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ARTICLE INFO ABSTRACT

Keywords: The role of copper crystallization in the enhanced methanol production via CO; hydrogenation over CuZrO,

GO2 hydrogenation catalysts was explored along with a combination of experimental and computational studies. The catalysts were

Mﬂhan‘_ﬂ synthesized by a surfactant-assisted route followed by reflux in a one-pot method. Catalyst structure, bulk

gﬁzlgili?m_action properties, surface reactivity, and reaction pathways were evaluated by XRD, BET, FRX, TPR, N,O-TPD, CO,-

DFT TPD, in situ DRIFTS, AP-XPS, and XRD. Calculations based on density functional theory (DFT) were performed to
explore the formation of possible intermediates in a copper-driven conversion with surface models of the CuZrO,
catalyst. The combination of experiments and DFT results revealed that the intermediate steps of the catalyzed
reaction of CO> hydrogenation into methanol might depend on the incorporation of Cu in the zirconia sample.
The catalyst containing only amorphous interfacial sites showed higher performance on CO,-to-methanol hy-
drogenation compared to the catalysts containing high crystallinity of copper. The superior activity of the
10CuZrO; catalyst is mainly ascribed to the cooperative effect between the highly dispersed copper nanoparticles
and the basic sites.

this reaction [8-10].

Research with model catalysts has shown that the Cu-ZrO; interface
is much more active than the Cu surface for CO, activation and methanol
production [10]. In recent works, DFT reckoning has shed light on the
important electronic properties of Cu-ZrQ, catalysts. Using models of
clusters of Cu supported on ZrO, [11] and supported ZrO; by Cu, [12]
the COy conversion into methanol is carried out by different catalytic
routes notwithstanding always being energetically favorable. Therefore,
understanding the chemistry occurring on the surface of Cu-ZrO; cata-
lysts from DFT calculations can provide a further accurate outlook on
the reactional properties for the design and development of superior
heterogeneous catalysts.

However, even though experimental and computational studies have
been extensively accomplished, the several roles of ZrOs in the catalytic
process are still under consideration since the crystal phase has a

1. Introduction

Methanol production from carbon dioxide (CO3) hydrogenation
using green hydrogen (Hs) and waste CO, has attracted significant
attention [1,2]. When green hydrogen is available, the usage of carbon
dioxide seized from power plants or industrial processes can be a smart
key plan to achieve a carbon-neutral system addressing environmental
impacts and producing important vital materials [3] on behalf of the
chemical and petrochemical industries [4-6].

Several studies have been performed on Cu-based catalysts to obtain
the best methanol activity from COg hydrogenation [7]. According to the
literature, CuO/ZrO; catalysts have shown superior methanol selectivity
in the CO, hydrogenation reaction than a trade CuO/Zn0O/Al,03 cata-
lyst. Additionally, the interface of Cu with ZrO; is the key active site of
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Nomenclature

Roman letters

SAcy metallic surface area of copper [m?/g]

Dey Cu dispersion [%]

SBET specific surface area [1112/g]

GHSV space velocity: gas hourly space velocities [mL gh 1 1]
XCO» CO> conversion [%]

significant effect on the CO, activation mechanism. Zirconia oxide has
four kinds of polymorphism: tetragonal, cubic, monoclinic, and amor-
phous (or zirconium hydroxide) [8]. As reported by the literature, the
amorphous zirconia (a-ZrO,) shows superior performance than the
crystalline tetragonal (t-ZrO;) and monoclinic zirconia (m-ZrQO,) phases
[4,13,14].

This finding motivated the described investigation on the CO5 hy-
drogenation over copper and a-ZrO»-based catalysts. Therefore, Cu-ZrO,
catalysts have been prepared by the one-pot method with a higher
specific surface area compared with other catalysts (in a similar
composition), where zirconia is present in an amorphous phase for all
catalysts. Thereafter, the role of copper crystallization was evaluated in
connection with enhanced methanol synthesis by systematically
increasing copper loading.

In this article, experimental and computational studies were com-
bined to understand the role of copper crystallization and segregation
toward enhanced methanol production via COy hydrogenation over
CuZrO, catalysts, correlating activity with the loading of copper and the
interaction of Cu with amorphous ZrO, in catalysts synthesized by the
surfactant-assisted co-precipitation method in one step.

DFT calculations were performed to determine the specific adsorp-
tion energies of the CO;, Hy, methanol, and H,O molecules on the
Zr05(—111) surface, including the conversion and dissociation pro-
cesses. For that, different ZrO, surfaces were modeled through a Cu-
adatom and by Cu-doping to simulate the Cu influence in the CuZrO,
catalysts. In these conditions, we obtained the preferential intermediates
formed in the process of COy conversion into methanol. Therefore, it was
possible to figure out some important electronic properties of the
CuZrO, catalysts influenced by different Cu compositions experimen-
tally analyzed. In particular, the intermediate steps of the reaction of
CO, hydrogenation into methanol may depend on the Cu crystallization
grade in the catalyst, with low copper crystallization boosting the
methanol production.

2. Experimental section
2.1. The catalyst preparation

A series of catalyst-containing different Cu content (10-45 wt%) on
7Zr0O- was prepared with the surfactant-assisted route followed by the
reflux method. First, an aqueous solution containing Cu(NO3),-3H50
(Alfa Aesar), ZrO(NO3)2-xH30 (Acros Organics), and Pluronic P-123®
(EO)20(PO)70(E0)20 block copolymer surfactant, 1 % molar, (Sigma-
Aldrich) were made under rapid stirring during 24 h. A precipitate was
formed by simultaneously adding an aqueous solution of Na,CO3 1 M
(Synth) to an aqueous solution containing the metals precursors and
surfactant. The mixture was kept under stirring at a constant pH (~7)
during the co-precipitation. The slurry formed was refluxed at 110 °C for
24 h. All solids had been filtered and washed with deionized water until
pH 7. Afterward, the as-prepared precursors have been dried and
calcined in air at 450 °C for 2 h with a heating rate of 5 °C min™. The
materials were labeled as 10CuZrO,;, 20CuZrO,, 30CuZrO,, and
45CuZrO,, where the numbers express the loading of copper in wt%.
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2.2. Characterization of samples

X-ray powder diffraction patterns were performed on a Rigaku
Multiflex diffractometer using Cu Ka (1.5406 ‘3\) radiation source and 26
= 10° to 80° at a 10° min " rate.

In situ time-resolved X-ray diffraction (XRD) measurement was car-
ried out at the 17BM beamline of the Advanced Photo Source (APS) at
Argonne National Laboratory (ANL), with an X-ray wavelength of
0.24172 A. The XRD measurements under CO» hydrogenation reaction
conditions (H2/CO> 3:1) have been performed at 250 °C for 20 min; a
detailed course of action is written elsewhere [15].

N adsorption/desorption measurements were performed in Micro-
meritics equipment, model ASAP 2020, at —196 °C. Firstly, the samples
were outgassed under vacuum for 12 h at 250 °C; the detailed proce-
dure is described in a recent study by our group[16]. The temperature-
programmed reduction (TPR) analysis was carried out in Micro-
meritics Pulse ChemiSorb 2750 equipment; the specified methodology
has been detailed by Marcos et al. [16].

The high-resolution transmission electron microscopy (HR-TEM)
images were collected using a JEOL JEM 2100F instrument at the Center
for Functional Nanomaterials at Brookhaven National Laboratory;
detailed procedures are described elsewhere [15].

The temperature-programmed desorption (CO,-TPD) and H,-TPD
experiments were conducted with the same equipment used for the TPR
analysis. The CO5-TPD analysis was described in detail elsewhere [16].
For H,-TPD analysis, the material was activated with an 10 %Hsy/Ar flow
of 30 mL min~? at 250 °C for 1 h and atmospheric pressure. After the
activation process, the sample was cooled to 45 °C and further saturated
in pure Hy for 30 min, followed by flushing in Ar for 1 h. The H,-TPD
measurements were conducted in an Ar stream (25 mL 111111_1) from
room temperature to 500 °C at a heating rate of 5 °C min ™. A thermal
conductivity detector monitored the change of hydrogen signal.

The metallic copper surface area and the copper dispersion have
been evaluated with the same equipment as the TPR analysis. The
copper metallic surface area (SAc,) and cu® dispersion (D¢,) were
determined using the method shown in the Supporting Information,
Equations (1 and 2); a detailed procedure has been previously described
elsewhere [16].

Ambient-pressure X-ray photoelectron spectroscopy data were
collected in a commercial SPECS AP-XPS chamber equipped with a
PHOIBOS 150 EP MCD-9 analyzer and MgKa X-ray source at the
Chemistry Division of Brookhaven National Laboratory (BNL) using.
Detailed experiments are reported elsewhere [16,17].

In situ DRIFTS spectra have been acquired by an FTIR spectrometer
(Bruker XSA) equipped with a Harrick cell and an MCT detector at the
Chemistry Division of BNL. The spectra were expressed in units of
Kubelka-Munk (K-M). 10 mg of catalyst was added into the Harrick cell
with inner quartz wool filling at the bottommost of the cell. The sample
was reduced in a mixture of Hg and He (Ho: He 1:1 M ratio) under a flow
rate of 20 mL min ! at the copper reduction temperature for 1 h. Then,
the experiments were carried out at 250 °C temperatures. The back-
ground spectrum (256 scans) with a resolution of 4 cm ™! was acquired at
the same conditions as the reaction in He (2 mL min~ 1) and Hy (6 mL
min™1) flow.

2.3. The catalytic evaluation

The catalytic tests for methanol production from CO-, hydrogenation
were performed in a high-pressure Micro activity Effi reactor (PID Eng
&Tech) containing 200 mg of catalyst diluted with 100 mg of silicon
carbide (SiC). Before the reaction, the materials were activated with an
H, flow of 30 mL min~! at 250 °C for 1 h and atmospheric pressure. After
the activation process, the experiments have been performed at tem-
peratures ranging from 200 to 300 °C. For each experiment, the tem-
perature was held over 2 h. The flow rates of pure H; and pure CO, were
set at 30 mL min~! and 10 mL min~?, respectively, with a GHSV =
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12,000 mL g 'h™!, and 30 bar of pressure. Effluent products were
analyzed with online gas chromatographer (Agilent 7890B) equipped
with a thermal conductivity detector (TCD), a flame ionization detector
(FID), and three columns: DB-624, HP-Plot-Q, and HP Molesieve. COy
conversion was denoted as X(CO,), methanol selectivity as S(MeOH),
and methanol formation rate as CH3OH formation rate. CHy concen-
tration in the outlet gas was lower than 1 %. Then, the carbon balance
was estimated from the CO,, CO, and methanol concentrations using the
normalization method, carbon balance >99 %. Marcos et al. reported
the schematic of the experimental setup and how the data have been
calculated in dertail [18]. The thermodynamic properties have been
calculated using the Peng- Robinson (PR) equation of state by the iiSE
(Industrial Integrated Simulation Environment) process simulator (IISE
Ltd. — iiSE chemical process simulator company). The calculation has
been performed similarly to Stangeland et al. [19].

2.4. DFT calculations

The calculations have been performed using the Density Functional
Theory (DFT) as implemented in the Quantum ESPRESSO (QE) package
[20-22]. For describing more accurately the long-range interactions in
processes of surface interactions, the modern functional vdW-DF3-optl
was used to treat exchange-correlation (XC) interactions [23]. Spin-
polarized solutions of the Kohn-Sham equations and Gaussian smear-
ing broadening for a Fermi-level smearing width with a value of 0.02 eV
were employed. The adsorption energies have been calculated with the
sum of the total energies of the products minus the reactants. More
calculation features are in the Supporting Information.

The monoclinic phase of the ZrO; bulk was used to represent one
possible structure of the ZrO, catalyst. The ZrO, surface in the [-111]
direction along the c-axis was obtained cleaving the bulk. A vacuum
layer of 15 A was then used to generate the surface. From it, a supercell
of dimensions (2x2) was built, having two main types of Zr sites: six-
and seven-coordinated respectively with the rates of 0.75 and 0.25, in
addition to the three-coordinated oxygen sites. Figures and more details
are presented in the Supporting Information.

As the experimental results of in situ characterization under reaction
conditions display the CuZrO, catalyst with Cu sites with oxidation
states zero (Cu®) and 1+ (Cu“’), two ZrQO, surfaces were modeled: one
with Cu-adatom and the other with Cu-doping to represent the Cu® and
Cul™ sites, respectively. On the Cu-doping surface, two Zr atoms were
replaced by two Cu atoms, and three surface oxygen vacancies have
gotten generated to create the Cu'™ sites, maintaining the neutrality of
the system. In addition to the perfect surface, two possible structures for
the Cu-adatom and Cu-doping surfaces have been simulated. For more
details about selected surfaces and their electronic properties see the
Supporting Information.

According to the most stable theoretical models of the perfect ZrO,
surface and with Cu-adatom and Cu-doping, the calculations of energy
variation of the global reaction (R) of hydrogenation of CO, into
methanol [24] were proposed to form the most probable intermediates
through the ZrO, caralyst as follows:

CO, +3H, - H;COH + H,0 ®R)
CO; + 3H> + 2Zr0,— CO,QZr0; + 3H,QZr0, (R1)
CO,QZr0, + 3H,QZrO,—HyCOHQZrO, + H,0QZrO, (R2)
H;COHOZrO, + H,0QZrO,—H,COH + H,0 + 2Zr0, (R3)

where R1, R2, and R3 are the elementary steps of adsorption, conver-
sion, and desorption, respectively. From the intermediate of R2, it was
also possible to compute the dissociated intermediate. This occurs
throughout the dissociation of the H3COH and H5O molecules on the
Zr0, surfaces. Then, the possible dissociation reaction (R4) was calcu-
lated as follows:
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Fig. 1. XRD patterns of CuZrO, catalysts.

HyCOHQZrO, + H,0QZrO,—H;CO H'QZrO, + OH H'QZrO, (R4)

The specific step of reduction of CO, may be related to different
processes, such as the Hy dissociation. However, the H, adsorption tends
to be more stable than the H, dissociation from ionic processes on oxide
surfaces [25].

3. Results and discussion
3.1. Characterization of catalysts

The crystallinity of the samples had been initially evaluated by ex-
situ XRD at room temperature, as shown in Fig. 1. The used synthesis
method did not favor the crystallization of the copper and zirconia ox-
ides in the sample with 10 wt% of copper or highly dispersed Cu par-
ticles below the detection limit of the technique were produced [8,25].
However, with an increase in Cu loading, from 20 to 45 wt%, CuO
crystallization increased. The diffraction patterns at 20 = 32.5°, 35.6°,
38.8°, 48.8°, 53.6°, 58.4°, 61.6°, 66.5° 68.1°, 72.3°, and 74.9° are
assigned to CuO and matching to the monoclinic phase (JCPDS N° 45-
0937) [26]. In all samples a broad halo peak of ca. 33° coinciding
with ZrO, is observed, pointing to an amorphous or disordered at long-
range zirconia [8], suggesting that the evaluated synthesis method did
not favor the crystallization of ZrO». The ZrO, crystallization behavior
agrees with the previous study [16], in which it was used the same
surfactant and the one-pot method of synthesis.

Fig. S1 in the Supporting Information displays that the CuZrOs cat-
alysts presented colors from light to darker green. As stated by the
literature, the pale green for copper and zirconia powder catalysts
consists of Cu,Zry ;0p, where the copper could be incorporated into
amorphous zirconia [8,9]. The dark green colors can indicate that there
are both CuyZry 2Oy and copper nanoparticles, due to the solubility limit
of Cu species in amorphous zirconia. These observations agree with XRD
(Fig. 1), where the sample with light green is amorphous, and with the
increase in copper loading, the materials are dark colors, and the copper
is crystalline also present.

Fig. S2 in Supporting Information shows the Ny adsorption/desorp-
tion isotherms and the corresponding pore size distributions of CuzrO,
catalysts. According to IUPAC, the samples displayed isotherms typical
of mesoporous materials classified as type IVb with an Ha-type hysteresis
loop. As can be seen in Fig. S2B, the increase of Cu loading from 10 to 30
wt% did not significantly alter the pore shape. However, with the copper
increase to 45 wt%, the pore distribution has been broadened and the
peak center has shifted to a larger pore size presumably due to the
collapse of some pores in the course of the synthesis with the high copper
loading.
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Fig. 2. Representative HRTEM images and subsequent metal particle size histograms of CuZrO; catalysts.

Fig. 2 depicts the metal particle size histograms of the CuZrOs cat-
alysts corresponding to the HRTEM images. The increase in copper
loading resulted in a higher copper particle size, which is composed of
particles with an average crystallite size of 2—-6 nm. Besides, one surface
terminating plane attributed to (111) and (200) has been observed with
respective interplanar spacings of 0.23 nm in the HRTEM image for the
20CuZrO, catalyst, which is consistent with the crystalline plane of CuO
[27]. Tt is difficult to distinguish between planes (111) and (200)
because the lattice fringes are close, 0.2323 and 0.2310 nm,
respectively.

To assess the reduction behavior of the CuZrO, catalysts Hy-TPR
measurements were conducted, and the profiles are presented in
Fig. S3A in Supporting Information. Peaks of reduction were observed,
which is a characteristic of Cu?* reduction to metallic copper (CuO + Hy
— Hy0 + Cu®). There is a strong relationship between copper loading
and Hy consumption, with the increase in Cu loading the Hy consump-
tion raised. The literature review shows that ZrO, reduction does not
occur in the evaluated temperature range (from 50 to 300 °C) [16].
Additionally, it was noted a shift in the onset of the reduction peak to
higher temperatures with the increase in copper loading. According to
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Table 1

Average mass percentage (wt.%) of Cu, specific surface area (S gg1), total
number of basic sites and (%) p peak, specific copper metallic area (SAc,), and
copper dispersion (Dg,) of catalysts.

Samples Cu SBET Basic sites Dcu SAcy (mg/

% 2 -1 _— 9%)° b

(%) (m7g™") (mmol/ b (%) gcw

38 (%)

Zr0o - 346 0.070 70.0 - -
10CuZr0,  10.0 441 0.048 73.3 8.0 15.3
20CuZr0, 21.1 390 0.056 61.0 3.8 7.1
30CuZr0,  29.2 285 0.047 64.0 3.5 6.7
45CuZrO, 45.3 265 0.062 57.0 1.78 3.5

2 determined by TPD-CO,; ° determined by N,O chemisorption.

Table 2

The amount of H, desorption over 10CuZrO, and 30CuZrO, catalysts.
Samples T(°C) mmol/gcat T (°C) mmol/geat
10CuZrO, 25-280 0.73 280-500 1.41
30CuZrO, 0.60 1.75

the literature [16], smaller particles of copper are reduced at lower
temperatures, consistent with the data obtained from HRTEM analysis
(Fig. 2).

The main physical-chemical properties of these catalysts can be
compared from the data in Table 1. An increase in the Cu amount
decreased the specific surface area. This might be owing to the forma-

tion of CuO crystalline at higher Cu loadings, as observed by XRD, which
..

A) 30y

254 *ey o o
AR SRSl

20 {—e— 10CuZr0,

9

s —=—20CuZrO,
8" 159 —%—30cuzr0,
% |—s—45cuzi0,

<-4 Equilibrium

200 220 240 260 280 300

Temperature (°C)
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could block the pores of ZrO,. Fig. S3B in the Supporting Information
displays the CO, desorption profiles of the catalysts. These profiles are
similar for all samples, with the first and highest CO, desorption peak
from 50 °C to 125 °C and another from 125 to 300 °C, except for the
catalyst with the lower copper loading. The peaks can be associated with
weak and medium basic sites, respectively. The weakly basic sites
(denoted as peak a) can be associated with hydroxyl groups (OH ), while
the moderate (denoted as peak ) can be associated with to metal-
oxygen pair (Zr-O) [26,28,29] To understand the effect of these sites
on the catalytic test, the peaks were integrated, and the results are also
depicted in Table 1. According to the literature, the p peak is essential to
promote CO3 activation, resulting in the enhancement of methanol yield
[29]. The samples presented the subsequent order of moderate (f3) basic
sites (%): 10CuZrO; > 30CuZrO; > 20CuZrOy > 45CuZrO,. This dif-
ference in the basic sites could be correlated with the crystallization
phase of copper, as presented by XRD patterns in Fig. 1, which can
adsorb the CO; differently or due to the presence of oxygen vacancy in
ZrO5 that can act as active sites for CO, adsorption, as evidenced by
Wang et al. [30]. Copper dispersion and metallic surface area followed
the same behavior as the specific surface area (Sg 1), with the highest
specific surface area showing the highest dispersion and copper surface
area. It is deserving of pointing out that zirconia synthesized in this work
presents a higher specific surface area than the materials found in the
literature [31-35]. This confirms that the existence of a non-ionic sur-
factant in the synthesis of the materials influences the specific surface
area.

Fig. S3C) shows the H, desorption profiles obtained for the pre-
reduced 10CuZrO, and 30CuZrO, catalysts. Two Hy desorption peaks
were detected for both catalysts and labeled as a and B. The low

B) 100
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- Equilibrium (CH30H)
* e = Equilibrium (CO) e

60

40

MeOH Selectivty (%)
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200 220 240 260 280 300
Temperature (°C)

C) 3 200
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< 160+
S 140
§° 1201

=]

2 100-
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g

= 60+

[
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& 200 220 240

260 280 300

Temperature (°C)

Fig. 3. A) CO, conversion B) Methanol selectivity, and C) methanol formation rate as a function of temperature over CuZrO, catalysts (GHSV = 12,000 mL g h'b,

and the chemical equilibrium was predicted by gas-phase thermodynamics.
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Fig. 4. Catalytic performance comparison of 10CuZrO, and C/aZ [9] catalysts.
Reaction conditions: W/Ftotal = 430 mg.,, s mL(STP) *, COo/Hy/N, = 1/3/1,
500 mg of catalyst at 230 °C and 10 bar.

temperature broadened peak (o) corresponds to the desorption of the
chemisorbed hydrogen on the highly dispersed copper nanoparticles,
which is related to the number of active sites for dissociation of
hydrogen molecule to hydrogen atoms and the hydrogen atom on the
surface of metal oxides caused by the spillover of hydrogen from the
copper surface, while the higher temperature (8) centered at about
400 °C represents desorption of strongly adsorbed hydrogen over bulk
CuO and ZrO surface [36-38]. The increase of copper loading shifts the
a peak toward higher temperature indicating a higher adsorption
strength of the H atom on the surface of metal oxides. Table 2 presents
the quantitative data of H; desorptions over both catalysts as a function
of the temperature. The increase of Cu loading has not boosted the
amount of Hy adsorbed at low temperatures (a). The catalyst with lower
copper content, 10CuZr0O,, showed a higher amount of the a peak when
compared to the 30CuZrO;, catalyst. This result is in line with the
metallic copper area (Table 1). As reported by the literature, only the Hy
desorbed at lower temperatures is useful for synthesizing methanol from
CO, hydrogenation [36-38].

A)

--a-- Equilibrium XCOy —8—SMeOH —— SCO
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3.2. Catalytic results

The performance of the CuZrO, catalysts with different copper
loading was assessed in the methanol production by CO» hydrogenation
as a function of the temperature at 30 bar until reaching the steady-state
and under kinetic conditions (far away from the equilibrium conversion)
to approach the intrinsic activity. Fig. 3 shows that the increase in
temperature favored the CO, conversion for all catalysts. The catalyst
with the lower amount of copper (10CuZ0;) leveraged the best CO5
conversion. It is important to emphasize that this catalyst showed the
highest values of copper dispersion, % medium basic sites, higher H,
desorbed at lower temperature, metallic area, and the lower copper
particle size, as presented in Table 1. Also, this catalyst has an amor-
phous structure for both phases (CuO and ZrO,) or CuO is highly
dispersed. Therefore, these properties favored the catalytic activity of
this catalyst when compared with the catalysts with the crystalline
structure of copper.

The products obtained were methanol, CO, and methane (less than 1
% of selectivity). The best methanol selectivity has been reached at
200 °C (Fig. 3B) by the 30CuZrO, catalyst, which has a crystalline
copper phase. The increase in the temperature from 225 °C to 300 °C
decreased the selectivity of methanol but favored the reverse of the
water-gas shift reaction (RWGS: CO5 + Hy — CO + H0). The increase in
copper loading did not boost the methanol selectivity at higher tem-
peratures. The lower activity for the catalyst with the highest copper
loading, 45CuZrQ,, could be explained by the lower CO, adsorption and
copper metallic area, as shown in Table 1. At high temperatures, 300 °C,
both the amount of copper and the copper crystalline phase did not
leverage the methanol selectivity. Alternatively, as displayed in Fig. 3C,
the methanol formation rate was influenced by these variables. The
methanol formation rate increased with the temperature to 275 °C. The
lower methanol production at lower temperatures could be explained
due to the high thermodynamic stability of CO, that requires high
temperature for its conversion, which means that fewer molecules are
produced, and due to RWGS reaction that occurs at the same
temperature.

The activity presented by the ZrO5 support has been negligible in this
study, at 250 °C and 30 bar, with a low XCO, (0.18 %). The major
selectivity was reached CO (82.8 %) with lower selectivity for MeOH
and CHy (11.6 % and 5.6 %, respectively).

To compare the data of this research with a promising catalyst in
COy-to-methanol hydrogenation, C/aZ [9], from the literature, a new
experiment has been performed under the same reaction conditions,
Fig. 4. It is important to highlight that the C/aZ cartalyst has similar

Z
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Fig. 5. A) CO, conversion and product selectivity as a function of the temperature of 30CuZrO, catalyst and B) Effect of temperature on methanol and CO rate
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copper loading and both copper and zirconia phases in the amorphous
state compared with the 10CuZrO, catalyst explored in this study. C/aZ
catalyst showed at 10 bar XCO3 <2 % and the methanol formation rate
of 0.7 mmol MeOH h™! g;.ft [9]. The 10CuZrO5 catalyst reached an
XCO, = 4 % with a methanol formation rate of 0.80 mmol MeOH h ~*
gc’al[. Thus, it can be assumed that the merge of both amorphous ZrO5 and
Cu with a suitable copper loading is a promising catalyst in CO5-to-
methanol hydrogenation. The superior activity of the 10CuZrO, catalyst
is due to the synthesis method thart provided a higher specific surface
area as shown by B.E.T analysis and different physical chemistry prop-
erties that may have favored the CO5 adsorption/desorption to produce
methanol.

To gain insight into the behavior at a system with lower pressure (1
bar) on the catalyst that reached the best methanol selectivity at low
temperature, 30CuZrQ,, and correlate the results with physicochemical

characterizations that were obtained in situ, under the same conditions,
additional experiments have been made. As shown in Fig. 5A, the
catalyst exhibited high CO5 conversion at 300 °C. At 225 and 250 °C, the
CO, conversion is below 5 %. As the temperature increases to 275 and
300 °C, CO, conversion increases, and the products were the same,
mainly CO and low amounts of methanol and methane, although the
catalytic activity is limited by the equilibrium [39]. As expected, at this
low-pressure regime, regardless of the temperature of the reaction, a
higher rate of CO is observed likened to the rate of methanol produced
(Fig. 5B). This explains the reasons why methanol production is favored
at high pressures, and it is typically carried out at 250 °C and 20 bar
[40].
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Fig. 8. AP-XPS spectra of CuZrO; catalysts in the Cu LMM Auger region. In situ spectra for: i) fresh, ii) reduction condition at 300 °C, (iii) 25 °C: at reaction condition,
iv) 200 °C, v) 225 °C, vi) 250 °C, vii) 275 °C and viii) 300 °C. Reactant gas: CO5/H; = 1:3.

3.3. In situ characterization under reaction conditions

The catalysts that showed high CO, conversion and methanol
selectivity have been examined using in situ X-ray diffraction under
activation and reaction conditions at 250 °C, as presented in Figs. 6 and
7. At room temperature, the 10CuZrO, catalyst revealed only a broad
peak around 32°, which is related to the amorphous phase of ZrO,.
Following an in situ activation process under H; at 250 °C, the metallic
Cu face-centered cubic (fcc) phase appeared at 20 — 42.2° and 49.7°
(JCPDS 4-0835) [41], Fig. 6. However, the 30CuZrO, catalyst, initially
at room temperature, showed both a broad peak around 32° associated
with amorphous ZrOy and peaks of the characteristic of CuO monoclinic
reflections. With increasing temperature, these peaks gradually dis-
appeared, and additional peaks related to Cu® are seen. The 30CuZrO,
catalyst showed the sharpest Cu diffraction peaks, indicating that the Cu
crystallite size for this catalyst is larger than that of the 10CuZrO cata-
lyst. The dissociation of CO, deposits atomic oxygen on copper [10]. As
shown in Fig. 7, the copper remains in the crystalline metallic phase
under CO,/H, reaction conditions for both catalysts, suggesting that the

bulk oxidation of metallic copper does not take place. Any oxygen
deposited by dissociation of CO, is just chemisorbed and kept on the
surface of the catalysts.

To ascertain the oxidation state of the catalyst surface and support
the analysis of the catalytic performance, in situ ambient-pressure X-ray
Photoelectron Spectroscopy (AP-XPS) measurements have been per-
formed under activation conditions and a CO5/Hy mixture at several
temperatures, as presented in Figs. 8 and 9. The O 1 s spectra is pre-
sented in the Supplementary material (Fig. S4).

Fig. 8 displays the XPS spectra for the CuZrO, samples in the Cu LMM
Auger region. As shown, in the sample with lower copper content,
10CuZrOs, no copper oxide species have been observed on the spectra
during activation and reaction conditions. Nonetheless, with increasing
Cu content, the presence of Cu™ during the reaction condition was more
notable (ca. 916-51 — 916.75 eV). During the hydrogenation of CO3_ a
fraction of the Cu® on the surface can be oxidized to Cu™ by the redox
mechanism on the RWGS reaction or by water, as a sub-product from
methanol production or by oxygen (O*) [16,17] generated from the CO,
dissociation [42—-46]. Yet, to explore the presence of Cu® species, further
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information is needed since the Zr 3p signal interferes when Mg Ka ra-
diation is used [16,47]. With the increase in copper content, after the
reduction process (ii), the spectra are broadened from 915 eV to 925 eV,
suggesting the presence of Cu® around 918.6 eV. The increase in the Cu
loading in the samples led to a shift in the binding energy of the peak,
characteristic of Cu™ species, to lower kinetic energy from 916.75 eV to
916. 51 €V, 20CuZrOy and 45CuZrO4 catalysts.

To explore the ZrO, behavior under activation (Hs) and CO9/Hs
mixture at several temperatures, Fig. 9 displays the Zr 3d spectra of
samples, with spin-orbit coupling energy of 2.4 eV. As shown, the
spectrum can be ascribed to the existence of zirconium species (Zr*") as
the main species and all spectra were quite similar for the valence state
on the surface of the fresh catalysts and during activation or reaction
conditions for all materials. It showed that the chemical environment of
Zr was not influenced by the activation and reaction conditions. Ac-
cording to the TPR analysis, the reduction of ZrO, species does not occur
in the experimental range (from 50 to 300 °C). In addition, it was
observed a positive shift of BE of Zr 3d as the copper loading increased.
This shift is owing to a strong metal-support interaction (SMSI) and an

indicator of charge transfer from the ZrO, toward the copper species.

3.4. Reaction mechanism

To gain insight into the surface species present over 10CuZrO; and
30CuZrO, catalysts, which exhibited the best CO5 conversion and
methanol selectivity during CO5 hydrogenation at atmospheric pressure
under different temperatures, a series of in situ diffuse reflectances
Fourier transform infrared spectroscopy (DRIFTS) studies was per-
formed. The vibrational peak assignment for the major surface species is
listed in Table S1 in the Supporting Information. As shown in Fig. 10, at
100 °C both catalysts show bands around 2964, 2868, 1580, 1570, and
1370 wavenumbers that correspond to the assignments vas(OCO), vs
(OCO), vs(CH), and 8(CH) adsorbed on the surface of the catalysts of
bidentate formate (b-HCOO-Zr) [12,48-50]. Besides, three bands were
observed around 2928, 2838, and 2820 cm ?, with features of vas(CHs),
assigned to methoxy (CH30-Zr) [12,48-50]. The bands around 1310,
1570, and 1640 cm™! can be assigned to vas(OCO) and vs(OCO),
adsorbed on the surface of the catalysts of bidentate carbonate (b-CO%-
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Fig. 10. In situ DRIFT spectra over A) 10CuZrO, and B) 30CuZrO, catalysts during CO, hydrogenation reaction (3:1 H»:CO;) at different temperatures.

Zr). At 1357 cm !, the presence of formate is observed on Cu (b-HCOO-
Cu) [51] only for the 10CuZrO, catalyst. During the reaction, the in-
tensities of the bands of the mean intermediates, b-HCOO", CH30 ", and
b-CO%, decreased with temperature increase for both catalysts. How-
ever, the intensities of the characteristic bands of bidentate formate and
methoxy species are unlike among them. At 250 °C, the band charac-
teristic of the CO gas phase was more intense for all catalysts. When the
temperature rises from 250 °C to 300 °C, only the band of bidentate
formate intermediate is found for 30CuZrO,. However, 10CuZrQOs,
catalyst presented both bidentate carbonate and bidentate formate as
intermediate.

An experiment similar to subsequent switching off CO4 from the inlet
of the reactor was performed to look over the reaction pathway for
methanol production from COz hydrogenation on 10CuZrO; and
30CuZrO, catalysts. As shown in Fig. 11, IR peak intensities of surface
bidentate formate and bidentate carbonate species decreased quickly
after switching off the CO; of the reaction for both catalysts. However,

10

the conversion of carbonates and formates into surface methoxy is much
faster over the 10CuZrO; catalyst, evidencing that the hydrogenation of
surface carbonates/formates into methoxy is a slow step over the
30CuZrO, catalyst and it might be deduced that the superior perfor-
mance of 10CuZrO; catalyst is because the oxygenate intermediates can
be hydrogenated with a much higher rate than that on 30CuZrO; cata-
lyst under the same reaction conditions.

To gain additional insights and understand how does the 10CuZrO,
catalyst interacts with CO5 and with a (COy + Hj) mixture at 250 °C
(Figs. 12 and 13), a new series of DRIFTS measurements were per-
formed. Before the experiment, the material was reduced in Hy at 250 °C
for 1 h and purged by He for 5 h at the same temperature to remove the
H, adsorbed from the Cu® particles. The spectra during CO, exposure are
associated with CO5 adsorbed species on the ZrOs in multiple adsorption
peaks from 1700 to 1200 em ™’ wavenumbers, which corresponds to
Va5(0CO), v5(0CO), and 8(CH) assignments adsorbed on the surface of
the catalyst. Upon exposure to the Hy + CO5 containing catalyst, intense
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broadband centered at 1583 cm ™! with a shoulder at 1640 em ™ is

observed, relating to bidentate formate and bidentate carbonate species,
respectively. Also, bands have been observed at 2969 8§(CH) + v,5(0OCO),
2881v(CH), 2852 cm’l, and 2736 5(CH) + v(OCO), features of biden-
tate formate, and a band at 2931 cm™! yg(CHs) characteristic of
methoxy species (Fig. 12).

After the knowledge of how the 10CuZrO, catalyst interacts with
CO5 and with a (CO, + Hj) mixture at 250 °C, a new test with subse-
quent switching off COy was implemented on this catalyst to propose a
reaction pathway. As presented in Fig. 13, some bands specific to
bidentate carbonate and bidentate formate species adsorbed on the
catalyst decreased quickly after switching off the COy of the reaction. It
shows that methanol production takes place on the surface of both Cu™
9 and ZrO, (b-CO%-Zr, b-HCOO-Zr, and b-HCOO-Cu). The ZrO, surface
adsorbs the CO5 to form bidentate carbonate and formate that then
undergoes progressive hydrogenation from the spillover of H atoms
adsorbed on Cut/Cu” to the surface of Zr0, to form methoxy (CH307)
and finally methanol.

11

. and He: 2 mL min '

3.5. Theoretical calculations of intermediates

As stated by the experimental results, the catalytic conversion of CO5
into methanol on the surface models of perfect ZrO, and with Cu-adatom
and Cu-doping was simulated. Through DFT calculations, it was found
that the COy adsorption may not be favored on the three models of the
ZrO5 cartalyst surfaces (perfect, Cu-adatom, and Cu-doping), so the CO5
molecule displays a bidentate interaction with the Zr sites according to
the reaction mechanism experimentally evaluated here. In this CO5
bidentate adsorption, the theoretical results show that the undissociated
methanol intermediate is most stable during the CO; conversion. On
specific surface models, sequent dissociation for methoxy formation
could further stabilize the intermediate (Fig. 14). The desorption of the
products (methanol + Hy0) is in turn energetically unfavorable. Fig. 14
shows the energies of the possible intermediates formed in the CO5
hydrogenation into methanol on the three models of the ZrO, catalyst
surface perfectly Cu-adatom and Cu-doping. The intermediates are
formed over the elementary steps of CO, adsorption (bidentate inter-
action formation) and conversion into methanol (hydrogen bond for-
mation) with possible dissociation (methoxy formation). The energy of
the reactants (CO,, Ha, and ZrO,) has been used as a reference, where
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ZrO, represents the surface model.

As stated by the energy variation, the perfect ZrO, surface could
further favor the COy adsorption compared to the surfaces with Cu. The
formation energy of the intermediate adsorption on the perfect surface is
approximately —10 kcal mol™! most stable than on surfaces with Cu.
However, the Cu-doping model was the most suitable surface for the
conversion into methanol. Shorter hydrogen bond lengths of approxi-
mately 1.50 A between the methanol and H50 molecules and with the
Zr0y surface are obtained for the Cu-doping surface intermediate. In
addition, this Cu-doping surface does not favor the dissociation of in-
termediates through conversion, i.e., the conversion to methoxy from a
formate intermediate [13] could be decreased. The formation energy of
the dissociated conversion intermediate on the Cu-doping surface is
positive (13.43 keal mol™1). For further details about the calculations of
the interaction conformations and intermediate steps see the Supporting
Information.

4. Discussion

Overall, the theoretical results show that the CO5 and Hy molecular
adsorptions mainly occur on the Zr sites, despite that being the ener-
getically less stable intermediate, and a similar statement was reported
by Rui et al. [10]. Among the three surface models simulated, the CO,
adsorption is most favorable on the perfect ZrO, surface. Experimen-
tally, the lower CO, adsorption was indeed observed through the higher
Cu concentration. From DFT calculations, Wu et al. [13] also showed
that ZrOs islands are most active for the CO4 activation and the CO5
adsorption is a configuration-driven mechanism. The theoretical results
also show that the conversion into methanol is most favorable with the
presence of Cu in both Cu-adatom and Cu-doping surfaces, in spite, the
active copper tends to be predominantly Cu® in Cu/ZrO, catalysts
[52,53]. However, the ZrO, support alters the cut/cu® ratio on the
catalyst surface [6].

The few amounts of Cu in the doping model could also favor
increased medium basic sites in the ZrO, surface, as seen experimentally
through the 10CuZrO, catalyst with the lower concentration of Cu.
Besides that, the simulated model of the Cu-doping surface may be able
to limit the methoxy formation due to the decreasing electronic states of
the ZrO, surface oxygen sites at the valence band, as seen in the pro-
jected density of states (PDOS), results in the Supporting Information.
The Cu-doping model was also important to support the Zr chemical
environment observed in the experimental activation and reaction
conditions. Under these conditions, the temperature increase would be
favorable to increase the kinetic reaction with a minor effect on the
amount of Cu and methanol selectivity, as seen by the experimental
results. Therefore, the intermediate steps of the catalyzed reaction of
CO, hydrogenation into methanol may depend on the Cu incorporation
in the zirconia sample, supporting the experimental results.

The catalyst with higher copper loading, 45CuZrO,, showed the
strongest SMSI effect, as observed by XPS analysis, and lower methanol
formation rate. To understand the reasons why this catalyst did not show
the best methanol production is important to know the key properties to
achieve a high catalytic performance to produce methanol. Then, some
requirements must be fulfilled, such as a high SA¢, to expose a large
number of active sites, the Cu phase must be defective to achieve a high
density of active sites at the surface, and strong metal-support interac-
tion, because strong binding energy favors the pathway toward the
synthesis of methanol, while weak binding energies lead to CO as a
product by RWGS. Besides that, the key factor affecting the CO5 con-
version is meanly the crystallization phase of copper, which can adsorb
the CO,, differently or due to the presence of oxygen vacancy in ZrO, that
can act as active sites for CO, adsorption. So, if all these issues work
together the catalyst will achieve high performance for methanol syn-
thesis [16,54].

The 30CuZrO, catalyst showed the highest methanol selectivity that
could be associated with a combination of a strong metal-support
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interaction (SMSI) with the total accessible Cu surface area (SAcy). It
means that strong binding energy and high metallic surface area favor
the pathway toward the synthesis of methanol. Then, only one property
is not enough to achieve high catalytic performance, that is the case of
45CuZrO, catalyst, that present the highest SMSI but with lowest SA¢y.

Based on the combination of theory and experiments, the 10CuZrO;
catalyst showed the highest activity. This catalyst is the only one that has
the structure of copper amorphous. The similar activity between
20CuZrOg, 30CuZr0,, and 45CuZrO, catalysts could be associated with
the % of medium basic sites that were very close and crucial to
enhancing the methanol yield.

5. Conclusion

The 10CuZ0, catalyst, with the lower copper content, provided the
best CO, conversion and methanol formation rate due to the higher
copper dispersion, medium basic sites, metallic area, higher Hy desorbed
at a lower temperature, and smaller copper particle size. This catalyst
displayed an amorphous crystalline structure for both CuO and ZrOs
phases. However, the best methanol selectivity was reached at 200 °C
with the 30CuZrO; catalyst, which has shown a crystalline copper phase.
The observed differences in the basic sites could be correlated with the
crystallization phase of copper and the strong metal-support interaction
with ZrO,. The methanol formation rate was induced by both amor-
phous and crystalline copper phases. The Cu-doping model was a more
suitable surface for the conversion of CO5 into methanol, the same
behavior of the catalyst that presented both structures in the amorphous
state and without the copper segregation phase. Theoretical results also
show that the CO, adsorption is energetically less stable main inter-
mediate on the ZrO; surface with Cu. Experimentally, the lower CO,
adsorption was indeed observed through the higher Cu concentration.
The combined experiments and DFT results disclosed that the interac-
tion between amorphous copper and zirconia could be considered a
significant descriptor for the catalyst design from CO; to methanol
through hydrogenation. Finally, the discovery of this study enhances the
understanding of the effect of copper crystallization on amorphous zir-
conia and the rational design of catalysts for methanol production by
CO, hydrogenation.
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