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Abstract

In this study, we synthesized xZnO-ZrO- (x = 14-40 at%) by flame spray pyrolysis under a lean-fuel condition.
The optimal ZnO content was investigated to obtain a ZnO-ZrO; solid solution with high specific surface area for
CO;-to-methanol hydrogenation. The Zn species in ZnO-ZrO, were highly dispersed and hexagonal ZnO was not
detected by X-ray diffraction (XRD). After heating the particles in Ar at 400 °C for 3 h, hexagonal ZnO particles
were observed at x = 40 at%, while below x = 28 at%, the Zn species remained high dispersion state. A fraction of
the Zn species was substituted into the bulk of the ZrO; particles, as evidenced by the shift of the ZrO, (101) peak
in the XRD patterns. The elemental mapping of Zn and Zr in 28 at% ZnO-ZrO, showed that the Zn species on the
surface were uniformly distributed. The presence of partially reduced Zr®* state (5 < 4) was confirmed by X-ray
photoelectron spectroscopy. The Zr®* state in the ZnO-ZrO; particles was prominent when ZnO content was below
28 at%. The catalytic activity of 28 at% ZnO-ZrO, for CO.-to-methanol hydrogenation was higher than that of 40
at% ZnO-ZrO,. At 300 °C and 1.0 MPa, the CO, conversion and the selectivity to methanol over 28 at% ZnO-ZrO,

were 9% and 48%, respectively, resulting in the high yield of methanol (4.3%).

Keywords: Methanol synthesis, Flame synthesis, solid solution, Zn substitution, tetragonal ZrO-
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1. Introduction

Alternatives to finite fossil resources have long been sought. Methanol obtained via the hydrogenation of CO;
with H, generated by renewable energy is one of the candidates because it can be used as a liquid fuel and feedstock
for many chemicals. [1] When methanol is further transformed into a feedstock (e.g., light olefins), a methanol-to-
olefins (MTO) reaction is required. Thus, to produce feedstock from CO,, two reactors are necessary for CO-to-
methanol hydrogenation and the MTO reaction, which results in high energy consumption. To address this issue,
bifunctional catalysts have attracted much attention. The bifunctional catalyst contains two types of catalysts for
CO; hydrogenation to methanol and MTO reactions.

Many catalysts for CO, hydrogenation to methanol have been developed, such as Cu- [2-9], In- [10, 11], Pd-
[12-14], and alloys- [15-17] based catalysts, but these are aimed to improve the catalytic performance at relatively
low temperatures (~250 °C). Since the MTO reaction typically takes place above 300 °C, a CO hydrogenation
catalyst that is effective above that temperature is desired. For the CO, hydrogenation above 300 °C, Wang et al.
proposed ZnO-ZrO; as a promising candidate. [18] They also investigated the catalytic activity of metal oxides
combined with ZrO, and found that Zn-, Ga-, and Cd-oxides were promising. [19] Tada et al. [20] discovered that
Zn0-ZrO, showed the highest methanol production rate above 275 °C among MOx-ZrO; (M: Zn, Mn, Cu, Al, Ga,
and In). In these catalysts, the existence of a ZnO-ZrO; solid solution accounts for their high performances because
Zn-O-Zr sites play an essential role. [18, 19, 21] Tada et al.[22] revealed that the Zn-O-Zr sites of the solid solution
are more active compared to the ZnO surface sites and interfacial sites between ZnO and ZrO,. So far, many studies
on ZnO-ZrO; solid solution catalysts have been reported. Li et al. [23] used a metal-organic framework as a
precursor for the solid solution. Han et al. [24] applied evaporation-induced self-assembly method to synthesize the
solid solution with ordered mesoporous structure. However, the specific surface area (SSA) of the reported catalysts
is relatively small (44-139 m? g?) [18, 20, 21, 23, 24], and there is room for improvement.

To obtain a solid solution with a high SSA, flame spray pyrolysis (FSP) will be promising. [25] FSP can be
scaled up to kg h* of a production rate and used in industries. [26] In FSP, metal precursors are sprayed into droplets
and combusted to generate metal oxide particles. The particles are formed in high-temperature flame with a very

short residence time, producing small particles. [27, 28] Rapid quenching at high temperatures allows the formation



of unique solid solutions, such as Ce1.xZr<O> [29], Ti-substituted ZnO [30], Pd-substituted TiO [31], and (Mn-Fe-
Ni-Cu-Zn)s04 [32]. In addition, FSP can deposit atomically dispersed VO [33], Cu [34], Pd [31, 35], and Pt [36]
on metal oxides which demonstrate superior catalytic performance. Sot et al. [37] synthesized highly dispersed ZnO
on ZrO, by FSP and demonstrated its high activity for CO, hydrogenation. However, the SSA of the catalysts (63-
89 m? g't) was comparable to that of the catalysts synthesized by other methods (44-139 m? g [18, 20, 21, 23, 24].
Furthermore, they could not obtain a ZnO-ZrO; solid solution using FSP. Stefani¢ et al. [38] observed the
segregation of Zn?" species from ZrO, above 600~700 °C. Thus, even if a solid solution initially forms in a flame,
the high temperature of the flame facilitates the segregation of Zn species from ZrO,. To minimize the segregation,
the residence time of the particles in the flame should be reduced. The residence time can be decreased by decreasing
the length and temperature of the flame. [39]

In this study, we synthesized xZnO-ZrO, (x = 14-40 at%) using FSP under a lean-fuel condition. Such
condition produced a relatively cold and short flame to minimize the segregation of Zn?* species from ZrQ,. The
optimal ZnO content was explored to obtain a ZnO-ZrO; solid solution with high SSA. Powder X-ray diffraction
(PXRD), X-ray photoelectron spectroscopy (XPS), scanning transmission electron microscopy (STEM), and N
adsorption were performed to identify the optimal ZnO content. The catalytic performance of FSP-made ZnO-ZrO,
for CO, hydrogenation to methanol was evaluated and compared to the performance of ZnO-ZrO; catalysts reported

in literature.

2. Experimental
2.1 Catalyst preparation

Zn0-ZrO; catalysts and reference samples (ZrO. and ZnQO) were prepared by combusting the precursor
solution in an FSP reactor [25]. An appropriate amount of zirconium isopropoxide solution (70 wt% in 1-
propanol, TCI) was added to 2-ethyl hexanoic acid (2-EHA; Sigma-Aldrich, purity > 99%). After stirring the
solution for 2 min, methanol (MeOH; Fujifilm Wako Pure Chemical, Guaranteed Reagent Grade) was added in 2-

EHA: MeOH ratio of 1:1 (in vol.) and, subsequently, zinc acetylacetonate (Kanto Chemical) was dissolved in the
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solution. The ZnO content was adjusted by controlling the Zn/Zr ratio in the solution, and the concentration of
metals (Zn + Zr) was fixed at 0.2 mol L™,

The precursor solution was fed into the reactor at 2 mL min and atomized by O, dispersant (8 L min), as
shown in Fig. 1. The dispersed precursor droplets were ignited by a pilot-flame (CH, and Oz at 1.5 and 3.2 L min’
! respectively). The combustion of the precursor resulted in the formation of ZnO-ZrO; particles, which were
collected by a vacuum pump (Seco SV1040, Busch) and a glass fiber filter (Albet LabScience, GF6, 257 mm in
diameter). The distance between the FSP nozzle and filter was set at 65 cm. As required, the particles were treated
with Ar at 400 °C for 3 h.
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Fig. 1 Schematic of particle production by an FSP reactor.

2.2 Catalyst characterization
Powder X-ray diffraction (PXRD) was performed using a diffractometer (Rigaku, Miniflex, Cu Ka, 40 kV, 15
mA). The crystallite size of t-ZrO; and the lattice spacing of the (101) plane were calculated from the peak at 30°

using Scherrer’s equation (Eq. (1)) and Bragg's equation (Eq. (2)), respectively.
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where K (= 0.89) is the shape factor, 1 (= 0.154 nm) is the X-ray wavelength, £ is the line-broadening at half-
maximum intensity, and 4 is the Bragg angle. The crystallite size of ZnO (101) was calculated from the peak at
36° using Eq. (1). The lattice spacing of t-ZrO, (101) plane (di01) changes, when Zn is substituted into the ZrO,
lattice. It has been reported that the lattice spacing corresponds linearly to the amount of substituted Zn and the
solubility limit is 19 at% of ZnO. [22] Thus, using the data below 19 at% of ZnO content from Ref. [22], the
amount of substituted Zn (xs) can be expressed by the following equation:

x, [at%] = 7x10°x Ad;o; [nm] (3)
where Ad)o1 s the difference in dio1 between ZrO» (Zn-0 in this study) and x.ZnO-ZrO; solid solution. Using Eq.
(3), xs of FSP-made particles was estimated.

The ZnO content of the samples was evaluated using an energy-dispersive X-ray fluorescence meter (Rigaku
EDXL 300, Cu target, 50 kV, 1 mA). ZnO and ZrO, prepared by FSP were mixed to obtain reference samples
containing 10 wt%, 20 wt%, and 30 wt% of ZnO. The reference samples were mechanically mixed with an
internal standard (10 wt% of Ag.0, Wako, 99%) in a mortar for 10 min. The mixed samples (100 mg) were
formed into pellets (10 mm in diameter and 1 mm in thickness) and then measured by XRF to obtain a calibration
curve. Similarly, the FSP-made ZnO-ZrO, particles were mixed with 10 wt% of Ag.0, and the mixtures were
pelletized for XRF analysis.

X-ray photoelectron spectroscopy (XPS) was performed using an X-ray photoemission spectrometer (Thermo
Fisher Scientific, Nexsa) equipped with monochromatic Al Ko radiation (v = 1486.68 eV, pass energy = 20 eV).
The samples were mounted on an aluminum plate with adhesive carbon tape, and the diameter of the measured

spot was 400 um. To compensate for the eventual surface charging, built-in electron and argon ion neutralizers



were used. The base pressure of the system was below 5 x 1077 Pa. For the analysis, the background was
subtracted using the Shirley method, and the C 1s peak at 284.6 eV was used for charge correction.

N adsorption was performed using a BELSORP-Mini Il (MicrotracBEL Corp.). Before the measurements,
the samples were degassed at 150 °C under vacuum at < 1 kPa for 1 h. The specific surface area (SSA, m? g'!) was
calculated from the amount of adsorbed N, on the particle surface at -196 °C by the Brunauer—-Emmett—Teller

(BET) method. The BET-equivalent diameter was calculated using Eq. (4),

6000
SSA X pzi00

©
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where przio2 (= 6.1 g cm™) is the density of tetragonal ZrO,. Additionally, the pore-size distribution was obtained
using the Barrett-Joyner—Halenda (BJH) method.

The particle morphology and distribution of the Zn and Zr species were investigated using an ultra-high
resolution transmission electron microscope (JEOL, JEM—ARM?200F) equipped with a spherical aberration
corrector for a STEM probe. The sample was dispersed in ethanol, and the suspension was dropped onto a Cu-
coated carbon support film (Okenshoji, NP—C15) to deposit the particles on the film. Elemental maps of Zn, Zr,

and O were recorded using an energy-dispersive X-ray (EDX) detector.

2.3 Evaluation for catalytic activity

The ZnO-ZrO, powders were pressed at 20 MPa, crushed, and sieved to 1.18-1.7 mm. The pelletized samples
(0.5 g) were mixed with 1 g of quartz sand (Wako). A mixture of the pelletized powder and quartz sand was placed
in a fixed-bed tubular reactor with an inner diameter of 6 mm. A mixture of COy: Hz: N (= 1: 3: 1) was introduced
into the reactor at 30 mLsre min. The gas pressure was limited by one of the Japanese laws (High Pressure Gas
Safety Act, 1.0 MPa or less) and was kept at 1.0 MPa. The catalyst bed temperature was measured using a K-type

thermocouple to determine the catalytic activity at 250-350 °C.



The reactant and product concentrations at the reactor outlet were analyzed using an online gas chromatograph
(Shimadzu, GC-2014) equipped with flame ionization and thermal conductivity detectors. The CO, conversion

(Xcop), selectivity to methanol (Sweon), and yield of methanol (Ywmeon) Were determined as follows:

F in — F
XCOZ [%]: COZ,}!:Coz §I02, out x 100 (4)
Sneon[%]m k10 ()
¢ FCO, out T FMeOH, out
Ymeonl%] = X—COZIX (i)MEOH (6)

where F 4 in, and F o are the flow rates of the 4 species (mol s) at the inlet and the outlet, respectively.

3. Results and Discussion
3.1 Surface area and pore structure of FSP-made ZnO-ZrQO;

Table 1 ZnO content, SSA, and pore volume of the FSP-made particles.

Sample ZnO/(ZnO+Zr0y), at% Zn0O/ (ZnOOtZrOﬂ, SZSA-I Total por3e \{lolume
Estimated “ Measured ? wt%o m-g cm g
Zn-0 0 N/A 0 208 2.5
Zn-14 14 14 9.6 195 2.3
7n-28 27 28 20 206 2.6
7n-40 39 40 30 164 1.5

“ The ZnO content was calculated based on the concentration of Zn and Zr dissolved in the solvent.
® The ZnO content was measured by XRF.
¢ The mass fraction of ZnO was calculated by the atomic fraction of ZnO measured by XRF.

Table 1 lists the ZnO content, SSA, and pore volume of the FSP-made particles. The measured ZnO contents
were in agreement with the values estimated from the metal concentration in the precursor solution. Hereafter, the
samples are denoted as Zn-x, where x is the measured ZnO content in at%. The FSP-made particles had large
surface areas of 165-206 m? g'!, and the BET equivalent diameter of Zn-0 was 4.7 nm. The diameter of the other

Zn0O-ZrO, samples could not be calculated because it was difficult to obtain the exact densities of the materials.



The SSA remained large after heating the particles in Ar at 400°C for 3h (Fig. S1). Other than Zn-40, the total pore
volumes of FSP-made particles were comparable. The pore distribution (Fig. S2) of Zn-40 was narrower than that
of the others. The SSA of FSP-made catalysts (165-206 m? g) were 1.2~4-fold larger than those of the previously
reported ZnO-ZrO, catalysts prepared by FSP (63-89 m? g!) [37] and other methods (44-139 m?/g) [18, 20, 21,
23, 24]. In this work, ZnO-ZrO, particles were synthesized under a lean-fuel condition. In contrast, ZnO-ZrO,
particles were prepared under a slightly rich-fuel condition [37]. The lean-fuel condition reduces the particle
residence time in the flame, which limits the particle growth. [39] Therefore, the large SSA of FSP-made ZnO-
ZrO; in this work is attributed to the shorter residence time of particles in the flame compared to that in the

literature [37].

3.2 Distribution of Zn species in the lattice and on the surface of ZrO:

Figure 2(a) shows the PXRD patterns of FSP-made ZnO-ZrO,. All samples exhibited peaks at 30°, 35°, and
50° (triangles), which were assigned to tetragonal ZrO,. For all samples, the crystallite size of ZrO, was 4-5 nm.
The crystallite size of Zn-0 is close to the BET equivalent diameter (4.7 nm) of Zn-0. The dominant crystalline
phase was tetragonal, in line with the FSP-made ZrO: reported in the literature. [40, 41]

When FSP synthesized only ZnO particles, hexagonal ZnO was formed (Fig. S3). Of note, in the diffraction
patterns of the FSP-made ZnO-ZrO,, no peaks of hexagonal ZnO were detected, regardless of the ZnO content
(Fig. 1a). It is expected that the Zn species were present as amorphous particles, a ZnO-ZrO; solid solution, and/or
small ZnO clusters with the size below the detectable limit of PXRD.

The presence of the ZnO-ZrO; solid solution was investigated by the shift of the ZrO, (101) peak (Figure
2b). The peak shifted to higher angles for higher ZnO contents. The peak locations of Zn-0 and Zn-40 were 30.10°
and 30.21°, respectively. The shift from the peak of Zn-0 to Zn-40 was 0.11°. The shift of Zn-40 (0.11°) was

smaller than that of a previously reported 25 at%ZnO-ZrO; solid solution (approximately 0.3°) [18]. As the



magnitude of the shift corresponds to the amount of substituted Zn [18, 21, 22], the amount of substituted Zn
species in Zn-40 was smaller than that in the solid solution. Therefore, some Zn species in Zn-40 were not
substituted with Zr species in ZrO,, and were located on the surface as amorphous particles and/or small ZnO

clusters.

(b) A

Diffraction angle, 26, deg.

Fig. 2 XRD patterns at 20 = (a) 20-70° and (b) 28-33° of FSP-made ZnO-ZrO..

To explore the presence of amorphous ZnO particles, the samples were treated at 400 °C. Figure 3(a) shows
the XRD patterns of FSP-made ZnO-ZrO; after heating in Ar at 400 °C for 3 h. A minor fraction of monoclinic
Zr0, was formed in the Zn-0 sample. Other than Zn-0, the crystalline phase of ZrO, remained tetragonal. The

crystallite size of all samples was 5 nm, which was comparable to the size before the heat treatment. Hexagonal
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Zn0 was detected only for Zn-40, and the crystallite size was 16 nm. In other words, Zn species in Zn-14 and Zn-
28 remained high dispersion state and/or amorphous.

Furthermore, the absence of a monoclinic phase in the FSP-made ZnO-ZrO, implies the substitution of Zn
because the Zn substitution leads to the formation of tetragonal ZrO,. [20, 38]. The presence of the substituted Zn
species was confirmed by the shift of the ZrO, (101) peak, as shown in Fig. 3(b). Similar to the samples before the
heat treatment, the peak shifted to a higher angle in the presence of ZnO, indicating the presence of a solid

solution.

Diffraction angle, 26, deg.

1) A A 170,
O ZnO

o

28 29 30 31 32 33
Diffraction angle, 26, deg.

Fig. 3 XRD patterns at 20 = (a) 20-70° and (b) 28-33° of FSP-made ZnO-ZrO; heated in Ar at 400 °C for 3 hours.
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The amount of substituted Zn was estimated by the changes in the lattice spacing of t-ZrO, (101). Table 2
shows that the lattice spacing (di01) decreased with increasing the ZnO content. The di0; also decreased by heating
in Ar at 400 °C for 3 hours. Here, we focused on the Ado1 value, which is the difference in djo1 between the
pristine Zn-0 (di01 = 0.2966 nm) and the corresponding Zn-x. The Adio1 of Zn-0 after the heating was 0.0002 nm
which is the smallest among the catalysts listed in Table 2. Using Adio1 and Eq. (3), the amount of substituted Zn
(%) was estimated. The Xs value tends to increase by increasing the ZnO content. Additionally, the Xs value
increased by the heat treatment. The largest Xs was 9 at% for Zn-28 after the heating. The increase of Xs by the heat
treatment was caused by the migration of Zn species from the surface into the lattice. Even after the heating, the Xs
value of all the samples (Table 2) was smaller than the ZnO content (Table 1). Therefore, some Zn species were

located on the surface regardless of the ZnO content.

Table 2 Lattice spacing of ZrO, (101) plane (di01), the change in dio1, (Adi01), and amount of substituted Zn (Xs)

Before the heat treatment ® After the heat treatment?®
Sample din” Adior* X! din” Adio® X!
[nm] [nm] [at%] [nm] [nm] [at%]
Zn-0 0.2966 0 N/A 0.2964 0.0002 N/A
Zn-14 0.2961 0.0005 3 0.2957 0.0009 6
Zn-28 0.2960 0.0006 4 0.2952 0.0014 9
Zn-40 0.2956 0.0010 7 0.2954 0.0012 8

“Particles were heated in Ar at 400 °C for 3 hours.

bThe lattice spacing of ZrO, (101) was calculated by Eq. (2).

“The Ad\o1 was calculated by subtracting o1 of the sample from that of Zn-0 before the heat treatment (0.2966
nm).

“ The amount of substituted Zn (Xs) was estimated using Eq. (3).

The above discussions suggested the presence of Zn spices on the surface. When ZnO content was 40 at%,

hexagonal ZnO particles were formed by heat treatment. By contrast, the ZnO particles were not observed in Zn-
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28; thus, the dispersion state of Zn species on the surface was unclear. Here, the Zn distribution in Zn-28 was
explored by microscopic imaging. Figure 4(a, b) shows the STEM images of Zn-28. The particle size was
uniform, and the diameter was approximately 5 nm. EDX elemental mapping images (c-f) show that the
distributions of Zn and Zr species were identical. Therefore, the Zn species on the surface were uniformly

distributed.

e

(@) ow resolb{,)n !

Fig. 4 STEM images (a, b) and EDX mapping (c-f) of Zn-28. More STEM images are shown in Fig. S4.

The oxidation state of the Zn species in the FSP-made ZnO-ZrO, was investigated using XPS. Figure 5 shows
the Zn 2P XPS spectra of FSP-made ZnO-ZrO,. The Cls peak at 284.6 eV (Fig. S5) corrected the peak locations
of the spectra. For all Zn contents, the Zn 2ps,» and Zn 2p,, peaks were observed at 1021.9 and 1044.9 eV,
respectively. The peak location indicates the Zn*' state, in line with other flame-made ZnO [42, 43]. In addition,

the Zn species in ZnO-ZrO; solid solution exhibited the exact peak locations. [21, 22] In the O 1s spectra (Fig.
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S6), two peaks were evident at 529.8 and 531.5 eV. The former can be assigned to the lattice oxygen of ZrO, and
Zn0O, while the latter was done to surface hydroxyl groups and oxygen near defective sites. [19, 44, 45]

The ZnO content significantly affected the oxidation state of ZrO». Figure 6 shows the Zr 3d XPS spectra of
the FSP-made ZnO-ZrO». Deconvolution of the spectra revealed four peaks. The two intense peaks at 181.8 eV
and 184.2 eV correspond to Zr 3ds» and Zr 3ds, peaks, respectively, indicating the presence of the Zr*" state. [46]
Other peaks at 182.9 €V and 185.3 eV possess higher binding energies than those of Zr*, suggesting the presence
of partially reduced Zr** (5 < 4) [47, 48] As shown in Table 3, the peak-area ratio of Zr*" to Zr*" increased when
the ZnO content increased from 0 to 28 at%. By further increasing the ZnO content from 28 to 40 at%, the ratio
declined to a comparable level of Zn-0. Therefore, the Zr* state was prominent below 28 at% of ZnO content in

FSP-made ZnO-ZrO,.

Zn 2pg,

1050 1040 1030 1020
Binding energy, eV

Fig. 5 Zn 2p XPS spectra of FSP-made ZnO-ZrOs.
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Fig. 6 Zr 3d XPS spectra of FSP-made ZnO-ZrO,.
Table 3 Peak positions, FWHM and peak-area ratios of deconvoluted Zr** and Zr®* peaks in the Zr 3ds, peak of
FSP-made ZnO-ZrO,.
Peak position in Zr 3ds, eV * FV+VHM Of+ Peak area ratio
Sample Zr**and Zr° £ 77T
Zr4+ ZI.5+ peakS of Z V4
Zn-0 181.9 182.9 1.7 0.19
Zn-14 181.8 182.9 1.6 0.37
Zn-28 181.7 182.7 1.7 0.41
Zn-40 181.9 182.7 1.6 0.14
*The peak locations of Zr species in Zr 3ds, were set to be 2.4 eV lower than those in Zr 3dsp. [47]
" The peak-area ratio of Zr 3ds, to Zr 3d,was fixed at 1.5.
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3.3 Catalytic activity of FSP-made ZnO-ZrO:

According to the literature [18, 19, 21, 22], Zn-O-Zr sites in a ZNnO-ZrO; solid solution are the active sites for
CO;-to-methanol hydrogenation. It is expected that catalytic activity of Zn-28 and Zn-40 is higher than that of Zn-14,
because the amount of the substituted Zn species in Zn-28 and Zn-40 was larger than that in Zn-14 (Table 2). Hence, the
performances of Zn-28 and Zn-40 for CO, hydrogenation to methanol were evaluated. Figure 7 shows the CO»
conversion and methanol selectivity of Zn-28 and Zn-40 at various reaction temperatures. The CO, conversion of
Zn-28 was higher than that of Zn-40. By increasing the temperature, the CO- conversion increased, while the
selectivity to methanol decreased. For both catalysts, the dominant by-product was CO, and the formation of CHy4
was negligible. The formation of CO at high temperatures is due to the reverse water-gas shift reaction (CO, + Ha
— CO + H,0), which is thermodynamically favorable at high temperatures. [20, 21] When the methanol
selectivity of Zn-28 and Zn-40 was plotted as a function of the conversion, both data lay on an identical

interpolated line (Fig. S7), indicating that both catalysts contain the same type of catalytic sites.

30 100
A Zn-28 R
O Zn-40 >
S 80 &
820 —
> L0 2
c I
K=l <
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) 1S
z 40 o
8 10- >
o~ >
(@) =
O F20 @
(]
0
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250 275 300 325 350
Temperature of catalyst bed, °C

Fig. 7 CO; conversion and the methanol selectivity of Zn-28 and Zn-40 for CO; hydrogenation to methanol.

The performance of the Zn-28 catalyst and the reported ZnO-ZrO; catalysts were summarized in Table 4.

According to the literatures, the achievement of high CO, conversion (around 9%) needed high reaction
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temperatures (330-360 °C). In fact, the CO; conversion values were less than 5% at a low reaction temperature
(300 °C). Our catalyst, Zn-28, surprisingly showed 9% of CO, conversion at 300 °C. As described later, the FSP-
made ZnO-ZrO, had the larger number of active sites than the ZnO-ZrO, prepared by a conventional method,
resulting in the high CO. conversion even at the low temperature. Because our space velocity (3600 mLstp g
1) was very low, it can be natural that Zn-28 showed the high CO. conversion. Next, we examined the methanol
selectivity. The methanol selectivity tends to increase with elevating the reaction pressure and decreasing CO;
conversion. In fact, 11.5 at%ZnO-ZrO, [19] and ZnO-ZrO, (15wt% as Zn) [21] showed the high methanol
selectivity (around 80%) when the reaction pressure was high (2.0 MPa) and the CO; conversion was low (3-5%).
Due to the low pressure (1.0 MPa) and the high CO, conversion (9%), the methanol selectivity over Zn-28 (48%)
was lower than those of the above two cases. Finally, we focused on the methanol yield. We succeeded that the
yield of Zn-28 (4.3%) was comparable with those over ZnO-ZrO; (2.5-4.1%) even when our reaction condition
was milder: the reaction pressure, limited by one of the Japanese laws, was low (1.0 MPa) and the reaction
temperature was also low (300 °C).

It has been reported that Zn-O-Zr sites in the solid solutions are active sites. [18, 19, 21] Although not all the Zn
species in Zn-28 were substituted into the ZrO, lattice (Table 2), some Zn species were present as Zn-O-Zr sites in
a ZnO-ZrO, solid solution. In addition, the SSA of Zn-28 (206 m? g?) is significantly larger than the solid solution
reported in the literature (44 m? g1 [18] and 96 m? g [21]). Therefore, FSP has a significant advantage as it can

form a ZnO-ZrO; solid solution with high SSA.
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Table 4 Catalytic performance of Zn-28 and ZnO-ZrO; catalysts in literature for CO, hydrogenation to methanol.

Temp. | Pressure FW COz conversion | CHsOH selectivity| CH3OH yield
[°C] | [MPq] | [mLste/ g'eat h'] [%] [%] [%]
28 at%Zn0-ZrO;
Zn28) 300 | 10 3600 9 48 43
0, -
13a%Zn0-2102 | a3y | 59 6000 9 45 41
[18]*
0, -
115 at[/i’g]”*o 202 300 | 20 24000 34 84 29
Zn0O-ZrO;, [21]* T 300 5 75 3.8
20 9000
(15wt%asZn) | 360 9 28 25

* Adopted from Fig. S2 [18], Fig. 1 [19] and Fig. 12 [21], respectively.
" The ZrO, support was calcinated at 700°C before the impregnation of Zn.

4. Conclusions

In this study, ZnO-ZrO, catalysts were prepared using FSP under a lean-fuel condition, and the effect of ZnO
content (14, 28, and 40 at%) was investigated. The FSP-made particles had a large surface area (165-206 m? g%)
regardless of the ZnO content. A fraction of Zn species in FSP-made particles was present as a ZnO-ZrO; solid
solution, which FSP could not obtain in previous work. FSP-made 28at% ZnO-ZrO, catalyst exhibited 9% of the
CO; conversion and 48% of the selectivity to methanol for CO.-to-methanol hydrogenation at 300 °C and 1.0 MPa,
resulting in the high yield of methanol (4.3%). This excellent activity is attributed to forming of a ZnO-ZrO solid

solution with high SSA.
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