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Article Information: ABSTRACT

Received: September 15,2019  Lampblack prepared by using a traditional mustard oil lamp was mixed with
Accepted: November 117, 2019 printer toner in the ratio of 1:1 by weight and the composite was used as a low-
cost catalyst for the reduction of tri-iodide ions in dye-sensitized solar cells

(DSCs). The X-ray diffraction (XRD) of the lampblack showed that the

Keywords: lampblack contains a carbonaceous material of graphitic form. The scanning
Carbon electron microscope (SEM) images of the lampblack and printer toner revealed
Counter electrode that the lampblack consists of a few tens of nanometer to 100 nanometer sized
Dye-sensitized solar cell particles (or nanosheet) whereas the toner powder consists of micron sized

particles. The adhesion test of the composite film on the counter electrode (CE) of

Lampblack, Printer t
ampbiack, Tigiet tonet the DSC showed that the composite film is firmly attached on the CE. The DSCs

based on the composite yielded the overall light to electricity conversion
efficiency of 3.20 % (Jy. = 7.90 mA/cm?®, Vo, = 0.667 V and FF = 0.607)
compared with 4.18 % efficiency (Ji. = 8.56 mA/cm?®, V,, = 0.748 V and FF =
0.654) of the DSC based on platinum when the solar cells were tested in the
simulated light of 100 mW/cm®.

DOI: https://doi.org/10.3126/bibechana.v17i0.25598
This work is licensed under the Creative Commons CC BY-NC License. https://creativecommons.org/licenses/by-nc/4.0/

1. Introduction 6]. Similarly, the photoanode is a few microns thick
film of interconnected titanium-dioxide (TiO,)
nano-particles coated onto a transparent conducting
oxide (TCO)-glass substrate like Fluorine-doped
tin-oxide (FTO)-glass substrate. Furthermore, a
mono-layer of light sensitive dye molecules is
chemically attached onto the surface of the nano-
particles of the TiO, film [2,5,7]. The counter
electrode (CE) is a TCO (like FTO-glass substrate)
coated with a thin film of catalyst like platinum
[4,8-10]. When the photoanode is irradiated with

Dye-sensitized solar cells (DSCs), developed by
O’Regan and Gratzel, have been attracting
researchers as these photovoltaic devices can
generate low-cost solar electricity compared with
crystalline silicon solar cells [1-3]. A DSC is an
electrochemical solar cell with a liquid electrolyte
enclosed between two electrodes named
photoanode and counter electrode [1]. Generally,
the electrolyte is a solution of chemicals in organic
solvents comprising iodide and tri-iodide ions [4-
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sunlight, the dye-molecules on the photoanode emit
electrons and they enter in the conduction band of
the TiO,. The photoelectrons diffuse in the TiO,
film and they flow up to the CE through an external
circuit. The oxidized dye-molecules obtain
electrons from the iodide ions in the electrolyte and
the dye molecules are regenerated [5,11,12]. On the
other hand, the iodide ions are converted into tri-
iodide ions after losing the electrons and the tri-
iodide ions diffuse towards the CE. The tri-iodide
ions capture the photoelectrons arrived at the CE
and the tri-iodide ions are converted into iodide
ions [1,5]. The thin film of platinum coated onto
the CE serves a catalyst to accelerate the flow of
the electrons from the CE to the electrolyte [6,10].

Because of excellent catalytic property for the
reduction of tri-iodide ions, platinum is widely used
in the fabrication of CEs of DSCs [1,13]. However,
platinum is an expensive metal [6]. Thus, the use of
platinum as a CE material can increase the
fabrication cost of DSCs. Besides, the instability of
platinum in the corrosive electrolyte used in DSCs
is another concern among researchers [11,14,15].
Thus, researchers have used various types of
carbon such as graphite, carbon black, carbon
nanotubes, carbon nanofibers and activated carbon
instead of platinum while fabricating the CEs
[1,10,11,13,15-19]. Similarly, Wu et al. reported
discarded toner of a printer as a catalyst for the
reduction of tri-iodide ions of DSCs [20]. In this
research, the composite of mustard oil based
lampblack and printer toner was adopted as a novel
low-cost CE material for DSCs; the printer toner
(in the composite) was used as a binder (rather than
a catalyst) to adhere the lampblack powder of the
composite on the CEs of DSCs. The DSCs with
CEs based on the composite of the lampblack and
printer toner yielded comparable light to electricity
conversion efficiency as the DSCs with CEs based
on platinum.

2. Experimental Method

Preparation of lampblack and its
characterization

Mustard oil was purchased from a local market (in
Nepal). The lampblack of the mustard oil was
prepared as described below. The flame of a
traditional mustard oil lamp with cotton wicks was
covered with a porcelain mortar (bowl) so that the
lamp soot is deposited onto the inner surface of the
bowl and the lampblack was collected from the
porcelain mortar. The structural composition of the
lampblack was analyzed by using X-ray powder
diffractometer (D2 PHASER, Bruker) at Nepal
Academy of Science and Technology (NAST),
Nepal. Similarly, the XRD (X-ray diffraction) of
the printer toner powder (available in the local
market for refilling of Brother printer toner) was
also obtained.

In order to explore size and shape of the mustard
oil-based lampblack and printer toner, their
scanning electron microscope (SEM) images were
obtained. Similarly, the carbon film was prepared
by doctorblading the paste of mustard lampblack
and printer toner (the ratio of the two materials was
1:1 by weight in ethanol) onto a glass substrate and
the SEM images of the film were also obtained
after sintering the film. Similarly, thin film of
printer toner was obtained by doctorblading the
paste of the printer toner (in ethanol) on a glass
substrate and the SEM image of the sintered film of
the toner was obtained. The SEM images of all the
samples were taken using LEO 435VP SEM at the
Indian Institute of Technology (IIT), Roorkee,
India.

Adhesion test of lampblack film without and
with printer toner

As adhesion of the carbon film on the CEs of
carbon-based DSCs may affect stability of the solar
cells; adhesion test of lampblack film without and
with printer toner was carried out. Procedures for
the adhesion test adopted here are similar to those
described by Joshi [21]. The procedures of the
adhesion test adopted here are briefly described
below. The paste of the lampblack without the
printer toner and the paste of the lampblack with
the printer toner were prepared in ethanol and the
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two types of pastes were doctobladed onto two
separate FTO-glass substrates. The FTO-glass
substrates with doctorbladed paste were sintered at
~100°C. The FTOs having the sintered films of the
lampblack (without and with printer toner) were
covered with pieces of a transparent tape. Then the
pieces of the transparent tape were removed from
the FTOs to check adhesion of the carbon films on
the FTOs.

Fabrication of DSCs and their characterization

In order to fabricate DSCs, counter electrodes
(CEs) and photoanodes were prepared. The CEs of
the DSCs were prepared as described below. First
of all, FTO-glass substrates were cleaned with soap
water, acetone, ethanol and distilled water
successively. Then the paste of the composite of
mustard oil lampblack and printer toner was
doctorbladed onto the FTO. The FTO-glass
substrates with the doctorbladed film of the
composite were heated on a hot plate first at ~50°C
and then at ~100°C for several hours.

Similarly, the photoanodes of the DSCs were
prepared following similar procedures described by
Joshi [21]. Brief description of the method is given
below. The paste of nano-crystalline TiO, (Ti-
T/SP, Solaronix, Switzerland) was
doctorbladed onto the clean FTO-glass substrates.
The FTO-glass substrate with the doctorbladed
TiO, film was sintered at temperature of ~100°C
for ~30 minutes and then at ~450°C for ~45
minutes. The FTO-glass substrates with sintered
TiO, film were allowed to cool down to room

Nanoxide

temperature in air. In order to sensitize the sintered
TiO,, the FTO-glass substrates with the sintered
TiO, film were heated at ~80 °C for few minutes in
air and then they were immersed into ~0.25 mM
Ruthenizer 535-bisTBA (Solaronix, Switzerland)
dye solution in anhydrous ethanol at least for 12
hours.

Just before assembling the photoanodes and the
CEs, the photoanodes (FTO-glass substrates with
dye-sensitized TiO, film) were removed from the
dye solution and they were washed with anhydrous

ethanol to remove unanchored dye on the TiO,
film. Then they were dried with a hot air drier to
evaporate ethanol from the TiO, film. Similarly, the
CEs with the composite film were dried to remove
the adsorbed water vapour on the carbon film. The
two electrodes were assembled with a piece of
parafilm sheet; the parafilm served both as a sealant
and a spacer (to separate the electrodes). The space
between the two electrodes was filed with a liquid
electrolyte  containing iodide/tri-iodide  ions
(Solaronix) and the DSC was further sealed with
hot-glue [21].

In addition to the fabrication of DSCs with the CEs
based on the composite film, the DSCs with the
CEs based on platinum, printer toner and only FTO
(without any catalyst) were also fabricated to use
them as reference cells. The photoanodes and
electrolyte of these reference cells were similar
with those of the DSCs with CEs based on the
composite, however, the catalyst used in the
reference cells were different from the previous
ones (composite based DSCs). The CEs of the
platinum based solar cells were prepared by coating
the conducting part of FTO-glass substrates with
Platisol T solution (precursor of platinum
purchased from Solaronix) and sintering the FTO-
glass substrates at ~450°C for 30 minutes.
Similarly, the CEs of the toner based DSCs were
prepared by simply doctorblading the paste of the
toner powder (in ethanol) onto the FTO-glass
substrates, then sintering the paste at temperature
~80°C to ~100°C. In case of the DSCs without
catalyst, simply the FTO-glass substrates (without
any catalyst) were used as CEs. The photovoltaic
performances of the solar cells were tested in the
simulated light of ~100 mW/cm® (Abet SunLite
Solar Stimulator 11002 available at Kathmandu
University, Nepal).

3. Results and Discussion

Fig.1 is the X-ray diffraction (XRD) pattern of the
lampblack of a mustard oil lamp. The diffraction
peak centered at 26~25° shows that the lampblack
contains graphitic form of carbon [1]. Joshi et al.
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have demonstrated that electrospun carbon
nanofibers having graphitic structure of carbon
possess good catalytic property for the reduction of
tri-iodide ions in DSCs [1]. Thus, the lampblack
with graphitic form of carbon can also be employed

as the catalyst in DCSs.

Fig. 2 shows the SEM images of the lampblack
powder, the printer toner powder, the film of
printer toner powder and the film of
lampblack/printer toner composite. Fig. 2a is the
SEM image of the lampblack powder, the image
shows that the lampblack consists of particles (or
sheets) of a few tens of nanometer to ~100 nm.

Similarly, Fig. 2b is the SEM image of the printer
toner powder and the SEM image shows that the
particles of the toner are irregular in shape and they
are several microns in size. Fig. 2c is the SEM
image of the film of the printer toner and the image
reveals that the micron sized particles of the toner
powder were glued together after sintering the film.

Similarly, Fig. 2d is the SEM image of the film of
the lampblack and printer toner composite. The size
of the particles seen in this SEM image is
comparable (several microns) with the size of the
particles seen in the SEM image of the printer toner
powder (Fig. 2c). However, the surface of the
micron-sized particles seen in the SEM image of
the composite (Fig. 2d) is different from the surface
of toner powder seen in the SEM image of film of
the toner power only (Fig 2c). The surface of the
particles seen in Fig. 2d is rougher compared with
that seen in Fig. 2c. The rough surface of the
particles (seen in Fig. 2d compared with those seen
in Fig. 2c) can be due to the adherence of the
lampblack onto the toner particles. This indicates
that when the composite of the lampblack and the
printer toner is used in the fabrication of CEs, the
printer toner powder acts as a binder to hold the
particles of the lampblack on the CEs.

Fig. 3 is the photographs of the adhesion test of the
lampblack without and with printer toner powder.
Fig. 3a is the photograph of the carbon film of the
lampblack only (without printer toner) coated onto

an FTO-glass substrate; the carbon film was
covered with a transparent tape. Fig. 3b is the
photograph of the carbon film (without printer
toner) after removal of the transparent tape.
Similarly, Fig. 3c is the photograph of the carbon
film of lampblack with the printer toner coated onto
an FTO-glass substrate; the carbon film (with
printer toner) was covered with a transparent tape.
Fig. 3d is the photograph of the film of the
lampblack and the printer toner after removal of the
transparent tape. Fig. 3 shows that the carbon film
of the lampblack without the printer toner detached
from the FTO (Fig. 3b) whereas the carbon film of
the lampblack with the printer toner remained on
the FTO (Fig. 3d) after removal of the tapes. This
experiment indicates that the carbon film of the
composite of the lampblack and the printer toner
strongly adhered on the FTO compared with the
carbon film of the lampblack without the printer
toner. Moreover, it implies that the printer toner in
the composite is required to enhance adhesion of
the particles of the lampblack on the FTO of CEs.

Fig. 4 shows current density- voltage (J-V) curves
of DSCs. Fig. 4a, Fig. 4b and Fig. 4c are J-V curves
of DSCs with CEs based on FTO (without catalyst),
toner powder and platinum, respectively. Similarly,
Fig. 4d is the J-V curve of the DSC with CE
containing the composite of the lampblack of
mustard oil lamp and the toner powder as a
catalyst. The photovoltaic parameters of the DSCs
calculated from the J-V curves are enlisted in Table
1.

The overall light to electricity conversion
efficiency () of DSCs with CEs without catalyst
(FTO only), printer toner, platinum and the
composite of lampblack and printer toner
composite were 0.16%, 0.05%, 4.18% and 3.20%,
respectively. As 1 (3.20 %) of the DSC with CE
based on the composite is significantly greater that
N (0.16%) of the DSC with CE based on FTO only
(without catalyst), it can be concluded that the
composite of mustard oil lampblack and printer
toner has excellent catalytic property for the
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reduction of tri-iodide ions in DSCs. However, the
1(0.05%) of the DSC with CE based on the printer
toner was much smaller than the n (3.20%) of the
DSC with CE prepared from the lampblack and
printer toner composite. Similarly, the values of the
other photovoltaic parameters: short circuit current
density (Jsc), open circuit voltage (Voc) and
fillfactor (FF) of the toner based DSC were much
smaller than those of the DSC based on the
composite. This indicates that the printer toner in
the composite does not play significant role of the
catalyst for the reduction of the tri-iodide ions,
rather it (the printer toner) plays the role of a binder
to adhere the lampblack powder onto the FTO-glass
substrate of the CEs, and better performance of the
composite based DSCs was attributed to the
catalytic ability of the lampblack.

On the other hand, the comparable photovoltaic
parameters of the DSC based on the composite with
those of the DSC based on the platinum indicate
that the catalytic ability of the composite is
comparable with that of the platinum, and the
composite can be employed as a low-cost catalyst
for the reduction of tri-iodide ions instead of
expensive platinum metal in DSCs. However, the
composite based solar cell yielded slightly lower
value of the m (3.20%) compared with the n
(4.18%) of the platinum based solar cell.

One of the causes of lower efficiency of the
composite based solar cell can be its lower FF
compared with that of the platinum based solar cell.
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In a previous paper, Joshi et al. [1] have revealed
that higher value of series resistance (Rs) of a DSC
can cause lower value of FF and n of the device.
The researchers have reported that the DSC with
CE based on electrospun carbon nanofibers (ECN)
yielded n of 5.5 % compared with 6.97 %
efficiency from the DSC with CE based on
sputtered platinum. The FF of the ECN based DSC
was 0.57 and that of the platinum based DSC was
0.71. Similarly, the Rs of the ECN based device
was 15.5 Q cm’ and that of the platinum based
device was 4.8 Q cm’; they concluded that the
lower value m of the ECN based solar cell was
mainly due to the larger value of the Rs of the ECN
based device compared with that of the platinum
based device [1]. In this research, the values of the
Rs of the DSCs based on composite and thermally
deposited platinum were found to be equal to
49.410 Q and 38.430 Q, respectively. Thus, slightly
lower value of the efficiency of the composite
based DSC compared with that of the thermally
deposited platinum based DSC can be due to the
higher value of Rs of the composite based solar
cell. Hence, the Rs of the composite based DSCs
should be minimized to improve FF and n of the
device. Optimization of the ratio of the lampblack
and printer toner powder in the composite film may
improve the FF and m of the composite based
DSCs.

20 55 75

Fig. 1: The XRD of mustard oil based lampblack.
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Fig. 2: SEM images of a) mustard oil based lampblack powder, b) printer toner powder, c) film of
sintered printer toner and d) film of mustard oil based lampblack and printer toner composite.

Fig. 3: Photographs of adhesion test of lampblack a) & b) without printer toner and c¢) & d) with printer
toner.
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Fig. 4: Current density-Voltage (J-V) curves of DSCs with CEs based on a) FTO only (without catalyst),
b) printer toner, ¢) platinum and d) the composite of lampblack of mustard oil lamp and printer toner.

Table 1: Photovoltaic parameters of the DSC with the composite of mustard oil based lampblack and

printer toner and reference DSCs.

DSCs Jse Vo (V) FF n (%)
with CE based on (mA/cm?)
FTO only 3.98 0.505 0.078 0.16
Printer toner 0.89 0.414 0.132 0.05
Platinum 8.56 0.748 0.654 4.18
Composite 7.90 0.667 0.607 3.20

4. Conclusions

The composite of lampblack of mustard oil lamp
and printer toner was used as a novel counter
electrode material of DSCs. The printer toner used
in the composite served as a binder to hold the
lampblack (of the composite) on the counter
electrode and the composite film showed good
adhesion on FTO-glass substrates. The film of
lampblack and printer toner composite exhibited
rough and porous surface morphology.

Though the series resistance of the DSCs with CEs
based on the composite of the lampblack of

mustard oil lamp and printer toner was higher than
that of the DSCs with CEs based on thermally
deposited platinum, the DSCs based on the
composite yielded 3.20 % light to electricity
conversion efficiency which was comparable to the
4.18 % efficiency of the DSCs with CEs based on
platinum. The composite film used in the CE of
DSCs exhibited good catalytic ability for the
reduction of tri-iodide ions, hence, it can be used as
a low-cost counter electrode material to replace
expensive platinum used in the fabrication of
DSCs.
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