 O3 is placed on a
large emphasis owing to its wide applications in steam reforming of methanol, CO hydrogenation, methanol oxidation and the
water–gas shift reaction [1–5]. In recent years, the industrial catalyst of CuO/ZnO/Al2 O3 has been paid more attention, and some
progresses have been achieved. The most new result was reported
by Behrens et al. in Science [6], they studied the active sites of
the CuO/ZnO/Al2 O3 catalyst in the methanol synthesis reaction by
using a combination of experimental evidence and density functional theory calculations. As a result, the active site consisted of
Cu steps decorated with Zn atoms, which can be stabilized by a
series of well-deﬁned bulk defects and surface species. Moreover,
the investigation about the preparation methods and physicochemical properties of Cu/ZnO/Al2 O3 catalyst is still desired to
understand. For the preparation of CuO/ZnO/Al2 O3 catalyst, several
approaches have been reported, including conventional impregnation, sol–gel, precipitation, and so on [7–10], in which the
co-precipitation process is not only a simple and easy method
but also a promising one for fabrication of well-structured metal
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oxide materials with satisﬁed performance [11,12]. This method is
simple and easy to operate; however, various factors are complex
to inﬂuence the structure of precipitated intermediates, namely
the precursors of the composite oxides, and ﬁnally affect the catalytic performance of the catalyst, which is an important issue
and have long been investigated [13]. Remarkably, the precipitated
intermediates will determine the chemical composition, particle
size, surface area, pore size, pore volume of the ﬁnal formed composite oxides [14–16]. Li et al. [17] reported when Al content
was 12 mol%, the aurichalcite phase partially intercalated into the
hydrotalcite phase, enhancing the interaction between the active
centers and the support of the Cu/ZnO/Al2 O3 catalyst, and ﬁnally
gave a superior activity in water gas shift reaction with a CO
conversion up to 97.5%. Fujita et al. [18] investigated the effect
of Cu/Zn molar ratio on the components of the precursors and
they found that the Cu/ZnO catalyst obtained from the precursor with aurichalcite phase (Cu/Zn = 50/50) was more active than
these from malachite alone or mixed two phases for the reactions of methanol synthesis from CO2 and the steam reforming of
methanol. In addition, the pH and aging time has important inﬂuence on the structure of precursors and the ﬁnal catalysts, and the
results revealed that transformations and equilibrations between
the preformed precursor phases and crystalline solids took place
at different timescales that depend on the foregoing precipitation
process [19,20]. Although numerous studies have evaluated the
role of the precursor structure on the activity [20–23], few study
paid attention to the structure–activity relationship and the active
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species. For example, the structure of the precipitated precursor,
like the layered double hydroxides (LDHs), will impact the subsequent formation and performance of the ﬁnal composite oxides
[22,24,25]. Layered double hydroxides, also known as anionic clays,
are a typical kind of inorganic layered mineral clays, recently, which
has been extensively studied as catalysts, catalyst support, lithium
battery, sensor material, electroactive and photoactive materials,
ion exchangers, stabilizers, and adsorbents, etc. [26–29]. The typical
LDHs compound is MgAl hydrotalcite, consequently LDHs are also
known as hydrotalcites, more accurately, hydrotalcite-like materials. Owing to their special layer structures, certain acidic and basic
property, these materials have attractive potential applications as
catalyst or catalyst support in the future [25,29].
Herein, we focused our attention to discuss the relation of structure and catalytic performance of CuO/ZnO/Al2 O3 catalysts with
a model reaction of fatty ester hydrogenation. The hydrogenation
of fatty ester is one of the most attractive reactions for biomass
transformation in modern catalysis technology. For example, ethyl
stearate could be hydrogenated to stearyl alcohol and hydrocarbons as shown in Scheme 1. The product depends on the catalyst
used, the stearyl alcohol is mainly produced over the Cu based
catalysts and the hydrocarbons are mainly obtained with the Ru
based catalysts. For example, Cao and coworkers reported that
lauryl alcohol was produced with a selectivity above 95% in the
hydrogenation of methyl laurate over Cu/ZnO catalyst [23]. The
fatty alcohols and their derivatives are industrially important intermediates and widely used as surfactants, lubricants, plasticizers.
Industrially, fatty alcohols are mainly produced based on petrochemicals, un-renewable resources [30–32]. Natural vegetable oil
is an ideal substitute for its mainly containing fatty acid with 12–20
carbon atoms and 0–3 double bonds and is cheap and inexhaustible
resources from a wide variety of plants [23,33,34]. In this work,
we prepared a high active CuO/ZnO/Al2 O3 catalyst with the coprecipitation method by adjusting pH values with varies of the
alkali concentration. The catalyst structure was studied, and we
attempted to gain insight into the relationship of structure and
activity of CuO/ZnO/Al2 O3 catalyst for the hydrogenation of fatty
acid esters to higher alcohol. Particularly, the active site was also
discussed tentatively through the copper valence change combined
with the experimental data.

2. Experimental
2.1. Catalyst preparation
All chemicals are analysis grades and used without further
puriﬁcation.
At ﬁrst, an aqueous solution was prepared with copper
nitrate, zinc nitrate and aluminum nitrate with molar ratio of
Cu2+ /Zn2+ /Al3+ = 4/2/2, then sodium carbonate aqueous solution
(0.6–2.0 M) was dropwise added into the mixture under vigorous
stirring at 50 ◦ C and the pH value was controlled and adjusted at 7.5
using a pH meter. The precipitates formed were further aged for 4 h
under stirring at the same temperature, then ﬁltrated and washed
with deionized water until no sodium ion existed. The precipitated
precursors were dried at 110 ◦ C and calcined at 350 ◦ C in air for
3 h with a heating rate of 5 ◦ C min−1 , ﬁnally the formed composite oxides were collected and stored in a vessel for the later use to
the hydrogenation reaction. The precursors of composites are designated as CZApre-x, where the “pre” is abbreviation of precursor;
x represents the concentration of the sodium carbonate. The composite formed from the corresponding precursor calcined at 350 ◦ C
for 3 h in air is designated as CZA-x. In order to discuss the reaction
active sites, CZA-2.0 sample was reduced under hydrogen at 230 ◦ C
for 90 min, and it was named as “pre-reduced catalyst.”
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Table 1
Results on the microstructure of the different catalyst precursors.
Sample

d-Spacing (Å)
d(0 0 3)

Crystal size (Å)

CZApre-0.6
CZApre-1.0
CZApre-2.0

7.491
7.452
7.430

443
310
127

2.2. Catalyst characterization
The structure and crystal phase composition of the materials
was determined by XRD patterns with a Brucker D8 GADDS diffractometer using Co K radiation (1.79 Å), and the crystallite size was
calculated with Scherrer’s equation.
The temperature-programmed reduction (TPR) analysis was
performed under a ﬂow of 5% H2 /N2 mixture (30 ml/min), with a
heating rate of 10 K/min.
Thermogravimetric analysis (TGA) was conducted on TGA/DSC
1/1100 LF (Mettler-Toledo) Thermal Analysis System in air atmosphere with a ﬂow rate of 20 ml/min and temperature increased
from room temperature to 650 ◦ C at a heating rate of 10 K/min.
X-ray photoelectron spectroscopy (XPS, VG Microtech 3000
Multilab) was used to examine the electronic properties of the
catalyst. The binding energy (BE) values were referenced to the C
1s peak of contaminant carbon at 284.6 eV with an uncertainty of
±0.2 eV.
2.3. Hydrogenation reaction
Typically, the catalytic hydrogenations were carried out in a
50 ml stainless steel autoclave. After ethyl stearate, catalyst and
hexane were added, the autoclave was ﬂushed with H2 for three
times to remove the air. Then it was pressurized with hydrogen
to 3.0 MPa with a back pressure regulator. The reactions were
operated under a stirring rate of 1300 rpm (without diffusion limitation). After reaction operated for several hours (as desired), the
autoclave was then cooled down to room temperature, and the
products were collected and analyzed by gas chromatography with
FID detector with a DB-1 capillary column and GC–MS respectively.
The recycling experiments were carried out with the CZA-2.0
catalyst under the above reaction conditions. After one reaction
run ﬁnished, the catalyst was separated from the reaction solution
by the centrifugation and reused again directly for the next run
without any treatment.
3. Results and discussion
3.1. The structure of CuO/ZnO/Al2 O3 composites
The CuO/ZnO/Al2 O3 composites were prepared by coprecipitation methods through adjusting the pH values with
varying the Na2 CO3 concentration as described above; the precipitate formed was named precursor CZApre-x and which was
calcined consequently to form the ﬁnal metal composite oxides
CZA-x. The structure and phase composition of the precursor and
the ﬁnal composites were analyzed by XRD and TGA. From the
results of XRD shown in Fig. 1, the diffraction patterns of copper
or zinc nitrate hydroxide, hydrotalcite, and malachite phases were
formed for CZA-0.6 and CZA-1.0 (Fig. 1A), but only hydrotalcite
phase was formed for the CZA-2.0 sample. The speciﬁc parameters of the microstructure of all samples were summarized in
Tables 1 and 2. Compared with CZApre-0.6 sample, the diffraction
peaks of the nitrate hydroxide salts become weaker and those of
malachite phase were more intensive in the CZApre-1.0 sample.
The phase of copper or zinc nitrate hydroxide (Cu, Zn)2 (OH)3 (NO3 )3
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Scheme 1. Hydrogenation reaction route of aliphatic fatty ester (n = 16 for ethyl stearate).

Fig. 1. The XRD patterns of catalysts precursors (A) prepared at alkali concentrate
of (a) 0.6 M, (b) 1.0 M, and (c) 2.0 M; and (B) catalysts calcined at 350 ◦ C (3 h).

When increasing the alkali concentration to 2.0 M, the XRD patterns exhibited the characteristic reﬂections of LDH carbonates
with a series of (0 0 1) peaks appearing as narrow symmetric lines,
corresponding to the basal spacing and higher order reﬂections
[16,24]. As a result, the only monophasic hydrotalcite was obtained
and observed.
For the ﬁnal composites obtained from the calcination of precursor, only the diffraction peaks of the CuO and ZnO phase were found,
while the diffraction of Al2 O3 phase was not detected for the entire
ﬁnal composite, indicating that Al2 O3 presented as amorphous
phase and was ﬁnely dispersed in the other phases. The catalysts
decomposed from the precursors of CZApre-0.6 and CZApre-1.0
with the phases of copper nitrate and the malachite showed very
sharp diffraction peaks of CuO and ZnO, however, the composites
obtained from the pure LDHs CZApre-2.0 precursor only showed a
broad peak of CuO phase but no ZnO diffraction peak. As a result,
the structure and phase composition depends on the precursors
formed, and the decomposition behavior of the precursors was analyzed by TG–DTG data (Fig. 2). Precursors were heated in air with
a heating rate of 10 ◦ C min−1 , the weak peak presented at around
100 ◦ C was attributed to the physically adsorbed water, and the
peak presented around 100–150 ◦ C was due to the structure water
[17]. Moreover, the peak presented at 240 ◦ C should be ascribed to
the decomposition of nitrate hydroxide, which was in agreement
to the literature that the copper nitrate hydroxide decomposed at
160–235 ◦ C [37]. Finally, the solid residue was CuZnAl(O) as conﬁrmed by the XRD patterns (Fig. 1B). Furthermore, it has reported
that the removed products contained HNO3 , H2 O, NO2 , O2 from
the TG-FTIR analysis. The malachite decomposed in a single step
around 383 ◦ C as seen in Fig. 2b [22,38]. A broad peak at 143 ◦ C
was attributed to the thermal decomposition of the hydrotalcite
compound in Fig. 2c, resulting in the destruction of hydrotalcite
framework, and the dehydroxylation and decarbonation seemed
to occur simultaneously to produce the composite oxides [39]. The
decomposition behavior of the precursors and the ﬁnal composites

was formed at the low initial alkali concentration [8,35], since the
nitrate and hydroxyl metal compounds are easily to precipitate
than the carbonate metal compounds due to the lower concentration of CO3 2− , thus CO3 2− did not present in the precursor but
coordinated to form the phase of nitrate hydroxide phase. With
increasing the alkali concentration to 1.0 M, the malachite phase
was mainly formed and observed due to the higher saturation
degree of malachite precipitate based on the precipitating rate
and/or the ksp of the precipitates of the metal compounds [17,36].
Table 2
Results on the characterization of calcined catalysts.
Catalyst
CZA-0.6
CZA-1.0
CZA-2.0

Tr (◦ C)b

Crystal size (Å)a
CuO (0 0 2)

CuO (1 1 1)

167
151
124

142
134
n.d

224, 236, 304
222, 249
202

a
Calculated from the values of the full-width at half-maximum (fwhm) of the
CuO (0 0 2) and CuO (1 1 1) diffraction peaks by means of the Scherrer’ equation.
b
Tr represents the maximum reduction temperature of each peak in TPR results
of each sample.

Fig. 2. TG–DTG curves of the precursors. (a) CZApre-0.6, (b) CZApre-1.0, and (c)
CZApre-2.0.
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Fig. 3. A plot of the conversion (column) and selectivity (line) against the reaction
time over CuO/ZnO/Al2 O3 catalysts. Reaction conditions: ethyl stearate 1.0 mmol,
catalyst 50 mg, hexane 5.0 ml, H2 3.0 MPa, 230 ◦ C.

was consistent with the observed diffraction peaks patterns and
intensity of X-ray diffraction analysis.

3.2. Catalytic performance
The catalytic performance of the above composites derived from
different precursors was evaluated for the hydrogenation of ethyl
stearate ester, and the results are shown in Fig. 3. It was clear that
the conversion of the ethyl stearate increased with the extension
of the reaction time. Moreover, the conversion largely depended
on the catalysts checked, for the catalysts obtained with different
initial alkali concentration, the order of the conversion was CZA0.6 < CZA-1.0 < CZA-2.0, and the conversion increased from 60% to
96% (after reaction for 4 h) when the initial alkali concentration
increased from 0.6 to 2.0 M. This will be explained by their difference in the structure in detail later. It is worth noting that the stearyl
alcohol was produced with a high selectivity (>97%) for all the catalysts checked. For the metal catalysts, the copper based one was
more selective to fatty alcohol among the metal catalysts reported.
For example, Cao and coworkers reported that both the conversion
and selectivity reached above 95% for the hydrogenation of methyl
laurate to lauryl alcohol over Cu/ZnO catalyst at 240 ◦ C, in which the
decrease of conversion and selectivity with increasing of the chlorine concentration was mainly discussed [23]. Liu et al. compared
the Cu–Zn/Al2 O3 catalyst with the commercial catalysts of Cu–Cr,
Cu–Cr–Mn, and Cu–Cr–Ba, and the yield of the fatty alcohol was
above 80% with Cu–Zn/Al2 O3 catalyst [34]. However, the selectivity
of fatty alcohol was not so satisﬁed over the other metal catalysts,
for example, Miyake et al. [33] studied the hydrogenation of methyl
laurate with Ru/Al2 O3 and Rh/Al2 O3 catalysts at a temperature of
300 ◦ C, the selectivity toward lauryl alcohol was less than 20%, but
it could be improved by addition of Sn to the catalysis system, however, the maximum selectivity was still less than 50%. In addition,
Ru–Sn/TiO2 was designed for the hydrogenation of methyl oleate
to oleyl alcohol, while the activity decreased with a considerable
increase of unsaturated alcohol at 250 ◦ C, ﬁnally the yield reached
about 52% after 14 h of reaction. As a result, the copper catalyst was
the most used and effective catalyst for the hydrogenation of fatty
acid ester to produce fatty alcohol, and it gave either high activity or high selectivity through adjusting the preparation conditions
of copper catalysts. In present work, the optimized Cu/Zn/Al composite catalyst gave >98% yield of stearyl alcohol at 230 ◦ C for 4 h
reaction, which is one of the best results by comparing to literature
as shown in Fig. 3.
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Fig. 4. TPR proﬁles of the catalyst prepared at different concentration of alkali.

3.3. Active species and structure effects
As the results of XRD and TGA discussed above, the composition of the formed precursor (CZApre-x) was largely different when
the initial concentration of alkali precipitant changed, which may
result in different metallic distribution of Cu, Zn and Al in the ﬁnal
composites (CZA-x), and obviously, the changes in the chemical
environment of copper will affect the catalytic performance signiﬁcantly [40,41]. Based on the above analysis, we speculated the
obtained composites may have different kinds of copper species,
and it was veriﬁed by the TPR. The reducibility of the catalysts
obtained from different precursors was shown in Fig. 4. Meanwhile the maximum temperature values of each reduction peak
are listed in Table 2. Obviously, the reduction temperature (peak of
hydrogen exhausted), was in an order of CZA-0.6 > CZA-1.0 > CZA2.0, suggesting the reduction peak shifted to the lower temperature.
For CZA-2.0 composite, a main reduction peak presented at about
202 ◦ C, with a smaller shoulder peak at 220 ◦ C. By contrast, the
CZA-1.0 showed reduction peaks at 222 ◦ C and 249 ◦ C and the CZA0.6 at 224 ◦ C and 236 ◦ C, which strongly suggested the electronic
environment around CuO was totally different among these three
composites. For the CZA-2.0, CuO species reduced at lower temperature of 202 ◦ C was about 85% in the total copper content, it should
be the main active species. However, for the CZA-0.6, two species
were equally to present at 222 ◦ C and 236 ◦ C and the reduction peak
of the pure CuO presented at a high temperature of 322 ◦ C, which is
in agreement to those (350–450 ◦ C) reported the literature [28,31].
Therefore, the CZA samples, especially CZA-2.0, showed a high
reducibility, it was ascribed to the electronic interaction between
CuO with ZnO and Al2 O3 , which altered the electronic environment
of CuO and induced the CuO in CZA-2.0 to be more easily reduced at
the lower temperatures. In addition, the smaller CuO particles in the
CZA-2.0 sample may be another factor for the lower reduction temperature. In the XRD analysis, only one diffraction peak of CuO but
no ZnO was detected in CZA-2.0, while for the composites of CZA1.0 and CZA-0.6, both the diffraction peaks of CuO and ZnO were
found. The diffraction peaks of CuO changed from sharp to ﬂat with
increasing of initial concentration of alkali in the co-precipitation
(Fig. 1B), and the size of CuO particles was about 12 nm in CZA-2.0
and around 16 nm in CZA-0.6 as seen in Table 2, this may be one
reason for the activity difference in the obtained three composites.
Moreover, the CZA-2.0 has a LDHs structure from the XRD result of
its corresponding precursor (Fig. 1Ac), a hexagonal close-packing of
hydroxyl ions, with all octahedral sites every two interlayers occupied by M2+ ions. After partial M2+ /Al3+ substitution giving rise to
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Fig. 5. XPS spectra of CZA-2.0. (a) Fresh catalyst and (b) used catalyst.

positively charged layers, thus it lead to location of anions in the
interlayer space, i.e. carbonate, and water molecules [26,27]. Therefore, the highest activity of CZApre-2.0 may be ascribed to its well
distribution of copper species and unique LDHs structure [4,26].
Up to now, the CuO/ZnO composite has prompted more and
more fundamental work to devote to the role of each component
and/or the active species [40,42–44]. The latest results reported in
Science studied the active sites of Cu/ZnO catalyst from the point of
the surface defects and exposure crystal facet, indicating that the
ensemble of Cu steps sites and the defective ZnOx , resulted in high
activity in methanol synthesis [6]. More often, the copper active
sites are studied from the point of surface chemical states. Either
the reduced copper or the oxide copper is the active sites, which
is still a debate issue [45,46]. Cu+ was considered to be the active
site in some cases, and the Cu+ /Cu0 was demonstrated to be the
active species in the hydrogenation with temperature programmed
oxidation (TPO) with N2 O [47]. In order to explore the real active
species in present reaction system, the CZA-2.0 composite was
selected for comparison experiment, and the CZA-2.0 without prereduction treatment gave a lower conversion of 29.9%. However,
that the CZA-2.0 pre-reduced at 230 ◦ C showed a higher conversion of 71.4% at the same reaction conditions. It clearly suggested
that the active site should be the lower valence copper species, and
which was conﬁrmed further by the XPS analysis.
The XPS spectra of the fresh and used samples are given in
Fig. 5. The fresh catalyst displayed Cu 2p1/2 binding energies at ca.
953.5 eV and Cu 2p3/2 at 933.4 eV, as well as the satellite peaks at
941–944 eV, 959–963 eV respectively. These were characteristic of
the Cu2+ species as described in literature [41,46]. However, for
the used catalyst, the satellite peaks disappeared, and at the same
time the binding energy of Cu 2p1/2 peak shifted toward 952.2 eV,
and the Cu 2p3/2 shifted to 932.3 eV, indicating that the copper
species transformed to the low valence copper (Cu+ or/and Cu0 ),
moreover, the diffraction peak of CuO disappeared, and the new
phases of crystalline Cu and Cu2 O presented in the used and the prereduced catalyst, thus the in situ produced Cu+ /Cu0 species should
be responsible for the high reactivity of the hydrogenation reaction,
which is in agreement with the literature [42]. We certiﬁed that
Cu2+ species could be reduced in situ to Cu+ or/and Cu0 under the
reaction conditions (230 ◦ C, 3.0 MPa H2 ), since the reduction temperature of CuO in CZA-2.0 was lower than 220 ◦ C, which was also
certiﬁed by the results of XRD (Fig. 6), therefore, the Cu+ /Cu were
the active species in our present catalytic system. In addition, the
pre-reduced catalyst could be recycled for several times, although
a slight loss in activity was found, which should be ascribed to the

Fig. 6. The XRD patterns of CZA-2.0. (a) Used catalyst and (b) reduced catalyst.

Fig. 7. Recycling results for the hydrogenation of ethyl stearate to stearyl alcohol
over CZA-2.0 catalyst.

loss in the amount of catalyst during the recycling (Fig. 7). Thus, this
catalyst has more potential for the industrial production of higher
alcohol.
It generally was accepted that the active species of the copper
catalyst was lower valence copper species in the hydrogenation
reaction. Xu et al. [42] revealed that the evolution of the catalytic
activity with the Cu0 and Cu+ surface areas, which suggested the
cooperative effect was that Cu0 dissociated hydrogen and Cu+ activates dimethyl oxalate during the gas hydrogenation of dimethyl
oxalate to ethylene glycol. It is worth to note that the active species
of Cu/Zn/Al in the catalytic reactions may depend on the reaction
conditions, thus the discussion of active species was still an important topic due to the versatile utilization of the Cu/Zn/Al catalysts
[48].
4. Conclusions
In conclusion, the structure and activity of CuO/ZnO/Al2 O3
could be controlled and optimized by varying the initial concentration of precipitant in the co-precipitation process. At
the higher initial concentration of 2.0 M, the precipitated precursor has a unique structure of LDHs, and the composite
derived from its calcination has smaller CuO particles about
12 nm which was highly dispersed in the amorphous ZnO
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and Al2 O3 phases. The CuO was easily reduced in situ during the hydrogenation of ethyl stearate ester at 230 ◦ C, and
the stearyl alcohol was produced with a yield > 98% under the
optimum conditions. Particularly, the structure–activity relationship was discussed and the following factors have been conﬁrmed:
(1) the single LDHs phase was formed in the precipitated precursor;
(2) it then thermally decomposed into smaller copper oxide and
highly dispersed in amorphous zinc oxide particles; (3) stronger
electronic interaction among the components of CuO, ZnO and
Al2 O3 resulted in the composite easily to be reduced in situ during
the reaction; and (4) ﬁnally, the high yield (>98%) of stearyl alcohol
was produced over the CZA-2.0. Moreover, the Cu+ /Cu0 were certiﬁed to be the active species in the present hydrogenation of ethyl
stearate.
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