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The drastic advancements in wearable electronics have ultimately stimulated the urgent development of
stretchable microscale power sources with high voltage output and unprecedented integration. However, the
creation of such energy storage devices remains elusive. Here we demonstrated the fabrication of stretchable
tandem planar micro-supercapacitors (MSCs) with high voltage output, outstanding ﬂexibility, robust
cyclability, and sturdy integration, based on the interdigital electrode patterns of acid-treated, tightly
intertwined graphene/carbon nanotube/cross-linked PH1000 ﬁlm (GCP), in which PH1000 wrapped carbon
nanotubes act as the stretchable backbone and capacitance contributor, and graphene nanosheets serve as highconductive enhancer. The stretchable GCP patterns were directly manufactured by mask-assisted ﬁltration of
GCP ink, and transferred onto a pre-strain rubber substrate, showing high electrical conductivity (610 S cm-1),
and impressive stretchablitiy. The resultant GCP-MSCs delivered high areal capacitance of 107.5 mF cm-2, and
presented notable performance uniformity without obvious capacitance degradation after being stretched up to
200%, and stable cyclability with capacitance retention of 93.2% after 8000 cycles under repeatedly stretch-andrelease strain. Moreover, our fabrication strategy is highly scalable for the generation of stretchable tandem
MSCs without requirement of additional metal-based interconnects. As demonstrated, our stretchable tandem
device of three serially-interconnected GCP-MSCs showed fully stretchable with strain rate up to 200%, and
extended voltage output to 2.4 V in comparison with single cell (0.8 V), demonstrative of the great potential for
wearable electronics.

1. Introduction

and textile ﬁber structure [23–25]. However, developing stretchable
supercapacitors is still facing tremendous challenges. First, the complicated steps of fabricating pre-designed substrates are often involved,
such as deposition of conductive materials (e.g., Ag nanowires, carbon
nanotubes) on elastic substrates [26–30], 3D printing [31], UV light
exposure [32], photolithography [33], and gold coating [34]. Second,
conventional inorganic materials with limited mechanical deformation
and intrinsic polymers with poor conductivity suﬀer from low stretchablitiy and rate performance. Third, stretchable supercapacitors based
on two stacked substrates are not suitable for integration in wearable
electronics due to the severe interfacial mismatches of electrode,
separator and electrolyte during deformation, resulting in signiﬁcant
performance degradation during skin and joint movement. Last but not

The ever-growing development for electronic textiles [1–3], electronic skins [4–6], and wearable health monitors [7,8] urgently calls
for the stretchable microscale energy storage devices that can be
compatibly bent, folded, twisted, and stretched while keep their
electrochemical functions under deformation [9–15]. Stretchable
supercapacitors have opened a new paradigm of application in
stretchable electronics due to their high power density, long cyclability,
and high-frequency response. So far, great advancements of stretchable
supercapacitors have been achieved using the pre-designed electrode
conﬁgurations, such as wrinkle macro-structure [16–18], interconnected bridge-island structure [19,20], honeycomb kirigami [21,22],
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μm), and followed by the deposition of 2 mL 0.5 M H2SO4, with
assistance of a customized interdigital mask with four ﬁngers (lengths
of 14 mm, widths of 1 mm, interspaces widths of 1 mm) on each side.
Subsequently, the rubber substrate was pre-stretched with a strain rate
of 230% and brushed by a thin-layer PVA aqueous solution (10 wt%).
Then, the interdigital GCP (CP, GP) patterns were directly drytransferred onto the pre-stretched rubber substrate. Note that the
stretchable tandem GCP-MSCs were interconnected by a multi-step
transferring process. The interconnects and contacts were realized by
direct overlapping the end of GCP electrodes of bipolar cells during the
transfer of GCP microelectrodes from PTFE membrane to prestretched rubber substrate. Finally, the gel electrolyte of PVA (Mw:
67000)/H3PO4 was drop-casted on the project area of microelectrodes.

least, the usage of two substrates would intrinsically degrade the cell
volumetric and gravimetric capacitances, and moreover, negatively
impact the extended stretchability and integration of multiple cells.
Recently, micro-supercapacitors (MSCs), constructed with co-planar positive and negative electrodes separated by a narrow empty
interspace on single substrate, have spurred intensive attention [35–
42]. The key superiority of planar MSCs over stacked supercapacitors
lies in exceptional interface match, outstanding shape diversiﬁcation,
and perfect integration of wearable electronics on single substrate.
Despite huge progress of engineering high-performance electrode
materials of nanocarbons (activated carbon [43,44], carbide-derived
carbon [45], onion-like carbon [46], carbon nanotubes [47], and
graphene [48–53]), metal oxides (e.g., RuO2 [54], MnO2 [55,56],
CoO [57,58]), conducting polymers (e.g., polypyrrole [59], thiophene
[60]) for MSCs, the innovative creation of stretchable tandem MSCs,
featuring high voltage output and robust ﬂexibility, are still not fully
exploited. This is because that the fabrication of such multifunctional
tandem devices needs to overcome some rather challenging intractable
obstacles involving simultaneously such as engineering pre-designed
microelectrodes, conducting stretchable interconnects and current
collectors, mechanically reinforced electrolyte-integrated electrode
and its interfacial adhesion to the stretchable substrate.
Herein, we developed a new type of highly stretchable tandem
planar MSCs with metal-free interconnects and current collectors,
exhibiting high voltage output, outstanding mechanical robustness,
excellent cycling stability, and sturdy integration. The individual
stretchable MSCs was manufactured based on the tightly intertwined,
interdigital electrode patterns of acid-treated electrochemically exfoliated graphene (EG)/carbon nanotube (CNT)/poly (3,4-ethylenedioxythiophene):poly-(4-styrenesulfonate) (PEDOT:PSS, or PH1000) ﬁlm
(GCP) on an elastic pre-strained rubber substrate, covering gel
electrolyte of poly(vinyl alcohol) (PVA)/H3PO4. The interdigital GCP
microelectrodes were fabricated by mask-assisted deposition technique, in which cross-linked PH1000 (PH1000-CL) wrapped CNTs act as
the stretchable backbone and capacitance contributor, EG nanosheets
as conductive enhancer, and PH1000-CL as conducting network to
intertwine CNTs and EG, allowing for the formation of stretchable,
conducting and compact ﬁlm. The as-obtained GCP ﬁlms showed large
electrical conductivity (610 S cm-1), and outstanding stretchablitiy (up
to 200%), and were directly employed as the binder- and additive-free
electrodes for GCP-MSCs. Notably, GCP-MSCs presented high areal
capacitance of 107.5 mF cm-2, large stretchability up to 200% without
obvious degradation of electrochemical performance, and remarkable
cycling stability with 93.2% capacitance retention after 8000 cycles
under repeated tensile strain. Moreover, our fabrication strategy is
highly scalable for the production of fully stretchable tandem MSCs
with strain rate up to 200%, showing the extended voltage output of
2.4 V for three serially-interconnected devices in comparison with
single cell (200% strain, 0.8 V).

2.3. Materials characterization
The morphology and structure of EG, CNTs, PH1000-CL and asfabricated ﬁlms (GCP, CP, GP) were characterized by scanning electron
microscopy (SEM, JSM-7800F), transmission electron microscopy
(TEM, JEM-2100), Raman spectrometer (LabRAM HR800),
Attenuated total reﬂection Fourier transform infrared (ATR-FTIR,
HYPERION 3000). The thickness of the ﬁlms was examined by surface
proﬁler (Veeco Dektak 150). Electrical conductivity of the ﬁlms was
measured by a standard four-point probe system (RTS-9).
2.4. Electrochemical characterization
Cyclic voltammetry (CV) curves tested at diﬀerent scan rates of 5–
2000 mV s-1, galvanostatic charge and discharge (GCD) proﬁles measured at diﬀerent current densities, and electrochemical impedance
spectra (EIS) recorded in the frequency range of 0.01–100 kHz with a
5 mV AC amplitude were performed by CHI760E electrochemical
workstation.
3. Results and discussion
The fabrication of stretchable tandem GCP-MSCs is schematically
illustrated in Fig. 1. First, the solution-processable GCP dispersion of
mixing high conducting EG nanosheets, multi-walled CNTs, and
PH1000 was obtained by sonication in water/ethanol solvent
(Fig. 1a). It is noted that EG nanosheets were directly synthesized
from graphite by electrochemical cathodic exfoliation, and possessed
exceptional electrical conductivity (> 1000 S cm-1), which is suitable for
boosting electrical conductivity of GCP ﬁlm. In parallel, multi-walled
CNTs, with lengths of tens of micrometers (Fig. S1, Supporting
information), were chosen to enhance the mechanical robustness and
capacitance of GCP ﬁlm. The presence of PH1000 could well improve
the stable dispersion of hydrophobic EG and CNTs (Fig. S2), and
further served as eﬀective ﬂexible and conductive branches to boost
mechanical robustness and electrical conductivity of GCP ﬁlm through
the intimate interfacial interaction with EG and CNTs (Fig. S3).
Second, the resultant GCP dispersion (0.1 mg mL-1 for each component, 8 mL) was ﬁltered through a PTFE membrane, with assistance of
a customized interdigital mask, to form a shape-designable hybrid ﬁlm
(Fig. 1b, See details in Methods). Subsequently, the gelation agent of
H2SO4 (0.5 M in water, 2 mL) was immediately ﬁltrated, which is
crucial for cross-linking of PH1000 component, resulting in conductive
and elastic framework in GCP ﬁlm [61]. ATR-FTIR spectra of GCP ﬁlm,
EG, CNTs, and PH1000-CL were compared in Fig. 2a. Apparently, no
bands from EG and CNTs were observable, indicative of high quality
nature with little oxygen-contain groups. The pronounced peaks of GCP
ﬁlm at 1160, 1120, 1060, and 1010 cm-1 were mainly assigned to the
characteristic stretching vibrations of benzene sulfonate, and the band
appeared at 1417 cm-1 was attributed to the –C=C– stretching vibration of aromatic rings, which are resulted from PH1000-CL component

2. Experimental
2.1. Preparation of GCP dispersion
The GCP dispersion was obtained by mixing EG nanosheets, CNTs
and PH1000 in ethanol/deionized water (1:1 vol%), and treated by tip
sonication for 1 h. The concentration for each component is 0.1 mg mL1
. Similarly, the CP (or GP) dispersion, containing 0.1 mg mL-1 for each
CNTs (or EG) and PH1000, was prepared in ethanol/deionized water
(1:1 vol%).
2.2. Fabrication of GCP-MSCs
Typically, 8 mL dispersion of GCP (CP, GP) was vacuum ﬁltered
through a polytetraﬂuoroethylene (PTFE) membrane (pore size 0.22

234

Energy Storage Materials 13 (2018) 233–240

H. Xiao et al.

Fig. 1. Schematic of the fabrication and integration of GCP-MSCs. (a–e) The fabrication of GCP-MSCs, involving the steps of (a) preparation of GCP ink, (b) mask-assisted ﬁltration of
GCP ink and 0.5 M H2SO4 in sequence, (c) dry transfer of GCP interdigital patterns onto a pre-stretched rubber substrate, (d) peeling oﬀ PTFE membrane, and drop-casting electrolyte,
(e) serial integration of GCP-MSCs on rubber glove. (f, g) Demonstration of stretchable tandem GCP-MSCs directly manufactured on a rubber glove, working as a wearable and
stretchable power source for a light-emitting diode (LED) under diﬀerent strain states.

and EG well [64], resulting in the formation of tightly intertwined,
cross-linked GCP ﬁlms after acid treatment. As a consequence, the
obtained GCP ﬁlms possessed of outstanding mechanical robustness.
Finally, after coating PVA/H3PO4 gel electrolyte, the stretchable GCPMSCs were achieved (Fig. 1d). It is worth noting that our fabrication
strategy is highly scalable for the facile production of stretchable
tandem MSCs by direct overlapping the end of GCP stretchable
electrodes of bipolar cells (Fig. 1e), without requirement of metalbased interconnects and contacts. As a representative example, our
three serially-connected GCP-MSCs could operate well as a full
stretchable energy storage device with superior adhesion on the rubber
glove, and no any external force-induced shape failure and dimensional
disruption was observed, even at a joint bending and stretching state
(Fig. 1f, g).
The electrochemical performance of GCP-MSCs was ﬁrst examined
by CV measurement at diﬀerent scan rates from 5 to 2000 mV s-1
(Fig. 3a, b). To understand the crucial roles and key contributions of
CNTs, EG, and PH1000-CL in GCP ﬁlm, we further constructed the
MSCs based on CNT/PH1000-CL (CP) ﬁlm (denoted as CP-MSCs) and
EG/PH1000-CL (GP) ﬁlm (denoted as GP-MSCs, Fig. S5 and Fig. S6),

[62]. Raman spectra further validated high quality of EG, showing a
weak D peak at 1350 cm-1 and a sharp G peak at 1530 cm-1 (Fig. 2b).
The ID/IG ratio of EG was only 0.2, much lower than CNTs (1.136),
originating from the defective and unordered microstructure nature of
CNTs. The strong band at 1432 cm-1 was assigned to the stretching
vibration of thiophene rings [63], showing a slight redshift in comparison with untreated PH1000 (1424 cm-1, Fig. S4) [61].
Afterward, the as-deposited GCP microelectrodes were directly drytransferred onto a rubber substrate (Fig. 1c). Then, the stretched
substrate was naturally released to the original state, and the wrinklestructured and stretchable GCP microelectrodes were readily shaped
(Fig. 1d). Top-view SEM (Fig. 2c and Fig. S3) and cross-section SEM
(Fig. 2d, e) images validated the formation of a tightly intertwined and
dense microstructure of GCP ﬁlm, with an average thickness of ~ 8 μm
at a strain state of 200%, showing that the tiled CNTs were tightly
anchored on EG nanosheets. TEM and high-resolution TEM (HRTEM,
Fig. 2f) images conﬁrmed the intimate contact of CNTs with EG linked
by PH1000-CL wrapping. It is explained that the hydrophobic polymer
chain of PH1000 could fully cover the CNTs and EG surface, and the
polar hydrophilic part could interact with water to dissociate the CNTs
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Fig. 2. Characterization of stretchable GCP microelectrodes. (a) ATR-FTIR and (b) Raman spectra of GCP ﬁlm, PH1000-CL, EG, and CNTs, respectively. (c) Top-view SEM image of
GCP microelectrode at a released state, showing a typical wrinkled microstructure. (d) Cross-section and (e) high-magniﬁcation SEM images of GCP microelectrode. (f) TEM image of
GCP electrode. The inset is HRTEM of GCP, indicating that CNTs were tightly anchored on EG sheet by cross-linked PH1000.

a large scan rate of 2000 mV s-1 were still retained for GCP-MSCs. In
a sharp contrast, lower capacitance, only ~ 1.8 mF cm-2 at 500 mV s-1,
was attained for CP-MSCs (Fig. S6), demonstrative of the importance
of high conducting EG nanosheets. The enhanced rate capability of
GCP-MCSs can be also conﬁrmed by EIS (Fig. 3f), showing an
equivalent series resistance (ESR) of ~ 64 Ω, while the ESR values
are ~ 161 Ω for CP-MSCs and ~ 22 Ω for GP-MSCs. Remarkably, our
GCP-MSCs represented a maximum areal energy density of ~
1.27 μW h cm-2, much higher than those of CP-MSCs (~
0.91 μW h cm-2) and GP-MSCs (~ 0.01 μW h cm-2) (Fig. S10).
Furthermore, GCP-MSCs delivered an impressive areal power density
of ~ 1.22 mW cm-2 at energy density of ~ 0.54 μW h cm-2.
To elucidate the outstanding mechanical stretchability, we used a
homemade mechanical equipment to stretch our GCP-MSCs, and
measured their electrochemical performance under diﬀerent strain
rates (Fig. 4). Fig. 4a–c illustrated the GCP-MSCs stretched at diﬀerent
strain rates of 0%, 100%, and 200%, respectively, and the insets
represented the corresponding electrode structure evolution from
highly wrinkled structure to the ﬂat state. Of great importance is the
unprecedented intimate contact of between GCP microelectrodes and
the rubber substrate, in which neither the delamination of ﬁlm from
the substrate nor structural disruption was found at varying strain
rates, even at strain rate of 200%. As expected, our GCP-MSCs
demonstrated outstanding mechanical ﬂexibility and electrochemical
stability with high capacitance retention of 90% after 500 stretch-andrelease cycles, and maintained a signiﬁcant self-discharge time (Fig.
S11). It is pointed out that H2SO4 acid treatment of PH1000 is very
crucial for constructing a mechanically robust hydrogel of ﬂexible
PEDOT network [61], in which the CNTs were well intertwined
together, and signiﬁcantly buﬀer the deformation stress even under a
slight overstretching state (Fig. S7 and S12). In a sharp contrast, if
PH1000 in GCP ﬁlm is not involved H2SO4 treatment, the capacitance
of GCP-MSCs would drop fast during the repeated stretch-and-release
cycles resulting from the poor mechanical ﬂexibility of GCP ﬁlm (Fig.
S7 and S13). Furthermore, all the CV curves obtained at 100 mV s-1 and
GCD curves measured at 0.1 mA cm-2 of GCP-MSCs were almost well
overlapped when the device was stretched from the original state to

while other steps were kept the same as GCP-MSCs. Note that GPMSCs are not stretchable, due to the absence of CNTs, only for
performance comparison (Fig. S7). After the optimization of areal
capacitance and rate performance of GCP-MSCs (Fig. S8), we also
chose 8 mL dispersion for the construction of CP-MSCs and GP-MSCs
counterparts. The average ﬁlm thickness for GCP-MSCs, CP-MSCs, and
GP-MSCs evaluated by surface proﬁler were ~ 7.9, ~ 11.2, and ~
4.9 μm, respectively (Fig. S9). Compared with CP ﬁlm, the GCP ﬁlm
disclosed impressively decreased thickness due to the synergistic
combination of tiled CNTs and large-size EG nanosheets with the
anchored PH1000-CL, which signiﬁcantly reduced the empty interspace caused by randomly distributed CNTs. As a result, the densely
stacked GCP ﬁlm presented much higher electrical conductivity of
610 S cm-1 than CP ﬁlm (96 S cm-1).
The CVs of GCP-MSCs exhibited a typical capacitive feature with a
rectangular shape at low scan rates of 5–100 mV s-1, illustrating the
dominant behavior of electric double layer capacitors. Importantly, a
signiﬁcant capacitance contribution was observed up to 2000 mV s-1,
demonstrative of high ionic and electrical conductive networks in
GCP ﬁlm. The superior electrochemical performances of GCP-MSCs
compared to CP-MSCs and GP-MSCs can be well elucidated by CV
and GCD curves in Fig. 3c, d and Fig. S6. Apparently, the CV curves
tested at 100 mV s-1 displayed more rectangular shape and larger
areal integration, and GCD curves measured at 0.1 mA cm-2 represented nearly triangular symmetric shape and longer discharge time
from GCP-MSCs, in comparison with CP-MSCs and GP-MSCs. The
areal capacitances of GCP-MSCs, CP-MSCs, and GP-MSCs were given
in Fig. 3e. Notably, GCP-MSCs and CP-MSCs, tested at 5 mV s-1,
delivered outstanding areal capacitance of 107.5 and 76.8 mF cm-2,
and volumetric capacitance of 45.3 and 22.9 F cm-3 at a released
state, respectively. Both of them are much higher than those of GPMSCs (0.7 mF cm-2 and 1.45 F cm-3 at 5 mV s-1, Fig. S6). This value is
much higher than those of the most reported stretchable supercapacitors (Table S1), such as graphene microribbons-MSCs
(1 mF cm-2) [34], CNT/Mn3O4-MSCs (2.2 mF cm-2) [20], and nitrogen-doped CNT-MSCs (31.3 mF cm-2) [65]. Further, high areal
capacitances of ~ 15.2 mF cm-2 at 500 mV s-1 and ~ 4.4 mF cm-2 at
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Fig. 3. Electrochemical characterization of GCP-MSCs, CP-MSCs (obtained at a strain rate of 200%), and GP-MSCs. (a, b) CV curves of GCP-MSCs obtained at diﬀerent scan rates of (a)
5–100 mV s-1 and (b) 500–2000 mV s-1. (c) CV curves of GCP-MSCs, CP-MSCs, and GP-MSCs measured at scan rate of 100 mV s-1. (d) GCD curves of GCP-MSCs, CP-MSCs, and GPMSCs obtained at current density of 0.1 mA cm-2. (e) Areal capacitance of GCP-MSCs, CP-MSCs, and GP-MSCs as a function of scan rate. (f) The complex plane plot of GCP-MSCs, CPMSCs, and GP-MSCs.

MSCs were almost overlapped well under diﬀerent strain rates of 0%,
100% and 200% (Fig. 5c and Fig. S14), indicative of excellent
performance uniformity and full stretchable properties. Notably, our
tandem devices could easily power a LED when the integrated cell pack
was stretched even at high strain rate of 200% (Fig. 5d), illustrating the
great potential for stretchable electronics.

strain rate of 200% (Fig. 4d, e). In addition, the cycling stability of
GCP-MSCs was measured at a current density of 0.5 mA cm-2, testing
2000 cycles for each strain states from 200%, 100%, 0% to 200%
(Fig. 4f). Impressively, after continuous 8000 cycles, 93.2% of initial
capacitance for GCP-MSCs was still retained, suggestive of outstanding
cyclability of our stretchable GCP-MSCs.
To further demonstrate the scalability and integration of our
strategy, we adopted this approach to fabricate the stretchable tandem
GCP-MSCs of integrating three serially-interconnected cells, without
additional rigid metal connector, on a rubber substrate (Fig. 5). The
resulting tandem GCP-MSCs exhibited a nearly rectangular CV shape
(Fig. 5a) and closed to ideal symmetric triangular GCD curves (Fig. 5b),
and the extended voltage of 2.4 V in comparison with single cell (0.8 V).
Furthermore, the charge and discharge time of tandem GCP-MSCs
tested at current density of 0.1 mA cm-2 are almost the same as single
cell, representing high eﬃcient integration of tandem GCP-MSCs.
Moreover, both CV and GCD curves of stretchable tandem GCP-

4. Conclusion
In summary, highly stretchable tandem GCP-MSCs capable of high
voltage output, unprecedented mechanical robustness, superior integration, and applicable scalability were successfully fabricated based on
the wrinkled micro-structured and robust interconnected GCP interdigital ﬁlm. The as-fabricated GCP-MSCs showed high areal capacitance, outstanding rate capability, exceptional cyclability, and stable
performance uniformity. Impressively, the stretchable tandem GCPMSCs exhibited superior stretchability and electrochemical perfor237
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Fig. 4. Stretchability and cyclability of GCP-MSCs. (a–c) Photographs of GCP-MSCs tested at diﬀerent strain rates of (a) 0%, (b) 100%, and (c) 200%. The insets are the corresponding
optical images of microelectrodes. (d) CV curves of GCP-MSCs measured at 100 mV s-1, and (e) GCD curves measured at 0.1 mA cm-2, examined at diﬀerent strain rates. (f) Cycling
stability of GCP-MSCs obtained at 0.5 mA cm-2 for 8000 cycles under diﬀerent strain states.

Fig. 5. Electrochemical performance of stretchable tandem GCP-MSCs interconnected by three cells. (a) CV curves obtained at 100 mV s-1, and (b) GCD curves of stretchable tandem
GCP-MSCs, tested at 0.1 mA cm-2, under the strain state of 100%, in comparison with single device. (c) CV curves of stretchable tandem GCP-MSCs obtained at diﬀerent strain rates, at
100 mV s-1. (d) Photographs of stretchable tandem GCP-MSCs examined at the strain states of 0% (left) and 200% (right), both of which can easily power a LED.
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mance, which rely on the synergistic combination of intertwined CNTs
anchored on high conducting EG nanosheets by cross-linked PH1000,
endowing the formation of high-conductive and elastic network for fast
electron transport and rapid ion diﬀusion, and strong interfacial
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reported methods, e.g., photolithographic technique, for fabricating
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convenient for manufacturing stretchable integrated MSCs, with high
voltage output and remarkable mechanical robustness, as highly
stretchable energy storage devices for wearable electronics.
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