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A flexible three-dimensional porous graphene foam-based supercapacitor (GFSC) is presented here for energy
storage applications. With a novel layered structure of highly conductive electrodes (graphene-Ag conductive
epoxy—graphene foam), forming an electrochemical double layer, the GFSC exhibits excellent electrochemical
and supercapacitive performance. At a current density of 0.67 mA cm ™~ 2, the GFSCs show excellent performance
with areal capacitance (38 mF cm ~2) about three times higher than the values reported for flexible carbon-based
SCs. The observed energy and power densities (3.4 uW hcm ™2 and 0.27 mW cm ~ 2 respectively) are better than
the values reported for carbon-based SCs. Analyzed under static and dynamic bending conditions, the GFSCs are
stable with up to 68% capacitance retention after 25000 charge—discharge cycles. The light-weight, cost-effec-
tive fabrication and no self-heating make the GFSCs a promising alternative to conventional source of energy in
the broad power density ranging from few nW cm ™2 to mW cm ™2, In this regard, GFSC was integrated with a
flexible photovoltaic cell resulting in a flexible self-charging power pack. This pack was successfully utilized to
power continuously a wearable CuO nanorod based chemi-resistive pH sensor.

1. Introduction

Smart energy systems, comprising of efficient harvesting, storage
and energy management components are critical for portable electronic
applications such as wearable systems [1], defence [2], transportation
[3], fashion [4], etc. In particular, the advanced technologies that are
expected to be used for healthcare monitoring, such as e-skin [5],
smart-coatings, tattoos like sensing patches [6,7] involve a large
number of sensing devices with a high energy budget demand. Like-
wise, other applications such as electric cars, aerial vehicles, robotics
and artificial prosthesis, which have higher estimated energy budgets
and on-board energy sources, will be benefited from the development of
high-performance energy systems. Supercapacitors (SCs) have recently
emerged as a promising route to address the energy needs in above
applications [8-10].

To this end, the enhanced energy-conversion mechanisms through
various harvesting technologies based on photovoltaics (PVs) [11,12],
piezoelectrics [13] and triboelectrics [14], have also been extensively
investigated. Towards addressing the flexibility/stretchability require-
ments of wearable systems [15,16], PV cells and triboelectric/piezo-
electric nanogenerators [14], with suitable form factors have been in-
vestigated [17,18]. While significant advances have been made in
energy harvesting field, there is also a need to develop a suitable
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technology to store the excess of energy. Conventional Li-ion based
batteries (LiB) (< SOOthg_l) are not suitable for portable/wear-
able systems because they are heavy, bulky and have poor performance.
Further, the heat produced by commercially available batteries can
damage the human skin [19] and thus limits their use in wearable
systems [3,5,20]. For these reasons, SCs have emerged as a promising
alternative to conventional Li-ion batteries [8-10]. SC have high energy
density (in the range of mWhem™2) and power density (range of
W cm ™ 2) (see Ragone's plot in Fig. S1 in Supplementary information),
fast charging time (~1min), and high life cycle (> 10° cycles).
Moreover, SCs present attractive features such as high flexibility, no
thermal breakdown and environmental-friendly active/passive mate-
rials. These features make SCs the excellent candidate for flexible and
portable energy storing devices [21,22].

Based on the fundamental principle, SCs mainly work through ap-
proaches of electrochemical double layer capacitor (EDLC) [22,23] and
pseudo-capacitor (PC) [23,24]. By combining the EDLC and PC con-
cepts, a third category, namely hybrid battery type supercapacitor
(HSC) [25] has also emerged recently. Compared to PCs and HSCs,
EDLCs have more stable performance (> 10° cycles), higher flexibility
and simpler fabrication procedures [22,23,26,27], which make EDLCs
suitable for portable/wearable applications. In contrast to the LiB
technology with high limitations in the energy storage capacity, the
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Table 1

Comparison of the areal capacitance and corresponding energy and power densities of EDLCs based SCs.
Material Electrolyte Areal Capacitance Energy density Power density Ref
3D-graphene/ graphite-paper (full cell) PVA-H,S0, 9mFcm ™2 at 0.05mA 1.24 yWhem ™2 0.0245 mW cm ~ 2 [28]
Ultrathin Planar CVD Graphene film H3;PO, 0.394 mF cm ~ 2 2.8nWhem™2 2uWem™ 2 [37]
Wrinkled graphene film H,S0,4-PVA 5.33uF cm ™2 0.27nWhcem™2 11.77 yW cm ™2 [38]
Graphene thin film PVA/H;PO, 3.7mFcm 2 0.235 yWhem ™2 0.106 mW cm 2 [39]
Electrochemically activated rGO film PVA/H3PO4 11.15 at 1 mA cm ™2 - - [40]

15.38 at 0.1 mAcm ™2

Onion-like carbon Et,NBF,/propylene carbonate 1.7at1Vs™?! 1x10"2Whem™3 1kWem ™3 [41]
Nitrogen-doped rGO (flexible) PVA/H;PO, 3.4 at 20pAcm~? 3.0x 10*Whem ™3 0.2Wem ™3 [43]
rGO/CNT 3M KCl 6.1at0.01Vs™! 0.7mWhem™ 3 77Wem™ 3 [44]
1GO PVA/H,SO4 0.95 at 0.43 mA cm ™2 [45]
Laser-induced Graphene H,S0,/PVA 9 at 0.02mA cm ™2 [46]
Graphene Foam based SC H3PO4 38 mFcm ™2 at 0.67 mA cm ™2 3.4uWhem ™2 0.27 mW cm ™2 This work

features of SCs have demonstrated great scalability, i.e. SCs are ex-
pected to power efficiently from low to high-power consumption de-
vices. In this regard, the main characteristics of SC subjected to in-
tensive investigations are the areal capacitance (Cp), energy density
(Ea) and power density (P,). For example, 3D-graphene/graphite-paper
based SCs showing record values of C, (9mFem™ ),
EA(1.24 yWhem™2), and P, (25 pW em ™ 2) [28], it is still an energy
storage technology limited to power flexible micro-/nano-devices with
power consumption in the range of mW cm ™2 and nW cm ™2 (Table 1).
Here, we further enhanced the capability of carbon materials by de-
monstrating promising results with EDLCs based on 3D graphene foam
(GF) as electrodes. We take the advantage of the porosity in GF to in-
crease the effective surface area of the electrode, and therefore, to
obtain a faster and efficient electron transport through rapid the ion
exchange mechanism [29,30]. A few GF-based SCs (GFSCs) reported in
literature have used composite of GF with metal oxides (MnO,, C030,)
[29,31] or polymers (polypyrrole, PANi) as electrodes [32,33]. Gen-
erally, these electrodes present good electrochemical performance, but
they have a low electrochemical stability under long-lasting charge-
discharge cycles. This is either because of Faradaic redox reactions or
the mechanical degradation observed in metal oxide. In the case of
polymer-based electrodes, SCs are relatively stable, but their low elec-
trical conductivity still remains a bottleneck as it hinders the electron
transfer through the active material (e.g. GF with polyurethane (PU))
[34].

In this work, we present for the first time an EDLC SC based on free
standing GF as electrode, with highly improves electron transfer from
electrode to the active material. The new SC electrode structure re-
ported here consists of a highly conductive graphene sheet (GS) as a
current collector and GF as active material, both bonded with Ag con-
ductive epoxy. The resulting SCs based on GS-Ag-GF layered electrodes
were characterized by cyclic voltammetry (CV), electrochemical im-
pedance spectroscopy (EIS) analysis and galvanostatic charging dis-
charging (GCD) method. In addition, the performance of developed
GFSCs is compared with state-of-the-art SCs (Table 1). GFSCs were also
characterized under static and dynamic bending conditions as well as
tested for 25000 charging/discharging cycles. To demonstrate the ap-
plicability in wearable systems, the GFSCs were integrated on a flexible
PV cell and a flexible fully self-charging power pack (FSPP) was ob-
tained. The observed capacitance (38 mFcm™?), energy and power
densities (3.4uWhem™2 and 0.27 mW ecm ™2 respectively) are bene-
ficial for low power wearable sensors. New technologies are rapidly
evolving towards the development of self-powered systems with energy
harvesters and storage devices on non-conventional flexible substrates.
In this regard, triboelectric generator, piezoelectric generator and solar
cells are considered as promising candidates [35]. However, the critical
challenge is the variable power generation for energy harvesting such
as solar cells where sunlight may not available all the time. In this re-
gard, a flexible energy storage device is necessary. A comparison be-
tween recently reported self-powered systems for wearable applications

is given in Table S1 in the Supplementary information. The FSPP was
successfully used as a direct current (DC) source for the continuous
powering of a flexible chemi-resistive pH sensor [36], to demonstrate
the promise the presented SCs hold for fully self-powered flexible sen-
sors for health monitoring applications.

2. Experimental section
2.1. Fabrication of electrodes

The fabrication steps of GFSC electrodes are described in Fig. 1.
Firstly, PU has been drop-casted on top of a 3 x 1.5cm? flexible
polyethylene glycol terephthalate (PET) substrate (Fig. 1(a)). There-
after, multi-layered GS consisting of 300 layers of stacked GS (from
Graphene Super Market, USA) was adhered on the top of the PU
(Fig. 1(b)), having the role of charge collector. Resulting sample was
annealed at 80°C for 2h. After bonding to GS, Ag conductive epoxy
(from RS components, 186-3600) was printed on the top of GS, par-
tially covering an area of 3cm? (Fig. 1(c)). Then, 3cm? GF (from
Graphene Super Market, USA) has been deposited atop the area covered
by the Ag epoxy and cured at room temperature for 1h to ensure the
proper bonding of GS and GF (Fig. 1(d)). The Ag conductive epoxy
provides excellent adhesion between GS and GF. The high conductivity
of the epoxy reduces the contact resistance between the electrodes as
shown later. As connection pad, a Cu strip was connected to external
terminals of the SC (Fig. 1(e)), using a protective PU layer to ensure the
impermeable encapsulation of those areas that will be in contact with
the electrolyte. Thereafter, the electrolyte (H;PO4) were dropped on top
of the GF area, followed by the deposition of a polyester/cellulose blend
separator (Techni Cloth, TX 612) on top of the wet area (Fig. 1(f)). The
separator is meant to act as an ion permeable membrane and absorbent
electrolyte for keeping wettability. The complete fabrication of the SC
comprises the fabrication of two electrodes (Fig. 1(a)-(e)), and finally,
their stacking as schematically illustrated in Fig. 1(g). To protect the
GFSC from electrolyte leakage, the device was packed and encapsulated
by using Kapton tape and then by polymer film.

2.2. Fabrication of chemi-resistive pH sensor

CuO nanostructured material was prepared by hydrothermal
synthesis method and the sensitive electrode was fabricated by screen-
printing method on a flexible PET substrate. A chemi-resistive CuO
nano-rod based flexible pH sensor on PET substrate was fabricated by
screen-printing method, as thoroughly described elsewhere [36].

2.3. Characterization of GFSC electrodes
Morphological characterization of as-fabricated GF electrodes was

carried out by means of scanning electron microscope (SEM, SU8240
BRUKER, at 15kV and WD of 8 mm). The SEM images were post
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Fig. 1. 3D schematic illustration of the steps used to fabricate GFSC electrodes, comprising (a) drop-casting of PU binder on flexible PET, (b) deposition and bonding
of GS atop PU layer, (c) printing of Ag layer on top of GS (d) deposition and bonding of GF on the area covered by the Ag layer, (e) deposition of Cu stripes and GS, (f)
dropping of the electrolyte on a separator placed on top of the GF area and (g) stacking of two electrodes forming the GFSC full cell.

processed in ImageJ software (binary conversion and automated
threshold), to define the pores boundaries and to calculate parameters
such as pore size, and surface density. In addition to this, Brunauer-
Emmett-Teller (BET) method (Quantachrome Evo, molecular cross
section of the adsorbate molecule 16.2 A2 for N, at 77.3 K) was used for
the surface area analysis of the materials by using adsorption data. The
electrochemical and capacitive performance of the GFSC was analyzed
by CV, EIS and GCD methods in a two electrodes system (Metrohm
Autolab, PGSTAT302N). The CV analysis of the GFSC electrode was
carried out at scan rates ranged between 5 and 200mVs~! in a po-
tential range ranging between —1 and 1V. The EIS analysis of GFSC
was carried out by applying an alternating-current (AC) signal in the
frequency range of 1-1 MHz and using a potential amplitude of 10 mV.
The value of Ca, E5 and P, of the GFSC were obtained through GCD
measurements at various applied currents (I). The expression used to
calculate these factors is presented in the Supplementary information.
The response of GFSCs was characterized under static and dynamic
bending conditions. On one hand, the static characterization of GFSCs
performance was carried out by conformably wrapping the GFSC atop
the surface of a 3D-printed semi-cylindrical piece (printed in a CubePro
Trio 3D printer) with radius of 10 and 20 mm. On the other hand, the
dynamic characterization was carried out by attaching GFSCs to two
linear stages (from Micronix USA). Both stages were synchronized
through LabVIEW's software, allowing to control their speed, accel-
eration and location over time, as well as, to move them along opposite
directions. In this scenario, CGSCs were periodically bent at a speed of
0.5 mm/s.

2.4. Fabrication of flexible self-charging power pack (FSPP)

For the fabrication of the FSPP, three flexible GFSC modules (con-
nected in series) was connected to an amorphous silicon (a-Si) flexible
photovoltaic (PV) cell (from Sanyo, AT7665A 664-6841), placing the
GFSC underneath the PV cell. The connection between the GFSC and PV
cell was carried out through an evaluation board SPV1050 ULP (from
STMicroelectronics) to optimize both the performance of the energy
harvested by the PV cell and charging of the GFSC. The characterization
of the FSPP was carried out under above dynamic cyclic bending con-
ditions and exposing the surface of the PV cell to the white light emitted
by a 250 W halogen lamp (from Philips, 261-2469) and located at 10 cm
far from the PV cell surface.
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2.5. FSPP as a future energy source for wearable pH sensors

As a preliminary investigation, the variation of resistance of pH
sensitive electrode in pH test solutions were tested. The value of pH of
solution is varied by adding diluted HCI or KOH into the solution under
stirring. The experimental setup is shown in Fig. S2 in Supplementary
information.

3. Results and discussion
3.1. Morphological properties of GF and GS

The morphological characterization of GF (Fig. 2(a)-(d)) and GS
(Fig. 2(e)) has been carried out by SEM. The SEM image shows that the
surface morphology of GF (Fig. 2(a)-(d)) has higher porosity than GS
(Fig. 2(e)). Further, the GF has a 3D structure which mainly consists of
carbon micro-structured flakes (Fig. 2(a)-(d)) with a random distribu-
tion of pores of average size of 50 nm? (Fig. 2(f)). In contrast, the GS
presents a smooth surface with less defined grain boundaries, and
therefore, lower roughness than GF (Fig. 2(e)). The porous structure
and the rough surface of the GF are beneficial in terms of enhanced ion
exchange in electrochemical reactions and thus contribute to enhance
the electrochemical and capacitive performance of the SC as will be
shown later. Initially, the pore size distribution of the electrodes has
been analyzed post-processed SEM images with ImageJ as explained in
Fig. S3 (Supplementary information). The surface area of the electrode
influences the electrode-electrolyte interactions and energy storage
[23,26]. The specific surface area of the electrode was measured by BET
surface area analysis and is found to be 618 m?/g. The N, adsorption
and desorption curves of electrode for analysing the specific surface
area of the samples is shown in Fig. S4. The adsorption and desorption
isotherms using BET method are described in supplementary.

The thickness of electrode layers such as GF (~ 550 um) and GS with
epoxy (~15pum) was obtained from cross-sectional SEM image as
shown in Fig. S5 in supplementary. The contact angle measurement
confirm that the 3D network foam-like structure reduces the hydro-
phobicity of GF with electrolyte, as compared to GS. The optical mi-
croscopic images of GS and GF, with and without contact of electrolyte,
are shown in Fig. S6 in Supplementary information. Fig. S6a and S6b
represent the film surface without electrolyte. The electrolyte is not
spreading on the top of GS which is kept as a bubble on the top
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Fig. 2. SEM image of (a-d) GF and (e) GS at different magnification and (f) porosity of GF obtained from (d).

presented in Fig S6¢c. The observed contact angle for GS is around 70°
(Fig. S7 in supplementary) and hence it shows hydrophobic nature
while reacting with electrolyte. However, due to the porous 3D net-
works GF have a very good interaction with electrolytes as shown in
Fig. S6d. The observed contact angle for the GF with electrolyte is al-
most 0° as shown in Fig. S7. The hydrophilic nature of GF enhances the
electrochemical performance for energy storage by increasing the ionic
exchange at electrode-electrolyte interface.

3.2. Electro-chemical properties of GFSC electrodes

The electro-chemical and electro-capacitive performance of GFSC
electrodes have been investigated in the two-electrode system using
H3PO, as electrolyte. According to the general mechanism governing
EDLC based SCs [23,37,38], positive (H") and negative (PO, HPO,*
and H,PO*) [39] ions from H;PO4 electrolyte are absorbed on the
cathode and anode electrodes, respectively, during the charging step
(Fig. 3(a)). The absorption of electrolyte positive and negative ions into
SC electrodes by electrostatically or non-Faradaic reactions results in
electrical double layer (edl). In GFSC electrodes, the edl occurs along the
high surface area of the porous GF layer. The high surface area of
porous GF and less hydrophobicity (shown in Fig. 2(f) and 2(i)) en-
hance the ion absorption (Fig. 3(a)) on the electrode surface and im-
prove the charge storing capacity. During discharging, ions desorb from
electrode surface and move to the electrolyte due to the absence of net
electrical force. The good wettability of the H3PO, electrolyte by using
cellulose separator will facilitate the mobility of ions during both ion
absorption and desorption mechanism into the pores of the GF elec-
trodes. This will further enhance the capacitive performance of the
proposed device and is evaluated in following section.

The CV and EIS analysis of the device were carried out to demon-
strate above mechanisms and to study the electrochemical properties of
GFSC electrode (Fig. 3). CV curves of a GFSC cell (Fig. 1(g)), measured
at scan rates ranged between 5 and 200 mV s~ ! are presented in Fig. 3b
and Fig. S7 in Supplementary information. From these figures, it can be
observed that CV presents a cyclic shape independently on the scan
rate. However, the shape of the CV is strongly influenced by the scan
rate, especially in the range of 5-50 mV s !, where the slope of the CV
curve and maximum current levels exhibit smaller value than those
obtained at higher scan rates in the range of 50-200mVs~! (the ex-
tended CV analysis shown in Fig. S8 in Supplementary). This result is in
good agreement with the electrical current measured at 1V as a

function of the scan rate (Fig. 3(c)), where the resulting current density
increases with the scan rate. Above results are important to understand
the behavior of a GFSC as energy storing device, directly varying
properties such as acquired current density, operating voltages, etc. In
particular, the increase of the maximum current levels up to 7.4 mA
(0.5 < V < 1V) obtained at a high scanning rates of 200mVs~*
(Fig. 3b and Fig. 3c), would indicate a predominant diffusion me-
chanism governing the reaction of ions from the electrolyte to the GFSC
electrode surface in addition to the general absorption mechanism.
Moreover, the use of low scanning rates (5-20 mVs™1) allows the ob-
servation of a redox peak at around 0.2 V with a maximum current of
6.3 mA (Fig. S8 in supplementary), which is due to the reaction at the
interface between Ag and GF layers in addition to non-Faradaic reaction
between the GFSC and electrolyte. This result demonstrates that the
conductive Ag layer for bonding also contributes to the electrochemical
reaction of fabricated GFSCs at low scanning rate.

EIS analysis has been carried out to further evaluate properties of
GFSC electrodes, including ion exchange, charge transport and capa-
citive performance at electrode/electrolyte interface (Fig. 3(d)-(f)).
Nyquist's plot presented in Fig. 3(d), shows a linear trend at lower
frequencies (1 Hz-10 mHz), i.e. 40 < Z., < 859, and a slope of 46°,
reflecting the ideal capacitive nature of GFSC electrodes, and con-
firming the diffusion mechanism of ions through the electrode surface
mainly favoured by the porosity of the GF structure (Fig. 2(d)). In this
particular frequency range, the variation of resistance was observed
between 25 and 85Q, which are extremely low values for ionic ex-
change and reveal a high and rapid ion interaction of GF active material
with the electrolyte. This result partially explains the origin of the
significant enhancement obtained in the electrochemical performance
of the fabricated GFSCs. In the high frequencies region the resistance is
below < 25Q and an inflection point is observed at ~ 3 in the Ny-
quist's plot (Fig. 3d). The concave downwards trend observed below 3 Q
(inset of Fig. 3(d)) is the characteristic curve of a charge-transfer pro-
cess whose resistance is defined as charge transfer resistance (R.). The
value of R, can be calculated from the radius of a circle fitting the
concave downwards trend observed in Fig. 3(d). The calculations reveal
alow R (< 1Q), which is influenced by the Ag layer. The lower value
of R reveals that the contact resistance between the Ag conductive
epoxy and GS is very low and is beneficial for the energy storage ap-
plication. The non-zero intersection at high frequencies is due to the
solution resistance (Rg) and one additional ohmic resistance from the
active electrode material. R, is estimated to be around 2.3 Q (inset of
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Fig. 3. (a) 3D schematic illustration of the electrochemical reaction observed at the surface of the GF electrode. (b) CV curve for scan rates of 20 and 200 mV s7L (0
Current density measured between electrodes vs. scan rate. (d) Nyquist plot (inset: high frequency range). (e) Bode impedance and phase angle plots. (f) Capacitance

of GFSC vs. frequency.

Fig. 3(d)), reflecting the high conductivity of GFSC electrodes and low
contact resistance between the electrode and electrolyte, which attri-
bute to the excellent electrochemical/capacitive performance.

The Bode's plot obtained from EIS analysis (Fig. 3(e)) clearly shows
the capacitive performance of the device. Due to ion diffusion, the
Bode's impedance shows a linear decrease as the frequency increases
from 1 to 10 mHz. The Bode impedance is almost constant in the high
frequency range (10*-10° Hz) because of the charge transfer effect and
R;. Hence, the solution and material resistance mainly define the device
performance. Similarly, the Bode's angle reveals that at low frequencies,
the phase angle reaches a maximum value of 55°, suggesting the ca-
pacitive nature of electrode. In this regard, the EIS analysis indicates
that the electrolytes are easily accessible to the electrodes of GFSC and
shows a maximum specific capacitance. The device has a specific ca-
pacitance of 1.3F at 1 MHz (Fig. 3(f)). Therefore, EIS investigations
confirm that the layered GS-Ag-GF electrode could be used for elec-
trochemical SC applications.
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To check the capacitance performance of the GFSC electrodes, GCD
measurements were carried out under different current densities. By
charging the GFSC full cell using 3 and 5 mA, we have observed that the
maximum operating potential, i.e. saturation voltage, is 1.1 and 1.15V,
respectively (see Fig. S9 in Supplementary). For the sake of device
protection, GCD measurements in this work were carried out limiting
the maximum potential up to 0.8V, which means, we switch SC to
discharging mode right after the potential reaches 0.8V (Fig. 4(a)).
Ideally, graphene based SCs exhibit a triangular GCD curves due to non-
Faradaic electrochemical reaction [40,41]. However, our GFSCs show a
slight deviation from a straight line during the discharging step which
can be explained due to the influence of conducting Ag epoxy. This
result demonstrates the capacitive behavior of the device, which is a
key feature for SC performance. Moreover, these results further confirm
the electrochemical CV and EIS analysis and are in good agreement
with reported GCD results with Ag incorporated electrodes [42]. In
contrast to GFSC reported in the literature based on GF electrodes with
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Table 2
Comparison of GFSC performance measured in flat and bent conditions.

Areal Capacitance (mF cm ™~ ?)

Energy density (uW hcm™?) Power density (mW cm ~?)

GFSC Discharge Time (s)

Without bending 84.8 35.75
20 mm radius of curvature 83.7 34.87
10 mm radius of curvature 82.6 34.41

3.1 0.13
3.1 0.13
3.0 0.13

polydimethylsiloxane or polyurethane, our electrode is based on free-
standing GF, which enhances the conductivity and electrochemical
performance of the GFSC electrode [34]. The Cs and E, of the GFSC
measured at current densities ranged between 0.33 and 3mA cm ™2 as
shown in Fig. 4(b). The results show that both C, and E, decrease with
current energy, exhibiting maximum values up to 38.25 mF cm ™2 and
3.4uWhcem ™2, respectively, for current densities of 0.67 mAcm ™2,
The corresponding volumetric capacitance (Cy= 338 mF cm™3) and
energy density (Ey = 30 uWhcm ™) of GFSC for the current density
0.67mAcm ™2 were measured by using expression (4) to (6) in
Supplementary information. As compared to graphene based SCs, the
observed areal capacitance of GFSC is 2-3 times higher (Table 1). There
are various factors that can contribute for the C, enhancement, com-
prising: 1) layer-by-layer structure of GS-Ag-GF electrode, 2) influence
of Ag conductive paste on ion exchange mechanism, and 3) high con-
ductive free-standing porous GF, facilitating the access of ions towards
the edl structure. These factors also attribute to the SC performance in
terms of energy and power density of the device. The GFSC exhibits an
increase of the power density as the current density increases. The
power density of GFSC is 0.27mWcm ™2 and 0.799mWcm ™2 at a
current density of 0.67mAcm™ > and 2mAcm ™2 respectively. The
energy and power densities of 1.57uWhem™2 (Fig. 4(b)) and
0.799 mW cm ™2 are found at high current density of 2mA cm™2 and
they are shown in Ragone's plot in Fig. 4(c). In this regard, the observed
value of areal energy and power densities show that the fabricated SCs
have performance comparable to most SCs based on 1D graphene
structures. For example, 0.27 nWhcm ™2 at 11.77 pW ecm ~ 2 for wrin-
kled graphene films [38], and 1.24 pW hcm ™2 at 25 pW cm ~ 2 for 3D-
graphene/graphite-paper [28]. Further comparison of the developed SC
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with reported graphene based SCs is shown in the Ragone's plot in Fig.
S1 in Supplementary and Table 1.

The stability of GFSCs was studied through 25000 charging-dis-
charging cycles at 3 mA charging current. The initial 10 and final 10
cycles are shown in Fig. 4(d) and (e) to estimate the influence on SC
after thousands of periodic charging/discharging cycles. From this
comparison, it can be concluded that the fabricated GFSCs have ex-
cellent stability after 25k cycles and exhibit an extraordinary capacitive
retention of about 68%. To validate our GFSC as an energy source for
wearable applications, their performance was also analyzed under dif-
ferent static and dynamic bending conditions (Table 2). In static
bending conditions, the GFSC was conformably attached to 3D printed
cylindrical pieces with the radii 10 and 20 mm (inset of Fig. 5). The
GCD characteristics measured under flat and bent conditions (using a
charging current of 1 mA) are shown in Fig. 4(f). Results depict a sig-
nificant influence from bending on SC charging time, but negligible
influence on their discharging time.

To demonstrate the applicability of our GFSCs for self-powered
wearable systems, we have also developed a FSPP by combining a GFSC
with a flexible a-Si PV cell and flexible pH sensor. A 3D scheme of FSPP
is shown in Fig. 5(b). Initially we tested the performance of charging
discharging of GFSC by using flexible solar cell (image of hybrid is
shown in Fig. S10 in Supplementary). The characteristics of the re-
sulting solar cell with GFSC have been evaluated under different light
illuminations, i.e. 0.5 sun and 1 sun (Fig. 5(c), with equivalent circuit in
the inset), which can be considered as representative conditions ob-
served during a cloudy and sunny day, respectively. From this analysis,
we have obtained GFSC potentials of 0.27 and 0.87 V at 0.5 and 1 sun,
respectively. The observed charging- discharging times and potential
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Fig. 5. (a) GCD curve of flat and bent GFSC under bending radius of 10 mm and 20 mm. (b) 3D schema of FSPP (flexible PV cell, GFSC and pH sensor) (c) charging/
discharging of GFSC by using flexible PV cell exposed to different light intensities (d) performance of GFSC and PV cell under dynamic bending conditions (e)
Schematic of chemi-resistive pH sensor with an image of nanostructured CuO (f) chemi-resistive based pH sensor performance using GFSC as a voltage source.

with the light intensity are shown as Table in the inset of Fig. 5(c). It
was found that at high potential the device discharge faster (37 s for 1
sun) than at low potential, where the discharging time was very slow
(1044 s for 1 sun). Thus, the FSPP is suitable for low operating potential
in wearable devices. FSPP has also been characterized under dynamic
bending conditions (Fig. 5(d)) with bending at a speed of 0.5 mm/s. A
minor shift in the potential window (~0.08V) with and without
bending was observed. The shift in potential window during bending
may due to change of the surface area of the electrode. However, the
device recovery was very fast after bending as shown in Fig. 5(d).

The FSPP has been used as DC source (through a load resistance (Ry)
of 5kQ) to power continuously a flexible pH sensor. For this purpose,
we have used a pH sensor based on nanostructured CuO nanorods,
whose fabrication method and characteristics have been thoroughly
described elsewhere [36]. To ensure the operation of aforementioned
pH sensor, a DC power is supplied across the conducting electrode of
the sensor using the FSPP (Fig. 5(e)). Once the FSPP is connected to the
PH sensor, we measured the resistance variation of flexible pH sensor
based on CuO nanorods (Fig. 5(e)) as a function of different pH solu-
tions. Prior to the pH sensor characterization, the GFSC in the FSPP is
fully charged through PV cell under 1 sun illumination (3.8 mW cm ™2,
I, = 26.6mA, V,. = 4.7 V), using a voltage divider to limit the char-
ging current and voltage up to 0.5mA and 0.8V, respectively. In this
scenario, the GFSC can supply a potential of 0.8 V to the pH sensor even
if we need < 250mV. Since the power harvested by the PV cell is
around 3.8 mW cm 2, the power density of the GFSC is 0.27 mW cm ™2,
and the power consumption of the pH sensor is in the range of nW
cm ™2, the connection of the FSPP to the pH sensor guarantees a rapid
charging of the GFSC by the PV cell, and a slower discharging than the
charging times. These conditions show a continuous operation of a pH
sensor without using an external battery (see inset of Fig. 5(f)). This
also demonstrates that our GFSC based FSPP is a viable technology for
self-powered systems. From that characterization, one can conclude
that the output voltage across the sensor is measured as a function of
the pH value of the solution under test (Fig. S11 in supplementary). We
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have also found that by increasing the pH value of the solution towards
basic region the resistance of the pH sensor value increases (Fig. 5f). In
an acidic region of the solution, the ions absorbed on the sensitive
electrode are mainly hydroxonium ions (H;0*), whereas this is done by
hydroxyl ions (OH) in the basic solution. The slight drift in resistance in
pH measurement is due to the lack of stability of pH solution while
stirring.

After finishing the measurement, we observed a negligible reduction
of GFSC potential of 10 mV, which confirms the rapid charging me-
chanism carried out by the PV cell alternatively to the slow discharging
of the SC from the pH sensor. In good agreement with our previous
observations shown in Fig. S12 in Supplementary, we found that the
GFSC took around 115s to drop a voltage of only 15mV, which make
the FSPP suitable to power a pH sensor with a fast response in the range
of tens of seconds. From the pH sensing performance, we observed that
the pH sensor shows very fast response. The response time of the sensor
is less than 5s from pH 6.38 to pH 4 (from Fig. 5(e)) and from pH 5 to
pH 5.8 it is nearly 12s. This fast response of sensor further highlights
the benefits of self-powered system.

With the high energy density and stability of the GFSC based FSPP
combined with the low-power consumption of the pH sensor, we have
successfully characterized pH sensor with and without sunlight (Fig. 6).
The current measured through the SC (Isc) and the pH sensor (Iny)
present uniform characteristics with PV cell on (t < 5min) and off
(t > 5min). Such a platform can be further extended towards a 24 h
self-powering systems consisting of multiple nano-/micro-devices,
possibly transmitting the data to smartphone, or for applications such
as fully-energy-autonomous e-skin for prosthetics and robotics [5].

4. Conclusion

This work presents a novel GFSC with layer-by-layer structure
consisting of graphene sheet-Ag-graphene foam as high energy density
electrode. Fabricated GFSC exhibited an areal capacitance of
38mF cm ™2, energy density of 3.4 uyWhem™2 and power density of
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0.27mWecem™2 at current density of 0.67 mAcm™ 2 The extensive
characterization of GFSCs under static and dynamic bending conditions
shows that they have excellent electrochemical and supercapacitive
performance, which is due to the benefit from Ag conductive epoxy, the
high surface area in the porous structure of electrodes and the highly
conductivity of free-standing 3D graphene foam. The excellent life cycle
of presented GFSCs, with capacitance retention of 68% after 25000
charge/discharge cycles, shows their potential for use in several ap-
plications and the suitability for manufacturing. In this regard, GFSC
was integrated with a flexible PV cell, resulting in a FSPP capable to
produce a continuous DC power. The applicability of the GFSC based
FSPP was demonstrated by powering continuously a nanostructured
CuO based pH sensor. This technology has demonstrated promising
advances towards the successful development of fully self-powered
system in areas such as multi-sensing e-skin for robots and human
healthcare monitoring.
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