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ABSTRACT: A covalent organic framework that is composed of hexachlorocyclotriphosphazene and dicyanamide has been
coated on CNT to prepare metal-free oxygen reduction reaction catalyst through thermal polymerization of the Zn-air battery
cathode. The N,P-codoped nanohybrids have highly porous structure and active synergistic effect between graphitic-N and -P,
which promoted the electrocatalytic performance. The electrocatalysts exhibits remarkable half-wave potential (−0.162 V), high
current density (6.1 mA/cm−2), good stability (83%), and excellent methanol tolerance for ORR in alkaline solution.
Furthermore, the N,P-codoped nanohybrids were used as an air electrode for fabrication of a high performance Zn-air battery.
The battery achieves a high open-circuit potential (1.53 V) and peak power density (0.255 W cm−2). Moreover, the effect of N,P
codoping on the conjugate carbon system and the synergistic effect between graphitic-N and P have been calculated through
density functional theory calculations, which are essentially in agreement with experimental data.
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■ INTRODUCTION

Covalent organic frameworks (COFs) with high porosity and
rigid chemical structures have widespread use in various fields,1

such as gas storage,2 hydrogen evolution,3 proton conduction,4

catalysis, and quantum sieving.5,6 Among them, some low-band
gap COFs exhibited extraordinary performance in organic
electronics due to their semiconductivity and photoelectric
effect, like field effect transistors, solar cells, light emission
devices, and so forth.7,8 These electronics polymers are
generally composed by heterocyclics to lower the band gap
through enlarged conjugation or donor−acceptor interactions,
which possess 3D frameworks with large and polarized
surfaces.8 Some reports have explored COFs with heterocyclics
as supports to coordinate and activate metal nanoparticles,
resulting in composites with high electrocatalytic activities.9,10

However, COFs derived from metal-free electrocatalysts have
not been reported so far, which is due to the low stability

chemical bonds under bias and limited charge transfer
capability.
Recently, Zn−air batteries (ZABs) have attracted worldwide

attention as a consequence of their large capacity, environ-
mental benignity, cost-effectiveness, and safety.11−15 However,
the process of ZAB industrialization is hindered by expensive
precious metal catalysts and sluggish kinetics of the ORR on
cathode. Therefore, developing substitute cathode catalysts
from earth-abundant elements with excellent catalytic activities
is of great significance for applicable ZABs. Compared with
platinum group metal catalysts for ORR, the metal-free
electrocatalysts have undergone intense research due to their
inherent advantages, such as wide availability of raw materials,
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environmental friendliness, and low cost.16−19 Although
heteroatom doped carbon catalysts (HDCs) exhibited great
catalytic activity and stability among metal-free ORR
catalyst,20,21 the ORR performances of HDCs are still limited
by inadequate mass and electron transfer and less active sites.22

Generally, there are two strategies to promote the HDC
catalytic performance: one is improving the porosities of HDCs
to expose more active sites and accelerate mass transfer (often
needing expansive templates and long procedures to create
pores);23 and the other is codoping carbon over two kinds of
heteroatoms for more active sites through the synthetic effect
(generally through thermal doping without control). However,
the controllable synthesis of scaleable, template-free, and low-
cost HDCs for ORR to substitute Pt/C is still met with great
challenges.
To develop advanced metal-free electrocatalysts, the

combination of heteroatoms containing porous COFs with
conductive carbonic materials would bring special superiority to
applicable HDCs.24,25 The modular nature of COFs could
potentially serve as unique components to controllably
introduce heteroatoms and functional groups into the
composites, which can promote catalytic activity through
optimizing the interaction between delocalized conjugated π-
electrons and oxygen. In addition, abundant cavities and the
larger surface area of COFs would expose more active sites and
accelerate mass transfer.26

In general, most self-sacrificing precursors could supply
active N and P for doping through decomposition at high
temperature. However, porous N,P-containing COFs are first

thermally polymerized on a CNT surface at 350 °C, followed
by high temperature cocarbonization for hetero doping, the
procurement of which is composed of a conjugated cyclo-
triphosphazene core and six dicyanamide subunits in the
periphery. And the COF-engaged synthesis method followed by
higher temperature treatment for the heteroatom doped ORR
catalyst possesses several advantages: (1) The N,P containing
COF could uniformly coat the CNT which facilitates the good
dispersal N and P doping to provide more catalytic active sites
to facilitate the ORR process. (2) The formation of the COF
structure could convert to more active N,P doped carbon,
which would have a synergistic effect on promoting the ORR
reaction. (3) The COF coating could separate CNTs to avoid
their aggregation. Finally, a primary ZAB was constructed by as-
prepared N,P-codoped ORR catalysts and showed excellent
activity and durability, which could be due to the combination
of the more active coating of porous COFs and high
conductivity of CNT cores. To gain deeper understanding of
the instrinsic codoped catalyst properties, density functional
theory (DFT) calculation is performed to reveal the synergistic
effects between doped N and P atoms, which could activate
adjacent carbon through rearranging the electron distribution.
Meanwhile, the enhanced highest occupied molecular orbital
(HOMO) of the optimized catalyst can simultaneously increase
interaction with O2 and accelerate mass transfer to facilitate
ORR.

Scheme 1. Illustration of the Preparation of the N,P−C

Figure 1. (a) FT-IR image of HCCP-SA, HCCP-SA-350. (b) Raman spectroscopy of 700-, 800-, 900-N,P-CNT, 800-N-CNT, and 800-N,P-BCNT.
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■ RESULTS AND DISCUSSION

As shown in Schemes 1 and S1 of the Supporting Information
(SI), the precursor HCCP-SA was prepared first through
nucleophilic substitution of hexachlorocyclotriphosphazene
(HCCP) with sodium dicyanamide (SA), and the precursor
HCCP-SA that is composed of conjugated heterocycles and
unsaturated cyano substituents could cross-link with each other
at 350 °C through the following reactions: (1) Open-ring
reaction of HCCP to form conjugated polyphosphazenes;27,28

(2) Trimerization between cyano groups in SA subunits to
form conjugated triazine units.29 As a result, the covalent
organic structure would in situ polymerize on the surface of the
carbon nanotube which could be proven by HRTEM imaging
(Figure S1) . Then, the COF coating was thermally
polymerized in depth to form a porous N,P-codoped layer on
the CNT at 800 °C (namely 800-N,P-CNT). In order to
investigate the relation between electrocatalyst activities and
doping structure, 700-N,P-CNT and 900-N,P-CNT that were
carbonized at 700 °C and 900 °C have been prepared. To
better understand the effects of N,P-COF coatings on the
growth of the electrocatalyst active sites and the synthetic effect
between N,P atoms, the control samples, namely 800-N-CNT
and 800-N,P-BCNT, were prepared following exactly the same
process as that of 800-N,P-CNT with the exception of replacing
HCCP-SA by cyanamide cyanuric (TCT) and barely HCCP,
respectively.
Fourier transform infrared (FT-IR) spectra of HCCP-SA and

HCCP-SA-350 were carried out to investigate the formation of
N,P-COF, and N-COF during high temperature pyrolysis. As
shown in Figure 1, HCCP-SA (purple line) shows a band at
1217 cm−1 belonging to the stretching vibrations of PN.30,31

After being thermally treated at 350 °C, the new bands of P−C
and P−O stretching vibrations emerged at 673 and 1150 cm−1

in sample HCCP-SA-350 (red line), which revealed the ring-
opening reaction of HCCP-SA and formation of the N,P-
containing covalent organic cross-linked structure.32,33 In
addition, the final electrocatalysts of 700-, 800-, and 900-N,P-
CNT were also tested in Figure S2a. The typical peaks of P−C
and P−O vibration at 673 cm−1 and 1150 cm−1, respectively,
disappeared when the temperature reached 900 °C, which
demonstrates that most of the P containing structure was
cracked at high temperature. Furthermore, the TGA-DSC
analysis of HCCP-SA and TCT-SA have been added in Figure
S3. The most obvious enthalpy change in samples HCCP-SA

and TCT-SA could be observed in 350 and 400 °C, which
demonstrate the polymerization and formation of the COF
structure. The weight loss over 400 °C could due to the gradual
decomposition of the COF coating.
To investigate the structure of composition, X-ray diffraction

of 700-, 800-, 900-N,P-CNTs, 800-N-CNT, and 800-N,P-
BCNT are shown in Figure S2b. Two major peaks at 26.2° and
42.6° could be identified in five curves, which correspond to the
diffraction peak of the (002) and (100) face of π−π staked
graphic carbon of CNT, respectively. Raman spectroscopy was
used to further investigate the carbonization layer of 700-, 800-,
900-N,P-CNTs, 800-N-CNT, and 800-N,P-BCNT. In Figure
1b, all five samples displayed the peak at around 1344 cm−1,
1574 cm−1, 2672 cm−1, and 2920 cm−1, which exactly
conformed to the D band, G band, 2D band, and D+G band,
respectively.34 In addition, the Id/Ig ratio of 900-N,P-CNT
(1.18) decreased with the increasing of pyrolysis temperature
(700-N,P-CNT 1.30, 800-N,P-CNT 1.26), which reveal the
increased degree of graphitization after higher temperature
carbonization. Particularly, the Id/Ig ratio of 800-N,P-CNT is
comparable with 800-N-CNT (1.25) and 800-N,P-BCNT
(1.22), which suggested that the temperature depended on a
stacked conjugation structure.
The morphology and structure of the as-doped CNT are

characterized by transmission electron microscopy (TEM). In
Figure S1, the doped carbon coated structure is formed at 350
°C, which is composed of COF coatings and CNT cores. The
morphology of the coating on the CNT is successive and
uniform, which indicates the strong interaction between
HCCP-SAs and CNT. After being heated up to 800 °C in
Figure 2a, an N,P codoped carbon coated structure composed
of a rough carbonized coating and CNT core could be
identified in sample 800-N,P-CNT. The N,P-doped carbonic
coating not only enlarged the surface area of the CNT, but also
offered more active sites to accelerate the ORR process. In
Figure 2b, 800-N-CNT displayed a similar carbon coated
structure as 800-N,P-C with an N-doped carbonic coating on
the surface of the CNT. In contrast, the coating on the CNT of
800-N,P-BCNT could hardly be identified in Figure 2c, which
would be ascribed to the low thermal stability and lower
polymerization ability of HCCP (hexachlorocyclotriphospha-
zene) without SA substitution. STEM-HAADF elemental
mappings (Figure 2d) exhibit uniform distribution of C, N,
P, and O elements in 800-N,P-CNT, which also demonstrates
the successful and uniform doping of N and P onto CNTs.

Figure 2. TEM image of (a) 800-N,P-CNT, (b) 800-N-CNT, and (c) 800-N,P-BCNT. (d) STEM-HAADF elemental mappings of C, N,P in 800-N,
and P-CNT.
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The intensively increased N2 adsorption of all the catalysts
under relatively high pressure (P/P0 = 0.8−1.0) suggested the
formation of macropores.35 The Brunauer−Emmett−Teller
(BET) surface area of the oxide multiwall CNT (101.3 m2g−1),
700-N,P-CNT (176.5 m2g−1), 800-N,P-CNT (181.9m2g−1),
and 900-N,P-CNT (139.1 m2g−1) was obtained in Figures S4,
S5, and S6 and Table 1. Compared with the oxide multiwalled

carbon nanotube, the increased BET surface area and total pore
volume of 700-N,P-CNT and 800-N,P-CNT would con\tribute
to the formation of a COF layer on the carbon nanotube and
the decomposed N-containing heterocycles, which would lead
to more concave-convex features to increase surface area.
Nevertheless, the surface area is obviously decreased at 900

°C, which is due to closer stacked graphitized carbon after the
exhaustion of heteroatoms at higher temperature. As a control
sample, the smallest BET surface area of 800-N,P-BCNT

(126.7 m2g−1) revealed the poor doping ability of pure HCCP,
which slightly changed the morphology of the CNT without
COF modification. In contrast, 800-N-CNT that possessed a
comparable BET (151.4 m2g−1) as N,P-CNT was ascribed to
the formation of an N-doped COF structure. The Barrett−
Joyner−Halenda (BJH) model was used in calculating the pore
size distribution curves according to the desorption isotherm
(Figures S4, S5, and S6.). 800-N,P-CNT possesses a large
amount of mesopores with an average size at 2.55 nm (Figure
S5b) and an H3-type hysteresis, which could also facilitate
catalysis of ORR.
The XPS data suggest the chemical structure variation of the

C, N, and P elements in different samples, which could be
further confirmed by X-ray photoelectron spectra (Table S1).
As shown in Table S1, Figure 3a (right axis), and Figure 3c
(right axis), the quantity of N elements in N,P-CNTs are
decreased (from 12.13% to 2.13%) with increasing doping
temperature (from 700 °C, to 900 °C), which would due to
decomposition of the less stable N-containing groups, leaving a
porous structure that has also been verified by BET test. In the
high resolution of N 1s spectrum (Figure 3b), three main
absorbance peaks could be ascribed to pyridinic-N (398.6 eV),
pyrrolic-N (400.5 eV), and graphitic-N (401.3 eV) respec-
tively.36 As shown in Figure S7a, even though the low
carbonization temperature left the highest N contents in 700-
N,P-CNT among all samples, the lowest content of pyridinic-N
would finally deteriorate the catalytic activity.37 Meanwhile, the
increased pyridinic-N in 800- (Figure 3a,b) and 900-N,P-CNT

Table 1. N2 Adsorption−Desorption Parameters of All
Samples

sample
specific surface area

(m2 g−1)
pore volume
(cm3 g−1)

average pore
size (nm)

800-N,P-CNT 181.9 1.26 16.43
700-N,P-CNT 176.5 1.03 14.79
900-N,P-CNT 139.1 0.82 17.44
800-N-CNT 151.4 0.95 16.87
800-N,P-BCNT 126.7 0.78 14.85
oxide CNT 101.3 0.72 9.12

Figure 3. (a) The contents of pyridinic N, pyrrolic N, graphlitic N (left axis), and total N contents percentage (right axis) in 700-, 800-, and 900-
N,P-CNTs. (b) High resolution N 1s signals of 800-N,P-CNT. (c) The P−C and P−O band contents percentage (left axis) and total P contents
percentage in 800-N,P-CNT. (d) high resolution P 2p signals of 800-N,P-CNT.
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(Figure S7b) demonstrates that the higher doping temperature
could be beneficial to generate more active sites. In the control
sample 800-N,P-BCNT (Figures 3a and S8b), none of the
graphitic-N could be detected after thermal treatment without
COF coating, due to unsubstituted HCCP without polymer-
izable dicyanamide subunits. In 800-N-CNT (Figure S8a),
higher rates of pyridinic-N and graphitic-N were obtained after
pyrolysis, which also indicated a large amount sp2 hybridization
N in the COF coating would favor being converted to
pyridinic-N and graphitic N at high temperature.
Different from N, the content of P is stabilization when

pyrolysis below 800 °C (700-N,P-CNT 0.41%, 800-N,P-CNT
0.31%, and 800-N,P-BCNT 0.44%), which reveals high stability
of doped P from COF coatings. But, most P-doped structures
are further cracked with pyrolysis at higher temperature (900
°C), which left 0.02% P residues in 900-N,P-CNT. The P 2p
spectrum of N,P-CNTs (Figure 3d, Figure S7c, 8c) were
deconvoluted into two peak at 133 and 134 eV, which
correspond to P−C and P−O covalent bonding, respectively.38

Furthermore, the structure and contents of P in N,P-CNTs
with different pyrolysis temperature are shown in Figure 4c.
800-N,P-CNT possessed more P−C bands than other N,P-
CNTs, which would generate more active sites. More
electronegative P atoms could influence the charge distribution
and geometric symmetry of the neighbor carbons, which could
benefit accepting electron pairs on O2 to accelerate ORR. 800-
N,P-BCNT possesses similar P−C contents as that in 800-N,P-
CNT except the lack of graphitic N and the content of P
dramatically decreased in 900-N,P-CNT, all of which

deteriorate their catalytic performance. Compared with 800-
N-CNT, the doped P and graphitic N in 800-N,P-CNT have
some synergistic effect to enhance ORR activity.
First, the electrocatalytic properties of catalysts were

conducted by cyclic voltammetry (CV) in O2 and N2-saturated
0.1 M KOH solution, respectively. As shown in Figure 4a, a
well-identified oxygen reduction peak could be observed
between −0.20 V and −0.17 V in O2-saturated electrolyte,
but disappeared in the N2-saturated electrolyte, suggesting the
excellent oxygen reduction reaction electrocatalytic activity.
Additionally, the cathodic peak of 800-N,P-CNT is more
positive than that of other samples, which indicates the
improved catalytic activity through synthetic effects between
P−C and the graphitic N configuration.
The line scan voltammetry (LSV) of 800-N,P-CNT curves

are shown in Figure 4b,c. A half-wave potential (E1/2) at −0.162
V (versus Ag/AgCl) is achieved, which is only 10 mV more
negative than that of the commercial Pt/C electrode.
Furthermore, the limiting current density of 800-N,P-CNT
was 6.1 mA/cm2, which is even larger than that of commercial
Pt/C. The corresponding LSV curves of 700-N,P−C and 900-
N,P−C are included in Figure 4b for comparison; 900-N,P-
CNT shows a lower half-wave potential (−0.201 V), and 700-
N,P-CNT is the worst (−0.280 V). The highest half-wave
potential and limiting current density of 800-N,P-CNT
indicated that the proper temperature (i.e., 800 °C) led to
doping of graphitic-N and phosphorus to provide more
accessible activity sites through the synthetic effect. As
confirmed in the XPS spectrum, a lower temperature (i.e.,

Figure 4. (a) CVs of T-N,P-CNT, 800-N-CNT, and 800-N,P-BC in N2 and O2 saturated 0.1 M KOH solution at a scan rate of 50 mV s−1. (b) LSV
curves of 700-, 800-, 900-N,P-CNT, and Pt/C at a rotation rate of 1600 rpm. (c) LSV curves of 800-N,P-CNT, 800-N-CNT, and 800-N,P-BCNT at
a rotation rate of 1600 rpm. (d) Electron transition number of 700-, 800-, 900-N,P-CNT, 800-N-CNT, and 800-N,P-CNT.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b14815
ACS Appl. Mater. Interfaces 2017, 9, 44519−44528

44523

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14815/suppl_file/am7b14815_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14815/suppl_file/am7b14815_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14815/suppl_file/am7b14815_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14815/suppl_file/am7b14815_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b14815


700 °C) would lead to more pyrrolic-N, which decreased the
conductivity and activity of composition. In addition, the ORR
performance of pure CNTs and N,P codoped carbon without
CNTs were also be tested in Figure S11, the poor
electrochemical activity of these samples demonstrates that
both the high conductivity of the CNT and the synergistic
effect between the doped N and P atoms play essential roles on
promoting catalyst activity.
To further evaluate the catalytic activity of above sample, the

rotating disk-ring electrode (RRDE) polarization curves were
also gleaned at the electrode rotation speed of 1600 rpm
(Figures S9 and S10) in O2-saturated 0.1 M KOH solution.
The peroxide yield of 800-N,P-CNT is less than 8% at the

range of polarization procedure, correspondingly, the electron
transfer number is calculated as n ≈ 3.8 (Figure 4d),
demonstrating its favorability to catalyze ORR through a
four-electron ORR process as Pt/C. Meanwhile, the electron
transfer numbers of 700-N,P-CNT, 900-N,P-CNT, 800-N-
CNT, and 800-N,P-BC were also evaluated under the same
conditions, which are calculated as 3.25, 3.7, 3.59, and 3.21,
respectively (Figures S9 and S10). The lower transfer number
of the above samples would attribute to the inefficient electron
transmission process on the lower active surface to the
kinetically sluggish ORR reaction. The electron transfer
numbers of all samples were calculated through K-L equations.
The diffusion-limited current density increased with the

Figure 5. (a) Chronoamperometric response of 800-N,P-CNT and commercial Pt/C. (b) Chronoamperometric response of 800-N,P−C a constant
potential in O2-saturated 0.1 M KOH solution and electricity change with addition of methanol.

Figure 6. (a) Schematic of the basic configuration of a primary Zn−air battery. Photograph (b) of the ZABs and corresponding open-circle potential
(OCP). The ZABs discharge polarization curves and power density of (c) 800-N,P-CNT, commercial Pt/C (the mass loading is 1 mg cm−1). (d)
Discharge curves at various current densities (5 mA cm−2, 10 mA cm−2, 20 mA cm−2, and 50 mA cm−2).
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increasing rotation speed, which displayed a good linearity in
the corresponding K-L plots. According to the K-L plots, the
corresponding transfer electron number of 700-, 800-, 900-N,P-
CNT, 800-N-CNT, and 800-N,P-BCNT were calculated to be
3.54, 4.0, 3.45, 3.32, and 3.27 at −0.5 V as shown in Figures S12
and S13.
As one of the key factors in ZABs, the stability of the

catalysts was evaluated by chronoamperometric measurement
in O2-saturated 0.1 M KOH solution. As shown in Figure 5a,
800-N,P-CNT is obviously more stable than that of commercial
Pt/C. After the 36 000 s test, 800-N,P-CNT remained at 83%
of initial current density, while commercial Pt/C showed a 50%
decrease in the initial current density under the same
conditions. The remarkable durability would owe to the stable
conjugated structure and electron-defect surface after doping
on CNT. Moreover, methanol crossover is also nonnegligible in
practical applications. The current density of 800-N,P-CNT has
an almost negligible change when adding 1 M methanol in
Figure 6b, while the Pt/C catalyst shows a sharp jump after
injection due to the methanol oxidation progress, suggesting
the excellent selectivity of 800-N,P-CNT and preferable
methanol tolerance.
As a cathode material, the practical application performance

of 800-N,P-CNT was investigated in the primary ZABs. In
Figure 6a, the ZABs adopted a Zn plate as the anode without
further purification, a carbon paper coated by electrocatalysts
800-N,P-CNT as the metal free cathode, and 6 M KOH as
electrolyte. As shown in Figure 6b, ZABs with 800-N,P-CNT
on the cathode possessed a high open-circuit potential (OCP)
at 1.53 V. The discharge polarization curve showed that 800-
N,P-CNT could achieve a maximum power density of ∼0.255
W cm−2 with a current density of ∼501 mA cm−2 (Figure 6c),
which was close to or even higher than that of the commercial
Pt/C catalyst (∼0.257 W cm−2 and ∼481 mA cm−2). The
preferable performances of 800-N,P-CNT due to the N,P-
doped porous carbon structure, which provides high con-
ductivity and facilitates the charge and mass transfer. Besides,
the galvanostatic discharge method shows the discharge curve
in different potential plain at various current densities (5 mA
cm−2,10 mA cm−2, 20 mA cm−2, and 50 mA cm−2). As shown
in Figure 6d, there was not even a slight drop of 800-N,P-CNT
in diverse discharge current densities, which indicated excellent
stability of the cathode in ZABs. Furthermore, the long
discharging time curve has been tested to evaluate the capacity
and energy density of electrocatalysts. When normalized to the
mass of consumed Zn, the 800-N,P-CNT could get a specific
capacity of 762 mAh g−1 at 20 mA cm−1 (corresponding to an
energy density of 922 Wh kgZn

−1) which achieved 93%
utilization of the theoretical capacity (∼820 mAh g−1Zn) in
Figure S14a. Even at a higher discharge rate (100 mA cm−1),
the battery could also exhibit remarkable specific capacity of
748 mAh g−1Zn (corresponding to an energy density of 733 Wh
kgZn

−1). To study the catalytic stability further, the EDS of 800-
N,P-CNT after a prolonged discharge test is analyzed in Figure
S14b. After a long time and a high discharge rate test, the
content of N and P in electrocatalysts are slightly changed
(2.1% of N and 0.18% of P), which could be attributed to a
stable N,P-doped ORR catalyst.
Furthermore, first-principles calculations based on DFT

methods were carried out to investigate the synergistic effect
of pyridinic-, graphitic-N, and edge P (Gr, Py-N, P−C) in a
simplified graphene model based on results of XPS. The
pyridine-N and graphitic-N (Gr, Py−N-C), solo-P (P−C), P

and pyridinic-N (Py-N,P−C) graphene (Figure S15−S18) were
also calculated for comparison. Previous works demonstrated
that carbon atoms with decreased charge density on defect and
surrounded by heteroatom could serve as active sites of ORR,
and the quantity of this type of carbon could be regarded as the
indicator to evaluate the performance of the ORR process.39−43

As shown in Figures S15b, S16b, S17b, and S18b, the Gr, Py-
N,P−C possessed the minimum Mulliken charge of −0.824,
and P−C was second lowest (−0.716). These data indicate that
the doped P could intensely lower the Mulliken charge of the
nearby carbon atoms due to its high electronegativity, which
may result in enhancement of the catalytic activity. Besides, the
electronic cloud distribution at the highest occupied molecular
orbital (HOMO) of all four types of graphene-based models are
also calculated (Figure 7, Table 2). Although the numeric

values seem to be very large due to the finite-size models used
here, the trend of different dopants are clearly shown.
According to the frontier molecular orbital theory, electron
transfer should occur between the HOMO of electro-catalyst
and the lowest unoccupied molecular orbital (LUMO) of
O2.

44,45 As the HOMO energy of the electro-catalyst goes
higher, and the energy difference between it and the LUMO of
triplet O2 molecule becomes smaller, which makes it easier for
the charge transfer process, decreases the overpotential, and
accelerates the reduction of oxygen. Gr, Py-N, P−C possessed
the highest HOMO energy (−3.7661 eV), indicating that
heteroatom-doping of P and graphitic-N have a synergistic
effect on promoting ORR reaction on the surface.
To evaluate the capability of the model for adsorbing O2,

several configurations for O2 adsorption were considered and
only the most stable one was taken for comparison among the
different models. As an example, three configurations of O2
adsorbed on Gr, Py-N, P−C were shown in Figure 8. The O−
O band length of adsorbed O2 and the adsorption energy
(Table 2) clearly show that Gr, Py-N, P−C is better for
capturing and activating the O2 molecule than other N,P-doped

Figure 7. HOMO energy levels on four different models.

Table 2. HOMO Energy Level on Different Models and
Other Reference Configuration

electrocatalyst
HOMO energy

(eV)
adsorption energy

(eV)
O−O band

(Å)

Gr,Py-N,P−C −3.7661 −0.656 1.495
Py-N,P−C −8.6938 −0.463 1.472
Gr,Py-N-C −14.0778 −0.272 1.314
P−C −18.9574 −0.109 1.298
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graphene models. For the adsorption energy, among all models,
Gr, Py-N, P−C has the largest one of −0.656 eV (minus for
exothermic) and Py-N, P−C has the second largest one
(−0.463 eV), which indicates the importance of graphitic N in
N,P-codoping electro-catalysts. The O−O (the longer the more
activity) bond in Gr, Py−P−C is spread up to 1.495 Å,
indicating the easier ORR process than Py−N,P−C (1.472
Å).46,47 On the basis of the results of experiments and
calculations, the remarkable performance of ORR should come
from the synergistic effect between P−C and graphitic-N.
which could increase the HOMO energy of the COF and the
interaction between O2 and the material.

■ CONCLUSIONS
In summary, the metal-free nanocomposites for ZABs cathodes,
which are derived from an N,P-codoped covalent organic
framework with CNTs, have been systematically investigated.
The high-performance catalysts have been synthesized by the
cocarbonization of N,P-containing COF coated CNTs. In one
aspect, the COF coating may play an essential role to accelerate
mass and charge transfer to prompt the activity of ORR. In
another aspect, the COF coating may also assist the formation
of more active sites on the N,P-codoped structure. Both
experimental results and theoretical calculations reveal that the
enhanced ORR performance would be ascribed to the
synergistic effect of graphitic-N and P in the nanocomposites.
In a primary ZAB, the 800-N,P-CNT cathode exhibited
comparable activity and improved stability compared to that
of Pt/C cathode, which could be potentially used to develop
low cost and applicable ZABs.

■ CALCULATIONS
Density functional theory (DFT) calculation has been carried
out to investigate the effect of COF-derived N,P-dual doped
electrocatalysts’ active sites in ORR activity. All the calculations
have employed the Gaussian 09 program. The B3LYP/6-31G+
(d,p) level functional was used to calculate adsorption energies,
and were corrected by BSSE.
The adsorption energy (Ead) of the adsorbate was defined as

the equation:O2

= + − − +E E E E E(structure O ) (structure) (O ) (BSSE)ad 2 2

■ EXPERIMENTAL SECTION
Oxidation of Multiwall Carbon Nanotube. Multiwall carbon

nanotubes were oxidized and purified first in mixed acid for nitric and
sulfuric acid with a ratio of 1:1 for 10 h, then washed by DI water for
several times, and dried at 60 °C for the next step.

Synthesis of HCCP-SA, TCT-SA. 0.696g HCCP and 1.068g SA
were dissolved in 150 mL DMF and ultrasonic 1 h to mix uniformity,
and then were transferred into an 80 mL Teflon-lined stainless-steel
autoclave and maintained at 160 °C for 12 h. After the autoclave
cooled to room temperature, the composite was centrifuged, washed
by water and ethanol several times, and dried at 60 °C for further use.

Synthesis of 700-, 800-, 900-N,P-CNT. 50 mg prepared oxide
multiwall carbon nanotube and 200 mg HCCP-SA were dispersed in a
50 mL methanolic solution and well sonificated. After drying at room
temperature for 12 h, the composite was subjected to pyrolysis at 350
°C for 2 h and heated to a desired temperature at a heating rate of 5
°C min−1 under N2 atmosphere for 2 h. The catalysts obtained at 700,
800, and 900 °C were noted as 700-N,P-CNT, 800-N,P-CNT, and
900-N,P-CNT, respectively.

Synthesis of 800-N-CNT and 800-N,P-BCNT. For comparison,
the 800-N-CNT was prepared under same conditions, replacing
HCCP-SA with TCT-SA (200 mg). 800-N,P-BCNT was synthesized
from pyrolysis of the mixture of HCCP (200 mg) and CNT (50 mg).

Electrode Preparation and Electrochemical Measurements.
Electrochemical measurements were conducted using 760E Bipoten-
tiostat (CH Instruments). The ORR activity was carried out on a
three-electrode system, including a glassy carbon (4 mm) as working
electrode, a Pt column as counter electrode, and an Ag/AgCl as
reference electrode. All the potentials were valued versus Ag/AgCl and
were not iR-corrected. Typically, 2 mg catalysts mixed with 10 μL 5 wt
% Nafion solution were dispersed in 800 μL of ethanol solution and
sonicated for 30 min to form a homogeneous ink. Five μL catalyst ink
was then dropped onto a glassy carbon electrode with a diameter of 4
mm (loading: 0.1 mg cm−2). After purging with oxygen for 30 min,
linear-sweep voltammetry was performed at a scan rate of 5 mV s−1 in
0.1 M KOH solution. A working electrode of 20 wt % commercial Pt/
C (Johnson Matthey) was prepared in a similar manner. The loading
amount of Pt/C was the same as that of other catalysts, i.e., 0.1 mg
cm−2. For the chronoamperometric test, the electrode was activated in
O2-saturated alkaline medium for one cycle, and then a static
overpotential was fixed for a certain time to obtain the curve of time
dependence of the current density. For the methanol crossover study,
the current was recorded at −0.5 V vs Ag/AgCl with a rotation rate of
1600 rpm, with 0.1 M methanol added into the O2-saturated
electrolyte around 300 s. for the RRDE measurement, catalyst inks
and electrodes were prepared by the same method as that of the RDEs.
The ring potential was constant at 0.5 V vs Ag/AgCl. The % HO2

−

and electron transfer number (n) were determined by the following
equation:

= ×
+

−

I
%HO 200

I
N

I
N

2
d

r

r

= ×
+

n
I

I
4 I

N

d

d
r

where Id is disk current density, Ir is ring current density, and N is
collection efficient (N) of Pt ring. N is determined to be 0.40 from the
reduction of K3Fe(CN)6.

The transfer electron number (n) was also calculated by the
Koutechy−Levich (K−L) equation:

ω
= + = +

J J J B J
1 1 1 1 1

L K
1/2

K

= ϑ−B nFC D0.62 ( )0 0
2/3 1/6

where J, JK, and JL are the measured current density, the kinetic current
density, and diffusion limiting current density, respectively, ω is the
rotation rate, n is the number of transferred electron per oxygen
molecule, F is the Faraday constant (F = 96485 C mol−1), C0 is the
concentration of O2 in 0.1 M KOH (1.2 × 10−3 mol L−1), D0 is the
diffusion coefficient of O2 in 0.1 M KOH (1.93 × 10−5 cm2 s−1), and ϑ
is the kinetic viscosity of the electrolyte in 0.1 M KOH solution (0.01
cm2 s−1).

Figure 8. Different optimized structure (top and front sight) for O2
adsorbed on Gr, Py-N, P−C, and corresponding adsorption energies.
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Preparation of Zn-Air Battery. The air electrode was prepared by
uniform coating the prepared catalyst ink in the ORR process onto
carbon paper and drying it in air. A Zn plate was used as anode and 6
M KOH aqueous solution used as electrolyte. The mass loading of
electrocatalyst was 1 mg cm−2. All electrodes were assembled into a
homemade Zn-air test measurement.
Characterization. X-ray powder diffraction (XRD) patterns were

collected on an X-ray diffractometer with Cu Kα radiation.
Transmission electron microscopy and STEM-HAADF elemental
mapping (TEM, JEM-2010UHR, Japan). The Raman spectra were
measured on a Renishaw DXR Raman spectroscopy system with a 532
nm laser source. The Brunauer−Emmet−Teller (BET) specific surface
area and pore size distribution were investigated by nitrogen
adsorption−desorption isotherms on a sorption analyzer (Micro-
meritics, ASAP 2050, America). The elemental valences of the samples
were analyzed using X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALab250Xi).
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