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1 | INTRODUCTION

According to the latest statistics by the Renewable Energy
Policy Network (published in 2018), solar energy
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Summary

This paper presents a facile and economic development of dye-sensitized solar
cells using a nonprecious counter electrode made from ball-milled tellurium-
doped graphene (Te-Gr) and a natural sensitizer extracted from Calotropis
gigantea leaves. The prepared materials were characterized using various tech-
niques, such as Raman spectroscopy, X-ray diffraction (XRD), atomic force
microscopy (AFM), impedance spectroscopy, and scanning electron micros-
copy with built-in energy-dispersive X-ray spectroscopy (SEM with EDS). The
electrochemical activity of the produced counter electrodes and the impedance
of the fabricated cells were examined and discussed to devise plans for future
enhancement of cell performance. A clear pattern of improvement was
found when using cost-effective Te-Gr relative to the costly platinum counter
electrodes, especially when compared with cells employing another natural sen-
sitizer. The results show approximately 51% enhancement over chlorophyll-
based cells made from spinach, where the added advantage in our approach is
the utilization of an abundant plant extract with little nutritional appeal.

KEYWORDS
ball milling, dye-sensitized solar cells, low-cost counter electrodes, natural sensitizer, tellurium-doped

graphene

presented the highest potential in terms of electricity gen-
eration (about 6.5 EJ) compared with all other energy
sources, even conventional generation (about 3.7 EJ).!
Given this huge potential, significant research effort has
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been directed at improving the efficiencies and economics
of harvesting energy from the sun, especially using
photovoltaics.

The development of the solar photovoltaic cell has
gone through three major phases of developments,
dubbed solar cell generations.>* Silicon-based photovol-
taics (PVs) comprise the first generation and account for
almost 90% of the market share due to their high effi-
ciency and long projected life.* However, despite their
popularity, silicon-based PVs are relatively expensive
since they require significant amounts of energy to man-
ufacture in the first place.>® To improve the economics, a
second generation of solar cells based on thin film semi-
conductors has been developed. Their manufacturing is
more cost-effective as they require less material.”® But,
they exhibit lower efficiencies as compared with first-
generation cells. A third generation of solar PV technol-
ogy has come about with the long-term aim of achieving
efficiency comparable with first-generation technology at
the economics of second-generation manufacturing. The
third generation of PV started with two developments at
the beginning of the 1990s. Dye-sensitized solar cells
(DSSCs) were demonstrated in 1991 with what became
known as the Gritzel cell,’ and bulk heterojunction
organic solar cells (OPVs) were demonstrated in 1992 by
the group of Alan J. Heeger."

Due to their production simplicity and benign compo-
nents, DSSCs have received consistently increasing atten-
tion since their inception.'’"” They completely eliminate
the need for silicon and utilize various organic materials
in their structures that can be obtained and manufactured
at lower costs.

From the material point of view, DSSC's dependence
on the expensive ruthenium (Ru)-based synthetic dyes
and platinum (Pt)-based counter electrode poses a major
disadvantage. Researchers have been experimenting with
alternative materials that would meet the operational
needs of the solar cells at lower costs and better efficien-
cies.'®!? Synthetic Ru-based dyes could be replaced by
low-cost dyes with natural origins, albeit typically
showing lower performance [cite several sources]. The
cost of the counter electrode may be reduced by adopting
low-cost carbon-based materials. Jeon et al, for example,
have demonstrated a novel counter electrode material
based on ball-milled metalloid tellurium-doped graphene
nanoplatelets.'"® While the results showed comparable
performances to the reference Pt leading to strong evi-
dence of design practicality and cell durability, the ball-
milled product required a heavy wet chemical purifying
process to remove unreacted tellurium and metal impuri-
ties before cell assembly. Ju et al used a similar approach
by employing edge-selenated graphene counter electrodes
for the same purpose of replacing the Pt counter
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electrode.?® The selenium is used in place of the tellurium
reported in the work of Jeon et al,”" and the reported effi-
ciency for the selenated graphene outperformed the Pt-
based counter electrodes.

This work presents a low-cost process to synthesize
DSSC tellurium-based counter electrodes, with the use
of the natural sensitizer chlorophyll extracted from the
Calotropis gigantea plant. This plant was selected due to
its high efficiency of extraction and its abundance in the
host country, the United Arab Emirates.”** It has been
shown that natural sensitizers in general exhibit low pho-
toelectric conversion efficiency—spinach has been shown
to have a conversion efficiency of only 0.278%, Ipomoea
leaf an efficiency of 0.318%,>* and the fruits such as the
St. Lucie cherry has been shown to produce a power con-
version efficiency of 0.19% (under 0.3-sun conditions).*
While this is low in comparison with efficiencies of syn-
thetic dyes (7% to 8% efficiency), one needs to take into
consideration the cost of production and the environmen-
tal effects of the synthetic dyes. Furthermore, we aim to
include cost-effective Pt-free counter electrode with ease
of preparation. Ball-milled tellurium-doped graphene
(Te-Gr) is selected due to their low overall cost, good elec-
trical conductivity, and excellent catalytic activity. In con-
trast, we will demonstrate a simple dry ball-milling
process without the need for wet chemical treatments.
Thus, the objective is to propose a combination of facile
preparation and low-cost counter electrode with the utili-
zation of a natural sensitizer and assess their contribution
to the promotion of practical applications of DSSCs as
green alternatives to silicon and other costly synthetic
organic materials.*®*’

2 | EXPERIMENTAL WORK

2.1 | Dye extraction and optical
characterization

For dye extraction and preparation, 15 g of C. gigantea
leaves was thoroughly cleaned with deionized water, cut
into small pieces, and placed in a beaker with 45 mL of
ethanol (enough to cover the surface of the leaves). Then,
0.0883 g of chenodeoxycholic acid from Solaronix was
added to the solution to prevent dye aggregation. The
beaker was then sealed tightly with parafilm and placed
in an ultrasonic bath for 30 minutes. To maintain consis-
tency, the solution was filtered using PTEF syringe of
0.45-um pores and was stored in the dark to prevent dye
oxidation.

The optical absorbance of the dye solution was carried
out by placing the dye in transparent cuvettes (Ocean
Optics Ultra Micro Cell with a range of 220-900 nm) on
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cuvette holder, and the measurements were done via a
Maya 2000-Pro high-resolution spectrometer (Ocean
Optics) with a HL-2000 tungsten halogen light source.
To measure the UV-to-infrared spectrum range (wave-
length range from 200 to 1100 nm with 0.2-nm resolu-
tion), three Maya 2000 spectrometers were used with
software signal stitching.

2.2 | Electrode preparation

We prepared tellurium-based experimental electrodes
and Pt-based control electrodes for comparison. The
experimental and control cells were evaluated and com-
pared in terms of their electrical and electrochemical
characteristics. The following subsections detail the prep-
aration process for the electrodes.

2.2.1 | Synthesis of Te-Gr powder

We applied a single-step synthesis of tellurium-doped
graphene nanoplatelets (Te-Gr) without further purifica-
tion processes. The material for obtaining tellurium-doped
graphene was processed by adding 5.0-g high-purity
graphite of particle sizes less than 125 um (obtained
from Emirates Steel, United Arab Emirates) to 5.0 g of
tellurium powder (with a purity of 99.99%, 325 mesh
from Alibaba.com) and ball milling the mixture in a
25-mL stainless steel crucible with 5-mm stainless steel
balls for 48 hours at 500 rpms.

2.2.2 | Photoelectrode preparation

Ready-made photoelectrodes, purchased from Solaronix,
were composed of 2 x 2 cm? fluorine-doped tin oxide
(FTO) substrates coated with 0.6 X 0.6 cm” transparent
(10-um thickness) and opaque titanium dioxide (TiOj)
with a thickness of 2 um. The substrates were heated at
773 K (500°C) for 40 minutes then left to cool to around
323 K (50°C) before being immersed in the C. gigantea
dye solution overnight. After the staining process, the C.
gigantea dye-soaked titania electrodes were rinsed in eth-
anol and left to dry at room temperature.

2.2.3 | Counter electrode preparation

Te-Gr was processed from solution and cast over an FTO
electrode to create the Te-Gr counter electrodes. The elec-
trodes were prepared by mixing 50 mg of Te-Gr powder
with 100 uL of Nafion dispersion purchased from the
Fuel Cell Store. Seven hundred fifty mictoliters of 2-
propanol and 2750 pL of deionized water were then

added to the mixture and were sonicated for 30 minutes
in an ultrasonic bath. An FTO of 2 x 2 cm? in size was
also cleaned with ethanol in an ultrasonic bath for
30 minutes before drop casting 400 uL of the Te-Gr solu-
tion. The substrates were then left to dry at 313 K (40°C)
before assembly. Ready-made 2 X 2 cm? Pt electrodes also
purchased from Solaronix and used as the control counter
electrodes. Both types of counter electrodes were heated
at 393 K (120°C) for 15 minutes before assembly, in order
to remove any buildup of moisture.

2.3 | Counter electrode characterization

Several characterization experiments were conducted on
the counter electrodes before the DSSC was assembled
and tested. The counter electrodes were put through
Raman measurements as well as scanning electron
microscopy-energy-dispersive X-ray spectroscopy (SEM-
EDS) to ascertain the formation of the Te-Gr layer as
expected. The Raman spectra were measured with a
Renishaw in Via Raman microscope with a visible 514-
nm laser. SEM-EDS was performed at X7000 and X500
magnifications, 20.0 kV accelerating voltage, and a work-
ing distance of 13.7 mm. The electrochemical properties
of the counter electrodes were then characterized through
cyclic voltammetry and impedance spectroscopy.

2.4 | DSSC assembly and I-V
measurements

A Meltonix sealing film gasket was placed around each
active area of titania electrode, and the space was filled
with Iodolyte AN-50 electrolyte. The electrodes where
then assembled together using binder clips for testing.
Each assembled DSSC was tested under an ABET SunlLite
sun simulator using a PC-interfaced Keithley 2400
SourceMeter. A schematic of a DSSC cell is shown in
Figure 1.

Glass ——f

TiO, film FTO film

'3 . Calotropis

Electrolyte (¢ ) % Gigantea dye
FTO film ﬁh'

Te-Gr (Platimun as
reference) film

Glass ——|

FIGURE 1 The dye-sensitized solar cell (DSSC) setup employed in
this work [Colour figure can be viewed at wileyonlinelibrary.com|
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3 | RESULTS AND DISCUSSION

3.1 | Raman characterization of the Te-Gr
counter electrode

The structures of pure graphite powder as a reference and
the sample Te-Gr deposited on FTO were studied using
Raman spectroscopy as doping in graphene will affect
the expected coupling between the electrons generated
by incident phonons.*® In comparison with graphite, the
samples indicate the presence of multilayer graphene, as
seen in Figure 2. This is shown with respect to the shift
in G band shape and position occurring at higher fre-
quencies as doping causes the relaxation of sp® bonds
which in turn are more capable of an increase in energy.

Pristine graphite exhibited a sharp G band with a low
Ip/I; ratio due to its large grain size (in excess of 63 yum
after the sieving process during graphite preparation)
and well-ordered graphitic structure. Crystallite sizes
(L,) shown in Table 1 were calculated from the following
equation:

-1

Ca=(24x107") 1 peer™/, )

G

Edge functionalization of graphene, on the other hand,
exhibited an apparent change in G-band shape and posi-
tion and a much larger Ip/Ig ratio with the latter being
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FIGURE 2 Comparison of the Raman spectra for graphite and
Te-Gr powders. The inset shows the Raman spectra of tellurium
at a lower range of frequency [Colour figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Summary for graphite and Te-Gr Raman parameters

(o)

Sample L,, nm
Graphite powder 1.85 30.91
Te-Gr sample 0.97 16.32
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indicative of a small resulting crystallite size as shown in
Table 1. A D’ band occurring at 1623 cm™" along with the
D band (1357 cm™') is strongly suggestive of edge
functionalization.?! Peaks occurring at lower frequencies
are indicative of tellurium and occur due to the lattice
vibrations of its trigonal lattice structure.*

3.2 | Scanning electron microscopy of the
Te-Gr counter electrode

SEM-EDS results reveal the homogeneity of tellurium
interdiffusion into the graphene. Figure 3A,B shows the
highly porous structure of Te-Gr with the presence of
aglomerated spherical-shaped particles with size ranges
from 1 to 3 um. Pristine graphite used in the experiments
had a large particle size distribution (63 < x < 125 um)
obtained from sieved powdered graphite. After ball mill-
ing, it is observed that the particle size of resultant Te-
Gr powder was dramatically reduced which implies a
mechanical exfoliation reaction of the graphite powder.

The EDS element content by volume shown in
Figure 3C to 3E depicts the content of tellurium to be
64.4 wt%, while the content of carbon was found to be
21.8 wt%, and a 10.5 wt% of oxygen was present from
the surrounding environment. Map spectrum of
Figure 3C shows the existence of a high percentage of tel-
lurium indicating the presence of the unreacted tellurium
attached to the surface of the substrate.

3.3 | Electrochemical characterization of
the Te-Gr counter electrode

To examine the catalytic activity, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were
performed using the VP300 potentiostat from Bio-Logic.

3.3.1 | Cyclic voltammetry

CV was done with a three-electrode setup where the sam-
ple was a working electrode, a saturated calomel elec-
trode (SCE) acted as the reference electrode while a
platinum wire was used as the counter electrode. The
electrolyte was comprised of 10 mM of lithium iodide
(LiI), 1 mM iodine crystals (I,), and 0.1M of lithium per-
chlorate (LiClO,) in acetonitrile solution. The scan rate
was fixed at 20 mVs ™.

Two pairs of redox reaction peaks can be seen from the
CV scan in Figure 4 for current density vs working elec-
trode potential for both the Pt and Te-Gr electrodes. The
pairs of peaks conform to the following redox equations,
respectively:
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FIGURE 3 SEM image of the tellurium-doped graphene films at A, X7000 magnification and B, its cross-sectional area at X20 000
magnification with corresponding EDS maps for C, tellurium, D, carbon, and E, oxygen [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 Cyclic voltammetry spectra of sample showing redox
couple iodide/triiodide peaks [Colour figure can be viewed at
wileyonlinelibrary.com]
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In DSSCs, the reaction occurring at the counter elec-
trode is responsible for the catalysis of the reduction reac-
tion of I into I", and hence, our main focus is on the first
occurring redox reaction (I).

Reduction reactions occur at 520 and —60 mV for Te-
Gr while reduction peaks for the Pt electrode appear at
500 and —60 mV. At the same time, oxidation reactions
occur at 650 and 250 mV for Te-Gr and at 600 and 200
mV for the Pt electrode. From Figure 4, it is clearly shown
that the Te-Gr sample depicts a reduced ability to main-
tain energy and thus could speed up the transfer of
energy for a faster charge/discharge cycle of the iodolyte
but at the cost of efficient transfer. The CV readings have
been acquired over 11 cycles, and good stability has been
obtained for both working electrodes after a maximum of
three consecutive cycles. The effect of hysteresis is not
seen to be a limiting factor to the obtained results. It
should be mentioned that the Te-Gr is thicker due to
the synthesis technique of drop casting that usually pro-
duces thicker deposits than screen printing, the process
used to apply Pt on FTO. Both samples show low values
of current density for reduction peaks occurring in the
negative quadrant which could be due to an active area
that may have been too large (1 cm X 2 cm). The analyte
must diffuse into the working electrode for a redox reac-
tion to occur which can limit the current of the reaction.
We infer that the low values obtained for the current den-
sity, on the other hand, could be attributed to the effect
that the excess tellurium had on the electrode where
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electrons are trapped. Or, on the other hand, could be
attributed to dissolved oxygen ions from the surrounding
atmosphere that lead to iodide ions losing electrons,
therefore causing a buildup of I” ions on the electrode.
As tellurium enhances the spectral response at long
wavelengths in the visible region due to increased
photogeneration efficiency, continuous heat from the
sun simulator stimulated electrocatalysis on the counter
electrode in the assembled solar cell.*® Nafion, an acidic
binding agent, could also be attributed as a cause for
low current density values. It acts as a proton conductor
and may not allow electrons to reach either the tellurium
or the Te-Gr-coated counter electrode to allow for electro-
lyte reduction depending on whichever one it is bound to,
ie, it acts as an electrical insulator.

3.3.2 | Electrical impedance spectroscopy
spectra—Nyquist plot

Impedance spectroscopy helps in understanding the pro-
cesses that occur at interfaces, especially the changes in
physical properties of the system (ie, crystallographic,
mechanical, compositional, or electrical). It also helps
in understanding changes in electrical properties of, ie,
polarization by studying their effect on the electrical
conductivity of the system.?>**!3* Impedance spectros-
copy offers the advantage that the conductivity measure-
ment is taken over a range of frequencies. This can
allow for obtaining information on the different conduc-
tive species and pathways. These pieces of information
are important in understanding and controlling the con-
duction mechanism.

We performed impedance spectroscopy on Te-Gr on
FTO glass electrodes and compared it with the spectra
recorded from Pt electrodes. Symmetrical sandwich-typed
dummy cells were fabricated with two identical Pt elec-
trodes and two identical Te-Gr electrodes on FTO glass,
which were separated by a Meltonix sealant and spacer
exposing a 0.8 cm X 0.8 cm active area. The spacer was
filled with Iodolyte AN-50 electrolyte, and the EIS spectra
were attained in the frequency range from 1 MHz to 0.1
Hz at 0 V open-circuit voltage with the AC modulation
amplitude set at 10 mV.

The EIS spectra of the Pt-coated electrode (inset in
Figure 5) exhibited two semicircles that correspond to a
charge transfer process and Nernst diffusion appearing
at high and low frequencies, respectively. The figure also
shows that the Te-Gr sample substrate in I~ /I electro-
lytes has shown the three semicircles that are expected
when testing highly porous carbon materials. The electro-
lyte contact resistance, the first x-axis intercept, of Te-Gr
(40 Q) was high compared with the 17 Q of the Pt
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FIGURE 5 Nyquist plot of Te-Gr counter electrodes in the dark.
The inset shows a comparison with Pt working electrode [Colour
figure can be viewed at wileyonlinelibrary.com]

reference electrode. This could possibly be attributed to
weak electrolyte adsorption. The charge transfer resis-
tance (R.) provides a good reasoning for electrocatalytic
activity. The charge transfer resistance for the Te-Gr sub-
strate, however, was higher than its Pt counterpart, even
when the tests are repeated under 1-sun light conditions
as seen in Figure 6.

There is also clear evidence that series resistance of the
Te-Gr electrode is high as seen from the I-V curves in
later sections due to the nature of bulk deposition. The
charge transfer resistance (R.) for the tested Te-Gr elec-
trodes indicates a relatively large reaction velocity of the
/1P~ regeneration at their surface. In the solar cell, it
performed better—but with a limited output—because
there was a flow of current throughout with pathways
for the current through the cell caused by impurities. In
our case, this may have been due to a high percentage

35
| —=—Te-Gr £ [——Pt
30} o5
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E 25¢ =
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£ 15.
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FIGURE 6 Nyquist plot of Te-Gr counter electrodes under 1-sun
light conditions. The inset shows a comparison with Pt working
electrode [Colour figure can be viewed at wileyonlinelibrary.com]

of Te in the powder during the manufacturing process
that may have adhered to the TiO, during the cell assem-
bly process as tellurium enhances the spectral response at
long wavelengths.*

3.4 | Optical characterization of the dye

Following the chlorophyll dye extraction from C. gigantea
leaves, an optical assessment was conducted by applying
the dye on a photoelectrode (FTO with TiO, deposit).
Figure 7 shows the absorbance results of the substrate
soaked with the chlorophyll pigment source compared
with a bare TiO, reference. The bandgaps are also calcu-
lated and shown in the inset.

The absorbance curves show the expected higher spec-
tral absorbance at the visible region for the C. gigantea
dye, with both electrodes leveling off at the edge of the
near infrared region. This has a noticeable effect in
enhancing cell performance with less heat-generating
radiation being absorbed into the photoelectrode. The
extracted dye solution has been evaluated optically as
seen in Figure 8 below.

The effective absorption range of the dye is centered
around the 630 to 690 nm range, with a wide peak at
658 nm. The absorption falls sharply at the threshold of
the near-infrared range. The broad peak, dominating
the absorptivity spectrum, ranging from 649 to 675 nm
corresponds to two absorption peaks with similar intensi-
ties of chlorophyll A and B, both of which occur at wave-
lengths of around 650 and 675 nm in ethanol,
respectively. The reason they occur with the same inten-
sity could be due to the fact that chlorophyll B is more
soluble in polar substances than chlorophyll A. Other
absorptivity peaks occurring at 625 and 580 nm also

0.7 .
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FIGURE 7 Spectral absorbance of Calotropis gigantea dye
compared with a bare titania photoelectrode. The bandgaps (inset)
are calculated via Tauc formula [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 A, Chlorophyll extract from Calotropis gigantea
dissolved in ethanol. B, The corresponding absorbance spectrum
[Colour figure can be viewed at wileyonlinelibrary.com]

correspond to chlorophyll as it is the primary photosyn-
thetic pigment of Calotropis.*

3.5 | I-V characteristic curves of the DSSC

Figure 9 depicts the cell characteristics of current density-
voltage curves along with other pertinent PV parameters.

0.0
| —=— Te-Gr

0.1 F—e—Pt

-0.2 Jsc mAlem’) Voc (V) FF PCE (%)
o |Pt 0518 0533 071 0196

~ [TeGr 0.845 0472 068 0.271

0.4

Current Density / mA/cm®

0.9 . . . ' .
0.0 0.2 0.4 0.6

Voltage / volt

FIGURE 9 Current density-voltage (J-V) characteristics of
Calotropis dye-sensitized solar cells (DSSCs) using platinum (blue)
and Te-Gr counter electrodes (red). The inset table shows the
efficiency and other parameters for respective cells [Colour figure
can be viewed at wileyonlinelibrary.com]
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The Te-Gr solar cell clearly exhibits better performance
compared with the cell parameters obtained with a Pt
electrode, suggesting noticeable electrical enhancement.
The short-circuit current density (Jsc) of the Te-Gr cell
increased by 0.33 mA/cm?® compared with the Pt refer-
ence cell as the open circuit voltage (Vo) decreased by
0.06 V. The lower V¢ in the Te-Gr cell is a result of the
positively shifted half-wave redox potential compared
with the Pt cell®® as extracted from the CV spectra in
Figure 4, which are 94 and 73 mV for Te-Gr and Pt,
respectively. The fill factor (FF) of the Te-Gr cell was
around 3% higher than that of the Pt reference cell, thus
suggestive of a better cell performance. This was indi-
cated by an increase of around 28% in power conversion
efficiency (PCE) of the Te-Gr DSSCs. We rationalize that
adsorbance of iodide ions onto the unreactive tellurium
could have caused the limited increase in conductivity
that occurred with the increase in the active surface area.
The same observation is reported in the work of Jeon
et al, where they reported a current density value of
15 mA cm™2?! On the other hand, an increase in series
resistance is visible with a lower FF than should have
been achieved. This is mainly attributed to the high per-
centage of unreacted Te of the bulk thus reducing the
active surface area of the Te-Gr substrate. Another contri-
bution to the limited current increase could be the exis-
tence of remnants of the Nafion used for particle
suspension as it acts as an electronic insulator. The open
circuit voltage, however, changed due to a varying differ-
ence between the Fermi level of TiO, with the
impurities/Te-Gr or Te particles available from the coun-
ter electrode that passed through the electrolyte ending
up at the photoelectrode and the oxidation-reduction
potential change of electrolyte. The details of the charac-
teristics of the produced cells are shown in the inset of
Figure 9, and also in Table 2, with a comparison of a nat-
urally (chlorophyll) sensitized cell by Chang et al.** The
efficiency of the cell shows around 51% increase in the
efficiency over a similarly sensitized cell. In general, the
efficiency of cells sensitized by natural dyes is low (less
than 1%) in most of the reviewed literature.*”** The main
advantage of the work reported here is twofold: First, the
sensitizer is a nonfood material, and second, it is expected
that the dyes extracted from the plants will change with
seasons to control the amount of radiation absorbed by

TABLE 2 Summary of characteristics of the produced cells compared with a reported Pt-based chlorophyll cell**

2

Cell (Sensitizer/CE) Jsc, mA cm™

Calotropis/Pt 0.518

Calotropis/Te-Gr 0.845

Spinach/Pt (reported)** 0.55

Voo, V FF PCE, %
0.533 0.71 0.196
0.472 0.68 0.271
0.467 0.51 0.131
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the plant (lighter dye colors in summer absorb less than
richer colors in winter) and thus can mitigate efficiency
loss due to heating in summer and due to lack of solar
irradiation in winter.

4 | CONCLUSIONS

We demonstrated here the feasibility to fabricate DSSC
based on plant pigments as sensitizers and Te-Gr compos-
ite as counter electrode material. The counter electrode
manufacturing was based on centrifugal milling, to pro-
duce the tellurium-activated graphene that was deposited
on FTO and compared with a Pt counter electrode. The
assembled Te-Gr-based cells have shown an efficiency
enhancement of around 28% compared with reference cells
that have Pt as their working electrode. The natural sensi-
tizer (dye) used comes from C. gigantea, a plant that is ideal
for such applications as it is native to the research geo-
graphical location and is not used as a food item for people
or livestock. This work paves the way for further optimiza-
tion of Te-Gr composition and deposition as an alternative
counter electrode material for natural DSSCs. The results
show approximately 51% enhancement over chlorophyll-
based cells made from spinach, where the added advantage
in our approach is the utilization of an abundant plant
extract with little nutritional appeal. Our future work will
focus on identifying better natural sensitizers and improv-
ing the cell geometry, in order to extract the true potential
of Te-Gr for DSSC counter electrode fabrication, and the
results will be part of a follow-up publication.
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