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Abstract: The manufacturing and characterization of nanographite films on substrates form the
foundation for advances in materials science. Conductive graphite films are challenging products,
as isolating graphite oxide is often necessary. In this study, nanographite suspensions containing
non-oxidized graphite flakes were used to fabricate novel thin and ultrathin films via blade coating
on industry-standard substrates. Films as thin as 346 nm were successfully fabricated. Moreover, it
was possible to induce the orientation of the graphite nanoflakes via blade coating. This orientation
led to electrical anisotropy; thus, the electrical behavior of the films in each orthogonal direction
differed. After adjusting the coating parameters and the concentration of the nanographite flakes, the
electrical conductivity ranged from 0.04 S/cm to 0.33 S/cm. In addition, with such adjustments, the
transparency of the films in the visible range varied from 20% to 75%. By establishing a methodology
for the tuning of both electrical and optical properties via adjustments in the nanographite suspension
and coating parameters, we can fabricate resistant, conductive, and transparent films satisfying certain
requirements. The results presented here can be extrapolated to enhance applications, especially
for photonics and solar cells, in fields that require electrical conductive materials with high levels
of transparency.

Keywords: nanographite film; blade coating; electric properties; optical properties; nanographite
spectroscopy

1. Introduction

Graphitic materials have revolutionized materials science and play a crucial role in
myriad fields, such as nano- and micro-technology, energy, and even biosensing. Through
comprehending and shaping their properties, carbon materials have had a significant
impact on science, and efforts to manufacture graphite-based thin films have changed the
roadmap in microelectronics for the better [1].

Bulk graphite is composed of a layered hexagonal carbon structure that is coupled
because of van der Waals interactions, where the carbon atoms in each layer are strongly
linked via covalent bonds. One of the greatest breakthroughs in carbon science was to find
that a few layers or a single layer of graphite (i.e., graphene) presents distinct and peculiar
properties compared to the bulk material [2]. Among its many characteristics, the room
temperature Hall effect, the anisotropic electric field, and the degeneration between the
conduction and valence band at the K point [3,4] stand out. These extraordinary properties
make graphite films advantageous materials in science. The challenge is to produce thin
and stable films that can be used to explore these properties, ideally at large scales.

Several techniques to fabricate ultrathin graphite and graphene films have been pro-
posed and used over the years, such as mechanical exfoliation [5], chemical vapor deposi-
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tion (CVD) [6], layer-by-layer assembly [7], lithography [8], colloidal suspensions [9], and
spin coating [10].

Mechanical exfoliation was the first top-down alternative for fabricating graphene
sheets [4], with large areas and high quality, although its major drawbacks include repro-
ducibility and scalability difficulties. The same reasoning is applied to mechanical cleavage,
while milling can cause defects in the graphene structure [11].

It has been reported that CVD is a well-established bottom-up fabrication method for
thin films. Its high quality, reproducibility, and large-area (up to centimeters) deposition
are required characteristics for practical applications [6]; however, the complexity of the
method makes scalability a challenge.

Nanographite flakes are graphite grains that have been exfoliated, so each flake
consists of only a few layers of graphene. Although their surface area can reach a few square
micrometers, the thickness of each flake is nanometric. The development of suspensions
of nanographite broadens the available fabrication techniques to include well-established
film formation through spin coating. Usually, to prepare graphite oxide (GO), the colloidal
suspensions are based on mineral acids with agents to achieve oxidation [12]. Among
the preparation methods, the Hummers-Offeman method stands out [13-15]. Typically
using graphite flakes, acidic agents diffuse in the interlayers of graphite to form pristine
oxidized graphite. After rinsing with water, the GO is obtained in solution in nano- and
micro-metric grains. Although the manufacturing process has been well-reported, GO
films exhibit electrical insulating properties with little room for improvement.

The formation of ultrathin graphite films via spin coating from suspensions began
to produce significant research once it became possible to explore the peculiar characteris-
tics of graphite in a practical film, for example, its non-linearities and thermal and electric
conductivity [16-18]. Nonetheless, the stability and homogeneity of the solution are still
issues to be overcome.

In this work, we propose an alternative for fabricating thin and ultrathin graphitic
films and, thereby, tune the electric direct current (DC) response and transparency in the
visible range.

Contrary to usual suspensions based only on deionized water, we propose the ad-
dition of sodium silicate (NaySiO3) in graphitic suspensions to form resistant films. It is
water soluble, and its transparency makes it a viable solution for photonic and solar cell
applications. However, its addition introduces some areas of concern, such as homogeneity
and pH control [19]. We innovatively utilize a non-oxidized nanographite suspension that
contains sodium silicate and a surfactant to fabricate thin films [20].

We novelly integrate this suspension with the blade-coating technique to fabricate thin
films on standard substrates such as silica. In addition, to the best of our knowledge, this
is the first time that the conductivity and transparency of graphite films have been tuned
as a result of adjustments in the concentration of nanographite in the suspension and the
optimization of parameters from blade coating.

Blade coating, on the other hand, brings advantages of scalability, large-area depo-
sition, and homogeneity when compared to spin coating and is much less complex than
CVD. With a unidirectional roll, a blade drags the meniscus of the fluid at a controlled
velocity while a hot plate evaporates the solvents. Thickness control of the films is usually
achieved by controlling the speed and the height of the blade [21,22].

In this study, different parameters are optimized to perform thickness control, includ-
ing the volume of the deposited fluid and the shape of the blade utilized. An efficient
thickness control leads to a better understanding of the electrical and optical properties of
the fabricated films.

In addition, because of the deposition method, the orientation of the nanographite
flakes is controlled during coating. This organization of the nanographite flakes significantly
affects the electric field distribution; thus, the films are highly anisotropic, favoring the flow
of the electric current in a certain direction.
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The films, manufactured using the aforementioned method, are characterized ac-
cording to their optical and electrical properties: transparency in the visible range, X-ray
diffraction patterns, Raman spectroscopy, and electrical conductivity in the DC regime.

2. Materials and Coating Method

A stable and homogenous graphitic suspension was used. It contained sodium silicate,
commonly known as water glass, acquired from Sigma Aldrich 338443 (Merck KGaA,
Darmstadt, Germany), deionized water, and a non-ionic surfactant (Sigma Aldrich, Merck
KGaA, Darmstadt, Germany), in addition to nanographite flakes. The graphite used was
Micrograf 99507U], commercially available from Nacional de Grafite (Minas Gerais, Brazil).
This material was laminated, with a few stacked layers of graphite and average widths
of approximately 1pm in diameter, and the thickness of the graphite flakes was up to
30nm [20].

Different concentrations of nanographite were prepared in the suspension in order
to obtain reproducible thin films with distinct optical and electrical characteristics, as
described in the following sections. The nanographite concentration varied from 4%
to 25%.

Once the suspensions with different concentrations were prepared, the blade-coating
technique was used to coat them on glass substrates. This work details the optimal range of
deposition parameters that enables the formation of thin and ultrathin nanographite films.

The equipment used for coating was the Blade Coater BCC-02 from AutoCoat. It is
compact, 52 x 29 x 36 cm, with a coating area of up to 49 cm?. The speed of the blade is
controlled via embedded motor systems and ranges from 0.5 to 40 mm/s. The machin-
ery includes a hot plate, where the substrate is placed, held with vacuum pumps. The
temperature of the hot plate can reach 150 °C.

In short, blade coating is based on dragging the meniscus of a fluid onto a substrate
while evaporating its solvents.

An illustration of the blade-coating technique for the nanographite suspension used on
the glass substrate can be seen in Figure 1. In this process, it is possible to choose different
types of blades that impact the film thickness, as demonstrated. The illustration depicts
two of them, beveled and cylindrical.
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Figure 1. Illustration of nanographite film deposition via blade coating. The deposition direction is
indicated by the velocity . The thickness of the films in both wet and dry regimes is denoted by ty¢
and 4, respectively.

While the blade travels and drags the fluid, two different types of meniscus, advancing
and receding, are formed on both sides of the chosen blade. The advancing meniscus affects
how and at what speed the fluid is spread on the substrate, and the receding meniscus
dictates the uniformity and the thickness of the coated film [23]. As for the dragging
direction, it influences the alignment of the nanographite flakes.
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The meniscus deposition process is governed by two regimes: the Landau-Levich
regime and evaporation. The first one is characterized by an excessive supply rate of
solvent compared to the evaporation rate. In this regime, the shaping, leveling, and drying
processes are separate events in time. Such situations are generally avoided in the context
of thin films. In contrast, the evaporation regime maintains a proportional relationship
between the meniscus dragging and solvent evaporation rates [24].

During the deposition process, a thickness gradient—referred to as wet and dry—is
formed from the solvent’s evaporation process, as shown in Figure 1. The wet thickness
stage occurs before the evaporation process. Once the solvent has evaporated, the film
reaches its final dry thickness [25]. This gradient mainly arises from the relationship
between the fluid deposition rate and the solvent evaporation rate. In this respect, there is
an optimized combination of the blade speed and the hot plate temperature, enabling the
system to be in an evaporation regime.

Therefore, properly determining the hot plate temperature is crucial for an optimized
coating. Based on empirical methods, the temperature was set at 70 °C to fit the evaporation
regime. The final deposition result was consequently a film composed of nanographite
flakes and sodium silicate adhered to the substrate.

Moreover, a post-baking process at 200 °C was performed in order to ensure the evap-
oration of the remaining solvents and, thus, improve adherence. With excellent adherence,
the nanographite films were preserved even when immersed in common liftoff solvents
used in various types of lithography. These include optical and nanoimprint lithography,
using the solvent MIF300 [26] and acetone for thermal scanning probe lithography [27] and
electron beam lithography [28].

After coating and the complete evaporation of solvents, the thickness and uniformity
of the films could be measured.

The characterization of the films relied on optical microscopy (Olympus upright, UC 50
CCD; Olympus Corporation, Tokoy, Japan), scanning electron microscopy (SEM) (Hitachi
S5-3400N; Hitachi High-Tech, Japan), X-ray diffraction patterns (Bruker D8 Advance; Bruker
Corporation, USA), Raman spectroscopy (T64000 Horiba; HORIBA Scientific, Japan), and
four probe measurements (Agilent B2912A; Keysight Technologies, USA).

3. Results and Discussion of the Characterization of Nanographite Films
3.1. Blade-Coated Nanographite Films

In this study, concentrations from 4% to 25% of nanographite were used in suspensions
and blade-coated on glass substrates, as described above.

Blade-coated films with 8% and 25% of nanographite are shown, respectively, in
Figure 2a,b, post-baking. Additionally, scanning electron microscopy (SEM) images from
4% to 25% nanographite films can be seen in Figure 2c—f. The lighter regions of the images
correspond to the sodium silicate enclosed by the nanographite flakes (dark flakes). As the
concentration increased, the sodium silicate was fully covered by the flakes.

In addition, the films were analyzed according to the coverage of the superficial area of
the substrate. With a 4% nanographite concentration, up to 80% of the area of the substrate
was coated by the nanographite flakes. As the concentration increased, so did the covered
area. With a graphite concentration as high as 25%, the substrate was nearly fully coated,
with a coverage area of more than 98%. The graph in Figure 3 exhibits the experimental
results obtained from the microscopy analysis.

The thickness of the films could be better controlled by both the volume of the solution
deposited and the geometry of the blade. In Figure 4, we show evidence of how the volume
and blade geometry affect the film thickness.

The graph shown in Figure 4 summarizes the linear relationship between the de-
posited volume and the thickness of the nanographite films fabricated for five nanographite
concentrations in the suspension: 4%, 8%, 13%, 20%, and 25%.

In addition, each graphite concentration allowed a certain thickness range. For in-
stance, for the lowest graphite concentration, 4%, with 8 pL of solution, a 346 nm-thick film
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was fabricated. If we compare this result with the highest graphite concentration, 25%, a
thickness of approximately 15.7 pm was measured for the same volume.

However, the relationship between the thickness and graphite concentration is not
linear, and the experimental data can be exponentially fitted, as conducted in Figure 5. We
where the increasing nanographite concentration weakly
affects the thickness of the film. It is a limit above which increasing the volume of solution
deposited via blade coating will not lead to thicker films, as shown in in Figure 5.
thinner films with a higher nanographite concentration
was not enough to decrease the volume of the deposition. It was necessary to change the
deposition parameters, and a fundamental one is the shape of the blade [23].

notice a convergence of the data,

Therefore, fabricating even

Figure 2. (a,b) An 8 % and 25% nanographite film produced via blade coating, respectively. The
insets highlight the difference in transparency between them. (c—f) SEM images of films with 4%, 8%,
13%, and 25% of nanographite, respectively. The scale bar is 50 pm.
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Figure 3. Coated surface area of a glass substrate after blade coating the nanographite suspension

from 4% to 25% of graphite.
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Figure 4. Linear relationship between the thickness of the nanographite films and the volume of

the solution deposited via blade coating. The concentration of graphite varied from 4% to 25%. The
markers are the experimental measurements, while the solid lines are the linear regressions.
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Figure 5. The thickness of the films against the nanographite concentration in the solution for 8 uL,

18 pL, and 28 pL of solution deposited. The markers indicate the experimental data, and the solid
lines indicate the exponential fittings.

Taking, for instance, a solution with a concentration of 25% nanographite and using
the blade-coating method with a cylindrical blade instead of the beveled one, it is possible
to reduce the thickness of the film by approximately 96%. For 8 uL of solution deposited,
the thickness when using the beveled blade was 16.68 nm, as presented earlier. Using the
cylindrical blade, the thickness was reduced to 561 nm.

The data comparing the film thicknesses using both beveled and cylindrical blades for
the 25% nanographite solution are shown in Figure 6.
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Figure 6. Comparison of the film thicknesses for 25% nanographite solution using different blades
(beveled at 45° and cylindrical).
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3.2. Electrical Characterization

The possibility to incorporate graphitic material and to explore its properties at micro-
and nano-metric scales has impacted science. One of the many outstanding properties of
these graphitic materials is their DC electrical conductivity [29].

However, the synthesis and fabrication of conductive graphitic materials remain a
challenge. Usually, the graphitic solution used to fabricate the films is oxidized, which
significantly affects the electrical conductivity [19].

In addition, the fabrication of thin graphite films is known to be delicate, which makes
their application arduous [30].

The electrical characterization presented comes from nanographite films blade-coated
using a non-oxidized nanographite suspension. In addition, the films were stable; they
were manipulated for months with no signs of degradation.

The DC electrical conductivity of the nanographite films was studied using the four-
probe method [31,32]. The samples were analyzed once the whole fabrication process was
complete, which means post-baking.

Thermally expanding graphitic materials can enhance their electrical conductivity
by up to six times because of the structural changes that occur in the process, such as
the reduction in defects and the organization of the structure. However, it comes with
structural drawbacks in the graphite due to thermal expansion [33].

Therefore, we aimed to find a balance between improving the electrical conductivity
and preserving the graphite structure. Here, the films were fabricated—according to
the method presented earlier—via blade coating using a beveled blade, and the thermal
treatment was performed at 350 °C in a muffle oven, as a compromise to enhance the
conductivity and avoid structural defects in the nanographite flakes.

Figure 7 shows the influence of this thermal treatment strategy. Three different films
were analyzed at 13%, 20%, and 25% nanographite. These films were all fabricated with
8 uL of solution, and their thicknesses can be verified in Figure 4.
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Figure 7. Comparison of the resistances with and without thermal treatment at 350 °C, for 13%, 20%,
and 25% nanographite films.

The resistance decreased by approximately half for the 13% and 20% nanographite
films. For the 25% nanographite sample, the resistance decreased by 87%. This difference
between films arises from the thickness range and graphite concentration that they present.
We expected a more noticeable decrease with the higher graphite concentration sample, as
more material was thermally treated.

Because of the blade-coating technique used to fabricate the films, they exhibited
distinct electric conductivity, anisotropy, depending on how the resistance was measured.
If the probes were placed so the direct current flowed parallel to the deposition direction
(i.e., parallel to the direction in which the meniscus was dragged), the resistance was lower
than measurements taken in the perpendicular direction to the deposition. The results
shown in Figure 8 that were taken along the parallel direction to the deposition are labeled
with ||, while the ones taken in the perpendicular direction are labeled with L.
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Such anisotropy is the consequence of the nanographite flakes” orientation, empha-
sized by the blade-coating technique.

Nanographite films with a concentration of 8% or lower exhibited a more isolant
behavior. For this sample, the resistance measured was up to 3.06 k(). As for higher
nanographite concentrations up to 25%, the resistances in parallel inversely varied from
159 () to approximately 4 ). The resistance results are shown in Figure 8.
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Figure 8. Resistance measured using the four probe method for 13%, 20%, and 25% nanographite
films. Measurements labeled || are parallel to the coating direction, and _L are perpendicular.

Note that each nanographite concentration, studied in Figure 8, allows a certain
resistance range. Considering the measurements with the current flow parallel to the flake
orientation, with 13% nanographite, the resistance varied from 158.8 () to 49.5 (); with 20%
nanographite, it varied from 48 () to 25 (); and finally, for the 25% nanographite sample,
the resistance was measured from 6 () to 4 Q). It is clear that, for 25% nanographite, the
films entered a saturation regime, where the resistance did not significantly change when
varying the thickness or further increasing the graphite concentration. In this range, the
measurements approached asymptotic behavior, where noise and slight variations in the
data were expected.

Comparing the resistances measured parallel and perpendicular to the flakes” orienta-
tion, for the 13% nanographite film, the perpendicular resistance is about 2.15 times the
parallel resistance.

Closer to the saturation regime, the anisotropy becomes less evident: for the thinner
film, with 20% nanographite, the difference is about 1.6 times. With higher nanographite
concentrations and thicker samples, it was more difficult to maintain the flakes” orientation
because of the multiple layers of nanographite. Therefore, the resistance measurements
become less distinct and begin to overlap, as can be noted at the 25% graphite concentration.

Hence, by tuning the nanographite concentration and the deposition parameters
(mainly the volume deposited), it is possible to tune and predict the electrical conductivity
of the film.

Considering the thickness of each sample and the parallel results of the resistances,
Figure 9 presents the electrical conductivity in S.cm™! of the graphite films fabricated.
The films that presented the highest electrical conductivity were the ones with higher
nanographite concentrations, 25%, at approximately 0.33 S.cm~!. As their resistance mea-
surements were in the asymptotic regime and there were multiple layers of nanographite,
the thickness did not play a decisive role.

For the lower concentrations, the 13% nanographite film presented higher conductivity
(0.09 S.cm ™) than the 20% graphite (0.07 S.cm~!). This difference might have been caused
by the influence of the thickness.

As the thickness of the film increases, so does the number of nanographite flakes in
the suspension; therefore, the organization of the flakes induced by blade coating is less
influential. A smaller degree of organization of the flakes results in a less effective flow of
electric current. We can see this effect in the 20% nanographite film having poorer electrical
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conductivity than the better-aligned film. However, increasing the number of flakes further
in the 25% nanographite suspension, the conductivity increases again. In this case, we have
a supersaturated-like suspension, and the number of nanographite flakes is large enough
that there are no gaps between the flakes, resulting in a better flow of the current; here, the
organization of the flakes does not play a role, as the flakes most likely overlap. In this case,
there is no electrical anisotropy.

Hence, there is a fine balance between the nanographite concentration and the electrical
conductivity. On the one hand, it is possible to obtain a conductive film with fewer
nanographite flakes that are well-aligned; on the other hand, more nanographite flakes may
cause the opposite result, as there are too many particles to be aligned via blade coating
but not enough to fill any isolated gaps from the substrate.

Although the 20% nanographite film is thicker, the 13% nanographite thinner film
allowed the blade-coating technique to better align the nanographite flakes and, therefore,
resulted in a better DC conductivity.
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Figure 9. Electrical conductivity of nanographite films with concentrations varying from 8% to 25%.
Resistances taken parallel to the flakes” orientation were considered.

3.3. Optical Characterization

Prior to blade coating the nanographite films on the glass substrates, the refractive
indexes of the nanographite suspension were measured with a digital refractometer, a
Refracto 30PX. The precision of the refractometer is 0.0001, and the results were taken at
589.3 nm.

As expected from an aqueous solution, all nanographite suspensions presented refrac-
tive indices above 1.33. For a 4% nanographite concentration, the refractive index range
measured was 1.337. For a 25% nanographite suspension, the refractive index increased to
1.369. The complete results are shown in Figure 10.
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Figure 10. Refractive index of the nanographite suspension, varying the graphite concentration from
4% to 25%. Measurements were taken at 589.3 nm.
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The nanographite flakes used to prepare the suspensions were analyzed according to
their Raman spectrum (Figure 11) and X-ray diffraction (Figure 12).

Raman spectroscopy can provide valuable information with respect to the graphite
quality once structural characteristics can be inferred from the spectrum. Considering
single crystalline graphite, two Raman modes are expected: one at 42cm ™!, which is a low-
frequency collective shear mode, and another one at 1585 cm ™!, which is the characteristic
G band [34]. As for the D band, first reported in 1970 [35] rising from the plane vibration, it
shows the disorder modes that might be present in the nanographite sample.

In contrast to the G band, the D band is greatly affected by the laser energy [34]. At
488 nm, this mode is predicted at 1355 cm™!. Through increasing the excitation energy, the
disorder band varies its position linearly in the Raman spectrum to greater wavenumbers
and, simultaneously, decreases its amplitude until it completely disappears when the laser
energy reaches 3.7 eV.

A sample of the nanographite flakes was analyzed via Raman spectroscopy. Raman
data were collected with 30 mW power at 532 nm from 250 cm ! to 1800 cm~!. For this
reason, only the G and D bands are exhibited in Figure 11. Additional information regarding
the Raman spectroscopy are provided as Supplementary Material.

Both the G and D band positions approximately agree with the results predicted in
the literature. The G band is at 1570.15cm ™1, and the D band is at 1343.82 cm ™!, Following
the Tuinstra—Koening relation, the ratio between them, 0.12, led to a crystallite size of
160.21 nm.

From the ratio and the peak positions found, we can infer that the nanographite
suspension used is highly ordered and there was no oxidation during its synthesis [36].
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Figure 11. Raman spectroscopy of the nanographite flakes used in the suspensions.

Two-theta X-ray diffraction was carried out at 1.5418 Afrom 10° to 59° with a 0.02° step.

The [002] peak, clearly observed in the two-theta X-ray diffraction, is located at 26.667°,
as shown in Figure 12. Thus, the interplane distance between the nanographite flakes layers
was calculated as 3.343 A, as expected [37,38].

To evaluate whether any structural changes occurred in the nanographite flakes
because of their processing into suspension and further deposition on the substrate via
blade coating, the produced films (with three distinct nanographite concentrations: 8%,
13%, and 20%) were also submitted to X-ray diffraction.

Although the magnitudes of the diffraction patterns of the nanographite films are
lower than those of the nanographite flakes, the intensities for the films tend to reach
the peak from the nanographite flakes as the graphite concentration in the film increases.
The presence of sodium silicate in the suspension did not significantly affect the graphite
properties of the films once the interplane distance dg, agreed with the one found from the
nanographite flakes. However, its presence is noted via additional noise in the patterns.
The results for three different nanographite concentrations in the films can be verified in
Table 1.
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Figure 12. (a) The X-ray diffraction pattern for the nanographite flakes. (b) The patterns obtained for
the nanographite films and a pure sodium silicate film.

Table 1. The interplane distance in nanographite films at different concentrations.

Concentration of Nanographite in Film [%] dooz [A]
8 3.333
13 3.333
20 3.335

The higher order reflections, d1gg, d191, and dops, were also studied and are in accor-
dance with the state of the art for high-quality graphite. The digy and do; reflections
for the graphite films were not intense enough to overcome the noise due to the lower
graphite concentration and the presence of sodium silicate. As for the dggy reflection peak,
we noticed a small shift in the two-theta for the nanographite films: while the peak of the
nanographite flakes was at 54.781°, the peak for the film moved 0.05° to the right.

Then, we verified the performance of the nanographite flakes, which were used as
the base material, and it was found that the suspension itself did not undergo oxidation
during any of the processes: synthesis of the suspension, blade coating, and thermal
treatments. Their carbon structure was preserved throughout the whole process to disperse
the nanographite flakes and further coat them on glass substrates. The post-fabrication
heating processes did not damage or expand the graphite structure, and there was no
impairment due to molecule adsorptions.

Another important aspect to analyze was the transparency of the nanographite films
in the visible range. A high transmittance of a film that is also electrically conductive is a
must in several industrial fields, such as photovoltaics.

Being able to tune the concentration of the nanographite in the suspensions, we
anticipated that a compromise between the transparency in the visible range and the DC
conductivity could be set for the analyzed nanographite films.

The transmittance value from 500 nm to 700 nm for the lowest graphite concentration
films, 4% and 8%, was analyzed, as shown in Figure 13. As graphite is not transparent in the
visible range, it was expected that the film manufactured with the lowest concentration of
nanographite would give us the highest transparency. Therefore, two aspects were studied:
the influences of the concentration of the nanographite and the thickness of the film.

With respect to the 4% nanographite films, when varying the thickness from 406 nm to
1.55 pm, the transmittance decreased from an average of 70% to 52%, as no absorption peaks
were present in this band. In comparison, with the 8% nanographite film with a similar
thickness of 1.63 pm, the transparency plummeted to 15%. Recalling the surface coverage
area data, Figure 3, there was a 98% nanographite-coated area for an 8% nanographite film
against an 80% covered area for the 4% nanographite film.

Hence, increasing the film thickness via the coating parameters while maintaining the
same nanographite concentration is less influential on the transparency than increasing
the thickness by using a suspension with a higher concentration of nanographite. As a
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complementary advantage, taking into consideration the results in Figure 8, when the
thickness of the film is increased, the resistance decreases, which means the DC electrical
conductivity can be enhanced even with a compromise in the optical transparency.

70 m i e 4%-graphite

346nm-thick

60 4%-graphite
i 512nm-thick
50 4%-graphite

1.55um-thick
8%-graphite
879nm-thick
30 — 8%-graphite
1.63um-thick

20 8%-graphite
2.91pm-thick
10

500 550 600 650 700 750 200
Wavelength [nm]

Transmittance [%]
B

Figure 13. Transmittance of nanographite films at 4% and 8% from 500 nm to 700 nm.

4. Discussion

In this work, extensive research on blade-coated nanographite films on substrates was
conducted. Conductive nanographite films were successfully fabricated and showed a high
coverage (up to 99%) on surface areas of a few square centimeters. The process is scalable;
hence, it can be extrapolated to coat even larger areas.

Through Raman spectroscopy and X-ray diffraction, the structural characteristics of
the fabricated films and the high quality of the nanographite flakes were evaluated and
showed no signs of either oxidation or expansion.

A relationship between the DC electrical conductivity and the transparency in the
visible spectrum was shown, allowing the setting of a balanced performance of both
properties of the films.

Additionally, this study revealed electrical anisotropy in the films due to the orientation
of nanoflakes that was stimulated by the blade coating.

These results are promising, as they demonstrate an alternative method for manufac-
turing graphitic films, and different functionalities were explored. This technique, which
has not yet been fully explored in thin-film research, is less expensive and complex com-
pared to other established methods and allows for the satisfaction of industrial demands.

The fabricated films exhibit attractive functionalities in several fields, such as photonics
and solar cells. They can also be integrated into lithography processes once they are resistant
to immersion in common solvents and developers such as acetone and MIF300.

5. Patents

The graphite suspension developed in this work is under the patent BR 2024, BR10202400405,
“Ultrathin graphitic film production process ultrathin graphitic films obtained therefrom’.
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