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In this study, a simple solvothermal method was used to prepare a highly porous phosphorus-doped
graphene aerogel (PGA), using graphene oxide (GO) as the precursor and phytic acid as the dopant.
The morphostructural characterization of PGA was conducted by scanning electron microscopy (SEM)
and X-ray photoelectron spectroscopy (XPS). For supercapacitor applications, PGA materials showed
superior capacitance performance (225.3 F gt at 1A/g) and long-term cycle stability. The specific
capacitance retention rate reached 95% after 10,000 charge and discharge cycles. Even if the current
density was doubled after 10 times,it can reach 196.8 F g~ (10 A/g). The as-prepared PGA in this
study has the advantages of low cost, safety, reliability, and excellent electrochemical performance,
and thus has superior application potential.
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1. INTRODUCTION

Electrochemical techniques are stable, sensitive, and accurate [1-3], and have been widely used
in electrochemical biosensors [4-7], fuel cells [8-10], supercapacitors [11,12], and various other
applications. In recent years, with the rapid development of electronic information industry,
supercapacitors and other new energy storage devices have attracted much attention [13,14]. Among
them, supercapacitors, also known as electrochemical capacitors, fill the big gap between cells and
conventional electrolytic or solid capacitors by exhibiting high power density, superior rate capability,
rapid charge and discharge rate, long service life, and low maintenance cost [15]. However,
supercapacitors still have disadvantages such as low energy density, causing a lag in their applications
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[16]. Therefore, an increase in the energy density of capacitors has become a core factor in promoting
the development of supercapacitors, and the quality of electrode materials is one of the most key
factors that determine the overall performance of capacitors [17].

To supersede commercial activated carbon electrodes, carbon nanomaterials such as xerogel
[18], carbon nanotubes [19], porous carbon [20], and graphene [21] have the advantages of high
conductivity and large specific surface area (SSA), and they have been widely used in studying EDLC
electrodes. Among the existing carbon materials, graphene has received widespread attention because
of its ultrahigh dielectric rate and high SSA. Especially supercapacitors based on graphene aerogels
have a specific capacitance of 366 F g~! at a current density of 2 A g [22]. This high specific
capacitance can be attributed to the unique three-dimensional (3D) porous structure, low density, high
conductivity, and large SSA [23]. Therefore, it has great potential in diverse sustainable applications
such as energy storage, catalysis, and adsorption.

However, graphene is not stable. According to the second law of thermodynamics, graphene
will reduce its own energy through spontaneous agglomeration and make itself more stable [24].
Therefore, in practical applications, the SSA and electrical conductivity of graphene are much smaller
than theoretical values. To solve these problems, graphene can be doped. The introduction of dopant
atoms not only helps to introduce structural defects, but also changes the electron distribution in the
graphene layer. This reduces the energy of graphene, provides a location for specific adsorption, and
probably generates redox-active surface entities, thereby effectively eliminating agglomeration,
providing the advantages of its high SSA, and enhancing the capacitance of the electrode [25, 26]. At
present, graphene doping has been extensively studied, such as doping with N [27], S [28, 29], B [30],
and F [31] atoms. P and N have the same number of valence electrons, and a larger radius of P atom
relative to the radius of C atom will cause the structural deformation of hexagonal carbon skeleton.
The length of P-C bond is longer than the length of C-C bond, making P protrudes from the graphene
plane. This can lead to an increased surface area and increased separation of graphene layers [32].

Herein, we report a convenient and effective method to prepare P-atom doped graphene sheets
with a porous structure. Using graphene oxide (GO) as a precursor and phytic acid as a dopant, P-
doped graphene aerogel (PGA) was prepared using a simple solvothermal method. C-P bond not only
provides enough electrochemical defects for PGA electrode, but also ensures a high conductivity of
PGA. The results show that the prepared PGA electrode has significant specific capacitance, excellent
rate performance, and long-term cycle stability.

2. EXPERIMENTAL

2.1. Chemicals

Phytic acid, ethylene glycol, potassium permanganate (KMnOa), potassium hydroxide (KOH),
sodium nitrate (NaNOgz), 98% sulfuric acid (H2SO4), and 30% hydrogen peroxide (H202) were
obtained from China Medicine Co. Natural graphite powder was purchased from Nanjing Xianfeng
Co., and the solutions were prepared with redistilled water obtained from a pure system (>18 MQ).
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2.2. Preparation of PGA

GO was prepared using a modified Hummer’s method [33,34] using natural graphite powder as
the starting material. PGA was prepared using a simple solvothermal method. 0.1 g GO powder and 1
g phytic acid were dispersed in 200 mL ethylene glycol and sonicated for 3 h. Next, the mixture was
transferred into a 500 mL dried autoclave. The reaction was kept at 150 °C overnight. After cooling to
20-30 °C, the samples were separated by centrifugation, washed with distilled water and ethanol for 3-
5 times, and then freeze-dried for 36 h. Finally, the samples were heated at 700 °C for 3 h under argon
flow. For comparison, undoped graphene aerogels (UGA) were prepared through the same process
except the addition of phytic acid.

2.3. Electrochemical Characterization

Electrochemical measurements were carried out using a CHI660E electrochemical workstation
equipped with a three-electrode system in 6 M KOH aqueous electrolyte solution. A saturated calomel
electrode (SCE) and Pt wire served the reference and counter electrode, respectively. The working
electrode was prepared by mixing PGA (85 wt%), with PTFE (5 wt%) and carbon black (CB, 10 wt%)
and then pressed onto a Ni foam (1 cm x 2 cm) and dried under vacuum. Cyclic voltammetry (CV) and
galvanostatic charging/discharging (GCD) techniques were used to evaluate the electrochemical
performance of PGA electrode. Specific capacitance was calculated from the galvanostatic
charge/discharge curves using the following equation

I R ¢

 m-AU
where I is the discharge current, t is the discharge time, m is the mass of active material, and AU is the
voltage window (here, AU =1 V).

2.4. Characterization of materials

SEM image was obtained using a JEM-2100F transmission electron microscope. XPS analyses

were performed using a Thermo Fisher X-ray photoelectron spectrometer equipped with Al radiation
as the probe (Ka radiation) with a chamber pressure of 5 x107° Torr. The analysis spot size was 400

pm in diameter.

3. RESULTS AND DISCUSSION

3.1. Form and structure of PGA

Figure 1 shows the SEM image of PGA material. The material has a thin layer and folded
structure with typical graphene characteristics. This indicates that the experiment successfully afforded
a graphene electrode material with a 3D structure using hydrothermal method. The 3D structure of
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PGA material allows a certain space between graphene sheets, conducive to the infiltration of
electrolyte and diffusion of electrolyte ions inside the electrode. This can effectively inhibit the
agglomeration effect of graphene nanometer sheets and improve the effective SSA of graphene
materials. Moreover, owing to the electronegativity and different bond angles doped by heteroatoms
(P), defects are caused in the graphene lattice and folds on the surface of PGA film.

Figure 1. SEM image of PGA
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Figure 2. (A) XPS spectroscopy of GO, UGA, and PGA,; high-resolution XPS P2p spectra of PGA

XPS was used to study the elemental composition and chemical state of PGA. Figure 2A shows
the full XPS spectrum of GO, UGA, and PGA. As shown in Figure 2A, the peaks at 132, 285, and
534.0 eV correspond to P, C, and O, respectively. The wide-range XPS spectrum of PGA clearly shows
another small peak P2p compared with GO and UGA. This represents the successful chemical doping
of P atoms on graphene sheet frames. In addition, the O 1s peak of PGA and UGA samples is much
smaller than the O 1s peak of GO, indicating that GO-containing functional groups with a higher
oxygen content are partially eliminated or even disappeared during the hydrothermal process.

The high-resolution P2p spectrum of PGA is shown in Figure 2B; the two peaks at 132.6 eV
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and 133.8 eV correspond to the C-P bond and P=0 bond, respectively. Therefore, we speculate that the
C-P covalent bond is formed by the condensation reaction of GO and phytic acid [35]. Most of the C-
P=0 bonding exists on the surface of reduced GO, as confirmed by previous studies [36]. All these
XPS analyses strongly prove that P was successfully incorporated into the layered graphene structure
to form a covalent C-P bond.

3.2. Electrochemical Performance
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Figure 3. (A) CV curves of UGA and FGA in 0.5 M Na2SOg solution at 20 mV/s, (B) Nyquist plots of
UGA and PGA.

Figure 3A shows the CV curves of UGA and PGA in 0.5 M NazSOs electrolyte and at 20 mV/s
scan rate. The CV curve of UGA is almost rectangular, the characteristic of a typical electric double-
layer capacitor. The CV of PGA is similar to a rectangle, exhibiting ideal capacitance behavior. The
difference in electronegativity between P and C atoms destroys the neutrality of graphene lattice and
provides a more highly polarized surface, which helps to increase the capacitance of material [37].
Therefore, by comparing the CV curves of PGA and UGA, it was found that the area of PGA is larger
than that of UGA, indicating that the capacitance of PGA material is much larger than that of UGA,
and it has better capacitance performance.

As shown in the Nyquist plots of the UGA and PGA (Figure 3B), the resistance of PGA is very
low and much smaller than UGA. This is because of the impact of high-frequency doping on electronic
performance. From the high frequency to the intermediate frequency, the concave semicircle in the
high-frequency region is related to the interface charge transfer resistance at the interface of electrode
and electrolyte [38, 39]. The interface charge transfer resistance of PGA is smaller than that of UGA,
indicating that P doping promotes charge transfer. In the low-frequency region, the PGA curve is more
vertical due to the rapid transmission of ions. Because of the introduction of P into the layered
graphene structure, PGA has a low charge transfer resistance and fast ion diffusion, thereby enhancing
the capacitance performance.
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Figure 4. (A) GCD curves of PGA at various current densities from 1 to 10 A/g, (B) Cs calculated
from GCD curves.
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Figure 5. Cycle stability of PGA electrode at 1 A/g in 1 M NazSO4 solution, (Inset: CV profile for 1%
and 10,000" cycle)

Figure 4A shows the constant-current charge and discharge curves of PGA at different current
densities. The constant-current charge and discharge curve of PGA is similar to an isosceles triangle,
indicating that it has obvious characteristics of electric double-layer capacitance. Fig. 4B shows the Cs
values obtained from galvanostatic discharge profiles. The current density increases with the decrease
in Cs value, because of the decrease in ion-accessible electroactive surface. [40]. When the current
density is 1, 2, 3, 5, and 10 A/g, the specific capacitance of PGA is 225.3, 212, 204, 200, and 196.8 F/g,
respectively. Even if the current density is increased by 10 times, it still maintains a high specific
capacitance at a high current density of 10 A/g.
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Figure 5 shows the change in specific capacitance of PGA and the number of cycles when the
current density is 1 A/g. After 10,000 charge-discharge cycles of PGA in Na>SOs solution containing 1
mol/L electrolyte, it is reduced from 225.3 F/g to 196.8 F/g, and the capacity retention rate can reach
95%. In other words, the average capacitance loss per 100 cycles is 0.285 F/g. The inset shows a
comparison of the CV curve between the 1st cycle and the 10,000th cycle. After 10,000 cycles, the CV
curve hardly changes. These show that PGA materials have excellent power characteristics and
chemical stability, and they are suitable as ideal capacitor electrode materials. Table 1 shows a
comparison of recently reported heteroatom-doped graphene materials used for capacitor electrode.
The results prove that the PGA material in this study has a better electrochemical performance
compared to similar materials in the literature. This could be attributed to its hierarchical porous
structure, moderate SSA and a large number of interconnected P atoms

Table 1. Partial list of reported heteroatom-doped graphene materials for supercapacitors

Electrode

material Electrolyte Cs (F/g)
N-doped Graphene[41l] 6 M KOH 109.9 (1A/g)
P-doped Graphene[42] 1 M H2SO4 115 (0.05A/g)
S-doped graphene[43] 6M KOH 140.8 (1A/g)
Se-doped Graphene[44] 6 M KOH 183.9 (1A/g)
N-doped Graphene[45] 6 M KOH 170.5 (0.2A/g)
PGA (this work) 6 M KOH 225.3 (1A/g)

4. CONCLUSIONS

A simple, easy-to-operate, and economical PGA was developed, where GO is the precursor and
phytic acid is the predoping source of P. The layered structure of PGA electrode exhibits a large
number of electrochemically active sites with a high content of heteroatoms, and P heteroatoms
determine the competitive electric storage/release ability. This significantly provides, for example, a
high specific capacitance of 225.3 F/g at a current density of 1 A/g. The PGA can maintain a high
specific capacitance of 196.8 F/g at 10A/g and excellent capacity retention rate of 95% in 10,000
charge and discharge cycles. Therefore, PGA is feasible as an ideal electrode material for
supercapacitors.
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