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Abstract:

In this work, the P3HT modified films by incorporation of different amounts of nickel
oxide (NiO) were dissolved and deposited by spin-coating method on the indium tin-oxide
(ITO) substrates. The nickel oxide powder was synthesized by chronoamperometry method. The
effects of NiO content on the morphology structure and optical properties of P3HT films were
investigated by means of XRD, SEM, AFM and UV-vis spectroscopy, the electrochemical and
photoelectrochemical performance were evaluated by cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), galvanostatic charge-discharge tests and photocurrent
measurements.

The results showed that the NiO dispersed uniformly in P3HT thin films and modified
the surface roughness and absorption of thin films after deposition. We observed a remarkable
improvement of photocurrent density and electrochemical capacitance of these modified surface
electrodes for an amount of NiO ranging between 1 and 10wt%. The obtained specific
capacitance for the P3HT material alone is about 20.8 Fg™!, this value was increased up to 81.4

Fg'for the composite film P3HT-NiO 10 wt% at 0.1 A/g.

Keywords: NiO, P3HT, composite film, photocurrent, supercapacitors.
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Introduction

In recent years, increased demand for renewable energy resources take a major
attention due to the limited availability of fossil fuels. In order to tackle the problem,
researches focused on organic photovoltaic (OPV) devices seem to be one of the issues that
may be a solution substitute to the classical energy suppliers. In addition to their powerful
conversion rate, organic photovoltaic (OPV) devices are easy to manufacture, low-cost, light
weight and eco-friendly compared to classic energy supplier’s appliances. In the other hand,
organic photovoltaic (OPV) devices are proved to be of high capability for large area
roll-to-roll manufacturing [ 1-3] and energy storage systems such electrochemical batteries and
their capacitors (ECs) [4-8]. Subsequently, organic photovoltaic (OPV) devices are playing a

major role in both essential commodities and electronic systems.

The best known basic component of organic photovoltaic (OPV) devices is the Poly (3-
hexylthiophene) (P3HT) still submitted to researches in terms of -electrochemical
configuration modification by addition or incorporation of other chemicals. So, several
researchers worldwide have studied P3HT as an electron donor (p-type semiconductor) in
(OPVs) to improve energy conversion efficiency [9-11] and recently, in supercapacitors due
to their promising capacitive properties. The most advantageous aspect of P3HT is the
easiness to dissolve in a wide range of organic solvents, fact that enables its deposition over a
large area following different deposition techniques such as spray deposition, spin coating and

dip coating [12, 13].
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The nickel oxide (NiO) is a p-type semiconductor which has a band energy gap at

3.5-4.0 eV range [14]. The remarkable aspect of the nickel oxide (NiO) that attracted searchers’

attention [15] is its polyvalent use in many applications i.e. transparent conducting films, anode

buffer layer in (OPVs) [16] and electrochemical super-capacitors [16-22]. To produce NiO
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films, there are several available technical ways; those deserving mention are sol-gel [14],
chemical deposition [23], spray pyrolysis [24], thermal evaporation [25], sputtering [26] and
electro deposition [27].

Among the conducting polymers, poly (3-hexylthiophene) (P3HT), polythiophene (PTh)
and polyaniline (PANI) with electrons-supplier property are being particularly used in
supercapacitors applications. Electrons-supply flow of conducting polymers could be mitigated
by the hybridization of the polymer with a high surface-area material that has additional
necessary properties to improve the overall capacitive performance of the final composite. The
conducting polymers-electrode porous structure and material surface area are determinant for
the optimum capacitance, the fact is due to the surface phenomena-associated with
supercapacitors 8, 21, 28].

In the work at hand, we have prepareda composite material (P3HT-NiO) consisting of a
blend of two donors, one is a polymer(P3HT), and the other is an oxide (NiO) obtained through
chronoamperometry method. The NiO is then added to the P3HT in various proportions (1-
10%) so that the P3HT-NiO deposit on indium tin oxide films by spin coating method. The
capacity and photo electrochemical properties of the different composite material films were

respectively studied by galvanostatic charge/discharge technics and photocurrent measurement.

Experimental

Synthesis of NiO powder

The Figure 1 represents the prepared electrochemically of NiO powder by applying a
constant cathode potential of 0.91 V vs SCE on Fluorine-doped tin oxide (FTO) coated glass
used as working electrode. Then, a graphite rod and SCE counter electrode used as a reference
electrode. The electrolyte consisted in an aqueous solution of 0.1M NiSO4.6H,0, 0.1M

NaxSOs4, 0.1M CH3COONa dissolved in deionizer water. The deposit of NiO was cleaned
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with deionised water and scraped with a blade. The issued powder was annealed for

1 hour at 500°C.
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Figurel.Chronoamperograms of synthesis NiO at applying catholic potential of 0.91 V
vs.SCE

Preparation of (P3HT-NiO) thin films

The ITO coated glass substrates used in this study were commercially obtained from the
SOLEMS. The ITO’s thickness is 100nm, its resistivity is about 25 €)/sq and its averaged
transmittance in the visible is 93%. The substrates of ITO were cleaned through ultrasound

wave device in, successively, deionised water, ethanol and acetone for 15 min.

P3HT containing different amounts of NiO (0-10% wt.) prepared previously was
dissolved in solution of Chlorobenzene (C¢HsCl), stirred during 24h and deposited on ITO by

spin-coating method at 500rpm for 30s. The spin coated films were annealed at 80 °C in air

during 10min (figure 2).
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Figure2. Spin-coating process of ITO/P3HT and ITO/P3HT-NiO thin films.

Characterizations

The following electrochemical tests were carried out at normal environment temperature
inside a single compartment cell using, as usual, the PGZ-301 Voltalab connected to a
computer with operating software (voltamaster 4). The latter enables the electrochemical
technique selection and establishes the aimed parameters. The measurements at
electrochemical scale were operated in a three-electrode cell where indium tin oxide glass
substrate (ITO) acted as working electrode, the saturated calomel electrode (SCE) as a

reference electrode and the graphite rod as an auxiliary electrode.

The ITO/P3HT and ITO/P3HT-NiO (1, 5 and 10wt %) film-layers were examined through
diverse technical methods. For their parts, the X-ray analysis examination was carried out the
Rigaku make powder X-ray diffract meter (model RINT 2100) with a CuKa waves
(L =1.54 A). The necessary characterization of the films at hand was then conducted under a
UV-visible a Shimadzu UV-1800 UV-VIS spectrophotometer following which the spectra
were analyzed and stored in an appropriate file. Later on, the atomic force microscopy (AFM)
images got through the MFP 3D atomic force microscope (from Asylum research), was in

contact way.
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Furthermore, the issued images were used to quantify the film-layers roughness. The
micrographs got from the Scanning electron microscopy were, as expected, from the Neo
Scope, JEOL, JCM-5000.

The photo-electrochemical test of prepared films composites was carried out in
(LiCIO4 0.1M+CH3CN) electrolyte; the photocurrent was obtained after switching the light on
and off, with an applied potential of -1.2 to +1V vs SCE. The working electrode was
irradiated with white light and the illumination intensity of the lamp was500W, the intensity

of the illumination measured using a Luxmeter testo-540 was100Wm 2.

Results and discussion

The nickel oxide film diffraction graphic (figure 3) witnessed peaks at 26=37°, 43°,
62°. The resulted peaks values are likely to be those characterising the cubic NiO that are in
harmony with specific standard values i.e. (JCPDS01-073-1519) [17,27]. The NiO grains size

assessment is figured out through XRD according to Debye—Scherrer’s law:
D =0.90/w cos 6 (1)

Where D is the grains size, A is the XRD wavelength, w is the full width half maxima and 0 is
the peak position. Debye—Scherrer’s law enables the NiO grains size that is estimated nearly

around 25 nm.
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Figure3. XRD spectra of FTO (a) and NiO (b).

The figure 4 illustrates the XRD spectra of P3HT and P3HT-NiO (1-10%) composite
films, where the peaks are showed at 20 =37°, 43°, 62° compared to the film which does not

contain NiO. These results confirm the incorporation of NiO nanocomposite in P3HT film.
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Figure4. XRD spectra of ITO/P3HT(a), ITO/P3HT-NiO 1wt% (b),
S5wt% (c) and 10wt%(d).

The surface morphology of P3HT and P3HT-NiO films has been investigated through
scanning electron microscopy (SEM) analysis. The SEM images of each composite material
film on the ITO are shown in Figure 5. The film of P3HT in figure (5A) presents smaller
condensed crystalline domains, with a nodular-like structure [29]. The film of composite
material P3HT-NiO consists of larger crystalline domains compared to P3HT. A surrounding

film near the NiO clearly manifests; that is due to the attached P3HT polymeric chains [30].
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FigureS. SEM images of ITO/P3HT(A), ITO/ P3HT-NiO (B).

Atomic force microscopy (AFM) was used to investigate the surface morphology of
the deposited filmsP3HT and P3HT/NiO, as shown in Figure 6. The rates of surface roughness
for P3HT blend (0, 1, 5 and 10 wt %) are respectively 4.42nm, 9.32nm, 10.13nm, and 18.27nm.
It was noticed that the surface roughness enhances with the addition of NiO incorporated in
P3HT up to 10wt% and no considerable change manifests over the mentioned addition NiO
proportion [31]. It is recognized that the surface morphology and the device interfaces are of

capital role in order to achieve high performance of the P3HT.
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Figure 6. Atomic force microscopy images of ITO/P3HT(A), ITO/P3HT-NiO 1wt% (B),
5wt% (C) and 10wt% (D).

The optical absorption studies have been experimented to investigate the influence of
incorporation of different amount of NiO in P3HT as illustrated in Figure 7. The results show an
enhancement in the absorption of P3HT after the incorporation of NiO of (1-10wt %). The
absorption spectrum UV-visible is composed of a high energy area and a low energy zone
corresponding respectively to amorphous and crystalline state P3HT chains. The absorbance
spectrum of pure P3HT film consists of peaks at 690, 550 and 525 nm, which are in accordance
with that founded in literature [32-34]. The NiO insertion leads to clearly raising and overall
intensity enhancement accordingly to the increase amount of NiO in the film. The boost in
absorbance can be attributed to a soar in the active surface layer by introduction of NiO

nanoparticles.
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Figure 7. UV-visible spectra of ITO/P3HT(a), ITO/P3HT-NiO 1wt% (b),
Swt%(c) and 10wt%(d).

The cyclic voltammetry is being the adequate method to characterize the materials
capacitive performance of super capacitors. figure 8depicts the cyclic voltammograms of
ITO/P3HT and ITO/P3HT-NiO (1, 5 and 10 wt%) composite films led in a potential scale of
0.3 to 0.8 V vs.SCE at various scan rates (10, 25, 50, 100 mVs™). The noticed chief is that the

CV curves of the electrode materials set are nearly rectangular-shaped.

First, in compared to the ITO/P3HT film, the whole ITO/P3HT-NiO composite films
witnesses an obvious increase in the areas charge-discharge curves cyclic voltammetry plots,
increasing thus the NiO mass incorporated in polymer matrix. Second, the cyclic plots points
up to a reversible Red/Ox response as expected on the basis of the theoretical principles

related to the scientific issue background.
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Figure 8. Cyclic voltammograms of ITO/P3HT (A), ITO/P3HT-NiO 1wt% (B),

5wt% (C) and 10wt% (D), at different scan rates in 0.1M LiClO4/ CH3CN electrolyte.

The high cyclic voltammetry response currents thus got for the ITO/P3HT-NiO
10wt% composite film shows meaningfully a higher specific capacitance than ITO/P3HT, the
observed fact is originated thanks to the rough structure of the ITO/P3HT-NiO composite
films itself instead of the ITO/P3HT film. The ITO/P3HT-NiO composite films electrodes
engage the high electrical conductivity parameter; as prerequisite, the P3HT with large

electrochemical active area is much preferred in order to maximize its draw interest from its
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efficiency. The NiO present inside enables a high contact interface between the P3HT and the
electrolyte. Thus, the specific capacitance is accurately evaluated from the following

equation (2):

Ey .
(E)dE
SC = ey BRTR )

Z(Ez —El)m v
SC : Specific capacitance

Ez-E: Potential window in cyclic voltammetry
[ EEl ?i(E)dE : Voltammetric charge obtained by integration of curve in CV.

m : weight of deposited materiel on working electrode, we used a balance with accuracy of 0.01

mg
v: Scan rate.

Accordingly, the specific capacitances of ITO/P3HT and ITO/P3HT-NiO (1, 5 and
10wt %) composite films in led at different scan rates are depicted in Figure 9. The ITO/P3HT
film manifests a specific capacity next to 14 Fg'at 10mV/s, but with the insertion of the NiO
nanoparticles, a significant increase in specific capacitance occurred that were previously
16 Fg!, 19 Fg'! and 25 Fg''composite films respectively. It is worth mentioned that the raised
enhancement bound in the electrochemical response may be in direct consequence with
morphology occurred change following the NiO nanoparticles insertion. Otherwise, any
increase in the composite material electro active area could normally occur. To summarize the
experimental fact, any change in the morphology is wholly responsible for any ulterior change

in the electrochemical behavior as proved by the SEM and AFM analysis.
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Figure 9. Specific capacitances of ITO/P3HT (a), ITO/P3HT-NiO 1wt% (b),

Swt% (c) and 10wt% (d) obtained at different scan rates.

The electrode materials have under gone a galvanostatic charge—discharge (GCD)
tests. The figure 10 embodies the GCD curves of ITO/P3HT and the ITO/P3HT-NiO (1, 5
and 10wt%) films at various current densities under voltages between 0.3 and 0.8 V vs. SCE.
A typical charge—discharge curves almost equilateral triangle shaped, suggests a linear
response to time potential in charge-discharge process that witnesses a well reversibility in the
proceeded operation as the excellent capacitive behavior indicates. The full electrode
materials resulted in two stages distinctive voltage drop stages with quick discharge in the
primary potential zone but, in reverse, some delay in the second potential zone. The

mentioned facts are proven to be significant in term of electrochemical performances.
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The figure 11 represents the GCD plots of the whole electrode materials set at current
densities of 0.1, 0.2, 0.5, 1 and 2A/g. It has been found as well that the increase in the current
density the decrease in the discharge times of the electrode materials set occurs.

The ITO/P3HT-NiO 10wt% composite films reached the highest discharge time value
of the materials tested, witnessing so a better specific capacitance. The specific capacitance
(SC) of every electrode material was similarly calculated according the charge-discharge
profile from to the equation (3):

it

SC=— (3

mAV

Where i/m is the current density used, AV’ the potential window, and ‘t’ the discharge time
in seconds. The ITO/P3HT-NiO 10wt% composite film reached the upmost specific
capacitance of about 81.4 F/g at a 0.1 A/g current density. Besides, the ITO/P3HT,
ITO/P3HT-NiO 1wt% and ITO/P3HT-NiO 5wt% gained 20.8, 26.2, and 38 F/g capacitance
values under the same current density applied (0.1 A/g) as shown in Figure 11. Accordingly,
the increase in current density causes a decrease in the whole all electrode materials set. The
issued incidence is obviously explained by the subsequent fact following which barely fewer
electrolyte ions are able to be in close contact with the inner space of the electrodes of energy
storage at such high current densities. Likewise, the specific capacitance values at different
current densities for the whole electrode materials have been assessed from the mathematical

relation equation (2).
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Figure 10. Galvanostatic charge-discharge curves of ITO/P3HT (A), ITO/P3HT-NiO1wt
(B), 5wt% (C) and 10wt% (D), at different current density, in
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0.1M LiClO4/ CH3CN electrolyte, carried out from 0.3 to 0.8V vs SCE.
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Figure 11.Specific capacitance of ITO/P3HT (a), ITO/P3HT-NiO 1wt% (b),
Swt% (c) and 10wt% (d), at different current density.

The spectra impedance of ITO/P3HT and ITO/P3HT-NiO composite films computed
at open circuit potential (0.1 V vs.SCE) is displayed as Nyquist diagrams in Figure 12.The
films were submitted to analysis in (LiClOs 0.1IM+CH3CN) solution. The related
measurements then plotted under frequency band between 100 KHz and 50 mHz and
alternative current voltage of 10 mV.

As the issued outputs experimental facts show, the semicircle diameter decreases with
the increase of the NiO content in P3HT matrix. This propose a increase in the electric
conductivity and a consequent important decrease in the resistance of the composite films that
contain NiO, from 4 906 Q.cm? for ITO/P3HT to 784 Q.cm? for ITO/P3HT-NiO 1wt%, 128
Q.cm? for ITO/P3HT-NiO 5wt% and 70.85 Q.cm? for ITO/P3HT-NiO 10wt%, these values

are acceptable (Table 1).

Table 1: Impedance electrical parameter values corresponding to ITO/P3HT, ITO/P3HT-NiO

1, 5 and 10wt%.
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Element ITO/P3HT  ITO/P3HT-NiO  ITO/P3HT-NiO  ITO/P3HT-NiO
1wt% 5wt% 10wt%
Ri(Q.em’)  65.16 50.24 61.08 63.77
Rz (Q.cm’) 4906 784 128 70.85
Q: (uF.cm?)  68.98 38*10° 19.1%10! 35.6%10"
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The outputted results point to a slower electron transfer in P3HT film. Nonetheless,

the insertion of NiO grains in P3HT film causes a significant improvement in the interaction

of the conductive polymer chains.
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Figure 12. Nyquist plots of ITO/P3HT, ITO/P3HT-NiO 1wt%, ITO/P3HT-NiO
Swt% and ITO/P3HT-NiO 10wt%, in 0.1M LiClO4/ CH3CN electrolyte.

The figure 13 shows the photocurrent response of the ITO/P3HT and ITO/P3HT-NiO
composite films under enlightenment. The issued output at cathodic applied potentials that
corresponds to the photocurrent amplitude versus the applied potential related the prepared
films. The investigation set tests carried out in (LiClO4 0.1M+CH3CN) electrolyte solution
under an applied different potential between -1.2 to 1V vs. SCE for a light intensity of 100
mW/cm?. It is worth-mention that for the whole samples, both the photocurrent and the
depletion region values increase as the applied cathodic potential increases. The fact at hand is
fully expected seen that their p-type nature of semiconductor [35-39] and the amplitude of the

photocurrent mostly increase with the increase of the NiO amount added in the polymeric

film.
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10wt% (d), at: -0.2 (A),-0.4 (B),-0.6 (C),-0.8 (D),-1 (E) and -1.2 (F) V vs.SCE in 0.1M

LiClO4/ CH3CN electrolyte, observed upon switching the white light on and off, at light

intensity of 100mW c¢cm™.
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The figure 14 shows photocurrent density as a function of applied potential range
between -1.2 to 1V vs SCE for ITO/P3HT and ITO/P3HT-NiO electrodes with different NiO
amount. The photocurrent of polymer (P3HT) and composite films (P3HT-NiO) were
negative at all potential range and this of composite films were higher than that for the non-

modified polymer.

E(mV/SCE)

{ ——ITO/P3HT (a)

-504 ——|TO/P3HT-NiO 1wt% (b)
1 —@—ITO/P3HT-NIO 5wt% (c)

604 —o—|TO/P3HT-NIO 10Wt% (d

Figurel4.Photocurrent-potential curve of ITO/P3HT (a), ITO/P3HT-NiO 1wt% (b), ITO/
P3HT-NiO5wt% (c) and ITO/P3HT-NiO 10wt% (d), in a range of potential -1,2to 1 V
vs.SCE in 0.1M LiClO4/ CH3CN electrolyte.

Conclusion

The composite films of P3HT-NiO were obtained by dissolving P3HT with various
NiO amount and were deposited by spin coating on ITO substrates. It’s shown that the
addition of NiO nanoparticles modified the morphology, spectroscopy and electrochemical

properties of the P3HT film.
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Moreover, the obtained specific capacity for the composite films (P3HT-NiO) was
higher than that of pure polymer, which is due to the beneficial effect of NiO electronic
conductivity.

Our results also demonstrate that NiO nanoparticles improved the optical and
photoelectrochemical properties of P3HT composite films. The interface between a
conjugated polymer and semiconductor should provide an efficient charge separation for the

photo generated excitants, which improve the photocurrent of composites.
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