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Abstract:

The drawbacks of the electric vehicle are: battery pack increased weight, limited
range and required additional electricity generation source to charge the batteries.
The contribution of the coal plant to the production of electricity is 57% and
emissions 1.4 kg / kWh, while gasoline 35% and 1.2 kg / kWh respectively. Thus,
the development of an energy-boosting system for EVs is inevitable. The purpose
of this study is to present a laboratory scale organic photovoltaic-supercapacitor
(OPSC) power cell model as the mobile renewable energy source of electric
vehicle. The laboratory scale organic photoelectric-supercapacitor (OPSC) has
been developed using C-ZnO / CuO doped polymer and carbon fiber to generate
electricity from solar-heat and storage. The OPSC has considered as the roof panel
of EV and it has tested at a solar temperature of 30°C. The test results show that the
energy conversion efficiency (nec) of 19%, voltage (Vo) 2800 mV, current density
(Jsc) 522 mA/cm?, capacitance (C) 20.15 pF/cm?, energy density (Eq) 120 Whikg,
and power density (Pg) 29 kW/kg. It would be able to reduce EV battery size by
15%, weight 7.5% and battery charging power 9%. Furthermore, the OPSC-EV
roof panel would contribute to the reduction of greenhouse gas (GHG) emission
25% and help transport the population with a low level of carbonization.

Keywords : Electric vehile energy system, Organic photovoltaic-supercapacitor;
energy storage, Emission reduction, Low-carbinization.

NOMENCLATURE 1. INTRODUCTION
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have appreciable or significant influences on the
thermodynamics of heterogeneous reactions
occurring at the interface and the nucleation and
subsequent growth when phase transitions are
involved. Nanomaterial offer many advantages in
energy conversion and storage applications. The
smaller dimensions of nano-materials may also
offer more favorable mass, heat, and charge
transfer. Nano-materials also introduce new

challenges in the application of energy conversion
and storage. For example, large specific surface
area offers more sites for charge recombination in
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photovoltaics (Cahen et al., 2000) and smaller
pores may limit the penetration of electrolyte ions
in super-capacitors (Fernandez et al., 2009).

The basic principle of the design of
photovoltaic cells is to increase the optical
absorption of the active layer and / or reduce the
loss of electrons during transportation.
Nanostructures can be used to improve the
characteristics of photovoltaic cells by (i) creating
new mechanisms, such as the effect of multiple
exciton generation in quantum dots, (ii) improve
the transport and / or collection of electrons
through the use of nanostructures. Adapting nano-
materials to optimize light collection and electron
transfer is an effective means of creating highly
efficient solar cells.

Organic solar cell integrated with ultra-
capacitors to generate energy from solar energy
and store. The compound can be considered as an
exclusive EV body panel that contributes energy
(Carlson et al., 2011, Snook et al., 2011, Rani et al.,
2008). Advanced composite materials have gained
popularity in structural applications due to their
important properties, such as corrosion resistance,
lightweight and mechanical strength (Rahman et
al.,2015, Rahman et al., 2018 ). Organic compound
integrated power generation, conversion and
storage have recently attracted more attention
(Yang et al., 2013; Wee et al., 2011; Guo et al.,
2012). As an integration platform, a printable
solid-solid integrated device consisting of a single-
wall nano-tube network (SWNT), a polymer solar
cell and a supercapacitor were studied (Wee et al.,
2011). The performance of the CdTe / CdS glass
substrate solar cell was studied (Won et al., 2015)
and the solar energy conversion rate was reported
as nec of 10.9%, JSC of 25.8mA / cm2, VOC of
720 and FF 58.7%. Silicon microcrystalline solar
cells have the highest nec of 30% and dominate as
commercial photovoltaic solar cells [Miyazawa et
al., 2018]. However, economical, this is not
feasible due to its inflexibility, higher and heavier
production cost. (Daniel, et al., 2016).

Utra-capacitors are called electrochemical
capacitors (CEs) [Yang et al.,, 2011], recently
considered promising energy storage devices and
have been applied in various technologies, such as
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hybrid electric vehicle power supply devices
(HEVs) (Simon and Gogotsi, 2008). Carbon
nanotubes and graphene sheets have played an
important role in the development of super-
capacitors [Zhang et al., 2009; Lu et al., 2010].
Carbon-based materials such as carbon nanotubes,
porous carbons and graphenes are commonly used
as electrode materials for super-capacitors (Aaron
and Aiping, 2011). The carbon nanotubes (CNTS)
has a great interest in high-performance
supercapacitors (Dai et al. 2012). CNTs with a high
specific aspect ratio (SWNT > 1600 m2 / g and
MWNT > 430 m2 / g) (Liu et al., 2010), ratio of
lateral size to thickness (zZhu et al., 2011) and
excellent mechanical properties (Lee et al., 2008)
and carrier mobility (15,000 cm2 / Vs). The
authors (Xia et al., 2009, Liu et al., 2010) have
studied SC fabrication using CNT based nano-
composite ink and graphene / conducting polymer
composite as active electrode materials as well as
nano-cellulose as separator. The EDLC has a
tendency for relatively fast self-charging in three
mechanisms: overcharging, side reactions and
ohmic leakage (Liu et al., 2010). Theoretically, the
double-layer capacitance value of a graphene
electrode can reach up to 550 F / g, the highest
value of intrinsic capacitance among all carbon-
based electrodes (Xia et al., 2009, Liu et al., 2010],
as was a supercapacitor with an ultrahigh specific
energy density of 85.6%, and a specific
supercapacitor with a specific capacitance of 135
F/g and energy density of 136 Wh/kg at 800C (Liu
et al, 2012). Table 1 has presented the
performance of the high efficient organic solar cell.
This study has presented a photovoltaic-
supercapacitor model to generate electricity from
solar heat and store. In addition, the OPSC will
become the storage of regenerative braking energy
(RBE) of EV.

2.0 METHODOLOGY

An organic-photovoltaic power cell has been made
with C-ZnO doped polymer solar cell, series
resistance (Rs for the C-ZnO nanowires), CuO
doped polymer supercapacitor, and resistance of
the electrodes (Rcg of the CF). During the charging
period with a solar temperature of 30°C, the energy
conversion and storage efficiency as a function of
time of charge, t is defined as mMecs (t) = Estore(t)/
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Eiight (t) where Eggore iS the energy stored in the
supercapacitor at time t and Ejign: (t) light energy
received by the solar cell. The light energy, Esore
(t) =Piight * t where Pjigne is the solar power, the

solar power in this tudy is considered as 1000W/m>.

The energy store can be defined as,
Estored (Z): bvsc (I.) ) tc (t ) dt (1)
0

where, vg (t) is the charging voltage of the
capacitor which is developed due to the variation
of the solar temperature and the fill factors of the
cell and t,(tr) is the charging time of the
supercapacitor with solar power. Since the
supercapacitor also considered to store the
regenerative braking energy, the total energy stored
to the supercaacitor can be defined as,

Eroreay ()= Ov,. (£) - 2. (£)dt + O, (¢ ) dt )
0 0

where, Pgy(t) IS the regenerative braking power of
the EV which generates by the motor during
deceleration and downing from the slope. The
regenerative braking energy (Egp (7)) s
considered as 24% of Y2 mV* where V is the speed
of the vehicle in m/s. The current density can be
defined as,

e ® N 1Y gL
J=§N,m+N,m)E+eD, " +p, el ¢ (3
g o pnl) gDn I ™ o ¢ ®)

where, n represents N-type and p represents P-type,
u the electron mobility of composite, D is the
diffusion coefficient, e the electron = 1.6x10™°C.
The diffusion coefficient is estimated by using
Einstein equation, N, and N, are the number of
free electron. The diffusion coefficient is
estimated by using Einstein equation, D=ukT/q,
where k is the Bolzmann’s constant and q is the
charge in Columb. While, based on the Culomb’s
law, electric field E induces by an isolate charge q
at any point of the photovoltaic panel which can be
defined as E = [g/4ned®] where D is the thickness
of the composition of photovoltaic ZnO and
polymer and ¢ is the electrical permittivity of the
photovoltaic elements.
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The efficiency of the energy conversion of the
OPSC can be defined as,

t
\

OV, (t)*i.(t)dt
h,.(t)==2 _ *100% (4)

light

The time of full charge can be estimated as, t . =
CVodlsc Where, Vo is the open circuit voltage, I is
the short circuit current. The voltage generation of
the solar cell can be estimated as, Vpy = Vs + Rs
lsc= Qsc/Csc +RS lsc.

2.0 DEVELOPMENT OF OPSC

The organic photovoltaic-supercapacitor (OPSC)
has been designed and developed for the EV as a
body panel to generate electricity from solar
energy and store. It is made with carbon zinc oxide
(C-ZnO) and copper oxide (CuO) conductive
polymer, carbon fibre (CF) and dielectric as
separator/salt aquous electrolyte.The basic design
principle of OPSC is to enhance the optical
absorption and/or reduce loss during electron
transport to cenvert the solar energy into electric
energy and store. The nano C-ZnO structure is
employed to improve the performance of OPSC by
increasing the exciton generation effect in quantum
dots, creating large surface area, generating unique
optical effects and improving the electron transport
and/or  electron  collection. The C-ZnO
nanostructure is made in a shape of nanowires
which has less defects in the material. Therefore,
this single crystalline phase causes the much higher
electron mobility and highly efficient in electron
transport. Furthermore, ZnO nanowire array
achieved considerably higher photocurrent about
55-75% than the ZnO nanoparticle film and
diffusivity 0.05-0.5 cm?™, which is several
hundred times higher than nanoparticle films of
TiO, and ZnO. CuO doped polymer is employed in
polymer reinforced with CF to increase the
electron collection (Qifeng et al., 2013)..
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Fig.1: Materials for OPSC (a) Carbon fibre (b) mixture
of nano ZnO, ER and Hardener; (c) mixture of CuO,
ER and hardener

CF fabrics derived from w-Carbon (240g / m2) 0.25
mm thick were used for the development of OPSC
(Fig.1). The CF acts like a common OPSC
electrode. To enlarge the specific surface area of
the CF electrodes, the CFs should be activated by
recording in HNO3 at 90 ° C for about 2 hours on
the side that must be in contact with the dielectric.
Epoxy resin and hardener were selected based on
their compatibility with carbon fibers. The
transparent epoxy resin and hardener came in a
package with a recommended mixing ratio of 2: 1
and a complete curing time of 24 hours between
25 ° C and 30 ° C, provided by n-Carbon Malaysia.
The CF electrodes were reinforced with nano ZnO
epoxy for the negative electrode to facilitate high
electron mobility as a type n semiconductor with a
bandgap energy of 3.2 eV to 3.4 eV and is
enhanced to 3.5 eV through the application of 5%
n-carbon, and epoxy-filled nano-CuO to the
positive electrode to facilitate bore / positive
charge movement as a p-type semiconductor with a
band range from 1.2 eV to 1.8 eV (Dhara et al,
2016). By incorporating these nanoparticles into
the opposite electrodes, they increased the
conductivity of the CF electrodes. The zinc oxide
(Zn0O) nanoparticles (size 10 nm) were supplied by
Chemetal SDN, BHD, Malaysia. The copper (Il)
nanoparticles (CuO) (size 50 nm) were from
Sigma-Aldrich. Both samples come with the risk of
handling P273 and the environmental risk H411.
The dielectric film was placed between the ZnO
doped ER added to one side of the CF and the CuO
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doped ER added to the side of another thin CF
layer. The sample of the OPSC laboratory scale has
shown in Fig.2.

Fig. 2. Laboratory scale OPSC.
2.1 Preparation of P-type and N-type Semiconductor for
OPSC

Different mixture compositions were made and
tested accordingly to justify the best mixture
percentages. All the composition has been taken in
weight percentage (wt%). For example, a 10%
mixture means 10g nano-particles was mixed with
60g epoxy and 30g hardener. The ratio of epoxy to
hardener is always 2:1 in all the cases as
recommended by the manufacturer of epoxy resin.
The different mixture has been made to identify the
best composition for the OPSC (Table 1).

Table 1. Composition of nano conductive powder for OPSC.

Electrode Mixture (M)
CF & P-type M1 M2 M3 M4
SC (Wt.%) (wt.%) (wt%) (wt.%)
Epoxy+hardener 95 90 70 64
ZnO 5 10 30 30
n-carbon 0 0 0 6
CF & N-type M1 M2 M 3 M 4
SC (Wt.%) (Wt.%) (wt.%) (wt.%)
Epoxy+hardener 95 90 70 64
CuO 5 10 30 30
m-carbon 0 0 0 6
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Fig. 3: Charging and discharging voltage of OPSC at a solar
temperature of 30°C.

Organic solar dielectric capacitors and EDLCs
were made in two different ways. For dielectric
capacitors, a flat mold was made to which non-
sticky film was attached. Then, a carbon fiber
adhesive was placed in the mold with the wires
placed in a corner at the top and the mixed C-ZnO-
epoxy was brushed evenly. The epoxy mixture is
spread over the fibers by pressing it manually by
the brush. This became the negative electrode of
the photo-ultracapacitor, as C-ZnO acts as a nh-type
semiconductor. Then, the 70 g / m? paper dielectric
was placed on top and pressed with weight and
then allowed to cure for 24 hours. After the carbon
fiber of the negative electrode hardened, the next
layer of wired carbon fiber adhesive was placed
and the CuO-filled epoxy mixture was glued to it.
Then, the same process was followed as the epoxy
layer filled with ZnO until curing. This became the
positive electrode of the photo-ultracapacitor, as
CuO acts as a p-type semiconductor. For 1 sample,
only 1 type of mixture was used, for example, 5%
of the sample contained 5% ZnO in the negative
electrode and 5% CuO in the positive.

EDLC, on the other hand, followed a similar

process, except that the electrodes were made
separately. The separator impregnated with
aqueous Na2S0O4, impregnated with an electrode,
is filled with electrodes C-ZnO CF polymer paste
and CuO CF polymer paste. The charges are stored
at the electrode-electrolyte interface on the EDLC.
When the EDLC is charged, the electrolyte ions are
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moved to the opposite charge surface of the
electrode to compensate for the electron charge.
The energy accumulates electrostatically in an
electric field between the ionic layer and the
surface of a charged electrode since the charges do
not have direct contact with the electrode surface
due to the presence of a layer of solvent molecules
between them. Energy is released during discharge
as the ions move in the opposite direction.

3.0 RESULT AND DISCUSSION

The number of samples of OPSC, size of 0.0045
m?, mass 9g (all samples) and mass 12g of 30%
ZnO/CuO double layer CF, has been with different
composition of C-ZnO and CuO and dielectric
materials (20g, 70g, and 80g non-aquous paper
film and Na,SOsoaked paper film). Initially the
terminals of the final sample of OPSC for different
composition has been short circuited to be ensured
no charge was stored in OPSC. Then it has been
tested both indoor and outdoor environment. The
OPSC indoor testing has been made using the
fluorescent lamps with temperature of 27°C and
outdoor was in solar temperature of 32°C and 34°C
at 13.20 and 13.50 Malaysia time respectively. A
multimeter was attached to the terminals of the
sample to be tested. The results has been recorded
in every 10 seconds until 5 minutes for each of the
samples at solar temperature in the range of 20-
34°C at samples were taken at an interval of 10
seconds for 5 minutes to investigate the
performance of OPSC at a solar temperature of 20-
34°C.

The charging discharging behavior of the OPSC
has shown in Fig.3 which exhibits that the OPSC
charging time and discharging time almost same.
The OPSC has charged 0.2 V in 190s and 1.0V
200s while discharged 1.0V in 190s and 0.2V in
200s. The result indicates that the discharging time
is faster than the charging time. The results shows
that the performance of the OPSC increases
significantly at solar temperature of 32 and 34°C in
terms of power density (Fig.5), State-of-charge
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Fig. 5: Performance of OPSC during charging.

(SoC) (Fig.5a) and current density (Fig.5b). The
SOC has been measured with a solar temperature
of 34°C for 10s, 20s, and 30s. The SOC exhibits
better results at a solar temperature of 34°C for
20s. It is due to the increment of electron
diffusivity and mobility by the C-ZnO-PR/CF and
collection by the CuO-PR/CF. The OPSC current
density (Fig.5b) has been tested at temperature of
30°C using the flouresent light and a sloar heat.
The open circuit voltage changes significantly with
increasing the temepature. Mathematically VOC
can be defined using the equation (Nayak e al.,
2012):

s2+s? av N o
V.=E, -1 "¢ Tingt"2s  (5)
& 2kT 8 np @

where, q is the charge, Eq is the energy gap, on (oy)
is the width of Gaussian density-of-states for the
acceptor fullerene (donor polymer) (¢~ 100 meV at
room temperature, N, (Np) is the effective
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conduction band (valence band) density-of-states, n
(p) is the free electron (hole) concentration.
Performance parameters of the OPSC such as open
circuit voltage (Voc), short-circuit current (Jg),
state-of-charge (SoC) and power density (Pq),
energy density has been measured for two different
smaples (i) paper film dielectric; (ii) Na,SO4
aquous soaked paper film which is considered as
EDLC. The average power conversion efficiency
of 11 samples with different composition was
found 11.5%. It is concluded that the FF fall drop,
leading to the reduction of Jsc, Voc and conversion
efficiency.
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Swt.% 10 wt.% ZnO/ | 30 wt.% Zn0/ | 30 wt% Zn0/
Zn0/Cu0 Cu0 Cu0 Cu0 (EDLC)

M Capacitance, mF 357 476 503 522
H Charge (C)*102 728.28 971.04 1026.12 1064.88

Fig.6: Capacitance and charge of OPSC.

Voltage readings of 70gsm paper sample show that
30% of ZnO/CuO & 6%of C composition has the
highest voltage and voltage drop respect to time is
the lowest compared to other composition. The
current density level at Os indicates the Js. of the
OPSC. It dicharges over time until 100s . The
decrement of current decreases was incurred very
high at time between 0-10s which is the
characteristic of capacitor. Fig.10 shows that the
energy storing into the OPSC increases slowly

while it discharge energy very fast in 0-20s. However,
after 80-100s it was about 50 kJ/m?.
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Fig.9: Current density during discharging.

Fig.10: Energy density during charging and discharging for
OPSC with Na,SO,4 soaked paper dielectric.

4.0 CONCLUSION

The OPSC will have solar energy conversion
efficiency about 20-22% at a solar temperature of
25-30°, power generation of 2800W/day, power
density of 33 kW/kg, energy density 130 Wh/kg,
capacitance of 20.15 pF/cm? and discharge times
10 times longer than the charging if it is developed
as roof size of EV about 2.4 m?. The output of the
OPSC would be able to reduce the EV battery size
by 10% and weight about 7.5%. In addition, the
OPSC-EV would contribute on the reduction of
manufacturing cost of 10% by saving USD1,000
from reducing the battery size. It would be able to
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reduce the green house gas emission of 25% (based
on the consideration of greenhouse gas emission
2.31kgCOq/litre of petrol).

ACKNOWLEDGEMENT
The authors are grateful to the International Islamic
University Malaysia for financing the project entitled
“Electric Coaster Innovation” as a Flagship projects. The
authors also thanks the composite laboratory technician for
supporting this project.

References

[1] Carlson T, Ordéus D, Wysocki M, Asp LE (2011)
CFRP structural capacitor materials for automotive
applications. Plastics, Rubber and Composites 40(6-7),
311-316.

[2] Daniel S, Martin D, Hager and Ulrich SS (2016) Photo-
Rechargeable electric energy storage system. Advanced
Energy Materials, 6 (2016), 1-11.

[3] Guo W, Xue X, Wang S, Lin C and Wang ZL (2012)
An integrated power pack of dye-sensitized solar cell
and Li battery based on double-sided TiO2 nanotube
arrays. Nano letters, 12(5), 2520-2523.

[4] LiuJ, Xue Y, Zhang M and Dai L (2012). Graphene-
based materials for energy applications. MRS
bulletin, 37(12), 1265-1272.

[5] Michael C. (2016) Characterization of organic solar cell
devices and their interfaces under degradation: Imaging,
Electrical and Mechanical Methods. PhD Thesis,
Department of Energy Conversion and Storage,
Technical University of Denmark.

[6] Rani S, Suri P, Shishodia P and Mehra R (2008)
Synthesis of nanocrystalline ZnO powder via sol-gel
route for dye-sensitized solar cells. Solar Energy
Materials and Solar Cells, 92(12): 1639-1645.

[71 Rahman Ataur, Rahman Mizanur., Sany lhsan Izan,
Ahmad Faris Ismail (2018) Power optimization of
Electric Coaster. International Journal of Electric and
Hybrid Vehicles, 10(2), 272-278.

[8] Ataur Rahman, Khalid Saifullah, Ahmad Faris Ismail,
Sany lhsan lzan, AKM Mohiuddin (2018) Nano
Conductive filler Polymer towards Energy Efficient EV:
A Review. Energy Education Science and Technology
Part A: Energy Science and Research, 36(3), 331-340.

[91 Rahman, Ataur, Fadhialh Razzak, Afroz, Rafia,
Hawlader MNA., Mohiuddin, AKM. (2015). Power
generation from the waste of IC engine. Journal of
Renewable and Sustainable Energy Review, 51(2015),
382-395.

[10] Rahman, Ataur and Rafia Afroz. (2014). Rahman, A.,
Afroz, R., Alam, Z. (2014) ‘Development of electric
vehicle: public perception and attitude, the Malaysian
approach’, World Review of Intermodal Transportation
Research, 5(2), 149-167.

[11] Rahman, Ataur, Mahbubur Rashid, Hawlader MNA.,
Mohiuddin, AKM. (2015). Nano-battery Technology for

Published by: The Mattingley Publishing Co., Inc.

January — February 2020
ISSN: 0193-4120 Page No. 12873 - 12879

EV/HEV: A pioneering study.
Journal , 16(2), 57-68.

[12] Schmidt D, Hager MD and Schubert US (2015) Photo-
rechargeable electric energy storage sys- tems, Adv.
Energy Mater.6(1), 95-101.

[13] Snook GA, Kao P and Best AS (2011) Conducting-
polymer-based supercapacitor devices and
electrodes. Journal of Power Sources, 196(1), 1-12.

[14] Won OS, Donghwan K and Jihyum K (2015) Flexible
CdTe/CdS solar cells on thin glass substrates. Optics
Express A316, 23(7):888-894.

[15] Xia J, Chen F, Li J and Tao N (2009). Measurement of
the quantum capacitance of graphene. Nature
Nanotechnology, 4(8), 505-515.

[16] Grace W, Teddy S, Yeng ML, Subodh G, Madhavi S
(2011) Printable photo-supercapacitor using single-
walled carbon nanotubes. Energy & Environmental
Science, 2011(4), 413-416.

[17] Yang Z, Li L, Luo Y, He R, Qiu L, Lin H and Peng H
(2013). An integrated device for both photoelectric
conversion and energy storage based on free-standing
and aligned carbon nanotube film. Journal of Materials
Chemistry A, 1(3), 954-958.

[18] Yang Z. Li L., Luo Y., He R, Qiu L, Lin H and Peng H
(2013) An integrated device for both photoelectric
conversion and energy storage based on free-standing
and aligned carbon nanotube film. J. Mater. Chem. A, 1
(2013), 954-958.

[19] Wee G, Salim T, Lam YM, Mhaisalkar SG and
Srinivasan M (2011) Printable photo-supercapacitor
using single-walled carbon nanotubes. Energy &
Environmental Science, 4(2): 413-416.

[20] Wee G, Salim T, Lam YM, Mhaisalkar SG and M
Srinivasan M (2011) Printable photo-super- capacitor
using single-walled carbon nanotubes, Energy Environ.
Sci. 4 (2011), 413-416,

[21] Zhu Y, Murali S, Stoller MD, Ganesh KJ, Cai W,
Ferreira PJ and Su D (2011). Carbon-based
supercapacitors  produced by activation  of
graphene. Journal of Science, 332(6037), 1537-1541.

[22] Li, H. et al. Temperature-dependent Schottky barrier in
high-performance organic solar cells. Sci. Rep. 7, 4013

IIUM Engineering

15182



