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ABSTRACT: The present work demonstrates the high photovoltaic power
conversion efficiency (PCE) of 11.12% using single wall carbon nanohorn assisted
carbon counter electrode based dye sensitized solar cells (DSSCs), which
demonstrates a superior PCE compared to that of platinum (9.41%). This superior
performance was a motivation to fabricate a dye sensitized solar module (DSSM)
consisting of six series connected DSSCs arranged in a bifacial manner toward the
application of building integrated photovoltaics. The DSSM demonstrated a
remarkable, champion PCE of 19.71%. This high PCE, driven to fabricate an
integrated device (photocapacitor), consists of a DSSM and a supercapacitor (SC).
Upon two-sided illumination, the DSSM generated electrical power, and the same
power is used for charging the supercapacitor. A working light emitting diode is
demonstrated with discharge of the SC. The detailed fabrication strategies and
results are discussed.

KEYWORDS: cost-effective carbon electrode, screen print, platinum-free, single wall carbon nanohorns, spray coat, dye sensitized solar cell,
bifacial, DSSM, supercapacitor, photocapacitor

1. INTRODUCTION

The global energy requirement is crucial, and it can potentially
be addressed through a clean energy conversion photovoltaic
technology. Cost-effective, third-generation solar photovoltaics
have become significant, so attention has been paid due to its
easier fabrication process, environmental friendliness, and good
energy conversion efficiency. The dye sensitized solar cell
(DSSC) is identified as an affordable photovoltaic technology
and has attracted more attention for its capability to deliver
low-cost power generation.1−3 DSSC consists of a photo-
electrode (PE) of dye anchored TiO2 nanoparticles, an
electrolyte comprising redox couples (generally, I−/I3

−), and a
counter electrode (CE). Counter electrodes play a critical role
in achieving high power conversion efficiency (PCE).
Developing a potential CE is essential, as CE catalysts have
high conductivity, have good catalytic activity, are more stable,
etc. Generally, a very thin platinum (Pt) layer will be deposited
onto a conductive fluorine doped tin oxide (FTO) coated glass
substrate which is used as the counter electrode, due to its
extreme catalytic performance for tri-iodide reduction and
good electrical conductivity.4,5 Due to its higher cost, rare
availability leads to minimal large-scale production for power
production. To overcome this, efforts have been made by
researchers for the development of cost-effective catalysts,
include carbonaceous materials, nitride, sulfides, etc., as
promising catalysts materials.6−13 The present research focuses
on a Pt-free, cost-effective CE as an alternative to the

“champion” CE. The present study aims to develop an
effective, potential CE through an easy preparation processes.
Numerous carbon-oriented materials like active carbon,14

carbon powder,15,16 carbon spheres,17,18 and fullerenes19 have
been used as CEs which have shown remarkable progress. The
performance of DSSCs fabricated with carbon-oriented CEs
are lower compared to Pt based CEs. Improved electrocatalytic
active sites through deposition of another material over CE
catalysts could result in higher performance.20 The single wall
carbon nanohorn (SWCNH) based CE assisted DSSC
exhibited a good PCE.21−25

The development of bifacial DSSM provides a potential
candidate for building integrated photovoltaics (BIPVs).26−29

The bifacial BIPV structure enables light energy from direct
sunlight (coming from outside) and diffused light (indoor
light) to be converted into electric power. DSSCs are
recognized as the best choice for indoor light conversion (∼
200−1000 lx radiance).30−34 The DSSC is an ideal substituent
for charging in tiny electronic gadgets under indoor light
conditions. The DSSC combined with a battery or super-
capacitor acts as a self-powered system, demonstrating its
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advancement.35 Many approaches are being attempted to
improve the performance of self-powered systems.36,37

Photocapacitors are emerging as promising, self-sufficient
energy devices consisting of solar cells and supercapacitors.
Over the past few years, researchers are focusing on the
development of high-performance photocapacitors with higher
energy density and good specific capacitance. The photo-
capacitor is capable of converting the electromagnetic radiation
from the sun into electricity and storing the converted power.
Most commonly, reported studies reveal a single solar cell
charging a supercapacitor (SC). This limits the final voltage of
the storage section such that it is not sufficient to drive most
applications, like low-power electronics. To address this
concern, here we proposed a device that consists of a bifacial
DSSM (constituted series of six DSSCs) as a light harvester
and an ionic liquid based supercapacitor as a storage unit. The
two efficient SWCNH/carbon assisted identical electrodes are
used for SC fabrication and are filled with an ionic EMIBF4
electrolyte. Upon two-sided illumination of the bifacial DSSM,
the delivered voltage is used for charging the supercapacitor.
Here, SWCNH supported carbon is used as the CE for the

DSSC as well as for SC electrodes. The DSSM delivered a Voc

of 3.94 V with an overall efficiency of 19.71%. The enhanced
performance is reflected from its higher conductivity, excellent
electrochemical properties, and the high current density of
SWCNH/carbon CEs.

2. EXPERIMENTAL SECTION
Photoelectrode Preparation. Photoelectrodes were prepared by

the procedure discussed here. First, FTO (fluorine doped tin oxide)
(Greatcell Solar, TEC7, 7 Ω/square) conducting glass substrates were
carefully washed with detergent liquid and eroded in sequence with
deionized water, absolute ethanol, acetone, and finally 2-propanol for
10 min each to eliminate organic contaminants if any. A compact film
of titanium dioxide solution (Solaronix, T-L/SC) was layered over a
cleaned FTO glass substrate, which was then heated to 70 °C for 30
min. A 13−15 μm TiO2 film is realized by screen printing 18 NR-T
transparent titanium dioxide paste (18-NR, Greatcell Solar) and
sintering to 500 °C (30 min). The treatment of a compact layer like
that described above is again repeated. Then, the substrates were
cooled to 100 °C and immersed in a solution of N719 dye (0.3 mM in
absolute ethanol) in dark conditions for 16 h. Finally, electrodes were
washed gently with ethanol to remove any unanchored molecules of
N719 dye.

Counter Electrode Preparation, Test Cell (DSSC) Assembly.
The carbon based counter electrodes were prepared via screen print

Figure 1. (a) Back and front DSSM glass after proper removal of the FTO layer (black line); and (b) resultant electrodes after material coatings.
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by use of a commercial carbon paste (Solaronix) and sintered to 500
°C. A solution containing 5 mg of SWCNH dispersed in 2-propanol
was spray coated over a carbon coated FTO glass substrate at 100 °C
to get SWCNH/carbon counter electrodes. For comparison, platinum
based CEs were prepared (spin coating of a Pt solution at 2000 rpm,
sintered to 500 °C).
The closed type individual test cell (DSSC) was fabricated by a

sandwich of photoelectrodes and counter electrodes, with thermal
adhesive film (Solaronix, 25 μm, polymer melt film) placed in
between, pressed gently on a hot plate while heating at 110 °C.
Altered HI-30 electrolyte was injected via the technique of back
vacuum, and holes at CEs were closed through the polymer melt film
and cover glass.
Dye Sensitized Solar Module (DSSM) Fabrication and

Integration with Supercapacitor. Front Electrode Preparation.
Glass substrates (FTO conducting) of 8.5 × 4 cm2 size were taken
and etched properly using zinc dust and HCl to disconnect electrically
from one to another part as shown in Figure 1a (black lines indicate
the FTO removed part). Initially, glass substrates were cleaned in
ethanol and acetone in an ultrasonicator for 10 min. A 5 μm thick
carbon film was deposited to act as CE (FC1, FC2, FC3, and
supercapacitor part, one electrode) using a screen print technique and
heated to 100 °C. Over FC1, FC2, and FC3, SWCNHs solution (in 2-
propanol) was spray coated and heated to 100 °C. As the other parts
on the front electrode are treated, TiO2 paste was then deposited
(FP1, FP2, FP3) by using a screen print technique, along with
sintering to 500 °C for 30 min to remove binders and solvents to
electrically interconnect well with the respective nanoparticles. Then,
the electrode was soaked for 16 h in 0.3 mM N719 dye in ethanol
solution. While soaking, the carbon part (FC1, FC2, FC3 and
supercapacitor part) is sealed with Kapton tape and Surlyn to avoid
damage of carbon.
Back Electrode Preparation. FTO glass substrates of 5 × 3.5 cm2

size were used, to have additional space for the electrode contact for
measurements and etched properly to disconnect electrically from one
to another part as shown in Figure 1a (black lines specify the FTO
removed part). Six inlet holes of approximately 0.5 mm diameter were
drilled (shown in Figure 1b) for electrolyte filling. FTO glass
substrates were cleaned, and carbon films were deposited for CE parts
(BC1, BC2, BC3) using screen printing and heated to 100 °C. Over
BC1, BC2, and BC3, SWCNH solution was sprayed and heated to
100 °C. As the other parts on the back electrode, TiO2 paste was then
deposited (BP1, BP2, BP3) by using a screen printer and then
sintered to 500 °C for 30 min. Before dye soaking, the carbon part
(BC1, BC2, BC3) was sealed with Kapton tape and Surlyn to avoid
damage of the carbon. Then, the electrode was soaked for 16 h in 0.3
mM N719 dye in ethanol solution, and the resulting electrode is
shown in Figure 1b as after dye loading.
Assembling of DSSM. These front and back electrodes were

sealed by placing a thermal adhesive film (Solaronix, polymer melt
film) with a gentle hot press up to 110 °C. An acetonitrile (AcN)
based redox coupled altered electrolyte (altered HI-30) was injected
using a back vacuum filling technique via 6 holes followed by its
perfect seal.
Integrated Device. Another FTO glass substrate of size 3.5 × 4

cm2 was cleaned thoroughly, and the carbon paste was screen printed
(deposition area 2 × 3 cm2) and heated to 100 °C. Then, the
SWCNH solution was sprayed and sintered at 500 °C; this acted as a
second electrode for the supercapacitor. A separator consisting of a
Surlyn sheet was placed between the two supercapacitor electrodes,
and a liquid electrolyte of EMIBF4 was filled and gently sealed. Figure
2 presents the resultant photocapacitor (integrated the dye sensitized
solar cell with the supercapacitor).

3. CHARACTERIZATION AND MEASUREMENTS

Microstructural studies of carbon, SWCNH, and SWCNH
decorated carbon bilayer films and cross sections are examined
by SEM (scanning electron microscopy, JEOL, JSM-IT500)
and also by EDAX through APEX. X-ray diffraction studies

were recorded by a Rigaku Miniflex diffractrometer in between
0° and 80° of 2θ value. Electrocatalytic activity was observed
through cyclic voltammetry (CV) with an electrochemical
workstation CompactSTAT.h IVIUM technology with three-
electrode configurations. Ag/Ag+ was used as the reference
electrode, by use of acetonitrile solution containing 0.5 mM I2,
0.1 M LiClO4, and 5 mM LiI, at a scan rate of 50 mV s−1.
Photocurrent density (J)−voltage (V) characterization of the
developed test devices was examined with a solar simulator
(PEC-L01, Peccell Inc.) containing a spectral filter (AM 1.5)
and source meter (2401N Keithley). The light intensity of the
solar simulator is adjusted to 100 mW/cm2. The Tafel
polarization plots and EIS (electrochemical impedance spec-
troscopy) were carried out for symmetrical dummy test cells
(CompactSTAT.h workstation), with 10 mV of amplitude
between frequencies of 1 Hz and 1 MHz.

4. RESULTS AND DISCUSSION
The microstructural studies of carbon, SWCNH, and SWCNH
decorated carbon based electrodes are examined by SEM
studies, and the resulting images are presented as Figure 3. The

pristine carbon had flakes of smooth and thin layer structures
shown in Figure 3a. Figure 3b represents a SWCNH/carbon
based electrode having an interconnected nature. Carbon
flakes covering the SWCNH layer are observed for the
SWCNH coated carbon electrode, shown in Figure 3b. Figure
3c presents the SWCNH coated electrode, consisting of
agglomerated SWCNHs. Figure 3d represents the cross-
sectional view of SWCNH over carbon coated electrodes.
The carbon film thickness of 12 μm is present, over which a

Figure 2. Photo supercapacitor connections under illumination and in
the dark.

Figure 3. SEM images of (a) carbon, (b) SWCNH/carbon, (c)
SWCNH, and (d) cross-sectional view of SWCNH/carbon.
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thin SWCNH layer is observed. The EDAX spectra are
represented in Supporting Information Figure S1. The X-ray
diffraction (XRD) studies are performed and presented as
Figure S2 of Supporting Information.
The performance of the electrocatalytic activity of the

developed counter electrodes is monitored in an I−/I3
− redox

based solution by use of cyclic voltammetry (CV) studies
having a three-electrode configuration. The platinum (Pt) wire
acts as the counter electrode, and the Ag/Ag+ acts as the
reference electrode in acetonitrile based solution consisting of
10 mM LiI, 0.1 M LiClO4, and 1 mM I2.
The prepared working electrodes (carbon, SWCNH,

SWCNH/carbon, and Pt solution coated FTO glass
substrates) are inserted into the solution, and ultrapure N2
(nitrogen) gas is purged well before the start of the scans for
better performance. The witnessed results are presented in
Figure 4, in which the two pairs of prominent of peaks are

clearly observed. The two pairs of redox peaks, anodic peaks
and cathodic peaks, are observed for carbon, SWCNH/carbon,
Pt, and SWCNH. The cathodic peak reflects the reduction of
tri-iodide, and anodic peaks reflect the oxidation of iodide and
tri-iodide. SWCNH/carbon presented oxidation and reduction
peaks similar to those for Pt. This specifies that the SWCNH/
carbon electrode displays improved catalytic activity compared
with that of Pt. The redox reaction that occurs at the CE of
DSSC in the cyclic voltammogram is owed to the reduction of
iodine molecules. The SWCNH/carbon electrode presented
both higher oxidation and reduction current density in a
comparison with those of Pt, predicting a wild rate of triiodide
reduction.38 For the carbon working electrode, there is another
pair of peaks found; this is associated with oxidation and
reduction of carbon itself.39

The Tafel slope is an intrinsic characteristic of electrocatalyst
materials that is determined by the rate-limiting step.40 Figure
5 represents Tafel polarization curves with logarithmic current
density (log mA) as a voltage function for oxidation and
reduction reactions of carbon, SWCNH/carbon, SWCNH, and
Pt electrodes. Tafel polarization was accomplished with
symmetric dummy test cells (two similar counter electrodes
sandwiched, with filled electrolyte into the cell to become

symmetric dummy test cells). From Figure 5, the SWCNH/
carbon electrode performed a larger exchange current density
(JO) than the carbon, SWCNH, which implies a higher
electrocatalytic activity and reduced charge-transfer resistance
at the electrode−electrolyte interface. Tafel curve branches of
anodic and cathodic nature for the SWCNH/carbon electrode
presented a greater slope representing a higher exchange
current density.
Figure 6 depicts photo current density−voltage (J−V)

curves; its resultant photovoltaic parameter values with

acetonitrile based electrolyte are given in Table 1. The
photovoltaic performance with N719 dye based DSSC
accumulated with prepared electrodes and derived perform-
ance of photovoltaic parameters, like short-circuit current
density, efficiency, fill factor, open-circuit voltage, is tabulated
in Table 1. DSSC with carbon CE shows Jsc = 20.44 mA/cm2;
Voc is 0.71 V, with a fill factor of 0.63, yielding a PCE of 9.14%.
In contrast, the cell that ended with SWCNH/carbon

Figure 4. C−V curves of carbon, SWCNH, SWCNH/carbon, and Pt
electrodes.

Figure 5. Tafel polarization curves of carbon, SWCNH, SWCNH/
carbon, and Pt CEs.

Figure 6. I−V curves of carbon, SWCNH/carbon, SWCNH, and Pt
CE based DSSCs.
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harvested η = 11.12% with Voc = 0.72 V, Jsc = 23.76 mA/cm2,
and FF = 0.65. For comparison, SWCNH and Pt based test
cells are fabricated, and their photovoltaic parameters are
tabulated in Table 1.
The overall performance of the SWCNH/carbon based

DSSC is high due to the conductivity of carbon and the high
electrochemical activity of SWCNH; the composite DSSC
exhibited a higher PCE. The stability of the materials and
device performance are provided in the Supporting Informa-
tion, Figure S3a,b.
EIS (electrochemical impedance spectroscopy) measure-

ments were performed to examine the interfacial charge-
transfer process that occurs at the electrode−electrolyte−
electrode interfaces of symmetrical dummy test cells. The
Nyquist plots consist of two semicircles as shown in Figure 7.

At the higher-frequency region, the first semicircle intercept on
the real axis is assigned to series resistance (RS) of the FTO−
SWCNH/carbon interface, whereas, at the lower-frequency
range, the intercept on the real axis signifies RCT (charge-
transfer resistance). The RS and RCT values are evaluated
through the fitted equivalent circuit (inset of Figure 7),
tabulated in Table 2.
From this, we can conclude that SWCNH/carbon offers a

better performance. The RCT value depends on the counter
electrode’s catalytic materials; the fitted RCT for the SWCNH/
carbon CE is effective compared to that of the Pt CE; the

higher value RCT of SWCNH/carbon indicates a higher ability
for the reduction of I3

− to I− in an electrolyte solution
compared with that of the Pt CE.
The Bode phase plots are presented as Figure 8; from the

peak values, the electron lifetime (τe) is evaluated for carbon,

SWCNH, SWCNH/carbon, and Pt based devices. Here, the
frequency peaks confirm the charge transfer at different
interfaces for these devices. The SWCNH/carbon test device’s
characteristic peak frequency is present at the lower-frequency
side, demonstrating a longer electron lifetime of 1.3 ms, which
is evaluated by using the equation τe = 1/2πfmax.

Bifacial DSSM Performance. Dye sensitized solar cells are
potentially useful as photovoltaic technology for indoor as well
as outdoor applications. In particular, a bifacial DSSC is a
promising candidate for oriented building integrated photo-
voltaics (BIPVs), which enables harvesting both direct sunlight
and diffused light (indoor light) for power conversion. The
present work demonstrated a W-type module which consists of
six individual DSSC test cells in a connected series, named
DSSM; the potential for power conversion of sunlight and
indoor light is illustrated in Figure 9.

The developed bifacial DSSM was exposed to light power of
100 mW/cm2 in addition to indoor light of 1000 lx; the
performance is measured, and the obtained results of J−V
characteristic performance are depicted in Figure 10. Photo-
voltaic parameters are summarized in Table 3. Here, the DSSM
part exists in the W-type design in which photoelectrodes
interchange between the front side and the back side of the
submodule as represented in Figure 1. The DSSM revealed a

Table 1. Fabricated DSSC Photovoltaic Parameters

parameter carbon SWCNH SWCNH/carbon Pt

Voc (V)
a 0.71 0.72 0.72 0.71

Jsc (mA/cm2)a 20.44 16.99 23.76 21.04
fill factor (FF)a 0.63 0.63 0.65 0.63
efficiency (η) (%)a 9.14 7.74 11.12 9.41

aVoc: ±30 mV. Jsc: ±0.20 mA/cm2. FF: ±0.03. η: ±0.10.

Figure 7. EIS of dummy test cells made with the same CEs.

Table 2. EIS Parameters and JO of Dummy Test Cells
Fabricated with the Same CEs

parameter SWCNH carbon SWCNH/carbon Pt

Rs 15.92 17.60 13.81 17.41
RCT 21.01 37.90 19.40 19.68
JO (mA/cm2) 1.50 3.77 10.43 8.75

Figure 8. Symmetric dummy cell Bode phase plots.

Figure 9. Developed W-type DSSM module taking advantage of both
(a) sunlight and (b) indoor light conversion.
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VOC of 3.94 V, JSC of 11.53 mA/cm2, and FF of 0.53, which
leads to a PCE (power conversion efficiency) of 19.71%.
Figure 10 also presents the power−voltage characteristic of

bifacial DSSM. Here, particular attention has to be paid to the
shape of the curve, since that can provide precious information
about the photocharging process. The power has a maximum
value at 2.4 V. As reported, the overall efficiency increases
quickly in the first part of the photocharge, since the storage of
energy increases almost linearly in this region.

Supercapacitor Performance. The performance of the
fabricated supercapacitor using SWCNH/carbon is made
through cyclic voltammetry, EIS, and galvanostatic charge−
discharge (GCD) measurements. The supercapacitor is loaded
with efficient electrolyte. Cyclic voltammetry plots are
recorded from 10 to 200 mV s−1 scan rates over a voltage
window from 0 to 1.5 V, and the results are shown in Figure
11a. The obtained curves are in a quasirectangular shape. From
CV, the SWCNH/carbon based SC encircles a larger area,
which indicates superior capacitance performance. The GCD
plots are measured in the range of current densities from 0.5 to
1.5 mA/cm2 over the voltage window from 0 to 1 V (Figure
11b), which is shown in a nearly triangular shape. Areal
capacitance (ASC), power density (P), and energy density (E)
in the two-electrode mode are evaluated by using the equations
mentioned below, and the evaluated parameter values are
tabulated in Table 4.

Figure 10. J−P−V plot of fabricated dye sensitized solar module.

Table 3. Photovoltaic Parameters of DSSM

parameter DSSM

Voc (V) 3.94
Jsc (mA/cm2) 11.53
fill factor 0.53
efficiency (η) (%) 19.71

Figure 11. (a) CD curves of SWCNH/carbon SC at different charge−discharge current densities. (b) CV curves of the SC from 10 mV s−1 to 200
mV s−1 scan rates. (c) Galvanostatic charging and discharging curves versus time plot. (d) 100 cycles of CV curves at a scan rate of 100 mV s−1.
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= × Δ × Δ− I t m VASC (F g ) ( )/1

= × × Δ−E V(Wh kg ) 0.5 ASC1 2

= Δ−P E t(W kg ) /1

In the above equations, the current density is I in mA/cm2,
the discharge time is Δt in s, and the voltage window ΔV is in
V. From a decrease in current density from 1.5 to 0.5 mA/cm2,
the discharge time is increased, which confirms that the charge
storing capacity of the developed material is higher owing to
the accessibility of a greater number of active sites which are
electrochemically available and have a lower charge-transfer
resistance. The SWCNH/carbon electrode galvanostatic
charge−discharge performance up to 10 cycles for voltage
starting from 0 to 1 V is demonstrated in Figure 11c, and the
obtained curves have a triangular-like shape. The areal specific
capacitance (ASC), energy density (E), and power density (P)
are evaluated, with the values of 74.27 F g−1, 38.16 Wh kg−1,
and 6.51 W kg−1, respectively, by applying a current density of
0.5 mA/cm2. The SWCNH/carbon electrode is higher in
electrical conductivity, with greater electrocatalytic active
surface sites which improve the overall storage of charge
(Figure 11b). Figure 11d shows that the CV is constant during
100 cycles of measurement, evidencing stable performance.
An electrochemical impedance spectroscopy measurement

for SC is also performed, and the results are depicted in Figure
12. At the higher-frequency side, the series resistance value
found as RS is 33.98 Ω for the SWCNH/carbon based
supercapacitor in EMIBF4 based acetonitrile electrolyte.
DSSM Working Demonstration through an Electronic

LED. The DSSM delivered a higher power conversion

efficiency (η) of 19.71% and the energy density of the most
of reported studies.20,41−43 By considering the advantage of
this as well as bifacial illumination of the 100 mW/cm2 light
condition at one side, and the indoor light of 1000 lx on the
other side, DSSM which demonstrated an open-circuit voltage
of 3.94 V (experimental setup shown in Figure 13) is adequate

to charge the supercapacitor. With the discharge of SC, it lit up
a light emitting diode (LED) which is shown as an inset for
Figure 13, demonstrating its potential as a power source. This
is suggesting the better electrochemical features for the
SWCNH/carbon device. Figure 13 evidenced lighting of the
LED by the supercapacitor under dark conditions.
The overall photoconversion and storage efficiency (ηoverall)

of the photocapacitor (PC) device are calculated by use of the
following equations.

η = × × ×E A E t A( )/( )overall PC SC light ch DSSC

In the above equation, EPC is the energy density of PC, Elight
is the incident light power density (100 mW/cm2), tch is the
photocharging time, ASC is the effective active surface area of
supercapacitor part, and ADSSC is the effective active surface
area of the solar cell part in PC.
The energy storage efficiency of the PC is given by the

following equation.

η η η= /storage overall conversion

In the above equation, ηstorage is the energy storage efficiency
of the supercapacitor part in the PC, and ηconversion is the PCE
of solar cell in the PC (19.71%). Thus, ηoverall and ηstorage of the
PC device are determined to be 10.46% and 53.3%,
respectively.

5. CONCLUSIONS
The photovoltaic performance of a single wall carbon
nanohorn (SWCNH) assisted carbon counter electrode
(CE) based DSSC demonstrated a power conversion efficiency
(PCE) of 11.12%, which is a motivation to develop a
submodule (DSSM) which consists of six DSSCs connected
in series. This setup acted as a bifacial module. This notable
performance drove the fabrication of a SWCNH/carbon based
photocapacitor, which exhibited excellent performance and

Table 4. Electrochemical Properties of Symmetric
Supercapacitors

current density, I (mA/cm2) ASC (F g−1) E (Wh kg−1) P (W kg−1)

0.5 74.27 38.16 6.51
1.0 72.21 37.43 13.72
1.5 64.19 35.48 19.71

Figure 12. Electrochemical impedance spectroscopy of super-
capacitor.

Figure 13. DSSM illumination from both sides, under dark condition
discharge of SC lighting an LED.
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demonstrated an electronic light emitting device (LED)
function upon discharge of the SC. The DSSM is capable of
converting light illuminated from both sides into electric
power, which showed a remarkable power conversion
efficiency of 19.71% and an open-circuit voltage of 3.94 V;
this reflects the potential for building integrated photovoltaics
(BIPVs).
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