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Paper-based flexible supercapacitors (SCs) have attracted great attention as they enable the realization of

next-generation bendable, light-weight, and environmentally-friendly portable electronics. However,

conventional paper-based SCs adopt a sandwich-like structure suffering from poor rate performance,

slow frequency response and difficulty in direct integration with other micro-devices. We report here for

the first time paper-based all-solid-state flexible planar micro-supercapacitors (MSCs) using poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)-CNT/Ag as the electrode material by the

inkjet printing technique. The as-fabricated paper-based all-solid-state flexible MSCs deliver the best rate

capability among all reported paper-based MSCs/SCs (up to 10 000 mV s�1), fast frequency response

(relaxation time constant s0 ¼ 8.5 ms), high volumetric specific capacitance (23.6 F cm�3) and long cycle

stability (92% capacitance retention after 10 000 cycles), which shows a strong dependence on the film

thickness and the interdigitated spacing between neighbouring fingers, respectively. Furthermore, the

series and parallel connections reveal that the as-prepared paper-based MSCs obey the basic theorem

of series and parallel connections of capacitors, respectively. The combination of the simple fabrication

technology and excellent performances presented here not only make paper-based all-solid-state

flexible MSCs an attractive candidate for powering future flexible portable electronics, but also provide

important references for the design and fabrication of other high-performance flexible energy storage

devices.
1. Introduction

Recently, the continuous developments in miniaturized wear-
able/portable electronics, implantable medical devices, and
wireless sensor networks are driving an increasing demand for
micro-scale, exible, light-weight, cheap, sustainable and
renewable power sources to build self-powered micro/nano-
devices and systems.1–5 The major bottleneck in this eld is how
to develop micro-scale energy storage devices with high power
and energy densities, by rational design of the device architec-
ture and structure of electrodes, using desirable electrode
materials and scalable fabrication technologies.5 Among the
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various energy storage devices, micro-supercapacitors (MSCs),
especially exible MSCs, have attracted tremendous attention
as a promising candidate to satisfy requirements for today's
portable microelectronic devices due to several unique advan-
tages including high power density, long cycle life, exibility,
shape diversity and light-weight.6–8

One of the key challenges in fabricating exible MSCs is to
nd bendable electrode materials with good mechanical prop-
erties and high electrochemical performance.7–12 An effective
and promising strategy is to integrate functional materials
including carbonaceous materials, metal oxides/hydroxides and
conductive polymers into various exible substrates.6,7,9,11,13–18

Among these, paper exhibits a set of properties that are different
from those of conventional exible substrates (e.g. PET, PDMS,
and metal substrate) due to its natural features (such as the
intrinsic porous surface and the large number of natural surface
functional groups). Moreover, paper is also widely available,
low-cost, recyclable, and environmentally friendly. These
unique properties make paper very promising for the fabrica-
tion of thin, light-weight and exible storage devices.19–21

However, conventional paper-based exible SCs adopt
This journal is © The Royal Society of Chemistry 2016

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ta00159a&domain=pdf&date_stamp=2016-02-25
http://dx.doi.org/10.1039/c6ta00159a
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA004010


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
2 

Fe
br

ua
ry

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 2

4/
01

/2
01

8 
06

:0
4:

15
. 

View Article Online
a sandwich-like structure suffering from poor rate performance,
slow frequency response and difficulty in direct integration with
othermicro-devices. These properties are particularly important
if the MSCs/SCs are to replace electrolytic capacitors in appli-
cations such as AC line-ltering, or if they are to be coupled with
other energy storage devices to provide peak power. Addition-
ally, the most popular micro-fabrication techniques (such as
photolithography) in combination with deposition techniques
(such as chemical vapour deposition and sputtering tech-
niques) have been employed to build exible MSCs.22–26

However, most of the aforementioned techniques involve
a complicated fabrication process, toxic chemicals, harsh
fabrication conditions, and high cost, which can hardly be
scaled up. Thus, it is still necessary to develop convenient, low-
cost and scalable techniques to controllably prepare thin, ex-
ible and nano-structured electrodes with high performance.

To this end, it still remains a big challenge to design and
fabricate high-performance paper-based exible planar MSCs
with cost-effective materials by a simple and scalable fabrica-
tion process. In this work, we report here for the rst time
paper-based all-solid-state exible planar MSCs using poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)-
CNT/Ag as the electrode material by the inkjet printing tech-
nique. First, inkjet printing technology is not only a simple,
large-scale, low-cost and high-utilization method, but also
allows for the precise control of the pattern geometry, location,
thickness and uniformity of the electrode lm.27–32 In the elec-
trode material design, we focus on the synergistic effects of the
combination of PEDOT:PSS-CNTs, Ag nano-particles and the
paper substrate to effectively take advantage of each compo-
nent. The unique 3D porous structure formed in the
PEDOT:PSS-CNT/Ag composite lm is benecial for effective
electrolyte transport and active-site accessibility. Furthermore,
the highly conductive PEDOT:PSS-CNT/Ag composite lm can
directly act as both electrode and current collector without
using an additional conductive material, decreasing the weight
of the device. As expected, the as-prepared paper-based all-solid-
state exible MSCs deliver the best rate capability among all
reported paper-based MSCs/SCs (up to 10 000 mV s�1), fast
frequency response (relaxation time constant s0 ¼ 8.5 ms), high
volumetric specic capacitance (23.6 F cm�3) and long cycle
stability (92% of capacitance retention aer 10 000 cycles),
which show a strong dependence on the lm thickness and the
interdigitated spacing between neighbouring ngers, respec-
tively. Furthermore, the serial and parallel tests conrm that the
as-prepared paper-based MSCs obey the basic theorem of series
and parallel connections of capacitors, respectively. The
combination of excellent electrochemical performance and
scalable fabrication technology of paper-based MSCs provide
a new way for the development of next-generation portable
electronics.

2. Experimental
2.1 Materials

PEDOT:PSS-CNT and conductive Ag inks were purchased from
Poly-Ink Company and were sonicated for 10 min before using.
This journal is © The Royal Society of Chemistry 2016
Inkjet photo paper was chosen as a exible substrate, and its
corresponding physical/chemical properties are shown in
Fig. S1.† All other chemicals were directly used as-received.
2.2 Design and fabrication of paper-based PEDOT:PSS-CNT/
Ag MSCs

Inkjet printing was performed using a Dimatix DMP-2800 inkjet
printer (Fig. S2†). This inkjet printer utilizes 16micro-fabricated
piezoelectric nozzles for on-demand and programmable
generation of 10 picoliter microscopic ink droplets. All of inkjet
printing experiments were performed at room temperature.

The detailed processes for the preparation of paper-based
PEDOT:PSS-CNT/Ag MSCs were as follows. First, the interdigi-
tated electrode patterns were designed using the soware that
was provided alongside the inkjet printer. Next, PEDOT:PSS-CNT
ink was printed on photo paper with the designed structure to
form a PEDOT:PSS-CNT lm followed by drying at 200 �C for 10
min under vacuum. Subsequently, Ag ink was overprinted on the
surface of the PEDOT:PSS-CNT lm using the same designed
pattern. Aer the inkjet printing process, the samples were dried
under vacuum at 80 �C for 2 h. Finally, the fabricated MSCs were
obtained by drop-casting the PVA/H3PO4 electrolyte followed by
drying in air. Additionally, to reveal the effects of the lm thick-
ness and electrode structure on the electrochemical performance
of MSCs, MSCs with different numbers of PEDOT:PSS-CNT lm
layers (1, 5 and 10 layers) and different interdigitated spacings
(600, 900 and 1200 mm) were fabricated, respectively.
2.3 Morphological and structural characterization

A eld emission scanning electron microscope (FESEM, LEO
1550 GEMINI) was employed to study the morphologies of the
as-prepared samples. Transmission electron microscopy (TEM)
and high resolution TEM (HRTEM) were carried out using
a JEOL JEM-2100F. Raman measurements were conducted
using aWITecCRM200 Raman systemwith a 532 nm laser as the
excitation source. The thickness of the hybrid lm was deter-
mined using a Bruker Dektak XT surface proler. The conduc-
tivity of the as-prepared PEDOT:PSS-CNT lm was measured by
the four-probe method.
2.4 Electrochemical measurement

All electrochemical measurements were carried out in a two-
electrode system using an Autolab workstation (PGSTAT302N)
at room temperature. Galvanostatic charge/discharge tests were
measured with a constant current density of 0.25 mA cm�2.
Electrochemical impedance spectroscopy (EIS) tests were per-
formed using a frequency ranging from 100 kHz to 0.05 Hz at
open circuit potential with an AC perturbation of 5 mV. Cyclic
voltammetry (CV) tests were carried out at different scan rates
ranging from 10 to 50 000 mV s�1 with a potential window from
0 to 0.9 V. Capacitance values were calculated from the CV
curves by the equation:

Cdevice ¼ 1

n
�
Vf � Vi

�
ðVf

Vi

IðVÞdV (1)
J. Mater. Chem. A, 2016, 4, 3754–3764 | 3755
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The specic capacitances were calculated based on the
volume of the device stack according to the following equation:

Cstack ¼ Cdevice

V
(2)

where n is the scan rate (mV s�1), Vf and Vi are the potential
limits of the voltammetric curve, I(V) is the voltammetric
discharge current (A), Cdevice is the capacitance contribution
from hybrid lms (F cm�2), and Cstack is the volumetric stack
capacitance of the device (F cm�3). The volumetric stack
capacitances were calculated by taking into account the whole
volume of the device including the volume of hybrid lm elec-
trodes and the interspaces between the electrodes.

Additionally, the energy density (E) and power density (P)
were calculated using the following equations, respectively:
Fig. 1 (a) Top-view SEM and (b) TEM images of PEDOT:PSS-CNT ink. The
SEM and (d) TEM images of Ag ink. The inset in (c) is the digital photogr
paper-based all-solid-state flexible MSCs.

3756 | J. Mater. Chem. A, 2016, 4, 3754–3764
E ¼ Cstack � DV 2

7200
(3)

P ¼ E � 3600

t
(4)

where Cstack is the volumetric stack capacitance (F cm�3),DV is the
operating potential window (V), Dt is the discharge time (s), E is
the energy density (Wh cm�3) and P is the power density (W cm�3).
3. Results and discussion

SEM and TEM were used to characterize the morphology and
structure of PEDOT:PSS-CNT and Ag nano-particle inks. As the
dispensed ink dries, the PEDOT:PSS-CNTs entangle and inter-
connect with each other (Fig. 1a), which could be benecial for
inset in (a) is a digital photograph of PEDOT:PSS-CNT ink. (c) Top-view
aph of Ag ink. (e) Schematic illustrations of the fabrication process of

This journal is © The Royal Society of Chemistry 2016
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the transfer of electrons. The TEM image (Fig. 1b) shows the
PEDOT:PSS-CNTs with lengths ranging from 0.3 to 1.6 mm and
diameters ranging from 0.5 to 3.2 nm. Good mono-dispersity
and relative narrow size distribution of the Ag nano-particles
can be observed from the representative SEM image (Fig. 1c).
Their corresponding TEM image (Fig. 1d) reveals their vefold
twinning structure with a lattice-fringe spacing of 0.24 nm
(inset in Fig. 1d) corresponding to the (111) planes of Ag.33 As
shown in the insets of Fig. 1a and c, the PEDOT:PSS-CNT and Ag
nano-particle inks exhibit high stability without any noticeable
precipitation aer onemonth indicating the long-term stability.
Here, based on the abovementioned PEDOT:PSS-CNT and Ag
nano-particle inks, paper-based MSCs are successfully designed
and built by the inkjet printing technique (Fig. 1e). The detailed
fabrication processes are described in the Experimental section.
Fig. 2 (a) Optical images of MSCs with the interdigitated PEDOT:PSS-CN
magnification top-view SEM image of an interdigitated electrode based o
magnification top-view SEM image of the PEDOT:PSS-CNT film located
located in panel (b). (e) Cross-sectional SEM image of the interdigitat
spectrum of the PEDOT:PSS-CNT/Ag film.

This journal is © The Royal Society of Chemistry 2016
The optical images of the as-fabricated paper-based MSCs
are shown in Fig. 2a. The interdigitated ngers show a blue-grey
color aer being printed with the PEDOT:PSS-CNT ink. Aer-
ward, the blue-grey colored interdigitated ngers turned silver-
gray, demonstrating the successful overprinting of a nano-silver
layer. The low magnication top-view SEM image (Fig. 2b)
shows the interdigitated PEDOT:PSS-CNT/Ag composite lm
electrodes with a smooth surface and highly regulated size and
structure. This is direct evidence for one of the advantage of
inkjet printing, allowing efficient and accurate control of the
interdigitated electrode structure. The high magnication top-
view SEM image (Fig. 2c) reveals that PEDOT:PSS-CNTs are
tangled and twisted with each other, forming a uniform 3D
network lm on the paper substrate. Note that the porous
structure is still retained aer the overprinting of Ag lm on the
T film before (top) and after (bottom) overprinting of the Ag film. (b) Low
n the PEDOT:PSS-CNT/Ag composite film located in panel (a). (c) High
in panel (a). (d) High magnification top-view SEM image of the Ag film
ed PEDOT:PSS-CNT/Ag composite film printed on paper. (f) Raman

J. Mater. Chem. A, 2016, 4, 3754–3764 | 3757
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surface of the PEDOT:PSS-CNT lm (Fig. 2d). Here, Ag nano-
particles act as a conductive bridge which enables the formation
of more efficient electron-transport channels, thereby further
improving the conductivity of the PEDOT:PSS-CNT lm. The
unique 3D porous structure formed in the PEDOT:PSS-CNT/Ag
composite lm is benecial for effective electrolyte transport
and active-site accessibility. Furthermore, the highly conductive
PEDOT:PSS-CNT/Ag composite lm can directly act as both
electrode and current collector without using an additional
conductive material, decreasing the weight of the device. The
cross-sectional SEM image (Fig. 2e) conrms that no
PEDOT:PSS-CNT/Ag penetrates into the paper membrane,
Fig. 3 (a) Variation of sheet resistance with different numbers of printin
paper-based MSCs with different numbers of PEDOT:PSS-CNT film laye
MSCs with different numbers of PEDOT:PSS-CNT film layers at differe
respectively. (f) Evolution of the corresponding discharge current versus s
CNT film layers.

3758 | J. Mater. Chem. A, 2016, 4, 3754–3764
which avoids short circuiting of the MSCs. The Raman spec-
trum of the PEDOT:PSS-CNT/Ag composite lm (Fig. 2f) shows
two prominent peaks at 1360 and 1583 cm�1 corresponding to
the well-documented D and G bands of CNTs,34 respectively,
and a series of other characteristic peaks can be indexed to
PEDOT:PSS.35 These characterization results indicate that the
PEDOT:PSS-CNT/Ag composite lm has been successfully
printed on the paper substrate using the inkjet printing tech-
nique. The mechanical adhesion between the PEDOT:PSS-CNT/
Ag lm and paper substrate is evaluated by performing
a “Scotch Tape test”, as shown in Fig. S3.† No obvious
PEDOT:PSS-CNT/Ag lm is observed on the tape aer the test,
g layers of PEDOT:PSS-CNT films. (b) Optical image of the fabricated
rs before (top) and after (bottom) overprinting of Ag ink. CV curves of
nt scan rates: (c) 100 mV s�1, (d) 1000 mV s�1, (e) 10 000 mV s�1,
can rate for paper-based MSCs with different numbers of PEDOT:PSS-

This journal is © The Royal Society of Chemistry 2016
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demonstrating that the PEDOT:PSS-CNT/Ag lm strongly binds
onto the paper substrate. As mentioned above, porous struc-
ture, good mechanical property and strong adhesion make the
binder-free paper-based MSCs suitable for application in ex-
ible energy storage devices.

The electrical properties exhibit an obvious thickness
dependence when nano-structured lms become thin.36 Mean-
while, the electronic conductivity of an electrode material plays
a vital role in the electrochemical performance. These facts
inspire us to think whether it is possible to control the elec-
trochemical performance of paper-based MSCs by adjusting the
thickness of PEDOT:PSS-CNT lms or not. The sheet resistances
of PEDOT:PSS-CNT lms with various numbers of lm layers
are plotted in Fig. 3a. It is observed that with the increase in the
deposition amount of CNTs, the sheet resistances of
PEDOT:PSS-CNT lms continue to decrease rapidly until
reaching 10 layers (almost 4 orders of magnitude variation).
Beyond this point the sheet resistances are relatively invariant
to further increases of the lm layers, indicating that the sheet
resistances of the PEDOT:PSS-CNT lms show a strong depen-
dence on the lm thickness.37,38 Such a pronounced change in
the value of the conductivity may have a signicant effect on
their electrochemical performance. Therefore, better under-
standing of how the PEDOT:PSS-CNT lms' thicknesses affect
their electrochemical performance will be of great signicance
and may provide important insights into the design and prep-
aration of lm-based energy storage devices. To reveal the effect
of the thicknesses of PEDOT:PSS-CNT lms on the electro-
chemical performance of MSCs, paper-based MSCs with
different layer numbers of PEDOT:PSS-CNT lms (1 layer, 5
layers and 10 layers) are fabricated (Fig. 3b) and the corre-
sponding thicknesses of composite lms are shown in Fig. S4.†
Here, all other parameters (including the width of the nger,
the length of the nger, the width of the interdigitated spacing
between the adjacent ngers, the thickness of the Ag lm and
the total surface of the cell) were kept constant (Fig. S5†).

Cyclic voltammetry (CV) measurements were rstly per-
formed to evaluate the effect of the thickness of PEDOT:PSS-
CNT lms on the electrochemical performance of paper-based
all-solid-state exible MSCs. The CV curves (Fig. 3c and d)
exhibit a nearly rectangular shape and rapid current response
on voltage reversal at each end potential at low scan rates,
indicative of near-ideal capacitive behavior.8,39,40 Importantly,
the CV curves still retain a good rectangular shape even at an
ultra-high scan rate of 10 000 mV s�1 (Fig. 3e), demonstrating
quick charge/discharge propagation in the PEDOT:PSS-CNT/Ag
composite lm and ultra-high rate capability of paper-based
MSCs.39,40 To the best of our knowledge, the paper-based all-
solid-state exible MSCs presented here deliver the best rate
capability among all reported paper-based MSCs/SCs.4,17,20,28,30,31

Meanwhile, such excellent rate performance is comparable to
those of reported non-paper-based MSCs using other active
materials including carbide-derived carbon,24 onion-like
carbon,22 reduced graphene oxide,7,8,10,12 graphene/CNTs,25,41,42

graphene/polyaniline,23 and graphene/MnO2.39 The in-depth
study of the relationship between the current responses of
MSCs with different thicknesses of PEDOT:PSS-CNT lms and
This journal is © The Royal Society of Chemistry 2016
the scan rates are shown in Fig. 3f. Notably, the current values
slowly deviate from the linear region at ultra-high scan rates due
to the limited ion diffusion,6,7,26,43–45 but a linear dependence of
the discharge currents on the scan rates is recognized at least up
to 8000 mV s�1, further revealing the excellent rate capability of
paper-based MSCs. In addition, it can also be observed that at
a constant scan rate, the thicker the PEDOT:PSS-CNT lm, the
larger the discharge current response. This is because more
active materials have been deposited and a larger number of
PEDOT:PSS-CNT network interconnections have been formed
when the layers are increased, which enhances the current
response.

To gain more insight into the effects of the thicknesses of
PEDOT:PSS-CNT lms on the electrochemical performance of
paper-based MSCs, the volumetric specic capacitance, the
galvanostatic charge/discharge (GCD) curves and Nyquist plots
are shown in Fig. 4. As reported, the volumetric capacitance
gives a more accurate evaluation of the true performance of
a supercapacitor, especially for MSCs due to the small active
material mass-loading.7,8,10,17,41 Therefore, all of the specic
capacitance values of the MSCs in this work is calculated based
on the volume of the stack, if not otherwise specied. As dis-
played in Fig. 4a, the volumetric specic capacitances of the
paper-based MSCs decrease with the increase of scan rates
ranging from 10 to 50 000 mV s�1, which is attributed to the
insufficient time available for ion diffusion and adsorption in
the inside of PEDOT:PSS-CNT/Ag lms.12,46 At a xed scan rate,
the volumetric specic capacitance of paper-based MSCs
displays a downward trend with increasing number of lm
layers (from 1 to 10 layers), while the area specic capacitance
shows the upward trend (Fig. S6†). This can be explained by the
following reason: increasing the number of lm layers can
improve the electronic conductivity of the lm and increase the
mass-loading of active materials, which has the positive
contribution to the area specic capacitance. However,
increasing the number of lm layers also results in the increase
of the diffusion resistance of electrolyte penetration into the
inner lm structure, thus reducing the utilization of active
materials and reducing the overall electrochemical perfor-
mance of the MSCs. The highest volumetric specic capacitance
of 23.6 F cm�3 for the paper-based MSCs (1 layer of the
PEDOT:PSS-CNT lm) is obtained at a scan rate of 10 mV s�1,
which is better or at least comparable with those of reported
paper- and non-paper-based MSCs using other electrode mate-
rials such as reduced graphene lms (17.5 F cm�3),7 polypyrrole
(11.0 F cm�3),20 active carbon (9.00 F cm�3),22 MnO2/onion-like
carbon (7.04 F cm�3),30 laser reduction graphene (3.10 F cm�3),8

onion-like carbon (1.10 F cm�3)22 and graphene/CNTs (1.08 F
cm�3).25 To further demonstrate this point, a Ragone plot
showing the volumetric energy density with respect to the
volumetric power density is plotted in Fig. S7.† The as-fabri-
cated paper-based MSCs exhibit a maximum volumetric energy
density of 42.1 mW h cm�3 (at a power density of 89.1 mW
cm�3), which is higher than those of recently reported paper-
based MSCs/SCs using other electrode materials such as poly-
pyrrole,20 multi-walled carbon nanotube/Ag nanoparticle,28

MnO2/onion-like carbon30 and graphite/polyaniline networks.47
J. Mater. Chem. A, 2016, 4, 3754–3764 | 3759
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Fig. 5 (a) Optical images of paper-based PEDOT:PSS-CNT/Ag MSCs
with different interdigitated spacings between the adjacent fingers
before (top) and after (bottom) overprinting of Ag ink. Optical images
of (b) MSCs (600 mm), (c) MSCs (900 mm), and (d) MSCs (1200 mm),
respectively.

Fig. 4 Electrochemical performance of paper-based MSCs with different numbers of deposited layers: (a) evolution of the volumetric
capacitance versus scan rate, (b) galvanostatic charge–discharge (GCD) curves in the voltage range between 0 and 0.9 V at a fixed current density
of 0.25 mA cm�2, (c) Nyquist plots with a frequency range from 100 kHz to 0.05 Hz using a perturbation amplitude of 5 mV at the open circuit
potential (inset shows an enlarged curve in the high-frequency region), and (d) impedance phase angle as a function of frequency ranging from
100 kHz to 0.05 Hz.
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Meanwhile, their performance is also better than or comparable
to those of reported non-paper-based MSCs.8,10,25,41,42,48 Encour-
agingly, these energy density values are at least two orders of
3760 | J. Mater. Chem. A, 2016, 4, 3754–3764
magnitude higher than those of commercial electrolytic
capacitors (3 V/300 mF),8,10 and even comparable to those of the
thin-lm lithium batteries (4 V/500 mA h).22 The excellent
performance of paper-based MSCs is mainly contributed by the
PEDOT:PSS-CNT/Ag hybrid lm due to the synergistic effect of
each component and the unique 3D porous structure of the lm
which provides a large surface area and decreases the ion
diffusion resistance of the electrolyte on the electrode surface.
Furthermore, all GCD curves of paper-based MSCs (Fig. 4b)
exhibit a nearly ideal triangular shape and no obvious voltage
drop appeared at the beginning of each discharge curve indi-
cating ideal capacitive behaviour and relatively low resis-
tance.40,43 The discharge time increases with the number of
printed layers at constant current densities, demonstrating
a thickness dependence consistent with the data obtained from
the CV curves. In addition, self-discharge curves of the MSCs
reveal the relatively low self-discharge characteristics (Fig. S8†).

Electrochemical impedance spectra (EIS) of the paper-based
MSCs with different numbers of PEDOT:PSS-CNT lms are
presented in Fig. 4c. All of Nyquist plots exhibit a very small
semicircle in the high frequency range followed by a transition
to linearity in the low frequency range, indicating good elec-
trical conductivity and fast ion diffusion in the PEDOT:PSS-CNT
This journal is © The Royal Society of Chemistry 2016
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lm.7,40,49,50 Notably, MSCs with thin PEDOT:PSS-CNT lms (1
layer) shows a smaller equivalent series resistance, mainly
attributed to the shorter ion diffusion pathway. For a more
informative analysis of EIS, the dependence of the phase angle
on the frequency is plotted in Fig. 4d. The characteristic
frequency (f0) at the phase angle of 45� is 118.1 Hz for MSCs (1
layer), 62.1 Hz for MSCs (5 layers) and 26.6 Hz for MSCs (10
layers), corresponding to the relaxation time constant (s0 ¼ 1/f0)
of 8.50, 16.1 and 37.6 ms, respectively. The characteristic
frequency (f0) marks the point at which the resistive and
capacitive impedances are equal, and at frequencies higher
than f0 the supercapacitors show more resistive behaviour.17,41

The corresponding relaxation time constant (s0) is the
minimum time needed to discharge all the energy from the
device with an efficiency of greater than 50%.17,41 The Nyquist
plot shows that as the lm thickness increases, so does the pore
length (the distance that ions need to travel during the charge/
discharge process) and subsequently the relaxation time
constant. The relaxation time constants (s0) presented here are
very promising compared with previously reported values for
MSCs based on other materials such as reduced graphene lms
(s0¼ 0.28ms),7 laser reduction graphene (s0¼ 19ms),8 activated
carbon (s0 ¼ 700 ms),22 onion-like carbon (s0 ¼ 26 ms),22 and
graphene/CNT composites (s0 ¼ 3.4 ms).25 Based on the above
Fig. 6 CV curves of paper-basedMSCs with different interdigitated spaci
s�1, (b) 100 mV s�1, (c) 1000 mV s�1, respectively. (d) The corresponding
a perturbation amplitude of 5 mV at the open circuit potential. The inse

This journal is © The Royal Society of Chemistry 2016
discussion and analysis, the number of lm layers is propor-
tional to the area specic capacitance and inversely propor-
tional to the volumetric specic capacitance in paper-based
MSCs. Therefore, depending on the chosen application the
number of lm layers can be adjusted to provide either a larger
volumetric specic capacitance or larger area specic capaci-
tance. It is also demonstrated that increasing the number of
lm layers increases the relaxation time constant.

The electrode structure is another highly important factor
that affects the electrochemical performance of MSCs. There-
fore, the effects of the interdigitated spacing between the
adjacent ngers on the electrochemical performance of paper-
based MSCs are systemically investigated in this work. Here,
paper-based all-solid-state exible MSCs with three different
interdigitated spacing values (600, 900 and 1200 mm) were built
(Fig. 5). Except for the interdigitated spacing between the
adjacent ngers, all other parameters were kept constant
(Fig. S9†). The CV curves of paper-based MSCs with different
interdigitated spacings between the adjacent ngers are shown
in Fig. 6a–c. The CV curves exhibit a quasi-rectangular shape
even at a high scan rate of 1000 mV s�1, indicating a near-ideal
capacitive behavior.10,39,43,44 The area under the CV curves
decreases with increase of the interdigitated spacing between
the adjacent ngers at a xed scan rate, revealing an inverse
ng values between the adjacent fingers at different scan rates: (a) 10mV
Nyquist plots with a frequency range from 100 kHz to 0.05 Hz using

t shows an enlarged curve in the high-frequency region.

J. Mater. Chem. A, 2016, 4, 3754–3764 | 3761
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Fig. 7 (a) Optical images of paper-based MSCs bent at different angles. (b) CV curves of paper-based MSCs bent at different angles at 5000 mV
s�1. (c) Cycle stability of paper-based MSCs at 5000mV s�1. (d) Optical images and circuit diagram of two devices connected in series. CV curves
of a single device and two devices connected in series at different scan rates: (e) 100 mV s�1, (f) 10 000 mV s�1, respectively. (g) Optical images
and circuit diagram of two devices connected in parallel. CV curves of a single device and two devices connected in parallel at different scan
rates: (h) 100 mV s�1, (i) 10 000 mV s�1, respectively.
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relationship between the capacitance and the interdigitated
spacing between adjacent ngers. To highlight the effects of the
interdigitated spacing between the adjacent ngers on the
electrochemical performance of the MSCs, the corresponding
Nyquist plots are presented in Fig. 6d. The paper-based MSCs
with large interdigitated spacing between the adjacent ngers
increasingly diverges from the ideal capacitor behavior,
suffering from higher ionic impedance and possessing lower
phase angles in the low frequency regions which is due to ion
diffusion limitations (Fig. S10†). Additionally, the time constant
of MSCs (600 mm) is calculated to be 37.6 ms, in comparison to
990.1 ms for the MSCs (900 mm) and 5263.1 ms for the MSCs
(1200 mm), suggesting that devices with smaller interdigitated
spacing have faster frequency response capabilities. According
to the above results and analysis, it can be concluded that the
smaller the interdigitated spacing the MSCs has, the better
performance they will have. A smaller interdigitated spacing
will reduce the transport path of ions from one electrode to the
counter electrode, resulting in a reduction of the internal
3762 | J. Mater. Chem. A, 2016, 4, 3754–3764
resistance, complete utilization of active materials, and
improvement of the rate capability.

When real applications are considered, exibility is a must-
have requirement for MSCs that are used to power exible
devices. Therefore, it is necessary to evaluate the capacitive
performance of the paper-based MSCs under mechanical strain
(Fig. 7a). The CV curves at different bending angles vary slightly
(Fig. 7b), demonstrating excellent exibility of paper-based
MSCs used as a exible power source. The durable capacitive
performance is attributed to the good adhesion of the active
material on the paper substrate and the “adhesive” effect of the
gel electrolyte that maintains the integrity of the electrode
components. The cycling stability of the paper-based MSCs is
carried out by repeating the CV test in the potential window of
0 to 0.9 V at a scan rate of 5000 mV s�1. The as-prepared paper-
based MSCs still show 92% capacitance retention aer 10 000
cycles (Fig. 7c), indicating a good cycle stability. Connecting the
MSCs in series or parallel to increase the operating voltage or
the current is required. Thus, the electrochemical performance
This journal is © The Royal Society of Chemistry 2016
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of a set of series- and parallel-connected MSCs were evaluated
using CV. In the series connection (Fig. 7d), the voltage window
can be broadened from 0.9 V for a single MSC to 1.8 V for two
series-connected MSCs (Fig. 7e), which roughly conforms to the
theorem of series connections of capacitors. Note that the CV
curve of two series-connected MSCs still retains a quasi-rect-
angular shape even at an ultra-high scan rate of 10 000 mV s�1

(Fig. 7f). In the parallel case (Fig. 7g), the CV curve of two
parallel-connected MSCs also retains the relative rectangular
shape even at very high scan rates and the corresponding area
under the CV curve is almost twice that of single MSCs (Fig. 7h
and i), which is also in agreement with the rule. Thus it can be
seen that the series and parallel connections of two paper-based
MSCs obey the basic rule of series and parallel connections for
capacitors. These results also reveal that the dimensional and
physicochemical properties are highly consistent for each single
MSC, and that inkjet printing is a facile, practical and scalable
technique for the fabrication of MSCs.

4. Conclusion

In summary, we have successfully developed novel type paper-
based all-solid-state exible MSCs using the PEDOT:PSS-CNT/
Ag hybrid lm as the electrode material by the inkjet printing
technique, which consist of a 3D PEDOT:PSS-CNT network and
a high conductivity Ag lm. In this structure, the PEDOT:PSS-
CNT/Ag lm not only directly acts as both the electrode and
current collector, but also contributes to the overall capaci-
tance. In addition, PEDOT:PSS-CNT/Ag is benecial for building
the binder-free electrode and decreasing the weight of the
device. Overall, this unique combination of composite mate-
rials forming a 3D porous structure facilitates electrolyte
transport and active-site accessibility, which make it a prom-
ising electrode material. Encouragingly, the novel structural
design offers the paper-based all-solid-state exible MSCs an
ultra-high rate capability (up to 10 000 mV s�1), rapid frequency
response (a very short relaxation time constant, s0 ¼ 8.5 ms),
high volumetric specic capacitance (23.6 F cm�3) and long-
term cycle stability (92% of the initial capacitance aer 10 000
cycles). This excellent performance of paper-based all-solid-
state exible MSCs is mainly attributed to the synergistic effects
from the combination of PEDOT:PSS-CNTs, Ag nano-particles
and the paper substrate. Furthermore, the results also reveal
that the electrochemical performance of paper-based all-solid-
state exible MSCs shows strong dependence on the thickness
of the PEDOT:PSS-CNT lm and the interdigitated spacing
between neighbouring ngers. In all, our work presented here is
not only a useful reference for the design and fabrication of
other energy storage devices, but also supplies the best elec-
trode materials so far and fully demonstrates the feasibility of
printable MSCs using the inkjet technique.
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