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Abstract: This paper presents an innovative, cost-effective, and environmentally sustainable ap-
proach to producing high-quality graphene nanosheets (G-NSs) on a large scale. Particularly, we have
achieved a remarkable graphene material, expertly dissolved in ethanol at an impressive concentra-
tion of 0.7 mg/mL, using a cutting-edge electrophoretic deposition method on an ITO/PET surface.
This achievement holds great promise for a wide range of photovoltaic applications. The G-NSs
were rigorously analyzed using advanced techniques, including FESEM, EDAX elemental mapping,
X-ray diffraction (XRD), and Raman analysis. This comprehensive examination yielded a significant
discovery: the thickness of the deposited films profoundly influences the material’s interaction with
photons. This finding positions the synthesized graphene material as a game changer in the field of
light detection sensors, with the potential to revolutionize the landscape of optoelectronics.

Keywords: two-dimensional (2D) materials; graphene; mass production; liquid-phase exfoliation
(LPE); electrophoretic deposition (EPD); graphene nanosheets; large-scale production; environmentally
friendly; photovoltaic applications; light detection sensor

1. Introduction

Over the past three decades, the world of material science has been captivated by
nanostructured carbon-based materials, with graphene emerging as the most promising
contender owing to its wide-ranging applications. The journey of graphene discovery
traces back to 1995 with the confirmation of a single layer of graphite. A pivotal moment
came in 2004 when Novoselov et al. achieved the synthesis of graphene through mechanical
exfoliation, marking a milestone in its production. Since then, graphene has commanded
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significant research attention thanks to its extraordinary mechanical, electronic, and op-
tical properties. With unrivaled attributes, including the highest thermal and electrical
conductivity among known materials, coupled with remarkable strength, flexibility, and
near-transparency, graphene stands as an ideal candidate across a spectrum of fields, in-
cluding electronics, energy, biomedicine, and sensing. Despite the formidable challenges
posed by large-scale production, graphene’s untapped potential has propelled it to become
one of the most scrutinized materials on the global stage today.

Graphene’s exceptional properties in electrical, optical, thermal, and mechanical char-
acteristics set it apart from other materials. Notably, its abundant active sites, stemming
from its extensive surface area and high Young’s modulus, elevate graphene above its
carbon-based counterparts [1–3]. However, tailoring graphene’s fundamental properties
for specific applications sometimes necessitates modification. Over the past decade, an
array of methods has emerged for producing graphene nanosheets, encompassing ex-
foliation, epitaxy, physical sputter techniques, and electrophoretic deposition [4,5]. An
alternative avenue for mass production involves mechanically breaking graphite, albeit
constrained by its inconsistent yield of graphene materials. As a herald of promise for
high-tech applications like sensing and optical devices, graphene often employs silicon as a
foundational substrate due to its effectiveness [6–8].

In the pursuit of synthesizing premium (GNSs), numerous methodologies have exhib-
ited tremendous potential. Among them, the solution-assisted synthesis technique emerges
as a strong contender for large-scale GNS production. Nonetheless, the use of hazardous or
toxic materials, such as gases, during the synthesis process taints this method, curtailing its
broader adoption. Furthermore, the restoration of the sp2 network in diminished GNSs
within suboptimal environments can birth an array of flaws in the nanosheets, including
agglomerations. These agglomerations, while contributing to the creation of desirable
rolled graphene, can also lead to disorderly sheets driven by electrostatic attraction under
π–π stacking and van der Waals interactions [9–11]. Thus, the optimization of the synthe-
sis process becomes pivotal, steering efforts toward mitigating these flaws and securing
high-quality GNSs.

The pursuit of mass-producing high-quality single-sheet graphene has been a long-
standing challenge that has captivated the scientific community. While researchers have
made strides in achieving single-sheet production through exfoliation [12], challenges
persist in scaling up [13,14]. Notably, Amin et al. have explored exfoliation across di-
verse solutions and conditions [15,16]. In tandem with exfoliation, sonication has emerged
as another effective method for graphene production. This technique relies on graphite
as a primary source for generating graphene via specific solutions [17,18]. Solvents like
N-methyl-2-pyrrolidone [19] and dimethylformamide [20] have been leveraged for their
high polarity in facilitating sheet separation. Cyamabe et al. [21] successfully prepared
graphene through sonication, resulting in significant mass production yields. Furthermore,
researchers are delving into thin film graphene production through an array of physical
and chemical techniques [22–26].

Among the promising pathways for preparing graphene films, electrophoretic depo-
sition (EPD) emerges as a standout contender. EPD leverages an electric field to deposit
diverse materials onto a conductive substrate, and for graphene nanosheets (GNSs), it
entails dispersing GNSs in a solvent and subjecting the dispersion to an electric field. This
prompts negatively charged GNSs to migrate toward the positively charged electrode, form-
ing a thin film. EPD boasts considerable advantages, such as the ability to finely control
film thickness through voltage and time regulation [22]. Additionally, EPD-produced films
exhibit remarkable uniformity and can be generated at a rapid pace, rendering the process
cost-effective and accessible [23]. The orchestrated alignment of graphene sheets during
deposition endows the films with remarkable control [24,25], culminating in GNSs boasting
exceptional optical properties, rendering them fitting candidates for advanced optical
devices [26]. The capability to mass-produce homogenous thin film graphene nanosheets
at an economical cost assumes pivotal importance for a range of applications. However,
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the direct deposition of well-aligned, nanoscale graphene sheets onto a substrate remains a
formidable challenge.

The EPD approach exhibits several advantages over alternative GNS deposition meth-
ods. Notably, it affords precise control over film thickness and uniformity, alongside
simplicity, cost-effectiveness, and scalability, positioning it as an apt choice for large-scale
production. In this study, the EPD technique was harnessed to deposit graphene nanosheets
onto an ITO/PET surface—a widely employed substrate in photovoltaic applications. The
ensuing GNS film underwent comprehensive characterization using various techniques,
including FESEM, EDAX elemental mapping, XRD, and Raman analysis. Intriguingly,
our investigation revealed the substantial influence of GNS film thickness on photon
responsivity, positioning the fabricated 2D graphene as a prime contender for light detec-
tion applications.

The electrophoretic deposition (EPD) technique employs an electric field to guide
suspended graphene sheets toward substrate deposition in a solution. A salient virtue of
this method lies in its capacity to regulate film thickness by manipulating time and applied
voltage [22]. Furthermore, films produced through EPD exhibit notable uniformity and
can be generated at an accelerated rate, facilitating mass production at an economically
attractive level [23]. The structured alignment of graphene sheets during deposition drives
film control, compelling the sheets toward their designated deposition points [24,25]. The
resultant graphene sheets showcase stellar optical properties, positioning them aptly for
employment in advanced optical devices [26]. The ability to economically mass-produce
uniform, thin film graphene nanosheets is pivotal for diverse applications, albeit the
direct deposition of well-organized, nanoscale graphene sheets onto a substrate poses an
ongoing challenge.

In this paper, we unveil a novel approach to crafting high-quality, uniform thin film
graphene nanosheets, accentuated by controlled thickness, via the electrophoretic deposi-
tion (EPD) technique. The concentration of graphene dispersions was up to 0.7 mg mL−1

in ethanol with a yield of up to 24 wt%, which confirms the large-scale production of
graphene. The EPD technique harnesses an electric field to precipitate suspended graphene
sheets in a solution onto a substrate, affording meticulous thickness control through voltage
and time adjustments. Our study delves into the topology and structural attributes of the
ensuing thin film graphene nanosheets, revealing a captivating single-layer structure. This
interwoven single-layer configuration of graphene nanosheets holds particular intrigue, as
it is anticipated to exhibit distinct electronic and optical properties. Evidently, we have un-
earthed a novel, cost-effective, and straightforward avenue for crafting thin film graphene
nanosheets with remarkable uniformity, poised to make considerable strides across diverse
domains, especially within optoelectronic devices demanding sophisticated optical technol-
ogy. These findings herald new horizons for the development of graphene-based devices,
flaunting exceptional properties.

2. Experimental Section

In Figure 1, the process of liquid-phase exfoliation used to produce graphene nanosheets
(NSs) is illustrated. The process begins with crushing 0.25 g of bulk powder using a
mortar, followed by dispersion in ethanol at a concentration of 2 mg/mL. The resulting
suspension of exfoliated nanosheets underwent sono-chemical treatment for 12 h at a
temperature of 5 ◦C, utilizing a horn probe sonic tip (VibraCell CVX, 750 W, San Diego,
TX, USA). Importantly, during this process, the suspended solution experienced brief
cooling intervals lasting 3 to 4 s, aimed at mitigating the temperature rise resulting from
the sonication process.

2.1. G-NS Preparation (Electrophoretic Deposition (EPD) Protocol)

By employing the liquid-phase exfoliation technique, we successfully converted bulk
graphite into well-dispersed nanosheets (2D) within an ethanol medium. This method
allows the production of a significant quantity of 2D materials while minimizing distor-
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tions. Subsequently, the obtained stock dispersion underwent further refinement through
centrifugation. Specifically, the samples were subjected to centrifugation for 180 min at
1 krpm, resulting in the acquisition of a notably stable graphene suspension, as depicted in
Figure 2.
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The forefront method for crafting 2D graphene nanosheets is the electrophoretic
deposition (EPD) technique. The experimental setup for EPD involved a two-electrode
configuration, with both electrodes constructed from conductive materials, specifically
ITO/PET. To prepare the nanosheets, they were suspended in a solvent at a concentration
of 1 mg/mL and then subjected to 30 min of sonication to ensure their uniform dispersion.
The EPD process took place at room temperature, maintaining a constant voltage of 7 V for
a duration of 30 min. After the EPD procedure, the deposited film underwent rinsing with
distilled water, followed by drying at a temperature of 80 ◦C for 5 h.

2.2. Characterization

The 2D graphene nanosheets produced underwent a comprehensive array of charac-
terization techniques. The validation of their chemical structure was accomplished through
Raman spectra analysis using HR Evolution equipment from, Paris, France, alongside X-ray
diffractometer patterns. Subsequent confirmation of their 2D nature entailed examinations
using Hitachi SEM in conjunction with EDX analyses, as well as TEM JEM-2010 from JEOL
(Tokyo, Japan) in Japan.

To delve into their optical properties, a UV/VIS spectrophotometer—capable of
exquisite optical sensing across diverse optical regions—was employed (Perkin Elmer,
Waltham, MA, USA). For SEM imaging, the deposited film was sputter-coated with a
thin gold layer to confer conductivity. This coated sample then underwent scrutiny via
a field-emission scanning electron microscope with an accelerating voltage of 5 kV. For
Raman spectroscopy, the sample was positioned on a glass substrate and scrutinized using
a Raman spectrometer with an excitation wavelength of 532 nm.

The images clearly depict a smooth surface, setting these graphene sheets apart from
other carbon materials. SEM analysis confirms both the sheet size and thickness, while
Figure 2d estimates a 7 nm thickness using Gwydion. These graphene sheets were utilized
in electrophoretic deposition (EPD) to produce films on various conductive substrates,
free from size limitations. This offers significant advantages over methods constrained by
substrate geometry or deposition area. Figure 2a–c showcase our achievement in preparing
large, suspended graphene sheets dispersed in ethanol at various magnification scales.
The thickness of graphene is estimated using the Gwydion program, employing different
theoretical scale bars (Figure 2d,e).

3. Results and Discussion

In Figure 2b–d, we vividly portray our success in generating substantial suspended
graphene sheets uniformly dispersed within ethanol. The utilization of scanning elec-
tron microscopy (SEM) imagery provides a revealing glimpse into the distinctive two-
dimensional (2D) arrangement of the graphene nanosheets. They are characterized by their
notably flat morphology. Particularly noteworthy is the smooth, uniform surface exhibited
by these graphene sheets, setting them apart from the rough surfaces characteristic of other
carbon materials. Through meticulous SEM image analysis, we are empowered to precisely
quantify the dimensions and thickness of the graphene sheets, thereby confirming their
successful fabrication. Intriguingly, Figure 2d,e accentuate the theoretically simulated thick-
ness of graphene gleaned from the Gwydion program (Figure 2d), revealing a calculated
thickness of 7 nm for an individual graphene sheet.

3.1. Applying EPD for the Prepared Graphene Suspension

Within this context, the electrophoretic deposition (EPD) method emerges as a signif-
icant transformative process. Its merits lie in its ability to achieve a uniform deposition
of 2D materials, resulting in a continuous arrangement of laterally connected nanosheets.
This accomplishment is beautifully visualized in Figure 3a–c, wherein a grid-like structure
(GLS) of the thin film is displayed. This structure is distinguished by a remarkable degree
of flatness—an attribute critical for enabling high-speed electron mobility.
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Figure 3. (a) Low magnification FE-SEM image of graphene film deposited on ITO/PET conductive
substrate with a high degree of flatness; (b,c) high and low magnification FE-SEM images of the
graphene NS with a thickness of ~67 nm, respectively; (d) high magnification FE-SEM image the
graphene electrophoretic deposited thin film cross-section (~70 nm) on the surface of ITO/PET
substrate.

A cross-sectional perspective of the deposited graphene film, as portrayed in
Figure 3c,d, reveals an approximate thickness of 70 nm. This insight into the film’s
structural dimensionality is invaluable, contextualizing its performance within various
applications.

3.1.1. Discussion

The resounding success of the EPD technique, exemplified in the grid-like structure
(GLS) of the thin film (Figure 3), underscores its transformative potential in graphene film
production. The high degree of flatness exhibited by this film holds crucial importance,
particularly in applications demanding high-speed electron mobility. This attribute is
vital for optimizing the film’s electronic performance, amplifying its potential in diverse
electronic and optoelectronic devices.

The cross-sectional image’s revelation of a graphene film thickness of approximately
70 nm provides a quantitative understanding of the film’s structural dimensionality. This
knowledge enables a deeper appreciation of its suitability for specific applications, espe-
cially those that require materials of defined thicknesses to achieve desired functionalities.

The uniformity of the deposited graphene film is further explored through EDAX
elemental mapping analysis, showcased in Figure 4a,b for white and color. The affirmation
of a high degree of uniformity within the deposited film offers compelling validation of
the EPD technique’s prowess in crafting high-quality, uniform 2D material films. This
observation reinforces the transformative potential of EPD in producing materials with
consistent and controlled properties, poised to unlock new horizons in various technological
domains.
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3.1.2. Results and Discussion: X-ray Diffraction

The detailed analysis presented in this section sheds further light on the outstanding
quality and structural characteristics of the synthesized graphene nanosheets (graphene
NSs).

Figure 5a brings attention to the X-ray diffraction (XRD) pattern of the graphene
nanosheets, highlighting their crystalline nature. The presence of two prominent peaks at
2θ angles of 25.3◦ and 47◦, corresponding to the (002) and (100) crystallographic planes
of graphene’s structure, respectively, provides compelling insights. The (002) peak arises
from the constructive interference of X-rays scattered by carbon atoms within the parallel
stacked graphene layers. This peak’s position and intensity offer a means to gauge the
interlayer spacing, which typically measures around 0.34 nm for graphene. The presence
of a distinct (100) peak signifies the orientation and arrangement of carbon atoms within
the graphene plane and can be indicative of the material’s degree of crystallinity. Notably,
the XRD pattern in Figure 5a unveils a pronounced alignment with the (002) and (100)
crystallographic planes, indicative of a high level of crystallinity and a well-defined crystal
structure. This aligns coherently with high-quality graphene samples, often characterized
by sharp and well-defined XRD peaks [27].

Moving on to Figure 5b, we delve into the Raman spectrum of the graphene sheets,
where we observe the emergence of G, D’, and 2D peaks [28]. The G peak, resonating at
1580 cm−1, originates from E2g phonons at the Brillouin zone and signifies the in-plane
stretching vibrations of sp2-bonded carbon atoms. The position of this G peak is known
to be influenced by the number of graphene layers, exhibiting a blue shift as the layer
count increases—a phenomenon rooted in varying dimer interactions across different layer
counts. Remarkably, the number of layers present can be deduced using Equation (1):

ωG = 1581.6 + 11
(

1 + n1.6
)

(1)

whereωG is the band position, and n is the number of layers.
Notably, the Raman spectrum analysis of the graphene sheets reveals the presence of

a G peak at 1580 cm−1, indicative of in-plane stretching vibrations of sp2-bonded carbon
atoms, suggesting the presence of approximately four layers of graphene [29,30].

Further insights arise with the identification of the defect mode D’ at 1620 cm−1

and the 2D peaks, corresponding to the two phonons TO at the K-point, situated around
3000 cm−1, confirming the formation of graphene nanosheets. The appearance of the 2D
peak at about 3000 cm−1 in the Raman spectra serves as definitive evidence of the presence
of graphene nanosheets within our thin films [31].
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Figure 5. Characterization of graphite and graphene: (a) Microscopic image showcasing the crys-
talline structure of graphite as a bulk material, providing insight into its macroscopic arrangement.
(b) X-ray diffraction (XRD) pattern of the graphite powder sample, offering valuable information
about the crystalline arrangement and atomic spacing within the material. (c) Comparative XRD
analysis, demonstrating the crystalline structure of the graphene film formed in two dimensions,
highlighting its unique properties in contrast to bulk graphite. (d) Raman analysis of the 2D graphene
film, offering insights into its vibrational modes and confirming the formation of the graphene
structure.

A particularly pertinent discovery emerges from the well-defined and narrow 2D
peak, indicating the likelihood of few-layer or monolayer graphene possessing enhanced
electronic and mechanical properties. This observation underscores the high structural
order and reduced defect density, both vital attributes for optimizing photovoltaic device
performance [32–37].

The comprehensive results of this characterization unveil the prowess of the elec-
trophoretic deposition (EPD) technique as a cost-effective, straightforward, and efficient
method for fabricating high-quality, flat, and uninterrupted thin graphene films derived
from suspended nanosheets. This combination of high structural integrity, uniformity, and
crystallinity propels graphene’s applicability in various technological realms, setting the
stage for innovative advancements.

3.1.3. Results and Discussion—UV–Vis Spectra Analysis

The exploration of thin film transparency, formed through the deposition of graphene
nanosheets dispersed in ethanol, was undertaken through an analysis of their UV–Vis
spectra. This examination yields critical insights into the optical properties of graphene
films, paving the way for their application in various optoelectronic devices.

In Figure 6, we observe the transmittance spectra of graphene films deposited at a
constant voltage of 7 V and room temperature (25 ◦C) across different deposition times
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ranging from 5 to 45 min. As depicted in Figure 6a, it is evident that film transparency
decreases with an increase in deposition time. This intricate interplay highlights the
dynamic nature of the fabrication process.
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Figure 6. UV–Vis spectra of graphene thin films: (a) Transmittance spectra of graphene thin films de-
posited for different durations (5–45 min) under constant temperature conditions (room temperature
25 ◦C) and voltage (7 V). (b) Transmittance spectra of graphene thin films deposited under different
voltage settings (7–15 V) for a consistent deposition time (10 min) and room temperature. (c) Relation-
ship between deposition time and transmittance, demonstrating the impact of time on transmittance
under various deposition durations. (d) Relationship between deposition voltage and transmittance,
illustrating the effect of voltage variation on transmittance for different deposition voltages.

Figure 6c provides a comprehensive view of the relationship between transmittance
values and deposition time for graphene nanosheets deposited under varying voltage
conditions (ranging from 7 V to 15 V). Notably, with an increase in voltage during the
deposition process, a corresponding decrease in resultant film transparency is observed
(Figure 6b). This phenomenon is further emphasized in Figure 6d, derived from Figure 6b,
offering a concise visualization of the interaction between applied voltage and film trans-
parency. These findings signify that the transparency of deposited films can be skillfully
controlled by adjusting deposition time and applied voltage within the electrophoretic
deposition (EPD) process.

The unique optical characteristics of graphene nanosheets have ignited a wide range
of applications spanning from ultraviolet (UV) to infrared (IR). Their exceptional trans-
parency and conductivity make them ideal candidates for applications like transparent
conductive films, touchscreens, and solar cells [38–43]. Additionally, their suitability as
photodetectors due to high responsivity, rapid response times, and a broad spectral range is
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noteworthy [44–48]. Graphene nanosheets also excel as saturable absorbers in mode-locked
lasers, opening avenues for generating ultrashort pulses in the femtosecond regime [49,50].
Moreover, their pronounced interaction with light in the IR region positions them as promis-
ing materials for infrared sensors [51]. This diverse range of capabilities extends to the
use of graphene nanosheets in the development of optical modulators, waveguides, and
biosensors [52]. Therefore, the broad absorbance range of graphene nanosheets, covering
from UV to IR, coupled with their distinct electrical and mechanical properties, establishes
them as highly sought-after materials across a wide array of optoelectronic applications.

3.2. Monitoring the Deposition Process

Gaining insight into the behavior of charged graphene sheets during the deposition
process is crucial for unraveling the intricacies of the process dynamics. To comprehen-
sively understand this phenomenon, diligent monitoring of the total charge carried by the
suspended sheets under the influence of an applied electrical field is imperative; this charge
is commonly referred to as the tracked current.

The insights obtained from this monitoring process are vividly illustrated in Figure 7.
Here, the tracked current is graphically represented as a function of time across varying
applied voltages, also known as electromotive force (EMF). The results of this analysis
reveal a fascinating relationship between applied voltage and the number of charged sheets
deposited onto the conductive substrate. Specifically, as the applied voltage increases
from 5 V to 10 V, there is a corresponding rise in the number of charged sheets deposited,
resulting in a remarkable surge in the charge current—transitioning from a modest 10 µA
to an impressive over 25 µA.
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Furthermore, it is worth noting that the graphene nanosheets display distinctive
peaks in their behavior. Two peaks, notably occurring at around 30 s and 130 s, emerge
as significant landmarks. These peaks provide a captivating insight into the deposition
mechanism, suggesting a layered approach wherein the deposition of graphene layers on
the conductive substrate takes place, setting the stage for subsequent layers of graphene.

The revelations stemming from this meticulous analysis add substantial value to the
comprehension of the deposition mechanism. This deeper understanding has the potential
to catalyze the optimization of the electrophoretic deposition (EPD) process, ultimately
facilitating the creation of highly uniform and meticulously controlled graphene thin
films. These insights mark a pivotal step forward in harnessing the potential of graphene
nanosheets for a spectrum of applications.
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3.3. Analyzing Charged Graphene Sheets in the Deposition Process

This analysis delves into the behavior of charged graphene sheets during the deposi-
tion process, providing valuable insights into the intricate current dynamics underlying
the electrophoretic deposition (EPD) technique.

(a) The tracked current is plotted against time, illustrating how different applied
voltages (electromotive force, EMF) influence current behavior. This representation offers a
comprehensive overview of the impact of varying EMFs on the deposition process.

(b) Noticeable trends emerge as applied voltage increases from 5 V to 10 V. With higher
applied voltage, there is a corresponding increase in the number of charged graphene
sheets deposited onto the conductive substrate. Consequently, a substantial surge in the
charge current occurs, with values escalating from a modest 10 µA to an impressive over
25 µA.

(c) Intriguingly, graphene nanosheets exhibit distinctive peaks in their behavior. These
peaks, particularly prominent around 30 s and 130 s, provide pivotal insights into the
deposition mechanism. Their occurrence suggests a layered deposition approach, wherein
graphene layers are successively added to the conductive substrate, establishing the foun-
dation for subsequent layers of graphene.

This detailed analysis not only enhances our understanding of the deposition mech-
anism but also paves the way for optimizing the EPD process. The implications of these
findings extend to the creation of highly uniform and precisely controlled graphene thin
films, enriching the potential applications of graphene nanosheets across diverse domains.

4. Conclusions

In conclusion, the electrophoretic deposition (EPD) technique proves to be a promising
method for large-scale graphene fabrication. We have meticulously deposited thin graphene
films using this method and extensively characterized them using FESEM, EDAX elemental
mapping, XRD, and Raman analysis.

X-ray diffraction (XRD) confirms the crystalline structure of graphene with character-
istic peaks at 25.3 and 47◦. Raman analysis reveals the presence of the G peak at 1580 cm−1,
indicating high-quality graphene.

Our exploration of the optical properties of graphene nanosheets (G-NSs) unveiled
intriguing trends. Transmittance decreases with longer deposition times and higher applied
voltages, leading to increased charge current.

This innovative approach not only advances graphene production but also provides
valuable insights into controlling the optical properties of thin films during deposition. The
precise control of film thickness and optical characteristics makes these 2D graphene NS
films ideal for various applications, including optoelectronics, energy storage, sensing, and
quantum technologies [53].
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