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Abstract

Investigation of the nature of adsorption of H,O and CO; on nitrogen doped zinc oxide
cluster surface and the resultant reaction between them has been performed using hybrid
density functional theory (DFT) calculations at B3LYP level of theory in vacuum. The
stable chemisorption modes of CO, and H,O on metal, oxygen and nitrogen sites were
examined. The calculated adsorption energies reveal that the formation of CO," attached
to N is the most favorable process for CO, on Zn;30;7:N cluster surface with a binding
energy of -1.86 eV. The water molecule spontaneously dissociates on the same surface to
produce chemisorbed H* and *OH with the interaction energy of -0.77 eV. The model
calculations rationalize the hydrogenation of CO, by H, generated from H,O on the
cluster surface. Thermodynamically favorable reaction pathways for the formation of
methanol on the catalytic surface in vacuum were proposed. Among the three pathways,

methanol formation follows the carbamate route. The carbamate formed, undergoes
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hydrogenation to generate COOH* units followed by its exothermic dissection to *CO
attached to N and *OH. Further hydrogenation of CO ultimately yields methanol. All the

above steps were computationally evaluated.

Keywords: CO,, H,O, Zn;3s0;7:N cluster, adsorption, hydrogenation, methanol

formation, reaction pathways and density functional theory.

1. Introduction

Rapid increase in consumption of fossil fuels results in emission of huge amount
of the greenhouse gas, carbon dioxide into the atmosphere. The radiative forcing effect of
carbon dioxide causes adverse changes in the environment.' Partial success has been
achieved in generating value added chemicals and fuels that can store renewable
energies.”” However, higher thermodynamic stability of CO, makes it relatively inert
towards conversion process and thus requires activation. Among the metal oxide
semiconductors, ZnO exhibits greater potential in activating inert CO, into active CO;’
species on its surface.'® The interaction of CO; and H,0 on ZnO surface has been studied
extensively using DFT methods.''™* Although formation of carbonate and hydrogenated
carbonate species on the surface has been confirmed, the fact that they restrict further
activation has also been proved by in situ techniques.'

Industrially Cu/ZnO/Al,O3 was used as catalyst to synthesize methanol from a
mixture of H,, CO, and CO which requires high temperature and pressure.'® On ZnO,
photo reduction of CO, and H,O yields methane as the major product'’ in contrast to the
high temperature methanol synthesis on the catalytic surfaces. In sharp contrast, the

enzyme carbonic anhydrase activates and fixes carbon dioxide as bicarbonate in nature
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surprisingly at room temperature. It is better to produce chemicals rather than simply

mimicking photosynthesis. Hence, based on photosynthetic enzyme model various

18-21

possibilities were tried to use zinc complexes for CO, activation. For solar energy

conversion, semiconductor based photo catalytic systems have been employed in
numerous applications which opened up a new era for the utilization of 43% of the

available solar radiation in the visible range for hydrogen production from water as well

8,9, 17, 22-26

as for CO, reduction. In recent years, Ni supported on SiO,-Al,0O3 has been

used to produce methane using CO, and H, under solar energy conditions®” while ZnO

coated CuO yielded CO.*® ZnO based catalysts have been shown to participate in the

29, 30, 31

water splitting reaction too. Further, ZnO being active in the UV region, undergoes

photo corrosion during these reactions. For efficient reduction of CO,, protons and
electrons need to be continuously supplied during the reaction.

Nitrogen containing catalytic systems have recently received greater attention to
overcome the above difficulty due to their greater potential to adsorb as well as activate

32-38

carbon dioxide. Nitrogen doped zinc oxide plays a vital role in catalysis, sensors, and

39, 40

optoelectronic devices. Further, N doped ZnO performs better than undoped catalyst

4142 The activation of CO, mainly

in photocatalytic water splitting in the visible region.
concerns with addition of an electron that alters the bond angle from linear 180° to near
tetrahedral or triangular angle for formation of methanol and carbonate like products
respectively. The N containing molecules in the homogenous catalytic systems lead to the

O-C-O angle of 132° in the adjacent oxygen environment.'’ Hence, these kind of surfaces

could provide a better environment for CO, activation.
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The interactions of H,O and CO, on various photo catalytic material surfaces
have been extensively studied.'’ 13 1% 43-5! The reduction of CO; by H,0 is controlled by
surface configuration and adsorption strength of adsorbate on the active sites of a
catalyst. The nature of interactions of CO, and H,O on nitrogen doped zinc oxide surface
has not yet been studied. Further, understanding of the basic molecular level interaction
mechanism can provide new insight into design of a better catalyst. Hence, in the present
study, a systematic investigation of the adsorption and activation of CO, and H,O on
nitrogen substituted stoichiometric ZnO nano cluster (Zn;gO;7:N) by means of DFT
method is reported. Furthermore, the plausible reduction mechanism of CO, to methanol
has also been attempted. We expect that this fundamental study would help to understand
and identify the molecular events taking place on specific surfaces that are required to

design newer and efficient catalysts for future reactions.

2. Molecular models and methods of computation
2.1. Creation of N doped stoichiometric Zn;307:N cluster

Bulk ZnO crystallises in wurtzite structure. The surface was terminated with
either oxygen or zinc sites with four fold coordination dominating over three or two fold
analogues. Since surface relaxation alters the surface termination at nano level, both

kinds of termination are possible on the surface.”” For Zn;,01, cluster, the embedded
ZnO (0001) was used to study the interaction of CO, on the surface'® which has many

vacancies. Hence, to minimize the vacancies at the cluster level, Zn;3013 was chosen as

the initial structure in order to account for stoichiometry, wurtzite configuration and
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occurrence of Zn and O atoms in different coordination environments. This geometry was
optimized and the resultant configuration is presented in Figure 1.

One of the fourfold sites of O was replaced by N to generate the stoichiometric
Zn;30;7:N, considered as a N doped ZnO model surface for computational studies.
Introduction of N on ZnO surface creates the heterogeneity of atoms. Suitable modes of
adsorption on metal oxides and nitrides were proposed for H,O and CO,.** 3346 47- 33
However, no such modes of adsorption are available for the corresponding nitrogen
doped surface. Hence, new modes of adsorption on Zn;30O;7:N surface were proposed for
H,0 and CO, combining those previously reported. Modes such as, on top (a) and (f)
mono dentate linear (COz,nl-O); (b) and (g) bent mono dentate (COz,nl-C); (c) and (1)
bridge bidentate (COz,nz-C,O); (d) and (h) bridge tridentate (COz,n3 -0,C,0) and finally
(e) and (j) bridge bidentate (COz,nz-0,0), have been considered as adsorption models for
CO,. For water, (k) and (o) on top monodentate (H,O, nl-O); () on top monodentate
(H,0, nl-H), (m), (n) and (p) bridge bidentate (HO, nz-O,H) and finally (q) bridge
bidentate (H,O, n*.H,H) modes of adsorption were proposed as models which are
depicted in Figure 2.

The surface reconstruction during the adsorption process could provide more
information on the surface reaction. For this reason, the adsorbates and cluster were
allowed for full relaxation through geometry optimization. For clarity, the surface atoms
with differing four, three and two fold coordinative sites are designated as 4fc, 3fc and
2fc respectively. In the adsorbed state, similar atoms in CO, and H,O are labeled as O,

O and O, H*, H” respectively in the results and discussion section.
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2.2. Computational details

Geometry optimization and all other electronic calculations were computed employing
Density Functional Theory (DFT) coupled with the gradient corrected B3LYP functional
method. The electrons present in the Zn atom were treated with effective core potential of
LANL2DZ.>* For other atoms, aug-cc-pvdz™ basis set was employed. Vibrational
frequency calculations were carried out to identify and locate the intermediates
corresponding to minima in the Potential Energy Surface that do not have any
imaginary/negative vibrational frequency. The extent of interaction between the
adsorbate and cluster was evaluated through calculation of interaction energy™®, Eqgs =
E(adsorbate+cluster) = (Badsorbate + Ecluster) Where Eadsorbate+cluster), Eadsorbate and Ecluser are the Zero
Point Energy (ZPE) corrected total energy of the adsorbate+cluster, bare adsorbate and
cluster respectively.

Gibbs free energy for a given reaction step was calculated using the relation, AG° =

o (0] o o
2 Gproducts _ 2 Greactants> Where, G reactants and Gproquets correspond to the ZPE corrected

standard free energy (without any scaling factor) of reactants and products respectively at
the temperature of 298.15 K and the pressure of 1 atm.

Ab initio molecular dynamics (AIMD) computation was performed using an extended
lagrangian Atom Centered Density Matrix Propagation Molecular Dynamics
(ADMPMD) at B3LYP/LANL2DZ level to check the stability of adsorbate on the
surface. Final structure obtained from the optimized geometries of adsorbate with
Zn;3017:2N was chosen as the initial geometry for the ADMPMD run. Dynamics

simulation was carried out at 1000 steps with the time scale of 0.1fempto second and the
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fictitious electron mass of 0.1 amu. Thermostat temperature was maintained at 300K
using velocity scaling method.>’
Natural Bond Orbital (NBO) analysis58 was used to characterize the charge transfer on
the surface. All the electronic properties were computed using Gaussian09 software
package®. The density of states was arrived at using spin polarized GGA-PBE method
with the energy cut off of 380 eV and auto generated k points in CASTEP code
implemented in Material Studio 5.5.%°
3. Results and Discussion
3.1. Zn30;7:N geometries and chemical state of doped N

For nitrogen doped stoichiometric Zn;30;7:N cluster, geometry optimization was
performed using hybrid density functional theory. After finding the global minima
configuration, the structural parameters were analyzed. The optimized configuration for
Zn;30,7:N is shown in Figure 3(a). Upon doping of ZnO with N, the resulting cluster
experienced modified structural parameters. Out of the four Zn-N bonds where N has 4fc,
three are present on the same surface and have a bond distance of 2.04A. However, the
fourth one was elongated to a distance of 3.50A thus indicating the absence of fourth
bond. The presence of nitrogen in three fold coordinative site is favored and causes a
slight expansion of the crystal. This effect was experimentally observed in ZnO doped
with N leading to a small shift in the 20 value.®' The bond length of Zn-O lies in the
range of 1.93 to 1.99A, the variation arising due to the surface relaxation of the atoms.
Furthermore, the oxidation state of surface N was evaluated from the Partial Density of
Sates (PDOS) of Zn;30,7:N as shown in Figure 4. The overall DOS population of

Zn;30;7:N  revealed a population profile similar to that observed in Zn;sO;g thus
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confirming the incorporation of N on the surface. ZnO does have N as N>~ which is
isoelectronic with O ion. This attributes excess of electron density on surface N in
relation to oxide species which is confirmed from the spin density analysis of Zn;gO;7:N

as depicted in Figure 3(b).

3.2. CO; adsorption on Zn;30¢7:N

The adsorption mode of CO, on nitrogen doped zinc oxide surface has not been
known yet. Hence, ten different molecularly adsorbed predetermined configurations of
CO, were chosen and relaxed. After finding the global minimum, the physisorption or
chemisorption was characterized by calculating the adsorption energies. The structural
parameters and adsorption energies for the selected configurations are presented in Table
1. For adsorption of CO, at zinc sites with varying coordinative environments on
Zn;3017:N surface, the adsorption energies were computed using both CO,,n'-O and
COz,nl-C monodentate linear vertical to the surface modes. After relaxation, both the
geometries yielded the same configuration as shown in Figure 5(a).

The binding energies for the adsorption of CO, on metal sites in pure metal oxides
have been shown to follow the weak Eley—Rideal physisorption model rather than
chemisorption. The CO, was held on the surface without effective charge transfer from
the surface. The structural parameters of CO, were not affected®® and were indicative of
free CO; in the gas phase (Table 1(a)). Thus, CO, does not get activated on metal sites in
pure metal oxide frame work. However, when the interaction of bidentate and tridentate
modes of CO, on coordinative unsaturated sites of oxygen, zinc and nitrogen of

Zn;30;7:N were considered, the chemisorption occurs. The resultant structures are
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presented in Figure 5(b &c). Adsorption of CO, (n'.C) at the three fold coordination site,
Ogre), on the edge of the surface leads to the carbonate formation via the two oxygens
coordinating with two adjacent Znsy sites thus saturating the surface oxygen Vacancy48
(Figure 5(b)). The angle of O-C-O bond was altered to 122.9° from 180° which is closer
to triangular. The C-O® and C-O® bond lengths were elongated from 1.16 to 1.27 A with
the binding energy of -1.14eV. These values correlate well with the tridentate carbonate
structure on ZnO surface®™. In addition to evaluation of the charge donor/acceptor
interactions, NBO charge analysis indicates that the charges on C, O* and O acquired an
excess value of -0.555 e indicating the effective interaction with the surface. The
calculated vibrational frequencies have real values indicating the stable nature of the
structures. The O-C-O asymmetric stretching mode occurs at 1580 cm™. The surface
adsorbed CO; reveals the Ogyface-C stretching at 1348 cm'l, while the carbonate like three
C-O units stretch at 1045 cm™. The decrease in C=0 stretching is due to the loosening of
the bond as a result of the adsorption through only one oxygen atom. The larger decrease
in frequency in carbonate structure is experienced due to decrease in bond order in the
two coordinating C=0 groups. The out of plane bending mode of CO, occurs at 846 cm™.
All calculated frequencies are consistent with the reported experimental values'> and
suggest that even if the surface has an impurity of N, the adsorption nature of oxide does
not alter.

The binding energy of CO, in n3 adsorption on N is -1.86eV with a chemisorption
distance of 1.35 A for Nuro)-C. After the insertion of CO,, the bonds surrounding N are
broken. The upward movement of N atom reveals its dangling nature enhanced by greater

adsorption. The two coordinatively unsaturated Zn atoms in the neighborhood are also
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pushed upward to facilitate coordination with oxygen atoms with distances of O°-Zn and
O"-Zn being 2.03A and 2.04 A respectively (Figure 5(c)). Further, the adsorption energy
of the same mode on pure Zn;30;s was calculated (supporting information 1) to
examine the effect of nitrogen. For pure Zn;30;; clusters, the value is -1.06 eV which is
lower than that for N substituted surface by -0.80 eV. This result indicates that the
presence of nitrogen enhances the adsorption.

Comparison of the adsorption energies reveals that the tridentate carbamate
species is more favorable than carbonate species. It may be due to the greater electron
density on N and its lower electronegativity than O which favor effective charge transfer.
The Gibbs free energy profile is depicted in Figure 6 for the above process. CO, interacts
first with the surface by physisorption (Figure 6, S1). Then the C interacts with N leading
to distortion of the O-C-O angle (Figure 6, S2). The resultant bent configuration of the
bidentate species has a relative Gibbs free energy of -0.77 eV. The values in the
calculated vibrational frequencies show that this species is a transition state which
undergoes further changes to form a stable tridentate species (Figure 6, S3).

The excess charge on CO, is -0.738 e which is greater than that acquired on
tridentate carbonate (-0.555 e). This charge transfer from the surface reveals that the N
doped zinc oxide is a more powerful Lewis base than pure zinc oxide. In addition, there is
no imaginary frequency in the vibrational spectrum that indicates its stable nature. The
0*-C-0° asymmetric stretching mode occurs at 1461 cm™. The surface N-C stretching
and the symmetric stretching that combines C-O and N-C are observed at 1366 cm™ and
1063 cm™ respectively. At 823 cm™, the out of plane bending of C in carboxylate is

revealed. These patterns have also been observed in organic carbamate species.®

10
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Further investigation of carbamate stability on the surface was done using ADMPMD
calculation. The distance between carbamate and the surface at 300 K is shown in
supporting information Figure 1(a). The plot reveals that during the dynamical run,

the adsorbed CO; is held on to the surface up to 1 ps without any desorption.

Density of states analysis provides information such as where exactly the surface
transferred electrons are populated on the adsorbate. Thus, the partial density of states
(PDOS) for s and p orbitals of CO; corresponding to free CO,, physisorbed linear CO,,
tridentate carbonate and tridentate carbamate were plotted (Figure 7). The PDOS
population of CO; in the physisorbed state reveals that there is no effective interaction
with the surface. For the tridentate carbonate species, the p orbital is more populated in
the range of -7.5 eV to 0 eV at the fermi level. This indicates that the surface effectively
transfers the charge to the adsorbate in the activated form. Although the tridentate
carbamate has the same pattern, the population is higher than that of carbonate. Thus,

activation in the presence of nitrogen is more facile than in pure oxide environment.

3.3. Adsorption of HO on Zn;30;7:N

Presence of N produces a number of possible adsorption mode configurations
suitable as active sites for HO on Zn;gO;7:N surface. To find the favorable sites for
preliminary H>O adsorption, numerous adsorption sites were inspected. As sites other
than N behave similar to those of pure metal oxide, the atoms present around N in the
surface have been considered as adsorption models for initial H,O adsorption. On
optimization, only three of them yielded thermodynamically favorable sites as shown in

Figure 8. Table 2 summarizes the structural parameters.

11
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Using 12 (a) mode, adsorption leads to the auto dissociation of H,O with the
binding energy of 0.02 eV. This value suggests that the dissociation on N active site is
slightly endothermic in nature. The H* gets adsorbed on surface N and the O-H® on
adjacent Zn atom with the adsorption distance of 1.06 A and 1.96 A respectively. This
correlates well with the dissociation of H,O on TasNs(100) surface.* Now the upwardly
elongated N in the three fold coordinative site contracted to a distance of 2.37 A from
3.50 A with respect to bottom layer. Bond length of O-H® was found to be 0.96 A which
is similar to bare free O-H distance in H;O. The NBO charge analysis (Table 2) shows
that the charge on N decreases from -1.469 e to -1.237 e while the charge on O increased
from -0.958 e to -1.230 e indicating that the excess charge has been transferred from the
surface, which causes the dissociation of a H atom.

IR frequencies revealed that there is no negative vibration in the frequencies
indicating that the configuration is a minimum. The vibrational frequency values
corresponding to O-H* symmetric stretching at 3836 cm™, N-H° symmetric stretching at
2885 cm™, (N-H"+O-H®) in plane wagging (1014 cm™), (N-H+O-H") out of plane
wagging (1014 cm™) and O-H* bent vibration (737 cm™") support the above observation.

Another favorable mode of adsorption of H,O is using the coordination of both O and
H atoms to the three fold coordinated Zn and O sites respectively in a vertical fashion as
shown in Figure 8(b). The Zn atom, present adjacent to four fold coordinated Zn, was
slightly displaced upward from the top layer and was held with a distance of 2.15 A. The
calculated binding energy of H,O in the adsorbed state was -0.77 eV. The same kind of
adsorption occurs for H,O on Zn,GeOy4 surface.** Bond lengths of O-H* and O-H" are

0.96 and 0.99 A respectively. Bond distances of 2.15 A for Zngyface-Owater and 1.70 A for

12
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Osurface-Hwater indicate weak adsorption. NBO charge analysis predicted the charge on
individual O as -0.999 e, on H* as 0.498 ¢ and on H® as 0.535 ¢ revealing that there is no
effective charge transfer from the surface to the adsorbate. The vibrational frequency
analysis predicted stable configurations for all. The various frequencies calculated are:
free O-H® symmetric stretching (3841 cm™), adsorbed O-H°, symmetric stretching (2984
cm™), O-H? bending (1583 cm™) and O-H" adsorbed bending (563 cm™).

The horizontal adsorption of HO on ZnO at corner site leads to the auto
dissociation. The O-H" was attached to Zngg) and the H® was attached to the adjacent
Ogrey with an adsorption energy of -0.44 eV as shown in Figure 8(c). This value is
relatively higher than that of (a). The bond lengths are, O- H* (0.96 A) and Osurafce-Hb
(1.00 A). The vibrational frequencies suggest the existence of free Osurafce-Hb with a value
of 3069 cm™. The stretching vibrations of chemisorbed O-H® are observed at higher
values than those for Osurface-Hb at 3851 cm™! and O-H® out of plane bending at 1020 cm'l,
all being positive.

In order to confirm the stability of the dissociatively adsorbed H,O on the surface,
ADMPMD run was computed, results of which are presented in supporting information
Figure 1(b). The plot reveals that the dissociated species were present on the surface up
to 1 ps without desorption indicating the stability of the dissociated species on the
surface.

To further evaluate the interaction of catalytic surface with H,O, partial density of
states for various configurations were investigated. In Figure 9, (a), (b), (¢) and (d)
represent free H,O, dissociative adsorption at N site, molecular adsorption at metal-

oxygen site and dissociative adsorption at metal-oxygen respectively. For dissociative

13
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adsorption, the PDOS of (b) resembles that of (d) which indicates that the dissociation of
water on both the sites is facilitated. Further, the population in (b) around fermi level is
small. This helps effective electron charge transfer top orbital from the surface N. The
molecularly adsorbed configuration (c) has overlapping of orbitals that are less populated
than the dissociated species revealing that the molecular nature still exists on the surface.

Preceding the stage of hydrogenation, the source of hydrogen has to be predicted.
The adsorption energies reveal that CO, gets competitively adsorbed on N active site on
Zn;30;7:N. The H,O adsorption and dissociation is preferred on N site as well as oxide
site. However, water was preferentially dissociating on the corner site of the cluster
similar to the dissociation of water on pure oxide surface. Hence, the source of hydrogen

was assumed to be from the corner vacant site.

3.4. Coadsorption of CO; and H,O

H,O hinders the adsorption of CO; by competing with it and leads to poisoning of
the adsorbent. On the other hand, H,O was used as reactant giving rise to the bicarbonate
ion. Results obtained from the single molecule adsorption calculations on co-adsorption
of CO, and H,0O were employed to verify the above fact by looking for any significant
interaction on the surface. The bimolecular adsorption of water and carbon dioxide was
carried out by choosing the stable configuration for the catalyst, placing one carbon
dioxide adsorbed through carbon on surface N and water in the side on adsorption mode
as initial configurations. Structural features of two modes (Figure 10) of co-adsorbed
configuration surrounding the N substituted environment are presented in Table 3. The

calculated binding energy shows that the carbamate configuration is more favorable in

14
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the co-adsorption mode. In 10 (a) and (b), the water molecule coordinates in a bidentate
fashion through H to O in (a) and N in (b) and O to the Zn.

The final configurations indicate that the nl-C of CO; in (a) and (b) have bent
structures and the water is in the side on adsorption mode with the total binding energies
of -2.27 eV and -2.15 eV respectively. Both the molecules have retained their original
configurations in (a) and (b) even though the adsorption modes are different, suggesting
that the adsorption of CO, on N would facilitate the activation in the free as well as in the
combined forms. The structural features of the water molecules are not altered in all the
configurations. The CO, angle was altered to 122° which is lower by 5° than in the
carbamate species. Thus, in the presence of water molecule, the adsorption and
activation of CO, are more facilitated via hydrogen bonding like interactions that favor
the adsorption.

After locating the global minima (a) configuration in (Figure 10), further stability
and interaction of the species were evaluated using ADMPMD run method. The
calculated ADMPMD profile is depicted in supporting information Figure 1(c). The
plot shows the coadsorbed H,O and CO; on the surface are retained without migration
from its adsorption site till 1 ps. This reveals that the surface water does not affect the
chemisorbed CO, by forming bicarbonate related species.'> Hence, in the mechanistic
pathway studies, the water molecules were not included as it was assumed that there is no

effect of water molecules.

3.5. Hydrogenation of CO,

15
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The hydrogenation of CO, to methanol was processed with various complex
transition states and intermediates. On metal oxide surface, formation of carbonate,
carboxylate and formate species have been proposed as intermediates for CO, reduction

64, 65

reactions depending on the reaction environment. Detailed reduction mechanisms are

66, 67 47, 67, 68

available for pure metals and metal oxides. However, for N substituted metal
oxides enough data are not available to understand the product formation. Hence,
understanding the principal process involved in the hydrogenation of CO, by means of
DFT mechanistic path way would predict the favorable configurations and give insight
into the stability of products and transition states.

Since the active site for CO, reduction is N, the hydrogen would interact with the
adjacent Zn and O sites on the surface. On these sites, H, heterolytic dissociation was

871 The surface was

favorable and H easily migrated due to the action of spillover.
covered with hydrogen and the effect of surface hydrogen on the reaction was
negligible.”” Hydrogenation of CO, by H, on ZnO surface has been reported.’’ Based on
the above results, the following reaction pathway was proposed and tested for the
methanol formation. The schematic representation of the mechanistic pathway is shown
in Figure 11. Relative Gibbs free energy profile of hydrogenation of CO; to methanol is
depicted in Figure 12. During the catalytic cycle, the reactant CO, was adsorbed on the
catalytic surface and activated by chemisorption of on N as CO;" species.

The next step in the catalytic cycle is that the surface bound (S1) activated *COO
abstracts a proton on to carbamate oxygen forming a O-H bond.** As a result, the

carboxylic acid group of n2-COOH?* is present perpendicular to the surface, as shown in

Figure 11(S2). The relative Gibbs free energy was found to be -2.55 eV indicating the

16
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spontaneous nature of the process with respect to free CO, and H,. In another possibility
based on the proton coupled electron transfer, the H added to C to form a foramte species.
But the added H was found to instantly migrate to N. This indicates that the carbon
valency was fully saturated by the surface bond. These results reveal that the proton
would be easily added to the carbamate species and the formation of formate species was
ruled out on the carbamate. The O°-H was far away in S2 from the surface and the
carbonyl has the interaction with the nearby Zn atom which is slightly moved above the
surface. The O°-C-O° angle of 117° suggests that the angle was stretched compared to
the S1 state. As per the proposed mechanism, there is a possibility of either dissociation
of O%-H in S2 leading directly to S4 or addition of H on O° to form diol (S3) species. The
diol is further eliminating H,O to form S4. However, the relative free energy profile
indicates that the COOH*(S2) capturing a proton (at the OH moiety) and releasing water
is a more favorable route than the other one. This is due to the fact that compared to C-O*
bond (1.27 A), the C-O° (1.37 A) is fairly weakened and favors the dissociation.

*CO remains chemisorbed on the surface (S4) with the relative Gibbs free energy
of -2.40 eV which is more positive compared to S2. The Ngyface-C-O" angle was found to
be 176.38° that makes it nearly parallel to the surface. The O was bonded to the adjacent
Zngagy atom in Ngyee-C-O°, revealing that the surface coordinative unsaturation is
required for the stabilization of surface species. Better reduction of CO, requires the
formation of CO species from *COOH that should be spontaneous in nature.” On oxide
surface, formation of CO was difficult.* However, it is favored by N substitution in ZnO

surface. Hence, the chemisorbed CO* alone is present on the surface (S4).

17
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Further attack of hydrogen on carbon is more favorable and yields a chemisorbed
formyl species (S5) with the relative Gibbs free energy of -2.59 eV indicating the
spontaneity of the reaction. The H-C-O angle is 115.6° and C-H as well as C-O distances
are 1.11 A and 1.27 A respectively. Further attack of H leads to formation of H,CO*
species (S6) on the surface with the relative Gibbs free energy of -1.39 eV. This process
is slightly exothermic in nature. Now, the hydride species present in the medium will
react with oxygen to form methylene alcohol (S7) with a relative Gibbs free energy of -
1.60 eV via a spontaneous and endothermic route. Attack of H on carbon in S6 leads to
the final product, methanol. Once the methanol is formed, the valences of the atoms are
satisfied and during the optimization, they get relieved from the surface but held on to the
surface by weak physical interaction (S8). On removal of methanol from surface, the
active site is regenerated and is ready for further uptake of CO,.

4. Conclusion

DFT calculations were carried out for the first time to explore the adsorption and
activation of CO, and H,O and the reduction mechanism of CO, to methanol by
hydrogenation on Zn;3O;7:N model surfaces. The calculations were performed at B3LYP
with all the plausible modes of adsorption. The most favorable mode of adsorption for
CO; is through mono chemisorption via carbon on N and electrostatic interaction with
neighboring oxygen atoms. The present study reveals that the CO, is activated to a
greater extent with a bond angle of 127° in carbamate and 122° in the coadsorption of
H,0 and CO,. In case of H,O, dissociative adsorption was favored. Presence of N
enhanced the adsorption energies in relation to pure Zn;3s0;5. Hydrogenation of CO, to

CH;0H proceeds through carbamate, carbonmonoxide, formyl, formaldehyde and

18
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methylene alcohol. The results indicate that formation of CO via dissociation of
carbamate rather than diol route required a barrier of -2.48 eV. Since all the reaction steps
were associated with negative free energies, the methanol formation was achieved at
lower cost than the conventional methods. Further studies on N containing defective

surfaces may lead to more insight into methanol formation.
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Figure 1. Schematic representation of optimized Zn ;30,3 cluster.
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Figure 2. Schematic representation of the various adsorption modes for CO;, [(a)-(j)] and
for H,0, [(k)-(q)] on stoichiometric Zn;30;7:N cluster.
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Figure 3. Optimized structure of (a) Zn;30;7:N and (b) spin density distribution in
Zl’l18017ZN.
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Figure 4. Partial Density of States population of (a) Nitrogen doped zinc oxide and (b)
Pure ZnO clusters.

Figure 5. Optimized structures for the various coordinative adsorption modes of
CO;leading to (a) physisorption (b) bridge tridentate carbonate and (c) bridge tridentate
carbamate on Zn;g0;7:N.
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Figure 6. Relative Gibbs energy profile for the reaction of CO; to CO,™ on the surface of
stoichiometric Zn;30;7:N with the corresponding structures to form N-carboxylate.
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Figure 8. Optimized structures of H,O adsorbed on Zn;30;7:N, (a) & (c) dissociative and

(b) molecular adsorption.
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Figure 9. Partial density of states population of (a) free H,O, (b) & (d) dissociative and

(c) molecular adsorption.
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Figure 10. Optimized structures for the coadsorption of CO, and H,O on Zn;307N (a)
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Table 1. Computed CO2 adsorption energies in eV (AE), Bond length in A (1), Bond
angle in ° (0), Chemisorption distance in A (d) and NBO charges in e (q) of CO; on

Zn18017ZN
Configuration AE d . - S} Q
S
SN ) N C o o’
CO, - - 1.16 1.16 179.9 - 1.069 -0.535 -0.535
A -048 25 116 1.17 1768 -1.455 1.115 -0.576 -0.506
B -1.14 133 127 127 1229 -1.472 1.081 -0.833 -0.803
C -1.86 135 1.28 129 1237 -0.840 0.867 -0.797 -0.808

Table 2. Computed H,O adsorption energies in eV (AE), Bond length in A (1), Bond
angle in ° (©), and NBO charge in e (q) for associative adsorption of H;Oon Zn;30,7:N

Configuration = AE — — S} q
S 9
o) T N o) H H
H,O - 0.96 096  104.7 -0.958 0.479 0479
A 0.02 - 0.96 - -1.237 -1.230 0.401 0.478
B -0.77 0.96 099 107.7 -1.451 -0.999 0.498  0.535
C -0.44 0.96 - 108.5 -1.495 -1.006 0.515 0.515
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Table 3. Computed CO; and H,O coadsorption energies in eV (AE), Bond length in A
(1), Bond angle in ° (©), Chemisorption distance in A (d) and Mullikan charge in (q) for
coadsorption of CO,and H,Oon Zn;30;7:N

Page 30 of 30

) N A~ A~ Q
o E —DI NO JDO a b a b
o | | T 1
§ AE S S S) ) ) C) (@) H H C 0) 0)
a -227 099 096 107.7 128 1.28 122.6 -1.001 0.536 0.513 0.868 -0.813 -0.807
b -2.15 097 096 106.1 1.29 1.28 1224 -0971 0.525 0511 0.875 -0.812 -0.835
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