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Catalytic hydrogenation of CO, to valuable chemicals or liquid fuels is a promising way to recycle and
utilize CO,. In the present study, elementary steps leading to the formation of formate and CO, two
important intermediates in CO, hydrogenation on Ni/y-Al,03, have been explored using the density func-
tional theory (DFT) slab calculations. Two systems: Nig cluster supported on the dry y-Al,05(1 1 0) sur-
face, D(Niy), and on the hydroxylated y-Al,05(1 1 0) surface, H(Ni4), have been used to model Ni/y-Al,0s.
On D(Niy), the reaction energy and activation barrier for formate formation are —0.23 eV and 1.25 eV,
respectively, whereas those for CO formation are —0.48 eV and 2.13 eV, respectively. As such, formate for-
mation is preferred kinetically while CO formation is more facile thermodynamically. On H(Ni,), the reac-
tion energy and activation barrier for formate formation are —0.36 eV and 2.32 eV, respectively, whereas
those for CO formation are —0.67 eV and 0.69 eV, respectively. Consequently, CO formation becomes
more favorable both kinetically and thermodynamically. These results indicate that hydroxylation of
the y-Al,05 support alters the pathway, and ultimately, the selectivity of CO, hydrogenation on Ni/y-
Al,0s3. This conclusion supports the fact that varying the reaction environment such as water partial pres-
sure is often used to improve the selectivity of a reaction.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Hydroxylation is a common process that occurs in many
processes such as biological conversion and materials processing
[1-6]. For oxide-supported metal catalysts, the reaction environ-
ment affects the hydroxylation/protonation of the oxide support
and modifies the nature of the surface [7-12]. This modification
will in turn have an effect on the catalyst-support interaction
and further on the reactions taking place on the catalyst [13-18].
For example, Cu(1 1 1) and Cu/TiO,(1 1 0) are both active toward
the water-gas shift (WGS) reaction [13]. However, the apparent
activation energy on Cu/TiO,(110) is only 8.3 kcal/mol, when
compared with 18.3 kcal/mol on Cu(111). The lower apparent
activation energy of Cu/TiO,(1 1 0) has been attributed to the high
activity of TiO»(1 1 0) toward water dissociation, i.e. hydroxylation
of the TiO, surface. Lomot and co-worker studied the effect of pre-
treatment on the activity of a Pd/y-Al,03 catalyst for the cyclopen-
tane/deuterium exchange reaction [16]. They suggested that an
active y-Al,0s-supported catalyst should have two types of sites:
Lewis acid sites for cyclopentane binding and surface hydroxyls
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for proton transfer. The relative concentration of the two types of
sites was believed to determine the exchange activity [16]. In the
present work, we use a model catalyst, Ni/y-Al,03, to demonstrate
the effect of hydroxylation of the oxide support on the selectivity
of the CO, hydrogenation.

Climate change resulting from anthropogenic greenhouse gases,
mainly CO,, is considered as a major threat faced by mankind [19].
Recycling CO, to useful chemicals or liquid fuel will help to allevi-
ate the greenhouse effect [20-24]. Selective hydrogenation of CO,
to methanol or methane has been widely explored. Formate and
CO are two important intermediates in the selective hydrogenation
of CO, and have been proposed as precursors to different final
products. Formate has been believed to play a crucial role in CO,
hydrogenation to methanol. For example, Collins et al. [25] consid-
ered formate as the precursor for methanol formation in CO,
hydrogenation on Pd/B-Ga,0s. On the other hand, CO is a product
of reverse WGS reaction and has been suggested as the key inter-
mediate for methane formation [26-30]. Based on a series of FTIR
spectroscopic studies of CO, and CO, + H; on the Ru/TiO; catalyst,
Gupta et al. [30] attributed the linearly adsorbed CO on the Ru’®
sites as a product of either CO, reactive adsorption or CO, + H,
reaction. The Ru-(CO),q species reacts with the co-adsorbed or gas-
eous hydrogen to form methane. These studies indicate that the
product of the initial CO, hydrogenation steps will determine the
distribution of the final products.
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A number of oxide-supported metal catalysts, including Ni/y-
Al,03, Pd/B-Ga,03 and Cu/ZnO, are active to selectively hydroge-
nating CO, [23-25,31-40]. Among them, the Ni-based catalysts
are more suitable for large-scale industrial applications due to
the relative low cost and abundance of Ni. Herein, we explored
the elementary steps leading to the formation of formate and CO
in CO, hydrogenation on Ni/y-Al,03 using the density functional
theory (DFT) slab calculations. Two systems: Ni4 cluster supported
on the dry (fully dehydrated) y-Al,03(1 1 0) surface, D(Niy4), and on
the partially hydroxylated y-Al,03(110) surface, H(Niy), have
been constructed to model Ni/y-Al,0s. The Ni4 cluster was chosen
since it is the smallest unit that provides a three-dimensional
structure to probe both metal-metal and metal-support interac-
tions. We adopted the non-spinel y-Al,03 model [9] and chose
the (11 0) surface as this surface accounts for more than 80% of
the total surface area, and therefore, dominates the surface of
v-Al;05. As demonstrated by Digne et al. [9], the (1 1 0) surface will
inevitably be hydrated/hydroxylated under a realistic reaction con-
dition. On the other hand, a direct comparison of CO, hydrogena-
tion chemistry over a metal catalyst support on the dry and
hydroxylated surfaces will allow us to probe the effect of surface
hydroxyls unequivocally. By comparing the potential energy pro-
file of CO, hydrogenation on dry support, D(Nis), with that on
the hydroxylated support, H(Ni4), we are able to attribute the ob-
served CO, hydrogenation selectivity to the existence of surface
hydroxyls on the y-Al,03 surface.

2. Computational methodology and models

All the computations have been performed in the framework of
DFT by using the Vienna ab initio simulation package (VASP)
[41,42]. The projector augmented wave method [43,44] has been
used to describe the nuclei and core electrons. The wavefunctions
of valence electrons are expanded on a plane wave basis set with a
cut-off energy of 400eV. The non-local exchange-correlation
energy is evaluated using the Perdew-Burke-Ernzerhof functional
[45]. A2 x 2 x 1 k-point grid determined by the Monkhorst-Pack
method [46] was found to give converged results. Involvement of
Ni in the system requires the calculations to include spin-polariza-
tion, and our results show that all the structures are of a finite
magnetic moment. The atomic structures are relaxed using either
the conjugate gradient algorithm or the quasi-Newton scheme as
implemented in the VASP code until the forces on unconstrained
atoms are <0.03 eV/A.

The non-spinel y-Al,0; model [9] has been used to construct
surfaces in our previous studies of CO, adsorption and activation
[8]. In the present study, we use the same size of unit cell to model
the y-Al,05(1 1 0) surface. In all calculations, the bottom two lay-
ers are frozen in their bulk positions, whereas the top four layers
together with the Niy cluster and the species involved in CO,
hydrogenation are allowed to relax.

Transition states for the elementary steps leading to the forma-
tion of formate and CO are determined in two steps: first, the
nudged elastic band method [47] is used to locate the likely tran-
sition states; second, the likely transition states are relaxed using
a quasi-Newton algorithm until the forces acting on the atoms
are <0.03 eV/A. Frequency analysis has been used to validate the
optimized transition state structures.

The combined adsorption energy for co-adsorbed CO, and H is
defined as:

CO,+H
AE;*"" = —(E(co, +H)Nig/-a,05 — Enigjy-a1,0, — 1/2Ew, — Eco,)

where Eni, /y-a0, and Eco, n)-ni,/7-a,0, are the total energies of the
v-Al;03(1 1 0) slab with Niy and the slabs simulating CO, and H
co-adsorbed on Nig/y-Al,03(1 1 0), respectively. Eco, and Ey, denote

the energies of a free CO, molecule and a free H, molecule, respec-
tively. Eco, (or Ey,) was computed by placing a single CO, molecule
(or a single H, molecule) in a 10 x 10 x 10 A® cubic box.

3. Results and discussion

A completely dehydrated y-Al,03 surface is probably best rep-
resented by the (10 0) surface of the non-spinel y-Al,03 model
[9]. However, our test calculations show that the (1 0 0) surface
exposes different surface sites and binds the Niy cluster differ-
ently. Therefore, we adopted the completely dehydroxylated
v-Al;03(1 1 0) surface as a reference to examine the effect of sur-
face hydroxylation on the binding of the Niy cluster as well as
CO, hydrogenation chemistry over the supported catalyst. By keep-
ing similar binding sites for Nis on both dry and partially hydrox-
ylated surfaces, we can focus on the effect of surface hydroxyls on
hydrogenation chemistry of CO,.

3.1. Niy supported on the dry y-Al,05(1 1 0) surface

The side and top views of the dry y-Al,03(1 1 0) surface are re-
plotted in Fig. 1a for easy reference. On the surface, the threefold-
coordinated aluminum (Als.), fourfold-coordinated aluminum
(Alye), sixfold-coordinated aluminum (Alg.), twofold-coordinated
oxygen (Ozc.1, O2c2 and Oyc3) and threefold-coordinated oxygen
(O3¢.1, 03¢ and Osc3) atoms are exposed, among which Als,
Alye, Ozc.1, Ozc2 and 0,3 are coordinately unsaturated. Among
three possible structures for a Niy cluster: tetrahedral, rhombic
and linear, the tetrahedral structure was shown to be energetically
more favorable [48,49]. Consequently, we selected the three-
dimensional Ni, tetrahedral structure to explore its interaction
with the supporting y-Al,05(1 1 0) surface. Among the sites and
structures explored, the structure shown in Fig. 1b, denoted as
D(Niy), is the most stable. The overall magnetic moment of
D(Niy) is 4, the same as that of the most stable Niy cluster sup-
ported on MgO(0 0 1) [50]. D(Niy) is used as the substrate in the

(@)

(b)

top view

side view

Fig. 1. Structures of (a) the dry y-Al,03(1 1 0) surface and (b) Ni4 supported on the
dry surface, D(Ni4). Bond lengths are in A. Color coding: Red, O atoms; Pink, Al
atoms; Blue, Ni atoms. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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study of CO, adsorption and hydrogenation. The binding energy of
the supported Ni4 cluster in D(Nig) with respect to the free tetrahe-
dral Nig4 cluster is 2.91 eV.

3.2. CO, hydrogenation on D(Niy)

We determined the adsorption structure of CO, and H adatom
separately on D(Nis) and provided the results in the supporting
information. We then explored the co-adsorption of CO, and H
on D(Ni4). The most stable configuration for the co-adsorption of
CO; and H on D(Niy), D-1, is shown in Fig. 2. The combined adsorp-
tion energy for the co-adsorbed CO, and H is 1.46 eV. D-1 serves as
the starting configuration for CO, hydrogenation to formate in Sec-
tion 3.2.1 and to CO in Section 3.2.2. For clarity, the intermediates,
transition states and products involved in CO, hydrogenation on
D(Niy4) are prefixed with D. The oxygen atoms of CO, will be distin-
guished as O, and Oy, if the two atoms are in inequivalent positions.

3.2.1. CO; hydrogenation to formate on D(Niy)

The potential energy profile following the pathway from D-1 to
D(formate) is presented in Fig. 3 as a black line. The structures of
all the intermediates, transition states and product involved in
the process are shown together with the potential energy profile.

The formation of D(formate) begins with the formation of an
intermediate, D(IM1), through a transition state, D(TS1). The con-
version from D-1 to D(IM1) is endothermic, by 0.30 eV, with a sig-
nificant activation barrier (1.02 eV). This step breaks the C—Niy,
0,—Ni; and Op,—Ni4 bonds and forms an O,—Ni4 bond. In D(IM1),
the 0,CO, species binds the substrate through a C—Nig bond
(1.94 A) and the newly formed O,—Ni4 bond (1.91 A). The second
step converts D(IM1) into another intermediate, D(IM2). This step
corresponds to the migration of the H adatom from a threefold site
in D(IM1) to a twofold site in D(IM2), as shown in Fig. 3. The sec-
ond step is endothermic, by 0.12 eV, without an apparent barrier.
This is consistent with the H diffusion potential energy surface
on Ni(1 1 1) where the bridge site is a flat-top maximum [51]. In
the third step, the H adatom is transferred from the Ni site to the
C atom through transition state D(TS2), forming a C—H bond in
intermediate D(IM3). This step is exothermic, by 0.17 eV, with a
relatively high activation barrier (0.83 eV). D(IM3) is an uniden-
tately bound formate species. In the last step, the unidentately
bound formate species relaxes into a more stable and bidentately
bound formate species. The last step is exothermic, by 0.48 eV,
with a small activation barrier of 0.10 eV.

In D(formate), the formate (O,CHO},) species binds the substrate
through the 0,—Ni, (1.89 A) and 0,—Ni; (1.95 A) bonds, as shown
in Fig. 3. The C—0, and C—0;, bonds are 1.28 A and 1.27 A, respec-

side view

Fig. 2. Structure of the co-adsorbed CO, and H on D(Ni,). Bond lengths are in A.
Color coding: White, H; Gray, C; others are the same as in Fig. 1. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

tively, and the 0,—C—0, angle is 127°. These structural properties
are similar to those observed in formate adsorption on the Ni sur-
faces [52-56].

3.2.2. CO, hydrogenation to CO on D(Niy)

The pathway for CO formation also starts from D-1. The product
of this process is co-adsorbed CO and OH, denoted as D(CO + OH).
The potential energy profile from D-1 to D(CO + OH) is shown in
Fig. 3 as a red line. The structures of the intermediates, transition
states and product involved in the process are presented along
with the potential energy profile.

This pathway starts from the activation of the H adatom from
the threefold site in D-1 to the twofold site in D(IM4). Similar to
the second step in the formate pathway, this step is slightly endo-
thermic, by 0.18 eV. In the second step, H migrates from binding
Nis; and Nig in D(IM4) to binding the O, atom of the CO, fragment
in D(IM5), leading to a trans-carboxyl (trans-COOH) species in
D(IM5) through the transition state D(TS4). The second step is
endothermic, by 0.53 eV, with a significantly high activation bar-
rier (1.95 eV). The third step corresponds to isomerization from
the trans-COOH species in D(IM5) to the cis-COOH species in
D(IM6) through transition state D(TS5). The third step is exother-
mic, by 0.11 eV, and has an activation barrier of 0.36 eV. In the last
step, the cis-COOH species in D(IM6) dissociates into co-adsorbed
CO and OH groups in D(CO + OH) through transition state D(TS6).
In D(CO + OH), the OH group binds the substrate through a newly
formed O,—Ni4 bond (1.75 A) while CO interacts with the substrate
through a C—Ni; (1.71 A) bond. The reaction energy and the activa-
tion barrier for the last step are —1.08 eV and 0.64 eV, respectively.

3.3. Niy supported on the hydroxylated y-Al;05(1 1 0) surface

Before presenting the results of how hydroxylation of the vy-
Al;05(1 1 0) surface affects CO, hydrogenation, we first examine
how surface hydroxylation modifies the interaction between the
Nig cluster and the surface. We use the hydroxylated -
Al;,03(1 1 0) surface established in our previous work [8] as the
support for the Nig cluster. The schematic views of the surface
are redrawn in Fig. 4a as a reference. The key feature of the surface
is that a hydroxyl group (O,,H,) binds to a surface Als. site, whereas
a proton (Hp) binds to a surface O, 3 site, forming two surface OH
groups in one unit cell.

A number of sites on the above hydroxylated surface have been
explored for Ni4 adsorption. The most stable adsorption configura-
tion, denoted as H(Niy), is shown in Fig. 4b. In H(Niy), the Ni4 clus-
ter interacts with the surface through three Ni atoms (Niy, Ni; and
Ni3). This overall magnetic moment of H(Niy) is 2, indicating
quenching of spins in the presence of surface hydroxyls. The bind-
ing energy of the Niy4 cluster in H(Niy) is 1.87 eV, which is 1.04 eV
lower than that in D(Nig). The decreased binding energy indicates
that the presence of the hydroxyls on the surface weakens the
binding of Nis on the surface. On the other hand, hydroxylation
of the surface at this OH coverage leads to an energy gain of
2.36 eV with respect to a dry surface and gas phase H,O [8]. There-
fore, H(Ni4) was selected as the substrate in the following study for
CO, hydrogenation.

3.4. CO, hydrogenation on H(Niy)

In order to map out the CO, hydrogenation pathways, we need
to establish the co-adsorption configuration of CO, and H on
H(Ni4). Among structures examined, H-1 shown in Fig. 5 is the
most stable configuration for the co-adsorption of CO, and H on
H(Ni,). The combined adsorption energy for the co-adsorbed CO,
and H. is 2.52 eV. We also examined the adsorption of CO, and H
on H(Ni,4) individually and provided the results in supporting infor-



230

513
203
2.0 DTS4y,
- 102 '
&6 — —— .
g 10 DTSy, : i .
= : N DAMS) 971 .-
o i , : D(IM2) 042 -
N : DN 030 -
E 0.00 * 'l)nilhit DaM1)
0.0+ P
-1.04

.

D(TS2)

Y.-x. Pan et al./Journal of Catalysis 272 (2010) 227-234

125 1.24
o —— . D(TS6):
S D(TS5)  1.07 “&, '
Ul 060 . .
', D(IM6) y
I
D(IM3) S

"»D(formate) 023

D(CO+0H)

-0.48

" DM " D(TSA) D(M3)

4 Niy

D(IM6) D(CO+OH)

D(TS6)

Fig. 3. Potential energy profiles for CO, hydrogenation to formate (black line) and to CO (red line) on D(Niy4). Structures of the intermediates, transition states and products are
also shown. Bond lengths are in A. See Figs. 1 and 2 for color coding. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

mation. In the following presentation, we use H. to distinguish the
H adatom from those resulting from dissociative adsorption of H,O
(H; and Hyp,). The names of all the intermediates, transition states
and products formed on H(Ni,) are prefixed with H to distinguish
them from those on the fully dehydrated surface.

3.4.1. CO; hydrogenation to formate on H(Niy)

Using H-1 as the starting configuration, we studied formate for-
mation from co-adsorbed CO, and H.. The potential energy profile
from H-1 to H(formate) is shown in Fig. 6 using a black line. Three
intermediates, H(IM1), H(IM2) and H(IM3), are involved in the pro-
cess. These intermediates partition the process into four steps: (i)
breaking the C—Ni; bond through transition state H(TS1); (ii)
breaking the C-Ni, bond through transition state H(TS2); (iii)
binding the O, atom to the Ni; atom; and (iv) transfer of the H,
atom from the O, atom to the carbon atom through transition state
H(TS3). The structures of H(IM1), H(IM2), H(IM3), H(TS1), H(TS2),
H(TS3) and H(formate) are shown on the potential energy diagram.

In the first step, the carbon atom breaks from the Ni; atom
through transition state H(TS1), leading to the formation of
H(IM1). In H(IM1), the trans-COOH species interacts with the sub-
strate through the C—Niy (1.84 A) and O,—Niy4 (2.22 A) bonds. The
first step is endothermic, by 0.70 eV, and has an activation barrier
of 0.79 eV. In the second step, the C—Ni4 bond breaks through tran-
sition state H(TS2). In H(IM2), the trans-COOH species adsorbs on

the substrate through the O,—Ni, bond (1.84 A). The reaction en-
ergy and the activation barrier of the second step are 0.84 eV and
0.90 eV, respectively. The third step converts H(IM2) to H(IM3),
making the O, atom of the trans-COOH species bind the Ni; atom.
The third step is slightly exothermic, by only 0.07 eV. The last step
converts H(IM3) to H(formate) by transferring the H, atom from
the O, atom to the carbon atom through transition state H(TS3).
The last step is strongly exothermic, by 1.83 eV, and has an activa-
tion barrier of 0.85 eV.

As shown in Fig. 6, the formate (0,CHO,) adsorbs across the
Ni;—Niy4 bridge site in H(formate). The O, atom binds the Ni; atom
with a distance of 2.00 A, and the O, atom points to the Nis atom
with a distance of 1.88 A. The distances of the C—0, and C-0,
bonds are 1.27 A and 1.28 A, respectively, and the 0,—C—0,, angle
is 126°.

3.4.2. CO, hydrogenation to CO on H(Niy)

H-1 is also the starting configuration for CO, hydrogenation to
CO on H(Ni4). We explored three possible pathways for CO, hydro-
genation to CO on H(Ni4) and only discuss the most favorable route
as shown in a red line in Fig. 6. The details of the other two less
favorable pathways will be presented in supporting information.
Again, we provide the structures of all the intermediates, transi-
tion states and products involved along the potential energy
profile.
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(a)

side view

(b)

side view top view

Fig. 4. Structures of (a) the hydroxylated y-Al,03(110) surface and (b) Niy
supported on the hydroxylated y-Al,05(1 1 0) surface, H(Ni,). Bond lengths are in A.
See Figs. 1 and 2 for color coding. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

side view

Fig. 5. Structure of the co-adsorbed CO, and H on H(Niy,). Bond lengths in A. See
Figs. 1 and 2 for color coding. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

CO, hydrogenation to CO on H(Ni4) begins with isomerization of
H-1 to H(IM4) through transition state H(TS4). This step transfers
the H, atom from beneath the O, atom to above the O, atom, con-
verting trans-COOH to cis-COOH. This step is endothermic by
0.17 eV and has an activation barrier of 0.42 eV. The cis-COOH spe-
cies in H(IM4) can be dissociated into CO and OH, producing
H(CO + OH);, as shown in Fig. 6. The conversion from H(IM4) to
H(CO + OH), involves an intermediate, H(IM5). In H(IM4), the H,
and O, atoms are in the plane formed by the Oy, Ni; and Ni,4 atoms,
but, in H(IM5), the H, and O, atoms are out of the plane with the O,
atom approaching the Ni, atom. The subsequent conversion from
H(IM5) to H(CO + OH), proceeds through transition state H(TS5).
The reaction energy and activation barrier for the conversion from
H(IM4) to H(CO + OH); are —0.11 eV and 0.52 eV, respectively. The
O.H, group in H(CO + OH); can combine with the proton (Hp) on
the hydroxylated y-Al,03(1 1 0) surface to form an adsorbed water
molecule. The process from H(CO + OH); to H(CO + H,0); describes
the combination process. In this combination, the proton (Hp) mi-
grates from the surface 0,3 atom to the O, atom of the O,H, group
through transition state H(TS6), producing an adsorbed H,0 mole-

cule in H(CO + H;0);. In H(CO + H,0),, the H,O molecule interacts
with the substrate through the 0,—Ni, bond (2.00 A). As shown in
Fig. 6, this combination is exothermic, by 0.73 eV, with an activa-
tion barrier of 0.50 eV.

3.5. General discussion

Fig. 7a shows a simplified potential energy diagram by only
including the highest barrier for conversion of CO, to formate
and CO on D(Nig). As shown in the figure, on D(Ni4), the reaction
energy and activation barrier, with respect to the co-adsorbed
CO, and H, for formate formation are —0.23 eV and 1.25 eV, respec-
tively, whereas those for CO formation are —0.48 eV and 2.13 eV,
respectively. Consequently, formate formation is favorable kineti-
cally, whereas CO formation is preferred thermodynamically.
Transferring the H adatom from the supported Niy cluster to the
adsorbed CO, is an essential step in CO, hydrogenation. We per-
formed Bader charge analyses for all the intermediates and transi-
tion states involved in H transfer on D(Nig) in order to determine
the charge transfer accompanying each reaction step. Along the
route for formate formation, the electronic charge on H changes
from —0.05 |e| in D(IM2) to +0.11 |e| in D(TS2), and then to +0.12
le| in D(IM3). On the other hand, following the pathway for CO for-
mation, the electronic charge on H varies from -0.05 |e| to +0.16 |e|,
and then to +0.59 |e|. Clearly, the variation of the electronic charge
on H in CO formation is much more pronounced than that in for-
mate formation. This is consistent with the fact that the H atom be-
comes more proton-like in the product state of the CO formation
pathway and may be responsible for the high activation barrier.

A summary potential energy diagram for CO, hydrogenation to
formate and CO on H(Niy) is shown in Fig. 7b. On H(Ni,), the reac-
tion energy and activation barrier, with respect to the co-adsorbed
CO, and H, for formate formation are —0.36 eV and 2.32 eV, respec-
tively, while those for CO formation are —0.67 eV and 0.69 eV,
respectively. Therefore, CO formation becomes more favorable
both kinetically and thermodynamically on H(Ni4). We also per-
formed Bader charge analyses for the intermediates and transition
states involved in H transfer on H(Nig). On H(Ni4), the H atom
transferred is the H, atom of the O,,H, group on the hydroxylated
v-Al;03(1 1 0) surface. Transferring H, from O,, to O, leads to the
formation of a carboxyl species. The electronic charge on H, only
increases by 0.04 |e|] accompanying this transfer. Dissociation of
the carboxyl species leads to CO formation. On the other hand, in
order to form formate, H, has to be transferred from O, to the car-
bon atom, converting H(IM3) to H(formate) through transition
state H(TS3). From H(IM3) to H(TS3), and then to H(formate), the
electronic charge on H, changes from +0.57 |e| to +0.42 |e|, and
then to +0.22 |e|. The charge separation associated with formate
formation on the hydroxylated surface contributes to the high acti-
vation barrier.

Our results show that the dominant product of the initial steps
of CO, hydrogenation on D(Niy) is formate, whereas CO is mainly
produced on H(Nig). Since formate is the key intermediate in CO,
hydrogenation to methanol, whereas CO is the product of a reverse
WGS reaction and likely leads to methane [26-29,57,58], the prod-
uct from these initial steps is expected to affect the distribution of
the final products. These results demonstrate that hydroxylation of
the oxide support plays an important role in determining the selec-
tivity of CO, hydrogenation on oxide-supported metal catalysts.
The concept can be applied to analyze previous experimental re-
sults and help to select new catalyst materials. Oxides such as
ZnO are known to have a low affinity toward water and, therefore,
are difficult to be hydroxylated [59]. This may be the reason that
ZnO has been used as a key ingredient in methanol synthesis cat-
alysts. On the other hand, oxides such as y-Al,03; and TiO, have a
greater affinity toward water [9,13], and the presence of hydroxyls
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on these oxides is inevitable. In CO, hydrogenation over the metal
catalysts supported on these oxides, CO should be the key interme-
diate, and methane is expected to be the dominant product [35,60-
65].

Water is an unavoidable by-product in CO, hydrogenation.
Varying the reaction conditions will change the partial pressure
of water, and thereby, affect the coverage of hydroxyls. Further-
more, the intrinsic properties of the oxide support and pretreat-
ment condition will affect the hydroxyl coverage. Based on our
results, a higher coverage of surface hydroxyls on the oxide would
favor the formation of the carboxyl species, which will dissociate to
produce CO. Consequently, a higher coverage of surface hydroxyls
will benefit the reverse WGS reaction and likely leads to methane
in the final product. On the other hand, the surface hydroxyls on
the oxide will significantly weaken the metal-support interaction
and destabilize the catalyst. Therefore, the coverage of surface
hydroxyls has to be controlled to balance the product distribution
and catalyst stability.

4. Conclusions

In the present study, we analyzed the elementary steps leading
to the formation of formate and CO, two possible intermediates in
CO, hydrogenation on Ni/y-Al,05, using the DFT slab calculations.
A 4-atom Ni cluster, Nig, was placed on the dry y-Al,05(1 1 0) sur-
face and the hydroxylated y-Al,03(1 1 0) surface in turn to con-
struct the model catalysts: D(Niy) and H(Nig). On D(Nig), the
reaction energy and activation barrier with respect to the co-ad-
sorbed CO, and H for formate formation are —0.23 eV and
1.25eV, respectively, whereas those for CO formation are
—0.48 eV and 2.13 eV, respectively. Consequently, formate forma-
tion is preferred kinetically while CO formation is more facile ther-
modynamically on D(Nig). On H(Nig), the reaction energy and
activation barrier for formate formation become —0.36eV and
2.32 eV, respectively, whereas those for CO formation are
—0.67 eV and 0.69 eV, respectively. As such, CO formation becomes
more favorable both kinetically and thermodynamically on H(Nig).
At higher H adatom coverages, the corresponding preference on
the fully dehydrated surface and hydroxylated surface is main-
tained. These results indicate that hydroxylation of y-Al,03 alters
the pathway of CO, hydrogenation on Ni/y-Al,05. This change in
reaction pathway will ultimately affect the distribution of the final
products, and therefore, the selectivity of the reaction. The analy-
ses may be applied to other heterogeneous catalytic reactions
and help to select support according to the reaction environment.
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