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In this study, polyaniline: boric acid/carbon nanotube (PANI-BA)/MWCNT conductive polymers
were chemically synthesized by the oxidative polymerization method using H5IO6 (periodic acid) as the
initiator. PANI-BA conductive polymers were synthesized for a 1:1 H5IO6/aniline molar ratio. During
the synthesis, 5%, 10%, and 15% MWCNT were added to the medium at various weight percentages,
respectively. Results were compared with MWCNT-doped and undoped polymer. Structural properties
of the conducting polymers were characterized by the XRD, SEM, and DC conductivity measurements.
For the first time, their applications as a counter electrode (CE) in dye-sensitized solar cells (DSSCs)
were examined. The photovoltaic performance of DSSCs was evaluated by the current density–voltage
(J–V) and external quantum efficiency measurements. The obtained photovoltaic results indicate that
the ideal additive ratio is 10% MWCNT when compared with pure PB. Then, the current density
increases from 3.47 mA/cm2 to 4.91 mA/cm2 with this additive rate as well as the power conversion
efficiency of the batteries. It was determined that the efficiency reaches the maximal value of 1.15%
from 0.69%. These results showed that the doping of ideal MWCNT ratio in DSSCs is an effective way
to increase the conversion efficiency of DSSCs.

topics: DSSCs, PANI, boric acid, MWCNT, solar cells efficiency

1. Introduction

Among the conductive polymers, polyaniline
(PANI) is one of the most studied polymers due to
its superior properties. Polyaniline has a wide range
of applications such as rechargeable batteries [1],
membranes [2–4], anti-corrosion coatings [5, 6], elec-
tronic circuits, as well as gas [7–9], pH [10], en-
zyme [11] and DNA sensors [12, 13]. Its easy chem-
ical and electrochemical synthesis, its commercially
inexpensive, easy conductivity control, and environ-
mental stability make polyaniline a polymer inces-
santly attracting great interest [14].

The conductivity of the conjugated polymers is
achieved by chemical oxidation or reduction re-
actions using several simple anionic or cationic
species, called dopants [15]. Additives can be added
directly to these polymers to change the trans-
port, optical and mechanical properties of conduc-
tive polymers [16, 17]. Among the doping agents,
boric acid (BA) has been used for boron doping
in many studies. Sevinis et al. [18] showed that
the bandwidth values increased to 2.46–3.21 eV and
2.18–2.88 eV, due to the intermolecular load trans-
fer between dithienothiophenes units and boron re-
ceivers. Yağcıet al. [19] synthesized a boric acid-
doped poly (3,4-ethylene dioxythiophene): poly

(styrene sulfonate) (PEDOT:PSS) polymers, and
their effects on solar cell-based organic molecules
were investigated. The results showed that the fill
factor (FF) and open-circuit voltage (Voc) values
increase the penetration value of the BA dopant
layers of the PEDOT:PSS polymers [19]. Wu et
al. [20] synthesized boron- and urea (nitrogen)-
doped monolayer graphene. The results showed
that the doping of graphene with nitrogen and
boron caused an increase in the electrical and opti-
cal performance of graphene sheets.

One should note that PANI is the only conducting
polymer whose properties not only depend on the
oxidation state but also on its protonation doping
level and the nature of dopants [21]. These proper-
ties make PANI a promising candidate for the fun-
damental study of potential device applications, i.e.,
solar cells, light-emitting diodes, transparent elec-
trodes, gas and humidity sensing, and many more
in nanotechnology applications [22–24]. Regardless
of the great potential of PANI, it has serious dis-
advantages such as its insolubility in many solvents
and poor processing ability. Attempts have been
made for many years to change its resolution. The
most widely accepted example of this was mixing
PANI with organic acids such as dodecyl benzene
sulfonic acid (DBSA) [25, 26].
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TABLE ICoding and conductivity of MWCNT-doped and undoped polyaniline samples synthesized.

Code Common name Aniline Boric acid Polyaniline-BA/MWCNTs
Conductivity

[S/cm]
PB PANI-BA 1 1 – 2.8× 10−2

PB@C5 PANI-BA@%5 MWCNT 1 1 5% 4.1× 10−2

PB@C10 PANI-BA@%10 MWCNT 1 1 10% 8.7× 10−2

PB@C15 PANI-BA@%15 MWCNT 1 1 15% 1.9× 10−1

Fig. 1. Chemical polymerization of boric acid-doped aniline.

In this study, we report the production and char-
acterization of a PANI-BA/MWCNT solar cell for
the first time. We also investigate the surface
morphology and structural properties of pure and
MWCNT-doped PANI. A current–voltage analysis
was used to determine the effect of the MWCNT
contribution on DSSC performance. Various pa-
rameters of the prepared solar cells such as open-
circuit voltage, short circuit current, filling factor,
and efficiency were examined.

2. Materials and methods

2.1. Materials

In this study, boric acid-doped polyaniline
(PANI-BA) was used as the main material. Ani-
line (Sigma) was distilled under a vacuum before
use because it had a perishable structure in the air.
For analytical purity, boric acid (H3BO3) (Fluka)
and periodic acid (H5IO6) (Sigma) were used as
supplied.

2.2. Preparation of boric acid-doped/
multi-walled carbon nanotube

(PANI-BA/MWCNT) composites

The amount of 0.02 mol of aniline was dissolved
in 1 M H3BO3 with stirring at room temperature
for 30 min. Then, H5IO6 dissolved in water was
added dropwise to this solution medium so that
nH5IO6/nanilin = 1 : 1. The mixture was main-
tained at room temperature with continuous stir-
ring for 24 h. The dark green product (PANI-BA)
was then filtered and washed several times with dis-
tilled water and ethanol. The resulting solid prod-
uct was dried under a vacuum at 60 ◦C. The syn-
thesis mechanism is shown in Fig. 1.

The in situ chemical oxidative polymerization
was selected to produce PANI-BA and multi-walled
carbon nanotube (MWCNT) composites. As de-
scribed, during the synthesis, 5%, 10%, and 15%
MWCNT were added to the medium at various
weight percentages, respectively. The resulting re-
action mixture was stirred at room temperature
for 24 h, then filtered and washed with distilled
water and ethanol. The obtained (PANI-BA)/
MWCNT products were dried under vacuum
at 60 ◦C. Thus, MWCNT undoped (PB) and the
different proportions of MWCNT-doped polymers
(PB@C5, PB@C10, PB@C15) were obtained. De-
tails are given in Table I.

2.3. Preparation of PB, PB@C5, PB@C10,
PB@C15, and Pt-based CEs

The PB, PB@C5, PB@C10, and PB@C15 poly-
mers were dissolved in formic acid at a certain con-
centration and then mixed with a magnetic stirrer
for 2 h. Before deposition, the fluorine-doped tin ox-
ide (FTO) substrates (Asahi Glass; sheet resistance:
15 Ω/cm2) were cleaned as reported in our previous
study [27]. After cleaning, a spin coating was car-
ried out to deposit polymer solutions on FTO sub-
strates for 30 s at 2000 r/min. This process was re-
peated 15 times on each substrate to make the sur-
face homogeneous. Lastly, PB, PB@C5, PB@C10,
and PB@C15 catalyst-coated electrodes were an-
nealed at 80 ◦C for 45 min. Otherwise, Pt-based
CE (as reference) was prepared according to an-
other study in [28].

2.4. Characterization

The ATR–FTIR spectroscopy was used for the
chemical characterization of the obtained prod-
ucts. The surface morphology of the samples was
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examined using a TESCAN MAIA3 XMU scan-
ning electron microscope (SEM). The X-ray diffrac-
tion spectra (XRD) of the polymers were exam-
ined by Rigaku Smartlab device with CuKα wave-
length radiation beam at room temperature with
10 ◦C ≤ 2θ ≤ 80 ◦C limit values. Before DC con-
ductivity measurements, dry pellets were prepared
from a powdery polymer material under a pressure
of 5 ton/cm2. The dry conductivity values of poly-
mers were measured by using a four-probe electrical
conductivity measuring device (Entek Electronic)
at room temperature. Gold-plate probes were used
to avoid any errors caused by Ohmic contacts. The
resistivity of the samples was measured at five dif-
ferent positions, and at least two pellets were mea-
sured for each sample: an average of 10 readings
was used for conductivity calculations.

3. Results and discussion

3.1. FTIR analysis of PANI-BA
and MWCNT-doped PANI

The FTIR spectra of PB, PB@C5, PB@C10,
and PB@C15 were depicted in Fig. 2. Char-
acteristic stretching bands of polyaniline NH
(3200 cm−1), aliphatic CH (2935 cm−1), C–C and
C–N (1740 cm−1) and aromatic benzene (807 cm−1)
bands were seen in PB. The PB@C5, PB@C10,
and PB@C15 conductive polymers showed similar
peaks around 3200 cm−1 due to the N–H stretch.
Also, 2909 cm−1 due to the aliphatic C–H stretch;
at 1736–1680 cm−1, depending on the C–C and
C–N stretching of the quinoid and benzenoid rings
of polyaniline; peaks are seen as peaks similar
to PB. There are several differences in the FTIR
spectrum of pure PANI (PB) and MWCNT com-
posites (PB@C5, PB@C10, and PB@C15). In
the MWNT/PANI composite spectrum, a peak
around 1400 cm−1 is seen. The intensity of this
peak increases with increasing rate of carbon nano-
tube doping. These data show that PANI in
MWNT/PANI composites is richer in quinoid units
than pure PANI [29, 30].

3.2. Microstructure (SEM) analysis of PANI-BA
and MWCNT-doped PANI

Figure 3 shows the scanning electron micrographs
of the polymer MWCNT-doped and undoped with
boric acid polyaniline. Boric acid-doped polyaniline
(PB) has a nonporous and clustered form (Fig. 3a).
The figure shows the macroscopic and aggregated
granular morphology. The particles are composed
of particles of different sizes. SEM images of PB
polymers with different amounts of carbon nano-
tubes are given in Fig. 3b–d. It was determined
that carbon nanotubes were placed in the polymer
structure. Changes in the morphology of PB@C5,
PB@C10, and PB@C15 can be attributed to the
successful polymerization of aniline monomers due
to increased MWCNT ratio. In another study in the

Fig. 2. FTIR spectra of PB, PB@C5, PB@C10,
and PB@C15 polymers, respectively.

Fig. 3. SEM of the (a) PB, (b) PB@C5, (c)
PB@C10 and (d) PB@C15 polymers.

literature, similar changes in surface morphology
were reported for physically crosslinked Laponite-
PANI composites [31]. Also, an increase in the
MWCNT ratio can cause an increase in electrical
conductivity as compared to PB and other poly-
mers (PB@C5, PB@C10, and PB@C15).

3.3. XRD analysis of PANI-BA
and MWCNT-doped PANI

The PB@C5, PB@C10 and PB@C15 polymers
were dried under vacuum and then their XRD spec-
tra were recorded in Fig. 4. The evaluation of the
XRD results given for the dry PB@C5, PB@C10,
and PB@C15 systems shows the semicrystalline
structure of the wide and dense band polymer given
around 2θ = 20◦ in all composites. Moreover, it is
seen that boric acid has changed its crystal struc-
ture when the XRD result is examined. The decline
of the intensity at the peak of PANI as boric acid is
added to the matrix is clearly visible and the amor-
phous structure of boric acid increases parallel to
its concentration. The crystallinity of the structure
increases with the addition of MWCNT.
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Fig. 4. X-ray diffractogram patterns of PB@C5,
PB@C10, and PB@C15 polymers, respectively.

3.4. Electrical conductivity properties
of PANI-BA and MWCNT-doped PANI

Dry pellets were prepared from the pulverized
polymer material under a pressure of 5 tons/cm2

before DC conductivity measurements. The con-
ductivity values of the polymers were measured at
room temperature using an electrical conductiv-
ity measuring device (Entek Electronic) with four
probes. To prevent errors caused by Ohmic con-
tacts, gold-plated probes were used. The resistivi-
ties of the polymers were obtained in five different
locations and at least two pellets were measured for
each sample: 10 readings averaged for conductiv-
ity calculations. The electrical conductivity values
of PB, PB@C5, PB@C10, and PB@C15 were found
as 2.8×10−2, 4.1×10−2, 8.7×10−2, and 1.9×10−1,
respectively (Table I). It has been seen that conduc-
tivity values increase with the effect of MWCNT
concentration.

3.5. Photovoltaic performances of DSSCs

Carbon nanotube additives are known to increase
the performance characteristics of solar cells in con-
ventional PANI applications. We calculated the
typical photovoltaic cell values as open-circuit volt-
age (Voc), short circuit current (Jsc), filling fac-
tor (FF), and external photovoltaic efficiency (η),
which is the key parameter in evaluating the per-
formance of solar cells.

TABLE II

Photovoltaic properties of DSSCs obtained by various
CEs.

Samples Voc Jsc FF η [%]
PB 0.47 3.47 0.41 0.69
PB@C5 0.48 3.53 0.43 0.73
PB@C10 0.51 4.91 0.46 1.15
PB@C15 0.52 4.07 0.45 0.95

Fig. 5. The J–V characteristics of DSSCs fabri-
cated using various CEs.

The photocurrent density–voltage (J–V ) graphs
of the prepared devices are given in Fig. 5 and the
calculated photovoltaic parameters are summarized
in Table II. The device with PB@C10 CE has pro-
duced 1.15% efficiency with Jsc = 4.91 mA/cm2,
Voc = 0.51 V, FF = 0.46. The efficiency of the solar
cell using the MWCNT dopant was markedly higher
than the PB polymer.

4. Conclusions

BA and MWCNT-doped conductive polymers
were chemically synthesized and their structures
were determined with various characterization tech-
niques. We have produced a solar cell based on
PANI-BA/MWCNT. The effect of the BA and
MWCNT ratio on optical properties of PANI-
BA/MWCNT has been studied in detail. It was
observed that the electrical conductivity values in-
crease when increasing the MWCNT ratio. Sev-
eral photovoltaic parameters of the pure PANI and
MWCNT-doped PANI solar cell have also been
studied, such as open-circuit voltage Voc, short-
circuit current Jsc, fill factor FF, energy conversion
efficiency η, etc., under solar simulator. MWCNT-
doped PANI gave significantly high photocurrent
voltages with reasonable efficiency as compared to
the pure PANI. One can attribute this effect to the
strong interaction between MWCNT-doped PANI
and the FTO surface. The results of our stud-
ies highlight the feasibility/suitability of the low-
cost optoelectronic devices, especially MWCNT-
doped PANI grown on a suitable substrate us-
ing the chemical solution method for solar cells
manufacturing.
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