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ABSTRACT: As an inert support, silica is appropriate to disperse active copper species to
study the intrinsic structure—activity relationship for redox reactions including CO
oxidation. Herein, a copper—silica catalyst (3 wt % Cu) was synthesized via a deposition—
precipitation method, followed by a hydrogen and/or hydrothermal treatment. The
sequential CO oxidation tests over the as-calcined samples show that the hydrothermal
treatment effectively promoted the catalyst stability of Cu/SiO,. Hydrogen treatment can
significantly increase CO conversion compared to oxygen treatment whose conversion rates
are less than 10%. Multiple structural characterizations, including temperature-programmed
reduction by hydrogen, temperature-programmed reduction by CO, X-ray absorption fine
structure, and in situ diffuse reflectance infrared Fourier transform spectroscopy, were used
to precisely determine the active species of small-sized copper catalysts. These analyses
identify that the textural structure of silica and the coordination environment of the copper
oxide species changed after the hydrothermal treatment, which make the catalysts more
stable. The hydrogen pretreatment not only reduced copper oxide but also generated the
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copper hydroxyl species to make the adsorption of the CO reactant much easier. This work demonstrates the importance of
hydrogen pretreatment in enhancing the catalytic activity of copper catalysts and the crucial role of copper hydroxyl groups in CO

oxidation reactions for Cu-based catalysts.

1. INTRODUCTION

CO oxidation, as a prototypical reaction, has long been applied
to fundamental research and industrial applications. Until now,
noble metal catalysts including Pt, Pd, Ru, Rh, Au, and Ir have
been systematically studied for CO catalytic oxidation because
of their well-known superior catalytic performances.' >
However, high cost limited the availability of noble metal
catalysts, which is a driving force for finding alternatives to
noble metals. Transition metal catalysts as a kind of non-noble
metal catalysts such as Co, Cu, Mn, Ni, and so forth are
increasingly being investigated for CO oxidation.”” Among
them, Cu-based catalysts, belonging to the same elemental
group as Au, have been investigated on the CO oxidation
reaction.

At present, there are many studies on the influence of copper
valency,é’7 size,® crystal plane effect,®’ shape,m’ll adjunct,12
pretreatment conditions, and reaction conditions'> on CO
oxidation activity. Dynamic studies and the structure—activity
relationship of copper in the CO oxidation reaction have been
getting more and more attention. On the one hand, it can be
found that reducible supports such as CeO, and ZnO, are
widely favored by researchers because they have variable
oxidation states and strong interactions with copper, which
have a remarkable promotion effect for catalytic activity in
many research results.”*™*® On the other hand, in order to
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evaluate the relationship between the catalytic activity and the
intrinsically active sites of Cu nanoparticles exactly, SiO, as an
inert support devoid of the possibility of participating into the
CO oxidation reaction has been used by researchers to deposit
copper nanoparticles.'”

It is well known that the conditions and methods for
preparing catalysts are critical to catalytic activity. The
hydrothermal method, a simple and mature synthesis
technique, has been widelgr used to prepare materials such as
metal oxide supports”'® and multivalent solid—solution
supports.'” Hydrothermal treatment of the catalysts has been
shown to improve the catalytic performance by changing the
physicochemical properties of the materials,””*" introducing
hydroxyl groups,zz’23 and so forth. Mironenko found that the
fraction of surface bridging OH groups and the concentration
of Lewis acid sites were increased in y-Al,O; by the
hydrothermal treatment and the subsequently prepared Pt/y-
AL O; catalyst promoted the n-hexane transformations and
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propane dehydrogenation.”” Jiang group synthesized the
multiwalled carbon nanotubes bearing hydroxyl groups on
the exterior surface by an alkaline-mediated hydrothermal
treatment method.”® In addition, hydrogen pretreatment was
mostly used for silica-supported copper catalysts for CO
oxidation reactions.””'”** Tu et al. said that it was not clear
why reduction treatment is required for obtaining the high
activity on the Cu particles.'” It is generally believed that
hydrogen pretreatment reduced copper species to metallic
copper that was considered to be much more active than the
copper oxides. Perhaps there are other effects of hydrogen
pretreatment of the catalytic system that have not been
discovered.

In this work, we used a simple deposition—precipitation
method to prepare a 3 wt % Cu/SiO, catalyst without
additives. We introduced the hydrothermal and hydrogen
pretreatment steps to enhance the catalytic performance on
CO oxidation. Subsequently, the effect of these pretreatment
conditions on the structure and catalytic activity of the
catalysts was explored, which elaborates the important role of
copper hydroxyls in CO oxidation.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. All the chemicals are of
analytical grade and were used without further purification or
modification. Silicon dioxide was obtained from Evonik
Specialty Chemicals (Shanghai) Co., Ltd. Copper nitrate
(Cu(NO;),-3H,0) and sodium carbonate (Na,CO;, 99.8%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.

The Cu-supported SiO, catalysts were prepared by the
deposition—precipitation method. Copper nitrate blue crystals
and sieved (100 mesh) silicon dioxide powders were added
into 70 mL of deionized H,0 (18.2 MQ-cm) under vigorous
stirring on a Teflon-lined stainless steel autoclave (inner
volume: 100 mL). Then, Na,CO; aqueous solution (0.25 M)
was added into the suspension dropwise until the final pH
value of 10. The alkalescent suspension was further stirred at
room temperature for 2 h for aging. The aged suspension was
subsequently hydrothermally heated at 200 °C for 24 h. After
the hydrothermal process was finished and the vessel was
cooled down to room temperature, the precipitates were
collected by suction filtration using a Brinell funnel and washed
by deionized water until neutral. The product was dried under
vacuum at 80 °C overnight and then calcined in air at 400 °C
for 4 h (2 °C'min™"). The calcined Cu/SiO, samples were
denoted as 3Cu_HT. Pure SiO, with no copper added after
the hydrothermal step is marked as SiO, HT.

The preparation steps of 3Cu catalysts are almost the same
as that of 3Cu_HT except that the hydrothermal process is not
done. Similarly, pure SiO, with no copper added is marked as
SiO,.

The samples pretreated by H, were marked as 3Cu_HT H,
or 3Cu_H,. Similarly, the samples pretreated by O, were
marked as 3Cu_HT_O, or 3Cu_O,. The samples after CO
oxidation are marked (used). For example, after CO oxidation,
3Cu_HT H, is marked as 3Cu_HT_ H, (used).

2.2. Characterization. The copper contents were detected
by inductively coupled plasma atomic emission spectroscopy
(ICP—AES) on an Optima 5300DV (PerkinElmer Co.). The
as-calcined powder sample (100 mg) was dissolved completely
in 2 mL of hydrofluoric acid. For eliminating silica in the form
of SiF,, the solution was evaporated to near dry. Then, 3 mL of
nitric acid was added and shaken. The solution was slightly
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boiled for ca. 2 h subsequently. Finally, the abovementioned
solution was cooled down to room temperature and diluted
with high-purity water for ICP—AES test.

The diffraction patterns of catalysts were tested by Bruker
AXS D2 PHASER using Cu Ka radiation (4 = 0.15406 nm)
and calibrating the 26 angles with a micrometer-scale alumina
disc. After grinding, the catalyst was flattened on a quartz glass
sample holder before each testing. The diffraction patterns
were collected from 10 to 90° with a step of 0.08°.

The transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images were obtained from a FEI
Tecnai F20 microscope operating at 200 kV. After suspending
fully by manually shaking in ethanol liquid, one drop of catalyst
suspension was dropped on an ultrathin carbon film-coated
Mo grid using a pipette. The as-prepared sample was dried
naturally before placing on the TEM sample holder.

The nitrogen adsorption/desorption characterization was
performed on an ASAP2020-HDS88 analyzer (Micromeritics
Co., Ltd,, Atlanta, GA, USA) at 77 K for testing the Brunauer—
Emmett—Teller (BET) specific surface area and pore size
distribution of the samples. Before analyzing under the N,
atmosphere cooling with liquid nitrogen, the samples were
degassed at 250 °C under vacuum conditions over 4 h. The
calculation of pore size (D,) distribution is determined by the
Barrett—Joyner—Halenda (B]H) method from the desorption
branch of the isotherms. The BET specific surface areas (Sggr)
were obtained from the data of the relative pressure between
0.05 and 0.20.

N,O chemisorption measurements were carried out in a
Builder PCSA-1000 instrument with a thermal conductivity
detector (TCD) to detect the amount of H, consumption for
evaluating the dispersion of copper catalysts. The sieved
catalysts (20—40 mesh, S0 mg) were placed into a heat-
resistant U-type tube and underwent three sequential steps.
Step 1 represents the reduction of CuO by H,, CuO + H, —
Cu + H,O. The catalysts were oxidized by a high-purity oxygen
gas (99.999%) at 300 °C for 0.5 h and then cooled to room
temperature with He (30 mL-min™"). The catalyst was reduced
by 5% H,/He (30 mL-min~") from room temperature to an
elevated opportune temperature (10 °C-min~"). The amount
of H, consumption (A;) corresponds to the total amount of
CuO. Step 2 represents the oxidation of surface Cu to Cu,O by
N,O, 2Cu + N,O — Cu,O + N,. In this step, the reduced
catalyst was cooled to 35 °C purging with He (30 mL-min™"),
which took 1 h. Then, 5% N,O/Ar (40 mL-min™') was
introduced to oxidize Cu at 35 °C for 1 h. Step 3 represents a
reduction of surface Cu,O species, Cu,O + H, — 2Cu + H,0.
First, the catalyst was also purged with He (30 mL-min~") for
0.5 h to remove the residual N,O. Subsequently, 5% H,/He
(30 mL-min™!) was introduced to reduce Cu,O from room
temperature to 500 °C (10 °C:min~'). The amount of H,
consumption (A,) corresponds to the amount of Cu,O. The
dispersion (D) of CuO was calculated as D = 24,/A; X 100%.

H,-temperature programmed reduction (H,-TPR) measure-
ment of the sample was carried out on a Micromeritics
AutoChem 2920. Before measurement, the sieved fresh sample
(100 mg, 20—40 mesh) was pretreated in 5% O,/Ar (30 mL-
min~") at 300 °C for 30 min and then cooled down to room
temperature in the same gas. After purging with He (50 mL-
min~") for 15 min to remove the residual oxygen, the catalyst
was heated from room temperature to 500 °C in continuous
5% H,/He (30 mL-min~, 10 °C-min~"). The amount of H,
consumption was detected by a TCD.

https://dx.doi.org/10.1021/acs.jpcc.0c07072
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X-ray absorption fine structure (XAFS) spectroscopy at the
Cu K-edge (E, = 8979 eV) was performed at the BL14W1
beamline of Shanghai Synchrotron Radiation Facility (SSRF)
operated at 3.5 GeV under the “top-up” mode with a constant
current of 220 mA. The sample mixing the LiF powders
uniformly was flattened into a sheet using a tableting machine
and then sealed with a Kapton tape. The XAFS data were
recorded under the transmission mode. The energy was
calibrated with the absorption edge of the Cu foil as a
reference. Athena and Artemis codes were used to extract the
data and fit the profiles. For the X-ray absorption near-edge
spectroscopy (XANES) part, the experimental absorption
coefficients as a function of energy u(E) were processed by
background subtraction and normalization procedures and
reported as “normalized absorption”. Based on the normalized
XANES profiles, both the molar proportion of Cu**/Cu’ and
the oxidation state of Cu can be determined by the linear
combination fit with the help of various references (Cu foil for
Cu® and CuO for Cu®*). For the extended XAFS (EXAFS)
part, the Fourier transformed data in the R space were analyzed
by applying CuO and a metallic Cu model for Cu—O and Cu—
(O)—Cu contributions. The passive electron factors, Sy, were
determined by fitting the experimental data on Cu foils and
setting the coordination number (CN) of Cu—Cu to be 12 and
then fixed for further analysis of the measured samples. The
parameters describing the electronic properties (e.g., correc-
tion to the photoelectron energy origin, E,) and the local
structure environment including the CN, bond distance (R),
and Debye—Waller factor around the absorbing atoms (¢?) set
as 0.0045 and 0.008 for O and Cu, respectively, for all samples
except 3Cu HT H,. For 3Cu_HT H,, the Debye—Waller
factor around the absorbing atoms (&%) set as 0.003 and 0.008
A? for O and Cu, respectively. The fitted ranges for K and R
spaces were selected to be k = 2.5—11.5 A™" for all samples.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS) was employed to study the
surface adsorption. The catalyst powder was placed into a
diffuse reflectance cell (Harrick system) equipped with CaF,
windows on a Bruker Vertex 70 spectrometer using a
mercury—cadmium—telluride detector cooled with liquid
nitrogen. A “CO—He—CO—0,” test was done for inves-
tigation of the process of adsorption/desorption of CO over
Cu/SiO, catalysts. The powder sample (20 mg) was pretreated
in synthetic air (21% O,/N,) or 5% H,/He at 300 °C for 30
min and cooled to room temperature under the same gas (30
mL-min~"). After purging with He (30 mL-min"") for 20 min
to remove the pretreatment gas, a background spectrum was
collected via 32 scans at 4 cm™ resolution at 30 °C under pure
He (30 mL-min") until repetitive spectrum. Subsequently, the
gas with 2% CO/He was introduced into the in situ chamber
(30 mL-min™") for CO adsorption for 30 min, collecting 40
independent spectra during this process. He steam was
subsequently admitted, instead of CO, for purging for 30
min, also corresponding to 40 IR spectra. Then, the catalyst
was exposed to 2% CO/He for CO readsorption for 30 min.
Ultimately, 1% O,/N, stream was introduced in order to
investigate the surface changes during the CO removal process.
DRIFTS spectra were obtained by subtracting the background
spectrum from the subsequent spectra. The spectra were
analyzed using OPUS software.

CO-temperature programmed reduction (CO-TPR) was
carried out in a Micromeritics AutoChem 2920, and gas signals
were collected by using a mass spectrometer (TILON GRP

TECHNOLOGY LIMITED, LC-D200M). Before testing, the
as-prepared sample (100 mg, 20—40 mesh) was pretreated in
5% H,/He or 5% O,/Ar (30 mL-min™") at 300 °C for 30 min
and then cooling down to room temperature under the same
steam. He (S0 mL-min~") was introduced for purging for 20
min. The He steam was switched to 5% CO/He later and the
sample was heated from room temperature to 500 °C with a
step of 10 °C-min~". The signals of H, (m/z = 2), He (m/z =
4), and CO, (m/z = 44) were detected during the
investigation. The detected data was normalized by dividing
the He signal (m/z = 4).

2.3. Catalytic Tests. CO oxidation reactions were carried
out in a Micromeritics AutoChem 2920. The sieved sample
(40—60 mesh, 100 mg) was placed into a U-shaped quartz
tube and then preactivated with 5% H,/He or 5% O,/N, for
30 min (50 mL-min~") before the reaction testing. Pure He gas
was used to purge H, or O, for 20 min after the sample was
cooled to room temperature. Afterward, the CO oxidation
reaction of the Cu/SiO, catalyst was measured in stoichio-
metric gas of 2% CO/1% 0,/97% He (30 mL-min™')
corresponding to a gas hourly space velocity (GHSV) of
18,000 mL-h~"-g_,,~". The temperature began from 30 to 300
°C with a heating rate of 10 °C-min~" in succession and the
outlet gas compositions were recorded every 2.5 min on-line
by Micro GC Fusion gas chromatography (INFICON
Company). The stability tests were done in the same
conditions at a constant reaction temperature of 200 °C for
700 min. The CO conversion of CO oxidation was calculated
according to the following equation: CO conversion (%) =
(CO,;, — CO,,)/CO;, X 100.

3. RESULTS

3.1. CO Oxidation Reactivity of Copper—Silica
Catalysts. The “light-off” profile of Cu-based catalysts is
exhibited in Figure 1. Above all, the 3Cu/SiO, sample
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Figure 1. CO oxidation conversion over 3Cu/SiO, samples for (a)
“light-off” experiments from 30 to 300 °C and (b) stability test at 200
°C. Reaction conditions: 2% CO/1% 0,/97% He and a GHSV of
18,000 mL-h~"-g ..

pretreated with H, shows significantly high CO conversions,
whereas catalysts pretreated with O, are nearly inactive for CO
oxidation (below 10% CO conversion at 300 °C) in the
temperature range of 30—300 °C (Figure 1a). Interestingly, the
hydrothermal step during sample preparation affects the
performance of the catalyst, which is specifically manifested
by the fact that the hydrothermal catalyst is more active than
the nonhydrothermal catalyst. The comparison of the reactivity
between hydrothermal and nonhydrothermal samples is
inconspicuous on the transient profiles of CO conversion,
only about 10 °C difference at 50% conversion. However,
stability tests of 3Cu/SiO, reflected the advantage of the

https://dx.doi.org/10.1021/acs.jpcc.0c07072
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hydrothermal step in Figure 1b. The conversion rate at the first
point was 70% and the last point (720 min) conversion rate
was 36% for 3Cu_H, corresponding to about 48%
deactivation. The conversion rate at the first point was 78%
and the last point (720 min) conversion was 56% for
3Cu_HT_H, corresponding to about 28% deactivation. In
summary, the hydrogen pretreatment promoted the catalytic
performance of copper—silica catalyst much more effectively
than the hydrothermal pretreatment.

3.2. Structural and Textural Properties of Fresh
Copper—Silica Catalysts. The ICP—AES results (Table 1)

Table 1. Cu Concentration, BET Specific Surface Areas
(Sger), and BJH Pore Volume (V}) of SiO, Support and Size
(D1em) of Cu

Cu loading SpeT Vp Doy
sample (wt%)*  (m>g ")’ (cm>gh)? (nm)
Si0, 126 0.939
SiO, HT 72 0.628
3Cu 33 186 0.910 20+ 05
3Cu_HT 3.7 121 0.824 23+ 07
3Cu_HT H,(used) 2.5 + 0.7
3Cu_HT_ O,(used) 24 + 0.6

“Determined by ICP. From N, adsorption/desorption. Statistic
data on the basis of TEM images.

show that the experimental Cu contents of 3Cu and 3Cu_HT
are 3.3 and 3.7 wt %, respectively, which are close to the target
value (3 wt %). The X-ray diffraction (XRD) patterns for the
calcined catalysts in Figure 2a present only one broad peak at

b *Cu,O

—~ -
3 3
3'/ = 3( u Hl(used)
z e | &
2 Z 3Cu_TIT lIz(u\cd)
£ £
E -

3Cu_MNT 3Cu_HT_O,(uscd)

20 40 60 80 20 40 60 80
20 (°) 26 (°)

Figure 2. XRD patterns of 3Cu/SiO,: (a) fresh samples and (b) used
samples.

20 ~ 22° for 3Cu and 3Cu_HT, corresponding to amorphous
silica support, indicating that the copper species are highly
dispersed on the SiO, surface or small copper size is beyond
the limitation of XRD detection in the fresh samples.

The textural properties of 3Cu/SiO, catalysts investigated
by the nitrogen adsorption/desorption experiments are
included in Figure 3 and Table 1. As shown in Figure 3a,
the representative nitrogen adsorption/desorption isotherms of
samples before and after hydrothermal treatment exhibit type
IV isotherms for pure SiO, and Cu-doped catalysts. The
original SiO, represents hysteresis loop H1 with the parallel
hysteresis branches, indicating the absence of pore plugging by
oxide nanoparticles.””** After deposition of Cu, 3Cu exhibits
that the hysteresis loop changes from H1 to H2 type in the P/
P, range of 0.8—1.0, revealing the partial disordering of the
mesostructure.”* Furthermore, 3Cu and SiO, show a hysteresis
loop with an apparent plateau at high P/P,, giving a hint on
uniform pore size distribution in nonhydrothermal catalysts.*®

Si0, 1T u

3Cu_HT J

00 02 04 06 08 1.0
Relative Pressure (P/P,)

Volume Absorbed (a.u.) &

100

10
Pore Diameter (nm)

Figure 3. (a) N, adsorption/desorption isotherm and (b) BJH pore
size distribution plots of 3Cu/SiO, and SiO,.

After the hydrothermal step, these samples showed the absence
of a plateau-like region or an inapparent plateau, showing that
the hydrothermal materials contain both mesopores and
macropores. The isotherms display the forced closure of the
desorption branch at P/P, > 0 8 for all the samples, illustrating
the absence of micropores.”” However, the relative pressure
associated with the capillary condensation of samples with the
hydrothermal step shifted to higher values in comparison with
the nonhydrothermal samples, indicating that the materials
possess a larger pore size after hydrothermal treatment. This is
evidenced by the BJH pore size distribution plots in Figure 3b
and Table 1. The significant changes in either the isotherm or
hysteresis shape/position reveal the modification of the
topology of the mesopores and the alteration of the ordered
mesoporous structure after the hydrothermal step. The BET
specific surface areas and pore volumes of fresh samples
summarized in Table 1 are distinct between 3Cu_HT (121 m?
g™!, 0.824 cm*g™!) and 3Cu (186 m*g™', 0.910 cm®g™").
Obviously, the hydrothermal step reduces the specific surface
area and pore volume of the catalysts, which is also reflected on
the pure SiO,. These nitrogen adsorption/desorption experi-
ments can be summarized that the hydrothermal step can
markedly modify the textural properties of SiO,.

3Cu/Si0, catalysts were tested for further morphological
characterization by TEM in Figure 4. Comparing the TEM
images of fresh 3Cu and 3Cu _HT in Figure 4a.c, after
hydrothermal treatment, the size of the SiO, support was
obviously enlarged, indicating that the hydrothermal process
drove SiO, particles to merge to form a bigger wormlike
structure. An increase in the support size was responsible for
the decrease in BET specific surface area. HRTEM was carried
out for observing the size of copper particles because of the
fact that the characterization of Cu particles was difficult to
perform by XRD. The average copper size on 3Cu is 2.0 & 0.5
nm detected by HRTEM (Figure 4b). After hydrothermal
treatment, the average size of the copper nanoparticles is 2.3 +
0.7 nm (Figure 4d), which revealed that hydrothermal
treatment almost had no effect on the size of copper. The
results of TEM verified the experimental analysis of the N,
adsorption/desorption, which indicates that hydrothermal
treatment during preparation did affect the texture of the
catalyst.

3.3. Reducibility and Local Coordination Structure of
Copper—Silica Catalysts. In Figure Sa, the results of H,-
TPR for 3Cu and 3Cu_HT are shown. The experimental and
theoretical uptakes of H, are estimated and summarized in
Table 2. Consumptions of H, are calculated as a stoichiometric
ratio on the basis of CuO reduced to Cu. The only peak of
both 3Cu and 3Cu_HT can be ascribed to reduction of highly

https://dx.doi.org/10.1021/acs.jpcc.0c07072
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Figure 4. TEM (a,c,e,g) and HRTEM (b,d,fh) images of 3Cu/SiO,
samples: (a,b) 3Cu, (c,d) 3Cu_HT, (e,f) 3Cu_HT H,(used), and
(gh) 3Cu_HT_O,(used). Insets show the corresponding size
distribution of Cu.

dispersed small CuO particles in the range of temperatures
268—271 °C,*** which is consistent with the 2—3 nm
particles observed by HRTEM. After the hydrothermal step,
the reduction peak of 3Cu_HT almost shows no shift
accompanying the increase in hydrogen consumption.
According to the literature, lower dispersion of CuO species
results in a larger copper size, leading to higher reduction
temperature in HZ-TPR.3°’3'l However, in our work, the TEM
statistical results about the copper particles (Table 1)
indicating the size of hydrothermal sample is close to that of
the nonhydrothermal sample (2.3 and 2.0 nm for 3Cu_HT
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Figure S. (a) H,-TPR analysis of 3Cu/SiO,. CO-TPR analysis of (b)
3Cu_H,, (c) 3Cu_HT H,, and (d) 3Cu_HT O,.

Table 2. Dispersion of Cu (Dc,), Position of the Peak of H,-
TPR (T,), and H, Consumption of Samples

sample De, (%)% T, (°c)? H, (umol-g™)”
3Cu 62 269 427° 5134
3Cu_HT 59 271 629° 6047

“Calculated from N,O chemisorption test. YDetermined from the H,-
TPR experiment. “Experimental H, consumption. “Theoretical H,
consumption.

and 3Cu, respectively). The reduction peak after hydrothermal
treatment shows almost no shift. We conjecture that the
dispersion of 3Cu and 3Cu_HT is nearly similar. In order to
verify the reliability of the above conclusions, copper
dispersion was determined by N,O chemisorption. The D
values shown in Table 2 reflect 59 and 62% for 3Cu_HT and
3Cu, respectively, nearly the same. Hydrogen consumption is
very sensitive to the conditions of catalyst preparation. The
experimental hydrogen consumption (629 ymol-g™") summar-
ized in Table 2 is roughly identical to the theoretical hydrogen
consumption (604 umol-g™') for 3Cu_HT, implying that all
the oxygen species related to copper atoms were reduced.
However, for 3Cu, the experimental hydrogen consumption
(427 umol-g™') is less than the theoretical hydrogen
consumption (513 pmol-g™"), giving a hint that partial copper
atoms were covered and the bounded oxygen species were
unavailable to be reduced by H,. Therefore, hydrothermal
treatment did not enhance the dispersion of copper but did
affect the redox properties of the catalyst.

In order to further analyze the reduction properties of the
catalysts, CO-TPR was performed. For 3Cu_H, (Figure Sb),
two small peaks at ca. 70 and 200 °C appear in the curve
representing CO,, while only a broad peak at 200 °C appears
on the H, curve. We attributed the latter peak (ca. 200 °C) to
the surface water—gas shift (WGS) reaction between the CO
molecule and the hydroxyls bounded to copper,32 while the
former peak (ca. 70 °C) was derived from oxidation of CO. As
can be seen in Figure Sc, a broad peak of CO, and H, at 170
°C with the same trend was observed for 3Cu_HT H,, which
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is attributed to the favorable effect of reduction of the surface
Cu hydroxyls by CO.**** Obviously, higher amounts of CO,
and H, implies more copper hydroxyls. In addition, the CO-
TPR profile of 3Cu_HT O, is shown in Figure S5d as a
comparison. The curve of CO, rises with increasing temper-
ature, especially at relatively high temperatures (>300 °C),
while the curve of H, does not fluctuate at all, which suggests
that the oxygen species of the catalyst react with CO to form
CO, at relatively high temperatures, not originated from the
surface hydroxyl reduction. Obviously, no hydroxyls are
involved in this process for the O,-pretreated sample. All the
above show that hydrogen pretreatment is significantly critical
to generate copper hydroxyls on the surface and hydrothermal
step promoted the number of hydroxyls.

The XAFS technique was used to verify the electronic and
local coordination structure of the small-sized copper species.
The XANES data for the Cu K edge clearly demonstrate the
presence of Cu(Il) in both 3Cu and 3Cu_HT (Figure 6a,
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Figure 6. Cu K-edge (a) XANES profiles of 3Cu/SiO, samples and
(b) EXAFS fitting results in the R space of 3Cu/SiO, samples; Cu K-
edge XANES profiles (c) and EXAFS fitting results in the R space (d)
of 3Cu/SiO, samples after stability test.

Table S1, and Figure S1). The EXAFS spectra and fitting
results of Cu/SiO, catalysts are shown in Figure 6b and Table
3. The related EXAFS spectra for 3Cu_HT displays two peaks,

among which the first peak is at approximately 1.95 A
corresponding to the first shell of Cu—O and the second peak
is at a distance of ca. 2.99 A derived from the Cu—O—Cu
structure that is different from the Cu—Cu of CuO structure at
a distance of ca. 2.74 A, indicating the low crystallinity and
small size of Cu in 3Cu HT.”*** Compared with hydro-
thermal sample, the two shells of 3Cu show similar structure at
distances of ca. 1.94 and 2.98 A, respectively. The difference
between the CN of the Cu—O shell of 3Cu and 3Cu_HT is
also minor (4.0 and 3.8 for 3Cu_HT and 3Cu, respectively).
Moreover, 3Cu_HT shows apparently higher intensity in the
second shell with a CN of 2.8 compared to 3Cu with a CN of
1.9 (Table 3). Therefore, hydrothermal pretreatment not only
affected the structure of the SiO, but also changed the
coordination structure of copper.

As discussed above, hydrothermal treatment affected the
coordination structure of the supported Cu. Furthermore,
hydrogen pretreatment rather than oxygen pretreatment is a
pivotal step to ensure the existence of copper hydroxyls.

3.4. Effects of Hydrothermal Processes on the
Catalytic Activities on Copper—Silica Catalysts. From
the light-off curve and stability test of CO oxidation, it can be
seen that the hydrothermal process can improve the catalytic
activity, especially the stability of the sample. The XRD results
exhibit no differences on structure between 3Cu_HT and 3Cu
because all the fresh samples only show the amorphous broad
peaks of SiO,. It can be seen that a very tiny peak at 37° is
ascribed to the (111) crystal face of Cu,O (JCPDS card no.
34-1354) for 3Cu HT H, (used) (Figure 2b), but the
corresponding 3Cu_H, (used) did not contain any
component of Cu,O. Simultaneously, N,O chemisorption,
nitrogen adsorption/desorption, and TEM proved the lower
BET specific surface area, similar particle size of copper, and
similar dispersion of copper for 3Cu_HT compared to 3Cu.
This is unusual because many studies have shown that
excellent activity corresponds to high specific surface area,
high dispersion, and small size because of I}ighly unsaturated
adsorbed sites and high atomic utilization.>>*® Therefore, we
can infer that the effect of hydrothermal treatment on activity
is not due to the size and dispersion of active species. However,
nitrogen adsorption/desorption and TEM confirmed that
hydrothermal treatment caused a great change in the
morphology and structure of SiO, (Figures 3 and 4), as
previously analyzed.

More useful information can be obtained through CO-TPR.
Under hydrogen pretreatment conditions, more amount of
CO, accompanied by H, appeared for 3Cu_HT compared to

Table 3. Oxidation State of Copper (§) and Cu K-Edge EXAFS Fitting Results (R, distance; CN, coordination number; 67,
Debye—Waller factor”; and AE,, inner potential correction” of 3Cu/SiO, samples)

Cu-0 Cu—Cu Cu—0O—-Cu

sample 5 R (A) CN R (A) CN R (A) CN
3Cu 2 1.94 + 0.01 3.8 +£02 2.98 + 0.02 1.9 + 04
3Cu_HT 2 1.95 + 0.01 4.0 + 02 2.99 + 0.01 2.8 +£04
3Cu_HT_O,(used) 2 1.95 + 0.01 39+03 2.99 + 0.01 29 + 04
3Cu_HT H,(used) 12 1.92 + 0.01 2.8 +£0.1 2.97 + 0.02 1.3 +02
3Cu_HT H,° 1.4 1.92 + 0.01 29 + 0.1 2.95 + 0.01 1.3 +£03
3Cu_H,° 1.6 1.93 + 0.01 34 +02 2.99 + 0.02 1.1+ 05
3Cu_HT H, 0.5 1.88 + 0.02 14 + 02 2.54 + 0.01 3.8+03

“6, = 0.008 A for Cu—Cu shells and 0.003 or 0.0045 A2 for Cu—O (3Cu_HT_H, only) or Cu—O (except 3Cu_HT_H,), respectively. "AE, =
11.5 + 0.5 eV for all samples except 3Cu_HT H,; 5.5 =+ 1.6 eV for 3Cu_HT_H,. “After stability test.
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Figure 7. In situ DRIFTS study for 3Cu_HT tested at 30 °C pretreated with 5% H, at 300 °C.

3Cu (see Figure Sb,c), implying that more copper hydroxyls
appeared on the 3Cu_HT surface. As discussed above, the
participation of copper hydroxyls can explain the simultaneous
formation of H, and CO,. In this study, interestingly, the
higher the Cu—OH contents, the better the CO oxidation
activity of the catalyst, revealing the importance of copper
hydroxyls. Before commenting on these results, let us recall
that the H,-TPR profiles of Cu/SiO, catalysts appeared
regularity on the conditions of catalyst preparation. The
samples contain a significantly higher amount of Cu oxide
species after hydrothermal process at 200 °C for 24 h, resulting
in more hydrogen consumption in 3Cu_HT than 3Cu on H,-
TPR (Figure Sa and Table 2). Therefore, more copper
hydroxyls were present in the hydrothermal pretreatment
catalyst after hydrogen pretreatment.

The results of XANES analysis show that the oxidation states
of copper for 3Cu_HT and 3Cu after stability test are 1.4 and
1.6, respectively (Figure 6¢, Tables 3, S1, and Figure S1),
indicating that the sample without hydrothermal step is more
susceptible to be oxidized. Compared with 3Cu_HT_H,
(used) of the identical oxidation state of 1.2, the copper
oxidation state after stability test was increased, revealing that
copper was gradually oxidized during the CO oxidation
reaction. This could be the reason for the gradual deactivation
of catalysts. The related EXAFS spectrum for samples after
stability tests also displays two shells as fresh samples, while the
CN of the two shells reduced compared to fresh samples. As
for Cu—O shell, 3Cu_HT and 3Cu after stability test shows a
CN of 2.9 and 3.4, respectively. The CN of Cu—O—Cu is 1.3
and 14 for 3Cu_HT and 3Cu after the stability test,
respectively. We found that the CNs of the hydrothermal
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sample decrease more than the nonhydrothermal sample
compared to the fresh sample, which shows that more copper
hydroxyls involved in the stability test for hydrothermal
samples.

In order to gain further insights into the chemical adsorption
properties of the catalysts, the in situ DRIFTS measurements
were carried out for Cu/SiO, catalysts in a “CO—He—CO—
0O,” mode at 30 °C during the CO adsorption. No peaks were
found on the spectral ranges of 2200—2140 and 2100—2000
cm™!, attributing to CO adsorption on Cu** and Cu’ sites,
respectively, indicating the minor Cu®* and Cu” species on the
surface of Cu/SiO, catalysts. For 3Cu_HT H, (Figure 7a),
the IR bands at 2119 and 2170 cm™" can be attributed to linear
CO adsorbed on Cu" sites (Cu*—CO) and gaseous CO,
respectively.”” As for 3Cu_H,, the same Cu’—CO species at
2121 cm™' was accompanied by gaseous CO at 2170 cm™
(Figure 8a). However, the related intensity was lower,
revealing the lower adsorption of CO on Cu(I) species for
3Cu_H,. During the He-purging process, the carbonyl peak
gradually weakened and continued to decay up to 1800 s for
both 3Cu_HT and 3Cu (Figures 7b and 8b). Simultaneously,
the apparent continuous blue shift of the carbonyl up to 1800 s
at 2130 cm™! in this process is similar to the blue shift of the
peak after O, introduced (Figures 7d, 8d). With the purging of
He, the concentration of CO decreases and the reducibility of
copper species becomes weaker, which likely result in a blue
shift of this peak. During subsequent CO readsorption (Figures
7¢, 8¢c), the Cu*—CO peaks show a red shift and reach a steady
position quickly around 90 s. After the gas channel was
switched to 1% O,/N, (Figures 7d, 8d), the peak in the
collected spectra showed a blue shift character similar to that in
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Figure 8. In situ DRIFTS study for 3Cu tested at 30 °C pretreated with 5% H, at 300 °C.

the He-purging process, which can be taken as oxidation of
Cu’. In addition, the peaks at ca. 2363 and 2336 cm™ are
attributed to the adsorption gas-phase CO, because of the
reaction of the adsorbed CO with O,. The spectral range of
3800—3550 cm™' of the CO adsorption step was analyzed
(Figure 9). 3735 and 3650 cm™" are typical for Si—-OH and
Cu—OH,**”” respectively, which gradually strengthened from
45 to 1800 s. 3Cu and 3Cu_HT after hydrogen pretreatment
show the Si—OH and Cu—OH with different peak intensities
(Figure 9a,b,d). 3Cu_HT shows a stronger peak intensity,
indicating that there are more copper hydroxyls on the surface
of 3Cu_HT than 3Cu, which is consistent with the result of
CO-TPR.

After calcination in air at 400 °C for 4 h, no copper
hydroxyls remain on the surface of 3Cu_HT, which can be
proved by CO-TPR and DRIFTS of 3Cu_HT_O, (Figures 5d,
9c). We infer that the copper hydroxyls are absent on
3Cu_HT. However, the results of H,-TPR, CO-TPR, and in
situ DRIFTS prove that there are more Cu—OH and stronger
adsorption capacity for CO in 3Cu_HT_H, than 3Cu_H,.
The results of XAFS give a hint that there are more active sites
for 3Cu_HT than 3Cu (Figure 6b and Table 3). In addition,
the modification of the catalyst structure by the hydrothermal
step is proved by nitrogen adsorption/desorption (Figure 3a,b
and Table 1), TEM (Figure 4a,c), and XAFS (Figure 6a,b and
Table 3). The modification of the catalyst coordination
structure after hydrothermal step results in 3Cu HT_ H,,
exhibiting stronger adsorption capacity and more copper
hydroxyls, and 3Cu_HT showing more active sites, which
leads to better stability of CO oxidation on 3Cu_HT H,. In
other words, the better catalytic performance for a hydro-
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Scheme 1. Illustration of the Structure Transformation of 3Cu/SiO,
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thermal catalyst than a nonhydrothermal catalyst results from
the more available active copper hydroxyl species benefitting
from a more stable coordination structure, providing more
non-inactivated active sites for subsequent adsorption and
reaction processes. The structure transformation of Cu/SiO,
catalyst is described in Scheme 1. After hydrothermal
treatment, 3Cu underwent the reconstruction of SiO, and
the coordination structure of copper to form 3Cu_HT.

3.5. Effects of H, Pretreatment on the Catalytic
Activities of Copper—Silica Catalysts. The sample after the
hydrogen pretreatment showed much higher activity compared
with the sample after the oxygen pretreatment (Figure la),
which is consistent with recent studies about copper-based
catalysts for CO oxidation, confirming that the low oxidation
state of copper obtained by reduction pretreatment is more
conducive to CO oxidation than high oxidation state of copper
obtained by oxidation pretreatment.”” The oxygen-pretreated
samples showed very limited CO conversion, expressing less
than 10% up to 300 °C (Figure 1a). 3Cu_HT was subjected to
explore the reason for the effects of different pretreatment
atmospheres on catalytic activity.

The XRD patterns of the used catalysts in Figure 2b reveal
that no crystallized Cu phase was generated for 3Cu_HT_O,
(used), while a tiny peak of Cu,0 was shown in 3Cu_HT_H,
(used). The used sample of 3Cu_HT showed a similar size of
copper with the fresh catalyst in Figure 4 and Table 1 (2.5, 2.4,
and 2.3 nm for 3Cu_HT H, (used), 3Cu_HT O, (used),
and 3Cu_HT, respectively). Furthermore, the particle size of
used catalysts after hydrogen pretreatment and oxygen
pretreatment were almost the same (Figure 4fh and Table
1). However, after the catalyst underwent CO oxidation, the
size of SiO, became significantly larger (Figure 4e,g). Although
it is still an amorphous structure, it can be seen that the SiO,
fusion is more thorough.

As the abovementioned results, comparing the CO-TPR
results of 3Cu_HT after different pretreatments, it can be seen
that the only H, peak generated after hydrogen pretreatment
rather than oxygen pretreatment. Simultaneous production of
CO, and H, in CO-TPR indicates that copper hydroxy groups
are involved in the reaction process, and these copper
hydroxyls completely disappeared after O, pretreatment. In
other words, oxygen pretreatment failed to produce copper
hydroxyls, which resulted in less activity, while hydrogen
pretreatment is the decisive step to produce surface copper
hydroxyls. Guo et al. found that copper hydroxyl species tend
to promote the formation of CO,.”* Tang group found that the
surface hydroxyls could promote CO oxidation by the
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chemisorption of gaseous CO, resulting in increasing the CO
concentration around the Cu active sites via synthesizing a
hydroxyl-group-rich SiO,—AlOOH nanosheets-supported
CuO catalyst.” Jia group found the significance of bridged
surface OH for WGS reaction.'® It can be seen that the surface
hydroxyls contribute significantly to the oxidation of carbon
monoxide.

In order to further study the effects of different gas
pretreatments on the catalyst, the test results of XAFS of
used samples have been analyzed. The oxidation states of
3Cu_HT_O, (used) and 3Cu HT H, (used) were deter-
mined as Cu(II) (Figure 6a, Table 3). Interestingly, the line
shapes of 3Cu_HT O, (used) were almost identical to the
corresponding fresh sample, implying that O,-pretreated
catalysts were hardly affected by the CO oxidation gas. The
related EXAFS fitting results are summarized in Table 3,
showing that all the investigated samples after CO reaction
contain the Cu—O and Cu—O-—Cu shells as fresh samples.
Unsurprisingly, 3Cu_HT O, (used) exhibit the EXAFS
spectrum and fitting result that is similar to 3Cu_HT (Figure
6b and Table 3). The progress of catalytic reaction
indispensably requires both the adsorption of reactants and
the desorption of products. The adsorption and desorption of
gas on the catalyst inevitably affect the electronic structure and
local coordination structure of the catalyst, which can be
characterized and embodied by the XAFS spectrum. Therefore,
we can speculate that the catalysts after oxygen pretreatment
had very weak adsorption to reactant gases or do not adsorb at
all, which reflects extremely poor catalytic activity for CO
oxidation. Considering that the fresh sample was obtained by
calcinating in air, we believe that 3Cu_HT_O, should not be
different from 3Cu_HT. After the 3Cu_HT was treated with
5% H,/Ar gas for 30 min in a tube with needle valves at both
ends, it was compressed into a slice in a glove box filled with
N, and then sealed with a Kapton tape. The results of
3Cu_HT H, are summarized in Figure 6 and Table 3. For
XANES of 3Cu_HT_H, (Figure 6a), the result demonstrates a
reduced feature with a valence of 0.5, indicating that the
sample mixes bulk metallic copper and a small part of surface-
oxidized copper. It can be concluded from the EXAFS results
of 3Cu_HT H, that the best-fitted shells of Cu—O and Cu—
Cu are shown in ca. 1.88 and 2.54 A, respectively. The Cu—Cu
shell demonstrates high intensity with a CN of 3.8, while the
Cu—O shell shows a CN of 1.4. As for 3Cu_HT_H,(used),
the line shapes on XANES is very different from that of the
corresponding fresh sample with a valence state of 1.2 obtained
by the linear combination fit, implying that the different
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Figure 10. In situ DRIFTS study for 3Cu_HT tested at 30 °C pretreated with compressed air at 300 °C.

coordination structure of Cu after CO oxidation and Cu was
oxidized partly during CO oxidation reaction. As for the
EXAFS result of 3Cu_HT_H,(used), a prominent peak was
exhibited at ca. 1.92 A, originating from the first shell of Cu—O
contribution with a CN of 2.8 and prominent peak at ca. 2.97
A, originating from the second shell of Cu—O-Cu
contribution with a CN of 1.3, which is much lower than
the CN of the fresh sample.

In situ DRIFTS was used to further demonstrate the
adsorption capacity of the catalyst. The IR spectrum of
3Cu_HT_O, is shown in Figure 10 with a range of 2100—
2400 cm™! in a“CO—He—CO—0,” mode at 30 °C. During the
CO adsorption process, 2173 and 2116 cm™! with similar
intensity represent CO gas and Cu"—CO, respectively. Clearly,
there are almost no Cu" ions present, which is 1 order of
magnitude lower compared with the Cu®—CO intensity of
3Cu_HT H, (Figure 7a).*"* It is conceivable that copper
was oxidized after oxygen pretreatment proved by XAFS. In
addition, the very weak intensity of the Cu"™—CO peak proves
the extremely weak adsorption of CO in the catalyst with the
air pretreatment, which is also evidenced by XAFS analysis.
The absence of Cu**~CO (CO adsorption on Cu’*) peak is
due to the low copper content (3 wt % Cu) and the weak
ability of Cu** to adsorb CO.* It was found that the CO
adsorption of the H,-pretreated sample is significantly stronger
than that of O,-pretreated samples. Furthermore, Cu—OH is
absent at 3650 cm ™" for 3Cu_HT after oxidation pretreatment
(Figure 9c,d), despite the strong Si—OH peak at 3735 cm™,
which not only negates the contribution of Si—OH to catalytic
activity of CO oxidation but also proves the importance of
Cu—OH.
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As a conclusion from CO-TPR, XAFS, in situ DRIFTS, and
TPR investigation, we pointed out that hydrogen pretreatment
not only reduced copper but also provided a decisive condition
to produce copper hydroxyl active species, leading to more
favorable adsorption of CO, resulting in high activity for CO
oxidation. The structure transformation of Cu/SiO, catalyst is
described in Scheme 1, which shows that the generation of
surface copper hydroxyls is entirely due to the hydrogen
pretreatment. However, oxygen pretreatment was unable to
generate surface copper hydroxyls. As a result, the O,-
pretreated catalysts are more difficult to adsorb the reaction
gas and produce unexpectedly low activity. In short, hydrogen
pretreatment is essential for achieving a highly active CO
oxidation reaction.

4. CONCLUSIONS

In this work, small-sized Cu particles (average particle size of
2—3 nm) on silica support were synthesized by a modified
deposition—precipitation method. The catalytic stability of the
catalyst after the hydrothermal step was improved for the CO
oxidation reaction. Full structural characterization revealed that
the catalyst with H, pretreatment exhibited much higher
activity in comparison to that with O, pretreatment. The
hydrogen pretreatment process can reduce the oxidation state
of copper and provide a sufficient and decisive condition to
produce copper hydroxy active species, resulting in the
prodigious activity compared to oxygen-pretreated samples.
The hydrothermal step induced a great change of the texture
structure of SiO, and the coordination structure of copper,
resulting in stabilizing the catalytic environment that is
conducive to the production of more active copper hydroxyls.
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In brief, this work describes the important role of hydrogen
pretreatment for the generation of surface copper hydroxyls
and the significance of surface copper hydroxyls for the CO
oxidation reaction.
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