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Although great attention has been paid to wearable electronic devices in recent years, flexible

: lightweight batteries or supercapacitors with high performance are still not readily available due

. to the limitations of the flexible electrode inventory. In this work, highly flexible, bendable and

© conductive rGO-PEDOT/PSS films were prepared using a simple bar-coating method. The assembled
device using rGO-PEDOT/PSS electrode could be bent and rolled up without any decrease in
electrochemical performance. A relatively high areal capacitance of 448 mFcm~2 was achieved at
a scan rate of 10mVs~! using the composite electrode with a high mass loading (8.49mgcm—2),
indicating the potential to be used in practical applications. To demonstrate this applicability, a

. roll-up supercapacitor device was constructed, which illustrated the operation of a green LED light

. for 20seconds when fully charged.

The need to develop next-generation wearable and flexible electronics in various fields has promoted the
development of highly flexible energy storage devices with high performance. Among various energy
storage devices, such as batteries, fuel cells* and supercapacitors (SCs)*~, SCs are the most promising
candidates for flexible devices because of their relatively simple structures, the ease for large scale pro-
duction, as well as their inherent electrochemical properties (i.e. high energy and power density, fast
charge-discharge and extremely long cycle life)>.

. The most crucial factor for fabricating flexible SCs is the development of flexible electrodes with

* high capacitance and high electrical conductivity to ensure fast charge-discharge. A common method to
make flexible electrode is by depositing electroactive materials on soft and flexible substrates with porous
structure. For example, carbon dispersions (carbon nanotubes, graphene oxide etc.) have been deposited
as inks on cellulose papers®, porous cotton’ and synthetic polymer sponges®. Conducting polymers, such
as polypyrrole’, polyaniline'® or poly(3,4-ethylenedioxythiophene)(PEDOT)"! have been directly depos-
ited on soft and porous substrates via chemical or electrochemical polymerization. Despite their high
flexibility and good ion accessibility, the electrical conductivity of these electrodes has been limited by
insulating properties of substrates used affecting the charge-discharge rate of SCs. In addition, the total
SC device weight increased due to the use of insulating substrates, leading to a decrease of capacitance
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Figure 1. (a,b) photographs of the as-prepared large size (30 cm x 7 cm), free-standing, and highly flexible
PEDOT/PSS film. Cross-sectional SEM images of PEDOT/PSS (c) with DEG (Diethylene glycol) film and
(d) without DEG film. (e) Comparison between the specific capacitance of PEDOT/PSS electrodes with and
without DEG at 50mVs™'.

per unit weight. To resolve this problem, some researchers have prepared free-standing flexible elec-
trodes using vacuum filtration'?"' or spray coating active materials on flexible PET film'*-!” to create
super-thin electrode films. SC devices made from these electrodes often exhibit high gravimetric capaci-
tance. However, the gravimetric capacitance is not maintained when the mass loading or thickness of the
films is increased, making them unsuitable for practical applications. The capacitance further decreases
when solid-state electrolyte is used because large electrolyte ions could not penetrate into the densely
packed electrode materials'®. In addition, the device flexibility suffers when thicker electrodes are used.
Fabrication of highly flexible SC electrode materials with outstanding performance remains a challenge.

Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT/PSS) is considered a promising
material for SC electrodes mainly due to its high conductivity, good chemical and electrochemical stabil-
ity, and excellent dispersibility in various solvents'®2. Reduced graphene oxide (rGO) is another promis-
ing SC electrode material. It has a high capacitance and an extremely long cycle life due to the ultrahigh
specific surface area and the electric double layer mechanism that is the basis of the charge-discharge pro-
cess. However, the capacitance of pure rGO films is often limited by re-stacking of layers?'-?. Therefore,
additives which can prevent re-stacking and simultaneously enhance electrochemical performance have
been incorporated into rGOs when used as SC electrodes?'-%.

In this work, we successfully prepared free-standing, large-area and flexible rGO-PEDOT/PSS com-
posite membranes via a simple bar-coating method. We demonstrate that these membranes are highly
flexible and can be rolled to fabricate SC devices. Commercial PEDOT/PSS was selected as the conduc-
tive matrix to prevent re-stacking of rGO layer and at the same time, to impart additional flexibility to
the electrodes. The composite films demonstrated high flexibility and conductivity, and when assembled
into all-solid-state SCs using PVA-H;PO, gel as electrolyte, the devices could be bent at any angle without
a significant decrease in electrochemical performance. We demonstrate that the rolled-up SC devices can
power a green LED light for 20 seconds when fully charged.

Results

A large-size (30cm x 7cm) free-standing PEDOT/PSS-DEG film was prepared by bar-coating a thin
layer of PEDOT/PSS and diethylene glycol (DEG) solution as described in experimental section. The
digital photographs of the free-standing PEDOT/PSS film (14pm thickness) shown in Fig. 1a,b illus-
trate that it is highly flexible and can be bent and twisted. Ethylene glycol and DEG are commonly used
secondary dopants to improve the conductivity of PEDOT/PSS'#2¢-3! A PEDOT/PSS film without DEG
(pristine PEDOT/PSS) was also prepared under the same condition as a control. The PEDOT/PSS-DEG
has a high electrical conductivity (230Scm™"), which is nearly two orders higher than pristine PEDOT/
PSS (3.2Scm™). This difference in conductivity can be explained to be the result of phase separation of
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the excess insulating PSS domains from the PEDOT/PSS domains induced by DEG to create a highly
conducting PEDOT/PSS network'®.

A scanning electron microscopy (SEM) study of the cross-sections of the films reveal more macro-scale
porosity in PEDOT/PSS-DEG film (Fig. 1d) compared to the pristine PEDOT/PSS film (Fig. 1c). It is
assumed that the micro sized pores were previously occupied by DEG when the films were dried at room
temperature. Most of the DEG during this step was removed upon oven drying and created macro pores.

The increase in porosity resulted in a better electrochemical performance in terms of specific capac-
itance (Fig. le) because the increase in porosity has increased the accessible surface area. Furthermore,
the PEDOT/PSS-DEG film can retain a highly rectangular CV curve when the scan rate was increased
to 200mV s™! (Supplementary Fig. S1), indicative of high charge mobility. The small semi-circle in the
high frequency domain of the electrochemical impedance spectra (EIS) also showed low polarisation
resistance, indicating fast diffusion of electrolyte ions. These results suggest that the treatment with DEG
enhanced the electrical conductivity and porosity of the PEDOT/PSS film significantly as was reflected
in the higher specific capacitance. This treatment method was therefore utilized in the preparation of
rGO-PEDOTY/PSS films and all the samples in the following statement without specific illustration were
treated with DEG.

Figure 2 shows the cross-sectional SEM images of rGO, PEDOT/PSS and rGO-PEDOT/PSS compos-
ite films. The pristine rGO film (Fig. 2a and Supplementary Fig. S2a) has a layered structure with closed
edges, which is formed by re-stacking and interlocking of individual sheets. Such a densely stacked
structure has previously been shown to hinder the electrolyte ion diffusion, resulting in an insufficient
utilization of rGO’s potential capacitance'>*?>32 When PEDOT/PSS and DEG were incorporated into
this system (i.e. forming the rGO-PEDOT/PSS film), the cross-section of the film displayed an open edge
that could be seen under SEM (Fig. 2¢c,e, and Supplementary Fig. S2b). This open edge indicates that
the presence of PEDOT/PSS and DEG have effectively prevented the re-stacking of individual graphene
sheets and provided a higher accessible surface area. In addition, the hydrophilic property of PEDOT/
PSS can also help electrolyte ions to penetrate into and access the inner surface of the electrode mate-
rials. Images of the composite film without DEG were shown in Fig. 2d,f for comparison. It was found
that there is still some re-stacking of several layers of rGO sheets that are separated by PEDOT/PSS.
The space between two single layers appears smaller than samples with DEG although it is much larger
than pure rGO, showing the addition of DEG in the composite films can also increase the porosity and
surface area as in PEDOT/PSS film.

Both pristine and composite materials were also investigated using X-ray diffraction (XRD) meas-
urements. The XRD patterns of PEDOT/PSS, GO, rGO, GO-PEDOT/PSS and rGO-PEDOT/PSS are
shown in Fig. 3a. PEDOT/PSS exhibited a peak at 26 =25.9°, which is related to the (020) plane of the
PEDOT/PSS polymer backbone®. This peak is also observed in the XRD spectra of GO-PEDOT/PSS
and rGO-PEDOT/PSS. For GO and GO-PEDOT/PSS, the distinct peaks were found at 26 =8.8° and
7.6°, respectively. These peaks are correlated to the (002) diffraction of GO sheet, from which the inter-
layer d spacing values have been calculated to be 0.94nm and 1.16 nm according to Bragg’s law (equa-
tion (1), where n= 1, X is the wavelength of incident wave (1.54 A))*, respectively. This slight increase
of interlayer spacing in GO-PEDOT/PSS composite film could be attributed to the good interaction of
PEDOT/PSS with individual GO sheets and their intercalation in between GO layers®>. After reduction
by hypophosphorous acid (HPA)%, the specific GO peaks at around 10° disappeared in both rGO and
rGO-PEDOTY/PSS samples and broad peaks were observed at around 20 = 24.1° for rGO and 26 =18.5°
for the composite film. These peaks corresponded to interlayer distance that decreased to 0.37 nm and
0.48 nm, respectively. In addition, rtGO-PEDOT/PSS composite sample without DEG treatment was also
characterized by XRD, with a interlayer distance (0.46 nm) slightly smaller than sample with DEG treat-
ment, further indicating DEG's role in increasing porosity and surface area.

2d sin 0 = nA. (1)

The Raman spectra of samples discussed above are shown in Fig. 3b. The signature peaks for PEDOT/
PSS (580, 994, 1263, 1372, 1432 and 1535cm™!) were also found in rGO-PEDOT/PSS composite albeit
with significantly weaker intensity®®. Three main peaks of rGO at 1330, 1590 and 2628 cm™! associated
with the D, G and 2D bands, respectively, can also be observed in the composite films. The D/G intensity
ratio of the composite films increased from 1.12 (GO-PEDOT/PSS) to 1.25 (rGO-PEDOT/PSS) after
HPA treatment suggesting reduction of defects in GO¥. In addition, the increased 2D intensity because
of the recovery of crystallinity also verified the reduction of GO*.

The Fourier transform infrared spectra (FTIR) (Fig. 3d) corroborated the Raman results. All of
the PEDOT/PSS signature peaks (S-O and S-phenyl bonds in sulfonic acid located at 1167, 1126 and
1029 cm™!, respectively; and C= C, C-C and C-S bonds in the thiophene backbone at 1580, 1508, 1001,
894, 771 and 706 cm™!, respectively) were observed in the rGO-PEDOT/PSS composite films at lower
intensity*. From the comparison of GO-PEDOT/PSS and rGO-PEDOT/PSS (shown as inset), the peaks
for GO at 1045cm™! and 1209cm™! (epoxy C-O stretching vibration) and 1650cm™! (associated with
carboxyl group) can be seen in GO-PEDOT/PSS but not in rGO-PEDOT/PSS, indicating the reduction
of GO in the composite films.
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Figure 2. SEM cross-section images of the various films. (a) rGO, (b) PEDOT/PSS, (¢) and rGO-PEDOT/
PSS with DEG, (d) rGO-PEDOT/PSS without DEG, (e) rtGO-PEDOT/PSS with DEG (higher magnification)
and (f) rGO-PEDOT/PSS without DEG (higher magnification).

The thermal stability of rGO-PEDOT/PSS composites in air was examined by Thermo-gravimetric
analysis (TGA). Figure 3c shows the comparison of weight loss of pristine rGO, pristine PEDOT/PSS
and rGO-PEDOT/PSS composite. The rGO-PEDOT/PSS composite films show little weight loss below
250°C indicating a wide operating temperature range, which is important for many applications. Above
250°C, there was a significant mass loss, which is attributed to the rupture of the sulfonate group from
PSS*. The steepest weight loss was observed at 500 °C, which is attributed to both the degradation of the
polymer backbone and the oxidation of rGO*.

The reduction of GO in the composites is also evident in the enhancement of electrical conductivity
and electrochemical performance of the samples containing various rGO loading. Supplementary Fig. S3
shows the electrical conductivity of all films before and after reduction. All films containing GO shows
a remarkable increase in conductivity after reduction. Among all composite films, the rGO-PEDOT/
PSS film with 33wt.% GO loading displayed the highest conductivity of 92.5Scm™". In addition, the
rGO-PEDOT/PSS film also had the most rectangular shaped CV among the samples investigated, indi-
cating the enhanced double layer capacitance.

The rGO-PEDOT/PSS composite films with various GO loadings were prepared and assembled in an
all-solid-state supercapacitor (SC) device, as illustrated in Fig. 4. The pristine PEDOT/PSS and pristine
rGO films were also prepared using the same method for comparison. The composite films displayed
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Figure 3. Properties of the rGO, GO, PEDOT/PSS, GO-PEDOT/PSS and rGO-PEDOT/PSS films
characterized by (a) XRD, (b) Raman, (c¢) TGA and (d) FT-IR.
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Figure 4. Schematic illustration of the preparation process of rGO-PEDOT/PSS films and the structure
of assembled supercapacitor devices.

high flexibility and the assembled device could be bent and twisted without impairing the integrity
of the device (Fig. 4). Solid-state supercapacitors were fabricated by sandwiching poly(vinyl alcohol)
(PVA)/H;PO, solid-state electrolyte between two symmetric electrode films. The active area of all fab-
ricated solid-state supercapacitors was set at 2cm x 0.8 cm. The various mass loadings and thicknesses
of the electrode films are presented in Supplementary Table S1. Evaluation of all composite devices
revealed that the best electrochemical performance (in terms of capacitance and charge transfer rate)
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Figure 5. Electrochemical performance of pristine rGO, pristine PEDOT/PSS, and rGO-PEDOT/PSS
(33wt.% GO) SC device. (a) CVs of pure rGO, PEDOT/PSS, and rGO-PEDOT/PSS devices at a scan rate of
50mVs~L. (b) Specific capacitance of rGO, PEDOT/PSS, and rGO-PEDOTY/PSS electrodes calculated from
CV. (c) Ragone Plot of all the above electrodes. (d) CV curves of rGO-PEDOT/PSS at different scan rates
(with inset capacitance vs current density). (e) Galvanostatic charge/discharge curves of rGO-PEDOT/PSS at
different current densities. (f) Capacitance and Coulombic efficiency of rGO-PEDOT/PSS device during the
20,000 cycles.

was obtained from the device containing 33 wt.% GO loading (Supplementary Fig. S8), and was therefore
selected for further study.

The optimal rGO-PEDOT/PSS device (33wt.% GO) presented superior performance than neat
PEDOT/PSS and neat rGO device in terms of capacitance, charge transfer rate, energy and power den-
sities (Fig. 5a-c). The CV curve of this device exhibited a more rectangular shape and larger area than
that of the PEDOT/PSS and rGO devices (Fig. 5a), indicating a faster charge transfer rate and a higher
capacitance than other samples. Figure 5b shows that the composite device exhibits specific capacitance
larger than either of the pure PEDOT/PSS or rGO at all scan rates of 5-500mVs'. In addition, the
decrease in specific capacitance and shape distortion from rectangularity of CV curve of composite
film are much lower than pure rGO device when changing from aqueous electrolyte to solid electrolyte
(Supplementary Fig. S6). This illustrates that the larger interlayer spacing in the composite films enables
the larger ions in the solid electrolyte to penetrate into the interlayer space and access the inner layer
surface. Comparison of CV curves and specific capacitance of the composite device with and without
DEG (Supplementary Fig. S7) showed enhancement of both capacitance and rate capability of the com-
posite film by the addition of DEG. Figure 5d shows CV curves of rtGO-PEDOT/PSS optimal device at
different scan rates from 5mVs~! to 200mVs~'. All CV curves retain their highly rectangular shape,
indicating the device’s fast charge transfer rate and good conductivity.

There is also a remarkable improvement in the power and energy densities (based on two electrode
weight, calculated from CV data; Supplementary Equation S7 and S8), which can be observed from
the Ragone plot in Fig. 5c. The device containing optimal rGO-PEDOT/PSS electrode can achieve a
maximum power and energy densities (3,589.5Wkg™! and 2.83 Whkg™, respectively), which are signif-
icantly higher than devices made of pure rGO electrode (159.8 Wkg™! and 1.95Whkg™!, respectively)
and pure PEDOT/PSS electrode (1,967.5Wkg~! and 1.00 Whkg™?, respectively). The symmetry of the
galvanostatic charge/discharge curves Fig. 5e of the rGO-PEDOT/PSS signifies the excellent capacitive
characteristic, with the discharge time decreasing with increasing the applied current, leading to a slight
decrease in specific capacitance (inset in Fig. 5e). No significant iR drop is observed at the beginning
of the constant current discharge, indicative of the low contact resistance in the device. The long-term
charge-discharge performance of this device was also evaluated (Fig. 5f). After 10,000 cycles of con-
stant current charge/discharge at 1 A g™, the capacitance retention was more than 95%. When tested for
another 10,000 charge/discharge cycles at a higher current density of 2A g!, the capacitance remained
above 85% of the initial value, suggesting that the device has high stability, long cycle life, and high rate
capability. The Coulombic efficiency is also close to 100% for all cycles indicating the high stability of the
device (Fig. 5f). This high stability is also shown in the Nyquist plots (Supplementary Fig. $9). A slight
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Figure 6. (a) CVs of rGO-PEDOT/PSS during bending. Scan rate=50mVs~’. (b) CVs of rGO-PEDOT/
PSS after being subject to bending. (c) Long-term test of rtGO-PEDOT/PSS under flat or 180 degree bended
states at a current density of 1 Ag™1. (d) Flexible films coated with solid electrolyte spread out on an Au-
coated membrane, (e) rolled design and (f) the resulting device used to power a green light-emitting diode
(LED).

decrease in semi-circle of the high frequency region after 10,000 and 20,000 charge/discharge cycles
demonstrates decreased polarisation resistance (R.,). In addition, the intercept of the real part of imped-
ance with the x-axis (R,, representative of the resistance of the electrolyte and the contact resistance) also
decreased slightly. These results suggest that the inner surface of electrode materials has been fully wetted
by the electrolyte after 10,000 cycles with only a minimal mechanical failure from the polymer doping/
dedoping and ion absorbing/desorbing process®*.

Cyclic voltammetry (CV) (Fig. 6a) and the charge/discharge curves in Supplementary Fig. S9 confirm
that no significant change was observed during bending at various angles. Bending up to 1,000 times at
180° did not change the shape of the CV responses (Fig. 6b). The long term galvanostatic tests illustrated
that the capacitance tested under 180° after 10,000 cycles only decreased by 11.6% compared with 0°,
indicating excellent device performance under large bending angles. In addition, the SC device made
from a long strip of electrodes (15cm x 2cm) that have been rolled-up as shown in Fig. 6d,e was pow-
erful enough to power a light-emitting diode for 20 seconds when fully charged (Fig. 6f).

Discussion

We attribute the improved performance (e.g. higher capacitance, better rate capability and energy/power
density) of rGO-PEDOT/PSS composite film than pure rGO to the increased porous structure and elec-
trical conductivity. We have now provided higher resolution SEM images that compare the cross-sections
of rGO and rGO-PEDOTY/PSS films in Supplementary Fig. S2. The pure rGO film shows a densely stacked
layer structure while the composite film shows an open edge and more porous structure. In addition,
XRD results also showed the supporting evidence that the interlayer distance of rGO has been increased
from 0.37 nm (for pure rGO film) to 0.48 nm (for rtGO-PEDOT/PSS), confirming the effective intercala-
tion of PEDOT/PSS in between rGO layers (Fig. 3a). These results indicated that the restacking problem
of rGO sheets has been effectively prevented in the composite film, resulting in a better utilization of
rGO’s high capacitance (189Fg™! for rGO only in composite film than 56.11Fg! for pure rGO film,
supplementary Table S2). Furthermore, the improved conductivity of the composite film (92.5Scm™)
that is over 7 times higher than that of pure rGO film (12.1Scm™!) can explain its more rectangular CV
shape and faster charge transfer at high charge-discharge rates.

Notably, the gravimetric capacitance of the optimized rGO-PEDOT/PSS film in this work is
only 81Fg~! at the lowest scan rate of 5mVs~!, which is much lower than many literature values of
graphene-PEDOT based SCs (100~300F g 1)*#2. That is due to the limited gravimetric capacitance
(28.9Fg! even after optimized by DEG) of commercialized PEDOT/PSS utilised in this work. To
achieve the aim of industrial large scale fabrication of rtGO-PEDOT/PSS large area SCs, commercialised
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Figure 7. (a) Gravimetric, areal and volumetric capacitance vs. mass loading at a scan rate of 10mVs™!,

(b) Ragone plot of rGO-PEDOT/PSS device with a high mass loading of 8.49 mgcm™2.

PEDOT/PSS was chosen instead of specially designed high performance PEDOT/PSS* to work as flexible
and conductive platform matrix for rGO sheets, which lead to the weaker performance in comparison
with previous work. However, the specifically high conductivity of PEDOT-PSS utilised in this work
enable the fast charge transfer in the SCs, promising the high mass loading of electrode materials which
resulted high areal capacitance.

It has been reported that thin electrode films often lead to better specific capacitance performance
because electrons and electrolyte ions can be easily transferred'***. However, in most practical applica-
tions, high mass loading and hence film thickness is necessary to increase device capacity. Here, devices
with various electrode material mass loading were fabricated to investigate the relationship between
mass loading and specific (i.e. areal, volumetric and gravimetric) capacitance of the PEDOT/PSS-rGO
composite electrode with 33 wt.% GO loading. As shown in Fig. 7a, the areal capacitance increases with
mass loading initially before reaching the highest value of 448 mFcm ™2 at 8.49 mgcm 2 at a scan rate of
10mV s~ This performance is comparable with previously reported values for graphene (Laser scribing
graphene (LSG)*, Graphene-Cellulose nanofiber (G-CNF) aerogel?, and Graphene-cellulose paper®),
CNT!*4 and conducting polymer'® solid-state SCs as listed in Supplementary Table S3. The gravimetric
capacitance at this loading is 52.7Fg~". Also, the volumetric capacitance (49.9Fcm™) is higher than
reported values for solid state graphene (9.6Fcm™)*, graphene hydrogel (31Fcm—)* and PEDOT
paper (35Fcm~3)¥. In addition, the volumetric capacitance (3.4Fcm~3) of the whole SC device (i.e.
taking into account the mass of the 0.66 mm thick electrode, electrolyte and package membranes) is
significantly higher than previous reports CNT (0.30Fcm™)*, and graphene (0.42Fcm—)'?, and com-
parable with PEDOT-paper (5Fcm™)%. The areal capacitances vs. mass loading at different scan rates
were shown in Supplementary Fig. $10. At a high scan rate of 100mV s, the device with 8.49 mgcm 2
mass loading can retain an areal capacitance of 300 mF cm ™2, indicating good rate capability. The sym-
metric galvanostatic charge/discharge curves (Supplementary Fig. S10) under different current densities
signified good capacitive characteristic. The device delivers an energy density of 34 uWhecm™2, which is
higher than G-CNF aerogel SC (20pWhcm2)?, Graphene hydrogel SC (25.8u/Whcm™2)®, Graphene
cellulose paper SC (2pWhem=2)* and PEDOT paper SC (17uWhcem=2)¥. Tt was also found that the
flexibility of the device was not affected by the increase of electrode film thickness. As shown in Fig.
S8c and d, the CV responses obtained for these devices have negligible difference when bent at different
angles and for 1,000 times at 180°.

In summary, highly flexible free-standing rGO-PEDOT/PSS films have been successfully prepared
and fabricated into flexible all-solid-state SC devices using PVA/H;PO, as an electrolyte. The incorpo-
ration of PEDOT/PSS and DEG into GO sheets increased the interlayer spacing of GO sheets and pre-
vented the GO sheets from re-stacking, which significantly improved the electrochemical performance of
the assembled SCs, created more effective surface area and improved the penetration of large sized solid
electrolyte ions into the electrode materials. The GO in composite films can be reduced effectively using
HPA as the reducing agent, which was verified by FTIR, Raman and XRD and electrical conductivity
measurements. The maximum areal capacitance (448 mFcm™2) was obtained using 33% rGO-PEDOT/
PSS electrode film with 8.49 mgcm 2 loading at a scan rate of 10mV s™!. Notably, this composite material
performed better than previous reports and showed little changes in capacitance when bent at various
angle for 1,000 times. This excellent performance and the ease of fabrication suggest that such electrode
materials are good candidates for bendable SC devices that are practical for large scale use.

Methods
Materials. Graphite flakes, diethylene glycol (DEG), hydrogen peroxide (H,0O,), poly (vinyl alcohol)
(PVA, Mw: 146000 ~ 186000) and hypophosphorous acid (HPA) were purchased from Sigma-Aldrich.
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Concentrated sulphuric acid (H,SO,, 98%), orthophosphoric acid (H;PO,, 85%), and hydrochloric acid
(HCl, 32%) were obtained from Chem-Supply. Poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT/PSS) pellets was Orgacon™ DRY re-dispersible product from Agfa company.

Preparation of large PEDOT/PSS flexible films. PEDOT/PSS pellets were dispersed in deionized
water at a concentration of 20 mgmL~" by magnetic stirring and then diethylene glycol (DEG) was added
to the dispersion at 37.2mgmL™". The dispersion was stirred overnight and then sonicated (Branson
B5500R-DTH bath sonicator, low power) for 30 minutes prior to use. The mixture was bar-coated on a
hydrophilic PVDF membrane substrate with glass slides (use side face) encircled to fix films’ shape and
size. The thickness of the film was controlled by the volume of dispersion used per unit area of the film.
The film was first dried overnight at room temperature and then heated in a 60°C oven (air atmosphere)
overnight to evaporate the remaining water and DEG. A flexible PEDOT/PSS film was then peeled off
from the PVDF membrane.

Preparation of graphene oxide. Graphene Oxide (GO) dispersion was prepared using the modi-
fied Hummers method*. Firstly, a mixture of concentrated H,SO,/H;PO, (360:40mL) was added to a
mixture of graphite flakes (3.0g, 1wt.equiv.) and KMnO, (18.0g, 6 wt.equiv.). The reaction was heated
to 50°C and stirred for 14.5hrs, cooled to room temperature, and poured onto ice (~400mL) with 30%
H,0, (20mL). The mixture was then stirred for 30 min and centrifuged at 4,400rpm for 20 min. The
precipitate was washed and centrifuged with HCI solution (9:1 water/HCI by volume) twice and then
dispersed in water and dialyzed for 7 days. The graphene oxide dispersion was finally obtained by probe
sonicating (Branson Digital sonifier, 400 watt, 38% amplitude) the purified graphite oxide dispersion for
1 hr, with a pulse of two seconds on and one second off, totally 1.5hrs.

Preparation of rGO-PEDOT/PSS flexible films. The composite dispersions were prepared by the
addition of PEDOTY/PSS into the GO dispersions. Samples with various GO loadings of 20 wt.%, 33 wt.%,
50 wt.%, 67 wt.% and 80wt.% were prepared. In each sample, the total concentration (solid content) of
PEDOT/PSS and GO was kept at 20mgmL~'. Diethylene glycol was added to each sample at 33.2mg/
mL~. GO-PEDOT/PSS films were prepared the same way as PEDOT/PSS films. All films were immersed
in 5wt.% HPA and then heated to 60°C for 24 hours, rinsed with water and dried at room temperature.

Electrochemical characterization. Films were assembled into two electrode all-solid-state sym-
metric supercapacitor devices by the following methods. A H;PO,/PVA gel electrolyte was prepared by
mixing PVA powder (4g), H;PO, (6g) and deionized water (40mL) together. The mixture was heated
to around 85°C under magnetic stirring until the solution became clear. 150 nm gold was sputter coated
directly on one side of electrode film which served as current collector. Hot PVA/H;PO, electrolyte
(heated to 85°C prior to use) was drop cast onto the other side of the electrode films. Films were left
in air overnight to evaporate most of the water contained in electrolyte. Two films were then pressed
together (with both of the electrolyte side pressed face-to-face) to form an all-solid-state flexible sym-
metric supercapacitors.

Cyclic voltammetry (CV) test of the assembled devices were performed using a CHI720 electrochem-
ical work station. Galvanostatic cycling tests were carried out with a Neware Galvanostat (100mA, 5V)
equipped with Test Control V.5.0 software. All calculations of capacitances, energy and power densities
are according to Supplementary Equation S2-S8. The potential window studied was between 0.01V to
1V. Electrochemical impedance spectroscopy (EIS) were obtained using Solartron SI1260 Impedance
Analyser and EG&G Instruments Princeton Applied Research Potentiostat/Galvanostat Model 283, and
employing a frequency range of 100kHz to 0.01Hz and an AC amplitude of 10mV at open circuit
potential.

Physical characterization. Scanning electron microscopy (SEM) images were obtained from a JEOL
JSM-7500FA field emission SEM in which the accelerating voltage was set at 5.0kV and the emission
current was 10mA. X-ray diffraction (XRD) was performed on a GBC MMA XRD (A= 1.54A) with
the voltage and current kept at —40kV and 25mA, respectively. Thermo-gravimetric analysis (TGA)
was carried out in air using Q500 (TA Instruments) with data analysis carried out using the Q Series
software V. 2.5.0.255. The temperature range studied is between 50°C to 800°C at rate of 5°C/min.
Fourier transform infrared spectroscopy (FT-IR) was performed using the Shimadzu AIM8000 FT-IR
spectrometer. Raman spectroscopy was carried out on a Jobin-Yvon Horbia 800 using a 632.81 nm laser.
The data analysis was carried out using Labspec V.5.45.09 software.
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