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l balance: tuning electrical and
optical characteristics of carbon electrodes for
emerging photovoltaics
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Muhammad Saad Rehan, Shayan Tariq Jan and Adnan Daud Khan

Transparent and conductive electrodes (TCEs) are essential for various optoelectronic and photovoltaic

applications, but they often require expensive and complex fabrication methods. In this paper, a unique

low-cost, eco-friendly, and scalable method of fabricating TCEs using spray-coated carbon ink is

investigated. Firstly the carbon particles used for this process underwent a size reduction from 20

microns to 0.96 microns via ball milling. Then ink was prepared by mixing graphite powder (for

conductivity), ethyl cellulose (for viscosity), and toluene (for solubility) with different weight-per-volume

ratios (w/v) of 5%, 10%, and 15%. The TCEs were fabricated by spray coating the ink onto glass substrates

using an airbrush. The sheet resistance (U sq−1) and transparency (%) of the TCEs were measured by

a digital multimeter (DMM) probe method and a UV-vis spectrophotometer, respectively. The sheet

resistance of the TCEs decreased linearly from 60 to 20 U sq−1, while the transparency decreased

exponentially from 37.18% to 18.88% as the ink concentration increased from 5% to 15% w/v. This paper

also reports the reflectance and absorbance values for each ink concentration. The results demonstrate

that spray-coated carbon ink TCEs achieve sheet resistance and transparency values of 20 U sq−1 and

18.88%, respectively, with low-cost and eco-friendly materials and methods, which are desirable for

optoelectronic and photovoltaic applications. These TCEs can play an important role as electrodes in

semi-transparent perovskite cells enhancing their stability and overall efficiency.
1. Introduction

Transparent conducting electrodes have been an area of interest
for researchers and academics for a long time because of their
numerous applications in technologies such as solar cells,
photovoltaic cells, light-emitting diodes, touch-sensitive
screens, at-panel displays1–8 and perovskite solar cells.9–17

Although indium tin oxide (ITO) dominates the market for
transparent conductive electrodes in the optoelectronic
industry due to its high transparency (averaging 85% from 400
to 700 nm) and conductivity (with resistance as low as 10 per
square) metal oxide,18 it has some restrictions as well. The
restrictions include a requirement for work function alignment,
high costs brought about by the scarcity of indium, demanding
processing conditions involving high temperatures and vacuum
environments, weak interfacial interaction because of its hard
surface, and its fundamentally brittle and solid nature, which
are major obstacles, particularly for exible devices.7,19–23

Table 1 outlines the essential characteristics of several
transparent conductive materials, contrasting them according
in Energy, University of Engineering &
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the Royal Society of Chemistry
to work function, cost, optical transmittance, and sheet
resistance.

Researchers have studied a variety of materials in great detail
to overcome these limitations and considered alternatives of
ITO electrodes such as graphene,28–30 metal nanowires,22,31–33

carbon nanotubes,26,34 and conducting polymers.35,36 Carbon, in
its various forms, serves an essential part as a material for
electrodes owing to its distinctive physical, chemical, and
electrical properties. There are many ways that carbon can
appear, including carbon black, graphite, carbon nanotubes
(CNTs), and graphene, all of which are attracting growing
attention.37 Reduced graphite, exfoliated graphite, CNTs, and
graphene are among the carbon forms that have shown excel-
lent optoelectronic properties, such as high optical trans-
parency, low sheet resistance, and high mobility. These carbon-
based materials are also mechanically adaptable, environmen-
tally safe, and reasonably priced, which makes them excellent
alternatives for transparent electrodes.38–40 Therefore, research
has concentrated on fabrication techniques, modication
approaches, and patterning techniques to fully use the possi-
bility of transparent electrodes based on CNTs and graphene for
diverse optoelectronic devices.12,13,41–43

In this study, we examine how the weight-to-volume ratios of
the carbon ink affect the electrical sheet resistance and optical
RSC Adv., 2024, 14, 15571–15581 | 15571
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Table 1 Optical and electrical properties of various transparent conductive materials

Material
Sheet resistance
(U sq−1)

Optical transmittance
(%)

Work function
(eV)

Cost ($ per
m2) References

ITO 10–100 80–90 4.5–5.0 100–200 21
Graphene 30–1000 85–97 4.5–5.0 10–100 24
AgNWs 10–100 80–95 4.2–4.6 10–50 25
CNTs 100–1000 80–95 4.5–5.0 1–10 26
Polymers 100–10000 70–90 3.0–5.5 <1 27
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transparency of spray-coated carbon electrodes. Our study
analyzes how differences in ink composition affect the electrical
and optical characteristics of carbon-based electrodes. Graphite
is a relatively inexpensive and abundant material and is the
main carbon source used in this study; it serves as the foun-
dational element in the systematic development to create the
appropriate electrodes. Reducing the size of graphite particles is
the rst stage in this procedure because it has a signicant
impact on how well electrodes work. We use planetary ball
milling to convert bigger graphite particles into smaller, more
uniform ones to achieve this size reduction. We then use the
crushed graphite particles to make various weight-to-volume (w/
v%) ratios of carbon ink formulations. Then, using a spray-
coating procedure, the resulting carbon ink is applied to glass
substrates. We anneal the electrodes on a hotplate to improve
the adhesion and stability of the carbon ink layer. Aer fabri-
cation, the characterization of the electrodes is carried out by
evaluating their transparency with UV-vis spectroscopy and
guring out their electrical conductivity with sheet resistance
testing. Furthermore, the X-ray diffraction (XRD) analysis is
carried out to examine the structural characteristics of the
carbon electrodes that were spray-coated.

This study broadens our insight into affordable and eco-
friendly transparent electrodes, with a particular emphasis on
the effects of differences in the ink composition. The purpose of
this study is to show that spray-coated carbon-based electrodes
can be a viable, affordable, and environmentally friendly option
for high-performance, semi-transparent perovskite solar cells.
We want to establish a desired balance between electrical
conductivity and optical transparency by modifying the
composition of the ink. This will allow for effective charge col-
lecting while preserving a large amount of light transmittance
for aesthetics and architectural integration.
2. Materials & methods: unique
approach to carbon electrode
fabrication
2.1. Materials

The following materials were used for the experiment: graphite
powder (Sigma-Aldrich, USA; 99.9% purity; 20 mm particle size)
served as the principal carbon source for electrode fabrication.
Ethyl cellulose (EC) (Deajung, South Korea; 48% ethoxyl
content) was used as the binder in the formulation of the
carbon ink, which improved its adherence and stability.
15572 | RSC Adv., 2024, 14, 15571–15581
Toluene (RCI Labscan, Thailand; AR grade; 99.8% purity) served
as the solvent for the preparation of the carbon ink, providing
the right viscosity for consistent distribution. Glass slides
(Sigma-Aldrich, USA; 3 cm × 3 cm) were chosen as the substrate
material for electrode fabrication. Isopropanol or ethanol
(Sigma-Aldrich, USA) was utilized to dilute the ink.

2.2. Methods

The four steps of the procedures employed in this study were as
follows.

(A) Ball milling for particle size reduction. The rst stage of
our research concentrated on lowering the particle size of the
graphite powder, which is an important component impacting
electrode transparency. We used a planetary ball mill (Retsch
PM 400) to achieve this decrease. Larger graphite particles were
mechanically converted into smaller, more uniform substitutes
during ball milling. An illustration of the PM 400 planetary ball
mill, which was employed in the study to reduce the particle size
is depicted in Fig. 1.

A ball mill is used in the procedure to produce the required
level of neness for the nished product. A ball mill is a cylin-
drical chamber that rotates around its axis while containing
a grinding medium, such as balls.44 First, around 20 g of
graphite powder (Sigma-Aldrich, 99.9% purity, a 20 micron
particle size) was taken into the jar of the ball mill. Then, two
times the weight of the graphite powder, zirconia balls (Sigma-
Aldrich, 95% purity, 10 mm diameter) were placed in the jar.
The graphite powder-to-balls ratio was maintained at 1 : 2. The
ball milling was then performed at about 350 rpm for 6 hours
during the rst day using a planetary ball mill (Retsch PM 400).
The machine was given rest for about 10 minutes aer each
hour to avoid heating issues; the process remained continuous
for at least 4 days with 6 hours of milling each day. Aer each
milling session, we monitored the particle size using a Zeta
Sizer. Following the initial milling, we repeated the ball milling
process three times with the same parameters. The ball-milled
graphite powder was then collected in a closed container and
stored for further application. The next step in the process is the
preparation of the carbon ink from the powder.

(B) Carbon ink formulation. The carbon ink formulation,
a critical aspect of our research, required careful blending of
minimized graphite powder with ethyl cellulose binder and
toluene solvent. This procedure guaranteed that a consistent
ink composition with dened qualities was created, which
contributed to uniform ink coating in electrode fabrication. An
overview of the formulation process for carbon ink,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PM 400 planetary ball mill.
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demonstrating the blending of toluene, ethyl cellulose, and
graphite at various weight-to-volume ratios is shown in Fig. 2.

The creation of consistent, quality ink for later electrode
fabrication required a specic set of actions during the prepa-
ration of carbon ink. The chemical composition was made by
combining ethyl cellulose, toluene, and powdered graphite that
had been ball-milled at various ratios. The three different
weight/volume (w/v) proportions of carbon ink comprised 5%,
10%, and 15%. The various weight-to-volume ratios of carbon
ink formulations are shown in Table 2 along with the appro-
priate amounts of toluene, ethyl cellulose, and graphite used for
each.

For consistency's sake, the weight ratio of ethyl cellulose (EC)
to graphite was kept constant at 1 : 2 for all ink concentrations
(this standard ratio made sure that the attributes of the
producing carbon ink remained constant). The amount of ethyl
cellulose (EC) can be reduced slightly if the ink is too thick for
deposition. For the initial concentration of 5% (w/v), we dis-
solved 5 g of ball-milled graphite particles in 100 ml of toluene.
The additional ink concentrations were made using the same
methodology, preserving the constant graphite-to-toluene ratio.
The ink components were thoroughly mixed for approximately
two hours by stirring. The properly made and uniform carbon
ink was then gently poured into a glass container and capped.
Fig. 2 Carbon ink formulation process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(C) Electrode fabrication. We used a precision spray-coating
approach to make the carbon electrodes using airbrush. The
produced carbon ink was sprayed uniformly on glass substrates.
This stage, which is essential for ensuring even ink distribution,
lays the basis for further characterization. An illustration of the
carbon electrode creation process on glass substrates using
spray coating is shown in Fig. 3.

Employing a precise spray-coating process, prepared carbon
ink is applied to glass substrates to create carbon electrodes.
This phase is essential for guaranteeing the carbon layer's
homogeneity and adherence to the substrate. Glass slides with
3 cm × 3 cm surface areas were chosen as the substrate. To get
rid of any impurities or remains that would interfere with the
carbon ink's ability to adhere, these glass slides were extensively
washed using deionized water and acetone. The carbon ink was
applied to the ready glass substrates using an airbrush,
a precision spray-coating device. With the airbrush, the depo-
sition process could be precisely controlled, resulting in
uniform coverage. The spray-coating device was loaded with
carbon ink, which had been carefully controlled for composi-
tion and concentration. The ink was thoroughly mixed and
checked for any air bubbles that would cause uneven applica-
tion. The glass substrate with the applied ink underwent
annealing aer the carbon ink was deposited on it. To improve
RSC Adv., 2024, 14, 15571–15581 | 15573
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Table 2 Details of carbon ink formulations

Ink concentration
(w/v%) Graphite (g)

Ethyl cellulose
(g) Toluene (ml)

5 5 2.5 100
10 10 5 100
15 15 7.5 100

Fig. 3 Crafting electrodes through spray coating.
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the adherence and durability of the carbon ink layer, the
substrates were heated at 100 °C on a hotplate for 30 minutes.
To avoid contamination or damage, the nished carbon elec-
trodes were kept in a controlled atmosphere.

(D) Characterization of electrodes. Since the graphite parti-
cles underwent ball milling, the size of reduced particles was
examined by Zeta Sizer. X-ray diffraction (XRD) analysis was
used to examine the structural characteristics of the carbon
electrodes that were spray-coated. To determine the crystalline
structure of the sample, which was generated with an optimized
10% w/v ink concentration and a particle size of 0.96 microns,
XRD analysis was performed. UV-vis spectroscopy was used to
evaluate the optical transparency of the carbon electrodes. A
sheet resistance test was performed to assess the sheet resis-
tance of the electrodes by employing a digital multimeter. The
probe method was used to assess the sheet resistance of the
carbon lm electrode. This method involves applying a known
current through two outer probes and measuring the voltage
drop across two inner probes. The DMM then calculates the
resistance using Ohm's law.

The below illustration in Fig. 4(a)–(c) shows the carbon-
coated glass slides with different concentrations of 5%, 10%
and 15% respectively.
Fig. 4 Carbon-coated glass slides at (a) 5%, (b) 10%, and (c) 15%
concentrations.

15574 | RSC Adv., 2024, 14, 15571–15581
UV-vis spectroscopy was used to gauge how transparent the
carbon electrodes were optically. This method offers important
insights into the efficiency of light transmission via the elec-
trodes, a vital aspect of their prospective usage in optoelectronic
devices. To ascertain the electrical conductivity of the manu-
factured carbon electrodes, sheet resistance measurements
were performed. This is an essential characteristic to assess how
well they conduct electrical current. The measurements of sheet
resistance shed light on the electrodes' ability to promote
electron ow, which is crucial in many electrical and solar
applications.
3. Results and discussion

This work explored the use of spray-coated carbon ink as a low-
cost, sustainable, and scalable method for producing trans-
parent, conductive electrodes. The study aimed to investigate
the effects of decreasing graphite particle content in ink on the
optical and electrical characteristics of carbon-based electrodes.
3.1. Particle size analysis

Before using the graphite particles to create carbon ink, they
were ball-milled. The technique section provides a detailed
description of the milling process. To look at the variations in
particle size that happened during the ball milling process, Zeta
Sizer tests were done. These results contribute to our knowledge
of the process of size reduction, which is an important issue in
our study.

The graphite particles were rst ball-milled before they were
used to make carbon ink. The milling process is described in
detail in the methodology section. Fig. 5–7 shows the Zeta Sizer
results aer each session of ball milling.

According to the Zeta-Sizer data, the carbon particles in
Fig. 5 have a bimodal size distribution, which suggests that
there are two distinct groups of particles with varying sizes. The
average size of the rst peak, which accounts for 26.1% of the
overall volume, is 2050 nm. The average size of the second peak,
which accounts for 73.9% of the overall volume, is 5583 nm. The
Z-average wavelength is 5363 nm. It is a weighted mean based
on dispersed light intensity.

The ndings in Fig. 6 were obtained aer submitting the
previously ball-milled particles to another round of milling. The
results show how much the size of the carbon particles dropped
following the second round of milling. The size distribution is
now unimodal, which means that there is just one group of
particles that are all the same size. The average particle size in
this group is 1280 nm, indicating that the milling process has
broken down the bigger particles into smaller ones. The volume
proportion of this category is 100%, suggesting that the sample
lacks any other size classes. The Z-average size is 3317 nm, and
it is still based on scattered light intensity.

Fig. 7 shows the results of a third cycle of milling on the
carbon particles. The results show that the carbon particle size
was reduced even further during the third round of milling. The
size distribution is bimodal once more, showing the presence of
two separate particle groups of differing sizes. The average size
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Carbon particle size distribution after a second milling cycle.

Fig. 5 Carbon particle size distribution determined by Zeta Sizer.
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of the rst group's peak, which accounts for 76.2% of the total
volume, is 776.2 nm. The average size of the second group's
peak, which accounts for 23.8% of the total volume, is 188.2 nm.
The weighted mean, or Z-average size, is determined by the
intensity of dispersed light and is 960.8 nm.

Table 3 illustrates how the particle size gradually decreases
during themilling cycles. The dynamic variations in particle size are
shown by the bimodal distributions that shi from unimodal to
bimodal aer each milling cycle. The Z-average size consistently
© 2024 The Author(s). Published by the Royal Society of Chemistry
decreased across the cycles, highlighting the milling process's
ability to precisely adjust particle sizes, a critical step inmaximising
the carbon particles' qualities for the intended uses. The results
show that milling is highly crucial to obtaining the appropriate
particle size distribution for particular industrial applications.

3.2. X-ray diffraction (XRD) analysis

The XRD spectrum of the spray-coated carbon electrodes
designed for perovskite solar cells, as presented in Fig. 8,
RSC Adv., 2024, 14, 15571–15581 | 15575
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Fig. 7 Carbon particle size distribution after a third round of milling.

Fig. 8 XRD pattern of the spray-coated carbon film electrode.
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exhibits pronounced peaks that signify a well-dened crystal-
line nature of the carbon lm. The dominant peak at an angle of
26° signies the presence of a graphitic-like structure within the
electrode.45 In comparison to the graphitic peak, other observed
peaks in the spectrum are notably lower in intensity, which
might correspond to different forms of carbon or various crys-
talline orientations within the lm.

Mirroring the graphitic peak's signicance, the electrode's
crystallinity, as indicated by the sharpness of this peak, suggests
efficient electrical pathways that are conducive to electron
transport. Crystalline structures with ordered arrangements of
carbon atoms facilitate the movement of electrons through
delocalized orbitals. This efficient electron transport translates
to higher electrical conductivity within the electrode, which is
crucial for effective charge collection in solar cells. This crys-
tallinity could also result in favourable optical properties. The
high degree of crystallinity suggested by the sharp peak implies
a well-organized structure. Light encounters less disruption as
it travels through this organized lm compared to an amor-
phous structure with a random arrangement of atoms. This
reduced light scattering leads to increased optical transparency,
allowing more light to pass through the electrode and reach the
active layer of the solar cell. Additionally, the low background
noise and the clear baseline of the XRD pattern affirm the
Table 3 A summary table of the carbon particle size distribution from t

Figure Milling cycle
Distribution
type

Peak 1 size
(nm)

P
(

Fig. 5 Initial Bimodal 2050 2
Fig. 6 Second Unimodal 1280 1
Fig. 7 Third Bimodal 776.2 7

15576 | RSC Adv., 2024, 14, 15571–15581
precision of these measurements, enhancing the reliability of
the interpretation.

The XRD spectrum shows secondary peaks alongside the
dominant graphitic peak at 26°. These secondary peaks are
indicative of additional crystallographic planes and structural
he Zeta-Sizer data across the three milling cycles

eak 1 volume
%)

Peak 2 size
(nm)

Peak 2 volume
(%)

Z-Average
size (nm)

6.1 5583 73.9 5363
00 N/A N/A 3317
6.2 188.2 23.8 960.8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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defects within the carbon material. The presence of minor
crystalline phases besides graphite inuences the overall elec-
trical and optical properties of the electrodes. For instance,
some non-graphitic phases have lower conductivity compared
to graphite, affecting the bulk conductivity of the electrode. The
presence of a broad amorphous phase peak suggests a less
ordered structure, which also impacts conductivity and scatter
light more, reducing transparency. Studies have shown that
amorphous carbon structures tend to have higher resistivity and
lower optical transparency compared to their crystalline coun-
terparts.24 Crystallographic defects also act as scattering centres
for electrons, potentially hindering their mobility and reducing
conductivity. The impact of defects on electron transport has
been well-documented in the literature, highlighting their role
in modifying the electrical properties of carbon-based
materials.25

3.3. UV-vis spectra analysis

The UV-vis spectra of a simple, opaque glass slide are shown in
Fig. 9. The plain glass slide in Fig. 9(b) has a high transmittance
of more than 90% in the visible spectrum compared to the
opaque glass in Fig. 9(a) which has a very low transmittance of
almost equal to zero. The glass slides' reectance and absor-
bance are also considerably different. The opaque glass slide
has a high absorbance of more than 85% and a low reectance
of less than 10% compared to the simple glass slide which has
an absorbance of less than 20% and reectance of almost zero.
These ndings suggest that the performance of the electrodes
can be impacted by the substrate material's optical
characteristics.

The UV-vis spectra of carbon electrodes with various ink
concentrations are shown in Fig. 10. The graphs clearly show
the trends of declining transmittance and rising absorbance for
a given size as ink concentration rises. The ndings show that
the sheet resistance and transparency of spray-coated carbon
ink electrodes are signicantly inuenced by ink concentration.
Fig. 9 UV-vis spectra of the (a) opaque and (b) simple glass slide.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The results indicate that both particle size and ink concentra-
tion have signicant effects on the sheet resistance and trans-
parency of spray-coated carbon ink electrodes.

The results also demonstrate that as particle size reduces
from 20 microns to 0.96 microns, the optical transparency of
the electrodes drastically rises. The reduction in light scattering
caused by tiny particles, thereby improving the optical trans-
mittance of the electrodes, is the cause of a rise in transparency
as the particle size decreases.46 Similarly, as the ink concen-
tration increases, the number of light-absorbing particles
(carbon) per unit area in the electrode lm also increases.6 This
leads to stronger absorption of light across the entire UV-vis
spectrum, resulting in a higher overall absorbance value in
Fig. 10. The ink concentration also affects the charge carrier
mobility within the electrodes. Higher ink concentrations typi-
cally result in thicker electrode layers with a higher volume
fraction of carbon material. This denser structure leads to
enhanced charge carrier mobility due to improved percolation
pathways for electron transport. This denser structure can
facilitate charge carrier mobility by providing more robust
percolation pathways for electron transport, as has been
demonstrated in previous studies. In summary, increasing ink
concentration enhances light absorption while also potentially
improving charge carrier mobility. These results are in line with
earlier research that found comparable impacts of particle size
on the sheet resistance and transparency of carbon-based
electrodes.40,47
3.4. Sheet resistance analysis

The carbon electrodes' average sheet resistance ranged from 20
to 60 U sq−1, and their average transparency in the visible
spectrum ranged from 18.88% to 37.18%. The sheet resistance
and transparency results for each sample of carbon electrodes
with various ink concentrations and particle sizes are summa-
rized in Table 3.
RSC Adv., 2024, 14, 15571–15581 | 15577
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Fig. 11 Graph of sheet resistance and transmittance against ink
concentration.

Fig. 10 UV-vis spectra of carbon electrodes with (a) 5%, (b) 10% w/v and (c) 15% w/v ink concentration.
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The corresponding trend between sheet resistance and
transparency against the ink concentration from the respective
table is depicted in Fig. 11.
15578 | RSC Adv., 2024, 14, 15571–15581
Table 4 also displays a distinct pattern that appears when the
sheet resistance and optical characteristics of carbon electrodes
with different ink concentrations are examined. The resistance
of the electrodes drops dramatically when the ink concentration
rises from 5% to 15% (w/v), with the lowest sheet resistance of
60–70 U sq−1 and the highest concentration of 20–30 U sq−1.

This suggests that the connection between sheet resistance
and ink concentration is inverse, meaning that larger ink
concentrations improve the electrodes' electrical conductivity.
At the same time, there is a comparable change in optical
properties: transmittance goes from 37.18% to 18.88%, reec-
tance from 12.24% to 6.25%, and absorbance from 50.57% to
74.58%. By reecting less light and absorbing more, these
alterations suggest that electrodes with higher ink concentra-
tions are less transparent. This might be especially helpful in
situations when it's preferable to have low sheet resistance and
strong light absorption, such as in sensors or solar systems.

Research has shown a direct correlation between decreased
electrical resistance and smaller particle sizes. As the particle
size drops from 20 microns to 0.96 microns, the electrodes
exhibit a considerable reduction in resistance. The decrease in
sheet resistance as the particle size decreases can be explained
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01797h


Table 4 Sheet resistance and optical properties of carbon electrodes with different ink concentrations

Ink concentration
(% w/v)

Sheet resistance
(U sq−1)

Transmittance
(%)

Reectance
(%)

Absorbance
(%)

5 60–70 37.18 12.24 50.57
10 40–50 28.28 8.84 62.87
15 20–30 18.88 6.25 74.58

Table 5 Sheet resistance and optical transmittance of transparent conductive materials

Material
Sheet resistance
(U sq−1)

Optical transmittance
(%) References

ITO 10–100 80–90 21
Graphene 30–1000 85–97 24
AgNWs 10–100 80–95 25
CNTs 100–1000 80–95 26
Polymers 100–10000 70–90 27
Spray-coated carbon ink electrodes (this work) 20–60 18–37 (Current manuscript)
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by the increase in contact area between the carbon particles,
which enhances the electrodes' electrical conductivity.48

The sheet resistance of the carbon electrodes decreases as
the ink concentration increases, regardless of the particle size.
As ink concentration rises from 5% to 15% w/v, the sheet
resistance noticeably reduces. The increase in the volume
fraction and packing density of graphite particles is the main
cause of this phenomenon. As ink concentration rises, the
likelihood of continuous electric current paths increases,
resulting in increased conductivity.49 Simultaneously, the
transparency of carbon electrodes decreases with increasing ink
concentrations, again independent of particle size. The
research indicates a decline in electrode transparency as the
concentration of ink moves from 5% to 15% w/v. This occurs as
a result of the higher carbon content causing an increase in
thickness and opacity.50 Table 5 shows the sheet resistance and
optical transmittance of the carbon electrodes with those of
other commonly used transparent conductive materials.

According to the study's ndings, exible electronics and solar
systems that require low-cost, environmentally friendly, and
scalable production techniques can use spray-coated carbon ink
electrodes.51 Transparent and conductive electrodes can be
produced in large quantities and at high throughput using the
spray coating method on a variety of substrates. The carbon ink
electrodes have several advantages over conventional materials
like indium tin oxide (ITO) or silver nanowires (AgNWs), such as
lower cost, higher availability, better stability, and greater exi-
bility. However, they also have some drawbacks, such as lower
transparency when compared to ITO or AgNWs or higher resis-
tance when compared to electrodes made of metal.52,53 These
ndings imply that spray-coated carbon ink electrodes, which
provide a compromise between electrical conductivity and optical
transparency, may nd application in semi-transparent perov-
skite solar cells.50 Future research will include these electrodes in
perovskite solar cells and assess how they affect the device's
overall performance and power conversion efficiency.54
© 2024 The Author(s). Published by the Royal Society of Chemistry
The ndings of this study demonstrate that the concentra-
tion of ink and the size of the graphite powder particle affect the
sheet resistance and transparency of spray-coated carbon ink
electrodes. As the particle size is reduced, the resistance falls
and the transparency rises. As the ink concentration rises, the
sheet resistance and transparency likewise decline.
4. Conclusion

This work assessed the effects of ink concentration and particle
size on the optical and electrical characteristics of carbon ink
electrodes coated with a spray coating, with an emphasis on
photovoltaic and optoelectronic uses. Our ndings demonstrated
that resistance decreases and transparency increases with
decreasing particle size. Reactivity and transparency also
decrease with increasing ink concentration. Regardless of the
size of the particles, the resistance of the carbon electrodes
diminishes as the ink concentration rises. Increasing the ink
concentration from 5% to 15% w/v causes a discernible decrease
in sheet resistance. This effect is primarily caused by a rise in the
volume fraction and packing density of graphite particles.
Particle size again does not affect the simultaneous decrease in
transparency of the carbon electrode that occurs with increasing
ink concentrations. According to the study, electrode trans-
parency decreases when ink concentration rises from 5% to 15%
w/v. This happens because of the increased thickness and opacity
brought on by the higher carbon concentration. The average
sheet resistance of the carbon electrodes varied between 20 and
60U sq−1, and their average transparency in the visible spectrum
varied between 18.88% and 37.18%. Our ndings validated the
percolation hypothesis and demonstrated the adaptability of this
technique in terms of controlling electrode resistance and
transparency. In particular, these adjustable features indicate
a promising future for semi-transparent perovskite solar cells,
where a careful balance between light absorption and electrical
conductivity is needed.
RSC Adv., 2024, 14, 15571–15581 | 15579
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3 Y. Altin, M. Tas, İ. Borazan, A. Demir and A. Bedeloglu,
Solution-processed transparent conducting electrodes with
graphene, silver nanowires and PEDOT: PSS as alternative
to ITO, Surf. Coat. Technol., 2016, 302, 75–81.

4 S. Majee, M. Song, S.-L. Zhang and Z.-B. Zhang, Scalable
inkjet printing of shear-exfoliated graphene transparent
conductive lms, Carbon, 2016, 102, 51–57.

5 W. Fu, L. Liu, K. Jiang, Q. Li and S. Fan, Super-aligned carbon
nanotube lms as aligning layers and transparent electrodes
for liquid crystal displays, Carbon, 2010, 48, 1876–1879.

6 C. G. Granqvist, Transparent conductors as solar energy
materials: a panoramic review, Sol. Energy Mater. Sol. Cells,
2007, 91, 1529–1598.

7 Y.-M. Chang, L. Wang and W.-F. Su, Polymer solar cells with
poly (3, 4-ethylenedioxythiophene) as transparent anode,
Org. Electron., 2008, 9, 968–973.

8 M. Noman, A. D. Khan and S. T. Jan, Inuence of Absorber Layer
Thickness and Band Gap Tuning on the Optical and Electrical
Properties of Semi-transparent Flexible Perovskite Solar Cells
in, Advances in Clean Energy Systems and Technologies, 2024, pp.
23–31, DOI: 10.1007/978-3-031-49787-2_3.

9 S. Yoon, I. H. Lee, J. Han, J. Bahadur, S. Lee, S. Lee, et al.,
Semi-transparent metal electrode-free all-inorganic
perovskite solar cells using oating-catalyst-synthesized
carbon nanotubes, EcoMat, 2024, e12440.

10 J. M. Choi, J. Han, J. Yoon, S. Kim, I. Jeon and S. Maruyama,
Overview and outlook on graphene and carbon nanotubes in
perovskite photovoltaics from single-junction to tandem
applications, Adv. Funct. Mater., 2022, 32, 2204594.

11 S. Seo, K. Akino, J. S. Nam, A. Shawky, H. S. Lin, H. Nagaya,
et al., Multi-functional MoO3 doping of carbon-nanotube
top electrodes for highly transparent and efficient
15580 | RSC Adv., 2024, 14, 15571–15581
semi-transparent perovskite solar cells, Adv. Mater.
Interfaces, 2022, 9, 2101595.

12 F. Li, Y. Xu, W. Chen, S. Xie and J. Li, Nanotube enhanced
carbon grids as top electrodes for fully printable
mesoscopic semitransparent perovskite solar cells, J.
Mater. Chem. A, 2017, 5, 10374–10379.

13 S. Bhandari, A. Roy, M. S. Ali, T. K. Mallick and S. Sundaram,
Cotton soot derived carbon nanoparticles for NiO supported
processing temperature tuned ambient perovskite solar
cells, Sci. Rep., 2021, 11, 23388.

14 Q.-Q. Chu, B. Ding, J. Peng, H. Shen, X. Li, Y. Liu, et al.,
Highly stable carbon-based perovskite solar cell with
a record efficiency of over 18% via hole transport
engineering, J. Mater. Sci. Technol., 2019, 35, 987–993.

15 S. Li, Y. Li, X. Sun, Y. Li, F. Deng and X. Tao, Hole transport
layer-free carbon-based perovskite solar cells with high-
efficiency up to 17.49% in air: from-bottom-to-top
perovskite interface modication, Chem. Eng. J., 2023, 455,
140727.

16 Y. Wang, W. Li, Y. Yin, M. Wang, W. Cai, Y. Shi, et al.,
Defective MWCNT enabled dual interface coupling for
carbon-based perovskite solar cells with efficiency
exceeding 22%, Adv. Funct. Mater., 2022, 32, 2204831.

17 S. Bhandari, S. Valsalakumar, Y. Chanchangi, P. Selvaraj and
T. K. Mallick, Effect of novel graphitic carbon/NiO hole
transporting electrode on the photovoltaic and optical
performance of semi-transparent perovskite solar cells,
RSC Adv., 2023, 13, 7380–7384.

18 H. Kim, a. C. Gilmore, A. Pique, J. Horwitz, H. Mattoussi,
H. Murata, et al., Electrical, optical, and structural
properties of indium–tin–oxide thin lms for organic light-
emitting devices, J. Appl. Phys., 1999, 86, 6451–6461.

19 M. Noman, Z. Khan and S. T. Jan, A comprehensive review on
the advancements and challenges in perovskite solar cell
technology, RSC Adv., 2024, 14, 5085–5131, DOI: 10.1039/
D3RA07518D.

20 D. Angmo and F. C. Krebs, Flexible ITO-free polymer solar
cells, J. Appl. Polym. Sci., 2013, 129, 1–14.

21 D. S. Hecht, L. Hu and G. Irvin, Emerging transparent
electrodes based on thin lms of carbon nanotubes,
graphene, and metallic nanostructures, Adv. Mater., 2011,
23, 1482–1513.

22 J. Han, S. Yuan, L. Liu, X. Qiu, H. Gong, X. Yang, et al., Fully
indium-free exible Ag nanowires/ZnO: F composite
transparent conductive electrodes with high haze, J. Mater.
Chem. A, 2015, 3, 5375–5384.

23 C. S. Lee, J. E. Yoo, K. Shin, C. Park and J. Bae, Carbon
nanotube–silver nanowire composite networks on exible
substrates: high reliability and application for
supercapacitor electrodes, Phys. Status Solidi A, 2014, 211,
2890–2897.

24 X. Li, H. Zhu, K. Wang, A. Cao, J. Wei, C. Li, et al.,
Graphene-on-silicon Schottky junction solar cells, Adv.
Mater., 2010, 22, 2743–2748.

25 J.-Y. Lee, S. T. Connor, Y. Cui and P. Peumans, Solution-
processed metal nanowire mesh transparent electrodes,
Nano Lett., 2008, 8, 689–692.
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1007/978-3-031-49787-2_3
https://doi.org/10.1039/D3RA07518D
https://doi.org/10.1039/D3RA07518D
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ra01797h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
8/

20
25

 1
1:

19
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
26 Z. Wu, Z. Chen, X. Du, J. M. Logan, J. Sippel, M. Nikolou,
et al., Transparent, conductive carbon nanotube lms,
Science, 2004, 305, 1273–1276.

27 D. A. Mengistie, M. A. Ibrahem, P.-C. Wang and C.-W. Chu,
Highly conductive PEDOT: PSS treated with formic acid for
ITO-free polymer solar cells, ACS Appl. Mater. Interfaces,
2014, 6, 2292–2299.

28 Z. Yin, S. Sun, T. Salim, S. Wu, X. Huang, Q. He, et al.,
Organic photovoltaic devices using highly exible reduced
graphene oxide lms as transparent electrodes, ACS Nano,
2010, 4, 5263–5268.

29 J. Wu, H. A. Becerril, Z. Bao, Z. Liu, Y. Chen and P. Peumans,
Organic solar cells with solution-processed graphene
transparent electrodes, Appl. Phys. Lett., 2008, 92, 263302.

30 X. Wang, L. Zhi and K. Müllen, Transparent, conductive
graphene electrodes for dye-sensitized solar cells, Nano
Lett., 2008, 8, 323–327.

31 C. Bao, J. Yang, H. Gao, F. Li, Y. Yao, B. Yang, et al., In situ
fabrication of highly conductive metal nanowire networks
with high transmittance from deep-ultraviolet to near-
infrared, ACS Nano, 2015, 9, 2502–2509.

32 K.-H. Ok, J. Kim, S.-R. Park, Y. Kim, C.-J. Lee, S.-J. Hong,
et al., Ultra-thin and smooth transparent electrode for
exible and leakage-free organic light-emitting diodes, Sci.
Rep., 2015, 5, 9464.

33 T. Li, Y. Zhang, Z. Song and H. Wu, Preparation and
characterization of antibacterial chitosan/Ag–
montmorillonite with improved dynamic mechanic
properties, Polym. Compos., 2014, 35, 1980–1988.
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