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batteries capable of over 300% deforma-
tion have been developed with novel 
strategies such as self-similar serpen-
tine interconnects[6] and origami of thin 
sheets.[7] In comparison with batteries, 
supercapacitors (SCs) have advantages 
of fast charge/discharge rate and long 
operating life, representing a promising 
candidate for energy-storage devices used 
in unconventional electronics. Existing 
stretchable SCs that use films or meshes 
of carbon nanotube (CNT) or graphene as 
electrodes[8] typically reach a stretchability 
of up to 30% to 300%. With ultra-stretch-
able gel electrolyte used, some SCs with 
CNT electrodes reported a stretchability 
of up to 1000%.[9] However, the fabrica-
tion of such stretchable SCs usually relies 
on the transfer of active material layers 
onto target substrates, which is a compli-
cated, troublesome, time-consuming, and 
expensive process. Therefore, there is an 
urgent need to explore new strategies and 
seamless integration of the latest advances 
in materials and manufacturing to make 
stretchable and high-performance SCs.

Printing techniques offer a promising 
solution to the scalable manufacturing of stretchable SCs. Over 
the past decade, printed electronics have attracted increasing 
attention for the fabrication of novel electronics, such as thin-
film transistors (TFTs), sensors, and energy storage devices,[1–4] 
owing to the unique advantages of low-cost, high-throughput, 
and ability for mass production. In particular, inkjet printing 
has many advantages, such as low-cost, direct writing, addi-
tive patterning, and scalable production, when applied to the 

Stretchable supercapacitors (SCs) have attracted significant attention in 
developing power-independent stretchable electronic systems due to their 
intrinsic energy storage function and unique mechanical properties. Most 
current SCs are generally limited by their low stretchability, complicated fabri-
cation process, and insufficient performance and robustness. This study pre-
sents a facile method to fabricate arbitrary-shaped stretchable electrodes via 
4D printing of conductive composite from reduced graphene oxide, carbon 
nanotube, and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate. The 
electrode patterns of an arbitrary shape can be deposited onto prestretched 
substrates by aerosol-jet printing, then self-organized origami (ridge) patterns 
are generated after releasing the substrates from holding stretchers due to 
the mismatched strains. The stretchable electrodes demonstrate superior 
mechanical robustness and stretchability without sacrificing its outstanding 
electrochemical performance. The symmetric SC prototype possesses a 
gravimetric capacitance of ≈21.7 F g−1 at a current density of 0.5 A g−1 and a 
capacitance retention of ≈85.8% from 0.5 to 5 A g−1. A SC array with arbitrary-
shaped electrodes is also fabricated and connected in series to power light-
emitting diode patterns for large-scale applications. The proposed method 
paves avenues for scalable manufacturing of future energy-storage devices 
with controlled extensibility and high electrochemical performance.

1. Introduction

Advances in stretchable[1–3] and wearable electronics[4] have cre-
ated increasing demand for more compatible and higher per-
formance energy storage devices, which can be integrated and 
deformed together with unconventional electronics in achieving 
fully power-independent and stretchable systems for prac-
tical applications.[2,4,5] Recently, highly stretchable lithium-ion 
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fabrication of printable electrodes. For example, graphene has 
been inkjet-printed to make SC electrodes,[10,11] chemical sen-
sors,[12] and TFTs.[13] With high surface area, good electric con-
ductivity, and low cost, graphene is one of the most promising 
materials for SC applications. However, it is challenging to 
inkjet print graphene due to its poor dispersion and aggrega-
tion in the ink.[14] Le et al. developed a method using graphene 
oxide (GO) as the ink to print high-quality thin films followed 
by a reduction process to regain the electrical properties of gra-
phene.[10] The resultant graphene thin film electrodes showed 
a high specific capacitance of ≈140 F  g–1 but a poor rate per-
formance due to the uncontrolled pore structure in graphene 
films. An additional thermal reduction step further complexed 
the fabrication process and affected the reversible extensibility 
of the substrate films.[15,16] Previous research demonstrated that 
CNT additives between graphene sheets could significantly 
improve the rate capability of printed graphene films by pro-
viding a more open and porous structure.[17] Although reduced 
graphene oxide (RGO) and CNT have been utilized in printable 
or stretchable SCs,[16,18] there is no report on the direct printing 
of highly stretchable SCs due to the limitation of printing tech-
niques and available inks.

Here we present a facile, low-cost, and scalable approach 
to fabricate extremely stretchable and high-performance SCs 
based on 4D printing of composite electrodes using aerosol-jet  
printing technology and self-assembled origami. A new com-
position of RGO-CNT-poly(3,4-ethylenedioxythiophene) poly
styrene sulfonate (PEDOT:PSS) solution as 3D printable 
precursor of flexible/extensible SC electrodes that exhibit cyclic 
deformability during and after printing of the conducting  
composite leading to 4D shape-morphable flexible electrode 
is reported in this article. The methanol solution mix from 
RGO-CNT-PEDOT:PSS is prepared and optimized as the 
ink to fabricate stretchable RGO-CNT-PEDOT:PSS-based 
SCs without an additional reduction process. The printed 
RGO-CNT-PEDOT:PSS composite films show excellent adhesion 
strength to the polymer substrate with CNTs and PEDOT:PSS 
(Clevios PH1000, Heraeus, Inc.) additives to significantly 

enhance the performance through increased conductivity and 
reduced restacking of RGO. The printed composite SCs can 
be charged at 5 A g−1, with a specific capacitance of ≈20 F g−1 
and a 85% capacitance retention from 0.5 to 5 A g−1 with large 
mechanical stretchability (i.e., 200% × 200%) through the 
design of RGO-CNT-PEDOT:PSS composite structure. A 
printed composite SC array (four in series) is further demon-
strated to show the applicability and capability of the method 
for scalable building SC patterns with excellent electrochemical 
performance.

2. Results and Discussion

2.1. 4D Printing of Stretchable Composite Electrodes

Figure 1a illustrates the fabrication process of 4D printing of the 
stretchable hybrid RGO-CNT-PEDOT:PSS (PH1000) electrodes 
using an aerosol jet printer. A square-shaped optically clear 
acrylic substrate (VHB 4910, 3M, Inc.) was first stretched uniax-
ially in one direction or biaxially along two orthogonal in-plane 
directions using a biaxial stretcher developed in-house. The pre-
strains εpre1 and εpre2 can be adjusted based on the requirement 
in a range from 0% to 300%, thanks to the excellent stretch-
ability of the substrate. The stretched polymer substrate dimen-
sionally stabilized on the stretcher is then placed onto the platen 
to aerosol jet print the RGO-CNT-PEDOT:PSS inks on top of 
the substrate (Figure  1b) according to the designed electrode 
patterns. The RGO-CNT-PEDOT:PSS composite inks were pre-
pared and characterized following the procedures in Experi-
mental Section.[19] Previous study demonstrated that a hybrid 
composite of RGO:CNT with a ratio 1:1 can give superior per-
formance as compared to other hybrid ratios.[20] The printability 
and the electrochemical performance, however, are not satisfac-
tory for aerosol-jet printing and SC device fabrication due to the 
low viscoelasticity and low conductivity. To address this limita-
tion, conducting polymer (PEDOT:PSS) solution was added to 
significantly enhance viscosity and printability of the mixed ink 

Figure 1.  Fabrication of printed stretchable RGO-CNT-PH1000 electrode. a) Schematic illustration of the fabrication process for the 4D printing of a 
hybrid SC: i) stretch elastomer substrate; ii) print electrodes on the prestretched substrate; iii) annealing of the printed electrodes; and iv) relaxation of 
the elastomer substrate. b) Optical image of the 4D printing process by an aerosol jet printer. c,d) Optical microscopy of the origami pattern formed 
by the printed composite thin films on a fully relaxed elastomer substrate (i.e., 0% and 0% × 0% strain).
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but also to drastically enhance the conductivity of the printed 
composite thin film. Figure S1, Supporting Information, shows 
the conductivity of the printed RGO-CNT-PEDOT:PSS films 
with different PEDOT:PSS concentrations. We find that 20 wt% 
PEDOT:PSS (i.e., PH1000) can yield the optimal performance 
in electrical conductivity and acceptable viscosity for aerosol-jet 
printing. As a result, in the following study, the composition 
of composite ink for electrode film printing is set to be 40 wt% 
RGO, 40 wt% CNT, and 20 wt % PH1000. During the printing 
process, an additional radiation heater was used to maintain 
the platen temperature at ≈60 °C to enhance the evaporation of 
the solvent from the printed film. After the printing of designed 
patterns (electrodes), the prestrains in the elastomer substrate 
were released to form the self-organized origami/ridge patterns 
due to the localized mechanical instabilities (Figure 1c,d)[3,21] As 
the prestrains in the extensible substrate were relaxed, the lat-
eral size of the printed electrode film reduced by the same ratio 
as those of the substrate film. When the substrate is stretched 
back, the electrode unfolds reversibly, enabling extremely high 
stretchability of the hybrid electrode. The excellent toughness 
and flexibility of the printed composite electrode enable the 
high capacitance and good reliability of the stretchable device 
when subjected to multiple cycles of large deformations. It is 
noted that aerosol-jet printing of RGO-CNT-PH1000 can be 
applied to different substrates with shape-control ability. As 
shown in Figure S2, Supporting Information, the RGO-CNT-
PH1000 composite films were successfully printed on different 
kinds of substrates such as the flexible Kapton film, aluminum 
(Al) sheet/foil, and stretchable acrylic substrates with complex 
patterns.

2.2. Characterization of the Materials and Printed 
Composite Films

The mechanical properties of the as-printed films on stretchable 
substrates were characterized experimentally. The stress–strain 

curve of the composite film was fitted well with a neo-Hookean 
model, giving a shear modulus of μf = 195 MPa (Figure S3, Sup-
porting Information). Figure  2a shows the scanning electron 
microscope (SEM) image of the surface morphology of a repre-
sentative RGO-CNT-PH1000 composite on a Kapton substrate. 
It can be seen that in the composite film, CNTs directly contact 
with RGO sheets and act as a conductive network connecting 
discretized RGO nanosheets, which significantly improves the 
conductivity of the composite film. Figure 2b shows the nano-
structures of the dense network of the printed CNT film, where 
the CNTs form a uniform nanotube network and many small 
nanogaps (interstitial space). The CNT network can increase the 
conductivity, robustness, and electron transfer rate of the com-
posite electrode while the nanogaps in the CNT networks allow 
fast ion transport inside the composite, leading to improved rate 
capability of printed SCs. Figure  2c–f illustrates the transmis-
sion electron microscope (TEM) images of the composite films. 
The RGO, CNT, and PH1000 were well mixed in the composite 
film due to strong van der Waals attraction. The CNT networks 
between individual RGO nanosheets reduced the likelihood 
of RGO flakes stacking/aggregation in the deposition process, 
resulting in increased accessible surface area, which led to high 
specific capacitance, high energy density, and power density.[17,22]

Figure S4a, Supporting Information, depicts the Raman 
spectroscopy and the X-ray photoelectron spectroscopy (XPS) 
of the CNT, RGO, PH1000, and composite films. For PH1000, 
the main peak (CC symmetric stretching in Thiophene 
plane mode) at 1433 cm corresponds well to previous litera-
ture reports.[23] The 1262 cm band is attributed to the inter ring 
Ca–Ca’ stretching. The 1367 cm band is caused by the Cβ–Cβ 
stretching mode in the Thiophene ring. The 1560 cm band is 
attributed to the CC asymmetric stretching vibration in thio-
phene plane.[23] For RGO, three prominent peaks were observed 
at 1323 (D band), 1573 (G band), and 1600 cm (D′ band).  
The 2.25 D/G ratio indicates small, numerous in-plane sp2 
domains created by the reduction of graphene oxide.[24] Note 
that because the relative Raman intensity of RGO is small, 

Figure 2.  Morphologies and dispersion of the nanocomposite films made of RGO, CNT, and PH1000. a) SEM image of the top view of a composite 
film. b) SEM image of the top view of the CNT network. c) TEM images of the RGO-CNT film. d) TEM image shows the uniform dispersion of the 
PEDOT:PSS in a composite film. e) TEM image of the RGO-CNT-PH1000 film. f) TEM image of the composite film with the strong interaction of RGO 
sheets/flakes and CNTs.
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the Raman intensity of RGO is multiplied by 30 for a clearer 
spectra. For CNTs, the small 1325 cm D band and large  
1581 cm G band indicate a low concentration of defects and 
large in-plane sp2 domains. The structural integrity pro-
vides high conductivity and low resistance when the CNTs 
are included as a component of the ink. The G′ band around  
2617 cm for CNTs is attributed to the second-order two phonon 
process.[25] For the RGO-CNT-PH1000 composite, the signature  
peaks of PH1000 and CNT are easily recognized while RGO 
peaks are hard to observe due to their relatively low Raman 
intensity. The XPS scan of the RGO-CNT-PH1000 composite 
film is shown in Figure S4b, Supporting Information. The 
S and Na peaks confirm the PH1000 polymer on the surface 
that indicate the uniformity of the composite. The low concen-
trations of F and N detected in the survey scan may be attrib-
uted to the surface groups remained during the synthesis 
of CNT and RGO. The region scans of S and C are shown in 
Figure S4c,d, Supporting Information, respectively. S peak 
envelop in Figure S4c, Supporting Information, can be decon-
volved into four separate peaks. The 164.2 and 165.2 eV peaks 
are attributed to the thiophene groups in PEDOT. The 168.1 and 
169.2 eV peaks are due to the sulfonate groups in PSS.[26] The C 
peak envelop is deconvolved into three peaks: CC, CO, and 
CO (Figure S4d, Supporting Information). The CO peak 
contribution comes from the ethylenedioxy groups in PH1000 
and oxygen functional groups in CNT and RGO. The CO peak 
is mainly attributed to the carboxyl groups in RGO and CNT.

2.3. Electrochemical Performance of Printed 
Composite Electrodes

To demonstrate the stretchability and performance of the 
printed hybrid RGO-CNT-PH1000 electrodes, we character-
ized the cyclic voltammetry (CV), electrochemical impedance 
spectroscopy (EIS), and galvanostatic charge/discharge (GCD) 
behaviors of biaxial stretchable electrodes in 2 m KCl elec-
trolyte. Figure S5a, Supporting Information, shows the CV 
curves of the stretchable SC measured at different scan rates 
ranging from 20 to 100 mV s−1 under relaxed (0% × 0% strain) 
state. The near-rectangular curves indicate the electrochemical 
double layer (EDL) behavior and small resistance of the elec-
trode. Experimental data showed that the CV curves retained a 
rectangular shape with ideal capacitive behavior even at a high 
scan rate of 100 mV s−1, indicating good capacitive behavior and 
rapid diffusion and transportation of the electrolyte ions from 
the electrolyte to the pores of the electrode materials. Such a 
good electrochemical performance is mainly attributed to the 
improved conductivity of the composite and little restacking of 
RGO flakes. Figure S5b, Supporting Information, compares the 
CV of RGO-CNT-PH1000 under different strains (i.e., 0% × 0% 
and 200% × 200%) at the scan rate of 50  mV s−1. The almost 
identical CV curves at different strained states (e.g., both 
extended and folded structure as displayed in Figure 1c,d) indi-
cate that RGO-CNT-PH1000 film retained similar capacitance 
even under extreme mechanical deformations. The consistent 
electrochemical performance of the stretchable electrode is also 
confirmed by the EIS curves (Figure S5c, Supporting Informa-
tion) in which the composite electrode under different strain 

states exhibits similar charge transfer resistance features in the 
semicircle of high-frequency range and near-vertical slope in 
low-frequency range, indicating the excellent electrochemical 
behavior of the RGO-CNT-PH1000 electrode. Figure S5d, Sup-
porting Information, presents the GCD curves of the composite 
electrode measured at different current densities under dif-
ferent strains. The charge/discharge time of the electrodes is 
almost the same under different strain states at all tested cur-
rent densities. Particularly, as shown in in Figure S5e, Sup-
porting Information, ten GCD cycles of the composite electrode 
at 1 A g−1 under different strain states are compared, demon-
strated identical charge/discharge behaviors in a longer time 
scale (i.e., 10 cycles). Figure S5f, Supporting Information, pre-
sents the specific capacitance of the printed composite electrode 
calculated from the GCD measurements. The printed elec-
trodes have an excellent gravimetric capacitance in the range 
of 95–105 F g−1 at the current density from 0.5 to 5 A g−1. The 
high capacitance retention (≈90%) and identical capacitance at 
different strain states are ascribed to the unique structure of the 
composite with CNT-PH1000 conductive network for improved 
conductivity and little restacking of RGO flakes.

To demonstrate the versatile applications of aerosol-jet 
printing on different substrates, the electrochemical perfor-
mance of the RGO-CNT-PH1000 composite film on a flexible 
but not that extensible polyimide (Kapton) film was also tested 
(Figure S6, Supporting Information). Compared to the com-
posite electrodes on a stretchable elastomer substrate, the elec-
trode on the Kapton film demonstrated a higher capacitance 
evidenced by the larger current density of the CV (Figure S6a, 
Supporting Information) and longer charge/discharge time of 
GCD measurements at the same current density (Figure S6b, 
Supporting Information). Figure S6c, Supporting Information, 
shows the EIS curve of the RGO-CNT-PH1000 composite elec-
trode on the Kapton film. The curve shows a similar semicircle 
in the high-frequency region but less vertical slope in the low-
frequency region compared to the composite on the stretch-
able elastomer substrate. The observed difference in the EIS 
curves agrees well with the more distorted CV shape at higher 
scan rates (Figure S6a, Supporting Information), likely due to 
the different composite microstructure formed on different 
substrates. Generally, the RGO-CNT-PH1000 electrode on a 
Kapton film demonstrated a superior specific capacitance of 
162.5 F g−1 at a low current density (e.g., 0.5 A g−1) but an infe-
rior capacitance retention (≈61%) from 0.5 to 5 A g−1, as shown 
in Figure S6d, Supporting Information.

2.4. Electrochemical Performance of All-Solid-State SCs

All-solid-state SCs were fabricated by assembling two printed 
stretchable composite electrodes with PVA-KCl gel electrolyte. 
The fabrication process for a symmetric SC is illustrated in 
Figure 3a. In brief, the as-prepared prestrained composite elec-
trode was cast-coated with a thin layer of PVA-KCl and then 
dried in a fume hood. The electrodes were then connected 
with Pt wires (current collectors) and assembled in the pre-
strained state. The assembled device was finally relaxed to form 
a self-assembled origami/ridge pattern. Figure 3b presents the 
CV curves of the SC at different scan rates under a strain of  
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100% × 100%. Similar to the printed electrodes, the SC dem-
onstrates a square-like shape at different scan rates from 20 to 
200  mV s−1. Figure  3c shows the CV curves of the SC at dif-
ferent strain states are almost identical, indicating constant 
electrochemical performance of the device when subjected 
to large deformations. As shown in Figure  3d, EIS curves of 
the stretchable SC at three different strain states are similar, 
showing a low series resistance in the range of 35–45 Ω. The 
charge transfer resistance is also small and almost no semi-
circle in high-mid-frequency range (i.e., from 200 kHz to 10 Hz) 
is observed. The small charge transfer resistance of the SC is 
attributed to the better ionic and electric conductivity, owing 
to the optimized nanostructure and conductivity of the com-
posite electrodes. Figure 3e presents the GCD curves of SC at 
1 A g−1 at different strain states. The triangular shape of the 

GCD curves agrees with CV measurements in Figure 3b, which 
indicates the major contribution comes from EDL capacitance 
in the composite electrodes. The charge/discharge time of one 
cycle at 1 A g−1 at strain state of 0% × 0%, 100% × 100%, and 
200% × 200% is measured to be 28.36, 27.97, and 27.74 s, respec-
tively. Figure 3f shows the specific capacitances calculated from 
the GCD measurements at different current densities and dif-
ferent strain states. The stretchable SC demonstrated a specific 
capacitance of ≈ 21 F g−1 at 0.5 A g−1 and a capacitance reten-
tion of ≈85% from 0.5 to 5 A g−1 at all strain states, resulting 
from the superior conductivity and mechanical robustness of 
the composite electrodes. Since a symmetric SC should have a 
capacitance of one-fourth of a single electrode capacitance, the 
observed smaller SC capacitance may be due to different capac-
itances for individual electrodes and/or an electrolyte ion effect. 

Figure 3.  Electrochemical performance of a biaxially stretchable SC printed by an aerosol jet printer. a) Schematic illustration of the fabrication process 
of 4D printing of a stretchable symmetric SC. b) CV curves of the stretchable SC at different scan rates at the stretched strain of 100% × 100%. c) CV 
curves of the stretchable SC at 50 mV s−1 at different strain states (0% × 0%, 100% × 100%, and 200% × 200%). d) Nyquist plot of the RGO-CNT-PH1000 
composite electrode at 0 V at different strain states (0% × 0%, 100% × 100%, and 200% × 200%). e) GCD curves of the stretchable SC at 1 A g−1 at dif-
ferent strain states (0% × 0%, 100% × 100%, and 200% × 200%). f) Specific capacitance of the stretchable SC at different current densities at different 
strain states (0% × 0%, 100% × 100%, and 200% × 200%). g) Mechanical stability of the hybrid composite SC under 150% uniaxial tensile strain. The 
capacitance increased by 20% after 1000 cycles. h) Electrochemical stability of the SC at 1 A g−1. The capacitance retention is ≈88% after 10 000 cycles.
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The KCl electrolyte is known to yield a lower capacitance than 
the ideal case but it is safer than the acid-based electrolytes.

Figure  3g shows the capacitance of the printed SC as a 
function of the stretching–relaxation cycle number with 
an applied uniaxial strain up to 150%. A slight increase of 
≈20% of its initial capacitance (i.e., the capacitance before 
mechanical stretching–relaxation cycles) was observed after 
1000 stretching–relaxation cycles. The EIS spectra were also 
recorded to analyze the effect of cyclic mechanical deforma-
tion on the electrochemical performance of the composite 
SC (Figure S7a, Supporting Information). As shown in 
the Nyquist plots in Figure S7a, Supporting Information, the 
composite SC shows a similar behavior in the high-frequency 
semicircle zone before and after performing multiple cycles 
of stretching–relaxation. The diameter of the semicircle is 
related to the charge transfer resistance RCT at the interface 
of the RGO-CNT-PH1000 electrodes and electrolyte as well 
as the resistance within the pores. As illustrated in the inset 
of Figure S7a, Supporting Information, the extracted RCT 
remains low during the 1000 stretching–relaxation cycles, indi-
cating that the cyclic large strains did not significantly affect 
the transfer resistance of the stretchable electrodes or result in 
a reduction in the performance of the stretchable electrodes. 
Figure S7b, Supporting Information, shows the CV curves of 
the SC after every 200 mechanical cycles. It can be seen that 
the capacitance of the SC increased slightly after 1000 cycles 
of mechanical stretching–relaxation, which is believed to be 
due to the better interface contacts and the porous structure in 
the electrodes induced by the large cyclic mechanical strains. 
Figure  3h illustrates the excellent electrochemical stability 
of the stretchable SC subjected to multiple cycles of electro-
mechanical loadings. It can be seen that an 88% capacitance 
retention can be achieved after 10  000 GCD cycles at a scan 
rate of 1 A g−1.

The stretchable SC can be printed onto different kinds of 
substrates with a controllable shape for scalable manufac-
turing. To demonstrate this, a SC array made of four trap-
ezoid SCs connected in series was printed on a Kapton film 
and assembled with PVA-H3PO4 gel electrode. It is reported 
that H3PO4 gel-electrolyte can yield the best electrochemical 
performance for graphene SCs.[27] As shown in Figure  4a, 
each SC of the flexible SC array is connected by conductive 
metal lines (can be printed or sputter-coated) to achieve low 
resistance of the whole device. The SC array has a potential 
window of 3.2 V after serially connecting four SCs. Figure 4b 
shows the CV curves of the SC array at different scan rates 
from 20 to 1000  mV s−1. The CV curves remained a rectan-
gular shape even at 1000  mV s−1, indicating excellent rate 
capability enabled by the good electrode conductivity and 
easy transportation of ions. The outstanding electrochemical 
performance is also confirmed by the GCD curves of the SC 
array at different current densities with small ohmic drop and 
ideal triangular shape (Figure  4c). Remarkably, the SC array 
on the flexible Kapton substrate can maintain its capacitance 
when bent to different radius (Figure  4d). Figure  4e,f depicts 
the CV curves (measured at 100  mV s−1) and GCD curves 
(obtained at 10 µA cm−2) of a single SC and a SC array con-
sisting of four SCs. It can be seen that the current of the 
single device is approximately four times higher than the SC 

array, agreeing very well with the theoretical prediction. Addi-
tionally, the charge/discharge time of an individual device 
from 0 to 0.8 V is similar to that of the SC array device from 
0 to 3.2 V (Figure 4f), confirming an approximately one-fourth 
capacitance relationship. The good agreement between the 
experimental results and the theoretical calculation is mainly 
attributed to the accurate material control in the aerosol-jet 
printing process, which is vital for scalable manufacturing 
for the large-scale fabrications. Figure  4g presents the self-
discharge and leakage current measurement of a single SC 
device. The leakage current is observed to be 2 µA after 12 h 
charging. The voltage of the SC drops to 50% of its original 
value after ≈0.5 h in the subsequent self-discharge measure-
ment. The moderate self-discharge time of the RGO-CNT-
PH1000 SC may be attributed to the high defect density of 
RGO (Figure S3, Supporting Information) which can serve as 
leakage paths in the SC electrode. To demonstrate the practical 
application of the printed stretchable SC, the flexible in-series 
SC array is demonstrated to lighten a single LED and a LED 
array (Figure 4h,i) successfully for a few seconds (Figures S8 
and S9, Supporting Information).

The specific capacitance and stretchability of the printed 
electrodes and SCs are compared with other printed RGO/CNT-
based electrodes/SCs reported in literature (Figure  5). It can 
be seen from Figure  5a that the proposed RGO-CNT-PH1000 
composite electrodes demonstrate comparable capacitance 
and much higher stretchability than other reported results. 
In the aspect of stretchability, previous printed RGO or CNT 
was mainly fabricated on rigid or flexible substrate that limits 
their potential applications in wearables and other stretchable 
electronic systems. As for the electrochemical performance, 
printed RGO electrodes give a smaller capacitance especially 
at high charge/discharge rates than the RGO-CNT-PH1000 
electrodes, which may be due to the unoptimized micro/
nanostructure. Compared to the RGO-CNT-PH1000 composite 
electrode, printed CNT electrodes yielded a lower capacitance 
owing to their smaller specific surface area. The combina-
tion of considerable capacitance, excellent rate capability, and 
extreme stretchability with a 4D printing fabrication process 
is unique and facile for fabricating high-performance robust 
stretchable electrodes and SCs. Figure 5b demonstrates the per-
formance of the different kinds of SCs reported in literature. 
Similarly, the RGO-CNT-PH1000 SC shows analogous capaci-
tance with excellent mechanical reliability, which is promising 
for future wearable/stretchable energy storage devices fabri-
cated in a cheap and scalable way. More detailed performance 
comparison of the composite electrodes/SCs with other results 
reported in literature is listed in Tables S1 and S2, respectively, 
Supporting Information.

3. Conclusion

In summary, we have demonstrated a facile, low-cost, efficient, 
scalable, and shape-controlled approach to fabricate stretchable 
SCs by combining 4D printing techniques with self-organized 
origami patterns. The printed composite electrodes made 
of RGO, CNT, and conducting polymer demonstrated excel-
lent electrochemical performance and mechanical reliability 
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under extremely large strains. With a polymer hydrogel 
electrolyte, we also fabricated high-performance all-solid 
state stretchable SCs, exhibiting an identical specific capaci-
tance of 21.7 F g−1  at 0.5 A g−1 and a capacitance retention of 
≈85.8% from 0.5 to 5 A g−1 under large biaxial strains (i.e., 100% ×  
100% and 200% × 200%). Moreover, the 4D printed SCs can 
maintain high electrochemical performance and functionality 
under large cyclic mechanical deformations. A printed trap-
ezoid SC array with extended voltage range and considerable 
electrochemical performance was further fabricated to demon-
strate the universal applicability, scalability, and shape-control 
ability of 4D printing of stretchable SC devices. The developed 
strategy can be extended to other responsive/smart materials 
and paves a new avenue for fabricating programmable struc-
tures and electronics devices. The 4D printing strategy will 
become an attractive method for fabricating future advanced 

energy-storage devices and next-generation power-independent 
stretchable electronic systems for a variety of applications.

4. Experimental Section
Composite Ink Synthesis: RGO (Carbon Solutions, Inc., USA) was 

prepared by borohydride reduction of graphene oxide (Hummer’s 
method). Purified SWCNTs (P3-SWCNT, Carbon Solutions, Inc., USA) 
was produced by electric arc method and were dispersed in distilled 
water by sonication and washed intensively with NaOH solution to 
remove carboxylated carbon fragments. The obtained CNT powder 
and RGO powder were, respectively, dispersed in methanol to a 
concentration of 0.5  mg  mL–1, and then mixed thoroughly with a ratio 
of 1:1, followed by ultrasonication for 20 min. To improve the printability 
of the ink and to enhance the conductivity of the printed hybrid film, 
5–20 vol% of conducting polymer PEDOT:PSS (Clevios PH1000, 
Heraeus, Inc.) was added. In addition, 9% of DMSO was added into 

Figure 4.  Electrochemical performance and demonstration of a flexible SC array. a) Optical images of an assembled RGO-CNT-PEDOT SC (four in 
series). b) CV curves of the RGO-CNT-PEDOT SC array from 20 to 1000 mV s−1. c) GCD curves of the RGO-CNT-PEDOT SC array with different cur-
rent densities from 5 to 200 µA cm−2. d) The CV curves of the printed flexible SC array when bended to different curvature radii. Inset: Photograph of 
the printed SC array bended by wrapping around a cylinder with a curvature radius of 5 mm. The scan rate is 100 mV s−1. e) Comparison of the CV 
curves of a single SC and four serially connected SCs at 100 mV s−1. f) Comparison of the GCD curves of a single SC and four serially connected SCs 
at 10 µA cm−2. g) Leakage current and self-discharge characterizations for a single trapezoid stretchable SC. h,i) The four SCs connected in series can 
be used to power a green LED or a LED array.
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the PEDOT:PSS solution to enhance its conductivity. The resulting ink 
obtained was aerosol jet printed on a variety of substrates such as the 
polyimide films, silicon wafers, glass slides, and metal sheets.

Material Characterization: The electrode materials were characterized 
by optical microscopy, SEM, TEM, Raman, and XPS measurements. 
Optical image was taken by a Zeiss Axio Lab microscope configured 
with 2.5× to 100× objective lenses and a digital camera for image capture 
and analysis. The morphology and microstructures of ink materials and 
printed composite were acquired with FEI XL30 (SEM-FEG, USA) with 
varied magnifications. TEM imaging was performed using a TEM system 
(FEI Tecnai G2 Twin). Raman spectroscopy was performed for the CNT, 
RGO, PH1000, and RGO-CNT-PH1000 composites using a Horiba 
Jobin Yvon LabRAM ARAMIS system, with a 633 nm laser used as the 
excitation light. Surface compositions of the CNT, RGO, PH1000, and 
RGO-CNT-PH1000 composite thin films were characterized by XPS using 
a Kratos Analytical Axis Ultra system with an Al Kα monochromated 
X-ray source. Vacuum pressure was kept around 2 × 10−8  Torr during 
the acquisition. XPS data were analyzed and deconvoluted by a CasaXPS 
software. The sheet resistance of the printed electrodes was measured 
by 4200-SCS semiconductor characterization system.

Printing Fabrication of the Composite Electrodes: All printing work was 
done using an aerosol jet printer (Optomec, Inc.) operated in air at 
room temperature. The printing was conducted on various substrates 
including extensible acrylic tape, Kapton film, and Al foil/sheet. The 
stage was heated to 80  °C for all printing steps to facilitate solvent 
evaporation. A circular wide nozzle (diameter of 1.5 mm) was used for 
the printing, and the carrier gas (N2) and sheath gas (N2) flow rates are 
50 and 100 sccm, respectively. Stage speed was set to be 5–10 mm s−1. 
All printing steps were carried out in air at room temperature while the 
platen was maintained at 80  °C to enhance ink drying. Three layers of 
RGO-CNT-PH1000 were printed with the second layer using a print 
direction orthogonal to the first and third layers to improve uniformity. 
The printed samples were further annealed at 100 °C for 30 min in oven 
(MDL 281, Thermo Fisher Scientific).

Fabrication of All-Solid-State Flexible SCs: PVA-H3PO4 was chosen as 
the solid-state electrolyte for flexible SCs, with four SCs connected in 
series. A total of 2.5  g of poly(vinyl alcohol) (PVA) was dissolved into 
25 mL deionized water. The solution was heated to 90 °C and stirred for 
1 h until it became clear. A total of 0.2 mL of 85 wt% H3PO4 was then 
added into the solution and stirred for another 15 min. The as-prepared 
PVA-H3PO4 electrolyte was degassed in a vacuum chamber. To fabricate 
tandem CNT-RGO-PEDOT solid-state SCs, the PVA-H3PO4 electrolyte 
was first drop cast on a Teflon mold and dried overnight to obtain a PVA-
H3PO4 thin film. The PVA-H3PO4 thin film was then submerged in 85% 
weight ratio phosphoric acid (J. B. Baker) solution for 30 min before its 

use. Two printed composite electrodes and the PVA-H3PO4 electrolyte 
were then assembled together to form a symmetric double-layer SC. The 
PVA-H3PO4 gel serves as a separator and the solid-state-electrolyte layer. 
Finally, the CNT-RGO-PH1000 solid-state SC was tested as a standard 
two-electrode system.

Fabrication of All-Solid-State Stretchable SCs: The all-solid-state 
stretchable SC was assembled with two 4D printed composite 
electrodes and the PVA-KCl gel electrolyte. First, PVA gel electrolyte was 
prepared as follows: 2.5 g of PVA was dissolved into 25 mL deionized 
water. The solution was heated to 90  °C under vigorous stirring for 
about 1 h until it became clear. Then, 3  g KCl (VWR Analytical) was 
added into the solution and stirred for 10 min. After cooling down, the 
solution was degassed in a vacuum chamber to get rid of the bubbles. 
To make the solid-state SC, the PVA-KCl solution was drop cast onto 
the stretchable electrode with a biaxial prestrain of 200% × 200%. 
Pt wires were connected with the printed electrode film for current 
collecting. After drying for 30 min in air, the two prestretched electrodes 
were laminated together and dried on an 80  °C hotplate for 10  min. 
The assembly was carried out in a fume hood at the room temperature. 
The assembled device was finally mounted on a custom-made stage 
for testing using a standard two-electrode configuration under different 
applied strains.

Electrochemical Measurements of Printed Stretchable Electrodes and 
SCs: CV, GCD, and EIS of the electrodes and SCs were measured with 
a Potentiostat (Bio-Logic SP-300). The printed composite electrodes 
were characterized using a standard three-electrode setup in a 2 m 
KCl solution. The printed electrode served as the working electrode, 
a platinum wire as the counter electrode, and an Ag/AgCl electrode 
in saturated KCl as the reference electrode. The scan rate of CV was 
varied from 20 to 200 mV s−1. The all-solid-state stretchable SCs were 
characterized with a standard two-electrode system. After mounted 
on an in-house developed stage, the electrochemical measurements 
for the SC were carried out under various strains. The CV and GCD 
of the stretchable SCs were tested in an operation voltage range 
from 0 to 0.8 V. The current density was varied from 0.5 to 5 A g−1.  
A total of 10  000 GCD cycles at 1 A g−1 were used to test the 
electrochemical stability. EIS was conducted at open circuit potential 
over the frequency range from 200 kHz to 100 mHz with a sinusoidal 
potential amplitude of 10  mV. For the composite SC, EIS was 
performed after fixing the voltage at 0 V for 2 min. The capacitances 
are calculated based on the mass of the carbon materials used in the 
electrodes and the SCs. The specific capacitance was calculated from 
the slope of the discharge curve. Constant current charge/discharge 
tests were performed in the range of 5–200 µA cm–2 for the all-solid-
state SCs.

Figure 5.  Comparison of the capacitance and stretchability between the printed RGO-CNT-PH1000 electrode and SC with other printed or stretchable 
RGO/CNT electrodes and SCs. a) Electrode comparison: red star—RGO-CNT-PH1000 presented in this work, blue square—inkjet-printed RGO,[10] 
cyan circle—printed RGO with leavening agent,[28] dark cyan right triangle—3D printed RGO,[29] magenta upper triangle—printed CNT,[30] orange down 
triangle—printed CNT fabric.[31] b) SC comparison: red star—RGO-CNT-PH1000 in this work, blue square—inkjet-printed RGO,[10] orange diamond—
printed nano-graphene platelets (NGP),[32] magenta upper triangle—printed CNT,[30] yellow down triangle—printed RGO-CNT,[33] green pentagon—
printed stretchable graphene composite.[34]
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