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Abstract

Graphite has fascinated researchers since its discovery because of its unique features and
potential applications. Graphite can be applied as a coating onto other materials to tailor
their functionality for specific device applications. In the present study, graphite spray was
deposited onto glass substrates and then annealed in air and in a N gas environment at
different temperatures (50 °C to 500 °C). SEM, Raman, and XRD characterization techniques
were employed. SEM showed the deposited graphite material has flake-like structures.
Raman spectra reveal three prominent spectral bands at ~1350.91 cm ™!, ~1579.19 cm~! and
~2691.47 cm~!, which signify the G, D, and 2D vibrational modes of graphite, respectively.
XRD results show three signature peaks of hexagonal graphene sheets at 20 ~ 26.4, 54.3,
and 77.7 deg corresponding to (002), (004), and (110), respectively. Electrical conductivity
of the films was investigated with the use of two- and four-probe methods. In a Nj
gas environment, the annealing temperature did not have much effect on crystallinity,
while significant changes in the conductivity of the graphite coatings were observed using
different annealing temperatures.

Keywords: graphite; conductive coatings; Raman spectroscopy

1. Introduction

Controlling the functionality of the material’s surface is one of the biggest challenges
in materials science and nanotechnology. Coating the surface with a proper choice of
material can address this issue. With the appropriate technique and compatibility of
materials, especially at the interface of the coating and the substrate material, the desired
characteristics and properties could be achieved for specific device applications.

Properties like enhanced electrical conductivity are important in electronic and opto-
electronic devices [1], damage sensing coatings [2], and strain gauges [3]; piezoresistivity is
among the bases of mechanisms utilized in pressure sensors [4]; optical properties have
high importance in solar cells and LEDs [5,6].
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Among the interesting materials that have fascinated many researchers for a long
time is graphite. It has high mechanical strength, high thermal stability, high thermal
conductivity, and high electrical conductivity [1,7,8]

Graphite is composed of carbon atoms arranged in a planar hexagonal honeycomb
lattice structure, which is a consequence of 3 out of 4 valence electrons undergoing sp?
orbital hybridization in the carbon atom [9-11]. Also due to this hybridization, in-plane
carbon atoms are more tightly bonded to each other. Out-of-plane bonding between
adjacent graphite sheets is much weaker. Hence, planes of graphene can be stripped off
more easily (e.g., by exfoliation), and electrical conduction is possible along the plane but
not perpendicularly to it [12]. A single sheet of graphite is known as graphene [3,13].

Graphite can be incorporated into other nanomaterials in numerous device appli-
cations, such as shielding against microwave pollution in devices [14] and in thermal
management systems in batteries [15]. Graphite can serve as a filler in the matrices of
nanocomposites to achieve special sensing capabilities in a textile sensor [3]. Fabricating
graphite as an anode in Li-ion batteries improves their performance [16].

Recently, graphite thin layers have been deposited on magnesium alloys [17], hot-
rolled mild steel sheet substrates [18], Cr3C;,-25 (Ni20Cr) [19], AlZn/nickel [20], low-density
polyethylene [21], stainless steel, copper [22], nickel foam [23], chromium nickel steel [24],
polydopamine [25], and paper [26,27] by using spray coating, chemical vapor deposition,
laser processing, dip coating, and the direct drawing methods. Such coatings can be
applied for various protective and lubricative purposes as well for devices such as gas
sensors, photocatalysts, light/ microwave absorbers, electromagnetic interference shields,
battery/capacitor electrodes, and photosensors [5,28,29]. Many researchers have shown
changes in crystallinity and conductive properties in graphite materials by synthesizing
them at high temperature ranges [15,16,30]. Graphite layers can also be deposited on
silicon carbide paper through the reverse abrasion method. It has been observed that the
average surface roughness and conductivity have improved in the thick layers [31,32].
Ersu et al. used a laser annealing technique to observe the conductivity of the graphite
films on paper through spray coating and the direct drawing method. It was observed
that after high-power laser annealing, the resistance decreased from 16.5 k() to 2.5 k() [26].
Bartolomeo at el. deposited graphite thin films on a low-density polyethylene substrate
through spray-coating technology, using a commercial lacquer, Graphit 33. A good graphite
material has been confirmed by Raman spectroscopy measurements with 321 (2 resistance
at 20 °C [21]. Nguyen et al. analyzed the electrical properties of graphite through gamma
ray irradiations. An increase in gamma ray irradiation dose leads to an exponential increase
in the electrical conductance and a gradual decrease in the interlayer spacing, accompanied
by indistinguishable changes in morphology [33]. Nonetheless, there is a knowledge gap
in applying commercial graphite as coatings prepared in different environments using
various annealing temperatures.

In this study, graphite was deposited onto glass substrates using a commercially avail-
able graphite coating spray. The coated samples were subsequently annealed in both air
and nitrogen gas (Ny) environments at temperatures ranging from 100°C to 500°C. Scan-
ning Electron Microscopy (SEM), X-ray Diffraction (XRD), and Raman Spectroscopy were
employed to investigate the surface morphology, crystallinity, and Raman-active phonon
modes of the graphite films, respectively. Electrical conductivity measurements were also
conducted to assess the influence of annealing conditions on the electrical performance of
the samples.
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2. Materials and Methods

Glass substrates (with 1.1 mm thickness) from Avantor™ (Avantor, Phillipsburg, NJ,
USA) were cut into 20 mm X 25 mm samples. These were cleaned in ultrasonic cleaner for
15 min in the following sequence: in soap and distilled water, in distilled water, then in
acetone, and then in isopropanol. Then, they were dried with a N gas gun. These glasses
were then placed inside a chamber for activation by ozone under UV light NOVASCAN
PSDP-UVA4T). Then, glass substrates were placed horizontally in a cubical vessel. Kontakt
Chemie Graphit 33 was sprayed onto the glass substrates for four seconds at an optimal
distance of 25 cm. The samples were then dried in air for 30 min. Then, the samples were
annealed on hot plates at different temperatures (50 to 500 °C) either in air or in a Nj
gas environment in an MBRAUN glove box (M. BRAUN INERTGAS-SYSTEME GMBH,
Garching, Germany). For glovebox annealing, we used O,; HO < 0.1 ppm, N purity of
99.999%, N, overpressure of 2.3 mbar, and a regulated hotplate (VWR 4 x 4 CER). The
temperature ramp rate was 35 °C/min; the dwell time was 30 min. A thermocouple was
placed on the reference glass substrate surface at the hotplate center. For air annealing,
samples were annealed on a hot plate in ambient air (40% RH). We placed the samples in
the middle of the PC-400D hotplate (Corning, Glendale, AZ, USA) where the temperature
was uniform. The sample production scheme is provided in Figure 1.

;f-»c.:a-» Al

Drying by
Cleaning in nitrogen gas gun
ultrasonic cleaner

Substrate
cutting Controlled flow
of oxygen
UV lamps *
- W 25cm

Sample drying
glass substrates Activation by ozone

in air Graphite spraying on

Anneal on hotplate in air at different Anneal on hotplate in nitrogen gas environment
temperatures (50- 500 °C) in glovebox at different temperatures (50- 500 °C)

Figure 1. Sample production scheme.

A Hitachi SU8230 microscope was used for the scanning electron microscopy (SEM)
measurements. The X-ray diffraction (XRD) patterns of the graphite samples were collected
using a SmartLab diffractometer (Rigaku) equipped with a 9 kW Cu rotating anode X-ray
tube and an SC-70 scintillation detector. Grazing incidence geometry was employed, with
the incidence angle of the Cu K« beam set to 0.5° to minimize the influence of the sub-
strate [34,35]. The observed peak widths (B,ys) are a combination of true crystallite effects
and the instrumental effects, which are described by the equation B2, = ,stample + B instr-
The instrumental width of B;,s, = ~0.3° FWHM was determined by using a reference Si
powder (see Appendix B), allowing us to obtain the true crystallite effects (Bszupie) and
finally the crystallite size D. This procedure is referred to as Scherrer broadening correction.

For Raman spectra acquisition, a Confocal Raman Grating Spectrometer with a mi-
croscope “MonoVista CRS” (5&I GmbH, Warstein, Germany) was used [36]. The Raman
spectra were measured at 532 nm wavelength, using an edge-pass filter and a 100 x objec-
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tive with 0.8 numeric aperture. The spectra were summed over 50 exposures witha 1 s
duration. The laser power used on the sample was P = 3 mW, focused on a 5 pm diameter
spot. It induces a maximum temperature change AT in the sample according to equation
AT = «P/(rk) = 97 °C [37], where a = 5.5 x 10° m~! [38] is the absorption coefficient of
graphite at 532 nm, while k = 170 Wm 'K~ is its average thermal conductivity [39]. For all
samples, we used the same excitation conditions to equalize temperature-induced Raman
peak position shifts [40].

In preparation for the conductivity measurements, silver electrodes (Ag) of 30 nm
thickness were deposited onto the graphite samples using a thermal evaporator SQM-160
(INFICON, Bad Ragaz, Switzerland) at a deposition rate of 1 A/s. Then copper wires were
attached with a silver paste. The conductivity measurements were performed using a two-
probe technique with a Keithley 2401 source meter operated in the LabView environment.
Additionally, electrical measurements were carried out in a four-probe Van der Pauw
configuration, using a Keithley 6430 source meter as the current source and a Keithley
6514 electrometer for voltage sensing. The applied voltage was varied from -1V to +1V,
resulting in source currents ranging from microamperes up to milliamperes depending
on the sample. For low sample resistivity, the contact resistance has considerable impact
on the measurements, and hence the four-probe method is more favorable. The heating
due to current flow through the layers was visualized using a Flir One Pro thermal camera
(Teledyne Technologies, Thousand Oaks, CA, USA).

3. Results

The film characterization results are as follows.

3.1. SEM Morphology

Figure 2 shows the SEM micrographs of the samples (a) prepared in air at 20 °C,
(b) annealed in air at 500 °C, and (c) annealed in a N, gas environment at 500 °C at
20 kx magnifications. Flake-like structures in random order are observed, a characteristic
feature of graphite [41,42]. More holes in the structures are observed in samples annealed
at 500 °C in both environments as indicated in the figure, suggesting the evaporation of
some impurities which could be coming from the graphite spray. Figure 2d shows the cross
section of the sample annealed in air at 100 °C. The thickness of the sample is not uniform;
it ranges from about 10 to 15 um.

3.2. XRD Characterization

Figure 3 shows the XRD spectrum scans ranging from 26 = 20 to 100 deg of samples
prepared (a) in air and (b) in a N, gas environment annealed at 100-500 °C. To filter out the
information wanted, the Savitzky—Golay (SG) method was employed in the data smoothing
of the raw XRD spectra. Characteristic peaks of hexagonal graphene are present based
on the PDF card No.: 04-014-0362. Three prominent peaks at 26 ~ 26.4 deg, 20 ~ 54.3
deg, and 26 =~ 77.7 in both sets of samples correspond to (002), (004), and (110) reflections
of graphite.

The average in-plane crystallite sizes (D,) were determined from the respective (110)
full width at half maximum (FWHM) values, whereas the out-of-plane crystallite sizes (D)
were determined from (002) FWHM values by the Scherrer equation [43-45]:

KA
~ PBcos B

1)

where B = Byype = (1/180)FWHM, A is the X-ray wavelength, and 6 is the diffraction
angle coefficient K = 0.89 for (002) (and 1.84 for (110)). Peak position, 20, and FWHM
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for (002) and (110) were obtained upon applying the Pearson VII fitting function to each
peak separately. Peak positions, FWHM, and calculated D. and D, are listed in Table 1
below. These parameters assess the structural anisotropy of the samples, like D, /D, ratio,
which estimates the shape of crystallite [46]. The obtained D, /D, ratios are 2.21-2.63 and
2.05-3.82 for samples prepared in an air and N, gas environment, respectively.

' 1&0;.’m1

i ¢ LI Bl B
SU8230 2.0kV 3.0mm x5.01k SE(U) 10.0um SU8230 2.0kV 3.0mm x1.50k SE(U)

Figure 2. SEM micrographs of samples (a) prepared in air at 20 °C, (b) annealed in air at 500 °C, and
(c) annealed in a N; gas environment at 500 °C. (d) The layer cross section.
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Figure 3. XRD spectra (plotted in log scale) of samples prepared in (a) air and (b) a N, gas environment
at different annealing temperatures.

The interplanar distance d based on (002) reflection was calculated using Equation (2) [47]:

A
4002) = 2sin 0 @

And we obtained a value of 3.38 A for all the samples. The packing density of layers is

calculated from Equation (3) [48].
o— 0.762

d

®)

—

002)
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where d ;) is innm, and a value 0of 2.26 g/ cm3 was obtained for all the samples. Individual
values of additional parameters are listed in Table A3 in Appendix A.

Table 1. Calculated XRD parameters.

Environment Air N, Gas
D, D, D, D,
Temp. 26 (deg) Bovss FWHM (am) (nm) 26 (deg) Bovsy FWHM (nm) (am)
°C
¢ (002) (110) (002) (110) (002) (110) (002) (110) (002) (110) (002) (110)
20 26.36 77.68 0.59 0.60 159 194 26.36 77.64 0.58 0.39 16.2 40.2
100 26.36 77.69 0.58 0.63 16.6 18.3 26.36 77.66 0.59 0.64 159 17.9
200 26.37 77.69 0.59 0.57 15.9 20.6 26.36 77.69 0.57 0.72 16.6 15.4
300 26.36 77.67 0.58 0.67 16.3 16.6 26.36 77.65 0.58 0.59 16.1 19.7
400 26.36 77.68 0.59 0.62 15.9 18.7 26.36 77.68 0.59 0.61 15.9 18.8
500 26.37 77.66 0.57 0.65 16.7 17.6 26.36 77.68 0.60 0.60 15.6 19.3

3.3. Raman Analysis

Figure 4 shows the Raman spectra of samples prepared in (a) air and (b) a N, gas
environment at different annealing temperatures. SG function was employed in smoothing
the raw Raman spectra (line width was not distorted, see spectra in Figure Al). And
then the peak location, intensity, and FWHM of the signature peaks were obtained with
the aid of the Lorentz fitting function. The calculated Raman parameters are listed in
Tables Al and A2 in Appendix A.

@ p e 20! (b)

20°C

) ) ) L] b L4 ) LS ] LS I X ) o
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) Raman shift (cm™)

Figure 4. Raman spectra of samples prepared in (a) air and (b) a N; gas environment at different
annealing temperatures.

Three prominent peaks are observed, as follows: the peak at 1350.00-1347.25 cm !
represents Ajg breathing mode of the sp? rings and is identified as the disorder peak
(D band) [34,49-55]; the peak at 1578.14-1574.04 cm ™! is the first-order G peak corre-
sponding to the Ey; symmetric vibration and stretching mode of the in-plane sp? C-C
bond [34,50-53,55,56]; and the peak at 2685.29-2695.75 cm ! is the second-order overtone
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2D peak via the inter-valley double resonance process and provides information about the
stacking order of graphitic layers along the c axis [34,49,50,52,55-57].

The calculated G-peak location, FWHM of the 2D peak, and intensity ratios Iop/Ig
and I /Ig for both sets of samples are shown in Figure 5.

a) 159 b) 1365 -
( 2\ e Air ( ) » Air
i 1585 oN, o~ 1360 oN,
&) ° €
< 1580 o ¢ o H g S 1355
]
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Figure 5. (a) G-peak position, (b) D-peak position, (c) Irp/Ig, (d) In/Ig..

There is slight blue-shift in G-peak positions with increasing temperature, which
suggests a small deformation of graphene [28]. Based on linear fitting, the peak shift in
air is 0.008 cm~1/°C, while in a N, gas environment, it is —0.004 cm~1/°C. These small
values suggest very slight distortion in graphene structure. Graphene structure is more
stable in a N, gas environment than in air, where uncontrolled movements of various
kinds of gas molecules take place. The presence of the D peak is an indicator that the
samples are not perfect graphite crystals. The intensity of the D peak is strictly related
to the number of defects and six-fold carbon rings, which is widely used to assess the
disorder [30]. Irp/I; is an indication of the graphene quality or number of layers. I,p/Ig
ratios of samples prepared in air and in a N; gas environment were in the range of 0.81
to 0.94 and —0.82 to 0.96, respectively. These values are <1, estimating that the samples
contain multilayered graphene [58,59]. Figure 5c shows that this ratio is not constant
across the two sets of samples. This suggests that there are different numbers of graphene
layers; e.g., samples prepared at 400 °C in both environments have fewer graphene layers
than samples prepared at other temperatures. Ip/Ig, which is often used to correlate the
structural purity of graphite, also indicates whether the sample is composed mainly of
nanocrystalline graphite or not. Most researchers consider the ratio Ip/I; as an indicator
of the level of graphitization. As seen in Figure 5d, this ratio is almost constant, which
suggests that the graphitization level of all prepared samples is almost the same, which is
in good agreement with the XRD results.

3.4. Conductivity

Figure 6 shows (a) the IV curves of samples annealed in air at 20 °C, 250 °C, and
500 °C and (b) the resistivity of both sets of samples vs. the annealing temperature.
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IV curves are linear, allowing the determination of Ohmic resistance. While the drop
in resistivity of both samples at 100 °C may have been caused by unintended thicker
deposition of graphite samples, the decrease in both at 300 °C to 500 °C is strikingly
evident. This suggests that more impurities in the samples have been removed at higher
temperatures, which enables the graphite material to conduct electricity better. Furthermore,
this result also suggests that impurities may have settled in the plane of hexagonal graphene
layers in the material, partially obstructing the electrical conductivity. The four-probe
method provided more precise values of resistivity, especially at the highest annealing
temperatures when the contact resistance has an impact. The thermal images of differently
annealed samples, when a 5 mA current is applied, are shown in Figure 6¢,d. The 400 °C
annealed sample has lower resistance; thus, much weaker heating occurs. The contacts
appear as hotter points due to their resistance.

r

10" 10
0.02f 3 ()
(a) = a
E —
E 0.01} o @
= = . 2 probes 5 5
S o.oof : _‘§~10 - {Jar 10 =
= S -O-N 0
5 — 20°C = : 3
O-0.01 [ 4 probes E
—250 °C ® —i-air 2
[}] &N

——500 °C v 2 @
-0.02; N . L L . 107" | ! ! | | 10% u:,
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160 40

(d)

20 20

Figure 6. (a) IV curves of samples annealed in air at 20 °C, 250 °C, and 500 °C. (b) Resistivity—
annealing temperature dependence. Thermal images of the N, 100 °C (c) and 400 °C (d) annealed
samples when the applied current is 5 mA (at 30 V and 0.9 V voltages, respectively). The distance
between the current contacts is 1 cm (the current is applied to the left contacts in both samples).

Surprisingly, annealing up to 500 °C shows no measurable XRD peak shift, probably
because graphite’s lattice structure and interlayer spacing remain unaffected, but it alters
the surface chemistry and defect states, which strongly affect electron transport, therefore
changing the conductivity [60]. Moreover, annealing could improve the inter-particle
contacts, or conductivity could increase due to the removal of adsorbates or amorphous
carbon at temperatures higher than room temperature (this could be the cause of increased
amounts of holes/morphological pores). XRD is volume-averaged, so low oxidation at the
surfaces or edges contributes very weakly to the total signal.

4. Conclusions

Graphite was successfully deposited on glass substrates and annealed at different
temperatures. SEM micrographs show that both sets of samples prepared in air and in
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a N gas environment are composed of flake-like structures. Raman and XRD spectra
show the signature peaks of the graphite crystal. The results also reveal that increasing
the annealing temperature of the samples increases the presence of holes or pores in the
structure, suggesting the removal of some impurities, as indicated in Raman spectra. While
the degree of crystallization remains almost the same in the range of annealing tempera-
tures from 100 °C to 500 °C, the resistivity decreases more than one order of magnitude.
This elucidates the effect of the annealing temperature on the electrical conductivity in
sprayed graphite coatings. Therefore, this research contributes to the improvement of the
properties of graphite layers in the lower temperature regime to make them suitable for the
coating industries.
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SG Savitzky-Golay
FWHM  Full Width at Half Maximum

Appendix A

Tables Al and A2 present the calculated Raman parameters for samples prepared in
air and in a N gas environment, respectively.

Table Al. Calculated Raman parameters for samples prepared in air.

Peak Location (cm~1) FWHM (cm—1) Intensity Ratio
Temp. D G 2D D G Ip/Ig Lp/Ig
20 1348.09 1575.70 2686.83 51.36 30.20 0.856 0.909
100 1350.43 157751 2687.84 46.22 30.46 0.856 0.835
200 1352.02 1580.20 2693.01 55.26 31.60 0.856 0.935
300 1349.61 1579.79 2690.41 73.70 35.24 0.854 0.813
400 1350.39 1577.90 2689.68 54.50 29.33 0.856 0.896
500 1353.724 1582.67 2696.10 47.48 27.97 0.855 0.870

Table A2. Calculated Raman parameters for samples prepared in a N; gas environment.

Peak Location (cm~—1) FWHM (cm~1) Intensity Ratio
Temp. D G 2D D G ID/IG IZD/IG
20 1350.15 1578.11 2688.119 57.79 31.71 0.856 0.820
100 1349.22 1577.03 2687.83 51.43 30.79 0.856 0.956
200 1349.72 1576.57 2687.65 49.26 30.44 0.856 0.883
300 1350.45 1578.03 2689.38 48.87 29.59 0.856 0.876
400 1349.35 1579.09 2690.02 79.30 36.75 0.854 0.817
500 1350.47 1578.10 2690.32 49.55 29.82 0.856 0.866




Appl. Sci. 2025, 15, 11727

10 of 14

Table A3 presents additional calculated XRD parameters for samples prepared in air
and in a N, gas environment, respectively.

Table A3. Additional XRD parameters.

Environment Air N, Gas
Tem 26 (deg) Average 20 (deg) Average
o Layer per  Interplanar Packing Layer per  Interplanar Packing
ce 002)  (110)  Da/Dc Domain d(002) (A) Density (002) (1100 D./Dc  pymain doz (A) Density
20 26.36 77.68 2.53 41.63 3.38 2.26 26.36 77.64 3.82 42.16 3.38 2.26
100 2636  77.69 2.37 42.50 3.38 2.26 2636  77.66 2.38 41.64 3.38 2.26
200 26.37 77.69 2.63 41.68 3.38 2.26 26.36 77.69  2.05 42.75 3.38 2.26
300 26.36 77.67 2.21 42.17 3.38 2.26 26.36 77.65 254 41.86 3.38 2.26
400 26.36 77.68 2.46 41.64 3.38 2.26 26.36 77.68 247 41.58 3.38 2.26
500 26.37 77.66 2.27 43.06 3.38 2.26 26.36 77.68 255 41.13 3.38 2.26
Appendix B
XRD pattern of reference silicon powder.
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10° = =
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. ~
: ¢
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Silicon, syn, Si, 00-005-0565 | | 1 1 | | I
20 40 60 80
2-theta (deg)
Phase Alpha Beta Gamma N
Name a(A) b (A) c(A) (deg) (deg) (deg) V (A™3)
Silicon, syn  5.431668 5.431668 5.431668  90.000000 90.000000 90.000000 160.250575
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Figure A1. Effects of smoothing on XRD patterns of samples with air (a) and nitrogen (b) annealing.
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