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Supercapacitors (SCs) have broad applications in wearable electronics (e.g., e-skin, robots). Recently, graphene-
based supercapacitors (G-SCs) have attracted extensive attention for their excellent flexibility and electrochemical
performance. Laser fabrication of G-SCs exhibits obvious superiority because of the simple procedures and in-
tegration compatibility with future electronics. Here, we comprehensively summarize the state-of-the-art ad-
vancements in laser-assisted preparation of G-SCs, including working mechanisms, fabrication procedures,
and unique characteristics. In the working mechanism section, electric double-layer capacitors and pseudo-
capacitors are introduced. The latest advancements in this field are comprehensively summarized, including laser
reduction of graphene oxides, laser treatment of graphene prepared from chemical vapor deposition, and laser-
induced graphene. In addition, the unique characteristics of laser-enabled G-SCs, such as structured graphene,
graphene hybrids, and heteroatom doping graphene-related electrodes, are presented. Subsequently, laser-enabled
miniaturized, stretchable, and integrated G-SCs are also discussed. It is anticipated that laser fabrication of G-SCs
holds great promise for developing future energy storage devices. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.382401

1. INTRODUCTION

Energy storage devices play important roles in smart electron-
ics, such as e-skin [1–4], sensors [5,6], wearable units [7–11],
and other applications [12–17]. Among various energy storage
devices [18–25], supercapacitors (SCs) show obvious superior-
ity, such as high power density, fast charge/discharge rates, and
high cycle stability [26–30]. Typically, the device structure of
an SC contains electrolytes and electrode materials [31–36].
Generally, electrolytes and electrode materials are assembled in
a plane or sandwich structure. During charging and discharging
processes of SCs, physical adsorption/desorption of electrolyte
ions or a reversible redox reaction occurs on the electrode–
electrolyte interface [37–40]. Nowadays, in order to improve
SC performance, more and more effective materials have been
developed to design and fabricate high-performance electrode
materials [41,42].

From the point of view of materials, graphene has high
mechanical flexibility, strength, electrical conductivity, and sur-
face area [43–47]. Because of these excellent properties, graphene
plays an important role in satisfying the requirements for high-
performance electrode materials. In addition, graphene-based

supercapacitors (G-SCs) are able to act as flexible and deformable
energy storage devices in electronic skins, wearable displays,
curved smartphones, etc. [48–50]. Initially, graphene was pre-
pared by mechanical exfoliation. This kind of graphene shows
ultrahigh conductivity; however, graphene prepared by mechani-
cal exfoliation suffers from small size and irregular shape, which
is not suitable for fabricating SC electrodes. In recent years, tech-
nological advances have been made in large-area graphene film
preparation, such as reduction of graphene oxide (RGO) [51,52]
and chemical vapor deposition growth graphene (CVDG) [53].
Therefore, tremendous preparation methods involving chemi-
cals, high-temperature treatment, etc., have been investigated to
fabricate G-SCs. Recently, laser technologies have been adopted:
laser reduction of graphene oxides (LRGOs), laser treatment of
CVDGs (LCVDGs), and laser-induced graphene (LIG) [54].
Compared with the graphene prepared via mechanical exfolia-
tion, thermal/chemical RGO and CVDG, laser-enabled gra-
phene can be prepared in large-area films with high electrical
conductivity, flexibility, and high chemical/physical stability.
Importantly, compared with these fabricating methods, laser is
a powerful tool to fabricate G-SCs, which avoids the need for
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additional toxic-reducing agents, high temperature, and inert
gas protection. Also, laser technologies allow high resolution for
miniaturized SC design and fabrication. Moreover, laser technol-
ogies permit programmable patterning in arbitrary shapes and
are also compatible with other functional units for integration
[55]. Therefore, laser fabrication of G-SCs holds great potential
for effective energy storage devices.

In this review, we summarize the advancements in laser-
assisted preparation of G-SCs (Fig. 1). First, in the working
mechanism section, electric double-layer capacitors (EDLCs)
and pseudo-capacitors are introduced. Second, laser fabrication
of G-SCs has been reviewed, including LRGO-SCs, LCVDG-
SCs, and LIG-SCs. Third, a brief summary of unique charac-
teristics of laser-enabled G-SCs, including ease of developing
structured, hybrid, heteroatom doping-based graphene elec-
trode materials, miniaturized SCs, stretchable SCs, and inte-
grated SCs, is discussed. Finally, future perspectives are
highlighted.

2. LASER FABRICATION OF GRAPHENE-BASED
SCs

In this section, we summarize the working mechanism of SCs,
including EDLCs and pseudo-capacitors and review laser-
enabled fabrication of G-SCs, including LRGO-SCs, LCVDG-
SCs, and LIG-SCs.

A. Working Mechanism of SCs
The working mechanism of laser fabrication of G-SCs is di-
vided into two types: EDLCs and pseudo-capacitors [62–64].

As for EDLCs [Fig. 2(a)], physical adsorption/desorption
of electrolyte ions occurs on the interface of the electrode–
electrolyte during the charge/discharge process. Benefiting
from rapid physical adsorption/desorption, EDLCs usually
exhibit short charging time, high power density, and long cycle
lives. However, capacitance values of EDLCs are low due to the
limited effective surfaces of electrode materials. Laser-enabled
graphene acts as an electrode material because the excellent con-
ductivity, chemical stability, and high surface area of graphene
contributes to formatting EDLCs.

As shown in Fig. 2(b), the working mechanism of pseudo-
capacitors is decided by a fast reversible Faradic process at the

electrode–electrolyte interface. The fast reversible Faradic pro-
cess also occurs near the surface of active electrode materials.
Importantly, due to Faradic processes, pseudo-capacitors have
higher pseudo-capacitance. Nevertheless, the existing of pseudo-
capacitive materials suffers from lower power density because of
the poor conductivity during redox processes, and redox reactions
will reduce cycle lives during charging and discharging processes.
At present, the most widely explored pseudo-capacitive materials
include transition metal oxides or hydroxides, conducting poly-
mers, and materials possessing surface functional groups.
Recently, laser-enabled graphene hybrids and heteroatom doping
graphene have been developed as pseudo-capacitive materials. In
addition, laser-enabled graphene has porous or grating structures,
which helps with intercalation and deintercalation.

B. LRGO-Based SCs
Graphene oxide (GO) is an important derivative of graphene,
which bears plenty of oxygen-containing groups (OCGs) on
the plane of graphene [65,66]. In general, due to existing
OCGs, GO film is electric insulation and has low surface area.
In order to remove the OCGs, thermal methods (>1000°C)
and chemical methods have been widely used for producing
graphene-related materials. After thermal and chemical proc-
esses, the obtained RGO usually possesses high conductivity,
and the obtained devices show excellent electrochemical
performance.

Increasingly, as shown in Fig. 3(a), OCGs can be removed
via the photoreduction method [67]. After photoreduction
processes, the resulted RGO shows high electrical conductivity.
Currently, various light sources have been adopted for GO
photoreduction, such as UV light [68,69], flash [70], and even
sunlight [71,72]. Among these light sources, laser plays an im-
portant role in mask-free programmable reduction of GO and
laser carving of RGO. As for the LRGO, laser reduction mainly
undergoes photothermal reduction (λ > 390 nm) or photo-
chemical reduction (λ < 390 nm) processes, which depends on
the wavelength of the laser [73]. Compared with thermal/
chemical reduction routes, LRGO can be prepared with similar
conductivity and surface area by tuning the processed laser
beam power, scanning speed, scanning step length, and expo-
sure duration [74–77]. In addition, laser reduction shows
unique advantages in any designable patterning, hierarchical

Fig. 1. Progress in laser fabrication of G-SCs. The structured gra-
phene image, adapted from Ref. [56]; the graphene hybrid image,
adapted from Ref. [57]; heteroatom doping graphene image, adapted
from Ref. [58]; the miniaturized SC image, adapted from Ref. [59];
the stretchable SC image, adapted from Ref. [60]; the integrated SC
image, adapted from Ref. [61].

Fig. 2. Working mechanism of SCs including (a) EDLCs and
(b) pseudo-capacitors; adapted from Ref. [62].
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structuring, heteroatom doping, device miniaturization, and
device integration.

As a typical example, Zhang et al. successfully achieved
LRGO [78]. Specifically, a femtosecond laser was used to
reduce and pattern LRGOs with high resolutions (∼500 nm).
In this manner, any desired RGO patterns were successfully fab-
ricated, such as graphene microcircuits and spiderwebs [58].
Subsequently, various laser devices were used to reduce and pat-
tern GOs, such as UV lasers, CO2 lasers, and infrared lasers
[79–86]. As a benefit from any designable patterning, LRGOs
can be used to design SC electrodes. For example, Gao et al.
patterned both planar and sandwiched LRGO electrodes on
GO paper [Fig. 3(b)] [87]. In this case, GO film with trapped
water served as both solid electrolyte and separator because of
the ionic conductivity and electrical insulation. After laser reduc-
tion, the LRGO region turned to black due to the deoxydation
process. It is worth noting that the obtained in-plane SC
delivers the highest specific capacitance of ∼0.51 mF · cm−2

[Figs. 3(c) and 3(d)]. This work provides a very easy and useful
device structure for LRGO-SCs. A similar design for electrolytes
was reported based on LRGO/polyvinyl alcohol-GO/LRGO
(LRGO/PVA-GO/LRGO) [88]. In addition, Qu et al. success-
fully achieved RGO–GO–RGO fiber SCs [89]. This fiber SC
has wide prospects for wovening. Additionally, to satisfy the in-
creasing demand for on-chip energy storage, Kaner and El-Kady
used a LightScribe DVD burner to fabricate graphene microsu-
percapacitors (MSCs) to scale. Over 100MSCs can be fabricated
in 30 min or less [90]. Notably, These MSCs exhibit the highest
power density of ∼200 W · cm−3.

Laser carving is capable of being applied on RGO-based
materials. Different from laser reduction and patterning, after

laser carving processes, unwanted RGOs were removed
[91–93]. For example, Wong et al. achieved MSCs via laser
patterning and ablation [94]. First, the laser beam was used
to pattern and reduce the GO films; after that, the laser beam
with high power was applied to ablate the unwanted area.
It is worth noting that this work overcomes the size/
performance limitations for current MSCs and exhibits over-
whelming volumetric energy density compared with commer-
cial MSCs, even at a 1000 mV/s scan rate. Alternatively, due
to the limited electrical conductivity of conventional LRGOs,
Shi et al. laser-carved a low sheet resistance (1.28 Ω · sq−1) and
mechanically robust (330 MPa) RGO film [91]. After the laser
carving process, the electrodes were shaped into designed in-
plane structures. The devices achieved a high areal specific
capacitance of 15.38 mF · cm−2. These methods hold promise
for improving the performance of RGO-SCs.

C. LCVDG-Based SCs
Although GO can be reduced to recover conductivity by laser
technologies, LRGO suffers from limited electrical conduc-
tivity. To produce graphene with high conductivity, CVDG is
considered as an effective method for developing high-quality
graphene. Typically, Cu or Ni foils under a gas mixture of CH4

and H2 are used as a catalytic substrate for graphene growth
[95–100]. In order to obtain high-quality CVDGs, the gas ratio
of CH4:H2, growth time, and cooling rate need to be opti-
mized. Nevertheless, CVDG needs to be transferred to target
substrates for use and suffers low production.

Typically, Zhu et al. used the direct laser writing (DLW)
technology to achieve multilayered graphene-based MSCs
(MG-MSCs) [59]. The high power of laser beam enables re-
moval of CVDG. This process is able to pattern CVDG and
yet retain the high conductivity of CVDG. As shown in
Fig. 4(a), direct ultraviolet laser machining is applied to multi-
layered graphene (MG) to obtain interdigital microelectrodes.
The DLW technique applied in this work plays an important
role in highly efficient preparation. The as-fabricated MG-
MSCs possess high areal and volumetric capacitances of
62.7 μF · cm−2 [Figs. 4(b) and 4(c)]. The device performance
may be improved by optimizing the thickness of the MG.

Fig. 3. (a) Schematic illustration of LRGO, adapted from Ref. [67];
(b) schematics and photos of planar and sandwiched LRGO electrodes
on GO paper; (c) CV plots of planar and sandwich SCs (scan rate,
40 mV/s); (d) impedance spectra for the in-plane and sandwich
devices; (b)–(d) adapted from Ref. [87].

Fig. 4. (a) Scheme for the preparation of graphene-based microsu-
percapacitors (G-MSCs); (b) CV curves of G-MSCs on PET substrates
and (c) corresponding areal and volumetric capacitances at different
scan rates; adapted from Ref. [59].
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In addition, a sequential transfer process is another key process
in fabricating MG-MSCs.

D. LIG-Based SCs
Recently, various studies have demonstrated that LIG is another
scalable approach for producing graphene. The LIG process is
defined as laser graphitization in polymers. The structural fea-
tures of polymers, including aromatic and imide repeat units,
play an important role in LIG. As shown in Fig. 5(a), Tour et al.
successfully prepared LIG from polyimide (PI) [101]. In their
work, a CO2 infrared laser was applied to accomplish the
thermal conversion. As shown in Fig. 5(b), LIG has been de-
veloped to pattern into an owl shape. Specifically, the 2D peak
of LIG (centered at 2700 cm−1) is similar to single-layer gra-
phene [Fig. 5(c)]. The X-ray diffraction (XRD) pattern of LIG
displays an intense peak (centered at 25.9°), which indicates an
interlayer spacing of ∼3.4 Å [Fig. 5(d)]. The resulting LIG
shows high electrical conductivity. The laser-patterned interdi-
gital electrodes for in-plane MSCs exhibit excellent perfor-
mance (>4 mF · cm−2) that is comparable to RGO-SCs.
What is more, this technology is able to fabricate vertically
stacked SCs for practical application [102].

Particularly, based on the similar preparation mechanism,
LIG process has been extended using diverse materials such as
wood [103], food, cloth, and paper [104]. Recently, Lamberti
et al. demonstrated an all-sulfonated poly(ether ketone) (SPEEK)
flexible SC, in which SPEEK served as both separator and poly-
meric electrolyte [105]. The graphitization mechanism of
SPEEK can be summarized as laser-induced reticulation, during
which sulfonic groups degrade and oxidatively dehydrogenate.

Importantly, in this work, they demonstrated that only one
material was used for the whole device.

3. UNIQUE CHARACTERISTICS OF
LASER-ENABLED G-SCs

In this section, the unique characteristics of laser-enabled
G-SCs are summarized, including the ease of developing struc-
tured graphene and graphene hybrids, heteroatom doping of
graphene-based electrode materials, and fabricating miniatur-
ized, stretchable, integrated SCs.

A. Structured Graphene-Based Electrode Materials
Currently, to improve the surface area of graphene-based elec-
trodes and the contact area between electrode and electrolyte,
two kinds of structured graphene-based electrode materials
have been well studied, including porous structures and grating
structures. The porous structures are attributed to LRGO- or
LIG-based electrode materials because of the gas generation
during laser processing, whereas grating structures are mainly
based on LRGO via the laser holography technique.

As typical examples, El-Kady et al. fabricated LRGO with
porous structure via a laser in DVD drives [106]. During the
laser reduction process, OCGs escaped from the GO nano-
sheets in the form of CO, CO2, and H2O. Because of the gas
generation along with the deoxydation process, the obtained
LRGO possesses a porous structure compared with the GO
region layered structure. Therefore, LRGO possesses large
accessible specific surface area [Brunauer–Emmett–Teller
(BET) surface area: 1520 m2=g]. The large accessible specific
surface area is beneficial for avoiding the restacking of GO
during the laser reduction process. Figure 6(a) shows the prepa-
ration process of LRGO-SCs. The resultant LRGO electro-
chemical capacitors with sandwich structure exhibit both
ultrahigh energy density (1.36 mW · h=cm3) and power den-
sity (∼20 W=cm3). Nevertheless, the formation of porous
structures is generally uncontrollable. In this regard, Zhang et al.
reported synchronous photoreduction and hierarchical struc-
turing of GO by using two-beam laser interference (TBLI)
technologies [56]. As shown in Fig. 6(b), a laser beam is first
split into two equal-intensity beams, and then the acquired two
beams are guided to interfere on the surface of GO films. As a
result, periodic grating structures are created by the interfered
laser beams. The TBLI technology is feasible for controlling
chemical composition, conductivity, microscale gratings, and
layered nanoporous structures of the LRGO electrodes
[Figs. 6(c) and 6(d)]. Importantly, the resultant LRGO-SCs
show better electrochemical performance compared to those
based on RGO without micronanostructures with the same
reduction level [107].

B. Graphene Hybrid-Based Electrode Materials
Though graphene shows great superiority in developing high-
performance SCs, the insufficient capacity of pristine graphene
and graphene analogues-based SCs is prominent. Therefore,
various studies have been carried out to fabricate graphene-
based hybrid materials for performance improvement
[108–110]. The advantages of graphene hybrid-based electrode
materials can be summarized as follows. (1) The introduction
of active materials effectively prevents the restacking of

Fig. 5. (a) Diagram of LIG converted from PI; (b) scanning electron
microscope (SEM) image of the as-prepared owl-shaped LIG pattern;
scale bar, 1 mm; (c) Raman spectra and (d) XRD patterns of LIG and
PI; (e) high-resolution transmission electron microscope (HRTEM) im-
age of LIG; scale bar, 5 nm; (f) transmission electronmicroscope (TEM)
image of selected area of LIG, scale bar, 5 Å; adapted from Ref. [101].
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graphene layers after laser reduction processes, leading to much
larger specific surface areas. (2) More active sites will also be
introduced to acquire higher capacity. Graphene-based hybrid
materials can be fabricated by laser-reducing GO/active mate-
rials composites into LRGO-based hybrid materials, laser-in-
duced graphene/active hybrid materials, or depositing active
materials after laser reduction of GO or LIG processing
[111–114].

As for laser-reducing the GO/active materials composite
into the RGO-based hybrid materials, for example, Liu et al.
successfully demonstrated LRGO/carbon nanotubes (CNTs)-
MSC by laser reduction and patterning GO/CNTs hybrid
powders into LRGO/CNTs MSCs [111]. In this work,
CNTs were used to prevent the restacking of laser-scribed
graphene layers. The CNTs are also able to improve the ion-
accessible surface area. What is more, the reduction in dia-
meter of CNTs boosts the device performance. Therefore, the

device based on laser-scribed GO/single-walled carbon nano-
tubes (GO/SWCNTs) with a diameter of 1–2 nm exhibits
the best electrochemical performance. Other works have ex-
tended the investigation by fabricating LRGO∕RuO2 [113],
LRGO∕Fe3O4 [114], and LRGO/Au nanoparticle [112] hy-
brid electrodes.

As for the LIG/active hybrid materials, Lamberti et al. have
reported in situ MoS2 decoration of LIG as SC electrodes [115].
In this work, the PI films were covered with a layer of MoS2
before laser treatment. After laser writing, a material consisting of
wrinkled graphene decorated by MoS2 sheets was obtained. The
resultant device shows an enhanced areal capacitance compared to
that based on LIG. The improved electrochemical performance
was summarized as the micro- and nano- structuralization of LIG
and in situ decoration of MoS2. Furthermore, Zang et al. fabri-
cated hierarchically porous LIG∕Mo3C2 samples by DLW to
build paper-based 3D foldable SCs [Fig. 7(a)] [57]. In the fab-
rication process, gelatin-mediated inks containingMo5� ions are
sprayed on paper substrates [Fig. 7(b)]. Then laser scanning is
used to convert paper substrates into porous LIG∕Mo3C2 com-
posites. The specific capacitances are achieved: 14.0 mF · cm−2 at
a scan rate of 1 mV · s−1 [Fig. 7(c)]. It is worth noting that this
method enables fabrication of a single device and two devices
connected in parallel/series [Fig. 7(d)].

As for depositing active materials after laser reduction of GO
or LIG processing, for example, Ghoniem et al. used a CO2 laser
system to reduce and pattern GO [116]. After that, a Mn-oxide
layer was electrodeposited on the resultant LRGO to form the
hybrid electrodes. The hybrid electrodes show enhanced specific
capacitance in the range of 172–368 F/g, which is much higher
than that of pure LRGO electrodes (82–107 F/g). In addition,
Tour et al. reported high-performance pseudo-capacitive MSCs
from LIG, in which the laser induction process and subsequent
electrodeposition of MnO2, FeOOH, and conductive polyani-
line (PANI) were used to fabricate LIG–MnO2, LIG–FeOOH,
or LIG–PANI electrodes [117].

Fig. 6. (a) Diagram of LSG-based electrochemical capacitors,
adapted from Ref. [106]; (b) schematic illustration of fabricating
LRGO films with 1D grating structures by the TBLI technique;
(c) SEM image; (d) atomic force microscope (AFM) image of LRGO
films with 1D grating-like structures; (b)–(d) adapted from Ref. [56].

Fig. 7. (a) Photo of molybdenum carbide-graphene (MCG) fabri-
cated by DLW on paper substrate; (b) schematic illustration of the
MCG fabrication process; (c) CV curves of interdigital SC; (d) CV
curves of single, parallel, and series sandwich-structure devices mea-
sured at a scan rate of 100 mV/s; adapted from Ref. [57].
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C. Heteroatom Doping-Based Graphene Electrode
Materials
Heteroatom doping has attracted much research interest
in tailoring the characteristics of graphene for improving
electrochemical properties because heteroatomic defects and
functional groups will be introduced to graphene, leading to
alteration of the electronic structure [118–124]. Compared
with chemical reduction-, thermal annealing-heteroatom dop-
ing, laser-assisted heteroatom doping is a high-efficiency and
chemical-free method that enables the formation of highly
porous structures and operates at room temperature. Currently,
various heteroatom doping methods have been adopted via
solid, liquid, and gaseous state doping sources during laser
reduction of GO and LIG processing.

As for the laser reduction of GO, the abundant OCGs of
GO are beneficial for adjusting essential functional groups
and introducing surface modification. For example, Zhang et al.
achieved reduction and synchronous N-doping of GO based
on mixtures of GO and nitrogen-rich carbon nanoparticles
through DLW [125]. In this work, N content can reach
∼7.78% (atomic fraction). The obtained N-doped graphene
composite-based SCs deliver obvious enhanced electrochemical
performance. Further study based on laser reduction of a GO/
urea composite has resulted in N-doping graphene [126]. Also,
as shown in Fig. 8(a), Peng et al. demonstrated boron-doped
LIG (B-LIG) MSCs via a simple laser induction process under
ambient conditions [127]. From the X-ray photoelectron spec-
troscopy (XPS) of B-PI and B-LIG [Fig. 8(b)], the shifting
of B 1s peak indicates that boron can be attributed to B-N,
BCO2, or BC2. Besides, atomic percentage of N drops from
7.6% to 2.0% after the laser induction process [Fig. 8(c)],
showing that the reacting site is attributed to the imide group.

Moreover, the content of H3BO3 is able to tune the SC per-
formance [Figs. 8(d) and 8(e)]. Initially, the increase inH3BO3

improves performance because of the increasing hole charge
density. In addition, higher H3BO3 loadings lower the forma-
tion efficiency of PI and the conductivity of the material. The
resultant areal capacitance of B-LIG MSCs is 3 times higher
than that based on nondoped devices.

D. Miniaturized Graphene-Based SCs
As for laser-enabled miniaturized G-SCs, there are two func-
tions of laser technologies. One of the most obvious advantages
of laser-enabled G-SCs is the miniaturization of MSCs with the
resolution of micrometers [128]. Because of the high resolu-
tion, femtosecond writing technique is commonly utilized for
MSC fabrication. Therefore, laser can be used to shorten dif-
fusion paths of electron/ion between two electrodes. The other
advantage is the femtosecond laser-assisted controllable micro-
droplet transfer technology. This technology can be used to
fabricate microelectrolyte droplets on the micro SCs.

A recent work is introduced as an illustrative example. Hu
et al. first used an in situ femtosecond writing technique to pre-
pare in-plane MSCs based on LRGO/Au nanoparticles inter-
digitated electrodes [112]. The interdigitated electrodes are
∼140 μm in width with 60 μm spacing. Thereafter, H2SO4∕
PVA hydrogel electrolyte was drop-cast onto the microelectr-
odes for electrochemical performance characterization. What is
more, the obtained RGO/Au nanoparticles (RGO/Au NPs)
MSCs exhibited superior rate capabilities. The specific capaci-
tance retentions were 71% and 50% when the charging rate
increased from 0.1 to 10 V/s and to 100 V/s, respectively.
Recently, Shen et al. reported ultraminiature graphene MSCs
by femtosecond laser DLW electrodes and controllable micro-
droplet transfer, as shown in Fig. 9(a) [61]. First, the femto-
second laser writing of GO (fsrGO) was 100 μm long and
8 μm wide. The interelectrode spacing was 2 μm [Fig. 9(b)].
Then, accurate transfer of electrolyte microdroplets was carried
out via femtosecond laser pulses to effectively avoid the inter-
ference of electrolyte and other electronic parts, as shown in
Fig. 9(c). As estimated, MSCs with interelectrode spacing of
550 μm display lower current densities than MSCs with inter-
electrode spacing of 2 μm. In addition, the specific capacitance
of MSCs with interelectrode spacing of 2 μm is higher than that
with the interelectrode spacing of 550 μm, which indicates that
the miniaturization of MSC electrodes is of great benefit to in-
creasing specific capacitance density. The corresponding cyclic
voltammetry (CV) plots are shown in Figs. 9(d) and 9(e). This
work highlighted the unique characteristics of the femtosecond
writing technique in fabricating miniaturized electronics.

E. Stretchable Graphene-Based SCs
Currently, in order to meet the huge requirements of wearable
intelligent electronic devices, stretchable G-SCs have been
achieved based on laser-enabled graphene [129].

Lamberti et al. demonstrated a highly stretchable and
flexible SC by using a polydimethylsiloxane (PDMS) substrate
[60]. As shown in Fig. 10(a), first, porous LIG patterns were
obtained by DLW of PI films. Then PDMS was poured onto
the LIG patterns to obtain LIG/PDMS structures. Finally, a 3D
LIG/PDMS SC was assembled, as shown in Fig. 10(b). Taking

Fig. 8. (a) Illustration of the preparation of boron-doped LIG MSCs
(B-LIG-MSCs); (b) B 1s spectrum and (c) N 1s spectrum of B-LIG;
(d) CV curves of LIG-MSC and B-LIG-MSC; scan rate 0.1 V/s; (e) gal-
vanostatic charge-discharge (GCD) curves of LIG-MSC and B-LIG-
MSC; current density 1 mA∕cm2; adapted from Ref. [127].
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advantages of the mechanical property of PDMS and conduc-
tivity of LIG, the as-prepared LIG/PDMS-based SCs retained
∼84% of their initial capacitance after 1000 cycles of stretching
[Fig. 10(c)] and ∼90% in a bending state [Fig. 10(d)].
Afterwards, Zhao et al. developed LRGO-GO-LRGO via re-
gion-specific reduction of GO foam [129]. Benefits from the
framework, the 3D LRGO-GO-LRGO foam, show a superior
electrochemical property. Importantly, the capacitance of the
resulting LRGO-GO-LRGO SC can be tuned by compression
situations. In addition, LRGO-GO-LRGO foam enables bend-

ing, torsion, and compression, which play important roles in
stretchable electronics.

F. Integrated with Other Devices
As mentioned above, laser-enabled-graphene-SCs are capable of
high specific capacitance, which can be integrated with other
functional devices serving as energy storage units. Importantly,
laser fabrication of graphene-based electronics has broad appli-
cations in energy storage, sensors, and electrical connection.
In addition, laser fabrication has been widely used in develop-
ing integrated devices, such as microcircuits [130] and energy
storage devices [131]. Therefore, taking advantages of pro-
grammable writing ability, lasers have been explored in integrat-
ing G-SCs with other electronic devices. Watanabe’s group
reported a self-powered photodetection system by a one-step
DLW of LIG [132]. The self-powered photodetection system
includes an MSC and a photodetector integrated circuit,
which is fabricated by one-step DLW on PI film. Then the
functional modular unit was combined with a commercial solar
panel to form the self-powered photodetection system. The as-
prepared self-powered photodetector showed an on/off ratio
of 31.2 (voltage, 0.9 V). In this work, the tightly integrated
and multifunctional unit was easily prepared by the laser fab-
rication method. Zhu et al. successfully integrated G-SCs with
piezoelectric generators and pressure/gas sensors [Figs. 11(a)
and 11(b)] [59]. A laser beam was used to fabricate the
electrode and accomplish the integration of functional units.
The integrated pressure sensor is able to detect walking.
Additionally, gas sensors can respond quickly to 200 ppm (parts
per million) of NO2 or NH3 at room temperature [Figs. 11(c)
and 11(d)]. In this case, the laser fabrication technique makes
the integration of functional units a simplified process. In ad-
dition, G-SCs have been integrated with solar cells [133,134]
and wireless devices [130]. In brief, laser fabrication shows ob-
vious superiority in the integration of multifunctional units to-
wards wearable and intelligent microdevices.

4. SUMMARY AND OUTLOOK

There has been much research progress since laser-enabled
graphene has been successfully prepared. In this review, we

Fig. 9. (a) Fabrication process for miniaturized SCs by using a
femtosecond laser; (b) RGO electrode arrays with a spacing of 2 μm;
(c) optical microscope image of microelectrolyte droplets covering the
electrode; CV plots of RGO MSC with interelectrode spacing of
(d) 2 μm and (e) 550 μm; adapted from Ref. [61].

Fig. 10. (a) Schematic illustration of a highly stretchable SC using
LIG electrode onto elastomeric substrate; (b) device structure; CV
plots of SCs under (c) stretching and (d) bending tests; scan rate
10 V/s; adapted from Ref. [60].

Fig. 11. (a) Illustration of an integrated device including SCs and
sensors; (b) photograph of the integrated device; (c) charging and dis-
charging curve of the MG-MSCs and discharging curves of the MG-
PANI MSCs; (d) leakage currents of MSCs; adapted from Ref. [59].
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summarized the working mechanism of SCs, laser fabrication of
G-SCs, and the unique characteristics of laser-enabled G-SCs.

As for the working mechanism of SCs, there are two kinds of
mechanism, including EDLCs and pseudo-capacitors. Because
of the high conductivity and surface area, laser-enabled graphene,
including LRGO, LCVDG, and LIG, has been adopted to fab-
ricate electrodes of SCs. Compared with the graphene prepared
via mechanical exfoliation, laser-based graphene is able to prepare
large-area films with high electrical conductivity, flexibility, and
high chemical/physical stability. They work based on the
EDLCs. Lasers also have the ability to develop doped graphene
and graphene hybrids. The heteroatom doping-based gra-
phene and graphene hybrid-based SCs can be attributed to
the pseudo-capacitors.

In order to obtain high device performance, lasers have been
adopted to fabricate structured graphene to improve contact
area between graphene and electrolytes. Porous and grating
structures have been developed for graphene. Porous structures
can be fabricated by LRGO and LIG because of gas generation.
The grating structures can be fabricated via laser interference.
Lasers can also be used to fabricate graphene hybrids and
heteroatom doping graphene for higher device performance.
Graphene hybrids have been developed via laser-reduced GO
composite or depositing active materials after LRGO of LIG
processing. The active materials contain abundant active sites,
which is helpful in improving electrochemical performance.
As for doping graphene, the heteroatom doping can increase
the hole charge density.

In addition to developing high electrochemical perfor-
mance, lasers play an important role in developing mini-
aturized, stretchable, and integrated devices. Thanks to its
high-resolution ability, a femtosecond laser can be used to de-
velop miniaturized SCs. As for stretchable G-SCs, they can be
fabricated for stretching substrates or stretching structures via
LIG or a laser cutting process. In addition, it is worth noting
that graphene is a versatile material for developing electronic
devices, which are able to develop integrated SCs. For example,
fabricated SCs arrays improve energy storage ability and shed
light on possible practical uses.

Though many successes have been achieved in this field,
there are still urgent problems to be solved. First, to satisfy the
huge demand for electrodes, mass production of high-quality
graphene is still challenging. Then, introduction of essential
functional groups and surface modification during the device
fabrication still require long and arduous processes. In addition,
developing easy and effective device fabrication methods to-
wards miniaturized, integrated, and multifunctional devices is
still a great challenge. What is more, exploring new materials
and electrolyte factors should also be taken into account.
Finally, laser processing efficiency should be considered for
practical applications. To address this limitation, spatial light
modulators and concurrent processing technologies have been
widely used to improve processing efficiency. In short, the de-
velopment of laser-enabled G-SCs may stimulate rapid progress
in various wearable devices for future applications.

To summarize, laser-enabled G-SCs are still a promising
method for developing high-performance energy storage devi-
ces. The method combines advanced fabrication technologies

with unique material properties that will stimulate the rapid
progress of wearable devices.
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