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ABSTRACT

The ever-growing demand for portable, bendable, twistable, and wearable microelectronics operating in a wide temperature range has stim-
ulated an immense interest in the development of solid-state flexible energy storage devices using scalable fabrication technology. Herein,
we developed additively manufactured graphene aerosol gel-based all-solid-state micro-supercapacitors (MSCs) via inkjet printing with
functioning temperature in the range from —15 to +70 °C and exhibiting a super-stable and reliable electrochemical performance using
interdigitated finger electrodes and PVA/H3POy solid-state electrolyte. The graphene aerosol gel was obtained using a scalable single step
synthesis method from a gas phase precursor using a detonation process, producing a nanoscale shell type structure. The fabricated graphene
aerosol gel-based solid-state MSC achieved a volumetric capacitance of 376.63 mF cm ™ (areal capacitance of 76.23 uF cm™?) at a con-
stant current of 0.25 yA and demonstrated exceptional cyclic stability (~99.6% of capacitance retention) over 10000 cycles. To exploit
the mechanical strength of the as-fabricated graphene aerosol gel-based solid-state MSC, its supercapacitive performance was scrutinized
under various bending and twisting angles and the results showed excellent mechanical flexibility. Furthermore, to study the electrochemical
performance of the as-fabricated graphene aerosol gel solid-state MSC in stringent surroundings, a broad temperature dependent supercapac-
itive analysis was performed as stated above. The electrochemical results of the as-fabricated graphene aerosol gel based all-solid-state MSC
exhibit a highly potential route to develop scalable and authentic future miniaturized energy storage devices for IoT based smart electronic
appliances.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186302
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. INTRODUCTION

Embedding power sources into electronics is an ever-growing
concern in microelectronics as the power source units do not
scale proportionately as the CMOS chips. Moreover, high perfor-
mance computing advances demand a new class of hybrid and
sustainable power sources that are yet to be developed. Superca-
pacitors are devices known for their high performance deliverance

and the need for a printed supercapacitor in all-solid-state form
on ubiquitous substrates, including on flexible and bendable plat-
forms; therefore, they have a great impact on a variety of elec-
tronics, including wearable electronics, wireless sensors, implantable
medical devices, micro-robots, and microelectromechanical systems
(MEMS)." Co-designing scale-down computing and power devices
could further be exploited in complex IoT devices, including live
monitoring of signal and feedback control in many of the modern
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technological developments in the 21st century. Therefore, there is
a great demand for lightweight flexible microbatteries and micro-
supercapacitors (MSCs) as micropower (p-power) units for power-
ing smart electronic devices.”” MSCs have been demonstrated as
favorable micropower sources with fast charge-discharge rates, a
high power density, and an ultralong cycle life.” Till now, most
improvements in the electrochemical performance of MSCs have
concentrated on proper selection of electrode materials with a high
surface area to enhance the specific energy (both volumetric and
areal) and a long cycle life combined with outstanding flexibil-
ity. Therefore, great effort has been made for the development of
electroactive materials for the fabrication of MSCs.”’

Amid all electroactive materials, graphene becomes a highly
encouraging contender for high-performance flexible MSCs due to
its large surface area, high theoretical capacitance, and exceptional
intrinsic electrical and mechanical properties.'’ > Numerous tech-
niques have been established to fabricate MSCs based on graphene
electrodes. In 2014, Wu et al. developed a photolithography tech-
nique to fabricate all-solid-state, planar interdigital graphene-based
MSCs."? Later, this photolithography technique was commonly used
for the fabrication of interdigitated patterns of MSCs. However, the
photolithography technique suffers from its high cost and indis-
pensable sacrificial templates for the fabrication of MSCs. Similarly,
laser scribing and reduction technologies are matured compared to
photolithography techniques for fabricating micro-sized graphene
electrodes with high-resolution patterns. However, the laser scrib-
ing technique can only work for limited electroactive materials.®
Printing supercapacitor devices possess a promising route for large
scale manufacturing of energy storage devices.""'® Screen printing
is widely used for scalable fabrication of MSCs; however, the pro-
cess needs a mesh screen as a mask limits the customizability of
the MSC design and the printing resolution. Therefore, to fabricate
all-solid-state MSCs using nanoscale materials (such as graphene)
in a scalable and sustainable manner at low cost and high resolu-
tion with a customizable design, inkjet printing technology has been
widely utilized.'”'® In recent years, a number of research studies
have been conducted in developing sustainable large-scale produc-
tion of graphene and their exploration in graphene-based inks for
inkjet printing for myriad applications, including supercapacitors.
However, further energy-efficient, affordable, and sustainable man-
ufacturing routes to produce graphene and engineered graphene-
based functional materials are necessary for affordable printable
technologies."” For example, Li and co-workers demonstrated the
scalable fabrication of graphene based MSCs on a silicon wafer and
Kapton films with a good electrochemical performance.”’ Synthe-
sizing a high-quality graphene-based ink with tunable rheology at
a large scale for the fabrication of MSCs with high-performance
metrics is still challenging.

Various promising additive manufacturing techniques with
high resolution capabilities, such as inkjet printing, gravure printing,
and aerosol jet printing, using graphene and graphene based mate-
rials as a matrix have shown promise due to the recent emphasis on
the development of large scale graphene synthesis through low-cost
liquid-phase processing.”’ However, high volume manufacturing
of graphene aerosol gel materials with a tunable conductivity and
surface interfacial properties and their use in manufacturing print-
able inks have not been emphasized. A gas phase detonation pro-
cess exploiting a hydrocarbon fuel with a minimal oxygen mixture

pubs.aip.org/aip/ape

constitutes a novel approach for manufacturing graphene aerosol gel
type materials. In our previous work, we have shown a graphene
aerosol gel ink and its use in printed MSCs using ionic liquid
electrolytes.”” However, in this work, a further optimal material
synthesis of a graphene aerosol gel has been made by varying hydro-
carbon to oxygen ratios with an improved electrical conductivity
and its use for all-solid-state MSCs fabrication is reported. Addition-
ally, the development of robust MSCs having extreme mechanical
flexibility with a wide temperature tolerant performance needs to
be addressed.”>”’ The unique nanoscale structure of the graphene
aerosol gel resembles a quasi-three-dimensional shell-like geometry
that could provide a tortuous path for reinforcing the electrolyte
in the printed structure and addressing any associated strain due
to bending and twisting. The graphene aerosol gel ink was stable
over months and easy to use in printing the interdigitated struc-
tured graphene aerosol gel electrodes with a high resolution for
fully solid-state MSC fabrication without using any current collec-
tors, a conductive additive, and separators. The fabricated graphene
aerosol gel based solid-state MSC exhibits a volumetric capacitance
of about 376.63 mF cm™ (areal capacitance of 76.23 uF cm™2) at an
applied current of 0.25 yA with an excellent cyclic stability of 99.6%
over 10000 cycles. Additionally, we have studied the mechanical
flexibility of the as fabricated graphene aerosol gel based solid-
state MSCs and found negligible capacitance changes (after long
cycles) at various bending states. Finally, we successfully demon-
strated the temperature-dependent supercapacitive performance of
graphene aerosol gel based solid-state MSCs through a wide range
of temperatures (—15 to +70 °C). The electrochemical performance
of industrially scalable graphene aerosol gel based solid-state MSCs
offers a new avenue for facile, all-solid-state, and flexible energy
storage devices for microelectronics applications.

Il. EXPERIMENTAL METHOD
A. Graphene synthesis

The aerosol gel graphene was synthesized using a detonation
based scalable one-step synthesis method described in previous
studies.”” In short, volumetric 70% acetylene and 30% oxygen were
controllably detonated at a high temperature in a 17 L aluminum
chamber. This high heat energy plays a critical role in the forma-
tion of the aerosol gel graphene yielding 7.5 g in each batch, which
can be scaled up to the kilogram scale in each batch with a bigger
detonation chamber.”’

B. Ink formulation

The as-made aerosol gel graphene was first infused with ethyl
cellulose, which acted as a binder to improve the solubility and
flowability of the graphene ink. Ethyl cellulose was first dissolved
in 50 ml of ethanol in 2 mg/ml concentration through ultrasonic
bath sonication. Then, 250 mg of graphene powder was added
to the solution and was subjected to a high sheer force using
an ultrasonic probe sonicator (Qsonica 500, 20 KHz) to form a
homogeneous dispersion. The dispersion was collected and filtered
through a 5 ym filter to get rid of any remaining large agglom-
eration. Then, the filtered dispersion was flocculated with NaCl
and filtered in a vacuum filtration system using a 47 mm diameter
0.45 ym cellulose filter (Sigma-Aldrich). The filtrate powder was
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dried overnight in a hotplate at 50 °C and can be stored for a long
time to make ink as required. Finally, the printable graphene ink
was formulated by uniformly suspending the graphene/EC powder
in a binary solvent system (cyclohexanone:terpineol = 85:15) with
the help of ultrasonic bath sonication for 2 h. The prepared ink
was tested stable over several months while stored at 9-11°C in a
refrigerator.

C. Electrode printing

To print the interdigitated supercapacitor, electrodes with high
precision Microplotter II from SonoPlot Inc. were used, which was
equipped with a piezoelectric 40 ym glass nozzle. The in-built draw-
ing software was used to create the graphics and to define the
dimensions of the interdigitated electrodes. The electrodes were
printed on a 25 ym polyimide film (Sigma-Aldrich), which was thor-
oughly cleaned in an acetone, methanol, and IPA solvent using an
ultrasonic cleaner. Once the printing was finished, the printed elec-
trodes were annealed at 350 °C on top of a hot plate for 2 h to get rid
of the organic no conductive binder.'?

D. Electrolyte preparation

The PVA-H3POy electrolyte was prepared by dissolving 1 g of
polyvinyl alcohol in 10 ml of deionized water at a high temperature
under continuous and rigorous stirring. When the solution color
became transparent and all the PVA was dissolved homogeneously
in water, the solution was cooled down to room temperature. At
room temperature, 0.8 g of concentrated H3PO4 (85 wt. % aqueous
solution, Sigma-Aldrich) was added to the solution and magneti-
cally stirred for 12 h to ensure the formation of a homogeneous
mixture. The prepared electrolyte was stored in a vacuum chamber
before printing the electrolyte, and it was always heated at 60 °C for
10 min to ensure a better contact at the interface so that no air can
be entrapped in between them.

E. Silver paste printing

A Voltera V-one PCB printer was used to print conductive
ink (silver paste) on the electrode contact point. The square pattern
was drawn in the KiCad open resource software, and after sam-
ple set up and alignment, the conductive ink was mounted on the
robotic arm of the printer, which can control the deposition of ink
by mechanical gear mechanism. After printing the silver ink con-
tact, the electrodes were heated at 200 °C for 10 min to get rid of
any residual organic materials in the ink and to solidify the contact
point.

F. Electrolyte printing

The electrolyte was also printed using the Voltera V-one
printer. The prepared electrolyte was always heated at 60°C for
10 min to ensure a better contact at the interface so that no air can
be entrapped in between. Then, the electrolyte was loaded into the
ink holder and mounted on the robotic arm. An 8 x 7 mm? rectan-
gular pattern was drawn and printed to ensure that the electrolyte
layer covers the whole device. After electrolyte printing, the device
was air-dried for 24 h to complete the fabrication of the solid-state
micro-supercapacitor.

pubs.aip.org/aip/ape

I1l. RESULTS AND DISCUSSION

Figure 1(a) shows the schematic diagram of the formulation of
graphene aerosol gel-based printable inks. An ultrasonication pro-
cess is involved for the homogeneously suspended graphene aerosol
gel-based ink as shown in the figure. The complete procedure involv-
ing the fabrication of an inkjet-printed graphene aerosol gel based
all-solid-state MSC in an interdigitated electrode (IDE) configu-
ration is shown in Fig. 1(b). The physical size realization of our
graphene aerosol gel based solid-state MSC is made by placing a
representative MSC on a human fingertip and tree leaf [Figs. 1(c)
and 1(d)].”* The uniformity and surface morphology of the printed
pattern were investigated using a low- and high-resolution scanning
electron microscope (SEM), as shown in Figs. 1(e)-1(g). The cap-
tured micrograph of the electrode fingers showed uniform printing
features without any coffee ring effect. The measured dimensions
were as per the design features made using the CAD software of
the inkjet printer (Sonoplot Microplotter). The high-resolution SEM
taken on the IDE fingers reveals an abundance of nanoscale shell-like
structures which can impart increasing porosity in the electrodes so
that the electrolyte can have a better interaction with the electrode
material, which positively influences the capacitance. The Raman
spectra of the as-prepared graphene aerosol gel ink and associated
materials are provided in Fig. S1 and discussed in detail (see the
supplementary material). Furthermore, high resolution transmis-
sion electron microscopy (TEM) was performed on the graphene
aerosol gel ink material to further analyze the crystal structure and
the number of graphene layers [shown in Figs. 1(h) and S2]. The
TEM micrographs reveal a multi-layered, crumpled, and shell-like
structure of the graphene aerosol gel, which is in agreement with
a previous report.!” Multiple walls seen and counted in a single
graphene shell structure in the TEM are in agreement with the broad
FWHM and lower intensity of the 2D peak in the Raman spec-
tra. The Raman spectra also provide the signature of an intense D
peak in this graphene aerosol gel ink material. The origin and sig-
nificance of these fundamental graphene characteristics, including
the defects, on the energy storage characteristics is yet to be fully
understood in our future work. To understand the average shell
heights/thicknesses, atomic force microscopy (AFM) was used, and
the result is shown in Fig. 1(i) in the range of 4.5-6.5 nm, indicating
non-spheroid graphene shell platelets. As these structures are not flat
sheets of graphene, it is challenging to directly interpret the exact
number of atomic layers from the AFM thickness measurements,
although correlating the Raman spectra and TEM analysis, it can be
proposed that there are 5-10 layers of graphene sheets forming the
walls of the shell-like graphene aerosol gel particles. To obtain the
elemental distributions of the as-prepared graphene aerosol gel ink
material, energy dispersive x-ray spectroscopy (EDS) analysis was
performed, and the result is shown in Fig. S3, indicating the presence
of carbon and oxygen.

To demonstrate the energy storage performance of the inkjet-
printed graphene aerosol gel IDE and PVA-H3POj gel as the solid-
state electrolyte based MSCs, a series of electrochemical tests were
carried out in a two-electrode configuration to estimate the super-
capacitive performance of in-plane, mechanically flexible, wide-
temperature tolerant, and all-solid-state MSCs. To understand the
dimension of our graphene aerosol gel based solid-state MSC, the
schematic diagram and the tabulated dimensional parameters are
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FIG. 1. (a) Schematic diagram of the graphene aerosol gel, binder/surfactant addition with the solvent and the graphene aerosol gel-based ink formulation. (b) Schematic
illustration of the detailed fabrication process of the graphene aerosol gel based all-solid-state MSC using inkjet printing technology. (c) Graphene aerosol gel based all-solid-
state MSC on fingertip. (d) Floating of the graphene aerosol gel based all-solid-state MSC on the tree leaves. (e)-(g) SEM micrographs of inkjet printed graphene aerosol
gel based interdigital microelectrodes with various magnifications. (h) TEM micrograph of the graphene aerosol gel ink. (i) Atomic force microscopy images of the graphene

aerosol gel ink.

provided in Figs. S4(a) and S4(b). Similarly, the SEM cross-sectional
micrograph of the inkjet-printed graphene aerosol gel on the poly-
imide film is provided in Fig. S4(c), which indicates that the average
thickness of graphene aerosol gel material on polyimide film is about
~2 pym. The real-time image of the as-fabricated graphene aerosol gel
based solid-state MSC is shown in Fig. S5(a).

Figures 2(a) and 2(b) display the cyclic voltammetry (CV) pro-
files of graphene aerosol gel based solid-state MSC recorded over
1.0 V with various applied sweep rates (from 5 to 500 mV s™').
The CV profile of the graphene aerosol gel based solid-state MSC
is rectangular in nature at a very low sweep rate (5 mV s™'), and
it holds the nature even with an increase in the sweep rate of
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FIG. 2. Electrochemical characterization of the graphene aerosol gel based all-solid-state MSC using PVA/H3PO, gel as the solid-state electrolyte. CV profile of graphene
aerosol gel based solid-state MSCs at various scan rates: (a) from 5 to 100 mV s=" and (b) 150-500 mV s=". (c) The plot of volumetric capacitance with respect to scan
rates. (d) CD profile of graphene aerosol gel based solid-state MSCs at various applied currents. (e) The plot of volumetric capacitance with respect to the applied currents.
(f) Long cyclic stability test of the graphene aerosol gel based solid-state MSC over 10 000 cycles.

100 mV s' (20-fold), signifying a better capacitive behavior
of graphene aerosol gel based solid-state MSCs.”> However, the
shape of CV profiles [in Fig. 2(b)] changes from rectangular
to quasi-rectangular nature with an increase in the sweep rates
(>150 mV s7'), which can be explained by the internal resistance
and limited mass transport of electrolyte ions at the higher sweep
rates.”® The effect of sweep rates on the volumetric capacitance of
graphene aerosol gel based solid-state MSCs is provided in Fig. 2(c),
indicating that a high volumetric capacitance of 351.05 mF cm™
was obtained at a low sweep rate of 5mV s™". The graphene aerosol
gel based solid-state MSC maintains about 42.20% of its initial vol-
umetric capacitance, even when the sweep rate is increased 100-fold
(500 mV s7'), suggesting a better rate performance of the
graphene aerosol gel based solid-state MSC.”” The galvanostatic
charge-discharge (CD) profile of the graphene aerosol gel based
solid-state MSC at various applied currents (from 3 to 0.25 pA)
is provided in Fig. 2(d), which indicates the symmetric triangular
shape of the CD profile, and based on the applied current, the behav-
ior of charge-discharge profiles become rapid at high current ranges
and vice versa. The five continuous CD profiles of the graphene
aerosol gel based solid-state MSC are recorded at a constant applied
current of 1 yA, as shown in Fig. S5(b), indicating a triangular
shape of CD with a good symmetry in the successive cycles.”® Inter-
estingly, the graphene aerosol gel based solid-state MSC obtains a

coulombic efficiency of about ~98% at various charge-discharge
cycles. The effect of the applied current ranges on the volumet-
ric capacitance of the graphene aerosol gel based solid-state MSC
is provided in Fig. 2(e). The MSC demonstrated the highest volu-
metric capacitance of 376.63 mF cm™ at the lowest applied current
of 0.25 uA. Similarly, the effect of the sweep rate on areal capac-
itance and the effect of the applied current on areal capacitance
of the graphene aerosol gel based solid-state MSC are shown in
Figs. S6(a) and S6(b). The fabricated MSC obtained a highest areal
capacitance of 71.05 yF cm™2 at a sweep rate of 5 mV s™* (from
CV profile) and 76.23 uF cm™ at an applied current of 0.25 yA
(from CD profile). The volumetric Ragone plot and the areal Ragone
plot for the graphene aerosol gel based solid-state MSC are pro-
vided in Fig. S7(a). The graphene aerosol gel based solid-state MSC
delivers a volumetric energy density value of 52.3 yWh cm™ at
the volumetric power density of 2.38 mW c¢m™ and it was able to
retain 34.8 yWh cm™ when the graphene aerosol gel based solid-
state MSC obtained a higher power density of 28.5 mW cm™. In
order to carry out the long-term cyclic stability of the as-prepared
graphene aerosol gel based solid-state MSC, a continuous CD test
was performed at a constant applied current of 1 yA over 10000
cycles as shown in Fig. 2(f). The graphene aerosol gel based solid-
state MSC exhibits excellent capacitance retention (~99.6%) over
10000 cycles. Figure S7(b) represents the CD profile of the graphene
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aerosol gel based solid-state MSC at the initial cycle and at
10000 cycles, portraying the initial cycle charge-discharge pro-
file and the final cycle charge-discharge as almost identical.
The achieved capacitance retention (99.6%) over 10000 cycles of
the graphene aerosol gel based solid-state MSC is higher com-
pared to the recently reported solid state MSC, such as, cel-
lular graphene (97.6%),”> porous carbon (94%),”” LSG/SWCNTs
(88.6%),”" graphene-carbon sphere (95%),”! reduced graphene
oxide (94.6%),”> laser-scribed graphene (87%),” and graphene
(99%).**

Micro-energy storage systems with a customized voltage and
current output by modular connections (series and/or parallel)
are highly required to meet the real-time applications, and the
printing/additive manufacturing method is a very attractive tech-
nique to realize the development of such modular energy stor-
age systems.” Graphene aerosol gel based solid-state MSCs are
assembled in series and/or parallel configurations [according to
Figs. 3(a) and 3(d)] in order to achieve a tunable operating volt-
age and current output. Figure 3(b) represents the CV profile of
graphene aerosol gel based solid-state MSCs in series connection
(three devices), revealing an approximately rectangular shape of the
graphene aerosol gel based solid-state MSC. The increase in working

pubs.aip.org/aip/ape

voltage from 1.0 to 3.0 V with the rectangular shape indicates the
characteristic of EDLC. Similarly, the CD profile of the graphene
aerosol gel based solid-state MSC (in series connection) was tested
at an applied current of 1 yA and is shown in Fig. 3(c). The
nature of CD profiles represents the proportional increase in the
device voltage from 1.0 to 3.0 V when series connected from a
single device to three devices, respectively. To confirm the elec-
trochemical performance of the series connected devices (three
devices), CV and CD tests were performed at various sweep rates
(25-250 mV s7!) and applied currents (3-0.2 yA), and the results
are provided in Figs. S8(a) and S8(b). Furthermore, the electro-
chemical performance of parallelly connected graphene aerosol gel
based solid-state MSCs was carried out using CV [Fig. 3(e)] and
CD [Fig. 3(f)] tests. The CV profile indicates a rectangular shape
with a proportionally increased area and/or current by combining
the number of parallel MSCs from 1 to 3. Correspondingly, the dis-
charge time of three parallel connected MSCs increases at the same
applied current compared to a single MSC. The detailed CV and CD
tests were performed for parallelly connected graphene aerosol gel
based solid-state three MSCs and are shown in Figs. S9(a) and S9(b).
This proof-of-concept demonstration of series and parallel graphene
aerosol gel based solid-state MSCs can thus be accordingly additively
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FIG. 3. (a) Digital image of the as-fabricated graphene aerosol gel based solid-state MSC connected in series. (b) CV profile of single and three graphene aerosol gel based
solid-state MSCs connected in series at a scan rate of 100 mV s=". (c) CD profile of single and three graphene aerosol gel based solid-state MSCs connected in series
at an applied current of 1 gA. (d) Digital image of the as-fabricated graphene aerosol gel based solid-state MSC connected in parallel. (e) CV profile of single and three
graphene aerosol gel based solid-state MSCs connected in parallel at a scan rate of 50 mV s=*. (f) CD profile of single and three graphene aerosol gel based solid-state

MSCs connected in parallel at an applied current of 1 yA.
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manufactured to achieve the desired working voltage in real-world
electronic appliances.”

To establish the robust mechanical flexibility of the graphene
aerosol gel based solid-state MSC, a series of electrochemical tests
were carried out under various bending and twisting states. The
comparative CV and CD profiles of graphene aerosol gel based solid-
state MSCs at a constant sweep rate of 100 mV s' and a constant
applied current of 1 yA under various bending states and are pro-
vided in Figs. 4(a) and 4(b), respectively. Remarkably, the CV and
CD curves of graphene aerosol gel based solid-state MSCs are identi-
cal at various bending states. Figures 4(c)-4(e) and S10(a) represent
the capacitance retention (over continuous 500 cycles) of graphene
aerosol gel based solid-state MSCs under various bending states
(radius of curvature ~7.5, 10, 15 and 4 mm). The graphene aerosol
gel based solid-state MSC results in capacitance retention of 100%,
97.24%, 83.33%, and 80.33% under bending radius of 7.5, 10, 4, and
15 mm, respectively. A representative digital image of the graphene
aerosol gel based solid-state MSC under bending condition (dur-
ing electrochemical measurement) is shown in Fig. S10(b). Based
on the various bending radii, corresponding bending angles for 500
charge-discharge cycles are shown in Fig. S11. The relatively less
capacitive retention in the case of 15 mm bending radius (corre-
sponding to 20° bending angle) could arise from a poor interfacial

ARTICLE pubs.aip.org/aip/ape

response between the graphene-polymer interface. Moreover, the
graphene aerosol gel based solid-state MSC was fully twisted, and
an electrochemical test was carried out over 500 cycles, as shown
in Fig. 4(f). The twisted graphene aerosol gel based solid-state MSC
exhibits capacitance retention of about 86.20% of the initial capac-
itance. These results indicate the excellent mechanical flexibility of
the graphene aerosol gel based solid-state MSC, which is effective for
powering next-generation wearable and portable devices.”” These
superior performances in bending and twisting are consistent with
the characteristics of the nanoscale quasi-three dimensional shell-
like structure of the constituent graphene aerosol gels discussed
earlier.

In order to demonstrate the functionalities of the printed all-
solid-state MSCs in harsher environments, such as cold and hot
weather conditions, the electrochemical performance of the fabri-
cated graphene aerosol gel based solid-state MSC was studied from
-15 to 70°C.”*" The digital image of the experimental setup for
temperature-dependent supercapacitive analysis is shown in Fig.
S12. Initially, the CV test was carried out at a constant sweep rate
of 100 mV s™! at various operating temperatures and is shown in
Fig. 5(a). The shape of the CV profile maintains a quasirectangular
shape at various operating temperatures, and the response (cur-
rent values from the CV profile) of the graphene aerosol gel based
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FIG. 4. Flexibility testing of the as-fabricated graphene aerosol gel based all-solid-state MSC. (a) CV profile of the graphene aerosol gel based solid-state MSC at various
bending states (at a constant scan rate of 100 mV s~'). (b) CD profile of graphene aerosol gel based solid-state MSCs at various bending states (at a constant applied
current of 1 pA). Capacitance retention of graphene aerosol gel based solid-state MSCs over 500 cycles (c) at a bending state of 7.5 mm radius, (d) at a bending state of
10 mm radius, (e) at a bending state of 15 mm radius, and (f) under a fully twisted condition.
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FIG. 5. Electrochemical investigation of graphene aerosol gel based all-solid-state MSCs at various levels of temperature in a solid-state electrolyte (PVA/H;PO4 gel). (a)
CV profile of graphene aerosol gel based solid-state MSCs at various applied temperatures (from —15 to 70 °C). (b) The plot of volumetric capacitance (from CV profile)
with respect to the applied temperature. (c) CD profile of graphene aerosol gel based solid-state MSCs at various applied temperatures (from —15 to 70 °C). (d) The plot
of volumetric capacitance (from CD profile) with respect to the applied temperature. (e) Schematic illustration of the real time application of graphene aerosol gel based

solid-state MSCs.

solid-state MSC displays linear enhancement in current when the
operating temperature is increased from —15 to 70 °C, indicating
an increase in the capacitance with an increase in operating tem-
perature. The effect of the operating temperature on the volumetric
capacitance of graphene aerosol gel based solid-state MSCs is shown
in Fig. 5(b). The graphene aerosol gel based solid-state MSC exhibits
a maximum capacitance of 343.37 mF cm™ at an applied temper-
ature of 70 °C and a minimum capacitance of 240.70 mF cm™ at
an applied temperature of —15 °C. To further clarify this behavior,
the CD test was performed at the same temperature (from —15 to
70°C) as CV. The CD test was carried out at a constant applied
current of 1 yA and is shown in Fig. 5(c), which demonstrates an
increase in charging and discharging time with an increase in the
operated temperature (similar observation as in CV). The varia-
tion of volumetric capacitance with respect to various operating
temperatures, as shown in Fig. 5(d), provides the maximum capac-
itance of up to 416.15 mF cm™ at 70 °C from 262.21 mF cm™ at
—15°C. The increase in capacitance by 158% at a higher temperature
(70°C) compared to the lower temperature (-15°C) is due to the
enhanced diffusivity and mobility of the electrolyte ions at a higher
temperature. An increase in the operating temperature facilitates a
reduction in the viscosity of the polymer electrolyte, resulting in a
reduction in the interfacial resistance between electrode—electrolyte
interfaces, higher ionic mobility, and forming intimate contacts

between electrolyte and pore walls in the graphene aerosol gel struc-
ture. Consequently, the rate of diffusion of electrolyte ions can be
accelerated with this low viscosity, which causes an increase in the
overall conductivity of the electrolyte, and finally, this phenomenon
results in the enhancement of electrochemical performances.”” "’ A
similar trend also follows in the areal capacitance calculation, as
shown in the Figs. S13(a) and S13(b). Fig. 5(¢) illustrates a poten-
tial practical application of the studied MSCs in different climatic
conditions (snowy place vs a hot desert). Since the technique used
to manufacture their energy storage systems is adopted by an addi-
tive manufacturing scheme, MSCs of various shapes and sizes could
be conceptualized and designed, as shown in in Figs. (S14)-(S16).
The detailed electrochemical characterization (CV at various sweep
rates and CD at various applied currents) are also shown in in Figs.
(S14)-(S16). Interestingly, all these versatile-shaped MSCs displayed
an almost expected CV and CD characteristics. The comparative
performance table for various graphene based all-solid-state printed
MSCs is provided in Table I. Table I indicates that our present work
obtained a better capacitance (in both areal and volumetric) com-
pared with that reported in the literature. The outstanding design
flexibilities of the energy storage systems enabled by additive man-
ufacturing, therefore, could be exploited to envision wide variety of
applications, such as shape conformable wearable devices and IoT
electronics for sensors.
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TABLE I. Summary of electrochemical performances of graphene aerosol gel based solid-state micro-supercapacitors and recently reported micro-supercapacitors.

Capacitance
Electroactive Synthesis and (volumetric
Sl no. material fabrication Electrolyte and areal) References
1 Reduced graphene oxide = Modified Hummers’ PVA-H3PO, 19 yF cm™ 41
method and mask
deposition
2 NiFe,O4 nanofiber Electrospinning and PVA-KOH gel 67 uF cm™ 42
photolithography
3 Reduced graphene oxide = Modified Hummers’ PVA/H;3PO4 31.9 uF cm™> 43
method and mask-
free AxiDraw sketch-
ing
4 Activated carbon Lithographically pat- H,S04 27 uF cm™? 44
terned
5 EDLC Physical vapor depo- LiPON 50 uF cm™ 45
sition
6 HEF-etched Ti3C, Hf etching and laser PVA/H,S04 gel 330 mF cm™> 46
machining
7 Graphene aerosol gel Detonation synthesis ~ PVA/H3POy solid-state 7623 uF cm™ (376.63 mF cm ™) This work

and inkjet printing

IV. CONCLUSIONS

In summary, a wide-temperature tolerant all-solid-state and
inkjet-printed micro-supercapacitor has been demonstrated using
inks derived from graphene aerosol gel-based materials synthesized
in the kilogram scale. The proof-of-concept method explored here
could be further adopted for a scalable manufacturing of graphene
aerosol gel based solid-state MSCs with robust mechanical flexibil-
ity for a number of potential applications, such as wearable and
IoT electronics. The fabricated micro-supercapacitors exhibit highly
reliable electrochemical performances, as revealed by a volumetric
capacitance of 376.63 mF cm ™ (areal capacitance of 76.23 yF cm™>)
with excellent cyclic stability (~99.6% of capacitance retention) over
10000 cycles, good integration ability, and robust mechanical flex-
ibility. The highly stable and reliable results of these all-solid-state
MSCs were attributed to the nanoscale shell-like structures of the
graphene aerosol gels. Furthermore, results with high reliability,
obtained from as low as —15 °C to as high as +70 °C temperatures,
provide numerous opportunities for the scalable design of minia-
turized energy storage devices for the next generation of microelec-
tronics and microelectromechanical systems used in miniaturized
Internet of thing technologies.

SUPPLEMENTARY MATERIAL

The supplementary material provides the electrochemical cal-
culations, detailed Raman spectra characterization, TEM micro-
graph, EDS spectrum with mapping, additional CV and CD profiles,
digital images and cyclic stability at various bending angles, and
temperature dependent electrochemical performance of graphene
aerosol gel based all-solid-state MSCs.
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