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The supercapacitors based on n-conjugated conducting polymers have attracted significant attention due

to high pseudocapacitance. However, the narrow potential window (<1 V) gives rise to low energy
density, which restricts practical applications. Here, a novel hierarchical graphene nanosheets/acid-treated
multi-walled carbon nanotube-supported poly(1,5-diaminoanthraquinone) (GNS/aMWCNT@PDAA)
nanocomposite is successfully synthesized using optimal Ce(SO,), oxidant and camphorsulfonic acid
dopant. The as-prepared nanocomposite displays unique nanoporous morphology, high n-conjugated

degree and excellent conductive interpenetrating network. With the intriguing features as well as unique

p- and n-doping characteristic, the as-fabricated supercapacitor in 1 M Et,;NBF,-AN electrolyte can be

reversibly cycled in the potential window of 2.8 V and achieves superhigh energy density of 86.4 Wh kg™
at power density of 0.73 kW kg™, which still retains 55.5 Wh kg™' even at power density of 153.9 kW kg~
!. Furthermore, superior cycling stability is achieved with only 7 % capacitance loss after 10000 cycles.

The state-of-the-art performance has surpassed that of most recently reported supercapacitors, thus

representing a significant breakthrough in the n-conjugated polymers-based supercapacitors.

1. Introduction

Parallel to the fast-growing demand for portable electronics and
electric vehicles, developing efficient and renewable energy
storage systems has become a global concern.'® Supercapacitors,
with desirable characteristics of high power density, fast charging
(with seconds) and long cycle life, have been widely recognized
as an important class of energy storage devices.”* Nowadays, the
supercapacitor technology is dedicated to pursuing high energy
density without sacrificing power density and cycle life."
According to the equation E = 0.5CV?, the energy density can be
improved by maximizing the specific capacitance (C) and/or the
potential window (V)."' Although carbonaceous materials
possess broad potential window, the specific capacitance is
relatively low, which brings about the unsatisfactory energy
density. Conducting polymers (CPs), such as polyaniline and
polypyrrole with p-doping characteristic, only exhibit high
pseudocapacitance in narrow potential window.'>”"* In this regard,
an efficient approach is to develop asymmetric supercapacitors
for widening potential window.'®!” Alternatively, it is more
advisable to explore new-generation CPs with both p- and n-
doping  capability, =~ which  can  achieve  excellent
pseudocapacitance in broad potential window and perfectly
accord with the demand for energy density.

Recently, a novel m-conjugated polymer called poly(1,5-
diaminoanthraquinone) (PDAA), whose raw materials are
abundant and can be synthesized from the biomass, has roused
research interests.'™*”  Through hybridizing polyaniline
backbones (p-doping) with electroactive 1,4-benzoquinone
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moiety of high capacity (n-doping), PDAA possesses excellent
pseudocapacitance characteristics in broad potential window than
the polyaniline alone.”’* Moreover, strong m-m stacking
interaction among anthracene rings and hydrogen bonds between
N-H and C=0O groups make PDAA inclined to form
“supramolecular” structure, leading to superior cycling stability
compared to other reported CPs.**?’ Unfortunately, the
previously reported PDAAs exhibit lower conductivity™** and
densely packed structure of the PDAA by conventional
polymerization methods makes the expected outstanding
performance significantly vanish.

To overcome these drawbacks, a homogeneous nano-sized and
well-ordered structure must be considered for the advancement of
inherent performance.”®*> Moreover, the incorporation of
carbonaceous materials into nanostructured CPs has attracted
great interest owing to the enhanced properties arising from high
conductivity and reinforcement of carbon nanofillers.”**® To
date, numerous nanocomposites of graphene/CPs,'****° carbon
nanotube/CPs,**414 mesoporous carbon/CPs>>4¢:47 and
graphene/carbon nanotube/CPs**>' have been explored, among
which, graphene/carbon nanotube/CPs remarkably increase the
accessible surface for CPs deposition. In particular, the materials
with high porosity are of great significance for energy storage,

70 which largely allows electrolytes to freely diffuse inside the

. 2-
internal space.’”*

Herein, we ingeniously develop a novel hierarchical porous
nanocomposite based on graphene nanosheets/acid-treated multi-
walled carbon nanotube-supported poly(1,5-

75 diaminoanthraquinone) (GNS/aMWCNT@PDAA). To make full
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play of intrinsic performance of GNS, the GNS/aMWCNT is
mildly reduced by ®*Co y-ray irradiation to effectively restrain the
aggregation, on which the nanostructured PDAA is firmly
deposited via =m-m stacking interaction. In addition, the
s camphorsulfonic acid (CSA), not only a dopant for PDAA but
also a soft template for the polymerization, is adopt, which
perfectly achieves the nanoporous structure for the
nanocomposite. The formation process in detail is displayed in
Scheme 1. Furthermore, due to unique p- and n-doping capability,
o GNS/aMWCNT@PDAA is wisely constructed as both positive
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and negative electrodes for organic supercapacitors, bringing
about a significant improvement of energy density and cycling
performance. The as-fabricated supercapacitor in 1 M Et,;NBF,-
AN electrolyte achieves a maximum energy density of 86.4 Wh

s kg! at a power density of 0.73 kW kg as well as superior
cycling stability with only 7 % capacitance loss after 10000
cycles. These encouraging results represent a significant
breakthrough in the development of m-conjugated CPs for
promising organic supercapacitors.

Isopropanol / water

GNS/aMWCNT

DAA
CSA soft template

1M H;SO,
in DMAc

Oxidative

GNS/aMWCNT@PDAA

® DAAI/CSA complex

& PDAA nanoparticles

~=il}

GNS/aMWCNT(DAA)

O mesopores

Scheme 1 Schematic illustration for the formation process of hierarchical porous GNS/aMWCNT@PDAA nanocomposite.

2. Experimental
2.1 Preparation of GNS/aMWCNT

Graphite oxide was synthesized from natural graphite powder
(Shanghai Yifan Graphite Co. Ltd.) by a modified Hummers
method.” As-prepared graphite oxide was exfoliated in pH =10
ammonia solution under ultrasonication for 40 min. The resulting
graphene oxide nanosheets (GONS) were centrifuged at 3000
o rpm to remove the aggregations. The tMWCNT was prepared via
mixed acid treatment of MWCNT (diameter < 8 nm, Chengdu
Organic Chemicals Co. Ltd.).”
The GONS and aMWCNT aqueous dispersions were mixed
under stirring to form three-dimensional interpenetrating
s GONS/aMWCNT (the weight ratio of GONS to aMWCNT was
70/30). Subsequently, the GNS/aMWCNT was prepared by
irradiation reduction technique. The isopropanol was added into
the above GONS/aMWCNT to obtain isopropanol/water
dispersion (50/50, v/v) with a final concentration of 1 mg mL™,
o which was then deoxygenated by argon bubbling for 30 min and
sealed in stainless steel pipe with argon atmosphere. Finally, the
stainless steel pipe was irradiated through ®Co y-ray with the
irradiation dose of 100 kGy to obtain the GNS/aMWCNT.

o

2.2 Synthesis of GNS/aMWCNT@PDAA nanocomposite

@

The GNS/aMWCNT was prepared by **Co y-ray irradiation
reduction technique and the detailed process was shown in
Electronic Supporting Information. The GNS/aMWCNT@PDAA
nanocomposite was synthesized by a chemically oxidative

w
&

6s 2.3 Synthesis

polymerization method. Typical procedure was as follows: 25 mg

s0 GNS/aMWCNT was added into 15 mL 1 M H,SO, DMAc

solution under ultrasonication for 1 h to obtain well-dispersed
suspension followed by the addition of camphorsulfonic acid
(CSA, 0.63 mmol). After that, 0.63 mmol DAA monomer (7.5
mL 1 M H,SO; DMAc solution) was added into the above

oxidant of Ce(SOy), (0.63 mmol, 7.5 mL 1 M H,SO, DMAc
solution) was added by dropwise and another half added after 2 h.
The reaction was carried out at 20 °C for 48 h with final DAA
mole concentration of 0.017 mol L. Finally, the resulting

e product was washed with DMAc, ethanol and distilled water for

several times and afterwards freeze dried for use. For
comparison, pure PDAA doped with CSA and without CSA was
synthesized through the similar procedure above without the
presence of GNS/aMWCNT.

of GNS/aMWCNT@polyaniline (PANI)

nanocomposite

The GNS/aMWCNT@PANI nanocomposite was synthesized by
a chemically oxidative polymerization method. Typical procedure
was as follows: 25 mg GNS/aMWCNT was added into 15 mL 1

70 M H,SO4 aqueous solution under ultrasonication for 1 h to obtain
addition of

well-dispersed suspension followed by the
camphorsulfonic acid (CSA, 0.63 mmol). After that, 0.63 mmol
aniline monomer (7.5 mL 1 M H,SO, solution) was added into
the above suspension, which was continuously stirred for 4 h.

75 Then, half oxidant of ammonium persulfate (APS, 0.63 mmol, 7.5
mL 1 M H,SO, solution) was added by dropwise and another half

suspension, which was continuously stirred for 4 h. Then, half
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was added after 2 h. The reaction was carried out at 20 °C for 48
h with final aniline mole concentration of 0.017 mol L. Finally,
the resulting product was washed with ethanol and distilled water
for several times and afterwards freeze dried for use.

2.4 Characterization

The Fourier transform infrared spectroscopy (FTIR) spectra were
recorded at a Nicolet 5700 spectrometer from KBr pellets. Raman
spectra were recorded on a Renishaw inViat+Reflex using a
50mW He-Ne laser operated at 514 nm. X-ray diffraction (XRD)
data were collected from 5° to 50° (26-angle) from a Rigaku
D/Max 2550 VB/PC X-ray diffractometer using Cu K, radiation.
The morphologies of the samples were characterized by the field-
emission scanning electron microscopy (FE-SEM, Hitachi S-
4800) with an energy dispersive spectrometer (EDS, QUANTAX
400-30) and the transmission electron microscope (TEM, JEOL
JEM-1400, 100 kV). Atomic Force Microscopy (AFM) images
were obtained with a multimode atomic force microscopy
(Nanoscopellla, Veeco), employing the uncontact mode. X-ray
photoelectron spectroscopy (XPS) analysis was performed in a
thermo scientific ESCALAB 250Xi X-ray photoelectron
spectrometer equipped with amonochromatic Al Ka X-ray source
(1486.6 eV). Nitrogen adsorption-desorption isotherms were
performed using a Micromeritics ASAP 2020 analyzer at 77 K.
Before measurements, the samples were degassed in vacuum at
353 K for 4 h. The specific surface area and the pore size
distribution were calculated using the BET and slit/cylindrical
nonlocal DFT (NLDFT) methods, respectively. The conductivity
of the samples was determined by SX 1934 four-probe instrument
using compressed pellets.

2.5 Electrochemical measurements

The working electrodes were prepared by mixing 70 wt% active
materials, 20 wt% acetylene black and 10 wt% binder (LA132,
dissolved in deionized water/ethanol mixed solution) to form a
slurry, which was uniformly coated on Toray carbon paper (TCP)
with diameter of 12 mm. The resulting electrode was then dried
in vacuum oven (80 °C) overnight to remove ethanol and
moisture. The mass loading of active materials on TCP was
carefully controlled to be ca. 1 mg.

Both three- and two-electrode cell configurations were used to
measure the electrochemical performance of active materials as
supercapacitor electrodes in organic electrolyte (1 M Et,NBF,-
AN). In three-electrode system, Pt slice and Ag/Ag" electrode
were used as the counter electrode and reference electrode,
respectively. The cyclic voltammetry (CV) and galvanostatic
charge/discharge tests were performed with an Autolab
electrochemical workstation inside an Ar-filled glove box.

The two-electrode configuration (2016 stainless-steel coin cell)
with two symmetrical active materials as both positive and
negative electrodes, sandwiched by polypropylene separator (25
um thick, Celgard 3501), was assembled in glove box. The CV,
galvanostatic charge/discharge and electrochemical impedance
spectroscopy (EIS) were also carried out by a CHI660D
electrochemical workstation and cycling stability was conducted
on a LAND CT2001A program testing system. It is worth noting
that the specific capacitance, power and energy density were
calculated based on total mass of positive and negative materials.
And the data analysis for electrochemical measurements was
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shown in Electronic Supplementary Information.

3. Results and discussion

The GNS/aMWCNT@PDAA preparation procedure employed
in our study involves a chemically oxidative polymerization of
the PDAA grown on GNS/aMWCNT as a carrier in 1 M H,SO,
DMAc solution. The process was carried out using appropriate
Ce(S0,), oxidant and CSA dopant with DAA mole concentration
of 0.017 mol L. Here, to restrain the aggregation of GNS, the
GNS/aMWCNT is mildly reduced by *°Co y-ray irradiation
technique, in which GNS are produced through the ring-opening
of epoxide groups in GONS induced by alcohol radicals followed
by the elimination of gem-diols to form the C=C bonds.’” As seen
from EDS result (Fig. 1a), the oxygen content (12.4 wt%) of
GNS/aMWCNT markedly decreases compared to
GONS/aMWCNT (30.3 wt%), demonstrating that oxygen-
containing groups are successfully reduced by y-ray irradiation.
Moreover, Raman spectra display that the D and G bands for
GNS/aMWCNT at around 1350 and 1600 cm™ obviously
become narrow (Fig. S1t), which implies the improvement of
ordered graphitic domains after irradiation.

GONS/aMWCNT

GNS/aMWCNT

Intensity / a.u.

L
05 25

n s n
10 _ 15 20
Energy / keV

big o= |

030 1.00 150
Distance /I m

.00
Distance /4 m

Fig. 1 (a) EDS of GONS/aMWCNT and GNS/aMWCNT. (b) FE-SEM
image of GNS/aMWCNT. AFM images of (c) GNS and (d)
GNS/aMWCNT with height profiles. (e) The photograph showing GNS
and GNS/aMWCNT dispersions.

It can be observed from the FE-SEM image of GNS/aMWCNT
(Fig. 1b) that individual aMWCNT (marked by red arrow) appear
to be intercalated into thin and crumpled GNS, forming 3D
interpenetrating network structure with high accessible surface of
411.8 m* g (Fig. S21). In addition, it is detected from atomic
force microscopy (AFM) that the thickness of GNS becomes
thinner from 1.47 to 0.84 nm after the introduction of tMWCNT
(Fig. 1c-d). The results further indicate the intercalating effect of
aMWCNT, which effectively enlarge the space between GNS
sheets. Thus, the aMWCNT act as steric barriers successfully
hindering the irreversible aggregation of GNS, which brings
about good dispersion stability for GNS/aMWCNT (Fig. le).
Moreover, the conductivity of GNS/aMWCNT after irradiation
can reach up to 18.4 S cm™', which is three orders of magnitude
higher than that of GONS/aMWCNT (7.8x10~ S ¢cm™) and also
can be superior to that of GNS (12.2' S cm™). In general, as a

This journal is © The Royal Society of Chemistry [year]
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carrier with high conductivity and accessible surface,
GNS/aMWCNT is beneficial to the growth of nanostructured
PDAA.

The morphology of the GNS/aMWCNT@PDAA is
characterized by the FE-SEM and TEM. As shown in Fig. 2a, the
as-prepared GNS/aMWCNT@PDAA displays unique coexisting
structure of aMWCNT glossily coated with PDAA (marked by
red arrow) and GNS evenly covered with dense PDAA
nanoparticles (10~40 nm diameter) intercalating a large number
10 of mesopores with ca. 3~20 nm size. Moreover, the TEM image

of GNS/aMWCNT@PDAA further demonstrates the existence of

mesopores (marked by red circle, Fig. 2b), where the conductive
interpenetrating network of aMWCNT is clearly observed, as
expected. In contrast, pure PDAA synthesized through similar
15 procedure displays unsatisfactory aggregated structure composed
of 50~100 nm nanoparticles (Fig. S31). In addition, in order to
make clear the role of CSA, the GNS/aMWCNT@PDAA without

CSA is synthesized as a comparison. And almost no obvious

mesopores are observed from the FE-SEM image (Fig. S47).
20 Thus, CSA not only serves as a dopant for PDAA but also acts as

a soft template to form nanopores during polymerization process.

w
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Fig. 2 (a) FE-SEM image and (b) TEM image of
GNS/aMWCNT@PDAA. (c) N, adsorption/desorption isotherms and (d)
25 corresponding pore-size distributions of PDAA and
GNS/aMWCNT@PDAA.

The N, adsorption/desorption isotherms were performed to
further investigate the textural characteristics and exposed surface
area. As shown in Fig. 2c, the distinct hysteresis loops in the

s range of 0.8~1.0 P/P, suggest the presence of mesopores for
PDAA and GNS/aMWCNT@PDAA. Notably, except for some
pores with 8~100 nm size similar to PDAA, the pore size
distribution of GNS/aMWCNT@PDAA shows some weak peaks
ranging from 3~8 nm and one sharp peak around 2 nm

35 corresponding to the micropores of GNS/aMWCNT (Fig. 2d and
Fig. S27). This result indicates a hierarchical porous structure of
micro- and mesopores for GNS/aMWCNT@PDAA, which is in
good accordance with above morphology observation. As a
result, the BET surface area of GNS/aMWCNT@PDAA is 169.2

« m® g with a total pore volume of 0.49 cm® g™, much higher than
that of PDAA (41.9 m* g, 0.2 cm® g'). From the above, such
intriguing  morphology and high surface area of
GNS/aMWCNT@PDAA can substantially improve PDAA
utilization and be extremely beneficial to rapid electron transport

ss and ion diffusion, thus resulting in enhanced electrochemical
performance.
To shed light on the effect of GNS/aMWCNT on the chemical
structure of PDAA, FTIR spectra were employed. The FTIR
spectrum of GNS/aMWCNT@PDAA exhibits the main bands at
1579, 1488 and 1253 cm’' similar to pure PDAA, corresponding
to C=C stretching vibrations of quinoid and benzenoid rings as
well as C-N stretching vibration, respectively (Fig. 3a). It is
notably found that the intensity of quinoid rings in
GNS/aMWCNT@PDAA obviously strengthens compared to
ss pure PDAA. This fact may suggest that the n-bonded surface of
GNS and aMWCNT interacts strongly with the quinoid rings of
PDAA via m-m electron stacking, which promotes and/or
stabilizes the quinoid structure.”®* In addition, the PDAA doped
with CSA possesses more quinoid rings than the PDAA without
CSA (Fig. S5t%). Thus, the strengthening of quinoid rings for
GNS/aMWCNT@PDAA is mainly ascribed to the introduction
of GNS/aMWCNT and CSA doping. The XRD patterns show
that GNS/aMWCNT@PDAA displays a broad diffraction peak at
around 26=24.5° similar to pure PDAA, indicating the
es substantially amorphous structure (Fig. 3b). The result implies
that the introduction of GNS/aMWCNT makes no obvious
change on the crystal structure of PDAA.
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Fig. 3 (a) FTIR spectra, (b) XRD patterns, XPS spectra for (c) survey
70 scan and (d) N 1s region of PDAA and GNS/aMWCNT@PDAA.
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The chemical composition and structure for pure PDAA and
GNS/aMWCNT@PDAA are further characterized by X-ray
photoelectron spectroscopy (XPS). As displayed in Fig. 3c, the
GNS/aMWCNT@PDAA possesses primary C 1s, N 1s and O 1s

75 peaks similar to PDAA and their element contents are listed in
Tab. S1f. According to the N content of 8.3 %, the PDAA
content in the composite is calculated to be ca. 70.6 %. As
displayed in Fig. 3d, the signals of N 1s for PDAA and
GNS/aMWCNT@PDAA can be fitted with peaks of quinonoid

so imine (=N—, 398.9 eV), benzenoid amine (—NH-, 399.5 V),
protonated imine (=N"—, 400.2 eV) and protonated amine (-N"—,
401.2 eV), respectively, which verifies the formation of =-
conjugated polymer like polyaniline. It can be detected from Tab.
S1t+ that [(=N" + -N)/Nya] ratio (0.35) of

ss GNS/aMWCNT@PDAA is apparently higher than that of PDAA
(0.26), implying excellent doping capability for capturing more
BF, anions in organic electrolyte. Moreover, higher [=N—/-NH-]

Page 4 of 9
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ratio (0.92) is observed from the GNS/aMWCNT@PDAA, (Pe) occurred at ca. -1.9 V, corresponding to quinine radical
further indicating richer quinoid rings, which is consistent with anion/quinine dianion (Q"/Q*") transition. However, no oxidation
above FTIR results. peak corresponding to the Q" is observed, suggesting that the Q>
is likely to be chemically modified to produce some form of
6 species (Q" speculated), which are just oxidized at the same
(@) potential of P.;. As seen from the corresponding redox reaction
below, the Et;N" cations of the electrolyte compensate for the
negative charges of the Q™ and/or Q” (n-doping). In higher
positive potential range, the redox responses basically resemble
those for the m-conjugated system of electroactive polyaniline.
The polyaniline moiety for PDAA is firstly oxidized to form the
radical cations followed by a radical cation/imine cation (=N"-)
il ) . . . . transition, which correspond to the oxidation peak of P,; (-0.08
20 15 10 05 00 . 05 10 35 V) and Py, (0.31 V), respectively. In this case, the BF, anions are
Patential.f V (vs-AdlAg ) considered to compensate for the positive charges (p-doping).
g TR e Furthermore, the ‘ charge/discharge curves for
o euton, oo { )50 0 Gedot GNS/aMWCNT@PDAA in half potential window of the
s )t " negative (-2~-0.6 V) and positive part (-0.6~0.8 V) are shown in
40 Fig. 4b. It is found that the GNS/aMWCNT@PDAA exhibits
longer discharge duration in relatively negative potential window,

I
S

w
T

Paz

o
T
w
=3

Current density /A g™
&

;; (b) which indicates higher specific capacitance, while a short
? il discharge duration in the positive part. Based on the calculation,
@ the specific capacitance can be up to 274 and 137 F g in
i 4s negative and positive potential window, respectively. This
St indicates that the GNS/aMWCNT@PDAA possesses excellent
b= pseudocapacitance characteristics in broader potential window (-
g \/ 2~0.8 V). In comparison, the charge/discharge curves (Fig. S6at)
& ot ) ) ) ) ) ) of GNS/aMWCNT@PANI show only a little discharge duration
0 150 300 450 600 750 s0 (18.3 F g') in negative potential window (-2~-0.6 V) and the
e e discharge duration (158.9 F g™ in the positive part (-0.6~0.8 V)
. + is comparable to that of GNS/aMWCNT@PDAA. Besides, the
(c) Load CV curves are in good accordance with the results for
Separator charge/discharge curves (Fig. S6bf). The above phenomena
:‘ - : P ss further confirm the viewpoint that PANI materials are principally
& o @ e used as the positive electrodes for organic supercapacitors due to
-9 = @ the narrow potential window.**°! Surprisingly, due to unique p-
@ e “ :_'._. and n-doping capability, the GNS/aMWCNT@PDAA can be
° . = °® commendably designed as both positive and negative electrodes
0 © g ¢ ¢ for promising organic supercapacitors, which can result in
.‘_. ) il excellent electrochemical performance. And the detailed

- ‘ e charge/discharge schematic illustration was shown in Fig. 4c.
o ¢ 2 e In order to take advantage of the broadest potential window

s Fig. 4 (a) Comparative CV curves at a scan rate of 10 mV s attaching and to avoid excessive charge/discharge, it is crucial to balance

corresponding redox reactions below and (b) comparative os the charges (¢ = g-) stored at the positive and negative electrodes
charge/discharge curves at a current density of 1 A g™ for for GNS/aMWCNT@PDAA due to different redox reactions.
GNS/aMWCNT@PDAA recorded by a three-electrode system in half The stored charges are related with the specific capacitance (Cs),
potential window for the nega.tive and positive part in1 MEL‘NBF“'AN the potential window (dV), and the mass (m) of the electrode

10 electrolyte. (c) Charge/discharge schematic illustration of the . . . .
supercapacitor based on GNS/aMWCNT@PDAA as both positive and according to ¢ = Cs>dP>m. On the basis of the potential windows
negative electrodes. 70 and specific capacitance values for negative and positive
electrodes, the optimal mass ratio should be m./m_ = 2 in the

Due to excellent chemical structure and unique morphology, present supercapacitor cell.

GNS/aMWCNT@PDAA  can be commendably applied in To estimate the optimal operating voltage of supercapacitor
is electrochemical ~ energy — storage. Fig. 4a  shows cyclic cell, a series of CV and charge/discharge measurements were

voltammetry (CV) curves for. GNS/ aMWCNT@PDAA measured ;5 carried out. Fig. 5a presents the CV curves with various potential
by three-electrode configuration in 1 M Et;NBF,-AN electrolyte. windows for GNS/aMWCNT@PDAA supercapacitor. It is found

In relatively negative potential range, a reduction peak (P;) and that the as-fabricated supercapacitor shows a good capacitive
the corresponding oxidation peak appear at ca. -1.43 and -1.27 V, behavior with quasi-rectangular CV curves even at the voltage up
2 involving a quinine/quinine radical anion (Q/Q") transition. As to 2.8 V. Nevertheless, the CV curve operated beyond 2.8 V

the potential is scanned more negative, another reduction peak

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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deviates seriously from rectangle shape, which is ascribed to
severe polarization due to the degradation of PDAA. It is
worth mentioning that the broad redox peaks are still robust
enough at a superhigh scan rate of 2000 mV s™', indicating fast

s charge/discharge characteristics for high-power supercapacitor
(Fig. 5b). Furthermore, the charge/discharge curves can remain a
good symmetry at cell voltage as high as 2.8 V (Fig. 5c). This
result closely corresponds to the coulombic efficiency, which all
remains more than 89 % in the cell voltages of 2.2~2.8 V (Fig.

o 5d). Moreover, the specific capacitance gradually increases from
73.3 to 77.6 F g with the increase of cell voltages from 2.2 to
2.8 V, which means at least 171 % increase for stored energy and
delivered power. Thus for comprehensive consideration, an
operating voltage of 2.8 V is chosen for further investigation of

s the overall electrochemical performance for the supercapacitor in
our subsequent research.
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To evaluate the electrochemical performance of

s GNS/aMWCNT@PDAA  supercapacitor, pure PDAA was
employed for comparison under the optimal voltage of 2.8 V. As
seen from CV curves (Fig. 6a), the GNS/aMWCNT@PDAA
clearly displays a combination of weak pseudocapacitive and
predominant electrical double-layer types of capacitance rather
o than noticeable pseudocapacitive feature of pure PDAA. The
charge curve of GNS/aMWCNT@PDAA supercapacitor is
almost symmetrical to the corresponding discharge curve with a
good linear voltage-time profile (Fig. 6b). Moreover even at high
current  densities, the  charge/discharge  curves  for
GNS/aMWCNT@PDAA still show little IR drop, but much for
the PDAA (Fig. S7t). These phenomena demonstrate rapid /-V
and ideal capacitive characteristics of the
nanocomposite. Furthermore, the calculations based on total mass
of both electrodes indicate that the GNS/aMWCNT@PDAA
supercapacitor exhibits higher specific capacitance (80.8 F g at
0.5 A g, which is superior to that of other organic
supercapacitor cells (if the three-electrode system, the specific
capacitance should be transformed into that of two-electrode
cells).®** As seen from Fig. 6c, the nanocomposite retains 65 %
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GNS/aMWCNT@PDAA before cycling and after 10000 cycles.

More importantly, the GNS/aMWCNT@PDAA supercapacitor
also exhibits superhigh energy and power densities. As shown in
Fig. 6d, the maximum energy density of 86.4 Wh kg™ is achieved
at a power density of 0.73 kW kg™, and still retains 55.5 Wh kg
even at superhigh power density of 153.9 kW kg'. For
comparison, the PDAA supercapacitor delivers a much lower
energy density of 13.3 Wh kg at 40.3 kW kg™'. Moreover, the
high energy density for GNS/aMWCNT@PDAA supercapacitor
is much higher than recently reported supercapacitors in organic
electrolytes,”""® which are mainly listed in Tab. 1, such as
poly(DAAQ)//poly(DAAQ) (25 Wh kg', 30.5 kW kg),”
ACNT@PANI/ACNT@PANI (18.1 Wh kg, 0.11 kW kg"),”
H,Tig0,3/CMK-3 (< 2 Wh kg!, 11 kW kgh),° HMC-
800//HMC-800 (29 Wh kg', 2.24 kW kg"),” a-MEGO//a-
MEGO (39 Wh kg'', 145 kW kg™)** and 3D HPG//3D HPG (38
Wh kg, ~8 kW kg").% The remarkable enhancements in both
energy and power densities of the GNS/aMWCNT@PDAA
supercapacitor can be attributed to excellent conductivity of
GNS/aMWCNT carrier, unique p- and n-doping characteristic of
PDAA, hierarchical porous structure of the nanocomposite and
wide cell voltage of 2.8 V in organic electrolyte.
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Tab. 1 Comparison of the electrochemical performances of the supercapacitors based on GNS/aMWCNT@PDAA and other recently reported

supercapacitors in organic system.

Electrode materials Electrolytes Energy density Cycling stability Ref.
GNS/aMWCNT@PDAA// . 86.4 Whkg' (0.73 kW kg . This
GNS/aMWCNT@PDAA I MEUNBF, in AN 28 V) 55.5 Whke'' (153.9 kW kg') 93 % (10000 cycles) work
CCG//CCG EMIMBF, (3.5 V) / over 95 % (300 hr) [3]
. 46 Wh kg (10.2 kW kg™
poly(DAAQ)/poly(DAAQ) 1 M TEACIO; in PC (2.3 V) 25 Wh ke (30.5 kW ke') / [22]
Li(Mn;5Ni;;5Fe;3)02- . . . .

( PXN]‘/’; AC”3) 2 1 M LiPFs in EC/DMC (3 V) 49 Wh kg (ca. 1 kW kg™ / [61]
ACNT@PANI/ACNT@PANI 1 M LiPF, in EC/DEC (2.5 V) 18.1 Whkg' (0.11 kW kg™) 95 % (2000 cycles) [62]

S 453 Whkg' (ca. 0.08 kW kg™) 0
HMC-800//HMC-800 1 M LiPF,in EC/DEC (3 V) 20 Wh kg (2.24 kW kg') 98 % (20000 cycles) [63]
a-MEGO//a-MEGO IM TEABF, in AN (2.7 V) 39 Whkg' (145 kW kg™) / [64]

) 0,
3D HPG//3D HPG 1 M TEMABF, in PC (2.5 V) 38 Whkg' (ca. 8 kW kg™ e 100(;528 0000 [65]
H,Tis0,5//CMK-3 1 M LiPF in EC/EDC (3.5 V) <2 Whkg' (11 kW kg™ 80 % (1000 cycles) [66]
curved graphene//
curved graphene EMIMBEF, (4 V) 53.1 Whkg' (9.8 kW kg™) / [67]
curved eranhene

MoO;/MWCNT//MoOs/MWC . . 38.7 Whkg' (0.33 kW kg™) 0
NT 1 M LiClO4 in PC (1.8 V) 36.6 Whke (187 kW ke') 80 % (1000 cycles) [68]

BMPY TFSI and EMIM TFSI 51 Whkg' (0.38 kW kg™) o
PSDAC-800-3//PSDAC-800-3 Gv) 2631 Wh ke (6.8~7 kW ke™) 91 % (5000 cycles) [69]

The cycling stability is further investigated by consecutive
galvanostatic charge/discharge cycling within 0~2.8 V at a current
density of 1 A g'. As shown in Fig. 6e, the PDAA supercapacitor
retains 66 % of its initial capacitance after 10000 cycles.
Surprisingly, only 7 % capacitance deterioration is achieved for the
GNS/aMWCNT@PDAA, demonstrating superior long-term
electrochemical stability. Such cycling performance is much
superior to that of pseudocapacitive supercapacitors in organic
systems (Tab. 1).°>°*® The outstanding cycling stability can be
explained as follows: 1) Less mechanical degradation by isotropic
lattice expansion and shrinkage of peculiar m-stacked PDAA
“supramolecule”. 2) Nano-size and porous structure of the PDAA
facilitate the transport of electrolyte ions and provide a large
accessible surface area, which greatly relieve the volumetric
changes during charge/discharge process. 3) Strong m-7 interaction
between the PDAA and GNS/aMWCNT with exceptional
mechanical performance supplies good elasticity to accommodate
the strain of volumetric changes. 4) Stable potential window and
suitable mass ratio of both electrodes can avoid excessive
charge/discharge and effectively prevent the degradation of PDAA.

In order to verify the cycling stability, electrochemical
impedance was measured before and after 10000 cycles. As seen
from the inset of Fig. 6f it is apparent that the
GNS/aMWCNT@PDAA exhibits an almost unchanged circular
arc corresponding to charge transfer resistance (Rct) and displays
only little inclined tendency for the straight line after 10000 cycles.
However, the straight line for PDAA displays an obvious incline
towards X axis after cycling (Fig. S8f). In addition, the
charge/discharge curve tested after cycling shows no obvious

increase for the IR drop of GNS/aMWCNT@PDAA (Fig. S97).
Therefore, the above analysis provides powerful supports for
superior cycling stability of the GNS/aMWCNT@PDAA
supercapacitor.

4. Conclusions

In summary, a novel GNS/aMWCNT@PDAA nanocomposite with
hierarchical nanoporous structure was successfully synthesized.
The as-fabricated GNS/aMWCNT@PDAA supercapacitor in 1 M
Et;NBF,-AN electrolyte can be reversibly cycled in potential
window of 2.8 V and exhibits high energy density of 86.4 Wh kg™
at a power density of 0.73 kW kg!, which still retains 55.5 Wh kg™
even at superhigh power density of 153.9 kW kg'. Furthermore,
excellent cycling stability with 93 % capacitance retention is also
achieved after 10000 cycles. The above remarkable performance
has come up to the state-of-the-art level, which is superior to that
of most recently reported organic supercapacitors and also
comparable to that of Nickel-metal hydride (Ni-MH) batteries. In
addition, such high power density far surpasses the power target in
hybrid vehicles, thus supporting the applicability as power supply
components. These encouraging findings open up the possibility of
n-conjugated polymers for advanced organic supercapacitors,
which commendably meet versatile demands for available power
and energy characteristics.
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