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Abstract: Ceria-based catalysts exhibit great activity in catalyzing selective hydrogenation of CO: to
methanol. However, the underlying mechanism of this reaction, especially the generation of active
H species, remains unclear. In this work, we performed extensive density functional theory calcu-
lations corrected by on-site Coulomb interaction (DFT + U) to investigate the Hz dissociation and
the reaction between the active H species and CO:z on the pristine and Cu-doped CeO2(111) (denoted
as Cu/CeO2(111)) surfaces. Our calculations evidenced that the heterolytic H> dissociation for hy-
dride generation can more readily occur on the Cu/CeO2(111) surface than on the pristine CeO2(111)
surface. We also found that the Cu dopant can facilitate the formation of surface oxygen vacancies,
further promoting the generation of hydride species. Moreover, the adsorption of CO2 and the hy-
drogenation of CO2 to HCOO* can be greatly promoted on the Cu/CeO2(111) surface with hydride
species, which can lead to the high activity and selectivity toward CO:2 hydrogenation to methanol.

Keywords: ceria; hydride; CO2 hydrogenation; single Cu doping; density functional theory

1. Introduction

Oxide-based materials are increasingly recognized as highly efficient and selective
catalysts for hydrogenation reactions [1-6]. Among numerous metal oxides, ceria (CeOz),
which usually contains abundant oxygen vacancies (Ov) on the surface and in the bulk,
has attracted great attention for its excellent performance in catalyzing reactions such as
hydrogenation of CO: to methanol [7-12]. The combined experimental and density func-
tional theory (DFT) study of Liu et al. [9] reported that the morphology control of CeO:
nano-catalysts is important for methanol synthesis. They also proposed that methanol
was likely generated via the so-called formate (HCOO) pathway where the adsorbed CO:
is firstly hydrogenated to the HCOO* species. Cheng et al. [10] investigated the conver-
sion of CO: to methanol on the reduced CeO2(110) surface by performing DFT calculations
corrected by on-site Coulomb interaction (DFT + U) and microkinetic analysis. They also
found that the HCOO route is the dominant pathway for methanol formation on the re-
duced CeO2(110). Kumari et al. [11] performed DFT calculations to study the mechanisms
of CO2 reduction to CO and the hydrogenation of CO: to methanol on both the stoichio-
metric and reduced CeO2(110) surfaces. It was found that CO2 dissociates to CO through
the interaction with the oxygen vacancy on the reduced ceria surface, and the produced
CO can be further hydrogenated to methanol. Li et al. [12] investigated the mechanism of
thermal catalytic hydrogenation of CO: to methanol on the reduced CeO2(100) by using
DFT calculations, and they found that CO: was hydrogenated via the HCOO route rather
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than the COOH route. These results then indicate that oxygen vacancies on the reduced
CeO:2 surface are crucial to the conversion of CO2 to CHsOH.

Cu-based catalysts are particularly active for COz2 hydrogenation and have been com-
mercially utilized for CO/CO2 hydrogenation to methanol [13-16]. Xu et al. [17,18] re-
ported the synergetic effect of Cu and ZnO on the catalytic activity and selectivity in the
direct hydrogenation of CO2 to Cz+ alcohols. This synergetic effect can regulate the CO:z
and H> activation processes to achieve the optimal concentrations of surface CH«*, CO*
and H* species for Cz+ alcohols synthesis via CHx*~CO* coupling and hydrogenation re-
actions. Jia et al. [19] found that abundant surface oxygen vacancies were in situ generated
and consumed during the CO2 reduction reaction on the Cu/CeO: catalyst with a Cu load-
ing of 15 wt.%, and such vacancy sites can be combined with the adjacent copper clusters
to promote the activation of CO:z and increase the catalytic efficiency. Wang et al. [20] pro-
posed that sub-nano Cu cubes supported on the thermally reduced CeO: nanorods
through strong metal-support interaction (SMSI) can significantly enhance the formation
and activity of hydrides species on both Cu and ceria, as compared with the Cu nanopar-
ticles supported at stoichiometric CeOz nanorods. Xia et al. [21] performed DFT calcula-
tions and illustrated that the formation of oxygen vacancies was suppressed at the inter-
face of the Cu cluster and CeO2(111), while H2 oxidation can be facilitated and the catalytic
activity can be enhanced, in comparison with the pristine CeOz2(111). At the same time,
single-atom catalysts were often reported to have catalytic properties that surpass those
of nanoparticles [22,23]. Huang et al. [24] demonstrated that the CsNs-supported Cu sin-
gle-atom catalysts with tailored coordination structures can serve as highly active and
selective catalysts for CO2 hydrogenation to methanol at low temperature, though the role
of the Cu single atom in such catalytic process is still vague.

The study of the interaction between H2 and ceria is crucial to understanding the
mechanism of ceria catalyzed selective hydrogenation reactions [25-29]. Many studies
have found that the homolytic dissociation of Hz to form two hydroxyl (OH) groups is
thermodynamically favored on the stoichiometric surface of ceria [6,30]. On the other
hand, a few recent studies suggested that oxygen vacancies can facilitate the formation of
active hydrides (H-) species through heterolytic dissociation of Hz on the reduced surface
of ceria [6,31-37]. This agrees with the previous studies that reduced ceria surface is more
active than the stochiometric one in CO2 hydrogenation reactions [10,11]. Moreover, our
recent studies proposed that low-coordinated Ce sites can promote the formation of H-
species even on the stoichiometric CeO: stepped surfaces [38], which is consistent with
the finding by Garcia-Melchor et al. [27], and suggests that oxygen vacancy may not be
essential for the formation of hydrides on the CeO: surfaces. To better drive the hydro-
genation reactions such as the CO2 reduction reaction (CO2-RR) under moderate condi-
tions, the activity and stability of the hydride species would need to be further enhanced
on the surfaces of the ceria-based catalysts.

In this work, we investigated the role of the Cu dopant on the CeO2(111) surface in
the catalytic dissociation of Hz to produce hydride species. Specifically, DFT + U calcula-
tions have been performed to illustrate the reactivity of Hz dissociation on the pristine and
Cu-doped CeO2(111) (denoted as Cu/CeO2(111)) surfaces. Our results showed that the
doping of a single Cu atom is accompanied by the formation of an oxygen vacancy on the
CeO2(111) surface, and the formed oxygen vacancy can play a key role in the formation of
H- species through heterolytic H2 dissociation. In addition, the single Cu site can also en-
hance the adsorption of COz, which is favorable for improving the catalytic activity. Our
calculations further indicated that the Cu/CeO2(111) surface with H- species exhibits high
activity and selectivity in the hydrogenation of CO: to methanol.

2. Calculation Methods

In this work, all spin-polarized DFT calculations were carried out using the Vienna
Ab-initio Simulation Package (VASP) [39]. The projector augmented wave (PAW) method
[40] and the Perdew-Burke-Ernzerhof (PBE) [41] functional under the generalized
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gradient approximation (GGA) [42] were applied in the calculations. The kinetic energy
cut-off was set as 400 eV (Table S1), and the force threshold for structure optimizations
was 0.05 eV/A. A large vacuum gap of 15 A was used to eliminate the interaction between
neighboring slabs. Different k-point meshes have been tested during the optimization of
the unit cell of bulk ceria. It was shown that the k-point mesh of (5 x 5 x 5) can give the
converged result (Table S2), and the calculated lattice parameter (a=b = ¢ =5.456 A)isin
good agreement with the experimental value (5.411 A), which was then used for the sub-
sequent study [43].

We then built a p(3 x 3) surface slab containing three O-Ce-O layers to model the
CeO2(111) surface. To model the Cu-doped CeO2(111), one surface Ce atom was replaced
by a Cu atom and one surface oxygen nearby was removed accordingly to ensure charge
conservation. The top two layers of the slabs were allowed to fully relax, while the bottom
layer was kept fixed to mimic the bulk region. Due to the relatively large surface cell (11.56
A x11.56 A), the k-point mesh of (2 x 2 x 1) suggested by previous studies was used for
Brillouin-zone integrations [44]. Note that the on-site Coulomb interaction correction is
necessary for the appropriate description of the localized Ce 4f electrons [45-47], and
therefore we used an effective U value of 5 eV, as suggested by previous studies [45,46].

The transition states (TSs) of surface reactions were located using a constrained opti-
mization scheme and were verified when (i) all forces on the relaxed atoms vanish and (ii)
the total energy is a maximum along the reaction coordination but a minimum with re-
spect to the rest of the degrees of freedom [48-50]. For example, when using this approach
to calculate the transition states of Hz dissociation, we fixed the H-H distance at prese-
lected values and then optimized the whole system with respect to all the remaining de-
grees of freedom.

The adsorption energy of species X on the surface, Eaas(X), was calculated with

Eads(X) = _(EX/slab - Eslab - EX) (1)

where Exzlab is the calculated total energy of the adsorption system, while Esb and Ex are
the calculated energies of the clean surface and the gas phase molecule X, respectively.
Accordingly, a positive Eadas(X) value indicates an energetically favorable adsorption pro-
cess, and the more positive the Eadas(X) is, the more strongly the adsorbate X binds to the
surface, and this definition was also proposed by Somorjai and Li [51].

The neutral oxygen vacancy formation energy (Eov) was calculated according to

EOV = Eslab-vac + 1/2.E02 - Eslab (2)

where Estabvac is the total energy of the surface with a neutral oxygen vacancy and Eoz is
the energy of a gas-phase Oz molecule.

3. Results and Discussion
3.1. Structural and Electronic Properties

The CeO2(111) surface is known as the most stable termination of ceria [26,27]. From
Figure 1a, one can see that there are two types of lattice oxygen on the CeO2(111) surface,
namely, the three-fold coordinated O (denoted as Osc) on the top layer and four-fold co-
ordinated O (denoted as Ox) on the subsurface. The calculated bond lengths of Ce-Os.
(2.36 A) and Ce-Oxc (2.37 A) are nearly identical. Figure 1b shows the optimized structure
of the Cu-doped CeO2(111) (Cu/CeO2(111)). As we have explained, the doping of one Cu
atom onto the CeO2(111) surface is accompanied by the spontaneous formation of an ox-
ygen vacancy (Eov =-0.94 eV) to ensure charge conservation [52,53]. The calculated bond
lengths of Ce-Os. (2.35 A) and Ce-Ouc (2.36 A) on the doped Cu/CeO2(111) are nearly iden-
tical to those of the pristine CeOz2(111). Moreover, the calculated bond lengths of Cu-Os:.
and Cu-Ouc on the Cu/CeO2(111) surface are 3.13 and 1.96 A, respectively, and these re-
sults are consistent with previous studies [52-54]. The elongation of the Cu—Osc bond also
indicates that the top surface O atoms bonding to Cu are activated.
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(a)

(b)

(©)
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Figure 1. Calculated structures (left: top view; right: side view) of the (a) CeO2(111) and (b)
Cu/CeO2(111) surfaces, and calculated density of states (DOS) of the (c) CeO2(111) and (d)
Cu/CeO2(111) surfaces. The blue circles filled with yellow represent the inherent surface oxygen
vacancy on the Cu/CeOz(111). Red: O atoms; ivory: Ce atoms; blue: Cu atoms. These notations are
used throughout the paper. All DOS were aligned with respect to the O 2s orbital of a fixed bottom
O atom of the surface slabs.

To better understand the doped Cu/CeO2(111), we first calculated the density of
states (DOS) and spin density distribution of this surface (Figure 1d). The lowest unoccu-
pied states are mainly composed of Cu 34 and O 2p. This indicates that the local CuO
structure is capable of receiving extra electrons and may act as the catalytically active site.
The calculated Bader charge of the Cu dopant is +1.04 lel, which is close to that of the
Cu?* on the CuO surface (+0.97 lel, see Table S3), indicating that the oxidation state of the
Cu dopant on the CeO2(111) is indeed +2 [52,55]. This is also consistent with the calculated
spin density distribution on the Cu site (Figure 1d). In addition, we also found that after
Cu doping the energy level of the lowest unoccupied Ce 4f orbital decreases by 0.23 eV
from 1.56 eV to 1.33 eV (Figure 1c,d), indicating that the electron accepting capacity of Ce
4f is also enhanced accordingly.

3.2. H Adsorption

Previous studies suggested that hydride is the key species for selective hydrogena-
tion of CO: over ceria surfaces [10,11]. To verify the nature of various H species including
proton, hydride and hydrogen radical (He), one needs to calculate their Bader charges as
well as the spin density distributions. For the hydride species, there is no (net) spin density
localized on it, and the calculated Bader charges are usually negative, while for the hy-
drogen radical, there are spin densities localized on it and the calculated Bader charge is
usually close to 0 lel. Bearing the above in mind, we thus studied the adsorption of one
H atom at different sites on the Cu/CeO2(111) surface. The calculated results show that
two types of H species can be formed after H adsorption at the Cu site (Figure 2a,b). Elec-
tronic structure analyses confirmed that one adsorbed H species is a radical-like species
since it has net spin densities (Figure 2a), and the other one has a Bader charge that is close
to zero (Figure 2b). For the calculated adsorption energies, they are negative for both
cases, though the second type gives higher value (-1.61 vs. -0.45 eV, Figure 2a,b). Moreo-
ver, the calculated density of states of the system shown in Figure S1 also indicates that a
relatively stronger Cu-H bond is formed for the second adsorption structure (Figure 2b)
[53,54]. In addition, we also investigated H adsorption at the surface O site. In this case, a
proton (H*) is formed, and the surface is clearly reduced, with either the Cu or Ce taking
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the electron from the H (Figure 2¢,d). However, it needs to be mentioned that for the re-
duction of Cu? to Cu'* (Bader charge = 0.66 lel), the corresponding adsorption process is
exothermic by 1.99 eV (Figure 2c), and for the reduction of Ce* to Ce®, it is exothermic by
2.36 eV (Figure 2d).

Figure 2. Calculated structures (left: side view; right: top view) of H adsorption at (a,b) Cu and (c,d)
O sites of the Cu/CeO2(111) surface. The calculated adsorption energies of H, Bader charges and the
magnetic moments of H (left) and Cu (right), and spin density distributions (in yellow) are also
shown.

Hermansson and Fernandez-Gacia and their co-workers [52,55] have shown that the
four coordinated planar Cu? is relatively stable within the Cu/CeO2(111) structure. It is
interesting for us to find that with the hydrogen species being adsorbed at the O site on
the Cu/CeO2(111) surface, the coordinate number of Cu maintains four when the extra
electron is localized at the Ce site. On the other hand, when the extra electron is localized
at the Cu, it induces the change of the coordinate number of Cu to three (Figure S2 and
Table S4). In fact, we have also estimated and compared the electrostatic interaction ener-
gies at such Ce* and Cu'* sites, which are —134.05 eV and —130.40 eV, respectively (see
Figure S2 and Table S4). These results clearly show that the Cu/CeO2(111) surface can be
more stable with the extra electron being localized at the Ce site than the Cu due to the
more favorable electrostatic interaction. Moreover, the calculated density of states of the
corresponding systems further showed that the newly occupied Cu 34 orbital is 0.15 eV
higher in energy than the occupied Ce 4f orbital (Figure S3). These results can indeed sup-
port that the excess electron prefers to be localized in the Ce 4f, even though the empty
Cu(3d)-O(2p) state is lower (Figure 1d).

3.3. Hz Dissociation and H- Formation

Recent studies have shown that ceria has the capability of catalyzing partial hydro-
genation of alkynes and CO:2 reduction reactions [2,4,10,11]. The formation of hydride
through heterolytic dissociation of Hz on the CeO: surface was found to be one of the vital
processes in these reactions [7-12,38]. Then, we systematically studied the dissociative
adsorption of Hz on both the pristine and Cu-doped CeO2(111) surfaces.

The calculated energy profiles of H2 adsorption and dissociation on the CeO2(111)
and Cu/CeO2(111) surfaces are shown in Figure 3. As one can see, the adsorption energy
of H2 on the Cu/CeO2(111) surface (0.30 eV) is 0.26 eV higher than that on the pristine
CeO2(111) surface (0.04 eV), indicating that the H2 molecule has a stronger interaction with
the Cu/CeOz(111) surface. We further considered the homolytic and heterolytic pathways
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of H: dissociation on the CeO2(111) and Cu/CeOz2(111) surfaces. The homolytic dissocia-
tion produces two surface hydroxyls, while the heterolytic dissociation produces a surface
hydroxyl and a hydride species [27,38]. According to our calculations, the homolytic dis-
sociation of H2 on the CeO2(111) (gray dotted line) and Cu/CeO2(111) surfaces (black dot-
ted line) needs to overcome the energy barriers of 1.34 and 1.08 eV, respectively (see Fig-
ures 3, 54 and S5). In each transition state of the homolytic H> dissociation, one OH species
and one hydrogen radical are formed on the surface firstly (Figures S4b and S5b), giving
rise to rather high barrier for this process. The as-formed H radical will then migrate to
the neighboring O site to form the second OH species. Moreover, on the CeO2(111) and
Cu/CeO2(111) surfaces, the homolytic H2 dissociation process was calculated to be exo-
thermic by 2.41 and 3.25 eV, respectively.

1.50 1.30
1 /7 0.88 ~ 1.03
—_ 1 073 -7 \
0.75 - TN \
/, ° \
| p 77 0.30 N \
0.00 —0.04,” %026 Vo —0.04 \
0.00 < /1, ! p—
~ , voN T 3\
Z ' ~0.30 VN N 028y
~-0.75 1 . NN "
& : R A
o N/ \ N W
-5
=-1.501 - - ceo,(111)-Homo 150 W
= { — — CeO,(111)-Heter ’ N N
_ d - - cwceo,(111)-Homo \ Wy
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1-- Cu/Ce0O,(111)-Heter(Ce-O) \\ \
-3.00 1 -3.40
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Figure 3. Calculated energy profiles of homolytic (Homo) and heterolytic (Heter) H dissociation on
the CeO2(111) and Cu/CeO2(111) surfaces. “*” is defined as the surface free site, and this notation is
used throughout the paper.

Interestingly, our calculated results (Figures 3, S4 and S5) showed that the energy
barrier for the heterolytic dissociation of Hz at the Ce-O site on the Cu/CeO2(111) (red
dotted line, 0.56 eV) is lower than that on the pristine CeO2(111) (pink dotted line, 0.92 eV)
and they are both significantly lower than those of the homolytic dissociation. Following
the transition state (Figures S4c and S5c), one OH and one hydride species are formed,
and this process is endothermic by 0.77 eV at CeO2(111) and exothermic by 1 eV at
Cu/CeO2(111). Notably, we found that the obvious stability of H- species on the
Cu/CeO2(111) surface (Figure S5d) can be attributed to the low coordination number of
Ce at the oxygen vacancy. These results clearly indicate that the Cu doping promotes the
formation of oxygen vacancies, which is critical for the stabilization of hydride species.
We also calculated the heterolytic dissociation of Hz at the Cu-O site on the Cu/CeO2(111)
surface to produce H* and Cu-H species (blue dotted line). This process needs to overcome
a barrier of 0.60 eV and is exothermic by 1.20 eV.

Furthermore, we also considered the migration of hydride species to the neighboring
O site to form another hydroxyl species on the two surfaces. The calculated energy barri-
ers of the migration process on the CeO2(111) and Cu/CeO2(111) surfaces are 0.30 and 1.02
eV, respectively. The high energy barrier of the migration on the Cu/CeO2(111) surface
indicates that the hydride species can be kinetically stable on this surface. In addition, we
calculated the migration of the hydrogen species (Cu-H) to the neighboring O site to form
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another hydroxyl species on the Cu/CeO2(111) surface, and it needs to overcome an en-
ergy barrier of 1.46 eV and is exothermic by 1.90 eV (Figure 3).

It should be noted that the CeO: surface accepts two extra electrons after the hydride
migration. For the Cu/CeO2(111), we found that the two electrons prefer to be localized in
the 4f orbitals of two Ce atoms rather than in one Ce 4f orbital and one Cu 34 orbital as the
former case is 0.15 eV more stable than the latter one (Figures S5h,j). This again indicates
the significant role of Ce 4f as the “electron reservoir” [56].

To gain deeper insights into the effect of Cu doping on the formation of hydride spe-
cies on the Cu/CeO2(111) surface, we calculated the partial density of states of the Ce?*
species on the two CeO: surfaces with one H being adsorbed at the O site. Note that this
H can be regarded as the “co-adsorbate” of the other H in dissociative H2 adsorption (Fig-
ure 4). The calculated results show that the occupied 4f state of the Cu/CeO2(111) with one
hydroxyl lies in the higher energy than that of the CeO2(111) with one hydroxyl. So, one
may expect that the Ce® species on the Cu/CeO2(111) with one hydroxyl can donate this
electron to the second H to form a hydride species more readily than the Ce?* species on
the CeO2(111) with one hydroxyl.

Figure 4. Calculated partial density of states (PDOS) of the Ce* on the (a) CeO2(111) and (b)
Cu/CeO2(111) surfaces with one H being adsorbed on O. The Fermi energy level (Ey) is labeled with
a red dashed line. All DOS are aligned with respect to the O 2s orbital of a fixed bottom O atom of
the surface slabs.

Previous studies reported that surface oxygen vacancies can stabilize hydride species
[33,37,38]. We then calculated the formation of an extra surface oxygen vacancy on the
CeO2(111) and Cu/CeO2(111) (Figure 5). It was found that the Cu/CeO2(111) gives a much
smaller surface oxygen vacancy formation energy (0.59 eV) than the CeO2z(111) surface
(2.41 eV), suggesting that the Cu dopant can further promote the formation of the surface
oxygen vacancy. The newly formed surface oxygen vacancy can reduce two Ce*" into Ce?*
cations. This is mainly due to the fact that the calculated crystal reduction potential (Vr)
[57] for Cu?* — Cu* (-1.43 V) is higher than that for Ce* — Ce?* (-1.77 V), and the coordi-
nation number of Ce around the new Oy site is also reduced (Figure 5b). We also found
that it is more favorable to form hydride species on such reduced Cu/CeO2(111) surface
(i.e., Cu/CeO2(111)-Ov) than the Cu/CeO2(111) surface (Figure 5c,d). We calculated the dis-
sociation of H2 on the Cu/CeO2(111)-Ov surface (Figures 5e and S6) and found that the
heterolytic dissociation of Hz at the Ce-O site to produce hydride species is kinetically the
most favorable one. The energy barrier of this process is 0.47 eV, which is even lower than
the corresponding energy barrier on the Cu/CeO: surface (0.56 eV). This result further
indicates the great ability of the Cu/CeO2(111) in generating surface hydride species.
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Figure 5. Calculated structures (left: side view; right: top view) of the (a) reduced CeO2(111) with
one surface oxygen vacancy and (b) reduced Cu/CeO2(111) with one inherent surface oxygen va-
cancy and an extra surface oxygen vacancy. Calculated structures (left: side view; right: top view)
of a single H at the oxygen vacancy sites of the (¢) Cu/CeO2(111) and (d) reduced Cu/CeO2(111)-Ov
surfaces. (e) Calculated energy profiles of homolytic (Homo) and heterolytic (Heter) H2 dissociation
on the Cu/CeO2(111)-Ov surface. The unfilled blue circle represents the surface oxygen vacancy, and
the blue circle filled with yellow represents the inherent surface oxygen vacancy on the
Cu/CeO2(111). The spin density distributions are illustrated in yellow and blue, and the surface ox-
ygen vacancy formation energies are also given.

3.4. Selective Hydrogenation of CO:

To unveil the catalytic activities of the various surfaces, we then continued to study
the main reaction steps of the CO2RR at CeO2(111) and Cu/CeO2(111) (Figures 6, S7 and
S8). It is generally accepted that the adsorption and activation of CO2 and the generation
of hydride species are the key steps of the whole CO2RR [10,11,38]. As shown in Figure 6,
the adsorption of CO: on the Cu/CeO2(111) surface is exothermic by 1.06 eV. In compari-
son, the adsorption of CO:z on the CeO2(111) surface is much weaker, with an exothermic
adsorption energy of 0.32 eV only. Therefore, the Cu dopant can indeed promote CO:
adsorption. This is mainly attributed to the relatively high energy level of the occupied
Cu 3d orbital which can donate its electron to the CO2 molecule (Figure 1d). This is also
consistent with some previous experimental observation [13]. Then we calculated the ad-
sorption of Hz and found that the adsorption of H: is weak on both the CeO2(111) and
Cu/CeO2(111) surfaces with pre-adsorbed CO2, and the corresponding adsorption ener-
gies are 0.01 and 0.12 eV, respectively, which are largely close to those on the clean sur-
faces (Figure 3). Nevertheless, since the adsorption of COz2 is stronger than that of Hz on
both the CeO2(111) and Cu/CeO2(111) surfaces, it is reasonable to consider the dissociative
adsorption of Hz on the CO2 pre-covered surfaces.

Since our calculated results presented above already showed that the hydride species
are kinetically and thermodynamically unstable at CeO2(111), we only considered the for-
mation of two hydroxyl species on the CO: pre-adsorbed CeO2(111) through H: dissocia-
tion. This process needs to overcome a barrier of 0.83 eV and is exothermic by 2.67 eV
(Figure 6). We found that the produced proton species has rather low activities in the hy-
drogenation of CO2 to HCOO* or COOH?*, with the calculated barriers being higher than
3 eV. Moreover, the COOH pathway is both thermodynamically and kinetically more fa-
vorable than the HCOO pathway on this surface.

By contrast, on the Cu/CeO2(111) surface, hydride species can be stable, and Hz can
readily dissociate into one hydride and one OH- species. This process needs to overcome
a barrier of 0.79 eV and is exothermic by 0.55 eV. We found that the produced hydride
species is quite active for COz hydrogenation. In the HCOO pathway, the calculated bar-
rier and reaction energy are 1.20 and 0.18 eV, respectively, while in the COOH pathway,
the corresponding values are 1.34 and -1.59 eV, respectively. Although the generated
COOH* species is more stable than the HCOO* species, the HCOO pathway is kinetically
more favorable than the COOH pathway. We also studied the reaction of CO2 hydrogena-
tion by H* to form COOH* on the Cu/CeO2(111) surface, and the calculated barrier is
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extremely high (4.47 eV). These results indicate that the as-formed hydride species is cru-
cial to the activity and selectivity of the Cu/CeO2(111) in the CO2 reduction reaction.

Figure 6. Calculated energy profiles of the first few key steps of the CO2 hydrogenation reaction on
the CeO2(111) and Cu/CeO2(111) surfaces.

4. Conclusions

In conclusion, we systematically studied the hydride formation and its reaction with
CO:2 on the pristine and Cu-doped CeO2(111) surfaces. The calculated results showed that
the hydride species are thermodynamically and kinetically unstable on the pristine
CeO2(111) surface, and the adsorption of CO:2 on this surface is rather weak. In contrast,
kinetically stable hydride species can be effectively produced by heterolytic H> dissocia-
tion on the Cu/CeO2(111) surface with inherent oxygen vacancies. We also found that the
Cu dopant promotes the formation of oxygen vacancies, which is favorable for the gener-
ation of hydride species. Moreover, the Cu dopant also promotes the adsorption of COz,
and the hydrogenation of COz to HCOO* can be significantly facilitated by the hydride
species on the Cu/CeO2(111) surface, showing that the doping of Cu significantly im-
proves the activity and selectivity of the CeO2(111) toward the hydrogenation of CO: to
methanol. Our findings may guide the rational design of efficient ceria and Cu based cat-
alysts for CO:z reduction reactions.

Supplementary Materials: The following are available online at https://www.mdpi.com/arti-
cle/10.3390/catal12090963/s1, Tables S1 and S2: Calculated lattice constants of bulk ceria by using
different plane wave kinetic energy cutoff and different k-point mesh densities. Table S3: Calculated
Bader charges of the Cu?" of CuO and the Cu'* of Cu20. Table S4: Calculated Bader charges of the
Cu and Ce species and their nearby O; calculated Cu-O and Ce-O bond distances, and the electro-
static interaction energies (Ecuce) between the Cu and Ce and their nearby species on the
Cu/CeO2(111) and the Cu/CeO2(111) surface with H being adsorbed at the O site; calculated Cu co-
ordinate numbers on the Cu/CeO2(111) and the Cu/CeO2(111) surface with H being adsorbed at the
O site. Figure S1: Calculated density of states (DOS) of the Cu/CeO2(111) surface with H being ad-
sorbed at the Cu site. Figure S2: Calculated structures of Cu/CeO2(111) and Cu/CeO2(111) with ad-
sorbed H which gives to the localized electron at different site. Figure S3: Calculated density of states
(DOS) of the Cu/CeO2(111) surface with H being adsorbed at the O site. Figure S4: Calculated struc-
tures of Hz adsorption and dissociation on the CeO2(111) surface. Figure S5: Calculated structures
of Hz adsorption and dissociation on the Cu/CeO2(111) surface. Figure S6: Calculated structures of
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H2 adsorption and dissociation on the Cu/CeO2(111)-Ov surface. Crystal Reduction Potential (Vr).
Figure S7: Calculated structures of CO2 hydrogenation on the CeO2(111) surface. Figure S8: Calcu-
lated structures of CO2 hydrogenation on the Cu/CeO2(111) surface. References [27,38,57] are cited
in the Supplementary Materials.
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