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The commercialization of fuel cells and metal—air batteries can only be realized if expensive and scarce
platinum-based catalysts are replaced by lower cost, efficient, and durable catalysts for the oxygen
reduction reaction (ORR). Along with intensive research efforts in developing low-cost, metal-free
catalysts to replace platinum-based catalysts, heteroatom doped graphitic carbon materials (especially
graphene and carbon nanotubes) have been demonstrated to show superior ORR performance.
However, graphdiyne, another member of the carbon family, has not been completely studied as an
electrocatalyst for the ORR. We demonstrate here that nitrogen and fluorine co-doped, metal-free

iigzgti?j 21212 E:Ereun;s/eggfgs graphdiyne exhibits comparable electrocatalytic activity to commercial Pt/C both in half-cell and full-cell
(primary Zn-air battery) tests, regarding its onset potential and limiting current density. Moreover, the
DOI: 10.1039/c5ta10579j I . . )
new catalyst has better stability, as well as a higher tolerance to methanol crossover and CO poisoning

www.rsc.org/MaterialsA effects, than the commercial Pt/C.

Open Access Article. Published on 22 February 2016. Downloaded on 3/5/2026 3:48:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Introduction

Renewable energy devices, mostly fuel cells and rechargeable
metal-air batteries, have been rapidly developed as promising
large scale electricity storage technologies to meet the ever-
increasing energy requirements.’* Among the many challenges
in the development of such devices, the catalyst for the oxygen
reduction reaction (ORR) at the cathode is a major obstacle that
limits the real application of these new technologies.® Tradi-
tionally, Pt or Pt-based electrocatalysts are used for tackling the
kinetically sluggish ORR. However, the main drawbacks of Pt or
Pt-based electrocatalysts, including their high price, intolerance
to methanol, and instability in the fuel-cell environment have
greatly impeded these energy storage devices in finding
reasonable roles in real life.®* Thus more-efficient, cost-effective,
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and stable catalysts for ORR are badly in need to replace Pt and
Pt-based electrocatalysts. Heteroatom (e.g., N-,”*> B-'** p-1°
S-1%17 and F-'*2°) doped graphitic carbon materials have been
proven to be a good solution to attain this target.”**® For
instance, several studies have shown that multi-element (N and
F,* N and B, or N and $****) co-doped graphene has
surprising catalytic activities for the ORR. The improved elec-
trochemical activities of these metal-free catalysts can be
attributed to the charge polarization and spin density, which
derives from the difference of electronegativities between
carbon and the heteroatoms.***

Compared with traditional honeycomb carbon materials,
such as graphene and carbon nanotubes, graphdiyne (GD) has
received more and more attention due to its special structure. In
GD, each benzene ring is connected to six adjacent benzene
rings through two acetylenic bonds, resulting in a flat 2D
structure.*® The presence of carbon-carbon triple bonds in
graphdiyne provides the opportunity to introduce atoms to
prepare newly proposed 2D carbon compounds.*” In addition,
the pore size of GD sheets can be further tuned by replacing the
carbon atoms in the linear atomic chains with heteroatoms,
which facilitates the adsorption of air into the pores when the
sample is exposed to the atmosphere. Recently, N-doped GD
(NGD) has been successfully prepared and exhibits enhanced
activity toward the ORR.*® However, the activity of NGD is still
lower than the commercial Pt/C catalyst, regarding its onset
potential and 4-electron selectivity. Further improvement of the
activity of GD-based catalysts still remains a challenge.

This journal is © The Royal Society of Chemistry 2016
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Herein, dual-heteroatom co-doped GD was successfully
prepared and synergistic enhancement of the doping elements
X (X =N, S, B, F) was found. The as-prepared N and F co-doped
GD (NFGD) showed high selectivity for the four-electron ORR
pathway, complete CO and methanol tolerance and promising
long-term stability in alkaline medium. Furthermore, when
tested in our homemade primary Zn-air battery, NFGD also
showed comparable performance with the state-of-the-art Pt/C
catalyst. To the best of our knowledge, this is the best experi-
mental evidence of the predicted beneficial “doping effect” in
a graphdiyne based ORR electrocatalyst.

Experimental section
Preparation of electrocatalysts

Synthesis of GD. GD was synthesized on the surface of
copper via a cross-coupling reaction using hexaethynylbenzene
as the precursor. In brief, the monomer of hexaethynylbenzene
was synthesized in good yield (62%) by the addition of tetra-
butylammonium fluoride to a tetrahydrofuran solution of hex-
akis((trimethylsilyl)-ethynyl)benzene for 10 min at 8 °C. GD was
successfully grown on the surface of the copper foil in the
presence of pyridine by a cross-coupling reaction of the mono-
mer of hexaethynylbenzene for 72 h at 60 °C under a nitrogen
atmosphere. In the process of forming GD, the copper foil was
not only the catalyst for the cross-coupling reaction, but also the
substrate for growing the GD film. The GD film was then
removed from the copper foil ultrasonically and washed in turn
with acetone, DMF, 3 M HCI, 3 M aqueous NaOH, water and
ethanol. After drying under vacuum, GD powder was obtained.
GD was used as the raw material to synthesize the as-prepared
electrocatalysts.

Synthesis of SGD/NSGD. GD (15 mg) and thiourea (300 mg)
were put into a beaker with 5 mL ethanol, and sonicated for 2 h.
Then, the deposition was collected by centrifugation, and dried
under vacuum at 60 °C for one night. Then, the material was
transferred into a quartz boat, heated at 700 °C under an Ar (for
SGD)/NH; (for NSGD) atmosphere for 30 min, then cooled down
to room temperature to obtain SGD/NSGD.

Synthesis of BGD/NBGD. GD (15 mg), anhydrous zinc chlo-
ride (300 mg), and boron oxide (30 mg) were mixed in an agate
mortar, and then transferred into a quartz boat, heated at
700 °C under an Ar (for BGD)/NH; (for NBGD) atmosphere for 30
min. After cooling down to room temperature, the complex was
washed thoroughly with 5% HCI solution and deionized water
to remove ZnCl, and then dried under vacuum at 80 °C for one
night to get the BGD/NBGD.

Synthesis of FGD/NFGD. GD (15 mg) and ammonium fluo-
ride (300 mg) were put into a beaker with 5 mL deionized water,
and sonicated for 2 h. Then, the sample was centrifuged to get
the deposition, which was dried under vacuum at 60 °C for one
night. Then, the solid was transferred into a quartz boat, heated
at 700 °C under an Ar (for FGD)/NH; (for NFGD) atmosphere for
30 min, and cooled down to room temperature to obtain FGD/
NFGD.

This journal is © The Royal Society of Chemistry 2016
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Electrochemical measurements

The electrochemical measurements were carried out on an
electrochemical biopotentiostat (CHI 760e, CH Instrument,
Shanghai, China) with a typical three electrode system. An Ag/
AgCl/KCl electrode (+0.949 V vs. RHE) was used as the reference
electrode, a platinum wire as the counter electrode, and a cata-
lyst-modified glassy carbon electrode (GCE) as the working
electrode. The working electrodes were prepared by dropping
each of the catalyst inks onto a pre-polished GCE. Typically, the
catalyst was grinded in ethanol to form the ink, then dispersed
into ethanol and sonicated for 30 min (5 mg mL™"). A total of 7.5
uL of the catalyst ink (containing 37.5 pg of catalyst) was loaded
onto a GCE (4 mm in diameter), giving a loading density of 0.3
mg cm 2. After the solvent was evaporated, a thin layer of
Nafion solution (0.1 wt%) was coated onto the film surface. The
prepared electrode was dried at room temperature overnight
before the electrochemical tests. For comparison, a GCE coated
with Pt/C (20 wt% Pt on Vulcan XC-72, purchased from Alfa
Aesar) was also fabricated using the same procedure, and the
loading density was 25 pg cm™ 2,

The electrochemical impedance spectra (EIS) were obtained
from a ZAHNER ZENNIUM electrochemical workstation (ZAH-
NER Instrument Inc., Germany) in the presence of a 1 mM
K3(Fe(CN))/K4(Fe(CN)) (1:1, mol/mol) mixture as a redox
probe in 0.1 M KCl aqueous solution. The frequency range was
100 000 to 0.01 Hz with a signal amplitude of 5 mV.

For the Zn-air battery test, the air electrode was prepared by
a kneading and rolling process. The mass loading was 1 mg
cm™ > A homemade Zn-air cell was used in these experiments.
Zinc powder was used as the anode electrode, 6 M KOH aqueous
solution was used as the electrolyte, and nylon net filters were
used as separators. The galvanic discharge curves of the zinc-air
cells were recorded at 25 and 50 mA cm 2. For more detailed
information, please see the ESL.}

Results and discussion

The co-doping of heteroatoms was carried out by heating GD
with the given precursor (NH; for N, NH,F for F, thiourea for S,

NH; , NH,F
A
NBGD GD NFGD
NH
A CN:H,S
@®:F
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©:0
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©:B
¢:H
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Scheme 1 Schematic drawing for the fabrication of multi-element
doped-GD based materials.
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and B,O; for B) at a certain temperature (Scheme 1, see details
in the Experimental section). For comparison, mono-element
(N, F, S and B) doped GDs were also prepared. The as-prepared
doped GDs were labelled by the hetero-elements doped in the
GD; for example, N and F co-doped GD was labelled as NFGD.

Fig. 1 shows typical transmission electron microscopy (TEM)
images of GD and the prepared NFGD. TEM images of other
prepared doped GDs are also shown in Fig. S1.1 The GD reveals
a regular laminar morphology, which confirms the 2D layered
structure. The field emission scanning electron microscopy
(FESEM) image of a cracked GD film shows that the thickness of
the GD film is about 1 pm (Fig. S2at). The X-ray diffraction
(XRD) pattern in Fig. S31 displays that the GD is crystalline.
After the NH; and NH,F treatment of GD at high temperature,
a porous and spongy feature was generated for NFGD, as shown
in Fig. 1b and S2b,} which can be further characterized by high
resolution transmission electron microscopy (HRTEM)
(Fig. S2c-ft). The powder XRD pattern of NFGD shows no
distinguishable peaks, suggesting its amorphous structure. The
porosity of NFGD was further characterized by a nitrogen
adsorption-desorption experiment, the results of which are
shown in Fig. S4.1 The results clearly indicate that the average
pore size of NFGD is 5.64 nm, which is two times larger than
that of GD (2.69 nm). From the energy-dispersive X-ray spec-
trum (EDS) elemental mapping images (Fig. 1c-g), it can be
observed that both N and F are distributed homogeneously in
the structural matrix. For the other dual-element (N, S and N, B)
co-doped GDs, the mapping images also indicate that the
heteroatoms (N, S and B) have been successfully doped in the
GD and are evenly distributed in the carbon networks (Fig. S57).

Typical X-ray photoelectron spectra (XPS) of the prepared
doped GDs are provided in Fig. 2 and S6.1 As shown in Fig. 2a,
the GD is only composed of C and O atoms. For NFGD, N 1s and
F 1s peaks appeared in the XPS survey. The atomic percentages
of N and F in the sample are about 4.45 at% and 0.3% respec-
tively (Table S1t). The XPS C 1s spectrum of NFGD (Fig. 2b) can
be deconvoluted into six pronounced peaks centred at 284.3,
285, 285.7, 286.2, 286.7 and 288.8 eV, corresponding to the C 1s
orbital of C-C (sp?), C-C (sp), ionic C-F, C=N, C-O and C=O0,
respectively.®®* The area ratio of sp/sp” is decreased from 2 for
GD to 1.85 for NFGD, indicating a decrease in the content of

Fig.1 (a) TEMimage of GD powders; (b) TEM image of the as prepared
NFGD powders; (c) FESEM image of NFGD; (d—g) EDS elemental
mapping images of NFGD.

4740 | J. Mater. Chem. A, 2016, 4, 4738-4744

View Article Online

Paper
(2) (b)
—GD Cls [ C-C (sp), 284.3 C s
[ C-C (sp), 285
| C-F,285.7
—— C=N, 286.2

— C-0, 286.7
[ C=0,288.8

Intensity (a.u.)
Intensity (a.u.)

291 200 289 288 287 286 285 284 283
Binding Energy (eV)

1400 1200 1000 800 600 400 200 0
(C) Binding Energy (eV) (d)

Nls imine 2 N/ pyridinic N, 399.3 ¢V
M

W pyridinic N, 397.8¢V

Intensity (a.u.)
Intensity (a.u.)

69 688 686 684 682 680
Binding Energy (eV)

406 404 402 400 398 396 394 392 692
Binding Energy (eV)

Fig. 2 The compositional results of the as prepared catalysts. (a) XPS
spectra (survey) of GD and NFGD; (b) XPS C 1s spectrum of NFGD; (c)
XPS N 1s spectrum of NFGD; (d) XPS F 1s spectrum of NFGD.

C-C (sp) after doping. The high resolution XPS N 1s spectrum
(Fig. 2¢) shows two pronounced peaks centred at 399.3 eV and
397.8 eV, corresponding to imine N (N substitutes the sp-
hybridized C atoms) and pyridinic N.** Compared with NGD,
NFGD shows a lower atomic percentage of N. The doped F
atoms occupied some sites that would form imine N, leading to
relatively fewer N sites. In the F 1s XPS spectrum (Fig. 2d and
S6dt), a single peak at around 684.8 eV could be attributed to
ionic C-F bonds.**** The XPS spectra of other doped GDs also
show the peaks of certain corresponding elements, as expected.
When B is doped in GD (BGD) under an air atmosphere, C-B
and O-B bonds are the main bonding structures (Fig. S6et).
Whereas when B and N are co-doped in GD (NBGD), the B atoms
tend to bond with N and O, forming B-N and B-O bonding
structures (Fig. S6b1).*” For NSGD, two typical peaks are
observed at 164 eV and 165.3 eV that can be assigned to -C-S-
bonding, while -SO,~ (x = 2, 3, 4) groups, which are chemically
inactive in the ORR, are only detected in S doped GD (SGD) (see
ESIT for the detailed analysis, Fig. Séc and f¥).***

Fig. 3 shows the Raman spectra of the GD-based materials.
All the spectra show two prominent peaks attributed to D and G

(a) (b)
D G b
G
& &
z z
£ £
s SGD g NFGD
= BGD =
/NN FGD NBGD
NGD NSGD
GD 'GD
500 1000 1500 2000 500 1000 1500 2000 2500

Raman shift (cm™) Raman shift (cm™)

Fig. 3 (a) Raman spectra of GD and single element doped GD, (b) N, X
(X =S, B, F)-co-doped GD materials.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ta10579j

Open Access Article. Published on 22 February 2016. Downloaded on 3/5/2026 3:48:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

bands.** The intensity ratio of the D and G bands (Ip/lg) is
widely used to evaluate the degree of disorder and the average
size of the sp”> domains. When a single element was doped in
GD, the Iy/Ig ratio increased from an initial value of 0.74 for GD
to 0.90 for NGD, 0.95 for BGD, 0.96 for SGD and 1.0 for FGD
(Fig. 3a and Table S2t). When N and X (X = S, B and F) were co-
doped in GD, the Ip/I; ratio increased further (0.98 for NBGD,
1.13 for NSGD and 1.22 for NFGD) (Fig. 3b). These observations
indicate that dual-element co-doping can significantly increase
the contents of defects in GD frameworks, which was also
confirmed by pore size analysis. The reason for this may be due
to the following factors: (i) when the heating temperature is
increased to 700 °C, N substitution takes place in the aromatic
ring, which significantly increases the structural defects in GD.
(ii) S and F are mainly doped at the sites of sp>hybridized
carbon atoms, which leads to the breaking of acetylenic link-
ages between two hexagons, thus producing larger pores in the
carbon matrix.

The ORR activities of the catalysts were first tested in a half-
cell system in 0.1 M KOH solution. All the cyclic voltammetry
(CV) curves (Fig. S71) exhibit oxygen reduction peaks in O,-
saturated electrolyte, indicating that the doped GDs possess
electrocatalytic activities toward the ORR in alkaline medium.
Specifically, the CV curve of NFGD shows the largest cathodic
peak at 0.81 V vs. RHE (see ESIt for RHE calibration), which is
much more positive than those of NBGD (0.78 V vs. RHE), NSGD
(0.70 V vs. RHE) and other doped-GD materials. The relative
values are compiled in Table S3.f The high ORR activity of the
NFGD catalyst was further confirmed by rotating disk electrode
(RDE) measurements. During the ORR, NFGD exhibited an
Eonset of 1.0 V vs. RHE and a disk current (I3) of 4.5 mA cm™> at
0 Vvs. RHE (Fig. 4a). These values are comparable to that of Pt/C
(Eonset = 1.0 V, Iy = 4.3 mA cm ™2 at 0 V vs. RHE). In addition, its
ORR activity is much better than that of the mono- or other
dual-doped GDs (Fig. S8 and S91). As far as we know, the Eqpget
of NFGD is close to that of N, F dual-doped mesoporous gra-
phene, and is comparable to some of the super metal-free
catalysts (ESI S10, Table S47}).2° Fig. 4b exhibits the LSV curves of
NFGD at rotation rates from 400 to 1600 rpm (LSV curves with
higher speed are shown in Fig. S11}). The current shows
a typical increase with the rotation rate due to the shortened
diffusion layer. Fig. 4c features the number of exchanged elec-
trons (n) for the ORR, calculated from the Koutecky-Levich (K-
L) plots drawn from the LVS patterns at different rotating
speeds (for details, see the ESI). As calculated, the average
electron transfer number of NFGD during the reaction is 4.2 for
a wide potential range from 0 V to 0.8 V (vs. RHE), suggesting
complete selectivity toward total oxygen reduction. For NBGD
and NSGD, n was calculated to be 3.87 and 3.5 from 0 to 0.6 V vs.
RHE (Fig. S121). In addition, the kinetic current density (ji) at
0.6 Vvs. RHE of NFGD is also the largest among all the GD based
catalysts investigated in this study (Fig. S137).*

Rotating ring-disk electrode (RRDE) tests were used to
monitor the formation of peroxide species and determine the
electron transfer number (see ESIT for details). As shown in
Fig. 4d, the measured HO,  yield relative to the total reduction
products for NFGD is about 10% over the potential range from

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) LSV curves of GD, NSGD, NBGD and NFGD obtained from
RDE measurements at 1600 rpm at a scan rate of 10 mV st in O,-
saturated 0.1 M KOH; (b) LSV curves of NFGD obtained from RDE
measurements at different rotating rates from 400 rpm to 1600 rpm at
10 mV s~tin O,-saturated 0.1 M KOH solution; (c) K-L plots of NFGD
calculated at different potentials on the basis of the RDE data in (b); (d)
HO, ™~ yields and electron transfer number of NFGD and 20% Pt/C at
various disk electrode potentials obtained from the rotating ring-disk
electrode tests.

0 to 0.85 V vs. RHE. Such a low yield of HO,  during the ORR
process is beneficial for hindrance of the degradation of the
membrane electrode assemblies, maintaining the cell perfor-
mance.*””** The yields correspond to an average electron trans-
fer number of 3.8, which is in agreement with the RDE tests.
The numbers of electrons transferred for NSGD and NBGD are
also calculated to be 3.5 and 3.75, respectively (Fig. S147). Thus,
our results clearly show that N, F co-doping causes a remarkable
synergistic effect, leading to one of the best metal-free electro-
catalysts for the ORR.

The stability of NFGD was also assessed in O,-saturated 0.1
M KOH electrolyte by cycling the catalyst between —0.05 V and
1.15 Vvs. RHE at 200 mV s~ * (Fig. S15at). After 6000 continuous
cycles, the NFGD modified electrode showed a 20 mV negative
shift in E;/,, but no negative shift in E,,sc and decline in the
limiting current density was observed (Fig. 5a). Chro-
noamperometry was also used to evaluate the stability of NFGD.
Continuous oxygen reduction (ca. 10 hours) at 0.6 V (vs. RHE) on
the NFGD electrode caused only a slight loss (10%) in current
density. In contrast, the corresponding current loss on the Pt/C
electrode under the same conditions was as high as about 27%
(Fig. S15b¥). The stability test results prove that NFGD exhibits
a promising long term operational stability. To examine the
resistance of NFGD to CO poisoning, pure CO was added to the
electrolyte solution (Fig. S161) at 500 s and was stopped at 800 s.
After the addition of CO, the current of NFGD decreased slowly
due to the lack of O,, and it recovered after O, was re-added.
However, the Pt/C electrode was rapidly poisoned under the CO
atmosphere, and the activity was hardly restored. Finally, the
catalysts were exposed to methanol to test its tolerance to the
methanol cross-over effect. As shown in Fig. 5b, when 3 M

J. Mater. Chem. A, 2016, 4, 4738-4744 | 4741
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Fig. 5 (a) Stability tests of NFGD at 1600 rpm before and after 6000

continuous CV cycles from —0.05V to 1.15 V (vs. RHE) at a scan rate of
200 mV s~ (b) the methanol-tolerance evaluation of NFGD tested by
the current—time chronoamperometric responses (20% Pt/C is used
for comparison).

methanol was added to the solution, almost no response
specific to methanol was observed for NFGD, but the catalytic
activity of Pt/C dropped severely. These promising results
strongly suggest that NFGD can work in the presence of meth-
anol for a long time.

To further characterize the ORR activity of the prepared
catalyst, the best catalyst NFGD was tested in a primary home-
made Zn-air cell. The schematic and digital photographs of
a primary zinc-air battery are shown in Fig. 6a and S17.f The
Zn-air battery is composed of an air electrode, a separator and
a Zn anode. The air cathode was prepared by mixing the active
carbon, poly(tetrafluoroethylene) (PTFE) and the as-prepared
catalyst in a certain composition (see Experimental Section and
ESIT for details). The air cathode and the Zn anode were sepa-
rated by a nylon net filter. Cu-sheet and Ni-foam were used as
the current collectors for the two electrodes. 6 M KOH was
employed in the Zn-air battery because of its high ionic
conductivity.

(a) (b)

o 100
Ni-foam 1.6 —NFGD %
1.4 —20% PUC <
. 80 S
N12 703
Z10 60 &
= 50 2.
508 02
Air o6 %E
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Fig. 6 (a) A schematic of a primary Zn-air battery. (b) Polarization
curves and corresponding power density plot of the battery using
NFGD as the cathode catalyst, commercial Pt/C was used for
comparison; (c and d) typical discharge curves at 25 and 50 mA cm ™2,
respectively, of Zn—-air batteries with NFGD as the cathode catalyst.
The specific capacity was normalized to the mass of consumed Zn.
The loading of NFGD and 20% Pt/C used for the primary Zn—-air battery
test are 1 mg cm 2,
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The polarization (with reference to the Zn electrode) curves
were obtained under varying current density from 0 to 200 mA
ecm > and the corresponding power density was calculated from
the polarization curves. It can be seen that the open circuit
voltage of the single-cell with NFGD as the cathode catalyst is
~1.18 V. This value is close to the performance of a commercial
air cathode, although it is ~0.3 V lower than that with Pt/C (~1.5
V).** The difference between NFGD and Pt/C may come from the
lower oxygen concentration in 6 M KOH used in our Zn-air cell
(10 times lower than that in 0.1 M KOH), which amplifies the
difference in ORR activity between NFGD and Pt/C under our
RDE experimental conditions (0.1 M KOH). It should be noted
that similar current and power densities are observed for the
cells with NFGD and Pt/C as cathode. As shown in Fig. 6b, the
NFGD catalyst shows a current density of ~103 mA cm™> (at 0.8
V) and a peak power density of 86 mW cm 2, which are
comparable to those of Pt/C (~103 mA cm ™2 at 0.8 V and 88 mW
em™?). Fig. 6¢ and d show the typical galvanic discharge curves
of a Zn-air battery at 25 and 50 mA cm™>. Those galvanostatic
discharge curves clearly reveal that the Zn-air battery perfor-
mance of NFGD is close to that of Pt/C with the same loading,
which is also consistent with the polarization curves. After the
Zn-air batteries were discharged for 4 h, no obvious voltage
drop and morphology changes were observed (Fig. S18 and
S197) owing to the excellent stability of NFGD for the ORR. As
the discharge proceeds, the capacity of the Zn-air cell
(normalized to the mass of consumed Zn) decreases with the
discharging rate due to the formation of insulating ZnO on Zn
particles. The battery eventually ceased functioning when all the
Zn particles were completely covered by the ZnO.

To shed light on the electrocatalytic activity of dopant GD
catalysts, quantum mechanical calculations were carried out to
obtain the electronic properties of the catalysts using the
density functional theory (DFT) method. GD-based materials
doped by heteroatoms at different relative positions have been
constructed for computational simulation as illustrated in
Fig. S21-526 and Table S5 (see ESIt for the molecular models
and computational details). It is known that the carbon atoms
with positive charge densities larger than 0.15 are most likely to
serve as catalytic active sites.”*** Thus, the number of atoms
with a large charge density could serve as a barometer to eval-
uate the activity of a specific molecular structure.***® As shown
in Fig. 7a, with inactive C atoms with negative charge density
throughout the whole C matrix, pure GD may not be an efficient
catalyst for the ORR. When GD is doped solely by more elec-
tronegative N or F atoms, the C atoms adjacent to the N or F
dopants have a higher positive charge density (0.4 or 0.162 for C
atoms adjacent to N,*® 0.53 for C atoms adjacent to F in Fig. 7b).
The positively charged carbon atoms facilitate electron move-
ment from the anode to promote the ORR. When F and N are
simultaneously incorporated into the GD matrix to form NFGD,
those carbon atoms neighboring to the doped N and F atoms
can also be activated to have a positive charge density (see red
circles in Fig. 7c and d). This will increase the number of active
sites in the electrocatalyst significantly, thereby enhancing the
ORR catalytic activity.*” Simulations performed for other doped
GD-based materials also show that the charge densities are

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 DFT-calculated charge density distribution for the GD (a), FGD
(b), GD with F and one N: 1F-1N GD (c), GD with F and two N: 1F-2N
(d). Colour codes: the grey spheres represent H atoms, the green
spheres represent C atoms, the light blue spheres represent F atoms
and the dark blue spheres represent the imine N atoms.

increased after dual doping, indicating a higher ORR catalytic
performance (Fig. S27-S30f). What's more, the rich defects,
larger pore sizes and more imine N target sites in the NFGD
framework are also beneficial for the ORR. In addition, our AC
impedance measurements confirmed that the pyrolysis and
doping process are able to improve the conductivity of NFGD
(Fig. S207), thus the electrons can be smoothly transferred from
the active sites to the current collectors. All these features can
well explain the significant enhancement of the ORR catalytic
activities, such as the more positive onset potential and higher
kinetic current on NFGD.

Conclusions

In summary, a novel kind of highly efficient metal-free elec-
trocatalyst for ORR has been developed successfully by doping
heteroatoms in graphdiyne. In particular, the as-prepared
NFGD exhibits comparable performance to commercial Pt/C
both in half-cell and full-cell configurations (Zn-air battery),
regarding its onset potential and limiting current density. It
shows a much better stability as well as a higher tolerance to
methanol crossover and CO poisoning effects than the
commercial Pt/C. Our results show that these doped GDs have
great potential for metal-free catalysts to be used as low-cost,
efficient, and durable ORR catalysts.
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