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Micro-supercapacitors (MSCs) hold great promise as highly
competitive miniaturized power sources satisfying the increased demand of
smart integrated electronics. However, single-step scalable fabrication of MSCs
with both high energy and power densities is still challenging. Here we
demonstrate the scalable fabrication of graphene-based monolithic MSCs with
diverse planar geometries and capable of superior integration by photochemical
reduction of graphene oxide/TiO, nanoparticle hybrid films. The resulting
MSCs exhibit high volumetric capacitance of 233.0 F cm™>, exceptional
flexibility, and remarkable capacity of modular serial and parallel integration in

aqueous gel electrolyte. Furthermore, by precisely engineering the interface of

electrode with electrolyte, these monolithic MSCs can operate well in a hydrophobic electrolyte of ionic liquid (3.0 V) at a
high scan rate of 200 V s™', two orders of magnitude higher than those of conventional supercapacitors. More notably, the
MSCs show landmark volumetric power density of 312 W cm > and energy density of 7.7 mWh cm 3, both of which are
among the highest values attained for carbon-based MSCs. Therefore, such monolithic MSC devices based on
photochemically reduced, compact graphene films possess enormous potential for numerous miniaturized, flexible

electronic applications.
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he rapid development of miniaturized electronic
devices has essentially stimulated the urgent demand
of microscale power sources that can be directly
integrated with them.'”’
(MSCs) with impressive power density, large storage capacity,
and superior cycling lifetime are arising as a class of next-
So far, the
research of the state-of-the-art MSCs has greatly advanced

Recently, micro-supercapacitors

. . . 811
generation on-chip energy storage devices.

through the elaborated screening of nanostructured materi-

9,12—1 0
als,” ’

> selection of matching electrolytes,'”' development

of thin-film technologies,17_20 and precise design of device

geometries.” ! Nevertheless, the overall improvement of both
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scalability and performance for MSCs are still far from
satisfactory.”

Recently, graphene has attracted intensive attentions for
engineering planar MSCs.”*™’ This is because graphene-based
planar MSCs can sufficiently utilize the intriguing features of
graphene, like two-dimensional thinness and high surface area
(2630 m* g™') for maximizing energy storage.””*°~*> More-
over, electrolyte ions can rapidly transport between planar
electrode fingers to offer high power capability.” Nevertheless,
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Figure 1. Fabrication of PRG-MSCs with various tailored planar geometries. (a) Schematic showing the one-step fabrication process for PRG-
MSCs with different geometries of parallel interdigital, concentric circular, two parallel strips, and folding line fingers (from the left to right).
(b) Photoreduction mechanism of TiO, nanoparticle-assisted reduction of a GO film under ultraviolet irradiation. (c) Low-magnification
SEM image of a PRG film, showing a clear boundary between GO/TiO, and PRG film without and with photoreduction. Inset: photograph of
patterned PRG film. (d) C 1s XPS of PRG and GO/TiO, film. (e) XRD patterns of PRG and GO/TiO, film on quartz glass. (f—k) Various
PRG-MSCs with different sizes and diversified shapes of (f) parallel interdigital fingers, (g) concentric circular, (h) two parallel strips, (i)
folding line, (j) circular interdigital, and (k) small-size planar interdigital fingers, scale bar of (f) is 250 mm, scale bar of (g—k) is 500 um. (1) 9
parallel interdigital PRG-MSCs produced on one single PET substrate, suggestive of the scalability, scale bar is 250 mm. (m—o) Serial
integration of three-type PRG-MSCs with the geometries of (m) concentric circular (six MSCs), (n) two parallel strips (four MSCs), and (o)
folding lines (eight MSCs), respectively, connected on one single PET substrate, scale bar is 1 mm.

efficient reduction and precise patterning of graphene oxide
(GO) are still of considerable importance for scalable
fabrication of high-performance MSCs. In general, graphene-
based MSCs are created by conventional lithographic micro-
fabrication,"”** inkjet printingﬁs"”6 screen printing,37 laser-
irradiation assisted method.*'”*™* The lithographic micro-
fabrication, combining UV photolithography and a wet or dry
etching process, is a well-established microfabrication technique
and highly favorable for manufacturing high-resolution micro-
metre-sized patterns.'”** However, this technique usually
involves multiple separated steps of such as spin-coatin§ of
photoresist, soft baking, masked irradiation, development,4 0,
plasma etching,42 and chemical or thermal reduction of GO
films,”** resulting in the complicated processes and low
efficiency of device assembly in a large scale. Further, high cost
of lithographic equipment is another major limitation for
fabricating low-cost MSCs. " Inkjet printing and screen printing
are the simple, cost-effective printing methods for eflicient

patterning on various substrates,”> but a stable ink of GO or
reduced GO (rGO) exhibiting good compatibility with the
printed substrate is a stringent requirement.”’ Similar to
lithographic technique, an additional reduction process of GO
to rGO with chemical or thermal treatment is very necessary
before or after printing.43 Further, MSCs show relatively low
power density and poor frequency response due to the usage of
surfactant or polymeric binder in the ink."” Laser-irradiation
assisted method, e.g., laser writing,lé laser-scribing,21 is efficient
and scalable for simultaneous reduction and flexible patterning
of GO films, which is a huge advance on single-step, simplified
production of MSCs. But, regardless of high cost, a major
disadvantage is that the MSCs displayed limited volumetric
capacitance of ~3.1 F cm™ because of low packing density of
the reduced graphene films."®*" Unlike the above routes,
photochemical reduction of GO with various catalysts (eg,
TiO,* Zn0O," WO,,** H,PWO,,"") under UV irradiation
represents the distinguished advantages of high efficiency, low
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cost, tunable reduction degree, flexible patterning, and superior
integration of graphene-based microdevices."*** Despite
enormous efforts made, single-step scalable production of
graphene-based MSCs with photocatalytic strategy has not yet
been reported.

Here we demonstrated the scalable fabrication of flexible and
high-performance graphene-based monolithic MSCs by photo-
chemical reduction and patterning of GO/TiO, hybrid films.
Notably, the MSCs obtained displayed high volumetric
capacitance of 233.0 F cm™, outstanding flexibility, and
remarkable capacity of modular serial and parallel integration.
More importantly, by precisely engineering the interface of
electrode with electrolyte, we developed high-rate graphene-
based MSCs using a hydrophobic electrolyte of ionic liquid,
working well at a high scan rate of 200 V s™!, two orders of
magnitude higher than those of conventional supercapacitors.
The MSCs showed high volumetric power density of 312 W
cm™ and energy density of 7.7 mWh cm™, both of which are
among the highest values achieved for carbon-based MSCs.

RESULTS AND DISCUSSION

Figure la and Figure S1 in Supporting Information illustrate
the fabrication process of planar MSCs based on photoreduced
graphene oxide (PRG) hybrid films, denoted as PRG-MSCs
(see Methods). First, a thin film of GO/TiO, nanoparticles was
obtained by vacuum filtration of a stable dispersion containing
GO sheets (0.05 mg mL™") and TiO, nanoparticles in diameter
of 5—10 nm (0.025 mg mL™"), followed by transferring onto a
flexible polyethylene terephthalate (PET) substrate. The
thickness of the PRG films can be adjusted by the volume of
the used dispersion. Second, a 500 W high-pressure Hg lamp
was used for synchronous photoreduction and patterning of
GO films with the help of a photomask by UV irradiation for 4
h. In this process, the photogenerated electrons transfer from
the TiO, nanoparticles to GO sheets, resulting in efficient
reduction of the GO film and restore of the sp*-C network
(Figure 1b). Third, a thin layer of gold was deposited on the
top surface of PRG patterns as current collectors, and a suitable
external electrolyte, e.g, H,SO,/poly(vinyl alcohol) (H,SO,/
PVA), ionic liquid, was slowly dropped on the project area of
the microdevice. Finally, planar PRG-MSCs were obtained.
After UV irradiation, a dramatic change in color from light
brown for a pristine GO film to black for a patterned PRG film
was observed (Inset of Figure lc), suggesting efficient
reduction of the GO film. This result was further confirmed
by the morphological and structural analysis. Scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
revealed the uniform and flat morphology of PRG film with a
porous structure, in which TiO, nanoparticles as nanospacers
significantly prevent the restacking of graphene sheets (Figure
1c and Figure S2). X-ray photoelectron spectroscopy (XPS), X-
ray diffraction (XRD) patterns, and Raman spectra disclosed a
substantial decrease of O/C ratio from 0.48 to 0.23 (Figure 1d,
Figure 3 and Table S1),*” a substantial weakened peak as well
as a reduced d-spacing distance from 8.2 to 6.6 A (Figure le,
Figure S4), and a slight increase of I,/I; ratio from 0.98 to 1.02
(Figure SS and Table S1), respectively. And PRG film with a
thickness of 63 nm displayed an electrical conductivity of 0.7 S
m~" (Figure S6). Notably, unlike conventional microfabrication
techniques, this photoreduction methodology does not require
precise equipment, expensive materials, postprocessing or clean
room operations.” More importantly, it enables the flexible
patterning of GO films for shape-tailored planar MSCs in

different desirable device geometries and sizes, e.g, interdigital
fingers, concentric circular, parallel strips, folding line fingers,
circular interdigital (Figure 1f—k). Special empbhasis is given to
a PRG-GO-PRG patterned structure for the construction of
monolithic MSCs, in which the GO film can act as a good ionic
conductor and electrolyte separator,”® and the PRG patterns
can be directly used as binder-free electrodes. Moreover, this
technique is completely flexible and readily scalable. For
instance, a large number of PRG-MSCs with different
geometries and shapes can be efficiently produced, and serially
interconnected for modular integration on a single flexible PET
substrate without need of additional metal-based interconnects
and contacts, as described in Figure 1l—o. Therefore, this
inexpensive, single-step photoreduction strategy holds great
potential for scalable production of cost-efficient, flexible and
miniaturized graphene-based MSCs.

To demonstrate the superior performance, we first
constructed PRG-MSCs based on eight interdigital PRG fingers
(film thickness of 63 nm) using a polymer gel of H,SO,/PVA
electrolyte. The electrochemical performance of PRG-MSCs
was then examined at scan rates from 2 mV s™' to 50 V s
through cyclic voltammetry (CV) and galvanostatic charge—
discharge (GCD) profiles (Figure 2). Notably, PRG-MSCs
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Figure 2. Electrochemical characterization of PRG-MSCs (finger
and interspace widths of 1 mm, length of 14 mm). (a,b) CV curves
of PRG-MSCs obtained at different scan rates of (a) 0.05—2 V s™!
and (b) 5—50 V s™. (c) Change of the volumetric capacitance (Cy)
and areal capacitance (C,) of PRG-MSCs versus scan rate. (d)
Cycling stability of PRG-MSCs. Inset: GCD profiles performed at a

current density of 0.02 mA cm™2.

exhibited typical double-layer capacitive behavior with a nearly
rectangular CV shape, even at a high scan rate of 15 V s
(Figure 2a)b), indicative of exceptional performance. Further-
more, it was calculated that areal capacitance and volumetric
capacitance of PRG-MSCs recorded at 2 mV s~ were 1.5 mF
cm™* and 233.0 F cm™ (Figure 2c), respectively. Both of them
were much higher than those of the most reported carbon-
based MSCs, such as 0.32 mF cm™ and 71.6 F cm™ for
methane plasma rGO,® 5.6 mF cm™ and 180 F cm™ for
carbide-derived carbon,'® 0.28 mF cm™ and 0.76 F cm™ for
vertically aligned carbon nanotubes,”’ 2 mF cm™? and 29.4 F
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Figure 3. Flexibility of all-solid-state PRG-MSCs. (a) Photographs of PRG-MSCs tested under different bending angles. (b) CV curves of
PRG-MSCs obtained at different bending angles, at 200 mV s~". (c) Capacitance ratio as a function of bending angle. Inset: optical images of
the device in flat and bending states. (d) Cycling stability of PRG-MSCs under constant bending state. Inset: GCD curves obtained at a
current density of 0.1 mA cm™2
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Figure 4. Electrochemical characterization of PRG-MSCs in EMImNTF, electrolyte. (a) The scheme of PRG-MSCs (top right), molecular
structure of EMImNTF, (top left), and contact angle of EMImNTF, on the surface of a PRG film (bottom). (b,c) CV curves of PRG-MSCs
measured at different scan rates of (b) 0.1-10 V s' and (c) 20200 V s™". (d) The discharge current versus scan rate. (e) GCD profiles
obtained at different current densities of 0.01—0.5 mA cm 2. (f) Complex plane plot of PRG-MSCs. Inset: a magnified curve in high-frequency
region. (g) Phase angle versus frequency of PRG-MSCs. (h) Areal capacitance and volumetric capacitance of PRG-MSCs . (i) Volumetric
capacitance of PRG-MSCs versus scan rate measured in three electrolytes of ionic liquid.

em™ for laser written GO film,'® 9.9 mF cm ™2 and 7.6 F cm™ showed outstanding rate capability and cyclability. For instance,
for onion-like carbon,'” 40 mF cm™ and 29.4 F cm™ for rGO/ high capacitances of 1.1 mF cm™ and 167.0 F cm™ were
carbon nanotube,”” 14.7 mF cm™ and 19 F cm™ for laser- maintained for PRG-MSCs even operated at a high scan rate of
scribed graphene,”' (Table S2). Moreover, our PRG-MSCs also 1V s~! (Figure 2c). Meanwhile, our device retained ~100% of
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initial capacitance after 10000 cycles (Figure 2d), and kept
almost unchanged after a month, demonstrating the capability
of stored charges for a significant period (Figure S7).

We also constructed classical sandwich supercapacitors
(PRG-SSCs) based on two PRG film electrodes sandwiching
H,SO,/PVA gel electrolyte (Figure S8), and compared the
performance with PRG-MSCs. Obviously, PRG-MSCs ex-
hibited larger capacitances and better capacitance retention
than those of PRG-SSCs (Figure S9), demonstrative of the
superiority of the planar geometry over the stacked one.”* >’ In
addition, our photochemical strategy is highly flexible for
manufacturing high-resolution planar PRG-MSCs with tailored
device size and geometries, e.g, concentric circular (Figure 1,
Figure SlO).SS"54

Furthermore, it should be emphasized that optimum
irradiation time for modulating the reduction degree (Figure
S11) and thickness of PRG film (Figure S12), are key factors
for maximizing the performance.”> The areal capacitance from
0.1 to 2.7 mF cm™ and volumetric capacitance from 5.3 to
174.5 F cm™ were obtained at 100 mV s~ with increasing
irradiation time from 0 to 4 h. Afterward, the areal and
volumetric capacitances remained almost invariable, which were
well explained by electrochemical impedance spectra (Figure
S11b). It is also revealed that the areal capacitance can be
improved, eg, from 4.8 to 7.6 mF cm™? for PRG-MSCs
obtained at 20 mV s™', by increasing the thickness of film
electrode from 2 to 4.5 ym (Figure S12). Additionally, it is
mentioned that the TiO, nanoparticles in PRG film can serve as
not only (i) efficient photocatalysts to promote the reduction of
GO,""®%® and (ii) a highly pseudocapacitve material’’
providing additional capacitance contribution, but also (i)
nanospacers distributing between graphene layers that can
significantly prevent the restacking of adjacent graphene
nanosheets (Figure S2c,d),*® resulting in the performance
enhancement of PRG-MSCs (Figure S13).

Flexible, thin, lightweight energy storage devices on chip are
becoming more and more important for portable and wearable
electronics such as roll-up displays, e-paper, smart sensors, and
transparent radio frequency identifications.””°' To demonstrate
the mechanical robustness of our microdevices, we examined
CV measurement of PRG-MSCs under different bending angles
from 0 to 180° (Figure 3a). Remarkably, all the CV curves
presented almost the same box-like shape, and ~93.7% of the
initial capacitance in the flat state remained even at a highly
bending state of 180° (Figure 3b,c), suggestive of outstanding
structural integrity and mechanical flexibility of our micro-
devices. Moreover, PRG-MSCs showed excellent electro-
chemical stability, maintaining nearly 100% of capacitance
retention after 4000 cycles under a constant bending state of
~180° (Figure 3d).

Electrolyte is widely considered as a critical influencing factor
for both capacitance (C,) and working voltage (V), determining
energy density (E) of a supercapacitor in term of the equation,
Epae = 1/2 CV2"% In view of this, we further investigated the
effect of three high-voltage ionic liquids of 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMImNTEF,), 1-butyl-3-methylimidazolium hydrogen sulfate
(BMImHSO,), and 1-ethyl-3-methylimidazolium tetrafluoro-
borate (EMImBF,) on the capacitance of PRG-MSCs (Figure
4, and Figure S14—S17).

Through screening, we found that PRG-MSCs using a
hydrophobic ionic liquid of EMImNTTF, as electrolyte exhibited
outstanding electrochemical performance with a wide electro-

chemical window of 3.0 V, as confirmed by CV curves obtained
at 0.1-200 V s™* (Figure 4b and 4c) and GCD profiles attained
at 0.01—0.5 mA cm™ > (Figure 4e). It was noted that the CV
curves of the resultant PRG-MSCs presented a nearly
symmetrical rectangular shape even at a high scan rate of 50
V 57!, indicative of pronounced capacitive behavior. Accord-
ingly, an approximate linear dependence of discharge current
versus scan rate was observed (Figure 4d). Remarkably, our
microdevices can be rapidly charged and discharged up to 200
V s7' while keeping significant capacitance (Figure 4b,c),
demonstrative of ultrahigh instantaneous power. This scan rate
(200 V' s7') is at least 20 times higher than those of PRG-MSCs
measured in BMImHSO, (10 V s™'), and EMImBE, (1 V s™*)
(Figure S14, S15). To the best of our knowledge, this value is at
least two orders of magnitude higher than those of conven-
tional ionic-liquid based supercapacitors,* and is well
comparable to aqueous-based MSCs reported to date. Electro-
chemical impedance spectroscopy (EIS) confirmed the fast ion
transport within the interdigital electrodes of PRG-MSCs,
exhibiting a straight line closed the Z” axis at low frequency,
and a small equivalent series resistance (ESR) of 36.8 Q in
high-frequency region (Figure 4f). The dependence of the
phase angle on the frequency for PRG-MSCs is presented in
Figure 4g. The characteristic frequency f, at a phase angle of
—45° is ~61 Hz for PRG-MSCs. Therefore, the corresponding
time constant 7, (7, = 1/f,) was calculated to be only 16.4 ms,
which is much lower than those of the supercapacitors using
active carbon (700 ms),® vertically aligned graphene (250—290
ms),"*” liquid-mediated graphene (200—73 ms),”” and well
comparable to the reported high-power supercapacitors based
on vertically aligned carbon nanotubes (21 ms),”® and planar
MSCs based on onion-like carbon (26 ms)®® and laser-scribed
graphene (19 ms)® (Table S2). Furthermore, PRG-MSCs in
EMImNTE, provided exceptional areal capacitance of 0.53 mF
cm ™2 and volumetric capacitance of 84.7 F cm™> at 50 mV 57},
respectively (Figure 4h). Although these values are lower than
those of PRG-MSCs in aqueous electrolyte, they are still much
higher than those working in BMImHSO, and EMImBF,
(Figure 4i). More importantly, PRG-MSCs in EMImNTF,
exhibited superior rate capability. For instance, a high
volumetric capacitance of 66.3 F cm™ was obtained at 1 V
s7}, and 14.2 F cm™ was maintained even at a rate of 200 V s
for PRG-MSCs in EMImNTF,. In a marked contrast, PRG-
MSCs at 1 Vs™" offered a low capacitance of only 6.3 F cm™ in
EMImBF,, and 20.9 F cm™ in BMImHSO,. This is mainly
attributed to the porous structure of the layered PRG film
(Figure S2), which cooperatively merges the merits of strongly
coupled hydrophobic TiO, nanoparticles and graphene with a
fully accessible surface area, compatible with hydrophobic
EMImNTE, electrolyte, as confirmed by the contact angle
measurement (only ~5.3°) (Figure 4a, Figure S16 and S17).
The nanochannels between the adjacent graphene sheets
supported by the TiO, pseudocapacitve nanospacers offer
feasibility for fast diffusion of ionic liquid in the parallel
direction, then maximizing the accessible surface area for charge
storage. In light of the above facts, we believe that PRG-MSCs
in EMImNTF, are very promising for high-energy and high-
power microscale supercapacitors.

More importantly, our PRG-MSCs could be directly
interconnected in series and parallel configurations without
additional metal-based interconnects and contacts, correspond-
ingly, to increase desirable output voltage and capacitance
(Figure S). The integrated PRG-MSCs exhibited a very good
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Figure 5. Integration of PRG-MSCs. (a) CV curves of five PRG-MSCs connected in series at 100 mV s, (b,c) GCD profiles of (b) five PRG-
MSCs connected in parallel and (c) in a combination of 2 series and 2 parallel, at a current density of 0.1 mA cm ™2 in H,SO,/PVA electrolyte.
(d) CV curves at 10 V s~ and (e) GCD profiles at 0.1 mA cm™ of two serial PRG-MSCs, and (f) CV curves at 10 V s™" of two PRG-MSCs

connected in parallel in EMImNTF, electrolyte.

control over the operating voltage and capacitance in both
H,SO,/PVA gel electrolyte (Figure Sa—c) and EMImNTF,
electrolyte (Figure Sd—f). For instance, five serial all-solid-state
PRG-MSCs (Figure Sa) and two serial ionic-liquid based PRG-
MSCs (Figure Sd,e), in comparison with the single device (0.8
V in H,SO,/PVA and 3.0 V in EMImNTF,), demonstrated a
sufficient voltage extension of ~4.0 V and ~6.0 V, respectively.
Further, tandem MSCs connected in 2 series and 2 parallel
fashion displayed simultaneous improvement of both voltage
and current outputs (Figure Sc). Therefore, these miniaturized
MSCs hold great promise as an efficient microscale power
source to satisfy certain applications that require high operating
currents and voltages in a short time frame.*””

Large volumetric energy and power densities of microscale
energy storage devices are highly required for wearable and
flexible electronics.”””" Ragone plot related to volumetric
energy and power densities of our PRG-MSCs in different
electrolytes was compared with commercially available energy
storage devices, as shown in Figure 6. Our PRG-MSCs offered a
maximum volumetric energy density of 7.7 mWh cm™ in
EMImNTEF,, which is five times higher than those measured in
aqueous electrolyte, eg, 1.5 mWh cm™ in H,SO,/PVA
electrolyte, and higher than those of most reported carbon-
based MSCs, such as 2.1 mWh cm™ for laser-scribed
graphene”’ 2.5 mWh cm™ for methane plasma rGO,® 3.2
mWh cm™ for carbide-derived carbon,’® 0.3 mWh cm™ for
vertically aligned carbon nanotubes,”" 2.3 mWh cm™ for inkjet-
printed carbon,”” and 1.6 mWh cm™ for onion-like carbon,"”
and comparable to lithium thin-film batteries (£10 mWh
em2).%” More importantly, PRG-MSCs delivered a high power
density of 312 W cm ™ within an extremely short discharging
time of only 15 ms, which is well comparable to electrolytic
cap;citor (Figure 6) and most reported high-power MSCs so
far.

CONCLUSIONS

In summary, we developed a photoreduction strategy for the
simplified, scalable fabrication of flexible and high-performance
graphene-based monolithic MSCs with diversified planar
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Figure 6. Ragone plot of PRG-MSCs in different electrolytes
compared with PRG-SSCs and commercially available energy-
storage systems. Our PRG-MSCs exhibit superior power delivery of
electrolytic capacitors and high energy density of lithium thin-film
(LTF) batteries.

geometries and tailored size by direct photoreduction and
patterning of GO hybrid film. This photoreduction technique is
readily scalable and completely compatible with the device
manufacturing, and also capable of flexible patterning and
integration, which can sufficiently create a large number of
shape-tailored planar MSCs in various desirable geometries and
size, with micrometre to even submicrometre resolution. The
microdevices showed multiple features of excellent flexibility,
scalability integration, and superior electrochemical perform-
ance, eg, high volumetric power density of 312 W cm™3,
outstanding energy density of 7.7 mWh cm™, and fast charge
and discharge rate of up to 200 V s™' in EMImNTE,. It is
worthy to note that the performance of these MSCs could be
further improved by developing high-capacitance electrochemi-
cally active materials, selecting high-voltage ionic liquid
electrolytes, applying efficient film manufacturing processes,
and engineering high-resolution device configuration. We
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believe that this photoreduction strategy is very promising for
the direct mass production of multifunctional shape-tailored
MSCs to meet the stringent requirements of forthcoming
flexible and wearable electronic devices.

METHODS

Fabrication of PRG-MSCs. The GO was prepared by modified
Hummer’s method, as reported in our previous work.”>~”* First, $ mg
GO was added into the 100 mL dispersion of TiO, nanoparticles by
sonciation for 30 min, and then formed a stable mixed solution with a
GO concentration of 0.05 mg mL ™" and TiO, concentration of 0.025
mg mL™". Afterward, 10—100 mL dispersion was filtrated to form a
thin film on a cellulose membrane (pore size 0.22 ym). Subsequently,
the resulting film was directly dry-transferred on PET substrate with
the assistance of a power compressing machine (769YP-15A) under
the pressure of 14 MPa. Note that the thickness of GO/TiO, films is
readily adjustable via the change of the volume of the dispersion.
Then, a 500 W high-pressure Hg lamp was used for the efficient
photoreduction and patterning of GO/TiO, films with the help of a
customized photomask under UV irradiation for 4 h at ambient
conditions. During this process, the lamb was positioned in a cold trap
and kept a distance of ~10 cm from the films to keep the temperature
(YM-GHX-V, Shanghai Yuming Industrial Co., Ltd.), and the PRG-
MSCs with tailor-shaped planar geometries could be readily replicated
by using desirable photomasks with different planar geometries and
sizes (see Figure 1 in the manuscript). Next, a thin layer of 45 nm gold
was evaporated on PRG film with a rate of ~1 A s™' and a chamber
pressure of ~4.5 X 107* Torr. After the removal of the mask, a
polymer gel electrolyte of PVA/H,SO, (or other electrolytes, eg,
EMImNTF,) was carefully drop-casted onto the surface of PRG-MSCs
and solidified overnight. Finally, PRG-MSCs were achieved.

The PRG-SSCs were fabricated using H,SO,/PVA electrolyte
sandwiched between two same PRG films electrodes supported on 45
nm-thick Au coated PET substrates, as schematically illustrated in
Figure S8. The gel electrolyte was fabricated by adding 1 g PVA (M =
67000) in 10 mL H,SO, (0.5 M) and heating up to 85 °C for 1 h
under vigorous stirring.

Materials Characterization. Materials characterization was
conducted by SEM (JEOL JSM-7800F), AFM (Veeco nanoscope
multimode II-D), XRD patterns (X’pert Pro), Raman spectra
(LabRAM HR 800 Raman spectrometer), XPS (Thermo ESCALAB
250Xi), topography instrument (Dektak TX), and contact angle
measurements (KRUSS, DSA100). For the electrical conductivity
measurement, 45 nm gold-sputtered film with an empty gap of 1 mm
was thermally evaporated on a PET substrate. Then, GO/TiO, film
was transferred on this gap and allowed to dry at 80 °C for several
hours. After that, the resistance of the GO/TiO, film after UV
irradiation was measured, and electrical conductivity was calculated in
the term of I-V curves and film thickness.

Electrochemical Characterization. The electrochemical per-
formance of all devices was carried out by CV test from 2 mV s™" to
200 V s™', GCD profiles from 0.05 to 1 mA cm™ and electrochemical
impendence spectroscopy recorded in the frequency range of 0.01 Hz
~ 100 kHz with a S mV ac amplitude on a CHI 760E electrochemical
workstation. The assembly and electrochemical measurement experi-
ments of PRG-MSCs using ionic liquid electrolytes were performed in
a high-purity argon-filled glovebox.

Calculation. The capacitance values were calculated from the CV
data according to the following eq 1:

Vi
4 (V) dv

C [ E—
u(Vy = V) Iy (1)

electrode —

where Cecrode IS denoted as the capacitance contribution mainly from
graphene electrodes, v is the scan rate (V s7'), Vi and V; are the
integration potential limits of the voltammetric curve, and I (V) is the
voltammetric discharge current (A).

Specific capacitance was calculated in term of the area or volume of

the device according to the following formula:

<
A ()
<
v

©)

where C, (F cm™2) and Cy, (F cm™) refer to the areal capacitance and
volumetric capacitance, respectively. Aqjetrode A0d Vejeetroge are the total
area (cm?) and volume (cm®) of the electrodes, respectively. Ay, is
the entire projected surface area of the device, including the area of
microelectrodes and the interspaces between them. Vg.,. was
calculated by taking into account the whole volume of the device,
including the volume of PRG electrodes, the interspaces between the
electrodes, current collector, and electrolyte.

The energy density and power density of PRG-MSCs shown in
Ragone plot were calculated based on the volumetric capacitance of
the device (Cygevice) measured under the same dynamic condition
from the discharge curves of cyclic voltammetry. The energy density of
the device was obtained from the following eq 4:

1 AV?
E=—-X V,device X 5~
2 ' 3600 (4)
where E is the energy density (Wh cm™), Cydevice 15 the volumetric
capacitance obtained from eq 3 and AV is the discharge voltage range

).
The power density of the device was calculated from the eq S:
E
P = — x 3600
At ()

where P is the power density (W cm™), and At is the discharge time
(in seconds).
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