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Supercapacitors are being increasingly used as energy storage systems. Graphene, with its huge specific
surface area, superior mechanical flexibility and outstanding electrical properties, constitutes an ideal
candidate for the next generation of wearable and portable devices with enhanced performance. Since
Stoller described the first graphene supercapacitor in 2008, significant developments have been made
during this last decade in the development of new graphene-based electrodes. In this way, the specific
capacitance has been improved from 135 to 2585 F gt and the cyclability has been enhanced from
a capacitance retention of just over 80% after 1000 cycles to almost 100% after 20 000 cycles. This
review describes how 3-dimensional porous graphene electrodes have been improved recently, from
using large area processing techniques to microsupercapacitors. Specifically, (a) the use of graphene

foam to obtain large area electrodes, (b) the development of the direct laser writing technique for fast,
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Accepted 29th January 2021 one-step, and low-cost production of graphene-based supercapacitors, (c) their miniaturization in the

form of integrated microsupercapacitors and (d) their functionalization with different pseudocapacitive

DOI: 10.1039/d0se01849) and electric double-layer capacitor materials to obtain higher capacitance values will be the topics
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1 Introduction

Supercapacitors are energy storage devices, which, in contrast
to batteries, show a high power performance, with short charge
and discharge times and almost no degradation over long-term
cycling.* However, these devices cannot match the high energy
density achievable by batteries.® In order to get both high power
and high energy density at the same time, the coupling of
supercapacitors and batteries as hybrid energy storage systems
has been actively explored during the last few years for new
applications such as electric vehicles.®® The development of the
next generation of supercapacitors that will be components in
wearable electronics for self-charging devices, especially in the
field of the Internet of Things (IoT), is also one of the funda-
mental challenges that are currently taken care of.>**
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Supercapacitors can be divided in two types according to the
charge storage mechanism: electric double-layer capacitors
(EDLCs) and pseudocapacitors, plus their hybrid combinations.
EDLCs store energy electrostatically as image charges to the
ions of the electrolyte, by an electric double layer surrounding
the electrode-electrolyte interface, as modeled by Gouy-
Chapman-Stern.** This physical process, through non-faradaic
charge transfer, is reversible at very high rates and can reach
very high powers, while the energy density is small, limited by
the 0.18 electrons that every carbon atom can store.'” Fig. 1a
shows a simplified scheme of an EDLC. Pseudocapacitors, on
the other hand, make use of fast and reversible surface redox
reactions of active materials in electrodes, such as conductive
polymers or metal oxides, to increase the amount of charge that
can be stored, at the expense of reducing the power and cycla-
bility of the device'®” (scheme represented in Fig. 1b). The
main components of a supercapacitor are the electrodes, the
corresponding current collectors, a separator between them and
an electrolyte, as represented in the scheme shown in Fig. 1c.
The electrolyte can be a liquid solvent or a solid-state or quasi-
solid-state material'®". When the electrochemical performance
of a material as a potential electrode is of interest, rather than
the performance of the whole supercapacitor, the measure-
ments are taken in a three-electrode configuration, as depicted
in Fig. 1d. Here, the components are a reference electrode,
which is used to be able to locate electrochemical features at the
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Fig.1 Scheme of (a) an electric double-layer capacitor and (b) a pseudocapacitor. (c) Schematic drawing of an assembled supercapacitor with
a sandwich structure showing current collectors, electrodes and the separator, as used in two-electrode measurements. (d) Schematic drawing
of a three-electrode measurement set-up showing a reference electrode, a Pt mesh as the counter electrode and one supercapacitor electrode

as the working electrode, all immersed in the electrolyte.

right potentials, a counter electrode, and the electrode under
study as the working electrode, all immersed into the electro-
lyte. However, to determine the charge transfer performance of
the full device, a two-electrode measurement is needed, using
only a working and a counter electrode that correspond,
respectively, to the cathode and anode of the supercapacitor®.
In order to compare the performance of supercapacitors built
with different carbon materials and pseudocapacitive elements,
their designs and standard figures-of-merit should match.* The
main relevant factor regarding supercapacitors is the capaci-
tance, which is the amount of charge that the device can store in
relation to the total change in its electric potential. However, the
capacitance, in farads, is a meaningless number if it is not
normalized by the total mass of the electrodes, or by the volume
or area the device occupies. For regular supercapacitors, gravi-
metric or specific values are considered the most important
figures-of-merit, normalized by the mass of the active material,
in F g~ . Other relevant factors, also reported in this normalized
format, are the specific energy density, in W h kg™, and the
specific power density, in W kg™ *, of the device. For the specific
case of thin film electrodes and microsupercapacitors, gravi-
metric values are not as relevant as the mass of the electrodes is
typically negligible; therefore these metrics are typically given as
areal or volumetric values.**?*

Among the several electrode candidates for optimal super-
capacitors, graphene has attracted increasing attention due to
its striking mechanical, optical and electrical properties and

1236 | Sustainable Energy Fuels, 2021, 5, 1235-1254

several effective strategies to synthesize it have been developed
and optimized, since its discovery in 2004.>* Specifically in the
energy storage field, its high potential as a next generation
supercapacitor electrode is due to three main reasons:

(a) Graphene has the highest known surface area of 2630 m>
g ! (ref. 25) and a very low theoretical density of 2.28 g cm™ 2.2
With these characteristics, the material has simultaneously
a high packing density capability and a very large specific
surface area for the interaction of electrons and ions.

(b) It presents an excellent electrical conductivity, with very
high mobilities that can reach 200 000 em® V™' s™' at room
temperature,””>® which enables the fast transfer of electrons
and ions through the different device interfaces (electrode/
electrolyte and electrode/collector). Also because of the high
electrical conductivity, graphene can act simultaneously as an
active material and current collector, avoiding the use of extra
materials such as binders and additives.

(c) Graphene also shows high mechanical strength, with
a Young's modulus of 1 TPa and a demonstrated reversible
strain up to 25%,** which makes it suitable for its application in
flexible and printable electronics, maintaining a high capaci-
tance retention.

Graphene in four dimensional structures (0D to 3D) has been
explored as a component for supercapacitors, since the size and
morphology of a material have influence on its physical and
chemical properties.** Among them, 3D graphene-based struc-
tures are the most studied because they have an intrinsic

This journal is © The Royal Society of Chemistry 2021
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interconnected pore structure that provides a large surface area
for interaction with ions and electrons and allows a high mass
loading of pseudocapacitive materials, characteristics that are
fundamental for highly performing supercapacitors. Conse-
quently, three-dimensional graphene structures®-* constitute
the focus of the present review, with a special emphasis on the
most promising techniques for making 3D graphene electrodes
in terms of the achievable surface area, capacity, cyclability,
cost-effectiveness and their integration in novel functional
applications: (a) graphene foam (GF), (b) graphene materials
fabricated by the direct laser writing method (DLW) and (c)
graphene as an electrode in microsupercapacitors (MSCs).

(a) within the family of 3D sponge graphene structures,*
graphene foam (GF) obtained from the reduction of graphene
oxide (rGO) by chemical methods®**** and by chemical vapor
deposition (CVD)**** represents the focus in Section 2.1. The
improvement of its energy density and operating voltage
window as a supercapacitor by filling it with other carbon-based
materials such as carbon nanotubes (CNTs)**¢ or pseudoca-
pacitive materials such as metal oxides,”* metal hydrox-
ides®*** and conductive polymers®*’ is also discussed within
the section.

(b) The direct laser writing method (DLW) applied to
produce materials such as laser reduced graphene oxide (LrGO)
or laser induced graphene (LIG) was developed by El-Kady
et al.***° and constitutes the focus of Section 2.2. The optimi-
zation of the fabrication process will lead to the one-step, low-
cost and fast production of porous graphene-based super-
capacitors. Moreover, the DLW technique bridges the gap
between large area electrodes and microelectrodes,® making it
a very versatile technology worth developing further. As in the
case of graphene foam, the performance improvement of
supercapacitors based on LrGO or LIG by the addition of
pseudocapacitive or EDLC materials®>** is discussed within the
section.

(c) Finally, in Section 2.3, microsupercapacitors (MSCs)
based on 3D graphene are discussed, since they are funda-
mental for enabling new applications that are useful in many
industries, from complementing batteries for better power
management to their integration with energy harvesters in self-
powering modules. MSCs can be fabricated on flexible
substrates and show better power performance and cyclability
than batteries, extending the lifetime of the system and making
them virtually maintenance-free, being the last requirement
fundamental for medical applications. Wireless sensors for the
Internet of Things, wearable electronics and implantable
medical devices are examples of fields where micro-
supercapacitors play a key role.

In Section 3, the regions in the Ragone plot show the
evolution and future tendencies of the graphene electrodes
described in Section 2.

22,63

2 Graphene electrodes
2.1 Electrodes fabricated with graphene foam

As mentioned in the Introduction, due to its large surface area
and high conductivity, graphene was used for the first time as

This journal is © The Royal Society of Chemistry 2021

View Article Online

Sustainable Energy & Fuels

an electrode for supercapacitors by Ruoff's group.” Since then,
to reduce the agglomeration of graphene sheets to maximize the
accessible surface area and the creation of large area super-
capacitors constitute strategies that are continuously sought.
One of the successful approaches up to now has been the use of
graphene foam (GF) synthesized by CVD.** By means of CVD
processing, graphene can be grown on copper or nickel foam,
and also to a lesser extent on other catalytic metal foam. High
quality, single layer graphene can be grown on copper foam, but
this thin structure collapses easily when removing the metal
support. By using nickel foam, multilayer graphene is grown
and by removing carefully the metal template, a self-standing
3D graphene foam structure is formed. This graphene foam
allows building flexible, lightweight electrodes with an area of
several cm” and heights in the order of millimeters with a high
conductivity. The interconnected network of macroscopic, open
pores allows a rapid diffusion of the electrolyte ions. Nickel
foam can also be used as a template to form rGO foam from
chemical synthesis.®>*® The disadvantage of this type of gra-
phene foam is that the typical diameter of its pores, in the range
of 100 to 500 microns, is quite large. This size of the pores is
determined by the diameter of the pores of the initial metal
foam. A solution is using graphene foam as a conductive scaf-
fold for the deposition or filling of pseudocapacitive and/or
other carbon elements to create highly efficient composites.
The graphene foam provides outstanding conductivity and
structural stability. The added material of the composite, in
intimate contact with graphene, creates faster and shorter
transfer paths of electrons and ions for achieving a higher
power density. The common composite partners of graphene
foam have been metal oxides,*”””* conductive polymers®””>7¢ or
metal hydroxides®”””® mainly because both types of materials
are low-cost and already well known in the field of pseudoca-
pacitors. Among the metal oxides, several bimetallic oxides have
demonstrated higher electrical conductivity and redox activity
than monometallic oxides such as ZnO, NiO or Co;0,. There-
fore, bimetallic oxides have been used for filling the graphene
foam.”®* Yu et al.”® deposited NiCo,0O, nanoneedles on gra-
phene foam, achieving a specific capacity of 1588 F g~ at
1 A g " Sun et al® used NiCo,0, nanoparticles as pseudoca-
pacitive materials and achieved a specific capacity of 2300 F g~
at 1 A g ', with a capacitance retention of up to 92% after 4000
cycles at 10 A g~ '. Conductive polymers provide greater elec-
trical conductivity and structural stability than some metal
oxides. Pedros et al.*” electrodeposited a sponge of polyaniline
(PANI) nanofibers, 100 nm thick and several microns long, that
filled partially the GF pores. They demonstrated that with only
an 11% coverage of the pores, it is possible to obtain high
gravimetric and volumetric capacitances of 1474 F g~ " and 86 F
em? at 0.47 A g™, respectively. In this case the capacitance
retention was up to 83% after 15 000 cycles. In some studies,
ternary composites have been explored as well,*** where gra-
phene foam is paired with two different pseudocapacitive
elements or a pseudocapacitive element plus an electric double-
layer one. For example, Tseng et al.** added activated carbon
(electric double-layer material) and MnO, (pseudocapacitive
material) to graphene foam to form a composite.

Sustainable Energy Fuels, 2021, 5, 1235-1254 | 1237
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One of the strategies for increasing the power density and
the operating potential window of graphene foam-based elec-
trodes, while maintaining the highest energy density possible,
consists in the fabrication of asymmetric supercapacitors.””**°
In the work of Zhang et al.,*® an asymmetric supercapacitor
composed of graphene foam/MnO, and graphene foam/
polypyrrole electrodes demonstrated a stable operating voltage
window of 1.8 V and a capacitance retention of around 90%
after 10 000 cycles. In another remarkable study, Saeed et al.*®
fabricated an asymmetric supercapacitor consisting of a novel
graphene foam/CNTs/MoO; ternary composite as the positive
electrode and a graphene foam/CNT composite as the negative
electrode. The scheme of the fabrication process is shown in
Fig. 2a. This asymmetric cell demonstrated an outstanding
capacitance retention of 94% after 10 000 cycles and an oper-
ating voltage window of 1.6 V. The graphene foam/CNTs/MoO;
electrode exhibited a high specific capacitance of 1503 F g~ "

1 A g7', see Fig. 2b, as well as an exceptional capacitance
retention of 96.5% after 10 000 cycles.

In this section, we have observed that the fabrication of
graphene foam/pseudocapacitive material-based composites is
the strategy of choice to optimize the performance of graphene
as an electrode for supercapacitors, but generally at the expense
of a cycling stability reduction. Therefore, new materials such
transition metal sulfides are investigated as potential pseudo-
capacitive elements.”’ ' As represented in the scheme shown
in Fig. 2c, Kamali-Heidari et al®® grew hierarchically NiS,
nanorods on CVD graphene foam, to achieve a specific
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capacitance of 1900 F g ' at a current density of 1 A g " (Fig. 2d)
and a capacitance retention of 96% after 2000 cycles. Kang
et al.”” grew NiCo,S, nanowires on CVD graphene foam, which
provided a specific capacitance of 1454 F g " at 1.3 A g~ ' and
a capacitance retention of 96% after 3000 cycles at 13 A g~*
These recent results show that under optimization, new mate-
rial combinations could provide higher electrical conductivity
and structural stability than metal oxides and conductive
polymers.

Another direction to improve the capacitance of graphene
foam based supercapacitors is the maximization of the elec-
trochemically available surface area and the minimization of
the collapse or restacking of the graphene foam pores. This can
be achieved by optimizing the metallic foam used as the
template. As we explained at the beginning of this section, the
diameter of the pores from typical commercial Cu or Ni foam
lies in the range of 100 to 500 microns. The density and the
diameter of Cu or Ni foam can be tuned by adjusting the catalyst
particle size and the growth temperature. In this way, Driesch-
ner et al.'** fabricated Cu and Ni foam with smaller pores that
were produced by CVD, and graphene foam with pore sizes in
the range of 0.5 to 30 microns, which presented an electro-
chemically available surface area 10 000 times larger than that
of the graphene foam fabricated by using commercial metal
templates. These small pore GFs also presented a higher
mechanical stability after the removal of the template by
etching and a capacitance retention of almost 100% after 10 000
cycles at 4 mA cm . Another group achieved GF with 1 um size
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Fig. 2 Different examples of graphene foam (GF) supercapacitors: (a) schematic diagram illustrating all steps involved in the synthesis of 3D GF/
CNTs/MoOs hybrid film-based electrode and the asymmetric supercapacitor device and (b) specific capacitance vs. current density obtained
with this supercapacitor. (a) and (b) are reproduced with permission from ref. 90. Copyright 2018 Elsevier B.V. (c) Schematic diagram of the
fabrication process of the Ni-GF/NisS, nanocomposite electrode and (d) specific capacitances of different electrode materials plotted as
a function of current density. (c) and (d) are reproduced with permission from ref. 96. Copyright 2018 Elsevier B.V.
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(a) Schematic drawing of a pressure/temperature sensor and a strain sensor based on polypyrrole/graphene-foam material. (b) Picture

showing the electric circuit connecting these elements with two supercapacitors using liquid metal interconnects. (c) Schematic drawing of the
PPy/GF sandwich supercapacitor. Reproduced with permission of ref. 106. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

pores by CVD using sintered Ni nanoparticles as template.'**
Recently, a graphene foam composed mainly of mono- and bi-
layers was achieved by designing a Ni-Cu foam alloy.'*
Another group, starting from commercial Ni foam, created a Ni-
Cu foam alloy where they further synthesized Cu-Ni micro-
branches of 2-5 microns in diameter and 20-30 microns in
length. These highly dense microbranches reduced the
percentage of empty porous space in the commercial Ni foam by

up to 63%.'** 3D-printed porous silica templates designed with
different pore/void sizes and complex architectures were used to
obtain GF by CVD with a large surface area, 994.2 m* ¢~ ', and
good mechanical properties.*®

Finally, graphene foam and its composites have been proven
to have high potential in advanced applications. For example,
GF synthesized by CVD and coated with polypyrrole (PPy) has
shown outstanding flexibility (180°) and stretchability (up to

Table 1 Graphene foam-based electrodes

Graphene foam fabrication
method

Active material

Specific capacitance (F g ') Retention (%) after a number of cycles Year Ref.

CVD Ni(OH), nanoflakes 900at1Ag " 98% at 2 A g ' after 3000 2015 53
GO NiCo,S, nanoparticles 1526 at 1A g " 83% at 10 A g~ " after 2000 2015 98
CVD NiCo,0, flowers 1402at1Ag ' 76.6% at 5 A g ' after 5000 2015 81
CVD NiCo0,0, nanoneedles 1588at1Ag " 85.7% at 10 A g~ * after 2000 2015 79
CVD PANI nanofibers 1474 at 0.47 A g™ 83% at 28 mA cm ™ after 15 000 2016 57
rGO Ni-Co layered double hydroxide 1041 at 2.5 mA cm-? 95% at 12.5 mA cm™ 2 after 2000 2016 77
nanowires
rGO NiCo,0, nanoparticles 2300at1Ag " 92% at 10 A g~ " after 4000 2016 80
CVD Co(OH), nanoflakes 1636 at 0.5 Ag " 75% at 20 mV s~ after 1000 2017 78
CVD V,05 flowers 1235at2Ag" 92% at 4 A g~ after 5000 2017 70
CVD Mn; ¢3C05 378 nanohoneycombs 1938 at5A¢g " 82% at 50 A g~ after 4000 2017 92
RGO H-CoMoO, nanoplates 1472 at 1 mA cm > 92.3% at 15 mA cm 2 after 3000 2017 88
CVD NiO nanoflakes 1782 at1A g™ ! 90.2% at 1 A g~ after 5000 2017 71
CVD ZnCo,0, nanowires 1626 at1 A g’1 76.4% at 1 A g~ " after 5000 2017 82
CVD NiC0,S4/C0o,Ni(z_y)S, core/shell 1950 at 1.25 A g 93% at 50 mA cm” after 5000 2017 91
nanowires
RGO Co3S, nanoflakes 2314at2mvVs ' 92.6% at 100 mV s~ * after 1000 2017 94
CVD NiC0,0,@MnO, core-shell nanowires 2125at1Ag" 93.4% at 20 A g~ " after 5000 2017 84
CVD Activated carbon and MnO, flowers 813at1Ag " 98.4% at 20 mV s~ after 1000 2018 85
CVD NiO nanoflakes 1062 at 1A g ! 90.6% at 1 A g~ after 5000 2018 68
CVD CNT and MoO; nanoplates 1503 at 1A g™ " 96.5% at 8 A g~ after 10 000 2018 90
CVD Ni;S, nanorods 1900 at 1 Ag™" 96% at 5 A g~ " after 2000 2018 96
CVD NiCo,S, nanowires 1454.6 at 1.3 Ag ™" 96% at 13 A g~ " after 3000 2018 97
RGO NiCo,S, nanosheets 2526 at2Ag " 77% at 20 A g~ ' after 2000 2018 93
RGO NiGa,S, nanoparticles 212434 at1Ag" 94.2% at 9 A g~ after 5000 2019 99
CVD Ni;S, nanoparticles 2585at1Ag" 89% at 20 A g~ after 5000 2020 100
CVD N-doping NiMoO, nanoflakes 1913 at1A g " 90.7% at 100 mV s~ ' after 3000 2020 83

This journal is © The Royal Society of Chemistry 2021
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50% strain).” These properties were used to fabricate a device
with a pressure-temperature dual sensor connected to a super-
capacitor, where the common active material of both compo-
nents was a PDMS/PPy/GF/composite.’*® These devices could be
bent up to 5% and exhibit almost no performance degradation
over 10 000 cycling under load pressure, which shows their
suitability for stretchable and wearable electronics. This inte-
grated device is shown in Fig. 3.

To conclude this section, we provide Table 1, where we have
summarized the graphene foam based electrodes (with their
corresponding references) that we have found to present the
best performance in terms of specific capacitance and cycla-
bility during the last 5 years. We have arranged them in chro-
nological order, to track the trends in performance and chosen
composite materials over time.

2.2 Electrode fabricated by laser direct writing

Graphene foam described in the previous section produces
supercapacitors with high specific energy, capacitance retention
and a large area. GF also presents a high surface area, which can
be further optimized by designing the size of the pores.
However, the total processing time of CVD is long and the cost is
still relatively high compared to other techniques. Regarding
the obtention of rGO foam by chemical reduction of GO, it is
more cost-effective and also suitable for large area production
compared to CVD, but this method has not yet optimized the
reduction efficiency, which hinders the conductivity of the
material. Hence, an alternative technique is direct laser writing
(DLW) processing, which constitutes a low-cost, fast, single
step, large area reduction technique to produce 3D porous
graphene. DLW can be applied to reduce GO under laser irra-
diation (LrGO).”® First, a thin layer of graphene oxide is depos-
ited onto a substrate. Then, the surface of the GO is irradiated
with a commercial laser. The incident light exfoliates and
reduces the stacked GO sheets simultaneously, creating
a porous, conductive material, only in the areas exposed to the
laser. The process increases the surface area available for the
electrolyte ions and leaves a very low percentage of oxygen
content. A scheme of the process is summarized in Fig. 4a.
Another approach to obtain 3D porous graphene is the
production of laser-induced graphene (LIG) from a polymer
substrate by pyrolysis,'”"'** as presented in Fig. 4b. Finally, the
graphene oxide (in the LrGO case) or initial polymer substrate
(in the LIG case) can be functionalized/mixed with another
active material before the laser irradiation in order to control
the morphology of the produced graphene, dope it or produce
a composite in a single step, as summarized in Fig. 4c.

The main mechanisms to reduce graphene oxide by DLW are
through the photochemical effect (laser wavelengths (1) below
400 nm), the photothermal effect (laser wavelengths (1) above
400 nm) and under certain wavelengths and irradiation condi-
tions, through both effects."'*'*> In the case of the photo-
chemical effect, for lasers with the wavelength in the ultraviolet
(UV) or near UV region, the energy of the incident photons
breaks the chemical bonds of the oxygen-containing radicals
that are attached to the graphene surface such as -COOH or
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(a)

LrGO

(b)

LIG

polymer

(c)

LrGO
or LIG
composite

GO polymer

Fig. 4 Schemes of direct laser writing (DLW) applied on (a) graphene
oxide to reduce it (LrGO), (b) a polymer substrate to produce graphene
(LIG), and (c) graphene oxide or a polymer substrate functionalized
with a material deposited onto them (represented by the green
spheres) before the laser irradiation, in order to influence the final
morphology of the produced graphene or fabricate a graphene/
pseudocapacitive composite in a single step. In most of the cases, the
functionalizing material is chemically modified during the DLW
process, as indicated by the change of the color of the spheres after
laser irradiation.

—-OH, producing LrGO. In the case of the photothermal effect,
for lasers with higher wavelengths, especially in the infrared
(IR) or near infrared (NIR) region, the high energy density of the
incident light is absorbed by the graphene oxide and as
a consequence, a very high thermal heat is concentrated locally.
This generated heat breaks the chemical bonds of the oxygen-
containing radicals, producing LrGO. To produce LIG from an
initial polymeric substrate, a high temperature is needed to
rearrange the chains into the graphene structure; therefore,
lasers with wavelengths that induce the photothermal effect are
required.®>"*® The most commonly used polymeric substrate is
commercial polyimide. However, LIG has been fabricated from
a wide variety of substrates, such as wood,"” phenolic resin,"*®
lignin,"* polyether ether ketone (PEEK)'® or carbon
nanospheres.**®

The laser irradiation parameters such as the incident wave-
length, power intensity, scanning speed and step size have
a strong influence on the quality of the produced 3D porous
graphene and its performance as a supercapacitor. Therefore,
the parameters of each laser setup must be calibrated first to
obtain optimized LrGO or LIG. For example, Bhattacharjya

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0se01849j

View Article Online

Sustainable Energy & Fuels

Perspective

191 (%) uonuaY

Junum g y3usfosem) 19seT

[eL1a7eW
9ATIOB PIPPY

. WD YW 96T 2 WD VW 8£0°0 poads o,¢ ‘ssed saroydsoueu

0¢T  610C 18 000 ¢T 19Y® %9°86 WO M 8T . WD MW 8T'0 Je ,_wo JW §°0 T ‘M ¥€ ‘wr 9°0T ““0D oIl — uoqren
poads
2 WD Yyt LW YW s ww 00T ‘ZHIA T ‘osnd

CTET  610C 0T IB 000 STIOPE %L'86 , WO MW ST0 L WD Y M 89 G0, WO W L09 sd 0T ‘M T°0 ‘wu $90T ODIT-N — SINIXIW BIIN/OD
LW yuI LW yuI paads

I€T  610T 138 000 0T I9ME %86 , WO MW 6€'6 , W Y M 6°SS TIe, WO JW S66 S WW Q08 ‘M £ ‘WU F90T oI — apruiid[od
L8V Le -3V 810 19 Ut 5

66T 6107 18 000T 19)Je %78 — — ¥ _34Thp ‘ssed T ‘mu ¢ ‘wiu 88/ INVd + ODIT  SIdqGOUBU INVJ 09
ssed 1
2 W0 VU 991°0 LWyl ‘ZH 000 0T ‘paads | _sw g0

6V 610C e 000 00T I9)J& %001 WD M LGS0, WO Y MW 9F'0 0T J& ,_ WD W ¢E'T ‘M o€ ‘wr 9°0T ““0D 0DIFIT — 0514
poads ueos s g ‘Al
1S (S AW 0T gze ‘osind su og ‘wru gG¢

6CT  610C AW 0TI Q0FE I0WE %S6 — — Je w4 §°€T ‘rose[ pasind YOAX:PN 0DI1 — 1oded 09
;S AW 06 1S ZH

LTT 8107 18 000 T9Je %8°L6 — — AW gIe  3466T 00T ‘[WSOT ‘MW S ‘WU 8og 0DI1 — 0D
L W0 yut 2 WD YW S0°0 paads 1S sayour

61T 8T0C T Ie 000 CT I9HE %T 66 ¢ WO M T £ WD Y MU T Je, WO JW T'ST ST'T M €-8°T ‘i 9°0T 0D or1 —  QINIXIW VAd/UIudry
wd

18V oT 1ad asind 1ad [wr 0¥ ‘ZH 0T sojonredoueu InxIwt

T¥T  810T 18 000 0T 19Y® %E'66 — — . 8vTrIe, 34186 ‘SUST ‘WU GHT ISWIOXD JI) 7Of0D + 0DIT —  poioueu *Of0D/0D
L WD yut L WD yut paads ;S Wt 08 ‘ZHY

L0T 8T0C  ST°0 38 000€ IoYe %08 e WO MW TT L WO UMW T T°03e , WO JWLFE  TT VL WUFIOT ‘DVAPN oI — apruiid[od
7 W0 yut 1S AW 00§ poads 1S

8IT 8I0T T 3B 000T I9Ye %8L°€6 — — Je WO JW g/0  WW 00T ‘MW 00S ‘WU SOF oI — ulsa1 drouayq
L WD yut 2wy asind st 1

LET  810T  C°0 38 000 OT I91®e %96 — — oge ,_ud gl o6z ‘ssed T‘m ¢ ‘w901 °0D  LOQAd + OIT-N  LOddd Surdop-N apruiid[od

Tm V 00T poads suwg ‘ZHY] 0T 2INXIW OH

OvT  £10T 18 000 0T Io1E %T6 — — ,3vie _3acsc ‘osind s o1 ‘M € ‘wu $90T “OA + 0911 —  pue sjpqoueu “O°A

2 WD yut 2 WD VW 2°0

0€T  £T0T  T°0 38 000T I9je %9°c8 — — Je, WD JW SZ'€p MW Q0T ‘WU 882 Iose[ Y1 LOddd + ODIT 1oddad 09
- L Wd yut paads | _sw ¢

8CT 910T A T8 000 0T I0he %E6 . WO MW 00€ , WO Y MW 86°0 €08, WO JW 6°€ ‘fouanbayy su ‘wu gge 0511 — 0D
o) e WD o) Ayrsuap asind wo d peg

9€T  9T0C VW T I8 000C IoYE %S6 ¢ WD M LES U MW 607°0 vw e S4¢1  ‘ssed T ‘Mg ‘wr 9°0T “0D YOUN + ODIT Oun 09
w01
X G'g ‘paads ;.S W G
1-SA90 S ‘ZHY 6°0 ‘osind su 0g

S¢T  910T 18 0005 1oYe %S°T6 — — A€0¥e,_ wognoor ‘MU FFT ‘WU sSE TOAKPN 0511 — 0D
paads ,Swut T
2 W0 yut 1_S AW 0T »N\Eo [ ‘ZHIN T ‘osind

¢IT  ST0C €°0 78 000€ 19J® %96 — — Je ,_wd 41l 008 S 00S ‘MW OFT ‘WU ¢TS5 OI'T — spruitd[od

‘Jod IedX S9[0Ad Jo Joqunu B AJISUIP Jomod A1suap A3roug souejroede) (s1o30wrered [el1o7eW TeUl] 0DIT/OIT 01 [e119)eW 3uniels

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 6S:85°T 9202/€Z/T U0 papeo|umoq TZ0z Afenuer 6z UO paus!iand 801y sseooy usdO

S9pOJIOBIP Paseq-ODI] pue DI g 21qel

Sustainable Energy Fuels, 2021, 5, 1235-1254 | 1241

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0se01849j

Open Access Article. Published on 29 January 2021. Downloaded on 1/23/2026 1:58:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Energy & Fuels

Sl n i oo} <t o
] < <t o N o
~ — — — — —
I o o =) =) =
I — = Q Q Q
o o o o o o
> S\ N S\ S\ N
I
~
- g
— © = + bt +
s 8 = 8 ] " <
S3l| 8 S g g g
—~ 8| o S s 8 3
Q{DL"‘ i la <t o -
Sty & 5 203
Eg| &9 w &  ga &
S | n L
= Q © X = ©
2 8 o £ S o0 o1 % E °
= S O = S bp 3] N
g 3 © g <« n X n
o 3 - .<O .
] mé S ~ Hé [a2)
2 = — [\ ) o)}
5 7
? ! - ] E
| E [ \ 51
S S o0 g
5 = S 2
2
5 = 2 =z g
z| @ - = <r.
o o 2 | 1 o
A~ < <o N <o
[}
& 7 e T
|
Z |0 & S g
g1 g = = et
(5} =
© © < =
Bl S B = 2
b5 2 — a E
3)
=) = < = ™
= ~ — | (= N
) P El
o0
n
E < L. R
N, « =
o R 8 o« <
[} "“E - | ]
3] - o |
S| 2 S ‘ g9 g
< o0 oo g
= < I ©n S
S g3 = oo >
=
< o N N <« [= g
ol 2 - 1o =)
< B o =) - 2 % o N
O N © < - O 0 - ~
on I =
g < T £TESL
E= — = S .5 ° &
= o~ n 9 N O w
s | £l TR T88%¢
] o g = BQ""
< 75 S E m%ga 2
E’O n o 228 wl’ﬁo E
=] ~ D N A - 3 (=} o
2 g . ERES 8
v wm| =/ T o o 2™ Q
n -
> = ZRS S —
58| ey E=ZEeSes =
22| S8 §assSTeSg &
= & = U v o o %‘ =]
U < S A, o v 0 & =
25| 9w Tws0OROT 2R
QA 02 MQAa0a0kwEx
< | o+ S —
= ~ 9o (@) E
L %) LB A
= S O = = o
g = + 5 &~ +
— + o"" + o
< 75 =
£l 28 8% 2 8 @
Rl A= Sw- =2 9 =
g o
=B 6]
&34
E
S E O S
O O =~ —
g5 a Z
< 8| | | ~ | A
-
s 8
- —_ a5 © 2
Nel =] O+ 2
= ] o 13}
5 5| 55, ¢
+
&) 5] Uzhgm =
= E| 8¢ 5 < y 2
~ w| TeE55sg T &
o k= E=0%=.2. g -
Q ) = n =2 = &+
et sl 25, 52 2 =
S s o..-Noo =) = ]
~ 92 A B2wn0Oa ~ ¥ ©]

1242 | Sustainable Energy Fuels, 2021, 5, 1235-1254

mA cm 2

cm

150

2020

99.1% after 10 000 at

0.05 mA cm 2

29.5 mF cm 2 at
0.05 mA cm 2

CO,, 10.6 pm 2.5 W,

100 mm s~ speed

NiO/C0,0,/LIG

Polyimide coated

with Ni and Co ion

ink

View Article Online

Perspective

et al.” found the optimum conditions of their system, a low-
cost CO, commercial laser (A = 10.6 um), under an incident
power of 30 W, scanning speed of 10 mm s~ ' and step size of
100 um and the worst conditions under an incident power of
30 W, scanning speed of 500 mm s~ * and step size of 500 um, in
order to produce LrGO. This clearly means that under the same
incident power, a slower scan speed and a smaller step size
mean a higher irradiation time of GO and consequently,
a higher removal efficiency of the oxygen-containing radicals
from the graphene surface.

Currently, a CO, commercial laser (A = 10.6 um) is the most
widely used to produce both LrGO****> and LIG."**'** Then,
a pulsed laser with the wavelength in the UV region has been
used in several studies in order to produce LrGO."***** The
principal motivation to use this type of laser is that the level of
reduction is very high at short times, since pulses in the order of
nanoseconds/femtoseconds can produce incident powers in the
order of MW. Different laser systems with intermediate wave-
lengths between the IR and the UV region have also been
employed to produce 3D porous graphene.’***** Similar to the
DLW approach, as an attempt to maximize the rGO area in
minimum time, Xiang et al'** irradiated GO films electro-
sprayed onto stainless steel sheets of 2 cm® area for 3 min
inside a home-use convection oven (far infrared irradiation)
under air conditions. During the irradiation process, within
which the chamber of the oven reached 200 °C, the GO film was
exfoliated and the oxygen-containing functional groups were
decomposed, obtaining rGO porous electrodes with a specific
capacitance of 320 Fg~ ' at 0.2 Ag™ ' and a capacitance retention
of 94% after 10 000 cycles. Some of the recent examples with all
the different lasers are summarized in Table 2, shown at the end
of this section.

In the case of electrodes based on 3D porous graphene
synthesized by DLW, the pseudocapacitive material fillings have
another role in addition to the enhancement of the device
performance: their presence minimizes the restacking of the
graphene sheets during charge/discharge cycling. %3538
Ladrén-de-Guevara et al.*® coated LrGO (A = 788 nm) with PANI
nanofibers by electrodeposition. The composite electrode pre-
sented a specific capacitance of 442 F g, as opposed to the 81 F
g " value achieved by the bare LrGO electrode, as shown in the
graph of Fig. 5a. Fig. 5b to d show the scanning electron
microscope (SEM) images of the electrodes in different pro-
cessing stages. In Fig. 5b, a difference in the morphology before
(GO) and after (LrGO) laser irradiation is observed. Fig. 5c
shows a close-up image of the exfoliated and reduced GO,
marked with a white area in Fig. 5b. Finally, in Fig. 5d, the
densification and consequent increase of the surface area in the
electrode after the deposition of PANI nanofibers can be
observed as compared with the bare LrGO electrode shown in
Fig. 5c.

As mentioned above and shown in Fig. 4c, DLW allows the
fabrication of a 3D porous graphene/pseudocapacitive material
composite in a single step, by irradiating a GO/pseudocapacitive
material mixture in the case of LrGO"**** or a polymer surface
coated with a pseudocapacitive material layer in the case of
LIG.™ Yang et al™' irradiated a TiO, nanocrystals/GO

This journal is © The Royal Society of Chemistry 2021
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Fig.5 (a) Specific capacitance as a function of the current density obtained with a GO electrode (black line), a rGO electrode (red line) and a rGO/
PANI nanofiber composite electrode (blue line). This comparison shows the superior performance of the rGO electrode when was coated with
the PANI nanofibers. (b) SEM secondary image showing an area before (GO) and after (LrGO) the laser irradiation. (c) SEM secondary image
showing an area with LrGO flakes, after laser irradiation. It corresponds to the white area marked in (b). (d) SEM image showing an area with LrGO
flakes coated with PANI nanofibers after electrodeposition. (a)-(d) are reproduced with permission from ref. 139. Copyright 2018 Elsevier B.V. (e)
A TEM image of an oxygen-deficient TiO, nanocrystals/rGO composite, which shows a uniform distribution of the nanocrystals over the rGO
surface. (f) Specific capacitance as a function of the current density obtained with a TiO, electrode (black line), an oxygen-deficient TiO,
electrode (blue line) and an oxygen-deficient TiO,/rGO composite electrode (red line). This comparison was made to show the superior
performance of the oxygen-deficient TiO,/rGO composite electrode with respect to the other compositions. (g) Cycling stability plot of the
composites, where the oxygen-deficient TiO,/rGO composite electrode shows almost 100% capacitance retention after 20 000 cycles. (e)-(g)

are reproduced with permission from ref. 141. Copyright 2019 Elsevier B.V.

composite with a KrF excimer laser (A = 248 nm, 25 ns pulse),
enabling simultaneously the reduction of the GO and the
creation of oxygen vacancies on the TiO, nanocrystals. A TEM
image of the final oxygen-deficient TiO, nanocrystals/LrGO
composite, presented in Fig. 5e, shows the uniform distribu-
tion of the nanocrystals over the LrGO surface. These defects
were introduced to increase both the active sites and the elec-
trical conductivity. Measuring this electrode, a specific capaci-
tance of 400 F g~ (Fig. 5f) and a barely disturbed capacitance
retention after 20 000 cycles (Fig. 5g) were obtained. Clerici
et al.*® covered the initial polyimide substrate with a MoS,
dispersion and then, they irradiated the mixture with a CO,
laser, producing a MoS, sheets/LIG composite. The introduc-
tion of an extra material into the initial mixture with GO before
laser irradiation can also be done to influence the final structure
of LrGO. For example, Lee et al.**® infiltrated Zn by atomic layer
deposition on GO before laser irradiation. The presence of Zn
influenced the morphology of the obtained LrGO by increasing
the total specific surface area. The effect was a four-fold increase
in the specific capacitance: from 21 F g~ (GO — LrGO) to 83 F
g ' (GO/Zn — LrGO/Zn).

This journal is © The Royal Society of Chemistry 2021

Finally, 3D porous graphene electrodes fabricated by DLW
have been successfully transferred to flexible and stretchable
substrates, in view of the rise of wearable and portable elec-
tronics. For example, Lamberti et al."** developed a method to
transfer LIG produced from a polyimide substrate onto poly-
dimethylsiloxane (PDMS), as described in the scheme shown in
Fig. 6a. They used the LIG/PDMS substrate to fabricate
a supercapacitor (Fig. 6b), which presented a capacitance
retention of 96% after 10 000 cycles (Fig. 6¢) under static
conditions and of almost 90% after 1000 cycles under bending
conditions (from 0° to 160°). Moreover, several prototypes of
‘self-charging power unit’ devices, where DLW fabricated LrGO
or LIG supercapacitors were coupled to a solar cell, have been
recently demonstrated.'*”~**° In Fig. 7a, a scheme of one of these
self-powered integrated devices is shown: the LIG super-
capacitor stores energy from the solar cell and illuminates an
LED.* Fig. 7b shows a real device. In Fig. 7c, it is shown that the
LIG-based supercapacitor presented a capacitance retention of
almost 100% after 100 000 cycles at 0.166 mA cm ™ 2.

To conclude this section, we provide Table 2, where LrGO
and LIG electrodes fabricated with different laser systems and

Sustainable Energy Fuels, 2021, 5, 1235-1254 | 1243
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Fig. 6 (a) Scheme of the transfer process of LIG fabricated by DLW on
polyimide onto a flexible and stretchable PDMS substrate. (b) Scheme
of the structure of a stretchable supercapacitor fabricated using the
LIG/PDMS substrates. In the bottom right corner, the photograph of
a real device is shown. (c) Cycling stability of a supercapacitor showing
a capacitance retention of 96% after 10 000 cycles. The graph in the
inset corresponds to a set of charge/discharge cycles, which shows
a highly stable performance. Reproduced with permission from ref.
113. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

with/without added active materials to form a composite in the
last few years are represented, together with the used laser
system and conditions, the device performance and the corre-
sponding references. We have ordered the electrodes in chro-
nological order to track the evolution of the electrodes over
time.

2.3 Microelectrodes

Microsupercapacitors (MSCs) are miniaturized supercapacitor
devices. Compared to standard supercapacitors, MSCs use the
same graphene-based materials and electrolytes, and include
the same components; their performance can also be enhanced
by the use of pseudocapacitive elements and their working
principle is unchanged, while the scale is greatly reduced. This
change in size comes not only in the in-plane dimensions, but
more importantly in the out-of-plane one, its thickness. MSCs
are thin-film, planar devices, a characteristic that allows them to

1244 | Sustainable Energy Fuels, 2021, 5, 1235-1254
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be integrated much more easily in a variety of applications and
processes, including flexible and wearable devices® or placed
alongside silicon using the same CMOS-compatible processes
for on-chip energy storage.**

While standard supercapacitors use sandwiched/stacked
parallel electrodes in planar or rolled-up configurations for
coin-like cells, MSCs are typically designed as interdigitated
electrodes (IDEs), since this configuration presents several
advantages over stacked ones. Fig. 8a depicts the comparison
between the traditional sandwich (top) and the IDE (bottom)
geometries.” In Fig. 8b, the ion transport in both device
geometries is compared as well.”* This interdigitated design is
used because it provides two clear advantages, while also add-
ing some challenges. First, it allows processing the full device
on the same surface, eliminating the need for an extra assembly
step, which is key for being integrated into Si-based CMOS
processes on an industrial scale. It is also beneficial for ionic
transport, as the perimeter of both electrodes is maximized with
the number of fingers and provides a better contact and
accessibility for the electrolyte. Structuring the electrode in
fingers shortens ion diffusion paths, which allows for better rate
performance and enables the use of certain materials that
would have poor electrolyte infiltration if used in bulk. It also
avoids the need of using a separator, as both electrodes are
separated in-plane by a controllable gap, adding new possibil-
ities to the design and optimization of these structures to
maximize the performance. The main challenge, however, is the
need to define the designed geometry for all the layers of the
device, from the current collectors to the active material. This
can be done through standard lithography and etching
processes or through other less conventional methods,
including laser ablation,'****® mask-assisted filtration,'***
screen  printing,'**'¢* 165 electrodeposi-
tion™%*%*1%” and others.

Typically, current collectors are fabricated by lithography, by
means of photoresist layer deposition, metal evaporation/
sputtering and liftoff. This allows transferring the interdigi-
tated design from an optical mask to the sample and can be
done on different substrates depending on the final application.
Differences arise from the deposition of the electrode materials,
which are conductive porous carbons that also need to be
geometrically defined. Starting from a dispersion contained in
a solvent, deposition and filtration through a hard mask can
create such electrodes, the limitation being the size control and
resolution of this physical hard mask that needs to be machined
or 3D printed. Screen printing or doctor blade coating can also
be used, though they share the same limitation. Chemical vapor
deposition allows depositing graphene materials from gaseous
carbon precursors onto a substrate at a very high temperature
and offers great control over the porosity and microstructure,
and even more if plasma is added to the chamber. The huge
number of parameters that can be tuned makes it a very
versatile but complex process, which in most cases needs extra
steps to eliminate carbon materials from the surface, as the
deposition occurs in the whole surface of the substrate. Elec-
trodeposition can also be used to form porous and conductive
electrodes from graphene materials in solution, and it is also

extrusion printing,

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0se01849j

Open Access Article. Published on 29 January 2021. Downloaded on 1/23/2026 1:58:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

View Article Online

Sustainable Energy & Fuels

In dark In dark

Solar Cell Solar Cell

LIG- ! LIG-
Module Module

(a) FX 4 (b)
“‘/S‘;"\/ In light
é LED ‘5‘3";’.'.. "
=\ _ Module
| 2 i
(c) T L] L

—

X100

N’

© =
S o
S

0.94
0.64
0.34

N
(—}
L
Potential

0.0

L] L]
N
I

C,, retention

T
[\ ]
<

391.5612
489.93211

g
§

0 20k 40k 60k
Cycle Number

(%) Adudard1yyd drepeae

o

80k 100

Fig.7 (a) Schematic drawing of a circuit including an energy storage element (based on LIG microsupercapacitors), a solar panel and an LED. (b)
Labeled pictures showing the working elements of this circuit. (c) Graph showing the galvanostatic charge—discharge cycling test for the

microsupercapacitor module, keeping an outstanding capacitance retention for up to
Copyright 2019 Royal Society of Chemistry.

100k cycles. Reproduced with permission from ref. 149.

a common method to deposit pseudocapacitive elements, chemically or thermally. Direct laser writing appears as a very
facilitating the production of hybrid and asymmetric devices.  versatile technique which can be used to synthesize new gra-

Some of these carbon materials can be used as-fabricated, phene materials (a) from polymers, as is the case of LIG,"** (b) by
due to their good properties regarding conductivity, porosity processing GO into LrGO*® and (c) by even processing pseudo-
and geometry definition, while others such as graphene oxide, capacitive elements, for example, modifying manganese acetate
a very common and accessible graphene material, need to be into MnO,.'®® Furthermore, it can also be used to define the
further processed. Graphene oxide in this case can be reduced electrode geometry in a very precise and controlled way. When
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(b) the ion transport at the nanometric scale in both configurations: sandwich (top) and interdigitated (bottom) geometries. Reproduced with

permission from ref. 22. Copyright 2014 Royal Society of Chemistry.
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a laser is used to define the geometry of a previously processed
material, the process will be referred to as ‘laser ablation’ or
‘laser etching’, while ‘laser processing’ will be used to refer to
processes where the laser modifies the active electrode mate-
rials, such as LrGO or LIG.

Tiliakos et al.** explored in 2018 the versatility of the DLW
technique in order to create increasingly intricate fractal
architectures which increased the perimeter of electrodes for
better electrolyte accessibility, achieving 6.1 mF cm 2. In order
to increase the performance of these devices, pseudocapacitive
elements are added. Using environmentally friendly biomass as
a precursor, Zhang et al.**® fabricated MSCs from a lignin/PVA
film. The porous laser scribed lignin device achieved
a surprising 25 mF cm ™~ capacitance with a high power density
of 8 mW ¢cm™? and energy density of 4 pW h cm™>. Wu et al.'”®
grew selectively, by solvothermal synthesis, conductive 2D
metal-organic framework (MOF) structures on a LIG substrate,
which acts also as the current collector in these MSCs, getting
an areal capacitance of 15.2 mF cm > and a decent energy
density of 4.1 pW h ecm ™2 at a high-power density of 7 mW cm 2.,
Similarly, but with a simpler approach, Bhattacharya et al.'™*
used a LIG interdigitated MSC and enhanced its performance
with ‘red mud’, a mining by-product containing metallic oxides,
known to be good pseudocapacitive elements. By simple dip-
coating, the capacitance reached 203 mF cm 2 at 0.1 mA
em™?, with an energy density of 18 yW h cm > at 0.66 mW cm 2.
It is important to highlight the work of Yu et al.,"” in which
a commercial PI film was modified to make it more sensitive to
a laser and achieve thicker 3D LIG frameworks of up to 320 um.
Adding a high mass loading of pseudocapacitive polypyrrole,
the devices reached a very high energy density of 134.4 uyW h
cm ? at 0.3 mW cm 2, with a great cycling stability of 95.6% at
2.5 mA cm 2 after 10 000 cycles.

Direct laser writing can also be used to process and trans-
form not only substrates, but also pseudocapacitive elements.
Zhu et al.**® fabricated a LIG MSC from PEEK, a technical
polymer, and afterwards deposited on top of a solution of
manganese acetate, transforming it into MnO, by a second pass
of the laser. This electrode showed a high capacitance of 49 mF
ecm > and the symmetric MSC delivered a maximum energy
density of 3.1 uW h cm ™2 and a power density of 2.5 mW cm 2.
Following a similar approach but condensing the two laser
irradiations into one, Liu et al'”® and Xu et al.'’* pre-treated
a polyimide film with metallic precursors, which became
metallic oxides at the same time as the polymer transformed
into LIG. An Fe;O, NP decorated LIG MSC achieved an
outstanding capacitance of 719 mF cm ™%, and an energy density
of 60.2 uW h cm™? at 0.3 mW cm > power density,”® while LIG
with Cos;0, achieved a much higher energy density of 286.38
UW h cm™? at a similar power.””* However, the achieved
capacitance was much smaller, 1.9 mF cm >,

Regarding the application of DLW to reduce GO and fabri-
cate LrGO MSCs, Shen et al.'” used a femtosecond laser to
define interdigitated LrGO regions with ultra-short spacing,
reaching 6.3 mF cm ™~ after accurately applying a gel electrolyte
by laser-induced micro-droplet transfer. In a single step, Gho-
lami et al.*** laser reduced a mixture of GO and PANI after
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having used a hard mask to define the IDE geometry of the drop
cast slurry, achieving 72 mF cm™? and a decent cycling stability
of 93.5% at 0.7 mA cm > after 1000 cycles, which is still chal-
lenging for conductive polymers.

Using a hard mask to define the geometry of the device, both
for contacts and active materials, is a very valid, scalable and
useful method to fabricate MSCs. Couly et al.*®® spray coated
rGO and MXenes on a flexible substrate using a hard mask,
showing that the IDE geometry achieved had better power
performance than its sandwiched counterpart. Chih et al.***
used a screen printing method to deposit electrochemically
exfoliated graphene and CNTs into IDEs and after adding a gel
electrolyte achieved 7.7 mF cm 2, with an excellent cycling
stability >99% at 200 mV s~ " after 15 000 cycles. Functionalizing
chemically graphene in solution was the approach used by Zhou
et al.,"” who filtered through a mask a solution of fluorine-
doped electrochemically exfoliated graphene, which increased
the capacitance of the device up to 17,4 mF cm™> and reached
an energy density and power density of 7.67 uW h em™> and 2.73
mW cm 2, respectively. Again, using mask-assisted filtration,
Xiao et al.*** fabricated MSCs made of exfoliated graphene,
CNTs and PEDOT:PSS, on top of a pre-stretched substrate,
which ensured good conductivity and porosity after relaxation.
The device reached an exceptional capacitance of 107 mF cm 2.

For the cases where hard masks were not used to define the
geometry of these devices, laser etching arises as a versatile
technique for research, as it allows quick modification of the
design for optimization and rapid prototyping. In general, laser
etched devices achieve very good electrochemical properties as
the focus can be kept on optimizing the material, regardless of
the future interdigitated geometry that will be applied. Shao
et al.®® prepared a thin film of 3D cellular graphene which after
laser ablation reached 2.7 mF cm > but with a high-power
performance of 5.3 mW c¢cm™>. By patterning several CVD gra-
phene monolayers via laser etching, Ye et al.*>* could exploit the
edge effects of the geometry and achieved 2.8 mF cm * by
adding PANI to the device. They also used their device to
demonstrate an integrated energy harvesting sensor platform.
Similarly, Yoo et al™* also exploited the edge effects of
patterned heat-treated graphene oxide to fabricate a MSC with
40 mF cm 2 and an energy density of 5.4 uW h cm 2
outstanding values taking into account that no pseudocapaci-
tive elements were added. By compositing an rGO film with
polypyrrole and sputtering Au nanoparticles on top to ensure
a good contact, Purkait et al.**® reached an energy density of
11.82 uW h em™? and a power density of 2.36 mW cm™>. By
using ionic liquid electrolytes and increasing the voltage
window up to 3 V, Gao et al.*® produced an outstanding laser
etched rGO supercapacitor with an energy density of 32 uW h
cm 2 at a power density of 1 mW ¢cm >,

Alternative techniques are always being developed,*’*"” and
the MSC field is growing constantly. By interference lithog-
raphy, Kim et al.'’® patterned a photoresistive polymer, which
after development and carbonization formed a conductive solid
backbone with patterned pores for excellent electrolyte acces-
sibility. In fact, the fabricated thick interdigitated MSC shows
an outstanding power density of 165 mW cm >, with a high

This journal is © The Royal Society of Chemistry 2021
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Fig.9

(a) Schematic structure of a graphene-CNT MSC, grown on a Si substrate by chemical vapor deposition, with an inset showing the catalyst

nanoparticles. (b) SEM image of the fabricated MSC, top view. (c) Cross-sectional SEM image of the graphene/CNT supercapacitor grown on a Ni
catalyst/metal electrode. Reproduced with permission from ref. 180. Copyright 2012 American Chemical Society.

energy density of 17.75 uW h cm 2. Using MEMS-based Si
etching techniques to provide a 3D support for capacitive
carbon materials, as Li et al. proposed,*” the fabricated super-
capacitor reached remarkably high energy and power densities
of 151 yW h cm™? and 2.45 mW cm™ 2 respectively, due to
a high RuO, loading and an improved hierarchical carbon
microstructure on Si. Fig. 9 show an example of a hierarchic
graphene/CNT-based MSC composite produced on a Si/SiO,
substrate.' This composite was grown directly by CVD from Ni
interdigitated electrodes fabricated on the Si layer by conven-
tional photolithography. In Fig. 9a, the scheme of the device
design is shown. Fig. 9b shows a SEM image of a fabricated MSC
and Fig. 9c a cross-sectional SEM image of the graphene/CNT
structure, grown on a Ni catalyst/electrode layer by CVD.

MSCs were initially proposed to be integrated on-chip in Si-
based platforms, using the CMOS technology for mass
production.’® However, motivated by the rise of wearable
technology, new improvements have emerged based on flexible,
stretchable and bendable substrates. Thus, many of the tech-
niques developed recently to fabricate MSCs have been applied
to add a flexibility component to the performance of the
device.*® Together with gel-based, quasi-solid-state, and solid-
state electrolytes, these devices have demonstrated to keep
their performance after cyclability bending stress tests over

@

R

_‘

Fig. 10

a large number of cycles. In Fig. 10a, several photographs show
the bending of a supercapacitor at different angles.'®® The cyclic
voltammograms shown in Fig. 10b, taken at different bending
states, show that the rectangular shape is kept regardless of the
bending angle of the device. The capacitance retention under
the different bending angles is also complete, compared to the
value in the flat state.'*® These developments pave the way for
flexible supercapacitors as energy storage elements that can be
easily integrated into wearable electronics.

To conclude this section, we provide Table 3, where MSCs
synthesized by different processes and with/without added
active materials to form a composite in the last few years are
represented, together with the device performance and the
corresponding references. We have ordered the MSCs in chro-
nological order to track the trend over time.

3 Results and discussion: Ragone
plots of the latest graphene-based
supercapacitors

Graphene supercapacitors are rapidly evolving from laboratory
prototypes to final devices that will complement or even

perhaps compete with commercial batteries in the near future.
This is because their properties and performance have greatly
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(a) Photographs of the bending cycle of a flexible microsupercapacitor at different angles. (b) Capacitance retention graph across several

bending angles. The inset shows the cyclic voltammetry curves of the device at those angles, showing a very stable performance. Reproduced
with permission from ref. 163. Copyright 2019 Royal Society of Chemistry.
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improved over the last decade. The three technologies that have
contributed the most to their development, namely, graphene
foam, laser reduction and microsupercapacitors, have been
reviewed in detail and are summarized below.

Graphene foam made by CVD from sacrificial templates
enables making high capacity electrodes for large area super-
capacitors, with a demonstrated gravimetric capacitance of up
to 2585 F g~ ' (ref. 100) and a capacitance retention of 96.5%
after 10 000 cycles.”® Graphene provides high electrical
conductivity and its porous structure presents a large surface
area and allows an easy transit of electrolyte ions. In this way,
a light and flexible 3D electrode can be obtained. DLW repre-
sents a low-cost, fast, and single step technique to produce large
area and flexible electrodes based on laser reduced GO or laser
induced graphene. Despite achieving electrodes with very good
capacitance retention (see Table 2), the laser wavelength and
processing parameters required to produce supercapacitors
with higher specific capacitance than those using graphene
foam fabricated by CVD have not been optimized yet. All these
graphene forms, namely, graphene foam, LrGO and LIG, have
an empty pore area that can be functionalized with various
pseudocapacitive materials. The most widely used so far are
metallic oxides and conductive polymers, although recently

View Article Online
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transition metal sulfides are being explored to push further the
achievable power density, cycling stability and operating voltage
window.

Miniaturized supercapacitors, or MSCs, are becoming
increasingly popular due to their integration possibilities. The
rise of wearable electronics is driving this approach to grow
rapidly, and scaling down the supercapacitor technology to the
microscale has revealed some advantages. The use of IDEs eases
ion accessibility, improving power performance, and gel and
solid-state electrolytes allow these devices to be easily encap-
sulated in bendable or stretchable modules. Electrodes can be
fabricated by scalable, cheap and quick processes such as
screen printing or drop casting, and can be grown on top of or
transferred to almost any target substrate. Laser writing has
emerged recently as a quick and easy way to fabricate super-
capacitor electrodes from inexpensive materials and to pattern
them easily into interdigitated microsupercapacitor electrodes.
This flexibility is ideal for their integration into the growing
industry of wearable electronics, where MSCs are expected to
play a crucial role in the future.

As the Ragone plot in Fig. 11a shows, the energy and power
density of new supercapacitor devices are already approaching
energy density performances that were typically restricted to
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Fig. 11

(a) Schematic gravimetric Ragone plot where the typical working regions for commercial supercapacitors and batteries are highlighted.

Each dot represents one working point of a graphene-foam based device classified by the type of its active pseudocapacitive material, green for
sulfides, orange for oxides and grey for other compounds, such as metal hydroxides or metallic nanoparticles. (b) Schematic areal Ragone plot.
Each dot represents one thin-film device reported in the literature, purple for laser processed micro-supercapacitors and green for non-laser
microsupercapacitors. The yellow region represents the typical working point of thin-film batteries as reported by ref. 182. (c) Schematic areal
Ragone plot of the same data used in Fig. 11b, classified by the publishing date.
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batteries, but with better power performance. Each dot in this
graph represents an energy-power working point of the fabri-
cated devices included in Table 1. Most of these devices have
been fabricated using graphene foam of CVD graphene or rGO,
but are always complemented with pseudocapacitive elements.
CVD graphene shows a more open-pore interconnected network
and is of very high quality, while several key properties depend
to great extent on the metallic foam template on which it is
grown, such as the surface area, or the pore size and distribu-
tion. On the other hand, rGO typically creates compact 3D
porous structures with smaller pores and a higher surface area,
while being less accessible to the electrolyte and having worse
electrical properties than CVD graphene. However, our
comparison shows that both CVD graphene and rGO are very
competitive materials for the fabrication of supercapacitor
devices, showing comparable results in the Ragone plot shown
in Fig. 11a. However, differences regarding the pseudocapaci-
tive elements included in these devices are more clearly high-
lighted in that same graph. The recent literature has reported
a large number of devices that use, in order to achieve the best
performance, mostly bimetallic oxides and sulfides, as well as
other materials including hydroxides, as pseudocapacitive
elements. The use of metallic and bimetallic sulfides (green
dots) has been showing the best results when compared to their
oxide counterpart (orange triangles), and these devices show
already a comparable, if not better, working point to that stated
by Simon and Gogotsi for batteries in their recent review of the
field.” It is important to note that the red area of Fig. 11a and the
blue area, taken from the Simon and Gogotsi article, only
include commercial devices, and the dots are exclusively plotted
from the data of research papers published during the last 3
years. This shows the strength of the supercapacitor technology,
which can not only complement, but also compete directly with
batteries regarding energy density and power density, showing
much better cycling stabilities and being fabricated from
materials less scarce than lithium.

This gravimetric classification includes graphene foam-
based devices, which typically are reported using per-kg
metrics. However, for thin film devices such as micro-
supercapacitors, figures-of-merit are typically given in areal or
volumetric terms, as they are fabricated with thicknesses in the
range of a few pm. Its mass is not really the defining factor
limiting its performance, but its area. Fig. 11b shows this
classification in an areal Ragone plot, where every dot repre-
sents one energy-power working point of a fabricated micro-
supercapacitor device as reported in the literature (references
shown in Tables 2 and 3). There is growing interest in laser
processing technology, due to its multiple advantages regarding
flexibility, speed and low-cost. In the past two years, the number
of papers published using laser writing to process super-
capacitor materials has grown a lot, almost monopolizing all
recent research in the field. Most of the papers found in the
literature which used non-laser processes to fabricate micro-
supercapacitors were mostly published in 2018 and before,
using techniques such as mask-assisted filtration, screen
printing or standard lithography to define the interdigitated
geometries. However, from 2019, mostly laser-processed
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microsupercapacitors have been found. This classification of
the results by year can be seen in Fig. 11c.

Regarding electrochemical performance, and despite all this
recent interest, laser processed MSCs, shown as purple dots in
Fig. 11b, show a saturation of the power density in the 10 mW
cm 2 range, going even lower for the most energy dense
performances, towards the 1 mW ¢m ™2 limit. This could be due
to the lower quality of the materials that can be achieved
through laser processing, be it laser induced graphene from
polymeric films or laser-reduced graphene oxide from graphene
oxide films. However, the energy density of these devices has
been steadily increasing since 2017, and some recent devices lay
in a working range very close to that of thin film batteries,
devices comparable to microsupercapacitors in their metrics. By
compositing these laser-processed graphene materials with
pseudocapacitive elements, for example Coz;0, (ref. 174) or
Fe;0, (ref. 173), the energy density is being pushed towards the
thin film battery region, which are the best performing devices
in terms of areal energy density nowadays.'**

4 Conclusion and outlook

In summary, to move the supercapacitor and MSC field forward,
DLW processing has recently emerged as a very promising
technique. This technique allows quick, one-step processing to
create a highly porous and conductive 3D network of graphene
sheets, using commercial laser systems. Building up from
technologies such as 3D printers and laser cutters, these
systems demonstrate great scalability and increasing precision,
as well as industrial availability. Furthermore, structuring these
materials into IDEs helps electrolyte accessibility and could
allow for better power performance. However, most of the
recent work in the field has focused on increasing its energy
density towards the thin-film battery range, and it will be
a challenge for the following years to further increase the power
density. On top of this, synergies are appearing and can be
exploited, as some studies suggest the advantages of using laser
processing for both the graphene material and the pseudoca-
pacitive element. This combined process can, for example, add
oxygen vacancies to metal oxides or transform through photo-
chemistry conductive polymers, which could be used together
with graphene materials fabricated using new laser 3D printer
systems. However, there are still some challenges that need to
be overcome for the widespread use of graphene-based super-
capacitors. First, the large-scale fabrication of porous graphene
materials with high quality and uniformity must be ensured.
Optimization is still needed in several areas, such as the inti-
mate contact and adherence of pseudocapacitive elements on
the graphene network, or the choice of an ideal pseudocapaci-
tive material and its possible synergies with the electrolyte for
an optimized voltage window and cyclability. Minimizing the
agglomeration and restacking of the graphene sheets is
a problem present in all-carbon EDLCs that must be addressed,
while in the case of pseudocapacitors, it can be done by inter-
calating the graphene material with active nanoparticles.

If the expectations are met, graphene supercapacitors and
microsupercapacitors are meant to become a competitive

This journal is © The Royal Society of Chemistry 2021
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complement, or even alternative, to traditional lithium ion
batteries and thin film batteries, as well as an essential
component in new wearable and portable electronic devices.
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