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Boosting ORR/OER Activity of Graphdiyne by Simple

Heteroatom Doping

Jinxing Gu, Saneliswa Magagula, Jingxiang Zhao,* and Zhongfang Chen*

Nitrogen-doped graphdiynes recently emerged as promising metal-free oxygen
reduction reaction (ORR) electrocatalysts. However, which type of N-dopants
contributing to the enhanced catalytic performance and the catalytic per-
formances of other heteroatom-doped graphdiynes has not been explored
systematically. Herein, ORR and oxygen evolution reaction (OER) catalytic
performances of X-doped graphdiynes are examined by means of DFT compu-
tations (X=B, N, P, and S). It is revealed that the graphitic S-doped graphdiyne
(Model S1), the sp-N-doped graphdiyne (Model N3) and the graphitic P-doped
graphdiyne (Model P1) exhibit comparable or even better ORR/OER activi-

ties than Pt/C or RuO,, with ORR activity trend as Model S1 > Pt/C > Moclel
N3 and OER trend as Model P1 > RuO, > Model N3. The carbon atoms r2~
N- and S-dopants and featuring large positive charge are the ORR act?. ~ s s
in Models N3 and S1, whereas the carbon atoms near N- and P-~Z~oa\.*~ and
possessing high spin are the OER active sites in Models N3 ~nd P1. Dverall,
this study not only gains deep insights into the catalytic act. .y of N-doped

tolerance, and CO poisoning.'% There-
fore, it is critical and desirable to search
for durable, active, and inexpensive cata-
lysts. Several strategies, such as reducing
the precious metal loading,!'!l developing
single-atom catalysts and nonprecious
metal catalysts,'>8 and fabricating
metal-free catalysts!!”] have been exploited.
Among these strategies, metal-free cata-
lysts with controllable compositions are
quite attractive because of their low-cost,
high stability, and high efficiency.!'>-
Graphene, a 2D material first fabricated
in 2004,”] has many unique properties,
such as large surface area and high con-
ductivity. Graphene-based nanomaterials
are among ke most widely studied ORR
metal-{ ee catalysts. Notably, the catalytic

graphdiyne for ORR, but also guides developing of gra; adiy e-based ORR/

OER catalysts beyond N-doping.

1. Introduction

Fuel cells,[” rechargeable metal-air haiiries,®* and water
splitting®®l technologies provide a préwusing blueprint for
sustainable and renewable energy supplies.’ To realize these
technologies, two sluggish chemical reactions are at the core:
oxygen reduction reaction (ORR) and oxygen evolutiop-zea:-
tion (OER). Currently, the industrially used ORR cataly=zts a e
Pt/C, while the best OER catalysts are oxides of Ir v 1.l
These noble metal-based catalysts are limited in ccmmertializa-
tion due to their high cost and other drawbacks. ‘o0 example,
Pt/C suffers from voltage-dependent area l¢35.°! p20r methanol
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perforiiance can be enhanced by doping
v ith. various heteroatoms such as N, B,
P “dnd S;228 these heteroatoms influ-
ence the activity of graphene by changing
the bandgap, spin, and charge distribu-
tions.l?’! Far'=xample, compared with commercially available
Pt/C, dar’ag nitrogen endows graphene with better activity and
stabiii, wnd reduces the crossover and poison effect for ORR
in“aimaline media.*¥ In addition, nitrogen-doped graphene
n.aterials can even act as ORR/OER bifunctional metal-free cat-
2.ysts,3 which are highly desirable for rechargeable metal-air
batteries.??!

Inspired by graphene, other 2D materials have been explored
as ORR/OER catalysts, such as phosphorene 3 antimonene,
and graphitic carbon nitride (g-C;N,).*”! Understanding the
influence of doped heteroatoms to these 2D materials at
the atomic level can greatly facilitate catalyst design. As dem-
onstrated by Pei et al.’% for instance, the S-doped g-C;N, as
a bifunctional catalyst (for oxygen reduction and hydrogen
evolution reactions) affords superior reaction kinetics relative to
its B- or P-doped counterpart.

An analogue of graphene is graphdiyne: a semiconductor
that consists of carbon hexagonal rings (sp?-hybridized C) and
diacetylenic linkages (—C=C—C=C—, sp-hybridized C).}"-3
Recently, N-doped graphdiynes emerged as promising ORR
metal-free catalysts, with low overpotential, small crossover
effect, and long-term stability.***? For example, Liu et al.*?!
prepared N-doped graphdiyne by heating graphdiyne under
high-purity ammonia mixed with argon. The as-prepared
N-doped graphdiyne showed high ORR activity (E,,e; = 0.899 V
vs RHE) and good tolerance to methanol in alkaline media.
Notably, doping nitrogen to graphdiyne could introduce two
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kinds of dopants: sp?-N and sp-N, depending on which hybrid-
ized carbon is substituted.*! Substituting sp?-C yields sp>-N
dopants, namely graphitic N and pyridinic N, while substi-
tuting sp-C yields sp-N dopants, in the form of -N=C-C=C-
and —-C=N-C=C-."1 Both the sp?-N (pyridinic N) and the sp-N
dopants are believed to help promote the ORR performance of
graphdiynes.[*>* However, Liu et al.[*} proposed that the sp-N
dopants plays a more important role than sp>N on the basis of
the calculated charge distribution and O, adsorption energies.
Moreover, Zhang et al. successfully realized N and F codoped
graphdiyne, which exhibited very good activity toward ORR as
indicated by its onset potential of 1.0 V versus RHE.*¥] In the
same work, graphdiynes doped solely by B, S, and F were also
fabricated, but their catalytic performances were not reported
yet.*8] On the theoretical side, several studies have investigated
the electronic structure and ORR catalytic performance of B
and N doped graphdiynes, which promotes the design of graph-
diyne-based electrocatalysts.[*2->1]

However, to our best knowledge, the ORR performance of
only a few doped graphdiynes (B and N) has been examined,
while no efforts toward OER activity of doped graphdiynes have
been made so far. Thus, several issues are yet to be addressed
to develop graphdiyne-based ORR/OER electrocatalysts: Where
are the actual active sites located? Which N doping type is
essential to ORR? Can N and other heteroatom (e.g., B, P, and
S)-doped graphdiynes exhibit good activities toward ORR and/
or OER? In the present work, we comprehensively studied th>
electrocatalytic activities of N, B, P, and S-doped graphdync:
toward ORR/OER by means of density functional theor; /L ¥T*
computations. Our calculations revealed that the sp:N‘doped
graphdiyne with a specific doping style (-C=N-C=7-) e.hibits
the best activity for both ORR and OER among'N- oy »d graph-
diynes. We also demonstrated that the graphitic:S-1oped graph-
diyne exhibits the best catalytic activity tov arc ORR, and the
graphitic P-doped graphdiyne has th> Uc't catalytic activity
toward OER, among all the heteroatom (Z; N, P and S)-doped
graphdiynes examined in this study.

2. Computational Methods

Geometry optimizations and total energy calcuiatiniiz’were
performed by spin-polarized DFT computaticiis, vsing the
DMol® package.’ The Perdew-Burke trnzaiiof (PBE)
functionall®¥ within the generalized gradier.t approxima-
tion (GGA) was employed. We also -onsidered van der
Waals interactions following the «rinuical correction in
Grimme’s scheme,® and includé i he solvent effect using
the conductor-like screen medil {ZOSMO) where the die-
lectric constant for water 15°7: 5+.55 The double numerical
plus polarization (DNP) havis set was utilized throughout
this work.’®l A global-arbitul cutoff of 4.0 A, an energy con-
vergence level of .4\ x 10~ Ha, and an SCF tolerance of
1.0 x 10° Ha we.= adopted. All the structural models were
constructed frem o graphdiyne supercell (2 x 2 x 1) with cor-
responding lattice constants: a = b =18.94 A and ¢ = 15 A. Due
to the large lattice constant, the Brillouin zone was sampled
by a 2 x 2 X 1 k-mesh grid via Monkhorst-Pack method,?”!
and the reliability of this k-point setting was validated by test
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computations (Figure S1, Supporting Information). Atomic
charge and spin distribution calculations were performed by
the Hirshfeld method.B8l

The Gibbs reaction free energy change (AG) of each
elementary step in ORR/OER was evaluated based on the
computational hydrogen electrode (CHE) model developed
by Nerskov and coworkers.>”) We denoted the free adsorption
energies of O-containing intermediates in the ORR/OER four-
electron pathway as AG(*OOH), AG(*0), and AG(*OH). These
free adsorption energies were calculated using the free energies
of H,0 molecule in the liquid phase and H, molecule in the
gas phase as references. For example, Equation 1 was used to
obtain AG(*OH)

H,0(1)+*=*0H+%H, (g) (1a)

AG("OH)=G("OH)+%G(H,(g))-G(H,0(1))-G(*)  (1b)

The free energy G for each species is G = E + Epg—TS, where
E is the total energy, Eypg is the zero-point energy, S is the
entropy, and Tis set to 300 K. For all species, the total energies
are obtaine! vv.OFT computations. The E,pg and S values of
O-contaiiin ; intermediates (*O, *OH, *OOH) are calculated by
keepitig "tic substrates (i.e., doped graphdiynes) fixed, while the
Zyow aid S values of the H, molocule in the gas phase and in
the 1.quid phase are from ref. [72]. The Gibbs free energy of the
O, molecule is derived as C O,'g)) = 2G(H,0(1))-2G(H,(g)) +
4.92 eV, since DFT cannqt vory accurately calculate the energy
of the triplet O, molecrule.

3. Results.an1 Discussions

3.1. Striiaa ‘re s, Electronic Properties, and Stabilities of Doped
Grap'iwwivnes

Towstudy the ORR/OER activity of heteroatom X-doped graph-
di/nes, we chose B, N, P, and S dopants as representatives,
since they are the most widely studied dopants in the chem-
istry of carbon-based materials.°¥ In total, 15 structural models
were constructed for X-doped graphdiynes, including one
model for pristine graphdiyne (Gdy), five models for N-doped
graphdiynes, and three models each for B-, P- and S-doped
graphdiynes, as shown in Figure 1. For clarity, unique carbon
atoms (inside the green frameworks in Model Gdy) are labeled
by numbers from 1 to 11. Due to the symmetry, substituting
carbon atoms 1, 2, and 3 in Model Gdy, respectively, by heter-
oatom X (X = B, N, P, and S) result in three different models,
namely X1, X2, and X3. Model X1 is also known as graphitic
X-doped graphdiyne, as the X heteroatom replaces the sp*
hybridized carbon atom, while X2 and X3 are sp-X-doped
graphdiynes with sp-hybridized carbon atoms substituted by
X atoms. Besides Models X1-3, Model pdN and Model NH,
are constructed for representing the pyridinic N-doped and
the amino group doped graphdiynes, respectively. Note that all
these five N-doped graphdiynes have been obtained experimen-
tally.[**6l By examining these 15 models, we can find out the
most crucial X dopant and the most active X-doped graphdiyne
for ORR/OER.
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Figure 1. Constructed models for pristine, and N-, B-, P-, S-doped graphdiy:'c.N-aczed graphdiyne: a) pristine gr phdiyne Gdy, b) N1, ¢) N2, d) N3

e) pdN, f) NH,; B-doped graphdiyne: g) B1, h) B2, i) B3; P-doped graphdiyne: j) 21, k) P2, ) P3; S-doped grapb-'ivi.e: m) S1, n) S2, 0) S3. Note that
Model Gdy has three possible active sites (C], C2, C3). For other mod'_is..the heteroatoms themselves, and *iic.caibon atoms with high spin and/or
charge density were considered as possible active sites (labeled acca+dii 2 to the relative position in (a).

The pristine graphdiyne is a semiconductor with < hindgap
of 0.46 eV,*®¥ which is reduced upon doping E+. N, 1, or S
for all the considered models (Figure S3, Suv oring Infor-
mation). At a doping concentration of about 1.4% (atomic
percentage), the B- and S-doped granhliyies can reduce
the bandgap to 0.16 and 0.28 eV, re n<lively; while N- and
P-doped graphdiynes can even be metillic. The bandgaps of
the B- and S-doped graphdiynes are further reduced at higher
doping concentrations (Figure S4, Supporting Information‘
at a doping concentration of about 5.6% (atomic percer
all the B-doped graphdiynes become metallic, wh.le the
bandgap of S-doped graphdiynes can be narrowed to .02 eV
(Model S3). The reduced bandgaps are beneficia' 1y l: elec-
tron transfer when these doped graphdiynes aic vtilized as
electrode materials.

Structurally, doping B or N atoms to graphd.ynes preserves
the original planar geometry, while doping P or S leads to
an out-of-the-plane distortion excepvwint Models P3 and S3
(Figure S2, Supporting Informatic .} mostly due to the larger
atomic radii of P and S atoms.

To evaluate the relative “w#2buities of doped graphdiynes,
we computed their cohesive energies (E,,) via the equation:
Ecoh = (Emodel — MEc ~nEy;[/(m + n), where Eqq is the total
energy of the exan “incd 1nodel, E- and Ex are the total energies
of isolated C and .ietcioatom X, while m and n are the number
of C and X a »m: in the cell. According to our definition, a
more negative cohesive energy indicates increased thermody-
namic stability of the corresponding model. All these doped
graphdiynes have rather negative cohesive energies, indicating
their high thermodynamic stabilities. Based on the cohesive
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energies (Figure 23), N,;"Y and S dopants prefer the X2 doping
style, while B {op =i prefers X1.

The therinol;namically preferred doping configura-
tions can~hu, explained by the electronic effects. The gra-
phitic .S ‘obed graphdiyne (Model S1) features a sp’-
hybricized S atom, as revealed by the natural bond orbital
(N2C)N% analysis; the classic tetrahedral characteristic of
sp3-iybridization gives rise to the geometric distortion, which
destroys the aromaticity of the hexagonal ring (Figure S5,
Supporting Information). In Model S2, S atom adopts sp?-
hybridization featuring three in-plane hybridized orbitals
and one perpendicular p, orbital. The three in-plane hybrid-
ized orbitals of S atom form two covalent bonds with adja-
cent carbon atoms (Figure 2b) and accommodate a lone pair
(Figure 2c). C3 atom also adopts sp*-hybridization possessing
two covalent bonds and a lone pair. The p, orbitals of S and C3
atom form a 7 bond, which replaces the carbon-carbon triple
bond in pristine graphdiyne (Figure 2d). Model S2 is energeti-
cally more favorable than Models S1 or S3, because the lone
pair of S can be stabilized by aromatic benzene ring and the
lone pair of C3 atom can be stabilized by the resonance with the
neighboring carbon—carbon triple bond. The planar structure of
Model S3 is attributed to the interaction between the lone pair
of S atom and the vacant p, orbital of the carbon atom close to
the hexagonal ring (Figure S6, Supporting Information).

The strong stabilizing effects induced by the aromatic ben-
zene ring and the carbon—carbon triple bond also hold true in
Models N2 and P2: the lowest-energy configurations for the N-
and P-doped graphdiynes. In contrast to S-doped graphdiynes,
N- and P-doped graphdiynes have unpaired electrons on carbon
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Figure 2. a) The cohesive energies of X-doped graphdiynes. b—d) Selected NBO orbitals of Model S2 with an isovalue of 0.08, where S and C3 are sp?
hybridized. The hexagonal rings are passivated by H atoms, which are invisible in the plots.

atoms and lone pair electrons on N/P atoms (Figures S7-S12,
Supporting Information). Based on our NBO analysis, the aroma-
ticity of the hexagonal carbon ring is broken by the lone pair on
the N/P atom in Model N1/P1 (Figures S7 and S10, Supporting
Information), which makes N1/P1 energetically less favorable.
For Model N2/P2, the lone pair on N/P can be stabilized by the
hexagonal ring adjacent to the N dopant, moreover, the unpaired
electron located on the C3 atom can resonate to the C5 atom, and
then conjugate with its neighboring hexagonal ring (Figure S8d,
Supporting Information). These two effects help stabilize N2/P2
over N3/P3. The planar structure of P3 is attributed to the sp*
hybridization of the P atom and the 7 bond between P ap< ti
C2 atom (Figure S12, Supporting Information).

On the contrary, for B-doped graphdiynes, Model B. i< lower
in energy than B2 or B3, which can be explained by the rela-
tively good m-electron delocalization in the BG:H - 112g[%? and
the strong 7 conjugation through the vacant v arbital of the B
atom.

3.2. The Mechanism of ORR/OER

The direct four-electron pathway of ORR is preferred forfe!
cells and metal-air batteries, as it provides high voltage anl
produces minimum harmful peroxides. In acidic couditon,
this pathway has four reaction steps

0,(g)+H" +e +*=*O0H (2a)
*OOH+H" +e” =*0+H,0(1) (2b)
*O+H'+e =*OH (29)
*OH+H* +e” =*+H (1) (2d)

where * denotes t. = asiv2 site, *OOH, *O, and *OH represent
the oxygen-co. ‘aning intermediates. The reaction free energy

change for each step can be derived by free adsorption energies
[63]
as

AG(2a)=AG (*OOH)-4.92 eV +eU, (3a)
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AG(2b)=AG (*0)~AG (*OOH)+eU, (3b)
AG (2c)=AG (*OH)—AG (*0)+eU, (39)
AG (2d)==AT(*OH)+eU, (3d)

woere die term U (i = a, b, ¢, ¢\ is the external potential on
the electrode. The four-electron‘inechanism for OER is given in
Supporting Information due o .is similarity to ORR.

3.3. Active Sites, Scaling Relations, and Volcano Plots

The dopants 2itenielves and the carbon atoms with high spin
and/or cha=oc density (Figures S13—-S24, Supporting Informa-
tion) were chosen as possible active sites.[**%0] These possible
active” ites are labeled by combining the heteroatom doping
molesr and the doping position as numbered in Model Gdy.
Forexample, the active site N3-C4 is the C atom numbered 4 in
Model N3.

Based on the free adsorption energies of oxygen-containing
species on these active sites (Table S1, Supporting Information),
we plotted the scaling relations (Figure 3a), which depict the
correlation of AG(*OOH), AG(*O) and AG(*OH) at each pos-
sible active site

AG (*O0H)=0.89 AG (*OH)+3.30 (42)
AG(*0)=1.18 AG(*OH)+0.68 (4b)

Substituting Equation (4) to Equation (3), and letting
AG(2i) = 0 (i = a—d), we obtained the reversible potentials U?

eU; =-0.89 AG (*OH)+1.62 (5a)
eUp =—0.29 AG (*OH)+2.62 (5b)
eU? =0.18 AG (*OH)+0.68 (5¢)
eUj =AG (*OH) (5d)
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Figure 3. a) The scaling relations between the free adsorption energies of O-containing intermediates. b) The volcano plot of limiting potentials for
X-doped graphdiynes toward ORR/OER. The best ORR/OER active sites in Model Gdy are denoted by magenta crosses, while the active sites with
catalytic performance better than that of Model Gdy are labeled by arrows.

Based on these reversible potentials, we constructed the
volcano plots for X-doped graphdiynes to screen possible
active sites. As shown in Figure 3b, the reversible potentials
U? form two volcanos (orange areas): ORR at the bottom,
and OER at the top. Theoretically, the limiting potential (Uy)
is the maximum/minimum potential that allows ORR/OER.
Its value for each active site is marked by a red square in the
volcano plots. Overall, the ORR volcano is slightly inclined
to the left compared to the OER volcano, indicating that the
best active sites for ORR and OER are different in X-dopcd
graphdiynes. For ORR, there are two rate-determining steys
(RDS): one is the fourth reaction step (the reductiop ot “OF.
to H,0(l), Equation 2d) with strong *OH adsorptioi. ad the
other is the first reaction step (the formation 0. *OGI spe-
cies, Equation 2a) with weak *OH adsorption: Fr ¢ ER, there
are also two rate-determining steps: one is ti.> third reaction
step (the oxidation of *O to *OOH species; Eq 1ation Slc, Sup-
porting Information) with strong *C:H“adsorption, and the
other is the first reaction step (the oxicuiion of H,0 to *OH
species, Equation Sla, Supporting Information) with weak
*QOH adsorption.

3.4. Evaluations of Catalytic Performances

Heteroatom (N, B, P, and S) doping can enbaiiscithe ORR
activities of graphdiynes. Among the  hetc:outom-doped
graphdiynes examined in this study, the grzphitic S-doped
graphdiyne has the best ORR perform.nce with the nearby
C3 atom as the active site (S1-C3,%cure 1m). For N-doped
graphdiynes, the sp-N-doped grag .= 'yne (Model N3) exhibits
the best catalytic performance. \7hcse active site is the carbon
atom C4 adjacent to the N d¢p=nt (N3-C4, Figure 1d). The gra-
phitic B-doped graphdiy.e shows comparable performance
to that of sp-N-doped.ararhdiyne, with the neighboring C2
atom as the activ> site’ (B1-C2, Figure 1g). Compared with
the pristine gragha.;ne, the graphitic P-doped graphdiyne
displays imp.wel activity, whose active site is C10 at the
opposite site o' P dopant in the hexagonal ring (P1-C10,
Figure 1j).

Two ORR catalysts show comparable or even better limiting
potentials than that of a Pt (111) surface (U = 0.79 V)l namely
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the sp-N-doped graphdiyne (active site: N3-C4, Uy = 0.74 V) and
the graphitic S-doped graphdiyne (active site: S1-C3, Uy =0.81V).
Their high ORR activities are attributed to large positive
charges on the corresponding active sites (Figure 4a,c): The net
charge of 115-C'¢ (ca. 0.06 |e|) the second largest in Model N3
(only srhali>t than that of C2, Figure S19a, Supporting Infor-
matibn, while the net charge of S1-C3 is the largest (about
003 |y among all the carbon atyms in Model S1 (Figure S23,
Supporting Information).

Then, we utilized the fr¢> energy diagrams to evaluate the
catalytic performance ¢ t e active sites N3-C4 and S1-C3
under various poten‘iale “(Figure 4b,d). At the equilibrium
potential (1.23 V). threc'ORR reaction steps are uphill on both
N3-C4 and S1.C-acive sites, which means that ORR cannot
occur spontaiicously at this condition. The four ORR reaction
steps are.~!l Jownbhill on these two active sites by tuning the
potential "o © V, which corresponds to a short circuit condition
of ficc. cell. The maximum potentials that allow ORR sponta-
neaudly, i.e., the limiting potentials, on N3-C4 and S1-C3 are
0.74 and 0.81 V, respectively. Thus, the overpotential (1) on
NM3-C4is 0.49 V, and 1 on S1-C3 is 0.42 V.

Heteroatom (N, B, P, and S) doping also promotes the OER
activities of graphdiynes. Among all the doped graphdiynes, the
graphitic P-doped system exhibits the best OER activity, and its
corresponding active site (P1-C10, Figure 1j) is also active for
ORR. The sp-N-doped graphdiyne (Model N3) can serve as a
bifunctional catalyst, being able to well catalyze both ORR and
OER at the same active site (N3-C7, Figure 1d). Compared with
the pristine graphdiyne, sp-B- and sp-S-doped graphdiynes
also have enhanced OER activities, with active sites at B2-C7
(Figure 1h) and S3-C7 (Figure 1o), respectively.

RuO, is generally regarded as the best OER electrocata-
lyst, 185 whose theoretical limiting potential is about 1.60 V.7%
In terms of the limiting potential, two catalysts examined
here have comparable or even better OER activity than RuO,:
the sp-N-doped graphdiyne (active site: N3-C7, Up = 1.63 V),
and the graphitic P-doped graphdiyne (active site: P1-C10,
Up = 1.58 V). The high OER activities are attributed to the high
spin on the corresponding active sites (Figure 5a,c). N3-C7 has
a moderate positive charge, but a very high spin of 0.04 ug,
which is only smaller than that of C2 atom in the same model
(Figure S19, Supporting Information); while P1-C10 not only
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Figure 5. The scheme of *OOH intermediate adsorbed on OER active site N3-C7 a) and P1-C10 c). The Gibbs free energy diagram for OER under
various potentials on the active site N3-C7 b) and P1-C10 d).
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has a high positive charge, but also a very high spin of 0.07 ug
(Figure S20, Supporting Information).

Figure 5b,d presents the OER Gibbs energy diagrams on the
N3-C7 and P1-C10 active sites for the sp-N-doped graphdiyne
and the graphitic P-doped graphdiyne. At 0 or 1.23 V, N3-C7
or P1-C10 cannot catalyze OER because of uphill reaction
steps. Increasing the external potential from zero on the elec-
trode could make the uphill OER reaction steps become down-
hill. The minimum potential that allows OER, or the limiting
potential, is 1.63 V for N3-C7, while the corresponding value is
1.58 V for P1-C10. Thus, the OER overpotential for N3-C7 and
P1-C10 are 0.40 and 0.35 V, respectively.

Zhang et al. heat-treated the graphdiyne with ball-milled
sulfur to obtain the S-doped graphdiyne, which was proven
to exhibit a ferromagnetic transition temperature of about
460 K'Y Yang et al. heated the graphdiyne with benzyl
disulfides, and the as-prepared S-doped graphdiyne behaves
better than the pristine graphdiyne as the electrode for Li-ion
battery.”? Zhao et al. synthesized N, S codoped graphdiyne
(NSFLGDY) by calcining few-layer graphdiyne oxides with
melamine and dibenzyl sulfide and confirmed the superior
OER activity of NSFLGDY, which is even better than RuO,./3!

4, Conclusions

In the present work, we explored the ORR/OER electrocataly. <
activities of N-, B-, P-, and S-doped graphdiynes systematic-ily v v
means of DFT computations. Qur calculations revealed-thas the
sp-N-doped graphdiyne (-C=N-C=C-), the graphiti.. ©-doped
and the graphitic P-doped graphdiynes exhibit ccmparcble or
even Dbetter catalytic activities compared witle F:/C or RuO,.
The sp-N dopant is the most crucial dopant fo.:N.doped graph-
diynes, as it can generate not only an ORR a:tve site (C3 in
Model N3, 11 = 0.49 V), but also an OEI* aCu e site (C7 in Model
N3, n = 0.40 V). The graphitic doping t;pe of S atom endows
graphdiyne the best ORR catalytic performance (n = 0.42 V)
on the active site labeled as C3 in Model S1. And the graphitis
doping type of P atom grants graphdiyne the best OER cp2a'vi <
performance (1 = 0.35 V) on the active site labeled 25 <10 'n
Model P1. The high ORR activities (at C3 in Models N3 anu's1)
are attributed to the large positive charge, while “he izl spin
densities are responsible for the high OER activii=c(at C7 in
Model N3 and C10 in Models P1). Overall,/tis vioik illustrates
the underlying mechanism of the high ORK ar.ivity of the sp-
N-doped graphdiyne and demonstrates 15 efficacy as an OER
catalyst. This work also unveils the 7ixainise of S- and P-doped
graphdiynes as ORR and OER_(.wlysts, respectively, which
guides the further design of effeciive ORR/OER electrocatalysts.
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