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Abstract

Capturing hydrogen with CO> to produce methanol is becoming increasingly intriguing.
Renewable H» is expensive and is currently produced in a limited amount. Therefore,
selective utilization of H> towards methanol formation, which has been paid little attention to,
is necessary without being wasted towards side product formation. Here, we show that using
Co containing dual-atom doped oxide (Co-Zn-ZrOy) catalyst H> utilization can be selectively
directed towards methanol formation and at the same time, H> wastage can be minimized by
suppressing competitive CO formation. Co-Zn-ZrO, produced methanol with space time
yield of 1.5 gmeon h'! gea!, which is one of the highest ever reported under industrially
relevant conditions. In this catalyst, Co was responsible for CO; activation and formate
stabilization and made Zn free of formate poisoning, which helped in easy H> dissociation
promoting formate hydrogenation to methanol. When Co was replaced with other metals (for

example: Pd, Ni and Cu), H> utilization was promoted more towards CO formation than
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towards methanol formation decreasing methanol selectivity. This work represents the
potential of Co containing dual-atom doped oxide catalyst for selectively utilizing H> for
methanol formation while identifying the underlying factor for controlling H> utilization

towards methanol or CO formation.

KEYWORD: CO, hydrogenation to methanol, selective H» utilization, selectivity control,

formate pathway, doped oxide

Introduction

Hydrogen plays important roles in the energy sector and chemical synthesis despite not
being an energy resource. It is almost not available naturally on earth and currently is mainly
produced from non-renewable fossil fuels leading to an increase in COz emission.!
Renewable H» (for example: formed via water electrolysis, biomass reforming using
renewable energy sources) is more expensive than non-renewable H».>> Therefore, H> needs
to be stored and transported efficiently and safely. In this regard, methanol received much
attention as a hydrogen carrier.*> H, is stored as methanol in a liquid form via CO»
hydrogenation reaction (CO; + 3 H> «<» CH30H + H>O) and methanol can also be reacted to
give the Ho back forming a closed cycle. Therefore, during methanol formation via CO;
hydrogenation reaction, hydrogen should be efficiently used for methanol production without
being wasted for the formation of side products. Although CO» hydrogenation to methanol is
a heavily investigated reaction, little attention has been paid to the selective utilization of

hydrogen towards methanol formation.

One of the main problems in the way of utilizing H> efficiently towards methanol
formation is the consumption of H» towards other side products mainly CO via reverse water-
gas shift (RWGS) reaction (COz + Hz «<» CO + H,0).* Therefore, obtaining methanol with

high productivity and selectivity and suppressing side product formation at the same time are
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highly important in order to selectively utilize H, for methanol formation. In this regard,
oxides like InoO3, doped oxides (for example: MaOx-ZrO2; M. = Zn, Cd, Ga) are important
candidates as catalysts for CO> hydrogenation to methanol reaction.®”3!! They showed good
selectivity of methanol albeit with poor methanol productivity because of their poor H»

dissociation ability. Metal promoters were added to promote methanol productivity.!*!3->

221421 However, methanol selectivity decreased although methanol productivity

increased. 14,15,17,18,22,26-30

Oxygen vacancies present on the surface of the oxide catalysts act as the active site for
CO; activation, H> activation and formate intermediate stabilization.’! However, strong
adsorption of CO> and formate poison the active site by blocking it for H> dissociation
leading to poor utilization of Ha towards methanol production.’>*> Consequently, methanol
selectivity and productivity decreased and selectivity of CO increased.**® Addition of metal
promoters promotes Hz dissociation ability.!>!322-27:1421 These extra dissociated hydrogen
species are not controllable to be selectively utilized for methanol synthesis. Instead, they are
used up for promoting RWGS reaction more than methanol formation,!®15:17:18.22:26-30 Thyq

methanol selectivity decreased. Therefore, using a metal promoter for hydrogen dissociation

is not a helpful way to utilize H» selectively for methanol formation.

In literature, little information is available on controlling H> consumption towards
methanol formation selectively. Heterolytic dissociation of H> has been suggested as the
promotional factor for methanol formation.** However, promotion of RWGS reaction despite
heterolytic H> dissociation by promoter has also been suggested.!**’ Due to inability to detect
the underlying factor for controlling Ha utilization towards methanol formation, development
of efficient catalyst capable of selectively utilizing H> for methanol formation becomes

difficult.
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Herein, we show that instead of directly promoting H> dissociation by adding metal
promoters, creating a site that are responsible for CO; adsorption and formate intermediate
stabilization and are different from that for H> dissociation can selectively utilize H> towards
methanol formation and suppress H> wastage via side product formation. We have previously
shown that the introduction of Co single atom in oxide structure creates oxygen deficient
interfacial active sites for CO, adsorption and is helpful to mitigate the poisoning effect of
COz and formate on the Ha dissociation element.**> In this piece of work, we prepared Co,
Zn doped ZrO> (Co-Zn-Zr0O3) dual-atom doped oxide catalyst. We found that as compared to
Zn-7r0;, Co-Zn-ZrO; increased H> consumption for methanol formation and suppressed H»
consumption for RWGS reaction at the same time promoting both methanol selectivity and
productivity. Co-Zn-ZrO» produced methanol with space time yield (S7Ymeon) of 1.5 gmeon h
' gea! under industrially relevant conditions, which is one of the highest STYmeon ever
reported. Detailed analysis showed that in Co-Zn-ZrO», Co atoms created separate active sites
and controlled CO, adsorption and formate stabilization and Zn sites being free of formate
poisoning easily dissociated H» to hydrogenate the formate adsorbed on Co-Zr interfacial site
selectively to methanol. At the same time, CO formation via formate decomposition was also
suppressed. When Co was changed to other metals (for example: Cu, Pd and Ni), they
promoted H» dissociation and created sites for side reaction wasting H> through RWGS
reaction. As a result, methanol selectivity decreased. We found that the intrinsic activity of
metal promoters for CO, hydrogenation is inversely proportional to the methanol selectivity
in the dual-atom oxides. This work shows that catalysts designed based on the preferential
adsorption of CO> and H» lead to the maximum use of H, for methanol formation and

minimize H» wastage through side reactions.
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Results and Discussion
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Figure 1: (a) XRD of all dual-atom doped oxides and Zn-ZrO> with (b) the shift of the (101)
reflection of #-ZrO». (¢c) HAADF-STEM image of Co-Zn-ZrO> showing the (110) plane of #-
ZrO> and the corresponding d spacing. (d) HAADF-STEM image of Co-Zn-ZrO> with
elemental mapping of (e) Co, (f) Zn and (g) Zr.

All catalysts with ZrO> as the bulk phase were prepared by coprecipitation of metal
salts in ammonia solution followed by washing, drying and then calcination at 500 °C under
air (see supporting information for detailed procedure). All doped oxide catalysts showed
tetragonal ZrO» structure as observed in the X-ray diffraction (XRD) pattern (Figure 1a). No
feature for individual oxide of dopants was observed. With increase in dopant concentration
(shown in Figure S1), the 26 value corresponding to the (101) plane of #ZrO» shifted to
higher value as compared to that of Zn-ZrO» (Figure 1b) because dopants have smaller ionic
radii than that of Zr*" (r,4 = 0.84 A).* In the high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of Co-Zn-ZrOz, only ¢-ZrO; phase
was visible. (Figure 1c). Elemental mapping using energy dispersive X-ray (EDX) analysis

(Figure 1d-g) showed homogeneous distribution of Co and Zn atoms.
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Figure 2: (a) Comparison of catalytic activity between Zn-ZrO> and Co-Zn-ZrO>. (b) Ratio
of H> consumption between methanol and CO over different catalysts. (c) H> consumption
towards methanol synthesis under variable H2:CO: ratio. (d) H2 consumption towards
methanol and CO synthesis at H/CO, = 1. (e) Comparison of methanol selectivity over Zn-
7107 and Co-Zn-ZrO; under variable H2:CO; ratio. (f) Methanol productivity over Zn-ZrO>
and Co-Zn-ZrO> under variable H>:CO»> ratio. (g) Activation energy of methanol formation
over Zn-ZrO> and Co-Zn-ZrO:. Order of methanol formation with respect to (h) Hz (ny,) and

(i) CO2 (nco,)- Rate of products were taken in mol gear! hl. Effect of pressure (j),

temperature at 5 MPa (k) and space velocity at 320 °C and 5 MPa (1) on methanol selectivity
and productivity. Reaction condition: 300 °C, 3 MPa, 30,000 mL h™! gea!, Ho/CO2 = 4 unless
otherwise mentioned.

The performance of all catalysts in CO> hydrogenation reaction was evaluated in a
stainless-steel fixed bed flow reactor (Figure S1). Undoped ZrO, showed (Table S2)
negligible CO; conversion indicating that dopants were solely responsible for catalytic
activity. First of all, we compared the catalytic activity of single atom doped Zn-ZrO> and
dual atom doped M-Zn-ZrO> (M = Co, Pd, Ni and Cu) catalysts at 300 °C, 3 MPa, 30000 mL

h' gear!, H2:CO2 = 4:1 (Figure 2a and Table S2). Methanol selectivity (Smeon) and
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productivity over Zn-ZrO> were 76% and 0.25 gveon h' gea! respectively. When a third
element was introduced, S7Ywmeon increased. However, Smeon increased only when Co was
introduced. In the case of Co-Zn-ZrO;, Smeon increased to 87% and methanol productivity
increased to 0.36 gmeon h™!' gea!. The Smeon and STYmeon of Co-Zn-ZrO> were much higher
than that over single-atom analogues (Zn-ZrO; and Co-ZrOy) and their physical mixture (Zn-
71O + Co-ZrO») (Figure S2a). Among them, Co-Zn-ZrO> showed the lowest space time
yield of CO (STYco) (Figure S2b). Therefore, presence of Co in dual-atom doped oxide
selectively promotes methanol formation while suppressed CO formation at the same time.
All other dual atom M-Zn-ZrO, (M = Pd, Ni and Cu) oxide catalysts showed lower Smeon
than Zn-ZrO,. Along with the decrease in Smeon, introduction of Pd, Ni and Cu increased
both S7Yco and Sco (Table S2 and figure S3). These results are in line with reported
literature.!413:17:1822.26.27 The effect of Co to increase both Smeon and STYmeon was further
confirmed by carrying out reaction in a wide temperature range (260 — 360 °C) (Figure S4).
At 260 °C, methanol selectivity over Zn-ZrO; was 80%, which was increased to 98% over
Co-Zn-ZrO,. The latter showed higher Smeon and S7TYmeon than Zn-ZrO» even at unfavorable

temperature range for methanol synthesis (> 300 °C).

Next, to understand the usage of H» towards methanol and CO formation over
different catalysts, we calculated the ratio between H» utilization towards methanol to that
towards CO formation (H> (MeOH) : H» (CO)) (Figure 2b). For Zn-ZrO», the H> (MeOH) : H»
(CO) ratio was 9.6. For Co-Zn-ZrO», the ratio increased to 18. Whereas, for other catalysts
the ratio decreased as compared to that of Zn-ZrO». The ratio decreased the most for Cu-Zn-
ZrO,. This result shows that over Co-Zn-ZrO,, H> was used selectively for methanol
formation and H» wastage towards CO was suppressed. On the other hand, presence of Pd, Ni
and Cu, although increased methanol productivity, increased wastage of H» to a much higher

degree due to promotion of CO formation. To understand the consumption of H> over Co-Zn-
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ZrO, in more detail, we compared the H> consumption over Co-Zn-ZrO, and Zn-ZrO> under
varying H»:COs ratio (Figure 2¢). When H»:CO» ratio was changed from 4:1 to 1:1, the H»
consumption towards methanol synthesis decreased by 6% over Co-Zn-ZrO,. In comparison,
over Zn-ZrOz, H> consumption towards methanol synthesis decreased by 60%. At H2:CO;
ratio of 1:1, while the H> consumption towards CO formation was similar, H> consumption
towards methanol formation for Co-Zn-ZrO; was 3 times higher than that for Zn-ZrO,
(Figure 2d). As a result of the better H» utilization towards methanol formation over Co-Zn-
ZrO, as compared to Zn-ZrO,, the former showed much higher Smeon (Figure 2e) and
STYwmeon (Figure 2f) as compared to the latter even in H> lean conditions (H2/CO; < 3, less
than the stoichiometric requirement). To better understand the ability of Co-Zn-ZrO> to
produce methanol selectively even under low H» partial pressure, we calculated the activation
energy (Eq) for methanol formation over Co-Zn-ZrO; and Zn-ZrO; (Figure 2g). E, for
methanol formation over Zn-ZrO, was 110 kJ mol™. Over Co-Zn-ZrO», it was reduced to 68

kJ mol!. For Zn-ZrO,, the order of methanol formation with respect to Ha (ny,) was 1.8
(Figure 2h) and that with respect to CO2 (nco,) was —0.9 (Figure 2i). In comparison, over the
Co-Zn-ZrO; catalyst the ny, and nco, were 0.25 and —0.13, respectively. Higher negative
value of ncq, for Zn-ZrO; indicates that adsorption of CO2 on the active site of Zn-ZrO»

inhibited methanol formation. These results are in line with reported literature* and it has
been shown that methanol selectivity reduces over oxide catalysts because the adsorption of

intermediates and H» dissociation occur on the same site.**® Higher positive value of ny, for

Zn-ZrO: indicates that higher partial pressure of Hz is needed for methanol formation. On the

contrary, over Co-Zn-ZrOa, values of ny, and nco, close to zero suggest less dependency on
both Hz and CO partial pressure. These different ny, and ncg, over Co-Zn-ZrO; indicate that

the sites for CO» activation and H» dissociation are different in Co-Zn-ZrQ,.*
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After confirming the directional property of Co in H» utilization towards methanol
synthesis, catalytic performance of Co-Zn-ZrO, were optimized by varying reaction
parameters. Increasing pressure has a positive effect on methanol productivity (Figure 2j).
With increasing pressure from 3 MPa to 5 MPa at 300 °C and 30,000 mL h™' g, STYmeon
increased from 0.36 gmeon h™! gear! to 0.43 gmeon h™! gear’!. Increasing reaction temperature
from 300 °C to 320 °C at 5 MPa increased STYmeon from 0.43 gmeon h™!' gear' t0 0.75 gmeon h”
Ugea! (Figure 2k). Smeon remained similar. Changing space velocity had a positive effect on
both Smeon and STYmeon until 120,000 mL h™! gea !, beyond which both decreased (Figure 21).
Increasing space velocity from 30,000 mL h!' ge! to 120,000 mL h! ge,! at 5 MPa and
320 °C increased STYmeon from 0.75 gmeon h™! geac! to 1.5 gmeon h™! gea!, which is one of the
highest STYmcon reported so far under industrially relevant conditions (Table S3). The Co-
Zn-ZrO; catalysts showed robustness against change in reaction conditions and showed
stability during a 100 h long catalytic test (Figure S5a). XRD analysis of the used catalyst
after 100 h showed no change (Figure S5b) and XPS analysis confirmed that Co?", Zn*" and
Zr*" did not change oxidation state after the reaction (Figure S5c-e). Elemental mapping
analysis confirmed no agglomeration of Co or Zn species showing high dispersion (Figure

S5£-).

H: dissociation ability
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Figure 3: (a) Mass intensity of HD in H»-D» isotope exchange experiment over all catalysts.
(b) Relative oxygen defect content calculated from O 1S XPS, (c) CO> TPD spectra and (d)

amount of CO> chemisorbed over all the dual-atom doped oxides in comparison to Zn-ZrO».

There are two direct ways to influence methanol selectivity and productivity. One is
to influence H» dissociation while the other is to influence CO, adsorption and formate
intermediate stabilization. Therefore, first we checked whether Co increased the Ha»
dissociation ability to improve H» utilization towards methanol synthesis. To do so, we
compared the ability of HD formation of all catalysts in H>-D isotope exchange experiment
(Figure 3a). In this experiment, H>» and D, dissociated over the surface of catalysts and
formed HD. If HD formation starts at lower temperature over one catalyst, it indicates that
the catalyst has high H» dissociation ability as compared to other catalysts. The onset

temperature for HD formation over Zn-ZrO> was around 125 °C, which was similar to that
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over Co-Zn-ZrO,. As compared to Zn-ZrO> and Co-Zn-ZrO», the onset temperature for HD
formation was lower over Cu-Zn-ZrO (95 °C), Ni-Zn-ZrO> (95 °C) and Pd-Zn-ZrO; (50 °C).
This indicates that the introduction of Co did not increase the H> dissociation ability. Unlike
Co, introduction of Pd, Ni and Cu increased H> dissociation ability. The ability of Co to
utilize H» selectively for methanol synthesis despite its inability to promote H» dissociation as
compared to other metals indicates that Co must take part directly in CO> adsorption and

formate intermediate stabilization and influences H» dissociation and its utilization indirectly.
CO2 activation ability

To understand the CO» activation ability, first we analyzed the presence of oxygen
vacancy over different catalysts because oxygen vacancy present on the oxide surface serves
as the active site for CO, activation.*! The density of defective oxygen species was measured
by the O 1s XPS analysis (Figure S6). The relative amount of Ogefect Was 16% for Zn-ZrO;
(Figure 3b). Incorporation of a dopant (Co, Pd, Ni, Cu) did not increase the Ogefect. Next, in
the CO; temperature programmed desorption (CO2 TPD) analysis of pre-adsorbed CO2, two
desorption features were observed (Figure 4c). The low temperature feature (100-250 °C)
indicates the desorption of physisorbed and weakly adsorbed CO. species whereas the high
temperature feature (250-500 °C) indicates the desorption of chemisorbed CO:> species,
which is the main reactive species for methanol formation. Among all the catalysts, Co-Zn-
ZrO, increased CO, chemisorption (72 pumol g!) as compared to Zn-ZrO, (44 umol g')
(Figure 4d). In comparison, Pd-Zn-ZrO3, Ni-Zn-ZrO; and Cu-Zn-ZrO> showed similar CO»
chemisorption (41, 47 and 44 pmol g') to Zn-ZrO,. For Co-Zn-ZrO,, increased CO>
chemisorption despite having similar density of oxygen defect to Zn-ZrO- indicates that Co
changes the chemical environment around the oxygen vacancy so that the CO; is strongly
chemisorbed. This is in line with our previous report where introduction of Co®" single atom

in ZrO; created oxygen vacancy around Co atoms, which were responsible for CO»
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chemisorption at Co-Vo-Zr (V, = oxygen vacancy) interfacial site.*! Therefore, presence of

Co in the dual-atom doped oxide structure controls CO; activation.
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Figure 4: (a) Comparison of IR peak positions of formate species stabilized over Zn-ZrO»,
Co-Zn-ZrO; and Cu-Zn-ZrO; under steady state during in situ DRIFTS experiment (reaction
condition: 300 °C, 0.1 MPa, H»/CO> = 4). (b) Mass intensity of m/z = 28 during HCOOH

TPD experiments over the three doped catalysts.

Over oxide catalysts, formate is the key intermediate for CO2 hydrogenation to
methanol as well as CO.”3%*45 In order to understand the formate stabilization site over
different catalysts, in situ diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) analysis was carried out at 300 °C, 0.1 MPa, H>:CO> = 4 (Figure S7). Bidentate
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formate bonded with two Zr atoms is the most stable formate configuration in undoped
710219447 In comparison to undoped ZrO,, formate peak positions were shifted in the
presence of doped oxides (Figure S8). This indicates that in the doped oxides formate is
stabilized at M-Zr (M = dopant) interface. We compared Zn-ZrO;, Co-Zn-ZrO, and Cu-Zn-
71O, (Cu-Zn-ZrO; being the most CO selective was chosen among the other three dual-atom
doped oxides) (Figure 4a). The formate peak positions over Co-Zn-ZrO, were similar to Co-
71O, and shifted from that over Zn-ZrO; (Figure S8 and 5a). This indicates that the formate
stabilization site over Co-Zn-ZrO; was Co-Zr interfacial site (Figure S9). This was in line
with reported literature that Co-Zr interface stabilizes formate species.*'**> When Co was
changed to Cu, formate peak positions over Cu-Zn-ZrO; were similar to that over Zn-ZrO,.
This indicates that over Cu-Zn-ZrO;, formate stabilization site was Zn-Zr interface, similar to

Zn-710;.

For further confirmation, we performed temperature programmed decomposition of
adsorbed formic acid (HCOOH TPD) over catalysts surface (Figure 4b). Decomposition of
adsorbed formic acid over Co-Zn-ZrO; resulted in CO formation with a peak centered at
340 °C while the decomposition profile for both Zn-ZrO; and Cu-Zn-ZrO, showed CO
formation at lower temperature (300 °C). These results confirm that Co site in Co-Zn-ZrO»
was responsible for CO» adsorption and stabilization of formate. Over Co-Zn-ZrO», formate
became more stabilized as compared to that over Zn-ZrO, and Cu-Zn-ZrO,. Better
stabilization of formate might be the reason behind suppression of CO formation via formate
decomposition. On the other hand, when Cu was used, it did not take part in formate
stabilization. Therefore, promotion of RWGS reaction over Cu-Zn-ZrO> may be a result of

excessive CO2 hydrogenation to CO over Cu site itself.

Selective utilization of Hz towards methanol formation: Co-Zn cooperation
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Figure 5: Normalized intensity of (a) formate and (b) methoxy species during in situ
DRIFTS analysis of Zn-ZrO», Co-Zn-ZrO; and Cu-Zn-ZrO,. Reaction condition: 300 °C, 0.1
MPa, H> : CO; = 4. In situ DRIFTS analysis for the production of (c) methoxy and (d) CO
under different temperatures. Reaction condition: T °C, 0.1 MPa, H>: CO, = 4.

To realize the selective utilization of H, towards methanol formation resulting enhanced
methanol selectivity and productivity, we studied in situ DRIFTS analysis. For methanol
formation over oxide surface, the reaction pathway follows successive hydrogenation of
formate to methoxy species adsorbed on the surface followed by desorption of methoxy as
methanol.*> Time resolved evolution of adsorbed species was measured by in situ DRIFTS
under CO> hydrogenation condition (Figure 5a, b). Complete DRIFTS spectra for all catalysts
and detailed peak assignment are shown in Figure S10-S12 and Table S4. At the start of the

reaction, formate species appeared rapidly along with carbonate over all doped catalysts
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indicating formate formation was easy over all three catalysts. Methoxy species first appeared
on the surface of Co-Zn-ZrO; followed by Cu-Zn-ZrO; and Zn-ZrO: indicating the high
activity of Co-Zn-ZrO> towards methanol synthesis. After formate and methoxy reached the
steady state under CO; and H; atmosphere, CO> flow was stopped to monitor the
consumption of formate and methoxy species. Formate was consumed faster over Co-Zn-
ZrO; than over Zn-ZrO». The rate of disappearance of methoxy over Co-Zn-ZrO, was also
faster than that over Zn-ZrO;. These results indicate that, formate adsorbed over the Co-Zr
interface was more reactive. In addition, the desorption of methoxy species adsorbed over
Co-Zn-ZrO; surface was also facile. Slow consumption of formate over Zn-ZrO; indicates
that H> dissociation over Zn atoms in presence of formate is difficult. Moreover, methoxy
was not observed in Co-ZrO; catalyst during in situ DRIFTS analysis (Figure S13) indicating
that only Co single atom cannot dissociate H> in presence of formate. Therefore, it is evident
that in Co-Zn-ZrO», hydrogen was dissociated over Zn atoms to promote the hydrogenation
of formate species adsorbed on Co-Zr interface to produce methanol. It is worth mentioning
that in Co-Zn-ZrO», Zn being free of CO; and formate (as Co controls CO; activation and
formate stabilization) dissociates H> easily promoting formate hydrogenation to methanol.
This cooperative effect was further confirmed by temperature dependent in-situ DRIFTS
study (Figure 5c, d). Peak for adsorbed methoxy species appeared at a lower temperature over
Co-Zn-ZrO; than over Zn-ZrO;. On the other hand, Co-Zn-ZrO, produced CO formation at
higher temperature as compared to Zn-ZrO» and showed much lower CO formation than Zn-
ZrO,. Hence, it is evident that dissociated hydrogen species over Zn sites were mainly

consumed for methoxy formation and H», wastage via RWGS reaction was also suppressed.

When Co was replaced to Cu, the rate of consumptions for formate and methoxy species
over Cu-Zn-ZrO, were in between that over Co-Zn-ZrO; and Zn-ZrO,, which is in line with

the STYmeon exerted by them (Figure 5a, b). In the temperature dependent in situ DRIFTS
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study (Figure 5c¢), methoxy formation over Cu-Zn-ZrO; started at higher temperature as
compared to Co-Zn-ZrO,. Rather Cu-Zn-ZrO, started CO formation at much lower
temperature (Figure 5d). CO peak intensity for Cu-Zn-ZrO, was much more intense than that
over Zn-ZrO> and Co-Zn-ZrO;. Considering the same formate stabilization site for both Zn-
71O, and Cu-Zn-ZrO; (as shown by HCOOH TPD experiment), slower formate consumption
rate for Cu-Zn-ZrO» than that Co-Zn-ZrO; (in line with STYmeon) and high H» dissociating
ability for Cu-Zn-ZrO> (as shown in the study of H» dissociation ability), it can be said that
Cu itself creates a new active site for the promotion of RWGS in Cu-Zn-ZrO; catalyst. In
literature it has also been reported that dopant single atom can create its own CO»
hydrogenation site to promote side reaction in methanol synthesis.*® Therefore, in order to
effectively utilizing H> for methanol formation, use of Co to create CO, activation and
formation stabilization site is more important than the use of a metal promoter (for example

Cu, Ni, Pd) that promotes H» dissociation.

Mechanism
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Figure 6: Mechanism of methanol formation over Co-Zn-ZrO; catalyst.

Based on the above results we propose the following mechanism for CO; hydrogenation

to methanol over Co-Zn-ZrO> catalyst through cooperative effect of the Co and Zn (Figure 6).
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Doping of Co*' generates creates oxygen vacant site for adsorption of CO,. First Ha
dissociation might happen on either Co or Zn atoms for hydrogenation of adsorbed CO.,
although the presence of Zn promotes hydrogenation of adsorbed CO> to formate. Following
formate formation, the ability of Co to dissociate H> and hydrogenate formate is hindered.
Instead, H> dissociated over adjacent Zn atoms facilitates hydrogenation of formate to
methoxy species and promotes the desorption of methoxy species as methanol. Because the
stability of formate is increased and formate gets selectively hydrogenated to methoxy by the
cooperation of Co and Zn atoms, the chance of CO formation via formate decomposition was
low. Furthermore, because Co controls CO> adsorption, the possibility of CO formation over
Zn site also became low due to lack of available CO». Thus, the presence of Co on one hand
promoted methanol formation and on the other hand suppressed CO formation. As a result,
hydrogen dissociated over Zn atoms was selectively utilized for methanol formation.
Consequently, both the Smeon and STYmeon were increased. Being free of poisonous effect of
CO2 and formate, Zn atoms assisted in H» dissociation and hydrogenation of adsorbed
intermediates to methanol more freely. Consequently, higher Smeon can be obtained even at
low Hy partial pressure. Thus, the introduction of Co in the oxide structure directed the
utilization of Hj selectively towards methanol formation. If Co was changed to another metal
(Pd, Ni, Cu), which can only promote H» dissociation ability, the chance of side product

formation over that metal increased due to intrinsic CO; hydrogenation ability of that metal.
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Figure 7: Correlation between specific CO, consumption activity of metal dopants and
product selectivity over dual-atom doped oxide catalysts.

To test this theory, we calculated intrinsic CO> consumption rate for Co, Pd, Ni and
Cu and related it with the Smeon and Sco of the corresponding dual-atom doped oxides. For
calculating intrinsic CO> consumption rate over a metal, we calculated the dopant metal
specific CO2 consumption rate of the corresponding single-atom doped oxide. Because
undoped ZrO; is inactive in CO; hydrogenation, the activity of single-atom doped oxides can
be attributed to the intrinsic activity of the corresponding doped metals. Figure 7 shows the
result. Among Co, Ni, Pd and Cu, Co has the lowest intrinsic activity in CO2 consumption
and the corresponding Co-Zn-ZrO; showed the highest Smeon and the lowest Sco. With
increasing the specific activity of metals, the Smeon of the corresponding dual-atom doped
oxide decreased. Therefore, to effectively steer H» utilization towards methanol synthesis,
focusing on intermediate stabilization and their effective conversion to methanol is more
important than focusing on uncontrollable promotion in H» dissociation. The latter would

rather waste H» by utilizing it towards CO formation and would decrease Swmecon.
Discussion

In order to effectively capture and store H as methanol, oxide catalysts are important as they
produce methanol with good selectivity although H: utilization remained poor due to low

methanol productivity because of poor H> dissociation ability. Metal promoters were used to

https://doi.org/10.26434/chemrxiv-2024-3c388 ORCID: https://orcid.org/0000-0001-9850-7325 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-3c388
https://orcid.org/0000-0001-9850-7325
https://creativecommons.org/licenses/by-nc-nd/4.0/

promote H» dissociation, but they promote competing RWGS reaction more than methanol
formation. Herein, we prepared Co-Zn-ZrO; dual-atom doped oxide which selectively
promoted H> utilization for methanol formation and at the same time suppressed H»
utilization for CO formation thus, promoting both methanol selectivity and productivity.
Detailed analysis found that introduction of Co controls CO> adsorption and formate
stabilization by creating oxygen vacant sites near itself. Thus, Zn became free of CO;, and
formate poisoning and dissociated H, easily and promoted formate hydrogenation to
methanol. When other metals having high H»> dissociation ability (for example: Pd, Cu, Ni)
were used instead of Co, they promoted H> dissociation and promoted RWGS more than
methanol formation. As a result, although methanol productivity increased, methanol
selectivity decreased. This study showed that tuning of CO, and formate adsorption site is a
better approach than promoting H» dissociation in order to selectively promote H utilization
for methanol synthesis. We belief that this work will inspire to take into account the efficient

utilization of H» in hydrogenation reactions.
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