L g
4

Catalysis Science & Technology

Catalysis
Science &
Technology

Fabrication of CuZn-Based Catalyst via Polyethylene Glycol
Surfactant and Supercritical Drying

Journal:

Catalysis Science & Technology

Manuscript ID

CY-ART-05-2020-000961.R1

Article Type:

Paper

Date Submitted by the
Author:

31-Aug-2020

Complete List of Authors:

Zhang, Peipei; Department of Applied Chemistry, School of Engineering,
University of Toyama

Peng, Xiaobo; National Institute for Materials Science,

Araki, Yuya; University of Toyama

Fang, Yuan; School of Engineering, University of Toyama

Zeng, Yan; University of Toyama - Gofuku Campus

Kosol, Rungtiwa; University of Toyama

Yang, Guohui; School of Engineering, University of Toyama, Applied
Chemistry

Tsubaki, Noritatsu; School of Engineering, University of Toyama,
Department of Applied Chemistry

-y

|| A
N WAL

RONE™
Manuscripts




Page 1 of 12

Catalysis Science & Technology

Fabrication of CuZn-Based Catalyst via Polyethylene Glycol
Surfactant and Supercritical Drying
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CuZn-based catalysts have been applied in industrial methanol synthesis. However, in alcohol-assisted low-temperature
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methanol synthesis (LT-MS), preparation of highly efficient CuZn-based catalysts is still a considerable challenge. Here, we

report two optimized strategies that use polyethylene glycol (PEG) surfactant and supercritical CO, drying in urea co-

DOI: 10.1039/x0xx00000x

precipitation method, to synthesize the highly efficient CuZn-based catalysts. The PEG treatment is utilized to enhance

porosity and improve surface functional groups of the CuZn-based catalysts, and the supercritical CO, drying is employed

to increase reduction degree for them. The catalytic results of alcohol-assisted LT-MS reveal that via the two optimized

strategies, a CuZn-SC-P5 catalyst exhibits superior catalytic performance. It is significantly different from the Cuzn-based

catalysts prepared by traditional impregnation method, and also better than the catalysts treated by sole PEG treatment

or supercritical CO, drying. The present work provides multiple strategies to improve catalytic efficiency, and will be

beneficial to explore new approaches in catalyst synthesis.

1. Introduction

Methanol is a key commodity for chemical industries. In last
century, the ICI Co. Ltd. developed a widespread method that
employed Cu/ZnO/Al,O; catalysts to produce methanol from
syngas (CO/H,).1* However, high temperature (250 to 300 °C)
and high pressure (5.0 to 10.0 MPa) are utilized in this
synthesis method. The high temperatures result in
thermodynamic limitation for the CO conversion, because
methanol synthesis is a strongly exothermic reaction (CO + 2H,
= CH30H, AHyeex = -90.8 KJ mol-1).56 The equilibrium
conversion of CO is only around 25 % at 300 °C and 50 atm. It
is highly desirable to develop low-temperature methanol
synthesis (LT-MS). Although several research groups have
focused on the LT-MS process (100 to 180 °C), harsh operating

conditions prevented them from large-scale industrial
applications.”?
The Brookhaven National Laboratory (BNL) of USA

reported a LT-MS in slurry at 100-130 °C and 1.0-5.0 MPa over
a strong base catalyst composed of NaH, alcohol and acetate.?
However, trace amounts of water (H,O) or carbon dioxide
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(CO,) in the LT-MS systems can rapidly deactivate the basic
catalyst. Another method via methylformate (MF) in liquid
phase at 100 °C for LT-MS was first proposed by Christiansen.®
The mechanism of this process
carbonylation to methyl formate, and hydrogenolysis of the
methyl formate to methanol. Wender and co-workers further
developed this method via a Cu-Cr/CH3;OK catalyst at a 140-
180 °C with 3.8-6.2 MPa. They realized high CO conversion and
methanol synthesis rate.'%11 However, the deactivation of the

consists of methanol

alkoxide catalyst has never been solved. To overcome this
problem, we have designed alcohol-assisted LT-MS in our
previous works, which claimed that the alcohols in the LT-MS
remarkably lowered the reaction temperature.’?1® But, to
date, exploration of highly efficient catalyst is still highly
challenging in the alcohol-assisted LT-MS.

CuZn-based catalysts have been widely used in methanol
synthesis from syngas (CO/H,) or CO, hydrogenation.'®22 They
are usually synthesized using co-precipitation method. In the
traditional co-precipitation, routine precipitant (for example,
Na,CO;, NaOH) is employed to prepare CuO/ZnO precursor.
The CuO/Zn0O precursor is then dried in air at a temperature
above 100 °C. However, the routine co-precipitation process
results in a weak porous structure and few surface functional
groups for CuZn-based catalyst. The traditional drying process
in air at the high temperature further reduces porosity and the
number of active sites. The obtained CuZn-based catalysts
significantly decrease performance of methanol synthesis.
Therefore, it is necessary to alter the traditional
precipitation method with novel precipitation process and
efficient drying technique.

Herein, we present two improvement strategies on the

Cco-
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traditional co-precipitation method for CuzZn-based catalysts.
Polyethylene glycol (PEG) as a surfactant is utilized in the
precipitation process, to enhance porosity and increase
surface functional groups for the CuZn-based catalysts.?3:24
Supercritical CO, drying is employed in the drying process to
improve the number of active sites for them.?>2¢ We also
synthesize the CuZn-based catalysts using traditional
precipitation process, drying technique, or impregnation
method, to compare the catalysts from the two improvement
strategies. The physical and chemical properties of these CuZn-
based catalysts are systematically investigated by multiple
characterization techniques. Further, we evaluate these CuZn-
based catalysts in alcohol-assisted LT-MS, and the catalysts
optimized by the two improvement strategies exhibit superior
performance at a low temperature of 170 °C.

2. Experimental
2.1 Catalyst preparation

The CuZn-based catalysts were synthesized via a homogeneous
urea co-precipitation method. Typically, Cu(NO3z),-3H,0 (0.025
mol/L), Zn(NOs),-6H,0 (0.025 mol/L) and deionized water
(1480 mL) were added into a beaker, to prepare an aqueous
solution. PEG (0.05 mol/L) and urea (0.5 mol/L) were then
introduced into the aqueous solution. The mixed solution was
stirred and heated on 95 °C for 2 h, to obtain the precipitated
precursor. After aging for 24 h at room temperature, the
precursor was filtered and washed with deionized water. The
solid product was then dried by supercritical phase of CO, at a
temperature of 35 °C with pressure of 7.5 MPa for 6 h. After
the supercritical CO, drying, the obtained sample was calcined
in air at 350 °C for 1 h, and the resulting catalyst was denoted
as CuZn-SC-P3. By using the PEG concentration of 0.08 and
0.13 mol/L, CuZn-SC-P5 and CuZn-SC-P8 were fabricated,
respectively, while the other treatment processes were the
same as CuZn-SC-P3. CuZn-SC-PO was also prepared by the
same processes, but without the PEG treatment. The series of
CuZn-SC-PO, CuZn-SC-P3, CuZn-SC-P5 and CuZn-SC-P8 catalysts
were denoted as CuZn-SC-Px (x = 0, 3, 5, 8), as shown in
Scheme S1.

To synthesize traditional CuZn-based catalysts for
comparison, we also employed conventional drying method to
substitute the supercritical drying process. The solid products
were dried in air at 120 °C for 12 h, after they was filtered and
washed with deionized water. The other treatment processes
remained unchanged. Using the traditional drying method,
CuZn-P0O, CuZn-P5 and CuZn-P8 were obtained by tuning the
PEG concentration of 0, 0.08 and 0.13 mol/L, respectively. The
series of CuZn-PO, CuZn-P5 and CuZn-P8 catalysts were
denoted as CuZn-Px (x = 0, 5, 8). In addition, traditional
impregnation method were utilized to synthesize two samples
of CuzZn-I-SC and CuZn-I. In brief, Cu(NO3z),-3H,0 (8.2 g), ZnO
powder (5.0 g) and deionized water (5.0 mL) were added into a
beaker. The mixture was stirred for 1 h. The deionized water
was then removed at 60 °C. The CuZn-I-SC sample was dried by
the supercritical phase of CO,. The CuZn-l sample was dried in

2| J. Name., 2012, 00, 1-3

air at 120 °C for 12 h. After the drying process, the two
samples were calcined in air at 350 °C for 1 h. To further
compare the influence of urea precipitant, the traditional co-
precipitation method, using Na,CO; as precipitant, was also
employed to synthesize CuZn-Na catalysts. The molar ratio of
Cu/Zn was the same as the other CuZn-Based catalysts. In the
preparation, the nitrates of Cu and Zn, were firstly dissolved in
deionized water. The aqueous solution of Na,CO; (0.05 mol/L)
was added dropwise to the nitrate solution, under constant
stirring at 75 °C for 1 h. Then, the pH value was kept at 8.0,
and the precipitates were aged for 24 h at room temperature.
The final samples were obtained by filtration, washing with
deionized water, drying at 120 °C, and calcination in air at 350
°Cfor 1 h.

Before alcohol-assisted LT-MS, all the samples were
reduced by a gas mixture of H,/Ar (5 vol.% H,) at 220 °C for 10
h with a flow rate of 60 mL/min. The apparatus with a quartz
reactor (inner diameter = 15 mm) for the reduced process was
shown in Scheme S2. After the reduction, the samples were
cooled to room temperature, and then passivated in O,/N, (1
vol.% O,) atmosphere for 4 h with a flow rate of 30 mL/min.

2.2 Catalyst characterization

The scanning electron microscope (SEM, JEOL JSM-6360LV)
was used to analyze surface morphology of the CuZn-based
catalysts. The transmission electron microscope (TEM, JEOL
JEM-3200Fs) was employed to observe the high-magnification
morphology at an acceleration voltage of 200 kV. The X-ray
diffraction (XRD) analyses were performed by an X-ray
diffractometer (RINT 2400; Rigaku) with Cu Ka radiation (40 kV
and 20 mA). The mean size of Cu and ZnO was calculated by
the Scherrer equation at 26 = 43.3° and 36.1°, respectively.
The elemental composition of the CuZn-based catalysts was
determined by X-ray fluorescence (XRF) analysis. The X-ray
photoelectron spectroscopy (XPS) analyses were conducted by
a Thermo Fisher Scientific ESCALAB 250Xi instrument with an
Al Ka X-ray radiation source and a chamber for in situ H,
reduction pretreatment. The nitrogen physisorption was
measured by a NOVA2200e analyzer. Before the physisorption
analysis, the sample was degassed at 200 °C for 3 h. The
specific surface area and average pore size were calculated
based on the method of Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH).

The H, temperature programmed reduction (H,-TPR) was
carried out using a BELCAT-B-TT analyzer (BEL Japan Co. Ltd.)
with a thermal conductivity detector (TCD). The sample (50
mg) was pretreated at 150 °C by a helium gas (30 mL/min) for
1 h. After the pretreatment, the sample was cooled down to
50 °C. Then, a gas mixture of H,/Ar (5 vol% H,; 30 mL/min) was
introduced into the test system. The H,-TPR profiles were
recorded from 50 °C to 900°C with a rate of 10 °C/min. The
specific Cu® surface area and Cu dispersion were determined
by N,O adsorption method. The N,O adsorption analysis was
also conducted on the BELCAT-B-TT analyzer (BEL Japan Co.
Ltd.). The sample (50 mg) was also pretreated in a helium gas
(30 mL/min) at 150 °C for 1 h, and then reduced by a H,/Ar gas

This journal is © The Royal Society of Chemistry 20xx
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(5 vol.% Hy; 30 mL/min) at 220 °C for 2 h. After the sample was
cooled down to 60 °C, pulses of N,O/He gas (10 vol.% N,0) was
introduced into the system, and the total consumption of N,0O
was recorded. The CO temperature programmed desorption
(CO-TPD) was studied using the same BELCAT-B-TT analyzer.
The helium pretreatment and H, reduction were also the same
as those of the N,O adsorption analysis. After the temperature
was lowered to 50 °C, a gas mixture of CO/Ar (5 vol.% CO; 30
mL/min) was introduced into the system. Then the sample was
purged by the helium gas (30 mL/min), and the CO-TPD profile
was recorded from 50 °C to 900°C with a rate of 10 °C/min.

The in-situ diffuse reflectance infrared Fourier transform
spectroscopy (in-situ DRIFT) was carried out on a Thermo
Nicolet (NEXUS-470) FTIR spectrometer, equipped with a high-
temperature and high-pressure chamber, and a MCT detector.
Typically, the sample (10 mg) was loaded into the sample cell,
and pretreated by a helium gas (20 mL/min) at 150 °C. The
pretreated sample was further reduced using a H,/Ar gas (5
vol.% H,; 20 mL/min) at 240 °C for 4 h. After the reduction, the
sample was purged by the helium gas, and the background
spectra were collected at the different temperatures. Then, CO
gas or syngas was introduced into the sample cell, and the in-
situ DRIFT was recorded at 4 cm™ resolution with 32 scans.

2.3 Catalyst evaluation

The catalytic tests were performed by a flow-type semi-batch
autoclave reactor (inner volume = 85 ml). The sample (3.0 g)
and 2-butanol (40 ml) were added into the reactor
simultaneously. The 2-butanol was used as solvent, and also
acted as catalytic promoter in the system. Then, syngas
(H,/CO/CO,/Ar = 62.6/29.5/4.9/3.0) with a flow rate of 20
mL/min was introduced into the reactor. After purging the
system for 20 min with syngas, the reaction was then carried
out at a temperature of 170 °C and pressure of 5.0 MPa for 20
h with continuously stirring. The effluent gas was determined
by an online gas chromatograph (Shimadzu, GC-8A) with a
thermal conductivity detector (TCD). The liquid products both
in the reactor and ice trap were analyzed by an off-line GC
(Shimadzu, GC-14B) with a flame ionization detector (FID). The
conversions of CO, CO, and total carbon, and the product
selectivity were calculated as follows:

(1) CO Conv. (%) = (Coin/Arin - Coout/Arout) / (Coin/Arin) x 100

CO Conv. — CO conversion; CO;, — peak area of CO in feed gas; Ar;, —
peak area of Ar in feed gas; CO,, — peak area of CO in effluent gas;
Ar,.. — peak area of Ar in effluent gas.

(2) CO;, Conv. (%) = (COy,in/Arin -
100

COZ,out/Arcut) / (COZ,in/Arin) X

CO, Conv. — CO, conversion; CO,,, — peak area of CO, in feed gas; Ar;,
— peak area of Ar in feed gas; CO, o, — peak area of CO, in effluent gas;
Ar,..— peak area of Ar in effluent gas.

This journal is © The Royal Society of Chemistry 20xx
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(3) Total Carbon Conv. (%) = CO Conv. x a/(a + b) + CO, Conv. x
b/(a +b)

a — CO content in the feed gas; b — CO, content in the feed gas.

(4) Si (%) = Afi / Z Afi x 100

S; — selectivity of product i; A; — peak area for product i; f; — correction
factor from quantitative product i.

(5) TOF (h-l) = (Xtotal X ntotal) / (Wcat. x fou x dey / Mcu)

TOF — turnover frequency; Xt — total carbon conversion (%); Niotal —
total carbon number of feed gas per hour (mol/h); W, — catalyst
weight (g); f. — weight fraction of Cu in the catalyst (%); do, —
dispersion degree of Cu in the catalyst based on N,0O chemisorption

(%); M., — molar mass of Cu (63.5 g/mol).

(6) STY (g kg™ h) = (Xco X Nco X Smeon X Mmeon / Weat) + (Xcoz %

Nco2 X Smeon X Mmeon / Weat)

STY — space-time yield (g kg h'l); Xco — CO conversion; ne, — CO
number of feed gas per hour (mol/h); Syeon — selectivity of methanol;
Mumeon — molar mass of methanol (32.0 g/mol); W, — catalyst weight
(kg); Xco2 — CO, conversion; neo; — CO, number of feed gas per hour
(mol/h).

3. Results and discussion
3.1 CuzZn-SC-Px for alcohol-assisted LT-MS

To observe the surface morphology of CuZn-SC-Px catalysts
after the calcination, we employed scanning electron
microscope (SEM). The results were shown in Fig. 1. The CuZn-
SC-PO, synthesized from supercritical CO, drying without PEG
treatment, formed highly disordered sheet structure (Fig. 1a).
The CuZn-SC-P3 and CuZn-SC-P5 displayed more uniform

Fig. 1 SEM analyses for the CuzZn-SC-Px catalysts after the calcination.
(a) Cuzn-SC-PO, (b) CuzZn-SC-P3, (c) CuzZn-SC-P5 and (d) CuzZn-SC-P8.

J. Name., 2013, 00, 1-3 | 3
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0 50nm CuzZno’

50 nm Cu :':50 nm Zn 150 nm

Fig. 2 TEM analyses for the CuZn-SC-P5 catalyst after the calcination.
(a) TEM image of the calcined CuzZn-SC-P5, (b) high-magnification TEM
image of the calcined CuzZn-SC-P5; Elemental mapping of the calcined
CuZn-SC-P5: (c) Cu, (d) Zn, (e) O (f) Merged.

sheets than the CuzZn-SC-PO (Fig. 1b, c). Moreover, the sheet
thicknesses of CuZn-SC-P5 were broader than those of the
CuZn-SC-P3. We further counted the thickness of 120 sheets
on the CuZn-SC-P5. The average sheet thickness was about 78
nm (Fig. S1). The CuZn-SC-P8 also displayed a sheet structure
(Fig. 1d). But the sheet surface of CuZn-SC-P8 generated a
large number of bulges, probably due to excessive
agglomeration of CuO or ZnO. Compared to the CuZn-SC-P8,
the CuZn-SC-P5 possessed a more uniform and smooth sheet
surface.

We utilized transmission electron microscopy (TEM) to
further observe the sheet structure on the calcined CuzZn-SC-
P5 (Fig. 2). The TEM results clearly uncovered that a large
number of mesopores were formed in the sheet (Fig. 2a), and
average size of the metal oxide nanoparticles was about 10 nm
(Fig. S2). Moreover, the high-magnification TEM image
demonstrated that the nanoparticles of CuO and ZnO were
linked to each other (Fig. 2b), and abundant Cu-Zn interfaces
were generated in the sheet. The interplanar spacing of 0.23
and 0.28 nm should be attributed to the planes of CuO (111)
and ZnO (100), respectively (Fig. 2b).27-3° We also applied
energy -diffusive X-ray spectroscopy (EDS) to analyze the sheet
(Fig. 2c-f). The results revealed that the elements of Cu, Zn,
and O were uniform in the whole sheet structure.

The element contents of Cu, Zn and O for all the calcined
CuZn-SC-Px catalysts were analyzed by X-ray fluorescence
(XRF). As shown in Table 1, the results uncovered that they
were almost the same for each CuZn-SC-Px catalyst. To further
explore the physical properties, we employed N, adsorption-
desorption to analyze the calcined CuZn-SC-Px catalysts.
Brunauer-Emmett-Teller (BET) area and average pore size
were also presented in Table 1. The CuZn-SC-Px catalysts
possessed the BET area from 70.7 to 88.5 m?/g, and average
pore size from 7.5 to 9.2 nm. The N, adsorption-desorption
isotherms of CuZn-SC-Px displayed that the CuZn-SC-P3, CuZn-

4| J. Name., 2012, 00, 1-3
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SC-P5 and CuZn-SC-P8 generated higher BET surface area and
volume of adsorbed/desorbed N, than the CuzZn-SC-PO (Table 1
and Fig. 3). It suggests that the PEG treatment improved the
porous structures on the CuZn-SC-Px. The pore size
distribution of the CuZn-SC-Px exhibited that the CuzZn-SC-P3
and CuZn-SC-P5 produced larger mesopore size than the CuZn-
SC-PO and CuZn-SC-P8 (Table 1 and Fig. S3). This further
indicates that the PEG treatment was beneficial to stabilize the
mesoporous structures. But the mesopore size was decreased,
when the PEG dosage was too high in the treatment. As a
result, the CuZn-SC-P5 obtained a high porosity after the two
improvement strategies with the PEG dosage of 5 wt%.

The surface chemical states of CuZn-SC-Px catalysts after
the calcination at 350 °C were analyzed using X-ray
photoelectron spectroscopy (XPS). The Cu 2p region of CuZn-
SC-Px catalysts was indicated in Fig. 4a. The similar Cu 2p peaks
imply the same chemical states of Cu species on the CuzZn-SC-
Px. The Cu 2p 3/2 peaks at 933.4 eV, with the satellite
characteristic peaks at around 942.0 eV, clearly demonstrated
that the Cu species were divalent cations.3132 In Fig. 4b, the Zn
2p region of Zn-SC-Px was exhibited. The Zn 2p 3/2 peaks at
1021.8 eV was due to ZnO phase, and the shoulder peaks at
1023.7 eV should be attributed to Zn(OH), species.333* The
shoulder peaks of CuZn-SC-P3 and CuZn-SC-P5 were higher
than the CuZn-SC-P0O and CuZn-SC-P8, suggesting that the PEG
treatment with moderate dosages can result in high
distribution of Zn(OH), species. The O 1s region of CuZn-SC-Px
was shown in Fig. 4c. The O 1s peaks at 529.4 and 531.4 eV
were mainly due to lattice oxygen and surface chemisorbed
oxygen, respectively.3>3¢ The increase of the O 1s peaks at
531.4 eV revealed that the high PEG dosage enhanced the
content of surface chemisorbed oxygen.

H, temperature programmed reduction (H,-TPR) analyses
of the calcined CuZn-SC-Px catalysts were recorded in Fig. 5.
They mainly exhibited two peaks for the H,-TPR profiles. To
our knowledge, the peak at low temperature should be
ascribed to reduction of highly dispersed Cu species, and the
peak at high temperature should be attributed to reduction of

This journal is © The Royal Society of Chemistry 20xx
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Table 1 Physicochemical properties for the CuzZn-based catalysts

sample Weight (wt%)? Particle size (nm)® BET area Cul area Cu dispersion Pore size
Ccu 7n o cu 7n0 (m?*/g)° (m?/g)* (%) (nm)*
CuZn-SC-PO 37.4 38.6 24.0 8.7 8.7 70.7 22.6 11.7 7.5
CuZn-SC-P3 38.6 38.5 22.9 8.8 9.5 83.7 27.3 12.4 9.0
CuZn-SC-P5 38.6 39.1 22.3 9.6 9.1 88.5 29.8 12.9 9.2
CuZn-SC-P8 37.6 38.7 23.7 9.5 9.9 82.6 25.2 11.8 8.2
CuZn-PO 38.2 35.4 26.4 8.5 8.3 66.5 21.8 11.2 7.7
CuZn-P5 39.0 379 23.1 8.9 9.3 82.1 26.2 11.9 8.3
CuZn-P8 38.2 37.7 24.1 13.4 9.6 81.0 24.4 11.3 8.1

(a) Measured by the XRF over the calcined samples. (b) Calculated by the XRD from the reduced samples. The particle sizes of Cu and ZnO were
calculated based on the Scherrer equation at 26 = 43.3° and 36.1°, respectively. (c) Calculated based on the method of BET about the calcined
samples. (d) Determined by N,O chemisorption on the reduced samples. (e) Analysed by N,O chemisorption from the reduced samples. (f)
Evaluated by the BJH method on the calcined samples.

(a) (b) (c)

Cu2p Zn 2p O1s
Zn 2p 312
Cu 2p 372 ;
P . ; = = 529.4
3 w 3 CuZn-SC-P8 3 5314
& i & L
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I i I i I ' 1 I M 1 i I i I i LI LI I ol "
960 950 940 930 1050 1040 1030 1020 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) (e) (f
Cu2p Zn 2p O1s
—— CuZn-SC-P5-Calcined CuZn-SC-P5-Calcined CuZn-SC-P5-Calcined
—— CuZn-SC-P5-Reduced CuZn-SC-P5-Reduced —— CuZn-SC-P5-Reduced
— Cu2p3/2 -~ Zn 2p 312 —_ 6204
= = 3 X
,E"i ,_‘E : E \CE-, 531.4
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960 950 940 930 1050 1040 1030 1020 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 4 XPS spectra for the CuzZn-SC-Px samples. (a) Cu 2p region for the calcined CuZn-SC-Px, (b) Zn 2p region for the calcined CuzZn-SC-Px, (c) O 1s
region for the calcined CuzZn-SC-Px, (d) Cu 2p region for the CuZn-SC-P5-Calcined and CuZn-SC-P5-Reduced, (e) Zn 2p region for the CuzZn-SC-P5-
Calcined and CuZn-SC-P5-Reduced, (f) O 1s region for the CuzZn-SC-P5-Calcined and CuZn-SC-P5-Reduced.
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Fig. 5 H,-TPR profiles for the calcined CuzZn-SC-Px catalysts.

bulky CuO particles.3’3° As shown in Fig. S4, we also proved
this viewpoint via our H,-TPR analyses of CuZn-based catalysts
with different Cu contents. Based on the peak area of Fig. 5,
the reduction degrees could reach 70-75 % for these CuZn-SC-
Px catalysts, when the reduction temperature was at 220 °C
(Table S1). In addition, the CuZn-SC-P3 CuZn-SC-P5 and CuZn-
SC-P8 displayed higher reduction degrees than the CuZn-SC-
PO. This observation demonstrated that the PEG treatment
enhanced reduction of the Cu species on the CuZn-SC-Px
catalysts.

X-ray diffraction (XRD) patterns of the reduced CuZn-SC-Px
were shown in Fig. 6. The three main peaks at 31.7°, 34.4° and
36.1° should be assigned to the planes of (100), (002) and
(101) of ZnO phase, respectively.**1 Another main peak at
43.3° should be due to the (111) plane of Cu phase.*?>*3 We did
not observe significant differences for each CuZn-SC-Px from
the XRD analyses. The particle sizes of Cu and ZnO were
calculated by the Scherrer equation at 20 = 43.3° and 36.1°.
The calculation results, as indicated in Table 1, revealed that
the particle sizes of Cu or ZnO were very close on the CuZn-SC-
Px, although they were prepared by different PEG contents in
the co-precipitation process. In contrast, our N,O
chemisorption analysis showed significant differences on Cu®
surface area of the reduced CuZn-SC-Px (Table 1). The CuZn-
SC-P3, CuZn-SC-P5 and CuZn-SC-P8 generated higher Cu°
surface areas than the CuZn-SC-PO. Moreover, among them
the CuZn-SC-P5 possessed the highest Cu® surface area. It
indicates that the PEG treatment is also beneficial to improve
the Cu®surface area.

To explore the behavior of CO adsorption and activation for
the reduced CuZn-SC-Px catalysts, CO temperature-
programmed desorption (CO-TPD) analysis was performed,
and the corresponding profiles were displayed in Fig. 7. They
mainly exhibited three peaks for CO desorption. One peak
below about 250 °C was ascribed to physisorption on the
surface of the catalyst.** The other two peaks at about 350 and
400 °C were attributed to the desorption of moderately and
strongly adsorbed CO, respectively.*> The desorption
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Fig. 6 XRD patterns of the reduced CuZn-SC-Px catalysts.

temperatures kept almost constant over the reduced CuzZn-SC-
Px catalysts, suggesting that the strength of interaction
between CO and the Cu surfaces was almost same.*> However,
the amount of desorbed CO were different among all the
samples. As presented in Table S2, the amount of desorbed CO
first increased with increasing PEG dosage, and reached a
maximum of 0.182 mmol/g over the CuZn-SC-P5. Then it
declined with further increasing PEG dosage on the CuZn-SC-
P8. This trend was in agreement with that of Cu® surface area,
indicating that the higher Cu® surface area was favorable for
adsorbing more CO molecules.

We further used in-situ XPS analysis to characterize the
CuZn-SC-P5 sample. The CuZn-SC-P5, after in-situ reduction in
the XPS instrument, was analyzed and recorded in Fig. 4d-f
(denoted as CuZn-SC-P5-Reduced). It generated lower binding
energy of the Cu 2p region than the calcined CuzZn-SC-P5
(Cuzn-SC-P5-Calcined). The Cu 2p 3/2 peak at 932.3 eV, with
the absence of satellite characteristic peaks at around 942 eV
(Fig. 4d), implies that the copper species in the CuZn-SC-P5-

e CuZn-SC-P8
3
3,
oy Cuzn-SC-P5
.*é‘
c
2 CuZn-SC-P3
£
CuZn-SC-P0
T YT T YT T T °vT1°
100 200 300 400 500 600 700 800

Temperature (°C)

Fig. 7 CO-TPD profiles of the reduced CuzZn-SC-Px catalysts.
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Reduced exists as low oxidation state of Cu species (Cu® or
Cu*1).3%32 The Cu (LMM) Auger peaks at 918.6 eV suggests that
the Cu® was the main phase on surface of the CuzZn-SC-P5-
Reduced, as depicted in Fig. S5.4¢47 This is in good agreement
with the high reduction degree from H,-TPR results. The Zn 2p
region uncovered that ZnO was the main species both in the
CuZn-SC-P5-Reduced and CuZn-SC-P5-Calcined (Fig. 4e).33:34
But the CuZn-SC-P5-Reduced displayed a weak shoulder peak
for Zn(OH), species. This implies that the reduction treatment
can decrease the concentration of Zn(OH), species.
Additionally, the O 1s peaks of CuzZn-SC-P5-Reduced revealed a
lower intensity of the surface chemisorbed oxygen than that of
CuZn-SC-P5-Caicined (Fig. 4f).3>3% Therefore, we confirm that
the concentration of surface chemisorbed oxygen was lowered
via the reduction possess. The appropriate reduction
temperature should be used to protect surface functional
groups and inhibit excessive agglomeration of the Cu
nanoparticles.

The catalytic performance of alcohol-assisted LT-MS was
evaluated at 170 °C over the CuZn-SC-Px catalysts. Although
the product selectivity of CH30H, HCOOCHs3, or 2-butyl formate
was very similar on these CuZn-SC-Px catalysts, the
conversions of CO and total carbon were significantly different
from each other (Table 2). The CuzZn-SC-PO displayed CO
conversion of 49.7 % and total carbon conversion of 43.7 %.
Compared to the CuZn-SC-PO, the CuZn-SC-P3 and CuZn-SC-P5
produced higher conversions of CO and total carbon. It
suggests that the CuZn-SC-Px catalysts with the PEG treatment
enhanced the ability of CO conversion. The CuZn-SC-P8
revealed lower conversions of CO and total carbon than the
CuZn-SC-P3 and CuZn-SC-P5. This implies that the high dosage
of PEG treatment can lead to lowering the activity of alcohol-
assisted LT-MS. According to these catalytic results, the CuzZn-
SC-P5 generated the best performance than the other three
CuZn-SC-Px catalysts.

In addition, we also evaluated the stability of CuzZn-SC-P5
for alcohol-assisted LT-MS. As shown in Fig. 8, an upward trend
during the first 10 h was observed, likely because of the

Table 2 Catalytic performance of alcohol-assisted LT-MS over the
CuZn-SC-Px catalysts

Conversion (%) Selectivity (%)

Sample 7-Buty]
CO €O, TotalC CH;OH HCOOCH; uty

ormate
CuzZn-SC-PO 497 72 437 96.9 0.2 2.8
Cuzn-SC-P3 533 26 461 97.4 0.2 2.4
CuZn-SC-P5 55.8 113 495 97.4 0.2 2.4
CuzZn-SC-P8 508 -03 436 97.7 0.2 2.1

Reaction conditions: catalyst weight, 3.0 g; temperature, 170 °C;
pressure, 5.0 MPa; solvent, 2-butanol (40 mL); CO/CO,/H,/Ar =
29.5/4.9/62.6/3.0; flow rate, 20 mL/min; time on stream, 20 h.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Stability of the CuZn-SC-P5 catalyst in alcohol-assisted LT-MS.
Reaction condition: catalyst weight, 3.0 g; temperature, 170 °C;
pressure, 5.0 MPa; solvent, 2-butanol (40 mL); CO/CO,/H,/Ar =
29.5/4.9/62.6/3.0; flow rate, 20 mL/min.

dilution influence from dead volume of the initial reactor
system. The negative conversion of CO, was generated in the
initial period, due to extremely low CO, concentration in the
feed gas and CO, formation via water-gas shift reaction. After
the test of 50 h, the conversions of CO and total carbon were
stabilized at 52.7 and 49.3 %, respectively. These results
demonstrated that the CuZn-SC-P5 stably promoted the
alcohol-assisted LT-MS reaction at 170 °C.

To further compare the catalytic activity,
frequency (TOF) of the total carbon was calculated based on

turnover

the Cu dispersion, and compared in Table S3. The TOF value
increased from 3.29 to 3.31 h! on the CuZn-SC-Px, and
reached a maximum value of 3.40 h! over the CuzZn-SC-P5. But
the value lowered to 3.27 h'! on the CuzZn-SC-P8 with further
increasing the PEG amount. The space-time vyield (STY) of
methanol for the CuZn-SC-Px was also showed in Table S3.
They displayed the same trend as the TOF on the CuZn-SC-Px.
The CuZn-SC-P5 generated the maximum methanol STY of 94.7
g kg* h'l. To unveil relationship between the copper surface
area and the activity of methanol synthesis, we further
employed the methanol STY as a function of the exposed Cu®
surface area of the CuZn-SC-Px (Fig. S6). The results clearly
demonstrated that the methanol STY exhibited a good linear
relationship with the Cu® surface area.

In combination of the characterization results, the CuZn-SC-
Px catalysts displayed similar elemental composition and
particle size of the copper and zinc. But the XPS results
demonstrated that the CuZn-SC-P5 possessed abundant
surface Zn-OH hydroxyl groups, which are beneficial to
promote the stability of Cu nanoparticles. The N, adsorption-
desorption and N,O chemisorption analyses further proved
that the CuZn-SC-P5 formed higher porosity and larger Cu°
surface area than the others. The CO-TPD profile also
demonstrated that the CuZn-SC-P5 possessed an excellent
behavior of CO adsorption. Therefore, although the CuzZn-SC-
P3, CuZn-SC-P5 and CuZn-SC-P8 produced similar Cu content
and BET surface area, the CuZn-SC-P5 still exhibited the best
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conversions of CO and total carbon among the CuZn-SC-Px
catalysts.

3.2 CuzZn-Px for alcohol-assisted LT-MS

We utilized traditional drying method to synthesize the CuZn-
Px catalysts. The SEM results exhibited that the calcined CuZn-
Px also possessed the sheet structures (Fig. 9). The XRF results
demonstrated that they have similar elemental composition
(Table 1). In addition, the N, adsorption-desorption analyses
demonstrated that the CuZn-P5 and CuZn-P8 formed higher
BET area than the CuzZn-P0O. However, compared to the CuZn-
SC-P5 from the supercritical CO, drying, the CuZn-P5 showed
lower BET area and volume of adsorbed/desorbed N, (Table 1
and Fig. S7). These phenomena also indicate that the PEG
treatment improved the BET area. Moreover, the supercritical
CO, drying process further promoted the BET area and the
porosity.

We further analyzed the chemical states of the calcined
CuZn-Px catalysts by XPS (Fig. S8). The Cu 2p region was
showed in Fig. S8a. The CuZn-Px catalysts still displayed the

same chemical states of the Cu species. The Zn 2p region in Fig.

S8b unveiled that the shoulder peaks at 1023.7 eV disappeared
on the CuZn-P8. This is consistent with the Zn 2p analyses from
the CuZn-SC-Px catalysts. It further implies that the treatment
with high PEG dosage inhibited the formation of Zn(OH),
species. Although the O 1s peaks revealed that the high dosage
of PEG treatment increased the concentration of surface
chemisorbed oxygen (Fig. S8c), the CuZn-P8 still displayed
larger Cu particle size than the other CuZn-Px after H,
reduction (Table 1). This indicates that the surface
chemisorbed oxygen did not stabilize the Cu particles. By
contrast, the surface Zn-OH hydroxyl groups may play a key
role on the stability of the Cu particles.

We also employed the H,-TPR to analyze the calcined CuZn-
Px catalysts, as indicated in Fig. S9. The analysis results

Fig. 9 SEM analyses for the calcined CuZn-Px samples. (a) CuZn-PO, (b)
CuZn-P5, and (c) CuZn-P8.
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Table 3 Catalytic performance of alcohol-assisted LT-MS over the
CuZn-Px catalysts

Conversion (%) Selectivity (%)

Sample 2Butyl
co CO, TotalC CH3;0H HCOOCH; formate
CuZn-PO 47.6 58 417 97.1 0.3 2.6
CuZn-P5 514 81 453 97.8 0.2 2.0
CuZn-P8 445 0.7 383 96.9 0.3 2.9

Reaction conditions: catalyst weight, 3.0 g; temperature, 170 °C;
pressure, 5.0 MPa; solvent, 2-butanol (40 mL); CO/CO./H,/Ar =
29.5/4.9/62.6/3.0; flow rate, 20 mL/min; time on stream, 20 h.

revealed that the reduction degrees were about 58-62 % on
the CuZn-Px samples, when the reduction temperature was at
220 °C (Table S1). They were lower than the reduction degrees
of 70-75 % on the CuZn-SC-Px catalysts. In addition, we also
utilized XRD and N,O chemisorption to characterize the
reduced CuZn-Px catalysts (Table 1 and Fig. S10). The XRD
results exhibited that the Cu or ZnO particle sizes of CuZn-PO
and CuZn-P5 were similar with those of the CuZn-SC-Px
catalysts. But the CuZn-P8 generated a severe agglomeration
for Cu metal, and it formed a larger Cu particle size than the
CuZn-SC-P8. The N,0 chemisorption analyses demonstrated
that the CuZn-P5 exhibited the best Cu® surface area among
the CuZn-Px samples. However, it was still lower than that of
the CuZn-SC-P5. These observations clearly showed that the
two strategies, PEG treatment and supercritical CO, drying,
can effectively optimize reduction degree, Cu particle size and
Cu®surface area in the preparation processes.

We further tested the catalytic performance of alcohol-
assisted LT-MS over the CuZn-Px catalysts. As in Table 3, the
CuZn-Px catalysts also displayed similar products selectivities.
The methanol selectivity reached about 97 %, and the
conversions of CO and total carbon were also different. The
CuZn-PO exhibited the CO conversion of 47.6 % and total
carbon conversion of 41.7 %. The CuZn-P8 realized the CO
conversion of 44.5 % and total carbon conversion of 38.3 %.
Compared to the CuZn-P0 and CuZn-P8, the CuZn-P5 exhibited
higher conversions of CO and total carbon. It demonstrated
that the appropriate PEG treatment promoted the activity, but
the high dosage of PEG treatment decreased the conversions.
The XRD and N,O chemisorption analyses have proved that the
high dosage of PEG contents led to large Cu particle size and
low Cu® surface area (Table 1). Thus, the CuZn-P5 possessed a
better performance than the CuzZn-P8.

3.3 Different types of CuZn-based catalysts for alcohol-
assisted LT-MS

We applied traditional impregnation method to prepare the
CuZn-I catalyst, and further coupled this method with the
supercritical CO, drying to synthesize the CuZn-I-SC catalyst.
The performance of alcohol-assisted LT-MS, over the CuZn-I

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 CO conversion and total carbon conversion over the CuZn-
based catalysts from different preparation methods. Reaction
conditions: catalyst weight, 3.0 g; temperature, 170 °C; pressure, 5.0
MPa; solvent, 2-butanol (40 mL); CO/CO,/H,/Ar = 29.5/4.9/62.6/3.0;
flow rate, 20 mL/min; time on stream, 20 h.

and CuZn-I-SC, was exhibited in Fig. 10 and Table S4. The CuZn-
| and CuZn-I-SC revealed that conversions of CO and total
carbon were about 3-5 %. Although the Cu contents of 35 wt%
were the same on the two catalysts, they displayed much
lower conversions than the CuZn-Px and the CuZn-SC-Px
catalysts. This observation allows us to consider that the
impregnation method did not efficiently activate the
molecules of CO and H, at such low temperature of 170 °C.

In-situ DRIFT spectra of CO adsorption for the CuZn-I-SC
and CuZn-SC-P5 were shown in Fig. S11. Before the CO
adsorption, the two samples were pretreated by in-situ
reduction of H,. Then, the CO adsorption was conducted at
room temperature. The results exhibited that the CuzZn-SC-P5
generated a very strong CO adsorption. The adsorption peaks
at 2103, 2130 and 2168 cm™ should be ascribed to the CO
adsorbed on Cu® and Cu*! and Cu*?, repsctively.*®4° However,
the CuZn-I-SC only formed a weak CO adsorption. This further
demonstrated that it is difficult to activate the CO molecules
on the CuZn-I-SC. In contrast, the CuZn-SC-P5 revealed high
intensity for CO adsorption peaks, indicating that it possessed
a strong interaction between the CO molecules and Cu surface,
and high probability for the CO activation.

In the processes of impregnation method, we employed
ZnO powder as the catalyst support. After the impregnation,
the Cu particles should be distributed on outer surface of the
ZnO powder (Fig. 11a). This resulted in severe agglomeration
of Cu to generate large particle size and low probability of the
CO activation (Fig. S11 and S12). Moreover, the number of Cu-
Zn interface was significantly decreased. It can further
accelerate agglomeration and sintering of the Cu species and
lower the activity. Consequently, the CuZn-I and CuZn-1-SC
displayed low conversion for the alcohol-assisted LT-MS. In
contrast, we employed urea co-precipitation method to
prepare the CuZn-Px and the CuZn-SC-Px catalysts. The urea
was slowly decomposed to produce a uniform basic
environment. It can effectively inhibit the severe

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 Schematic illustrations for the CuZn-based catalysts from
different preparation methods. (a) Traditional impregnation method
and (b) urea co-precipitation method.

agglomeration of Cu, and the uniform and small precipitates
can produce a large number of Cu-Zn interface (Fig. 11b).
These phenomena have been demonstrated by our
characterization analyses of XRD and TEM (Fig. 2, 6 and Table
1). Therefore, the CuZn-Px and CuZn-SC-Px exhibited
remarkable improvement on the activity of alcohol-assisted LT-
MS.

Compared to the CuZn-l, CuZn-PO and CuZn-P5 catalysts,
the CuZn-I-SC, CuZn-SC-P0O, and CuZn-SC-P5 catalysts, prepared
from the supercritical CO, drying, showed the enhanced
performance. The H,-TPR analyses clearly uncovered that the
CuZn-SC-Px possessed higher reduction degrees than the
CuZn-Px (Table S1). According to this analysis, the optimized
performance of the CuZn-I-SC, CuZn-SC-PO, and CuZn-SC-P5
should be due to the high reduction degrees, caused by the
supercritical CO, drying. In addition, the CuZn-P5 and CuZn-SC-
P5 displayed higher performance than the CuzZn-P0O and CuZn-
SC-PO. The XPS results have demonstrated that the
appropriate dosage of PEG treatment can promote the activity
of alcohol-assisted LT-MS. Therefore, we confirm that the PEG
treatment was beneficial to enhance the activity. As a result,
using the urea co-precipitation method being accompanied by
PEG treatment and supercritical CO, drying, we obtained the
excellent performance of alcohol-assisted LT-MS over the
CuZn-SC-P5.

To further compare the influence of urea co-precipitation
method, we employed traditional Na,COs; co-precipitation
method to prepare CuZn-Na catalyst. The catalytic
performance and BET area were showed in Table S5. The
CuZn-Na displayed CO conversion of 41.4 % and BET area of
60.2 m?/g. In comparison to the CuZn-Na, the CuzZn-PO,
synthesized from urea co-precipitation, exhibited higher CO
conversion and BET area. Further, the CuzZn-SC-P5, synthesized
from urea co-precipitation with the PEG treatment and
supercritical CO, drying, displayed higher CO conversion and
BET area than the CuZn-PO. These results demonstrated that
the urea co-precipitation method improved the -catalytic
performance and BET area for the CuZn-based -catalysts.
Moreover, the PEG treatment and supercritical CO, drying can
further optimize the CuZn-based catalysts, on the basis of the
urea co-precipitation method.
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Fig. 12 In-situ DRIFT spectra of alcohol-assisted LT-MS over the CuZn-
SC-P5. The CuZn-SC-P5 after in-situ reduction of H, was exposed to
syngas with a saturated 2-butanol vapor at 170 °C for 10 min, and then
purged in He. Reaction conditions: T = 170 °C, CO/H, = 2/1, gas flow
rate = 20 mL/min. P = 0.1 MPa. (a) The frequency range from 3100 to
2800 cm'®. (b) The frequency range from 1900 to 1300 cm™.

To illustrate the mechanism of alcohol-assisted LT-MS, the
in-situ DRIFT was further performed on the CuZn-SC-P5. The
DRIFT results were displayed in Fig. 12. In the range of
3100~2800 cm}, the IR band at 2972 and 2884 cm™ should be
ascribed to v(CH) of 2-butanol and methanol in the adsorption
species, respectively. The band at 2935 and 2853 cm™ was
attributed to v(CH) of 2-butanol and methanol species in the
gas phase, respectively (Fig. 12a).12°° Although the CuzZn-SC-P5
was purged in He after 30 min, it still displayed high peak
intensity for the 2-butanol adsorption. In the range of
1900~1300 cm™, we observed an obvious change that the
peak intensity increased with the He purge (Fig. 12b). The
band at 1664, 1590 and 1380 cm™ was due to the groups of
C=0, OCO and CHs, respectively.’>17 The band at 1500~1400
cm™ should be attributed to the C-O and C-C stretching
vibrations, and the band at 1601 cm™ was H,0 adsorbed on Cu
species.’? In particular, the band for HCOO-Zn and HCOO-Cu
adsorption species was observed at 1529 and 1351 cm?,
respectively.’217 This indicates that the formate was the
reaction intermediate. Additionally, we have detected 2-butyl
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formate in the reaction products. Therefore, we confirm that
the 2-butanol served not only as solvent, but also as catalytic
promoter in the system.

4. Conclusions

In conclusion, we have successfully employed PEG treatment
and supercritical CO, drying to improve traditional co-
precipitation method of CuZn-based catalysts for alcohol-
assisted low-temperature methanol synthesis (LT-MS). The
catalytic reaction results revealed that the CuZn-SC-P5 catalyst,
after both improvement strategies, exhibited excellent
performance. The conversions of CO and total carbon reached
55.8 and 49.5 %, respectively. Moreover, the CuZn-SC-P5
uncovered much higher conversions than the CuZn-based
catalysts prepared by traditional impregnation method, and a
better performance than the catalysts treated by sole PEG
treatment or sole supercritical CO, drying. Our
characterization analysis demonstrated that the moderate PEG
treatment increased BET area, surface functional groups and
Cusurface area for the CuZn-based catalysts. The supercritical
CO, drying further optimized these CuZn-based catalysts. This
work offers two premium strategies to improve the fabrication
processes of CuZn-based catalysts, and also facilitates new
catalyst designs in other reaction systems.
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