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Abstract

Controlling the selectivity of products among CO, methane and methanol is a challenge in CO»
hydrogenation. Catalysts with oxygen vacancies are helpful for CO> activation but they exhibit poor
CO selectivity as intermediates stabilized over oxygen vacancies undergo deep hydrogenation to
methanol and methane. Here, we report the synthesis of a catalyst with isolated Co atoms in ZrO> that
exhibits oxygen vacant sites near Co atoms owing to charge imbalance between cations. The resulting
catalytic site effectively adsorbs CO: and also achieves more than 95% CO selectivity during

hydrogenation. The CO selectivity was independent of other reaction parameters such as reaction



pressure, space velocity and H2/CO; ratio. Operando DRIFTS analysis showed that CO, was first
hydrogenated to formate and it preferentially decomposed to CO under the reaction condition instead
of forming methanol. Furthermore, the adsorption of CO on active sites was less favorable than the
adsorption of COg, limiting its further hydrogenation to methane. The synergy between Co and Zr
was crucial for generation of oxygen vacancy and stabilization of formate species as an intermediate
for CO formation. This study shows the importance of strategic design of atomic interface to control

selectivity of a specific product CO from CO; hydrogenation.

KEYWORD: CO; hydrogenation, cobalt catalyst, oxygen vacancy, in situ DRIFT, doped oxide,

RWGS reaction, formate

Introduction

Reductive recycling of CO» is attractive as a means of producing renewable chemicals without
utilizing fossil fuels. CO; recycling involves its hydrogenation to C1 compounds (CO, CH3OH and
CHas) that are further converted to value added chemicals. Among the C1 products, CO is a resource
for synthesis of alcohols, liquid hydrocarbons, and organic acids using the existing infrastructure for
syngas conversion.!”” In hydrogenation of CO> to CO (Equation 1), also known as reverse water
gas shift reaction (RWGS), increasing CO selectivity is a challenge because methanol and methane

are formed simultaneously.
CO,+ H, & CO + H,0 (1)

Significant efforts have been devoted towards designing catalysts for maximizing selectivity and

understanding the underlying mechanism of CO formation.® '



When supported metal catalysts are used for CO> hydrogenation, the metal particle size often
dictates the functionality of the catalyst.!' ! It is generally accepted that nanoparticles favor the
formation of methane, whereas single atom catalysts favor CO formation.!® Metal nanoparticles
strongly adsorb CO and its hydrogenation by dissociatively adsorbed H species on the metal surface
increases methane selectivity. Over single metal sites, weak adsorption of CO limits its further
hydrogenation and improves CO selectivity.!>?° However, the adsorption/desorption behavior of CO
over single metal atoms is not the only factor and the interface of single metal atoms with oxide
support plays a crucial role in stabilizing the reaction intermediates. For example, in a Ru/CeO; single
atom catalyst, CO was stabilized at the interface and methane was produced by its successive
hydrogenation.?! Therefore, along with the isolation of metal atom sites it is important to understand

the role of interfacial site to control the activity and selectivity of catalysts.?*2

Design of catalysts with interfacial sites containing oxygen vacancies has emerged as a promising
strategy for preparing highly active catalyst for CO, hydrogenation.?®> The oxophilic nature of oxygen
vacancy enhances adsorption of CO2 and makes it susceptible to hydrogenation by adjacent metal
atoms resulting in high activity.?® The oxygen vacant sites promotes deep hydrogenation of CO; to
CH30H and CHy as the vacancy tends to stabilize the reaction intermediates such as formate and
methoxy species.?’? Isolation of Rh atoms over In,Os catalyst with oxygen vacancy promoted
hydrogen dissociation and increased methanol formation rate without influencing the selectivity.>
Similarly, in a ZnO-ZrO: solid solution catalyst, methanol was formed via the hydrogenation of
formate species stabilized at the interfacial site having oxygen vacancy.?’ Therefore, catalysts with
isolated metal atoms adjacent to oxygen deficient interface tend to be more selective towards CH;OH

and CHy as the further hydrogenation of intermediates stabilized over the oxophilic interface is easier.
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In contrast, here we show that high CO2 hydrogenation activity with excellent CO selectivity can be
achieved by isolated Co atoms dispersed in ZrO> through doping. We show that while formate is
formed and stabilized over the oxophilic interface, it selectively decomposes to CO and H>O instead
of forming CH3OH. The isolation of Co atoms restricted the formation of methane through adsorption

and hydrogenation of CO over the metallic Co nanoparticles.

In our study, we synthesize Co doped ZrO; catalyst with 1 — 15 atom % loading to create isolate Co
atoms with oxygen vacancies via charge imbalance of cations and apply this catalyst for CO»
hydrogenation reaction. The structure of catalyst was clarified using various characterization methods.
The catalytic activity was measured under varying reaction conditions and was correlated with
catalytic property. Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
analysis was used to identify reaction intermediates and clarify the mechanism. Insight into the effect
of Co doping on oxygen vacancy formation and its effect on CO; activation was also elucidated using
density functional theory (DFT) calculation. The nature and property of active sites are discussed in
context of change in selectivity from methanol to CO to methane. This study achieves exceptional
CO selectivity under versatile reaction conditions and addresses the crucial problem of selectivity

control among CO» hydrogenation products while accounting for the mechanism of CO formation.

Results and Discussion

Preparation and characterization of doped and impregnated Co catalysts on ZrO:

Co doped ZrO> catalysts were prepared by co-precipitation method and denoted as CoZrOx (Y),
where Y is the atom % of Co with respect to total metal content (Y = (Co/Co + Zr) x 100). Co loading

of 1-50 atom % was used for doped catalysts. For comparison, an impregnated catalyst was also
4



prepared (Co304/ZrO3) with Co loading of 10 atom %. The measured bulk Co concentration in the
doped catalysts was slightly lower than the theoretical values whereas the surface Co concentration
was comparable to theoretical values (Figure S1). N adsorption isotherms of all catalysts were
similar and Co loading did not change the physical morphology of catalysts (Figure S2). In the X-ray
diffraction (XRD) spectrum, undoped ZrO; exhibited both monoclinic and tetragonal features (Figure
la). Doping of Co stabilized the tetragonal phase of ZrO; (¢-ZrO3), and phase pure tetragonal structure
was obtained with cobalt loading of 5 atom% and higher. The transformation of monoclinic phase to
tetragonal phase in doped catalysts was due to incorporation of Co in the ZrO> crystal. Formation of
CoO or Co304 was not evident except when Co loading was 50 atom% and for impregnated
Co0304/Zr0s. For these two catalysts diffraction peaks for Co304 were observed. In stable Co doped
ZrO; catalysts, the (101) reflection of #-ZrO- shifted to higher 26 value with increasing Co loading
(Figure 1b). The shift was caused by reduction in interplanar spacing in ZrO> owing to the smaller
ionic radius of Co?" (0.74 A) in comparison to Zr*" (0.84 A).>! This was also corroborated with the
gradual decrease in lattice parameters with increasing Co doping amount (Figure S3). The change of
ZrO; phase from monoclinic to tetragonal upon Co incorporation and the gradual reduction in
interplanar spacing and lattice parameter of ZrO> with increasing Co loading shows homogeneous
doping of Co in ZrO». The phase transition in ZrO; with Co loading was also evident in the Fourier
transform of extended X-ray absorption fine structure (EXAFS) analysis of Zr k edge for doped

catalyst (Figure S4). Undoped ZrO> and CoZrOx (1) exhibited a monoclinic structure with Zr-O and

Zr-Zr distances of 2.12 and 2.45 A respectively. Tetragonal ZrO> was observed for CoZrOx (5),

CoZrOx (10), CoZrOx (15) catalysts as the Zr-O distance reduced to 2.08 A and the Zr-Zr distance



increased to 3.65 A. CoZrOx (50) was amorphous in XRD but showed features of monoclinic ZrO»

lacking long range order in EXAFS.
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Figure 1: (a) XRD patterns of CoZrOx (Y) and Co304/ZrO> catalysts. m-ZrO> = monoclinic ZrO»
(JCPDS card no. = 01-078-1807), ¢-ZrO, = tetragonal ZrO, (JCPDS card no = 01-080-0965) and
Co304 (JCPDS card no = 00-043-1003). (b) Shifting of (101) plane of -ZrO as a result of doping of

Co. (¢) XANES spectrum of doped and impregnated catalysts along with standard Co compounds.
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(d) Expanded spectra showing the pre-edge region for Co XANES spectrum. (e) Fourier transform of

EXAFS region for CoZrOx (10) catalyst and reference Co oxides.

The Co K-edge X-ray absorption near edge spectrum (XANES) spectra for all catalysts along with
reference materials is shown in Figure 1¢. The edge position for stable doped catalysts (X =5, 10 and
15) was at 7722 eV, which was assigned to divalent Co** species as the valence state is relative to
edge position for Co (Figure S5). CoZrOx (50) was the exception among doped catalysts and had a
higher edge position of 7726 eV due to the presence of Co** as found in Co304. In the pre-edge region
(Figure 1d), the height of pre-edge peak around 7710 eV was assigned to 1s to 3d transition, which
was smaller when centrosymmetry was present, for example in CoO and Co(CH3COO),. Larger peaks
were observed for Co304/ZrO> and CoZrOx (50), containing Co3O4 having a tetrahedral structure
without centrosymmetry. The pre-edge peaks for doped catalysts were larger than CoO and
Co(CH3COO); indicating a loss of centrosymmetry in the Co®" local structure owing to its doping in
the tetragonal ZrO». The EXAFS region for CoZrOx (10) catalyst is shown in Figure le. The noise in
EXAFS region was high due to the large background absorbance of ZrO». Nevertheless, the Fourier
transform of CoZrOx (10) differed from that of CoO and Co304. Curve fitting showed that the Co-O
distance of 1.88 A in CoZrOx (10) was shorter than that of CoO (Table S1). The small peak appearing
at 2-3 A was well fitted with Co-Zr interaction although with a short bond distance of 2.71 A (Figure
S6). Further studies are necessary to confirm the presence of Co-Zr interaction at this distance. We
could conclude that the Co atoms were divalent in the doped catalysts and did not resemble the crystal

structure of CoO or Co30s4.



Nature of Co atoms in CoZrOx (10) catalyst was investigated in detail and compared with
impregnated Co304/ZrO>. Figure 2 shows the high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images of catalysts. Co particles or clusters were not observed
in the doped catalyst (Figure 2a). Although atomic resolution was obtained, identification of
individual Co atoms was not possible from STEM image because the Co and Zr atoms appeared with
the same brightness owing to their similar atomic numbers. We performed high resolution electron
energy loss spectroscopy (EELS) to detect Co atoms in the lattice. Figure S7 shows the range of an
EELS line scan following the metal atoms in lattice. The peaks for L3 edge of Co were observed in
the low-loss spectrum the region marked in red. Adjacent regions did not show presence of Co
confirming the isolation of Co atoms in ZrO> matrix. In EDS mapping Co and Zr were distributed
uniformly in the doped catalyst confirming homogeneous dispersion of Co (Figure 2b,c). In
comparison, nanoparticles of Co3O4 supported over monoclinic ZrO, were observed for impregnated
C0304/Zr0;, catalyst (Figure 2d). EDS mapping showed that Co atoms were mainly confined to Co3O4

particles for impregnated catalysts (Figure 2e,{).
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Figure 2: HAADF-STEM analysis of (a) CoZrOx (10) and (d) Co304/ZrO2. EDX mapping of Co and
Zr in CoZrOx (10) (b,c) and (e,f) 10% Co304/ZrO2. Red and green colors in EDX mapping signify Zr

and Co, respectively.

In the H> temperature programmed reduction (TPR) spectra, the impregnated Co304/ZrO> catalyst
showed two peaks at 360 and 540 °C owing to the reduction of Co®* to Co** and Co** to Co® species,
respectively (Figure 3a). These two features are characteristics for reduction of Co3O4 particles. Pure
710, did not show any H> consumption because of its irreducible nature. CoZrOx (10) catalyst did
not show prominent H> consumption peaks until 600 °C. Reduction features above 600 °C are

indicative of highly dispersed Co species having strong interaction with the support.*?-34
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Figure 3: (a) H2 TPR spectra of different catalysts. (b) CO DRIFTS over CoZrOx (10) (black line)
and Co0304/ZrO; (red line) showing gaseous CO and adsorbed CO in linear and bridge fashion (/-CO

and b-CO respectively).

Further insight was obtained by observing CO adsorption at room temperature using DRIFTS
analysis after subjecting the catalysts to reducing treatment at 450 °C (Figure 3b). Broad bands around
2174 and 2116 cm™!, observed for both CoZrOx (10) and Co304/ZrO,, were assigned to gaseous CO.*
Peaks at 2030 and 1973 cm™! (shoulder) appeared for Co304/ZrO2, which are characteristics of the
adsorption of CO in linear and bridging fashions over metallic Co particles.*>® These peaks for
adsorbed CO species were absent for CoZrOx (10) catalyst. Oxygen bonded isolated Co atoms are

known to have poor adsorption of CO, confirming the atomic dispersion of Co atoms in ZrO.*

The chemical environment around isolated Co atoms was investigated by X-ray photoelectron
spectroscopy (XPS). In the Co 2p region 2p 3/2 peak at 781.0 eV and corresponding satellite peak at
786.0 eV were observed for Co*" (Figure 4a).***! Zr maintained its tetravalent Zr* oxidation state

after Co doping (Figure 4b). The mismatch in oxidation states of Co?" and tetragonal Zr*" is expected
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to create a charge imbalance in the crystal structure. Such imbalance can be mitigated by formation
of oxygen vacancy close to Co atoms.*? In the electron paramagnetic resonance (EPR) spectra (Figure
4c), sharp signals were present near 3500 G for pure ZrO», which were assigned to the presence of
isolated oxygen vacancies and Zr*** For CoZrOx (10) catalyst, the sharp signals were substituted
with a broad signal appeared around 2900 G having a g factor of 2.26. With the increase in
concentration of oxygen vacancies the paramagnetic centers tend to interact with each other and
produces ferromagnetic feature. As a result, a broad signal appears in EPR spectrum at lower
magnetic field with abundance of oxygen vacancies.*** In the Ols region of the XPS spectrum a
gradual increase in the peak centered at 532 eV was observed with increase in Co loading (Figure 4d).
This peak (Ogefects) Was assigned to oxygen atoms near vacant sites and oxygen atoms present as -OH
species on the surface. Formation of oxygen vacancies can facilitate the chemisorption of CO> on the
catalyst surface.*** Figure 4e shows the spectra for temperature programmed desorption of CO2 (CO2
TPD) for doped catalysts. The low temperature regions (100-300 °C) were assigned to physisorbed
CO; and weakly adsorbed species. The desorption peak at 320 °C was assigned to chemisorbed CO»,
which increased in intensity with Co loading in accordance with generation of oxygen vacancy. A
linear correlation was observed for increase in relative oxygen vacancy and chemisorbed CO2 amount
with increase in Co loading (Figure 4f). Consequently, we conclude that doping of ZrO; with Co led
to formation of oxygen vacancy near isolated Co atoms because of charge imbalance in the crystal
structure. These oxygen vacancies resulted in improved chemisorption of CO> as observed in CO>

TPD spectra.
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Figure 4: (a) Co 2p XPS spectra for CoZrOx (10) showing divalent nature of Co atoms after doping.

(b) Zr 3d XPS spectra of CoZrOx (10) and ZrOx. (c) EPR spectra of CoZrOx (10) and ZrO». (d) Ols

XPS spectra for doped CoZrOx (Y) catalysts along with ZrO,. (¢) CO2 TPD spectra showing increase

in chemisorbed CO> amount at higher Co loading. (f) Correlation of theoretical Co loading with ratio

of peaks in Ols XPS spectrum [Odefect]/[Ocrystal] and chemisorbed CO amount, respectively.

Modeling the Co doped ZrO: surface and its interaction with CO2

DFT calculations were carried out to understand the influence of Co doping on oxygen vacancy

generation in ZrO,, along with effect of Co and oxygen vacancy on CO; adsorption. The 101 facet
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(ZrO2 (101)) of #-ZrO; was chosen as the computational model because #-ZrO> was the only phase
observed in XRD and the 101 facet of #-ZrO> is experimentally*’ and theoretically*® reported to be
the most stable one. The computational model of the Co doped ZrO» catalyst (Co-ZrO>) was created

by replacing one Zr atom at the top layer of the ZrO>(101) by one Co atom.

The effect of Co doping was clarified by comparing the optimized geometries of ZrO, and Co-
ZrO; surfaces. As shown in Figure 5, the geometry of ZrO; was slightly distorted with the doped Co
atom. The Zr atom at the surface coordinated with 7 oxygen atoms in perfect ZrO> (101), where the
threshold for M—O (M = Co or Zr) bond was set to 2.5 A. In Co-ZrOa, the Co atom coordinated with
5 O atoms. The imbalance in coordination number of Co and Zr atoms is likely to induce a vacancy
site on the surface. Two possible vacancy sites were considered by removing oxygen atoms at vol
site of the top surface and vo2 site of the subsurface as shown in Figure 5. The formation of oxygen
vacancy was endothermic on pure ZrO> and exothermic after Co doping. The calculated formation
energies of oxygen vacancy were 3.20 eV at the top layer and 2.70 eV at subsurface of ZrO,. The
formation energy decreased to -1.17 eV and -1.45 eV for Co-ZrOz vol and Co-ZrO: vo2,
respectively. Therefore, in agreement with the experimental results, doped Co atom strongly
promoted the formation of oxygen vacancy. Also, the Co atom moved inward and interacted with
subsurface oxygen species generating a cavity around Co atom, which can act as active space for the

hydrogenation reaction.
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Co-ZrO,_vo1 Co-ZrO, _vo2

Figure 5: The side and top views for optimized ZrO; and Co-ZrO> surfaces with and without oxygen
vacancies (denoted as Co-ZrO; vx, where x = o1, 02). The atoms at top layer and the second layer
were represented by ball and stick, respectively. The other atoms were omitted for clarity. The dashed
circle represents the position of oxygen vacancy. The Zr, O and Co atoms were represented in cyan,

red and blue colors, respectively.

We also elucidated the influence of Co doping and the presence of oxygen vacancy on CO>
adsorption. The adsorption of CO; molecule on metal oxide surfaces has been investigated
extensively and various types of adsorption modes and sites have been reported.*’ We screened four
possible modes at various sites for CO> adsorption as shown in Figure S8. The formation of Co-
ZrO>_vol and Co-ZrO;_vo2 type vacancies would competitively exist in experimental system as they
had similar energy of formation. Therefore, both geometries were considered for CO> adsorption. The
optimized geometries of CO> adsorption can be divided into two groups, linear adsorption and the
formation of carbonate species. The most stable geometry for linear CO, adsorption and carbonate

species are shown in Figure 6a and 6b, respectively. CO, molecule can adsorb linearly on ZrO;
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surfaces with weak interaction between O atom of CO> and metal atom on the surface. No obvious
changes were found after introducing Co atom and oxygen vacancy. Physical adsorption is usually a

barrierless process, so the exothermic adsorption of linear CO; molecule occurs easily.

(a) Linear adsorption
£ ¢ ~ -
Q@ 2 nw gt 2L A

ZrQ, Co-Zr0, Co-ZrO, _vo1 Co-ZrQ,_vo2

(b) Carbonate formation

Zro, Co-ZrO, Co-ZrO, _vo1 Co-ZrO,_vo2

Figure 6: The most stable geometry for (a) linearly adsorbed CO; molecule and (b) formation of

carbonate species on ZrO> and the surrounding of Co atom in Co-ZrO,, Co-ZrO, vol, and Co-
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ZrO>_vo2. The atoms at top layer and the second layer were represented by ball and stick, respectively.
The other atoms were omitted for clarity. The corresponding adsorption energies for CO> molecule
is shown at the bottom of each geometry. The Zr, O, Co and C atoms were represented in cyan, red,

blue and gray colors, respectively.

The CO» adsorption in carbonate mode on ZrO; surface was more stable than the linear mode, with
an adsorption energy of -0.62 eV. While the stability of carbonate species did not change with Co
doping alone, the formation of oxygen vacancy promoted carbonate formation. The adsorption
energies increase to ~1.2 eV in the presence of oxygen vacancies. The C atom of adsorbed CO; was
bound to a lattice oxygen on the surface and the O atom of CO» interacted with both the unsaturated
metal atoms and the oxygen vacant site. These results are consistent with experimental observation

showing increased CO; chemisorption at the vacant site.
Catalytic activity for CO2 hydrogenation

CO> hydrogenation ability of all catalysts was evaluated in a stainless-steel fixed bed reactor
(Figure S9). In the presence of undoped ZrO,, the CO> conversion was only 1.8% with 100% CO
selectivity at 340 °C and 3 MPa (Figure 7a). For the Co-doped catalysts, CO> conversion increased
with Co loading without significant change in CO selectivity. Highest CO space time yield (STY) of
3.8 umol g'! s! was obtained for CoZrOx (10) catalyst with 19% conversion and 97% CO selectivity
and the rest being methanol. Methane was the predominant product in the presence of CoZrOx (50)
and Co304/ZrO; catalysts, both of which contained Co304 particles. Therefore, all catalysts with

single Co atoms in Zr network strongly favored CO formation over methane and methanol.
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Reaction temperature influenced the product selectivity and methanol formation was higher at
lower temperatures (Figure 7b). At 280 °C, CoZrOx (10) catalyst showed a CO; conversion of 1.5%
with 29% methanol selectivity and 71% CO selectivity. This is expected as methanol formation is an
exothermic reaction and is favored at lower temperatures. CO formation was prominent in the
temperature range of 300-360 °C. Methane was detected at 380 °C and CO selectivity dropped to
84% at 420 °C with 16% methane. Dispersed Co atoms in ZrO: crystal were selective towards
formation of methanol and CO at lower temperatures, and higher temperature caused further
hydrogenation to methane. There was no drastic change in CO2 conversion with temperature,

suggesting that the catalyst structure was not altered even at high temperature.
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Figure 7: (a) Effect of Co loading on catalytic activity of doped (CoZrOx (Y)) and impregnated
catalysts. Reaction condition: 340 °C, 10,000 mL h'! g! 3 MPa, H.:CO> = 4:1 (b) Effect of
temperature on the activity and product selectivity for CoZrOx (10) catalyst. Reaction condition:

30,000 mL h! g”!, 3 MPa, H2:CO, = 4:1.
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CO selectivity was not influenced by change in any other reaction parameter. At ambient pressure,
9.8% CO: conversion was obtained with 100% CO selectivity over CoZrOx (10) (Figure S10a).
Increasing the pressure to 4 MPa increased conversion to 21% with 96% CO selectivity. High CO
selectivity regardless of pressure is unique because higher pressure promotes methanol and methane
formation over conventional catalysts.’>>! Decreasing the space velocity from 30,000 to 10,000 mL
h'! g'! at 340 °C increased the conversion from 9.5% to 19% (Figure S10b). CO selectivity was above
95% in the tested space velocity (SV) range of 5,000-60,000 mL h™! g'! achieving a STY of 8.6 umol
gl s at 60,000 mL h'! g'!'. Altering the H» to COx ratio also had negligible effect on CO selectivity
and a constant STY was obtained at all ratios (Figure S10c). The activity of CoZrOx (10) is better
than the non-noble metal catalysts in literature and is comparable to noble metal based catalysts
(Table S2). In addition, high performance of Co doped ZrO; under versatile conditions is attractive

because it allows optimization to suit downstream reactions.

The stability of the catalyst was evaluated under optimal condition of 340 °C, 3 MPa, 10,000 mL
h'! ¢! and H,:CO» = 1:1 (Figure S11a). The catalytic activity slightly decreased in the first 70 h and
then became stable. A STY of 3.5 umol g™ s™! was stable over the course of 400 h time on stream.
Used catalyst had a similar XRD profile as that of fresh CoZrOx (10) with a slight reduction in
crystallize size from 16 nm to 12 nm (Figure S11b). In XPS spectra of used catalyst Co and Zr was
present as divalent and tetravalent species and metallic Co was not detected (Figure S1lc and d).
This is corroborated with the H, TPR analysis of CoZrOx (10), which showed that Co species were
not reduced at temperatures used for CO, hydrogenation (Figure 3a). The relative percentage of
oxygen vacancy increased from 18% to 35% in the used catalyst (Figure S11e). Therefore, the catalyst

was highly stable under the reducing conditions used during reaction.
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Elucidation of mechanism and active site in doped catalyst

To understand the reaction mechanism, we employed operando DRIFTS to observe evolution of
reaction intermediates along with CO formation. CoZrOx (10) was pretreated under He at 280 °C for
30 minutes in the IR cell (Operando DRIFTS set up shown in Figure S12). After pretreatment, reactant
gases (H2:CO;, = 4:1) were fed at 280 °C followed by stepwise increase in temperature. For CoZrOx
(10) catalyst, at 280 °C, several species were detected in the DRIFTS spectra (Figure 8a). Detailed
assignment of peak is shown in Table S3. Peaks at 2972, 2882, 2740, 1585, 1384 and 1365 cm™' were
assigned as bidentate formate species (HCOO®).2°23% Peaks at 1632, 1221 cm™! were assigned to
bicarbonate species (HCO3") and peaks around 1518, 1458, and 1423 cm™! were assigned to carbonate
species (COs3").>*3° Bicarbonate disappeared when temperature was increased to 300 °C along with
reduction in carbonate species. In contrast formate formation was enhanced at higher temperature. At
340 °C, formate was the dominant species in the spectrum. Gaseous CO formation increased above
300 °C. CO formation was simultaneously measured by GC during IR measurement (Figure 8b). CO
formation rate increased steadily with evolution of formate and was maximum at 340 °C. Therefore,
the formation of CO over CoZrOx (10) catalyst seems to follow the formate pathway, which is also

an intermediate for methanol formation.>’
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Figure 8: Operando DRIFTS experiment over CoZrOx (10) catalyst. (a) IR spectrum recorded at
different temperature. Three regions were shown where “Region I” shows the spectrum in the range
0f 3050-2650 cm™! (showing formate species), “Region II”” shows the range 2230-2000 cm™! (showing
gaseous CO) and “Region III” shows the range 1700-1100 cm™ (showing formate, bicarbonate and
carbonate species). The y-axis scale is different for each region for clarity. (b) Formation rate of CO

in the DFTIFS IR experiment. Reaction condition: 0.1 MPa, 280 — 340 °C, H2:CO, =4:1.

To clarify the formation of CO from formate over the surface of CoZrOx (10), we did the following
experiment. First, CO2 and H> were flown through the DRIFTS cell containing the CoZrOx (10)
catalyst at 340 °C for 30 min. Then the gas flow was changed to He and the temperature was reduced
rapidly to allow the intermediate species to remain on the catalyst surface. After cooling, the
temperature was increased again in steps under the flow of Hz and IR data was collected (Figure 9).
With increasing temperature, adsorbed species such as carbonates and bicarbonate reduced (Figure
9a). The intensity of formate peak was stable until 300 °C and then reduced rapidly. In a separate

experiment performed under the same conditions in the TPD instrument, we confirmed that evolution
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of CO gas begins after 300 °C (Figure S13). Methoxy species appeared in the temperature range of
100-300 °C in accordance with methanol formation at lower temperature (Figure 9b). Appearance of
methoxy under 300 °C and rapid decomposition of formate species after 300 °C along with CO

formation is in line with the selectivity profile of products with temperature in Figure 7b. These

experiments prove that formate is the intermediate for formation of CO and methanol over Co doped

ZrO; catalyst.
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Figure 9: Evolution of different species (formed in situ) with temperature over CoZrOx (10). (a)
Evolution of formate along with carbonate and bicarbonate species and (b) evolution of methoxy

species (shown in dotted box).

In order to confirm if formate is formed by hydrogenation of adsorbed carbonate/bicarbonate
species, we did the following two experiments using in situ DRIFTS instrument. In one experiment,
the CoZrOx (10) catalyst was treated under H> atmosphere followed by purging gaseous H> with He
and then flowing CO> while measuring DRIFT spectra. Formate formation was not evident and only

carbonate and bicarbonate were detected during CO; flow (Figure S14a). In second experiment, we
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treated the catalyst in opposite order, first with CO; followed by He and H>. Mainly carbonate species
were detected as a result of initial CO, adsorption. When H» flow started, carbonate was consumed
and formate species along with gaseous CO (Figure S14b). These two experiments show that
activation of CO; as carbonate is the most likely initial step and formate is formed afterwards via

hydrogenation of carbonate species.

To gain insight into the nature of active site responsible for formate decomposition to CO we
compared the in-situ DRIFTS spectra for CoZrOx (10) catalyst with pure ZrO> (Figure 10a). It should
be noted that pure ZrO> also showed slight activity for CO> hydrogenation. For pure ZrO,, formate
species appeared at 10-20 cm™! lower wavenumber than CoZrOx (10) catalyst. The adsorbed bidentate
formate species is most stable when bonded to two Zr atoms.?*>*® The shifting of the peaks towards
higher wavenumber on the CoZrOx (10) catalyst surface indicates a different bonding of formate
species on the surface in comparison to pure ZrO,. This could be a result of bonding of one O of
formate with Co?" instead of Zr*" atom, indicating an adsorption site like Co-O-Zr (Figure 10a).
Similar shifting of formate peak towards higher wavenumber was reported when formate was
stabilized on interfacial site of In20O3/ZrO> catalysts, in which In and Zr are involved at the active site

for the stabilization of formate species.

In an experiment involving the decomposition of pre-adsorbed formic acid over ZrO> and CoZrOx
(10) under He, CO was the primary product observed in mass spectrometer (Figure 10b). A single
decomposition peak over ZrO> was centered at 350 °C, whereas two peaks were observed over
CoZrOx (10) at 325 °C and 350 °C. The lower temperature peak, shown in red, was assigned to

formate decomposition over Co-O-Zr interface site and the higher temperature peak, shown in blue,
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represents decomposition over Zr-O-Zr surface. Therefore, we conclude that the formate species
formed on and bound to Co-O-Zr sites decomposed selectively to CO just above 300 °C, resulting in

high CO selectivity under all reaction conditions.
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Figure 10: (a) Comparison of peak positions of formate species over CoZrOyx (10), ZrO; and
C0304/ZrO; during in situ DRIFTS study. Reaction condition: 340 °C, 0.1 MPa, H2:CO; = 4:1. (b)
Temperature programmed decomposition of pre-adsorbed formic acid decomposition over ZrO; and

CoZrOx (10). Red and blue regions showed the fitting for CoZrOx (10).

In situ DRIFTS analysis over impregnated Co304/ZrO> also showed formation of formate species
(Figure 10a). The peak positions of formate species over Co304/ZrO> were similar to that of CoZrOx
(10). Formate species were not observed when Co304 was supported over silica (Figure S15).
Therefore, we believe that even in impregnated catalyst the interface of Co and Zr is able to form
formate species. However, the selectivity of CO over Co304/ZrO; was low due to methane formation.
This was caused by further hydrogenation of CO species over Co metal particles and gaseous CHa

was clearly observed in the IR spectra. This was supported CO hydrogenation activity over the
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C0304/ZrO; catalyst under similar reaction condition (Figure S16), which produced CH4 with 99 %

selectivity.

Subsequent hydrogenation of gaseous CO to methane was not favored over doped catalyst as was
the case of C0304/ZrO>. CO adsorption was not observed at room temperature over doped catalyst
whereas linear and bridged CO species were observed over impregnated catalyst in the DRIFTS
spectrum (Figure 3b). The adsorption of CO molecule was also investigated using DFT. The
optimized geometries of CO adsorption are shown in Figure 11. Adsorption energies for CO on pure
710, Co-ZrO,, Co-ZrOy_vol and Co-ZrO>_vo2 were calculated to be -0.62, -0.93, -0.53 and -0.82
eV, respectively. CO molecule could bind either with the Co or Zr atoms but Co sites were
energetically favored for CO adsorption on Co-ZrO> surfaces. Over Co-ZrO; surfaces without
vacancy, CO adsorption was more favorable in comparison to CO> adsorption in carbonate mode
shown in Figure 6b. However, on surfaces with oxygen vacancy, CO; adsorption was strongly favored
in carbonate mode. Therefore, CO, would replace the CO molecule and make way for the next
catalytic cycle. Exposing the CoZrOx (10) catalyst to CO and H» under the experimental reaction
condition produced CH4 as the major product confirming that presence of CO: inhibits further
reaction of CO (Figure S16). Therefore, oxygen vacancies also helped in preventing strong adsorption

of CO over Co atoms in presence of CO».
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Figure 11: The most stable geometries for CO adsorption on ZrO,, and Co-ZrO» surfaces. The atoms
at top layer and the second layer were represented by ball and stick, respectively. The other atoms
were omitted for clarity. The corresponding adsorption energies for CO molecule is shown at the
bottom of each geometry. The Zr, O, Co and C atoms were represented in cyan, red, blue and gray

colors, respectively.

Based on these observations, we propose the following mechanism for CO; hydrogenation over
the surface of Co doped ZrO; catalyst (Figure 12). Owing to doping of Co?" in ZrO,, oxygen
vacancies are formed because of charge imbalance in the crystal lattice. The vacancy promotes
adsorption of CO; as carbonate species. H» dissociation happens over Co site followed by transfer of
H to C atom of CO: to form a formate intermediate over the interfacial site of Co and Zr. Formate
selectively decomposes to CO followed by removal of H>O molecule without undergoing further

hydrogenation to selectively yield CO.
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Figure 12: Schematic representation of reaction mechanism of CO formation from CO- over the Co

doped ZrO> surface.

Conclusion

We showed that cobalt doped ZrO, prepared by co-precipitation method, is a highly active and
selective catalyst for hydrogenation of CO, to CO. Co atoms were homogeneously distributed in
tetragonal ZrO> matrix and maintained a Co®" oxidation state. The charge imbalance between Co?"
and Zr*" created oxygen vacancies and promoted chemisorption of CO,. The doped catalyst produced
CO with more than 95% selectivity and the activity was independent of change in reaction pressure,
space velocity and Hz to COz ratio. In-situ and operando DRIFTS analysis showed that CO> was first
hydrogenated to formate which could either hydrogenate further to methanol or decompose to CO.
The atomically dispersed Co site in collaboration with neighboring Zr atom favored decomposition
of formate to CO at temperatures above 300 °C. Atomic dispersion of Co also hampered the

hydrogenation of CO to methane under the reaction conditions. DFT calculations confirmed that Co
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doping in ZrO: leads to the formation of oxygen vacancies, which are necessary for CO> adsorption
and formate formation. This study shows the importance of controlling the atomic interface between
single atom and oxide supports to maximize the selectivity of a single product CO from CO;

hydrogenation and can help in development of catalysts for C1 chemistry.
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