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Tailoring the Surface Structure of Silicon Carbide Support
for Copper Catalyzed Ethanol Dehydrogenation
Meng-Yue Li,[a] Wen-Duo Lu,[a] Lei He,[a] Ferdi Schüth,[b] and An-Hui Lu*[a]

The production of acetaldehyde through biomass-derived
ethanol dehydrogenation is a sustainable alternative compared
to the fossil-feedstock based process, for which Cu-based
catalysts are considered to be the most efficient. Herein, we
modified the surface of silicon carbide (SiC) to alter the
properties of the interface from SiO2-rich to C-rich, and we
prepared a series of Cu-supported catalysts (Cu/SiC, Cu/SiO2/
SiC, and Cu/C/SiC) with the aim of insight into the effect of the
interface structure and composition on catalytic dehydrogen-
ation of ethanol. At 280 °C, the Cu/SiO2/SiC catalyst exhibits
high ethanol conversion due to the excellent dispersion of Cu

nanoparticles promoted by SiO2-rich interface. In contrast, Cu
nanoparticles dispersed on C/SiC shows somewhat lower
activity but excellent acetaldehyde selectivity with trace
amounts of by-products under identical reaction conditions.
This difference is attributed to the fast removal of acetaldehyde
because of its low affinity for the relatively inert C-rich interface
(C/SiC). This work provides an in-depth understanding of
Cu� Si� C multi-interfacial structure and the ethanol dehydro-
genation behavior, which may shed light on the design of novel
catalysts with tailored interfacial structures.

Introduction

Acetaldehyde, with a worldwide production exceeding 106

tons/year, is an important organic intermediate in chemical
industry to produce high value-added fine chemicals, such as 1-
butanol, 2-ethylhexanol, pyridine bases, and chloral.[1] Currently,
the main route for acetaldehyde production is the Wacker
process, via ethylene oxidation catalyzed by PdCl2 and CuCl2 in
strong acidic solutions.[2,3] Nevertheless, the resource constraints
and environmental requirement make the dehydrogenation of
ethanol to acetaldehyde (DHEA)[4,5] a particularly attractive and
green alternative to ethylene route. It provides an opportunity
to replace petroleum-based ethylene by renewable biomass-
derived ethanol along with the advantages of low cost, atomic
economy, and sustainability.

To date, copper-based catalysts have proved to be the most
efficient for DHEA process with Cu0 as the active sites.[6,7]

Notably, silica supported copper catalysts perform particularly
well with high ethanol conversion and good stability due to the
high dispersion of Cu nanoparticles and relatively strong
interaction between Cu and SiO2. However, Si-OH can also
catalyze secondary reactions, such as condensation,[8] or ketoni-
zation[9] reactions of acetaldehyde to produce C3 and C4

compounds, thus decreasing the selectivity to acetaldehyde (<
80 %). Moreover, these cascade reactions also take place on
undesired Cu+ sites generated in the reduction process
originating from well-dispersed copper phyllosilicate.[10,11] In
order to improve acetaldehyde selectivity by cutting down the
secondary reactions, carbon materials with relatively inert
surfaces have been successfully applied as supports for DHEA
process,[4,12] indicating excellent acetaldehyde selectivity of
94.1 % at 280 °C.[12] However, Cu nanoparticles on carbon
supports tend to agglomerate and easily deactivate on account
of the weak interaction between Cu and carbon.[12,13] Recently,
we have demonstrated that Cu/C/SiO2 composite catalyst shows
a high acetaldehyde selectivity and good stability by taking the
synergetic advances of inert surface of carbon material and the
anchoring effect of silica to copper.[14] Therefore, further study
to integrate the synergetic advances of each surface and design
Cu-supported multi-interfacial catalysts remains a substantial
challenge.

Silicon carbide (SiC) is a kind of highly covalent material
with a tetrahedral structural unit similar to diamond, which has
potential applications in biosensor and biomedicine, gas
sensors,[15–17] and semiconductor industry,[18] particularly in harsh
environment. Currently, silicon carbide attracts attention as an
alternative catalyst support owning to its high mechanical
strength, excellent thermal conductivity, chemical inertness. It
has been reported for reactions including methanol dehydra-
tion,[19] Fischer-Tropsch synthesis,[20] CO2 photoreduction[21] and
photocatalytic hydrogen production.[22] However, the relatively
low surface area and hydrophobic surface often suffer from
scarcity of active sites, which limit its diversified applications in
catalysis. To overcome this limitation, several strategies such as
thermal or acid treatments can be employed for surface
modification of SiC.[23,24] Herein, we tailored the commercial SiC
through rational treatments to obtain a SiO2-rich or a C-rich
surface. As-prepared materials were used as support for Cu
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loading and the corresponding catalysts are denoted as Cu/SiC,
Cu/SiO2/SiC, and Cu/C/SiC with different interfacial structures. It
is an ideal model for investigating the correlation between
Cu� Si� C multi-interfacial structure and catalytic behavior in
DHEA, excluding the influences of crystalline differences.
Further characterizations combining kinetic measurements have
been used to elucidate the relationship between the interfacial
structures and catalytic performances, which reveal the origi-
nation of the high activity and selectivity for DHEA.

Results and Discussion

Structural Characterizations of the Supports

From the TEM images of the supports shown in Figure 1, the
original commercial silicon carbide (SiC) particles are around
50 nm in diameter. After calcination in air, the SiO2/SiC
maintains the pristine morphology of commercial SiC, and the
SiC granules were covered by a layer of amorphous silica with
~ 10 nm thickness originated from the removal of surface
carbon species. Similarly, the TEM image of C/SiC demonstrates
a roughly 5 nm layer coated on SiC particles, which can be
attributed to the formation of a carbon network by remaining
carbon atoms after the extraction of Si atoms through
chlorination process for 0.5 h at 800 °C.

Besides, X-ray diffraction (XRD) patterns further illustrate the
crystalline structure of the three SiC-based supports (Figure 1d).
The diffraction peaks at 2θ=35.7°, 41.4°, 60.0° and 75.5° are
indexed to cubic SiC. For SiO2/SiC, an additional fairly broad and
weak peak ranging from approximately 15° to 25° can be
assigned to typical amorphous silica, which indicates the
existence of SiO2 after calcination of SiC. Moreover, the TG curve
(Figure 1e) under air atmosphere of the SiC reveals that the
weight increases continuously alongside the temperature

increasing because of the replacement of one carbon atom
with two oxygen atoms. Consequently, the weight of SiO2/SiC
support increases 12 % compared to the pristine commercial
SiC (112 mg/100 mg) after preprocessing in air, due to the
removal of surface carbon and the origination of SiO2. For C/SiC
composite, the approximately 5 % weight loss (95 mg/100 mg)
is originated from the etching of Si over SiC substrate through
the reaction between CCl4 and surface SiC. According to the N2

adsorption results (Figure 1f), the specific surface area is
34 m2 g� 1 for SiC and almost the same for SiO2/SiC (33 m2 g� 1).
Although it is relatively higher for C/SiC (59 m2 g� 1) due to the
vacancies of removed Si, it is still comparable as catalyst
supports for further discussions. Based on the above results, it is
proved that a SiO2-rich surface can be generated by high
temperature oxidation, while a C-rich surface is induced
through chemical etching with CCl4 from the same SiC
substrate.

XPS analysis further demonstrates the surface compositions
of as-obtained supports (Table 1 and Figure 2). In order to avoid
the influence of physical adsorption of moisture, all samples
were dried in the oven at 120 °C prior to analysis. The results of
calculated surface atomic fractions of each constituent are listed
in Table 1. Compared to SiC, the SiO2/SiC possesses higher
oxygen atomic percent with lower carbon atomic percent,
which coincides well with the XRD and TG results. For C/SiC, the
removing of Si atoms by chemical etching with CCl4 leads to a

Figure 1. TEM images of commercial (a) SiC, (b) SiO2/SiC and (c) C/SiC; (d) XRD patterns of the three supports; (e) TG curve under air atmosphere of the SiC
pristine; (f) N2 sorption isotherms of the three supports, the isotherms of SiO2/SiC and C/SiC were vertically offset by 35 cm3 g� 1, STP respectively.

Table 1. Summary of Si, C and O surface atomic composition of SiC, SiO2/
SiC and C/SiC supports.

Sample Atomic [%] Si/C ratio Si/O ratio
Si C O

SiC 37.09 38.65 23.26 1 : 1.04 1 : 0.63
SiO2/SiC 33.49 9.58 56.93 1 : 0.29 1 : 1.70
C/SiC 30.08 38.56 31.17 1 : 1.28 1 : 1.04
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decrease of Si content and the C/Si ratio increases because of
the formation of silicon vacancies. Similarly, XPS survey spectra
of SiC, SiO2/SiC and C/SiC surfaces in Figure 2a also confirm the
presence of excess silica or carbon on the pretreated support
surfaces.

Furthermore, Figure 2b–d illustrate the binding energies in
Si 2p, O 1s and C 1s regions of SiC, SiO2/SiC and C/SiC support
surfaces. For C/SiC surface, the C 1s spectrum (Figure 2b)
exhibits one major peak at binding energy of 284.8 eV, which
corresponds to surface C species in graphitic framework.[25] And
the shoulder peak at 283.5 eV ascribed to the C� Si bond[26] has
lower intensity than that for SiC surface, further verifying the
elimination of Si species to produce a C-rich surface. For SiO2/
SiC support surface, a respective intense peak at 103.5 eV in Si
2p line (Figure 2c) and at 532.6 eV in O 1s line (Figure 2d)
attributes to Si� O bond in SiO2,

[27,28] indicating the existence of
silica surface after thermal treatment in air. For SiC and C/SiC
surfaces, the peak at the binding energy of 102.0 eV is deemed
as silicon oxocarbide[29] instead of Si� C bond. Similarly, the
oxygen peak for H2O located at 533.1 eV can be the result for
chemically absorbed water molecules to form Si� OH2

bonds,[30,31] which can additionally support for the analysis of
silicon oxocarbide. XPS analysis supplies with information for
the first few atomic layers on the material surfaces, so it is
extremely difficult to confirm the outermost layer composition
of the surfaces. Even so, XPS analysis can also demonstrate the
enrichment of excess oxygen and carbon species on the SiO2/
SiC and C/SiC surfaces, respectively.

Physicochemical Properties of the Catalysts

As-prepared supports were used for fabricating Cu catalysts by
incipient wetness impregnation of a Cu(NO3)2 aqueous solution

followed by reduction procedure (details in Experimental
Section). The catalysts were characterized by XRD, TEM and H2-
N2O titration method in order to confirm the morphology,
crystal phase and distribution of Cu. The XRD pattern of the
reduced Cu/SiC catalyst in Figure 3a shows that the diffraction

peaks representing cubic SiC are still the main peaks after
loading Cu species. For all of these prepared catalysts,
diffraction peaks located at 2θ=43.3, 50.4 and 74.1° match the
(111), (200) and (220) reflections of Cu0 respectively according
to JCPDS card 04-0836, verifying the presence of active metallic
copper sites.

The TEM images of the catalysts in Figure 3b-d show
dispersion of Cu particles on the surface of supports. As can be
seen from the TEM images, the Cu nanoparticles on the SiO2-
rich surface are relatively smaller with a higher dispersion
compared with the Cu/SiC and Cu/C/SiC catalysts because of
the stronger interaction between Cu and SiO2. The Cu particle
size and dispersion were further calculated by the analysis of
H2� N2O titration method (Table 2). If we assume that the Cu
particles are spherical, the dispersion (D) of Cu on the Cu/SiO2/
SiC catalyst is 17.6 %, which is much higher than that of Cu/C/
SiC (3.5 %). Correspondingly, the Cu particle size of Cu/SiO2/SiC

Figure 2. (a) XPS survey spectra of SiC, SiO2/SiC and C/SiC supports. High-
resolution (b) Si 2p, (c) C 1s, and (d) O 1s spectra of these supports.

Figure 3. (a) XRD patterns of the Cu-loading catalysts, and TEM images of (b)
Cu/SiC, (c) Cu/SiO2/SiC and (d) Cu/C/SiC.

Table 2. Structure parameters of the supported Cu catalysts after reduc-
tion.

Catalyst Dispersion Particle H2 consumption
of Cu [%][a] size [nm][a] [m3 g� 1][b]

Cu/SiC 5.7 17.5 21.8
Cu/SiO2/SiC 17.6 5.7 16.8
Cu/C/SiC 3.5 28.6 24.2

[a] Measured and calculated by a H2� N2O titration method; [b] Obtained
from the result of H2-TPR (Theoretical hydrogen consumption of 5 wt% Cu
catalysts: 17.5 m3 g� 1)
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is about 5.7 nm, which is smaller than that for Cu/SiC (17.5 nm)
and Cu/C/SiC (28.6 nm). Thus, the analysis from H2� N2O titration
method is well coordinated with the results obtained by the
TEM observation.

H2-TPR (Figure 4) was carried out to reveal the reducibility
of these catalysts. The H2 consumption peaks below 350 °C
represent the reduction of Cu 2 + to Cu0 species. For Cu/SiO2/SiC,
the main reduction peak is observed at 227 °C with narrow
temperature range, which demonstrates the reduction of
relatively small Cu2 + species. It further proves that SiO2-rich
surface can enhance the stability of the smaller Cu and prevent
their aggregation during high temperature reduction. The main
H2 consumption peak for Cu/C/SiC shifts to a relatively lower
temperature (215 °C) compared to Cu/SiO2/SiC (227 °C), which
suggests the carbon layer facilitates the reduction of Cu2+

species due to the relatively weak interaction. Also, the broad
peaks in the temperature range of 230–350 °C can be attributed
to the reduction of larger cupric oxide particles[32] aggregated
during the high temperature reduction. Notably, a broad H2

consumption peak appears from 450 °C to 650 °C for Cu/SiC and
Cu/C/SiC, representing the methanation of carbon catalyzed by
Cu0 nanoparticles.[14] Therefore, the total H2 consumption for
Cu/SiC and Cu/C/SiC are 21.8 and 24.2 m3 g� 1, respectively
(Table 2), which are higher than the theoretical hydrogen
consumption of 5 wt% Cu catalysts (17.5 m3 g� 1).

The Catalytic Performance of Catalysts in DHEA

The catalytic performances were evaluated under atmospheric
pressure over a fix-bed reactor with a feed of 5 vol% ethanol at
a WHSVC2H5OH of approximately 2.4 h� 1. Figure 5a and b show
ethanol conversion and acetaldehyde selectivity as a function of
the reaction temperature over the as-prepared catalysts. In the
case of Cu/SiO2/SiC catalyst, it shows higher ethanol conversion
than that of the Cu/SiC catalyst. In particular, the ethanol
conversion on Cu/SiO2/SiC catalyst is almost twice of the Cu/SiC
at 280 °C (81.4 % vs. 47.4 %). It suggests that more active sites
may be produced by highly dispersed copper particles
promoted by SiO2-rich surface. For Cu/C/SiC catalyst, due to the
inhibition of the secondary reaction by inert carbon surface, it
maintains quite high acetaldehyde selectivity up to ~ 99 %
(Figure 5b) with the temperature increasing. Besides, the
ethanol conversion rate above 240 °C over Cu/C/SiC catalyst
performs rather more excellent than that of the other catalysts
tested. And this superiority becomes clearer as the reaction
temperature increasing. Despite of the poor Cu dispersion on C-
rich surface, it is pretty favorable for the hydrophobic carbon to
accelerate the enrichment of ethanol concentration at higher
reaction temperatures.[12] As seen in Figure 5c, the catalysts Cu/
SiC and Cu/C/SiC exhibit good stability during 8 h test, by
retaining acetaldehyde selectivity of 97 % and 99 %, respec-
tively. In the case of the catalyst Cu/SiO2/SiC, ethanol conversion
decreases from 53 to 36 % over 8 h, possibly due to the difficult
desorption of products and the accumulation of the products
covering on the active sites.

Moreover, we compared the catalytic activities with other
Cu-based catalysts from the literatures as listed in Table 3. It can
be seen that the Cu/SiO2/SiC and Cu/C/SiC catalysts in this work
show considerably higher ethanol conversion and acetaldehyde
selectivity respectively in the case of lower Cu loading. Likewise,
it is further suggested SiO2-based catalysts accelerate ethanol
conversion by highly dispersing of copper nanoparticles, and
the inert nature of carbon material contributes to high
acetaldehyde selectivity for the carbon-based catalysts.

Figure 4. H2-TPR profiles of Cu/SiC, Cu/SiO2/SiC and Cu/C/SiC catalysts.

Figure 5. (a) C2H5OH conversion and (b) acetaldehyde selectivity of Cu supported catalysts as a function of the reaction temperature. (c) The dependence of
ethanol conversion and acetaldehyde selectivity as a function of the time on stream of the three catalysts. Reaction conditions: catalyst 0.1 g,
WHSVC2H5OH = 2.4 h� 1, N2 40 mL min� 1, C2H5OH/N2 = 5 : 95.
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Kinetic Measurements and CH3CHO-TPD

Generally, the features of the active component significantly
influence the distribution of products. To gain deep compre-
hension of the distinction on product selectivity, kinetic
measurements were conducted and the results were shown in
Figure 6a and c. The apparent activation energies of the Cu/SiC,
Cu/SiO2/SiC and Cu/C/SiC catalysts are 66.7, 64.9 and
67.7 kJ mol� 1 respectively, indicating that the active sites among
the catalysts are almost identical. Since the dehydrogenation
reaction has been proven to be structure insensitive,[36,37] we
deduce that the surface nature of the supports is the dominant
factor which plays a role in influencing the selectivity of the
acetaldehyde. To confirm our deduction, the effect of residence
time on ethanol conversion and product selectivity over the
three catalysts was investigated (Figure 6c). As the W/F
increases, the acetaldehyde selectivity correspondingly de-

creases for all catalysts. Meanwhile, the selectivity to by-
products progressively increases. The by-products including
ethyl acetate, methyl ethyl ketone, acetone etc. are generated
by the cross- and self-aldol condensation of acetaldehyde and
butanal. The above results clearly reveal that acetaldehyde acts
as the primary product and the by-products are created in the
secondary reactions. However, the acetaldehyde selectivity on
the Cu/SiO2/SiC catalyst always performs lower than that on Cu/
C/SiC, accordingly 88.0 % and 98.8 % at W/F=

0.145 g mL� 1 min� 1. Therefore, the carbon surface indeed inhib-
its the secondary reactions of acetaldehyde to optimize its
selectivity.

The interaction between adsorbent surface and
acetaldehyde product was recorded by CH3CHO-TPD, and the
TPD profile over SiC, SiO2/SiC and C/SiC are shown in Figure 6b.
For SiO2/SiC support, several peaks located at 186 °C and 442 °C
implies energetically different adsorption sites. In particular, the

Table 3. Comparison of the catalytic performance of Cu/SiO2/SiC, Cu/C/SiC catalyst and Cu catalysts reported in the literature.

Catalyst Weight
[g]

Cu
[wt%]

T
[K]

Con.
[%]

Sel.
[%]

Ref.

Cu/SiC[a] 0.1 5 553 47.4 97.7 This work
Cu/SiO2/SiC[a] 0.1 5 553 81.4 94.2 This work
Cu/C/SiC[a] 0.1 5 553 65.8 99.0 This work
Cu/MC 0.1 10 553 83.0 95.1 [12]
Cu/SiO2 – 10 553 53.1 61.0 [33]
Cu/SiO2 0.1 10 500 41.0 87.2 [34]
Cu/C/SiO2 0.1 8.8 533 83.0 95.1 [14]
Cu/C@SiO2 0.1 3.78 533 36.1 99.0 [35]

[a] Reaction conditions: catalyst 0.1 g, WHSVC2H5OH = 2.4 h� 1, N2 40 mL min� 1, C2H5OH/N2 = 5 : 95.

Figure 6. (a) Arrhenius plot of the reaction rate over the reduced catalysts at 180–260 °C. (b) CH3CHO-TPD over SiC, SiO2/SiC and C/SiC supports. (c)
Dependence of product selectivity and ethanol conversion on W/F in the DHEA reaction over Cu-loading catalysts at 260 °C. By-products: CH3COOC2H5,
C3H7CHO, C4H9OH, CH3COCH3, etc.
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obvious peak at 442 °C proves the desorption of by-products
such as aldehydes, ketones and others, which means the
secondary reaction of acetaldehyde. Meanwhile, similar to the
carbon material, the desorption peak centered at 139 °C for C/
SiC sample corresponds to the weak adsorption sites – that is
acetaldehyde molecules are easily desorbed in DHEA process.[38]

In a word, the C-rich surface effectively promotes the
desorption of acetaldehyde to increase its selectivity. This result
is in agreement with the catalytic performance in ethanol
dehydrogenation process.

Conclusions

In this study, Cu based catalysts (Cu/SiO2/SiC, Cu/C/SiC) using
silicon carbide with tailored interfaces as supports are designed
and investigated as active catalysts for biomass-derived ethanol
dehydrogenation. Cu/SiO2/SiC and Cu/C/SiC catalysts show
relatively high ethanol conversion and acetaldehyde selectivity
(81.4 % and 99 % respectively) at 280 °C, compared to other
catalysts reported so far. The catalysts were investigated in
detail by various means thus to establish a clear structure-
performance correlation. The SiO2 surface promotes the dis-
persion of copper nanoparticles, thus accelerating ethanol
conversion. And the carbon layer on SiC substrate shows a
relative inert feature, which can suppress secondary reactions of
the initially formed acetaldehyde by facilitating the desorption
of acetaldehyde from the C-rich surface, consequently enhanc-
ing the selectivity of the reaction. This work has verified our
preceding standpoints. Furthermore, we believe the proposed
method for the surface modification of the supports may
facilitate the understanding of the DHEA process, and be
applied to other catalytic reactions to gain more in-depth
understanding of the interaction between metal nanoparticles
and supports.

Experimental Section

Preparation of Multi-Interfacial Supports and Corresponding
Cu catalysts

Silicon carbide (99.9 %) and carbon tetrachloride (>99.5 %) were
respectively purchased from Shanghai Yao Tian Nano Material Co.,
Ltd, and Damao Chemical Reagent Factory Cu(II) nitrate trihydrate
(>99.0 %) and ethanol (99.7 %) were supplied by Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used as received
without any further purification.

SiO2/SiC was prepared by a calcination method using commercial
silicon carbide as a precursor, which was treated in air at 800 °C for
2 h. C/SiC was prepared using a procedure reported previously.[23]

Typically, silicon carbide was put into a tube furnace and heated to
800 °C in Ar. Subsequently, an Ar stream saturated with CCl4 vapor
was introduced into the furnace at a flow rate of 50 mL/min for
0.5 h.

Cu/SiC containing 5 wt% copper was prepared by incipient wetness
impregnation using Cu(NO3)2·3H2O aqueous solution (0.35 g mL� 1).
After impregnation, the catalyst precursors were dried at 50 °C for
12 h. Cu/C/SiC and Cu/SiO2/SiC were prepared using the same

procedure with 5 wt% Cu loading. Before the catalytic reaction
tests, catalysts were reduced by 10 vol% H2 at 350 °C for 2 h.

Characterization

X-ray diffraction (XRD) patterns were performed with a Panalytical
X’pert Pro Super X-ray diffractometer using CuKa radiation (40 kV,
40 mA, λ=0.15418 nm) with a scanning angle (2θ) of 10–90°.
Transmission electron microscopy (TEM) images of the samples
were obtained on a Tecnai F30 electron microscope equipped with
a FEG gun operating at 300 kV.

H2 temperature-programmed reduction (H2-TPR) experiments were
performed on Micromeritics Autochem II 2920 instrument to
determine the reducibility of the Cu/SiC, Cu/SiO2/SiC and Cu/C/SiC
catalysts. The catalyst precursors were pretreated in a quartz tube
by purging argon stream at 373 K for 30 min. After cooling to
350 K, the sample was then reduced in 8 vol% H2/Ar at a rate of
10 K min� 1 to 900 K. The amount of H2 consumption was detected
on-line by a thermal conductivity detector (TCD).

X-ray photoelectron spectroscopy (XPS) analysis was measured with
a Thermo VG ESCALAB 250 Microprobe instrument. The corre-
sponding binding energy (B.E.) of the elements were calibrated
using a C 1s photoelectron peak at 284.8 eV.

H2-N2O titration was applied to calculate the Cu dispersion and
average particle size by using a three-step analysis according to the
literature.[39] The first step was H2 reduction of Cu2 + to Cu, in which
the samples were reduced in 8 vol% H2/Ar at 623 K for 2 h. This H2

consumption defined as X provides the total number of Cu atoms.
The second step was N2O oxidation of Cu to Cu2O by purging the
cooled samples at 363 K by 5 vol% N2O/He for 30 min. Thirdly, H2-
TPR was conducted from 313–573 K to reduce Cu+ to Cu to obtain
the second H2 consumption Y. The dispersion was calculated by D
[%] =2 Y/X × 100. Cu particle size (d) was obtained by the formula:
d= 1/D.

Catalytic Test of Ethanol Dehydrogenation

DHEA was carried out in a fixed-bed reactor under atmospheric
pressure. Before the reaction, the catalyst (100 mg, 40–60 mesh)
was pretreated by 10 vol% H2/N2 for 2 h at 350 °C (5 °C min� 1).
Afterwards, ethanol (WHSV=2.4 h� 1) was introduced into the
evaporator by a syringe pump and carried into the reactor by
flowing N2. A gas chromatography (GC), equipped with flame
ionization detector (FID), was connected to the reactor outlet to
analyze the oxygenic products. A thermal conductivity detector
(TCD) was applied to analyze gas products (CH4, C2H4, etc.). The CH4

content measured by FID was used to calibrate the TCD measure-
ment. The carbon balance has been calculated which is higher than
98 %. The conversion and selectivity were calculated as follows
[Equation (1)]:

Ethanol conversion ¼

ðEthanolin � EthanoloutÞ=Ethanol in � 100 %
ð1Þ

Product selectivity ¼ Carbon in given product=Carbon

in all products� 100 %
ð2Þ
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