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The synthesis and utilization of mesoporous Cu-MCM-41 catalysts for hydrogenation of dimethyl oxalate to ethylene glycol
is described in this article. Physicochemical properties of these Cu-MCM-41 catalysts have been investigated by N2-physi-
sorption, X-ray diffraction, inductively coupled plasma, N2O titration, transmission electron microscopy, temperature pro-
grammed reduction, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy. It was found that the
copper loading significantly influenced the pore structure and copper surface area of the catalyst. High catalytic perform-
ance is obtained over a 20Cu-MCM-41 catalyst with a full DMO conversion and EG yield of 92% at a LHSV of 3.0 h21.
The catalytic performance of optimized 20Cu-MCM-41 catalyst could be attributed to the fine copper dispersion and large
copper surface areas. VC 2013 American Institute of Chemical Engineers AIChE J, 59: 2530–2539, 2013

Keywords: hydrogenation, ethylene glycol, syngas, copper particles

Introduction

Ethylene glycol (EG), a versatile chemical product with a
huge market demand, is primarily used in polyester manufac-
tures or to produce antifreeze. Synthesis of EG from syngas
via oxidative coupling of CO to dimethyl oxalate (DMO)
and further hydrogenation of DMO attracts increasing atten-
tion due to the shrinking of the fossil-fuel resource.1,2

Because of homogeneous catalysts showing several disad-
vantages in the catalyst-products separation and the scaling
up of the process, heterogeneous fix-bed catalysts were
mostly used for the hydrogenation.3 In the past decades, Cu–
Cr bimetallic catalysts were widely investigated for the hy-
drogenation of DMO to EG.4–6 However, the applications of
the Cu–Cr catalysts were restricted because of the toxicity of
chromium. Therefore, more recent work was focused on the
development of supported copper-based catalysts for the
DMO hydrogenation reactions. Carlini et al.7 reported that
strong acid sites of the support would catalyze the intermo-
lecular dehydration of EG to ethanol, while strong basic sites
promote the formation of 1,2-butanediol (1,2-BDO) via
Guerbet reaction. Therefore, neutral support would be more
preferred for the hydrogenation of DMO. To investigate the
effect of the catalyst structures on the catalytic performance,
Chen et al.8 employed silica sol as a support to prepare Cu/
SiO2 catalysts and probed the effect of structure, composi-
tion, and copper dispersion on the catalytic performance. Yin
et al.9–12 systematically investigated the copper precursors,
properties, structures, ion-exchange temperature, and the
nature of active copper species of the copper-containing

hexagonal mesoporous silica (HMS) catalysts, and the tex-

tural structure effect of mesoporous SiO2 on the catalytic

performance was found. Guo et al.13 reported SBA-15 sup-

ported copper catalysts with a copper loading of 50 wt % for

the hydrogenation of DMO. Our previous work explored Cu/

SiO2 monolithic catalysts for the reaction by using amor-

phous silica sol as a support, which showed the influence of

composition and structure on catalytic performance.14

As M41S materials were successfully produced, many
other types of mesoporous silica, e.g., HMS, SBA-15, and
MCF,15–17 were synthesized by using various organic tem-
plate agents. As one of M41S family members, MCM-41
mesoporous molecular sieve has attracted considerable atten-
tion since its invention in 1992.18 Owing to its exceptional
adsorption capacities and molecular sieving properties such
as high surface area, mesopore volume, suitable particle
form, chemical and thermal stability and mechanical
strength, MCM-41 is extensively applied in pharmaceutical,
biological, and chemical industries, particularly for the sepa-
ration processes and heterogeneous catalysis.19–23 Moreover,
MCM-41 can be easily synthesized by a hydrothermal syn-
thesis method using cetyltrimethylammonium bromide
(CTAB) as a structural direction agent at room-temperature.
These features offer the metal ion incorporation possibility
to modify the structure and catalytic properties of MCM-41
by substitution of Si atoms in regular tetrahedral positions.
The incorporation of transition metals (e.g., Cu, Ti, Al, Ni,
Zr, and Ag) into the MCM-41 framework uniformly with
high contents and the corresponding meso-structural materi-
als have been investigated by many researchers.24–33 Com-
pared to HMS, MCM-41 not only has the same hexagonal
structure with large specific surface area, high pore volume,
and adjustable pore size distribution, but also particularly
has characteristics of extraordinarily regular structure and

Correspondence concerning this article should be addressed to J. Gong at
jlgong@tju.edu.cn.

VC 2013 American Institute of Chemical Engineers

2530 AIChE JournalJuly 2013 Vol. 59, No. 7



thinner wall of pores which is convenient for modification.34

Different supports can influence the textural structure, parti-
cle size, and morphology of catalysts, further up the amount
of catalytically active sites that contributes to the activity in
the reaction. As far as we know, little attention has been
paid on the application of MCM-41 for supporting base
metal used in hydrogenation of oxalates. Especially, the
structural effect of MCM-41 on the copper-based catalysts
and thereof on the performance for DMO hydrogenation has
not yet been reported.

In this work, copper-containing MCM-41 catalysts have
been prepared by the ammonia-evaporation (AE) method
with the aim of achieving a high catalytic performance of
DMO hydrogenation. Catalysts with various copper loadings
have been systematically characterized and tested for
hydrogenation of DMO to EG. The influence of the copper
loadings and the structural effect of MCM-41 have been
examined in detail.

Experimental

Catalyst preparation

MCM-41. Mesoporous siliceous MCM-41 was prepared
by the hydrothermal synthesis method using tetraethyoxysi-
lane (TEOS) as a silica source and CTAB as a template
agent. First, 11 g CTAB was dissolved in 270 g deionized
water under vigorous stirring, and then 47 g TEOS was
added to the surfactant solution followed by pH adjustment
to �11.0 through gradual addition of NaOH solution. The
solution mixture was then stirred at 350 K for 2 h. The
gels were loaded into a PTFE-lined stainless steel autoclave
and heated at 373 K for 72 h. After cooling to room-tem-
perature, the precipitated products were isolated by filter-
ing, washed and dried in air at 373 K for 6 h. To remove
the organic template materials, the dried samples were cal-
cined in air at 823 K for 6 h with a heating rate of 1 K/
min.

Cu-MCM-41. Cu-MCM-41 catalysts were prepared by
the AE method described as follows: the required amount of
Cu(NO3)2�3H2O was dissolved in deionized water, and then
ammonia aqueous solution was added and stirred for 0.5 h,
followed by the MCM-41 powder addition and stirring for 4
h with the initial pH of the suspension adjusted to 11–12.
The suspension was heated to 353 K to allow the evapora-
tion of ammonia and the deposition of copper species on
silica consequently. The residue was washed with deionized
water followed by vacuum drying at 353 K for 10 h. The
catalyst precursor was calcined at 673 K in air for 4 h. The
catalysts were denoted as xCu-MCM-41, where x represents
copper mass concentrations (calculative 10–30 wt %).

Catalyst characterization

Textual properties of the samples were measured by a N2

adsorption method using a Micromeritics Tristar II 3000 An-
alyzer instrument and a Micromeritics ASAP-2020 apparatus
at 77 K. Mesoporous surface area was calculated from the
desorption isotherms using the Brunauer–Emmet–Teller
(BET) method and the pore-size distribution was determined
by the Barrett–Joyner–Halenda (BJH) method from the de-
sorption branches of the adsorption isotherms. Micropore
properties were calculated from the isotherms using BET
method and the pore-size distribution was determined by the
Horvath–Kawazoe (HK) method from the desorption
branches of the adsorption isotherms. The copper content in

the final products was determined by an inductively coupled
plasma optical emission spectrometry (ICP-OES) (Varian,
Vista-MPX) operated at high frequency emission power of
1.5 kW and plasma airflow of 15.0 L/min. Sample was dis-
solved in the mixture of HNO3, HF, and HBO3, and then
diluted with water. Fourier transform infrared (FT-IR) spec-
tra of samples were recorded on a Nicolet 6700 spectrometer
(Nicolet) using the standard KBr disk method. The effective
region was from 400 to 4000 cm21.

H2-TPR and N2O titration were carried out on a Microme-
ritics Autochem II 2920. 50 mg catalyst was loaded into a
quartz tube and dried in Ar atmosphere at 393 K for 1 h
before the reduction. The catalyst was then heated in 5%
H2–Ar at flow rate of 30 ml/min with a heating rate of 10 K/
min from room-temperature up to 1073 K. A thermal con-
ductivity detector (TCD) was used to determine the amount
of hydrogen consumption during this process. Specific sur-
face areas of metallic copper were measured by the adsorp-
tion and decomposition of N2O using the pulse titration
method. Firstly, the sample was reduced at 623 K for 4 h
under 5% H2–Ar flow. After cooling to 363 K under pure
He, 15% N2O–He was pulsed in every 4 min with He as the
carrier gas. And then the amount of hydrogen and N2O con-
sumption was determined by TCD. An adsorption stoichiom-
etry of two Cu atoms per O atom and Cu surface density of
1.46 3 1019 Cu atoms per m2 were assumed.

X-ray powder diffraction (XRD) was obtained on a
Rigaku C/max-2500 diffractometer using Cu Ka radiation
(k 5 1.5406 Å) at 40 eV and 100 mA. The small diffraction
data of calcination samples were recorded at an interval of
0.01� and a scanning speed of 4�/min from 2h 5 1� to 2h 5

10�. The wide-angle data were acquired by step scanning
with a rate of 12�/min from 2h 5 10� to 2h 5 90�. For the
reduced samples, phase transformation may occur during ex-
posure to an oxidative atmosphere. To avoid this process,
catalysts were carefully collected under high purity N2 at
room-temperature and sealed in glass bottles prior to the
XRD analysis. Copper crystallite size was calculated using
the Scherrer equation.

Particle size and distribution were observed by transmis-
sion electron microscopy (TEM) using a Philips TECNAI
G2 F20 system electron micro-scope at 100 kV. The reduced
catalyst powder was dispersed in ethanol and applied onto a
copper grid-supported transparent carbon foil and dried in
air. X-ray photoelectron spectroscopy (XPS) analysis of the
catalysts was carried out on a Perkin-Elmer PHI 1600 ESCA
system operated at a pass energy of 187.85 eV for survey
spectra with an Al KR X-ray source (E 5 1486.6 eV).

Activity test

Hydrogenation of DMO to EG was performed on a contin-
uous-flow stainless steel fixed-bed tubular reactor. The cata-
lyst bed was packed with 0.4 g catalyst particles (40–60
meshes) tightly fitted to the wall of the stainless steel reac-
tor. The catalyst bed had an inner diameter of 8 mm with a
height of approximately 40 mm. The catalyst was activated
in pure hydrogen atmosphere at 623 K for 4 h. After cooling
to the reaction temperature of 474 K, the reactant (20 wt %
DMO in methanol solution) was injected from the top of the
reactor through a high-pressure pump (Lab Alliance Series II
Pump). The reaction was carried out at a H2/DMO molar ra-
tio of 80 and a system pressure of 2.5 MPa. The liquid
hourly space velocity (LHSV) of DMO was varied from 0.5
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to 4.5 h21. The reaction products were condensed and ana-
lyzed on an Agilent Micro GC 6820 with an HP-innowax
capillary column (Hewlett-Packard Company, 30 m 3 0.32
mm 3 0.50 lm) equipped with a flame ionization detector
(FID). By-products included ethanol, methyl glycollate
(MG), and 1,2-BDO. To ensure repeatability, four to eight
separate GC samples were taken and the results were aver-
aged for each experimental data point, and uncertainties
were typically within 3%.

Results and Discussion

Textural properties of Cu-MCM-41

Textural properties of the mesoporous Cu-MCM-41 catalysts
with different copper loadings are characterized and the results
are listed in Table 1. The N2 adsorption–desorption isotherms
of calcined xCu-MCM-41 samples are illustrated in Figure 1.
Their pore-size distribution curves are shown in Figure 2.

As shown in Figure 1, all the copper-containing MCM-41
samples display a typical reversible Langmuir type IV iso-
therms with H1-type hysteresis loops,35 which is a characteris-
tic for a large-pore mesoporous material with 2-dimensional
cylindrical channels. As well-known, MCM-41 has a hexago-
nal structure with regular parallel pores. The adsorption curve
(Figure 1f) is very similar to the desorption curve, suggesting
that the pore distribution is narrow and uniform. For xCu-
MCM-41 samples, the adsorption and desorption isotherm has
an increasing step at a relative pressure of �0.4–0.9 because
of happening capillary condensation of N2 inside the
mesopore. It is suggested that the copper loading has great
influence on the pore-size distribution. While for the copper-
containing samples, the broad hysteresis loop in the isotherms
indicates the wide distribution of mesopore existence.

As listed in Table 1, the as-synthesized MCM-41 had the

BET specific surface area of 1008 m2/g, large pore volume

of 0.81 cm3/g, and pore size at 2.5 nm. When the copper

loadings increased from 11.7 to 26.8%, the BET specific sur-

face areas decreased from 485 to 85 m2/g; meanwhile, the

average pore diameter rose from 4.7 to 8.9 nm. The average

pore volume increased from 0.43 to 0.52 cm3/g with the cop-

per loading up to 20%, and then decreased to 0.22 cm3/g

with the copper loading continuing to increase. As shown in

Figure 2, all the pores at �2.5 nm disappeared, and a large

number of secondary mesopores at ca. 5 nm appeared upon

loading copper. These pores showed an increasing trend with

the increment of copper loading. Moreover, the amount of

micropore less than 1 nm decreased with increasing copper

loading, proved by the pore-size distribution of mesoporous,

as pore size at �1.5 nm decreased as well. Therefore, we

tentatively deduced that copper may incorporate into the

walls of mesoporous silicate framework and block the pores

to some extent when a small quantity of copper was intro-

duced into MCM-41. The mesoporous framework was

partially distorted and manifested irregular pore-size distribu-

tion. With the copper loading increased, agglomeration

copper particles filled up the pore of �2.5 nm and covered

the surface of the support.
Copper dispersion of Cu-MCM-41 was characterized by the

N2O titration method. As listed in Table 1, the exposed cop-
per surface area was firstly increscent and then decreasing.
The largest copper surface area was obtained on 20Cu-MCM-
41. The [Cu(NH3)4]21 entered into the pore channel of
MCM-41, and grew up in the calcination process, which may
collapse the silica walls. In addition, silica may transform to
silicic acid when it was stirred in the alkaline solution, so the
inerratic structural holes were partially destroyed. Because the
copper grain sizes of calcined samples were bigger than the
pore size of MCM-41, the original mesopores were blocked
off and the secondary mesopores formed; therefore, the bigger
pore size may be a benefit for the diffusion of

Table 1. Physical Properties of Synthesized xCu-MCM-41 Catalysts

Catalyst
Cu

loadinga (%)
SBET

b

(m2/g)
Scu

c

(m2/g)
Cuc

dispersion (%)
Vpore

b

(cm3/g)
Dp

b

(nm)
Dcu

d

(nm)
DCu

e

(nm)

MCM-41 0 1008 – – 0.81 2.5 – –
10Cu-MCM-41 11.7 485 18.0 27.9 0.43 4.7 3.74 –
15Cu-MCM-41 15.6 368 22.5 23.3 0.45 4.7 4.48 –
20Cu-MCM-41 20.2 364 34.0 25.3 0.52 5.0 4.49 4.5
25Cu-MCM-41 24.7 161 29.7 18.5 0.24 5.7 5.65 5.3
30Cu-MCM-41 26.8 85 32.4 16.8 0.22 8.9 6.22 6.5

aDetermined by ICP-AES analysis.
bCu metal surface area determined by the N2O titration method.
cDetermined by BJH pore size distribution of N2 adsorption in Figure 2.
dCopper particle size determined by the N2O titration method.
eCalculated from the XRD data based on the Scherrer equation.

Figure 1. N2 adsorption-desorption isotherms of the
calcined catalysts with different copper
loadings.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-

41, (d) 25Cu-MCM-41, (e) 30Cu-MCM-41, and (f)

MCM-41. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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macromolecular DMO. 30Cu-MCM-41 exhibited a high sur-
face copper, which was attributed to the relative higher copper
loading, but the much smaller BET specific surface area lim-
ited the internal diffusion of the reactant and product.

Owing to a narrow and uniform pore-size distribution of
MCM-41, copper particles grow up with the increase of cop-
per loading. The walls of MCM-41 molecular sieve are gen-
erally thin, and not all metal heteroatoms can enter into the
skeleton of MCM-41. Only part of the metal ion is exposed
to the surface of MCM-41. Therefore, the interaction among
the doped metal ions, the surface hydroxyl groups, and the
wall of MCM-41 makes the pore sizes smaller. As copper
particle size over all the Cu-MCM-41 catalysts is nearly
twice of the pore size of MCM-41, the congestion gets seri-
ous until the micropores disappear mostly. (Figure 2).

FT-IR results

Figure 3 illustrates FT-IR spectra recorded for KBr-pellet-
ized pure MCM-41, and unreduced xCu-MCM-41 samples

range from 400 to 2000 cm21. The asymmetric stretching
vibrations of SiAOASi bonds manifested an extension
absorption band at 1081 cm21 and a large shoulder at 1250
cm21. Similar phenomena were observed for SiAOASi sym-
metric stretching at 804 cm21 and bending mode at 459
cm21.25 The band about 1633 cm21 attributed to the charac-
teristic band of OH groups of absorbed water on the catalyst
surface. In addition, representative bands of the dOH in cop-
per hydroxide are at 938 and 694 cm21, and the characteris-
tic band for copper hydrosilicate is �670 cm21,36 which
were not found in FT-IR spectrum of the calcined xCu-
MCM-41 samples. The frequencies of the CuO bond charac-
teristic for 575, 500, and 460 cm21 were overlapped with
the intensive adsorption band of SiAOASi at 459 cm21, and
just showed a shoulder peak at �548 cm21,11,37 which was
absent in MCM-41 curve and became more intensive as the
copper loading increased.38 Similar phenomena were
observed for shoulder peak at 970 cm21 assigned to the
stretching vibrations of surface SiAOACu bond, which was
overlapped with the broad intense absorption band at 1081
cm21. The intensity of the band at 970 cm21 strengthened
with the enrichment of copper in the framework of MCM-

Figure 2. Mesoporous (A) and micropore (B) pore-size distribution of the calcined catalysts.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-41, (d) 25Cu-MCM-41, (e) 30Cu-MCM-41, and (f) MCM-41. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. FT-IR spectra of different copper mass
concentrations samples.

(a) MCM-41, (b) 10Cu-MCM-41, (c) 15Cu-MCM-41,

(d) 20Cu-MCM-41, (e) 25Cu-MCM-41, and (f) 30Cu-

MCM-41. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4. H2-TPR profiles of the calcined samples.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-

41, (d) 25Cu-MCM-41, and (e) 30Cu-MCM-41. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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41, resulting from the enhancement of the surface SiAOACu
bond. The comparison of the shoulder peak at 970 cm21 and
the peak at 804 cm21 could be a criterion of the copper
incorporation into the framework of MCM-41. The increas-
ing amount of SiAOACu band is along with the increment
of copper loading. From the earlier results, we conclude that
there is no copper hydroxide and copper hydrosilicate pres-
ent in the calcined samples. The copper existence form is
well dispersed CuO and CuAOASi, which is different from
the structure of copper phyllosilicate prepared by using SiO2

sol as a support.8

TPR results

The H2-TPR profiles of samples with various copper load-
ings are shown in Figure 4. These spectra exhibited narrow

and nearly symmetrical reduced peak centered at ca. 480 K,
indicating a homogeneous dispersion and size of copper par-
ticles. The reduction peak shifting to high-temperature with
increasing copper loading may be ascribed to increased cop-
per particle sizes, poor dispersion, and strong interactions
between copper oxide and support. The shoulder peak at ca.
468 K for the 30Cu-MCM-41 was found and vanished when
copper loading was less than 25%, which may be attributed
to the presence of the poor copper dispersion, weaker chemi-
cal bond of CuAOASi species with bigger particle sizes and
partial big copper bulk. According to the reported Cu/SiO2

and Cu-HMS,9,11 the unique narrow reduction peak of the
samples (x < 25%) may be attributed to a single reduction
step: Cu21!Cu0, indicating the well-dispersed copper spe-
cies, while the absent peaks occurred at temperature higher
than 523 K indicating the inexistence of copper crystal
phase.8 Marchi et al.39 reported that the reduction of the
CuAOASi species to Cu1 on Cu/SiO2 occurred at 523 K.
Van Der Grift et al.40 identified reduction peak at �510 K
due to the reduction of copper phyllosilicate to Cu1 and of
the well-dispersed CuO to Cu0. Therefore, a two reduction
step: Cu21!Cu1!Cu0, possibly happened. However, due to
the strong interaction between metal and support in
CuAOASi species, the second process of the reduction
requires a higher electrochemistry (0.52 V) than the first step
(0.34 V), which would not occur under the present reduction
condition.9,39 Therefore, the only one strong reduction peak
is attributed to the reduction of CuAOASi species over-
lapped by the reduction peak of the well-dispersed copper.

The above results imply a better copper dispersion in
MCM-41 supported copper catalysts prepared by AE
method. It is reported the reduction temperature of ion-
exchanged Cu/SiO2 samples at 523 K,10,41 while silica sol,
HMS, and SBA-15 supported copper catalysts at 516 K, ca.
517 K, and 543 K, respectively.8,9,13

XRD profiles

X-ray powder diffraction patterns of calcined and reduced
xCu-MCM-41 are shown in Figures 5 and 6. Small-angle dif-
fraction patterns (Figure 5) show the characteristic structure
of MCM-41. The strongest diffraction peak at 2h 5 2.46� is

Figure 5. Low angle XRD patterns of the calcined
catalysts with different copper loadings.

(a) MCM-41, (b) 5Cu-MCM-41, (c) 10Cu-MCM-41, (d)

15Cu-MCM-41, (e) 20Cu-MCM-41, (f) 25Cu-MCM-41,

and (g) 30Cu-MCM-41. [Color figure can be viewed in

the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. XRD patterns of the calcined (A) and reduced (B) catalysts with different copper loadings.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-41, (d) 25Cu-MCM-41, and (e) 30Cu-MCM-41. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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indexed with the (100) plane for a hexagonal unit cell and
the other two weak peaks at 2h 5 4.2� and 2h 5 4.8� corre-
spond to planes (110) and (200), respectively. Evidently, the
samples show typical long-range order of hexagonal struc-
ture.18 Both the diffraction peaks of (100) and (200) planes
disappeared when copper was introduced into MCM-41. The
intensity of (100) plane became weaker and nearly disap-
peared when copper loading reached 20%, presumably
resulting from the collapse of the structure of MCM-41. This
speculation is consistent with BET results. Although the
characteristic structure of MCM-41 is almost destroyed, it

could also provide big surface area and regular pore-size dis-
tribution for copper dispersion. Generally, the calcined Cu/
SiO2 samples exhibited characteristic peaks of CuO (tenor-
ite) at 2h of 35.4� and 38.6� (JCPDS05-0661). None of these
peaks was found in the XRD patterns of xCu-MCM-41 sam-
ples showed in Figure 6A, indicating that copper was highly
dispersed in MCM-41. In addition, the feature at 2h 5 22�

was attributed to amorphous silica.
The XRD patterns of the reduced Cu-MCM-41 catalysts

are shown in Figure 6B. The diffraction peak at 2h of 43.3�

along with two peaks at 51.1� and 74.1� can be assigned to

Figure 7. TEM images for MCM-41 and reduced xCu-MCM-41 materials.

(a) and (b) MCM-41, (c) 10Cu-MCM-41, (d) 20Cu-MCM-41, and (e) 30Cu-MCM-41.

Figure 8. Cu 2p photoelectron spectra of the calcinated (A) and reduced (B) xCu-MCM-41 samples.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-41, (d) 25Cu-MCM-41, (e) 30Cu-MCM-41. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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metallic Cu species. As the copper loading increases, XRD
peaks become more intensive and sharper. Therefore, the
crystalline size of the copper particles, calculated based on
the Scherrer equation (Table 1), showed an increasing trend
with the increment of copper loading. All reduced catalysts
showed a weak peak at around 2h 5 36.8�, which could be
attributed to Cu2O(111) plane. Because of the strong interac-
tion between the copper species and the silica, copper spe-
cies reduction could be restricted and not be completely
reduced to Cu0, in accordance with FT-IR and TPR results.11

The reduced 20Cu-MCM-41 catalysts exhibited the most dis-
tinct Cu2O (111) diffraction peak, corresponding to Cu dis-
persion examined by N2O titration listed in Table 1.

TEM results

TEM images of the as-synthesized MCM-41 and several
reduced catalysts are shown in Figure 7. Specifically, MCM-
41 shows a typical long-range order of hexagonal structure,
dimensional homogeneity and ordered arrangement. As can
be seen in Figures 7c and d, no bulk copper species con-
densed on the MCM-41 surface was found when the copper
loading was below 20%. It is considered that the copper spe-
cies were well dispersed in the MCM-41 mesoporous walls
during the ammonia evaporation process. In Figure 7e, the
deterioration of the copper dispersion could be observed
clearly for 30Cu-MCM-41. The copper species size became
bigger along with increasing copper loading in the reduction

process, consistent with the XRD patterns of the reduced
samples. When metal content in support arrived a certain
degree, the structural superiority of MCM-41 was not
affected. The restrain effect for reduction became weak, and
copper particles were closely packed and could congregate
easily.

XPS

XPS measurements were carried out to evaluate surface
composition and valence state of copper. As illustrated in
Figure 8A, two intensive photoelectron peaks with the
increase of copper loading at 933.7 eV and 953.3 eV were
ascribed to the Cu 2p3/2 and 2p1/2 binding energy (BE),
respectively, along with two satellite peaks at �944 eV and
�963 eV. The shift of the peak from 933.7 eV to 936 eV
was attributed to the electron afford–accept interaction of the
copper and support (i.e., a better dispersion of copper oxide
leading to a lower BE of Cu 2p3/2).42 Upon reduction,
showed in Figure 8B, these satellite signals attributed to an
electron transfer from 2d ligand orbital to 3d core level van-
ished. The other peaks at �933 eV and �955 eV intensified,
which were assigned to the doublet Cu 2p3/2 and Cu 2p1/2

levels for Cu1 species. The satellite peak in Cu 2p spectra
can be used to distinguish the Cu21 and Cu1 of Cu oxida-
tion state. The main BE of Cu 2p3/2 at 933.7 eV became
sharper and was shifted to 933 eV after reduction and the
satellite peaks disappeared, which suggested that all the
Cu21 ions disappeared and translated to Cu1 and Cu0.
Accordingly, we inferred that the Cu1 species could be
steadied on the surface and formed activity sites. One should
note that the Cu1 species is difficult to distinguish from Cu0

by conventional XPS.
The ratio of band intensity in LMM XAES could be repre-

sentative for the copper concentration on the catalyst surface
and was used to distinguish the chemical states by their differ-
ent kinetic energies in the line position.43 The broad and
asymmetric peak of the Cu LMM XAES spectra indicated
that Cu1 and Cu0 may coexist in a stable state on the surface
of Cu-MCM-41.8–11,44 In general, 338.2 and 334.8 eV is
ascribed to Cu1 and Cu0, respectively. The Cu LMM curves
were deconvolute and the results are shown in Figure 9 and
Table 2. The reduced catalysts showed different ratios of
Cu1/(Cu1 1 Cu0), due to the hindered reduction effect of the
special structure of Cu-MCM-41. The ratio first rose and then
decreased with the increment of copper loading, and the high-
est Cu1/(Cu1 1 Cu0) was obtained on 20Cu-MCM-41, fur-
ther confirmed by N2O titration (Table 2).

Catalytic activities

Gas-phase hydrogenation of DMO reaction was carried
out to investigate the catalytic performance of the Cu-MCM-
41 catalysts with different copper loadings. It is known that
the hydrogenation of DMO proceeds via MG to EG, while
EG can be dehydrated further to ethanol (Scheme 1). The
reaction between EG and ethanol on basic sites yields 1,2-
BDO.7,8 DMO conversion and EG and MG selectivity as

Table 2. Cu Species on the Reduced xCu-MCM-41 Catalyst

Derived from Cu LMM XAES Spectra

Catalyst XCuþ
a (%) XCuþ

b (%)

10Cu-MCM-41 61.1 72.1
15Cu-MCM-41 71.2 76.7
20Cu-MCM-41 82.0 86.7
25Cu-MCM-41 54.4 62.3
30Cu-MCM-41 53.8 60.2

aIntensity ratio between Cu1 and (Cu1 1 Cu0) by deconvolution of Cu
LMM XAES spectra.
bCalculated Cu1/(Cu1 1 Cu0) determined by the N2O titration method.

Figure 9. Cu LMM Auger spectra of the reduced xCu-
MCM-41 samples.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-

41, (d) 25Cu-MCM-41, and (e) 30Cu-MCM-41. [Color

figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Scheme 1. Reaction scheme for the hydrogenation of
DMO to MG, EG, and ethanol.
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functions of LHSV are shown in Figure 10, respectively.
Under a low LHSV of 0.5 h21, all of the catalysts showed
high DMO conversion of 100% and high EG selectivity
more than 90%. When the LHSV increases, the DMO
conversion and EG selectivity decrease, while the MG selec-
tivity increases. Under appropriate reaction conditions, the
catalytic activity of Cu-MCM-41 increases steadily with the
copper loading increasing from 10 to 20%, and then drops
with the further increase from 20 to 30%. For instance, the
DMO conversion of 20Cu-MCM-41 decreases when the
LHSV exceeds 3.5 h21; meanwhile, the EG selectivity
decreases and the MG selectivity increases obviously. The
results may be attributed to the lack of catalytically active
sites for conversion of DMO and hydrogenation of MG to
EG at a higher LHSV. The optimal 20Cu-MCM-41 catalyst
shows the best performance of 100% DMO conversion and
92% yield of EG at the LHSV of 3.0 h21.

We have shown that a higher copper dispersion and cop-
per surface area could be obtained when the mesoporous
MCM-41 is used as the support. The highest copper surface
area (34 m2/g) and the smaller copper particles with 4.5 nm
could be obtained over the 20Cu-MCM-41 catalyst. For low
copper-loading catalysts, the amount of active species is not
enough for adsorption and conversion of DMO at a higher
LHSV. The decrease in activity over the catalysts when the
copper content exceed 20% could be attributed to the forma-
tion of less reducible aggregated copper particles. Due to the
aggregation of a portion of CuO species during calcination,

copper ions over the catalysts with higher copper loading
may encapsulate in the mesoporous of MCM-41 and form
large CuO particles, which decrease the surface active cop-
per atoms and lead to a lower activity. In addition, the incor-
poration of copper into the walls of mesoporous silicate

Figure 10. Effect of the LHSV of DMO conversion (A), EG (B) and MG (C) selectivity on the catalytic performance.
Reaction conditions: P 5 2.5 MPa, T 5 473 K, H2/DMO 5 80.

(a) 10Cu-MCM-41, (b) 15Cu-MCM-41, (c) 20Cu-MCM-41, (d) 25Cu-MCM-41, and (e) 30Cu-MCM-41. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. Stability of 20Cu-MCM-41 for hydrogenation
of DMO.

Reaction conditions: P 5 2.5 MPa, T 5 473 K, H2/

DMO 5 80, LHSV 5 3.0 h21. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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framework enhanced the interaction of metal with the sup-
port. The reduction of copper species could accordingly be
restricted by the framework, leading to the coexistence of
Cu1 and Cu0 on the surface. It is notable that the 20Cu-
MCM-41 catalyst has a proper ratio of Cu1/(Cu1 1 Cu0)
and the largest Cu1 surface area, accounting for the high ac-
tivity.45 Owing to the structural advantage of MCM-41, the
catalyst with an optimal copper loading could finely disperse
the copper and eliminate the mass-transfer limit of the reac-
tants and products,14 which results in an excellent stability
as shown in Figure 11.

Conclusions

We have successfully prepared Cu-MCM-41 catalysts
through the ammonia-evaporation method and found that
copper may incorporate into the walls of mesoporous silicate
framework and block the pores to some extent when a small
quantity of copper was introduced into MCM-41. Catalysts
with appropriate copper loading show high copper dispersion
and copper surface area, small particle size, and high sinter-
ing resistance. Moreover, excellent catalytic performance for
hydrogenation of DMO to EG could be obtained on the Cu-
MCM-41 catalysts with an optimized copper loading of
about 20%, achieving 100% conversion of DMO and more
than 95% selectivity to EG.
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