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Tuning the nanoscale tribological characteristics
of thermally evaporated transparent
polyaniline—graphene nanocomposite thin filmsf
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In this work, we report the development of a solvent-free technique to fabricate optically transparent
polyaniline (PANI)—graphene thin films with precise control over both composition and thickness. By sys-
tematically varying the PANI—-graphene composition, we investigate the influence of graphene reinforcement
on the mechanical and tribological properties of the polymer films. A comprehensive suite of surface charac-
terization techniques, combined with atomic force microscopy (AFM) based nanotribological testing, reveals
how embedded graphene patches act as lubricating agents within the polymer matrix. More specifically, the
study shows how the friction force and the coefficient of friction (COF) vary on the surface of the polyaniline—
graphene composite film with the variation of graphene percentage. These findings provide crucial insights
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into the interfacial behavior of PANI-graphene nanocomposites and highlight the potential of such materials
for next-generation applications where tailored frictional and mechanical performance is essential. This study
bridges the gap between material design and practical performance, contributing to the advancement of
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Introduction

The pursuit of advanced materials with tailored physical and
chemical properties has driven significant research into the
development of nanocomposites," where integrating nano-
materials into a polymer matrix can yield enhanced perform-
ance characteristics. Among these, polymer-graphene nano-
composites represent a fascinating frontier due to their excep-
tional mechanical,” electrical,” and thermal properties.*
Graphene, a single layer of carbon atoms arranged in a hexag-
onal lattice, has garnered considerable attention for its

“Department of Materials Science and Engineering, Indian Institute of Technology
Delhi, Hauz Khas, New Delhi-110016, India. E-mail: ngosvami@iitd. ac.in,
nirat@iitd. ac.in

bSchool of Interdisciplinary Research (SIRe), Indian Institute of Technology Delhi,
Hauz Khas, New Delhi-110016, India

“Department of Physics, Indian Institute of Technology Delhi, Hauz Khas, New Delhi-
110016, India

tElectronic supplementary information (ESI) available: Optical images of the
thin films; UV-vis transmittance spectra of pure PANI and all nanocomposite
thin films; Raman spectra, D and G band mapping; thickness measurement
using surface profilometry; topography and lateral force maps along with the
friction loops of 35%, 15%, and 10% graphene composite films; comparative
analysis among the lateral force maps of 35%, 15%, 10%, and 5% graphene
composite films; variation of lateral force maps with increasing normal loads for
the 35%, 10%, and 5% graphene composite and pure PANI films. See DOI:
https://doi.org/10.1039/d4nr05482b

{These authors contributed equally to this work.

1366 | Nanoscale, 2025, 17, 11366-11375

nanocomposite thin film technologies for diverse applications.

remarkable strength,” high thermal conductivity,® and excel-
lent electrical properties.” Graphene is also an excellent solid
lubricant, and even a monolayer thick graphene coating can
provide superlubric surface coatings with extremely high wear
resistance.® When incorporated into polymer matrices, gra-
phene can substantially alter the surface morphology and tri-
bological behavior of the resulting nanocomposite films.
Polyaniline (PANI) is recognized as a valuable conducting
polymer,® extensively used in electronic, optical, and electro-
chemical applications, because of its good environmental
stability,'® low cost, interesting electroactivity,"* and uncom-
mon doping/dedoping chemistry.”>™* Combining the distinc-
tive characteristics inherent to graphene and PANI leads to
enhancements in  properties such as  electrical
conductivity,">"® electrocatalytic activity,'” and thermal stabi-
lity.* Consequently, these nanocomposites find extensive
utility across diverse applications, including
supercapacitors,’®° sensing platforms,>">* and electrochro-
mic devices.>**> PANI-graphene composites have also been
explored for various tribological applications. Maurya et al.*®
developed PANI graphene composite-based epoxy coatings on
MgoLisAl;Sn and MgoLisAl;Sn,Zn alloys and achieved signifi-
cant improvements in mechanical, tribological, and anti-cor-
rosion properties. The coefficient of friction (COF) was
reduced drastically in the PANI-graphene composite-based
epoxy coatings compared to the pure epoxy coating alone. Liu
et al.”’ added a PANI and graphene oxide (GO) composite as

This journal is © The Royal Society of Chemistry 2025
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an additive to paraffin oil and performed a four-ball friction
test using GCr;5 balls. The COF significantly reduced in com-
parison with the pure liquid paraffin oil, paraffin oil + GO, and
paraffin oil + PANI, respectively. Verma et al.*® prepared addi-
tives combining yttrium (Y) and vanadium (V) doped ZnO par-
ticles, PANI, and a reduced GO composite and dispersed them
in paraffin oil to achieve superlubricity and significant
reduction in wear. Cao et al.”® synthesized ionic liquid-doped
PANI and used it as an additive in two different lubricant
media (poly-alpha olefin/poly-urea grease and polyethylene
glycol) to minimize the friction and wear between AISI 52100
steel pairs. Along with ionic-liquid doping PANI, Xia et al.*
combined WS, and prepared a new additive to improve the tri-
bological properties. They added this newly developed compo-
site to the lithium complex grease and minimized the friction
between GCry; steel ball-plate pairs. Singh et al.*' performed a
tribological test on a four-ball tester using paraffin oil and
adding PANI and vanadium pentoxide additives and achieved
a significant reduction in the COF in comparison with the
pure paraffin oil. Lin et al.*” developed composite fiber using
polyamide, carbon fiber, and polyaniline nanofiber, which
exhibited reduced wear and stable friction in comparison with
the polyamide-carbon fiber composite alone. In all the tribolo-
gical studies, PANI and its composites are used as additives in
the lubrication medium, and friction reduction is achieved
due to the combined effect of the lubricating filler material
and stable film formation between the two surfaces rubbing
against each other. However, it has not been explored as a
solid lubricant in the form of a thin coating for improving the
tribological properties.

When developed as a coating, the surface morphology,
encompassing the distribution, alignment, and interaction of
graphene within the polymer matrix, can significantly influ-
ence properties such as surface roughness, wettability, and
adhesion. Furthermore, while the incorporation of graphene

Dr Nirat Ray completed her Ph.
D. from the Massachusetts
Institute of Technology (MIT) in
2014. She currently serves as an
Associate  Professor in  the
Department of Materials Science
and Engineering at the Indian
Institute of Technology (IIT)
Delhi. Her research focuses on
the experimental and first-prin-
ciples design of novel artificial
solids constructed from nano-
scale building blocks, as well as
the study of electronic and
quantum metamaterials. Throughout her career, Dr Ray has been
honored with several prestigious awards, including the
International Fulbright Science and Technology Award and the
Schlumberger Foundation Faculty for the Future Fellowship.

o

Nirat Ray

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

into polymer matrices can modify the tribological behavior of
the films, potentially leading to enhanced wear resistance and
reduced friction, there is no fundamental understanding of
the mechanisms governing them, primarily due to the high
variability introduced through existing fabrication processes.
In this work, we have developed a solvent-free technique to
create thin polyaniline (PANI)-graphene nanocomposite films
with varying PANI-graphene concentrations and a very high
degree of control over the thickness of the films. Through a
combination of surface characterization techniques and tribo-
logical testing, we seek to provide a comprehensive under-
standing of how graphene reinforcement influences the
mechanical and frictional properties of polymer films. The
controlled fabrication process allows us to control the fric-
tional properties of the film deposited and, in turn, yields
important insights into how the friction force and COF are
reduced due to the lubricating effect of graphene patches
embedded in the polymer matrix. By bridging the gap between
material design and practical performance, this study contrib-
utes to the development of next-generation nanocomposite
materials with tailored properties for a wide range of
applications.

Experimental details
Materials

Polyaniline emeraldine base (EB) and graphene (4-10% edge
oxidized, procured from Sigma Aldrich) were used further
without any treatment. The nanocomposites were synthesized
using a solution mixing route, where graphene was dispersed
in DI water and PANI was dispersed in dimethylformamide
using a magnetic stirrer. These two solutions were mixed and
probe-sonicated for 45 minutes to obtain a properly blended
composite. The composite was then dried in a hot air oven at
80 °C, and the resultant mixture was collected and ground into
a fine homogeneous powder using a mortar and pestle. The
graphene composition was varied, and a series of nano-
composite materials with graphene concentrations of 0, 5, 10,
15, and 35 wt% (see Table 1 in ESI section 1f) were syn-
thesized. The powders were used as targets for preparing the
PANI-graphene nanocomposite films.

Fabrication of PANI-graphene nanocomposite films

A fixed quantity of the prepared PANI-graphene powders was
placed in a quartz crucible in an effusion cell of a thermal
evaporator. The distance between the substrate holder and the
target was set at 17 cm, while the target holder was a quartz
crucible with an inner diameter of 9 mm. A schematic of the
deposition system is shown in Fig. 1(a). The deposition temp-
erature was maintained between 300 and 380 °C, and the
pressure was kept lower than 1.3 x 107° mbar. The filament
heating rate was set at 3 °C per minute. Once the desired temp-
erature was reached, the shutter was opened, and deposition
proceeded for a specified time to achieve a continuous thin
film with a deposition rate of 0.1 A s™*. Films were deposited
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Fig. 1 (a) Schematic of the thermal evaporation process used for nanocomposite film fabrication. (b) Optical transparency of the ultrathin

polymer—graphene nanocomposite film. The film is placed over a printed logo, clearly revealing the logo's details through the transparent film,
demonstrating its high degree of optical clarity. (c) GIXRD diffractogram revealing emerging graphene peak intensities with increasing graphene con-
centrations. (d) Raman shifts for varying graphene concentrations. (e) Contact angle measurements of pure PANI (left) and the 5% graphene film. (f)

Variation of the mean contact angle (black squares, left axis) and transmi

ttance at 400 nm (blue triangles, right axis) with increasing graphene con-

centrations. (g) Film thickness for different graphene concentrations. Black and red spheres indicate thickness values corresponding to deposition

times of 1 hour and 2 hours, respectively.

on glass slides, which were subjected to a standard Piranha
cleaning solution (3:1 ratio of H,SO,/H,0,) and finally dried
off with a nitrogen jet.

Characterization of PANI-graphene nanocomposite films

The optical transparency of the PANI-graphene nano-
composite films was subjected to inspection by the naked eye

1368 | Nanoscale, 2025, 17, 11366-11375

and further quantified using a UV-VIS spectrometer
(Shimadzu). Detailed structural information of the thin films
was examined using grazing incident angle X-ray diffraction
(GIXRD, Malvern PANalytical MODEL: Empyrean). The incor-
poration of graphene was confirmed using a Raman spectro-
meter (Renishaw) at 514 nm. The contact angle measurements
were obtained using a Drop Shape analyzer (KRUSS DA 25) for

This journal is © The Royal Society of Chemistry 2025
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examining the surface wettability of the thin polymer-gra-
phene nanocomposite films, revealing how graphene incorpor-
ation influences the hydrophobic or hydrophilic nature of the
films. Film thickness was measured using a stylus-type surface
profiler (Alfa Step I1Q, KLA-T).

Measurement of the friction force and coefficient of friction
(COF)

The friction test on the pure PANI and PANI + graphene com-
posite films was performed under ambient conditions using
the Lateral Force Microscopy (LFM) module of a commercial
atomic force microscope (AFM, FlexAFM, Nanosurf,
Switzerland). The lateral force was measured using a sharp
commercial AFM cantilever (ContDLC, BudgetSensors,
Bulgaria), specially manufactured for the LFM and contact
mode operation. The cantilever was made of silicon with a
normal spring constant of 0.2 N m~*. The normal spring con-
stant of the cantilever was determined using the Sader and
Green method.**** The friction test was performed multiple
times on the pure PANI and PANI + graphene (35%, 15%, 10%
and 5%) composite thin films, selecting an area of 3 x 3 sq.
pm, and simultaneously, the friction data were procured over a
256-line map with a scan rate of 20 pm s™*. The friction values
were quantified by dividing the difference between forward
(trace) and backward (retrace) lateral signals by two to avoid
the vertical offsets in the friction loops caused by the laser
misalignments. The frictional errors depicted in Fig. 2(a) were
quantified by calculating the standard deviation of the friction
force measured in each line scan.®® Then, the COF was calcu-
lated by measuring the slope of the friction force vs. normal
load curve, and the error bars in Fig. 2(b) represent the slope
error. The friction data were processed in batch to batch and
analyzed using a customized MATLAB code. All the topography
images and lateral force maps were processed using commer-
cially available image processing software (Gwyddion), and the
graphs were plotted using another commercially available
scientific software, Origin.
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Results and discussion

Surface morphology and physical properties of PANI-graphene
nanocomposite films

The thin PANI-graphene nanocomposite films appeared trans-
parent to the naked eye, with remarkable clarity when placed
over a printed logo, as shown in Fig. 1(b). This optical trans-
parency indicates that the films possess a high degree of uni-
formity and minimal optical interference, suggesting that inte-
grating graphene into the polymer matrix does not signifi-
cantly disrupt the film’s optical properties. This clear visibility
allowed for a detailed examination of surface morphology and
provided a basis for assessing the functional performance of
the films in subsequent tests. The inclusion of graphene into
the thin films was first confirmed using GIXRD measure-
ments, which show the emergence of a graphene peak with
increasing concentrations of 15% and 35% respectively (see
Fig. 1(c)). The intensity of the graphene peak was too low to be
observed for lower concentrations of 5% and 10%. We further
used Raman spectroscopy to verify the inclusion of graphene
into the film, especially at lower concentrations. Enhancement
of intensities of G, D, and 2D bands was observed for all non-
zero graphene concentration films, confirming the inclusion
of graphene into the films (see Fig. 1(d)).

The surface of the film was further analyzed through
contact angle measurements, which provided insights into the
wettability and surface energy characteristics of the films. The
contact angle for the thin PANI film was found to be ~60°.
Upon the addition of graphene, the surface properties of the
nanocomposite films were significantly altered. We find that
in the film with 5% graphene, the contact angle increases to
~70°, and with a subsequent increase in graphene concen-
tration, the contact angle increases almost linearly (see Fig. 1(e
and f)). This effect can be attributed to the graphene’s high
surface area and low surface energy, which can amplify the
hydrophobic characteristics of the nanocomposite film. These
changes in surface properties are crucial for tailoring the

0.8

(b)

Coefficient of Friction (COF)

Fig. 2 (a) Variation of friction force with increasing normal loads and (b) variation of the COF with different graphene concentrations.
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Fig. 3 LFM performed on the pure PANI thin film applying a normal load of 10 nN using a sharp AFM tip: (a) topography of the pure PANI thin film
and (b) the profile of the white line from image a; corresponding (c) lateral force map (captured during the forward movement of the cantilever/
trace motion) and (d) the profile of the white line or the friction loop from image c.

nanocomposite films for various applications where specific
wettability characteristics are desired. The optical transmit-
tance of the films was further characterized using a UV-VIS
spectrophotometer, and once again, the transmittance was
seen to increase with increasing graphene concentration (see
Fig. 1(f)). A stylus-type surface profiler was used to measure
the film thickness (see Fig. S31). These measurements revealed
that, for the same deposition time, the film thickness
increased with higher graphene concentrations (see Fig. 1(g)).

Nanotribological properties of the PANI-graphene composite
thin films

The friction of the pure PANI and the PANI-graphene nano-
composite thin films was quantified at the nanoscale level
using LFM under five different normal loads, including 5 nN,
10 nN, 20 nN, 30 nN, and 40 nN, using a sharp AFM tip. After
that, the COF for each separate film was determined by calcu-
lating the slope of the linear friction force versus the normal
load curve. Fig. 2(a) and (b) show that the friction force and
COF were the highest in the pure PANI thin film and were
reduced in the PANI-graphene composite thin films. More

1370 | Nanoscale, 2025, 17, 1366-11375

interestingly, both the friction force and COF varied coherently
amongst the PANI-graphene composite thin films with the
change in graphene concentration. The friction force was
higher in the film, which was fabricated by evaporating the
PANI-graphene nanocomposite containing a 35% graphene
filler (referred to as 35%), and it systematically decreased as
the graphene concentration was lowered. It was seen that the
COF was lowest (0.08) for 5% graphene and then subsequently
increased with the increasing concentration of graphene in the
composite. The pure PANI film exhibited the highest COF of
0.6, and it was slightly reduced to 0.57 in the case of the 35%
graphene film. This can be easily attributed to the role of the
filler material i.e. graphene as a solid lubricant.>*° Graphene
is nothing but a single layer of graphite where carbon atoms
are hexagonally coordinated by pseudo-two-dimensional sp>
bonding, and two layers of graphene are bonded by weak van
der Waals forces in the third dimension. Due to this unique
structure, the graphene layers are more prone to delaminate or
shear, and it exhibits excellent lubricating properties.***" As
the composite thin films had graphene fillers, they exhibited
lower friction force in comparison with the pure PANI thin

This journal is © The Royal Society of Chemistry 2025
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film. However, the answer to the reduction in friction force
and the COF with reducing graphene filler concentration is
linked to the distribution of graphene on the film surface.

Fig. 3 and 4 present the topography and lateral force maps
of pure PANI and 5% graphene nanocomposite thin films,
respectively. In Fig. 4c, the lateral force map of the 5% gra-
phene composite film highlights the distribution of
graphene within the PANI matrix, showing reduced friction
compared to the pure PANI matrix. The bright yellow patches
(marked with red dotted ellipses) in this map indicate the dis-
persed graphene, whereas Fig. 3c confirms the absence of gra-
phene in the pure PANI matrix. Topography and lateral
force maps for PANI composites with 35%, 15%, and 10% gra-
phene, along with their friction loops, are shown in Fig. S4,
S5, and S6.f The lateral force maps reveal prominent
contrasts due to graphene’s effect on friction, whereas the
topographic images show less pronounced differences, as they
primarily depict height variations rather than frictional
differences.

AFM imaging and friction measurements were conducted
in a 3 x 3 pm?® area, subdivided into 256 lines. The friction
loops, shown in Fig. 4d, S4d, S5d, and Sé6d,T correspond to the

142

View Article Online

Paper

white line profiles on the lateral force maps (Fig. 4c, S4c, S5c,
and S6ct). The trace (black line) and retrace (red line) rep-
resent the forward and backward motions of the AFM cantile-
ver, respectively, with the gap between these lines quantifying
the friction force. The friction loops indicate that graphene
patches (marked with blue arrows) exhibit significantly
reduced friction compared to the PANI matrix (marked with
green arrows). In contrast, the pure PANI matrix, shown in
Fig. 3d, does not display reduced friction due to the lack of the
graphene filler.

It was expected that the friction force of the pure PANI thin
film would be higher than that of the PANI-graphene compo-
site films, due to the lubricating effect of graphene. However,
the opposite trend in expected variation in the friction force
and COF with different graphene concentrations remains intri-
guing. The comparative lateral force maps, along with their
friction loops, provide insights to interpret this result, which
also relates to the surface morphology of the nanocomposite
films. In contrast to the nomenclature of the thin films, the
comparative lateral force maps showed that the percentage of
dispersed graphene on the surface of the film was the highest
for the 5% graphene nanocomposite film, and the proportion
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Fig. 4 LFM performed on the 5% graphene composite thin film applying a normal load of 10 nN using a sharp AFM tip: (a) topography of the thin
film and (b) the profile of the white line from image a; corresponding (c) lateral force map (captured during the forward movement of the cantilever/
trace motion) and (d) the profile of the white line or the friction loop from image c.
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of graphene on the surface of the PANI matrix was gradually
decreased in order i.e. 10% graphene, 15% graphene, and 35%
graphene composite films, respectively (Fig. S117). As the per-
centage of graphene on the surface was highest in the 5% gra-
phene film, it exhibited the lowest friction force in comparison
with the other composite films due to the higher lubrication
effects of graphene, and gradually the friction increased sys-
tematically from the 5% graphene composite film to the 35%
graphene composite.

The observed variation in the surface graphene content is
consistent with other observations in the fabrication process.
Due to graphene’s high sublimation temperature, it is believed
to be carried to the glass substrate by the PANI matrix during
evaporation. As the nanocomposite target is thermally melted
in the crucible, the graphene flakes are expected to float on
the surface of the melt. At low graphene concentrations, these
are carried to the substrate, and a high surface concentration
results. At higher graphene concentrations, the graphene is
expected to agglomerate, and therefore, a higher volume of
polymer aggregation around the graphene flakes would carry
them to the substrate, resulting in graphene flakes being
buried in the bulk of the film. The agglomeration theory is
also supported by the inability to create films beyond 35% gra-
phene concentration, as the weight of the agglomerated flakes
on the surface of the melt becomes more than what the
polymer vapors can carry to the substrate. Hence, the pro-
portion of graphene on the surface of the films was highest in
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the 5% graphene film and decreased with increasing graphene
content in the precursor bath.

Although the friction force varied significantly with the vari-
ation of the embedded graphene filler in the PANI matrix, it is
not necessary that the COF would follow the same trend. Here,
the friction force depended on the applied normal load and
the concentration of the embedded graphene on the PANI
matrix. For each thin film, the friction was calculated separ-
ately at different normal loads from 5 nN to 40 nN, and it
increased with increasing normal load. At the same time, the
trend showed that the overall friction force decreased from the
35% graphene film to the 5% graphene film with increasing
embedded graphene concentration in the PANI matrix.
However, the COF was determined by quantifying the slope of
the linear friction force versus the normal load curve. The COF
was also found to systematically decrease in order from the
pure PANI film to the 5% graphene composite thin film
(Fig. 2(b)) and achieved a significantly lower value of up to
0.08. To interpret this result, the evolution of lateral force
maps with increasing normal loads for each different thin film
needs to be observed (see Fig. 5, S12-S147). In Fig. 5, it is inter-
esting to see how the embedded graphene patches of the 15%
graphene composite thin film were gradually wearing out of
the PANI matrix with increasing normal loads. When the
applied normal load was up to 10 nN, the graphene patches
were intact in the PANI matrix; however, as the load increased
to 20 nN, the graphene patches started to wear out and they

PANI + 15%
Graphene
Composite Film

Fig. 5 Variation of friction maps (captured during the forward movement of the cantilever/trace motion) of the 15% graphene composite thin film
with increasing normal loads. The friction maps at normal loads of (a) 5 nN, (b) 10 nN, (c) 20 nN, (d) 30 nN, and (e) 40 nN respectively. Inset image:

plot of friction force versus normal load for the same thin film.
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became negligible at the normal load of 40 nN. The same
trend was observed in the 35% graphene composite thin film
shown in Fig. S12.7 In contrast to the 35% and 15% composite
thin films, the removal of graphene patches with increasing
normal loads was negligible for the 10% and 5% graphene
composite thin films (Fig. S13 and S14f). For both the 10%
and 5% graphene composite films, there was no significant
difference in the concentration of graphene patches in
between the lateral force maps at the applied normal loads of
5 nN and 40 nN. When the graphene was wearing out rapidly,
the rate of increasing friction force gradually enhanced from
the 5% graphene composite film to the 35% graphene compo-
site thin films. Therefore, the possible reason for increasing
the COF from the 5% to 35% film was the speedy removal of
graphene with increasing normal load. It corroborated why the
slope of the linear friction force versus the normal load curve
increased gradually from the 5% graphene composite film to
the 35% graphene composite film and reached the maximum
for the pure PANI thin film due to the complete absence of a
graphene filler material.

Conclusion

This research presents a new approach for fabricating optically
transparent thin films of PANI-graphene nanocomposites
using a solvent-free thermal evaporation technique with
precise control over film thickness. The results reveal how the
surface morphology and tribological properties of ultrathin
polymer-graphene nanocomposite films can be tuned by
varying the graphene content. Optical clarity was maintained
across the different compositions, allowing detailed analysis of
surface properties without visual interference. AFM provided
valuable insights into how graphene dispersion affects the
surface texture. The contact angle measurements demon-
strated changes in wettability with different graphene
concentrations.

The lateral force maps and friction loops revealed that gra-
phene reduces friction force, with the effect being more pro-
nounced in films with lower graphene contents. This
reduction in friction was attributed to graphene’s lubricating
properties, which were more effective when graphene was well
dispersed on the surface of the film. This study highlights the
crucial role of graphene concentration and dispersion in
enhancing the performance of polymer-graphene nano-
composite films. Precisely controlling the graphene content in
the final film is essential for achieving optimal tribological
properties. The results provide a deeper understanding of
how to tailor the film properties for specific applications by
controlling the graphene content and distribution, paving the
way for advanced materials with enhanced functionality and
performance. This approach can be extended to the tribologi-
cal applications of other polymeric materials with graphene
composites. In addition, graphene can be replaced with
graphene oxide, carbon nanotubes, transition metal
dichalcogenides, etc.

This journal is © The Royal Society of Chemistry 2025
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