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ARTICLE INFO ABSTRACT

Keywords: Developing effective catalysts for CO, hydrogenation to methanol is an important step to improve the efficiency
€O, hydrogenation of a promising process for green synthesis of fuels and chemicals. Optimizing the Cu dispersion is often the main
I(\:/[ethanol goal in preparing Cu/ZnO-based catalysts due to the strong dependence of the catalytic activity on the Cu surface
Zic;pc per area. However, the catalytic properties are also related to the nature of the Cu-ZnO interface. Herein, a series of
Indium hydrotalcite-derived Cu/ZnO/Al;03 catalysts were prepared for CO2 hydrogenation to methanol. The prepara-
Hydrotalcite tion method results in partially embedded Cu particles within the Zn-Al oxide matrix. This microstructure ex-

hibits significantly enhanced intrinsic activity and methanol selectivity. Loss of the interfacial area between Cu
and Zn-Al mixed oxide phase due to sintering of Zn-Al matrix is identified as the main reason for deactivation of
the HT-derived catalysts. The influence of In on Cu/ZnO-based catalysts is also investigated. It is found that In
decreases the activity but increases the methanol selectivity and stabilizes the Cu particles and the Zn-Al mixed
oxide phase. The lower activity of the In-containing catalysts is linked to the inhibition of Cu active sites by

Cuylny species.

1. Introduction

The increasing atmospheric CO2 concentration has led to extensive
efforts to develop environmental-friendly solutions for high-emission
sectors. CO, hydrogenation to methanol is one of the most promising
methods for producing fuels and chemicals from renewable sources [1].
This is because methanol synthesis from syngas (CO, CO», Hy) is already
a well-established process. Furthermore, methanol is an important
feedstock for several processes in the chemical industry, such as
chloromethane, acetic acid, methyl tert-butyl ether (MTBE), alkyl ha-
lides, and formaldehyde [2-4]. As such, the infrastructure is already in
place to handle methanol or methanol-derived fuels as primary energy
carriers. One of the main issues is the current high price of hydrogen
produced from renewable sources [5]. However, the price of renewable
hydrogen is expected to decrease in the future, which can improve the
economic viability of the CO,-to-methanol process.

Methanol synthesis from CO5 (Eq. (1)) is exothermic and a volume-
reducing reaction. The main side reaction is the reverse water-gas
shift (RWGS) reaction (Eq. (2)), which converts CO, into CO and
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becomes more favorable at higher temperatures. Hence, low tempera-
ture (200-300 °C) and moderate pressure (50-100 bar) are typically
employed in CO3 hydrogenation to methanol [6,7].

CO; + 3H,2CH;0H +H,0 AH = -49.5 kJ/mol (D)

CO, + H,2CO +H,0O AH = 41.2 kJ/mol (2)

The Cu/ZnO/Aly03 system has been studied for decades. The in-
dustrial Cu/Zn0O/Al,0O3 catalyst consists of an intimate mixture of Cu
and metal oxide nanoparticles, typically obtained from co-precipitation
of metal nitrates and forming a Cu, Zn carbonate precursor [8]. This
synthesis route usually results in a high Cu surface area and highly active
catalysts. Besides the Cu dispersion, the activity of Cu/ZnO-based cat-
alysts has also been linked to synergetic effects between Cu and ZnO,
which is often referred to as the strong metal-support interaction (SMSI).
Several models of the Cu-ZnO synergy in Cu-based catalysts have been
proposed. Experimental and computational studies have identified Cu
lattice strain or defects as indicative of high performance, which might
also be influenced by the properties of the metal oxide phase [4,9,10].

Received 18 March 2021; Received in revised form 2 June 2021; Accepted 4 June 2021

Available online 12 June 2021

2212-9820/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:xzduan@ecust.edu.cn
mailto:Zhixin.yu@uis.no
www.sciencedirect.com/science/journal/22129820
https://www.elsevier.com/locate/jcou
https://doi.org/10.1016/j.jcou.2021.101609
https://doi.org/10.1016/j.jcou.2021.101609
https://doi.org/10.1016/j.jcou.2021.101609
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcou.2021.101609&domain=pdf
http://creativecommons.org/licenses/by/4.0/

K. Stangeland et al.

There is also compelling evidence that the SMSI between Cu and ZnO is
crucially involved in the active sites of methanol synthesis [4,11-14].
Studt et al. [12] showed that a relatively inactive Cu/MgO catalyst can
be converted into an efficient CO2-to-methanol catalyst by impregnating
ZnO onto Cu/MgO. The SMSI has been ascribed to the formation of CuZn
[4,15] or CuZnOy [16] surface alloy species. This is supported by a
correlation between the Zn coverage of Cu and the methanol synthesis
activity, which has been demonstrated for conventional catalysts [17]
and model structures [15,18]. Furthermore, oxygen vacancies in the
ZnO at the Cu-ZnO interface might assist in CO, activation and con-
version to methanol [19]. The optimization of Cu dispersion can be
regarded as highly advanced for this system. However, higher intrinsic
activity, i.e., normalized to the Cu surface area, has been reported for
partially embedded Cu nanoparticles into a mixed Zn-Al oxide matrix
[20,21]. Therefore, tuning the microstructural properties and the
Cu-metal oxide interface are key areas for enhancing the activity of
Cu/ZnO-based catalysts.

Recently, InyOs-based catalysts, typically promoted by metal oxides
(e.g., Zr [22], Y [23], La [23]) or Pd [24-26] have received significant
interest due to their high methanol selectivity and stability over a wide
range of reaction temperatures (200-320 °C). Only a limited number of
studies have investigated In incorporation into Cu-based catalysts
[27-34]. Matsumura et al. [27] found that the addition of In,O3 reduces
the activity but enhances the stability and suppresses the formation of
CO in high-temperature methanol steam reforming over Cu/ZnO-based
catalysts. Similar effects of InpO3 have also been reported in CO5 hy-
drogenation to methanol [30,34]. On the other hand, Shi et al. [32]
obtained active and selective Cu-In,Os catalysts prepared by
co-precipitation for CO2 hydrogenation to methanol. The most active
catalyst consisted of Cuglnj; alloy in intimate contact with an InyO3
phase. They proposed that a synergistic effect is present for Cuj;l-
ng-Inp03 catalyst in which Hj is dissociatively adsorbed on the Cujjlng
surface and COsy is activated at InpO3 oxygen vacancies. These species
subsequently migrate to the interfacial sites where CO; is hydrogenated
to methanol. Gao et al. [31] found that the activity and selectivity of
Cu-Iny03-ZrO; catalyst containing CuyIn alloy are higher than In,O3 and
Iny03-ZrO, catalysts. These contradictory findings highlight that
different Cu-In speciation and their effects on COy hydrogenation to
methanol are not fully understood. Furthermore, the cause of the highly
inhibiting effect of small amounts of In,O3 on the activity of Cu/ZnO
catalysts has not been identified.

Herein, we report a facile strategy for the synthesis of active Cu/ZnO-
based catalysts for CO5 hydrogenation to methanol. Partially embedding
Cu within a Zn-Al oxide matrix is obtained via a hydrotalcite (HT)-like
precursor and compared to a coprecipitated Cu/ZnO catalyst. We show
that enhancing the Cu-metal oxide interfacial contact can be utilized to
develop more active Cu/ZnO-based catalysts. Furthermore, the influ-
ence of In on Cu/ZnO-based catalysts is also elucidated, where the
incorporation of In can stabilize the Cu-metal oxide interface but re-
duces the catalyst activity. Anchoring In within the Zn-Al oxide phase
seems to be the key to avoid the negative effects of In on the activity. The
present findings provide a promising approach for optimizing the Cu-
metal oxide interaction, which can further enhance the catalytic per-
formance of Cu-based catalysts for CO, hydrogenation to methanol.

2. Experimental
2.1. Catalyst preparation

The HT-like catalyst precursors containing Cu, Zn, Al, and In were
prepared by co-precipitation at room temperature. For a typical syn-
thesis, a 200 mL aqueous solution of metal salts (Cu(NO3),-3H50, Zn
(NO3)5-6H20, AI(NO3)3-9H,0, and In(NO3)3-H50) with a metal con-
centration of 0.5 M was added dropwise into a 200 mL mixed solution of
NaOH (0.2 mol) and NayCO3 (0.025 mol) precipitant under vigorous
stirring. The pH of the precipitate solution after mixing was adjusted to
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9.0 £+ 0.2 if needed. The precursor solution was aged at 60 °C for 15 h
before the precipitate was filtered and washed with deionized water.
Finally, the product was dried overnight at 80 °C and then calcined in
flowing synthetic air at 500 °C for 4 h. The HT-derived catalysts with a
Cu:Zn ratio of 2 are denoted as 2CuZnAl-InY, where Y refers to the mol%
of In (Y = 0-5 mol%). Table 1 lists the nominal and the actual metal
content determined from ICP-AES of the 2CuZnAl-InY catalysts.

We also prepared a binary Cu-ZnO by co-precipitation following a
procedure described by Behrens and Schlogl [8]. In brief, an aqueous Cu
and Zn nitrate solution with metal concentration of 1 M (Cu:Zn = 5:1)
was co-precipitated at a constant pH of 6.5 using a 1.2 M sodium car-
bonate solution as precipitating agent. The co-precipitate was aged in
the mother liquor at 60 °C for 15 h. The precipitate was washed several
times with deionized water, dried, and then the precursors were calcined
in flowing air at 350 °C for 4 h. The ternary In/Cu-ZnO catalyst was
obtained by impregnating Cu/ZnO with In nitrate. The impregnated
catalyst was calcined again at 350 °C for 4 h. The composition of the
Cu-ZnO and In/Cu-ZnO catalysts is also given in Table 1.

2.2. Catalyst characterization

The specific surface area and pore size distribution of the catalysts
were determined from Ny adsorption-desorption at 77 K by the
Brunauer-Emmet-Teller (BET) and Barret-Joyner-Halenda (BJH)
methods, respectively. The measurements were conducted using a
Micromeritics TriStar II instrument. Degassing of the samples prior to
analysis was done at 120 °C for 14 h with a Micromeritics VacPrep 061
degas system.

Elemental analysis of the catalysts was performed by ICP-AES on an
Agilent 725-ES apparatus. Typically, 200 mg of sample was dissolved in
a HNO3:HCI mixture with a ratio of 1:3 at elevated temperature until
complete dissolution of the catalyst. The sample was further diluted and
filtered prior to elemental analysis.

The high-angle annular dark-field scanning transmission microscopy
(HAADF-STEM) images were collected on a Tecnai G2F20 S-Twin in-
strument operated at 200 kV. The reduced and passivated catalysts were
dispersed in ethanol by ultrasonication, then one drop of the solution
was deposited on a holey carbon-coated support grid.

X-ray diffraction (XRD) patterns were recorded on either a Rigaku D/
Max 2550 VB/PC or Bruker-AXS Microdiffractometer (D8 ADVANCE)
instrument using a Cu Ka radiation source (A = 1.5406, 40 kV, and 40
mA). The patterns were typically obtained at 26 between 10-90° with a
step interval of 2°/min. The peaks were indexed according to the Joint
Committee on Powder Diffraction Standards (JCPDS) database.

X-ray photoelectron spectroscopy (XPS) and Auger (XAES) spectra
were recorded on a ThermoFisher ESCALAB250Xi equipped with a
monochromatic Al K, source (1486.6 eV) operated at 15 kV. High-
resolution spectra were obtained at a pass energy of 30.0 eV, step size
of 0.05 eV, and dwell time of 500 ms per step. All spectra were refer-
enced to the C 1s peak (284.8 eV).

Temperature programmed reduction (Hy-TPR) profiles were recor-
ded using a Micromeritics Autochem II ASAP 2920 instrument. Prior to

Table 1
Nominal and actual catalyst compositions determined from ICP-AES of the
2CuZnAl-InY catalysts.

Catalysts Nominal metal content Metal content determined by ICP-AES
(mol%) (mol%)
Cu Zn Al In Cu Zn Al In
2CuZnAl-ln0 50 25 25 51.3 243 244 -

2CuZnAl-In2 50 25 23 509 241 229 21
2CuZnAl-In3 50 25 22 51.5 246 208 31
2CuZnAl-In5 50 25 20 51.7 239 193 51
Cu-ZnO 83 17 - - 83.2 16.8 -

In/Cu-ZnO 82 17 - 82.2 16.5 - 1.3
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the measurements, the samples were pretreated at 200 °C in He flow for
30 min. The profiles were recorded by passing a 7% Ha/Ar mixture at 50
mL/min over the sample while the temperature was ramped from
ambient to 500 °C at 10 °C/min.

The Cu surface area (SAc,) was determined by dissociative NyO
adsorption [35] using a Micromeritics Autochem 2920 instrument. The
sample was first pretreated in He at 120 °C for 1 h followed by reduction
in 7% Hy/Ar mixture (50 mL/min) for 2 h at 350 °C. Then, the catalyst
bed was purged with He until the temperature reached 50 °C. The
oxidation of surface Cu atoms to CuyO by NoO adsorptive decomposition
was carried out in a flow of 1% N,O/He at 50 °C for 1 h. After that, the
sample tube was purged with He for 1 h to remove the unreacted N;O.
Finally, the Hy consumption of surface CuyO was measured by a second
TPR experiment from 50 to 400 °C at a rate of 10 °C/min in a 7% Hy/Ar
mixture.

2.3. Catalytic activity tests

The catalysts were tested for CO5 hydrogenation to methanol in a
custom-built fixed-bed continuous-flow reactor. Typically, 0.2 g of
catalyst was mixed with SiC (2 g) and placed in a stainless tube reactor
with an internal diameter of 0.5 cm and a length of 50 cm. The catalysts
were reduced at 350 °C with a heating rate of 2 °C/min by 10% Hy/N»
(50 mL/min). Finally, the reactor was cooled to ambient temperature,
pressurized with the reactant gases (Hy/CO2/Ny = 3/1/1), and then
heated to the desired reaction temperature. The post-reactor lines and
valves were heated to 140 °C to avoid product condensation. An Agilent
7890 B gas chromatogram (GC) system fitted with two TCD detectors
was used for on-line analysis of the products. The CO2 conversion,
methanol selectivity, and space-time yield (STY) of methanol were
calculated by utilizing N5 as internal standard. The TOF was calculated
as the number of methanol molecules produced per surface Cu atom of
the reduced catalyst per second. A CO, conversion of approximately 5%
was used for the TOF measurements to exclude the effect of water
inhibition.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. Textural and structural properties of the 2CuZnAl-InY catalysts
The N5 adsorption-desorption isotherms of the calcined catalysts are
shown in Fig. S1. The BET surface area (SApgr), pore volume, and
average pore diameter of the calcined catalysts are summarized in
Table 2. It can be seen that the incorporation of In slightly increases the
BET surface area of the 2CuZnAl-InY catalysts, which is in the range of

Table 2
Summary of N,-physisorption, crystallite size, and average particle size of the
2CuZnAl-InY catalysts.

Catalyst SAggT Pore volume Average pore dcy dcy
(m%/g) (ecm®/g) diameter (nm) (nm)* (nm)®

2CuZnAl- 36 0.06 6.2 13.1 9.5
In0

2CuZnAl- 39 0.09 6.7 11.8 9.4
In2

2CuZnAl- 41 0.09 6.7 12.1 9.4
In3

2CuZnAl- 37 0.08 6.6 12.3 8.7
In5

Cu-ZnO 72 0.17 7.7 23.7 -

In/Cu- 46 0.11 7.6 20.1 -
ZnO

@ Calculated from the Cu(111) peak by the Scherrer equation.

b Determined by counting particles in HAADF-STEM images.
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36-41 m?/g. Furthermore, the pore volume is also higher for the In-
containing catalysts (0.08-0.09 cm®/g) compared to the 2CuZnAl-In0
catalyst (0.06 crn3/g).

The XRD patterns of the HT precursors are shown in Fig. 1a. The
patterns are typical for HT-like structures such as CusZngA-
15(OH);16CO3-H0 (PDF 38-0484) [21]. The peaks at 20 of 35.5° and
38.7° are attributed to CuO (PDF #48-1548). Crystalline CuO can be
formed by the oxolation reaction, which transforms Cu(OH), into CuO.
The oxolation reaction can occur at relatively low temperatures for Cu
(OH); at high pH and can also take place during the drying process [36].
At high In content, additional reflections corresponding to In(OH)3 (PDF
#76-1463) are present at ~22.3° and ~31.7° for the 2CuZnAl-In5
catalyst. The full width at half maximum (FWHM) of the 003 reflec-
tion at 20 of ~11.8° is related to lattice strain or crystal domain size in
the stacking direction. As shown in Fig. 1b, a volcano-type trend with
respect to In content can be observed. The volcano-trend in the FWHM of
the 003 reflection indicates that a small fraction of In is incorporated
into the HT-like structure [37-39]. The XRD pattern of the Cu-ZnO
precursor is shown in the Supporting Information (Fig. S2a) and is
typical of Cu, Zn malachite [40].

The calcined 2CuZnAl-InY samples show weak reflections corre-
sponding to CuO, whereas Zn or Al species cannot be identified (Fig. S3).
The XRD patterns of the reduced-passivated 2CuZnAl-InY catalysts are
shown in Fig. 2a. The reflections at 260 of 43.3°, 50.4, and 74.1° corre-
spond to metallic Cu (PDF #04-0836). The crystallite size of Cu was
estimated from the Cu(111) peak, and the crystallite size is relatively
similar for the 2CuZnAl-InY catalysts between 11.8-13.1 nm (Table 2).
The weak reflection at 20 of 36.3° is attributed to ZnO (PDF #36-1415)
and indicates that the Zn-Al species are highly dispersed, which is
typical for HT-derived CuZnAl catalysts [21,41]. The regions of the Cu
peaks are magnified in Fig. 2b. A shift in the Cu peaks towards lower
diffraction angles is observed with increasing In content. Furthermore,
weak reflections are present between 42-43° for the 2CuZnAl-In5
catalyst. This is attributed to the formation of Cu,Iny alloy because the
most intense peaks of different CuyIny alloys are located in this region.
Moreover, it has been demonstrated that Cu,Iny alloys can form under
the reduction conditions used in this work [32,42,43]. Crystalline Cu
and ZnO phases can be identified for the Cu-ZnO and In/Cu-ZnO cata-
lysts (Fig. S2b). The crystallite size of Cu-ZnO (23.7 nm) is slightly larger
than that of the In/Cu-ZnO catalyst (Table 2).

HAADF-STEM was used to investigate the microstructure of the
2CuZnAl-InY catalysts. The calcined catalysts consist of a largely
amorphous mixed oxide phase, as depicted in Fig. 3a for the 2CuZnAl-
In0 catalyst. This is typical for HT precursors, which are composed of
a highly dispersed mixed metal oxide phase after calcination [36]. As
illustrated in Fig. 3b, larger Cu particles are formed for the 2CuZnAl-InY
catalyst after reduction, which are embedded within a metal oxide
matrix. In literature, the metal oxide matrix is reported to contain a
spinel-like ZnAlyOy4 structure [21,36]. The structure of the other reduced
In-containing 2CuZnAl-InY catalysts is similar (Fig. S4a—c). The struc-
ture of the 2CuZnAl-InY catalysts is obviously different from the
conventionally prepared Cu/ZnO catalysts, which is characterized by
crystalline CuO particles dispersed by discrete ZnO particles (Fig. 3c).
The continuous embedding metal oxide matrix for the 2CuZnAl-InY
catalysts probably leads to a larger Cu-metal oxide interface compared
to the Cu/ZnO catalyst. The average Cu particle size of the 2CuZnAl-InY
catalysts was determined by measuring at least 400 particles and are
summarized in Table 2. The particle size distribution is shown in
Fig. S5a-d. The average Cu particle size is comparable for the 2CuZ-
nAl-InY catalysts (8.7-9.5 nm), which is smaller than the crystallite size
estimated by XRD. This is probably because XRD is a volume-averaged
technique and is more sensitive to larger crystallites [14].

3.1.2. XPS study of the 2CuZnAl-InY catalysts
The surface composition of the 2CuZnAl-InY catalysts before and
after reduction is summarized in Table 3. It can be seen that the surface
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Fig. 1. (a) XRD patterns of the 2CuZnAl-InY precursors and (b) FWHM of the 003 peak as a function of In content.
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Fig. 2. (a) XRD patterns of the reduced-passivated 2CuZnAl-InY catalysts and (b) the region containing the Cu diffraction peaks.

composition of the 2CuZnAl-InY catalysts deviates from the nominal
composition. The Cu:Zn ratio on the surface is close to 1.2 for the
calcined samples, whereas the Cu:Zn ratio determined from ICP-AES is
around 2. This is probably because the CuO species are embedded in the
mixed metal oxide matrix after calcination, leading to a higher surface
concentration of Zn and Al. In agreement with previous studies [4,30,
44], the Cu/Zn surface ratio further decreases to ~0.9-0.6 after reduc-
tion, where the surface Zn concentration increases with increasing In
content.

Fig. 4a shows the Cu 2ps/» spectra of the calcined and reduced
2CuZnAl-InY catalysts. The calcined samples exhibit a principal peak at
~934 eV and a characteristic satellite feature around 940-944 eV [45].
The satellite feature disappears after reduction, indicating that CuO
species are not present after reduction. Furthermore, the main peak
shifts towards lower binding energy, which is in the region of Cu°® (932.6
eV) and Cuy0 (932.4 eV). The Cu L3VV Auger line was investigated to
obtain further information about the chemical state of Cu in the catalysts
after reduction. For the calcined samples, a peak at 917.7 eV is detected
(Fig. S6), which is close to the expected peak position of CuO [46]. The
CuL3VV Auger spectra of the reduced and passivated catalysts are shown
in Fig. 4b. Since CuO species are not present after reduction in the Cu2p
spectra, the profiles are deconvoluted into Cu® (~918.5 eV) eV) and Cut
(~916.4 eV). This estimation is widely used to determine the relative
amount of Cu® and Cu™ species in the sample [47-51]. It is clear that the
majority of the Cu species exist as Cu™ for all the catalysts, indicating

high interaction between Cu and the metal oxide phase [47,48]. The Cu®
fraction of the 2CuZnAl-InY catalysts increases with increasing In con-
tent (Table 3).

To address the chemical state of Zn, the Zn LgM4 sM4 5 Auger line was
recorded. The Zn L3M4 5My 5 spectra of calcined and reduced 2CuZnAl-
InY are shown in Fig. 5a. It can be seen that the spectra of the calcined
and reduced sample overlap, indicating that the chemical state of ZnO is
largely unchanged after reduction. The chemical state of In was also
examined, and the In 3d spectra contain two peaks at 444.8 eV and
452.3 eV corresponding to the In 3ds,/2 and In 3d3,, spin-orbit doublets
(Fig. 5b) [52]. The peaks shift slightly towards lower binding energy
after reduction. It is likely that the shift in the In 3d spectra is related to
the formation of CuxIny alloys, in agreement with the XRD observations.
The slight shift in the In 3d spectra indicate that a mix of InpO3 and
CuyIny species are present after reduction [32,43,53].

3.1.3. Reducibility of the catalysts

Hy-TPR was carried out to investigate the reducibility of the cata-
lysts. The TPR profiles of the 2CuZnAl-InY catalysts are shown in Fig. 6a.
The reduction of the 2CuZnAl-InY catalysts occurs over a wide tem-
perature range, and the profiles are deconvoluted into four peaks,
namely a, B, y1, and y2. The low-temperature peaks are assigned to CuO
particles dispersed on the catalyst’s surface («) and CuO particles in the
bulk of the Zn-Al oxide (B) [47,54]. Additional high-temperature peaks
are only observed for the HT-derived catalysts. The y; and ys peaks
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Fig. 3. HAADF-STEM images of the (a) calcined and (b) reduced 2CuZnAl-In0 catalyst; (c) TEM image of the reduced Cu-ZnO catalyst.

Table 3
Surface composition of calcined and reduced 2CuZnAl-InY catalysts determined
by XPS.

Catalyst Surface composition Surface composition cu’/ (Cut +
after calcination after reduction (atom Cu®
(atom%) %)
Cu Zn Al In Cu Zn Al In
2CuZnAl- 37 31 32 0 33 36 30 0 0.15
In0
2CuZnAl- 38 31 28 3 32 37 28 3 0.17
In2
2CuZnAl- 38 32 25 5 30 40 25 5 0.22
In3
2CuZnAl- 39 33 22 6 27 42 24 7 0.21
In5

located between 250-300 °C are attributed to the reduction of Cu®*
species highly dispersed within the metal oxide matrix [9,21]. These
Cu®" species are strongly bound to the Zn-Al oxides, which results in a
stabilization of the Cu,0 intermediate and a step-wise reduction of CuO
(CuO - Cuy0 and Cuy0 — Cu) [55-57]. At moderate In content, the o
and p peaks shift towards higher reduction temperature for 2CuZnA-
l-InY. On the other hand, the y peaks shift towards lower temperature
with increasing In content. These observations indicate that moderate
amounts of In enhance the interaction of CuO with the metal-oxide
phase, whereas the Cu?* species present in the metal oxide matrix are
more easily reduced when the In content increases. In contrast, the
complete reduction of the CuO particles of the Cu/ZnO and In/Cu-ZnO

catalysts occurs at lower temperatures due to the weaker interaction
with the metal oxide phase (Fig. 6b).

The Hy/CuO ratio was calculated to assess the Hy consumption
relative to the Cu content (Table 4). The Hy/CuO ratio is close to 100%
for all the catalysts, indicating the complete reduction of CuO. A slight
increase in the Hy/CuO ratio is observed with increasing In content for
the 2CuZnAl-InY catalysts, which is ascribed to the formation of CuyIny
alloys. Similarly, the Hy/CuO ratio is higher when In is impregnated
onto the Cu-ZnO catalyst.

3.1.4. N0 titration measurements

The Cu surface area was estimated by NO dissociative adsorption.
The Cu surface area of 2CuZnAl-InY first increases from 13 to 16 m2/g
with the addition of 2 mol% In and then decreases with increasing In
content (Table 4). The Cu surface concentration obtained by XPS in-
dicates that the number of Cu atoms on the surface decreases with
increasing In content, which can explain the lower Cu surface area of the
2CuZnAl-In3 and 2CuZnAl-In5 catalysts. In addition, the extent of Cu-In
surface alloy formation might also influence the Cu surface area, as
evidenced by the drop in Cu surface area from 18 m?/g to 14 m?/g when
In is impregnated onto the Cu-ZnO catalyst.

3.2. Catalytic activity tests

3.2.1. Influence of Cu-metal oxide interface and In on activity

To assess the influence of the Cu surface area on the catalytic activity
of HT-derived catalysts, we also prepared the 1CuZnAl-InY and 4CuZ-
nAl-InY series of catalysts with an In content of 0-7 mol%, where 1 and 4
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Table 4
Summary of the H,-TPR data and the Cu surface area of the 2CuZnAl-InY
catalysts.

TPR peak contribution (%)

Catalyst Ha/CuO (%) SAcy (M*/8ear)
o p " Y2
2CuZnAl-In0 99 20 40 8 23 13
2CuZnAl-n2 101 34 32 8 26 16
2CuZnAl-In3 101 36 29 8 27 15
2CuZnAl-In5 103 48 20 9 23 11
Cu-ZnO 98 - - - - 18
In/Cu-ZnO 101 - - - - 14
14
e
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= g Mo 3 o
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Fig. 7. STY of methanol as a function of Cu surface area of the CuZnAl-InY, Cu-
ZnO, and In/Cu-ZnO catalysts. Reaction conditions: 250 °C, 30 bar, Ho/CO5/N»
= 3/1/1, WHSV = 30 000 cm® g} h™'.

refer to the Cu/Zn ratio. Table S1 summarizes the characterization re-
sults of the 1CuZnAl-InY and 4CuZnAl-InY catalysts. Fig. 7 shows the
steady-state STY of methanol after 12 h testing plotted against the Cu
surface area. It is evident that the methanol synthesis activity of the HT-
derived catalysts is strongly correlated to the Cu surface area. This is
often the case for Cu-based catalysts with a similar preparation history
[58]. The highest STY of methanol (12.4 mmol g;allt h‘l) is obtained over
the 4CuZnAl-In0 catalyst, which also has the highest Cu surface area (14
m2/g) of the HT-derived catalysts. The activity of the 4CuZnAl-In0
catalyst is higher than that of Cu/ZnO (11.9 mmol g;;t h™), even
though the 4CuZnAl-In0 catalyst has a lower Cu surface area. This is
attributed to the larger number of interfacial sites due to the partial
embedment of Cu in the Zn-Al matrix. The higher intrinsic activity of the
HT-derived catalysts indicates that a compromise between high Cu
surface area and Cu-metal oxide interfacial area is needed to maximize
the activity of Cu/ZnO-based catalysts. The Zn-Al matrix obtained from
HT-like precursor is a promising candidate for obtaining large Cu-metal
oxide contact.

The activity of the In-containing HT-derived catalysts is also corre-
lated to the Cu surface area, but is significantly lower compared to the
In-free catalysts. Although the addition of 2 mol% In to HT-derived
CuZnAl catalysts increases the Cu surface area, the STY of methanol is
significantly reduced. The STY of methanol also decreases substantially
when In is impregnated onto the Cu-ZnO catalyst. This suggests that In
species covers or inhibits the active sites on the Cu surface. The lower
activity of the In-doped catalysts is consistent with earlier studies [27,
30,34].

To further assess the influence of the catalyst’s composition, the
turnover frequency (TOF) for methanol formation of the CuZnAl-InY,
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Fig. 8. TOF of methanol formation of the CuZnAl-InY, Cu-ZnO, and In/Cu-ZnO
catalysts. Reaction conditions: 250 °C, 30 bar, H,/CO2/N, = 3/1/1, CO, con-
version ~ 5%.

Cu-ZnO, and In/Cu-ZnO catalysts is compared in Fig. 8. The TOF of the
CuZnAl-In0 catalysts is comparable at approximately 0.018 s”!, which is
higher than that obtained over the Cu/ZnO catalysts (0.014 s1). These
TOFs are in the medium to high range compared with reported values in
literature [21,58]. The vigorous debate regarding the Cu-ZnO synergy
highlights the difficulty in identifying the dominant promotional
mechanism in Cu/ZnO-based systems. Thus, the enhanced Cu-metal
oxide interaction of the HT-derived catalysts might promote methanol
synthesis by modifying the active Cu surface (e.g., inducing defects or
promoting surface CuZn/CuZnOy formation [4,9,10]), providing a
higher number of Cu-metal oxide interfacial sites [19], or a combination
of these phenomena. It is interesting that the intrinsic activity of the
CuZnAl-InO0 catalysts is similar despite the differences in Cu particle size
and composition. This further indicates that the enhanced Cu-metal
oxide interaction is the main reason for the higher intrinsic activity of
the HT-derived catalysts. When In is incorporated into the catalyst, the
TOF decreases significantly. Furthermore, the TOF decreases with
increasing In content for the HT-derived catalysts. Thus, In seems to
have a dramatic effect on the ability of Cu to produce methanol. This is
probably due to the presence of In species on the Cu surface or the
formation of CuylIny alloy species, which seems to inhibit the activity of
the Cu surface sites.

3.2.2. Influence of Cu-metal oxide interface and In on methanol selectivity

The methanol selectivity as a function of CO, conversion for the
2CuZnAl-InY, Cu-ZnO, and In/Cu-ZnO catalysts is shown in Fig. 9. The
2CuZnAl-In0 catalyst exhibit higher methanol selectivity compared to
the conventional Cu/ZnO catalyst. For Cu/ZnO-based catalysts, the Cu-
ZnO interface or Cu-Zn surface alloy sites plays a crucial role in meth-
anol synthesis [4,19,59]. Thus, the higher selectivity of 2CuZnAl-In0
compared to Cu-ZnO is ascribed to the superior interaction between
Cu and the oxide matrix for the HT-derived catalyst. The methanol
selectivity is also higher for the In-containing catalysts compared to the
In-free catalysts. The maximum methanol selectivity is obtained at 3 mol
% In. The higher selectivity of the In-containing 2CuZnAl-InY catalysts is
ascribed to the inhibition of CO formation. This is in agreement with
Matsumura et al. [27], who observed that CO formation was suppressed
by the presence of In on the Cu surface during methanol steam reforming
over a Cu/ZnO-based catalyst.

3.2.3. Stability of HT-derived catalysts and the deactivation mechanism
The stability of the 2CuZnAl-In0 and 2CuZnAl-In3 catalysts was
investigated over 72 h time on stream (TOS), and the CO2 conversion
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Fig. 9. Methanol selectivity at different CO, conversions for 2CuZnAl-InY, Cu-
ZnO and In/Cu-ZnO. The CO, conversion was varied by changing the contact
time between 10 000 to 100 000 cmg/(gcat h). Reaction conditions: 250 °C, 30
bar, H,/CO5 = 3.
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Fig. 10. CO; conversion and methanol selectivity over the 2CuZnAl-In0 and
2CuZnAl-In3 catalysts over 72 h TOS. Reaction conditions: 250 °C, 30 bar, Hy/
CO;y = 3.

and methanol selectivity are shown in Fig. 10. The CO conversion and
methanol selectivity remains relatively stable for the 2CuZnAl-In3
catalyst. A slight increase in CO2 conversion is observed for the 2CuZ-
nAl-In0 catalyst, whereas the methanol selectivity decreases from 35
to 28% (or 20%). Therefore, In could help to limit the deactivation of Cu-
based catalysts during CO, hydrogenation to methanol if In can be sta-
bilized in the Zn-Al oxide phase.

To gain further insight into the deactivation mechanism of the HT-

Table 5
Physicochemical properties of the spent 2CuZnAl-In0 and 2CuZnAl-In3 catalyst.

Catalyst dcy (nm)? SAger (m?/g) SAc, (m?/g)
2CuZnAl-In0 20.3 74 (56)" 21
2CuZnAl-In3 14.5 58 (54)" 16

@ Determined by XRD of the Cu(111) peak.

b BET surface area of the reduced-passivated catalysts.
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derived catalysts, the spent catalysts were analyzed by Ns-phys-
isorption, XRD, and N2O chemisorption. Interestingly, the Cu surface
area increases from 13 to 21 m2/g for the 2CuZnAl-In0 catalyst after 72
h, whereas the Cu surface area is relatively unchanged for 2CuZnAl-In3
(Tables 5 vs. 4). Furthermore, the Cu particle size increased from 13 to
20 nm for the 2CuZnAl-In0 catalyst, while it only slightly increased from
12 to 14 nm for the 2CuZnAl-In3 catalyst (Tables 5 vs. 2). Therefore, the
increase of Cu surface area for the 2CuZnAl-In0 catalyst is due to the
structural changes of this catalyst. The XRD patterns of the spent cata-
lysts are shown in Fig. 11. Crystalline ZnAl;Oy4 is observed for the spent
2CuZnAl-In0 catalyst, indicating that Zn-Al oxide matrix has sintered
during the reaction. Therefore, the Zn-Al matrix appears to be more
stable for the In-containing 2CuZnAl-In3 catalyst. This further demon-
strates the importance of the Cu-metal oxide interface on the methanol
synthesis activity of the HT-derived catalysts. The structural changes of
the 2CuZnAl-In0 catalyst are probably also responsible for the increase
in the BET surface area. Thus, it seems that In prevents the deactivation
of the 2CuZnAl-In3 catalyst by stabilizing the interfacial sites respon-
sible for methanol synthesis through stabilizing the Cu particles and the
Zn-Al mixed oxide phase.

4. Conclusion

In summary, partially embedded Cu particles into a Zn-Al oxide
matrix were prepared via HT-like precursors. It was demonstrated that
the intrinsic activity of the HT-derived catalysts is significantly higher
than a Cu/ZnO catalyst. Thus, a higher space-time yield is achieved for
the HT-derived catalyst despite having a smaller Cu surface area.
Furthermore, the methanol selectivity is also higher for the HT-derived
catalysts. The superior performance is attributed to the enhanced
interaction between Cu and the Zn-Al oxide phase. The influence of In on
the catalytic performance was also studied. Although the methanol
selectivity is higher for the In-containing catalysts, the addition of In to
Cu/ZnO-based catalysts reduces the activity. The lower activity of the
In-containing catalysts is attributed to In inhibition of active sites on the
Cu surface.

The importance of the Cu-metal oxide interaction is supported by the
long-term stability tests. The intrinsic activity decreases substantially for
the In-free catalyst. This is attributed to the reduced Cu-metal oxide
interaction due to the sintering of Zn-Al oxide matrix. On the other hand,
the incorporation of In stabilizes the Cu particles and Zn-Al mixed oxide
phase, which limit the deactivation of the catalyst. The present study
demonstrates the importance of the microstructure and Cu-metal oxide
interface for CO, hydrogenation to methanol.

3
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Fig. 11. XRD patterns of the spent 2CuZnAl-In0 and 2CuZnAl-In3 catalysts.
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