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Mg/ZnO catalysts and catalysis in
dimethyl oxalate hydrogenation to ethylene glycol:
enhanced catalytic behavior in the presence of
a Mg2+ dopant

Xiangpeng Kong, ab Zheng Chen,bc Yuehuan Wu,a Ruihong Wang,a

Jiangang Chen*b and Lifeng Dinga

Mg2+ doped nanoscale Cu–Mg/ZnO catalysts prepared by the co-precipitation method have been

systematically characterized focusing on the amount of Mg2+ ions incorporated. The amount of Mg2+

dopant was demonstrated to have profound influence on the evolution of textural and structural

properties, the functionality of active phases and the catalytic behavior of the as-synthesized ternary

catalysts (Cu, ZnO and Mg2+). The Cu–1Mg/ZnO catalyst with 1 wt% MgO loading was found to be

helpful for enhanced Cu dispersion and an increased amount of active surface Cu0 sites, which

promoted catalytic activity in dimethyl oxalate (DMO) hydrogenation to ethylene glycol (EG) effectively.

Further increasing the Mg2+ concentration results in the aggregation of surface metal Cu nano-particles

(NPs), and thus causes the reduction in the number of surface active Cu0 sites and the activity of the Cu/

ZnO based catalyst. However, the high density of the surface Cu+ sites and O2� centers generated in the

Cu–4Mg/ZnO catalyst with 4.0 wt% MgO loading facilitates superb hydrogenation activity. Under the

optimized reaction conditions, the Cu–4Mg/ZnO catalyst shows 100% DMO conversion and an EG yield

of 95% for longer than 300 h. During the DMO hydrogenation process, Cu0 sites are assumed to afford

atomic hydrogen by dissociative adsorption and spillover. The reaction rate greatly depends on the

dissociative adsorption of DMO molecules by the surface Cu+ and oxygen vacancies, originating from

tight contact between the Cu NP ZnO matrix and Mg2+ dopant. Additionally, the strengthened metal-

support interaction (MSI) originating from the enhanced chemical interaction between the Mg2+

modified ZnO substrate and the Cu NPs leads to excellent stability.
1. Introduction

Ethylene glycol (EG), as an all-round chemical in the chemical
industry, is widely used in energy, plastics, automobiles, and
chemicals.1 To date, EG has been mainly produced from the
traditional petrochemical derived ethylene oxide hydrolysis
route, wherein the productivity is limited by shrinking oil
resources and high energy consumption.2 Converting syngas to
ne chemicals has been deemed a promising strategy to offset
the insufficient capacity of the traditional technology, owing to
the virtues of adequate feedstocks, high efficiency and envi-
ronmental friendliness.3 In the past few decades, considerable
effort has been put into conducting the direct homogeneous
synthesis of EG from syngas using noble metal catalysts such as
ineering, Taiyuan Institute of Technology,
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61
Co, Ru and Rh.4,5 Nevertheless, the drawbacks of high cost, low
efficiency, excessive energy consumption, and subsequent
separation issues hinder its industrial prospects. Alternatively,
most researchers have focused on the indirect synthesis of EG
from the hydrogenation of dimethyl oxalate (DMO) and the
DMO synthesis from syngas has been industrialized success-
fully.6 Thus, a catalyst for the DMO selective vapor-phase
hydrogenation to EG has become a key topic in achieving the
indirect synthesis of EG from syngas.

Ester selective hydrogenation to the corresponding alcohol is
mostly carried out on Cu nano-particles (NPs), owing to their
essential feature of the selective activation of C–O/C]O bonds.7

However, the low Hüttig temperature (134 �C, the temperature
at which defective atoms will diffuse) and Tamman temperature
(405 �C, the temperature at which bulk atoms will be mobile)
generate the issue of Cu NP agglomeration during the highly
exothermic DMO hydrogenation process, hindering the service
efficiency of the Cu-based catalysts.8 The metal support inter-
action (MSI) has shown great potential in guaranteeing the
catalytic activity and stability of the Cu-based catalysts. For this
This journal is © The Royal Society of Chemistry 2017
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reason, it would be worthwhile elucidating and fully utilizing
the support components, affording both adequate active sites
and strengthenedMSIs. It is well known that ZnO is a wide band
gap semiconductor (3.37 eV) with a high surface-to-volume
ratio, intrinsic properties and a large exciton binding energy
(60 meV).9 The unique properties of the ZnO material render its
potential application in many elds, such as in gas sensors,10

photocatalysts,11 optoelectronic applications12 and so on. Also,
ZnO can provide active sites for hydrogen spillover, or act as
a structure-directing support to control the dispersion of
metallic Cu NPs.13 In particular, Cu NPs supported on a ZnO
material for C]O/C–O bond selective hydrogenation reactions
has been attracting lots of interest from researchers.14 None-
theless, the Cu/ZnO catalyst exhibits poor activity and stability
in the hydrogenation reaction. Partial substitution of group IIIA
elements in Cu/ZnO based catalysts can improve their catalytic
performance effectively; moreover, the co-precipitation method
was effective for the preparation of an active Cu/ZnO based
catalyst.15 For instance, Zhang et al.16 and Wen et al.17 prepared
Cu/ZnO based catalysts with an Al3+ promoter, achieving
enhanced Cu dispersion, adequate surface Cu0 sites and
balanced Cu0–Cu+ sites. Accordingly, enhanced activity for the
EG synthesis from DMO hydrogenation was obtained over the
ZnO–Al2O3 mixed oxide supported Cu NPs. Li et al.18 synthe-
sized CuZnGa catalysts by a pH-controlled co-precipitation
method for use as catalysts in the DMO hydrogenation reac-
tion. They discerned that the addition of Ga3+ into nano-beta
phase CuZn favors enhanced catalytic activity and thermal
stability. Apart from Al3+ and Ga3+, Mg2+ can be easily doped in
the lattice of ZnO, due to its similar radius and electronic shell
to a Zn atom, favoring an increased band gap.19 Moreover, Mg2+

dopants encourage electronic interaction between the ZnO
material and metallic NPs, producing enhanced MSIs and an
improved metal-support interface.20,21 In addition, the tight
contact between ZnO and the Cu NPs is believed to affect the in
situ formation of catalytically active sites,22wherein distinct ZnO
morphology with a porous structure, surface morphology and
optical properties can be regenerated with the assistance of
Mg2+ dopants, and they are critically dependent on the amount
of Mg2+.20,21 In any case, surface Mg2+ additives tend to produce
more abundant surface oxygen vacancies (Mg–O2� pairs and
O2� ions) in the catalysts.23 Additionally, the synergistic effect
between oxygen vacancies and Cu NPs could produce defective
sites, which is helpful for negatively charged C–O/C]O bonds
that have been proposed to benet C–O/C]O selective hydro-
genation.24 Recently, Behrens and coworkers25 have reported
that defect sites in catalysts improve the hydrogenation
behavior. What is more, previous studies revealed that Mg2+

additives are prone to promote surface Cu+ sites formation,
which can improve the activity of the water–gas shi reaction by
lowering the activation energy, while their inuence on C–O/
C]O selective hydrogenation has been rarely reported.26 Thus,
it is inferred that the possible synergistic effect among Cu, Zn
and Mg species tends to endow the Cu–Mg/ZnO composites
with distinct performance in the DMO hydrogenation to EG.27

Nonetheless, limited studies have been reported on Mg2+ doped
ZnO dispersed Cu NPs for C–O/C]O selective hydrogenation.
This journal is © The Royal Society of Chemistry 2017
In the present work, a series of porous Cu–xMg/ZnO catalysts
modied by different amounts of Mg2+ dopant are synthesized
using a facile co-precipitation method, and the structural
evolution and catalytic behavior of the Cu–Mg/ZnO catalysts in
the DMO hydrogenation were investigated systematically by
changing the amount of Mg2+ dopant.
2. Experimental
2.1 Catalyst preparation

The Cu–xMg/ZnO catalysts with different amounts of Mg2+

dopant (the mole ratio of Cu/Zn is xed at 4 : 5) were prepared
using the continuous co-precipitation method with Na2CO3 as
the precipitant. Typically, 200 mL of mixed aqueous solution (1
M) of the starting materials with given atomic ratios (Cu : Zn
mole ratio ¼ 4 : 5, and the starting precursors were Cu(NO3)2-
$3H2O, Zn(NO3)2$6H2O, and Mg(NO3)2$6H2O) was used as
a precursor solution, and 200 mL of Na2CO3 solution (1 M) was
used as a precipitating agent. Co-precipitation was conducted at
75 �C in a water bath, and the ow rates of the two solutions
were adjusted to give a constant pH value of ca. 8.0. The resul-
tant suspension was aged for 24 h at room temperature. Then,
the precipitate was ltrated and washed using distilled water
until the conductivity of the ltrate was less than 2 mS m�1.
Aer being dried in air at 120 �C for 12 h, the precursors were
calcined at 400 �C for 6 h. The as-synthesized precursors from
the co-precipitation process were denoted as CZMx-p and the
catalysts aer calcination were labeled as CuO–xMg/ZnO. The
corresponding reduced catalysts, which were reduced at 300 �C
under a ow of H2 for 4 h, were cooled to room temperature.
Finally, the samples were transferred into a glass bottle without
air and denoted as Cu–xMg/ZnO (C, Z and M stand for, Cu2+,
Zn2+ and Mg2+ precipitate, respectively, and x denotes the MgO
loading).
2.2 Characterization

The textural properties of the samples were determined by
a nitrogen adsorption method using a Micromeritics Tristar II
3000 Analyzer at �196 �C, and the BET surface areas were
calculated from the isotherms using the Brunauer–Emmett–
Teller (BET) method.

The powder X-ray diffraction (XRD) patterns were conducted
on a Shimadzu XRD-6000 diffractometer with a graphite-ltered
Cu Ka source. The average crystallite size (Dhkl) was calculated
using the Scherrer equation.

The number of surface metallic Cu0 sites exposed was
determined by N2O titration; rst they were oxidized by N2O,
followed by H2 titration using the procedure described in the
report.28

Thermal decomposition of the catalyst precursors was
studied by the thermogravimetric (TG) method using
a NETZSCH TG209F1 thermal analyzer. The measurements
were performed in the temperature range 100–700 �C with
a linear temperature program with b ¼ 10 �C min�1 in
a continuous ow of synthetic air (30 mL min�1).
RSC Adv., 2017, 7, 49548–49561 | 49549
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The morphology of the catalysts was investigated using
scanning electron microscopy (SEM) (JSM-6701F, Japan).

Transmission electron microscopy (TEM) images of the
catalysts were obtained using a JEM 2010 microscope operated
at 200 kV.

H2-temperature programmed reduction (H2-TPR) was
carried out using a dynamic analyzer (Micromeritics, Model
2920). About 30 mg of catalyst was treated in 5%H2/95% Ar (v/v)
(with a ow rate of 50 mL min�1), and the reduction tempera-
ture was increased from room temperature to 600 �C at a heat-
ing rate of 10 �C min�1.

In CO2 temperature programmed desorption (CO2-TPD), the
catalyst was rst reduced at 300 �C in a H2 ow of 30 mL min�1

for 2 h. Aer cooling to room temperature, the catalyst was
saturated with pure CO2 (30 mL min�1) at 50 �C for 60 min and
then ushed with an Ar ow (40 mL min�1) to remove all
physically adsorbed molecules. Aerwards, the TPD experiment
was performed with a heating rate of 10 �C min�1 under an Ar
ow (40 mL min�1), and the desorbed CO2 was detected using
an AMETEK mass spectrometer. The CO2 peak area was quan-
titatively calibrated by injecting CO2 pulses.

FT-IR characterization of the catalysts was performed using
a Bruker Vector 22 spectrometer equipped with a DTGS
detector. 2 mg of the as-prepared calcined samples was nely
grounded, dispersed in 200 mg KBr, and pelletized.

X-ray photoelectron spectroscopy (XPS) was carried out on
a Quantum 2000 Scanning ESCA Microprobe instrument
(Physical Electronics) equipped with an Al Ka X-ray radiation
source (hm ¼ 1486.6 eV).
2.3 Catalytic behavior test

The catalytic behavior of the as-synthesized samples was tested
on a xed-bed tubular reactor with an inner diameter of 10 mm.
The calcined CuO–xMg/ZnO samples (2.0 mL) were packed and
sandwiched by quartz powders (20–40 meshes) in a tubular
reactor, and then were reduced in a 5% H2/Ar atmosphere at
300 �C for 12 h at a heating rate of 2 �C min�1. Aer cooling to
the reaction temperature, 12.5 wt% DMO (purity >99%) in
methanol and H2 were fed into the reactor at a H2/DMO molar
ratio of 100 : 1 and a system temperature of 220 �C. During the
hydrogenation process, the total pressure was kept at 2.5 MPa,
and the room-temperature liquid space velocity of DMO was 2.0
h�1. The products were collected and analyzed using a gas
chromatograph (Finnigan Trace GC ultra) xed with a 30 m HP-
5 capillary column and a ame ionization detector (FID).
Fig. 1 XRD patterns of the as-synthesized precursors (A), the calcined
CuO–xMg/ZnO catalysts (B) and the reduced Cu–xMg/ZnO catalysts
(C) with different amounts of Mg2+.
3. Results

3.1 Evolution of crystalline phase and morphology

Fig. 1 shows the XRD patterns of the as-synthesized precursors
aer drying at 120 �C in air (A), the CuO–xMg/ZnO catalysts
calcined at 400 �C in air (B) and the Cu–xMg/ZnO catalysts
reduced at 300 �C in a H2 atmosphere (C) with different
amounts of Mg2+. The XRD pattern in Fig. 1(A) of CZM0-p shows
a series of characteristic diffraction peaks assigned to auri-
chalcite [(Cu, Zn)5(CO3)2(OH)6 (JCPDS 11-0287)]. However,
49550 | RSC Adv., 2017, 7, 49548–49561
Harding et al.29 identied that obtaining pure aurichalcite is
difficult, due to the occasional insertion of the hydrozincite
layer into the aurichalcite structure which facilitates twinning
in the aurichalcite structure. Inspection of the relevant JCPDS
database revealed that the unassigned peaks were also charac-
teristic of the malachite [Cu2CO3(OH)2] structure.20 Unexpect-
edly, the crystallinity decreased when more Mg2+ dopants were
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Thermogravimetry and differential thermogravimetry (TG-
DTG) profiles of CZMx-p precursors in an Ar atmosphere.
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incorporated in the precursors. This is probably due to large
distortions in the precursor as a result of the replacement of
Zn2+ (ionic radius ¼ 0.057 nm) with Mg2+ (ionic radius ¼ 0.060
nm), which facilitates an amorphous precipitate (such as
hydroxides and hydroxyl carbonates).30 Additionally, no reec-
tion line corresponding to the chemical phase containing Mg
species was detected, indicating that the promoters do not form
crystalline segregated biphases. Aer annealing at 400 �C, all of
the peaks in the XRD patterns in Fig. 1(B) could be well indexed
to crystalline ZnO and CuO for all of the catalysts, implying the
as-synthesized precursor transformed to the CuO and ZnO
nanostructure by thermally decomposing. The crystallite sizes
of CuO calculated using the Scherrer equation are shown in
Table 1. Aer being modied, the CuO NP size increases
dramatically from 11.42 to 12.81 nm at rst with 1.0 wt% MgO
loading, however, it decreases gradually when the dopant
amount is increased from 1.0 wt% to 4.0 wt%. Nevertheless, the
CuO peaks became adversely strengthened with excessive
5.0 wt% MgO additive, which is indicative of the formation of
larger CuO NPs. The above results suggest that only sufficient
Mg2+ doping favors the enhanced dispersion of the CuO species.
Except for the CuO and ZnO characteristic diffraction peaks,
there are another two diffraction peaks which are attributed to
calcite and CuMgO3 (JCPDS 41-1365) phases in the CuO–5Mg/
ZnO sample, demonstrating crystalline calcite and CuMgO3

formation.31 Upon reduction, the XRD patterns in Fig. 1(C) of
the reduced samples display three distinct weak diffraction
peaks located at 43.5�, 50.4� and 74.1� that are attributed to
face-centered cubic (fcc) Cu (JCPDS 04-0836). The absence of
CuO characteristic diffraction peaks shows that the almost
crystalline CuO was completely reduced under the present
reduction conditions. Additionally, the intensity of the Cu
diffraction peaks when adjusting the Mg2+ content exhibits
a similar trend to the CuO NPs in the calcined CuO–xMg/ZnO
catalysts. What is more, MgO loading of less than 4.0 wt%
shows indistinctive inuence on the crystalline ZnO NP sizes of
the resultant catalysts, as shown in Table 1. In contrast, 5.0 wt%
MgO loading leads to a great increase in ZnO NP size, which
illustrates that a trace amount of Mg2+ additive shows unob-
vious inuence on the crystalline ZnO NP size, but excess would
generate an impurity phase instead of entering into the intra-
cellular of hierarchical ZnO nanostructures.32
Table 1 Physicochemical characteristics of the prepared samples

Catalyst SBET (m2 g�1) Vp (cm3 g�1) DCuO
b DCu

b DZnO
b SC

Cu–0Mg/ZnO 50.3 0.21 11.4 11.3 11.5 2.
Cu–1Mg/ZnO 74.7 0.19 12.8 12.8 11.6 3.
Cu–2Mg/ZnO 83.8 0.22 12.3 12.4 11.7 3.
Cu–3Mg/ZnO 90.2 0.24 11.8 11.6 11.8 2.
Cu–4Mg/ZnO 93.1 0.27 11.0 11.1 11.6 2.
Cu–5Mg/ZnO 27.2 0.17 13.4 13.3 12.6 2.

a SCu and copper dispersion were measured using N2O adsorption. b DCuO
were calculated from the reection planes in the XRD patterns using the Sc
analyzed using SEM-EDS.

This journal is © The Royal Society of Chemistry 2017
Fig. 2 presents the TG-DTG proles of the CZMx-p precursors
in an Ar atmosphere. The DTG prole of CZM0-p exhibits three
weight losses at 368, 407 (weak shoulder) and 494 �C. The rst
weight loss at 368 �C was assigned to the decomposition of the
hydroxycarbonate structure to produce an anion modied
oxide, i.e. an oxide in which some oxygen ions are replaced by
either OH� or CO3

2� species. The weak shoulder at 407 �C
should correspond to the phase decomposition of zincian
malachite.33 The third weight loss at 494 �C should be ascribed
to the decomposition of Cu oxocarbonates formed during the
former steps of the thermal decomposition of the aurichalcite
structure.34 Compared to CZM0-p, the weight loss correspond-
ing to the phase decomposition of zincian malachite became
distinct with the introduction of a small amount of Mg2+

dopants, suggesting that Mg2+ ions favor zincian malachite
phase formation during co-precipitation. However, CZM5-p
contained only two distinct losses at 277 and 412 �C, which
can be explained by the fact that the synthesis of the aurichal-
cite structure was suppressed, but the zincian malachite phase
has only been synthesized when a excessive amount of Mg2+

ions was introduced.33 These assignments were supported by
the relevant XRD pattern in Fig. 1(A), which again showed that
u
a (m2 g�1) Cu dispersiona (%)

Surface
atomic Cuc (wt%)

Surface atomic
Mgc (wt%)

40 13.0 23.8 0
59 19.1 24.4 0.056
20 17.5 26.6 0.93
79 15.2 27.5 1.41
45 13.4 28.3 2.42
27 12.3 29.4 3.50

in calcined C–xMg/ZnO catalysts, DCu, and DZnO in reduced Cu–xMg/ZnO
herrer equation. c Surface atomic Cu andMg in the resultant sample was

RSC Adv., 2017, 7, 49548–49561 | 49551
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the mole ratio of aurichalcite and malachite in the precipitate
precursors depends greatly on the Mg2+ concentration.

Mg2+ dopant induced effects on morphology of the as-
synthesized samples have been examined using SEM and
SEM-EDS, and the results are presented in Fig. 3. For the Cu–
0Mg/ZnO catalyst, Fig. 3(a) shows the formation of agglomer-
ated nanosheets, which self-aggregate into large particles sur-
rounded by a developed porous structure. Fig. 3(b)–(d) depict
the SEM micrographs of the Mg2+ modied samples with
varying MgO loading levels from 1.0 wt% to 5.0 wt%. The
particle sizes are still small and each particle is probably
composed of nanoscale CuO and ZnO crystallites detected by
XRD. With the increase in Mg2+ percentage, the dispersion of
particles become more average, and the particle sizes become
smaller. Interestingly, it is found that the as-prepared samples
undergo signicant morphological changes induced by
changing the Mg2+ content doped in the Cu/ZnO structure. Aer
being modied by the Mg2+ dopant, the crystal growth along the
sideways direction was suppressed and the particle shape of the
Fig. 3 SEM and SEM-EDS mapping images of the reduced Cu–xMg/Zn
Cu–3Mg/ZnO, (e) Cu–4Mg/ZnO and (f) Cu–5Mg/ZnO. (g) SEM-EDS ma

49552 | RSC Adv., 2017, 7, 49548–49561
ZnO powder changed to agglomerated and dense-stacking
nanorods, suggesting enormous Mg2+ ion induced effects on
ZnO growth. It is deduced that the chemical morphology of the
precursors are inuenced by the Mg2+ dopant and further
determine the growth mechanisms of the Cu–xMg/ZnO nano-
composites. Klubnuan et al.35 proposed that pure ZnO had
a narrower energy band gap (Eg) value compared to that of the
MgO/ZnO nanocomposites because of the presence of higher
defect concentrations. The Eg values of the Mg/ZnO nano-
composites slightly increased as a function of the amount of
Mg2+. Nevertheless, there appeared to be a lot of bulky sheet-
crystals on the surface of the Cu–5Mg/ZnO catalyst (Fig. 3(f)),
which might have congregated due to the excessive amount of
Mg2+ dopant.36

The chemical compositions of the as-prepared catalysts were
analyzed using energy-dispersive spectroscopy (SEM-EDS).
Fig. 3(g) shows the chemical composition of the Cu–4Mg/ZnO
catalyst, with Zn, Cu, Mg and O present in different positions
of the nanocrystals. The inner surface is considerably depleted
O samples: (a) Cu–0Mg/ZnO, (b) Cu–1Mg/ZnO, (c) Cu–2Mg/ZnO, (d)
pping and EDS analysis images of the Cu–4Mg/ZnO sample.

This journal is © The Royal Society of Chemistry 2017
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of Cu and Mg species, but is rich in Zn species. In contrast, the
Mg and Cu species accumulated preferentially on the aggre-
gated nano-plates surface. The varying of the surface chemical
composition via the quantity of Mg2+ dopant further conrmed
that the resultant catalysts mainly consist of two different
crystalline phases originating from different precursors
decomposing upon calcination.

TEM images of the reduced Cu–xMg/ZnO catalysts with
different amounts of Mg2+ dopant are shown in Fig. 4. It is
found from Fig. 4(a) that light gray spherical ZnO NPs are
identied along with obvious copper aggregation in the Cu–
0Mg/ZnO catalyst. Notably, a trace amount of Mg2+ dopant can
effectively promote Cu dispersion, which improves gradually
when the Mg2+ concentration increases until 4.0 wt% MgO
loading. Nonetheless, excessive 5.0 wt% MgO loading adversely
causes serious sintering of Cu species, as shown in Fig. 4(f).
Additionally, Cumetal and ZnO are quite separately distributed,
while the Mg species is rather uniformly distributed on both Cu
metal and ZnO. The calculated results from the line width in
XRD (vide infra) showed that the average size of the Cu metal
particles on the catalysts is less than 15.0 nm, whereas that of
ZnO is 10.0–15.0 nm in all of the samples tested. Therefore, it is
likely that small-sized Cu metal particles are located on nano-
scale ZnO crystals and Mg species are distributed on or in both
Cu metal and ZnO particles.
3.2 Chemical composition and porosity

The amount of Cu and Mg in the as-synthesized samples is
summarized in Table 1. The actual Cu content is slightly lower
than the preset value of the designed composition, indicating
Fig. 4 TEM images of the reduced Cu–xMg/ZnO catalysts: (a) Cu–0Mg
4Mg/ZnO and (f) Cu–5Mg/ZnO.

This journal is © The Royal Society of Chemistry 2017
the incomplete precipitation of the Cu species. The BET surface
area and pore volume is summarized in Table 1. It is found that
the Cu–0Mg/ZnO possesses a relatively low BET surface area of
50.3 m2 g�1 and pore volume of 0.21 cm3 g�1. It is worth noting
that doping Mg2+ ions corresponding to a 1.0 wt% MgO loading
gives rise to an increased BET surface area of 74.7 m2 g�1, but an
indistinctive loss of pore volume to 0.19 cm3 g�1. However, they
increased gradually with more Mg2+ dopants, and reached the
maximum values of 93.1 m2 g�1 and 0.27 cm3 g�1, respectively,
with 4.0 wt% MgO loading. The reason for the increase in
surface area should be closely related to formation of a ZnO
framework with the Mg2+ dopant, as shown in Fig. 3.37 However,
excessive 5.0 wt%MgO loading causes the BET surface area and
pore volume to dramatically drop. From the N2 adsorption–
desorption isotherms (Fig. 5(A)), it is found that all of the
samples display the type IV with a H4-type hysteresis loop,
suggesting mesoporous structures in the as-synthesized
samples. Additionally, a sudden steep increase in nitrogen
uptake in the characteristic relative pressure (P/P0) range of
0.60–0.95 for all of the samples is indicative of the formation of
a typical mesoporous structure with uniform pore diameters.38

Fig. 5(B) illustrates the pore size distribution of the samples.
The Cu–0Mg/ZnO sample exhibits the highest peak intensity at
about 14.5 nm, while that of the Cu–xMg/ZnO samples drops
gradually to 8.4 nm when the MgO loading increases from
1.0 wt% to 4.0 wt%. Nevertheless, a 5.0 wt% MgO loading
results in a larger pores structure generated at the expense of
partial micropores, indicating that excessive Mg2+ doping over-
promotes the agglomeration of composite NPs. As a result, the
BET surface area of the Cu–5Mg/ZnO dropped sharply, but the
/ZnO, (b) Cu–1Mg/ZnO, (c) Cu–2Mg/ZnO, (d) Cu–3Mg/ZnO, (e) Cu–
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Fig. 5 N2 adsorption–desorption isotherms (A) and pore size distribution curves (B) calculated using the BJH equation in the desorption branch
of the samples.
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pore volumes became enlarged. The reason should be that Mg2+

ions, which have the same valence state and similar ionic radius
to the Zn2+ species, tend to interact with ZnO to modulate the
arrangement of the composite NPs. The Cu dispersion
measured using the N2O titration method is shown in Table 1.
Although a trace amount of Mg2+ dopant contributes to the
enhanced BET surface area, the Cu dispersion still declined
from 17.5% to 12.3% with MgO loading increasing from
1.0 wt% to 5.0 wt%. Based on the above results, it is deduced
that a trace amount of Mg2+ dopant in the Cu/ZnO system can
induce a signicant impact on the structure evolution of the
resultant catalysts.

3.3 Reduction behavior of the calcined samples

H2 temperature-programmed reduction (H2-TPR), a very useful
tool for exploring metal–metal and metal–support interactions,
is used to gain insight into the promotion effect of the Mg2+

dopant on the reducibility of the copper species. From Fig. 6, it
Fig. 6 H2-TPR profiles of the calcined CuO–xMg/ZnO catalysts.

49554 | RSC Adv., 2017, 7, 49548–49561
is found that the CuO–0Mg/ZnO catalyst features a weak tailing
at the low-temperature side of the symmetrical main peak
located at 230 �C, corresponding to the reducing of highly
dispersed isolated and anchored CuO NPs.39 Aer being modi-
ed by 1.0 wt%MgO additives, the hydrogen consumption peak
at 230 �C became weakened with a new distinct reduction peak
emerging at 262 �C, indicating two types of component in the
CuO–xMg/ZnO catalysts. Further increasing the MgO loading
caused the main hydrogen consumption peak to shi to the
lower temperature, due to more surface CuO species being
accessible to reduce gas promoted by Mg2+ dopant.40 Nonethe-
less, the initial reduction temperature of the CuO–5Mg/ZnO is
observed at 356 �C, which is probably attributed to the
strengthened MSI and limited CuO surface area exposed to H2.
Based on the above results, it is deduced that the Mg2+ dopant
can not only act as structure promoter to affect the Cu disper-
sion, but also can regulate the chemical interaction between the
Cu species and Zn–Mg substrate.
3.4 Surface basicity of the pre-reduced samples

To gain more insight into the inuence of the Mg2+ dopant on
the surface basicity of the as-synthesized samples, CO2-TPD
experiments were conducted. As shown in Fig. 7, all of the
samples display two distinct CO2 desorption peaks positioned
in different temperatures regions: a peak (T # 400 �C) and
b peak (T $ 400 �C). The a peaks should correspond to
desorption of CO2 adsorbed on the surface Cu0 sites,41 and the
b peaks should be associated with CO2 desorption from the
basic sites afforded by the low-coordination surface O2� (Zn–O)
sites.42,43 Obviously, the intensity of b peaks became gradually
strengthened with an increase in the amount of Mg2+ ions until
4.0 wt% MgO loading, and then reduced. The surface Mg2+ ions
should be responsible for the increased surface O2� sites, but an
excessive amount of Mg2+ ions led to partial surface O2� sites
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 CO2-TPD profiles of the reduced Cu–xMg/ZnO catalysts.
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being blocked and a decreased specic surface area.44 Addi-
tionally, the intensity of the a peaks exhibit a similar trend to
that of the b peaks. Most of all, the Cu–4Mg/ZnO exhibits the
strongest b desorption peaks. Thus, it is deduced that the Mg2+

dopant can regulate both the strength and density of the surface
basic sites in Cu–xMg/ZnO.
Fig. 8 The FT-IR spectra of the reduced Cu–xMg/ZnO samples: (a)
Cu–0Mg/ZnO, (b) Cu–1Mg/ZnO, (c) Cu–2Mg/ZnO, (d) Cu–3Mg/ZnO,
(e) Cu–4Mg/ZnO and (f) Cu–5Mg/ZnO.
3.5 The FT-IR spectra of the pre-reduced catalysts

FT-IR is a technique used to explore the chemical bonding in
a material. The band positions and numbers of the absorption
peaks are dependent on crystalline structure, chemical
composition and also on morphology.45 The characteristic
peaks exhibited by the FT-IR spectra of the Cu–xMg/ZnO cata-
lysts are shown in Fig. 8(A). The main, broad absorption bands
around 2700–3500 and 1092 cm�1 are attributed to normal
polymeric O–H stretching vibrations of H2O in the Cu–Zn–O
lattice.46 Another absorption band at 1630 cm�1 is assigned to
the H–O–H bending vibration, originating from H2O molecules
absorbed by the nanocomposite. The three absorption bands at
around 492, 1388 and 1458 cm�1 should correspond to the Zn–
O bond.47

The characteristic FT-IR peaks below 1000 cm�1 are very
important to study the presence or absence of Zn–O/Cu–O/Mg–
O bonds and the functional groups, and the results are given in
Fig. 8(B). Absorption bands observed in the range 420–680 cm�1

are attributed to the stretching modes of the Zn–Cu–O bond. A
weak absorption peak at around 500 cm�1 corresponding to the
octahedral co-ordination and a strong peak at around 600 cm�1

assigned to the tetrahedral co-ordination reveal the strong
tetrahedral orientation of the Zn–Cu–O bond.48 With Mg2+

doped into the Cu/ZnO catalysts, it is noted that an additional
weak band appeared at 521.4 cm�1, which can be ascribed to
the Mg–O–Zn bond. Therefore, the evolution of the diagnostic
bands of ZnO should be apparently associated with the substi-
tution of Mg2+ for Zn2+.49 Additionally, a medium weak band at
882 cm�1 assigned to defects vanished in the presence of the
Mg2+ dopant, but became gradually strengthened with more
This journal is © The Royal Society of Chemistry 2017
Mg2+ ions embedded, suggesting the creation of more defects
with a sufficient amount of Mg2+ dopant.48 The results are well
supported by CO2-TPD and optical studies. Therefore, the
evolution of the diagnostic bands of ZnO in our work is
apparently associated with the substitution of Mg2+ for Zn2+.

3.6 Surface chemical states of the activated composites

In order to explore the surface chemical states of the Cu, Zn and
Mg species in the reduced catalysts, XPS spectra of the reduced
catalysts are illustrated in Fig. 9. As shown in Fig. 9(A), the
intensive photoelectron peaks of the samples at 932.6 eV and
952.3 eV correspond to the binding energy (BE) of Cu 2p3/2 and
Cu 2p1/2, respectively. There are not any satellite peaks between
942 and 944 eV ascribed to the Cu2+ species, implying the
complete reduction of Cu2+ to Cu+ or/and Cu0.1 In terms of the
Zn species, it is from Fig. 9(B) that the binding energies of Zn
(2p2/3) for the Cu–xMg/ZnO catalysts are identied at 1021.7 and
1019 eV, respectively. In addition, the peak positions of the Zn
2p3/2 and Zn 2p1/2 states match closely with the standard values
for ZnO, implying that Zn atoms are in the +2 oxidation state.49
RSC Adv., 2017, 7, 49548–49561 | 49555
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Fig. 9 Cu 2p (A) and Zn 2p (B) XPS spectra and Cu LMM spectra (C) of the pre-reduced catalysts.
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What is more, the shi of the Zn 2p3/2 and Zn 2p1/2 peak further
conrms that the Zn2+ species is partially substituted by Mg2+,
being in the form of a Zn–Mg oxide solid solution.49

Furthermore, it is quite difficult to distinguish the Cu+ and
Cu0 only from the Cu 2p3/2 spectra because of the overlapping
BE ranges for these two states. Generally, asymmetric and broad
Auger kinetic energy peaks are observed and devolved into two
symmetrical peaks located at around 916 and 918 eV in the Cu
LMM spectra corresponding to Cu+ and Cu0 species, respec-
tively. The simultaneous existence of Cu+ and Cu0 species in the
Cu/ZnO based catalysts has been extensively discussed.1 It is
Table 2 Surface Cu component of the reduced samples based on Cu
LMM deconvolution

Catalysts

K.E.a (eV)
B.E. of Cu
2p3/2

b (eV) Cu+c (%) SCu+ (m2 g�1)Cu+ Cu0

Cu–0Mg/ZnO 916.2 918.6 933.9 38.6 1.51
Cu–1Mg/ZnO 915.7 918.1 932.8 42.5 1.81
Cu–2Mg/ZnO 915.2 917.7 932.8 46.4 2.35
Cu–3Mg/ZnO 914.5 917.0 932.8 49.6 2.51
Cu–4Mg/ZnO 913.7 916.1 932.8 55.2 2.70
Cu–5Mg/ZnO 909.1 914.0 932.0 40.4 1.82

a Kinetic energy. b Binding Energy. c Intensity ratio between Cu+ and
(Cu+ + Cu0) by deconvolution of Cu LMM spectra.

49556 | RSC Adv., 2017, 7, 49548–49561
obvious that the Cu+/Cu0 ratio of the Cu species increases with
the Mg2+ concentration increasing from 1.0 wt% to 4.0 wt%, but
is reduced with an excessive amount of Mg2+ dopant (5.0 wt%).
Most of all, Cu–4Mg/ZnO possesses the maximum Cu+/Cu0 ratio
of 55.2%, which is higher than that of other catalysts, as shown
in Fig. 9(C) and Table 2. These results can be explained in terms
of a relatively high affinity of the Mg–Zn solid solution for Cu
NPs, and this interaction leads to a lower degree of reduction of
surface copper and a partial positive charge on the copper
surfaces.
3.7 Catalytic behavior

It is well known that the DMO vapor-phase hydrogenation
process comprises several continuous reactions, including
DMO hydrogenation to methyl glycolate (MG), MG sequential
hydrogenation to EG, and EG deep hydrogenation to ethanol.
Meanwhile, the byproducts of 1,2-butanediol (1,2-BDO) and 1,2-
propanediol (1,2-PDO) can be synthesized by the dehydration
reaction between EG and ethanol or methanol, however, this
decreases the EG yield.1 The catalytic activity of the Cu–0Mg/
ZnO and Mg2+-modied Cu–xMg/ZnO catalysts for the DMO
hydrogenation reaction was evaluated, and the results are
shown in Fig. 10(A). The Cu–0Mg/ZnO catalyst exhibits a 90%
DMO conversion and a relatively low selectivity of 75% to EG.
Notably, doping a trace amount of Mg species into Cu/ZnO can
effectively improve the catalytic activity, which shows inverse S-
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 The catalytic activity of the Cu–xMg/ZnO catalysts (A), and the
stability test of the Cu–0Mg/ZnO and Cu–4Mg/ZnO samples (B).
Reaction conditions: reaction temperature ¼ 220 �C, H2/DMO molar
ratio ¼ 100, P ¼ 2.5 MPa, and LHSV ¼ 2.0 h�1.

Scheme 1 Structural evolutions of the ternary composites upon
increasing the MgO loading.
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type catalytic behavior in terms of EG selectivity in the range of
1.0–5.0 wt% MgO loading. Among the as-synthesized samples,
the Cu–4Mg/ZnO sample affords the highest EG selectivity of
95.0% under the identical reaction conditions. Meanwhile,
a trace amount of diol byproducts (1,2-propanediol and 1,2-
butanediol) was also detected, due to the Guerbet reaction on
the surface basic sites.38 What is more, the catalytic activity of
the Cu–4Mg/ZnO catalysts is comparable with that of CuZ-
nAl16,17 and CuZnGa18 catalysts reported in previous papers.

Fig. 10(B) shows the stability test of the Cu–0Mg/ZnO and
Cu–4Mg/ZnO catalysts as a function of reaction time. The
activity of the Cu–4Mg/ZnO sample can be maintained for at
least 300 h, demonstrating its excellent stability. In contrast,
there is obvious activity loss of the Cu–0Mg/ZnO catalyst within
30 h under the identical reaction conditions.

4. Discussion
4.1 The evolution of structural and surface properties

The above characterizations depicted the evolution of micro-
structures and the physicochemical and surface properties of
the construction of ternary functional components upon co-
This journal is © The Royal Society of Chemistry 2017
precipitation, calcination and reduction. In particular, these
characteristics describe the critical dependency of the nal
precursor chemistry on the proportion of Mg2+ dopant. In the
thermal process, the compounds in the precursors are trans-
formed to themonoxides, Cu, and Zn species, but their different
crystal structures mean that they are very poorly dissolvable in
each other.50 The nano-particles of the oxides, mostly CuO and
ZnO, maintain their porous nano-structures by “chemical
memory” during heat thermal treatment.51 Scheme 1 summa-
rizes the main structural evolutions of the ternary active phases
(CuO, ZnO and Mg2+) via the Mg2+ content. The CZM0-p
precursor mainly consists of a crystalline aurichalcite struc-
ture. Nanoscale CuO particles were formed upon the decom-
position of crystalline aurichalcite and they are highly
dispersed, thus, the reduction temperature is relatively low, but
the amount of surface active Cu sites is relatively limited due to
the Cu NPs being partially covered or encapsulated by the Zn–
Mg oxide solid solution, as shown in Fig. 3 and 4. With 1.0 wt%
MgO loading introduced, the Mg2+ ions not only can effectively
improve the aurichalcite dispersion, but also promote the
synthesis of a zincian malachite structure. Aer being calcined,
the Mg2+ dopant induced the surface enrichment of the Cu
species in the resultant catalysts. The assembling of the Cu
species over the surface caused the growth of the Cu NPs and
retarded the reduction process, but the surface active Cu species
still increased. The increased surface Cu area derived from
a higher proportion of the zincian malachite structure conrms
the idea that a highly Zn-substituted form of zincian malachite
is the relevant precursor phase for the preparation of Cu/ZnO
catalysts with large Cu surface areas.52 Further increasing the
Mg2+ concentration gives rise to the improved dispersion of the
nano-compounds in the precursor, which should be helpful for
the dispersion of the Cu species. This is possibly because the
introduced Mg2+ dopants are easily absorbed on the surface of
nano-compounds, which contributes to an enhanced BET
surface area and the easy reduction of CuO NPs. Nonetheless,
the monophase zincian malachite phase with excessive 5.0 wt%
RSC Adv., 2017, 7, 49548–49561 | 49557
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MgO loading leads to the Cu NP agglomeration dominating over
the catalysts, adversely leading to a decreased amount of surface
active Cu sites. Among the catalysts, the Cu–1Mg/ZnO catalyst
has the maximum surface active Cu0 sites. What is more, Fig. 3
shows that there are at least two distinct types of Cu metal on
the Mg2+ modied Cu–xMg/ZnO catalyst surface, presenting
different morphologies and elemental compositions. The
regime of higher Cu concentration may originate from the Cu-
rich zincian malachite precursor, since the highest incorpora-
tion of Cu into ZnO is observed in the precursors containing the
highest concentration of the Cu species.53 Multitudinous Cu
species tend to agglomerate into coarser particles, which are
a less efficient barrier against grain growth, resulting in
a decrease of surface active Cu sites with an excessive amount of
Mg2+ dopant.54 The synergistic effect of the ternary functional
components (the Cu2+, Zn2+ and Mg2+ species) during the
precipitation process should be responsible for the inuence of
Mg2+ on the surface Cu distribution and the decreased number
of surface Cu sites exposed. The ZnO phase transformed in the
sequence, single plates phase / agglomerated rods /

biphase, and contained overlapped plates and agglomerated
nano-rods when the MgO loading increased from 1.0 to
5.0 wt%. It should be noted that the formation and trans-
formation of crystalline ZnO relies heavily on the amount of
Mg2+ dopant in the catalysts. This is because the resultant form
of ZnO is closely related to the disparate precursor and the
strong interactions between the Cu NPs and Zn–Mg oxide solid
solution.20 Thereby, a distribution within the common cationic
sub-lattice of a single phase will be much more effective than
the intermixing of individual Cu-rich and Zn-rich precursor
phases, displaying a distribution on a microscopic level, but not
on an atomic level.

The surface basic properties are also associated with the
Mg2+ concentration, as evidenced by the CO2-TPD results
(Fig. 7). The density of surface basic sites increases when the
MgO loading increases from 1.0 wt% to 4.0 wt%. The previous
report identied that the 3-fold and 4-fold coordinated O2�

anions on the ZnO surface facilitate the formation of surface
Lewis basicity of the Cu/ZnO based catalysts.20 However, an
excessive amount of Mg2+ ions caused the surface Lewis basicity
of the ternary functional components to decrease adversely,
which goes against the argument that the Mg2+ dopant is the
main factor in determining the surface basic properties. Addi-
tionally, an increase in the amount of Mg2+ dopant led to
reduced Cu particle sizes, but its contribution to the amount of
surface active Cu sites is limited. Even with the smallest Cu NPs
of 11.1 nm in the Cu–4Mg/ZnO catalyst, a small Cu surface area
of about 2.45 m2 g�1, and consequently a poor degree of
dispersion, was achieved. Presumably most of the Cu nano-
particles are located within the Zn2+ and Mg2+ matrix or are
encapsulated due to the preparation by co-precipitation, which
can be conrmed by Fig. 3 and 4.55 This conjecture is supported
by the Cu NP sizes in the range from 11.1 nm to 13.3 nm, as
derived from the Scherrer equation, which should lead to
substantially larger specic Cu surface areas. Nonetheless, the
Cu species in close proximity to ZnOx on the surface can also
afford strong adsorption sites for oxygen-bound intermediates,
49558 | RSC Adv., 2017, 7, 49548–49561
leading to the partial coverage of the metal particles on ZnOx.56

So, it is inferred that the enhanced Cu–ZnO interface in pres-
ence of the Mg2+ dopant would be another reason for the
increase in the amount of basic sites for the C]O bonds.
However, an excessive amount of Mg2+ dopants promote the
formation of the CuMgO2 solid solution, inhibiting the syner-
gistic effect of the ternary functional components.

Besides the effect of Mg2+ concentration on the surface basic
properties, the surface chemical states of the Cu species were
also changed with the variation in structural parameters.
Notably, it can be argued from the Cu LMM spectra of the Cu–
0Mg/ZnO samples that the Cu–ZnO interface originating from
the Cu NPs located on the ZnO substrate can also promote Cu+

formation, as shown in Fig. 9(C) and Table 2. During the
reduction process, partial Cu+ derived from Cu2+ would dissolve
in the surface ZnO because Cu+ is isoelectronic with Zn2+, which
benets surface Cu+ formation, however, the solubility of Cu+ in
ZnO is limited based on the requirement of electro-
neutrality.57,58 Also, no distinct binding energies of Cu 2p2/3 for
the Cu–xMg/ZnO catalyst shi compared to those for the Cu–
0Mg/ZnO catalyst until the concentration of the Mg2+ dopant
corresponds to 4.0 wt% MgO loading. This suggests that no
obvious electron transfer occurred in the Mg2+ doped Cu–xMg/
ZnO (x ¼ 1, 2, 3, 4). However, excessive 5.0 wt% MgO loading
accelerates the shi of the energies of Cu 2p2/3 to the lower value
of 914.0 eV, demonstrating the affinity for the high energy
electrons of the Mg2+ dopant.59 As a result, the increase in the
Cu–ZnO interface area and enhanced affinity for the electrons of
the Zn–Mg solid solution with an increase in the amount of
Mg2+ dopant incorporated promotes an increase in surface Cu+

formation, which is in accordance with previous reports.26,60,61

Furthermore, both the increased Cu–ZnO interface area and
enhanced affinity for the electrons of the Zn–Mg substrate tend
to strengthen the MSI, which can induce the reduction of
surface Cu2+ species, as evidenced by the H2-TPR proles
(Fig. 6). Moreover, the strengthened MSI can stabilize the Cu
NPs and effectively restrain the sintering.

From the above, the Mg2+ dopant tends to rearrange the
dispersion of the Cu species, further regulating the density of
the surface O2� centers located at the exposed Cu–ZnO inter-
face. On the other hand, the chemical states and concentration
of surface elements can be modulated by the Mg2+ dopant.
Thus, the synergistic effect of the ternary functional compo-
nents should be responsible for the structural evolution of the
resultant catalysts.
4.2 The structure–performance relationships

The evolution of the microstructural and surface properties can
be greatly modulated by the synergy of the Cu, Zn and Mg
species, and thus, change the catalytic behaviors. The Cu–0Mg/
ZnO catalyst had fewer surface active Cu0 sites exposed. Aer
being modied by the Mg2+ dopant, it is obvious from Table 1
that the surface Cu0 sites increased signicantly, while the
surface Cu0 sites decreased gradually with more Mg2+ dopant
introduced. Most of all, the Cu–1Mg/ZnO catalyst showed the
maximum number of surface active Cu0 sites exposed, but Cu–
This journal is © The Royal Society of Chemistry 2017
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4Mg/ZnO catalyst possesses the highest number of surface O2�

sites and the highest Cu+ concentration (Fig. 7 and Table 2). In
the DMO hydrogenation process, the abundance of exposed
surface active surface Cu0 sites was proposed to be essential for
the catalytic activity.1 Thus, the reactivity of the Cu–xMg/ZnO
catalyst should decrease gradually when more Mg2+ species
are incorporated, as should the yield of EG. As shown in Fig. 10,
the EG selectivity of Cu–xMg/ZnO displayed a decreasing trend
with MgO loading increasing from 1.0 wt% to 3.0 wt%, indi-
cating that the activity is really well in line with the amount of
surface active Cu0 sites exposed. However, Cu–4Mg/ZnO and
Cu–5Mg/ZnO exhibited 95.0% and 80.0% yields of EG respec-
tively, which is unexpectedly higher than the theoretical value
corresponding to the active Cu0 sites. In particular, only pure
copper or the ZnO phase is inactive in the C–O/C]O selective
hydrogenation.62 It is reasonable to conclude that the cascade
reaction of DMO-to-EG is not only governed by a single
parameter (surface Cu+/Cu0 sites), but rather by the synergistic
concurrence of other factors. Thus, it is inferred that the
synergistic effects between the surface Cu+/Cu0 sites and O2�

centers should be responsible for the resultant catalytic activity
of the Cu–xMg/ZnO catalysts in DMO hydrogenation.

In particular, the role of ZnO is of importance and seems to
go beyond its function as a physical support or geometrical
spacer. The strengthened MSI was discussed to contribute to
the so-called synergy in the Cu–ZnO system. General mecha-
nisms were accordingly proposed on the basis of the results, as
shown in Scheme 2. During the DMO hydrogenation process,
adsorbed H2 molecules can be dissociated on the Cu0 sites.63

Cu+ sites can act as electrophilic sites to polarize and activate
the acyl group of the DMO reactant, and thus co-operate with
the Cu0 sites to facilitate DMO selective hydrogenation to EG by
the Cu–xMg/ZnO catalysts.64 Moreover, the dissociative
adsorption of the ester molecules was proposed to be the rate-
controlling step in the hydrogenation of DMO over the Cu
based catalyst.65 Although a higher proportion of the Mg2+

dopant induces a detrimental effect on the concentration of
surface Cu0 sites, the XPS data indicated that Mg2+ embed in the
ZnO lattice can be helpful for polarizing the Cu species and
facilitating the production of more surface Cu+ sites. On the
other hand, increasing the amount of Mg2+ ions submitted in
the Cu/ZnO system gives rise to an increased Cu/ZnO interface
area and more surface O2� sites in the Cu–4Mg/ZnO and Cu–
5Mg/ZnO catalysts. Moreover, the surface O2� sites, presumably
located at the interface region between the Cu and ZnO species,
can also act as active sites for substrate dissociation in the ester
hydrogenation process.66 If the Cu NPs are near the surface O2�
Scheme 2 Reaction pathways for the conversion of DMO over the
Cu–xMg/ZnO catalysts in H2 flow.

This journal is © The Royal Society of Chemistry 2017
sites or the Cu–ZnO interface, then the activated substrate on
the defects can spill over on to the nearby copper particles to
react with the activated hydrogen on the Cu0 sites, leading to
enhanced activity.67 Frost et al.68 established that the active sites
of CO hydrogenation over ZrO2 or Y2O3-doped ZrO2 could result
from oxygen anion vacancies, in which the higher mobility of
O2� vacancies represents a higher reaction rate. On the condi-
tion of the absence of copper, a catalyst promoted by silver and
gold oxides also possessed a high activity for C]O activation, in
which the higher mobility of oxygen vacancies represents
a higher action ability. These studies discerned that the active
site situated in the boundary between the Cu cluster and the
support is another vital parameter for C]O activation.69

The strengthened MSI in the presence of Mg2+ dopants is
discussed to contribute to the so-called synergy in the Cu/ZnO
system.52 The analysis of the fresh catalysts and used catalysts
aer lifetime evaluation (Cu–0Mg/ZnO and Cu–4Mg/ZnO) was
conducted. The results show that there is no obvious particle
size change of the Cu NPs in the used Cu–4Mg/ZnO compared to
that of the fresh catalyst, conrming that the Mg2+ dopant can
effectively stabilize Cu NPs owing to the strengthened MSI
between the Cu0 and Mg–Zn spacer.70 Nonetheless, the Cu
species in the used Cu–0Mg/ZnO catalyst existed only in the
form of Cu2O NPs, revealing that the agglomeration of the Cu2O
particles occurred during the hydrogenation process. Addi-
tionally, serious leaching of Cu0 occurred for the used Cu–0Mg/
ZnO, which should be caused by the weak MSI. Furthermore,
the Mg2+ dopant was proposed to effectively hinder the disso-
lution of the ZnO NPs by restricting the phase transfer reaction,
which contributes to the excellent stability.
5. Conclusions

In conclusion, porous nanoscale Cu–Mg/ZnO catalysts were
successfully prepared using the facile and controllable co-
precipitation method. The Mg2+ dopant was found to promote
both aurichalcite and zincian malachite structures as the rele-
vant precursor phases, further affecting the physicochemical
properties of the resultant catalysts by the chemical memory of
the system. In the gas-phase hydrogenation of DMO to EG,
doping Mg2+ into the Cu/ZnO system can signicantly improve
its activity and stability. Over the Cu–4Mg/ZnO catalyst, 100%
DMO conversion and 95% EG yield was obtained for longer than
300 h under the optimized hydrogenation conditions. In the
Cu–Mg/ZnO system, Mg2+ ions are highly dispersive and
successfully incorporated into the lattice of ZnO, facilitating the
synergistic effect of the Cu, Zn and Mg species. The excellent
catalytic behavior is mainly attributed to the appropriate
surface Cu0 sites and abundant surface Cu+ and O2� sites. What
is more, the strengthened MSI originating from the enhanced
Cu/ZnO interface in the ternary assembly (Cu, Zn, Mg species)
contributed to the enhanced stability.
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R. Schlögl, Science, 2012, 336, 893–897.

57 M. Popovaa, M. Dimitrova, V. DalSantob, N. Ravasiob and
N. Scottic, Catal. Commun., 2012, 17, 150–153.

58 S. Zhang, Q. Hu, G. Fan and F. Li, Catal. Commun., 2013, 39,
96–101.

59 Z. He, H. Lin, P. He and Y. Yuan, J. Catal., 2011, 277, 54–63.
This journal is © The Royal Society of Chemistry 2017
60 C. Liu, X. Guo, Q. Guo, D. Mao, J. Yu and G. Lu, J. Mol. Catal.
A: Chem., 2016, 425, 86–93.

61 K. Nishida, D. Li, Y. Zhan, T. Shishido, Y. Oumi, T. Sano and
K. Takehira, Appl. Clay Sci., 2009, 44, 211–217.

62 A. Karelovic, A. Bargibant, C. Fernández and P. Ruiz, Catal.
Today, 2012, 197, 109–118.

63 D. J. Thomas, J. T. Wehrli, M. S. Wainwright and
D. L. Trimm, Appl. Catal., A, 1992, 86, 101–114.

64 J. Gong, H. Yue, Y. Zhao, S. Zhao, L. Zhao, J. Lv, S. Wang and
X. Ma, J. Am. Chem. Soc., 2012, 134, 13922–13925.

65 S. Li, Y. Wang, J. Zhang, S. Wang, Y. Xu, Y. Zhao and X. Ma,
Ind. Eng. Chem. Res., 2015, 54, 1243–1250.

66 E. Strunk, K. Kähler, X. Xia, M. Comotti, F. Schüth,
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