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Abstract: The very fast evolution in wearable electronics drives the need for energy storage micro-
devices, which have to be flexible. Micro-supercapacitors are of high interest because of their high
power density, long cycle lifetime and fast charge and discharge. Recent developments on micro-
supercapacitors focus on improving the energy density, overall electrochemical performance, and
mechanical properties. In this review, the different types of micro-supercapacitors and configurations
are briefly introduced. Then, the advances in carbon electrode materials are presented, including
activated carbon, carbon nanotubes, graphene, onion-like carbon, and carbide-derived carbon. The
different types of electrolytes used in studies on micro-supercapacitors are also treated, including
aqueous, organic, ionic liquid, solid-state, and quasi-solid-state electrolytes. Furthermore, the latest
developments in fabrication techniques for micro-supercapacitors, such as different deposition,
coating, etching, and printing technologies, are discussed in this review on carbon electrode-based

micro-supercapacitors.
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1. Introduction

The last decades have seen a tremendously fast evolution in technology of electron-
ics [1]. Importantly, advances in nanotechnology have facilitated the ever further miniatur-
ization of electronic devices [2,3]. The progress in wearable electronics also drives a huge
need for the development of wearable energy devices to power those electronics [4-7] for
applications, such as human health monitoring [8,9], intelligent electronic skins [10-13],
foldable displays [14-16], and medical microdevices [17,18]. Batteries and supercapaci-
tors are commonly used as energy storage units, but they are generally bulky and rigid,
which is not ideal for wearable devices [19-22]. Therefore, efforts are focused on the de-
velopment of flexible and very thin batteries and supercapacitors [23-29]. There are a
few recent review papers on the advances in materials for supercapacitors [30-32]; how-
ever, a comprehensive review on the fabrication technologies for carbon electrode-based
micro-supercapacitors is lacking.

Batteries and supercapacitors have different performance properties (Figure 1). Batter-
ies have the advantage of high energy density [33,34], whereas supercapacitors have the
advantages of ultrahigh areal power density (more than 10 kW per kg), long cycle lifetime
(millions of cycles), and fast charge and discharge time (seconds) [35,36]. The charge in
supercapacitors is limited to the surface of the electrode materials, so the energy density of
supercapacitors is still limited to about 5 to 20 Wh per kg [37-39]. Thus, supercapacitors fill
the gap between batteries and aluminium electrolytic capacitors [40,41].
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Figure 1. Ragone plot, showing power density versus energy density, for different types of energy
storage materials.

There are three types of supercapacitors based on the charge storage mechanism
(Figure 2). The first type is the electric double layer capacitor (EDLC), which does not
involve a chemical oxidation-reduction reaction but rather the accumulation of electrostatic
charges at the electrode/electrolyte interface upon an applied voltage [42]. Charges are
stored by ion diffusion from the electrolyte into the pores of the electrode of opposite charge
across the separator, based on the attraction force between opposite charges, resulting in
physical adsorption [41,43]. The concentration of the electrolyte remains constant, and there
are no volumetric or morphological changes with charging or discharging, so a very long
cycle lifetime can be achieved. An EDLC supercapacitor has high power density but low spe-
cific capacitance [44]. The second type is the pseudocapacitor, which involves fast reversible
redox reactions (faradaic processes, providing high energy density) between the electrode
active materials and electrolytes at the electrode surface and the near-surface [45,46]. There
are three main mechanisms of pseudocapacitors, namely: (i) reversible adsorption, (ii) redox
reaction in metal oxides, and (iii) reversible doping/de-doping electrochemical processes
in conductive polymer-based electrodes. Pseudocapacitors have high capacitance but low
power density and cycle lifetime [47]. The third type is the hybrid supercapacitor, which
uses both faradaic and non-faradaic processes to store charge [48]. Hybrid supercapacitors
use EDLC type materials as the conductive backbone for pseudocapacitive materials with
the aim of enhancing the electrochemical performance of the system [48].
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Figure 2. Diagram of the different types of supercapacitors and their main electrode materials.
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This review paper on fabrication technologies for carbon electrode-based micro-
supercapacitors is organized as follows. First, the micro-supercapacitor configurations are
briefly described. Then, the different types of carbon materials used for electrodes in micro-
supercapacitors are presented, followed by the different types of electrolytes. Subsequently,
a wide range of fabrication technologies for micro-supercapacitors is discussed, including
several deposition, coating, etching, and printing methods. Finally, several challenges and
future perspectives are highlighted, followed by a conclusion.

2. Micro-Supercapacitor Configuration

A conventional EDLC supercapacitor has a symmetric configuration with current
collectors at the sides, as well as the electrode substrate and electrolyte, which are separated
on both sides by the ionic conductor separator. For applications such as wearable power
sources (where flexibility or stretchability may be required) and on-chip microelectronics,
micro-supercapacitors are needed. In particular, thin film supercapacitors have very fast
physical and chemical processes during charge storage due to the short ion transport
distances [49]. These micro-supercapacitors can be fully charged or discharged within
seconds. They have a long cycle lifetime, and they provide ultrahigh areal power density.
The configuration of micro-supercapacitors with thin film electrodes can be divided into
two main groups: (i) stacking (or sandwich) configuration and (ii) in-plane interdigitated
configuration (Figure 3). Still, fibre shaped micro-supercapacitors have also been described
in studies, and they could be considered as a third type, based on the device dimension [50].

The overall performance of the supercapacitor is strongly determined by the structural
design of the electrode [51]. Carbon-based supercapacitors are the most common EDLC
supercapacitors because of their high thermal and electrochemical stability, low cost, good
electrical conductivity, controlled porosity, and appropriate active sites [52]. To achieve a
supercapacitor with high capacitance, carbon electrodes need to have a controlled pore
structure, a large specific surface area, and adequate surface functional groups [53]. The
electrolytes in the supercapacitor are also important. Notably, to achieve a supercapacitor
with high operating voltage, the carbon materials with modified surface chemistry need to
be combined with electrolytes with good chemical and electrochemical stability for good
kinetic stability [54]. Moreover, a high energy supercapacitor also requires appropriate cell
design and engineering [55].

Stacking supercapacitor In-plane supercapacitor

Active materials  Cyrrent collector

Separator/electrolyte

Flexible substrate
Electrolyte

/ , Active materials
Flexible Current collector
substrate

Figure 3. Schematic of the types of configurations of micro-supercapacitors: stacking (left) and
in-plane (right).
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3. Micro-Supercapacitor Carbon Electrodes

Electrodes in thin film supercapacitors are made with a layer of active material that
is only a few nanometres to several micrometres thick [56]. Carbon-based materials are
generally used as electrodes in EDLC supercapacitors, as they satisfy the electrode require-
ments, although they suffer from low specific capacitance. Various carbon materials have
been used, such as activated carbon [57], templated carbon [58], carbon nanotubes [59],
graphene [60], carbon onions [61], and carbide-derived carbon [62]. These carbon materials
have a high surface area, and thus, they can provide high specific energy and power. They
have a lower cost in comparison to other materials, but their synthesis method may be
more sophisticated. The morphology of the electrode material is key as it determines the
interface and thus, influences the electrochemical performance. The energy storage capacity
of nanoporous carbon electrodes can be increased by matching the average pore size to the
bare ion diameter because desolvation of the ions in aqueous or organic electrolytes results
in a more space-efficient arrangement of ions within the nanopores [63]. Other methods to
improve the energy storage capacity of supercapacitors is to use ionic liquids [58], redox
electrolytes [64], or the addition of redox-active materials, such as metal oxides [65] or
heteroatom doping [66].

3.1. Activated Carbon

Activated carbon has a large specific surface area, complex porous structure, good
electrical conductivity, high electrochemical stability, and it is relatively inexpensive. The
disadvantages are that they have generally poor mechanical properties and need metal
current collectors. Activated carbon (fibres) with large specific surface area and high
specific capacitance are synthesized by carbonization and activation (physical, chemical,
or a combination of both), for example, by KOH chemical activation and fluorination
treatment [67], or phosphoric acid pre-impregnation and CO, activation [68].

The conductivity of thin film electrodes can be increased by doping activated carbon
with, for example, graphene oxide [69], carbon nanotubes [70], polypyrrole [71], or silver
nanowires [72]. Doping activated carbon film electrode with 500 nm silver nanowires,
fabricated using ultrasonic spray coating, resulted in an increase in the specific capacitance
by 39% to 258 F/g [72]. In a similar study, activated carbon was doped with silver nanowires,
with NiO-Co304 nanocomposites (produced via a hydrothermal method), which increases
the specific capacitance of ultrasonic spray coated thin film supercapacitors to 707 F/g,
and 93% of the capacitance remained even after 5000 cycles [73]. Electrodes of activated
carbon fibres with well-aligned tin oxynitride nanorod arrays have shown a high specific
capacitance of 673 F/g at 1 A/g and a cycling stability of 99% at 5 A/g for 2000 cycles in
1 M H;,SOq electrolyte [74]. Activated carbon was doped with MnO, and silver nanowires
in order to improve the conductivity of the thin film electrode, resulting in a specific
capacitance of 1021 F/g, a 325% increase from the undoped activated carbon [75]. Another
recent study presented the direct fabrication of hierarchical porous carbon/silicon carbide
(HPC/SiC) composite from bamboo waste raw biomass via a facile method [76]. In this
way, hybrid electrodes are made by combining semiconductors in order to overcome the
drawback of the limited electrical conductivity of porous carbon. The specific capacitance
of the HPC/SiC composite was 234 F/g at a current density of 1 A/g [76].

3.2. Carbon Nanotubes

Carbon nanotubes have a high surface area, unique internal structure, low density,
excellent electrical conductivity, mechanical properties, and thermal and chemical stability.
They are synthesized through decomposition of certain hydrocarbons and manipulation to
achieve nanostructures such as single-walled carbon nanotubes. The aspect ratio of carbon
nanotube electrodes influences the operational speed of micro-supercapacitors, with an
aspect ratio increase from 0.2 to 7, resulting in a nonlinear decrease in the relaxation time
constant from 85 to about 0.5 ms [77].
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Single-walled carbon nanotube thin films have been produced by vacuum filtration
with subsequent stamping, with electrodeposition of cobalt hydroxide nanoflakes, which
have excellent structural stability. The specific capacitance of these thin film supercapacitor
electrodes was 314 F/g [78]. Nickel hydroxide thin film electrodes were doped with carbon
nanotubes and graphene oxide to improve the electrochemical properties. The doped
electrode had a capacity of 430 mAh/g at a current density of 5 A/g, and this was still at
75% after 1000 cycles [79]. Composites of carbon nanotubes with MXene were fabricated via
photolithography, followed by vacuum filtration, for on-chip micro-supercapacitors. These
layer-by-layer assemblies provided flexible layered channels and controllable electronic
structures for electrolyte ion diffusion, and the areal capacitance was 61 mF/cm? at a
current density of 0.5 mA/cm? [80]. Fully stretchable micro-supercapacitors that were
produced with oxidized single-walled carbon nanotubes and polyvinyl alcohol electrodes
had a double layer capacitance of 20 mF/cm? at 0.1 mA /cm? [81]. High energy density
ultrathin highly aligned carbon nanotubes sheet supercapacitors were fabricated with
interdigitated electrode planar configuration (Figure 4). Such devices with 50 layers, only
300 nm thick in total, had an energy density of 10.5 mWh/cm? and a power density of
19 W/cm? [82].

3.3. Graphene

Graphene is a one-atom thick planar sheet of sp? bonded carbon atoms that are ar-
ranged in a closely packed honeycomb crystal lattice. It has excellent electrical, mechanical,
and morphological properties, as well as good thermal and chemical stability. Graphene
can be made via a hydrothermal method.

Quasi-solid-state micro-supercapacitors were fabricated with cellular graphene film
and polyvinyl alcohol/H3 POy (Figure 5) and show excellent electrochemical performance [83].
Similarly, such flexible electrolyte was used with graphene fibre electrodes, produced by
electrochemical exfoliation of graphite foil thin strips, which exhibited a capacitance of
about 248 mF/cm? at about 2 mA/cm? [84]. Graphene structures were also produced
using chemical vapour deposition to construct flexible micro-supercapacitors with excellent
cycling stability and a high areal capacitance of 1.5 mF/cm? at a scan rate of 10 V/s [85].
Ultralong cycle life was achieved for micro-supercapacitors fabricated with laser irradiated
graphene, with 100% retention of the initial capacitance even after 100,000 cycles [86].
Electrodes of graphene-coated copper foil with ruthenium oxide, deposited by cathodic
electroplating, were fabricated for flexible supercapacitors, and they have a specific capaci-
tance of 1561 F/g at a scan rate of 5 mV /s and a high energy density of about 13 Wh/kg at
a power density of about 21 kW /kg [87]. Graphene was doped with fluorine to increase the
specific capacitance, and a composite was made by combination with nanoscale carbide-
derived carbon, which has a high specific surface area and hierarchical pore structure. The
specific capacitance of this composite in aqueous electrolyte was 321 F/g at a scan rate
of 5mV/s [88]. Planar integrated systems of micro-supercapacitors were made with 2D
hierarchical ordered dual-mesoporous polypyrrole/graphene nanosheets, with a large
surface area of 112 m?/g, and capacitance of 376 F/g at 1 mV /s [89].
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Figure 4. Work flow diagram of the fabrication process of highly aligned carbon nanotubes. Figure
reprinted with permission from Dousti et al. [82]. Copyright 2020 American Chemical Society.
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Figure 5. Schematic work flow of the fabrication process of a cellular graphene-based micro-
supercapacitor through, CO; laser engraving, to obtain the interdigitated pattern, and then drop
casting the gel electrolyte (a); Top-view SEM images of the micro-electrodes (b,c) and a diagram of the
designed pattern dimension (d). Figure reprinted with permission from Shao et al. [83]. Copyright
2017 Royal Society of Chemistry.

3.4. Onion-Like Carbon

Onion-like carbon, also called carbon nano-onions, has a well-developed structure,
low density, and good stability. Thus, they form excellent electrode material for high
performance supercapacitors. Fast charge and discharge rates are enabled by the concen-
tric graphitic multiple shells of carbon onions, allowing facile ion accessibility and high
electronic conduction [90]. Onion-like carbon can be synthesized by laser-assisted combus-
tion [91], underwater arc-discharge [92], vacuum annealing [93], and flame pyrolysis [94].

Micro-supercapacitors were produced with nanostructured carbon onions of 67 nm
diameter, forming a layer of several micrometres using an electrophoretic deposition
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method [40]. Onion-like carbon was decorated with platinum nanoparticles to increase the
specific capacitance by four times in comparison to undecorated onion-like carbon [95]. In
another study, highly graphitized carbon onion was physically grafted with 1-nitropyrene
to achieve an increase in the capacity of the electrode by almost two times to 38 mAh/g,
and the initial capacity remained very high even after 4000 cycles [96].

3.5. Carbide-Derived Carbon

Carbide-derived carbon (CDC) is of interest because of the control of pore size and
pore size distribution, achieved by selectively etching metal atoms from carbide powders,
such as metal carbides, carbonitrides, or oxycarbides, through a chlorination process at
a certain temperature and duration [97-100]. Alternative ways to prepare CDC include
calcium carbide inorganic salt reaction method, hydrothermal leaching, and carbide thermal
decomposition [101-103]. The pore size of these materials can be adapted to match the
electrolyte solvated ion size, resulting in higher capacitance [63,104,105]. Moreover, CDC
has outstanding chemical durability and good electrical conductivity. The high surface area
of at least up to 1800 m? /g in combination with a narrow pore size distribution makes CDC
suitable for EDLC electrodes with excellent capacitance [106]. The energy density can be
enhanced by combining CDC with high specific capacitance materials such as metal oxides,
noble metals, and conducting polymers [107].

Polymer-derived ceramic materials, such as spherical and homogeneous polyorganosi-
lesquioxane particles, produced by a Micro]et reactor technique at large scale, were used
as precursor materials for CDC through pyrolysis to silicon oxycarbides [108]. The to-
tal pore volume and specific surface area of the produced CDC was 1.3-2.1 cm?®/g and
2014-2114 m?/g, respectively. The specific capacitance of the material was 116 F/g at
5mA/gand 80 F/g at 100 A/g in 1 M tetraethylammonium tetrafluoroborate (TEA-BF;)
in acetonitrile [108]. In another study, the electrochemical behaviour and performance
of micrometre-thick TiC-CDC in 1-ethyl-3-methylimidazolium tetrafluoroborate, (EMIM-
BF,) diluted in either acetonitrile or propylene carbonate, was investigated for micro-
supercapacitor applications and showed typical capacitive signature with 169 F/cm?3, and
energy density of 90 uWh/cm? in 2 M EMIBF, /acetonitrile [109]. The influence of nitrogen
doping on CDC was tested in supercapacitor set-ups with a conventional organic electrolyte,
1 M TEA-BF, in acetonitrile, and an ionic liquid, EMIM-BF,. The results showed that the
1 to 7 mass% nitrogen content did not significantly influence the energy storage capacity,
but it had a stronger impact on the rate handling ability [110]. Composites of CDC with
titanium oxide were produced with hierarchical structure, using a solvothermal method.
The specific capacitance of this composite material for supercapacitors was 173 F/g, and it
had an excellent cycle stability [107].

4. Micro-Supercapacitor Electrolytes

Electrolytes are electrically conducting materials, generally solutions with cations and
anions in a polar solvent, which can act as an ion source, a conducting material for electric
charge, and an electrode particle adhesive. Electrolytes should have conductivity and tem-
perature coefficients that serve a good electrochemical stability range of the supercapacitor,
they should have a wide voltage range for a good energy density, high ionic concentration
to avoid depletion issues, high electrochemical stability, low volatility, low viscosity, low
toxicity, and low cost. Electrolytes come in different states, they can be liquid, solid-state, or
quasi-solid-state electrolytes. The liquid electrolytes are divided into three groups, namely
aqueous, organic, and ionic electrolytes.

4.1. Aqueous Electrolytes

Aqueous electrolytes are of interest because of their high conductivity, low cost, intrin-
sic non-flammable nature, and because they are environment friendly. Such electrolytes
can be acids, alkalis, and inorganic salts. They can provide large capacity and high power
density. However, the bottleneck with aqueous electrolytes is the low operating voltage
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because of the narrow electrochemical stability window of water, as pure water decom-
poses above 1.23 V. Recently, a new strategy was proposed to overcome this challenge,
namely by the development of supersaturated water-in-salt electrolytes, which can widen
the potential window of aqueous solutions to about 3 V [111]. In this type of electrolytes,
the decomposition of water molecules near the cathode or anode is hindered because the
content of free water in these super concentrated aqueous solutions is very low [112].

A 1 M NaCl electrolyte was employed with binder-free reduced graphene oxide
foam electrodes for a micro-supercapacitor with a high capacitance of 618 F/g at a current
density of 3.0 A/g [113]. An aqueous H,SOy electrolyte was used for a flexible, simple, light-
weight, and low-cost micro-supercapacitor, based on graphene printed on paper, which had
a volumetric capacitance of 30 mF/ cm? at 6.5 mA /cm?3 [114]. Similarly, aqueous HpSO4
solution acted as the electrolyte for a micro-supercapacitor with laser-induced graphene
patterned on fluorinated polyimides via a laser photothermal method and resulting in
a very large specific surface area of 1126 m?/g, and a very high areal capacitance of
110 mF/cm?, as determined by cyclic voltammetry [115]. The thin film supercapacitor
performance of an aqueous electrolyte, LiSO4, was improved using a liquid-carbon-
precursor nanoimprint lithography method, with liquid sucrose and lignin used as the
precursors for nanoporous carbon materials with high specific surface area of more than
1000 m?/ g [116]. An aqueous 1 M Na;SO; electrolyte was used to test a MnO, /PEDOT:PSS-
rGO on a carbon fibre substrate for application in fibre-shaped micro-supercapacitors,
resulting in a specific capacitance of 2.9 F/cm? at a current density of 5 mA/cm?, with
a 95% capacity retention after 5000 cycles. The energy density was increased, and a cell
voltage of 2.8 V was achieved for such a fibre-shaped micro-supercapacitor with a water-
in-salt electrolyte of super-concentrated potassium acetate instead of conventional dilute
aqueous electrolyte [117].

4.2. Organic Electrolytes

Organic electrolytes have a wider potential stability window (2-3 V) in comparison to
aqueous electrolytes (around 1V). They are formed by dissolving organic salts in organic
solvents. The main disadvantages of organic electrolytes include their inferior power
performance, their toxicity, and flammability, which limit their application for micro-
supercapacitors [117]. Moreover, they are sensitive to moisture, and as a consequence,
supercapacitors based on organic electrolytes require ultra-dry storage conditions and a
complex assembly process, which increases the fabrication cost.

A non-aqueous propylene carbonate electrolyte solution with 0.5 M LiClO4 was tested
with 2 wt% of added organic salt for a supercapacitor with electrodeposited polyani-
line, resulting in a specific capacitance of 259 F/g and an 80% capacity retention after
1000 cycles [118]. A micro-supercapacitor with a sulfone-based electrolyte, propylene
carbonate/sulfolane/LiClO, / polymethyl methacrylate, with mixed manganese/vanadium
oxide grown onto multi-wall carbon nanotube electrode, had an operating voltage of up to
2V and an areal capacitance of 11.8 mF/cm? [119].

4.3. Ionic Liquid Electrolytes

As the electrochemical stability of the interface, meaning the maximum voltage that
can be applied before the redox process is activated, is an important factor determining
the energy that can be stored and released. Besides the carbon interfacial area, room
temperature ionic liquids are of high interest because of their wide potential stability
window (more than 5 V) and high thermal stability. They have a lower sensitivity to
moisture and oxygen in comparison to organic electrolytes. However, their disadvantages
involve their lower conductivity, lower power density due to lower ionic diffusion, and
their higher viscosity [117].

Ionic liquid, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ((BMIM][NTf2]),
acted as the electrolyte in a planar thin film supercapacitor with cluster-assembled nanos-
tructured carbon, which reached a capacitance of 75 F/g [120]. A flexible micro-supercapacitor
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was made with laser-induced graphene from a polyimide substrate and decorated with
red mud nanoparticles, as well as a solid-state ionic liquid electrolyte, composed of
poly(vinylidene fluoride), 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
and 1-ethyl-3-methylimidazolium tetrafluoroborate, which achieved an energy of 0.018 mWh/cm?
at a power of 0.66 mW /cm? [121].

4.4. Solid-State-Electrolytes

Solid-state electrolytes have the advantages of being leak-proof, high performance,
light weight, and a simple packaging and fabrication process. Synthesis of solid-state
electrolytes should aim for high ionic conductivity, high chemical, electrochemical, and
thermal stability, and sufficient mechanical strength. A main drawback of solid-state elec-
trolytes is the limited mobility of ions, which negatively impacts the power density [122].
Therefore, recent research focused on the development of thin solid-state electrolytes
with higher ion mobility and more electrochemically active electrodes [123]. For example,
proton-conducting polymers have been used, but they have a narrow potential window,
and maintaining a high degree of hydration to maintain high performance can be a chal-
lenge [122].

Barium titanate films with incorporated protons by RF magnetron sputtering were
fabricated to act as a solid-state electrolyte for micro-supercapacitors, which exhibit a large
potential window (3.2 V), wide operational temperature (about 350 °C), and fast charge
and discharge cycles (about 3 s) [124].

4.5. Quasi-Solid-State Electrolytes

Quasi-solid-state gel polymer electrolytes are flexible and elastic, and are a preferred
material for wearable electronics [125]. Gel polymer electrolytes consist of polymer, elec-
trolytic salt, and a solvent, which are either mixed together by melting or solution pro-
cesses, for example, by in-situ polymerization [126], casting [127] or phase inversion
methods [125,128,129]. Nevertheless, this type of electrolyte still faces some challenges
regarding evaporation of the solvent and decrease in conductivity, leading to a poorer
performance of the micro-supercapacitor over time [50]. Ionogel is a specific class of
(quasi-)solid-state electrolytes (Figure 6), with fair ionic conductivity and excellent stability,
and it is synthesized by mixing fumed silica nanopowder with an ionic liquid, such as
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [130].
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Figure 6. Diagram of a micro-supercapacitor fabrication process with ionogel (a); Optical image
of the porous carbon after patterning of the photoresist and pyrolysis (b), SEM top view (c), and
cross-sectional view of the pyrolysed area (d). Figure reprinted with permission from Wang et al. [130].
Copyright 2014 the Royal Society of Chemistry.

A quasi-solid-state supercapacitor, produced with polyvinyl alcohol (PVA)/H3POy4
electrolyte and 3D porous cellular graphene films, exhibited an energy density of 0.22 tWh/cm?
and a power density of 0.37 mW /cm? [83]. Similarly, PVA/H3POy gel electrolyte was used
for a micro-supercapacitor with multi-walled carbon nanotube electrodes, fabricated us-
ing mask-free micro-plasma-jet etching at ambient conditions to achieve interdigitated
electrode patterns. Such micro-capacitors with 12 interdigitated electrodes had a stack
capacitance of 2.0 F/cm? at a scan rate of 10 mV /s [131]. The performance of flexible micro-
supercapacitors with graphene/PEDOT composite were evaluated with three different gel
electrolytes, namely PVA /HSOy4, PVA /LiClO4, and PVA /H3POy. The results showed that
PVA /H;,50, gel electrolyte achieved the highest performance for the graphene/PEDOT
micro-supercapacitor with maximum operating potential window of 1.2 V, specific ca-
pacitance of 37 mF/cm?, energy density of 6.4 mWh/cm?, and capacitance retention of
89% after 2500 cycles [132]. In another study, PVA/H,SO4 gel electrolyte was used in a
micro-supercapacitor with 3D hierarchical porous lignin-derived carbon/WOj3, prepared
by carbonization and a solvothermal process, which had a capacity of 20 mF/cm? [133].

5. Fabrication Technologies of Carbon Electrode-Based Micro-Supercapacitors

The fabrication method of electrodes and micro-supercapacitors can influence the
electrochemical performance of the produced devices. One of the underlying factors is
the ion and electron transport ability, which is affected by the electrode microstructure.
Moreover, the electrode dimension, interspace between the electrodes, and the precision of
those are related to the fabrication technique, with consequences for the electrochemical
performance [134]. Carbon thin films are constructed either through a bottom-up direct
growth approach or via an indirect assembly from small building blocks method [56].
Several methods for thin film electrode fabrication are presented in Figure 7.
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Figure 7. Illustrations of thin film electrode fabrication techniques, with (A) chemical vapour deposi-

tion, (B) coating, (C) vacuum filtration, and (D) in situ deposition. Figure reprinted with permission
from Yu and Feng [56]. Copyright 2019 Elsevier.

5.1. Deposition Techniques

Deposition methods were the first methods applied to fabricate micro-supercapacitors.
These methods involve chemical vapour deposition, electrolytic, and electrophoretic deposition.

5.1.1. Chemical Vapour Deposition

Chemical vapour deposition is not really suitable for deposition on flexible polymer
materials, as they cannot withstand the ultrahigh temperature treatment that comes with
this method [50]. Moreover, it is very challenging to achieve selective deposition of carbon-
based material on a specific area with chemical vapour deposition. However, some micro-
supercapacitors were produced using this method [135-139].

Vertically aligned graphitic nanofibers were grown using chemical vapour deposition,
and their surface was then coated with ruthenium oxide thin films through an electrochem-
ical deposition process; these coated fibres acted as electrodes in supercapacitors [140]. A
solid-state micro-supercapacitor, with thermally reduced graphene oxide, was produced
through atmospheric pressure chemical vapour deposition [141].

5.1.2. Electrophoretic Deposition

In contrast to chemical vapour deposition, carbon-based electrode materials are com-
monly deposited by electrolytic and electrophoretic methods. These methods have been
documented for activated carbon [142], carbon nanotubes [143], graphene [144], graphene
quantum dots [145], and onion-like carbon [146]. They are cost effective, relatively fast,
simple, and can be up-scaled using relatively simple fabrication equipment. Moreover,
the deposited film thickness can be well controlled using this method. Electrophoretic
deposition involves the diffusion, migration, and deposition of charged nanoparticles,
nanotubes, or nanosheets onto pre-patterned current collectors by an electric field.
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As an easy and efficient technique, electrophoretic deposition was used to cover
silicon nanowires with a graphene coating, which enhanced the performance of micro-
supercapacitors with such electrodes, resulting in a four times higher capacitance in com-
parison to uncoated silicon nanowires [147].

5.1.3. Electrolytic Deposition

Electrolytic deposition uses redox reactions, in a solution containing precursors, to
induce growth of the electrode material under an electric field. The concentration of the
electrodeposition solution and the deposition time needs to be tightly controlled in order to
avoid the growth of active materials in a lateral direction, which could lead to an electrical
short circuit in micro-supercapacitor arrays in series [50].

Porous nano-flake-like «-Co(OH), was deposited onto graphene nanosheets by electro-
deposition and then functionalized and employed as electrode in hybrid micro-supercapacitors [148].
A two-step electrochemical method was developed to deposit reduced graphene ox-
ide and MnO; onto Ni fibres, which acted as electrodes in flexible fibre-shaped micro-
supercapacitors with PVA-LiCl gel solid electrolyte [149]. Synthesis of Ni(OH); thin film
electrodes involved in situ doping, with carbon nanotubes/reduced graphene oxide by
cathodic electrodeposition on titanium mesh, in order to improve the electrochemical per-
formance, as an effect of the doping induced porous structure and conductive network of
the thin film [79].

5.2. Coating Methods

Coatings methods applied for the fabrication of thin film electrodes with a high surface
area and reproducible high structural homogeneity, include spray coating, layer-by-layer
assembly, vacuum filtration, spin coating, and dip coating [150,151]. With these methods,
a coating is achieved by putting a homogeneous dispersion onto a horizontal substrate
and letting the solvent evaporate, so a solid film remains, whereby the film thickness can
be easily controlled. Thin film electrodes are made from organic, inorganic, or hybrid
solutions, and then, the current collector is deposited onto the film by photolithography or
spray coating using a shadow mask. Subsequently, quasi-solid-state gel electrolyte is then
added onto the film to produce flexible micro-supercapacitors.

5.2.1. Spray Coating

Spray coating can be applied using a spray gun or air brush, and it has been used
commonly for the fabrication of microelectrodes or film coating [152-157]. The homogeneity
and mass loading of active materials depends on the substrate temperature, the distance
between the substrate and the spray nozzle, and the deposition time. Another key aspect
in this method is that the droplets generated during spraying should not block the nozzle.

The interdigitated architecture of an asymmetric micro-supercapacitor with titanium
carbide MXene and reduced graphene oxide electrode materials were fabricated using a
custom-made mask and scalable spray coating technique onto a flexible, transparent sub-
strate. Hence, this study did not require photolithography but only simple sequential spray
coating of MXene and reduced graphene oxide to produce a 2D micro-supercapacitor [158].
In this process, each sprayed layer was dried completely using a hot air gun, so the coffee
ring effect was avoided and uniform coatings were obtained. A custom-made Kapton
mask was essential to get the interdigitated pattern electrodes [158]. The spray coating
method was also employed to make electrodes of multi-walled carbon nanotubes for
high-performance, planar micro-supercapacitors with patterned ionogel electrolyte [159],
presented in Figure 8. Ultrasonic spray coating, where droplets are created by ultrasonic
vibration, was used to deposit electrode paste with active carbon and one-dimensional
silver nanowires onto substrates. A 28 kHz ultrasonic spray nozzle was utilized with a
3 mL/min feed rate at 8.7 psi gas-guiding pressure and a distance of 8§ cm between the noz-
zle and the substrate, with the nozzle moving at 10 mm/s. Thin film electrodes produced
in this manner had a higher specific surface area and pore volume, and ion adsorption and
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desorption were also improved, resulting in better charge storage [160]. In a similar study,
ultrasonic spray coating was achieved at the same parameters to make activated carbon
thin films doped with silver nanowires, where the effect of the nanowire diameter on the
performance of the micro-supercapacitor was investigated [72].

Photo
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Removal couting

Electrolyte
Rinsing patterning

Figure 8. Schematic of the fabrication process of a flexible micro-supercapacitor with patterned
solid-state electrolyte on a PET substrate. Figure reprinted with permission from Kim et al. [159].
Copyright 2015 the American Chemical Society.

5.2.2. Layer-by-Layer Deposition

Layer-by-layer assembly is a simple, cost-effective method that can be used for
large-scale deposition of active materials in films [161]. The micrometre scale film thick-
ness can be easily controlled in this method, whereby layers with opposite charge are
alternatively deposited.

Layer-by-layer coating of hybrid MnO,-carbon nanotubes and MnO;-reduced graphene
oxide through alternate spray deposition was employed for the fabrication of a cost-
effective, flexible layered micro-supercapacitor with excellent electrochemical performance [162].
To increase the surface area of electrodes, silver nanowires were wrapped around carbon fi-
bres via an inverted layer-by-layer deposition technique with polydimethylsiloxane (PDMS)
for flexible, thin film supercapacitors [163], shown in Figure 9.

~—— Carbon fibers
Bl AgNWs
I rpMs

Figure 9. Illustration (a) and photographs of produced flexible PDMS/silver nanowires/carbon fibre
film (b-d), and the patterned electrodes (e,f). Figure reprinted with permission from Yin et al. [163].
Copyright 2018 Elsevier.
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5.2.3. Vacuum Filtration

With vacuum filtration, a solid is separated from liquid, resulting in a stacked dense
film, as electrodes with high energy density [164-168]. Several hybrid materials can be
formed into uniform films using a range of homogeneous dispersions.

Selective vacuum filtration was used in the fabrication of flexible graphene hydrogel
micro-supercapacitors on paper chips [169], illustrated in Figure 10. Single-walled carbon
nanotube thin films were also prepared by vacuum filtration, which can then act as elec-
trodes in micro-supercapacitors [78]. A flexible, in-plane asymmetric micro-supercapacitor
was fabricated with electrochemical-exfoliated functional graphene oxide and chemical-
reduced, functional reduced graphene oxide films, made through mask-assisted vacuum
filtration, and solid polyvinyl alcohol/sodium sulphate electrolyte [170]. In a very re-
cent study, a new micro-supercapacitor was developed with MXene/carbon nanotubes
composite, acting as the electrode, and fabricated using photolithography followed by
vacuum filtration. In this process, the interdigitated structure micro-supercapacitor sub-
strate was first produced on filter paper via photolithography and using a custom-made
photomask, and then, silver paste, the MXene-carbon nanotubes composite, and polyvinyl
alcohol/sulphuric acid were deposited layer-by-layer on the substrate, as collector, elec-
trode material, and conductive gel electrolyte, respectively, by vacuum filtration [80].
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interdigital silver electrode
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Figure 10. Schematic diagram showing the procedure to fabricate graphene hydrogel micro-
supercapacitor on paper substrate, with (I) filtration of silver nanoparticles, and (II) filtration of
graphene hydrogel suspension. Figure Reprinted with permission from Dong et al. [169]. Copyright
2018 Elsevier.

5.3. Etching Methods

There are several etching methods, including laser etching, plasma etching, and gas
etching, which are used to engrave patterns at high resolution for micro-supercapacitors.
Photolithography with subsequent etching is the most widely used patterning technique
for the fabrication of micro-supercapacitors.
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5.3.1. Laser Etching

Laser etching is simple, clean, time-saving, and can be up-scaled. The fabrication of micro-
supercapacitors can be precisely controlled with the laser parameters such as wavelength,
scanning speed, pulses per area, pulse duration, pulse frequency, and power [85,171-173].

Laser direct writing has been used for the fabrication of micro-supercapacitors, as
the laser can locally reduce graphite oxide to obtain a graphene porous structure, and
this method offers more flexibility, in terms of patterning, in comparison to conventional
printing or lithographic techniques [174,175]. Moreover, as it does not require contact
or masks, this method is simple and cost-effective, and this fabrication method can be
used with a pulsed UV laser for micro-writing of reduced graphene oxide electrodes,
which are separated by the unreduced portion of the graphite oxide film [176]. Interdigi-
tated patterns were also produced by laser etching on reduced graphene oxide and poly
(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT /PSS) composite [177]. The
laser direct writing was employed, as well, to fabricate integrated asymmetrical micro-
supercapacitor arrays (on indium tin oxide—polyethylene terephthalate film) with good flex-
ibility, high areal capacitance, and an energy density of 12.2 uyWh/ cm? [178]. Synthesis of
P-doped porous graphene micro-capacitors was achieved using laser direct writing on free-
standing H3POy-incorporated polyimide/polyvinyl alcohol composite membranes [179].

5.3.2. Plasma Etching

Plasma etching is also used to fabricate interdigitated microelectrode arrays [131,180].
In such process, thin films with electrode materials can be covered with current collector
arrays by a combination of photolithography with a mask and sputtering/evaporation.
Then, the uncovered parts of the thin films are removed by plasma etching, with the
electrode finger arrays remaining. The disadvantages of plasma etching involve the time-
consuming fabrication for micro-supercapacitors and the fact that the method is limited to
carbon materials.

An inductively coupled plasma etching technique was employed to fabricate a micro-
supercapacitor with 3D configuration current collectors. In this study, carbon nanotubes
and ruthenium oxide were co-deposited on pre-etched microarrays [181]. Mask-free micro-
plasma-jet etching at ambient conditions is an easy, cost-effective method that is readily
scalable. Interdigitated electrode patterns were achieved by localized pulsed plasma jet
etching of multi-walled carbon nanotubes by scanning [131], presented in Figure 11.
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Needle
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Figure 11. Schematic illustration of the experimental set-up and photograph of patterned carbon
nanotube electrodes on PET substrate. Figure reprinted with permission from Liu et al. [131].
Copyright 2017 Elsevier.

5.4. Printing Technologies

Printing methods are also used to make interdigitated microelectrode arrays by direct
ink writing; these include inkjet printing, screen printing, extrusion printing, gravure
printing, and 3D printing [182-185]. These techniques save both time and material, they
are cost-effective, and they can be up-scaled.
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5.4.1. Inkjet Printing

Commercially available inkjet printers can easily print high resolution patterns with
precise control of the width, thickness, distance, and porosity, through the ejection of ink
droplets from nozzles onto substrates [186]. Inkjet printing can be used with versatile,
environment friendly, and cost-effective precursors by creating small drops on various
substrates. This method is a fast process, low cost, and can be up-scaled. To have an
efficient inkjet printing process, the ink should have a high solids content and high stability.
Moreover, printable ink formulations should have appropriate properties, such as the
surface tension and viscosity of the ink.

Inkjet printing was used for the fabrication of a solid-state symmetrical micro-supercapacitor
with excellent cycling stability and mechanical flexibility. Therefore, a highly concentrated
ink was formulated with two-dimensional 5-MnQO, nanosheets with a lateral size of 89 nm
and around 1 nm thickness, and this ink was printed on polyimide film substrates, avoiding
the coffee-ring effect [186]. Piezoelectric inkjet printing was developed for one-step printing
of liquid carbon precursors with a piezo-driven micro-pipetting system on a 3D printer that
enables precise positioning of the ink and thus, high-resolution (down to 200 um with only
small spreading) interdigitated micro-supercapacitors with polyvinyl alcohol/hydrogen
sulfate hydrogel electrolyte [187], as illustrated in Figure 12. The liquid carbon precursors
used in this study were binder-free and did not contain additives, so it converted directly
into porous carbon via a pyrolysis step without further processing.
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Figure 12. Illustration of the computerized piezoelectric inkjet printing process for micro-supercapacitor
fabrication. Figure reprinted with permission from Briuniger et al. [187]. Copyright 2021 the American
Chemical Society.

5.4.2. Screen Printing

Screen printing is also a simple, fast, cost-effective technique that can be up-scaled
and used for the fabrication of micro-supercapacitors [188-193]. It uses a woven mesh to
achieve a targeted pattern; thus, ink is pressed through the mesh openings onto a substrate
such as paper, cloth, or plastic.

A micro-supercapacitor, with 3D nanocomposite of cobalt oxide nanoflowers in carbon
nanotubes networks (by high-throughput hydrothermal method) as active material, was
fabricated using a screen printing technique [194]. Then, the screen-printed active material
was covered by dropping polyvinyl alcohol/potassium hydroxide gel electrolyte onto it,
and finally, this was stabilized by a PDMS passivation layer. A screen printing method
was also applied to make solid-state flexible micro-supercapacitors with 3D boron carbon
nitride microspheres (made via hydrothermal and annealing techniques), with an areal
capacitance of 41.6 mF/cm? [195]. A simple fabrication process with screen printing was
also employed to make solid-state integrated micro-supercapacitor arrays with porous
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activated biochar (Figure 13), which exhibited an areal capacitance of 116 mF/ cm? and a
high areal energy density of 9.3 uWh/ cm? [196].
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Figure 13. Presentation and photographs of screen printing method (a); programming-controlled writ-
ing (b) and painting, using a writing brush (c) to fabricate integrated micro-supercapacitors. Figure
reprinted with permission from Liang et al. [196]. Copyright 2021 the Royal Society of Chemistry.

5.4.3. Gravure Printing

Gravure printing is also a cost-effective technique for the fabrication of micro-supercapacitors,
can have a high output, and is suitable for use with a variety of inks [197,198].

5.4.4. Extrusion Printing

Extrusion printing involves the extrusion of an ink through a nozzle; these inks need
to have good stability, high viscosity, and they need to be a homogeneous dispersion of
active materials. This printing technique can be up-scaled, it is simple and fast, and it is
used for the fabrication of micro-supercapacitors [183,199,200].

5.4.5. 3D Printing

Three-dimensional printing is a versatile method for many applications, and it can
be used at low cost to make micro-supercapacitors, with several layers to increase thick-
ness. Direct ink writing is the most simple 3D printing technique, which can be employed
with many types of materials which have good rheological properties to act as ink [201].
Micro-supercapacitors can also be conveniently fabricated using extrusion-based 3D print-
ing [202-208]. For this, high viscosity inks are required, which also have shear-thinning
rheological properties.

Graphene oxide hydrogel with high storage modulus, shear-thinning nature, and fast
viscosity recovery acted as a suitable ink for 3D printing through direct ink writing for
micro-supercapacitors with interdigitated architecture [209]. To improve ink properties
for extrusion-based 3D printing, graphene oxide was subjected to surface modification by
treatment with polypyrrole through selective and spontaneous anchoring of polypyrrole
without affecting interspaces between the electrodes in micro-supercapacitors [210].

6. Micro-Supercapacitor Challenges and Future Perspectives

Several challenges in the field of carbon electrode-based micro-supercapacitors are
identified. Research efforts are mainly driven by the never ending quest for high-performance
micro-supercapacitors with higher energy density, which can work in a wide voltage range,
and have high charge and discharge rates. This implies a search for better materials,
electrodes, and electrolytes, as well as design and fabrication methods, which can be up-
scaled and taken to application. Moreover, a recent trend also focuses on the sustainability
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aspect with synthesis of biomass-derived carbon. The following aspects are expected to be
the focus of further research studies.

First, with the increasing demand in wearable electronic devices, there is a high need
for flexible micro-supercapacitors. The mechanical properties still need further improve-
ment. Moreover, the substrate preparation procedure needs to be optimized, whereby the
electrical response should not change under mechanical loading, so a high performance
flexible energy storage device is produced. A better method is needed to measure the
mechanical flexibility, and to characterize the physicochemical features of the electrode ma-
terial and gel electrolyte, during mechanical deformation of flexible micro-supercapacitors.

Second, the most promising, simple, cost-effective micro-supercapacitor fabrication
methods that can be up-scaled include laser etching, inkjet printing, and 3D printing. Fur-
ther development is still needed on a fast, large-scale fabrication technology to pave the
way to applications. For the printing techniques, more research is required on engineering
the formulations of the printing inks and printing protocols for cost-effective fabrication,
enhancing the printing resolution, and making the methods more environment friendly.
Micro-machining methods, such as laser etching and screen printing, enable efficient con-
struction of active electrode materials with high conductivity and channels for ion diffusion
by introducing pores and heteroatoms. Still, a cost-effective, large-scale production method
is required for carbon electrode materials with high capacitance performance. The integra-
tion of these flexible micro-supercapacitors as power sources for wearable electronics also
needs to be investigated.

Third, the surface area, pore size distribution, surface properties, and electrical
conductivity of the electrode material are important for the performance of the micro-
supercapacitor. Suitable porous carbon should have a high surface area with abundant
active sites for ion storage, as well as an appropriate pore structure that may facilitate
the storage and transport of ions. Graphene is certainly of interest because of its open
structure, which provides both a high active surface area and abundant channels for ion
diffusion. Further research involves improving the energy density and power density of
micro-supercapacitors by preparing or designing novel carbons with a hierarchical inter-
connected porous microstructure that matches the desolvated ions. The design, synthesis
methods, and stability of high surface area electrode materials, and their accessibility to
electrolytes, still need to be further improved. Moreover, surface heteroatoms are important
as they enhance the wettability and electrical conductivity, and structural defects generate
active sites for ion accumulation. More work is also required on novel models of high
performance carbon-based micro-supercapacitors and their charge storage mechanism.

Fourth, the recent research trend on novel carbon electrode materials goes into
the field of hybrid micro-supercapacitors to further enhance the performance of micro-
supercapacitors with higher energy density and wide voltage range. The stability of the
pseudocapacitive materials can still be further improved. The potential window can be
significantly widened by the use of ionic liquid electrolytes, which are also the subject
of recent studies. Water-in-salt electrolytes are also investigated, and their limited ion
transport, poor performance at low temperature, and the low cost water-in-salt electrolytes,
such as NaNOj3, NaClOy, and LiC], still need further research.

Fifth, the high interface resistance in solid-state micro-supercapacitors is another
challenge to solve in future studies. Long-term integrity between the electrode materials
and substrates needs to be developed to reduce internal resistance, which could lead to
power failure. More focus is also needed on matching the electrolyte to the electrodes, and
optimizing the interface, for example, in gel polymer electrolytes. A stable gel electrolyte
needs to be developed with excellent ionic conductivity and thermal stability, as well as
higher cycling stability of flexible micro-supercapacitors. The electrolyte is important,
not only for the energy and power density of the micro-supercapacitors but also for the
stability of the electrode and the device, and a better understanding is needed on charge
mechanisms acting at the electrode/electrolyte interface.
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Finally, sustainability is an increasingly important aspect in materials studies. For
micro-supercapacitors, recent research involves the synthesis of biomass-derived porous
carbon materials. Systematic studies on the correlation of precursor biomass resources,
derived carbon materials with micro- and nanostructures, their physical-chemical charac-
teristics, and the electrochemical performance are needed. New synthetic methods need
to be developed to produce the carbon materials from biomass and then, use those in
electrodes for micro-supercapacitors. Eco-friendly, low-cost manufacturing methods that
can be up-scaled are required for mass production. Research studies on biomass-derived
carbon materials for micro-supercapacitors also involve heteroatom doping.

7. Conclusions

This review has presented an overview of the research progress, mainly of the last
five years, on the fabrication of carbon electrode-based micro-supercapacitors. The fast
evolution in wearable small electronics, enabled by huge advances in nanotechnology,
drives a need for flexible, thin energy storage devices. Supercapacitors have advantages
over batteries in terms of their ultrahigh areal power density, long cycle lifetime, and fast
charge and discharge time. Supercapacitors are divided into three types based on their
charge mechanism: (i) EDLC supercapacitors, (ii) pseudosupercapacitors, and (iii) hybrid
supercapacitors. Carbon-based materials are the most common electrode materials for
EDLC supercapacitors because of their high thermal and electrochemical stability, low
cost, good electrical conductivity, controlled porosity, and appropriate active sites. Micro-
supercapacitors can occur in two main configurations, namely the stacking configuration
and the in-plane interdigitated configuration, and a third type, the fibre-shaped configura-
tion has also been presented.

The performance of supercapacitors is highly impacted by the structural design of
the electrode, and to achieve high capacitance, the carbon electrode materials should have
a controlled pore structure, large specific surface area, and adequate surface functional
groups. Carbon materials commonly used in micro-supercapacitors include activated
carbon, carbon nanotubes, graphene, onion-like carbon, and carbide-derived carbon. Recent
research on these carbon electrode materials show efforts focused on increasing specific
capacitance, making hybrid electrodes, doping of activated carbon, doping graphene with
fluorine, laser irradiation of graphene, decoration of onion-like carbon with Pt, making
composites of carbon nanotubes with MXene, and composites of graphene with carbide-
derived carbon.

Also the electrolytes have an influence on the micro-supercapacitor performance. The
electrolytes can be divided into five types. Aqueous electrolytes have the advantages of
high conductivity, low cost, non-flammable nature, and being environment friendly, but
their main challenge is the low operating voltage. A potential solution to the latter chal-
lenge is a supersaturated water-in-salt electrolyte. The most common aqueous electrolytes,
reported in studies on micro-supercapacitors, include NaCl, HySOy, Li;SO4, and NaySOy.
A second important type of electrolytes concern the organic electrolytes, which have a
wider potential stability window. However, they have disadvantages in terms of their
toxicity, flammability, sensitivity to moisture, and their inferior power performance. In
recent micro-supercapacitor studies, propylene carbonate with sulfolane has been used.
Ionic liquids are a third important type of electrolytes, which have a wide potential sta-
bility window, high thermal stability, and lower sensitivity to moisture and oxygen in
comparison to organic electrolytes. The challenges with ionic liquid electrolytes are mainly
the lower conductivity and lower power density. An example of an ionic liquid elec-
trolyte, reported in recent micro-supercapacitor studies, is 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide. Next, solid-state electrolytes have the advantage of
being leak proof, having a high performance, simple packaging, and a fabrication method.
Still, their challenge is the limited ion mobility, which has a negative influence on the
power density. Finally, in wearable micro-supercapacitors, which are flexible and elastic,
quasi-solid-state electrolytes are used, such as gel polymer electrolytes. The main challenge
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with those electrolytes is the evaporation of the solvent, which can decrease the conductiv-
ity. The most common gel electrolytes, reported in recent micro-supercapacitors studies,
involve PVA /H,S0,4 and PVA /H3POy,.

The performance of micro-supercapacitors is also impacted by the fabrication technol-
ogy, which influences the electrode microstructure, such as electrode dimension and inter-
space, and the precision of those. Four main categories of fabrication technologies have been
covered in this review, namely deposition, coating, etching, and printing methods. In terms
of deposition methods, chemical vapour deposition is rarely used for micro-supercapacitors
since flexible polymers cannot withstand high temperature. Electrophoretic and electrolytic
deposition is more commonly used, and they have been reported for graphene coating
and doping with carbon nanotubes. Coating with carbon nanotubes, graphene, and active
carbon can be achieved through (sequential) spray coating, layer-by-layer coating, and vac-
uum filtration. Generally, custom-made masks are needed with this technique to generate
the interdigitated patterns. Both laser and plasma etching techniques have been employed
in the fabrication of micro-supercapacitors, e.g., laser etching to reduce graphite oxide to
obtain graphene porous structure and plasma etching for carbon nanotubes. Finally, several
printing techniques have been reported, including inkjet, screen, gravure, extrusion, and
3D printing. Inkjet and 3D printing, especially, are receiving increasing attention for the
fabrication of micro-supercapacitors. These are simple, fast, cost-effective methods which
can be up-scaled.
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