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ABSTRACT

Graphene Oxide (GO) has attracted strong research interest due to its unique mechanical, thermal, electrical, and
magnetic properties. Herein, a simple oxygen plasma process is used as an eco-friendly, novel and effective
surface treatment technique to enhance the microstructure, adhesion force, and electrical properties of the GO
films. GO films were treated in a plasma oxygen environment at a constant RF power of 300 W and different
processing times ranging from 0 to 7 min. X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy are
utilized to examine changes in the type of surface groups and the distribution of bonds energy before and after
plasma treatment. Additionally, the effect of RF oxygen plasma treatment on other properties, such as thermal
stability, surface roughness, contact angle, work of adhesion, wettability, electrical conductivity, and sheet
resistance has been studied. XPS data revealed that RF oxygen plasma treatment reduced the amount of oxygen-
containing groups (such as epoxides (0O—-C—0), carbonyls (C-0-C), and carboxyl’s (O-C—O0) from 48.8% for the
as-prepared GO film to 33.56% after 5 min of treatment. In addition, the average surface roughness (Ra)
increased from ~7.8 of as-prepared GO film to ~8.7 pm, while the work of adhesion improved to reach 134.84
mN/m. However, with increasing plasma processing time up to 7 min, the thermogravimetric analysis (TGA) of
the treated GO film showed a weight loss difference of 51.66%. Furthermore, introducing a high amount of C=0
bonds (carbonyl and SP? groups of carbon atoms) after plasma treatment improved the electrical conductivity to
a value of 0.156 S/m. The current results indicate that the properties of GO can be tuned by varying the degree of
oxidation, which may pave the way for new developments in GO-based applications.

1. Introduction

known, GO can be chemically or thermally reduced to obtain
graphene-like properties. Annealing of GO at high temperatures has

Graphene is a monolayer of carbon atoms detached from inexpensive
pure graphite that is packed into 2-D honeycomb lattices [1]. Graphene
oxide (GO) is an oxygenated derivative of graphene. It has abundant
functional groups of oxygen and can be exfoliated and dispersed easily
in different solvents including water [2,3]. Graphene and its derivatives
have enormous expectations for usage in many applications, while its
low electrical conductivity is still a challenging problem. Therefore,
reducing the GO sheets is considered as one of the effective ways to
enhance its electrical properties. The reduced graphene oxide (rGO) has
a wider range of applications than GO or even pure graphene, such as an
electrode for Li-ion batteries [4], photoconductive switching [5], cata-
lyst [6], supercapacitors [7], sensors [8], biological imaging [9], etc. As
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used as a thermal reduction technique [10]. Likewise, the chemical
reduction can be obtained using strong reducing chemicals, such as
hydrazine (NoHy) [11] and borohydride (NaBH4) [12]. At the same time,
these reducing chemical substances are dangerous and environmental
pollutants. It has been found that the rGO sheets produced by chemical
or thermal reduction have more defects and poor conductivity, which
reduces the carrier mobility restricting its usage in the electronic ap-
plications [13]. Alternatively, reduction by radio-frequency (RF) plasma
discharge is considered as a more effective, safe, rapid reduction tech-
nique as well as an environmentally-friendly method, compared to other
chemical and thermal techniques [14]. The RF plasma can be generated
using a radio-frequency electric field of 13.56 MHz. In this process, with
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introducing the sample into the plasma reactor, various physical and
chemical reactions have been obtained between the material surface and
active plasma species and radiations, which leading to modify the ma-
terial surface properties. Therefore, RF plasma surface treatment has
been used to improve the mechanical, electrical, and optical properties
of different materials [15-19].

GO is functionalized and reduced by RF plasma treatment in the
presence of a reactive gas like nitrogen, oxygen, hydrogen, and fluorine.
Plasma treatment in nitrogen allows for the reduction of GO sheets
without obtaining aggressive etching of the GO layers and a low number
of surface defects [18]. On the other side, plasma fluorination has found
to increase the electrical resistance and to lower the etching intensity of
the processed GO sheets. Plasma fluorination is a reversible effect at
high temperatures [18]. However, the hydrogen plasma technique has
used to remove much oxygen during the reduction process of GO sheets
compared to the chemical reduction methods [19]. In hydrogen plasma
treatment, atomic hydrogen can be produced and removes oxygen
groups from the GO films at a lower temperature compared to the
thermal reduction [20]. Further, hydrogen plasma treatment might
produce high defective rGO [21] and reduce the work function by
shrinking the C-O bonds [22].

On the other hand, RF plasma surface modification of carbon ma-
terials using oxygen is a commonly used approach and provides surface
oxygen functionalities through different interactions between oxygen
plasma species and carbon atoms [1]. Further, external carbon atoms
can be removed by etching reactions; forming new oxygen based
chemical groups onto the modified GO surface. In either case, the carbon
surface is only modified [23-25] Moreover, the degree of disorder of
graphene lattice defects can be changed by oxygen plasma treatment
leading to high changes in the structural properties and reduction of GO
[26]. Promising results have been achieved after using oxygen plasma
treatment of various carbon-based materials [27-30]. For example, In
Ref. [25], oxygen plasma treatment and amine sources have been used
for GO modification. The modified GO films exhibited an increase in
surface roughness, decreased thickness, and increased transparency
(>90%) with low plate resistance values (177-183 Q/sq) [25]. It has
been found that, oxygen plasma surface treatment of GO films increased
the oxygen functional groups, electrical conductivity, surface roughness,
and the adhesion force on the grey cotton fabrics [27]. After prolonging
the treatment time of the oxygen plasma process, chemical functional
groups such as quinones and lactones created and led to an increase in
the film’s electrical conductivity [27]. Furthermore, Zhu et al., 2018
[28] declared that a cold oxygen plasma-treated graphene during the
grown process using the CVD technique increased surface roughness and
adhesion force, and led to the formation of C-OH and C—=O functional
groups.

Although oxygen plasma treatment has previously used for surface
modification of GO, its effect on GO properties is still poorly understood
and large studies are needed to enhance the electrical properties of GO
to meet the requirements of new applications. Herein, the RF oxygen
plasma surface treatment has been employed to study the effect of
processing time on the reduction level of GO films and in turn on their
electrical performance. Plasma processing time has been controlled in
the range of 0-7 min at a fixed plasma power of 300 W in order to seek
optimization for the treatment process and in turn for obtaining good
film properties. This was confirmed based on the results obtained from
thickness profiles, XPS, Raman spectroscopy, TGA, contact angle,
adhesion force, surface roughness, and electrical measurements of the
GO films.

2. Experimental details
2.1. Synthesize of GO nanoparticles (NPs)

GO is prepared by oxidizing graphite flakes using a modified Hum-
mers’ method. The materials used in the GO preparation process are
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summarized in Table 1. Firstly, 3 g of graphite precursor are increasingly
dropped to 320 ml of a concentrated solution of H;SO4 (98% concen-
tration) into a flask placed in a magnetic stirrer. While the stirring is
running, 80 ml of H3PO4 solution is dropwise gradually into the flask,
and the resulted solution is stirred for 2 h. To avoid the reduction process
throughout the preparation due to the rapid rise in temperature of the
mixture, 18 g of KMnO4 powder, as an oxidizing agent, are poured in
batches into the mixture. The reaction of the mixture continued under
stirring for 72 h allowing the oxidation of graphite. As a result of the
graphite oxidation, the solution color is changed from black to dark
green. To terminate the oxidation process and remove the KMnOy, the
H0; solution is added at room temperature (RT) until no further
bubbling is observed. The bright yellow color of the resulting suspension
indicates a high oxidation level in graphite oxide [30,31]. Finally, the
formed GO is washed three times with 1 Molar of HCI aqueous solution
[32]. In order to completely remove the remaining acid, it is repeatedly
cleaned with distilled water until a pH range of 6-7 is achieved. The
brownish-yellow GO powder is obtained after drying the suspension at
50 °C for 3 h.

2.2. Synthesis of GO films

To clean the glass substrate, a dilute acidic solution of HCl is used for
chemical etching. Then, it is followed by an extensive water rinse to
remove the residual acid. After that, it is sonicated in acetone to remove
the organic impurities, and hence, it rinsed with the deionized water.
The obtained brownish-yellow GO powder is dissolved in distilled water
forming suspension, which is deposited by a spin coating process on
glass substrates using the SpinNXG-P1 spin coater machine at 1000 rpm
for 30 s. Finally, the obtained films are dried at an elevated temperature
of 50 °C for 1 h.

2.3. Plasma surface reduction of GO films

For reduction process, the obtained GO films are exposed to RF ox-
ygen plasma treatment using an inductively coupled plasma (ICP). The
schematic diagram of the ICP system is shown in Fig. 1. The film sub-
strate is mounted on a water-cooled copper sample holder of 3.6 cm
diameter, which centered in a quartz reactor tube of 50 cm in length and
4.15 cm in diameter. Before the plasma treatment, the tube is evacuated
to a base pressure of 2 x 10~2 mbar measured by a Pirani gauge, and
then it is supplied by O, gas till a working pressure of 0.1 x 10~> mbar. A
copper induction coil of three turns is used to energize the oxygen
plasma discharge using a 13.65 MHz RF power generator (model HFS
2500 D) via a tunable matching network. The as-prepared GO films are
treated at a different plasma - processing time of 1, 3, 5, and 7 min for a
fixed processing power of 300 W. The height between the sample surface
and the center of the plasma glow is fairly high enough (7 cm) to ensure
the plasma surface treatment for GO films at low temperatures. The
treatment temperature is measured during the modification process by a
Chromel-Alumel thermocouple, which is attached to the GO film sur-
face. The GO surface temperature is increased from 130 °C to 150 °C by
the plasma runtime. It is important to state that the surface modification
using oxygen plasma discharge is performed without using any external
source of heating. After completing the plasma treatment, the plasma-
treated sample is left inside the reactor tube under vacuum for 10 min
to cool slowly to the RT before removing it.

3. Characterization techniques

A Thermo Fisher Scientific K-ALPHA X-ray photoelectron spectros-
copy (XPS) with a monochromatic Al Ka X-ray source was employed to
examine the chemical compositions and surface chemistry of all plasma-
treated GO films. XPS data were collected using an excitation source of
1486.6 eV, 400 pm spot size, 50 eV narrow-spectrum, and with 200 eV of
pass energy. Herein, the carbon signal detected in the XPS analysis is
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Table 1
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Materials used in the GO preparation process; all chemical materials were purchased from Sigma Aldrich.

Materials Sulfuric Acid Phosphoric Acid Graphite Precursor Potassium Permanganate Hydrogen Peroxide Hydrochloric Acid Distilled Water
Chemical formula HyS04 H3PO, - KMnO,, 99% H,0,, 30% HCI, 37% -
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Fig. 1. Schematic diagram of the inductively coupled plasma system (ICP).

mainly referred to the original carbon content in the GO film. Moreover,
the signal from possible adventitious carbon on the sample surface is not
considered to be a dominant component in the Cl1s spectrum of GO. As
usual, GO is prepared in the lab and mostly composed of sp? group,
while the sp® group was found after chemical oxidation. However, the
detection of contaminated carbon can be especially examined as
adventitious carbon layers on the metal surfaces before and during the
sample preparation or through preserving the samples in an insuffi-
ciently evacuated environment [33-35]. To maintain an accurate XPS
examination, the spectra were carefully referenced to the Cls line en-
ergy of sp? type graphitic carbon of GO, which was set at 285 + 0.1 eV
binding energy. A rigorous method for fitting the complex peaks was
applied here thus providing more accurate position determinations, i.e.
the chemical shift, as well as the integrated intensity of the component
peaks representing the various bonding states. A Gaussian-Lorentzian
peak form (G/L ratio 70/30) was used for the peak decomposition of
O1s and for the reacted Cls lines in this work according to our instru-
ment environment. To get some insight into the chemical composition
and structure of the treated GO films, Raman spectroscopy (SENTERRA,
Bruker, Germany) with a laser source of 532 nm wavelength has been
used. Moreover, a simultaneous DSC/TGA model SDT Q600 (USA) has
been employed to study the thermal stability of all treated GO films. The
thermogravimetric analysis (TGA) was operated under a nitrogen at-
mosphere at a temperature range of 25 °C (RT) - 500 °C using a heating
rate of 10 °C/min. The surface morphology of all the GO sheets was
analyzed using a high-resolution transmission electron microscope
(HR-TEM, JEOL JEM-2100) (Japan). A contact angle analyzer (model:
SEO Phoenix 300) was used to measure the contact angle, surface ten-
sion, wet energy, diffusion of power factor, and the adhesion force.

Furthermore, the measurements of surface roughness were carried out
using Talysurf 50-Taylor Hopson Precision profilometer. The four-point
probe method was applied for measuring the electrical resistance using
an EQ-JX2008-LD resistivity tester. For each GO film, the average
electrical resistance was calculated from more than 10 readings
collected from different points on the film.

4. Results and discussion
4.1. X-ray photoelectron spectroscopy (XPS)

XPS technique has been used to obtain the surface elemental
composition of the oxidized GO films, which treated at different pro-
cessing times of 0, 1, 3, 5, and 7 min. The broad spectra of Cls and O1s
acquired from different plasma treated GO samples compared to that of
the untreated one are shown in Fig. 2. The XPS spectrum shows different
binding energy signals of the untreated and treated samples with higher
chemical states at ca.285 eV (graphite Cls) and ca.532 eV (Ols). As
observed, the binding energy peak intensity increases gradually with the
increase of plasma processing time. Table 2 summarizes the atomic
concentration of carbon and oxygen found in the as-prepared and
plasma-treated GO films.

As summarized in Table 2, the deconvoluted Cls curve displays six
peaks due to C—=C and C-C bonding at binding energies in aromatic near
C1 (284.8-284.4 eV), SPp? hybridized carbon atoms near C2 (284.5 eV),
C atoms bonded to epoxides (C-O-C) and hydroxyl groups (C-OH) near
C3 (286.8-286 eV), carbonyls (C—=O0) near C4 (287.2 eV), carboxyl
groups (O-C—=O0) near C5 (288.4-288 eV) and n-n* transition loss peak
near C6 (292.2 eV) [30-32,36]. On the other side, the Ols spectrum is
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Fig. 2. (a) Cls, (b) Ol1s XPS spectra of prepared and plasma-treated GO films.
Table 2
Quantity of Cls and O1s (at.%) of the as-prepared and plasma-treated GO films obtained by fitting the XPS spectra.
Cls (%) O1s (%)
Binding Energy C1 C2 (284.5) C3 (286.8-286) C4 (287.2) C5 (288.4-288) cé6 o1 02
(eV) (284.8-284.4) (292.2) (532.2-531.3) (532.7)
Assignment Aromatic Carbon atoms Epoxides Carbonyls Carboxyls *-| Cc=0 Cc-0
C-C, C—C (sP?) (C-0-Q) (C=0) (0-C=0)
0 min 51.19 - 22.70 26.10 - - 16.00 84.00
1 min 24.07 33.10 30.70 - 12.12 - 27.41 72.59
3 min 34.00 26.09 17.73 14.31 7.82 - 72.70 27.30
5 min 48.86 - 33.15 - 13.11 4.88 88.66 11.34
7 min 57.37 - 30.45 - 9.27 291 100.00 -

divided into two peaks, O1 (532.2-531.3 eV) and 02 (532.7 eV) that are
assigned to C=0 and C-O, respectively [10,37]. The observed peaks are
attributed to the carbon skeleton of GO and the oxygen-containing
functional groups in GO films [38,39]. Moreover, the atomic concen-
trations of carbon and oxygen are calculated from the XPS spectra for
as-prepared and plasma-treated GO films (from the ratio of Cls-peak
area to the Ols-peak area). Besides, the XPS spectra fitting is very use-
ful to track the evolution of carbon and oxygen groups in prepared and
plasma-treated GO films (see Table 2).

As shown in Fig. 3, the quantity of aromatic groups (C-C, C=C) in
the C1s spectra decreased from 51.19% for prepared GO to 24.07% after
treatment of oxygen plasma for only 1 min, indicating that the carbon -
carbon network was disrupted after treatment [27]. It is then increased
to the optimum value of 61.65% after treatment for 5 min. Likewise, the
quantity of the epoxide groups (C-O-C) gradually increased after
exposure to oxygen plasma treatment. New chemical bonds were
created after plasma surface treatment such as hybridized carbon atoms
(SP2), carboxyl’s (O-C=0), and a small amount of n-n* bonds. The
partial disappearance of the small carbonyl group (C=O0) indicates the
implantation of some amounts of the -OH and ~COOH functional groups
into GO films after oxygen plasma treatment [29]. The peak of the sp?
bond is the most distinctive one, demonstrating that most of the carbon
atoms reside in honeycomb structures of the graphene lattice [40].

The functional groups C—=O and C-O in the deconvoluted Ols
spectra shown in Fig. 3 are strongly influenced by the plasma treatment.
Gradually increasing the treatment time increases the quantity of C=0
from 16% for as-prepared GO to 100% after 7 min of plasma treatment.
This can be attributed either to the thermal insulation of the hydroxyl
group, which has resulted from the adsorption of water on graphene, or
the other oxygen bonds near the edges or defects of the graphene [41].

The corresponding O2 peak to the carbonates and SiO2 becomes the
major component in the films at the higher treating time [36]. Addi-
tionally, the as-prepared GO film has a high amount of C-O bond (~84)
that gradually decreases by increasing the processing time to disappear
at a processing time of 7 min. Increasing the oxygen plasma processing
time removes most of the thermally unstable oxygen components in the
graphene.

Fig. 4 demonstrates oxygen content ratio in the oxygen-containing
groups of (C-O-C), (C=0) and (O-C—=0) derived from C1s spectra for
the untreated and plasma treated GO films at different processing times
of 1, 3, 5, and 7 min. As the plasma processing time increases to 3 min,
the amount of oxygen-containing groups (derived from Cls spectra)
decreases linearly from 48.8 at.% to 35.17 at.%. Then, it is increased to a
maximum value of 46.26 at.% at processing time of 5 min. Afterward, it
is decreased to 39.72 at.% at processing time of 7 min. These results
demonstrate that the oxygen plasma treatment of GO films has a sig-
nificant effect on their physical and chemical properties by removing a
high amount of oxygen-containing groups from GO surface such as ep-
oxides, carbonyls, and carboxyl’s groups [40,41].

4.2. Raman spectroscopy

Raman spectroscopy has been used as a powerful and non-
destructive spectral technology to characterize the internal structure
and surface chemistry changes of as-prepared and treated GO films.
Owing to the production of different types of oxygenated function
groups at the basal plane and even at the edges, it is likely that the harsh
chemical oxidation process causes structural changes in the graphite
lattice.

Fig. 5a illustrates the difference in Raman signal spectra of the as-
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prepared and the plasma-treated GO films. The Raman spectra exhibit
two prominent peaks located at 1343 cm ™! and 1588 cm ™! due to the D
and G spectral bands, respectively, which show significant changes with
respect to the levels of oxidation [42,43]. These peaks are assigned to
the dispersive/defect induced vibrations and in-plane vibration mode of
sp? carbon atoms, respectively. The presence of D-band is due to the

first-order scattering of Aj;g, whereas the G-bands is due to doubly
degenerate zone center E; mode [44].

Due to the oxidation of pristine GO products, the G band is shifted to
a higher wavenumber (1601.3 cm 1) after the treatment process. The G-
band shift is related to the creation of new sp? carbon atoms in the
graphite lattice [45]. In addition, the full width half maximum (FWHM)
of the G band increases in relation to the oxidation level. As estimated,
the FWHM of the G-band was found to be 45, 49, 51, 54 and 52 cm ™,
with less defective structures of the treated samples at 0, 1, 3, 5 and 7
min, respectively. The gradual increase in the FWHM values is mostly
attributed to the changes in the oxidation levels which indicates an in-
crease in the sp? carbons.

Moreover, a higher intensity of Raman signal is obtained from the
treated GO film at 3 min for lower surface roughness, and vice versa, the
treated GO film at 5 min shows lower intensity of Raman spectra and
higher surface roughness. The D band has a comparatively higher in-
tensity which was previously attributed to the creation of defects and
disorder such as the presence of in-plane hetero-atoms, grain bound-
aries, aliphatic chain, etc. [39]. In addition, the nature of the D band can
be influenced by the variation of the oxidation levels. As shown, a
gradual increase in the oxidation level leads to an increase in the in-
tensity of the D band. The FWHM of the D-band peak is frequently
considered to evaluate the surface defect sites. As observed, the FWHM
of the D-band peak increases from 86.7 to 100.3 cm™! when the pro-
cessing time increases from 0 to 5 min, indicating in-plane sp2 domains
in the level of graphene sheets that has a significant influence on the
oxidation process with a defective structure [45]. Then, it has decreased
to 81.4 cm ™! with the plasma processing time increased up to 7 min [3].
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On the other hand, the relative intensity of the D-band and G-band
peaks (Ip/Ig ratio) are affected by the plasma treatment (Fig. 5b). In
general, the intensity of the Ip/Ig ratio was systematically decreased for
all treated GO films from 0 min to 3 min followed by an increase after 5
min of oxygen plasma treatment (in agreement with the XPS analysis).
This increase is attributed to the formation of new defects and disor-
dered or amorphous carbon on the surface of GO owing to the redepo-
sition effect of carbon-based species from the plasma on the surface of
the film. Whereas, the decrease in Ip/Ig ratio at higher levels of oxida-
tion is compensated by the increase in the FWHM of the G band. The
reduction of functional groups, defect level, and the in-plane sp? crys-
tallite size can be estimated from the relative intensity of D and G-band
peaks (Ip/Ig) [44,46]. Several studies have been done to improve the
defect level Ip/Ig ratio using the plasma treatment of GO films [42,43].

4.3. Thermogravimetric analysis (TGA)

The TGA technique has been employed to study the thermal stability
and the functionalization degree of the untreated and treated GO films.
Fig. 6 shows the variability of weight loss of untreated and treated GO
films in a plasma-nitrogen atmosphere as a function of temperature at
different treatment times. As shown, the TGA curves of all investigated
samples can be described with three distinguished regions (I, II, and III).
Besides, the values of weight loss percent at different temperature ranges
are summarized in Table 3. The water molecules absorbed into the GO
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Fig. 6. TGA curves of the as-prepared and plasma-treated GO films.

Table 3
Weight losses of the untreated and plasma-treated GO films calculated from TGA
curves.

Temperature Weight loss (%)

o 0 min 1 min 3 min 5 min 7 min

30-100 10.12% 10.54% 24.43% 12.86% 9.07%
(0.731 (0.192 (0.814 (0.351 (0.414
mg) mg) mg) mg) mg)

100-200 79.2% 20.81% 18.32% 16.22% 9.89%
(5.725 (0.379 (0.610 (0.443 (0.451
mg) mg) mg) mg) mg)

200-500 3.82% 30.93% 24.86% 29.67% 22.51%
(0.276 (0.5635 (0.828 (0.812 (1.028
mg) mg) mg) mg) mg)

30-500 93.13% 62.29% 67.62% 58.74% 41.47%
(6.732 (1.135 (2.252 (1.604 (1.893
mg) mg) mg) mg) mg)

films are evaporated in the first region I (25-100 °C), where they are
highly hydrophilic [36]. This causes a material weight loss for the GO
films. It was found that the weight loss increased with increasing
treatment time and reached a maximum value of 24.43% in 3 min
treatment time. This is mainly owing to the creation of additional
functional groups (such as carbonyls (C=0) and carbon atoms SP?)
during plasma surface modification. This interpretation is experimen-
tally supported by the XPS analysis. Hence, the weight loss decreases
with increasing treatment time and reaches down to a value of 9.07% at
a treatment time of 7 min.

Moreover, the pyrolysis of oxygen-containing groups, such as
carboxyl and epoxy, can take place in the second region II (100-200 °C)
producing CO, COz and HyO steam [27,47]. In this region, the
as-prepared GO film revealed a maximum weight loss of approximately
79.2% at an elevated temperature of 180 °C, indicating a high amount of
decomposition of the oxygen-containing functional groups [48]. For the
plasma-treated Go films, the weight loss was gradually reduced by
increasing the processing time and it reaches to 9.89% at a processing
time of 7 min, as summarized in Table 3. This indicates an additional
reduction in the functional groups during oxygen plasma treatment.
Furthermore, the most stable groups, such as carbonyl and quinone, are
decomposed during the third region III (200-500 °C), as well as the
pyrolysis of the carbon structure.

Over the temperature range 25-500 °C, the as-prepared GO film
revealed a significant weight loss of approximately 93.13%, while the
weight loss was reduced in the plasma-treated films to a value of 41.47%



F.M. El-Hossary et al.

by increasing the processing time to 7 min. The large difference in the
features of the TGA curves, as well as in the weight loss of the material
before and after plasma treatment, indicates a significant change in the
amount of oxygen-containing groups in the GO films during the treat-
ment process, while the thermal stability is preserved for the treated
materials. According to the results obtained from the TGA and Raman
measurements, the GO film was successfully functionalized and the
degree of volumetric reduction for the GO structure was increased by
increasing the plasma processing time.

4.4. Morphological characterization

A high-resolution electron transmission microscope (HR-TEM) was
used to examine the surface morphology nature of GO treated with
different oxidation degree as shown in Fig. 7. As observed from Fig. 7a,
the stacked multilayers of the as prepared GO film led to describe the
surface as a semitransparent sheet like morphology with minor surface
defects. Fig. 7b-c displays a sheet like leaf morphology of a multilayer
structure consisting of partially oxidized GO films at low processing
times 1-3 min. As illustrated, the GO sheet is observed with a reduced
layer number. Further, the film transparency is gradually improved as
the plasma treatment time increased. The increased transparency is
ascribed to the introduction of functional groups bearing sp? hybridized
carbon atoms during the oxidation process. A similar effect has been
previously detected after oxygen plasma treatment for the GO sheets.
The processing effect can be mostly concentrated on removing the un-
stable oxygen atoms and some amount of functional oxygenated groups
from the interplanar of GO sheets such as epoxides, carbonyls, and
carboxyl’s groups [40,41,49].

As shown in Fig. 7 d-e while the process is increased to relatively
longer plasma times (>5 min), the treatment temperature is increased
and led to chemical decomposition of the functional groups which they
evaporated to CO and COy, i.e., this means that the GO is partially
combusted [47]. In details, the treated surface has lower dimensions and
higher transparency compared to that of the less oxidized samples (1-3
min). As in agreement with Raman results, the formation of highly
oxygenated functional groups (*n-n bonds) with new defects and
disordered or amorphous carbon in the treated sheets led to high
transparent effect. During the plasma process, the disordered and
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unwrinkled structure was attributed to the increase in the treatment
temperature or via the increase in the mount of oxidant plasma species
[50]. Finally, it is suitable to conclude that the leaf morphology, di-
mensions, and transparency are highly dependent on the oxidation level
and plasma etching effect.

4.5. Roughness measurements

The surface roughness of the plasma-treated GO films was changed
after oxygen plasma treatment at different times, in which factors such
as average roughness (Ra) and root mean surface roughness (Rq) were
measured as seen in Fig. 8. Surface roughness is affected by bombard-
ment with fast electrons, ions, and neutral species during exposure to
plasma [33]. Accordingly, hills and valleys form after treatment, while
on the surface of GO, wrinkles increase.

In the tested region, the surface roughness factors (Ra) and (Rq) of
the as-prepared GO film were measured to be ~7.8 and 9.6 pm. Then,
the overall Ra and Rq values are decreased by increasing the processing
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Fig. 8. The surface roughness factors (Ra and Rq) of as-prepared and plasma-
treated GO films versus the processing times.

L99
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Fig. 7. HR-TEM images of GO with different degrees of oxidation at various processing times. (a) 0 min, (b) 1 min, (¢) 3 min, (d) 5 min and (e) 7 min.
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time, except for the treated GO film at 5 min (Ra = 8.7 pm and Rq =
11.3 pm). These results are due to changes in the quantities of carbonyl
(C-0-C) and epoxides (O-C=O0) functional groups on the GO surface,
indicating chemical reactions during the treatment process. This in-
dicates the aggregation of surface impurity after treatment, which af-
fects roughness [28]. Moreover, the cooling process forms wrinkles on
the surface of the treated GO film due to the surface heat shrinkage. At
the same time, the van der Waals forces, which are used to bind the GO
film to the substrate, are affected by the heat shrinkage and may form
some wrinkle structures [42,51].

4.6. Contact angle

The contact angle (CA), adhesion force, wettability, and water
droplet spreading coefficient on the surface of GO films are strongly
influenced by oxygen plasma treatment as shown in Fig. 9. The CA of the
as-prepared GO film was measured to be approximately 50.45°, indi-
cating that it has hydrophilic properties. After treatment with oxygen
plasma, CA of the GO films is gradually increased over treatment time to
reach 56.46° at a treatment time of 3 min. Then, the CA value decreased
to be 32.28° after 5 min of plasma surface treatment (Fig. 9a). These
results can be attributed to the exceptional chemical reactions on the
surface of the GO film induced by the high energetic oxygen plasma
species, which create vacancies or sites of C-H, SP3, or OH-bond and in
turn produce new defects in the GO films [52]. Meanwhile, the work of
adhesion, which represents the adhesion force between the GO films and
the droplet water, decreased by increasing the processing time, and
hence it increased to 134.84 mN/m after treatment for 5 min (Fig. 9b).
The work of adhesion is calculated from the following equation [53]:
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Wsl = ys + yl + ysl

where vs, yl, and vysl are the solid surface free energy, liquid (water)
surface free energy, and solid-liquid interfacial energy, respectively.
Besides, the Young-Dupré equation is as follows:

ys = ysl + vyl cos Be
Combining the two equations give the next equation [54]:
Wsl = vyl (1 + cos Be)

where e symbolizes to the equilibrium (Young’s) contact angle between
the oxidized GO films and the droplet of water, while yI symbolizes to
the water surface tension.

Furthermore, the hydrophilic surface properties of the GO films are
affected by the plasma treatment, and hence affecting their wettability
and spreading coefficient. The investigation of wettability and spreading
coefficient measurements revealed that they are highly dependent on
the plasma processing time, as seen in Fig. 9c and d.

4.7. Electrical properties

Today’s scientific researchers are interested to improve the electrical
properties of GO and rGO. Surface treatment by oxygen plasma has
found to be one of the most promising ways to modify the electrical
properties of GO and rGO. Therefore, the electrical properties of the GO
films before and after oxygen plasma treatment have been investigated.
Fig. 10 displays both the electrical conductivity and sheet resistance of
the as-prepared GO film and the plasma-treated GO films at different
processing times. Sheet resistance was measured by the 4 PP method and
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Fig. 10. Electrical conductivity and sheet resistance behavior of the as-
prepared GO film and plasma-treated GO films at different processing times.

the values approved that the oxygen plasma treatment has a significant
effect on the electrical resistance and conductivity of the GO films. The
sheet resistance value of the as-prepared GO film is 0.95 MQ/square and
it gradually decreases over the processing time to 0.65 MQ/square after
5 min of plasma treatment. The value was then increased over the
processing time to reach 1.22 MQ/square after 7 min of plasma
treatment.

Accordingly, the electrical conductivity increased over the process-
ing time from 0.11 S/m for the as-prepared GO film to a maximum value
of 0.156 S/m after 5 min of treatment. Then, the electrical conductivity
decreased to 0.082 S/m by increasing the processing time to 7 min.
According to the XPS and TGA results, the plasma-treated GO films at 1,
3 and 5 min contained a higher amount of (O-C=0) carboxyls and C—=0
bonds (carbonyl and SP? groups of carbon atoms) compared to GO films
treated with plasma 7 min. Carbonyl/quinone can facilitate the re-
actions of oxidation and reduction [46,55,56]. Moreover, the oxygen
plasma etching is normally used on the graphene to induce the semi-
conductor properties. In the current study, the ohmic contact property of
graphene does not appear to be destroyed by oxygen plasma etching.
The decrease in conductivity by increasing the etching time is owing to
the decrease in the number of graphene layers [57] and the lower
amount of carbonyl and SP? groups of carbon atoms [27,46]. Further-
more, it has been found that the existence of carbonyl/quinone groups in
GO can also assist in electron-transporting and enhance the electro-
catalytic performance of GO [58]. Whereas the agglomeration of the
epoxide and carboxyl functional groups within the GO films and at the
same time the presence of oxygenated groups may block the charge
carriers and ultimately lead to a deterioration of the electrical conduc-
tivity of GO [47,59-61].

5. Conclusion

In summary, oxygen plasma surface treatment has been successfully
used to control the reduction degree of GO films. The GO films, syn-
thesized using the modified hummer method, were treated using oxygen
plasma at various exposure times (from O to 7 min). XPS revealed an
increase in the reduction level of the GO films over the processing time
from O to 5 min by removing a large amount of oxygen-containing
groups such as epoxides, carbonyls, and carboxyl’s groups. It was
found that the amount of oxygen-containing groups decreased from
48.8 at.% to 33.56 at.% after 5 min of plasma processing. The HR-TEM
surface morphology for all samples showed a sheet like structure with
various transparency. Moreover, the large difference in the features of
TGA curves and weight loss between the as-prepared and the treated GO
films at 7 min (~51.66%) demonstrated the surface reduction of oxygen-
containing groups, while the thermal stability of the materials was
preserved. Furthermore, the amount of C—=0 bonds (carbonyl and SP?
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groups of carbon atoms), which introduced into the GO films after
plasma treatment, enhanced the adhesion force between the GO film and
the substrate surface. Besides, C=0 bonds increased the electrical
conductivity of the treated GO films to a maximum value of 0.156 S/m at
5 min of plasma treatment. Finally, oxygen plasma treatment affected
the average surface roughness of the treated GO films, where wrinkles
were formed on the surface of the treated GO films due to the surface
thermal shrinkage.
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