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Graphdiyne, a new member of the 2D carbon family, has exhibited interesting physiochemical properties
attracting academic attention. Its m-conjugated structure with unique sp—sp? bonding demonstrates a
great potential for electrocatalysis. As electrochemical CO, reduction reaction (CO,RR) has been recog-
nized as a highly promising CO, utilization technique, the search for active catalysts is critical for the
development of CO,RR. Herein, using density functional theory calculations, we studied the activity and
selectivity of graphdiyne towards CO,RR. The reaction free energy diagrams are thoroughly investigated,
and the results show that the hybridization of sp—sp2 is crucial for high activity owing to the strong
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adsorption of the *COOH intermediate. Moreover, nitrogen-doping on graphdiyne further improves the
activity and selectivity towards CHsOH and CH,4 products. The lowest limiting potential of CHsOH on
nitrogen-doped graphdiyne is reduced to —0.46 V. The current study predicts the high activity of graph-

rsc.li/greenchem diyne towards CO,RR, and illustrates the key role of hybridization on the reactivity of the carbon catalysts.
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Introduction

The electrochemical CO, reduction reaction (CO,RR) possesses
enormous potential for CO, conversion and utilization since it
harnesses electric power for the conversion of CO, into useful
chemicals and fuels." However, as the CO, molecule is extre-
mely stable, the notoriously sluggish kinetics of CO,RR calls
for a highly active cathode catalyst.> Numerous transition
metals have been extensively studied as CO,RR catalysts with
different selectivities towards the reduction products.®”
Nonetheless, the metal catalysts suffer from some severe draw-
backs, such as low efficiency due to the parasitic hydrogen
evolution reaction, poor selectivity, ease of deactivation, and
detrimental environmental impact.® Recently, metal-free nano-
carbon materials, such as carbon nanotubes, graphene, and
nanodiamonds, have demonstrated excellent CO,RR reactivity
higher than or comparable to that of the traditional metal
catalysts.” " The carbon catalysts possess several merits com-
pared with metal catalysts (1) high overpotential for parasitic
hydrogen evolution reaction, (2) large active surface area, (3)
numerous strain and defect sites tunable for high perform-
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ance, and (4) excellent stability."> Among numerous carbon
materials, carbon nanotubes composed of sp* carbon atoms
exhibited a low overpotential and high faradaic efficiency
towards the CO product,"®"? and graphene with the planar sp*
carbon network demonstrated a high selectivity towards CO
and formate products,"*'® while the nanodiamond electrode
was capable of generating numerous products in the
CO,RR.'0718

It is well known that nanodiamonds and graphenes pos-
sessed a network of sp® or sp®> hybridized carbon atoms,
respectively.'® It is recently reported that graphynes with a
series of two-dimensional carbon materials were synthesized
by a combination of both the sp and sp*hybridized carbon
atoms.?° In the graphyne family, graphdiyne, with two diacety-
lenic linkages between the two carbon hexagon rings, features
planar hybrid systems of graphene (sp*) and carbyne (sp), con-
taining hexagonal rings and acetylenic linkages.”* The conju-
gated m-structures, highly distributed pores, and unique elec-
tronic properties of graphdiyne have been attracting consider-
able attention in the catalytic fields.>”>* Therefore, consider-
ing the unique electronic structures and surface properties, it
is of great interest to study the performance of graphdiyne in
the CO,RR. On the other hand, the relationship between the
hybridization of carbon catalysts and their CO,RR perform-
ances has not been thoroughly investigated. The effect of
hybridization on the reaction pathway and the product selecti-
vity is still in question. Herein, we studied the activity of graph-
diyne in CO,RR via density functional theory (DFT) calcu-
lations. It was found that graphdiyne shows excellent activity
and selectivity compared with the graphene catalyst, and the
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carbon atom with sp-sp” hybridization was identified as the
active site. Nitrogen doping is proved to be effective in improv-
ing the activity for CH;0H and CH, products, and the investi-
gation of the electronic structure would shed light on the
underlying mechanism of CO,RR on graphdiyne.

Results and discussion
Structure of graphdiyne

The network structure of graphynes could be regarded as the
C6 hexagons in graphene interconnected by acetylene linkages,
which possessed a special atomic arrangement and an elec-
tronic structure.”® The two adjacent sp>-hybridized carbon
atoms in graphdiyne were connected by two “~CEC-" lin-
kages.”> The model of graphdiyne and the bond length of the
structure after structural optimization are shown Fig. 1. It
could be observed that the bond length in the benzene ring
was around 1.48 A. The bond lengths in “~-CEC-” linkages and
the bond linked to the benzene ring were 1.25 A and 1.47 A,
respectively. Moreover, the two “-CEC-" linkages were con-
nected by a carbon-carbon bond with a bond length of 1.40 A.
The bond length is the essential criteria for the bonding type.
When compared with the standard bond length in the
benzene ring of 1.39 A, the benzene ring in graphdiyne was
slightly elongated to 1.48 A. Similarly, the length of the triple
bond in acetylene was 1.20 A; therefore, the triple bond in the
“_CEC-” linkage was also elongated to 1.25 A. It is interesting
to note that the bond between the “-CEC-" linkage and the
benzene ring exhibited a length of 1.47 A, which was similar to
the C=C bond length in the benzene ring, indicating that a
conjugated structure was formed. The two “-CEC-" linkages
were connected by a bond of length 1.40 A, which was shorter
than a length of 1.47 A exhibited by the bond between the “-
CEC-" linkage and the benzene ring. Considering the sym-
metry of the structure, the three carbon atoms are denoted as
sites 1, 2, and 3, as shown in Fig. 1. The hybridization of site 1
could be regarded as sp>. Moreover, the hybridization of site 2
is between sp® and sp (sp-sp”), which was conjugated with the
adjacent benzene ring. Site 3 was the one with sp hybridiz-
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Fig. 1 The model of graphdiyne and the related bond lengths in A.
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ation. Next, we investigated the free energy diagram of CO,RR
on the sites 1, 2, and 3.

CO,RR pathway on graphdiyne

For CO,RR, the two-electron reduction products are CO and
HCOOH. As shown in eqn (1) and (2), the initial protonation of
CO, leads to the generation of either *COOH or *HCOH, which
can be further reduced to *CO or *HCOOH, respectively.
Subsequently, *CO and *HCOOH can be desorbed from the
catalyst as CO and HCOOH products, respectively.

CO, — *COOH — *CO — CO (1)
CO, — *OCOH — *HCOOH — HCOOH (2)

However, if the adsorbed *CO is further reduced to *CHO
or *COH, CH;OH and CH, are available as the six-electron or
eight-electron reduction products, respectively.

*CHO/*COH — *CHOH — *CH
— *CHZ — *CHg — CH4

3)

*CHO/*COH — *OCH, — *OCH3
— *OCH4 — *OH + CH, — H,0

(4)

*CHO/ * COH — *CHOH — *CH,OH — CH;0H  (5)

It should be noted that CH, can be generated via two
routes, as shown in eqn (3) and (4). In eqn (3), *CHO or *COH
is first reduced to *CHOH, which can be further protonated to
*CH and H,O. Then, *CH is further reduced to CH, in a
series of protonation steps. However, as shown below, the step
of *CHOH — *CH always involves a high energy barrier com-
pared with *OCHj;, which indicates that the pathway in eqn (3)
is inferior to that in eqn (4) on graphdiyne. On the other hand,
as shown in eqn (4), *CHO is reduced to *OCH, and further
reduced to *OCH; and again to *OCH,. Next, *OCH, is
reduced to *OH and CH, product, which is released from the
surface. For CH30H, eqn (5) shows the following pathway:
*CHO is first reduced to *CHOH, and *CHOH is further
reduced to *CH,OH, which in turn is reduced to CH;OH as the
final product. The graphical illustration of the pathways is
shown in Fig. S1.f

Herein, the computational hydrogen electrode (CHE) model
pioneered by Nerskov et al. was applied to depict the free
energy diagram of CO,RR, which accounted for the energy of a
proton-electron pair (H" + €7) in an aqueous solution.?® The
reaction free energy of each elementary reaction —AG is calcu-
lated as follows:

AG = plproduct] — u[reactant] — 0.5u[H,(g)] + eU

where p is the chemical potential and U is the applied electri-
cal potential.
Specifically, when U= 0V,

AG=-Up xe

where Uy, is the limiting potential of the elementary hydrogen-
ation step.”” Among all the elementary steps, the most negative
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U, represented the theoretical limiting potential. Therefore,
the limiting potential (Uy) of each specific product (CO,
HCOOH, CH;0H, and CH,) was obtained by the maximum
free energy change, AG,x, and then by using the relation Uy, =
—AGmax/e. The step with the AGy,ax is the potential-determin-
ing step. The conversion of free energy from the electronic
energy and more calculation details are provided in ESL

The diagrams of the reaction free energies are plotted in
Fig. 2(a)-(c), for sites 1, 2 and 3, respectively. It can be clearly
seen that the hydrogenation of CO, to form the carboxyl group
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Fig. 2 The free energy diagram of CO,RR on (a) site 1, (b) site 2, and (c)
site 3 of graphdiyne.
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(*COOH) is more favourable than that of the formate group
(*OCOH). It is noted that *OCHO binds to the active site via
one of the two oxygen atoms, while *COOH binds via the
carbon atom.>” The subsequent reduction of *COOH generates
*CO, which could either desorb as CO or undergo a further
reduction to form *CHO or *COH, which is the key intermedi-
ate for CH;OH and CH, products.®® On the other side, the
reduction of *OCHO led to the formation of HCOOH, which
readily desorbed from the surface of graphdiyne.?® For CO and
HCOOH, the formation of *COOH or *OCOH is the step with
the highest reaction energy barrier. It is indicated that the first
hydrogenation step of CO, is the potential-determining step.
On sites 1, 2 and 3, the energy barriers of *COOH formation
were 1.52 eV, 1.12 eV, and 1.30 eV, respectively. Therefore, the
limiting potentials (Uy) for the CO product are —1.52 V, —1.12
V, and —1.30 V, on sites 1, 2, and 3, respectively. For HCOOH,
the Uy, values were —2.14 V, —1.82 V, and —1.98 V, on sites 1, 2,
and 3, respectively. The site 2 on graphdiyne with sp>-sp
hybridization exhibits the lowest limiting potential of —1.12 V
for the CO product.

As mentioned above, for CH;0H and CH, products, the key
intermediate *CHO or *COH is generated from the *CO
reduction. This step is crucial for CH;0OH and CH, products
on numerous catalysts.>>*! On graphdiyne, the formation of
*CHO is much more favourable than *COH on all three sites.
On sites 1, 2 and 3, the free energy changes from *CO to *CHO
were 1.04 eV, 0.64 eV, and 0.89 eV, respectively, while the free
energy of *COH were 3.84 €V, 3.45 eV, and 3.53 €V, respectively,
much higher than that of *CHO. It could be seen that site 2
exhibits the lowest energy barrier for *CO — *CHO. As shown
in eqn (3) and (4), for the CH, product, the step of *CHOH —
*CH,OH is more favourable than the step of *CHOH — *CH
on the three sites. Therefore, the pathway of the CH, product
is more likely to occur via eqn (4). Subsequently, the steps
following the formation of *CHO are relatively easy with low
energy barriers. Starting from *CHO, on site 1, the step with
the largest energy barrier is *CHOH — *CH,OH with 0.62 eV
for CH;0H, and for CH,, the step with the largest energy
barrier is *OCH, — *OCHj; with 0.48 eV. Similarly, on site 2,
for CH;0H and CH, products, the counterparts are *CHO —
*CHOH (0.34 eV) and *OCH, — *OCHj; (0.33 eV), respectively.
On site 3, for CH;0OH and CH, products, the counterparts are
*CHO — *CHOH (0.50 eV) and *OCH, — *OCHj; (0.40 eV),
respectively. Therefore, starting from *CO for CH3;OH and
CH, products, the potential-determining step is *CO —
*CHO, and the limiting potentials are —1.04 V, —0.64 V, and
—0.89 V on sites 1, 2, and 3, respectively. Site 2 is the most
active site for both the CH;OH and CH, products. After
applying a potential of —1.12 V (U, for *COOH formation at
site 2), the free energy diagram at site 2 is shown in Fig. S2.}
At this potential, the free energies of all the intermediates
and products moved towards a negative direction. Except for
the HCOOH product that still exhibited an energy barrier of
0.7 V, the CO, CH3;0H and CH, products demonstrated a
downhill energy diagram, indicating that these products are
viable at —1.12 V.

This journal is © The Royal Society of Chemistry 2021
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The major difference among sites 1, 2, and 3 is hybridiz-
ation. As shown in Fig. S3,1 the Bader charge analysis shows
that the site 2 changes the hybridization from sp-sp” to sp?,
forming a stable conjugated structure with the neighbouring
benzene ring, which is beneficial for the charge redistribution.
For further insight into the hybridization effect on activity, we
investigated the free energy diagram of CO,RR on graphene,
which is purely composed of sp> carbon atoms. As shown in
Fig. 3, the free energy diagram clearly shows that the step of
CO, — *COOH is the one with the largest energy barrier (2.34
eV) on graphene. Compared with that on graphdiyne, the free
energy barrier on graphene is much more difficult to over-
come. The enormously high energy barrier on graphene could
be attributed to the stable network with the sp> hybridized
carbon atom, which is detrimental to the activity. On the con-
trary, a pristine graphdiyne exhibited a high activity towards
CO,RR. The comparison between the graphene and graph-
diyne illustrated the key role of hybridization on the activity of
carbon catalysts. The sp-sp® hybridization in graphdiyne is
beneficial for the first reduction step of CO, — *COOH and
*CO — *CHO, which are the key steps for CO,RR.

The effect of nitrogen doping

The nitrogen doping has been recognized as an effective way
to improve the electrochemical performance of carbon
materials.*>** The nitrogen dopant induced an alteration in
the electronic structure of the catalyst surface, which facilitated
the adsorption of intermediates and the electron transfer.>* In
CO,RR, nitrogen had been successfully introduced into the
carbon catalysts, leading to a higher activity and selectivity.**>°
Herein, we substituted site 1, site 2 or site 3 carbon atom in
graphdiyne with a nitrogen atom.

As shown in Fig. 4(a), the nitrogen atom and two neigh-
bouring sites are denoted as N1 to N9 and are investigated as
the active sites for CO,RR. We could learn from pristine graph-
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-0.36 N9

Fig. 4 (a) The structure of graphdiyne with different positions of nitro-
gen, and the numbers N1-N9 denote the possible active sites. (b) The
free energy barrier (eV) of *COOH formation on N1-N9 sites,
respectively.

diyne that the first step of CO, — *COOH is pivotal, which
remarkably influenced the overall pathway of CO,RR.
Therefore, we focused on the formation energy of *COOH to
screen the catalytic activity of sites N1 to N9. As shown in
Fig. 4(b), it can be clearly seen that the free energy of *COOH
formation varies significantly on different sites. Notably, N1,
N3, N4, N6, N7 and N9 exhibited a low reaction energies of
1.02 eV, —0.26 eV, —0.64 eV, 0.46 eV, 0.21 eV, and —0.36 eV,
respectively, for the *COOH formation. Compared with the
pristine graphdiyne, the introduction of nitrogen atom is
effective in reducing the energy barrier of the *COOH
formation.

We further investigated the free energy change along the
pathway of CO,RR on these sites. N3, N4, and N9 exhibited a
negative free energy change for the *COOH formation, but
further calculations showed that N4 and N9 exhibited a high
energy barrier for *COOH — *CO of 1.30 eV and 1.68 eV,
respectively, while N3 demonstrated a moderate barrier of 0.91
eV. Therefore, we studied the reaction energy profiles of
CO,RR on N1, N3, N6 and N7. As shown in Fig. 5, it can be
seen that on N1, the formation of *COOH or *OCOH is the
step with the highest energy barriers of 1.02 eV and 1.62 eV,
respectively, which is similar to that on the pristine graph-
diyne. Next, *OCOH was reduced to HCOOH and desorbed
from the catalyst, while *COOH was reduced to *CO.
Subsequently, *CO could be either desorbed from the surface
or reduced to *CHO/*COH and then further reduced to
CH3;0H or CH,. It was noted that compared with *CHO, the
*COH formation was much more difficult with a high free
energy barrier on N1, N6 and N7. The largest energy barriers
from *CO to CH;0H or CH, were 0.65 eV and 0.01 eV in the
step of *CHOH — *CH,OH and *CHO — *OCH,, respectively.
Therefore, the CH, product was more favourable than that of
CH3;0OH on N1.

As for N3, it was interesting to note that the formation of
*COOH exhibited a favourable energy change of —0.26 eV,
which indicated a strong adsorption of *COOH on N3. From

Green Chem., 2021, 23,1212-1219 | 1215
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Fig. 5 The free energy diagram of CO,RR on (a) N1, (b) N3, (c) N6, and
(d) N7.

the *COOH configuration in Fig. 5(b), it can be observed that
the distance between the carbon atom on the N3 site and the
adjacent nitrogen atom is elongated so that a vacancy is
formed, in which the *COOH intermediate is trapped.
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However, the step of *COOH — *CO exhibited a high energy
barrier of 0.91 eV. Subsequently, the energy barriers of *CO —
*CHOH and *CO — *OCH, are 1.07 eV and 1.03 eV, respect-
ively, which indicated that CH;OH and CH, were less likely to
generate than the CO product. Therefore, it was observed that
the CO production was more dominant on N3.

As shown in Fig. 5(c) and (d), on N6 and N7, the energy bar-
riers of the *COOH formation are 0.46 eV and 0.21 €V, respect-
ively. Hence, the formation of *COOH is not the step with the
largest energy barrier on N7. Instead, the step of *COOH —
*CO exhibited high energy barriers of 0.60 eV. In the following
steps, compared with that of the pristine graphdiyne and N1,
the energy barrier of *CO — *CHO was significantly reduced,
which was beneficial for the CH;OH and CH, products.
Starting from *CO, the largest energy barriers for CH;OH and
CH, products were 0.26 eV and 0.98 eV on N6, respectively,
while the counterparts on N7 were 0.02 eV and 1.00 eV,
respectively. It was clearly seen that the CH, production was
impeded by the sluggish step of *CHO — *OCH,, while the
steps towards the CH;OH product was greatly facilitated on N6
and N7. Fig. S47 shows the free energy diagram of CO,RR on
N1, N3, N6, and N7 at applied potentials of —1.02 V, —0.91 V,
—0.46 V and —0.60 V, respectively. It could be seen that on N6,
the pathway to CH;0OH was energetically favourable at a low
potential of —0.46 V. Nitrogen-doping not only improved the
activity of CO,RR by reducing the energy barrier of the *COOH
formation, but also enhanced the selectivity towards CH, on
N1, CO on N3, and CH3;OH on N6 and N7, respectively. N6
exhibited the lowest limiting potential of —0.46 V for the
CH;0H product. It indicated that the nitrogen-doped graph-
diyne possessed a high activity and selectivity towards CH;0H,
a valued liquid fuel, which was reportedly only produced on
metal catalysts, such as Cu-based catalysts and cobalt phthalo-
cyanine in literature.>”*°

The nitrogen defects and hydrogen evolution reaction

It has been reported that the nitrogen-defects are crucial for
the CO,RR activity.">"'®'? Herein, the pyrrolic and pyridinic
nitrogen defects were constructed on graphdiyne to investigate
the activity of nitrogen defects. As shown in Fig. S6,7 the first
hydrogenation step is more favoured towards *COOH instead
of *OCOH on both the nitrogen defects. Subsequently, it is
interesting to note that the adsorption of *CO is stable on the
pyrrolic nitrogen, and the following hydrogenation step of *CO
— *CHO was energetically easier in occurrence than the de-
sorption of *CO. On the other hand, on the pyridinic nitrogen
*CO 1is readily desorbed from the catalyst. The primary
reduction product on the pyrrolic nitrogen is CH;OH, and the
highest energy barrier is 1.29 eV on the step of *CH,OH —
*CH3;O0H. On the pyridinic nitrogen, CO is the primary product
with the highest energy barrier of 0.96 eV on the step of
*COOH — *CO. It could be seen that on comparison with the
pyrrolic nitrogen the pyridinic nitrogen is more active and
favourable for the CO product. This is consistent with previous
studies on the nitrogen-doped carbon catalysts for CO,RR.****

This journal is © The Royal Society of Chemistry 2021
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The hydrogen evolution reaction (HER) is a competitive
reaction for CO,RR, which should be avoided. The free energy
of *H adsorption is studied on sites 1, 2, 3, and N1-N9. As
shown in Fig. S7,7 the results indicate that the adsorption
energy of *H is relatively more negative than the formation of
*COOH, as shown in Fig. 2 and 5, except for N3 site, which
indicates that H* adsorption is strong on these sites. On the
N3 site, the free energy change of CO, — *COOH is —0.26 €V,
while the *H adsorption energy is 0.02 eV. Thus, the N3 site is
selective towards CO,RR against HER. The results implied that
HER could be a concerning issue for the practical usage of the
graphdiyne catalyst for CO,RR. Nonetheless, it should be
noted that in recent experimental studies on CO,RR, numer-
ous methods were employed to suppress HER effectively, such
as ionic liquids,*® aqueous pH buffer regions,** cations,” and
nitrogen co-catalysts.*® In particular, the flow cell equipped
with a gas diffusion electrode allowed the alkaline electrolyte
use to suppress HER, which significantly enhanced the fara-
daic efficiency of CO,RR products.”’ *° Using these methods,
some metals, such as Pd, which were theoretically inclined to
produce H,, exhibited a high faradaic efficiency for
CO,RR.”**! Therefore, by taking cautious approaches, the
parasitic HER on graphdiyne could be dealt with in CO,RR
experiments.

The electronic structures: effects of hybridization and doping

To further explore the mechanism of CO,RR on pristine and
nitrogen-doped graphdiyne, we studied the partial density of
states (PDOS) of the carbon 2p orbital in sites 1, 2, and 3 of
pristine graphdiyne and N1, N3, N6, and N7 in nitrogen-doped
graphdiyne. It was reported that the stronger states near the
Fermi level indicated a better capacity for the electron-transfer,
therefore facilitating the catalytic activity. As shown in
Fig. 6(a), on site 1 and site 3 of pristine graphdiyne, the states
near the Fermi level are relatively low. Compared with site 1
and site 3, site 2 showed higher states near the Fermi level. As
discussed in the energy diagram of CO,RR, the formation of
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Fig. 6 Partial density of states (PDOS) of the carbon 2p orbital of (a)
sites 1, 2, and 3 in pristine graphdiyne and (b) N1, N3, N6, and N7 in
nitrogen-doped graphdiyne. The dashed line refers to the Fermi level.
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*COOH is much easier on site 2 compared with that on site 1
and site 3. Similarly, in the nitrogen-doped graphdiyne, the
states near the Fermi level were much higher in N6 and N7
than that observed in N1 and N3, which were consistent with
the low energy barrier of *CO — *CHO on N6 and N7. The
favourable energy change of the formation of *COOH and
*CHO on N3 could be attributed to the elongation between the
active site and the adjacent carbon atom, which led to a
vacancy accommodating the intermediate. As shown in
Fig. S6,T the charge density difference of the *COOH adsorp-
tion on pristine and nitrogen-doped graphdiyne shows that
the site 2 in pristine graphdiyne, along with N6 and N7 in the
nitrogen-doped graphdiyne, exhibits a significant alteration in
the charge density of the catalyst, with a noticeable hybridized
conjugation on the active site and adjacent atoms. Moreover,
as mentioned above, the Bader analysis indicated that the
lower free energy barrier for the *COOH formation was closely
related to the hybridization transition of the sp-sp” to sp®. The
PDOS and charge analysis suggested that site 2, N6 and N7
possessed a better capability of charge transfers, which
explained the lower energy barrier of the *COOH and *CHO
formations on these sites.

Conclusion

Using the DFT calculations, the activity and selectivity of
graphdiyne towards CO,RR were evaluated, and the effect of
carbon hybridization was also thoroughly investigated. The
results showed that the site 2 with sp®>-sp hybridization exhibi-
ted the best activity with a low activation barrier for the CO,
CH;0H and CH,4 products. Compared with graphene with pure
sp> hybridization that showed a much higher energy barrier
for CO,RR, the sp>-sp hybridization with the conjugated struc-
ture was crucial for the CO,RR activity over graphdiyne.
Nitrogen doping was found to be effective for improving the
CO,RR activity. The electronic structure analysis demonstrates
that the strong adsorption of key intermediate *COOH/*CHO
could be attributed to the increased density of states near the
Fermi level and the conjugated charge redistribution facili-
tated the sp>-sp to sp” transition, leading to a stronger adsorp-
tion of the intermediates. The current study predicts a good
application prospect of graphdiyne for CO,RR, and the new
insight into the relationship between hybridization and reac-
tivity sheds light on further development of the carbon cata-
lysts for CO,RR.
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