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Abstract

Binary Cu/ZnO catalysts (with a Cu/Zn atomic ratio of 50/50) prepared via a novel dry synthetic approach based on solid-state oxalate-precursor
synthesis were studied in regard to their performance in the steam reforming of methanol (SRM). The synthesis route involves facile solid-phase
mechanochemical activation of a physical mixture of simple copper/zinc salts and oxalic acid, followed by calcination of the as-ground oxalate
precursors at 350 °C. For comparison, their conventional analogues obtained by aqueous coprecipitation techniques were also examined. Structural
characterization of the samples was performed by means of N adsorption, X-ray diffraction (XRD), diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), thermal gravimetric and differential thermal analysis (TG/DTA), scanning electron microscopy (SEM), temperature-
programmed reduction (H-TPR), N> O titration, and X-ray photoelectron spectroscopy (XPS). The results show that the grinding-derived Cu/ZnO
catalysts exhibit superior SRM performance to their conventional counterparts obtained by wet-chemical methods. The enhanced performance of
the grinding-derived catalysts can be attributed to a higher copper dispersion as well as the beneficial generation of highly strained Cu nanocrystals
in the working catalyst. It is proposed that the present soft reactive grinding route based on dry oxalate-precursor synthesis can allow the generation
of a new type of Cu/ZnO materials with favorable surface and structural properties, providing an attractive alternative for preparation of improved

heterogeneous catalysts.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Catalysts based on copper-zinc mixed oxides are of great
importance in industrial catalytic processes like low-pressure
methanol synthesis and the water—gas shift reaction [1-8]. It
is also established that Cu/ZnO-containing materials are ef-
fective catalysts for a number of hydrogenation and dehydro-
genation reactions, including oxo-alcohol manufacturing from
hydroformylation processes and ketone synthesis by alcohol
dehydrogenation [9,10]. Because of its ever-increasing indus-
trial importance, the Cu/ZnO material has become one of the
most widely studied systems in heterogeneous catalysis [11].
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Nevertheless, despite decades of research, controversy remains
regarding the precise nature of the active sites for methanol
synthesis or related processes [5,12—15]. The consensus in the
literature is that ZnO plays a vital role in obtaining and main-
taining the active copper in optimal dispersion [3]. The high
activity of this particular system is believed to result from a
strong interaction of the two phases leading to a unique activa-
tion of the copper species [12—-17].

To date, numerous technical methods, including wet-chem-
ical processes, such as alkali solution coprecipitation [2-7,16,
18-21], aqueous impregnation [22], sol—gel processes [23], re-
verse microemulsion techniques [24,25], as well as various dry-
chemical techniques, such as high-energy ball milling [26-28],
chemical vapor deposition [29], and flame combustion synthe-
sis [30], have been developed to prepare copper/zinc mixed ox-
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ide catalysts for various applications. Among these techniques,
coprecipitation via hydroxycarbonate (HC) precursors followed
by calcination has shown to be practical for commercial pro-
duction of well-mixed Cu/ZnO-based catalysts [ 1-7]. However,
this ill-defined process often has disadvantages, such as tedious
multistep processing and the need for delicate pH/temperature
control [1,7]. In addition, the final material obtained from the
alkali coprecipitation route suffers from the contamination of
alkaline metals as well as the formation of vast amount of envi-
ronmental wastes (e.g., salts from hydrolysis and washwater).
To circumvent these problems, the development of new practi-
cal and effective methods for preparation of the Cu/ZnO-based
multicomponent catalyst system with a strong copper—zinc in-
teraction is highly desirable.

Over the last two decades, increasing attention has been
paid to the steam reforming of methanol (SRM) to produce
high-purity hydrogen used in fuel cells for on-board power gen-
eration for vehicles [16,17,20,24,31]. Recently, the reformed
methanol has been proposed as a useful feedstock for a num-
ber of chemical processes [32]. These applications require
catalysts with high activity, selectivity, and stability under
reaction conditions [16,31]. Numerous Cu/ZnO-based cata-
lysts with various modifications have been tested [16-21]. Our
previous studies have shown that mixed copper/zinc oxalates
derived from alcoholic or aqueous coprecipitation are well-
established sodium-free precursors for the synthesis of highly
effective Cu/ZnO-based catalysts for both methanol synthe-
sis from CO, hydrogenation and SRM [5,18,33]. It was also
shown that these oxalate-derived copper-based catalysts ex-
hibited improved long-term stability during the SRM reaction
compared with their conventional HC-precursor derived coun-
terparts [18]. More recently, the combination of the oxalate-
precursor coprecipitation procedure with the microemulsion
technique for preparing well-mixed Cu/ZnO catalysts was also
reported [24,25].

On the other hand, reactive grinding based on mechano-
chemical activation has long been known as a technique for
refining particles of solid materials and promoting mechani-
cal activation of solid-state displacement reactions, which has
been successfully applied in the synthesis of various nanos-
tructured metal and metal-oxide phases [26,34-38]. The highly
nonequilibratory nature of the grinding process may provide a
unique opportunity to prepare catalytic materials with improved
and/or novel physical and chemical properties [37,38]. More-
over, reactive grinding can be done easily under solvent-free
conditions and rapidly produces large amounts of well-mixed
nanocomposites [39]. Recently, it was reported that the binary
Cu/ZnO catalysts could be prepared by high-intensity mechani-
cal mixing of metallic copper and zinc oxide powder at ambient
conditions, which showed a methanol synthesis activity compa-
rable to conventional Cu/ZnO obtained by HC coprecipitation
[26-28]. Despite the great potential practical applications, one
notable shortcoming of the above method is that an extended
processing time (up to 100 h) is required to obtain a final cata-
lyst with optimal catalytic activities.

In this study, we report the development of a new, sim-
ple, waste-free, energy-saving dry-chemical approach based on
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Scheme 1. The soft reactive grinding process based on dry oxalate-precursor
synthesis for the preparation of copper—zinc mixed oxide catalysts.

solid-phase synthesis of oxalate-precursor via a novel soft re-
active grinding procedure for the effective preparation of a
novel binary Cu/ZnO catalyst that is highly efficient in hydro-
gen production from SRM. The initial stage of the grinding
route involves the facile solid-phase mechanochemical reaction
(Scheme 1) of basic carbonates or nitrates of copper/zinc com-
pounds with oxalic acid to yield well-mixed Cu—Zn oxalate
precursors at ambient conditions. Special attention is paid to
the effects of the copper/zinc precursor salts and the grinding
time on their structural properties and catalytic behavior in the
SRM process. The structure-activity relationship of the Cu/ZnO
materials is evaluated in light of a detailed characterization of
the physicochemical properties of the catalysts by N, adsorp-
tion, XRD, DRIFTS, TG/DTA, SEM, N,O titration, TPR, and
XPS.

2. Experimental
2.1. Catalyst preparation

Four types of Cu/ZnO samples (all with a Cu/Zn atomic ra-
tio of 50/50) were prepared by different dry- and wet-chemical
synthesis methods, including soft reactive grinding of oxalic
acid with the Cu/Zn basic carbonate precursors (GC-CZ), soft
reactive grinding of oxalic acid with the Cu/Zn nitrate pre-
cursors (GN-CZ), aqueous coprecipitation via the hydroxycar-
bonate precursors (CC-CZ), and aqueous coprecipitation via
oxalate precursors (OC-CZ). The synthesis procedures are de-
scribed in detail below.

A typical procedure for preparing the GC-CZ catalysts is as
follows. First, 4.15 g of CupyCO3(0OH),, 4.13 g of Zns(OH)e-
(CO3)2, and 10.16 g of HyC»04-2H,0 were premixed by hand
grinding for ca. 5 min. The mixed powder was then loaded into
a plastic vial (50 ml) with corundum milling balls (3—5 mm)
under air atmosphere. The weight ratio of the balls and pow-
ders was 5:1. The grinding was carried out in a planetary mill
(QM-1SP04) at a speed of 560 rpm for 0.5, 2, 4, 8, and 12 h.
After the completion of grinding, the as-ground oxalate pre-
cursor was separated from the balls, followed by calcination at
350°C in air for 4 h. The final calcined samples were desig-
nated as GC-CZ-¢, where ¢ denotes grinding time (see Table 1).
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The procedure for preparing the GN-CZ catalyst was similar to
that of GC-CZ, except with nitrates (i.e., Cu(NO3),-3H,0 and
Zn(NO3)2-6H;0) replacing carbonates and the grinding time
fixed at 4 h.

For comparison, two reference Cu/ZnQO catalysts obtained by
wet-chemical methods were prepared. The CC-CZ catalyst was
prepared by hydroxycarbonate (HC) coprecipitation in aqueous
solution as described previously [19]. In brief, a 1.2 M aque-
ous solution of Na,COs was added to an aqueous solution of
Cu and Zn nitrates (each 0.5 M) under ambient atmosphere
and vigorous stirring. During precipitation, the temperature was
maintained at 60 °C and pH was kept at 8.5. The precipitates
were washed thoroughly and dried in air at 110 °C for 12 h, fol-
lowed by calcination at 350 °C for 4 h. The OC-CZ catalyst was
prepared by oxalate-coprecipitation in an aqueous solution as
described previously [18]. Briefly, an aqueous solution of 20%
excess of oxalic acid was injected rapidly into a mixed aque-
ous solution of copper nitrate and zinc nitrate (each 0.1 M) at
room temperature under vigorous stirring. The resultant precip-
itates were dried at 110 °C overnight, followed by calcination
at 350°C for 4 h.

2.2. Catalyst characterization

The BET specific surface areas of the calcined catalysts were
determined by adsorption—desorption of nitrogen at liquid ni-
trogen temperature, using a Micromeritics TriStar 3000 instru-
ment. Sample degassing was carried out at 300 °C before the
adsorption isotherm was acquired.

Scanning electron microscopy (SEM) images of the calcined
samples were obtained using a Philips XL 30 microscope oper-
ating at 30 kV. Before being transferred into the SEM chamber,
the samples dispersed with ethanol were deposited on the sam-
ple holder and then quickly moved into the vacuum evaporator
(LDM-150D).

X-ray powder diffraction (XRD) of the samples was car-
ried out on a Bruker D8 Advance X-ray diffractometer using
nickel-filtered CuK « radiation (1.5406 A) with a scanning an-
gle (260) of 20°-80°, a scanning speed of 2° min~!, a voltage of
40 kV, and a current of 20 mA. The full width at half maximum
(FWHM) of (111) reflection of CuO or ZnO was measured for
calculating crystallite sizes.

In situ XRD experiments were performed as follows. Re-
duction of the calcined CuO/ZnO oxide precursors in 5 vol%
H; in argon from room temperature to 250°C at a heating
ramp of 1°Cmin~! was carried out in a Paar XRK-900 high-
temperature cell [40]. In situ XRD patterns were recorded at
250 °C under simulated SRM conditions (c(MeOH) ~ 5 vol%,
c(H,0) ~ 6.5 vol% in 100 mImin~! Ar) in the 26 range of
20°-80°, with a step width of 0.02° and a counting time of
1s/dp (dp = data point). XRD patterns of the various Cu/ZnO
catalysts under reaction conditions were analyzed by the Paw-
ley method (“full pattern refinement”) [12]. The crystallite
size corresponding to the broadening of each hkl line was
determined from the Lorentzian part of the individual profile
functions, with the microstrain determined from the Gaussian
part [12].

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) characterization of the catalysts was performed us-
ing a Bruker Vector 22 spectrometer equipped with a DTGS de-
tector and a KBr beam splitter [41]. The samples were placed in
a sample cup inside a Harrick diffuse reflectance cell equipped
with ZnSe windows and a thermocouple mount that allowed di-
rect measurement of the sample temperature. All spectra were
collected in dry air atmosphere at room temperature.

Thermogravimetric and differential thermal analysis (TG/
DTA) measurements were performed on a Perkin—Elmer 7 Se-
ries thermal analyzer apparatus in an air flow (30 mlmin~')
with a heating rate of 10 °C min~!, using Al,03 as a reference.
Between 10 and 15 mg of sample was used for each experiment.

The specific surface area of metallic copper was measured
by the adsorption and decomposition of N>O on the surface of
metallic copper as follows: 2Cu(s) +N>0O — N3 +CuO). The
pulse titration technique was used. Pure nitrogen was used as
the carrier gas, and a thermal conductivity detector was used
to detect the consumption of N»O [33]. The specific area of
metallic copper was calculated from the total amount of N,O
consumption with 1.46 x 10'? copper atoms per m? [42].

Temperature-programmed reduction (TPR) profiles were ob-
tained on a homemade apparatus as described previously [18].
Approximately 20 mg of a freshly calcined catalyst was placed
on top of glass wool in a quartz reactor. TPR experiments were
carried out in 5% Hy/Ar flowing at 40 mlmin~!, with a ramp
rate of 10°Cmin~! to a final temperature of 500 °C. The H,
consumption was monitored using a TCD.

X-ray photoelectron spectroscopy (XPS) spectra were re-
corded with a Perkin—Elmer PHI 5000C system equipped with
a hemispherical electron energy analyzer. The MgKao (hv =
1253.6 eV) was operated at 15 kV and 20 mA. The carbona-
ceous C 1s line (284.6 eV) was used as the reference to cali-
brate the binding energies (BEs). To investigate the nature of
Cu species on the surface of the reduced catalysts, XPS char-
acterization after the SRM reaction at 250°C for 6 h were
carried out. The SRM reaction was performed ex situ in a ver-
tical down-flow reactor, similar to that used for the catalytic
experiments, after which the samples were cooled to room tem-
perature. The catalysts were retrieved under Ar atmosphere,
then quickly measured by XPS.

2.3. Catalytic tests

The catalytic test was conducted using a fixed-bed microre-
actor from 160 to 300 °C under atmospheric pressure. A 0.5-g
catalyst sample diluted with 0.5 g of quartz sand (both in
40-60 mesh) was packed into a stainless steel tubular reac-
tor (6 mm i.d.). After reduction in a Hy/Ar (5/95) flow of
60 mlmin~! at 250°C for 6 h, premixed water and methanol
with a HyO/MeOH molar ratio of 1.3 at a flow rate of 44.0 ml-
NTP min~! were fed into the preheater, which was maintained
at about 250 °C, using a microfeeder. The vaporized feed en-
tered the reactor with a stream of Ar gas at a flow rate of
20 mlmin~! to initiate the SRM reaction at the designated
reaction temperature. The reaction products were first passed
through a cold trap; then the gaseous products, such as Hp,
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Table 1
Physicochemical properties of various Cu/ZnO catalysts prepared by dry oxalate-precursor approach based on soft reactive grinding
Catalyst SBET? SIC\ISO" Sé(EDC dcuo! dzno¢ dcy® dzn0° Microstrain
(m?g~1) m2g ) m2g ) (nm) (nm) (nm) (nm) (%o)

GC-CZ-0.5 28 3.6 9.3 18.2 12.9 28.4 13.8 1.12
GC-CZ-2 39 7.4 12.2 16.5 11.8 21.7 12.7 1.35
GC-CZ-4 50 11.5 15.0 15.2 11.5 17.6 12.5 2.19
GC-CZ-8 56 19.8 21.0 10.8 9.0 12.6 9.9 241
GC-CZ-12 48 12.9 17.7 12.4 11.1 14.9 12.4 2.25
GN-CZ-4 45 14.8 16.4 14.1 10.2 16.1 10.8 2.22
0C-CZ 39 7.8 10.9 17.6 13.1 243 14.7 1.69
cc-cz 34 10.4 13.8 13.2 14.9 19.1 19.2 1.58

4 BET specific surface area.

b Cu metal surface area determined by N>O decomposition method.

¢ Cu metal surface area estimated by the in situ XRD crystallite size.

d dcuo and dzpo determined by the XRD data of the oxide precursors based on Sherrer equation.

:1:« dcy and dz;,o determined for the working catalyst by the in situ XRD data based on Sherrer equation.

CO, COy, and CH4, were detected on-line by a gas chro-
matograph (type GC-122, Shanghai Analysis) equipped with a
TCD and TDX-01 column; the liquid products, such as water
and methanol, were analyzed by the same gas chromatograph
equipped with another TCD and a Porapak-Q column. Unless
specified otherwise, catalytic activity was evaluated from the
data collected after 6 h of on-stream operation by methanol con-
version (Xmyeon), CO2 selectivity (Sco,), and CO selectivity
(Sco) in the outlet. Catalyst turnover frequencies (TOFs, ins™ )
were calculated as the number of hydrogen molecules produced
per surface copper atom, as determined by the nitrogen oxide
decomposition measurements described above.

3. Results
3.1. Structure of the as-ground oxalate precursors

The XRD patterns of the grinding-derived oxalate precur-
sors prepared by the mechanochemical activation of the basic
carbonates of Cu/Zn salts with oxalic acid for different periods
of time are shown in Fig. 1. It is evident that the formation of
well-defined oxalate phase in the solid starting materials occurs
after grinding for only 0.5 h. With prolonged grinding from 2 to
12 h, only two oxalate phases corresponding to CuC,04-xH>0
and B-ZnC,04 were identified, further confirming the efficacy
of the grinding-assisted solid-state reactions as proposed in
Scheme 1. Note that no «-ZnC>04-2H,0 phase, which ap-
peared in the conventional oxalate gel-coprecipitation process
[5,33], was detected. This suggests that the structure of the ox-
alate precursors formed by the solvent-free reactive grinding
process is markedly different from the oxalate precipitates de-
rived by the conventional wet-chemical method. Also note that
the as-ground GC-CZ samples underwent an interesting mi-
crostructural evolution during the grinding process. As shown
in Fig. 1, the proportion of CuC,04-xH>O with respect to §-
ZnC, 0y increased appreciably at grinding times exceeding 4 h.
This indicates that the grinding-assisted transformation of the
starting materials into zinc oxalates occurs preferentially over
that for the copper oxalates.

The microstrain of the Cu crystals estimated from the X-ray Cu(111) diffraction lines in working catalysts at 250 °C [14].

Intensity (a.u.)

5 20 2% 30
2 ¢ (degree)

Fig. 1. XRD patterns of the as-ground Cu/Zn mixed oxalate precursors after
grinding for different periods of time: (a) GC-CZ-0.5; (b) GC-CZ-2; (c) GC-
CZ-4; (d) GC-CZ-8; (e) GC-CZ-12. (M) CuCy04-xH;0; (@) B-ZnC504;
(O) CupCO3(OH),.

To gain further insight into the reaction kinetics of the grind-
ing process, we followed the formation of the dry Cu-Zn
mixed oxalate precursors with FTIR measurements, as shown
in Fig. 2. Fig. 2A shows the DRIFTS spectra of the as-ground
products after different grinding times. For comparison, the
spectra obtained on the three starting materials as well as the
reference pure oxalate phases are shown in Fig. 2B. As shown
in Fig. 2B, the spectra of the pure copper and zinc basic car-
bonates display a doublet centered at 1500 cm™! characteristic
of the stretching vibrations of COg_ moieties [2], in sharp con-
trast to the spectral features seen for the pure oxalate phases.
Comparing the spectrum ground for 0.5 h with that of the ref-
erence materials, the peaks from carbonate moieties totally dis-
appears in the ground sample, although the vibration mode of
excess amount of pure oxalic acid remains. Moreover, in the
spectrum of 0.5 h ground sample, two new bands at 1324 and
1364 cm™!, attributable to symmetric and asymmetric O-C-O
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Fig. 2. DRIFT spectra of the as-ground products after grinding for different
periods of time: (a) GC-CZ-0.5; (b) GC-CZ-2; (c) GC-CZ-4; (d) GC-CZ-8;
(e) GC-CZ-12; (f) CuCy04-xH50; (g) ZnCy04; (h) HyCy04-2H,0; (i) Cup-
CO3(OH)y: (j) Zns(OH)6(CO3),.

stretching modes, respectively, indicative of the formation of
well-defined oxalate phases, are clearly shown [43]. With a
progressive increase in the grinding time, the resolution and in-
tensity of the oxalate bands increase. This can be ascribed to
better crystallinity, in line with the XRD data presented above.
Meanwhile, a variation of the peak intensity in the symmetric
O-C-O stretching mode with respect to its asymmetric coun-
terpart also can be identified. This may suggest a rearrangement
of the oxalate anions in the resulting products [44], inferring a
continuous microstructural precursor evolution during the pro-
longed grinding operation.

Fig. 3 compares the TG/DTA curves of the oxalate pre-
cursors (GC-CZ-8) prepared by 8 h of reactive grinding with
those of its conventional analogues derived by aqueous oxalate-
coprecipitation. Fig. 3B shows that thermal decomposition of
the conventional oxalate precipitates at temperatures below
400 °C proceeds via three well-defined steps. The first step
starts at about 70°C, with a broad endothermic DTA peak
centered at 92 °C, accompanied by a weight loss of 4.6 wt%
attributed for the dehydration of ZnC>04-2H,0 and the for-
mation of anhydrous oxalate mixtures [45]. The second step
is from 250 to 310 °C, characterized by an exothermic peak
at 280 °C showing a weight loss of 17.5 wt%, roughly in ac-
cordance with a calculated weight loss of 19.5 wt%, attributed
to the decomposition of CuC,04 and formation of the CuO-
ZnCy04 mixture [45]. The third step shows an exothermic
process with a DTA peak at 340 °C, indicating a weight loss
of 26.2 wt% due to further decomposition of ZnC,04 and for-
mation of ZnO. The exothermic character of the DTA peaks
accompanying the oxalate decomposition step is due to the air
oxidation of CO to CO,, which commonly occurs in the thermal
decomposition of metal oxalate in air [45]. It is interesting that
a substantially different thermal evolution behavior was identi-
fied for the GC-CZ-8 precursors prepared by the present soft re-
active grinding process. As shown in Fig. 3A, a single exotherm
related to a one-step thermal decomposition of the two oxalate
phases located at 298 °C was observed. These observations un-
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Fig. 3. TG/DTA of the Cu/Zn mixed oxalate precursors prepared by dry- and
wet-chemical methods: (A) GC-CZ-8; (B) OC-CZ.

ambiguously reveal that a substantial mechanochemically in-
duced isomorphous substitution between copper and zinc ox-
alate phases occurs during the grinding process; it has been
suggested that this is a key factor in obtaining Cu—Zn mixed
oxides with a high component dispersion [5,33].

3.2. Structural and textural features of the calcined catalysts

Fig. 4 shows the surface morphology of the oxide precur-
sors of the grinding-derived Cu/ZnO catalysts along with the
samples prepared with two conventional wet-chemical meth-
ods. The particles of the grinding-derived catalysts GN-CZ-4
and GC-CZ-4 are sphere-like, and the distribution of the main
particles for both samples seems to be practically uniform, with
average size <1 um. In contrast, the samples obtained by con-
ventional coprecipitation methods, especially via the coprecipi-
tation of oxalate precursors, afforded the massive agglomerates
apparently much larger than those of the grinding-derived sam-
ples. The average particle size is estimated to be about 7 pm
for OC-CZ and 3 pm for CC-CZ. Therefore, our SEM results
suggest that the soft reactive grinding technique can be more ef-
fective than the conventional coprecipitation methods in terms
of the preparation of Cu/ZnO catalysts with high component
distributions and small particle sizes.

Fig. 5A compares the XRD patterns of calcined catalyst
precursors obtained by reactive grinding and the conventional
aqueous coprecipitation method using different starting materi-
als. After calcination at 350 °C, all samples are mixtures of CuO
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Fig. 4. SEM images of the oxide precursors of the Cu/ZnO samples prepared
by various methods: (a) GN-CZ-4; (b) GC-CZ-4; (c) OC-CZ; (d) CC-CZ.

3
©
N
>
£
@ 0c-cZ
c
[
e
£
GC-CZ4
GN-CZ4
Lo e s e e e e e e e o e e
25 30 35 40 45 45

2 0 (degree) 2 0 (degree)

Fig. 5. XRD patterns of the Cu/ZnO catalysts prepared by dry and wet-chemical
methods after calcination at 350 °C (A) and followed by reaction at 250 °C (B).
(M) Cu phase, () CuO phase, (O) ZnO phase.

and ZnO. Comparison of the CuO diffraction lines shows that
the CC-CZ sample gives a much broader profile with respect to
the other samples, pointing to a weak relationship between the
particle size of CuO and the preparation methods. The average
crystallite sizes of CuO are estimated using Scherrer’s equa-
tion and are summarized in Table 1. The CuO crystallite size
of CC-CZ was about 13.2 nm; those of OC-CZ, GC-CZ-4 and
GN-CZ-4 were somewhat larger, ranging from 14 to 18 nm. It
is interesting that average crystallite size as a function of prepa-
ration method is significantly different in the ZnO particles.
The diffraction lines of the ZnO phases in the grinding-derived
Cu/ZnO catalysts are relatively broader and weaker than those
of the catalysts prepared by coprecipitation, indicating that the
crystallite sizes of ZnO in GN-CZ-4 and GC-CZ-4 are smaller
than those in OC-CZ and CC-CZ (see Table 1).

To investigate the active phase of the Cu/ZnO catalysts, the
XRD patterns of the four catalysts after reduction followed by
subsequent reaction at 250 °C were collected; these are shown

in Fig. 5B. Only the metallic copper phase can be seen for
all of the samples after reaction. Assuming that Cu particles
are spherical, the average copper metal crystallite sizes were
calculated from the FWHM of Cu(111) diffraction lines. The
results, given in Table 1, reveal much smaller copper particle
sizes for GN-CZ-4 (16.1 nm) and GC-CZ-4 (17.6 nm) than
compared with OC-CZ (24.3 nm) and CC-CZ (19.1 nm). Note
that the copper particle sizes in GN-CZ-4 and GC-CZ-4 were
much smaller than that in CC-CZ, in contrast to the relatively
larger CuO particle size in the former samples compared with
CC-CZ, possibly due to the different Cu—ZnO interaction be-
havior in these samples [14]. In addition, the grinding-derived
Cu/ZnO catalysts can afford the favorable creation of highly
strained Cu nanocrystals in the active catalysts. As shown in
Table 1, the microstrain values in the copper nanocrystals of
GN-CZ-4 and GC-CZ-4 were observed to be much higher than
their conventional counterparts, further confirming the presence
of a stronger or modified Cu—ZnO interaction in the grinding-
derived samples [15,40].

The physicochemical properties of the calcined catalysts
prepared by different methods are also presented in Table 1. It is
shown that both the BET and active Cu metal surface area of the
catalysts prepared by the grinding route are larger than those of
the catalysts obtained by conventional coprecipitation. Compar-
ison of the grinding-derived samples using different precursor
salts reveals that the catalyst GN-CZ-4 prepared using nitrates
as starting materials has a larger BET and Cu metal surface area
than GC-CZ-4 derived from carbonate precursors. Note that the
specific copper surface areas for the present binary Cu/ZnO cat-
alysts are much smaller than those of ternary Cu/ZnO/Al,O3
catalysts [6,40], but are very close to the binary Cu/ZnO mate-
rials, as reported by Alejo et al. [19]. The data of the metallic
Cu surface area in Table 1 clearly demonstrate that the cop-
per dispersion is much higher in the grinding-derived catalyst
than in catalysts prepared by conventional wet-chemical meth-
ods. Using a quasi-sphere model, we also estimated the copper
metal surface area by the crystallite size as determined by the in

situ XRD results. For all catalysts, the Sél}D values, estimated

by XRD measurements, are higher than the ngo values. These
discrepancies may be due to interactions of the copper particles
with ZnO or to deviations from a spherical morphology.

To gain insight into the effect of grinding time on the
physicochemical properties of the grinding-derived catalysts,
the structural evolution of the GC-CZ catalysts obtained with
various grinding time was followed by XRD. The XRD patterns
of the catalyst precursor and the in situ XRD patterns under the
reaction conditions are shown in Figs. 6A and 6B, respectively.
Clearly, the diffraction peaks of CuO and ZnO in the precursors
become weaker and broader with an increase in grinding time
from 0.5 to 8 h, indicating a continuous decrease in the crystal-
lite sizes for both species. Further grinding of the samples with
an extended time of 12 h, however, results in an unexpected
crystallite growth in the CuO and ZnO particles, possible due to
a nonequilibrium nature of the grinding process [39]. Further-
more, the same trend can be observed for the working catalysts
under reaction conditions. The particle sizes of Cu, CuO, and
ZnO determined from the respective diffraction peaks in the
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Fig. 7. TPR profiles of the CuO/ZnO catalysts prepared by different methods
(A): (a) GN-CZ-4; (b) GC-CZ-4; (c) OC-CZ; (d) CC-CZ and the GC-CZ cat-
alysts with various grinding time (B): (e) GC-CZ-0.5; (f) GC-CZ-2; (g) GC-
CZ-8; (h) GC-CZ-12.

XRD patterns are summarized in Table 1. Note that a similar
variation trend is also observed for the microstrain values of the
copper nanocrystals in the working catalysts.

3.3. Redox properties and chemical states

TPR results were obtained for each of the calcined catalysts.
The reduction profiles of the CuO/ZnO catalysts prepared by
various methods are shown in Fig. 7. All of the profiles show
one main reduction peak, presumably due to the reduction of
crystalline CuO, with a shoulder to the main peak identifiable at
a lower temperature. This shoulder may be due to the reduction
of amorphous or highly dispersed copper oxide species [13].
The GN-CZ-4 catalyst displays the lowest reduction peak at
220°C, 30°C lower than that for the GC-CZ-4 catalyst. The
CC-CZ sample has a reduction peak at 253 °C, and the OC-
CZ sample required a higher temperature of 262 °C to attain a
maximum copper oxide reduction rate. The fact that pure bulk
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Fig. 8. Cu 2p photoelectron spectra of (A) the calcined CuO/ZnO catalysts pre-
pared by various methods. (a) GN-CZ-4; (b) GC-CZ-4; (c) OC-CZ; (d) CC-CZ;
(B) the GC-CZ catalysts obtained with various grinding time after reaction at
250°C for 6 h. (a) GC-CZ-0.5; (b) GC-CZ-2; (c) GC-CZ-4; (d) GC-CZ-8;
(e) GC-CZ-12.

copper oxide is reduced at a considerably higher temperature
(ca. 340°C, not shown) indicates the presence of a copper-
support interaction in the present binary samples, which facil-
itates the reduction of copper oxide. Both bulk and supported
CuO are reduced by a process involving nucleation or autocat-
alytic reduction, and it is well documented that supported CuO
can be reduced more readily than bulk CuO [24]. In this sit-
uation, it is interesting to note that among the GC-CZ series
catalysts (Fig. 7B), the GC-CZ-8 material has the lowest reduc-
tion temperature. This indicates that both the precursor salts and
grinding time are important parameters in optimizing the redox
properties of the grinding-derived catalysts.

On the other hand, it should be noted that GC-CZ-8 displays
the lowest reduction temperature of all of the catalysts but GN-
CZ-4. This indicates the presence of small CuO or Cu particles
and thus a high component dispersion. These results correlate
well with the metallic copper surface area measurements, which
revealed the highest dispersion in GC-CZ-8. Likewise, there
is also good correlation with the XRD measurements showing
small CuO and Cu particle sizes in this material. In addition, the
reduction profile is narrow and almost symmetrical, indicating
a narrow particle size distribution and homogeneous material.

At this point, it should be noted that the TPR findings can-
not be explained solely in terms of copper dispersion [5,24].
Indeed, closer comparison of the TPR results with the XRD
and N>O chemisorption measurements reveals that in addition
to dispersion, other factors, such as CuO crystallinity and the
interaction between the copper and the oxide support, may in-
fluence the reducibility of the catalytic materials.

XPS spectra were obtained for the Cu/ZnO samples prepared
by various methods and different grinding times to provide in-
formation on the chemical states of the copper species on the
catalyst surfaces. Fig. 8 shows the Cu 2p spectra of the CZ cata-
lysts after calcination obtained by different methods, along with
the spectra recorded for various GC-CZ catalysts after exposure
to the reaction conditions. The detailed XPS parameters of all
samples are summarized in Table 2. For the calcined catalysts
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Table 2

XPS results of various Cu/ZnO catalysts prepared by dry oxalate-precursor approach based on soft reactive grinding

Catalyst Conditions BE of Cu 2p3p BE of Zn 2p3 KE of CuLMM aCy Cu/Zn

(eV)? V) eV) eV)

GC-CZ-0.5 Fresh 933.6 (3.5) 1022.4 (2.6) 917.5 1851.1 0.22
After reaction 932.6 (2.6) 1022.1 (2.5) 916.8 1849.4 0.12

GC-CZ-2 Fresh 933.5 (3.6) 1022.0 (2.6) 917.8 1851.3 0.28
After reaction 932.6 (2.7) 1022.0 (2.7) 916.6 1849.2 0.20

GC-CZ-4 Fresh 934.0 (3.7) 1022.5 (2.7) 917.3 1851.3 0.40
After reaction 932.3 (2.6) 1021.6 (2.7) 917.0 1849.3 0.32

GC-CZ-8 Fresh 933.9 (3.6) 1022.4 (2.7) 917.5 1851.4 0.58
After reaction 932.3 (2.7) 1021.7 (2.8) 916.7 1849.0 0.48

GC-CZ-12 Fresh 933.7 3.7) 1021.9 (2.7) 918.2 1851.9 0.46
After reaction 932.3 (2.6) 1021.8 (2.6) 916.6 1848.9 0.28

GN-CZ-4 Fresh 933.4 (3.6) 1021.9 (2.7) 917.7 1851.2 0.58
After reaction 932.8 (3.3) 1021.9 3.2) 916.7 1849.5 0.46

0C-CZ Fresh 933.6 (3.6) 1022.2 (2.6) 917.7 1851.3 0.48
After reaction 932.5 (2.6) 1022.2 (2.7) 917.3 1849.8 0.27

cc-cz Fresh 933.7 3.7) 1021.8 (2.7) 917.7 1851.4 0.83
After reaction 932.7 (2.9) 1021.9 (2.9) 917.0 1849.8 0.42

4 The values in the parenthesis are FWHM of corresponding main photoemission peaks.

(Fig. 8A), main Cu 2p3,, and Cu 2py/; peaks in the BE ranges
of 933-934 and 953-954 eV, respectively, with a spin-orbit cou-
pling energy gap of ca. 20 eV, can be seen. Both of these peaks
are accompanied by intense satellite features at 942 and 962 eV
for all samples. Additional information concerning the precise
chemical states of Cu can be obtained from the Auger analy-
sis [46]. As shown in Table 2, the modified Auger parameters
acu (acuy = hv + (KE(Cupmm) — KE(Cu 2p;/,))) was range of
18511852 eV. All of these features are all characteristic of the
CuO phase [17,19,47], in line with the XRD results.

After exposure to reaction conditions, the satellite peaks dis-
appeared, accompanied by a shift to lower BEs, ranging from
932.3 t0 932.8 eV. This clearly indicates the formation of metal-
lic copper or Cu™ species [17,19,46]. Because the BEs of Cu®
and Cu™ species typically overlap in Cu 2p XPS analysis, these
two species can be distinguished only by their different kinetic
energies in the Auger Cupmm line position or the modified
Auger parameters acy [46]. As shown in Table 2, the Auger
parameter of copper varied from 1848.9 to 1849.8 eV, pointing
to the presence of Cu™ species along with the metallic cop-
per [46]. It follows that this result is not in line with our in situ
XRD data, which show the exclusive existence of metallic cop-
per in the bulk phase. In fact, the presence of Cu™ species in
the Cu/ZnO samples after exposure to SRM reaction conditions
was previously identified by Agrell et al. [47]. Numerous stud-
ies have also reported that mildly oxidized copper species may
coexist with metallic copper on the surface of the catalysts un-
der working conditions [13,48-53]. However, it is difficult to
draw firm conclusions based only on the spectral appearance of
Cu™, because the catalyst surface may be oxidized during cool-
ing after reaction and be further affected by degassing in the
XPS pretreatment chamber.

Table 2 also lists the surface atomic ratios of Cu/Zn in var-
ious catalysts after different surface pretreatments as measured
by XPS. As shown, the surface composition is strongly affected
by the preparation methods and grinding time. For all calcined

samples, the surface Cu/Zn molar ratio is smaller than that of
the bulk phase (i.e., Cu/Zn = 1). Interestingly, the maximum
surface Cu/Zn ratio is seen on the catalyst obtained by 8 h of
grinding, in line with the variation observed in copper metal
surface area as a function of grinding time. After exposure to
reaction conditions for 6 h, the surface Cu/Zn ratio decreased
in all catalysts, indicating a surface enrichment of Zn species
during the initial stages of the SRM reaction. The variation
in surface composition for the catalysts before and after re-
action also may shed some light onto the stability of various
catalysts obtained by different methods and at different milling
times. Note that the surface Cu/Zn ratio of the GC-CZ-8 catalyst
decreased from 0.58 to 0.48 on exposure to the reaction condi-
tions, whereas those of the catalysts prepared by conventional
coprecipitation decreased by nearly half after being subjected to
the SRM reaction. This indicates that the catalysts obtained by
the reactive grinding technique are superior in maintaining the
surface structure of the Cu/ZnO catalysts and thus the catalytic
activity for SRM. As for the GC-CZ catalysts prepared with
various grinding times, the surface composition of the samples
undergoing prolonged grinding appears to be less affected by
the reaction conditions, indicating improved stability of the sur-
face structure.

3.4. Catalytic SRM

Fig. 9 shows a typical set of results for SRM over the
GC-CZ-8 catalyst, illustrating the effect of temperature on the
methanol conversion and the molar compositions with respect
to carbon dioxide, hydrogen, and carbon monoxide. As shown,
methanol conversion exhibits a typical S-shaped temperature
dependence [16,24]. Hy and CO; are produced in an approx-
imate 3:1 ratio, and substantial CO formation is initiated at
around 280 °C, when conversion of methanol approaches com-
pleteness. Further experiments from our laboratory, as reported
previously [18], indicated that CO is not formed at short con-
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Fig. 9. Product gas composition and methanol conversion vs reaction tem-
perature during steam reforming of methanol over catalyst GC-CZ-8. Condi-
tions—CH3OH: 19.0 em3 min~! ;Hy0:25.0 em3 min~! ,Ar:20.0 em3 min~! R
H,O/CH30H = 1.3/1, p =0.1 MPa.

tact times and that its concentration becomes significant only
when the methanol is almost completely consumed at longer
contact times. Moreover, as demonstrated previously [18], the
temperature at which complete conversion is achieved can be
significantly lowered by decreasing the space velocity. How-
ever, optimization with respect to this parameter was not the
objective of the present study.

Table 3 summarizes the methanol conversion, selectivity to
hydrogen, CO level in the product gas, hydrogen production
rates, and turnover frequencies (TOFs) for the SRM over vari-
ous catalysts. Note that the activity data shown in Table 3 were
obtained after 6 h of on-stream reaction, at which point the
product composition was found to be stable. The temperature
chosen for the comparisons was 240 °C, because, as shown in
Fig. 10, the conversion of methanol was well below 100% at
this temperature. The selectivities to hydrogen and carbon diox-
ide were nearly 100% for most of the catalysts. The methanol
conversion and hydrogen-production rates from the grinding-
derived samples with grinding times longer than 4 h were much
higher than those from the conventional wet-chemical-derived

Table 3
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Fig. 10. The temperature required for 20, 50, and 90% conversion of methanol
(T»9, T50, and Tgq) during steam reforming over catalysts GN-CZ-4, GC-CZ-4,
0OC-CZ, and CC-CZ.

samples, possibly due to the much higher copper specific sur-
face area of the former. In particular, the GC-CZ-8 catalyst
exhibited the best performance in terms of hydrogen production
rate. It is remarkable that the methanol conversion of 78.8%
could be achieved over the GC-CZ-8 sample at 240 °C, com-
pared with only ca. 43% over CC-CZ and 48% over OC-CZ.

It is also interesting to further compare the SRM activi-
ties for the four catalysts prepared by different methods or
processed with the same grinding time. Note that all four cat-
alysts show similar behavior, with the major differences being
the temperature at which complete conversion is reached and
the level of CO in the reformed gas. The temperatures required
to reach 20, 50, and 90% methanol conversion (75q, T50, and
Typ) over all four catalysts are given in Fig. 10. As shown,
the temperatures are consistently lower for the materials pre-
pared by the dry approach based on the soft reactive grind-
ing synthesis. In particular, GN-CZ-4 is very efficient in the
SRM reaction, due to a higher copper dispersion and a stronger
metal-support interaction. The corresponding CO levels at T»,
Tso, and Ty are shown in Fig. 11, demonstrating that a signif-
icant reduction in the CO production could be achieved over
grinding-derived Cu/ZnO catalysts.

Activity and selectivity for steam reforming of methanol over Cu/ZnO catalysts prepared by different methods?

Catalystb MeOH con- Selectivity to CO-level in Hj production rate TOF€ at 240°C
version (%) hydrogen (%) product gas (%) at 240 °C (mmol g;ii h*') (103 s*')
GC-CZ-0.5 34.0 99.5 0.10 103 328
GC-CZ-2 41.8 99.4 0.12 127 197
GC-CZ-4 52.0 99.2 0.16 158 157
GC-CZ-8 78.8 98.9 0.22 238 138
GC-CZ-12 57.6 99.0 0.20 174 154
GN-CZ-4 70.9 98.7 0.26 214 166
0oCc-CZ 48.6 98.9 0.22 147 216
cc-cz 43.0 99.1 0.18 130 143

4 Reaction conditions—CH3OH: 19.0 em?-NTP min—!; H,0: 25.0 em3-NTP min~!, Ar: 20.0 cm?® min—!; H,O/CH30H = 1.3/1, p = 0.1 MPa.

b GC: soft reactive grinding synthesis via carbonate precursors; GN: soft reactive grinding synthesis via nitrate precursors, both after grinding for 4 h; OC:
coprecipitation via oxalate precursors; CC: coprecipitation via hydroxycarbonate precursors.

¢ Hydrogen molecules produced per surface Cu atom per second.
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To examine the likely long-term behavior of the various cat-
alysts under reaction conditions, an accelerated aging process
(i.e., cycling the reactor temperature between 240 and 350 °C)
was carried out on the GN-CZ-4, GC-CZ-4, OC-CZ, and CC-
CZ catalysts. As shown in Fig. 12, the grinding-derived cat-
alysts were more active and more stable than their conven-
tional counterparts. Comparing the ability of the GN-CZ-4 and
GC-CZ-4 catalysts to withstand the effects of aging at 350 °C
clearly shows that the GC-CZ-4 catalyst deactivated to a lesser
extent than the GN-CZ-4 sample. The GC-CZ-4 catalyst deac-
tivated from an initial steady conversion value of methanol of
52% at 240 °C to 45% after two cycles at 350 °C, corresponding
to an activity loss of 14%. This loss of activity compares favor-
ably with that for GN-CZ-4 (i.e., 17%, from an initial steady
conversion of 70.9 to 59% after completion of the cycling
process). Compared with the grinding-derived catalyst, CC-CZ
exhibits relatively poor aging properties despite being more sta-
ble than OC-CZ, which deactivated noticeably even during the
initial 6 h on stream. Note that both the OC-CZ and CC-CZ cat-

alysts did not give full conversion of methanol at 350 °C during
the second cycle. The steady methanol conversion given by the
CC-CZ catalyst was 43% initially and declined to 34% after
two temperature cycles, corresponding to a decrease of 21%.

4. Discussion

Mechanochemical processing has attracted much attention
as a novel and efficient method for producing nanosized mate-
rials without severe agglomeration [34—39]. Recently, a wide
variety of nanostructured single-oxide or mixed-oxide-based
catalyst systems have been synthesized by mechanochemi-
cal processing [54-56]. It should be stressed, however, that
the solid-state displacement reactions involved in the present
soft reactive grinding approach is essentially different from
the traditional mechanically activated solid-state reaction be-
tween metal-metal oxides, where high temperature or ultra-
high-energy intensity, as well as very long processing times,
are usually necessary for obtaining a satisfactory product with
optimized properties [38,39].

The present work unambiguously demonstrates that the new
process, involving the solid-state displacement reaction of ox-
alic acid with copper and zinc salts induced by planetary ball
milling for only several hours, followed by subsequent thermal
decomposition, can allow the efficient fabrication of new effec-
tive Cu/ZnO catalyst systems with greater surface areas and im-
proved copper dispersion with respect to those of conventional
catalysts. The most apparent advantage of the present solvent-
free technology is that it avoids excessive energy consumption,
long preparation times, and tedious multistep processing, thus
providing a new, attractive alternative for preparing well-mixed
binary Cu/ZnO catalyst systems.

The grinding kinetics followed by XRD and DRIFTS re-
veal that the formation of both well-defined copper and zinc
oxalate phases in the solid phase occurs after 0.5 h. With pro-
longed mechanochemical activation, the spectral evolution of
both XRD and IR data further demonstrates that the transfor-
mation of the starting materials into zinc oxalates is kinetically
preferred over that for copper species, especially at the ini-
tial stage of the grinding process. With extended precursor
grinding, a substantial isomorphous substitution between the
copper and zinc oxalates may occur, which is of both theoretical
and practical interest for preparing mixed oxide catalysts with
higher component dispersion and stronger metal-support in-
teraction. It is noteworthy that the catalyst obtained after 8 h of
grinding demonstrates the best performance of all samples, sug-
gesting an optimal copper dispersion or copper—zinc interaction
achievable in the active GC-CZ-8 catalyst. It is also noteworthy
that nitrates appear to be more effective than carbonates as start-
ing materials, as reflected in the much higher catalytic activity
of GN-CZ-4 compared with GC-CZ-4. The formation of envi-
ronmentally hazardous HNO3 as a result of precursor grinding
makes the use of nitrates as raw materials much less attractive,
however.

Meanwhile, investigation by TPR, XRD, and N,O titra-
tion confirms that the thermal decomposition of grinding-
derived oxalate precursors leads to greater copper dispersion
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and stronger metal-support interactions in the oxide precursors,
and thus to improved SRM activity. In situ XRD measurements
of the activated catalyst under simulated reaction conditions
identified very small or highly strained Cu particles as the main
copper phase. The XPS results demonstrate that the surface
composition of the present Cu/ZnO catalysts prepared by both
the reactive grinding and conventional coprecipitation methods
deviated significantly from the bulk composition. The Cu/Zn
ratio of calcined and used samples of GC-CZ-8 remained more
or less in the same range and showed a correlation with the
observed activity and stability. A substantial decrease in the
Cu/Zn ratio of the surface and subsurface of SRM catalysts
during deactivation for the other seven samples suggests that
an optimal surface Cu/Zn ratio around ca. 0.50 is required to
obtain high activity and stability. Similar results were obtained
by Kumari et al. [57] when correlating the activity and stability
of Cu/ZnO/Al,O3 SRM catalysts with the surface Cu/Zn ratio
obtained by SEM-EDAX analysis.

With regard to the essential nature of active copper phase for
methanol synthesis or the SRM reaction, the metallic copper
surface area generally has been assumed to be the main factor
in the structure-activity correlation of Cu-based catalysts [2—7,
18-20]. But some recent studies have found no correlation be-
tween the rate of methanol formation or hydrogen production
with the surface area of metallic copper for Cu-based catalysts
[15,40,58]. Recently, while investigating the effect of continu-
ous precipitate aging on the catalytic performance of a series of
hydroxycarbonate-derived Cu/ZnO catalysts, Kniep et al. found
that the increased microstrain in the nanostructured Cu parti-
cles as detected by XRD and XAS shows an excellent linear
correlation with the improved activity of Cu/ZnO in the SRM
reaction, as opposed to the variation behavior of the Cu surface
area [7,15]. The strain in the supported copper nanoparticles
has been suggested to originate from an epitaxial orientation of
Cu and ZnO, lattice imperfections caused by Zn incorporated
into Cu, or an incomplete reduction of copper [7,14,15]. At this
juncture, it is interesting to point out that the extended grinding
in the present work is somewhat similar to the aging process
in the conventional coprecipitation process. Therefore, it is rea-
sonable to expect that similar conclusions may be drawn as to
the effect of grinding time on the microstructural properties and
catalytic performance of Cu/ZnO catalysts in the SRM reaction.

To gain further insight into the nature of the copper in the
present grinding-derived Cu/ZnO catalysts in relation to SRM
activity, the effect of grinding time on the hydrogen production
rate as well as the specific copper surface area as determined by
surface titration with N, O is illustrated in Fig. 13. The variation
in copper specific surface area shows an excellent correlation
with the corresponding hydrogen production rate, and a posi-
tive correlation also can be seen between the activity and the
lattice microstrain in the copper nanoparticles. This indicates
that both Cu surface area and structural disorder contribute to
the catalytic activity of Cu/ZnO in the SRM reaction, permitting
a rational explanation for the positive grinding effect of pre-
cursor processing on active catalyst [14,15]. The lack of a less
straightforward correlation between the structural disorder in
the copper nanoparticles and the activity in the present case may
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Fig. 13. Hydrogen-production rate Ry, (mmol g;i% h_l), specific copper sur-
face area measured by N, O titration (V) and microstrain (H) of the copper
nanoparticles (calculated from Cu(111) line measured at 240 °C) in the GC-CZ
catalysts as a function of grinding time on the corresponding oxalate precursors.

be understood by keeping in mind that along with the Cu sur-
face area and structural disorder, other factors, such as interface
properties, affect the SRM performance of the grinding-derived
Cu/ZnO materials.

Although the main purpose of this paper was to present a
novel method for preparing Cu/ZnO catalysts with high cop-
per dispersion and enhanced copper—zinc interaction, here we
discuss the possible mechanisms that may explain the grinding
process. In the conventional milling process, the central event is
the continuous microscopic deformation induced by prolonged
mechanochemical activation [30]. Despite intensive grinding,
an undesirable equilibrium mixture is obtained in most cases.
Under our soft grinding conditions, complete transformation of
starting materials into target products can be achieved within
several hours. This facile formation of the mixed copper—zinc
oxalates is probably due to the use of hydrated compounds as
starting materials [39]. In our opinion, this is due to the fact that
the presence of crystallization water may facilitate the conver-
sion of activated substances into a plastic state or the generation
of a liquid phase via the formation of a liquid layer around the
particles. This leads to a substantial increase in the number and
overall area of contacts between reactants, thus accelerating
component diffusion and creating new conditions for chem-
ical interactions. Moreover, the evolved carbon dioxide (see
Scheme 1) also plays an important role in shifting the solid-state
reaction to completion. All of these factors result in the facile
formation of well-mixed Cu—Zn oxalate precursors at the mole-
cular level during grinding. These findings form the basis for
the creation of the new method for synthesizing mixed-oxide
catalysts.

5. Conclusions

This study demonstrates that the soft reactive grinding
process based on dry oxalate-precursor synthesis provides a
new, attractive method for the environmentally friendly and
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energy-efficient fabrication of new, improved Cu/ZnO catalysts
that are highly effective in the SRM. The superior catalytic
performance of the present grinding-derived Cu/ZnO catalyst
compared with the wet-chemical-synthesized catalysts obtained
by conventional coprecipitation methods can be attributed to
greater copper dispersion and the beneficial formation of highly
strained copper nanocrystals due to an enhanced copper—zinc
interaction in the active working catalyst. By controlling such
parameters as the grinding time during the mechanochemical
activation process, the dispersion of copper species and the
metal-support interaction between copper and zinc oxide can
be effectively enhanced, further improving the catalyst’s perfor-
mance in the SRM. Owing to the simplicity and generalizability
of the approach used, the present synthetic methodology may
be practically extended to the facile and convenient synthesis
of other important multicomponent catalyst systems based on
well-mixed oxide materials.
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