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Conversion of CO; into valuable chemicals can not only reduce the amount of CO, in the atmosphere,
but also realize the reuse of resources. It's well known that C-O bond activation and splitting are critical
steps in the CO, conversion process and it's crucial to employ an appropriate catalyst. Here, the adsorp-
tion and activation behaviors of a CO, molecule on 4H-SiC surfaces were systematically investigated
based on DFT calculations. Calculation results show that the CO, molecule can anchor on 4H-SiC(0001)
and (0001) surfaces. On the 4H-SiC(0001) surface, the adsorbed CO, molecule prefers to dissociate
with an energy barrier of 0.52-0.70 eV, producing an O adatom and a CO molecule on the surface.
Further dissociation of the CO is hindered due to a large energy barrier of 2.12 eV. However, if a H atom is
introduced, the CO molecule may combine with H into a CHO group and the reaction energy barrier is
1.69 eV. Moreover, the CHO group tends to transform into a CH group and an O adatom, a reaction in
which a relatively low energy barrier of 0.09 eV needs to be surmounted. For the 4H-SiC(0001) case, the
direct C-O bond dissociation energy barrier for CO, is only 0.37 eV while further breaking of the C-O
bond in CO is energetically unfavorable even with the help of a H atom. So the final products are an O
adatom and CO chemisorbed on the 4H-SiC(0001) surface. All the calculation results demonstrate
that the inert CO, molecule can be effectively activated on both the 4H-SiC(0001) and (0001) surfaces
and different splitting products could be obtained on the two different surfaces, implying that SiC is an
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1. Introduction

The reduction in the use of fossil fuels and the decrease of
atmospheric CO, level has drawn a lot of attention in the last
few years. On the one hand, CO, is the main cause of global
warming. To reduce the CO, level, an accepted effective strategy
is carbon capture and sequestration at large sources of emis-
sion such as at heating and power stations."> However, there
are two serious problems in the technology involved, including
the high cost and the uncertainty of whether the technology
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applicable catalyst material for CO, conversion with high efficiency and product selectivity.

really works. On the other hand, CO, is an abundant, cheap,
and safe raw chemical material, which could be converted into
high value added chemicals and even liquid fuels, such as
carbon monoxide, methanol, and even gasoline fuels.>* This
can not only reduce the amount of CO, in the atmosphere, but
also realize the reuse of resources and generate huge benefits in
both the environment and for energy. So the recovery and
catalytic conversion of CO, is regarded as the most promising
solution for the CO, problem.

At present, there is a large number of reports on the
investigation of CO, catalytic conversion. As early as 1991, deep
research on the CO, catalytic reforming of CH, began. In the
reforming process, a syngas of CO and H,, in the ratio of 1:1
is produced and these are the ideal raw materials for carboxyl
and feto synthesis.” As a reducing agent, H, has a convenient
source, and catalytic hydrogenation is an efficient technology
for CO, utilization. It has been reported that by controlling the
degree of reduction, different products can be obtained. Over
the last couple of years, the catalytic conversion of industrial
CO, waste gas into liquid fuels with H, has become a hot topic
in the field of CO, catalytic conversion.®® The photocatalytic
reduction of CO, has always been given intensive attention
since it was first reported in 1979.”'° In this process, the
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photo-generated electrons in the photocatalyst possess
strong reduction properties, they are utilized to reduce
CO, into fuels or chemical raw materials, with the help of
H,0. What's more, the investigation of electrocatalytic
CO, reduction can be traced back to the 19th century. This
technology utilizes renewable energy sources (solar, wind, or
surplus nuclear power) and the required hydrogen is obtained
from a electrolytic water process. The mild conditions of the
whole reaction gives this method wide application prospects
and potential."**?

In spite of the fact that plenty of efforts have been made and
some results have been obtained for CO, catalytic conversion,
many problems still exist and further study is needed for real
applications. For example, the high energy consumption in CO,
catalytic reforming and catalytic hydrogenation limits their
large-scale application in industry. From the view point of
energy consumption, the research direction of CO, catalytic
conversion should be focused on reactions under mild condi-
tions, such as photocatalytic and electrocatalytic reduction. In
photo- and electro-catalytic reduction, the choice of catalyst is
crucial and the catalytic performance of almost all of the
catalysts needs to be improved."*"> Moreover, under the action
of different catalyst materials and reaction conditions, the
reduction products are varied, including CO, CH,, HCOOH,
CH;OH and even long chain of hydrocarbons."®"® Therefore,
catalyst materials with high catalytic activity, high product
selectivity, and high stability are essential.

In recent years, various catalyst materials have been devel-
oped, such as noble metals,*®*° transition metal oxides,*"*>
two-dimensional nanomaterials,>**** and so on. Nowadays, SiC,
as an non-metallic oxide catalyst, has been paid more and more
attention in the area of photo- and electro-catalysis. For exam-
ple, He et al. reported that ultrathin 3C-SiC nanocrystals were
highly efficient in electrochemical hydrogen evolution because
of the surface autocatalytic effect.”® Recently, one of the most
important applications of SiC is that it has also been demon-
strated to possess high photocatalytic activity for CO,
reduction.”® These reports demonstrate that SiC possesses a
high surface activity which is essential in the application of
heterogeneous catalysis.

In this work, the adsorption and splitting behaviors of a CO,
molecule on a SiC surface, which are the most important steps for
CO, surface catalysis, are investigated from the theoretical side. In
the calculation design, two different surfaces, the 4H-SiC(0001)
and (0001) surfaces, were chosen. On the 4H-SiC(0001) surface,
the adsorbed CO, molecule tends to dissociate directly into an
O adatom and a CO molecule chemisorbed on the surface.
Then the CO would combine with H into CHO group which
finally transforms to a CH group and an O adatom. On the
4H-SiC(0001) surface, the direct dissociation of CO, is both
thermodynamically and dynamically favorable, while further
breaking the C-O bond of CO is energetically unfavorable even
with the help of a H atom. These results may give a clear
understanding of CO, adsorption and activation on 4H-SiC
surfaces and provide proposals for the further application of
4H-SiC in CO, selective catalytic conversion.
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2. Computational methods

Our theoretical calculations were performed based on density
functional theory (DFT) within the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation and the projected
augmented wave (PAW) method as implemented in the VASP
package.”””*® For the structure optimizations, a Monkhorst-Pack
grid of 9 x 9 x 2 K-points was applied for the Brillouin-
zone integration for the SiC bulk unitcell. For SiC surface
supercells and adsorption systems, the K-point samplings were
set as 3 x 3 x 1. Atomic positions were relaxed until their
residual forces were less than 0.01 eV A™" for bulk relaxation
and less than 0.03 A~* for surface relaxation. The cutoff energy
for the plane wave basis was set as 400 eV in all the calculations.
The calculated lattice constants of 4H-SiC are a, = b, = 3.089 A
and ¢ = 10.114 A, in nice agreement with experimental values.>®
Both the 4H-SiC(0001) and (0001) surfaces were represented
by eight atomic-layer slabs with a lateral size of a = b = 9.27 A,
as shown in Fig. 1. A vacuum region of 13 A was used along the
direction perpendicular to the slab in building the surface
supercells to avoid the interaction between two adjacent periodic
images. For surface optimizations, the top four atom positions
were relaxed while the bottom four layers were kept fixed to their
bulk positions.

The adsorption energies are calculated according to the

equation Eags = ECOZ/surface - (Esurface + ECOZ)) where ECOZ/surfacey
E_ .. and Eco, are the total energies of the surface with the
adsorbed CO, molecule, the clean surface and the isolated
CO, molecule, respectively.>® Whereafter, the activation and disso-
ciation pathways of the adsorbed CO, molecules were investigated
using the climbing image nudged elastic band (CI-NEB) method
implemented in VASP.*'*? Frequency analysis has been carried

out to make sure the TS structures are the real TS.

3. Results and discussion

3.1 Adsorption and dissociation of CO, on the 4H-SiC(0001)
surface

To determine the stable adsorption configurations of CO, on
the 4H-SiC(0001) surface, all possible configurations were
systematically studied. Based on the total energy calculations,

Fig. 1 Relaxed geometry structures of (a) the 4H-SiC bulk, (b) the
4H-SiC(0001) surface, and (c) the 4H-SiC(0001) surface. The yellow and
gray balls represent the Si and C atoms, respectively.
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four stable chemisorption configurations were verified. As can be
seen in Fig. 2(d), in the most stable configuration, all the three
atoms of the CO, molecule bond with the surface Si atoms with
an adsorption energy of —3.30 eV. This configuration is often
referred to as the tridentate configuration.** The corresponding
bond lengths of newly formed O-Si and C-Si bonds are 1.747 A,
1.740 A and 1.940 A. What’s more, the two C-O bonds of CO,
molecule are lengthened from 1.176 A (C-O bond length of the
isolated CO, molecule) to 1.372 A and 1.378 A, signifying C-O
bond activation and the great possibility of CO, splitting.

The second stable adsorption state (Fig. 2(c)) is also a tridentate
configuration and the adsorption energy is —3.15 eV. The only
difference between these two adsorption configurations is that
they originated from different adsorption sites. In Fig. 2(d), the
C atom of the CO, molecule occupies the hollow center site
of the Si-C hexatomic ring. While as shown in Fig. 2(c), the
C atom of the CO, molecule takes up the position of a C atom as
in the subsurface atomic layer. The two newly formed O-Si
bonds possess the same bond length of 1.765 A and the newly
formed C-Si bond length is 1.965 A. Both the two C-O bonds of
the CO, molecule are 1.362 A, which is 0.186 A longer than
those of the isolated CO, molecule.

CO, can also chemisorb on the SiC(0001) surface with only two
newly formed bonds as presented in Fig. 2(a) and (b), with the
adsorption energy of —2.14 eV and —3.19 eV respectively. In
Fig. 2(a), both the two O atoms of the CO, molecule bond to
the surface Si atoms with newly formed O-Si bond lengths of
1.719 A, and the two C-O bonds of CO, molecule are enlarged to
1.354 A and 1.355 A. In Fig. 2(b), one of the two O atoms and the
C atom of the CO, molecule bond with two surface Si atoms. The
bond lengths of the newly formed C-Si bond and O-Si bond are
1.979 A and 1.709 A respectively, and the two C-O bond lengths of
the molecule are 1.203 A and 1.436 A. Based on the difference
charge density plots presented in Fig. S1 (ESIt), obvious charge
redistribution occurs in the adsorbed state. CO, is activated due
to the charge transfer from the SiC(0001) surface to it and this
adsorption configuration can be referred to as bent CO,°~.%
Further Bader charge analysis denotes that é = 1.42.

Comparing the adsorption structures and the adsorption
energies, we found that the tridentate configuration may be
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transformed from that in Fig. 2(a). The transformation barriers
and the corresponding transition states from Fig. 2(a)-(d) are
further studied and presented in Fig. S2 (ESIt). CI-NEB results
revealed that the transformation barrier is only 0.23 eV.

Following this, we investigated the splitting behaviors starting
with the tridentate CO, in Fig. 2(b) and the CO,°~ in Fig. 2(d).
To determine the adsorption configurations of the splitting
intermediates and products, all possible configurations were
systematically studied and the most stable configurations are
presented and considered in this text. In order to understand
the activation and dissociation processes of CO, more clearly
and with intuitive understanding, a simplified reaction process
is presented in Fig. 8. As presented in Fig. 3, the splitting of CO,,
is an exothermic process with two transition states. The overall
reaction barrier for the splitting of CO,°” is 0.18 eV lower than
that for the tridentate configuration. This can be explained
by the slightly longer bond length of the C-O bond in CO,°".
For CO,°~, the first barrier is 0.52 eV and the second barrier is
only 0.38 eV, both are easily surmounted. The energy change
between the initial and final state is —0.48 eV. Comparing the
structures and bond lengths of the transition states with the
initial and final states, both the two transition states of TS1 and
TS2 are more product-like than reactant-like. For the tridentate
CO,, the two energy barriers are 0.70 eV and 0.44 eV, and the
energy change between the initial and final states is —0.34 eV.
TS1 is more reactantlike than product-like, while TS2 is more
product-like than reactant-like. In any case, the CO, splitting into
an O adatom and chemisorbed CO on the SiC(0001) surface
happens easily. The further dissociation of CO on the SiC(0001)
surface has also been studied. However, Fig. 3(a) indicates that the
direct dissociation energy barrier of CO is as high as 2.12 eV,
meaning the CO splitting is dynamically unfavorable.

Moreover, in order to estimate the contributions by vdw
physical interactions to the CO, adsorption systems, the van
der Waals DFT-D2 correction method of Grimme** was applied.
The strength of the vdW physical interaction is defined as
AE = E,q5(vdW) — E,q5(novdW), where E,q4(vdW) and E,45(novdW)
are the adsorption energies with and without DFT-D2 correction,
respectively. The corresponding values of AE are listed in
Table 1. Obviously, the vdW interaction affects the adsorption

Fig. 2 The side and top views of the chemisorption configurations of CO, molecules on the SiC(0001) surface. From (a)-(d), adsorption energy
increases. Gray, red and yellow balls denote the C, O and Si atoms, respectively.
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Fig. 3 (a) The minimum energy path for CO, splitting, the initial
configuration is that shown in Fig. 2(b); (b) the minimum energy path for
CO; splitting, the initial configuration is that shown in Fig. 2(d). To save
space, the initial structures in the CI-NEB paths are not repeatedly shown
here. The gray, red and yellow balls represent the C, O and Si atoms,
respectively.

energies significantly. Then the transformation of CO,, includ-
ing the vdW correction from the adsorption configuration in
Fig. 2(a) to that in Fig. 2(d), was investigated to further evaluate
the vdW interaction influence on the CI-NEB processes. The
transformation barriers and the corresponding transformation
path from Fig. 2(a)-(d) with and without the vdW correction are
consistent, as shown in Fig. S3 (ESIt). These results indicate
that the vdW correction produces little effect on the CI-NEB
energy barriers and therefore the vdW interactions are ignored
in other CI-NEB reaction processes.

CO, adsorption in the presence of a H atom was also investi-
gated in this work because hydrogen is a necessary element in the
CO, conversion process. Four possible structures were considered,
CO, + H co-adsorption, COOH group adsorption, HCOO group
adsorption, and CO + OH co-adsorption, and are shown in Fig. S4
(ESI+). The results demonstrated that for CO,°~, the HCOO and
COOH groups are energetically unfavourable while the CO + OH
co-adsorption is thermodynamically favourable. For the tridentate
CO,, the HCOO group and the CO + OH co-adsorption structures
are thermodynamically favourable. It is worth noting that by
comparing all of the total energies of the CO, + H co-adsorption,

Table1 The calculated adsorption energies of the CO, molecules on the
SiC surfaces and the corresponding values of the vdW interaction strength

SiC surface Configuration Eags(novdW) Eaas(VvdW) AE
(0001) Fig. 2(a) —2.14 —2.77 0.63
Fig. 2(b) —-3.19 —3.51 0.32
Fig. 2(c) -3.15 —3.49 0.35
Fig. 2(d) —-3.30 —3.67 0.37
(0001) Fig. 6(a) —0.90 -1.12 0.22
Fig. 6(b) —0.43 —-0.71 0.28
Fig. 6(c) —0.23 —0.54 0.31
Fig. 6(d) —-1.51 -1.78 0.27

This journal is © the Owner Societies 2018

Fig. 4 (a) The minimum energy path for CO dissociation; (b) the mini-
mum energy path for CO dissociation with the help of a H atom. The gray,
red, yellow and H balls represent the C, O, Si and H atoms, respectively.

COOH group, HCOO group and CO + OH co-adsorption, the
HCOO group is thermodynamically favorable. However, it is
unfavorable in terms of kinetics because the reaction barrier
from CO, + H co-adsorption to the HCOO group is as high as
2.17 eV, as shown in Fig. S5 (ESIY).

Then, the H influence on CO, and CO splitting was studied.
The calculation results presented in Fig. 5 show that H will
suppress CO, splitting due to the big increase of the reaction
barriers. Nevertheless, H influence on CO dissociation is posi-
tive. We can see from Fig. 4(b) that the energy barrier of CO
dissociation with the help of a H atom is lowered to 1.69 eV and
the final products are an O adatom and a CH group chemi-
sorbed on the surface. Notably, there is a middle state of the
CHO group along the reaction path and the transition energy
barrier from CHO to the CH + O state is only 0.09 eV. In
addition, the possibility of forming the H,CO* from CHO and
H was studied. The reaction barrier is as high as 2.39 eV and the
reaction is endothermic with a reaction energy of 1.26 eV.
So the reaction is unfavorable in view of thermodynamics
and kinetics in comparison with the HCO splitting reaction.
However, CH in principle is not a very stable intermediate; the
reaction may not stop at this step. We investigated several
possible reactions including CH + CH — C,H,, CH + H — CH,,
CH, + H — CH,, CH, + CH, —» C,H,, CH; + CH; —» C,H, and
CH; + H —» CH,. Unfortunately, the reaction barriers for forming
C,H,, CH, and CHj; are around 2.0 eV and all the reactions are
endothermic. In order to get the final product, other improve-
ment measures need to be introduced and further research
involved in the product design is needed.

3.2 Adsorption and dissociation of CO, on the 4H-SiC(0001)
surface

Fig. 6 presents the optimized structures of the CO, adsorption
states on the SiC(0001) surface. In the configuration shown
in Fig. 6(a) which can also be labeled as CO,°", one of the two
O atoms of the CO, molecule bonds with the subsurface

Phys. Chem. Chem. Phys., 2018, 20, 26846-26852 | 26849
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Fig. 5 The minimum energy path for transformation from the CO, + H
co-adsorption to the CO + OH co-adsorption group: (a) for the CO,
adsorption state in Fig. 1(b) and (b)for the CO, adsorption state in Fig. 1(d).
The gray, red, yellow and white balls represent the C, O, Si and H atoms,
respectively.

Si atom and the C atom of the CO, bonds with the surface C
atom with the adsorption energy of —0.90 eV. The corres-
ponding bond lengths of the newly formed O-Si and C-C bonds
are 1.752 A and 1.535 A, and the two C-O bonds of CO,
molecule are lengthened to 1.378 A and 1.214 A. The adsorption
states in Fig. 6(b) and (c) possess tridentate configurations. In
Fig. 6(b), the C atom of the CO, molecule occupies the hollow
center site of the Si-C hexatomic ring with the adsorption
energy of —0.43 eV. All three atoms of the CO, molecule bond
with three surface C atoms and the newly formed C-O and C-C
bond lengths are 1.582 A, 1.588 A and 1.440 A. The two C-O
bonds of the CO, molecule are lengthened to 1.362 A and
1.363 A. While in Fig. 6(c), the adsorption energy is only
—0.23 eV and the C atom of the CO, molecule takes up the
position of a Si atom on top of the subsurface Si atom. The
corresponding bond lengths of the newly formed C-O, C-C

View Article Online
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Fig. 7 The minimum energy path for CO, splitting. The gray, red and
yellow balls represent the C, O and Si atoms, respectively.

bonds and C-O bonds of the CO, molecule are 1.571 A, 1.562 A,
1.431 A, 1.370 A and 1.371 A respectively. The CO,°~ configu-
ration in Fig. 6(d) is the most stable adsorption state with an
adsorption energy of —1.51 eV. In this structure, one of the two
O atoms and the C atom of CO, molecule bond with two surface
C atoms, with newly formed O-C and C-C bond lengths of
1.502 A and 1.531 A. Correspondingly, the C-O bonds in the
CO, molecule are enlarged to 1.444 A and 1.207 A.

Analogous to the CO, adsorption on the 4H-SiC(0001) surface,
transformation may occur among the adsorption configurations
on the 4H-SiC(0001) surface. We found that the adsorption con-
figurations in Fig. 6(a)-(c) may transform into the configuration
Fig. 6(d). The transformation barriers and the corresponding
transition states of the adsorption configuration transformations
are presented in Fig. S6 (ESIt), in which the energy barriers are
only 0.51 eV and 0.11 eV. Considering the structural similarity
between Fig. 6(b) and (c), the transformation path from the
configuration Fig. 6(c) to (d) was not calculated.

CO, splitting on the SiC(0001) surface was studied with the
IS of CO,°” in Fig. 6(d) and the FS of the O adatom and CO
molecule chemisorbed on the surface. As shown in Fig. 7, the
splitting of CO, is an endothermic process and the energy
change between the IS and FS is 0.22 eV. However, the reaction
barrier is only 0.37 eV, lower than those for CO, splitting on the
SiC(0001) surface. The structures and bond lengths of the TS
are more close to those of the FS, so the TS is more product-like
than reactant-like. What’s more, the CO dissociation on the
SiC(0001) surface is thermodynamically not allowed due to the
significant energy gain of 2.66 eV from CO to C + O co-adsorption.

Fig. 6 The side and top views of the chemisorption configurations for the CO, molecules on the SiC(0001) surface. Gray, red and yellow balls denote

the C, O and Si atoms, respectively.
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Fig. 8 Reaction path of CO, dissociation process on the SiC(0001) and
(0001) surface. The numbers in blue represent the activation energies and
the possible dissociation products are marked in red.

The optimized CO chemisorption and C + O co-adsorption config-
urations on the SiC(0001) surface are shown in Fig. S7(c) (ESIt).
We then considered H influence on the CO, and CO splitting
on the 4H-SiC(0001) surface. Based on the total energy calcula-
tions, we found that the CO, and H atom tend to co-adsorb on
the surface instead of coupling into the COOH group, OCHO
group or CO + OH co-adsorption states. The relative energies of
the different adsorption states are displayed in Fig. S7(a) (ESI?).
For the CO + H case, as shown in Fig. S7(b) (ESIt), the CO + H
co-adsorption state is far more stable than the CHO and CH + O
state. The results imply that the H atom won’t facilitate the
reaction of the CO, splitting and the CO dissociation, and the
products of the CO, splitting on the 4H-SiC(0001) surface are an
O adatom and CO molecule. Similarly, the reaction process for
the CO, splitting on the SiC(0001) surface is simplified in Fig. 8.

4. Conclusions

In summary, CO, activation and splitting has been systemati-
cally investigated based on first-principles calculations. The
results demonstrate that the CO, molecule is effectively activated
and tends to split into a CO molecule and an O adatom on
the 4H-SiC(0001) surface with a low energy barrier, lower than
0.70 eV. Without a H atom, the CO, splitting products will be an
O adatom and a CO molecule adsorbed on surface. While under
the influence of a H atom, the final products will be a CO
molecule, CHO group, CH group and an O adatom. For the case
of CO, adsorption and splitting on the 4H-SiC(0001) surface, the
C-O bond is also effectively activated and the splitting energy
barrier is only 0.37 eV. However, whether the H atom is present
or not, the CO, splitting products are only an O adatom and a CO
molecule adsorbed on the surface. These results explain the
activation and splitting mechanism on the 4H-SiC surface, which
will provide a feasible strategy in the application of CO, catalytic
conversion with high efficiency and product selectivity.
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