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SiO2 for efficient ethanol dehydrogenation†
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We report a designed Cu/C/SiO2 composite catalyst, which shows a high acetaldehyde selectivity (up to

∼98%) and good stability for a 60 h test at 260 °C in ethanol dehydrogenation. Various characterization

techniques demonstrate that the carbon covers the Si–OH groups on silica and promotes the reduction of

Cu+ to Cu0. This reduces the concentration of active sites for secondary reactions of CH3CHO, which

leads to a high initial selectivity (∼93%) as compared to that of Cu/SiO2 (∼76%). Moreover, the chemical

interaction between Cu and SiO2 of the C/SiO2 support, verified by X-ray photoelectron spectroscopy, en-

hances the interaction between the metal and the support and thus contributes to prevention of the ag-

glomeration of Cu particles, which is the reason for the good catalytic stability of Cu/C/SiO2. Thus, this

study is an example of how careful design of the catalyst can strongly improve the catalytic performance.

1 Introduction

The production of fuels and chemicals from biomass and its
derivatives helps to alleviate our dependence on fossil
resources.1–4 Ethanol is particularly attractive as a platform
molecule because of its facile synthesis by biomass fermenta-
tion.5 It can be converted into acetaldehyde and hydrogen
through a dehydrogenation process, and the product is free
of water. Acetaldehyde is an important feedstock for the pro-
duction of peracetic acid, pentaerythritol, etc., with a world-
wide production of over 106 tons per year.6 The co-product hy-
drogen can be used as a reagent in the chemical industry or
as an energy carrier.7 Currently, the main method for produc-
tion of acetaldehyde is based on the oxidation of ethylene,
using PdCl2 and CuCl2 catalysts in strongly acidic solutions
(the Wacker process).8 The DeHydrogenation of Ethanol to
Acetaldehyde (DHEA) could provide an environmentally be-
nign alternative,9,10 and the increased annual production of
ethanol11 further facilitates a shift from the ethylene route to
this DHEA process.

For this endothermic (ΔH = +52.5 kJ mol−1) dehydrogena-
tion process, mainly SiO2-supported Cu catalysts are used,

due to the nearly neutral surface of SiO2 as compared to
Al2O3 and ZrO2.

12,13 There is agreement that exposed Cu0

sites catalyze this reaction.14,15 However, the selectivity to-
wards acetaldehyde is presently not satisfactory, mostly lower
than 80%.13–18 This is a consequence of undesired side reac-
tions, such as esterification,15 aldol condensation,19 and
ketonization.20 These secondary reactions probably take place
on Cu+ at the perimeter of supported Cu particles15 and on
Si–OH sites (ca. 1.0 ± 0.1 per nm2)21 on the silica sur-
face.16,17,20 In the reduction process, Cu+ sites are generated
from the copper phyllosilicate, which is formed by the reac-
tion between Cu species and surface groups during thermal
treatment.22,23 Reducing the density of Si–OH can enhance
the selectivity, but typically strongly at the expense of catalyst
stability.24 Thus, there is substantial room for improvement
for DHEA catalysts, towards systems with low silanol group
concentration while maintaining high catalyst stability.

Differing from a SiO2 support, carbon materials possess a
relatively inert surface (ca. 0.03 oxygen-containing groups per
nm2).25 Thus, carbon-supported Cu catalysts (Cu/C) show sub-
stantially improved selectivity to acetaldehyde by minimizing
the secondary reactions of acetaldehyde.10,26 However, due to
the weak interaction between Cu nanoparticles and the carbon
surface, Cu nanoparticles on such catalysts tend to agglomerate
and are easily deactivated.26 Conceptually, a composite catalyst
combining the advantages of Cu/SiO2 and Cu/C in stability and
selectivity, respectively, should improve the overall dehydroge-
nation performance. However, this would require the synthesis
of an essentially carbonaceous support surface, with the
supported copper nanoparticles being anchored to a silica sur-
face and accessible for reactant molecules at the same time.

472 | Catal. Sci. Technol., 2018, 8, 472–479 This journal is © The Royal Society of Chemistry 2018

a State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian

University of Technology, Dalian 116024, P. R. China.

E-mail: anhuilu@dlut.edu.cn
b Shanghai Synchrotron Radiation Facility, Shanghai Institute of Applied Physics,

Chinese Academy of Sciences, Shanghai, 201204, China
cMax-Planck-Institut für Kohlenforschung, Kaiser-Wilhelm-Platz 1, D-45470

Mülheim an der Ruhr, Germany

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7cy02057k

Pu
bl

is
he

d 
on

 0
4 

D
ec

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 D
al

ia
n 

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
on

 6
/2

7/
20

19
 9

:5
4:

10
 A

M
. 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c7cy02057k&domain=pdf&date_stamp=2018-01-17
http://orcid.org/0000-0002-8258-7727
http://orcid.org/0000-0003-0732-9688
http://orcid.org/0000-0003-1294-5928
https://doi.org/10.1039/c7cy02057k
https://pubs.rsc.org/en/journals/journal/CY
https://pubs.rsc.org/en/journals/journal/CY?issueid=CY008002


Catal. Sci. Technol., 2018, 8, 472–479 | 473This journal is © The Royal Society of Chemistry 2018

This requires a carefully designed catalyst, which is inaccessi-
ble by traditional methods.27

We have designed and synthesized such a Cu/C/SiO2 com-
posite catalyst on a carbon-coated porous silica support (C/
SiO2) and studied its DHEA performance. For comparative
purposes, Cu/C and Cu/SiO2 catalysts were also prepared and
tested for ethanol dehydrogenation. It was found that the Cu/
C/SiO2 catalyst showed high acetaldehyde selectivity (up to
∼98%) and good stability for a 60 h test at 260 °C with a
weight hourly space velocity of C2H5OH = 2.4 h−1. The catalyst
has been extensively characterized in order to clarify its phys-
ical and chemical features and to establish clear structure–
performance relationships.

2 Experimental
2.1. Synthesis of C/SiO2 composites

Mesoporous SiO2 was synthesized using a procedure reported
by Zhao et al.28 C/SiO2 composites were prepared as follows.29

Furfuryl alcohol (FA) (98%, Fluka) dissolved in trimethyl-
benzene (TMB) (99%, Aldrich) was used as a carbon precursor,
and oxalic acid (98%, Acros) was added as a polymerization cat-
alyst. The 10 vol% FA solution was introduced into mesoporous
SiO2 by incipient wetness impregnation at room temperature
(RT), followed by polymerization at RT, and then carbonization
at 850 °C for 4 h. The obtained composite was denoted as C/
SiO2. For comparison, a carbon support denoted as C was also
prepared, using the same method, with the exception that a 50
vol% FA solution was used and that the SiO2 was leached from
the composites with HF (40%) aqueous solution.

2.2. Preparation of Cu/C/SiO2 catalysts

Cu/C/SiO2 was prepared by incipient wetness impregnation
with a CuĲNO3)2·3H2O aqueous solution (0.75 g mL−1). After
this process, the catalyst precursors were dried at 50 °C, and
then reduced at 450 °C for 2 h. As reference samples, Cu/SiO2

and Cu/C were also prepared using similar procedures.

2.3. Characterization

The amount of coated carbon was determined by combustion
of the C/SiO2 materials in a STA 449 F3 thermogravimetric
(TG) analyzer (NETZSCH). Nitrogen adsorption–desorption
isotherms were measured by using a TriStar 3000 adsorption
analyzer (Micromeritics) at −196 °C. Raman spectroscopy was
selected to investigate the C/SiO2 samples at room tempera-
ture using a DL-2 microscopic Raman spectrometer with a
532 nm Ar-ion laser beam.

X-ray diffraction (XRD) patterns were obtained with a
Panalytical X'pert Pro Super X-ray diffractometer using Cu Kα
radiation (40 kV, 40 mA, λ = 0.15418 nm). According to the
low-angle XRD patterns, the wall thickness was calculated as
follows:30

for SiO2 and C/SiO2,

h = 2 × d100/3
1/2 − pore size (1)

for C,

h = 2 × d110/3
1/2 − pore size (2)

where d is the lattice spacing values for the (100) and (110)
reflections. The pore size was obtained from the N2 adsorp-
tion data.

The microstructure of the catalysts was investigated using
a Tecnai F30 high-resolution transmission electron micro-
scope (FEI Company) operated at an accelerating voltage of
300 kV. The sample for TEM analysis was prepared by
dropping an ethanol droplet of the catalysts on carbon-
coated gold grids and drying at room temperature.

NH3 temperature-programmed desorption (TPD), CH3-
CHO-TPD, and H2 temperature-programmed reduction/mass
spectrometry (H2-TPR-MS) experiments were performed using
a Micromeritics Autochem II 2920 instrument.

A H2–N2O titration method31 was used to measure the Cu
dispersion and average particle diameter on the above Micro-
meritics instrument. Firstly, the actual loading of copper on
the catalyst was measured by inductively coupled plasma
atomic emission spectrometry (ICP-AES). The H2 consump-
tion used to reduce the total copper species can be calculated
and denoted as X. Then, the catalyst was reduced at 450 °C
for 2 h and cooled to 90 °C. After this, it was purged with 5%
N2O/He to oxidize Cu0 to Cu+. Lastly, H2-TPR was conducted
from 50–300 °C to reduce Cu+ to its metal state and the
obtained H2 consumption was denoted as Y. The dispersion
(D) was calculated using:

D (%) = 2Y/X × 100 (3)

The Cu particle size (d) was obtained using the formula:

d = 0.5 × 2/D (4)

High-sensitivity low-energy ion scattering (HS-LEIS) spec-
tra were collected using an IonTOF Qtac100 low-energy ion
scattering analyzer. Ne+ ions with a kinetic energy of 5 keV
were applied at a low ion flux equal to 445 pA cm−2, which
provides better sensitivities for heavier elements, such as cop-
per, although it is unsuitable for the measurement of lighter
elements. The relative surface content of Cu species was
obtained from the area of the corresponding peak.

X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (XAES) were performed over reduced catalysts at
450 °C for 2 h on a Quantum 2000 Scanning ESCA Micro-
probe instrument (Physical Electronics), which is equipped
with an Al Kα X-ray radiation source (hν = 1486.6 eV). The
binding energies were calibrated using the Si 2p peak at
103.4 eV as the reference.32 The experimental errors were
within ±0.2 eV.

Diffuse reflectance infrared Fourier transform (DRIFT)
spectra were recorded on a Nicolet 6700 FT-IR spectrometer
equipped with a mercury cadmium telluride detector and
KBr windows. Prior to the test, a 20 mg sample was reduced
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at 450 °C under 8% H2/Ar in the DiffusIR environmental
chamber (PIKE Technologies). Afterwards, the sample was ex-
posed to 5% CO/He for 30 min at 25 °C. After flushing with
pure He for 20 min, the CO-DRIFT spectra were collected.

2.4. Catalytic tests

DHEA was tested in a fixed-bed quartz tube reactor (i.d. =
8 mm) under atmospheric pressure. Before reaction, a 100
mg Cu/C/SiO2 catalyst (40–60 mesh) was pretreated at 450 °C
for 2 h using 10 vol% H2 in N2. Ethanol (weight hourly space
velocity, WHSV = 2.4 h−1) was introduced into the evaporator
by using a syringe pump and carried into the reactor by N2. A
gas chromatograph (GC), fitted with an FFAP capillary col-
umn and a flame ionization detector (FID), was connected to
the reactor outlet to analyze the oxygenic product distribu-
tion. A thermal conductivity detector (TCD), equipped with
molecular sieves 5A and GDX-102 columns, was used to ana-
lyze gas products (C2H4, CH4, etc.). The CH4 content mea-
sured by the FID was used to calibrate the TCD measure-
ment. The carbon balance was close to better than 98%. The
conversion and selectivity were calculated by calibration area
normalization.

Ethanol conversion = (Ethanolin − Ethanolout)/Ethanolin
× 100%. (5)

Product selectivity = Carbon in given product/Carbon in all
products × 100%. (6)

3 Results and discussion
3.1. Structure and surface properties of catalysts

The C/SiO2 support was prepared by coating a carbon layer
onto the surface of mesoporous silica. The Cu/C/SiO2 catalyst
was obtained by loading CuĲNO3)2 onto this support followed
by a reduction process. This process was thought to lead to gas-
ification of the carbon in contact with the copper, so that the
copper particles were finally anchored to the silica surface,
while maintaining the integrity of the carbon overlayer else-
where. For comparative purposes, Cu/C and Cu/SiO2 catalysts
were also prepared. The structural details of these catalysts and
spatial distribution of Cu nanoparticles over these catalysts
were examined by using TEM. For Cu/C/SiO2, the clearly ob-
served mesoporous channels of the initial C/SiO2 composite
suggest that the carbon was probably uniformly dispersed on
the surface of SiO2 (Fig. 1a and S1a and b†). The slightly dark
dots are ascribed to Cu nanoparticles with an average size of
ca. 2.9 ± 0.8 nm (Fig. 1b and inset), which agrees well with the
result obtained from the dispersion measurement (Table 1). In
addition, relatively large Cu nanoparticles can occasionally be
observed on the outside of the pores. Images of this catalyst
recorded at different magnifications are shown in Fig. S1c and
d.† High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging and EDX spectro-
scopy (Fig. 1c) revealed that Cu nanoparticles are dispersed in-

side the mesopores of the C/SiO2 support. For Cu/SiO2 (Fig. S2a
and b†), no obvious Cu particles were detected, not even at
high magnification. This suggests that Cu nanoparticles are ox-
idized to a higher valence state and dispersed in the form of a
monolayer or atomically dispersed species, as reported in the
literature.16,33 For the Cu/C catalyst (Fig. S2c and d†), copper
particles with a mean size about 6.7 ± 1.7 nm are discretely dis-
persed on the support.

In addition, HS-LEIS studies were carried out to obtain in-
formation on the outermost atomic layer of the surface and
the subsurface structure of the catalysts by increasing the ion
current and sputtering time.34,35 As calculated from the area
of peaks before and after sputtering (Fig. 1d), the majority of
the Cu species (∼93%) for Cu/C/SiO2 are located in the meso-
pores. For Cu/SiO2, ∼85% of the Cu species are dispersed
within the mesopores of the SiO2 support, indicating that the
introduction of the carbon layer does not have a substantial
influence on the dispersion of Cu particles for the Cu/C/SiO2

catalyst.
The XRD patterns of the reduced catalysts are shown in

Fig. S3.† For Cu/C/SiO2 and Cu/C, diffraction peaks at 2θ =
43.3, 50.4, and 74.1° are visible, corresponding to the (111),
(200), and (220) reflections of copper (JCPDS card 04-0836),
respectively. Based on the results of TEM and XRD, there are
relatively large Cu particles on the Cu/C/SiO2 catalysts (see
Fig. S3† for details).36 Only a broad XRD feature, indicative of
an amorphous material, is detected on Cu/SiO2. This result
corresponds to the analysis from TEM. This suggests that the
mean diameter of Cu particles calculated from the dispersion
measurement, as shown in Table 1, provides more reliable
size information for these catalysts.

To clearly reveal the dispersion state of the carbon layer
on C/SiO2, the SiO2, C/SiO2, and C supports were

Fig. 1 (a–c) TEM images of the Cu/C/SiO2 catalyst. Scale bar in (c):
100 nm. (d) HS-LEIS spectra: A) before and B) after sputtering the SiO2

shell of Cu/SiO2; C) before and D) after sputtering the C/SiO2 shell of
Cu/C/SiO2.
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characterized in detail. Firstly, the pore size distributions
(PSDs) of these mesoporous materials (Fig. 2a) are centered
at a size of ∼7.6 nm for SiO2, 6.5 nm for C/SiO2, and 2.9/5.0
nm for C. Furthermore, the nitrogen adsorption–desorption
isotherms (Fig. S4†) of these supports bear the characteristics
of cylindrical pores. The surface areas of SiO2, C/SiO2 and C
are 592, 417 and 2218 m2 g−1, respectively. From the pore di-
ameter data, we can estimate the thickness of this thin layer
to be about 0.5 nm for C/SiO2. This is also reflected in the
data of the wall thickness (Table 1) obtained from the low-
angle XRD patterns and the pore size (Fig. S5† and 2a). Thus,
the PSDs of C/SiO2 suggest that the inner pore of SiO2 is
rather uniformly covered by a thin carbon layer.

In addition, the NH3-TPD technique was used to further
test whether the carbon layer uniformly coats the SiO2 sur-
face (Fig. 2b). The profile of SiO2 exhibits a broad peak over a
range of 250–400 °C, indicating that acid sites of medium
strength exist on its surface.37 After carbon coating, the NH3

desorption peak is negligible on C/SiO2. Also, the pure C sup-
port shows a negligible desorption peak. One can thus con-
clude that the Si–OH groups of the silica are almost
completely covered by the carbon layer. The physical and
chemical characterization thus supports the notion that C–
SiO2 binary composites with a uniform carbon layer covering
the SiO2 surface have been obtained by the synthetic
protocol.

H2-TPR-MS was employed to track the reduction process
of these catalysts. The samples were obtained by loading
CuĲNO3)2 onto the corresponding supports. As shown in
Fig. 3a, the main reduction peak for C/SiO2 shifts to a lower
temperature as compared to that for SiO2 (179 vs. 202 °C).
This suggests that the carbon layer promotes the reduction of

Cu2+ species. For Cu/C, three reduction peaks appear below
350 °C. Based on the H2 consumption, it indicates that these
samples contain Cu0 species below 350 °C.

During H2-TPR measurements, the signals of CH4 at m/z =
15 and 16 were monitored. For Cu/SiO2, no H2 consumption
peak or CH4 signal is detected during the TPR process
(Fig. 3b). In the case of Cu/C/SiO2, an apparent consumption
peak of H2 gradually appears over a temperature range of
350–470 °C (the inset in Fig. 3c). Correspondingly, a strong
MS signal of CH4 is observed, indicating that Cu nano-
particles catalyze the hydrogenation of carbon to form meth-
ane in the presence of hydrogen. Based on this H2 consump-
tion, ∼0.2 mg carbon per 100 mg catalyst is consumed. We
assume that all Cu nanoparticles (∼2.2 nm in diameter)
would react with the carbon and pierce the thin carbon layer
(∼0.5 nm in thickness), then it could be estimated that the
theoretical consumption of carbon is ∼0.24 mg per 100 mg
catalyst (for detailed calculation, see Fig. S6†). Thus, these re-
sults provide indirect evidence that the Cu nanoparticles may
have pierced this carbon layer and come into contact with
the SiO2 surface. As the intensity ratio of D to G bands (ID/IG,

Table 1 Structure parameters of the supports and the Cu-based catalysts

Sample Cu loadinga (wt%) Carbon contentb (wt%) Wall thickness (nm) ID/IG Dispersion of Cuc (%) Particle size (nm)

SiO2 0 0 3.4 — — —
C/SiO2 0 8.6 4.5 0.96 — —
C 0 100 1.2 0.94 — —
Cu/SiO2 8.4 0 N.D.d — 57.0 1.8e

Cu/C/SiO2 8.8 7.7 N.D. 0.97 44.9 2.2e/2.9 f

Cu/C 8.3 92.3 N.D. 0.92 26.5 3.8e/6.7 f

a Determined by ICP-AES analysis. b Obtained from the result of TG. c Measured by a H2–N2O titration method. d N.D., not detected.
e Calculated by the dispersion of Cu. f Mean size estimated from the TEM image.

Fig. 2 (a) Pore size distribution and (b) NH3-TPD profiles of supports.

Fig. 3 (a) H2-TPR profiles of the supported Cu catalysts and the
corresponding MS signals of CH4: (b) Cu/SiO2, (c) Cu/C/SiO2, and (d)
Cu/C. The insets in (b)–(d) are the respective magnified traces from
panel (a) in the corresponding temperature range.
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D means “disordered”, G means “graphitic”) in the Raman
spectra of Cu/C/SiO2 is nearly equal to that of C/SiO2 (0.97 vs.
0.96) (Fig. S7† and Table 1), the effect of methanation on the
nature of the carbon layer is negligible. In control experi-
ments, on Cu/C, CH4 signals are detected with two main
peaks at ∼413 and 581 °C (Fig. 3d). This might suggest that
gradual agglomeration of Cu nanoparticles during hydrogen
reduction occurs, as the interaction between copper and the
carbon surface is rather weak. As only one CH4 peak was
detected during the reduction process of Cu/C/SiO2, one
could speculate that the Cu nanoparticles on C/SiO2 are prob-
ably immobilized by the SiO2 surface after the methanation.38

The methanation of carbon can be attributed to the low but
detectable solubility of carbon atoms in the surface layers of
Cu nanoparticles39–41 and the capability of this metal to dis-
sociate H2 under a reducing atmosphere.42

To probe whether there is a chemical interaction between
Cu and SiO2, XPS spectra (Fig. 4a and S8†) were recorded to
analyze the binding energies in the Cu 2p region for Cu/SiO2

and Cu/C/SiO2.
43,44 The samples were reduced in the prepara-

tion chamber prior to analysis, and all the operation avoided
any contact with air. The Cu 2p3/2 and Cu 2p1/2 peaks cen-
tered at 932.8 and 952.5 eV are ascribed to Cu0 or Cu+ spe-
cies. The absence of peaks at 934.9 or 933.5 eV (ref. 45) sug-
gests that Cu2+ species were reduced to a lower valence state
(+1 or 0).46 Asymmetric and broad Auger peaks (Fig. 4b and
Table 2) are deconvoluted into two symmetrical peaks at
∼917 eV (Cu+) and 919–920 eV (Cu0).

The standard binding energy of Cu 2p3/2 is around 932.2–
932.5 eV for Cu2O and 932.4–932.5 eV for metallic Cu.45,47 In
comparison, the Cu 2p3/2 peak of our catalysts clearly shifts
to a higher binding energy. Moreover, approximately 40–50%
copper remains in the Cu+ state on the reduced catalysts.
This cuprous species always originates from the reduction of
the copper phyllosilicate under experimental conditions, be-
cause the further transformation of Cu+ to Cu0 requires tem-
peratures exceeding 600 °C.48 These results indicate a strong
chemical interaction between the supported copper and the
SiO2 surface of the C/SiO2 support, which could support the
notion that Cu nanoparticles consume the carbon layer by
formation of methane, then come into contact and react with
the SiO2 surface, and thus are immobilized by the silica moi-
ety of the C/SiO2 support.

XPS analysis gives information on the surface composition
for the first few atomic layers. The exact depth is dependent on
the materials' parameters and, for light atoms, can reach down
to about 5 nm.49 Thus, given the catalyst surface layer being
composed of carbon and the fact that the copper particles are
rather small, the XPS analysis also contains bulk information
on the Cu particles, not only exclusive information on the out-
ermost atomic layer. In order to corroborate these findings, in
situ DRIFT spectroscopy of adsorbed CO was used to determine
the surface chemical state of Cu on the reduced catalysts. The
setup was operated at ambient pressure in a flow of He. The re-
sult (Fig. S9†) shows both Cu0 and Cu+ existing on the surface
of the Cu particles in these catalysts. The percentage of Cu0 is
ca. 60.5% for Cu/C/SiO2 and 44.4% for Cu/SiO2. The data of
both XPS and CO-DRIFT spectroscopy thus suggests that the
carbon on SiO2 enhances the reduction of Cu species to Cu0.
The Cuδ+ on Cu/C/SiO2 might be formed when Cu0 comes into
contact and interacts with the SiO2 surface.

38 This result is con-
sistent with the data of H2-TPR.

3.2. Performance in dehydrogenation of ethanol

The catalytic activity of the Cu/C/SiO2 catalyst was evaluated
and compared to those of Cu/SiO2 and Cu/C. As shown in
Fig. 5a and b, the conversion of ethanol over Cu/C/SiO2 is
83.0%, near the equilibrium (ca. 90%) under the reaction
conditions. The catalyst shows an excellent selectivity towards
acetaldehyde of 95.1%. Cu/SiO2 exhibits a similar conversion
of 85.4%, but a low selectivity of 79.4%. In the case of Cu/C,
it has a very poor activity (17.4% conversion) and a selectivity
of 99.3%, indicating almost no catalytic sites for side reac-
tions. Therefore, copper supported on C/SiO2 results in an ef-
ficient ethanol dehydrogenation reaction with excellent selec-
tivity. The initial turnover frequency value for these catalysts
is 0.019 s−1 for Cu/C/SiO2, 0.017 s−1 for Cu/SiO2, and 0.018 s−1

for Cu/C. This suggests that ethanol dehydrogenation is not a
structure-sensitive reaction, at least in the particle size range
of this research course, and all the Cu atoms exposed on the
surface of Cu particles participate in the reaction.

The stability of these catalysts was tested, and the results
are shown in Fig. 5c and d. Cu/C/SiO2 shows a negligible drop
in conversion of 0.087% per hour, with a selectivity of up to ca.
98% during a 60 h test. Also, Cu/SiO2 is fairly stable, but has a
low selectivity of ∼80%. For the Cu/C reference sample, ethanol
conversion dramatically decreases from 36.5 to 17.4% over 10

Fig. 4 (a) XPS and (b) Cu LMM Auger spectra of Cu/C/SiO2 and Cu/
SiO2 catalysts.

Table 2 Surface copper composition of Cu-based catalysts based on
XPS, Cu LMM XAES, and CO-DRIFT deconvolution

Catalyst
B.E. of
Cua (eV)

K.E.b (eV) XCu0
c

(%)
YCu0

d

(%)Cu+ Cu0

Cu/C/SiO2 932.8 916.5 920.0 61.1 60.5
Cu/SiO2 932.8 916.6 919.0 53.3 44.4

a Binding energy. b Kinetic energy. c Percentage of Cu0 based on the
peak area from the Auger data. d Percentage of Cu0 based on the
peak area from the CO-DRIFT results.
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h. Moreover, tests with graphite (Sinopharm, China) and coco-
nut (PICA, France) carbon-supported Cu catalysts (with differ-
ent theoretical loadings) yielded similar results (Fig. S10a†).
Hence, the designed Cu/C/SiO2 composite catalysts indeed
combine the favourable characteristics of Cu/SiO2 with respect
to stability and Cu/C with respect to selectivity, exactly as hy-
pothesized in designing the system.

A second-order deactivation model was used to evaluate
the catalyst stability.50 As described and shown in Table S1,†
a low deactivation rate of 0.001 h−1 and a lifetime of ∼1000 h
for Cu/C/SiO2 indicate excellent stability compared to other
reported catalysts (<167 h). CH3CHO yields of the new cata-
lyst and the ones in the literature are shown in Fig. 6 as a
function of the deactivation rate, kD. The high yield at a low
kD again proves the good selectivity and stability of this Cu/C/
SiO2 composite in the DHEA reaction.

The acetaldehyde formation rates on these three catalysts
are compared in Fig. S10b.† The Cu/C/SiO2 catalyst exhibits
good stability and yields ca. 1.8 gCH3CHO gCat.

−1 h−1 during a
60 h test, which is a significant improvement over the other
samples. To our knowledge, this catalyst shows the best over-
all performance compared to published results (Table S1†).

According to the results of H2-TPR-MS and XPS, one can
conclude that the excellent stability of Cu/C/SiO2 is due to
the chemical interaction between Cu and SiO2. In addition,
more than 90% of the copper species are located within the
pores, so a pore confinement effect may also contribute to
the stable performance.

3.3. Kinetic measurements and CH3CHO-TPD

To gain deeper insight into the excellent selectivity of the Cu/
C/SiO2 catalyst, kinetic measurements were conducted. The

activation energies of the SiO2- and the C/SiO2-supported cop-
per catalysts are similar, i.e. ∼67.6 and 67.8 kJ mol−1

(Fig. 7a), which suggests that the dehydrogenation reaction
on both catalysts proceeds in a rather similar manner. The
effect of residence time (W/F) on the product selectivity and
C2H5OH conversion over these reduced catalysts was studied
as well. The results (Fig. 7b and S11†) demonstrate clearly
that acetaldehyde is the primary product and that the by-
products are generated in secondary reactions, i.e., esterifica-
tion, aldolization, ketonization, etc. Both catalysts show the
same tendency. However, the selectivity to acetaldehyde on
the SiO2-supported Cu catalyst is clearly lower than that on
Cu/C/SiO2 at the same conversion. Therefore, the addition of
carbon indeed suppresses the secondary reactions of acetal-
dehyde, thus optimizing its selectivity.

Furthermore, as the Si–OH groups can adsorb and activate
the carbonyl functionality (–CHO),51 CH3CHO-TPD was

Fig. 5 (a) C2H5OH conversion and (b) product distribution over Cu-
based catalysts at a time-on-stream of 10 h. (c) Conversion and (d) se-
lectivity as a function of time during ethanol dehydrogenation. Reac-
tion conditions: WHSVC2H5OH = 2.4 h−1, 5 vol% C2H5OH, 40 mL min−1

N2, 260 °C. By-products: CH3COOC2H5, C3H7CHO, C4H9OH,
CH3COCH3, etc.

Fig. 6 Yield versus deactivation rate (kD) of the catalysts in this work
and the literature (no. 1–5, shown in Table S1†).

Fig. 7 (a) Arrhenius plot of the reaction rate over the reduced
catalysts at 180–260 °C. (b) Dependence of product selectivity and
ethanol conversion on W/F in the DHEA reaction over these catalysts
at 260 °C. By-products: CH3COOC2H5, C3H7CHO, C4H9OH,
CH3COCH3, etc.
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adopted to analyse the effect of the carbon layer on the sec-
ondary reactions of acetaldehyde. The trace of CH3CHO at m/
z = 29 is shown in Fig. 8. The main desorption peaks for the
C/SiO2 and SiO2 supports are at 125 and 163 °C, respectively.
The former peak is related to acetaldehyde physisorbed on
the carbon surface.52 Desorption of by-products, i.e., alde-
hydes, ketones and others, was only observed over the SiO2

samples, proven by the appearance of peaks at m/z = 29 and
15 at ∼440 °C (see Fig. 8 and S12† for details). Thus, the car-
bon layer effectively covers the exposed Si–OH groups,
supporting the conclusion drawn from the NH3-TPD results.

Combining the above results, we propose a possible sche-
matic model to illustrate the formation process of Cu/C/SiO2

and the reaction pathway of ethanol dehydrogenation on this
catalyst (Fig. 9). The designed Cu/C/SiO2 catalyst combines
the two favourable properties of carbon and silica supports
and thus shows improved selectivity associated with a high
stability.

4 Conclusions

In this work, a designed Cu/C/SiO2 composite is described as
an efficient catalyst for the DHEA reaction with high acetalde-
hyde selectivity (up to ∼98%) and good stability for a 60 h
test compared to Cu/C and Cu/SiO2 references. The system
was characterized in detail to establish a clear structure–per-
formance correlation. XPS data for the reduced catalysts indi-
cate that the chemical interaction between Cu nanoparticles
and silica surfaces of the C/SiO2 support contributes to pre-
vention of the agglomeration of Cu particles, thus enhancing
the catalyst stability. Kinetic measurements of the Cu/C/SiO2

and Cu/SiO2 catalysts show that the addition of carbon sup-
presses secondary reactions of the initially formed acetalde-

hyde, thus enhancing the selectivity of the reaction. The re-
sults of Cu Auger spectroscopy and CO-DRIFT measurements
further suggest that the carbon enhances the reduction of Cu
species to Cu0, e.g., 60% for Cu/C/SiO2 vs. 40% for Cu/SiO2.
Furthermore, the NH3- and CH3CHO-TPD on C/SiO2 demon-
strate that the carbon layer almost completely covers the Si–
OH groups on the SiO2 surface, which leads to accelerated
product desorption and thus less consecutive reactions com-
pared to the pure silica surface. These two effects are respon-
sible for the high acetaldehyde selectivity.
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