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N,P-Codoped Carbon Networks as Efficient Metal-free Bifunctional
Catalysts for Oxygen Reduction and Hydrogen Evolution Reactions

Jintao Zhang, Liangti Qu, Gaoquan Shi, Jiangyong Liu, Jianfeng Chen, and Liming Dai*

Abstract: The high cost and scarcity of noble metal catalysts,
such as Pt, have hindered the hydrogen production from
electrochemical water splitting, the oxygen reduction in fuel
cells and batteries. Herein, we developed a simple template-free
approach to three-dimensional porous carbon networks
codoped with nitrogen and phosphorus by pyrolysis of a super-
molecular aggregate of self-assembled melamine, phytic acid,
and graphene oxide (MPSA/GO). The pyrolyzed MPSA/GO
acted as the first metal-free bifunctional catalyst with high
activities for both oxygen reduction and hydrogen evolution.
Zn—air batteries with the pyrolyzed MPSA/GO air electrode
showed a high peak power density (310 Wg™') and an excellent
durability. Thus, the pyrolyzed MPSA/GO is a promising
bifunctional catalyst for renewable energy technologies, par-
ticularly regenerative fuel cells.

P recious metals (e.g., platinum), are commonly used to
lower the activation energy barriers for various sluggish
electrochemical reactions, such as oxygen reduction reaction
(ORR), oxygen evolution reaction (OER), and hydrogen
evolution reaction (HER), which are critical to renewable
energy technologies.!! However, their high cost and scarcity
have precluded the commercialization of the renewable
energy technologies. In order to reduce/replace noble metal
(e.g. Pt)-based catalysts, nonprecious metal catalysts
(NPMCs) and metal-free heteroatom (e.g., nitrogen)-doped
carbons have been developed as efficient catalysts for ORR in
fuel cells and bifunctional catalysts for ORR and OER in
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metal-air batteries.”! Apart from ORR and OER, the photo/
electrocatalytic water splitting to produce hydrogen gas as
fuel for fuel cells plays an important role in generating clean
energy from sunlight and water.”) Among NPMCs for HER,
metal (oxy)sulfides (e.g., MoS,) and their derivatives have
been widely studied.”! Carbons are often used as supports for
these poorly-conducting catalysts to provide good electron
transfer, leading to synergic effects to enhance the HER
performance.”! It is important to understand the intrinsic
roles of carbons in these carbon-supported metal-based ORR
or HER catalysts and their carbon-based metal-free counter-
parts."**° Insights thus obtained could be used to guide the
development of new carbon-based electrocatalysts,” for
example as ORR-OER bifunctional catalysts for metal-air
batteries"! and ORR-HER bifunctional catalysts for regen-
erative fuel cells.”

Although it is still highly challenging to develop carbon-
based metal-free bifunctional catalysts, we have recently
reported that 3D N,P-codoped mesoporous nanocarbon
foams can act as efficient ORR-OER bifunctional cata-
lysts.l'! Our calculations revealed that the N,P codoping and
the graphene edge effect are crucial for the bifunctional
electrocatalytic activities. As far as we are aware, however, no
carbon-based ORR-HER bifunctional catalyst has been
reported, though it is practically important to regenerative
fuel cells and other renewable energy technologies.® In this
work, we have developed a metal-free ORR-HER bifunc-
tional catalyst based on 3D porous graphitic carbons codoped
with nitrogen and phosphorus prepared by self-assembling
melamine and phytic acid into melamine—phytic acid super-
molecular aggregate (MPSA) in the presence of graphene
oxide (MPSA/GO), followed by pyrolysis. The obtained
catalysts exhibit high catalytic activities towards both HER
with a low overpotential and ORR via a four-electron
pathway. When the pyrolyzed MPSA/GO was used as the
air electrode in a Zn-air battery operated in ambient air,
a high peak power density and an excellent durability were
achieved. While the low-cost and efficient metal-free carbon-
based ORR and HER bifunctional electrocatalysts could
advance regenerative fuel cells and water splitting systems to
the marketplace, the newly developed simple and scalable
methodology should open avenues for low-cost, large-scale
production of high-performance carbon-based bifunctional
catalysts for renewable energy technologies and beyond.

As shown in Scheme 1, melamine—phytic acid supermo-
lecular aggregate (MPSA) was formed via a simple cooper-
ative assembly of melamine and phytic acid in water at room
temperature (Figure S1A in the Supporting Information).!'
Graphene oxide (GO) with epoxy and hydroxy functional
groups on both sides of its surface was used as the pillar
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Scheme 1. Preparation process of MPSA/GO-1000 via cooperative
assembly and pyrolysis.

connectors to produce MPSA/GO (Figure S1B). Figure S1C
reproduces a typical SEM image of the white precipitation
shown in Figure S1A, which reveals that the MPSA nano-
sheets are interconnected with each other to form a foam-like
structure. In the presence of GO, nanosheets with relatively
large sizes were observed in the SEM image of MPSA/GO
(Figure S1D). Subsequent pyrolysis of MPSA/GO led to the
formation of 3D graphitic carbon networks at the elevated
temperature (e.g., 550-1000°C). During the pyrolysis process,
the nitrogen- and phosphorous-containing functional groups
in the melamine and phytic acid precursors, respectively, led
to simultaneous codoping of N and P into the final porous
graphitic carbons (Figure S2).

Fourier-transform infrared (FTIR) spectroscopy (Fig-
ure S3) reveals that the band at 808 cm™" attributable to the
triazine ring vibration of melamine shifts to a lower wave-
number (778 cm™') in MPSA and MPSA/GO due to defor-
mation of the aromatic ring and protonation of the triazine
rings in the self-assembled aggregate (cf. Scheme 1). The
other broad bands at 960 and 1135 cm ™! are assigned to PO,*~
groups, which shift to higher wave numbers (1059, 1185 cm ™),
indicating the formation of hydrogen bonding between
melamine and phytic acid.”) Thus, self-assembly of the
protonated melamine with phytic acid through hydrogen
bonding could lead to the formation of two-dimensional (2D)
sheets, which, in turn, were converted into a 3D intercon-
nected network of MPSA via the interlayer m—m stacking
(Scheme 1, Figure SIC). Subsequent pyrolysis further con-
verted the MPSA architecture into a 3D carbon network
(MPSA-T). The above structure changes were also evidenced
by X-ray diffraction (XRD) measurements. As shown in
Figure S4A and B, the newly appeared peak at 6.8° for MPSA
indicates, most probably, the formation of a 3D layered
assembly from the 2D melamine—phytic acid self-assembled
nanosheets (Scheme 1) with a large interlayer distance due to
the deformation of aromatic rings and/or side groups
associated with both the melamine and phytic acid constitu-
ents, as indicated by FTIR (see above). The corresponding
XRD pattern for MPSA/GO (Figure S4C) shows a significant
intensity reduction of the peak at 6.8°, which is accompanied
by the appearance of several weak, but noticeable, peaks
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(20 =20-26°) with a concomitant narrowing of those high-
angle bands characteristic of MPSA. These XRD results
indicate that the presence of GO reduced the structure
deformation for MPSA and promoted a larger, more ordered
3D layered assembly with a smaller interlayer distance,
presumably due to the formation of an interdigitated layer-
by-layer assembly with alternating MPSA and GO layers
(Scheme 1). The XRD pattern (Figure S4D and E) and
Raman spectra (Figure S5) confirm the formation of graphitic
carbon during subsequent pyrolysis.!”

Figure 1 A reproduces the X-ray photoelectron spectros-
copy (XPS) survey spectrum for MPSA/GO-1000. The
presence of C, N, P and O indicates the formation of the
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Figure 1. A) An XPS survey spectrum and high-resolution XPS spectra
for B) Cls, C) N1s and D) P2p. E) The percentage contents of pyridinic
(NT), pyrolic (N2), and quaternary nitrogen (N3) obtained from the
XPS measurements for MPSA/GO-1000 and F) the corresponding N
and P contents as a function of the pyrolysis temperature. G) SEM and
H) TEM images of MPSA-1000 and 1) MPSA/GO-1000.

N,P-codoped carbon. In the high-resolution XPS C 1s
spectrum (Figure 1B), the main peak centred at about
284.6 €V is attributable to the graphitic sp® carbon whereas
the additional component centred at 285.6 eV is assigned to
C-N and/or C=N." The low intensity of broad band
(287.9 eV, typically O—C=0) suggests that most of the
oxygenated groups on GO (Figure S6) have been removed
during the thermal treatment."!! The XPS N 1s spectrum
(Figure 1C) was fitted to pyridinic (398.3 eV), pyrrolic
(400.1 eV), graphitic (401.2eV), and oxidized nitrogen
(403.7 €V), respectively."” The XPS P, spectrum (Fig-
ure 1D) shows the P—C bond at about 131.6 eV and P—O
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bond at around 133.2eV.'”l It was further found that the
pyridinic and graphitic nitrogen contents increased with
increasing the annealing temperature from 800 to 1000°C
whereas the pyrrolic nitrogen content decreased (Figure 2E),
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Figure 2. A) Linear scan voltammetry (LSV) curves of various samples
for hydrogen evolution in 0.5m H,SO, and B) the corresponding Tafel

curves. C) HER stability tests of the MPSA/GO-1000 and Pt/C electro-

des. D) LSV curves of selected samples for hydrogen evolution in 0.1m
KOH.

indicating a thermally induced structure transformation
among the different nitrogen species.'" As shown in Fig-
ure 1F, the thermal treatment could also remove the nitrogen
and/or phosphorous heteroatoms through thermal decompo-
sition. Therefore, it is critical to control the pyrolysis temper-
ature to produce MPSA-T and MPSA/GO-T with the desired
N and P contents and multidimensional structures.

The SEM image (Figure 1G) reveals the 3D intercon-
nected network feature of MPSA-1000. The corresponding
TEM image in Figure 1H shows the layered structure of
individual carbon sheets with wrinkles. Similar thin carbon
sheets are also evident in the TEM image of MPSA/GO-1000
(Figure 11). The porous carbon network composed of N,P-
codoped graphitic sheets could facilitate the rapid electrolyte
and charge transfer for efficient electrocatalysis."”) The HER
catalytic activities of MPSA-T and MPSA/GO-T were mea-
sured by linear cycle voltammetry using the commercial Pt/C
electrode (C2-20,20 % platinum on Vulcan XC-72R; E-TEK)
as a reference.l”! Figure 2 A shows a temperature-dependent
HER activity for MPSA/GO-T samples, with an increased
catalytic activity by increasing the pyrolysis temperature
(550-1000°C). The MPSA/GO-1000 exhibited the best HER
performance with a low overpotential of 0.06 V (only 60 mV
larger than that of Pt/C). At the current density of
30mAcm™, the potential of MPSA/GO-1000 is around
—0.21 V. These results are much better than those of
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MPSA-1000 (—0.50 V at 30 mAcm %) and even recently
reported  non-noble  metal-based HER  catalysts
(Table S1),'=+1] including the ternary copper molybdenum
sulfide (Cu,MoS,) (—0.35V at 12mAcm )" and RGO-
tungsten disulfide composite (—0.30 V at 23 mA cm2),"* and
comparable to the composites of RGO and copper-centered
metal-organic framework as well as MoS, (—020V at
30 mA cm ).

Tafel slopes estimated by linear fitting of the polarization
curves (Figure 2 B) according to the Tafel equation (= blogj
+ a, where j is the current density and b is the Tafel slope), are
32, 89, 198, 122, 249, and 250 mV/decade for Pt/C, MPSA/
GO-1000, MPSA-1000, MPSA/GO-900, MPSA/GO-800, and
MPSA/GO-550, respectively. The MPSA/GO-1000 exhibited
the lowest Tafel slope, suggesting, once again, the best
reaction kinetics for hydrogen evolution.'*2! The HER
exchange current densities (j,) for MPSA/GO-1000 and
MPSA-1000 calculated from the Tafel plots by the extrap-
olation method are 0.16 and 0.12 mAcm™>, respectively,
which are comparable and even higher than those of the
most reported HER catalysts (Table S1).'"**1°! Furthermore,
the MPSA/GO-1000 electrode (Figure 2C) showed an about
95% current retention after 4 h, similar to that of the Pt/C
electrode, clearly indicating the remarkable operation stabil-
ity. We also tested the HER catalytic activities of MPSA/GO-
1000 and MPSA-1000 in various electrolytes (0.1m KOH in
Figure 2D and K,SO, in Figure S7, respectively). Although
Figure 2D shows higher overpotential values of 0.29 and
0.37 V for MPSA/GO-1000 and MPSA-1000, respectively,
than that of the Pt/C catalyst (0.05 V), their remarkable HER
catalytic activities are evidenced by the rapid current increase.
These results suggest that MPSA/GO-1000 and MPSA-1000
have good catalytic activities for HER over a wide pH range.
The superb HER performance observed above for the
MPSA/GO-1000 electrode could be attributed to a synergistic
effect of N,P codoping. Besides, the 3D porous graphitic
network would greatly enhance the electron and electrolyte
transports as well as the mechanical and electrochemical
stabilities.

To demonstrate the bifunctional catalytic activities, we
investigated the ORR performance of the MPSA/GO-T and
MPSA-T samples. As shown in Figure 3 A, the ORR catalytic
activity of MPSA-1000 is comparable to the Pt/C catalyst with
only slightly more negative onset potential and lower
diffusion limiting current density. Compared to MPSA-1000,
MPSA/GO-1000 showed an even better ORR performance,
as evidenced by its more positive onset potential and higher
steady-state current density (Figure 3 A).

The LSV curves in Figures 3B and S8 all show that the
expected current increases with increasing scanning rates. The
Koutechy-Levich (K-L) plots (Figure 3 C) obtained from the
corresponding LSV curves according to the K-L equation
[Equation (1) in the Supporting Information] yield the
electron transferred number (n) of about 3.5 and kinetic
current density (j,) of 129 mAcm? for the MPSA-1000
electrode (Figure 3D). As expected, the MPSA/GO-1000
electrode shows a higher electron transferred number (3.7)
and Kinetic current density (16.9 mA cm?), which are com-
parable to those of Pt/C (3.8 and 17.0 mA cm ™), indicating an
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Figure 3. A) LSV curves of MPSA/GO-550, MPSA/GO-800, MPSA/GO-
1000, and commercial Pt/C catalyst in O,-saturated 0.1 M KOH
solution. B) LSV curves of MPSA/GO-1000 in O,-saturated 0.1m KOH
with different rotating speeds. C) The Koutechy—Levich plots for
MPSA/GO-1000, MPSA-1000, and Pt/C. D) The kinetic current densi-
ties and the electron transferred numbers (on the top of the
rectangular bars) for O, reduction with various samples at 0.65 V.

E) RRDE measurements for MPSA/GO-1000 electrode in O,-saturated
0.1m KOH. F) Percentage of peroxide in the total oxygen reduction
products. G) The number of electron transfer.

excellent ORR catalytic activity via a nearly four-electron
pathway. Rotating ring-disk electrode (RRDE) measure-
ments also exhibit good ORR performance for the MPSA/
GO-1000 electrode with a large disc current and a low
percentage of peroxide generation (< 10%) (Figure 3E). The
electron transferred number calculated from the RRDE data
[Equations (3) and (4) in the Supporting Information] is
around 3.7. Thus, both the RDE and RRDE measurements
suggest an efficient oxygen reduction directly into water via
a four-electron pathway. Heteroatom-doping induced charge
redistribution has been reported to be responsible for the
ORR activity of carbon-based metal catalysts,”! and codoping
with two heteroatoms of electronegativities different from
that of carbon has been demonstrated to show a synergistic
effect to further enhance the ORR activity.”?!! The observed
good stability as well as the high resistance to methanol
crossover effect and CO poisoning effect (Figure S9) show the
unique features of MPSA/GO-1000 as good ORR catalyst
with a high selectivity.

Finally, Zn—air batteries operated in ambient air were
fabricated by using MPSA/GO-1000, MPSA-1000, and Pt/C
as the ORR electrocatalysts in the air electrode. Figure 4 A
exhibits the polarization and power density curves, indicating
cell performance comparable to or even better than that of Pt/
C electrodes. Specifically, the MPSA/GO-1000 electrode
exhibited a higher potential and power density than those of
the Pt/C electrode over a large range of current densities

Angew. Chem. 2016, 128, 22702274

Zuschriften

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

A — — -MPSA/GO-1000
1.5+ —— MPSA-1000 _-~-"}300 _-
= e
8 -200 2
o [0}
o -100°
(0]
L 2
e
T 0
0 100 & 2d00 — 300 400
B 15 urrent density (A/g)
§ 1.04 —-—MPSA/GO-1000
8 ——— MPSA-1000
s 1 Pt/C
£ 054
0.0 . T r T r
0 30 Time (h) 60 90

Figure 4. A) Polarization and power density curves, and B) discharge
curves of Zn—air batteries using MPSA/GO-1000, MPSA-1000, and Pt/
C as the ORR electrocatalyst, respectively.

(Figures 4 A and S10), suggesting a better rate performance.
The peak power density (310 Wg ') for the Zn-air battery
using the MPSA/GO-1000 air electrode is nearly two times
that of the battery with the Pt/C air electrode (171 Wg™') due
to the high ORR activity of the MPSA/GO-1000 catalyst and
its porous architecture for rapid mass and charge transfer. As
shown in Figure 4 B, there is no potential drop for the Zn-air
battery using the MPSA/GO-1000 air electrode during the
long-time discharging (90 h), which is much better than those
of Zn-air batteries using the MPSA-1000 or Pt/C air
electrode. The demonstrated good cell performance and
durability for Zn-air batteries based on the MPSA/GO-1000
air electrode are consistent with the excellent ORR catalytic
activity and stability described above for MPSA/GO-1000.
Clearly, therefore, our newly developed metal-free, N,P-
codoped 3D carbon networks hold great promise as bifunc-
tional electrocatalysts in various energy devices/systems of
practical significance.

In summary, we have developed a simple, low-cost and
efficient approach to three-dimensional porous graphitic
carbon networks codoped with nitrogen and phosphorus by
self-assembling melamine—phytic acid supermolecular aggre-
gate in the presence or absence of GO, followed by pyrolysis.
The resultant metal-free carbon catalysts exhibited remark-
ably high bifunctional electrocatalytic activities with an
excellent duribility for both hydrogen evolution and oxygen
reduciton reactions. The newly developed MPSA/GO-1000
outperformed most of the metal-based and metal-free
carbon-based HER electrocatalysts reported to date while
its oxygen reduction performance is comparable to or even
better than the state-of-the-art Pt/C electrode. Furthermore,
we have fabricated Zn-air batteries by using the as-prepared
3D porous N,P-codoped graphitic carbon networks as the air
cathode, leading to a high peak power density (310 Wg ') and
an excellent durability without potential drop over 90 h. This
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work represents a major breakthrough in the development of

metal-free  ORR/HER bifunctional electrocatalysts for
renewable energy technologies and beyond.
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