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Nitrogen, Phosphorus, and Fluorine Tri-doped Graphene as
a Multifunctional Catalyst for Self-Powered Electrochemical Water
Splitting
Jintao Zhang and Liming Dai*

Abstract: Electrocatalysts are required for clean energy
technologies (for example, water-splitting and metal-air
batteries). The development of a multifunctional electrocata-
lyst composed of nitrogen, phosphorus, and fluorine tri-doped
graphene is reported, which was obtained by thermal activation
of a mixture of polyaniline-coated graphene oxide and
ammonium hexafluorophosphate (AHF). It was found that
thermal decomposition of AHF provides nitrogen, phospho-
rus, and fluorine sources for tri-doping with N, P, and F, and
simultaneously facilitates template-free formation of porous
structures as a result of thermal gas evolution. The resultant N,
P, and F tri-doped graphene exhibited excellent electrocatalytic
activities for the oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), and hydrogen evolution reaction
(HER). The trifunctional metal-free catalyst was further used
as an OER–HER bifunctional catalyst for oxygen and hydro-
gen gas production in an electrochemical water-splitting unit,
which was powered by an integrated Zn–air battery based on
an air electrode made from the same electrocatalyst for ORR.
The integrated unit, fabricated from the newly developed N, P,
and F tri-doped graphene multifunctional metal-free catalyst,
can operate in ambient air with a high gas production rate of
0.496 and 0.254 mL s@1 for hydrogen and oxygen gas, respec-
tively, showing great potential for practical applications.

The oxygen evolution reaction (OER) and hydrogen evolu-
tion reaction (HER) are crucial for generation of oxygen and
hydrogen gases by electrochemical water splitting; these
reactions may be considered green and renewable sources of
energy.[1] Similarly, the oxygen reduction reaction (ORR) is
also important to renewable energy technologies, including
fuel cells and metal-air batteries.[2] To make these reactions
viable, however, electrocatalysts are required to lower their
overpotentials and thereby speed up the reaction rates.[3]

Pt-based catalysts have long been used as efficient electro-
catalysts for ORR and HER, but their catalytic activities
towards OER are relatively poor. On the other hand, metal

oxides (such as, RuO2, IrO2, and perovskite oxides) have been
widely studied as electrocatalysts for OER,[4] while their
catalytic activities for HER need to be further improved.
Therefore, finding electrocatalysts that can work efficiently
for ORR, OER, and HER has been amongst the “holy grails”
of chemistry for decades.[3a] Even when realized, the high-
cost, low-reserve, and poor durability of metal-based multi-
functional catalysts could still prevent them from practical
applications in renewable energy technologies.

Heteroatom-doping of carbon nanomaterials has recently
been demonstrated to impart electrocatalytic activities to
carbon-based metal-free catalysts.[3,5] Since the discovery that
vertically aligned N-doped carbon nanotubes (VA-NCNTs)
can act as efficient metal-free electrocatalysts for ORR in
alkaline electrolytes with a four-electron pathway and free
from methanol cross-over and CO-poisoning effects,[6]

tremendous progress has been made and a large number of
metal-free catalysts have been reported by doping of various
graphitic carbon materials (for example, CNTs, graphene, and
graphite) with nitrogen and/or many other heteroatoms (for
example, B, S, and P).[3, 7] Of particular interest, co-doping of
graphitic carbon atoms with two heteroatoms (such as, N or
B), of different electronegativities from that of C, was found
to further enhance the electrocatalytic activity by a synergic
effect with respect to single heteroatom-doped counter-
parts.[7–8] Interestingly, we have recently further demonstrated
that ORR–OER and ORR–HER bifunctional catalysts
(useful for metal-air batteries and regenerative fuel cells,
respectively) can be produced by co-doping of different three-
dimensional carbon assemblies with N and P.[9] However, it is
still challenging to develop triple functional metal-free
electrocatalysts for ORR, OER, and HER. If realized, cost-
effective integrated self-powered water-splitting units could
be devised to produce hydrogen and oxygen gases for
renewable energy technologies.

Herein, we report a facile route to N, P, and F tri-doped
graphene metal-free electrocatalysts for ORR, OER, and
HER, by pyrolysis of polyaniline (PANi)-coated graphene
oxide (GO-PANi) in the presence of ammonium
hexafluorophosphate (AHF). Thermal decomposition of
AHF could, not only provide heteroatom sources for tri-
doping with N, P, and F, but also facilitate the template-free
formation of porous structures by thermal gas evolution. The
resultant N, P, and F tri-doped graphene was demonstrated to
exhibit excellent electrocatalytic activities for ORR, OER,
and HER. We further used this newly developed trifunctional
metal-free catalyst as an OER–HER bifunctional catalyst for
oxygen and hydrogen gas production in an electrochemical
water-splitting unit, which was powered by an integrated
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Zn–air battery based on an air electrode made from the same
electrocatalyst for ORR. This first self-powered integrated
water-splitting unit, based on the tri-functional metal-free
carbon catalyst, can operate in ambient air with a high gas
production rate of 0.496 and 0.254 mL s@1 for hydrogen and
oxygen gas, respectively, showing great potential for practical
applications.

PANi was first deposited on the surface of GO by an
oxidative polymerization method (Scheme 1). The obtained
GO-PANi was activated with AHF by thermal treatment
(Supporting Information). The pyrolysis of polyaniline and
the thermal decomposition of AHF resulted in formation of
reduced graphene oxide doped with nitrogen, phosphorous,
and fluorine (designated as GO-PANi-FP).

As shown in Figure 1A, GO-PANi is composed of
interconnected thick layers as a result of the surface coating
of GO with a PANi layer. After the thermal treatment, similar
morphologies were observed for GO-PANi31-FP (Figure 1B)
and GO-PANi51-FP (Figure 1C)—here, 31 and 51 refer to the
initial mass ratio of GO-PANi and ammonium hexafluoro-
phosphate as 3:1 and 5:1, respectively, annealed at 950 88C for
1 h (Supporting Information). The TEM image in Figure 1D
reveals the wrinkled structure of the GO-PANi31-FP sheet,
suggesting the thin layered nature of the carbonized PANi
and GO composite sheet.[10] To examine the distribution of
heteroatoms, we performed elemental mapping analysis. As
seen in Figure 1E, a uniform distribution of C, N, P, and F was
evident, indicating homogeneous doping of graphene sheets

with N, P, and F. The heteroatom-doping could change the
surface properties of and introduce defects into graphene
sheets, and hence improve electrocatalytic activity.[9a,11]

The X-ray diffraction (XRD) patterns of GO-PANi
before and after the thermal treatment were recorded. For
GO-PANi, Figure S1 (Supporting Information) shows typical
XRD peaks attributable to the partially crystallized PANi
coated on graphene oxide.[9a] After the thermal treatment,
only a broad diffraction peak at around 2688 was observed for
GO-PANi31-FP and GO-PANi51-FP, suggesting conversion
of PANi into graphitic carbon. It is worth noting that the
thermal decomposition of AHF can provide nitrogen, phos-
phorus, and fluorine sources for tri-doping of graphene sheets
with N, P, and F, while thermal gas evolution can facilitate
a template-free formation of porous structures. Fourier
transform infrared spectroscopy (FTIR) was performed to
examine the changes of surface functional groups. For
GO-PANi, Figure S2 (Supporting Information) shows the
characteristic bands at 1584 and 1484 cm@1 arising from the
C=C stretching vibration in quinoid and benzene rings,
respectively, whereas the bands at 1295 and 1240 cm@1 were
attributed to the C@N and C=N stretching modes of
polyaniline.[12] The presence of these bands suggested the
successful coating of PANi on GO sheets. After thermal
treatment, the functional groups of GO-PANi disappeared
(Supporting Information, Figure S2), suggesting a successful
thermal conversion of the PANi functionalized GO into the
heteroatom-doped graphene.

To investigate the chemical composition, we further
performed X-ray photoelectron spectroscopy (XPS)
measurements. As expected, the XPS survey spectrum of
GO-PANi31-FP shows peaks for C, N, P, F, and O (Fig-
ure 2A), indicating the tri-doping of carbon with N, P, and F.
The presence of an O 1s peak possibly arises from the oxygen-
containing groups derived from the GO (see below) or the
incoporation of physicochemically adsorbed oxygen.[13] Fig-
ure 2B and Figure S3 (Supporting Information) show the
core-level XPS spectra for GO-PANi31-FP, GO-PANi51-FP,
and GO-PANi-950. Table S1 (Supporting Information) lists
the contents of N, P, and F for all samples. As can be seen, the
XPS N 1s spectrum was fitted to four component peaks
centred at about 398.7, 400.5, 401.4, and 402.9 eV, attributable
to pyridinic, pyrrolic, graphitic, and oxidized nitrogen,
respectively.[14] The pyridinic and graphitic N species are
dominant, which could enhance electrocatalytic activities.[15]

In the XPS P 2p spectrum, the P@C bond is located at about
132.2 eV, while the component peak at around 133.6 eV
suggests the presence of a P@O bond. The high-resolution
XPS F 1s spectrum for GO-PANi31-FP exhibits ionic
(684.9 eV) and semi-ionic (687. 8 eV) C@F bonds. Hetero-
atom-doping changed the surface charge/defect distributions
of the carbon matrix, leading to advanced electrocatalytic
activities.[6b,8b] Having a high electronegativity,[3b] F is a highly
promising heteroatom dopant to induce strong charge redis-
tribution along with possible changes in surface hydro-
phobicity, and hence significantly enhanced catalytic activities
for graphitic-carbon atoms, even after co-doping.

Raman spectra of GO-PANi31-FP and GO-PANi51-FP,
given in Figure 2C, clearly show the D- and G-bands,

Scheme 1. The preparative process for GO-PANi-FP tri-functional
electrocatalyst.

Figure 1. SEM images of A) GO-PANi, B) GO-PANi31-FP, and
C) GO-PANi51-FP. TEM images of D) GO-PANi31-FP and the corre-
sponding E) elemental mappings of C, N, P, and F.
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suggesting that the PANi in GO-PANi samples have been
successfully transformed into graphitic carbon atoms.[16]

Furthermore, these Raman peaks can be deconvoluted into
a series of four component peaks, centered at around 1200,
1355, 1500, and 1600 cm@1. The characteristic peaks at around
1355 cm@1 (D-band) and 1600 cm@1 (G-band) are associated
with the defects in the graphene structure, including those
carbon atoms near to the edge of a graphene sheet, and the
planar motion of sp2-hybridized carbon atoms in a graphene
layer, respectively. The broad band at about 1200 cm@1 arises
from carbon atoms outside a perfectly planar graphene
network (such as, aliphatic and amorphous structures). The
peak at approximately 1500 cm@1 is due to the distorted
structures caused by the incorporation of five-membered
rings or heteroatoms in the graphene hexagonal network,[17]

indicating the occurrence of doping of heteroatoms into the
carbon matrix, thereby imparting electrocatalytic activity.[3,6]

The N2 adsorption–desorption isotherm curves (Supporting
Information, Figure S4) for the GO-PANi31-FP,
GO-PANi51-FP, and GO-PANi-950, exhibit an increase in
absorbed volumes with increasing AHF content. The specific
surface areas for GO-PANi31-FP and GO-PANi51-FP are 512

and 415 m2 g@1, which are larger than that of GO-PANi-950
(218 m2 g@1). Furthermore, the pore size distribution curves
(Supporting Information, Figure S4b) reveal an increase in
mesopore population with increasing AHF content. These
results suggest that AHF is responsible for the formation of
the porous structure by thermal release of gas, which serves as
a soft template.

To demonstrate the electrochemical catalytic activities of
GO-PANi-FP samples, we carried out linear scan voltamme-
try (LSV) measurements with a rotating ring-disk electrode
(RRDE). Figure S5 (Supporting Information) shows
increases in the reduction currents with increasing rotating
speed, suggesting diffusion controlled oxygen reduction in
alkaline electrolyte.[10,18] GO-PANi31-FP exhibited the stron-
gest and most stable limiting current density because of its
efficient catalytic activity arising from synergic effects of the
tri-doping with a balanced composition of heteroatoms.[8,19]

Figure 3A shows the corresponding RRDE results for the
GO-PANi-950 and GO-PANi-FP samples. Once again,
GO-PANi31-FP exhibited the best catalytic activity with the
highest onset potential and strongest limiting current density,
though its half-wave potential is still 40 mV lower than that of
a Pt/C electrode. The calculated number of electrons trans-
ferred at the GO-PANi31-FP electrode is around 3.85 (Fig-
ure 3B and Equation (1) in the Supporting Information),
indicating a four-electron pathway for the oxygen reduc-
tion.[20] The observed good ORR catalytic activity of the
GO-PANi31-FP electrode was also confirmed by the low
percentage (< 10 %) of H2O

@ generated during the oxygen
reduction (Figure 3C).

Figure 3D also shows the heteroatom-doping enhanced
OER catalytic activities for GO-PANi-FP samples. The onset
potential for OER at the GO-PANi31-FP electrode is around
1.62 V, which is higher than that of a RuO2 catalyst
(ca. 1.53 V). Nevertheless, the overpotentials at a current
density of 10 mAcm@2 for both GO-PANi31-FP and RuO2

catalysts are similar (Figure 3D). Compared with
GO-PANi-950 and GO-PANi51-FP, GO-PANi31-FP
exhibited the best OER performance with the largest current
density and lowest onset potential. The corresponding Tafel
plots are given in Figure 3E, which shows the lowest slope
(136 mV dec@1) for GO-PANi31-FP—comparable to that of
RuO2 catalyst (141 mVdec@1) and much lower than those of
GO-PANi51-FP (238 mVdec@1) and GO-PANi-950
(221 mVdec@1). These results clearly show that
GO-PANi31-FP is also the best metal-free OER catalyst.
Furthermore, the polarization curves and corresponding Tafel
plots (Figure 3 F and Figure 3G, respectively) show reason-
ably good HER catalytic activities for GO-PANi31-FP, with
an onset potential of about @0.4 V. The corresponding
overpotential at a current density of 10 mA cm@2 is around
0.52 V, which is still poorer than that of Pt/C (ca. 0.19 V) in an
alkaline electrolyte. Additionally, GO-PANi31-FP electrode
exhibited an excellent stability for OER and ORR/HER with
respect to RuO2 and Pt/C, respectively (Supporting Informa-
tion, Figure S6).

The good tri-functional electrocatalytic activities of
GO-PANi31-FP observed in ORR, OER, and HER,
prompted us to construct an integrated water-splitting unit.

Figure 2. Survey XPS of A) GO-PANi31-FP and B) core level XPS of
N 1s, P 2p, and F 1s. C) Raman spectra of GO-PANi31-FP and
GO-PANi51-FP.
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The unit was powered by a Zn–air battery based on the newly
developed metal-free tri-functional carbon catalyst for ORR,
as well as OER and HER in the water-splitting process.
Figure S7 (Supporting Information) shows a high power
density of around 38 mWcm@2 and good stability (no obvious
potential decay over 50 h) for Zn–air batteries based on the
GO-PANi31-FP air cathodes.

For electrochemical water splitting, the following reac-
tions lead to oxygen (Reaction (1)) and hydrogen (Reac-
tion (2)) generation at the anode and cathode, respectively.

4 OH@ ! 2 H2OþO2 þ 4 e@ ð1Þ

4 Hþ þ 4 e@ ! 2 H2 ð2Þ

However, electrocatalysts are often required to lower the
energy barrier and improve the efficiency of these reac-
tions.[21] To demonstrate the multifunctional applications of
our newly developed tri-functional electrocatalysts, we con-
nected the above-mentioned Zn–air battery to a water-
splitting unit, in which GO-PANi31-FP-coated nickel foams
were used as electrodes for both O2 and H2 generation
(Supporting Information, Figure S8). Figures 4A and 4B
exhibit continuous generation of gas bubbles (see, Movie S1
in the Supporting Information) on the two electrodes in the

integrated device, consisting of the GO-PANi31-
FP-based water-splitting unit and Zn–air battery.

To collect gasses produced during the self-
powered water-splitting process, we inserted the
anode and cathode into tubes with volume marks
and then sealed the top end of the tubes with
epoxy (Supporting Information, Figure S9).
Initially, each tube containing one electrode was
filled with KOH electrolyte and its bottom end
immersed into the electrolyte in a beaker
(Supporting Information, Figure S9A). When the
water-splitting unit was connected to the Zn–air
battery, the gases produced (H2 and O2) were
collected on the top of the water filled tubes.
Meanwhile, the water surface level inside the tube
dropped down because the electrolyte gradually
flowed out of the bottom ends of the immersed
tubes as the internal gas pressure on the top of the
tubes built up during the water-splitting process; in
this way the gas volume produced was recorded.
As demonstrated in Figure S9B (Supporting Infor-
mation), the electrolyte surface level within the
tube gradually dropped down while the inside gas
volume increased with increasing water-splitting
time. It is worth noting that the increased gas
volumes for hydrogen and oxygen are different.
The recorded gas volumes as a function of the
water-splitting time are given in Figure 4C, show-
ing a linear relationship with a slope of 0.496 and
0.254 mL s@1 for hydrogen and oxygen gas, respec-
tively. The slop ratio of 1.95 is very close to the
theoretical ratio of two, as anticipated for hydro-
gen and oxygen production by water splitting.

In summary, we have demonstrated that ther-
mal pyrolysis of polyaniline pre-coated graphene oxide in the
presence of AHF, generated graphene materials tri-doped
with nitrogen, phosphorus, and fluorine. The tri-doped
graphene can be used as an efficient tri-functional electro-
catalyst for ORR, OER, and HER. The newly developed tri-
functional metal-free catalyst was further used as an OER–
HER bifunctional catalyst for oxygen and hydrogen gas
production in an electrochemical water-splitting unit, which
was powered by a Zn–air battery based on an air electrode
made from the same electrocatalyst for ORR. This integrated
self-powered water-splitting unit can operate in ambient air
with a high gas production rate of 0.496 and 0.254 mLs@1 for
hydrogen and oxygen gas, respectively, showing great poten-
tial for practical applications. Therefore, the low-cost metal-
free tri-functional electrocatalysts thus produced hold great
promise for a wide range of applications.
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Figure 3. A) RRDE results of various catalysts for ORR; B) the number of electron
transfer; C) the percentage of peroxide in the total oxygen reduction products for
ORR, based on the RRDE results in (A). D) LSV curves of various samples for OER
in 0.1m KOH and E) the corresponding Tafel curves. F) LSV curves for HER and
G) the corresponding Tafel curves.
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Figure 4. The optical images of electrodes A) before and B) after water
splitting powered by Zn–air batteries. C) O2 and H2 production
volumes as a function of water-splitting time.
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