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capacitances that exceed 100 F cm −3 . [ 13,14 ]  Conversely, thicker 
fi lms ≥2 µm are currently the central focus of the pursuit of 
high areal capacitance (≥10 mF cm −2 ) for laser-scribed gra-
phene (LSG), [ 7 ]  nanoporous carbon (NPC), [ 15 ]  onion-like carbon 
(OLC), [ 5 ]  reduced graphene oxide/carbon nanotubes (rGO/
CNT), [ 16 ]  and vertically aligned carbon nanotubes (VACNT). [ 17 ]  
However, most of these thick-fi lm devices exhibit low volu-
metric capacitance (<30 F cm −3  for LSG, [ 7 ]  OLC, [ 5 ]  rGO/CNT [ 16 ]  
and VACNT [ 17 ] ). 

 The morphology and microstructure of thick-fi lm electrodes 
largely determine the true performance metrics, e.g., areal 
and volumetric capacitances, of the MSCs. [ 4,18 ]  Ideally, pro-
cessed micrometer-thick fi lms should synergistically combine 
three key factors. First, the electrode material must be elec-
trochemically active (a pseudocapacitive component), which 
is crucial to achieving high capacitance. [ 19 ]  Second, the fi lm 
electrode must have a developed nanoporous structure with 
mixed ionic–electric conductive pathways, which can promote 
rapid ion diffusion and electron transport. [ 20,21 ]  Third, the fi lm 
must be highly uniform and densely stacked, yet without added 
polymer binder and conductive additives, for high volumetric 
capacitance. [ 4,22 ]  

 Graphene is a promising 2D material platform for con-
structing high-performance supercapacitors, including MSCs, 
due to its large theoretical surface area (2620 m 2  g −1 ), high 
intrinsic areal capacitance (21 µF cm −2  for a single layer), and 
gravimetric capacitance (550 F g −1 ). [ 20,23,24 ]  In particular, gra-
phene-based MSCs with in-plane interdigital geometry can 
suffi ciently utilize the unique features of graphene, like 2D 
thinness and high surface area, for energy storage. [ 7,8,25 ]  For 
instance, Ajayan group [ 6 ]  reported the scalable production of a 
new class of graphene-based monolithic MSCs consisting of 
rGO microelectrodes and graphene oxide (GO) as separators by 
laser reduction and patterning of GO fi lms. They demonstrated 
in-plane MSCs with a circular geometry offering an areal capac-
itance of 0.51 mF cm 2 , nearly twice that of the sandwich struc-
ture. Later, El-Kady et al. [ 7 ]  described a scalable fabrication of 
graphene MSCs (denoted as LSG-MSCs) by direct laser writing 
on GO fi lms using a standard LightScribe DVD burner. By this 
means, more than 100 MSCs could be readily generated on a 
single disc in 30 min. Notably, these LSG-MSCs demonstrated 
an areal capacitance of 2.32 mF cm −2  and volumetric capaci-
tance of 3.05 F cm −3  at a current density of 16.8 mA cm −3 , as 
well as an ultrahigh power density of 200 W cm −3 . Recently, our 
group developed all-solid-state graphene-based in-plane MSCs 
based on methane plasma reduction and micropatterning 

  Miniaturized energy storage devices are essential microscale 
power sources that are small enough to be directly integrated 
into miniaturized portable, wearable, and implantable elec-
tronics. [ 1,2 ]  Current commercially available lithium thin-fi lm 
(LTF) batteries that can be coupled with microelectronics 
as micropower sources suffer from limited cycle times, low 
power densities, rapid failures, and lithium-related safety 
issues. [ 3 ]  Alternatively, micro-supercapacitors (MSCs) are a 
newly emerging family of micro-electrochemical energy storage 
devices with intriguing features of high power density, fast 
charge/discharge rate, and long lifetime. MSCs can potentially 
be operated as stand-alone power sources or as complementary 
energy storage units of LTF batteries and electrolytic capacitors 
to power various microelectronics. [ 4–7 ]  Notable progress in the 
development of new nanostructured materials (e.g., graphene), 
novel thin-fi lm electrode fabrication methods (e.g., roll-to-roll), 
and advanced device geometries (e.g., in-plane) for MSCs have 
been reported with enhanced performance. [ 1,2,8–12 ]  However, the 
energy densities for most reported MSCs still fail to compete 
with those of LTF batteries (≤10 mWh cm −3 ) for on-chip 
portable and self-powered operation. 

 Regardless of the device architecture and electrolyte selec-
tion, the major bottleneck for MSCs is the substantially low 
volumetric capacitance of the micrometer-thick fi lm electrodes 
(typically ≥2 µm). In general, areal and volumetric capaci-
tances stand in confl ict with each other, varying inversely with 
increasing fi lm thickness. For example, thinner fi lms, such as 
activated carbon (AC) [ 13 ]  and heteroatom-doped graphene, [ 14 ]  
with a thickness of <2 µm, commonly offer low areal capaci-
tance, typically <1 mF cm −2 , but exceptionally high volumetric 
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of GO fi lms on both rigid and fl exible substrates. The fabri-
cated devices exhibited an areal capacitance of 80.7 µF cm −2 , 
volumetric capacitance of 17.9 F cm −3 , ultrahigh scan rate of 
1000 V s −1 , as well as power density of 495 W cm −3 , and energy 
density of 2.5 mWh cm −3 . [ 8 ]  However, the reported areal capaci-
tance (from 80.7 µF cm −2  to 2.32 mF cm −2 ) and volumetric 
capacitance (from 3.05 to 17.9 F cm −3 ) of graphene-based 
MSCs (with a thickness between 15 nm and 20 µm) are sub-
stantially limited by the electric double-layer capacitive nature 
of graphene. [ 6–8 ]  One promising strategy for MSC development 
is thus based on micrometer-thick graphene-based hybrid fi lms 
that include high conductivity together with a binder-free and 
densely compact structure with both capacitive and pseudoca-
pacitive contributions. [ 26 ]  

 Herein, we present a universal protocol for the construction 
of alternating stacked micrometer-thick graphene-conducting 
polymer compact hybrid fi lms with landmark areal and volu-
metric capacitances for high-energy MSCs, by taking advantages 
of the strong coupling and synergistic effect of 2D pseudocapaci-
tive graphene-conducting polymer nanosheets and electrochem-
ically exfoliated graphene (EG). The 2D graphene-based com-
pact fi lms of “P x G y ,” where  x  and  y  represent the number of 
deposited graphene-conducting polymer layers ( x ) and EG layers 
( y  =  x  + 1) are prepared by alternating deposition of the layers of 
EG and sandwich-like mesoporous graphene-conducting polymer 
nanosheets, e.g., polyaniline-functionalized graphene (PANI-G) 
nanosheets or polypyrrole-functionalized graphene (PPY-G) 
nanosheets. The resultant layer-stacked nanohybrid fi lms are 
highly conductive (2120 S m −1 ), uniform, and nanoporous, yet 
densely packed (1.67 g cm −3 ). Notably, they can simultaneously 
deliver an ultrahigh areal capacitance of 368 mF cm −2  and a 
landmark volumetric capacitance of 736 F cm −3  at 10 mV s −1  for 
MSCs fabricated based on P2G3 fi lm on the polyethylene tere-
phthalate (PET) substrate, using 16 nm PANI-G nanosheet in 
aqueous H 2 SO 4  electrolyte (denoted as P2G3-MSCs-D), both of 
which are the highest values among the reported state-of-the-
art MSCs. The all-solid-state MSCs fabricated based on P2G3 
fi lm on PET substrate using H 2 SO 4 /polyvinyl alcohol (PVA) gel 
electrolyte (denoted as P2G3-MSCs-C) with 210 mF cm −2  and 
436 F cm −3  at 10 mV s −1  exhibit remarkable mechanical fl ex-
ibility without any performance deterioration under bending. 
Furthermore, the tandem integrated MSCs can effi ciently power 
high-voltage light-emitting diodes. Remarkably, the volumetric 
energy density of 46 mWh cm −3  (10 mV s −1 ) achieved with 
compact MSCs based on P2G3 fi lm in ionic liquid electrolyte 
(1-ethyl-3-methylimidazolium tetrafl uoroborate, EMIMBF 4 ), 
denoted as P2G3-MSCs-E, is much higher than those of the 
state-of-the-art MSCs, and LTF batteries (≤10 mWh cm −3 ). 

 The fabrication process of MSCs is schematically illustrated 
in  Figure    1   (see details in the Supporting Information). The 
nanohybrid fi lms are prepared by alternating deposition of two 
different 2D nanosheets, e.g., electrochemically EG nanosheets 
(Figure S1, Supporting Information) and sandwich-like 
mesoporous graphene-based conducting polymer nanosheets, 
e.g., PANI-G nanosheets (Figure  1 d and Figures S2–S6, Sup-
porting Information) and PPY-G nanosheets (Figure  1 e), in 
sequence on a fi ltration membrane. 

  Specifi cally, the EG and PANI-G nanosheets were fi rst 
employed to prepare alternating stacked nanohybrid fi lms. The 

sandwich-like mesoporous PANI-G nanosheets were synthe-
sized by in situ polymerization of aniline on a GO (Figure S7, 
Supporting Information) surface, followed by hydrothermal 
treatment. [ 27 ]  Fourier transform infrared, Raman, and X-ray 
photoelectron spectroscopies (Figures S3–S5, Supporting 
Information) confi rmed the successful formation of PANI-G 
nanosheets. Scanning electron microscopy (SEM), trans-
mission electron microscopy, and atomic force microscopy 
revealed a 2D sheet morphology with PANI nanoparticles 
(5–15 nm) homogenously decorated on graphene with uni-
form thickness (46 nm) (Figure  1 d and Figure S2, Supporting 
Information). The high specifi c surface area (192 m 2  g −1 ) and 
narrow mesoporous size distribution (average size of 14 nm) 
were further disclosed by nitrogen adsorption and desorp-
tion measurements (Figure S6, Supporting Information). In 
parallel, high-quality dispersible EG nanosheets (≤ three layers, 
Figure S1, Supporting Information) produced by electro-
chemical exfoliation of graphite in aqueous solution were 
chosen. [ 28,29 ]  EG nanosheets exhibited large lateral size (10 µm), 
low oxygen content (7.5 at%), and good solution processability 
(1 mg mL −1  in  N,N′ -dimethylformamide). 

 2D nanohybrid fi lms of “P x  G y ,” where  x  and  y  represent 
the number of PANI-G layers and EG layers, were fabricated by 
alternate deposition of each dispersion of EG (5 mL, ≤0.1 mg 
mL −1 ) and PANI-G (5 mL, 2.4 g mL −1 ) nanosheets in sequence 
and subsequently dry-transferred onto arbitrary substrates, e.g., 
a silicon wafer and PET (Figure S8, Supporting Information). 
Thus, the nanohybrid fi lms with thicknesses ranging from 
2 to 20 µm were readily produced by adjusting the number 
( x / y ) of these two alternating deposited layers (Figure  1 f–i and 
Figure S9, Supporting Information). Cross-section SEM images 
of 9 µm P4G5 fi lm reveal good adherence to the underlying Si 
wafer and a well-ordered layer-by-layer (LBL) stacked structure 
of nanometer-thick (10–20 nm, Figure S10, Supporting Infor-
mation) EG layers and micrometer-thick (2–3 µm) PANI-G 
layers (Figure  1 h,i). Top-view SEM images show continuous, 
fl at fi lms due to the presence of the top covered EG layers 
(Figure S9, Supporting Information). In sharp contrast, the 
prepared pure PANI-G fi lm displayed numerous visible millim-
eter-sized cracks and holes and was not suitable for transfer-
ring onto a targeted silicon substrate (Figure S11, Supporting 
Information). Notably, the maximum electrical conductivity of a 
P2G3 fi lm on a Si wafer was 2120 S m −1 , three orders of mag-
nitude higher than that of PANI-G fi lms (<1 S m −1 ). Similar 
results were obtained with all other PxGy hybrid fi lms whose 
thicknesses were determined by a step profi ler. Moreover, the 
PxGy hybrid fi lm showed densely layer-stacked features with a 
high mass density of 1.67 g cm −3 , which is essential for high 
areal and volumetric capacitances. For comparison, we also 
attempted to prepare a hybrid fi lm based on PANI-G and rGO 
sheets; however, this product had an inhomogeneous structure 
in both the vacuum-fi ltrated and transferred fi lms due to poor 
solution processability of rGO sheets (Figure S12, Supporting 
Information). [ 30 ]  

 The well-established lithographical microfabrication tech-
nique was then applied to the transferred nanohybrid fi lms 
to produce patterned microelectrodes and corresponding in-
plane interdigital MSCs. [ 8,9,14 ]  Briefl y, an Au layer micropattern 
was generated by thermal evaporation on the surface of the 
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transferred hybrid fi lms with a customized mask (Figure  1 a,b). 
The patterned Au layer acted as a protection mask against 
oxygen plasma etching to manufacture the designed microelec-
trodes (Figure  1 c). An SEM (Figure  1 j) image disclosed well-
defi ned regular widths of ≈210 µm for fi ngers and ≈70 µm for 
interspaces. EDX elemental mapping analysis and a line scan 
(Figure S13, Supporting Information) further confi rmed the 
uniform distribution of Au, C, N elements on the interdigital 
fi ngers and Si and O elements on the interspaces that are from 
the top SiO 2  layer on the Si wafer. Finally, the electrolyte, e.g., 
H 2 SO 4 /PVA, was drop-casted onto the interdigital microelec-
trodes, and an all-solid-state MSC was thus achieved. 

 The electrochemical behavior of all-solid-state MSCs based 
on an alternating stacked 4.5 µm P2G3 fi lm (46 nm thick 
PANI-G nanosheet) in H 2 SO 4 /PVA gel electrolyte on Si wafer 
(denoted as P2G3-MSCs-A) was studied by cyclic voltammetry 

(CV) ( Figure    2  a). To highlight the importance of the alternating 
stacked structure, we fabricated MSCs based on the fi lms 
(denoted as M-P2G3) by one-pot fi ltration of a mixed solution 
of PANI-G and EG nanosheets with the same content of P2G3. 
In contrast, the M-P2G3 fi lm exhibited a cracked structural 
morphology (Figure S14, Supporting Information) and low con-
ductivity of 6 S m −1 . We further constructed MSCs based on 
an EG fi lm (≈110 nm) for comparison (Figure S15, Supporting 
Information). P2G3-MSCs-A exhibited a pronounced redox 
response, suggestive of a strong pseudocapacitive effect. [ 31 ]  
P2G3-MSCs-A presented a greater current density than both 
M-P2G3-MSCs and EG-MSCs, indicative of higher capaci-
tance from a layer-stacked P2G3 fi lm. In sharp contrast, EG-
MSCs displayed classical double-layer capacitive behavior with 
a lower capacitive response (Figure S15, Supporting Informa-
tion). The areal and volumetric capacitances of P2G3, M-P2G3, 
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 Figure 1.    Design and fabrication of alternating stacked graphene-conducting polymer hybrid fi lm for in-plane MSCs. a–c) Illustration of the fabrication 
procedure for in-plane MSCs with interdigital fi ngers, including a) transfer of LBL stacked 2D nanohybrid fi lm onto silicon wafer, b) masking micropat-
tern and deposition of gold current collector, c) oxidative etching in oxygen plasma and drop-casting electrolyte. d) SEM image of 46 nm thick PANI-G 
nanosheet. e) SEM image of PPY-G nanosheet. f) SEM image and g) schematic of micrometer-thick 2D nanohybrid fi lm, showing layer-stacked struc-
ture. h,i) Cross-section SEM images of 2D nanohybrid fi lm. j) SEM image with a tilt angle of 30°. 
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and EG fi lms for MSCs were calculated, as shown in Figure  2 b. 
Remarkably, P2G3-MSCs-A delivered an high areal capacitance 
of 326 mF cm −2  and volumetric capacitance of 675 F cm −3  at 
1 mV s −1 , both of which are superior to those of M-P2G3-MSCs 
(28.5 mF cm −2  and 63.5 F cm −3 ) and EG-MSCs (1.43 mF cm −2  
and 130 F cm −3 ). Furthermore, the resultant P2G3-MSCs-A 
offered an excellent capacitance even when operated at a high 
rate; for example, 69 mF cm −2  and 143 F cm −3  were obtained 
at 100 mV s −1 . On the contrary, the performance of M-P2G3 
declined quickly, exhibiting lower capacitances of 1.32 mF cm −2  
and 0.6 F cm −3  at 100 mV s −1 . 

  Electrochemical impedance spectra (EIS) confi rmed fast 
ion transport in P2G3-MSCs-A (Figure  2 c and Figure S16, 
Supporting Information). At low frequency, a large slope with 
nearly closed 90° was presented in P2G3-MSCs-A, attribut-
able to the highly accessible surface of the layer-stacked fi lm 
(Figure  2 c, left). Furthermore, the equivalent series resistance 
(ESR) derived from the high-frequency region of P2G3-MSCs-
A is only 19.7 Ω, close to that of EG-MSCs (15.1 Ω) but much 
lower than that of M-P2G3-MSCs (95.1 Ω). Remarkably, P2G3-
MSCs-A showed quite small charge transport resistance with 
an invisible semicircle (right plot in Figure  2 c), emphasizing 
the superiority of P2G3 fi lm (high continuity and excellent 
through-thickness conductivity). 

 We further investigated areal and volumetric capacitances 
as a function of fi lm thickness (Figure  2 d,e and Figure S17, 
Supporting Information). Layered hybrid fi lms with varying 
thicknesses between 2.2 (P1G2) and 4.5 µm (P2G3) offered 
an increased areal capacitance from 100 to 323 mF cm −2  at 
1 mV s −1  (Figure  2 d), which can be explained by the increase of 
the total accessible electrochemical surface area in the interdig-
ital electrodes. In addition, the volumetric capacitance increases 
from 504 F cm −3  for P1G2 to 675 F cm −3  for P2G3 (Figure  2 e). 
As the fi lm thickness increases from 4.5 to 10 µm or more, 
the capacitance decreases gradually, which can be rationalized 
by the increase of ESR values from 19.7 to 25.3 Ω in devices 
(Figure  2 f and Figure S16, Supporting Information). Neverthe-
less, the thicker fi lms, P3G4 (6.7 µm) and P4G5 (9.2 µm), main-
tained an areal capacitance of >210 mF cm −2  (Figure  2 d) and 
volumetric capacitance of >270 F cm −3  (Figure  2 e). Moreover, 
the MSCs based on the P2G3 fi lm (using 16 nm thick PANI-G 
nanosheets, Figure S18, Supporting Information) on silicon 
wafer using H 2 SO 4 /PVA gel electrolyte, denoted as P2G3-
MSCs-B, had similar capacitive results as the P2G3-MSCs-
A based on 46 nm thick PANI-G nanosheets at low scan rate 
(1 mV s −1 ), but the former exhibited better rate capability than 
the latter due to the thinness nature of nanosheets (Figure S19 
and Table S1, Supporting Information). 

Adv. Mater. 2015, 27, 4054–4061

www.advmat.de
www.MaterialsViews.com

0.0 0.2 0.4 0.6 0.8 1.0

-0.10

-0.05

0.00

0.05

0.10a

d e f

b c

 P2G3
 M-P2G3
 EG x10

C
u

rr
en

t 
(m

A
)

Voltage (V)

0 20 40 60 80 100

0

100

200

300

400

0 20 40 60 80 100

0

200

400

600  P2G3
 M-P2G3
 EG

Scan Rate (mV s−1)
A

re
al

 C
el

ec
tr

o
d

e (
m

F
 c

m
−2

)

Scan Rate (mV s−1)

V
o

lu
m

et
ri

c 
C

el
ec

tr
o

d
e 
(F

 c
m

−3
)

0 5000 10000

0

-800

-1600

-2400

0 50 100 150

0

-50

-100

-150

-200
 P2G3
 M-P2G3
 EG

Z real (Ohms)

Z
 im

ag
in

ar
y 

(O
h

m
s)

 

P0G1 P1G2 P2G3 P3G4 P4G5M-P2G3 
0

50

100

150

200

250

300

350

A
re

al
 C

el
ec

tr
o

d
e 

(m
F

 c
m

− 2
)

P0G1 P1G2 P2G3 P3G4 P4G5M-P2G3 
0

100

200

300

400

500

600

700

V
o

lu
m

et
ri

c 
C

el
ec

tr
o

d
e (

F
 c

m
−3

)

EG P1G2 P2G3 P3G4 P4G5 M-P2G3
0

10

20

30

90

100

 
E

S
R

 (
O

h
m

s)

 Figure 2.    Electrochemical characterizations of PxGy fi lms for all-solid-state MSCs on SiO 2 /Si wafer. a) CV curves of three MSCs based on P2G3, 
M-P2G3, and EG fi lms obtained at 1 mV s −1 . b) Performance comparison of the areal capacitance and volumetric capacitance (inset) of three fi lms. 
c) Complex plane plot of three MSCs based on P2G3, M-P2G3, and EG fi lms (left) and the magnifi ed plot of the high-frequency region (right). d) Areal 
capacitance and e) volumetric capacitance of the layered PxGy hybrid fi lms and M-P2G3 fi lm obtained at 1 mV s −1 . f) A comparison of ESR values for 
the PxGy hybrid fi lms and M-P2G3 fi lm for all-solid-state MSCs obtained by EIS measurements.
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 The future development of portable and wearable electronics 
(e.g., roll-up displays and e-paper) often requires light-weight 
and fl exible energy storage devices on chips. [ 23 ]  We further 
adapted our fabrication strategy to construct fl exible MSCs on 
a PET substrate in H 2 SO 4 /PVA gel electrolyte (P2G3-MSCs-C) 
and 1  M  H 2 SO 4  aqueous electrolyte (P2G3-MSCs-D) ( Figure    3   
and Figure S20, Supporting Information). For instance, a 
4.5 µm thick P2G3 fi lm (using 16 nm thick PANI-G) was readily 
transferred to a PET substrate with high fl exibility (Figure S8, 
Supporting Information). The corresponding devices could be 
bent or twisted without infl uencing their structural integrity 
(Figure  3 a,b). Interestingly, the resultant P2G3-MSCs-C exhib-
ited a higher areal capacitance of 210 mF cm −2  and volumetric 
capacitance of 436 F cm −3  at 10 mV s −1 , as well as better rate 
capability than those of P2G3-MSCs-B on Si wafers (206 mF 
cm −2  and 428 F cm −3  at 10 mV s −1 ) (Figure  3 c,d and Table S1, 
Supporting Information). We attribute this result to the inti-
mate contact between the electrode and elastic PET substrate, 
which leads to an increased conductivity of 2450 S m −1 . Fur-
thermore, P2G3-MSCs-C showed exceptional electrochemical 
stability under various bending angles of 0, 30, 60, 90, 150, 
and 180° ( Figure    4  a). It can be disclosed that CV curves with 
different bending angles changed slightly (Figure  4 b), and 
98.2% of initial capacitance was kept for bending even at 
180° (Figure  4 c), demonstrative of the excellent mechanical 
fl exibility of the P2G3-MSCs-C device. Additionally, P2G3-
MSCs exhibited good cycling stability under fl at and constant 
bending state, maintaining ≈92.6% of the initial performance 
after 1000 cycles (Figure  4 d and Figure S21a, Supporting 

Information), and long-term stability with ≈86.6% of capaci-
tance retention after 5000 cycles (Figure S21b,c, Supporting 
Information). 

   To demonstrate the superior performance of these MSCs, we 
compared in-plane MSCs (P2G3-MSCs-D) with classical sand-
wich supercapacitors using the same P2G3 fi lms (area size of 
1 cm × 1 cm) on PET substrates and aqueous H 2 SO 4  electro-
lytes. Remarkably, P2G3-MSCs-D had a landmark areal capaci-
tance of 368 mF cm −2  and volumetric capacitance of 736 F cm −3  
at 10 mV s −1 , both of which are higher than those of the sand-
wich supercapacitors, 343 mF cm −2  and 686 F cm −3  at 10 mV s −1 , 
respectively (Figure S22, Supporting Information). Note that 
the obtained areal and volumetric capacitances for P2G3-
MSCs-D (368 mF cm −2  and 736 F cm −3  at 10 mV s −1 ) are the 
highest values among the state-of-the-art reported MSCs (the 
maximum areal capacitance of 40.2 mF cm −2  was achieved 
for NPC [ 15 ]  and the volumetric capacitance of 390 F cm −3  was 
achieved for AC [ 13 ]  (Figure S23, Supporting Information). To 
our knowledge, this is the best performance of MSCs with 
simultaneously ultrahigh areal and volumetric capacitances 
reported to date. Further, the resulting aqueous P2G3-MSCs-
D exhibited impressive rate capability, for instance, presenting 
areal capacitance of 229 mF cm −2  and volumetric capacitance 
of 460 F cm −3  at scan rate of 50 mV s −1 , and 166 mF cm −2  and 
331 F cm −3  at 100 mV s −1 . Even at ultrahigh operation scan 
rate of 5000 mV s −1 , P2G3-MSCs-D still presented a signifi -
cant capacitance of 11.0 mF cm −2  and 22.2 F cm −3  (Figure S22, 
Supporting Information). Moreover, the resulting aqueous 
P2G3-MSCs-D delivered an excellent volumetric capacitance of 
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 Figure 3.    Electrochemical performance of the alternating stacked hybrid fi lms for fl exible MSCs. a) Optical image of a transferred 4.5 µm thick P2G3 
fi lm (16 nm thick PANI-G) with a diameter of 3.6 cm on PET substrate. b) Optical image of a fl exible MSC (P2G3-MSCs-C) based on the transferred 
P2G3 fi lm on PET substrate, exhibiting highly fl exible character of the fabricated MSCs. c) CV curves and d) areal and volumetric capacitances of P2G3-
MSCs-C. e) CVs obtained at 10 mV s −1  and f) galvanostatic charge–discharge curves obtained at 3.3 A m −2  of six MSCs connected in series. A single 
device is shown for comparison. Both of them show the voltage increase from 1 V for single device to 4.5 V for six tandem MSCs in series. g) Opitical 
image of a light-emitting diode (LED) powered by using the four tandem MSCs (charged to 3.0 V). Inset: an LED can be illuminated for more than 
30 s by six tandem MSCs (charge to 4.5 V).
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142 F cm −3  (at 10 mV s −1 ) based on the whole device, at least 
20 times higher than that of the sandwich supercapacitors (only 
6.4 F cm −3  at 10 mV s −1 ) (Figure S22, Supporting Informa-
tion). Even at an ultrahigh scan rate of 5000 mV s −1 , a volu-
metric capacitance of 4.3 F cm −3  was retained for aqueous 
P2G3-MSCs-D. Overall, the superior electrocapacitive behavior 
of P2G3-MSCs-D can be substantially attributed to the full 
optimization of the suitable fi lm thickness (e.g., P2G3), thin 
PANI-G nanosheet (16 nm), elastically fl exible PET substrate, 
and high ionic conductivity of the aqueous electrolyte (see 
detailed comparison in Table S1 and discussion in Supporting 
Information). [ 32 ]  

 To date, there have been a few demonstrations of MSCs as 
micropower sources for potential applications due to their low 
energies in a single MSC or MSC pack, even via serial and/
or parallel connections. Our patterned nanohybrid fi lm MSCs 
could be directly integrated in series and/or parallel connec-
tions to increase output voltage or total capacitance (Figure  3 e–g 
and Figure S24, Supporting Information). Figure  3 e,f shows 
six integrated all-solid-state MSCs in series, presenting a suf-
fi ciently high applied voltage of ≈4.5 V, which can essentially 
power an LED light for tens of seconds (Figure  3 g). Further, 
tandem MSCs connected in a 3 series × 2 parallel fashion 
exhibited simultaneous improvement of both voltage and 
current outputs (Figure S24, Supporting Information). This 
result highlights the great potential of our MSCs, which can 
be directly coupled into a circuit to operate numerous micro-
devices requiring variable operation voltages. 

 Energy density is a critical parameter used to compare 
different types of energy storage systems. In general, a high 
volumetric energy density in MSCs is an important feature 
for portable microelectronics. [ 2,18 ]   Figure    5   presents Ragone 
plot related to energy and power densities of our MSCs in dif-
ferent electrolytes compared with reported MSCs and LTF bat-
teries. Note that most reported carbon-based MSCs show low 
energy densities of <5 mWh cm −3 , e.g., about 2.0 mWh cm −3  for 
LSG, [ 7 ]  2.5 mWh cm −3  for MPG, [ 8 ]  3.2 mWh cm −3  for CDC, [ 22 ]  
4.8 mWh cm −3  for PDPC, [ 33 ]  1.9 mWh cm −3  for NPG, [ 15 ]  IPC 
(2.3 mWh cm −3 ), [ 34 ]  1.6 mWh cm −3  for OLC, [ 5 ]  and 4.0 mWh cm −3  
for LWG, [ 6 ]  which are apparently not comparable to the commer-
cial available LTF batteries (≈10 mWh cm −3 ) (Figure  5 b). Remark-
ably enough, our MSCs have a maximum energy density of 
11.7 mWh cm −3  for P2G3-MSCs-C in H 2 SO 4 /PVA gel electrolyte, 
21.1 mWh cm −3  for P2G3-MSCs-D in H 2 SO 4  aqueous electrolyte, 
and 46.0 mWh cm −3  for P2G3-MSCs-E in ionic liquid electrolyte 
(EMIMBF 4 , Figure  5  and Figure S25, Supporting Information) 
obtained at 10 mV s −1 , which are much higher than those of state-
of-the-art carbon-based MSCs, and LTF batteries [ 5 ]  (Figure  5 b). 
Furthermore, the P2G3-MSCs-D in aqueous electrolyte possess 
a signifi cant volumetric power density of 10 650 mW cm −3  (at 
5000 mV s −1 ) within an extremely short discharging time of 
0.2 s (Figure  5 a), suggestive of high-power capability of our MSCs. 

  The landmark performance of the alternating stacked gra-
phene-conducting polymer hybrid fi lms for MSCs is attrib-
uted to the unique alternating stacked structure, with a strong 
coupling effect from the 2D pseudocapacitive PANI-G and 
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 Figure 4.    The fl exibility and cycling stability of P2G3-MSCs-C on PET substrate. a) Photographs of P2G3-MSCs-C bended with different angles. 
b) CV curves of P2G3-MSCs-C bended with different angles at 10 mV s −1 . c) Evolution of the capacitance ratio as a function of bending angle. 
d) Cycling stability of P2G3-MSCs-C obtained at 50 mV s −1  for 1000 cycles under fl at and bending state. Inset shows the optical images of the device 
in fl at and bend states.
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capacitive EG nanosheets. First, the mesoporous graphene-cou-
pled PANI nanosheets with easily accessible ion-transporting 
channels account for the additional pseudocapacitance and thus 
the remarkable increase of total capacitance. Second, the fl exible 
EG layer provides an elastic spatial confi nement effect to accom-
modate the adjacent PANI layers, which can (i) promote the 
formation of continuous fi lms and buffer large volume changes 
of redox PAIN-G sheets during the charge–discharge processes, 
(ii) serve as a capacitive layer for charge storage, and (iii) provide 
an electron-conducting pathway for rapid electron transport in 
the fi lm. Third, the ultrathinness and mechanical fl exibility of 
EG and PANI-G nanosheets by alternate deposition and pres-
sure transfer form a highly compact and binder-free fi lm, [ 35 ]  
and the in-plane interdigital architecture in MSCs is helpful 
for utilizing the thinness of 2D nanosheets for charge 
storage. [ 8,9,14 ]  

 Apart from using PANI-G nanosheets, our proposed fab-
rication strategy can be readily extended to other alternating 
stacked 2D nanohybrid fi lms by incorporating pseudocapaci-
tive components for MSCs. For instance, PPY-G nanosheets 
(Figure  1 e) for constructing such hybrid fi lms for MSCs are 
demonstrated in Figures S26 and S27 (Supporting Informa-
tion). The resultant all-solid-state MSCs, with a fi lm thick-
ness of 5 µm, exhibited an areal capacitance of 196 mF cm −2 , 
volumetric capacitance of 377 F cm −3 , and energy density of 
10.1 mWh cm −3  at 10 mV s −1  (Figure S28, Supporting 
Information). Therefore, these achieved compact MSCs have 
great promise as micropower sources for direct integration into 
various electronic circuits for future portable, wearable, and 
implantable microelectronics.  
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