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Considering the increasing demands in energy storage systems (ESS), the nitrogen doped porous carbons with
high volume properties are urgently needed in practical applications. Herein, we develop a new strategy for the
fabrication of the high density and nitrogen-doped porous carbons (DNPCs) via low-temperature pyrolysis of
phytic acid (PA)-doped polyaniline (PANI) coated on graphene, representing a high volumetric performance as
supercapacitor electrode materials. PA is used to form the graphene oxide/polyaniline (GO/PANI) precursor,
protect GO from agglomeration, reduce the porosity and regulate the heteroatoms contents of porous carbon.
Benefiting from PA-inducing and low-temperature pyrolysis, the DNPC-500 performs a high volumetric capac
itance of 643.7 F cm− 3 at 0.5 A g − 1, and outstanding rate performance respectively. In a symmetric super
capacitor, the DNPC-500 device possesses a high volumetric energy density of 14.6 W L − 1 at the power density
of 79.8 kW L − 1. Thus, this result exhibits a novel design of high density and nitrogen doped porous carbon
materials for supercapacitors.

1. Introduction
Supercapacitors (SCs) are regarded as the most compatible candi
dates for energy storage systems (ESS), because it is inexpensive, envi
ronmentally friendly, and has been widely used in practical applications
[1–6]. Nowadays, researchers are searching for widespread carbon
materials such as activated carbons, carbon nanotubes, porous carbons,
and graphene because of their stable physical and chemical properties,
remarking cycling stability, and quick charge stores [7–10]. Osman et al.
synthesized a porous carbon with a specific capacitance of 322 F g− 1 at 1
A g− 1and brilliant cycling stability [11]. The introduction of hetero
atoms could enhance have the faraday reaction, increase the pseudo
capacitance, and improve the wettability [12–14]. Among the
heteroatoms, the nitrogen atom is easily doped into carbon materials
due to the atomic radius of nitrogen (65 pm) is close to that of carbon (70
pm). Moreover, N-doped also could alter the electronic properties
through the different doping types [15]. Recently, Wang and co-workers
synthesized an N-doped carbon sheet performs a high specific capaci
tance of 263 F g − 1 at 1 A g − 1 [16]. Wang et al. reported an N-doped
porous carbon displays a specific capacitance of 412.5 F g− 1 at 0.5 A g− 1
[17]. A freestanding N-doped porous carbon nanofiber is found by Miao

et al., which demonstrates a specific capacitance of 335 F g − 1 at 0.5 A
g− 1 [18]. Up till now, polyaniline (PANI) has been greatly devoted as a
suitable precursor to the fabrication of N-doped porous carbon, which
could effectively control the nitrogen contents and improve surface
wettability [11, 19]. Hassan et al. prepared an N-doped hollow carbon
sphere using PANI, exhibiting only 5% loss capacities after 5000 cycles
[20]. It has been demonstrated that the N-doped porous carbon obtained
from PANI needs the activation process to increase the porosity and
specific surface area, which provides a high capacitance performance.
However, the large pore volume in N-doped porous carbons would lead
to a sacrifice in density, thus resulting in a relatively low volumetric
performance and greatly restricting the prospective applications. The
N-doped porous carbon derived from PANI has to endure a low density
and present a poor volumetric capacitance. For example, Zhou et al.
reported a PANI-derived porous carbon using the HClO4 as pore-former
agent, which displays a high specific surface area of 1197.4 m2 g − 1 and
343.2 F g − 1 at 0.2 A g − 1 in 6 M KOH electrolyte [21]. Lin et al. explored
an N-doped porous carbon having a specific capacitance of 855 F g − 1
but the density is as small as 0.65 g cm− 3 [22]. Consequently, it is very
important to achieve the balance between porosity and density of the
N-doped porous carbons for the supercapacitors in the practical
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application [23].
Phytic acid (PA) is an ideal dopant to regulate the properties of PANI
because of its high electron affinity and reversible hydrogen bond with
six phosphate groups [24–26]. Therefore, PA as a cross-linker and
dopant could form a 3D interconnected PANI network to improve the
electronic conductivity [27–29]. Besides, this PANI network structure is
elastomeric, could assist in creating stable interfaces and reducing the
volume variation of the electrode during the charging/discharging
process [30]. For this reason, many studies have been utilizing the
characteristic properties of PA and PANI to prepare the N-doped porous
carbons. [31, 32]. In addition, PA also could prevent corrosion and
improve the flame retardancy of PANI because of its special inositol
hexaphosphate structure, which could decompose and form the inositol
and H3PO4 to decrease the degradation of PANI [29, 33]. Using the
multifunctional properties of PA in the PANI to prepare N-doped porous
carbon could achieve high volumetric performance without sacrificing
the density of the carbon materials.
Here, we demonstrate a new strategy to fabricate the high-density
and N-doped porous carbons (DNPCs) via low-temperature pyrolysis
of PA-doped PANI coated on graphene, representing a high volumetric
performance. In this strategy, PA is used to form the graphene oxide/
polyaniline (GO/PANI) precursor, protect GO from agglomeration, and
reduce the porosity of porous carbon. The PA and pyrolysis temperature
could regulate the porosity and heteroatoms contents of DNPCs.
Benefiting from PA-inducing and low-temperature pyrolysis, the DNPC500 performs a high volumetric capacitance (643.7 F cm− 3 at 0.5 A g − 1)
and outstanding rate performance. In a symmetric supercapacitor, the
DNPC-500 device exhibits a high volumetric energy density of 14.6 W L
− 1
at the power density of 79.8 kW L − 1, and remarkable cycling per
formance. Thus, this result exhibits a novel design of high density and Ndoped porous carbon materials for SCs.

25.5, intimating that the partially crystallized PANI is presented in the
GO/PANI-PA precursor. As shown in Fig. S2, the obtained GO/PANI-PA
precursor has a fish scale-like morphology and the PANI uniformly
wraps around GO sheets. Fig. S3 shows that the GO/PANI-PA precursor
contains 59.1 wt% C, 29.0 wt% O, 7.2 wt% N, and 4.5 wt% P, which
indicates that PA-doped PANI is successfully grown on the graphene
surface. Interestingly, compared with GO/PANI-HCl precursor,
GO/PANI-PA precursor has a smoother and uniform surface due to each
PA could interact with more than one PANI chains and GO sheets [35].
The PA molecules also could avoid the restacking of graphene sheets.
Fig. S4 shows that the sheet-like structures of the GO/PANI-PA
precursor are destroyed and the irregular carbon bulks are formed. As
shown in Fig. 1a, b, the bulk microstructures are destructed and a 3D
cross-linked porous structure for the DNPC-500. During the temperature
rise to 600 ◦ C, the 3D cross-linking porous structure is destroyed and the
quantity and average diameter of pores present a consistent increase
trend. Fig. S4c shows that DNPC-500 has a smooth and less wrinkled
surface than that of the NPC-500 surface, due to the hydrolysate of PA
during the pyrolysis process. Fig. S5 shows that there is a thin layer and
no obvious porous nanostructures in the DNPC-450. Fig. 1c shows that
the DNPC-500 has an obvious mesopores structure and the diameter of
the mesopores is ranging from 2 to 50 nm due to the KOH chemical
activation. From the HRTEM analysis, it should be noted that there are
lots of defects in the highly disordered amorphous carbon. More and
more mesoporous structures with larger pore sizes could be observed in
the DNPC-600, which is beneficial for ion transfer and rate performance
[36]. Fig. 1d indicates there are two elements (N and O) effectively
doped in the DNPC-500. Fig. 1e and Fig. S6 show the evident diffraction
peaks of carbon materials are observed at 2θ = 25◦ and 44◦ [37]. It
should be noted that the N-doped porous carbons are amorphous, which
is in agreement with the observation of HRTEM. The half-peak width of
the (002) planes for the DNPC-600 is less than that of DNPC-500, which
indicates the DNPC-600 has a higher porosity. The Raman spectra are
fitted by the G and D peaks at 1603 cm− 1 and 1352 cm− 1, respectively,
and the corresponding contents of two peaks are calculated [17, 38-41].
The intensity ratio of D and G peaks (ID/IG) is used to describe the
crystalline degree to carbon materials approaches that of graphite. As
shown in Table. S1, the ID/IG values of DNPC-450, DNPC-500,
DNPC-600, and NPC-500 are 1.98, 2.01, 2.29, and 2.13, respectively.
From the above results, more defects are generated in the carbon layers
with increasing the temperature. The DNPC-500 has moderate porosities
and sufficient defects to provide active sites for electrochemical reaction
owing to the synergistic effect between its special morphology structure
and reducing the formation of defects by the induction of PA in the

2. Results and discussion
Scheme 1 is illustrated the preparation of DNPCs via pyrolysis GO/
PANI-PA precursors. First, the polyaniline (PANI) is coated on gra
phene through in-situ chemical polymerization using PA, aniline, and
ammonium persulfate, respectively. The PA molecule has strong π-π and
H-bonding, which could interact with graphene oxide (GO) and aniline
to prevent the restacking of GO sheets and form an interconnected GO/
PANI-PA network. And then, the composite is mixed with KOH and
calcined under an Ar atmosphere. Fig. S1 shows that the peak of GO is
disappeared, which indicates that GO is completely coated with PANI
[34]. And, three distinctive diffraction peaks at 2θ = 15.5, 20.4, and

Scheme 1. Schematic illustration of DNPC samples.
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Fig. 1. (a, b) SEM, (c) TEM (inset: the corresponding HRTEM images), (d) EDS mapping images of DNPC-500, (e) XRD, and (f) Raman spectra of the DNPCs samples.

precursor [42]. Fig. S7 shows that all the carbon samples have an
apparent characteristic broad peak in 2860 cm− 1, which represents the
typical amorphous carbon [43]. This result could be confirmed with the
above XRD results.
Fig. 2 shows the porosity of the DNPCs under the different temper
atures. Fig. 2a shows that expect the DNPC-400, all the samples have a
steep increase in adsorption amount and a recognizable hysteresis loop,
which are the characteristics of type I/IV isotherms [43]. Besides, as
shown in Fig. S8, the DNPC-400 exposes a distinctive type II isotherm,
which is the main feature of macropores or non-porous materials [44].
Table S2 shows the specific surface area (SSA), porosity parameters, and
density for the DNPCs. Because of the existence of macropores, the SSA
of DNPC-400 is smaller but the total pore volume is larger than that of
DNPC-450. As shown in Fig. 2b, d, the DNPC-500 has a small pore
volume and a moderate SSA of 0.125 cm3 g − 1 and 145.39 m2 g − 1,
which is considerably smaller than that of DNPC-600 and DNPC-700,
respectively. It should be noted that the SSA and porosity are gradu
ally increased with the temperature from 450 to 700 ◦ C. However, the
densities are dramatically decreased from 1.773 to 0.503 g cm− 3, which
are caused by the pyrolysis of PANI and KOH activation. The high SSA
and pore volume of the DNPC-600 and DNPC-700 are primarily caused
by twisting and dead-end micropores, which decreases the density of
porous carbon [7, 45]. Moreover, compared with DNPC-500, the
NPC-500 shows a significant upward trend in the micropores volume
and the pore size distribution. And, the volume ratio of mesopores and
macropores of DNPC-500 is higher than that of NPC-500, which in
dicates that the DNPC-500 is instrumental in ion transportation and
increasing the density of porous carbon [46, 47]. This result indicates
that PA as a dopant in PANI could form an interconnected PANI network
and prevent the excessive micropores appear to increase the density.
Fig. 2e schematically shows the representation of the pyrolysis process
of the DNPCs. First, PA starts to decompose and form the inositol and
H3PO4, which are reacted with KOH to decreasing the degradation of
PANI [29, 43, 48]. As shown in Fig. S8, the DNPC-400 exposes a
distinctive feature of the macropores or non-porous structure, which
should be implied that the reaction between GO/PANI-PA precursor and
KOH is begun at around 400 ◦ C during the pyrolysis process. And then,

the micropores and mesopores are beginning to appear in the
DNPC-450, which are formed by the surface tension of KOH activation
[49]. Further, with the temperature increasing to 500 ◦ C, some carbon
platelets break into small pieces, resulting in a 3D crosslink architecture
for the DNPC-500 [50, 51]. The activation of KOH could form the
mesopores and widen the space of micropores [52]. When the temper
ature exceeds 500 ◦ C, more intrinsic defects and micropores have
appeared in the architecture structure. Thus, the porosity and SSA of
DNPCs samples could be manipulated by the induction of PA and py
rolysis temperature.
To obtain a greater comprehension of the contribution of PA-induing
and pyrolysis temperature, the elemental composition is studied by XPS
analysis and presented in Table S3. It indicates that all samples mainly
contain C, N, and O elements, respectively. The results showed that the P
element from PA was not recognized, indicating that the P element may
have been etched by KOH activation. And, the contents of the N and O
are dropped with increasing temperature. It should be noted that the
high contents of heteroatoms could create a climate in which can
effectively improve the surface area utilization and capacitance perfor
mances [7, 8, 37, 53, 54].. Fig. 3a shows the high-resolution C1s spec
trums fit by the following peaks: C–C (284.5 eV), C–N (285.2 eV),
C–O (286.4 eV), and C = O (288.1 eV) peaks, respectively [51]. Fig. 3b
demonstrates the O1s spectrums fit by the following peaks: quinone (O-I
at 531.4 eV), phenolic hydroxyl (O-II at 532.6 eV), and carboxyl (O-III at
535.1 eV) peaks, respectively [55, 56]. It is perceptible that the high
contents of phenolic hydroxyl and carboxyl could enhance the
quasi-reversible capacitance performance by pseudocapacitances.
Fig. 3c demonstrates the N1s spectrums fit by the four peaks at 398.5,
400.2, 401, and 403 eV, representing the pyridinic-, pyrrolic-, graphitic-,
and oxidized-nitrogen (denoted as N-6, N-5, N-Q, and N–O), respec
tively [57]. It should be noted that the profiles of these four peaks have
obviously changed, indicating that the contents of N are influenced by
the different temperatures. The types of N with the largest area, domi
nant peaks, are obtained by manipulating the temperature. The forma
tion of N-5 is most favorable when the temperature reaches 500 ◦ C.
Besides, the N-5 and N-6 have the highest electrochemically activity,
which greatly encourages the capacitance performance of porous
3
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Fig. 2. Porosity tuning of the DNPCs with different temperatures. (a) N2 adsorption-desorption isotherms, (b) Plots of SSA and density (c) Plots of pore size dis
tribution, (d) Plots of pore volume, and (e) Schematic the representation of the pyrolysis process of the DNPCs.

carbons [7, 58, 59]. Fig. 3d and S10 show that DNPC-500 has the highest
content of N-5 and N-6 than others. It should be noted that the
decomposition of PA is core difference between DNPC-500 and
NPC-500, which could provide the hydrolysate (PO4− ) react with KOH
to reduce chemical corrosion without sacrificing the density and achieve
a high volumetric performance. Moreover, the conductivity and charge
transfer of porous carbon materials has improved dramatically with the
presence of N-Q.
Fig. 4a shows the DNPC-600 electrode displays the largest area, and
all the cyclic voltammetry (CV) curves are the shape of quasi rectan
gular, which indicates the excellent capacitive behavior. Fig. 4b and S11
demonstrates the DNPC-500 electrode has a pair of distinct oxida
tion–reduction peaks (from − 0.8 to − 0.3 V), denoting the contributions
of pseudocapacitance via reversible faradic reaction. Fig. S13 and
Table S4 show that the DNPC-450, DNPC-500, DNPC-600, and NPC-500
electrodes deliver high gravimetric capacitances of 236.4, 396.9, 457.2,
and 293.7 F g − 1 at 0.5 A g − 1, respectively. Matching the results of CV
curves, the gravimetric capacitances of DNPC-500 is slightly lower than
that of DNPC-600. Because the density of the DNPC-500 is dramatically
higher than the others, the corresponding volumetric capacitance of
DNPC-450, DNPC-500, DNPC-600, and NPC-500 electrodes are 422.7,
643.7, 342.9, and 331.8 F cm− 3 at 0.5 A g − 1, respectively. It is indicated
the volumetric capacitance performances are significantly influenced by

its density. Fig. 4e shows the volumetric capacitance of DNPC-450,
DNPC-500, DNPC-600 and NPC-500 electrodes are 290.4, 463.2,
231.0, and 274.1 F cm− 3 at 20 A g − 1, respectively. Correspondingly, the
rate maintenance properties of DNPC-450, DNPC-500, DNPC-600, and
NPC-500 are 68.69, 72.98, 67.35, and 82.61%, respectively. Although
the rate maintenance performance of NPC-500 is higher than that of
DNPC-500, the volumetric capacitance of DNPC-500 is much more than
that of NPC-500. Fig. S14 shows that the retention rate of all electrodes
decreases slightly after 2000 cycles at 1 A g − 1, indicating all electrodes
have a good stability performance. To obtain a clearer understanding of
the influence of the PA-inducing on charge storage mechanism, the
contributions of pseudocapacitance and electrical double layer capacitor
to the total capacitance are calculated. As observed in Fig. 4f and S15,
the pseudocapacitance contribution of the DNPC-500 and NPC-500
electrodes are 33.02 and 13.05%, respectively. In addition, the capaci
tive and the diffusion-controlled contribution ratio are characterized by
CV analysis as the following equation:
i = k1 v + k2 v1/2

(1)

Here, the i and ν represent the current, scan rate, respectively; and the k1
and k2 represent the adjustable parameters, respectively. Fig. S16 shows
capacitive contribution rates of DNPC-500 and NPC-500 electrodes are
72.24%, and 84.78% at 5 mV s − 1 by the fitted CV curves.
4
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Fig. 3. (a–c) XPS results of DNPC-X: (a) C1s, (b) O1s, (c) N1s; (d) The difference N content of the DNPC-X and NPC-500.

Fig. 4. All obtained electrochemical properties are measured with the three-electrode configuration in a 6.0 M KOH electrolyte. (a) CV profiles for all the electrodes
at 5 mV s − 1. (b) CV profiles for DNPC-500 electrode from 5 to 200 mV s − 1. (c) GCD curves of DNPC-500 electrode from 0.5 to 4 A g − 1. (d) GCD curves of all the
electrodes at 0.5 A g − 1. (e) Rate capability of all the electrodes from 0.5 to 20 A g − 1. (f) The percentage contribution of pseudocapacitance and EDLC.

Correspondingly, the diffusion-controlled contribution rate of the
DNPC-500 electrode is higher than that of the NPC-500 electrode at 5
mV s − 1, respectively. The capacitive contribution ratios of both elec
trodes are gradually increased with increasing scan rate. The capacitive

contribution rates of the DNPC-500 and NPC-500 electrodes are
increased to 88 and 94% at 40 mV s − 1, respectively. The electro
chemical kinetics of both electrodes are determined by capacitive
contribution, but the NPC-500 shows a poor diffusion-controlled
5
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contribution than the DNPC-500. It should be noted that although the
pyrolysis temperature and total N content of DNPC-500 and NPC-500
are similar, the excellent capacitance performance of DNPC-500 is
mainly attributed to the higher content of N-5 and N-6 than that of NPC500 by the introduction of PA, which has high activity in the electro
chemical process. This result also shows the rate performance of NPC500 is much better than that of DNPC-500. The introduction of PA not
only decreases the number of nanopore channels but also increases the
density of porous carbon, improves the content of electrochemically
activity heteroatoms, and enhances the utilization of SSA. Table S5
shows that the volumetric capacitance of DNPC-500 is also higher than
the other carbon materials, for example, GPC (309 F cm− 3 at 1 A g − 1)
[60], PHC (476 F cm− 3 at 1 mV S − 1) [61], CM-NF (521 F cm− 3 at 0.2 A
g − 1) [44], and HPGM (376 F cm− 3 at 0.1 A g − 1) [62]. Moreover, the
mass loading is an important indicator of the electrode in practical
application. It could be seen in Fig. S17, the DNPC-500 with the mass
loading of 15.3 mg cm− 2 could still maintain 336.5 F cm− 3 at 1 A g − 1,
which is higher than the previous work [63–66]. Furthermore, the
electroconductibility of the DNPC-500 electrode is constructively
improved by graphene and N-doped.
To further demonstrate the potential application of DNPC-500 in the
supercapacitor, we tested the two symmetric devices. Fig. 5a and
Fig. S18a show that both devices have no obvious deformation and
appear quasi rectangular, indicating that the devices have good rate
performance. The CV profiles of the NPC-500 device are smaller, which
implies poor capacitive behavior. Fig. 5b, c shows the DNPC-500 device
has triangle curves with slight IR drop, which indicates its appropriate
power properties for the supercapacitor. Fig. 5d and Fig. S18d show that
the DNPC-500 and NPC-500 devices demonstrate the excellent volu
metric capacitance of 422.8, and 289.3 F cm− 3 at 0.1 A g − 1, respec
tively. Along with the current density increasing to 10 A g − 1, the DNPC500, and NPC-500 devices exhibit 314.1, and 190.8 F cm− 3, respec
tively, the corresponding rate performance of the DNPC-500 device is
74.3%, which is higher than that of the NPC-500 device (65.9%). As
shown in Fig. 5e, the DNPC-500 device shows a volumetric energy
density of 14.6 Wh L − 1 at the power density of 79.8 kW L − 1. Corre
spondingly, the volumetric energy density of the NPC-500 device is 10.0
Wh L − 1 at the power density of 56.5 W L − 1 (Fig. S16e). This

performance is better than the up-to-date reported works, as shown in
Fig. 5e [31, 39, 67-71]. Fig. 5f shows that the DNPC-500 device has an
activation process in the first 3000 cycles. Then, after 10,000 cycles, the
DNPC-500 device exhibits remarkable cycling performance with 94.7%
capacity retention and the coulomb efficiency is invariable. Fig. S18f
and Fig. S19a show the Nyquist plots of two devices, which have a
similar shape with the semicircle and sloping straight line in the high
and low-frequency region, which are relative to the charge transfer
resistance (Rct), capacitive behavior (Cd) and Warburg impedance,
respectively. Moreover, the intercept on the real impedance axis rep
resents to the equivalent series resistance (RΩ). The impedance spectra
are fitted by the equivalent circuit. It should be noted that the DNPC-500
device has a slightly the lower RΩ and Rct (0.87 and 0.26 Ω) than that of
NPC-500 (0.94 and 0.31 Ω), indicating a fast charge-transfer reaction of
DNPC-500, which may be due to the high content of N-Q and better
wettability of DNPC-500. After 10,000 cycles, both two devices have a
slightly smaller RΩ and Rct than before, which is due to the electrode is
activated by the electrolyte and the surface functional groups during the
cycle. And, the straight lines become more vertical after 10,000 cycles,
indicating faster ion diffusion into the porous carbon. Additionally, the
time constant (τ) in the Bode phase diagram represents the minimum
time needed to release all the energy at 50% efficiency. The τ value of
DNPC-500 and NPC-500 devices are 2.05 s (1.21 s after 10,00 cycles)
and 2.45 s (2.12 s after 10,000 cycles), respectively, which indicates the
DNPC-500 device is more suitable for supercapacitor.
3. Conclusion
In general, we propose a new strategy for the fabrication of high
density and N-doped porous carbons (DNPCs) via low-temperature py
rolysis of PA-doped PANI coated on graphene, representing a high
volumetric performance. PA is used to form the graphene oxide/poly
aniline (GO/PANI) precursor, protect GO from agglomeration, and
reduce the porosity of porous carbon. The PA and pyrolysis temperature
could regulate the porosity and heteroatoms contents of DNPCs.
Benefiting from PA-inducing and low-temperature pyrolysis, the DNPC500 performs a high volumetric capacitance (643.7 F cm− 3 at 0.5 A g − 1)
and outstanding rate performance. In a symmetric supercapacitor, the

Fig. 5. All obtained electrochemical properties for the DNPC-500 device are measured in a 6.0 M KOH electrolyte. (a) CV curves from 10 to 200 mV s − 1. (b, c) GCD
curves from 0.1 to 10 A g − 1. (d) Rate capability from 0.1 to 10 A g − 1. (e) Ragone plot and comparison with the state-of-the-art reported works. (f) Cycling stability
and coulomb efficiency at 5 A g − 1.
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DNPC-500 device exhibits a high volumetric energy density of 14.6 W L
− 1
at the power density of 79.8 kW L − 1, and remarkable cycling per
formance. Thus, this result exhibits a novel design of high density and Ndoped porous carbon materials for SCs.
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