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Thin, lightweight, and flexible lithium-ion batteries (LIBs) are emerging as a promising power source for
high-performance flexible electronics. However, their technological drawbacks have hindered the development of fully flexible electronics because of a lack of reliable electrode materials that combine superior electrochemical properties with mechanical flexibility. As a solution to this problem, we herein demonstrate an
additive-free electrode fabrication process, where reduced graphene oxide (rGO) is coated onto a current collector using a supersonic kinetic spray technique (spray-rGO). The spray-rGO demonstrates outstanding mechanical and electrochemical properties compared to those of rGO electrodes fabricated using the conventional process. Moreover, despite being fabricated without any binders, spray-rGO exhibits high adhesion energy, which enables the fabrication of highly flexible electrodes with no structural deterioration or capacity
degradation. This approach to fabricate additive-free flexible electrodes, which results in electrodes that satisfy other important criteria such as high rate capability, long-term cyclability, and facile and fast fabrication,
is a prospective method for developing high-performance flexible LIBs.
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1. Introduction
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Flexible, stretchable, and wearable electronic devices are being actively investigated as emergent and promising next-generation technologies [1–6]. However, several issues facing the development of
flexible energy storage devices for powering electronics in a flex/bent
state are yet to be overcome [7,8]. Flexible energy storage devices
must demonstrate essential electrochemical and mechanical characteristics such as high capacity, high rate capability, long cycle life, low
cost, and high flexibility.
Currently, lithium-ion batteries (LIBs) dominate the market because of their properties such as high rate capability, high energy density, and long cycle life [9,10]. The fabrication processes of LIB electrodes involve coating slurry onto a metal current collector, where
the slurry comprises a mixture of an active material, a conductive
agent, and a binder. However, the application of such devices as
flexible batteries in flexible electronic devices has been limited because of unreliable or improper electrode materials and fabrication
processes. Various issues with conventional LIB electrodes need to
be resolved for them to be used in flexible batteries. The first prob
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lem is weak adhesion at the interface between the electrode materials and the current collector because of the point contact formed by
only binder particles [11,12]. Electrodes with weak adhesion can develop cracks and delamination at the interface because of deformation
in the bent/flex state and volumetric expansion during repeated charge
and discharge, resulting in capacity loss and performance deterioration. Among the other constraints, the additives, which are approximately 5%–10% of the total weight of the electrodes, are not electrochemically active, and thus, do not store Li+ ions, thereby reducing
the overall gravimetric capacity. Furthermore, additives can result in
degradation of electrochemical performance. The irreversible capacity increases with increasing additive content in the electrode materials [13,14]. Such issues with additives have been a main constraint in
developing fully flexible LIBs. Therefore, a novel process that ensures
high adhesion energy and compensates for the capacity loss due to additives would enable the fabrication of flexible electrodes for flexible
LIBs.
In this regard, several approaches for solving the aforementioned
issues related to additives and adhesion-energy problems for flexible
LIBs have been reported. In some approaches, the surface of a current collector was roughened by a surface treatment such as a porous
Cu foil or nanostructure growth over the surface to increase the adhesion energy at the interface [15–18]. Other approaches include use
of nonmetallic current collectors with higher adhesion energy, such as
graphite sheets, carbon fibers, or carbon paper [19–27]. Even though
these approaches improves the adhesion energy at the interface, the
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The slurry-rGO was prepared by mixing of rGO with the carbon
black super-P (Timcal Ltd.,) as a conducting agent, and poly(vinylidone difluoride) (PVDF) in N-methyl-2-pyrrolidone (NMP) solvent
with the weight ratio of 90:7:3. The mixing of the materials was carried out for almost 1 h in order to form uniform distribution of active
materials with additives. The mixed slurry was then coated on the Cu
current collector uniformly. After coating, the slurry-rGO on Cu-current collector was dried at 80 °C in a vacuum oven for more than 12 h
to evaporate solvent.
The loaded mass for both slurry-rGO and spray-rGO was about
100 g/m2; however, the exact loaded mass of rGO materials in
slurry-rGO was 90% of total slurry weight (i.e. 90 g/m2) and the
other portion (∼10%) was additives. Due to additive-free fabrication process, the gravimetric capacity of spray-rGO shows about 10%
more than that of slurry-rGO.
2.2. Adhesion energy measurements

A force station (Physionics Co., Ltd.)-based adhesion test system
was used to measure and compare the adhesion energy of spray-rGO
and slurry-rGO on Cu current collectors. The structural configuration for adhesion measurements was as follows: From bottom to top,
the lower part for sustaining the electrode on the stage consisted of
stage/double-sided tape/supporting and handling glass substrate/double-sided tape/target electrode of spray-rGO or slurry-rGO on a Cu
current collector. The upper part for measuring adhesion energy consisted of double-sided tape/supporting and handling glass substrate/
double-sided tape/driving unit of the force station. The area of the upper double-sided tape, which directly contacted the electrode surface,
was limited to 1 cm × 1 cm to ensure that each electrode had the same
exposed area. The measurement sequence involved two steps of pressing and pulling. Initially, after a force of 20 N was applied to make
fine contact between the upper tape and the electrode surface, various
parameters such as displacement, force, and time were simultaneously
measured by the force station as the pulling force was increased.
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fundamental problems of detachment and additive content have not
been resolved. On the other hand, additive-free electrode fabrication
such as vacuum filtration, chemical vapor deposition (CVD), and hydrothermal synthesis methods have been investigated [28–33]. However, these approaches have complicated processing steps and do not
result in electrodes that simultaneously satisfy all necessary characteristics for use in flexible LIBs (e.g., high rate capability, long lifetime, and mechanical flexibility). Hence, a facile electrode fabrication
process that yields electrodes that fulfil all requirements for flexible
LIBs is urgently needed.
Herein, we describe a novel method for the fabrication of an additive-free reduced graphene oxide (rGO) electrode using the supersonic
kinetic spray technique (spray-rGO) [34] and successfully demonstrate its incorporation into a flexible LIB. Because the supersonic
kinetic spray imparts high energy to the particles, the coated rGO
film enables direct coating and exhibits a self-healing effect. However, the most widely used anode material, graphite, is not suitable
for use in the spray process because its large particles size results in
a poor coating efficiency. By contrast, rGO particles, which are produced through a chemical exfoliation process from graphite, are much
smaller than graphite particles, making them suitable for use in the
supersonic kinetic spray process. Moreover, rGO possesses various
outstanding properties, including excellent conductivity, large surface
area, and high lithium-ion diffusivity (∼10−7 to 10−6 cm2 s−1), indicating suitable characteristics for use in high-power LIBs [35]. Therefore, using supersonic kinetic and rGO particles, we have fabricated
an additive-free rGO electrode. Among the various improved properties of the spray-rGO electrode, it exhibits better adhesion energy
than an rGO electrode fabricated by the conventional slurry method
(slurry-rGO) because of the large contact area at the interface between
the electrode and the current collector; thus, its properties render it
suitable for use in flexible LIBs. Moreover, the spray-rGO electrode
shows better electrochemical performance, including better rate capability and long-term cyclability than slurry-rGO. The mechanical flexibility of spray-rGO is successfully demonstrated via improved adhesion energy in flexible LIBs when the batteries are bent and twisted
severely. Because this proposed method increases the adhesion energy
without using any binders, this novel electrode fabrication process will
facilitate the future development of flexible LIBs with broad potential
application.
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2.1. Fabrication of spray-rGO and slurry-rGO

The precursor suspension for the spray-rGO coating process was
prepared by mixing 0.8 g of rGO (product name: N002-PDR;
size < 10 μm; Angstrom Company) in a 40 mL solution of isopropyl alcohol (Samjeon Chem.) and dimethylformamide (Sigma-Aldrich) (3:1
ratio in v/v). The dispersive solution was sonicated for 2 h to form a
uniform rGO suspension. After confirming by visual inspection that
the rGO suspension was free of precipitates, we fabricated the rGO
electrode (without using a binder) on the Cu current collector by injecting the solution using a supersonic kinetic spray [34]. The detailed
parameters used for the spray-coating process were as follows: pressure of 4 bar, nozzle temperature of 300 °C, flow rate of 3.0 mL min−1
using a 50 mL syringe, and 10 sweeps per syringe to produce a thick
and uniform coating for use as an LIB electrode. The thickness of
the coating after the spraying process was approximately 15 μm. This
coated electrode was directly used as an anode for LIBs in coin cells
and in flexible LIBs without any additional treatment such as a cleaning, aging, or thermal treatment.

2.3. Material characterization
Raman spectroscopy (Horiba, Lab Ram ARAMIS) was used to
characterize the self-healing effect of the supersonic kinetic spray
on spray-rGO. Field-emission scanning electron microscopy (JEOL,
JSM-7001F) was used to observe the morphology of the surface and
the thickness of spray-rGO. For the cross-section observations, the
edges were cleanly cut using a cross-section polisher (CP, JEOL,
IB-19510CP). Electrochemical measurements such as cyclic voltammogram, charge/discharge profiles, cycle performance, rate capability, and electrochemical impedance spectroscopy (EIS) were carried
out with assembled coin cells. The coin cells were assembled inside an
Ar-filled glove box in which the O2 and moisture concentrations were
both less than 5 ppm. The spray-rGO/slurry-rGO and Li metal served
as the working electrode and the counter/reference electrode, respectively. A polyethylene (PE) film was used as a separator to prevent
an electrical short between the two electrodes. The electrolyte, which
served as a carrier for Li+ ions between the two electrodes, consisted
of 1 M LiPF6 solution in a 1:1 (v/v) mixture of ethylene carbonate
and dimethyl carbonate. Electrochemical measurements such as cyclic
voltammogram for evaluating half cells and flexible LIBs were carried
out using a battery cycler (Won-A Tech, WBCS 3000) with cut-off
voltages of 0–2.7 V and 0–2.5 V [36]. EIS was conducted using a potentiostat (Won-A Tech, Zive-sp1) in the frequency range of ∼10−3 to
106 Hz [28].
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The overall process of the supersonic kinetic spray coating used to
fabricate additive-free electrodes is shown in Fig. 1a. First, the rGO
suspension was prepared in a 50-mL syringe and injected as a source
material for a spray-rGO electrode at a precise injection rate using a
syringe pump. A high-pressure air stream was spewed through the su
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Flexible lithium ion battery was fabricated by using PDMS substrate in the configuration of PDMS/spray-rGO anode/separator/LCO
cathode/PDMS, which structure can be bent and twisted. The cathode
and anode were separated by a polypropylene film in order to avoid
short circuit, which is conducting for the lithium ions but insulator for
electrons. After assembling the flexible battery, the electrolyte was injected using the syringe. Finally, the flexible battery was sealed by using PDMS, the whole processes of assembling of flexible battery were
carried out in Ar-filled glove box. The method of fabricating flexible LIB using slurry-rGO was the same as that of flexible LIB using
spray-rGO.

personic nozzle and injected rGO particles toward the current collector. The flow of high-pressure air increased the kinetic energy of the
rGO particles and aided in evaporation of the solvent used for the suspension [34]. The thickness of spray-rGO can be controlled by changing the concentration of the rGO suspension and by repeating the coating cycles. The density and coating efficiency depend on the injection
rate of the suspension velocity of the air stream, the temperature of the
supersonic nozzle, and the distance between the nozzle and the target
substrate [34].
Through a series of mixing and spraying processes, an additive-free spray-rGO electrode was successfully produced under high
kinetic energy. The processes involved two steps: dispersive solution
mixing and supersonic spray-coating. As shown in the inset of Fig.
1a, the Cu current collector was uniformly coated with sprayed rGO
particles. The cross-sectional SEM images in Fig. S1 confirm that the
spray-rGO electrode had microscale thickness similar to that of the
slurry-rGO electrode. The thickness of the spray-rGO electrode could
be controlled as required for high-power or high-energy-density LIB
applications.
Previously, a supersonic spray method for film formation was
demonstrated to result in rGO with a self-healing effect [34]. In the
present study, we used Raman spectroscopy, which is a nondestruc
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Fig. 1. (a) Overall schematic of additive-free coating of an rGO electrode using supersonic kinetic spraying. The inset shows an optical image of spray-rGO. (b) Raman spectra of
spray-rGO and slurry-rGO in the frequency range of 1000–3000 cm−1. (c) Schematic structure of spray-rGO. (d–e) Cross-sectional SEM images of spray-rGO with different magnifications. (f) Schematic structure of slurry-rGO. (g–h) Cross-sectional SEM images of slurry-rGO with different magnifications. (A colour version of this figure can be viewed online.)
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sion energy of the binder-free spray-rGO and slurry-rGO on Cu current collectors, we directly measured the adhesion energy using a force
station to apply pulling/pressing force while measuring the displacement, time, and force simultaneously. Fig. 2a shows a schematic of the
force-station adhesion measurement system for the rGO electrodes.
The configuration of the lower part, from bottom to top, was moving
stage/glass substrate/current collector/rGO electrode. For the upper
part, an auxiliary glass substrate was attached to the upper force-station driving part and an adhesive layer was formed with an adhesive tape on the lower surface of the glass to make adhesive contact with the rGO electrode. The adhesion energies of spray-rGO and
slurry-rGO were measured using a constant area of 1 cm × 1 cm formed
with the adhesive layer at the upper part of the electrodes.
Figure S2 explains the process sequence of adhesion energy measurements in terms of time vs. pressing/pulling force. At the early
stage of measurement, a pressing force of ∼20 N was applied to form a
conformal contact between the upper adhesive layer and the electrode
surface with uneven roughness. The pulling force was then applied,
and the adhesion force, displacement, and time were simultaneously
measured (Fig. 2b). We observed that the pulling force applied to the
electrode increased with displacement and that the adhesion energy
prevented separation until detachment occurred. That is, the measured
force value indicated that the adhesion energy had a limitation force
that can be sustained at the point where detachment occurs. Upon
completion of the process, the adhesion energy values for spray-rGO
and slurry rGO were determined to be approximately 210 and 106 kPa,
respectively. Thus, spray-rGO resulted in a two-fold increase in adhesion energy compared to slurry-rGO because of its larger contact area,
as confirmed in the cross-sectional SEM images. Fig. 2c and d shows
schematics of the difference between adhesion energy measurements
of spray-rGO and slurry-rGO and photographs of the electrodes and
double-sided tape located in the upper part. In this regard, the extent of
electrode delamination differed. In the case of spray-rGO, only the upper part of the electrode was peeled-off because the adhesion energy
between the rGO electrode and current collector was likely higher than
the cohesion energy within the rGO electrode. By contrast, in the case
of slurry-rGO, more rGO electrode was delaminated, possibly because
of the rGO particles’ lower adhesive energy and the smaller contact
area between the current collector and electrode material. We confirmed that the bonding force with the current collector when a binder
is used is much lower than the binding energy within the rGO electrode. The high adhesion energy of spray-rGO makes it is more stable,
and hence, a more promising electrode material for flexible LIBs than
slurry-rGO prepared by the conventional method.
Before applying this novel electrode to flexible LIBs, we carried
out essential electrochemical measurements of the electrode in coin
cells. Fig. 3 shows the charge/discharge profiles of spray-rGO at low
constant current (0.1 C-rate); we conducted these experiments to understand the typical characteristics of the graphitic material [42]. In
the first discharge cycle, a voltage plateau was observed at ∼0.8 V because of the formation of a solid–electrolyte interface (SEI), which
is a well-known phenomenon in carbon-based anode materials; it results from the reduction and decomposition of the electrolyte at the
electrode surface [43]. After few charge/discharge cycles, a flat and
long discharge plateau was observed at ∼0.2 V, which corresponds to
the intercalation of Li ions between the graphite layers [42]. Similarly, less polarization was observed in the charge profiles after the
first cycle. The specific capacities of the discharge and charge steps
in the 1st cycle were 466 and 334 mAh·g−1, respectively, and the irreversible capacity was approximately 132 mAh·g−1, which means the
value of coulombic efficiency was 72%. The discharge/charge phases
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tive method, to determine whether the self-healing effect persists for
a microscale stacked rGO film on a Cu current collector. Fig. 1b
shows the Raman spectra of rGO before and after coating by the spray
method. The Raman spectra consist of D peaks (∼1350 cm−1), G peaks
(∼1580 cm−1), and 2D peaks (∼2700 cm−1), which are typical peaks
of graphitic material such as graphite, graphene and rGO [37]. The
presence of the characteristic peaks of carbon materials in the Raman
spectra confirms the self-healing effect in spray-rGO [34]. The position of the G peak, which is associated with the double-degenerate
E2g mode, slightly shifted from 1580 cm−1–1578 cm−1 after the spray
process. The 2D peak, which appears because of the second-order
zone boundary phonons, shifted from 2718 cm−1–2716 cm−1.33 That
is, because of the high-energy impact of the supersonic kinetic spray
process, the rGO particles were subjected to in-plane stretching forces,
resulting in a self-healing effect upon the change from Stone–Wales
defects [5-7-7-5 ring structure] and C2 vacancies [5-8-5 ring structure]
to an ideal hexagonal structure [34,39]. In addition, the intensity ratio
between the D and G peaks (ID/IG), which is a criterion for evaluating
the defect level, was 0.166 for the pristine rGO particles and decreased
to 0.112 after the spraying process. When carbon-based materials are
used as an anode material in LIBs, retained defects such as impurities
or vacancies can increase in the initial specific capacity; however, an
increased defect level in rGO can hinder battery performance with respect to, for example, reversible capacity, long-term cyclability, and
stability, which are essential properties for flexible LIBs [40,41]. That
is, a lower ID/IG in the Raman spectra of spray-rGO indicates that it
contains fewer defects than pristine rGO particles, which can result in
improved essential properties of flexible LIBs. Thus, the Raman spectra confirmed the integrity of deposited rGO particles coated with high
velocity and indicated that this approach is applicable to the coating of
various films onto current collectors.
An important aspect of using the supersonic kinetic spray method
for electrode fabrication is the ability to fabricate an rGO electrode
without binders, which function only as construction agents. In the
spraying process, direct deposition of the rGO layer onto the current collector could enable the fabrication of binder-free electrodes.
We investigated the structural differences between spray-rGO and
slurry-rGO using SEM; the resulting images are shown in Fig. 1c–h.
Fig. 1c shows that the spray-rGO electrode formed without a binder on
the current collector exhibits direct contact and has a large contact area
at the interface. For a more detailed observation and direct evidence,
we collected cross-sectional SEM images of spray-rGO; one such image is shown in Fig. 1d. The rGO particles were well stacked in the absence of an adhesive agent and exhibited large and direct contact with
the current collector. The SEM image in Fig. 1e is a high-magnification image that clearly shows the interface between the rGO electrode
and the current collector and confirms plane contact at the interface.
A schematic of the slurry-rGO structure prepared by the conventional
slurry-based process is shown in Fig. 1f. In this case, only binder particles held the rGO particles and formed an adhesive surface at the interface. Moreover, as shown in Fig. 1g–h, slurry-rGO was bonded by
binder particles via point contact, whereas the large regions without
binder were not closely packed, resulting in poor connectivity between
the electrode and current collector.
The adhesion energy at the interface is an important factor for the
application of an electrode in flexible LIBs [12]. If the adhesion energy is insufficient, delamination and chipping-off in flex states can
occur at the interface between the electrode and current collector. The
abnormal performance of nonflexible electrodes in flexible energy
storage devices results in performance degradation because of the reduced contact area and a loss of active material. To confirm the adhe
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Fig. 2. (a) Schematic configuration and photographs of the system used for adhesion energy measurements of spray-rGO and slurry-rGO. (b) Adhesion measurement results for
spray-rGO and slurry-rGO; arrows indicate the points where delamination occurred. The inset shows the statistics of the results with error ranges. (c–d) Schematics showing different
explanations of spray-rGO and slurry-rGO and optical images of the samples after the adhesion measurements. (A colour version of this figure can be viewed online.)

CV was performed to obtain detailed information about the surface kinetics and redox reactions of spray-rGO (Fig. 3c). It was performed in the voltage range of 0–2.5 V vs. Li/Li+ at a scan rate of
0.1 mV s−1. The anodic peak at ∼0.5 V in the 1st cycle, which is related
to SEI formation, was broad. The peak near 0 V vs. Li/Li+ was related
to intercalation, whereas the potential for deintercalation in the subsequent cathodic current was located at ∼0.34 V. The peaks observed in
this range indicated that Li-ion intercalation into the graphite lattice in
spray-rGO clearly occurred [44]. Notably, however, the polarization
decreased and the peak current increased to remarkable extents after
the 2nd cycle. The cathodic peak current was 0.19 mA·cm−2 in the 1st
cycle and increased from 0.39 to 0.53–0.75 mA·cm−2 in the 2nd, 3rd,
and 4th cycles, respectively. This increase in the peak currents was
also observed in the anodic peaks. However, the peak intensities of the
anodic and cathodic currents were saturated after the 4th cycle and no
further increases in cathodic and anodic peak currents were observed.
In this regard, the kinetics at the interface between the rGO and the
electrolyte also increased [13].
This phenomenon can be explained by the following sequential
mechanism. Initially, the highly packed spray-rGO lacked sufficient
access for the electrolyte–lithium intercalation; however, as charge/
discharge progressed, the volume expansion of the electrode materials created a porous structure that enabled the permeation of the electrolyte into the inner space, and hence, Li+-ion can access to the internal intercalation sites [42]. At this point, most of the plane contact
area, which was strongly bonded, could maintain the overall structure;
the gap created improved the accessibility of the electrolyte without
structural deterioration or collapse. The SEM images of spray-rGO after the 2nd cycle are demonstrated in Fig. S3 as direct evidence. Considering SEM images, the generated gaps were formed and helped in
increasing accessibility of electrolyte in the inner parts of the electrode.
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of the subsequent 2nd and 3rd cycles were subsequently carried out,
resulting in very flat plateaus. The coulombic efficiency in the 2nd and
3rd cycles was approximately 99%.
The charge/discharge profile of slurry-rGO is also shown in Fig.
3b for comparison with that of spray-rGO. The discharge curve in
the 1st cycle of slurry-rGO also showed SEI formation at approximately 0.8 V, similar to the discharge curve of spray-rGO; its plateau
was well-formed at approximately 0.2 V. In the subsequent cycles,
slurry-rGO also exhibited a flat plateau and good coulombic efficiency. The irreversible capacities of the 1st cycle in both cases are
compared in the inset of Fig. 3b. Spray-rGO exhibited an irreversible
capacity of approximately 28%, which is 5% lower than that of
slurry-rGO. This result can be explained by the following two possibilities. The first possibility is different coating densities and surface
area. The SEM images shown in Fig. 1c–h confirmed that spray-rGO
was denser than slurry-rGO; this difference in density can cause difference in surface area. The area of the SEI formed was proportional
to the surface area; hence, greater irreversible capacity was observed
in the case of slurry rGO. In this point, the lower surface area of
spray-rGO can imply poorer electrochemical performance; however,
the advantages of large contact area, vivid electron pathway and no-inclusion of binders can achieve higher electrochemical properties to be
introduced later. The second possibility is the effect of the additives.
The area of SEI formed has already been reported to depend on the
binder content in carbon-based anode materials cycled at ∼0.8 V vs.
Li/Li+ [13]. Therefore, the irreversible capacity of spray-rGO would
be lower than that of slurry-rGO because it was fabricated without additives. Furthermore, because the additive content of slurry-rGO was
8 wt% of the total weight, except for the current collector, the gravimetric capacity of slurry-rGO was 92% of the specific capacity (Fig.
3b). This difference in gravimetric capacity is favorable for the fabrication of thin and light batteries with spray-rGO electrodes.

Carbon xxx (2018) xxx-xxx

UN
CO
R

RE

CT
ED

PR

OO

F

6

Fig. 3. (a–b) Discharge–charge profiles of (a) spray-rGO and (b) slurry-rGO within the voltage range corresponding to graphitic materials (0–2.7 V vs. Li/Li+). The inset of (b)
shows irreversible capacity of spray-rGO and slurry-rGO. (c) Cyclic voltammogram of spray-rGO at a scan rate of 0.1 mV s−1 between 0 and 2.5 V vs. Li/Li+. (d) Rate capability of
spray-rGO and slurry-rGO with several C-rates (0.25C, 0.5C, 1.0C, 2.0C, 3.0C, and 0.25C again). (e) Cycle performance of spray-rGO and slurry-rGO at a high C-rate (1.0C). (f)
Electrochemical impedance spectroscopy results from spray-rGO and slurry-rGO. (A colour version of this figure can be viewed online.)

Therefore, the cathodic/anodic current in CV curve of spray-rGO
increased during the initial cycles and reached its maximum value after complete access of the electrolyte, demonstrating that the electrode fabricated using this novel method worked perfectly in a coin
cell without any collapse due to the high adhesion energy. In case of
slurry-rGO, the increase and saturation in current was similarly observed in CV curve (Fig. S4) because its structure can be maintained
by binders.
To compare rate-capability, the charge/discharge behaviors of both
spray-rGO and slurry-rGO at different C-rates (0.25C–3C) for

five cycles at each C-rate were investigated in the voltage range
of 0.5–3.0 V; a lower C-rate of 0.25C was repeated after the cell
was tested at 3C to confirm the structural deterioration and capacity loss due to the volumetric change and chipping-off of particles
at higher C-rates (Fig. 3d). The discharge capacities of spray-rGO
and slurry-rGO at 0.25C were similar: 335 and 330 mAh·g−1, respectively. However, at higher C-rates (i.e., 1C, 2C, and 3C), the specific capacities of spray-rGO were 294, 248, and 190 mAh·g−1 and
those of slurry-rGO were 162, 91, and 63 mAh·g−1, respectively. Thus,
at a high C-rate of 3C, the capacities of spray-rGO and slurry-rGO
were
56%
and
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tronic conductivity than that of slurry-rGO, promotes fast charge and
discharge processes. The lower value of Rct in the case of spray-rGO
is due to the absence of binder which can induce lower conductivity
[46]. Hence, spray-rGO exhibits better rate capability, as previously
discussed.
To compare the performance of spray-rGO, we compared the results with those for rGO, as reported by other authors; the relevant information is given in Fig. S5 [47–51]. In the case of rGO, the defect
and impurity levels were high because of chemical exfoliation near
the graphene layers; the irreversible capacities at the 1st cycle were
approximately 40%–80% (Fig. S5a) [40,47–51]. By contrast, the irreversible capacities of spray-rGO were minimal compared to those reported in the literature. To compare the rate capability with those in
previous reports, data corresponding to different C-rates are compared
in Fig. S5b [47–51]. The best rate capability in previous studies was
exhibited by pyrolysis rGO [50] as an anode for LIBs, which showed
capacity retention of approximately 58% at the 3C rate relative to that
at the 0.25C rate. However, our results demonstrated that spray-rGO
exhibits better performance, with 62% even in the absence of dopants
or additives because of its large contact area, which provides a smooth
electron pathway.
The electrochemical properties of spray-rGO as an anode material for LIBs were evaluated using a half-cell. Spray-rGO demonstrated
excellent rate capability and cycle life when Li metal was used as a
counter/reference electrode. We further used spray-rGO as a flexible
electrode for flexible LIBs. As shown in Fig. 4a, the configuration of
the flexible LIB was PDMS sealant/spray-rGO on a Cu current collector as the anode/PE film as a separator/LiCoO2 (LCO) electrode on
an Al current collector as the cathode/PDMS sealant. After all components were stacked, the electrolyte was injected via a syringe. The
flexible LIBs were fabricated in an Ar-filled glovebox. As shown in
the inset of Fig. 4a, the spray-rGO electrode fabricated without binders
was bent with bending radius (Rc) of ∼5 mm, but no cracking or damage was observed. The SEM images in Fig. S6 provide detailed information about the bent spray-rGO and slurry-rGO electrodes bent using various Rc values. Neither spray-rGO nor slurry-rGO showed delamination when Rc was 1 mm. When Rc was decreased to ∼200 μm,
which is close to folding, no cracking or delamination was observed at
the surface of spray-rGO, whereas the surface of slurry-rGO showed
cracks along most of the bent line and delamination or loss of the rGO
electrode material. The greater flexibility of spray-rGO compared with
that of slurry-rGO is attributed to the strong adhesion energy, which
enables mechanical flexibility in an LIB [12]. As a result, a flexible
LIB with a spray-rGO anode was successfully assembled and possessed good flexibility in terms of total structure (Fig. 4b).
After the spray-rGO flexible LIB was charged, the battery could
independently sustain a blue light-emitting diode (LED) without any
external circuit, as shown in Fig. 4c. The video clip in the Supporting
Information confirms that the flexible LIB fabricated with spray-rGO
and a PDMS package can stably turn on the LED in both flexed and
twisted states as well as in the maximum bending state. For a more
detailed electrochemical characterization, the cycle performance of
the spray-rGO flexible LIB at various bending radii—specifically, the
flat (∞), 24 mm, 16 mm, 8 mm, and again flat state at 1.5 C-rate—are
demonstrated in Fig. 4d. The initial capacity of the flexible LIB fabricated using additive-free spray-rGO was approximately
242 mAh·grGO−1 in the flat state, and its capacities were maintained
without significant fluctuation or degradation during a ten-cycle interval. From the 11th to 40th cycle, the flexible LIB was bent with Rc = 24,
16 and 8 mm, where it exhibited specific capacities of 240–241
mAh·gRGO−1 in both bending states, with no capacity deterioration.
The structural stability in the recovery state from the 41th to 50th
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19% of their respective initial values at 0.25C, indicating that
spray-rGO exhibited excellent rate capability and low capacity fading
at high C-rates.
After the cells were charged/discharged at higher C-rates, they
were again tested at the lower 0.25C rate to determine if the electrode structures deteriorated. Both spray-rGO and slurry-rGO recovered their initial values after cycling at high C-rates, which are severe
condition for graphitic materials. Slurry-rGO, which was prepared
with additives, maintained its initial capacity and structure because of
the binders. By contrast, the structure and capacity of spray-rGO produced without the binder were also maintained without any collapse or
detachment even after harsh high-rate charging/discharging because
of the strong bonding force at the interface and within the rGO electrode. Considering the surface area that can be deduced from the irreversible capacity (inset of Fig. 3b) and SEM images (Fig. 1c–h),
slurry-rGO should have better electrochemical performance, but in
fact, spray-rGO has much better performances due to no-inclusion of
binders, the large contact area between electrode and current collector,
and smooth electron pathway inside the electrode as rGO layers are
connected uniformly. Among the rate-capability results, we observed
a slight increase in capacity during the 8th to 12th cycles, consistent
with the CV results shown in Fig. 3c. This phenomenon may be the
cause of the increase in accessibility of the electrolyte to the electrode
surface during volume expansion and reduction with increasing number of charge/discharge cycles.
An extended lifecycle study was performed for spray-rGO fabricated without additives to demonstrate the stability of the electrode
with increasing number of charge/discharge cycles (Fig. 3e). The cycle performance measurement in Fig. 3e was carried out at 1.0C for
100 charge/discharge cycles. The initial capacity of spray-rGO was
approximately 295 mAh·g−1 and the coulombic efficiency during the
1st cycle was approximately 73%. With increasing number of cycles,
a slight increase in the specific capacity was observed until the 20th
cycle. This capacity increase is also consistent with the CV results in
Fig. 3c and with the rate-capability results in Fig. 3d. The phenomenon
equally occurred in all experiments shown in Fig. 3c–e, presumably
because of the high density of spray-rGO. However, even portions
of the spray-rGO electrode provided electrolyte accessibility because
of volume expansion/contraction; the bottom part remained in contact with the Cu surface with very high adhesion energy. Therefore,
after the capacity increased during the initial 20 cycles, the specific
capacities of spray-rGO from the 20th cycle to the 100th cycle were
sustained, with no capacity loss or degradation even at a relatively
high C-rate (1.0C). Fan et al. observed this phenomenon in a previous
study related to carbon nanotube sheets with SnO2 nanoparticles [45].
By contrast, the cycle performance results for the slurry-rGO fabricated with additives showed an initial capacity of 150 mAh·g−1, which
is approximately 40% of the capacity at 0.25C, and its long-term cycling efficiency became very unstable under the high-rate condition.
The slurry-rGO electrode structure provided an electron pathway via
conductor particles between the rGO particles; however, this pathway
could not serve a smooth electron pathway at high C-rates because of
the narrow contact area at the interface between the active material
and current collector, which may be the reason for the instability of
slurry-rGO. The rate capability and cycle performance of spray-rGO
were determined to be suitable for real LIB applications.
The EIS results in Fig. 3f were obtained for both spray-rGO and
slurry-rGO to confirm a direct basis for the improved electrochemical
characteristics of spray-rGO. From the EIS results, the charge transfer resistance, Rct, of spray-rGO and slurry-rGO was 382 and 601 Ω,
respectively. The lower Rct of spray-rGO, which exhibits better elec
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Fig. 4. (a) Schematic of a flexible LIB with spray-rGO as an anode (configuration: PDMS/spray-rGO/separator/LCO electrode/PDMS). The inset photograph shows a bent spray-rGO
electrode with a bending radius of 5 mm. (b) Photograph of a spray-rGO flexible LIB in the bent state. (c) Demonstration of the spray-rGO flexible LIB turning on a blue LED while
in the bent state. (d) Cycle performance of flexible LIB composed of spray-rGO as an anode at various bending states. (e) Charge–discharge profiles of representative cycles (5th,
15th, 25th, 35th, and 45th) of a flexible LIB with spray-rGO. (A colour version of this figure can be viewed online.)
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cycle was also confirmed. This recovery step, where the initial capacity is restored with no change, demonstrates the excellent flexibility
of the spray-rGO. The flexible LIB using slurry-rGO as an electrode
showed poor flexibility in bending/flexible states as shown in Fig.
S7a. Comparing the spray-rGO and slurry-rGO (Fig. S7b), spray-rGO
possessed high flexibility without changing its initial capacity in bending. On the other hand, the flexible LIB with slurry-rGO showed that
its capacities decrease as the bending step changed, and when it finally
flattened again at the end(recovery step), its capacity did not return to
the initial values.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.carbon.2018.06.040.
The flexibility tests of the flexible LIB confirmed that the high
adhesion energy resulted in good adhesion with no chipping-off or
delamination of particles from the current collector even though the
electrode was subjected to high strain. As shown in the representative discharge/charge profiles corresponding to various bending states
(Fig. 4e), the tips of the discharge curves were slightly reduced. Because the capacity was gradually decreased to the recovery state independent of the bending state, this decrease might be caused by
electrolyte consumption through the porous structure of PDMS. That
is, chipping-off or delamination of electrode particles did not occur
during the flexibility demonstration. The binder-free spray-rGO electrode, in which the active material layer was strongly adhered to the
current collector, exhibited good electrochemical characteristics and

high flexibility. Therefore, the novel electrode manufacturing process
used to fabricate the spray-rGO electrode is a promising process for
the future development of flexible LIBs for flexible electronic devices.
4. Conclusions
In summary, the additive-free spray-rGO electrode fabrication
process using a supersonic kinetic spray was investigated and demonstrated for flexible, lightweight, and high-power LIBs. The results
confirm not only the viability of additive-free electrode fabrication induced by the supersonic kinetic spray with high kinetic energy but
also that the fabricated electrodes exhibit excellent mechanical flexibility because of its high adhesion energy. The cells fabricated using additive-free spray-rGO electrodes displayed outstanding electrochemical performance in terms of high rate-capability and long-term
cycle performance due to the enlarged contact area at the interface
between the current collector and the electrode and the electrochemical performance of the spray-rGO in LIBs was not affected by bending or twisting conditions. If the novel approach of supersonic kinetic spray-based electrode fabrication process is combined with other
strategies such as porous, nanostructured, or carbon-based current collectors, the adhesion energy between the electrode and current collector can be maximized for achieving extremely high flexibility.
Furthermore this electrode fabrication strategy has potential for the
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