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ABSTRACT

Oxygen radio-frequency (RF) plasma technique is one of the most novel direc-

tions used to improve the physical and chemical properties of graphene oxide

(GO). Herein, plasma treatment is used to enhance the chemical functionaliza-

tion and reduced levels of the GO material for electronic and solar cell appli-

cations. GO films were chemically synthesized with high quality and

uniformity. Then, they exposed to surface modification using RF oxygen plasma

at a processing power of 100 W at different processing times. The microstructure

and surface chemistry of the GO films were characterized by X-ray photoelec-

tron spectroscopy (XPS) and Raman spectroscopy. Moreover, the effect of oxy-

gen plasma on the thermal stability, surface roughness, contact angle, work of

adhesion, wettability, spreading coefficient, and electrical properties have been

studied. The results revealed a decrease in the amount of oxygen-containing

groups (such as epoxides, carbonyls, and carboxyl groups) from 48.8% in pris-

tine GO to 36.15% after 5 min of oxygen plasma treatment. Besides, the car-

bonyls groups (C = O) disappeared while new chemical bonds were created

compared to the pristine GO film such as hybridized carbon atoms (SP3) and

carboxyl’s (O–C = O). Accordingly, the electrical conductivity increases from

0.11 S/m of pristine GO to an optimum value of 0.46 S/m after 5 min of plasma

treatment, as a result of the incorporation of high amount of carboxyl, hydroxyl

and carbonyl groups. 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.
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1 Introduction

Carbon-based materials in a 2D crystal lattice form

such as graphene and its derivatives like graphene

oxide (GO) and reduced graphene oxide (rGO) were

first reported in 2004 [1]. They exhibit unique elec-

trical and electronic properties that hold highly

promising potential for the up and coming genera-

tion of various optoelectronic devices, energy con-

version, and sensors [2, 3]. These applications

resulting from its exceptionally low sheet film resis-

tance, thermal conductivity, high optical transmit-

tance, and great mechanical stability [4].

Graphene oxide (GO) is a form of graphene func-

tionalization. GO has unique advantages such as easy

functionalization, solution processability, mass pro-

duction, and low cost; as a result, it is an attractive

nanomaterial [5, 6]. GO material has oxygen inter-

ceded carbon network, large work function (WF) and

insulating properties, which is valuable for conduc-

tive electrode applications, such as solar cells [7],

touch screens [8], organic optoelectronic devices [9],

and hole transport in organic electronic devices

[10, 11]. The adjusted Hummer’s strategy is one of the

most widely utilized methodologies for synthesizing

GO films [12]. Strong oxidizing agents are utilized to

change over the graphite to GO, through regularly

covalently functionalized with hydroxyl, epoxy, car-

bonyl, and carboxyl groups, which is required in

many electronic applications [13, 14].

The oxidation level of GO is thusly constrained by

different reductants like hydroiodic acid, L-ascorbic

acid, sodium borohydride and hydrazine [15]. In

particular, GO is effectively dispersed in the solvent

and utilized in solution-processed organic photonic

devices due to oxygen containing functional group

[16]. The GO improvement to support GO-based

applications needs a specific control over its surface

covalent functionalization. Therefore, the GO surface

is considered as an influencing environmental com-

patibility factor.

Generally, there are various methods of surface

treatment processes. Among these, RF plasma surface

treatment stands as a highly appreciated technique. It

is generated using a high RF electric field (normally

13.56 MHz) and mainly characterized by a low-tem-

perature plasma. Previously, RF plasma surface

treatment was applied to improve the mechanical

and electrical performance of various materials [17].

In this process, the materials surface properties can

be modified through reacting with active plasma

species and radiations including electrons, ions,

radicals, and ultraviolet radiation [18]. Plasma sur-

face treatment of GO films leads to the creation of

crystalline defects or separate chemical bonds on film

surface, which in turn improves its surface func-

tionalization [19, 20].

The cold RF plasma is an effective, eco-accommo-

dating, and low-cost technique that provides the GO

film with high quality surface properties and good

chemical nature; leading to an enhancement of the

functionalization and reduction features of GO [19].

Mostly, GO is functionalized by plasma treatment in

the presence of nitrogen, ammonia, oxygen, methane,

hydrogen, and fluorine. The oxygen plasma treat-

ment is one of the effective techniques that widely

utilized for enriching the GO films with oxygen

functional groups. Accordingly, the chemical and

physical properties of GO films can been changed

and let the modified films to be more interesting for

various hydrophilic-based applications [21–24].

Moreover, the oxygen plasma significantly reduces

the degree of disorder of graphene lattice defects

leading to high changes in structural properties and

partial reduction of GO, forming a reduced graphene

oxide (rGO) [25]. Besides, the GO films can be

reduced chemically [26], thermally [27, 28], or by an

ultraviolet-assisted method [29], and the obtained

rGO semiconductor has higher electrical conductivity

than GO material. Furthermore after oxygen plasma

treatment, the charge transport properties of GO as a

hole transport layer (HTL) have been improved by

modifying the C-O chemical bonds [30, 31].

Although plasma surface treatment was previously

used to modify the surface of carbon-based materials,

the use of RF oxygen plasma technique is still limited.

The main objective of this research work is to

improve the electronic performance of GO films for

solar cells and other electronic/optoelectronic appli-

cations. RF plasma oxidation with treatment tem-

perature lower than 100 �C has used to change the

chemical nature of the GO layer through the creation

of new functional groups. Further, the reduction level

of the GO layer is expected to be modified after

treatment. In order to achieve a complete study, the

microstructural, electrical, optical, and morphological

properties of the plasma-treated GO films compared

to that of the pristine one were examined and

discussed.
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2 Experimental procedures

2.1 Synthesis of GO nanoparticles (NPs)

Table 1 shows the materials used in the GO prepa-

ration process. Graphite powder was oxidized via the

modified Hummer’s method to form graphite oxide

as seen in Fig. 1. Briefly, three grams of graphite

precursor are increasingly added to 320 ml of H2SO4

solution (98% concentration) in a flask, which placed

in magnetic stirrer. Subsequently, 80 ml of H3PO4

solution is dropwise slowly in the flask under stir-

ring. The resulted mixture is continuously stirred for

2 h, while 18 g of KMnO4 powder is slowly added to

the mixture to prevent the rapid rise in temperature.

An important requirement for completing the oxi-

dation process is the presence of a strong oxidizing

agent (KMnO4) and a strongly acidic medium while

maintaining a low temperature (not exceed 40
˚
C)

throughout the experiment to avoid the reduction

process. In order to oxidize the graphite, the one-pot

mixture was left for stirring for 72 h. As a result, the

solution color is observed to be changed from black to

dark green. Subsequently, at room temperature (RT),

the H2O2 solution was supplementary added to break

the oxidation process and remove the KMnO4. The

color of the resultant suspension is bright yellow

indicating a high level of oxidation graphite process

[32, 33]. To remove any remaining acid, the formed

GO is washed three times with 1 Molar of HCl

aqueous solution [34], hence, washed repeatedly with

distilled water until a pH range 6–7 is achieved.

Finally, the obtained solution dried at an elevated

temperature of 50 �C for 3 h to get graphene oxide

powder.

2.2 Synthesis of GO films

In the beginning, the glass substrates are cleaned by a

dilute acidic solution of HCl. Then, they are exten-

sively rinsed with distilled water to remove the

residual HCl. After that, the glass substrates are

sonicated in acetone to remove the organic impurities

and lastly rinsed with deionized water. Hence, the

obtained GO powder is dissolved in distilled water

solution. The resultant suspension is deposited on the

glass substrates by a spin coating process using 1000

rpm for 30 s. Finally, the formed films are dried at an

elevated temperature of 50 �C for 1 h.

2.3 Plasma surface treatment of GO films

Surface treatment with oxygen and applying an

inductively coupled plasma (ICP) has been used to

enhance the physical and chemical properties of the

obtained GO films. Figure 2 displays the schematic

diagram of the ICP system with a matching network

circuit. It comprises of a quartz reactor tube of 50 cm

in length and 4.15 cm in diameter. The film substrate

is mounted on a water-cooled copper sample holder

of 3.6 cm in diameter. Prior to letting gas in, the air

within the reactor tube is pumped out by a rotary

pump to a base pressure of 2 9 10–6 bar. The pressure

is measured using a Pirani gauge. A channel con-

trolled by a mechanical needle valve is used to

introduce the oxygen gas into the reactor tube up to a

working pressure of 1 9 10–4 bar. The oxygen plasma

discharge is generated by a water-cooled copper

induction coil energized by a 13.56 MHz RF power

supply model HFS 2500 D via a tunable matching

network as shown in Fig. 2. The as-prepared GO

films are exposed to the oxygen plasma discharge at a

processing power of 100 W for different processing

times of 1, 3, 5, and 7 min. Normally, we treat the

samples in this reactor at a distance of approx. 3 cm

between the middle of plasma and the sample sur-

face. However, for the current samples, the distance

between the plasma and the film surface is increased

to 7 cm to ensure that the film surface is to preserved

at low temperatures during the plasma treatment.

A Chromel–Alumel thermocouple is attached to the

surface of the GO films to measure the treatment

Table 1 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

H2SO4 H3PO4 – KMnO4, 99% H2O2, 30% HCl, 37% –
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temperature during the plasma modification process.

The plasma runtime increases the GO surface tem-

perature from 52 �C to 81 �C. After completion of

plasma treatment, the treated sample is allowed to

cool inside the evacuated reactor tube to room tem-

perature before removing it from the tube.

3 Characterization techniques

X-ray photoelectron spectroscopy (XPS) is employed

to examine the chemical compositions of the GO

films. XPS data was collected on a Thermo Fisher

Scientific K-ALPHA X-ray photoelectron spectrome-

ter with a monochromatic X-ray Al Ka radiation

energy as an excitation source is 1486.6 eV, 400 lm
spot size, 200 eV full spectrum pass energy, and 50 eV

narrow-spectrum. Moreover, detection of adventi-

tious carbon on the sample surface is not considered.

As usual, GO is prepared in the lab and mostly

Fig. 1 Schematic flow

chart of Hummer’s modified

method of GO powder

formation, spin coating

technology for depositing GO

films

Fig. 2 The GO plasma

oxidation system powered by

RF discharge
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composed of the sp2 group, while the sp3 group was

sensed after chemical oxidation. So, the detection of

contaminated carbon can be considered as adventi-

tious carbon layers on the metal surfaces before and

during the sample preparation or by maintaining the

samples in an insufficiently evacuated environment.

To maintain an accurate XPS examination, the spectra

were carefully referenced to the sp2 and sp3 graphitic

carbon C1s line energy, 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 decompo-

sition of O1s and for the reacted C1s lines in this

work according to our instrument environment.

Raman spectroscopy has been used to characterize

the chemical composition and structure of the sam-

ples. Raman spectra were collected using a dispersive

Raman microscope SENTERRA (Bruker, Germany)

equipped with a laser source of 532 nm wavelength.

Besides, the thermal stability of the GO films was

studied by a simultaneous DSC/TGA model SDT

Q600 (USA). The thermogravimetric analysis (TGA)

was operated with nitrogen (N2) gas at RT and up to

500 �C with a ramp 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). The contact

angle, wet energy, surface tension, diffusion of power

factor, and the adhesion force were measured using a

contact angle analyzer (SEO Phoenix 300). Moreover,

a profilometer (Talysurf 50-Taylor Hopson precision)

was used to measure the surface roughness (Ra) of

the GO films. Furthermore, the four-point probe

method has been used to evaluate the electrical

resistivity using an EQ-JX2008-LD resistivity tester.

The average electrical resistivity of each film was

calculated from at least 10 readings gained from

various parts. All solutions and suspensions were

coated on the glass substrates using a spin coater

machine (SpinNXG-P1).

4 Results and discussion

4.1 X-ray photoelectron spectroscopy (XPS)

XPS is used to obtain insights into changes in the

surface chemical composition of GO films treated

with oxygen plasma using different processing times

compared to pristine GO film. XPS analysis are

shown in Fig. 3. A predominant graphitic C1s peak

ca. 285 eV and an O1s peak at ca. 532 eV are observed

in the XPS survey spectra of all films.

The XPS atomic concentration of C and O for the

pristine and treated GO films has been calculated and

shown in Table 2. It is calculated from the ratio

between the area of C1s peak and the area of O1s

peak. Then, a fitting process is applied on the data to

quantitate the C and O ratios in each sample.

Figure 4 shows the deconvoluted C1s and O1s of

the pristine and treated GO films. The fitting data of

C1s and O1s XPS spectra is helpful to accurately track

the evolution of carbon and oxygen groups of the

pristine GO film and the treated GO films at different

processing times. The curve deconvolution of the C1s

peak shows five peaks designated as C1 (C = C/C–C

in aromatic, 284.7 eV), C2 (SP3 hybridized carbon

atoms and hydroxyls (C–OH), 285.7–285.3 eV), C3

(epoxides (C–O–C), 286.8 eV), C4 (carbonyls (C = O),

287.4 eV) and C5 (carboxyl’s groups (O-C = O), 288.4

eV) [35–38]. The O1s spectrum can be divided into O1

(532.6–531.3 eV), O2 (532.7 eV), and O3 (535 eV),

which is assigned to C = O, C–O, and adsorbed H2O,

respectively [39, 40]. With this in mind, current

plasma experiments are worked at limited tempera-

tures in the range of 52–81 �C. For the deconvoluted

C1s spectra shown in Fig. 4, the bonds of C–C, C = C

Fig. 3 The XPS survey of pristine and plasma treated GO films
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and epoxides (C–O–C) groups are presented in a high

quantity in the pristine GO film (0 min). However,

the pristine GO films are gradually reduced after

exposing to oxygen plasma treatment at different

processing times of 1, 3, 5 and 7 min. Plasma surface

treatment leads to disappear the carbonyls groups

(C = O) and creates new chemical bonds of hybri-

dized carbon atoms (SP3) and little amount of car-

boxyls (O–C = O). Further, Fig. 4 illustrates the

deconvoluted spectra of O1s. The observed

Table 2 Fitted results (at. %) of C1s and O1s XPS spectra of the pristine and plasma treated GO films

O1s (%) C1s (%)

O3

(535)

O2

(532.7)

O1

(532.6–531.3)

C5 (288.4) C4

(287.4)

C3 (286.8) C2 (285.7–285.3) C1

(284.7)

Binding energy

(eV)

H2O O–C C = O Carboxyl’s (O–

C = O)

Carbonyls

(C = O)

Epoxides (C–

O–C)

Hybridized Carbon

atoms (SP3)

Aromatic

C–C,

C = C

C–C, C = C

– 84.00 16.00 – 26.10 22.70 – 51.19 0 min

5.23 78.50 17.30 15.51 – 15.33 30.23 38.93 1 min

– 76.39 23.61 7.03 – 15.12 42.70 35.09 3 min

– 79.36 20.46 15.11 – 30.70 27.52 26.67 5 min

– 72.59 27.41 12.12 – 21.60 42.21 24.07 7 min

Fig. 4 Deconvoluted C1s and

O1s of the pristine and plasma

treated GO films
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functional groups such as C = C, C–C, and H2O are

highly affected after plasma treatment. It leads to the

removal of most of the thermally unstable oxygen

components in the graphene. This is supposed to be

in correspondence with previous work [41]. The O1

peak is attributed to singly-bonded oxygen in alco-

hols. Epoxies, esters and the hydroxyl groups are

mainly resulted from water adsorption on graphene.

The O2 peak is associated with carbonates, while the

O3 peak corresponds to hydroxides [35].

Figure 5 presents the oxygen amount in oxygen-

containing groups of (C–O–C), (C = O), and (O–

C = O) derived from C1s spectra of the pristine and

treated GO films at different processing times of 0, 1,

3, 5 and 7 min. The oxygen amount is decreased from

its maximum value (48.8 at.%) in oxygen-containing

groups of the pristine GO film to a minimum value of

22.15 at.% after plasma treatment at the processing

time of 3 min. This is mostly attributed to that the rate

of oxygen release is greater than the oxygen insertion

rate during oxygen plasma treatment. However, at

relatively longer plasma processing times, the

amount of oxygen is gradually increased and reaches

up to 42.82 at.% at the processing time of 5 min. This

can be ascribed to the relative increase in the oxygen

insertion rate. By observing the data in Table 2 and

Fig. 5, this variation in oxygen amount insures a

partial reduction in GO films after plasma treatment.

It is followed by a disappearance of carbonyls

(C = O) group and an effective change in the chem-

ical composition of other functional groups. Further,

a new functional group of (O–C = O) is created

beside the formation of the hybridized carbon atoms

(SP3). The change in chemical composition and

characterization in the treated GO films leads to sig-

nificantly affect their physical and chemical proper-

ties [42, 43].

4.2 Raman spectroscopy

Raman spectra were employed to characterize the

effect of oxygen plasma treatment on the structural

features of GO films. Whereas, it is possible that the

chemical oxidation process induces structural chan-

ges in the graphite lattice thanks to the growth of

various forms of oxygenated function groups at the

basal plane as well as at the edges. Raman spec-

troscopy, as a non-destructive method, is the stan-

dard tool for assessing the defective properties of the

GO sheet structure [38]. The D-band is recognized to

the first-order Raman scattering of A1g and breathing

mode of the aromatic rings; it requires a defect for

activation. It is only detected at defect sites in the

grapheme-based lattice materials. Whereas the

G-band is a result of the doubly degenerate zone

breathing center E2g mode [44]. As shown in Fig. 6a,

the D-band at around 1342 cm-1 is assigned to the

defects on graphene sheets, while the G-band

observed at around 1586 cm-1 is assigned to the in-

plane vibration mode of sp2 carbon atoms. In addi-

tion, 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

51, 68, 72, 73 and 69 cm–1, with less defective struc-

tures 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 increase in the sp3

carbons. Along these lines, to qualitatively investigate

the level of film defect, the Raman ID/IG intensity

ratio can be used [45]. Some previous works have

shown that the defect level (ID/IG ratio) of the GO

films has been improved after the plasma treatment

[46–48]. Figure 6b revealed that the ID/IG ratio

decreased after the plasma treatment compared to the

pristine GO film, which is less than the known value

of the ID/IG ratio for GO (* 1). Herein, increasing the

processing time leads to a relative increase in the ID/

IG ratio. This increase is attributed to the formation of

new defects and disordered carbon or amorphous

carbon on the GO surface due to the deposition of

carbon-based species from plasma (in agreement

Fig. 5 Amount of oxygen-containing groups (C–O–C), (C = O),

and (O-C = O) derived from C1s spectra of the pristine and

plasma treated GO films at different times of 0, 1, 3, 5 and 7 min
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with the XPS data) [46, 47, 49]. The reduction of

functional groups, defect level, and the in-plane sp2

crystallite size can be determined by the relative

intensity of D and G-band peaks (ID/IG) [44, 50].

Moreover, the FWHM of the D-band is frequently

considered a measure of surface defect sites. The

FWHM of D-band increased from 86.7 cm-1 for the

pristine GO to 100.3 cm-1 for the plasma treated film

for 5 min, indicating a more defective structure for

the latter. However, it decreased to 81.4 cm-1 after 7

min in the atmosphere of oxygen plasma, suggesting

a small fraction of defects generated within treated

GO films [12].

4.3 Thermogravimetric analysis (TGA)

The thermal stability and surface functionalization

degree of the pristine and treated GO samples were

investigated by TGA analysis. Figure 7 displays the

TGA curves that present the material weight loss as a

function of temperature under nitrogen atmosphere,

while Table 3 presents the percentage of weight loss

at different temperature ranges. As shown in Fig. 7,

three regions (I, II, and III) can be distinguished in the

TGA spectra of the pristine and plasma treated GO

films. The first region I (up to 100 �C) shows the

evaporation of the absorbed water molecules which

leads resulting in a decrease in the water content in

the GO films (high hydrophilicity) [35]; causing a

weight loss of more than 10%, as shown in Table 3. In

the region II (100–200 �C), the pyrolysis and func-

tional groups of affixed oxygen (such as carboxyl,

epoxy, lactone) were decomposed producing CO,

CO2 and H2O vapor [49, 51]. In this temperature

range, the pristine GO film shows a maximum weight

loss close to 80% at about 180�
˚
C, which indicates that

the pristine GO shows a high pyrolysis decomposi-

tion of labile oxygen functional groups such as those

of hydroxyl and epoxy [52]. After only 1 min of

oxygen plasma treatment, the weight loss of the

treated GO film increases to 19.92%; indicating a

further reduction in the GO film. The weight loss

Fig. 6 a Raman spectra of the pristine GO and the plasma treated GO films, b ID/IG ratio versus the treatment time

Fig. 7 TGA curves of the pristine and plasma treated GO samples

under nitrogen atmosphere

Table 3 Weight losses of the pristine and plasma treated GO films

Temperature (�C) Weight loss (%)

0 min 1 min 3 min 5 min 7 min

30–100 10.12 11.44 12.57 13.35 11.34

100–200 80.07 19.92 23.91 21.09 20.86

200–500 83.02 27.94 24.52 22.92 22.75

30–500 93.13 59.30 60.99 57.36 54.96
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increased to about 23.91% at processing time of 3

min, and it was measured to be around 21% for films

processed at higher plasma times. This leads to a

partial reduction in the treated GO films and addi-

tional changes in the chemical characterization which

generates small defects and forms new chemical

bonds as shown in XPS and Raman analysis.

At a higher temperature range of 200–500 �C (re-

gion III), the most stable groups like carbonyl and

aromatic (quinone) are mostly decomposed due to

the pyrolysis of the carbon skeleton [51]. As

observed, the pristine GO film has a maximum

weight loss of 83%. After just 1 min of oxygen plasma

treatment, the weight loss is sharply increased to

27.94%. Then, it is gradually decreased to 22.75% by

increasing the processing time up to 7 min. Therefore,

it can be concluded that the pristine GO contains

more carbonyl/quinone groups than the plasma

treated GO films, which is in good agreement with

XPS results. Finally, the temperature range of 30–500

�C shows a higher value of total weight loss for the

pristine GO sample compared to that of all plasma

treated GO samples (Table 3).

The thermal decomposition of GO material is lar-

gely consistent with the values measured in the cur-

rent TGA analysis [49, 53]. Furthermore, it supports

the creation of new oxygen-containing groups as well

as different proportions from the original groups

existed in the pristine GO film. Accordingly, the

thermal stability of GO materials is maintained. The

differences in the features of TGA curves and weight

loss of GO samples emphasized the formation of

various types of functional groups during the oxygen

plasma treatment. These results, in addition to the

Raman results, confirm that cold RF oxygen plasma

can be used for functionalization of GO.

4.4 Morphological characterization

A high-resolution electron transmission microscope

(HR-TEM) was used to investigate the nature of GO

treated with various degrees of oxidation, using

plasma at power of 100 W for different processing

times, in the surface morphology, as shown in Fig. 8.

As seen in Fig. 8a, the stacked multilayers of the as

prepared GO film led to the surface being identified

as a semitransparent sheet with minor surface defects

like morphology. For samples treated at 1 and 3 min,

Fig. 8b,c reveals a sheet like leaf morphology of a

multilayer structure consisting of partially oxidized

GO films. As illustrated, the GO sheet is observed

with a reduced layer number. Moreover, as the time

of plasma treatment increases, the film transparency

rapidly improves. Increased transparency is due to

the formation in the oxidation process of functional

groups including hybridized atoms of sp3. A similar

effect was previously detected for GO sheets after

oxygen plasma treatment [54]. The processing effect

can be mainly concentrated on the removal of epox-

ides, carbonyls and carboxyl groups of instable oxy-

gen atoms and a number of functional oxygenated

groups from the interplanar of GO sheets [54]. Fig-

ure 8d,e presents the GO surface after relatively

longer treatment time of 5–7 min. The treated surface

has lower dimensions and higher transparency

compared to that of the less oxidized samples (1–3

min). Increases in the highly oxygenated functional

groups with new defects and disordered or amor-

phous carbon in the treated sheets have resulted in a

high transparency effect, in line with the Raman

findings. The disordered and unwrinkled structure

during the plasma process was attributed to the

increase in treatment temperature or to an increase in

the amount of oxidant plasma species [55]. Finally, it

is reasonable to conclude that the morphology,

dimensions, and transparency of the GO sheets are

highly dependent on the degree of oxidation and the

effect of plasma etching.

4.5 Contact angle

The GO material is usually exhibiting hydrophilic

property, which is very important for electrical

applications [56, 57]. This hydrophilic property arises

from the hydroxide and was found to be improved

after the oxygen plasma treatment [58]. The immer-

sion of pristine film surface in a medium of low-

temperature oxygen plasma containing various

plasma species are responsible for generating many

chemical reactions in the graphene flakes. This pro-

cess provides sp3 hybridization and leads to the for-

mation of a C–OH bond that enhances the

hydrophilic properties. The improvement in the GO

hydrophilic features is mostly due to the effect of

generating new hydrogen bonds [58, 59].

After plasma treatment of GO films, contact angle

(CA) measurements utilized to investigate the degree

of hydrophilicity. The pristine GO film has a contact

angle of 50.45�. The contact angles of the plasma

treated GO films increased from 55.46� to 61.31� by
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increasing the treatment time from 1 to 3 min, then it

decreased to about 47.87� at a processing time of 5

min as shown in Fig. 9. This improvement in the

hydrophilicity is attributed to the unusual chemical

reactions between the GO and the oxygen plasma

species that creates vacancies or sites of C–H, SP3 or

Fig. 8 HR-TEM images of GO with different degrees of oxidation for plasma power of 100 W at various processing times a 0 min, b 1

min, c 3 min, d 5 min and e 7 min

Fig. 9 a Contact angle, b work of adhesion, c wetting energy, and d spreading coefficient curves of the pristine and treated GO films at

various treatment times
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OH–bond, causing damage and defects within the

graphene flakes [59]. This noticeable property of

hydrophilicity can be ascribed to the convergence of

water molecules with the oxygenated functionalities

presented into the surface of the GO with increased

processing time [60].

The work of adhesion is determined by knowing

the adhesion force between the GO film and droplet

water which it can be calculated from the next

equation, Eq. (1) [61].

Wsl ¼ csþ clþ csl ð1Þ

where cs is the solid surface free energy while cl
refers to liquid (water) surface free energy, and

csl denotes solid–liquid interfacial energy.

Combining this equation with the Young-Dupré

equation, Eq. (2):

cs ¼ csl þ cl cos he ð2Þ

gives the next equation, Eq. (3) [62]:

Wsl ¼ cl 1 þ cos heð Þ ð3Þ

where he stand for the equilibrium (Young’s) contact

angle between the plasma treated GO film and water,

while cl symbolizes the surface tension of water on

the solid surface. The adhesion work of the GO films

decreased from 119.15 to 110.4 mN/m by increasing

the processing time from 0 to 3 min, while the opti-

mum value of 130.4 mN/m was obtained after 5 min

of plasma treatment.

Moreover, the oxygen plasma treatment affects the

chemical and physical features of the GO films and in

turn, it has a great effect on the hydrophilic spices on

surface properties of the GO films leading to enhance

their wettability and spreading coefficient [63–66]. As

previously found the arrangement of more hydrogen

bonds between the water drops and GO films

increases the molecular dipole/dipole interaction,

which in turn improves the wettability [67–69]. The

optimum values of wettability (27.41 mN/m) and

spreading coefficient (- 45.38 mN/m) are achieved

after 5 min of oxygen plasma treatment.

4.6 Roughness measurements

The plasma environment contains fast electrons, ions,

and neutral species that bombard the sample surface

affecting its surface roughness. Herein, the surface

plasma treatment of GO films at different processing

times leads to wrinkles and roughness variations on

the GO surface. These indicate that the graphene

removal by the oxygen plasma process is almost like

an anisotropic vertical etching, changing the proper-

ties of the graphene surface [70]. This hypothesis is

supported by measuring of surface roughness factors

like average roughness (Ra) and root mean surface

roughness (Rq) which presented in Fig. 10. The val-

ues of Ra and Rq reduced from 7.8 and 9.6 lm for the

pristine sample to 6.6 and 8.6 lm after 3 min oxygen

plasma treatment. However, by increasing the pro-

cessing time to 5 min, the roughness parameters are

increased to the optimum value (Ra = 8.7 lm and

Rq = 11.3 lm). These results attributed to the contri-

bution of low-temperature oxygen plasma treatment

to chemical reactions on the GO surface that

increased the defect density, grain refinement, and

the amount of C–O–C epoxides functional groups

during the plasma process [58]. Therefore, agglom-

eration can occur on the surface after treatment,

which affects the surface roughness [58]. The pro-

duction of wrinkles on the treated GO film surface

during the cooling process is caused by a surface heat

shrinkage [42]. Moreover, it is known that, the heat

shrinkage has an effect on the strength of Van der

Waals between the GO and the substrate, which is

responsible for the film adhesion to the substrate

[70, 71]. Plasma surface treatment may cause some

wrinkle structures which increase the film adhesion.

4.7 Electrical properties

Figure 11 shows the film resistance and electrical

conductivity of the pristine GO film and the treated

GO films at different plasma processing times. The

Fig. 10 Surface roughness parameters for the pristine and the

treated GO films at various plasma processing times
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current measurements confirmed/approved that the

oxygen plasma treatment has a significant effect on

the electrical resistance and conductivity of the

obtained films. The measured resistivity value of the

pristine sample is 0.95 MX/square and it is gradually

decreased to reach 0.22 MX/square by increasing the

plasma processing time to 5 min. Accordingly, the

electrical conductivity increased by increasing the

processing time from 0.11 S/m for the pristine sam-

ple to an optimum value of 0.46 S/m after 5 min

treatment. As previously shown in literature the

oxygen plasma treatment has been used to improve

the electrical conductivity of the GO and rGO

[49, 70, 72]. The current results are consistent with the

fact that, the use of oxygen plasma as gaseous pre-

cursors on the carbon surface allows an improvement

in the amount of carboxyl, hydroxyl and carbonyl

groups, which in turn affect the electrical response of

the materials [72]. The treated sample at a processing

time of 7 min showed an inconsistency with this

behavior; giving an increase in film resistance to 1.22

MX/square and a decrease in the electrical conduc-

tivity to 0.082 S/m. 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 = O) carboxyl’s

and SP3 groups of carbon atoms compared to GO

films treated with plasma 7 min. Carbonyl/ quinone

can facilitate the reactions of oxidation and reduction

[50, 73, 74]. Moreover, the oxygen plasma etching is

normally used on the graphene to induce the semi-

conductor properties. Further, the ohmic contact

property in graphene is not destroyed after oxygen

plasma treatment. The decrease in electrical

conductivity in the sample treated at 7 min might be

attributed to the etching effect [70].

5 Conclusion

Pristine and modified GO films using oxygen plasma

treatment, for processing power of 100 W, were suc-

cessfully synthesized and characterized as potential

candidates for many electronic applications. The

oxygen plasma process has demonstrated a great

enhancement in both the physical and chemical

properties of GO films by influencing their chemical

composition. XPS demonstrated the removal of a

high amount of oxygen-containing groups such as

epoxides, carbonates, and carboxyl groups. As a

result, the oxygen-containing groups decreased from

48.8 at.% for pristine to 36.15 at.% for the treated GO

for 5 min. However, at relatively longer plasma

processing times, the oxygen amount is gradually

increased and reached up to 41 at.% at the processing

time of 7 min. Moreover, the results of Raman spec-

troscopy and TGA revealed the introduction of large

amount of oxygen groups after increasing the oxygen

plasma treatment times and maintaining the thermal

stability of the materials (38.17 at.% difference in

weight loss between the pristine GO and the treated

GO at 7 min). The HR-TEM surface morphology for

all samples showed a sheet like structure with vari-

ous transparency. The treatment at different plasma

processing times leading to wrinkles and roughness

variations on the GO surface, where Ra decreased by

increasing the treatment times up to 5 min. Further-

more, the contact angle increased from 55.46� to

67.87� by increasing the treatment time from 1 to 5

min. The property of hydrophilicity attributed to the

convergence of water molecules with the oxygenated

functionalities presented into the surface of the GO as

the processing time increases. Finally, the electrical

conductivity increased from 0.11 S/m to the opti-

mum value 0.46 S/m at treatment time 5 min that

attributed to the incorporation of a high amount of

carboxyl, hydroxyl, and carbonyl groups during

plasma process, which in turn affected the electrical

response of the GO materials. This study gives good

results for solar cell applications.

Fig. 11 Film resistance and electrical conductivity behavior of the

GO films before and after plasma treatment at various processing

times
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