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Abstract

Searching environmentally friendly and low-cost catalysts for CO2 reduction is

critical for the development of sustainable energy and environmental technolo-

gies. In this work, we report a novel heterointerface between graphene and BN

nanotubes or nanoribbons as efficient catalysts for CO2 reduction with high

activity and selectivity. The active sites are found to be at the C-N interfaces of

graphene-BN (G-BN) and their excellent catalytic performance is derived from

the surface curvature effect. The density functional theory (DFT) results reveal

that the most energy favorable pathway for the formation of CH3OH is

* + CO2 ! *COOH ! *CO ! *OCH ! *OCH2 ! *OCH3 ! *CH3OH ! *

+ CH3OH. And the formation of CH4 is through * + CO2 ! *COOH !
*CO ! *OCH ! *OCH2 ! *OCH3 ! *O + CH4 ! *OH + CH4 ! *H2O

+ CH4 pathway. Moreover, the calculated results further demonstrate that for

the smaller index of G-BN nanotubes, such as G-BN (3), the formation of

CH3OH product is much easier than the *O intermediate and CH4 molecule

due to the lower free energy change. However, for the higher indexed G-BN

nanotubes, after forming *OCH3 intermediate, the generation of *O and CH4

molecule is more feasible, particularly for G-BN (9), and the calculated limit-

ing potential is only −0.42 V, which is higher than the best Cu-based materials,

like −0.93 V on Cu(111), and −0.74 V on Cu (211). This metal free

heterostructure is confirmed to facilitate CO2 conversion with high activity

and selectivity, demonstrating a great potential as a new type of catalyst for

CO2 reduction.
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1 | INTRODUCTION

Electrochemical CO2 reduction into hydrocarbon fuels
and chemicals is one of the most challenging task in the
field of chemistry, which is normally limited by the activ-
ity and selectivity of the catalysts.1,2 To date, most
reported catalysts are based on transition metals (TM) or
their oxides, dichalcogenides, and alloys.3-7 So far, limited
work using metal-free materials have been reported.
However, compared to TM atoms, metal-free catalysts
have the advantages of being cheap, and environmentally
friendy.8 Under the mild conditions, metal-free catalysts
also exhibit a high activity and selectivity to some chemi-
cal reactions, such as water splitting, fuel cells, and N2

fixation processes.9-15

As a typical two-dimensional (2D) metal-free material,
pure graphene and BN have been wildly investigated due
to their fascinating physical and chemical properties.16

However, since the free flowing of π electrons of sp2 car-
bon materials and large band gap of BN, they are inert for
many chemical reactions. Whereas, doping metal atoms
and nonmetal atoms into the basal plane of pristine
graphene and BN can significantly enhance the reaction
activity, particularly in certain catalytic processes.17,18 For
example, B-doped graphene has been applied as a metal-
free catalyst for N2 fixation with a low overpotential.19 A
series of N-doped graphene materials have been realized
in many electrocatalytic reactions, such as oxygen evolu-
tion reaction (OER), oxygen reduction reaction (ORR),
and CO2 reduction reaction.20-22 These dopants and their
doping methods play a significant role in catalyzing chem-
ical reactions, compared to two disparate materials.16,23

Hybrid graphene-BN (G-BN) nanomaterials with armchair
G-BN interface, B-C zigzag interface, and N-C zigzag inter-
face have been successfully synthesized in laboratory.24,25

However, the investigation of their potential in some
chemical processes have been rarely studied.

In this work, by using first-principles calculations, we
have designed a series of G-BN nanotubes with different
index from (3) to G-BN (9), and G-BN nanoribbons for
CO2 reduction reactions (CRR). According to the band
decomposed charge density, the intrinsic catalytic mecha-
nism originates from the high activity C-N interface as

the active site during the CO2 reduction process. As one
main side reaction, the comparison of hydrogen evolu-
tion reactions (HER) activity with CRR is necessary. By
comparing the binding effect of *COOH and *H interme-
diates, we found that all G-BN nanotubes and
nanoribbons prefer to produce *COOH due to the lower
binding energy than *H, thus HER is highly suppressed
on these catalysts. We also observed that the binding
energy of *COOH is linear with the index of G-BN nan-
otubes, indicating that the change in surface curvature
helps predict the best CO2 electrocatalysts. Based on this,
we have investigated the catalytic performance of the for-
mation of two main value-added chemicals, CH3OH and
CH4. DFT calculation results showed that CH3OH can be
generated on G-BN (3) nanotube with a limiting potential
of −0.88 V. However, for higher indexed G-BN nan-
otubes, like G-BN (9) exhibits high catalytic activity to
reduce CO2 into CH4 with a limiting potential of only
−0.42 V, which is higher than Cu-based materials, such
as −0.93 V on Cu(111), and −0.74 V on Cu (211).26,27

2 | RESULTS AND DISCUSSION

2.1 | Structures of G-BN nanoribbons
and nanotubes

Figure 1 presents the optimized structures of G-BN arm-
chair nanoribbons and nanotubes. G-BN heterostructures
can be regarded as the combination of zigzag graphene
and zigzag BN, which have the similar crystal structures
and lattice constants (only 1.8% mismatch).28,29 After the
combination of graphene and BN, G-BN nanomaterials
exhibit some unique characteristics, such as band gap
opening, excellent thermal transport, and intrinsic half-
metallic behavior.16,30 For the G-BN armchair nanotubes,
previous works have proved that the smallest nanotube
which can be constructed is G-BN (3).31 And with the
increase of the index of G-BN nanotubes, the properties
of G-BN nanotubes become similar to the G-BN
nanoribbon. Thus, in this work, we only consider the
index of G-BN nanotubes starts from (3) to (9) and the G-
BN nanoribbon. Band structures and band decomposed

FIGURE 1 (A) The

optimized structure for G-BN

nanoribbon. (B), (C) The top

view and side view for G-BN

nanotube take G-BN (6) for an

example. The grey, pink, and

blue balls represent the C, B,

and N atoms
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charge density of G-BN nanoribbon and nanotube have
been plotted in Figure 2. From the band structures, a good
conductivity of G-BN nanotubes and nanoribbons can be
observed, suggesting the high potential in catalyzing CO2.
Moreover, the wave functions of valence bond maximum
(VBM) and conduction bond minimum (CBM) are mainly
originated from the hybridization p orbitals among C, B,
and N atoms. Due to the lower energy of πC-B orbital than
that of the π*C-N orbital, the VBM around the Fermi level
stems from the πC-B orbitals along the C-B interface. On
the other hand, the CBM contributed from the π*C-N
orbitals along the C-N interface, demonstrating the high
conductivity and activity of C-N interface. Based on this
point, only C-N interface is designed as the active site for
the adsorption and reduction of CO2 molecules, which is
in good agreement with previous reports.16 To further
identify the active site along the C-N interface, the binding
energies of *COOH on B site and N site have been tested
as shown in Table S2. The calculated results suggest that
the adsorption on B site is much stronger due to the lower
binding energy. Therefore, only B site is designed to be
active site in the subsequent CO2 reduction process.

2.2 | Suppressing HER and curvature
effects

The evolution of hydrogen is one main side reaction of
CO2 reduction process. Therefore, it is necessary to inves-
tigate and compare the activity of HER and CRR in the
catalysts. Since the competition between CRR and HER
is mainly determined by the stability of the first hydroge-
nated intermediates, thus, the formation of *COOH and
*H on the catalysts is investigated and the optimized

structures are presented in Figure 3. If the *COOH inter-
mediate is more stable than the *H species, then HER
process will be suppressed, otherwise, H atom can occupy
the active site before CO2RR starts. For G-BN
nanoribbon, the binding energy of *H and COOH* is
−0.147 and −0.266 eV, respectively. For G-BN nanotubes,
the binding energies of *H and *COOH to G-BN (3) are
−0.215, and −0.89 eV, respectively. And these binding
energies increase with the index of G-BN nanotubes. For
example, the binding energies of *H and *COOH for G-
BN (9) are 0.127 and −0.274 eV, which is very close to
the G-BN nanoribbon. We also calculated the Gibbs free
energy changes of these two intermediates for compari-
son as shown in Figure 3. Clearly, the formation of
*COOH is much favorable than *H group for all of the
G-BN nanomaterials, demonstrating the high selectivity
to produce *COOH rather than *H. Moreover, from G-
BN (3) to G-BN (9), the free energy changes show an
increasing trend, and finally reach to the value of G-BN
nanoribbon structure, suggesting that by tuning surface
curvature, efficient CO2 reduction can be achieved.

Based on the discussion above, the different curvature
effects of G-BN nanotubes exhibit diverse adsorption
energies of *COOH and *H. We further examined the
surface curvature effects on the reduction performance of
CO2 molecules. Except for the strong binding effect of
*COOH, the appropriate binding energy between *OCH3

and catalysts also plays a significant role in reducing
CO2, as the weak interaction of *OCH3 helps remove the
reaction products. Therefore, a good CO2 reduction cata-
lyst needs to meet two criteria. On one hand, the strong
binding effect with the *COOH to make sure efficient
capturing of the reactant and HER suppression. On the
other hand, the weak interaction with *OCH3 to make

FIGURE 2 (A) The band structures for the G-BN nanoribbon and G-BN (6) nanotube. (B). The valence bond maximum and

conduction bond minimum of G-BN nanoribbon and nanotubes. The iso-surface value is 0.05 e Å−3. The grey, pink, blue, and white balls

represent the C, B, N, and H atoms
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the desorption step of CH3OH easy to proceed. Figure 4
depicts the binding energies of *OCH3 and *COOH on
catalysts and their optimized structures. According to the
figure, G-BN (3) has a strong binding effect with *COOH
and *OCH3, while G-BN (9) exhibits the weak interaction
with these two intermediates, indicating the significant
role of surface curvature in catalyzing CO2.

2.3 | CO2 reduction mechanisms

The generation of CO and HCOOH consist of only two
proton/electron (H+/e− pair) transfer processes. The first

hydrogenated step is the same for the formation of CO
and HCOOH, and the reaction starts to diverge from the
second hydrogenated step. For CO formation process, the
H+/e− pair attacks the oxygen site of *COOH group, then
*CO group produce with one water molecule releasing
the system. And the last step is the desorption of CO mol-
ecule. For HCOOH formation process, the H+/e− pair
continue attacking the C site of *COOH to produce
HCOOH. Figure 5 depicts the Gibbs free energy change
diagrams for the formation of these two products on the
catalysts. We find that the second hydroghenated step of
the formation of *HCOOH has a lower free energy
change compared to the formation of *CO for eight

FIGURE 4 (A) Binding energies of *OCH3 and *COOH on G-BN nanoribbon and nanotubes. (B) The top view and side view of the

optimized structures for the adsorption of *OCH3 on G-BN nanoribbon. (C) The top view and side view of the optimized structures for the

adsorption of *OCH3 on the G-BN (6) nanotube

FIGURE 3 (A) Comparison of hydrogen evolution reactions and CO2 reduction reactions on G-BN nanoribbon and nanotubes. (B) The

optimized structures for the adsorption of *COOH and *H on G-BN nanoribbon. (C) The optimized structures for the adsorption of *COOH
and *H on G-BN (6) nanotube
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catalysts, demonstrating the high selectivity toward
HCOOH comapred to CO molecules. Insights into the
reduction CO2 to CO molecule, for the low index of G-
BN nanotubes, such as G-BN (3) to G-BN (8), is that sec-
ond step is the potential determining step (PDS), and the
limiting potential decreases with the increase of index
number of G-BN nanotubes. For the formation of CO on
G-BN (9) and G-BN nanoribbon, the first step is the PDS
of the whole reduction process, this is because these two

catalysts have a weak interaction with *COOH group.
However, for the generation of HCOOH process, from G-
BN (3) to G-BN (7), the second hydrogenated step is the
PDS, and the limiting potential decreases with the index
of G-BN nanotubes. For G-BN (8), G-BN (9), and G-BN
nanoribbons, the first step is the PDS of the whole reduc-
tion process.

Then, we investigate the formation of methanol and
methane pathways on G-BN catalysts as shown in
Figure 6 and Figure 7. As a main organic chemical raw
material, the CH3OH formation consists of six hydroge-
nated elementary steps. Taking G-BN (3) for an example,
one CO2 molecule first reacts with one H+/e− pair on the
active site to produce *COOH intermediate with a free
energy change of −0.35 eV. Once *COOH species is
formed, it can be further hydrogenated to produce *CO
intermediate with one water transferred into the electro-
lyte, and the free energy change of this step uphills by
0.88 eV. After that, the adsorbed *CO group will be fur-
ther reduced to *OCH or *COH species by reacting with
another H+/e− pair. By comparing the free energy change
of these two elementary steps, the formation of *OCH
group is energetically favorable as this process is exother-
mic (−0.69 eV), while the formation of *COH group can
hardly happen under the ambient condition. The new

FIGURE 5 The Gibbs free energy change diagrams for the

formation of CO and HCOOH molecules on the catalysts

FIGURE 6 The Gibbs free energy change diagrams for the formation of CH3OH and CH4 on the G-BN nanoribbon and nanotubes.

(A) G-BN (3), (B) G-BN (4), (C) G-BN (5) and (D) G-BN (6). The optimized structures for some main intermediates are also presented in the

figure
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formed *OCH group can either be reduced to *OCH2 or
*CHOH by interacting with the third H+/e− pair, and the
formation of *OCH2 is energetically lower than *CHOH
(0.07 eV V.S. 1.60 eV). Then, the *OCH2 species continu-
ally reacts with the H+/e− pair to form *OCH3 or
*CH2OH, but the free energy change for the formation of
*OCH3 is much lower, only −0.85 eV. The final step to
produce methanol on the catalyst is *OCH3 + H+ +
e− ! *CH3OH, and the calculated free energy change
uphills by 0.30 eV. When considering the product desorp-
tion on the catalyst, we find that the release of CH3OH
is also easy to proceed due to the low free energy
change (0.42 eV). Based on the above results, the most
favorable pathway for CO2 reduction on G-BN (3) can be
easily identified, that is, . * + CO2 ! *COOH !
*CO ! *OCH ! *OCH2 ! *OCH3 ! *CH3OH ! * +
CH3OH. The PDS of the whole pathway is the step of
*COOH ! *CO due to its maximum free energy change
(0.88 eV). Furthermore, the limiting potential can also be
calculated according to the computational hydrogen elec-
trode (CHE) model, which is defined as the following
equation, UL = −ΔGmax/e, where ΔGmax denotes the
largest free energy change of the whole pathway when
reducing CO2. Therefore, the limiting potential for reduc-
tion of CO2 to CH3OH on G-BN (3) is −0.88 V.

The formation of CH4 molecules consists of eight ele-
mentary steps. And the first five steps are the same to the
CH3OH generation. After the formation of *OCH3 on
the catalysts, the *O is produced on the active site with
one methane generated and released the system. This
step is found to be energetically unfavorable on G-BN (3),
however, for higher indexed G-BN nanotubes and
nanoribbons, the free energy change of the generation of
*O is much lower than *CH3OH. For example, in G-BN
(4) nanotube, the free energy change of this step only
uphills by 0.30 eV. Then, the adsorbed *O group continu-
ally react with H+/e−pair to form *OH with the free
energy change of −2.21 eV. After that the *H2O can be
produced on the catalyst, and the calculated free energy
is 0.84 eV for G-BN (4), which is the PDS of the whole
pathway. And the removal of product is found to be
much easier with free energy change of 0.20 eV. There-
fore, the limiting potential of the reduction of CO2 into
CH4 on G-BN (4) is −0.84 V. For the CO2 reduction of
other higher indexed G-BN nanotubes, like G-BN (5), G-
BN (6), G-BN (7), G-BN (8), and G-BN (9). The step of
*OH ! *H2O also have the maximum free energy
changes, 0.82, 0.74, 0.69, 0.49, and 0.42 eV, respectively,
which is also considered as the PDS process for these cat-
alysts. For the G-BN nanoribbon, we find the step of

FIGURE 7 The Gibbs free energy change diagrams for the formation of CH3OH and CH4 on the G-BN nanoribbon and nanotubes.

(A) G-BN (7), (B) G-BN (8), (C) G-BN (9) and (D) G-BN nanoribbon. The optimized structures for some main intermediates are also

presented in the figure
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*OCH ! *OCH2 has the largest free energy change of
0.62 eV, thus, the limiting potential for the CO2 conver-
sion to CH4 on G-BN nanoribbon is −0.62 V. Among
these eight catalysts, G-BN (9) exhibits the highest cata-
lytic performance for CO2 reduction to CH4 with a limit-
ing potential of −0.42 V, which is higher than some best
metal based catalysts, like −0.93 V on Cu(111), and
−0.74 V on Cu (211).26,27

3 | CONCLUSION

By using first-principles calculations, a series of metal-
free G-BN nanomaterials have been designed for the CO2

reduction, and the C-N interface is found to be the active
sites for this process. HER is suppressed on all the G-BN
nanotubes and nanoribbons due to the strong binding
effects with *COOH group. The surface curvature effect
of G-BN nanotubes can have significant impact on the
binding energies of adsorbed species including *COOH
and *CH2OH intermediates and then the best catalysts
for CO2 conversion can be screened out. Our DFT calcu-
lation results further demonstrate that for the smaller
index of G-BN nanotubes, such as G-BN (3), the forma-
tion of CH3OH product is much easier than the *O inter-
mediate and CH4 molecule due to the lower free energy
change. However, the high index of G-BN nanotube facil-
itates the formation of CH4, particular for G-BN (9), the
calculated limiting potential is −0.42 V, which is higher
than the best reported Cu-based materials, like −0.93 V
on Cu(111), and −0.74 V on Cu (211). Our study proposes
a promising metal-free catalyst with high activity and
high selectivity in catalyzing the CO2 reduction.

3.1 | Experimental Section

All spin-polarized calculations were performed by using
density functional theory as implemented in the Vienna
Ab-initio Simulation Package (VASP) for geometry struc-
tures optimization.32,33 The exchange-correlation interac-
tions were described by the generalized gradient
approximation (GGA)34 in the form of the Perdew-Burke-
Ernzerhof (PBE) functional.35 The dispersion interaction
was considered by using DFT + D3 semiempirical correc-
tion in Grimme's scheme.36 The convergence tolerances
of energy, force, and displacement for the geometry opti-
mization were set to 10−5 eV, and 5 × 10−3 eV/Å, and
5 × 10−3 Å, respectively. A 500 eV cut-off energy was used
during the calculation. The vacuum space was set to more
than 15 Å, which was enough to avoid the interaction
between periodical images. Graphene/BN nanoribbon
was built by using a supercell containing (5 × 5) graphene

unit cell and (5 × 5) BN unit cell with the edge atoms sat-
urated with hydrogen. For graphene/BN nanotubes, the
supercell models include six unit cells for (n, 0) zigzag
graphene and BN nanotubes.

The Gibbs free energy changes (ΔG) for each elemen-
tary steps were calculated based on the CHE model pro-
posed by Norskov et al,37,38 which is determined by the
following equation:

ΔG=ΔE+ΔZPE−TΔS+ΔGU +ΔGpH

where ΔE denotes the electronic energy change directly
obtained from DFT calculations, ΔZPE is the correction
of zero-point energies (ZPE), T is the temperature of
298.15 K, and ΔS is the change in entropy. Table S1
shows the corrections including ZPE, and entropy for gas
phase molecules and adsorbed species. ΔGU = − eU is
the contribution of electrode potential to ΔG, and ΔGpH =
− kBTln10 * pH.
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