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Hydrocarbons are promising products for CO, electroreduction (CRR) while is impeded by the low selec-
tivity. Turning the curvature of the active site is an effective strategy to change the adsorption properties
and further regulate the product distribution and reactivity. Herein, we have designed a novel V single
atom catalyst (SAC) based on rolled two-dimensional (2D) BC3N, substrate with different curvatures. The
results have demonstrated that increased curvature can enhance the adsorption strength of CRR inter-
mediates, which follows different mechanisms for systems with low and high curvature. This character
eventually leads to the deviation away from the scaling line between E,4[CO]~E,q[COOH] based on tran-
sition metals for V@2D-BC3N, systems. 3-3 system is screened as the optimal candidate for hydrocarbons
production due to the enhanced binding ability of adsorbates, which can increase the reactivity for hy-
drocarbons production and hinder the production of H, and HCOOH simultaneously.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

CO,, is the ultimate product in the process of utilizing fossil fu-
els and may cause serious environmental issues like greenhouse
effect. It is urgently needed to convert CO, into valuable chemicals
[1-3]. The electrochemical method is one of the most promising
ways [4,5]. The high limiting potential and low selectivity of cat-
alysts are two issues for CO, reduction reaction (CRR), and both
of them depend strongly on catalysts [6-8]. Although many CRR
products possess relatively low equilibrium potentials close to 0 V
vs. RHE (reversible hydrogen electrode), an acceptable current den-
sity of the CRR can only be obtained at around -1.0 V, indicating a
large limiting potential caused by the energy loss. Besides, the CRR
yields a mixture of different products including CO, hydrocarbons,
and HCOOH [9]. Therefore, obtaining high activity for a target re-
action product remains a fundamental challenge. Among numerous
products of CRR, hydrocarbons, such as CHy, CH30H and C,Hy, are
all valuable chemicals. Cu is found as a unique catalyst that can
convert CO, into hydrocarbons efficiently in pure transition met-
als (TMs). However, the large limiting potential of —0.8 V on Cu
still hinders its practical application. Thus, it is urgently needed to
discover catalysts with high reactivity for CRR to produce hydro-
carbons.

In pioneering studies, many works have focused on the single
atom catalysts (SAC). As revealed in d-band theory of Norskov, the
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binding energies of CRR intermediates are strongly correlated with
each other on TMs via the so-called “scaling relation”, which may
put a significant limit on the improvement of catalysts [10-12].
SAC is a promising way for breaking the scaling relation and im-
proved reactivity compared to TMs has also been achieved [13,14].
Norskov et al. has embedded Pt atom into defective graphene and
ultralow limiting potential of -0.27 V is obtained for CRR to CH;0H
[15]. In contrast, Jung et al. found that Ir is the favorable dopant
for TiC based SAC [16]. The difference of the favorable doped TM
atom between Norskov and Jung works can be attributed to the
carrier effect. Our previous work has also demonstrated that the
two-dimensional (2D) InSe substrate can regulate the metal atoms
flexibly to achieve the desired CRR selectivity [17,18]. Besides, the
optimal candidates can be screened quickly with the reference of
conventional theory on TMs, which is different from the situations
in graphene and TiC substrates [15,16,19]. Our results have suffi-
ciently utilized the carrier effect of 2D InSe substrate. To realize
quick screen of promising catalysts in a large pool of candidates,
we should also make full use of d-band center and descriptors in
pioneering studies. Norskov et al. have demonstrated that trends
in reactivities can be understood in terms of the hybridization en-
ergy between the bonding and anti-bonding adsorbate states and
the metal d-bands [20]. Moreover, the adsorbate-metal interaction
is determined by the filling of the antibonding states on adsorption
[21].
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Although SAC has been widely investigated in CRR area, the
large amounts of candidates still hamper the development of
promising catalysts. In pioneering works, Guo et al. have also
demonstrated that the charge transfer between substrate and
metal atoms in SAC plays an important role in promoting the CRR
reaction [22]. Curvature effect is one of the most promising ways
to regulate the valence of the single metal site, which can reduce
the amount of candidates investigated effectively. Sun et al. have
reported a curvature-dependent selectivity of CRR on Co porphyrin
nanotubes (CPN) [23]. The results show that CO is preferred to
be produced at low curvature and CH4 is favored as the curva-
ture increased. Cao et al. have compared the curvature effect of
Cu and Fe doped carbon nanotubes (Cu@CNT and Fe@CNT) com-
prehensively [24]. They found that the generation of CO, HCOOH,
and CH3O0H is reduced on high-curvature Cu@CNT, which is less
notable on Fe@CNT. However, the effect of curvature on the cou-
pling between electric properties, adsorption strength, and reactiv-
ity is rather limited in pioneering works, which hinders the devel-
opment of advanced materials. Referenced to studies of Lei et al.,
this proposed strategy may benefit from many advatages, including
low coordination, lateral heteroatom coordination, and axial het-
eroatom coordination [25,26].

In our previous work, we have successfully predicted a BC3N,
monolayer substrate. This structure is like graphene with B, C and
N atoms bonded together upon sp? hybridization [27]. Compared
with graphene, boron nitride and other graphene materials, each
hexagonal primitive unit cell of the BC3N, has one more elec-
tron than them. Such a multi-electron system may be beneficial
to catalysis due to its advantages in electron transfer rate and ef-
fective mass.

Inspired by pioneering and our previous studies, we have
herein carried out systematic studies on curvature effect on 2D
BC3N, based SAC. About the single atom site, we select V as the
dopant in 2D BC3N, due to the unsaturated d orbital (denoted
as V@2D-BC3N,). This character may contribute to tune the ac-
tivity and selectivity of CRR via curvature. In this work, we have
performed density functional theory (DFT) calculations to study
CRR on curved V@2D-BC3N, catalyst. Increased curvature can ef-
fectively enhance adsorption ability with different mechanism for
low- and high- curvature systems. The curvature effect can also
regulate the V@2D-BC3N, deviated away from the scaling line be-
tween E,4[CO]~E,4[COOH] based on transition metals. 3-3 System
(the V@2D-BC3N, systems with 3-3 chirality for 2D BC3N, nan-
otube) is screened as the optimal candidate for CRR to hydrocar-
bons, which originates from the enhanced binding ability of CRR
intermediates. This character can increase the reactivity of hydro-
carbons production and simultaneously hinder the production of
H, and HCOOH.

All calculations were performed using CASTEP module with the
Perdew Burke Erzerhof (PBE) functional [28]. The vacuum thickness
was set to be 15 A to avoid the imaginary interaction between pe-
riodic images. The kinetic energy cutoff for plane wave expansions
was set to 400 eV and the k points was sampled by Monkhorst-
Pack scheme with a grid of 1 x2 x 1 for all of the 1D nanotubes.
The electronic relaxation was performed to within an energy tol-
erance of 1078 eV for self-consistency, while ionic optimizations
were performed until all the residual forces were smaller than
0.005 eV/A. Electron smearing was employed using the Gaussian-
smearing technique with a width of kgr=0.1 eV. Spin-polarized
wave functions were used for all calculations. We also include van
der Waals (vdW) correction with the MBD method [29,30].

The binding strength of V atom in 2D BC3N, are defined as fol-
lows:

Es[V] = E[V@2D — BC3N, ] — E[2D — BC3N, ] — E[V] (1)
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Fig. 1. The top and side view of the (a) pristine and (b) curved V@2D-BC3N,.

where E[V@2D-BC3N, |, E[2D-BC3N; | and E[V] denote the electronic
energies of V doped 2D BC3N, complex, 2D BC3N, with a vacancy
defect, and single V atom. For the coupled proton-electron trans-
fer process, we use the computational hydrogen electrode (CHE)
theory [31]. In the CHE scheme, the effect of applied electrode po-
tentials on reaction thermodynamics was based on the free energy
change (AGmax). The relation between the limiting potential (U;)
of the reaction and AGmpax was obtained as Uy =AGmnax/e. Zero
point energy and entropy corrections are included for the free en-
ergy of adsorbate systems to ensure a fair and unbiased compari-
son with experiments at 298.15 K.

The change in Gibbs free energy (AG) for all electrocatalytic
steps was defined as

AG = AE + AEgp — TAS (2)

where the reaction energy (AE) can be directly determined by ana-
lyzing the DFT total energies. AE;pe and AS are the zero-point en-
ergy difference and the entropy difference between the products
and the reactants, respectively, and T is the system temperature
(T=298.15 K in this work). For each reactant or product, its E;pe
value can be calculated by Ezpe =(1/2)Xhv. The entropies of the
free molecules were taken from the NIST database, while the en-
ergy contribution from the configurational entropy in the adsorbed
state is neglected. The solvation effect can be crucial to the CRR, al-
though neither of them is included in the CHE model. However, a
model with implicit solvent-electrolyte methods may increase the
computational cost by several-fold relative to bias-free modeling
[32]. Herein, we mainly focus on screening the optimal catalysts
from a large pool of materials and thus take the CHE model as a
high-efficiency method.

Partial configurations of the catalysts in the article (Fig. 1) are
modelled by the Device Studio program provided by HZWTECH
[33].

The above methods have been widely used in pioneering stud-
ies especially in catalytic areas [34-48].

The fully relaxed configuration of V@2D-BC3N, is shown in Fig.
1. Two types of nanotubes were constructed denoted as armchair
and zigzag types. Each type nanotubes are also constructed with
different curvatures. The 2D BC3N, exhibits a hexagonal network
structure with one unit cell containing 1B, 2N and 3C atoms. The
single V site are located outwards of 2D BC3N, substrate due to
the large size of V atom. The curved V@2D-BC3N; appears to show
an ellipse shape, which is likely caused by the surface tension. The
configurations in Fig. 1a are periodic in the planar directions while
it is nanotube structures in Fig. 1b. Thus, we have saturated the
edge sites with H atoms.
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Fig. 2. (a-d) The density of states (DOS) of the d-band for V@2D-BC;B, with differ-
ent curvature and chiralities.

We first discuss the adsorption sites for V atoms in 2D BC3N,.
The V atom can replace the B, C and N sites in 2D BC3N,. The bind-
ing strength of V atom in the N site is generally enhanced com-
pared to other situations (Fig. S1 in Supporting information). We
thus select the systems of V doped in N defects as the candidates
for this study. The values of binding energies range from —8.8 eV
to —9.6 eV referenced to isolated metal atoms in a vacuum. The
large values illustrate the thermodynamic stability of our designed
catalyst. Referenced to the cohensive energies of V 4-atom (—1.94
eV) and 6-atom (—2.57 eV) cluster [49,50], the binding energies of
V in BC3N, nanotubes are significantly larger than the cohensive
energies of V clusters. This may indicate that the subsize clusters
of V are unlikely to nuclear in our systems. In addition to binding
energy, the adsorption energies of *CO and *COOH have exhibited
two tendencies for V in N sites: Some candidates comply with the
conventional scaling line based on transition metals and others de-
viate away from the scaling line significantly. In contrast, the ad-
sorption energies of *CO and *COOH for V in B and C sites have
totally break the traditional scaling line (Fig. S2 in Supporting in-
formation), leading to a difficulty in screening promising catalysts.

In order to clarify the curvature and chirality effect of V@2D-
BC3N, nanotubes. We therefore performed density of states (DOS)
analysis to investigate the orbital distribution in the bands near
Fermi level, which can interact with adsorbates of CRR actively
(Fig. 2). As depicted in d-band central theory, the coupling between
adsorbate and metal sp state is dominant and constant across dif-
ferent metals. In contrast, the coupling between the adsorbate and
metal d state determines the variation of adsorption energy from
one metal to the next. In addition, the reactivity of TMs primarily
originates from their unsaturated d orbitals. Thus, the comparison
of states distribution of V@2D-BC3N, at different curvature is nec-
essary to reveal the electronic properties.

We first discuss the curvature effect in armchair systems. The
adsorption energy of CO increases as the curvature increase from
0.12 A-! (13-13) to 0.50 A-! (3-3) (Fig. 3 and Table S1 in Sup-
porting information). As shown in Figs. 2a and b, the 10-10 V@2D-
BC3N, exhibits increased tendency in the unoccupied states of V
d-band above Fermi level compared to 13-13 V@2D-BC3N, and
the situation for occupied states is opposite, suggesting that the
V atom is positively charged caused by increased curvature. This
character indicates that V site can act as an electron-acceptor role
and eventually lead to an enhanced adsorption strength for CO.
In addition, the 8-8 system demonstrates a wider distribution of
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Fig. 3. Correlations between adsorption energies of CO and curvatures.
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Fig. 4. (a) The correlation between adsorption energies of *CO and *COOH on
V@2D-BC3N; (red triangles) and transition metal (111) surfaces (black asterisks).
The doping sites of V locate at N vacancies; (b) The hydrogen evolution reaction
on different V@2D-BC3N2 nanotubes.

states above Fermi level compared to 10-10. Thus, the ability of
gaining electrons is enhanced from 13-13 to 8-8, leading to the in-
creased adsorption ability of V@2D-BC3N,. The significant increase
of occupied V d-band from 8-8 to 3-3 is beneficial to transfer elec-
trons from V site to adsorbate and eventually contribute to CO ad-
sorption. A change of mechanism has experienced between large
and small curvature systems and 8-8 can be treated as the turning
point. Thus, the correlation between curvature and adsorption en-
ergies can be plotted as two broken lines relation, classified with
different adsorption mechanism (Fig. 3). The chirality can also reg-
ulate the distribution of V d-states of V@2D-BC3N, with similar
curvature (Figs. 2c and d). These characters of the rolled V@2D-
BC3N, can be treated as the origin of the flexible regulation for
reactivity via curvature.

The regulation of curvature can eventually realize the changed
adsorption property of CRR intermediates (Fig. S2 and Fig. 4a). The
pioneering studies have revealed that binding energies of CRR in-
termediates correlate with each other via scaling relationship due
to d-band theory on TMs [11]. However, this relationship will be
disturbed on SAC systems. In addition, our previous work has also
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demonstrated that the traditional theory of CRR on TMs is still es-
tablished on SACs that obey the scaling line of TM systems [17].
Referenced to these results, we compare the adsorption energies
(E,q) of *CO and *COOH on V@2D-BC5N,. Among numerous dop-
ing sites of V, N-site systems are particularly interesting. Some sys-
tems, such as 4-4, 5-5 and 12-0, comply with the scaling line of
TMs and most candidates deviate significantly away from the line.
In contrast, the C/N-site systems all possess remarkably high ad-
sorption strength for *CO and *COOH, which may lead to the poi-
soning effect of active sites. Thus, the N-site systems are the most
favorable candidates as CRR catalyst.

It is known that the hydrocarbons production for CRR depends
significantly on the binding of *CO and *COOH. We thus analyze
the reaction pathway and reactivity based on the adsorption prop-
erties in the following part.

The CRR to hydrocarbons on V@2D-BC3N, begins by protona-
tion of CO, to carboxyl (*COOH) on the catalysts and *COOH can
be further protonated to form *CHO or *COH (Fig. S3 in Supporting
information). The formation of *COH is energetically less favorable
than *CHO in all cases (Fig. S3 and Table S2 in Supporting infor-
mation). Additional protonation of *CHO can form either *CH,OH
or *CH30. Based on the comparison of free energy change, the
minimum energy pathway is generally demonstrated as follows:
*C0Oy — *COOH — *CO — *CHO — *CH,0 — *OCH3 — *O + CH4. The
protonation of *OCHj favors the formation of CH4 compared to
CH3OH, indicating a strong binding ability of *O on V@2D-BC3N,.
The rate controlling step (RCS) of CRR to hydrocarbon are all
*CO— *CHO step, except for 3-3 system (*COOH— *CO). The
change of mechanism in 3-3 system is an interesting phenomenon
that should be emphasized (Fig. S4 in Supporting information).
This can be interpreted from the general tendency between ad-
sorption energy of *COOH (E,4q[*COOH]) and limiting potentials
(Uy). For the systems that comply with the scaling line, the limit-
ing potentials are U =-0.63 V, -0.5 V, and -0.55 V on 4-4, 5-5, and
12-0 systems, respectively. The values are all favorable than that
on Cu (-0.8 V). This may indicate that the change of adsorption
energies of *CO/*COOH, complying with the scaling line of TM, can
realize the improvement of reactivity. For the systems that disturb
the scaling line, the systems exhibit a gradual increased deviation
distance from the scaling line in the order of 5-5, 7-0, 11-11, 14-0,
3-3 with the reaction energy (G;) of *CO— *COOH as G;=0.5 eV,
Gr=0.44 eV, G;=0.33 eV, G;=0.29 eV, and G;=-0.14 eV, respec-
tively. The deviation away from the scaling line of TMs illustrates
an enhanced binding strength of *COOH relative to *CO, which
may lead to a decreased G; of RCS (*CO — *COOH). Especially for
3-3 system, the *CO — *CHO step has become exothermic unlike
other systems, which is due to the significant enhancement of
*COOH binding with respect to *CO. Besides, the RCS has changed
from *CO— *CHO to *COOH—*CO with an ultralow reaction
energy of 0.16 eV, corresponding to a changed mechanism and
improved reactivity. This suggests that the curvature effect can
indeed change the adsorption properties of CRR intermediates and
eventually bring about remarkable reactivity.

About the different regulation level of curvature for *CO and
*COOH, it can be interpreted from the adsorption configurations.
The *COOH interacts with V@2D-BC3N, bidentate with both C and
0 atoms while it is monodentate with only C for *CO. This can be
treated as the originate for the stabilization of *COOH with respect
to *CO.

In addition to hydrocarbons, the production of HCOOH and H,
are also essential pathways that we cannot ignore. The reaction en-
ergies are shown in Fig. 4b and Figs. S5-S7 (Supporting informa-
tion).

For HCOOH production, the initial protonation of CO, can form
*HCOO, which can further react to form *HCOOH. The RCSs of
HCOOH production are all *HCOO — *HCOOH on V@2D-BC3N,. We
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have also calculated the corresponding reaction pathway for the
protonation of *HCOOH to *CHO. The RCS for this process is sig-
nificantly hindered by the *HCOO — *HCOOH process with ultra-
high reaction energies of 0.87~1.15 eV (Figs. S5-S7). Thus, *CHO
can only be produced via *COOH intermediate. The limiting poten-
tial of HCOOH production on 3-3 system is -1.92 eV, indicating that
HCOOH can be effectively hindered via curvature regulation. Com-
pared with other systems like 12-0 system, the adsorption energy
of *HCOO (*HCOOH) is enhanced from -0.99 (-0.89) eV to -1.43
(-1.08) eV. The value has increased 0.44 eV for *HCOO and it is
only 0.19 for *HCOOH, indicating that *HCOO is considerably stabi-
lized with respect to *HCOOH at high curvature state. This can be
treated as the origin of high selectivity for hydrocarbons compared
to HCOOH on 3-3 system.

Similar conclusion can also be found for H, production. The hy-
drogen adsorption free energy (AGy) is always treated as the mea-
surement of reactivity. As the systems deviate away from the scal-
ing line of TMs in the order of 12-0, 7-0, 11-11, 14-0, 3-3, the AGy
exhibits a negative shift tendency (0.18, 0.02, -0.08, -0.15 and -0.25
eV for 12-0, 11-11, 14-0 and 3-3, respectively) and eventually leads
to a high limiting potential of -0.25 V on 3-3. Thus, CRR is more
preferred on 3-3 than HER and the opposite regulation tendency
between curvature and reactivity is particularly interesting.

Above all, the high-curvature states may lead to enhanced bind-
ing ability for CRR/HER intermediates. This is beneficial for hydro-
carbons production and unfavorable for H, and HCOOH production.

In this work, we have performed density functional theory cal-
culations to study CRR to hydrocarbons on curved V@2D-BC3N,
catalyst. Curvature can effectively enhance adsorption ability with
different mechanism. For low (high) curvature systems, the un-
occupied (occupied) d-states are increased with increasing curva-
ture and V acts as the electron acceptor (donor). 8-8 system is the
tuning point with wider distributed d-states. The curvature effect
can also regulate the V@2D-BC3N, systems with different deviation
distance from the scaling line between E,4[CO]~E,4[COOH] based
on transition metals. The high curvature state (3-3 system) can in-
duce high binding ability for CRR intermediates, which can induce
increased (decreased) reactivity for hydrocarbons (HCOOH and H,)
production. Thus, 3-3 system is screened as the optimal candi-
date for CRR to hydrocarbons with different rate controlling step
of *COOH — *CO compared to other systems (*CO — *CHO), which
is due to the stabilization of *COOH with respect to *CO.
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