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In this work, phytic acid is used as protonic acid dopant and soft template to synthesize 3D polyaniline
(PANI) nanofiber networks. Then, the PANI nanofiber networks are transformed to porous nitrogen and
phosphorus co-doped carbon nanofibers (P-NP-CNFs) by the carbonization and chemical activation
process. P-NP-CNFs have a high specific surface area of 2586 m? g* and large pore volume of 1.43 cm®

1 g%, which are in favour of enhancing the electrochemical performance for electrical double layer
capacitors. Moerover, the nitrogen and phosphorus doping in the carbon materials can increase the
specific capacitance by a pseudocapacitive redox process. At a current density of 1 A g%, P-NP-CNFs
show a large specific capacitance of 280 F g™* and high specific capacitance retention of 94% after 10000
cycles. Especially, the phosphorus doping can broaden the electrochemical window to increase the energy

15 density. Therefore, the energy density of symmetric capacitors based on P-NP-CNF is up to 22.9 Wh kg™
at a power density of 325 W kg, demonstrating P-NP-CNFs are superior electrode materials for

electrical double layer capacitors.

Introduction

Renewable energies, such as solar, wind, tidal energy, are often
intermittent and unreliable to satisfy the ever-increasing demands
for electric automobile, unmanned aerial vehicle and portable
electronic devices. Nowadays, electrical double layer capacitors
(EDLCs) have attracted much attention because they can provide
energy stably and quickly.® Moreover, EDLCs as energy storage
25 devices possess high power density, low cost, long cycle life, and
light weight.”® Therefore, EDLCs are deemed to be one of the
most promising energy storage devices for electronic
equipment,1*-12
However, the wide applications of EDLCs are restricted due to
w0 their low energy density.***® Porous carbon materials have been
explored to address the above issue, which show good
electrochemical performance due to their high surface area, small
ion-transport resistance and short diffusion distance.*® However,
the incompatibility of conductive pathways decreases the
35 electrical conductivity of porous carbon materials along with the
increase of porosity.”” Thus, EDLCs based on porous carbon
materials suffer from low specific capacitances at high current
densities.
Recently, heteroatom-doped carbon materials have been
a0 considered as potential electrode materials for energy storage
devices owing to their superior electrical conductivity, high
surface activity and broad electrochemical window.?® 19
Nitrogen-doped carbon materials, such as nitrogen-doped carbon
nanotubes,?® carbon nanofibers,?' graphene,?? carbon spheres,
s and ordered mesoporous carbons,?* have been demonstrated to

n
S

exhibit high specific capacitances and excellent electrochemical
stability for EDLCs. Nitrogen doping can cause a shift of the
Fermi level to the valence band in carbon materials, thereby
facilitating the electron transfer.® Moreover, the nitrogen
so incorporation can improve the wettability of carbon surface in the
electrolyte and increase the capacitance by additional Faradaic
redox.?® Phosphorus doping into carbon materials can restrain the
formation of unstable surface O-111 groups to enhance oxidation
stability at positive potential and adsorb hydrogen at negative
ss potential.Z’ Thus, phosphorus-doped carbon materials can widen
the potential window to increase the energy density for EDLCs.?®
In addition, phosphorus doping can also increase the specific
capacitance by the pseudocapacitance effect. However, the
preparation of nitrogen and phosphorus-doped carbon materials
e are mainly based on NHs, HsPO,, (NH4)sPO, activation methods,
which require rigorous conditions and are time-consuming.?-%
Thus, it is highly desirable to design a simple synthesis process to
fabricate nitrogen and phosphorus co-doped carbon materials with
proper pore-size distribution and high electrical conductivity for
es energy storage applications.

Herein, a simple and fast (several minutes) method was applied
to synthesize the nitrogen and phosphorus co-doped carbon
material precursor. 1 32 |n the synthesis process, aniline was
used as nitrogen source, phytic acid as dopant, phosphorus source

7 and soft template to form 3D polyaniline (PANI) nanofiber
networks. Then, a combined carbonization and chemical
activation process in an inert gas was implemented to achieve
porous nitrogen and phosphorus co-doped carbon nanofiber
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networks (P-NP-CNFs). The interconnected 3D P-NP-CNFs have
large surface area, unique pore-size distribution and excellent
conductivity. Such unique structure of P-NP-CNFs combined
with heteroatom-doping displays a remarkable electrochemical
performance, demonstrating that P-NP-CNFs are promising
electrode materials for EDLCs.

Experimental Section

Preparation of PANI, Nitrogen and Phosphorus Co-doped
Carbon Nanofiber Networks (NP-CNFs) and P-NP-CNFs

To obtain 3D PANI nanofiber networks according to previous
works, ™t %2 1.842 mL phytic acid (50 wt% in water) was firstly
dissolved in 4 mL distilled water. Then, 0.916 mL aniline was
added into the phytic acid solution. Simultaneously, 0.572 g
ammonium persulfate was dissolved in 2 mL distilled water. The
temperature of these two solutions was reduced to 4 < and
quickly mixed afterwards. Lastly, the prepared PANI was
immersed in distilled water for 24 hours to remove impurities and
dried at 60 <C for 12 h.*

The obtained PANI as the carbon precursor was transferred to
a tube furnace and heat-treated at 800 <C for 2 h under nitrogen
with a heating rate of 5 < min™. Then, the as-prepared sample
was cooled to room temperature and NP-CNFs were obtained.
NP-CNFs were dispersed in 3 M KOH ethanol solution and
stirred for 6 hours (KOH/NP-CNFs weight ratio was 3:1). Then,
the dried powder obtained by evaporating solvent was heated to
650 <C under nitrogen with a heating rate of 5 < min™* and kept
at this temperature for 0.5 h. The activated sample was
thoroughly washed with HCI (1 M) to remove any inorganic salts
and then washed with distilled water until neutral pH. Finally, the
activated carbon was dried under a vacuum atmosphere at 60 C
for 12 h and P-NP-CNFs were obtained.

Characterization

Field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) measurements were
carried out with JEOL JSM-6380LV FE-SEM and FEI TECNAI-
20, respectively. Scanning transmission electronic microscope
(STEM) was performed on a Tecnai G2 F30. The X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
Perkin-Elmer PHI 550 spectrometer with Al Ko (1486.6 eV) as
the X-ray source. The N, adsorption/desorption tests were
determined by Brunauer-Emmett-Teller (BET) measurements
using an ASAP-2010 surface area analyzer. The pore size
distribution (PSD) was derived from the desorption branch of the
isotherm with the Barrett-Joyner-Halenda (BJH) method. Fourier
transform infrared spectroscopy (FTIR) measurements were
recorded on a Nicolet 750. Thermal gravimetric (TG) analysis
was conducted on a TG-DSC instrument (NETZSCH STA 409
PC) under a N, atmosphere at a heating rate of 10 < min™* from
3010 800 <.

Electrochemical Characterization

To measure the electrochemical properties of NP-CNFs and P-
NP-CNFs-based supercapacitors, the working electrodes were
prepared by mixing active material (5 mg), acetylene black and
polytetrafluoroethylene (PTFE) binder with a weight ratio of
85:10:5. After coating the above slurry on foamed Ni grids (1
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cmxl cm), the electrodes were dried at 60 °C for several hours
before pressing under a pressure of 15 MPa. Cyclic voltammetry
(CV) and galvanostatic charge/discharge were investigated on
CHI 660A electrochemical workstation (Shanghai Chenhua,
China) in a conventional three-electrode system with 6 M KOH
aqueous solution as the electrolyte. Platinum foil and a saturated
calomel electrode (SCE) were used as counter and reference
electrodes. Electrochemical impedance spectroscopy (EIS) was
measured in the frequency range of 100 kHz-10 mHz with an
amplitude of 5 mV. The specific capacitances are calculated from
the galvanostatic charge/discharge curves based on the following
equation:
It

C=
mAV

where C, I, t, m and AV are the specific capacitance (F g%), the
discharging current (A), the discharging time (s), the mass of
active material (g) and the discharging potential range (V),
respectively.

In the two-electrode system, the specific capacitances are
calculated from the galvanostatic charge/discharge curves based
on the following equation:

It

C=——
mAV

where C, |, t, m and AV are the specific capacitance (F g™), the
discharging current (A), the discharging time (s), the total mass of
electrode materials (including the acetylene black and binder) in
both electrodes (g) and the discharging potential window (V),
respectively.

The energy density and power density are calculated based on
the following equations:
0.5xC x (AV )’ x1000

3600

E=

p-E
t

where E, C, AV, P and t are the energy density (Wh kg™), the
specific capacitance (F g%), the discharging potential window (V),
the power density (W kg ™), the discharging time (s), respectively.
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Figure 1. Schematic illustration for the reactive process of PANI nanofibers.

Phytic acid, also called inositol hexaphosphoric acid, is abundant
s and low cost as an organic phosphate compound extracted from

the seeds of plants. Phytic acid can act as a dopant and play a

soft-template role for the PANI morphological control.32%
Interestingly, the reaction only takes a few minutes from the
brown solution of aniline and phytic acid to dark green PANI
hydrogel (Figure S1). Based on the color and state changes of the
reactive process, the possible schematic illustration is shown in
Figure 1. Firstly, more than one aniline molecular reacts with
phytic acid by protonation. Then, aniline polymerizes in the
presence of (NH,),S,0g at 4 <C and turns to be phytic acid-doped
3D PANI nanofiber networks (Figure 2a, d). FTIR spectroscopy
was carried out to demonstrate the successful doping of phytic
acid into PANI (Figure S2). The absorption band at 3430 cm™ is
identified to the stretching vibration of O-H. The band at 2930
cm is ascribed to the C-H bending mode from phytic acid. The
bands at 1570, 1480, 1300 cm™ are respectively attributed to the
vibrations of quinoid ring, benzenoid ring in PANI, and C-O
stretching in phytic acid.®® % The band at 1140 cm* corresponds
to the stretching of P=0 and P=OOH.? Moreover, a band at 798
is due to the C-H bending mode from aromatic groups.

>

s :
Figure 2. Scannlng electron m|croscopy (SEM) images of (a, d) 3D PANI
nanofiber networks, (b, €) NP-CNFs, and (c, f) P-NP-CNFs.

The phytic acid-doped 3D PANI nanofiber networks are
suitable precursors for nitrogen and phosphorus co-doped carbon
nanofiber networks. The yield of the obtained NP-CNFs from
PANI nanofiber networks is up to 34.6% (Figure S3). After the
carbonization, NP-CNFs maintain the 3D structure of PANI and
the diameter has a little shrinkage compared with that of PANI
(Figure 2b, e). For increasing the specific surface area and pore
volume, the KOH chemical activation was employed to obtain P-
NP-CNFs.®® Importantly, P-NP-CNFs still remain the unique
structure of PANI (Figure 2c, f). Such 3D nanofiber network
structure can serve as the electrolyte reservoirs for EDLCs, thus
shorten the transport pathway and facilitate ion transport. TEM
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was measured to further identify the morphology of NP-CNFs
and P-NP-CNFs, clearly presenting 3D nanofiber networks
(Figure 3a, Figure S4). High-resolution transmission electron
microscopy (HRTEM) image reveals the presence of abundant
worm-like micropores and mesopores in P-NP-CNFs (Figure
3b).*® The distinctive pore distribution in P-NP-CNFs can allow
the sufficient electrolyte infiltration, thus enabling accelerated ion
transport and increasing the electrochemical performance for
EDLCs. Carbon, nitrogen, oxygen and phosphorus are uniformly
distributed in P-NP-CNFs as shown in the elemental mapping
images (Figure 3c), demonstrating the successful preparation of
nitrogen and phosphorus co-doped carbon nanofiber networks.

Figure 3. (a, b) TEM (c) STEM images of P-NP- CNFs and
corresponding elemental mapping images of carbon, nitrogen, oxygen and
phosphorus.

The N, sorption isotherms at 77 K of NP-CNFs and P-NP-
CNFs (Figure 4a) are a combination of Type | and Type IV,
which are the characteristic of microporous and mesoporous
materials. In the carbonization process of PANI nanofibers, the
evaporation of H,0, CO,, CO et al.leaves porous structure in NP-
CNTs. A clear uptrend at the low relative pressure (P/Py<0.4) in
the isotherms of NP-CNTs confirms that NP-CNTSs are rich in
micropores.?® At the high relative pressure (P/P;=0.4-0.9), the
presence of significant hysteresis characteristics demonstrates that
NP-CNTs have the mesoporous structure. Thus, the specific
surface area of NP-CNFs (421 m? g) is increased compared with
that of PANI nanofibers (26 m? g, Figure S5). After the KOH
chemical activation, the specific surface area of P-NP-CNFs is
2586 m? g*. The pore volume of P-NP-CNFs (1.43 cm® g) is
greatly larger than that of NP-CNFs (0.18 cm® g, Figure 4d).
Then, XPS was carried out to detect the nitrogen and phosphorus
bonds for NP-CNFs and P-NP-CNFs. The amounts of nitrogen
and phosphorus are 7.1%, 3.6% in NP-CNFs and 4.4%, 2.8% in
P-NP-CNFs, respectively (Table S1). The nitrogen peaks of NP-
CNFs and P-NP-CNFs can be matched into four peaks at 403.3,

This journal is © The Royal Society of Chemistry [year]
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401.0, 399.9 and 398.4 eV (Figure 4b, e),° which are identified
to oxidized nitrogen (N1), the most stable quaternary nitrogen
(N2, Table S2), pyrrolic nitrogen (N3), and pyridinic nitrogen

s NP-CNFs and P-NP-CNFs can be attributed to C-PO; and/or C-
0-PO; groups (Figure 4c, f).2" %% %! These XPS results further
confirm the successful incorporations of nitrogen, phosphorus

(N4), respectively. The phosphorus peaks around 133.0 eV of and corroborate  well with the STEM  analysis.
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Figure 4. (a) N, adsorption-desorption isotherms at 77 K and (d) PSD curves of NP-CNFs and P-NP-CNFs. PSD is calculated using the Barrett-Joyner-
Halenda method. (b) N1s and (c) P2p XPS spectra for NP-CNFs. (e) N1s and (f) P2p XPS spectra for P-NP-CNFs.

To evaluate the electrochemical performance of P-NP-CNFs as
electrode materials for EDLCs, CV was carried out in a three
electrode system in 6 M KOH aqueous solution. At low scan
rates, the regular rectangular shapes in the CV curves of P-NP-
CNFs are the typical characteristic of EDLCs (Figure 5a). Even
while the scan rate is up to 100 mV st the CV curve still
maintains the approximately rectangular shape, exhibiting rapid
electron and ion transport. In addition, the inner area of the P-NP-
CNFs CV curve is larger than that of NP-CNFs at the same scan
rate (Figure S6), demonstrating the specific capacitance of P-NP-
CNFs is effectively improved after the chemical activation
process. In order to further evaluate the charge storage ability of
the P-NP-CNFs electrode material, the galvanostatic
charge/discharge measurement was carried out at different
current densities (Figure 5b). The charge/discharge curves of P-
NP-CNFs present isosceles triangular shapes, especially at high
current densities, confirming the excellent charge/discharge
properties of P-NP-CNFs for EDLCs.” A slight bend in these
charge/discharge curves is resulted from the pseudocapacitance
effect of nitrogen and phosphorus doping.*? The IR drop of the P-
NP-CNFs electrode at the initiation of the discharge curve is
0.021 V at a current density of 0.5 A g7, indicating a very low
equivalent series resistance in EDLCs (Figure S7).*** Though
NP-CNFs have a low pore volume and specific surface area, NP-
CNFs show a high specific capacitance of 227 F g*at 1 A g*
compared with previous reports (Figure 5c, Table $3).**" The
increased specific capacitance is attributed to the high content of
nitrogen and phosphorus. However, the rate performance of NP-
CNFs is unsatisfactory. When the current density is 20 A g™, the
specific capacitance is just 94 F g™, which is only 41% of the
initial specific capacitance. P-NP-CNFs combined 3D porous
networks structure with the nitrogen and phosphorus co-doping
(inset of Figure 5d) exhibit a high specific capacitance and
favorable rate performance. At a current density of 1 A g™, the
specific capacitance is up to 280 F g Even at a high current
density of 20 A g, the specific capacitance is 169 F g** and still

remains 60% of the initial specific capacitance. Moreover, the
specific capacitance retention of P-NP-CNFs is approximately

s0 94% after 10000 cycles at a current density of 1 A g™, showing

an excellent cycling stability (Figure 5d). These superior
electrochemical results demonstrate that P-NP-CNFs can serve as
a desired electrode material for EDLCs.
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55 Figure 5. (a) CV curves of the P-NP-CNFs electrode in 6 M KOH

aqueous solution at different scan rates. (b) The galvanostatic
charge/discharge curves of the P-NP-CNFs electrode at different current
densities. (c) The specific capacitances of NP-CNFs and P-NP-CNFs
electrodes calculated from the discharge curves under different current

60 densities. (d) Cyclic stability of the P-NP-CNFs-based EDLCs at a

current density of 1 A g™ (the inset is the schematic illustration for
chemical structure of P-NP-CNFs).

The symmetric two-electrode EDLCs were assembled to
further evaluate the electrochemical performance of P-NP-CNFs.

s Phosphorus doping can increase the stability of carbon electrodes

in the aqueous electrolyte. The CV curves of P-NP-CNFs with
different potential windows in the 6 M KOH aqueous solution
were detected as shown in Figure 6a. The CV curve can maintain
the quasi-rectangular shape with a potential window of 0-1.3 V,
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indicating P-NP-CNFs have excellent capacitive performance.
The specific capacitances of symmetric capacitors are calculated
from the discharge curves under different current densities
(Figure 6b, Figure 6c). At a current density of 0.5 A g?, the
s specific capacitance of P-NP-CNFs is 98 F g™, which is about
two times as that of NP-CNFs (47 F g™). Moreover, the energy
density of P-NP-CNFs is up to 22.9 Wh kg™ at a power density
of 325 W kg™ (Figure 6d). Even at a high power density of 6500
W kg, the energy density can still maintain 11.5 Wh kg™. The
10 electrochemical performance of P-NP-CNFs exhibits better than
that of NP-CNF, N-CNFs-900," CNT,*® and graphene/AC,*
owing to the unique 3D network structure, large surface area, and

nitrogen and phosphorus co-doping.
b __
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15 Figure 6. (a) CV curves of P-NP-CNFs with different potential windows
at 10 mV s™ (the inset is the schematic illustration of symmetric
capacitors based on the P-NP-CNFs electrode). (b) The galvanostatic
charge/discharge curves of symmetric capacitors based on P-NP-CNFs at
different current densities. (c) The specific capacitances of symmetric
20 capacitors based on NP-CNFs and P-NP-CNFs electrodes. (d) Ragone
plots of symmetric capacitors based on carbon materials.

e

Conclusions

In summary, porous nitrogen and phosphorus co-doped carbon
nanofiber networks have been successfully obtained by the
25 carbonization and chemical activation of 3D PANI nanofiber
networks. P-NP-CNFs have a high specific capacitance, excellent
rate performance and cycling stability due to their large pore
volume, high specific surface area, nitrogen and phosphorus co-
doping. Importantly, the nitrogen and phosphorus co-doping can
a0 further increase the electrical conductivity, wettability of carbon
materials, and have a pseudocapacitive effect. Therefore, P-NP-
CNFs have a large specific capacitance of 280 F g™ and high
specific capacitance retention of 94% after 10000 cycles at a
current density of 1 A g*. Meanwhile, P-NP-CNFs have a
s broader potential window due to the phosphorus doping.
Therefore, the energy density of symmetric capacitors based on
P-NP-CNFs is up to 22.9 Wh kg™ at a power density of 325 W
kg, clearly demonstrating that P-NP-CNFs are outstanding
candidates for EDLCs applications. Based on the superior
40 electrochemical performance for EDLCs, P-NP-CNFs may be a
promising candidate for lithium-air batteries, sodium-ion
batteries and photocatalysis due to their unique 3D nanofiber
structure and surface chemical properties.
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Porous nitrogen and phosphorus co-doped carbon nanofiber networks show excellent

electrochemical stability for high performance electrical double layer capacitors.



