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Abstract: Highly dispersed CuO/SiO; catalysts were successfully synthesized by a green process
of ball milling (BM) under solvent-free and room temperature conditions. The structural evolu-
tion of CuO/SiO; catalysts prepared by BM was elucidated by TG-DSC, XRD, FT-IR, and XPS
characterizations. We found that the copper acetate precursor was dispersed over the layer of
copper phyllosilicate which was formed by reacting between the copper acetate precursor and
the silica support during the BM process. The copper phyllosilicate layer over the support might
play an important role in the stabilization of the CuO cluster (<2 nm) during thermal pretreatment.
The 15% CuO/SiO; catalyst exhibited the best catalytic activity for the catalytic combustion of
ethyl acetate as it owned a highest active surface area of CuO among the CuO/SiO, catalysts with
different copper loadings.

Keywords: ball milling; CuO/SiO;; catalyst; catalytic combustion; ethyl acetate

1. Introduction

It is widely accepted that use of volatile organic compounds (VOCs) leads to seri-
ous deterioration in air quality due to their toxic properties and precursors of O3 and
photochemical smog [1]. Catalytic combustion is an effective method to abate VOCs due
to its low operational cost and wide application range. Supported noble metal catalysts
represented by supported platinum and/or palladium catalysts are very active in catalytic
combustion of VOCs. However, their high manufacturing costs and low thermal stabilities
hinder their large-scale application in industry [2,3]. Therefore, relatively inexpensive
transition metal catalysts become a promising substitute for precious metals because they
have the advantages of excellent stability, poison tolerance, and a long lifetime and low
cost. However, they often present low activities compared with noble metal catalysts [4].
Copper, a very versatile transition metal, has been widely used in the catalytic combustion
of VOCs [5,6]. It is well known that the activities of copper-based catalysts can be enhanced
significantly by improving the copper dispersion [3]. Unfortunately, the catalysts prepared
by the traditional impregnation method always exhibit poor dispersion and inhomoge-
neous distribution of copper oxide particles due to agglomeration during the drying and
calcination step [7]. In the past decades, great achievements have been made in improv-
ing the dispersion of copper on supports. Many effective preparation methodologies of
supported copper catalysts have been developed including the deposition precipitation
or the precipitation-gel method [8-10], the sol-gel method [11], the ammonia evaporation
method [12,13], the atomic layer epitaxy technique [14], Cu ion-chelated or coordinated
with the functional organic group functionalized on the surface of SiO;-based materials [15],
ion exchange [16], the microemulsion processing [17] and the in situ, self-assembled core-
shell precursor route [18,19]. Nevertheless, the aforementioned methods still have a lot
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of drawbacks, such as the high cost of raw materials and the involvement of tedious
multiple steps, which are difficult to scale up and apply in industry. Even worse, copper
nitrate, routinely chosen as a precursor to prepare supported copper catalysts as its in-
herent advantages (low-cost, high water solubility and easy removal of anion) [19], will
produce a large amount of highly toxic gases of NOx or metal nitrate containing wastewater
(solvents) during thermal pretreatment or wet chemistry processes. Therefore, it is still a
big challenge to develop an environmentally benign, facile methodology for supported
copper catalyst preparation.

Although mechanochemical treatment by ball milling and related techniques is not
new, in recent years it is reemerging and gaining increasing attention as a technique for new
nanomaterials and catalyst preparation because of the possibilities it provides for develop-
ing unique functional nanomaterials and more environmentally sustainable methods [20].
Recently, significant progress have been achieved in highly dispersed catalysts prepared
via the ball milling method. Kamolphop et al. reported that a 2 wt% Ag/Al,O3 catalyst
prepared by the ball milling method exhibited high activity of hydrocarbon-selective cat-
alytic reduction of NOy at low temperature (<200 °C) [21]. Yang et al. used the ball milling
method to prepare Pd/SiO; catalysts with different Pd precursors [22]. They found that
the Pd(acac); precursor owed the best catalytic activities for methane oxidation ascribing
to the highest dispersion of Pd and a proper ratio of PAO/(Pd+PdO) [22]. Interestingly,
supported metal single-atom catalysts prepared by the ball-milling method based on the
“precursor-dilution” strategy have been reported by the Ji group [23,24]. From the above
literature review, the ball milling method should be a powerful technique to prepare highly
dispersed supported catalysts.

Highly dispersed CuO/SiO; catalysts have shown high catalytic activities in many
useful reactions [7,8,11,19]. However, few studies on the preparation of highly dispersed
CuO/Si0; by green processes have been reported. Furthermore, despite the great achieve-
ments that have been made in catalyst preparations via the ball milling method, it is
understood that structural evolutions in the ball milling processes still lag behind in terms
of practical applications [25]. Herein, we report highly dispersed CuO/SiO, catalysts pre-
pared via the ball milling route by using copper acetate as the precursor without addition
of solvent. The structural evolution of the CuO/SiO; catalysts during the ball milling
process and the thermal pretreatment is elucidated. Furthermore, the prepared CuO/SiO,
catalysts are applied to the catalytic combustion of ethyl acetate, which is a typical
compound of VOCs.

2. Results
2.1. Appearances of the Prepared Catalysts

The appearance of a catalyst, such as the color, may reflect its physicochemical proper-
ties indirectly. The images from a to d were the as-synthesized catalysts of W%Cu-A-BM
in the Supplementary Materials Figure S1A. The color of Cu(OAC),;-H,O was teal (not
shown in the Figure S1A). However, the colors of the as-synthesized W%Cu-A-BM catalysts
changed from light green to turquoise as the W increased from 5 to 15. But the color was
almost unchanged as the W further increased from 15 to 20. The as-synthesized sample
of 10%Cu-O-BM catalyst displayed a grey color (Figure S1(Ae)). And the as-synthesized
sample of 10%Cu-N-IM was light turquoise. Accordingly, the colors of the catalysts after
calcination at 500 °C were displayed in the Figure S1B. The colors of the W%Cu-A-BM
catalysts turned from dark sea green to dark yellowish green as the W from 5 to 15. Never-
theless, the color of the 20%Cu-A-BM was as grey as that of the 10%Cu-O-BM, which was
totally different from the color of 15%Cu-A-BM catalyst. And the 10%Cu-N-IM catalyst
showed a dark black color. The catalysts of CuO/SiO; prepared with different methods
had different colors, suggesting different structures of copper species.
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2.2. TG-DSC Results

TG-DSC was used to investigate the thermal decomposition of the as-synthesis sam-
ples. TG-DSC curves of Cu(OAC),-H,O (a) and 20%Cu-A-BM (b) were depicted in Figure 1.
It could be seen from (a) that TG curves of Cu(OAC),-H,O exhibited two-step mass losses
in the temperature range of 50-550 °C. The first weight loss of 9.0% was observed between
103 and 181 °C (TG curve) accompanying an endothermic peak at 148 °C (DSC curve),
which was well matched with the theoretical dehydration value (9.0%), indicating the
dehydration of crystal water over Cu(OAC),-H,O had occurred [26]. The second weight
loss stage of copper acetate was 52.3% between 244 and 326 °C assigning to complete
decomposition of Cu(OAC);,, which was very close to the result of the theoretical calcu-
lated value (51.3%). There was an obvious exothermic peak on the DSC curve at 287 °C
representing a very large amount of heat release owing to the combustion of Cu(OAC); to
form CuOy. After that, the TG curve of the copper acetate sample has a slight increase of
0.9% between 350 and 550 °C together with a small exothermic peak at 326 °C, suggesting
that a small amount of metal copper or cuprous oxide formed during the decomposition of
Cu(OAC), was oxidized to produce CuO [27].
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Figure 1. TG/DSC curves of Cu (OAC),-H,O (a) and 20%Cu-A-BM (b).

The 20% Cu-A-BM was also characterized by TG-DSC as shown in Figure 1b. The 20%
Cu-A-BM also exhibited two peaks on the DSC curves as well. The peaks on the DSC curve
located at 99 °C and 263 °C corresponded to the endothermic peak and the exothermic
peak, which derived from the dehydration of the sample and the oxidation of acetate.
Accordingly, weight losses of 1.9% and 13.7% were observed, which was lower significantly
than those of 3.7% and 21.1% calculated based on the amount of copper acetate supported
on the support. Additionally, a weight loss of 3.8% appeared between 122 °C and 189 °C
without any thermal effect, which might be due to the slow dehydration of silica support.
In order to further clarify the thermal behaviors of the 20% Cu-A-BM catalyst, the control
sample of 20% Cu-A-MM prepared via physical mixing was adopted to characterize using
TG-DSC (Figure S2). The decomposed temperature of copper acetate species shifted to
lower temperature (285 °C) compared to the copper acetate sample along with a weight
loss of 26.8% which was higher slightly than the theoretical value mentioned above (21.1%).
The TG-DSC results of the 20% Cu-A-MM suggested that the copper acetate was dispersed
simply on the silica support without strong interaction between them. Therefore, we could
come to a conclusion that the two peaks on the DSC of the 20% Cu-A-BM shifted to a
lower temperature compared to the standard sample of copper acetate was caused by
the well-dispersed copper acetate species on the silica support. The two weight losses
centered at 99 °C and 263 °C over the 20% Cu-A-BM sample was much lower than the
calculated values, revealing that the copper acetate must be dehydrated and decomposed
or decomposed partially during BM.
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2.3. ICP and N, Physisorption Results

Catalyst textural properties and metal content of the catalysts were shown in Table 1.
The Cu loading on all catalysts was close to the nominal loadings in the experimental
section. With an increase of the Cu loading from 0 to 20%, the surface area of Cu-A-
BM catalysts decreased from 390.1 to 132.6 m?/g. The surface area of 10% Cu-N-IM
(139.4 m? /g) was prominently smaller than that of 10% Cu-A-BM (251.6 m?/g). Accordingly,
for the pore volume and pore size of the prepared catalysts, the variation trends were the
same as that of the surface area as shown in the Table 1. The N, adsorption isotherm curves
and pore size distribution were shown in Figure S3. The above textural results indicate
that the pores of the samples prepared by the impregnation method and with high copper
loading were severely blocked by CuO particles resulting in a significant reduction in
surface area, pore volume, and pore size.

Table 1. The textural properties and ICP results of W%Cu-A-BM, 10%Cu-O-BM, 10%Cu-N-IM.

Catalyst

Surafce Area

Pore Volume CuO Crystalline

(m?/g) (cm3/g) Pore Size (nm) Cu Loading (wt%) Size (XRD) (nm)

5% Cu-A-BM 298.3 0.43 229 5.1 -
10% Cu-A-BM 251.6 0.36 17.2 9.9 -
15% Cu-A-BM 188.7 0.27 18.0 13.3 7.3
20% Cu-A-BM 132.6 0.31 24.8 18.4 14.5
10% Cu-O-BM 2443 0.35 19.2 9.8 16.2
10% Cu-N-IM 139.4 0.29 33.2 10.1 229

5i0, 390.1 0.97 33.2 - -

2.4. XRD Results

XRD was employed to analyze the crystal results of the catalysts prepared with
different methods and different Cu loadings. The XRD patterns of W% Cu-A-BM, 10%
Cu-O-BM, and 10% Cu-N-IM catalysts calcined at 500 °C were displayed in Figure 2.
Moreover, the crystalline size of CuO estimated by the Scherrer equation are shown in
Table 1. Regarding W% Cu-A-BM catalysts, it could be observed that there were no
diffraction peaks except for the broad signal centered at 22° belonging to amorphous
silica as W < 15. However, increasing the copper loading >10%, the main peaks at 32.3°,
35.2°, 38.5°, 48.6°, 53.3°, 58.1°, 61.3°, 65.9°, 68.1° and 74.9° appeared to correspond to
the characteristic peaks of copper oxide [28]. The crystalline sizes of CuO over the 15%
Cu-A-BM and the 20% Cu A-BM were 7.3 and 14.1 nm.
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Figure 2. XRD patterns of W%Cu-A-BM, 10%Cu-O-BM, 10%Cu-N-IM catalysts calcined at 500 °C.
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Strong CuO diffraction peaks were detected over the 10% Cu-O-BM and the 10%
Cu-N-IM, which owned CuO crystalline sizes of 16.3 nm and 22.7 nm. From the above XRD
results, we could conclude that the CuO particles were well dispersed on the W% Cu-A-BM
catalysts as the W was lower than 15. On the contrary, dispersion of CuO was really poor
on the catalyst prepared by the impregnation method. Moreover, the precursor of CuO
was also crucial to the dispersion of CuO as the BM method was adopted. Furthermore,
the copper acetate precursor was an ideal precursor regarding the preparation of high
dispersion-supported CuO catalysts. More importantly, no toxic gases would be released
during thermal pretreated processes. In order to investigate the crystal phase evolution
of the W% Cu-A-BM during thermal process by XRD, the 20% Cu-A-BM samples were
pretreated at 100, 200, 300, 400, and 500 °C in static air. The XRD patterns and the crystalline
sizes of CuOx were shown in Figure 3 and Table 2. The reason why the 20% Cu-A-BM
sample was chosen to calcine at different temperatures was because it was difficult to detect
the CuO phase by using XRD on the W% Cu-A-BM samples as W < 20 (Figure 2). The CuO
diffraction peaks at were detected as the pretreated temperature was as low as 100 °C [8].
When the pretreated temperature increased to 200 °C, CuO diffraction peaks appeared
clearly. Nevertheless, as the pretreated temperature was between 200 and 500 °C, Cu,O
phases at 28.5°, 36.4° and 42.3° [11] were detected along with CuO phases. Nevertheless,
when the temperature rose to 500 °C, the peak of Cu,O disappeared completely. Evidently,
the intensities of diffraction peaks of CuO increased with the increase of the pretreated
temperature. And the crystalline size of CuO calculated by the Scherrer equation increased
from 6.3 nm to 25.5 nm as the pretreated temperature increased from 100 °C to 500 °C
(Table 2). Compared with the XRD pattern of copper acetate standard, the intensities of
diffraction peaks of copper acetate after BM were weakened, which showed that of the
crystalline size of copper acetate were decreased (Figure S4).
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N 300°C
2
g M L 200°C
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Figure 3. XRD patterns of 20%Cu-A-BM samples pretreated at different temperatures.
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Table 2. The crystalline sizes of CuO and Cu,O on the 20% Cu-A-BM samples calcined at different
temperatures.

Pretreated Temperature/°C CuO Crystalline Size Cu, O Crystalline Size
100 6.3 nm -
200 9.1 nm -
300 14.8 nm 39.2 nm
400 20.7 nm 50.4 nm
500 25.5nm -

2.5. FT-IR Results

The FT-IR spectra of the 20% Cu-A-B samples calcined at different temperatures
(100-500 °C) are depicted in Figure 4. The absorption peak around 3375 cm ! disappeared as
the calcined temperature >100 °C, which indicated the dehydration of Cu(OAC),-H,O [27].
Moreover, the absorption peaks at 1602 cm ™! and 1442 cm~! corresponded to methyl and
carbonyl group of asymmetric stretching and symmetric stretching which were significantly
weakened at 200 °C completely and disappeared at 300 °C [29]. The above results indi-
cated that Cu(OAC), was decomposed completely between 200 and 300 °C. The peaks of
1070 cm~! and 803 cm ! was ascribed to the symmetric stretching vibrations and asym-
metric stretching vibrations of Si-O-5i band in amorphous SiO,, which were intact indepen-
dently of the calcined temperature [30]. Meanwhile, the peak at 3490 cm ! and shoulder
peaks at 944 cm ! attributed to the -OH antisymmetric stretching vibration and Si-OH
bending vibration on the surface of the catalyst were significantly weaken as the pretreated
temperature >100. The band of 1040 cm~! (Figure S5) appeared, revealing the formation of
copper phyllosilicate during BM on the samples of W% Cu-A-BM (W > 15) [31].

500 °C
400 °C
300 °C

200 °C

100 °C

3400 3375

Transmittance (a.u.)

1070
LA

T T T T T " T " T T T
3600 3300 3000 2700 2400 2100 1800 1500 1200 900 600

Wavenumbar (cm™)
Figure 4. FT-IR spectra of 20% Cu-A-BM samples calcined at different temperatures.
2.6. XPS Results

The surface chemical environment and composition of a catalyst are important factors
for its catalytic performance. Therefore, the catalysts of W% Cu-A-BM, 10% Cu-O-BM and
10% Cu-N-IM were characterized by XPS. The survey spectra (Figure S6) showed that all
catalysts contained Si, O, and Cu elements. Obviously, no other unexpected impurities were
introduced into the samples during catalyst preparation. The Cuy), spectra of all catalysts
are shown in Figure 5. All catalysts presented peaks at 933.3 eV, which confirmed the
existence of CuO on all the catalysts [32]. The catalysts of W% Cu-A-BM exhibited peaks
at around 935.5 eV increasing from 935.3 eV to 935.7 eV as the W from 5 to 20, revealing
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that the copper phyllosilicate species were formed [30,32]. However, the sample of 10%
Cu-O-BM showed a small peak shifting to low binding energy at 934.8 eV. The formation of
copper phyllosilicate on the W% Cu-A-BM samples was also implied by their green colors
(Figure S1B). For the purpose of characterization of copper species over the uncalcined
20% Cu-BM sample, the Cupp, spectrum was collected and presented in the Figure S7.
As expected, a peak was observed owing to the copper acetate species [19]. However, it
was out of our expectation that a peak at 933.5 eV was observed suggesting that copper
phyllosilicate species was formed over the as-synthesized sample [33].The molar ratio of
the copper acetate species and the copper phyllosilicate species was 4.92.

935.5 oV 933.3 eV
5% Cu-A-BM .
A

10%Cu-A-BM

— i :
= T ——— — = : - : = ——
S | swceasm 3 ‘
4Cu-A- ; i
2 : 1
> — ; |
=S Wt N
- ; e —
IS 20%Cu-A-BM i
SYSE i - i T ]
10%Cu-0-BM : i
10%Cu-N-IM 934.8 evi

948 946 944 942 940 938 936 934 932 930 928
Binding Energy(eV)

Figure 5. Cu2p spectra of CuO/SiO; catalysts.

Table 3 lists the atomic ratios (AR) of Cu, CO (copper oxide), and CS (copper phyllosil-
icate) measured by XPS. As for W% Cu-A-BM catalysts, AR of Cu presented a volcanic-like
trend with the increase of W. As the W from 5 to 15, the AR of Cu rose from 1.33 to 2.68, but
it decreased to 1.26 as the W further increased to 20. In line with our expectations, the Cu
AR of 10% Cu-O-BM and 10% Cu-N-IM were as low as 0.71 and 0.49. Manifestly, the cata-
lyst of 15% Cu-A-BM had the largest number of surface Cu atoms over a per unit amount of
catalyst. The copper phyllosilicate/copper oxide (CO/CP) molar ratios calculated from the
peak area of copper phyllosilicate and the peak of copper oxide at ~935.5 eV and ~933.3 eV
are also presented in the Table 3. Regarding the W% Cu-A-BM catalysts, the CO/CP molar
ratios had a similar volcano-type trend as the AR of Cu, but the highest value of CO/CP
molar ratio was 1.38 over the 10% Cu-A-BM instead of the 15% Cu-A-BM which was 1.35.

Table 3. Atomic ratio of Cu, CO, CP, and molar ratio of CO/CP over the prepared catalysts.

Catalyst Cu AR(%) 2 CO AR(%) P CP AR(%) © co/cp4
5% Cu-A-BM 1.33 0.59 0.74 0.79
10% Cu-A-BM 1.71 0.99 0.72 1.38
15% Cu-A-BM 2.68 1.54 1.14 135
20% Cu-A-BM 1.26 0.69 0.57 1.21
10% Cu-O-BM 0.71 0.57 0.14 4.04
10% Cu-N-IM 0.49 0.49 - -

2; AR, atomic ratio; *: CO, Copper oxide; ©: CP, copper phyllosilicate; 9: molar ratio of copper oxide/copper phyllosilicate.

2.7. Hy-TPR Results

H,-TPR experiments were carried out to characterize the reduction properties of
the samples. The reduction behaviors of the copper oxide and the samples prepared by
different precursors and methods are displayed in Figure 6. The sample of 10% Cu-N-IM
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had two obvious reduction peaks located at 283 °C and 357 °C. And the high-temperature
reduction peak was close to the bulk CuO reduction peak at 360 °C. The reduction peaks
of 10% Cu-O-BM were a big peak at 332 °C and a shoulder peak at 283 °C. Evidently, the
reduction peaks of 10% Cu-A-BM shifted to lower temperatures at 269 °C and 234 °C. The
aforementioned XRD results also corroborated the TPR results that the high dispersion
of CuO shifted to the lower reduction temperature. The molar ratio of Hy consumption
to CuO (np2/ncyo) on the 10% Cu-N-IM sample was 0.99, which was very close to one.
However, the ratios of ny /ncyo over the 10% Cu-O-BM sample and the sample of 10%
Cu-A-BM were 0.90 and 0.80. The ratio of nyp /ncyo was less than one representing that
there was an amount of Cu?* species that could not be reduced to Cu'. It was reported that
the copper phyllosilicate species could only be reduced to Cu,O [34]. Based on the CO/CP
values listed in the Table 3, the calculated results of ngpp /ncyo over the 10% Cu-N-IM and
the 10% Cu-O-BM and the 10% Cu-A-BM samples were 1.0 and 0.90 and 0.79, respectively,
which were exactly matched the above values calculated from the TPR results.

—— 10% Cu-A-BM

—— 10% Cu-O-BM

—— 10% Cu-N-IM
Copper Oxide

269 °C

3329C

Hydrogen consumption (a.u.)

360 °C

—rT T~ 1 - T - 1 T T T T T T T
100 150 200 250 300 350 400 450 500 550 600 650

Temperature (°C)

Figure 6. TPR profiles of CuO/SiO; catalysts prepared from different precursors and methods.

Figure 7 depicts Hp-TPR profiles of W% Cu-A-BM catalysts. With the increase of
W from 5 to 20, the reduction peaks toward high temperatures emerged besides low
temperature peaks at 237 °C. Typically, the sample of 20% Cu-A-BM catalyst exhibited
very big overlap peaks between 237 °C and 308 °C. The results of nyp/ncyo over 5%
Cu-A-BM, 10% Cu-A-BM, 15% Cu-A-BM and 20% Cu-A-BM catalysts were 0.69, 0.79, 0.79,
and 0.85, respectively. According to the CO/CP values listed in the Table 3, the calculated
results of nyjp /ncyo over the W% Cu-A-BM catalysts were 0.72, 0.79, 0.79, and 0.77 as W
were 5, 10, 15, and 20, respectively, which were very close to the above values calculated
from TPR results.

From the above analysis, the low temperature reduction peaks (240 °C< Tr <280 °C)
could be assigned to the reduction of highly dispersed CuO species. And copper phyl-
losilicate species and the CuO cluster could be reduced at ~240 °C [31,34]. Furthermore,
the high-temperature reduction peaks (Tr >280 °C) could be attributed to the reduction
of bulk CuO [35,36].
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Figure 7. TPR profiles of W% Cu-A-BM catalysts.

2.8. HAADF-STEM Results

HAADEF-STEM images and CuO particle size distributions of the the 15% Cu-A-BM are
displayed in Figure 8. It could be observed that the particles of CuO on the 15% Cu-A-BM
were highly dispersed on SiO; ranging from 0.5 nm to 4.0 nm with average particle size
of 1.8 nm. The particle size of CuO measured by the HAADF-STEM was smaller than the
crystalline size calculated by XRD (7.3 nm) as the crystalline of CuO on the 15% Cu-A-BM
sample was too small to be detected by XRD.

35 15%Cu-A-BM
Total: 178

30 Max/nm: 3.62
Min/mm: 0.55
Meannm: 185

Percentage (%)

0.5 L0 L3 20 2.5 3.0
Particle size (nm)

Figure 8. HAADF-STEM and particle size statistics of 15% Cu-A-BM catalyst.

2.9. N»O Chemisorption Results

The N,O chemisorption is a useful method to evaluate the particle size, dispersion, and
active area of highly dispersed, supported copper catalysts, which is difficult to measure
by XRD and TEM [37]. As previously mentioned, the catalysts prepared by BM method
would result in the formation of copper phyllosilicate which could not be reduced to Cu®
but Cu*. Consequently, the dispersion and particle size of Cu could not be calculated
directly by using the formulas in the literature of [37]. The X in the experimental section for
N,O chemisorptions must be calibrated and subtract the reduction peak area owed to the
copper phyllosilicate reduction according to XPS results listed in Table 3. The results of
dchem, D, and S were listed in Table 4 including dtpym and dxrp, Evidently, the depen of
copper particles on 5% Cu-A-BM was 1.0 nm with 100% dispersion. The copper particle
sizes of the 10% Cu-A-BM sample and the 15% Cu-A-BM sample increased slightly to
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1.2 nm and 1.4 nm. Drastically, the dchem 0f copper of the 20% Cu-A-BM reached 3.0 nm.
The dchem of copper of the 10% Cu-O-BM was 3.2 nm, which was bigger than that of the
10% Cu-A-BM. Not surprisingly, the dcpem of copper of the 10% Cu-N-IM was the biggest
(10.1 nm). In terms of the surface active area of copper, the W% Cu-A-BM samples also
owned the largest surface active area of 50.2 m?/g. The trend was completely consistent
with the trend of surface copper atom proportion measured by XPS (shown in Table 3).

Table 4. Particle sizes measured by different methods, dispersion, and active area of all catalysts.

Catalyst dchem (nm) 2 D (%) P S (m? cu/gcatal) © drem (nm) 4 dxrp (nm) ©
5% Cu-A-BM 1.0 100.0 11.7 - -

10% Cu-A-BM 1.2 83.3 32.1 - -

15% Cu-A-BM 1.4 78.1 50.2 1.8 7.2
20% Cu-A-BM 3.0 35.6 23.6 - 15.3
10% Cu-O-BM 32 32.8 25.4 - 16.7
10% Cu-N-IM 10.1 11.3 7.4 - 22.1

a: Particle size measured by N,O chemisorptions; P: Dispersion measured by N,O chemisorptions; ©: Surface

active area measured by N,O chemisorptions; 9: Crystalline size measured by XRD; ©: particle size measured by
HAADEF-STEM.

2.10. Catalytic Activity Results

In order to directly evaluate catalytic activities of all prepared catalysts, ethyl acetate,
a typical compound of VOCs, was used as a model compound of VOCs for catalytic
combustion reaction. The conversion of ethyl acetate curves is described in Figure 9a. The
Tso (the temperature at the conversion of 50%) of 10% Cu-A-BM, 10% Cu-O-BM and 10%
Cu-N-IM were 249 °C, 275 °C, and 287 °C, respectively. And the Tqg (the temperature at
the conversion of 90%) of 10% Cu-A-BM, 10% Cu-O-BM and 10% Cu-N-IM were 288 °C,
296 °C, and 325 °C, respectively. Obviously, the catalysts prepared via BM method showed
higher catalytic activities than the catalyst prepared by impregnation. In addition, the 10%
Cu-A-BM exhibited higher catalytic performance than the 10% Cu-O-BM showing that
the precursor of copper acetate was better than the precursor of copper oxide for the BM
method. The catalytic combustion products of ethyl acetate were CO;, H,O, and CO as
well. The desired product was CO; rather than the toxic CO. The selectivities of CO; over
all the catalysts of 10% Cu-A-BM, 10% Cu-O-BM and 10% Cu-N-IM were >95% as the
reaction temperature were >330 °C (Figure S8a).

100 A

100 4
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Figure 9. Catalytic activity of 10% Cu-A-BM, 10% Cu-O-BM, 10% Cu-N-IM (a) and W% Cu-A-BM
catalysts (b).

The catalytic activities of the catalysts of W% Cu-A-BM (W =5, 10, 15, 20) were
described in Figure 9b. It could be seen that the activity of the W% Cu-A-BM heavily
depended on the W. As the W increased from 5 to 15, the Tsy decreased from 298 °C to
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217 °C. However, as the W continuously increased to 20, the Tsq shifted to a high tempera-
ture at 260 °C. Regarding Ty, the temperature sequence was 5% Cu-A-BM (360 °C) > 20%
Cu-A-BM (313 °C) > 10% Cu-A-BM (288 °C) > 15% Cu-A-BM (258 °C). It could be seen that
the activity of the W% Cu-A-BM heavily depends on the W and the optimal loading of
copper is 15%. The selectivities of CO, over the W% Cu-A-BM catalysts were presented
on the Figure S8b. The 15% Cu-A-BM catalyst had the highest CO, selectivity with 100%
as the reaction temperature was >270 °C. However, the others catalysts exhibited lower
selectivities of COs.

The catalytic stability performance of 15% Cu-A-BM catalyst was conducted at 270 °C
(shown in Figure S9). The conversion of ethyl acetate decreased significantly from 98.8%
to 96.3% after 16 h reaction on stream. In order to reveal the reason of catalytic decay, the
spent 15% Cu-A-BM catalyst was characterized by XRD (Figure 510). It was found that the
crystalline size of CuO increased from 7.2 nm to 9.5 nm after reaction. Thus, the sinter of
CuO was the major cause of catalytic decrease of 15% Cu-A-BM catalyst.

3. Discussion
3.1. Structural Evolution of the W% Cu-A-BM Catalysts during Preparation

From the catalytic results, we could learn that the catalysts of CuO/SiO, prepared via
BM method exhibited better catalytic activities for the catalytic combustion of ethyl acetate.
The structure of catalysts is well known to be crucial for catalytic activity. It is of great
importance to understand the structural evolution of the W% Cu-A-BM catalysts during
the BM process, which is critical to the mechanism for the active structure formation. The
dehydration occurred in the temperature region of 50-150 °C as shown in the TG-DSC
curve of uncalcined the 20% Cu-A-BM sample, proving by the FI-IR that the peaks for the
adsorbed H,O had completely disappeared below 200 °C as shown in Figure 4. The TG-
DSC results of uncalcined W% Cu-A-BM samples also showed that the species’ decomposed
temperature of copper acetate shifted to a lower temperature between 200 °C and 300 °C
after being subjected to BM which milled the copper acetate from bulk to nanostructure
(Figure S4). The absorption peaks corresponded to methyl and carbonyl group disappeared
between 200 and 300 °C verified the results of TG-DSC. The weight loss of uncalcined 20%
Cu-A-BM sample was almost half of the theoretical value. The XPS results of uncalcined
20% Cu-A-BM sample exhibited copper acetate and copper phyllosilicate species on the
sample with a molar ratio of 4.92, which matched well with the TG-DSC results. The
crystal phase evolution over the 20% Cu-A-BM with different pretreated temperatures
was detected by XRD. The formation of copper oxide over the 20% Cu-A-BM as the
pretreated temperature increased to 200 °C was also clearly observed. In the range of
300400 °C, cuprous oxide (CuyO) crystal phases were detected. Nevertheless, when
increasing the pretreated temperature to 500 °C, the diffraction peak of Cu,O disappeared
and the intensity of CuO diffraction peak became strong accordingly. The slight recovery
of the mass at 400-500 °C was also detected by the TG-DSC of the copper acetate sample,
indicating that CupO was oxidized to CuO [37]. Combined with the literature [20,27] and
the results of XRD, FT-IR, TG-DSC, and XPS, the structural evolution of the W% Cu-A-BM
catalyst could be inferred as below. (The copper phyllosilicate was not illustrated in the
following evolution steps as it was partially formed during BM process.

Based on the above results, the simplified evolution scheme of W% Cu-A-BM catalysts
is presented in the Scheme 1. The CuO clusters (<2.0 nm) on the W% Cu-A-BM catalysts
(W < 20) were highly dispersed on the supports after calcination at 500 °C as the copper
phyllosilicate layer could disperse the bulk of copper acetate through BM. Meanwhile, the
CuO clusters were also stabilized by the copper phyllosilicate layer, which were formed
during the thermal pretreatment and the BM processes.
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Scheme 1. Simplified diagrammatic evolution of W% Cu-A-BM catalysts.

1. Ball milling steps:
(1) Cu(OAC),HLO + HO -Si = —- = S5 -0—-Cu—-0O —56i
= (copper pollysilicate) + HOAC + H,O
(2)  Cu(OAQ), - HyO + SiO; — Cu(OAC), - HyO /SiO,
2. Thermal pretreatment steps:
(1)  50-200 °C Cu(OAC),-H,0/Si0; — Cu(OAC),/SiO, + HO
(2) 200400 °C

a. Cu(OAC)z/SiOQ + Oy — CuO/SiO; + CO;, + H,O
b. Cu(OAC)z/Si02 4+ Oy — Cup0/Si0;, + CO, + H,O

(©)] 400-500 °C CupO/SiO; + Oy — CuO/5i0,

3.2. Structure-Activity Relationship

The CuO/SiO; catalysts were prepared by traditional impregnation and BM methods.
The results of XRD (Figure 2), XPS (Table 3), HAADF-STEM (Figure 8), and N,O chemisorp-
tions (Table 4) confirmed that CuO particles supported by the BM method were highly
dispersed on the silica. The catalytic activities of the catalysts prepared by BM were higher
than that of the 10% Cu-N-IM. Meanwhile, the precursors of CuO had an important effect
on the catalytic activities of the catalysts prepared with BM. The copper acetate was an ideal
precursor for the CuO/SiO, catalysts not only for the catalysts prepared from it having
higher CuO dispersion and thus better catalytic performance but also for its eco-friendly
property without highly toxic gases emitted during thermal pretreatment. The effect of Cu
loading over the W% Cu-A-BM catalysts on the catalytic combustion of ethyl acetate was
also investigated (Figure 9b). The effect of copper loading over the W% Cu-A-BM catalysts
on the copper active surfaces and the Tq is depicted in the Figure 10. Evidently, the Tq
was related closely with the S (m?/g catalyst, copper active surface area) that higher S had
lower Tgg. In summary, the catalytic performances of the CuO/SiO, catalysts for ethyl
acetate combustion could be correlated with the dispersion of CuO over the silica support.

55

50 4
454 m

40

S (m?/g)

4 6 8 10 12 14 16 18 20
Loading of Cu (%)

Figure 10. Effect of copper loading over the W% Cu-A-BM catalysts on the copper active surfaces
and the Tyg.
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4. Experimental
4.1. Catalyst Preparation

The catalysts of CuO/SiO, were prepared by the ball milling (BM) method on a
planetary mill PULVERISETTE 5 premium line (FRITSCH, Idar-Oberstein, Germany). The
appropriate amounts of copper acetate or CuO and SiO; support were milled in a 150 mL
zirconia BM jar with zirconia grinding balls (diameter: 3 mm) by using a rotation speed
of 500 rpm for 2 h. And the powder-to-ball mass ratios were kept at 1:5 in all the BM
experiments. After BM, the samples were dried at 100 °C for 8 h, and then calcined in
a muffle furnace in static air atmosphere for 4 h at 500 °C unless stated otherwise. The
prepared CuO/SiO; catalysts are denoted as W%Cu-A-BM or W%Cu-O-BM, in which W,
A, O, and BM stand for weight percent of Cu in a sample, copper acetate, copper oxide,
and ball milling method, respectively. For example, 10% Cu-A-BM means that the loading
of Cu is 10% over the CuO/SiO; catalyst prepared with BM method and the precursor of
CuO is copper acetate.

The reference sample of CuO/S5iO, with 10% loading of copper named as 10%
Cu-N-IM was prepared by the incipient wetness impregnation method. The copper
nitrate was adopted as precursor instead of copper acetate which is less dissoluble in
water. The thermal pretreatment procedure of 10% Cu-N-IM was the same as that of
the aforementioned catalysts.

4.2. Catalyst Characterization

Simultaneous thermogravimetric—differential scanning calorimetry (TG-DSC) mea-
surements were carried out by using a NETZSCH-STA449 F3 Thermal Analyzer (Selb,
Germany). The experiments were performed in flowing air atmosphere (flow rate =
10 mL/min) with a heating rate of 10 °C/min.

X-ray diffraction (XRD) tests were performed on a Rigaku Miniflex600 (Tokyo, Japan)
with 20 range from 20 to 80° and a step size of 0.02° by using Cu K« radiation. The
crystalline sizes of CuO were estimated by using the Scherrer equation.

Fourier transform infrared (FT-IR) spectra were recorded by an attenuated total reflec-
tion Fourier transform infrared spectrometer (Frontier, PE, USA) with the spectral range of
4000-650 cm ! and diffuse mode in air atmosphere.

High-angle annular dark field scanning transmission electron microscope images were
obtained on a transmission electron microscope (FEI Talos F200S, Hillsboro, OR, USA).
Transmission electron microscope (TEM) images were taken on a Titan G260-300 (Hillsboro,
OR, USA). Before the HAADF-STEM /TEM measurements, the samples were dispersed in
ethanol by sonication for 10/30 min. And then, the sample suspensions were dropped on
copper grids.

X-ray photoelectron spectroscopy (XPS) characterizations were conducted on the
Thermo Scientific K-Alpha X-ray photoelectron spectrometer (Hillsboro, OR, USA) with
monochromatic Al Ko irradiation with a voltage of 12 kw and a filament current of 6 mA.
The binding energy (BE) of C 1s signal of contaminant carbon at 284.8 eV was used as a
reference for BE calibration.

Hydrogen temperature programmed reduction (H,-TPR) was investigated on VDSorb-
91i-BMFC automatic chemical adsorption instrument (Vodo, QuZhou, China). The reactant
of 5%H; /N, mixed gas was introduced to the 0.050-g catalyst plugged with quartz wool in
the U-shaped reaction tube (I.D.: 1/4 inch) with a flow rate of 10 mL/min and a heating
rate of 10 °C/min. The effluent gas was analyzed by TCD after being dried with silica gel.

The Brunauer-Emmett-Teller (BET) specific surface area, isothermal curves and BJH
pore-size distribution of the samples were measured by using an instrument of Quan-
tachrome NOVA 2200e (Boynton Beach, FL, USA). The samples were degassed at 300 °C for
3 h before measurements. The BET determination was based on the data of the adsorption
isotherms of N at liquid nitrogen temperature (77 K). The surface areas were calculated
from the BET equation in the relative pressure from 0.05 to 0.25 with 10 adsorption points.
The authentic copper loadings over the samples were determined by using an inductive
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coupled plasma emission spectrometer (ICP-OES, Agilent 720ES, Santa Clara, CA, USA).
Before ICP-OES measurement, the weighed samples were dissolved with aqua regia and
hydrofluoric acid by an electrothermal digestion apparatus at 200 °C for 30 min.

N;O chemisorption for copper dispersion measurements were performed on TP5080
according to the literature [37]. The procedure was briefly described as follows. First, 50 mg
of the sample was loaded into the reactor and reduced by 5% H; /N, at room temperature
to 350 °C and continuously reduced at 350 °C for 1 h. The reduction peak was recorded by
TCD. After reduction, the temperature was cooled down to 90 °C under an N atmosphere.
Then, N,O gas was introduced to the reduced sample at 90 °C for 30 min. Subsequently,
the oxidized sample was purged by N; from 90 °C to room temperature. Finally, a TPR
experiment was performed at room temperature to 500 °C. After the above procedures,
two groups of reduction peaks were obtained. The first and the second group of reduction
peak area were denoted as X and Y. The average particle size, dispersion, and active area of
the catalyst were calculated as follows:

Average particle size, d = 0.5 X/Y (nm).

Dispersion, D = (2 Y/X) 100%.

Surface area of copper, S = x% (1353Y/X) (m?c,/ Scatalyst)- In the formula, x% is the
Cu loading of the catalyst.

It was notable that the values of X in the above equations were calibrated as they could
not be used directly, which was elucidated in Section 2.9.

4.3. Catalytic Reaction

The catalytic combustion of ethyl acetate was carried out on a fixed-bed reactor (Vodo,
Quzhou, China). Typically, 100 mg of the catalyst was loaded in the middle of the vertical
quartz reactor (DI: 6 mm) and plugged by quartz wool. A thermocouple was inserted
into the reactor above the catalyst (no contact) to control the reaction temperature. The
reactant of ethyl acetate, which was kept at 0 °C by a cooler, was diluted with synthetic air
to control the concentration of 1000 ppm with a total flow rate of 100 mL/min monitored
by mass flow controllers (Horiba, Beijing, China). A gas hourly space velocity (GHSV) of
mL-h~1-g~! was adopted. The effluent gas was analyzed by a gas chromatograph (GC,
Fuli GC9700, Taizhou, China) equipped with two FID detectors and two columns. The one
column was a SE-30 column for organic gases separation. The other column was a TDX-01
column combining with a methanizer for the analysis of CO and CO,. During the catalytic
combustion reaction of ethyl acetate, the only detected by-product was CO.

5. Conclusions

Highly dispersed CuO/SiO; catalysts for catalytic combustion of ethyl acetate were
prepared by a green process of solvent-free BM method. We found that copper acetate was
an ideal precursor for the highly dispersed CuO/SiO; catalysts as no toxic gas was emitted
during preparation. The structural evolution of CuO/SiO; catalysts during BM and thermal
pretreatment was elucidated via TG-DSC, FT-IR and XPS techniques. It was found that the
copper acetate interacted with the silica support to form copper phyllosilicate during BM
process. The copper phyllosilicate layer might play an important role in preventing the
CuO clusters from sintering as the copper loading was <20%. The 15% CuO/SiO; catalyst
exhibited the highest catalytic activity for the catalytic combustion of ethyl acetate as it
owned the highest surface area of CuO.

However, the catalytic performance of 15% Cu-A-BM catalyst decayed mildly when
the catalytic reaction was performed time on stream for 17 h due to the slight sinter of
CuO. The anti-sintering ability of CuO/SiO, may be improved by introducing rare earth
metal oxides such as CeOp, which is in progress in our group. The BM method is a versatile
methodology for the preparation of different highly dispersed supported catalysts, which
is also proceeding in our group.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12050497 /s1, Figure S1-A: Image of all uncalcined catalysts
(a: 5%Cu-A-BM, b: 10%Cu-A-BM, c: 15%Cu-A-BM, d: 20%Cu-A-BM, e: 10%Cu-O-BM, f: 10%Cu-
N-IM); Figure S1-B: Image of all catalysts (a: 5%Cu-A-BM, b: 10%Cu-A-BM, c: 15%Cu-A-BM,
d: 20%Cu-A-BM, e:10%Cu-O-BM, f: 10%Cu-N-IM); Figure 52: TG-DSC of the 20%Cu-A-MM sample;
Figure S3. N2 adsorption isotherms curves (A) and pore size distribution (B); Figure S4: XRD
comparison of copper acetate standard before and after BM; Figure S5: FT-IR spectra of the calcined
samples of 30%Cu-A-BM and 20%Cu-A-BM (The two samples were calcined at 500 °C); Figure S6:
XPS surveys of all catalysts; Figure S7. Cu2p spectra of 20%Cu-A-BM (uncalcined); Figure S8: (a,b)
Selectivities of CO, over the CuO/SiO; catalysts; Figure S9: Stability of the 15%Cu-A-BM catalyst at
270 °C; Figure S10: XRD patterns of the spent and the fresh 15%Cu-A-BM catalysts.
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