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SPECIAL TOPIC: Graphene Oxides towards Practical Applications

Wet-spinning assembly of nitrogen-doped graphene
film for stable graphene-polyaniline supercapacitor
electrodes with high mass loading

Xingyuan Chu, Tieqi Huang*, Yueqi Hu, Ruilin Dong, Jingyang Luo, Shengying Cai, Weiwei Gao,

Zhen Xu and Chao Gao

ABSTRACT
promising electrode materials for supercapacitors but pos-

Graphene-polyaniline (GP) composites are

sessing unsatisfied stability, especially under high mass load-
ing, due to the low ion transmission efficiency and serious
pulverization effect. To address this issue, we propose a scal-
able method to achieve highly wettable GP electrodes, showing
excellent stability. In addition, our results demonstrate that
the performance of electrodes is nearly independent of the
mass loading, indicating the great potential of such GP elec-
trodes for practical devices. We attribute the remarkable
performance of GP to the delicate precursor of nitrogen doped
graphene film assembled by wet-spinning technology. This
report provides a strategy to promote the ion penetrating ef-
ficiency across the electrodes and deter the pulverization ef-
fect, aiming at the practical GP supercapacitor electrodes of
high mass loading.

Keywords: supercapacitor, graphene, polyaniline, nitrogen
doping, stability, mass loading

INTRODUCTION

Supercapacitors (SCs) are known for their high power
density to satisfy the requirements of specific fields such
as heavy-duty applications and electric vehicles (EVs) [1].
Carbon based materials, especially graphene based ma-
terials, arrest great attention due to their high con-
ductivity, high specific surface area (SSA) and stability
[2]. Unfortunately, graphene electrodes normally suffer
from low capacitance (< 250 F gf1 in most literatures) [3],
resulting in poor energy storage (<10 Whkg ') [4]. To
explore the next generation of supercapacitor electrodes

that exceed 10 W hkg ', researchers have introduced
kinds of pseudocapacitive components to graphene [5].
Among all the pseudocapacitive materials, polyaniline
(PANIi) shows ultrahigh capacitance based on fast and
reversible faradaic redox reactions and considerable
conductivity in aqueous electrolytes, and the combination
of graphene and PANi (GP) becomes a potential method
to achieve high capacitance [6]. However, the low stability
caused by pulverization problem limits the potential of
GP composites. Moreover, the mass loading of electrodes
was barely studied in detail, which retarded the practical
applications of GP materials. Developing GP electrodes
with long lifespan and considerable mass loading is still a
big challenge.

Here, we demonstrate a facile scalable preparation of
nitrogen-doped graphene induced GP electrodes with
excellent hydrophilia, performing stable energy storage
even under high mass loading. The precursor of nitrogen-
doped graphene film (NGF) was successively prepared via
wet-spinning and hydrothermal reaction in the solution
of NH,HCO,. Afterwards, in situ growth of PANi on
graphene sheets occurred, mainly due to the nitrogen
atoms that initiated the polymerization. The PANi grafted
NGF (PNGF) displayed an ultrawettable property, and
thus good electrochemical performance (360 Fg ' at
1Ag ', 78% retention after 20,000 cycles). Furthermore,
the mass loading of PNGF electrode had negligible in-
fluence on the performance, showing 340 Fg 'at 1A g '
and 73% retention (20,000 cycles) under the mass loading
of 10.34mgcm . Accordingly, we attribute such a
highlight stability to the well-designed nitrogen-doping
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layered structure, which not only ameliorates the wett-
ability but also improves the efficiency of ion transmis-
sion in the electrodes. This work may shed a light on the
real supercapacitor applications of GP materials.

EXPERIMENTAL SECTION

Materials

All the reagents were of analytical grade and used as re-
ceived. Graphene oxide (GO) with average lateral size of
10 pum was purchased from www.gaoxitech.com.

Preparation of NHC-GO hydrogel film and NGF

GO aqueous solution (15 mg mL ") was spun into a
coagulation bath (NH,HCO;, 10 wt%) from a designed
flattened nozzle. After 1 h, GO was crosslinked and be-
came hydrogel film (NHC-GO).

The NHC-GO hydrogel film was transferred into a
closed Teflon-lined autoclave full-filled with aqueous bath
(NH,HCO;, 10 wt%) and heated at 180°C for a suitable
time (2 h if no specific instructions). The obtained black
NGF was washed with water and stayed under the pres-
sure of 10 MPa overnight.

By utilizing nozzles with different sizes, NGF was fab-
ricated with different thicknesses and thus different mass
loadings.

Preparation of GO hydrogel film and graphene film (GF)
GO hydrogel film and GF were prepared in the same way
as NHC-GO hydrogel film and NGF, except using CaCl,
(3 wt%) as the coagulation bath and aqueous bath.

Preparation of PNGF and PANi-graphene film (PGF)
Aniline (0.0312 g) was dropped in a flask, which con-
tained 5 mL ethanol and 15 mL 1 mol L' HCI, and stir-
red for half an hour before NGF were dipped in. After
1 h, 0.0504 g ammonium persulfate in 5mL HCl was
added to the flask dropwise. The reaction was kept at
—10°C without stirring for 12 h. Then the films were
washed with deionized water to obtain PNGF. Using GFs
to replace NGFs, PGFs were prepared with the same
protocol as the case of PNGFs.

By utilizing NGF with different mass loadings as the
template to grow PANi, PNGF with different mass
loadings can be obtained.

Characterization

Scanning electron microscopy (SEM) images were ob-
served by Hitachi S-4800. Raman spectra were acquired
using a Renishaw in Via-Reflex Raman microscopy at an
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excitation wavelength of 532 nm. X-ray diffraction (XRD)
was conducted on Rigaku D/max-2500, using graphite
monochromatized Cu Ka radiation. X-ray photoelectron
spectroscopy (XPS) measurements were acquired by a
PHI 5000C ESCA system (Physical Electronics) operated
at 14.0 kV. Fourier transform infrared (FTIR) spectra
were collected on a Bruker Vector-22 FTIR spectrometer
(4,000-400 cm_l). Electrochemical measurements were
carried out in cells with two symmetrical electrodes, using
a mixed cellulose esters membrane as the separator (pore
size 0.22 um), platinum foils as the current collector, and
1 mol L' H,S0, as the electrolyte. Cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and elec-
trochemical impedance spectroscopy (EIS) tests were
carried out using an electrochemical workstation
(CHI660e, CH Instruments, Inc.).

RESULTS AND DISSCUSSION

The fabrication of PNGF is illustrated in Fig. 1. Pre-
viously, Gao et al. [7-9] found the lyotropic liquid crys-
tallinity of GO in water and specific organic solvents, and
set up the wet-spinning technology. A particularly de-
signed nozzle apparatus was utilized to inject the GO
liquid crystal (LC) spinning dopes from the spinning
channel into the coagulation bath containing NH,HCO,
to obtain cross-linked hydrogel films successively, namely
NHC-GO hydrogel films (Fig. 1b). After hydrothermal
treatment (which reduced NHC-GO hydrogel films to
NGF) and in situ polymerization of PANi on the pre-
cursor of NGF, PNGF can be fabricated (Fig. la). The
PNGF can be bended and relaxed in cycles without ob-
vious break ledge, indicating its potential as a free-
standing electrode (Fig. 1c).

SEM images of GF, PGF, NGF and PNGF are shown in
Fig. 2a-f. NGF shows much more crumpled structure
than GF due to the nitrogen doping procedures (Fig. 2a,
c), revealing more efficient ion transmission pathways
[10]. Based on the precursor of NGF, the PANi nano-
particles can be clearly observed both on the surface and
between the interlayers of PNGF (Fig. 2d-f), indicating
the successful growth of PANI in the entire film. Com-
pared with PNGF, the PGF exhibits obscure nanoparticles
between the interlayers (Fig. 2b), which may be due to the
more restacking structures of the precursor GF to be
penetrated by aniline monomers. According to the SEM
images, the precursor of NGF is conducive to the growth
of PANi on the graphene sheets.

Fig. 2g shows the Raman spectra of the GF, PGF, NGF,
PNGF and pure PANi. All of the graphene-based films

have two typical peaks at about 1,352 and 1,600 cm
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Figure 1 Fabrication procedure of PNGF. (a) Schematic of the scalable preparation of PNGF. (b) Photograph of wet-spinning step. (c) Optical image
of PNGF at bending state.
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Figure 2 Characterization of NGF, PNGF, GF, PGF and PANi. Cross-section SEM images of GF (a), PGF (b), and NGF (c). (d, e) Cross-section SEM
images of PNGF with different magnifications. (f) Top-view SEM image of the surface of PNGF. (g) Raman spectra of GF, PGF, NGF, PNGF and

PANi. (h) XRD patterns of NGF, PNGF, GF, PGF and PANi. (i) FTIR spectra of NGF, PNGF, GF, PGF and PANi.

corresponding to the D-band and G-band, respectively
[11]. The Raman spectrum of the PANi shows a series of
characteristic peaks of PANi. The peaks at 1,168, 1,232,
1,341, 1,489 cm ' are ascribed to the C-H bending de-
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formation in the benzenoid ring, the C-N stretching vi-
bration of the polaronic units, the semiquinone radical
vibrations and the C=N stretching vibration of the qui-
nonoid units, respectively [12]. All these peaks appear in
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the spectrum of PNGF, confirming the successful doping
of PANi on the precursor of the NGF. For comparison,
there are only unconspicuous peaks in PGF at 1,164 and
1,510 cm ', which are assigned as the signal of PANi,
demonstrating the poorish doping of PANi on the pre-
cursor of the GF [12]. This suggests that the precursors of
graphene based materials affect the growth of PANi, and
the grafting progress of PANi is easier to occur on NGF
than GF.

The interlayer space of precursors was confirmed by
XRD patterns. Fig. 2h shows the XRD patterns of the GF,
PGF, NGF, PNGF and pure PANi with 260 ranging from
10° to 50°. All of graphene-based films have a similar peak
at around 25° which can be correlated to the graphitic
carbon (002) with an interlayer spacing of about 0.35 nm
[13]. In detail, half-peak width of PNGF is obviously
larger than that of NGF, indicating the low crystallization
due to the generation of PANi between the graphene
sheets [14]. However, the GF and PGF exhibit almost the
same XRD patterns with narrow half-peak width, in-
dicating inefficient destruction of graphene restacking
structure for the polymerization of aniline. The results
imply the importance of precursors again, as NGF ex-
hibits higher activity than GF while grafting with PANi.

To further study the impacts of different precursors on
the final GP materials, we utilized FTIR to analyze the
combination mode of graphene based substrate and PANi
(Fig. 2i). In the FTIR spectrum of PNGF, the peaks at
1,556 and 1,237 cm ' are attributed to the C=C stretch-
ings of quinonoid ring and C-H bendings of benzenoid
ring, respectively. These characteristic peaks of PANi il-
lustrate that this polymer grows on the precursor of NGF
[12]. As for the precursor of GF, no new peaks from
PAN:I arise after doping. It is worth mentioning that the
peak at 1,114 cm ' in the FTIR spectrum of PNGF may be
attributed to the stretching of tertiary amine. Given that

tertiary amine group is neither present in NGF nor PANi,
we propose a possible chemical graft growth mechanism
of PANi on the sheets of NGF (Fig. S1), rather than mere
physical mixture of PANi with graphene based materials.
The FTIR spectrum of physical mixture of PANi and GF
shows no peaks attributing to tertiary amine, which also
supports this point (Fig. S2). In addition, the nitrogen
atoms on the sheets of NGF induce the successful binding
with aniline, followed by in-situ polymerization.

The XPS spectra of the GF, PGF, NGF, PNGF and pure
PANi are employed to illustrate the nitrogen composition
(Fig. S3). The N 1s core-level XPS spectrum of the NGF is
composed of three peaks, corresponding to three types of
nitrogen functional groups, -NH- (399.9 eV),
(3983 ¢eV) and N™ (400.9 eV) [10,15]. Similar to the
previously reported nitrogen doped graphene materials,
the -NH- type is dominant [16]. After doping, the peak
of N* enhances and -N= disappears, implying the suc-
cessful growth of PANi on the surface of the precursor of
NGF [17]. However, both the GF and PGF have only one
peak corresponding to -NH-, indicating that GF does not
serve as good precursor for the growth of PANi as NGF,
which is consistent with the aforementioned analysis.
Moreover, the nitrogen content was confirmed by ele-
mental analysis (EA) to reveal the different contents of
PANIi on such two different precursors (Table S1). Based
on the calculated nitrogen contents between precursors
and composite films, the mass fraction of PANi in the
PNGF and PGF are 12.27% and 3.82%, respectively. It
reveals that PANI is prior to combine with NGF than GF.

Considering the GP materials as electrodes of super-
capacitors (SC), the interface of GP and electrolyte is
quite important for the performance [18]. Fig. 3a presents
the optical images of dynamic contact angle on GF, PGF,
NGF, PNGF for the aqueous electrolyte of 1molL "
H,SO,, which is estimated suitable for the pseudocapa-
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Figure 3 (a) Dynamic contact angle measurements for NGF, PNGF, GF and PGF. (b) The relationship between contact angle and contact time.
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citance of PANi [13,19]. As shown in Fig. 3b, the re-
lationship between contact angle and contact time de-
monstrates the wettability of NGF is better than that of
GF, and that of PNGF is better than that of PGF, because
NGF has numerous hydrophilic N atoms doped in the
graphene [20]. Moreover, grafting of PANI significantly
improves the wettability of NGF due to the hydrophilic N
compositions (e.g., N'), resulting in the contact angle
decrease from 83.5° to 59.8°, which may further activate
the connection between electrolyte ions and electrodes.
On the other hand, although the doping of PANi does
increase the wettability of GF (initially from 89.4° to
75.9°), the wettability of PGF still cannot be comparable
with that of PNGF. Interestingly, the contact angle of
PNGF turned into 0° after 15 min, whose wettability rate
is 5.1° min ', demonstrating excellent wettability as a
promising electrode for SCs. Notably, given the better
affinity of nitrogen atoms than hydrophobic benzene
rings with aqueous electrolyte, it can be estimated that the
graft of aniline and its oligomer in aqueous solution is
more efficient in NGF than in GF. This leads to larger
content of PANi in PNGF than in PGF, consistent with
the aforementioned EA results. As a result, the better
wettability of NGF and PNGF facilitates the ion diffusion
and increases the ion-accessible surface, which satisfies
the general requirements for SC electrode materials [21].

The corresponding SCs utilizing GF, PGF, NGF and
PNGEF as free-standing electrodes are denoted as GF-SC,
PGF-SC, NGF-SC and PNGF-SC. They were assembled
into two-electrode system, as indicated by the practical
assembly of real SCs [22]. Fig. 4a shows the CV curves of
the GF-SC, PGF-SC, NGF-SC and PNGF-SC. GF-SC
exhibits a semi-rectangular shape, indicating good electric
double layer (EDL) capacitance properties [23], which
shares a similar shape with the NGF-SC with higher in-
tegral area. A pair of intense peaks shown in both of
PNGEF-SC and PGF-SC is attributed to the redox reac-
tions of PANI, corresponding to the emeraldine/perni-
graniline structural conversions, respectively [24].
However, the CV curve of the PNGF-SC exhibits larger
rectangular area than that of the PGF-SC, signifying lar-
ger pseudocapacitance.

To further quantify the gravimetric specific capacitance
(Cy) of these electrodes, the GCD curves are shown in
Fig. 4b. The GF-SC and NGF-SC exhibit good symme-
trical linear curves at the current density of 1 A g ', im-
plying the main EDL behavior [25]. The C, of GF-SC and
NGE-SC are 203 and 225 F g ', respectively. The higher
C, of NGF-SC also results from more pseudocapacitance
stemmed from active nitrogen sites. After grafting with
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PANI, the curve of the PNGF shows two different parts:
0.8-0.45 V, corresponding to EDL capacitance; 0.45-0 V,
corresponding to the combination of EDL and Faradic
capacitances of PANi-graphene component [24]. Bene-
fiting from the better doping of PANi on the precursor of
NGF, the C, of the PNGF-SC can reach 360 F g ', which
is much higher than that of the PGF-SC (289 Fg ).
Compared with other GP materials, our PNGF-SC ex-
hibits high electrochemical performance (Table S2)
[23,24,26-33]. Both the PNGF-SC and PGF-SC have small
dynamic voltage drops, which are 0.0031 and 0.0033 V, re-
spectively. Rate capability of PNGF is shown in Fig. 4c. Even
at a high current density of 100 A g ' (Fig. $6), PNGF
electrode still retains 275 F g ', indicating 76% retention
as the current density increases 100 times. Obviously, the
high rate capability of PNGF is also due to the crumpled
inner structures inherited from NGF precursor. The
PNGF electrodes perform gravimetric energy density (E,)
of 8.0 Whkg ' with gravimetric power density (Pg) of
800 Wkg'. Even under high power density
(40,000 W kgfl), the E, still retains 7.3 W h kg71 (Fig. S7).

EIS was employed to analyze the resistance behaviors of
electrodes. The low-frequency portions of the Nyquist
plots of all the supercapacitors are nearly vertical to the
axis at low frequencies, which implies an ideal capacitive
behavior (Fig. 4d) [34]. Equivalent series resistance (Rggg)
is mainly composed of three parts: 1) the intrinsic ohmic
resistance R; (the first intercept along the real axis), 2) the
interfacial charge transfer resistance R, (the diameter of
the semicircle), and 3) Warburg diffusion resistance R,
[18]. By extrapolating the portion of the low frequency to
the real axis, the Rpsz was obtained for the GF-SC
(11.84 ohm), PGF-SC (3.34 ohm), NGF-SC (5.20 ohm)
and PNGF-SC (2.12 ohm), respectively. The precursor
NGF has a much smaller Rggy than GF, and the trend is
retained after drafting with PANi. Since all of the four
films have similar R,, the differences between the two
precursors and between their subsequent products are
mostly contributed by R, and R, (Table S3). As wett-
ability between the electrolyte and electrode is one of the
decisive factors of R, and R, [35-38], the hydrophilic
NGF precursor contributes greatly to the connection
between its subsequent product PNGF and the electrolyte.
GF and its subsequent product PGF show poor resistance
behavior, which is also proved by the dynamic contact
angle measurements in Fig. 3.

The cycling performance of the PNGF-SC was tested by
GCDat2 A g ' for 20,000 cycles. As shown in Fig. 4e, the
PNGF-SC achieves an extremely high cycling stability
(78% retention after cycling) at the top level in GP-SC
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Figure 4 Electrochemical performance of NGF-SC, PNGF-SC, GF-SC and PGF-SC. (a) CV curves of NGF-SC, PNGF-SCy, GF-SC and PGF-SC
measured at a scan rate of 10 mV s . (b) GCD curves of NGF-SC, PNGF-SC, GF-SC and PGF-SC measured at a current density of 1 A gfl. (c) Rate
capability of PNGF-SC calculated by GCD curves from 1 to 100 A g . (d) Nyquist plots of NGF-SC, PNGF-SC, GF-SC and PGF-SC with the
equivalent circuit. The inset shows the magnified high-frequency region. (e) Cycling stability of PNGF-SC at 2 A g . The inset shows the schematic of

proposed charge-discharge mechanism of PNGF-SC.

systems [12,17,19,24,39]. The inset in Fig. 4e shows the
proposed charge-discharge mechanism of PNGF-SC. The
improved cycling stability of the PNGF-SC may be as-
cribed to the grafting combining mode between the NGF
and PANi. Such combination prevents the composite
from severely swelling and shrinking of the polymer
skeleton induced by the movement of ions [40]. Hence,
the morphological and electrochemical property of PNGF
during charging and discharging cycling are maintained.
Therefore, the as-prepared PNGF-SC exhibits excellent
cycling stability.

The effect of the bending-induced mechanical stress on
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the electrochemical performance of the PNGF was in-
vestigated. PNGF displays almost the same charge-dis-
charge behavior at different bending states (Fig. S8). The
capacitance (360 Fg ') still retains 78% after 1,000
bending cycles (Fig. S9), revealing the great flexibility and
stability of the PNGF based supercapacitor.

In view of the commercial requirements, the mass
loading of SC electrodes should be higher than
10 mg cm ~ to achieve demanded energy density [41].
However, GP electrodes suffer from low mass loading
[42,43], due to the unsatisfactory inner structure and
unsuitable material design. By simply changing the out-

October 2020 | Vol.63 No. 10
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Figure 5 (a) Photograph of NGF hydrogels with different thicknesses. (b) Mass loading of the PNGF is nearly proportional to the thickness of its
precursor NGF hydrogel. (c) CV curves of PNGF, g-SC and PNGF,,,-SC at the scan rate of 10 mV s . (d) The GCD curves of PNGF, g-SC and
PNGF,34-SC under the current density of 1 A gﬁl. (e) Nyquist plots of PNGF g5-SC and PNGF, 3,-SC with the equivalent circuit. The inset shows the
magnified high-frequency region. (f) Effects of mass loading on C, of PNGF-SC. (g) Top-view SEM image of the surface of PNGF. (h) Cycling stability
of PNGF(;,-SC at 2 A gfl. The inset is the schematic illustration of ion transport in PNGF,3,-SC.

put thickness of nozzle, we can fabricate NGF hydrogels
with different thicknesses and thus different mass load-
ings of the final NGF electrodes (Fig. 5a). Furthermore,
PNGF with different levels of mass loading was obtained
using NGF precursors with different thicknesses. Fig. 5b
illustrates nearly a proportional linear relationship be-
tween the thickness of NGF hydrogels and the mass
loading of final PNGF, reflecting the controllability of
wet-spinning technology.

The relationship between mass loading and electro-
chemical performance of PNGF based electrodes was
studied. The CV curves in Fig. 5c¢ exhibit two obvious

October 2020 | Vol.63 No. 10 © Science China Press and Springer-Verlag

peaks under low mass loading (0.88 mgcm ) or high
mass loading (10.34 mg cm ), indicating the maintained
redox reaction of PANi during charge and discharge re-
gardless of mass loading. The shift of redox peaks under
high voltage with high mass loading is due to the in-
creased resistance, proved by EIS in Fig. 5e. Both the
GCD curves of PNGF,4-SC and PNGF,,;,-SC at 1 A g{1
exhibit two pseudocapacitor stages (Fig. 5d), indicating
the good performance delivery from crumpled structures.
The Cgs of the assembled PNGF-SCs with different mass
loadings are shown in Fig. 5f. As the mass loading in-
creases from 0.88 to 10.34 mgcm °, the C, decreases

GmbH Germany, part of Springer Nature 2019 1895
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slowly from 360 to 340 F g ', with 94% retention. Com-
pared with the rate performance of other high mass
loading G-PANi, our PNGEF is at the top class with high
specific capacitance [14,23,44]. This benefits from the
excellent ion transportation efficiency through the carbon
skeleton, inherited from the precursor NGF [10]. Even at
a high current density of 10 A g_1 (Fig. S11), PNGF 3,
electrode still retains 237 Fg ', demonstrating its high
rate capability under high mass loading. The SEM image
shown in Fig. 5g indicates large holes on the surface of
the PNGF, resulting in channels for ions permeating
deeply into the films, which can additionally explain the
good performance of PNGF,;;,. Even with high mass
loading, PNGF,j 3, still exhibits excellent cycling stability
(74% retention after 20,000 cycles, 2Ag71) (Fig. 5h),
which can be ascribed to the grafting combining mode
and the well-designed inner structure, as shown in the
inset of Fig. 5h. Due to the wettable interface and ex-
panded interlayer of PNGF, the electrolyte ions from the
solution could rapidly attach on the surface of electrodes
and penetrate efficiently across the crumpled sheets. With
this unique structure, PNGF with high mass loading
possesses a long lifespan, which is of great significance for
practical SCs.

CONCLUSIONS

In summary, we have fabricated a kind of wettable PNGF
free-standing electrode via wet-spinning with outstanding
SC behavior. The properties of PNGF are mainly in-
herited from the NGF precursor. The nitrogen atoms
doped on the graphene sheets not only provides the
original grafting sites of aniline but also improves the
wettability, resulting in stable and considerable growth of
PANi. Even under high mass loading, the as-prepared
PNGF maintains good electrochemical performance with
long cycling stability, due to the delicate design of the
surface and inner structure. This work sheds a light on
the practical applications of GP-electrodes.
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