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ABSTRACT: Cu based catalysts are widely employed for CO or s % + %oy _*H
CO, hydrogenation into methanol. However, their catalytic ol 4 d
performance highly depends on supports, and the real evolution & | Phyliosilicate Hy+ o, COdesorption  njoy
of Cu species is still covered by active components. Herein, we 34 e TN v \‘CO“—"HCO'
supply a Cu/SiO, catalyst prepared by flame spray pyrolysis (FSP), ’E 20l S~ g cu)

showing catalytic performance comparable to that of the active  Shattuckite-like w222*o*2e

Cu/ZrO, catalyst for methanol synthesis from CO,. It reaches 79% T T

selectivity at a CO, conversion of 5.2%, which is an outstanding Relucton emperuere (1C)

selectivity among previously reported Cu/SiO, catalysts, consid

ering they are generally treated as nearly inert catalysts. In situ X ray absorption spectroscopy (XAS) analysis shows that S times
more Cu” species in the FSP Cu/SiO, are stabilized in comparison to those in the traditional ammonia evaporation (AE) made
catalyst even after reduction at 350 °C. A unique shattuckite like precursor with a slightly distorted Cu—O—Si texture structure
formed in the FSP made catalyst is responsible for the enriched Cu* species. Variations of intermediate formation and methanol
production are found to have a good relationship with the amount of Cu* species. According to the results of high pressure in situ
DRIFTS, we attribute this to the promotional effect of Cu* on the stabilization of CO* intermediates, which inhibits CO desorption
and facilitates further hydrogenation to CH;OH via the RWGS + CO Hydro pathway. These results bring insights into the Cu
reduction behavior and the function of Cu” species during methanol production on Cu based catalysts without the assistance of
active supports.
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1. INTRODUCTION low temperature for industrial applications, where methanol
synthesis is more thermodynamically favorable."®

It has been reported that Cu’ as the active site could
dissociate the adsorbed H,, while Cu* facilitates the conversion
of intermediates by polarizing the C=0 bond."'™** The Cu*
species was supposed to be associated with CO, dissociation
and also act as a stabilizer of the methoxy species,14 which
could promote methanol synthesis. However, a linear relation
ship of the CO, conversion and CO production with the
amount of Cu" species was reported over Cu/SiO, catalysts at
high temperature (260—380 °C),"> confirming the effect of
Cu* species on CO, activation and CO production. That leads
to an inverse correlation of methanol selectivity with the
fraction of Cu" species. In addition, the function of Cu® would
be hidden if systems with active supports and dopants are
investigated. Especially, “reducible” support oxides were

In view of the severe CO, emission problem and its
contribution to global warming, the production of methanol
from CO, hydrogenation has been considered as a promising
route for power to chemicals and CO, fixation, which has
attracted extensive research recently.'”> Methanol can be
served as a platform intermediate for fuels and chemicals in the
future due to its energy density and due to being easily storable
and transportable, which is the basis of what is called the
methanol economy.4_6 During methanol synthesis from CO,,
the main competitive process is the reverse water gas shift
reaction (RWGS) to produce CO. An increase in CO,
conversion has always been accompanied by a severe reduction
in methanol selectivity due to thermodynamic equilibrium
limitations.” Considering the economic efficiency and practical
applications, it is critical to develop highly efficient catalysts to
enhance the methanol selectivity with an acceptable CO,
conversion. However, most of the supported Cu based
catalysts still suffer from low methanol selectivity at a passable
CO, conversion (e.g, >10%). The methanol selectivity hardly
exceeds 50% over traditional Cu Zn Al catalysts.*” Therefore,
further developments of Cu based catalysts are promising in
order to meet the requirements of high methanol selectivity at
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thought to be reactive components.'® For example, ZrO, was
capable of stabilizing the intermediates’” and lowering the
energy barrier pathway by facilitating formate intermediate
formation and transformation.'® Methanol synthesis would be
greatly enhanced via tuning Cu Zr interactions,'” increasing
oxygen vacancies,”® and supplying basic sites.”*" Moreover, it
has been claimed for the dual site mechanism on Cu/ZnO that
CO, adsorption and subsequent stepwise hydrogenation
occurred on ZnO sites.””** An electron pair in the ZnO,
Cu Zn alloy and a less highly oxidized ZnO,, species were also
reported to be active for methanol synthesis.**">® Dynamic
changes in Cu morphology were only observed in the Cu/ZnO
system rather than in Cu/ALO; or Cu/SiO,.*® In view of this,
the functions of Cu species and these active components are
still not clear due to their complex interactions with each other.
Furthermore, Cu® was identified to be most of the active phase
after a reduction pretreatment by XRD?” and XAS,*® while Cu*
was found to be the main component by XPS measurements.'®
Some controversies still exist regarding the source of Cu’, the
identification of Cu species in reduced samples, and the effect
of Cu" species on methanol selectivity. Therefore, it is better to
evaluate the catalytic performance at low temperature (below
250 °C), where the methanol synthesis reaction dominates in
the contributions to the CO, conversion rather than RWGS for
Cu based catalysts. In addition, the identification of Cu®
species should be conducted via in situ techniques to avoid
the overestimation of Cu*/Cu’ ratio by ex situ methods,
because metallic Cu is easily oxidized in air. Finally, a detailed
knowledge of the Cu valence state over a straightforward Cu
catalyst with an inactive support for this reaction, e.g. Cu
silicate, is desired, even though it may not be a §00d candidate
for this reaction due to its poor performance.”

In the present work, two Cu/SiO, catalysts with different
Cu" contents were successfully synthesized by ammonia
evaporation (AE) and flame spray pyrolysis (FSP) methods
via the formation of distinct types of Cu Si precursors. FSP is a
method of producing nanoparticles in an extremely short time
(milliseconds) and at high temperature (2000 °C), which
facilitates the formation of unique compounds. We provide a
feasible strategy for stabilizing Cu” species, an analysis of the
Cu* species stabilization mechanism, an observation of the
reduction behavior of Cu oxides by in situ XAS, and a reaction
pathway via in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) at a real reaction pressure.
The methanol selectivity of the Cu/SiO, catalyst made by FSP
reaches a level that is comparable to that of the corresponding
Cu/ZrO, catalyst, although the silica support without any
dopants is thought to be inactive for the methanol synthesis.
Thus, this work is expected to give a deep insight into the role
of Cu® species in enhancing methanol selectivity and to
develop the potential function of “inert” supports.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The FSP Cu/SiO, catalyst was
prepared by the flame spray pyrolysis method as reported.*>>'
Typically, the precursor solution was prepared by dissolving
1.5 g of cupric(I) acetylacetonate and 11.2 mL of tetraethyl
orthosilicate (TEOS) in 100 mL of xylene at a final
concentration of 0.5 M with reference to copper and silicon.
The flame was generated by burning a mixture of CH, (0.6 L/
min) and O, (1.9 L/min). The precursor was fed to the flame
with a flow rate of S mL/min using a syringe pump (PHD
UltraTM, Harvard) and dispersed by oxygen (feed rate 3.5 L/

min, pressure 1.5 bar). Nanoparticles were carried out of the
flame by air with a feed rate of 5 L/min. The produced
particles were collected on a water cooled glass fiber filter
(Whatman GF/D, 25.7 cm in diameter) on the top of the
cylinder with the help of a vacuum pump.

The AE Cu/SiO, catalyst was prepared by the conventional
ammonia evaporation method as reported.27 A 28% ammonia
aqueous solution (Tianjin Kermel Corp.) was slowly added
into 2 0.3 M Cu(NO;),-3H,0 (11.3 g, Tianjin Kermel Corp.)
aqueous solution with agitation until the pH value remained
constant at about 11. Afterward 12 g of SiO, nanoparticles
(Evonik Degussa) was added to the obtained copper ammonia
complex solution, and then the resulting solution continued to
be stirred at 35 °C for 4 h. Ammonia evaporation was carried
out by boiling the suspension at 90 °C until the pH value
decreased to 6—7. The obtained sample was washed with
deionized water and dried overnight at 120 °C. A calcination
treatment was performed in the next step at 450 °C for 4 h in
the air.

2.2, Catalyst Characterizations. The Cu loading was
determined by inductively coupled plasma optical emission
spectroscopy (PerkinElmer ICP OES 7300DV). The specific
surface area was analyzed by nitrogen adsorption/desorption at
77 K using the BET method (Autosorb iQ2 by Quantach
rome). Transmission electron microscopy (TEM) images were
acquired using a JEOL JEM 2100 system with an acceleration
voltage of 200 kV. The samples were prereduced at 350 °C for
0.5 h. X ray diffraction (XRD) data were collected on a PAN
alytical X’pert diffractometer equipped with a Cu Ka source
(running parameters: 40 kV, 40 mA). The Cu dispersion was
measured by N,O oxidation followed by the TPR method,*>
which was carried out in a homemade setup.'' After TPR
under 5% H,/95% Ar (30 mL/min), the sample was treated
under a 5% N,0/95% He (30 mL/min) atmosphere at 60 °C
for 1 h to oxidize surface Cu atoms into Cu,O. Then another
TPR was performed again under the same conditions. The
amount of H, consumed during the two processes was
detected by TCD. The copper dispersion was calculated by
dividing the amount of surface copper atoms by the total
number of supported copper atoms per gram of the catalyst.
The metallic copper surface area was computed on the basis of
an atomic copper surface density of 1.46 X 10" Cu atoms m ™.
CO TPD was performed on an automatic analyzer (Micro
meritics Autochem 2910). The samples were first reduced
under 10% H,/90% Ar (30 mL/min) at 350 °C for 0.5 h and
then purged by Ar (30 mL/min) at the same temperature for
another 2 h. When the temperature was lowered to —50 °C
with the help of liquid N, a 10% CO/90% He mixture gas flow
was pulsed into the reactor at 4 min intervals. After adsorption
saturation, the sample was purged with Ar until the baseline
was stable. Then the furnace was heated to 800 °C with a
temperature ramp of 10 °C/min. The desorbed CO was
detected by TCD. The desorption peaks were fitted by the
Gaussian—LorenCross method, and the R? values for AE Cu/
SiO, and ESP Cu/SiO, catalysts were 0.99757 and 0.99869,
respectively.

Fourier transform infrared (FTIR) spectra were recorded at
room temperature on powdered samples in a Varian 3100
Fourier transform IR spectrometer. CO IR was conducted with
a Bruker TENSOR 27 Fourier transform IR spectrometer.
About 25 mg of the tabletted catalyst was put into the IR cell
and then reduced at 350 °C (10 °C/min) for 0.5 h with a H,
flow (99.99%) of 50 mL/min. After reduction, the sample was
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Figure 1. Catalytic performance of AE Cu/SiO, and FSP Cu/SiO, catalysts inthe CO, hydrogenation reaction. (a) Selectivity—conversion
relationships in CO, hydrogenation to methanol. Reaction conditions: 250 mg, 190—250 °C, 3.0 MPa, GHSV = 2040 h™". (b) Comparison of

catalytic performance of Cu/SiO, catalysts in this work with other SiO, or ZrO, supported catalysts in the literature.

purged with N, (50 mL/min) at the same temperature for
another 2 h, followed by cooling to room temperature. The
background spectrum under this condition was recorded.
Then, a 10% CO/90% He flow of 30 mL/min was introduced
into the IR cell. After adsorption, a N, flow of 50 mL/min was
used to purge the CO gas in the cell. During the adsorption
and purging process, IR spectra were continuously recorded at
S min intervals until the peak was unchanged. In situ diffuse
reflectance infrared Fourier transform spectroscopy (in situ
DRIFTS) at atmospheric pressure was performed on a Bruker
VERTEX 70 Fourier transform IR spectrometer. The catalyst
sample was first reduced in pure hydrogen (20 mL/min) at
different temperatures, such as 200, 250, 300, and 350 °C for
10 min, and then purged with a 20 mL/min flow of He for 20
min at the same temperature. After each reduction process, the
temperature was set to 230 °C, at which the background
spectrum (200 scans) with a resolution of 4 cm™ was
obtained. Subsequently, the spectra were recorded every 150 s
in the Kubelka—Munk mode during the following procedure:
(1) the sample was exposed to a 30% CO,/70% He mixture
(20 mL/min) and He (99.99%, 20 mL/min) gas flow at 230
°C for 30 min; (2) He (99.99%, 20 mL/min) was changed to
H, (99.99%, 20 mL/min) and this flow was maintained for
another 30 min; (3) the sample was purged with a 20 mL/min
He flow for 30 min. Gas components in the outlet were
monitored by a mass spectrometer. In situ DRIFTS at high
pressure was performed by a similar procedure on a NICOLET
6700 Fourier transform IR spectrometer with PIKE Diffus IR
device. The samples were first reduced at 300 °C for 0.5 h in
pure H, and then swept and cooled to 230 °C under a He
atmosphere. After a few minutes of stabilization, helium was
changed into a CO, and H, mixture, and the pressure was
increased to 3.0 MPa. The spectra (32 scans) with a resolution
of 8 cm™" were continuously recorded during the reaction for
90 min.

In situ X ray photoelectron spectroscopy (XPS) with Auger
electron spectroscopy (AES) was conducted with a Thermo
Fischer ESCALAB 250Xi spectrometer. The X ray photo
electron spectra were obtained using Al Ka radiation (hv =
1486.6 eV). The binding energies were calibrated by using the
contaminant carbon (C 1s = 284.8 eV). First, XPS measure
ments of C 1s, O 1s, Cu 2p and Cu LM2 binding energies were
conducted at room temperature for the as prepared catalysts.
Then they were reduced in situ in pure H, (30 mL/min) at 300
°C for 0.5 h. Finally, the XPS measurement was repeated for
the in situ reduced catalysts.

21,36—40

The X ray absorption spectroscopy (XAS) experiments were
performed at the CAT ACT beamline at the Karlsruhe
Institute of Technology (KIT) synchrotron facility.>> The
XAS data up to k = 16 A7 at the Cu K (8979 eV) absorption
edge were recorded at room temperature in transmission mode
on the catalysts and reference materials (Cu metal foil and
CuO and Cu,O powders pressed into pellets). TPR was
performed under a 5% H,/95% He gas flow (50 mL/min) with
a heating rate of 5 °C/min from room temperature up to 350
°C using a continuous flow capillary reactor (quartz, 1.5 mm
outer diameter) filled with the catalysts (sieve fraction 100—
200 pm, 1:1 diluted with preformed SiO,). The reduction
process was continued at 350 °C for 0.5 h. During TPR, short
Cu K spectra up to k = S A™" were recorded (2.5 min per
spectrum). Before and after the TPR the XAS data up to k= 12
A™" at room temperature were recorded on samples in the
capillary under an inert gas atmosphere. All of the data were
processed and analyzed using the IFFEFIT software package.**
The time resolved XAS spectrum was analyzed by linear
combination analysis (LCA) with three standard spectra: Cu,
Cu,O and CuO. The ex situ X ray absorption data of the
reduced AE Cu/SiO, sample at the Cu K absorption edge
were recorded at room temperature in transmission mode at
beamline BL14W1*® of the Shanghai Synchrotron Radiation
Facility (SSRF) in China.

2.3. Activity Tests. The catalytic performance of the
catalysts was tested in a fixed bed stainless steel tubular reactor
with a quartz liner with an inner diameter of 6 mm. Typically,
0.25 g of the sieved catalyst (sieve fraction of 425—850 um;
bed length of 45 mm) was reduced at 350 °C under
atmospheric pressure for 1 h in a pure hydrogen flow with a
ramp rate of 1 °C/min before the reaction. The evaluation of
catalytic performance was performed at 190—250 °C under a
steady state (after 1 h on stream, Figure S1) under the
conditions of 3.0 MPa and GHSV of 2040 h™' with a
hydrogen/CO, (H/C) molar ratio of 3. All lines were heated
to 150 °C to prevent the condensation of methanol and water.
The products at the reactor outlet were detected with two
online gas chromatographs (Shimadzu GC 8A and GC 14C)
equipped with a thermal conductivity detector (TCD) and a
flame ionization detector (FID), respectively. The TCD was
used to analyze CO, CO, and N,, where N, was used as an
internal standard for volume correction. The FID was used for
hydrocarbons, alcohols and other C containing products.

Conversion and selectivity in the catalytic tests were
calculated as follows:
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Table 1. Physicochemical Properties of the Cu/SiO, Samples

sample Cu loading” (%) D&l (%)
AE-Cu/SiO, 17.0 37.8
FSP-Cu/SiO, 17.8 26.1

Sca” (mz/g) dCud (nm) Sper’ (mz/g)
41.4 2.6 350
29.9 3.8 209

“Measured by ICP OES. “Cu dispersion was determined by N,O surface oxidation followed by TPR. “Cu metal surface area based on an atomic
surface density of 1.46 x 10'° Cu atoms m™2. “Cu metal particle size determined by the Cu dispersion. “Surface area of Cu/SiO, samples.
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N Y(CH,OH)
selectivity:  S(CH;OH) = —————— X 100%
X(Coy)

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance. Generally, the selectivity to
methanol decreases with increasing temperature, which is due
to a higher contribution of the endothermic RWGS reaction.*!
As expected, a negative correlation was noticed between
methanol selectivity and CO, conversion on both investigated
catalysts, as shown in Figure la. The Cu/SiO, catalyst made by
ammonia evaporation (AE) was chosen here because it is
usually believed to be the most effective preparation method
with highly dispersed Cu nanoparticles for Cu/SiO, catalysts,

usually exhibiting higher methanol selectivity in comparison
with impregnated catalysts in the literature. In comparison, the
ESP Cu/SiO, catalyst shows both higher CO, conversion and
higher methanol selectivity, even better than those of AE Cu/
SiO,, which is a breakthrough for a Cu/SiO, catalyst without
any active components. For the former, the methanol
selectivity can reach 79.3%, which is extremely high in
comparison to 31.5% for the latter when they perform the
same CO, conversion at about 5%. Under the same conditions,
the methanol yield of FSP Cu/SiO, is almost 0.9 mmol g,
h™" at extremely low temperature (190 °C), which is 5.6 times
more than that of AE Cu/SiO, (see Figure S2). The turnover
frequency (TOF) of methanol synthesis is 1.2 h™ for the
former, while it is 0.16 h™" for the latter. Actually, as shown in
Figure 1b (details in Table S1), the conventional Cu/SiO,
series catalysts without any dopants or promoters were not
good candidates for methanol synthesis from CO, due to their
low methanol selectivity,” which was caused by the lack of
formate species formation.'® ZrO, supported Cu catalysts have
been widely accepted to have a better catalytic performance in
comparison to SiO, supported Cu catalysts*' as shown in the
marked area of Figure 1b due to the capability of facilitating
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the conversion of adsorbed CO, to formate intermediates and
further transformation into formaldehyde or methoxy at the
Cu/ZrO, interface.* Moreover, it has been reported that the
methanol selectivity can be enhanced to the corresponding
Cu/ZrO, level as long as only small amounts of isolated
Zr(IV) surface sites exist on SiO, support.”® Also, similar
surface intermediates (formate and methoxy) can be observed
over the modified Cu/SiO, with isolated surface Zr(IV), while
these are never seen on Cu/SiO, catalysts.” The industrial
CuZnAl catalysts exhibit high activity but always suffer from
low methanol selectivity. To the best of our knowledge, a high
methanol selectivity has never been obtained on Cu/SiO,
without any other active phases. Herein, a significantly
enhanced catalytic performance, especially the methanol
selectivity, was achieved over the FSP Cu/SiO, catalyst
without any dopants, reaching a high level comparable to
those of Cu/ZrO, catalysts both in the literatures and the
catalyst made in house. Therefore, a detailed knowledge of Cu
species over the simple Cu catalyst with an inactive support
(Cu/Si0,) and their catalytic mechanism via in situ character
izations is required, even though it may be not the best
candidate for this reaction. Any promotion obtained from the
Cu/SiO, catalyst is meaningful to better understand the real
Cu function without the effects of the other active
components, which would benefit the further development of
Cu based catalysts.

3.2. Characterizations of Catalyst Structure. The
physicochemical properties of the fresh Cu/SiO, samples
made by FSP and AE are given in Table 1. The surface area of
fresh AE Cu/SiO, is much higher than that of the FSP sample
due to the formation of a layered copper phyllosilicate
precursor, as proven by the appearance of the §(OH) vibration
at 670 cm™" and the v(SiO) shoulder peak at 1040 cm™ in
FTIR measurements'"** (see Figure S3). In the FSP sample,
the band at 670 cm™ is absent, and the band at 1040 cm™! is
strongly reduced, both revealing that the precursor is distinct
from copper phyllosilicate. From the results of surface
oxidation of reduced samples by N,O followed by TPR, the
Cu particle sizes of AE and FSP samples were both estimated
to be around 3 nm. This coincides with the TEM results
(images given in Figure S4). The coexistence of Cu and Cu,O
was observed from ex situ XRD patterns (Figure SS) in both
the reduced and used samples. These results show that the Cu
particle sizes and dispersions of the two samples are similar.
The distinct performances were probably caused by different
Cu species. It is worth noting that the identification of Cu
species, including Cu’ and Cu", in these samples demands
more convincing proof executed by in situ studies, since the
reduced copper particles are very sensitive to air.**

Copper species on the fresh and in situ reduced samples
(350 °C for 0.5 h) were studied by Cu K X ray absorption near
edge structure (XANES) spectroscopy via comparison with the
data obtained from the reference materials (Figure 2a). The
spectra of both fresh samples resemble that of the bulk CuO,
but the shape and the position of characteristic absorption
edge features are significantly different. The most pronounced
difference is the shift of the low energy shoulders, which is
attributed to a 1s—4p transition to Cu 4p—O 2s & orbitals of
octahedrally coordinated Cu** compounds (in CuO at 8984
eV) and the transitions corresponding to ¢ orbitals (in CuO at
8991 eV),* by about 2.5 and 1.5 eV to higher energies in AE
and FSP catalysts, respectively. This difference becomes more
obvious when the first derivatives of the corresponding XANES

spectra are compared (Figure 2b). These changes hint at a
different ligand charge transfer due to an altered Cu local
geometric structure in the Cu—O—Si precursor in comparison
to CuO 284647

The phase corrected Fourier transforms of k* weighted Cu
K extended X ray absorption fine structure (EXAFS) signals of
all the samples before and after in situ reduction are shown in
Figure 2c. For both fresh samples, the shapes of the Fourier
transformed scattering resemble that of bulk CuO up to high
order shells with some differences in the position and intensity
of the backscattering peaks. The main backscattering peak
around 1.8 A corresponds to a Cu—O shell in CuO, while the
smaller peak around 2.9 A corresponds to a Cu—Cu shell in
CuO (Cl,/cl space group, a = 4.6837 A, b = 3.4226 A, ¢ =
5.128 A, a = 90°, B = 99.54°, y = 90°). In the fresh FSP
sample, the Cu—O peak is slightly shifted to a greater distance
and the Cu—Cu peak is shifted to a lower distance, indicating a
stronger distortion of the CuOg4 octahedra in comparison to
the AE sample. The peak at longer distances might be related
to the scattering on the higher coordination shells containing
Si, O and Cu. In case of highly crystalline silicate, one would
expect a Cu—Si peak to be visible above 3 A, exhibiting the
arrangement of the silicon ions around the Cu ion.

The coordination numbers (CNs) from EXAFS fitting
(Table S2) in both Cu—O and Cu—Cu shells are lower in the
fresh FSP sample in comparison to the AE sample, hinting at
an increase in the disorder around the Cu site. The distortion
can probably be attributed to the changes in the crystal field
around the Cu octahedral (O,) site due to the bonding to the
SiO, blocks, where the presence of an Si ion causes changes in
the local charge on the connecting oxygen ions. Such
metastable oxides with local structure distortion between
metal and oxygen atoms are also observed in other FSP
materials,*® which may result from the quenching process from
extremely high temperature during the preparation process.
Moreover, the low CNs, which do not match well with the
particle size observed in TEM, may be attributed to the
distortion of Cu—O—Si compounds with different Cu—O
distances.

The spectroscopic data for the fresh sample are compared in
Figure 2d to the theoretical simulations of the Cu K XANES
spectra based on the standard structures of different copper
silicates and their crystal models using the FMDNES
program®® and to the available experimental data on cupper
silicates.’® Combining the XRD, IR, N, physisorption, and
XANES results and theoretical considerations, we propose that
a copper phyllosilicate with a layered structure (Figure 2e) is
formed in the AE sample, while a more packed structure Cu—
O-Si compound similar to shattuckite (Figure 2e), where
short islands of CuO, are placed between the SiO, blocks, is
formed in the FSP sample (Figure S6). The Cu’" ion in
shattuckite is situated in an elongated octahedron,®’ and the
CuOg octahedron has a strong tetragonal distortion,*” so that
the spectroscopic results are in agreement with these findings.
In addition, other related structures could be at the origin of
the observed altered structure.

After the in situ reduction, most of the Cu species in both
samples were reduced into metallic Cu (see XANES data in
Figure 2a,b and EXAFS data in Figure 2c). The EXAFS data of
both reduced AE and FSP samples are identical with those
obtained for metallic Cu, including the higher shells, indicating
the formation of well ordered metallic Cu particles. Note that
we also collected the ex situ XAS spectra of the reduced AE



Normalized Intensity / &.U.

Normalized Intensity / a.u.

Content (%)

100

150 250

100
100 9100
7
‘\
© 350 875 oo®
8950
d 100 |
80 -
|
s 60
E | d —A—Cu”
'g 40 ¢
o | / \
» L]
20} P A

S S o T W

100 150 200 250 300 350
Temperature (°C) Temperature (*C)
e 80 f 80
A
R b
60 | -I-—AE-Cu-"SlO: I' “_ 60 -
o FSP-CwSiO, A
H
Ay : ll .
“40r B D40
= 11 ==
] 3 i o
Vo
20+ || H 20+
5‘,.3013609-9“ ll ; S o o o - -
. ]
0 - #, L i 0 L i L 1
0 100 200 300 400 0 5 10 15 20 25

Temperature (°C)

Reduction Time at 350 °C (min)

Figure 3. Normalized Cu K edge XANES spectra during TPR of (a) AE Cu/SiO, and (b) FSP Cu/SiO, from room temperature to 350 °C. The
contents of the chemical state of Cu species (Cu’ Cu’ and Cu**) of (c) AE Cu/SiO, and (d) FSP Cu/SiO, during the TPR experiment. (e)

°C.

sample, where Cu” species appeared and became the dominant
ones (Figure S7). The discrepancy in the results show that
reduced metallic Cu is easily oxidized on exposure to air. To
clarify the state of the naturally oxidized Cu/SiO,, the reduced
FSP sample was further oxidized at 300 °C for 0.5 h under a
flow of synthetic air. The XAS spectra collected during the
reduction—oxidation process are shown in Figure S8. After
reduction, large numbers of Cu® species are formed. During
the following oxidation treatment, they neither completely
reverse back to the initial structure of Cu precursor nor can be
oxidized into CuO. The shape of the XANES spectrum at a
low energy site is slightly different from those of both the fresh
FSP sample and the CuO reference, indicating the interaction
between Cu and Si also has an effect on the oxidation of Cu.
The Cu precursor in the fresh FSP sample contains unique

Variations of Cu’/Cu* ratio over AE Cu/SiO, and FSP Cu/SiO, samples during TPR experiments. (f) Cu®/Cu" ratio versus reduction time at 350

species distinguished from CuO, which coincides with the
above analysis.

3.3. Identification of Reduction Behavior. In situ
XANES measurements were performed during the TPR to
monitor the changes in the oxidation state and local structure
of copper species during reduction. As shown in Figure 3a,b,
the white line feature of Cu®* gradually decreases, while the
pre edge feature at 8981 eV assigned to Cu® gradually appears
with an increase in temperature for both studied samples.

The distribution of Cu’, Cu* and Cu®* for AE Cu/SiO, and
ESP Cu/SiO, samples during TPR was calculated on the basis
of a linear combination analysis (LCA) using the first
derivatives of the reference compounds corrected for the
experimentally observed energy shifts and plotted in Figure
3¢,d, respectively. Detailed comparisons of each Cu species can
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The samples were reduced in situ at 350 °C for 0.5 h before CO adsorption.

be found in Figures S9 and S10. In the AE Cu/SiO, sample,
the reduction was step by step from Cu®* to Cu" (step I) and
then from Cu’ to Cu’ (step II). These two steps started at
about 150 °C. At first, the reduction rate of step II was slower
than that of step I, leading to the accumulation of Cu” species
to 27%. Afterward, the rate of step II exceeded that of step I
with increasing temperature. In this process, the amount of
Cu sharply increased, accompanied by a decrease in Cu®* and
Cu" until 200 °C. The reduction behavior of the FSP Cu/SiO,
sample was distinctly different. The reduction of Cu®* started
at a temperature close to 150 °C and was quickly completed at
170 °C. At this point, pronounced Cu* species accumulation
was observed with a maximum of 64%, as a result of a much
slower rate for step II in comparison to step L. Furthermore, in
contrast to the AE sample, a still significant amount of Cu* can
be found in the reduced FSP sample even at a high
temperature of 350 °C, perhaps resulting from the texture
structure of Cu—Si compounds where Cu species are
incorporated in a silica matrix and thus stabilized.*”>

The Cu’/Cu" ratios for both samples are plotted in Figure
3e as a function of temperature and of reduction time. The
ratio in FSP Cu/SiO, remained stable at around 11 even at
350 °C. In contrast, it gradually increased to 33 in AE Cu/SiO,
at 350 °C and further increased to 60 when the same
temperature was maintained for 20 min (Figure 3f). This high
extent of reduction of the copper phyllosilicate precursor was
also found via in situ XRD results in our previous work.”” In

FSP Cu/SiO,, about 8.3% of the Cu® species cannot be
reduced even at 350 °C over long times, which is about S times
more than that in AE sample (1.6%) under the same
conditions. This stabilization function of Cu’ species were
also found in FSP Cu/TiO, catalysts.>*

In situ XPS AES was performed here to further quantify the
Cu*/Cu’ ratio, as shown in Figure 4. Four Cu 2p peaks for
Cu® and its satellite were clearly observed for both as
prepared samples. A small amount of Cu” species was detected
on FSP Cu/SiO, in Figure 4d but not on AE Cu/SiO, in
Figure 4a. After in situ reduction treatment, CuO species were
completely reduced. Cu LM2 from AES was measured to
further identify Cu’ and Cu" species. As shown in Figure 4c,f, a
binding energy of 918.9 eV was ascribed to Cu® species, while
that at 916.4 eV was assigned to Cu* species. The Cu’/(Cu’ +
Cu*) ratios were identified to be 7.5 and 33.6% for AE and
ESP Cu/SiO,, respectively. Although a slightly higher absolute
value was obtained in comparison to XAS results due to
different fitting methods of these two techniques, the tendency
of Cu" contents from AES remained consistent with XAS
fitting, demonstrating that XAS fitting was an efficient method
to evaluate the valence state of Cu. Moreover, the variations of
Cu states were able to be monitored during the reduction
process for XAS rather than the AES technique.

3.4. Chemical Adsorption Performance. Fourier trans
form infrared (FT IR) spectroscopy is commonly applied to
probe the chemical state and distribution of Cu species on the
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a flow rate of 20 mL/min, 0.1 MPa, 230 °C.

catalyst surface after CO adsorption. The IR spectra were
collected on the reduced AE and FSP Cu/SiO, catalysts (350
°C for 0.5 h) during CO adsorption (see Figure S11), where
physisorption and chemisorption coexisted on the catalyst
surface. During N, purging, the physisorbed CO gradually
disappeared. Two chemisorbed CO bands for both the AE and
FSP samples remained (see Figure Sab, respectively).
According to peak fitting in Figure S12, bands at 2127 and
2112 cm™ with a ratio of 0.8 for the AE sample can be

assigned to linear stretching of Cu'—CO and Cu’—CO species,
respectively,”>*® while the ratio increased to 1.8 for the FSP
sample.

Additionally, CO TPD was executed to quantify the amount
of CO adsorption on different Cu species from —50 °C due to
its weak adsorption at room temperature. Four desorption
peaks can be found for each reduced sample in Figure 6a,b. In
comparison to the blank experiment of the SiO, support, peak
4 belongs to CO adsorbed on SiO, (Figure S13). CO
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adsorption on Cu species can be divided into two parts. The
first part represents weakly adsorbed CO including peaks 1 and
2, which will not appear in FT IR spectra, since CO desorbs
below room temperature. The second part can be assigned to
the CO strongly adsorbed on Cu species (peak 3), which
corresponds to the peaks observed in FT IR spectra. We
suppose that most of the Cu®~CO species will desorb at room
temperature, and the peak with a center at around 56 °C might
be ascribed to Cu’—CO. According to peak area fitting in
Figure 6c, the desorption peak area of Cu*—CO of the FSP
sample is about 6 times larger than that of the AE sample,
which coincides well with the XAS and XPS AES results.
3.5. Catalytic Mechanistic Analysis. In situ DRIFTS
experiments were executed to investigate the relationship
between intermediate formation and methanol production
with Cu" species via regulation of reduction temperatures.
Although the inferred absorption peaks for Cu/SiO, catalysts
are very weak at low pressure (0.1 MPa), three bands at 2958,
2907 and 2851 cm™' can be observed in Figure 7a for the low
temperature (200 °C) reduced AE Cu/SiO, catalyst. With an
increase in reduction temperature, the amount of Cu" species
decreases (see Figure S10); meanwhile, the coverage of
intermediates decreases. Accordingly, the methanol production
in the outlet detected via the mass spectrum (MS) in Figure 7b
decreases with the reduction of Cu® species. For low
temperature reduced FSP Cu/SiO, (200R), the bands at
2968, 2887, 2866, 2836, 1566 and 1551 cm™" which belong to
formate species obviously increase, while those at 2929 and
2857 cm™! assigned to methoxy species'”” decrease with
reaction time (Figure S14), indicating that the formate
pathway is dominant after reduction at 200 °C. In comparison,
with an increase in reduction temperature, the intermediates

formed on FSP Cu/SiO, change into methoxy species and
remain constant, as observed in Figure 7c, which is consistent
with unchanged Cu" species as observed in Figure 3. The
dominant pathway also changes from formate to RWGS + CO
Hydro after reduction at higher temperature (above 250 °C).
The methanol production measured by MS in Figure 7d is low
at 200R but markedly increases and remains stable after
reduction at 250 °C. Note that the real temperature at the
catalyst surface which is very close to the window might be
slightly lower than the temperature measured inside the
DRIFTS cell. Thus, the specific phenomenon at 200R is
probably caused by the unstable state during the trans
formation of different Cu species at around 180 °C (see Figure
3d). Nevertheless, a clear relationship between Cu* species and
methanol is observed, which demonstrates that the formation
of Cu" species is responsible for the enhancement of
intermediate formation and methanol production.

Currently, the mechanism of CO, hydrogenation into
methanol is still controversial among three main pathways:
the formate pathway,”® the RWGS + CO Hydro pathway,*
and the hydrocarboxyl pathway.®® Investigations on these
routes reveal that the stabilization of key reaction intermediates
is crucial for controlling catalytic selectivity. Here, in situ
DRIFTS measurements were performed to identify the
possible intermediates and pathways at a real reaction pressure
(3.0 MPa) over Cu/SiO, catalysts, as shown in Figure 8. For
both of the tested catalysts, two combination bands of CO,
were observed at 3500—3800 cm~" (Figure $15)°' and three
main peaks were detected in the region of 2600—3100 cm ™.
The bonds at 2850 and 2928 cm™' are assigned to the
symmetric and asymmetric H,CO* stretching vibrations,
respectively,*>®> which may derive from both formate and
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RWGS + CO Hydro pathways. The band at 2928 cm™ can be
also attributed to the (CH;) modes of the H;CO* species.'”
The feature at 2956 cm ™" is a combination of the CH bending
and asymmetric OCO stretching modes of bidentate formate
species.'” The intensities of all three peaks increase with
reaction time to some extent, as shown in Figure S16. In detail,
the intensity ratio of the band at 2956 cm™' compared to that
at 2850 cm ™', which represents the proportion of the formate
pathway, slightly decreases from 33.3 to 31.3% for the FSP

Cu/SiO, catalyst after a 90 min reaction, while it obviously
increases from 13.2 to 38.5% for AE Cu/SiO, under the same
conditions. This reveals that the CO* hydrogenation to
H,CO* could remain stable over FSP Cu/SiO, due to the
inhibition of CO desorption and stabilization of CO* species.
Moreover, small bands at 1545 and 1355 cm™!, which are
assigned to asymmetric and symmetric OCO stretching
vibrations, respectively, of adsorbed bidentate HCOO*
species, are only detected for AE Cu/SiO,. Meanwhile, the
band at 2693 cm ™" assigned to asymmetric —CH, stretching of
*H,CO species®* as well as the features at 2077, 2093 and
2128 cm™! belonging to CO* adsorption®® on both Cu® and
Cu" sites®® can only be observed for FSP Cu/SiO,.

On the basis of the comprehensive results of in situ XAS, in
situ DRIFTS, FTIR and TPD, the formation of a unique
catalyst structure and a modified reaction mechanism for the
ESP Cu/SiO, catalyst are proposed in Figure S17 and Figure 9,
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co* HCO* %

X +H
. | HCO* —— H,CO*
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RWGS+
CO-Hydro pathway

M |
HCOO* H,COOH*
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Figure 9. Reaction scheme for CO, hydrogenation to CH;0H at Cu’
and Cu' active sites via the RWGS + CO Hydro and Formate
pathways. Asterisks indicate adsorbed species.

respectively. The nanoparticles containing Cu and Si
components were created at extremely high temperature in
the flame and quickly carried up by a large high speed air flow.
The as prepared catalysts were collected by the filter on the
top without further calcination. The collected Cu/SiO,
catalysts contained CuO nanoparticles and shattuckite like
species with strongly interacting Cu—Si entities and a
disordered Cu—O-Si texture structure; these are finally
reduced into Cu’ and Cu’ species in the process of
prereduction treatment, respectively. The FSP method could
supply both CuO and shattuckite materials at the same time
with highly dispersed Cu nanoparticles, which made this
method more promising in comparison to the direct use of
shattuckite materials.

As shown in Figure 9, the formate and RWGS + CO Hydro
pathways both exist during the CO, hydrogenation process.
Strong signals of a methoxy intermediate and some formate
species were observed from in situ DRIFTS spectra for both
catalysts. However, for the RWGS + CO Hydro pathway, CO
bonding should be moderate, being strong enough to prevent
desorption but weak enough to allow further hydrogenation to
HCO*."” Therefore, the key point in inhibiting CO desorption
and enhancing further hydrogenation is to stabilize the CO*

intermediate. CO TPD results showed that CO adsorption was
stronger on Cu' than on Cu’ species, which facilitates further
hydrogenation to occur on Cu® over FSP Cu/SiO, due to the
inhibition of CO desorption and the stabilization of CO*
species. The selectivity to CH3;0H is enhanced over FSP Cu/
SiO, due to the promoted stability of the CO* intermediates,
which enables the CO* hydrogenation to CH;OH to be more
competitive with CO desorption in the RWGS + CO Hydro
pathway. In addition, Cu" species such as a suboxidic Cu,O
structure below the Cu surface might be responsible for CO,
adsorption and activation.”” Meanwhile, Cu’ species are the
active sites for H, activation, which are essential for the first
hydrogenation step in both the formate and RWGS + CO
Hydro pathways. Therefore, Cu’ should be the main
component in catalysts to maintain high CO, conversion,
and with this prerequisite, Cu® helps to increase the methanol
selectivity.

4. CONCLUSION

Reduction behaviors of the Cu/SiO, catalysts made by AE and
ESP preparation methods have been intensively investigated
via an in situ XAS technique, focusing on the analysis of the
local structure of Cu species and their changes with respect to
the valence state during the reduction process. About 8.3% of
the Cu" species remain stable in the SiO, matrix even after
reduction at 350 °C for the FSP sample, which is about S times
more than that in the AE sample. The observed particular
reduction behavior of Cu species is related to a distorted Cu—
O-Si structure, similar to that in shattuckite, which stabilizes
Cu" species, and therefore might be a key option to regulate
the distribution of various Cu species via formation of distinct
precursors. The variations of Cu® species are consistent with
intermediate formation during the reaction as well as methanol
production via regulating reduction temperatures. Moreover,
the high pressure in situ DRIFTS results show that Cu” species
could help to inhibit CO desorption and further facilitate CO*
hydrogenation to CH;OH by stabilizing CO* intermediates,
promoting the RWGS + CO Hydro pathway. Thus, the
stabilization of S times more Cu" species on FSP Cu/SiO, in
comparison to the AE catalyst is responsible for the significant
enhancement of methanol selectivity from 31.5 to 79.3% when
they perform the same CO, conversion at about 5%, which
reaches a catalytic performance comparable to that of Cu/
ZrO,. The recognition of the Cu oxide reduction behavior and
the role of Cu® species in this work shed light on the
understanding of the catalytic mechanism of methanol
synthesis from CO,. We also supplied here a feasible strategy
to improve catalytic performance by controlling the structure
of the Cu species.
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