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ABSTRACT

In this work, the nanotechnology procedure was utilized to improve both the adhesion force and
surface properties of graphene oxide (GO) films. GO has been obtained in a powder form by oxidation
purified graphite using the modified Hummer’s technique. Different films of GO nanoparticles (NPs)
were deposited using several types of solvents distilled water, acetone, ethanol, dimethylformamide
(DMF) or ethylene glycol. The examination of structural and optical properties of GO films was studied
by XRD and UV-vis absorption spectroscopy. Moreover, electrical properties, surface roughness,
contact angle, adhesion force, wetting energy and spreading coefficient were investigated. It was
observed that the properties of the prepared films are influenced by the solvent type. The electrical
resistivity of films is highly dependent on the solvent type which exhibited the lowest value with
distilled water. Furthermore, GO film synthesized with distilled water has the best values of adhesion
force and average surface roughness (Ra) 143.4 mN/m and ~ 7.83 um, respectively. These results
are mostly attributed to hydrophilic cites and GO NPs agglomeration in the surface of films and the
effects of their size leading to an expansion in the surface roughness.

Keywords: Graphene oxide; go thin films; contact angle; adhesion force; surface roughness; electrical
resistivity.

1. INTRODUCTION

Numerous researchers have found a great deal of enthusiasm for metal oxide semiconductors
materials due to their smart benefits in engineering applications, mainly in automobiles, integrated
circuits, and biological industries [1-7]. Graphene is a significant carbon form derived from graphite
and as of late, it considered as an effective semiconductor material with zero energy gap [8]. It is
synthesized in a monolayer or a few layers of a 2D planar sheet of sp? hybridized carbon atoms with
hexagonal structure [9-10].

Graphene and its oxide derivatives have large surface area, great electrical conductivity, dependable
mechanical properties, exceptional thermal stability and good optical properties [11]. Therefore, they
connected to various applications, including high-energy storage, nanomachines, electronic circuits
[12], medication [13] and high-performance photovoltaics [14-16].

Graphene oxide (GO) is directly synthesized by the oxidation of purified natural graphite using a
changed Hummer's technique. As reported, hydroxyl, epoxide functional groups and carboxylic acid
(eCOOH) species can be obtained during the oxidation process of graphite; all groups are responsible
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for the dispersion stability in polar solvents [17]. The high concentration of oxygen-enriched functional
groups expand the GO interlayer spacing and in turn increase its hydrophilic nature. Therefore, GO
thin films can be used in the fabrication process of polymer solar cells so as to enhance the chemical
reactivity of the nanocomposite polymer layer [18,19]. As chemically known, identification of the
appropriate solvent plays an important role in the synthesis process of GO films and accordingly
improving their surface properties such as friction coefficient [20], optical properties [21], and thermal
conductivity [22]. These surface characteristics, make it suitable material for many applications such
as water desalination [23,24], gas separation [25,26], transparent conductive films [27],
supercapacitors and fuel cells [28]. The mechanical and electrical characterization of industrial
engineering materials can be simply explained by determining their surface wettability and surface
energy [29-31]. Based on that, the wettability investigation has practical importance at the
macroscopic-scale as well as at the nano-scale [32]. It leads to estimate the surface free energy, polar
and dispersion energy beside the adhesion force of the film materials [33].

In this work, we concentrated on the synthesize of pure GO films with different solvent types such as
distilled water, acetone, ethanol, DMF or ethylene glycol. This is to improve the electrical resistivity
and surface adhesion of GO films by controlling the surface energy and attraction forces between the
GO films and the glass substrate. Therefore, surface roughness, electrical conductivity, adhesion
force, wetting energy and spreading coefficient were studied in order to evaluate the performance of
GO films.

2. EXPERIMENTAL SETUP

2.1 Materials

Sulfuric acid (H2S04), phosphoric acid (HsPOa), graphite powder, potassium permanganate (KMnOa,
99%) and hydrogen peroxide (H202; 30%) were used as precursors. Moreover, hydrochloric acid
(HCL; 37%) and various types of a solvent such as distilled water, acetone, Ethanol, DMF and
Ethylene Glycol were employed.

2.2 Synthesis of Graphene Oxide as Powder Form

GO in the powder form has been obtained by oxidation of the purified natural graphite using modified
Hummer's technique as shown in Fig. 1. In brief, three grams of graphite precursor were gradually
added to 320ml of concentrated H2SO4 in a flask, which placed in magnetic stirrer. Then, 80ml of
HsPO4 was added in a dropwise to the mixture under continuous stirring for 2h. After that, small
portions of KMnO4 (18g) were added slowly to the mixture in order to avoid fast temperature rising.
The resultant combination was left for stirring for three days to allow the oxidation of graphite. The
color solution changed from black to dark green. Thereafter, the H20:2 solution was added to terminate
the oxidation process and remove the KMnO4 at room temperature (RT). The resulting suspension
was bright yellow in color, indicating a high level of oxidation graphite process [34,35]. The formed
graphene oxide was washed three times with (1M) of HCI aqueous solution to remove the remaining
acid [36], and repeated with distilled water until a 6-7 pH was achieved. Finally, the obtained solution
dried at 50°C to obtain graphene oxide powder.

2.3 Synthesis Graphene Oxide (GO) Nanoparticles Films

The clean process of the glass substrate is started using a dilute acidic solution of HCI followed by an
extensive water rinse to remove the residual HCI. After that, it is sonicated in acetone from the surface
of the conductive side, wet cleaned in ethanol and sonicate to remove organic impurities and finally
rinse with deionized water. To deposit GO films, GO powder was added to different solutions such as
distilled water, acetone, ethanol, DMF and ethylene glycol. The obtained suspensions were deposited
by a spin coating on glass substrates using a 1000 rpm for 30 sec. Lastly, the obtained films were
dried at 50°C.
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Fig. 1. Preparation diagram of GO NPs
3. CHARACTERIZATION

The phase purity and structure of the prepared films were characterized by X-ray diffraction (XRD)
using Philips diffractometer with a Cu-target (A=1.54056 A) and a graphite monochromator. The
optical properties of the GO fiims were studied using a computerized SPECORD 200 PLUS
spectrophotometer with a 1 nm step, at normal incidence at RT in a wavelength range of 190-1100
nm. The contact angel analysis tool (SEO Phoenix 300) was used to measure contact angle, surface
tension, wet energy, diffusion of power factor and adhesion force. Moreover, the surface roughness
(Ra) was measured using the profilometer (Talysurf 50-Taylor Hopson precision). Furthermore, the
four probes resistivity testing method was used to measure the resistivity by the EQ-JX2008-LD
resistivity tester. All the measurements were carried out at RT (~ 26°C).

4. RESULTS AND DISCUSSION
4.1 Structure Analysis

The X-ray diffraction pattern of a prepared GO powder reveals a strong and sharp diffraction peak
(001) demonstrating a preferred orientation of GO basal planes parallel to the sample plane as shown
in Fig. 2. The oxidation degree of graphite and the interlayer spacing can be acquired. The reflection
peak (002) of pure graphite happened at 26 = 25~30° with an interlayer spacing around 0.34 nm [37].
After the oxidation process (forming GO), the reflected peak is gradually weakened and finally
disappeared and then appears at 26 = 10~15° with a d-spacing value of 0.6—1.0 nm [38,39]. This peak
shift demonstrates that graphite is totally converted to GO. The main factors controlling the estimation
of the d spacing value of graphite are the degree of oxidation, the removal of oxygen atoms from the
graphite gallery during intercalation, and the number of water molecules involved in the interlayer
spacing [38,40].

The d-spacing of GO can be calculated according to Bragg’s law:

nA = 2dsin@ (1)
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where n is the diffraction series and A is the wavelength of the X-ray beam, d is the distance between
the adjacent GO sheets or layers and 6 is the diffraction angle. Herein, after oxidizing process, the
native sharp peak of the as prepared GO powder occurred at 26 ~9.6° and the interlayer spacing
increases to about 0.92 nm. This increase in interplanar distance owing to trap oxygen functional
group between the sheets in graphite structure [41]. graphite exfoliation has occurred in individual
graphene oxide sheets (single or multi-layer) [42].
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Fig. 2. XRD spectra of GO film
4.2 Optical Properties

An UV-visible spectrophotometer was employed to measure the absorbance spectra of GO films, over
a spectral range from 300 nm to 800 nm, which deposited using different solvents and are shown in
Fig. 3. During graphite oxidation, oxygen binds to the graphene layers, which improves the layers
polarity and thus improves their solubility in water [43]. These result leads to a change in the solution
color from yellow to brown. It was noted that the edge of GO films uptake is about 320 nm without any
change when using different solvents. On the other hand, the optical energy gap of the prepared films
was determined using the universal method Tauc relationship for direct transition semiconductor
materials [44].

ahv = B(hv — E,)" )

Where hv is photon energy and B is a parameter which is related to the transition probability, a is the
absorption coefficient, Eg is the optical band gap and r is a number that distinguishes the transition
process; having a value of 1/2 for direct allowed [45]. The optical band gap values Eg were calculated
and are shown in Fig. 4. Based on that, a high change is obtained for the Eg values of GO films,
indicating values of 3.52, 3.56, 3.59, 3.62 and 3.67 eV for the samples deposited with several types
of solvent distilled water, acetone, ethanol, DMF and ethylene glycol, respectively. Improvement of the
value of the energy band gap to 3.52 eV with distilled water solvent offers high potential GO films for
electronic applications.

These results may be related to the various arrangements of agglomeration epoxide functional groups
and carboxylic inside GO films and the high surface roughness value in GO film which synthesized
with distilled water. The change in surface roughness of the GO films affects their optical properties
including transmittance, absorbance and optical constants [46,47].
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Fig. 3. UV-VIS absorption spectra for GO films with different solvent types
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Fig. 4. The relation between (ahv)? and hv for GO films with different solvent types

4.3 Contact Angle

Contact angle (average in degree) and surface tension measurements of pure GO films, which
dissolved in various solvents such as distilled water, acetone, ethanol, DMF and ethylene glycol were
investigated. Contact angle value is highly depending on the utilized solvent type, which shows
verities value from 14.11° to 30" for distilled water and ethylene glycol solvents as one can see from
Fig. 5. additionally, the adhesion force between deposited GO films and water by calculating the work
of adhesion with the equation [48]:

Wsl =ys + yl + ysl

®3)

where ys, yl, and ysl are the solid surface free energy, liquid (water, in this study) surface free energy,
and solid-liquid interfacial energy, respectively. Combining with Young-Dupré equation

53



Recent Trends in Chemical and Material Sciences Vol. 1
Study on Enhancement of Adhesion Force and Surface Conductivity of Graphene Oxide Films using Different Solvents

vs = ysl + yl cos Be (4)
gives the equation [49]:
Wsl = yI (1 + cos 6¢) (5)

where 6e is the equilibrium (Young's) contact angle between oxidized GO films and water, y. is the
surface tension of water on the solid surface.

Fig .6 demonstrates that the contact angle and adhesion force of GO films are influenced by the
dissolvable type. When the contact angle value was gradually increasing, the adhesion work
decreased. Utilizing different solvents for synthesizing GO films leading to changes in the surface
properties from hydrophobic to hydrophilic films. Using distilled water solvent for depositing GO film
demonstrated to increase the hydrophilicity and has the best value of adhesion force reveals to 143.4
(mN/m).

Fig. 6 a,b represents the dependence of the spreading coefficient and wetting energy of GO films on
the solvent type. The solvent type has a high effect on surface properties, leading to an improvement
in the wettability of water on the GO surface. Utilizing various types of solvent for deposition GO films
leads to rearrange many hydrophilic spices that in order enhance the wettability of GO films [50-53].
The arrangement of more hydrogen bonds between the used water and GO films cause an increase
in the dipole/dipole interaction, which in turn improves the wettability [54,55]. Fig. 7a demonstrates
emotional improvement in the wettability that happened by utilizing distilled water as the solvent
reveals to 70.6 (mN/m). In addition, the solvent type can be chosen to improve spreading coefficient
GO thin films to -2.19 (mN/m) for distilled water as shown in Fig. 7b. The fundamental explanations for
these outcomes are the surface roughness [56,57] and the molecular interactions [58].

(a) Distilled Water, 14.11° (b) Acetone, 20°

(c) Ethanol, 26.2° d) DMF, 29°

(e) Ethylene Glycol, 30°

Fig. 5. Contact angles and interfaces between water droplets and GO films

4.4 Surface Roughness Measurement

The roughness behavior is considerably different when GO films synthesized in various solvents. Fig
8. shows a relatively flat surface reduces the value of the surface roughness. The average roughness
value (Ra) decreased from ~7.83 ym for distilled water solvent to ~3.75 ym for ethylene glycol. These
outcomes are generally attributed to the agglomeration of GO nanoparticles in films surface and their
size impacts lead to an expansion in surface roughness. However, the fibrous network structure is
generally responsible for the surface smoothness. The obtained results are showing good agreement
with the contact angle performances.
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Fig. 6. Effect of solvent type on the contact angle and adhesion force for GO films
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Fig. 8. The average surface roughness behavior of GO films using different solvent types
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4.5 Electrical Properties of GO Films

Of the generally recognized Lerf-Klinowski model for the GO structure, the basal plane of GO films
contains functional groups of hydroxyl and epoxide, though the edges of GO are mainly oxidized with
quinoidal and carboxylic acid species [41]. These oxygen-containing moieties give advantageous
chemical handles to the expansion of other functional groups to graphene, for example alkyl
gatherings, amines, and polymer chains. Along these lines, we have been synthesized GO films using
several solvent types to improve the charge carrier's mobility and reduce the electrical resistivity. The
resistivity measured by 4PP method approved that; the electrical resistivity and conductivity of the
obtained films are highly dependent on the types of solvents used. For the GO bulk material, the
sheet resistivity determined from Van der Pauw measurements to be 1.62 MQ/square, yielding a
value of —3.1 S/m for the bulk conductivity [59]. In the present investigation, taking into account the
GO film thickness of about 100 microns, the sheet resistivity values are 0.095, 0.16, 0.1, 0.12 and
0.25 MQ/square for the samples synthesized with solvents distilled water, acetone, ethanol, DMF and
ethylene glycol, respectively as shown in Fig. 9. These obtained outcomes confirmed that distilled
water solvent enhances the GO film performance and displayed an optimum value of electrical
conductivity (0.11 S/m), meanwhile the existence of oxygenated groups deteriorates the electrical
conduction of GO. In our case, the various electrical insulation value of synthesized GO films
peppered in different solvents can be attributed mainly to the presence of a homogeneouse electrical
dispersion causing various arrangements of agglomeration epoxide functional groups and carboxylic
inside the GO films, and at the same time the existence of oxygenated groups [60,61]. These result in
the immobilization and obstruction of charge carriers and deteriorates the electrical conduction of GO
[62-64]. Having a highly conductive GO film is synthesized in distilled water can enhance electron
transfer in the framework, thus improving their electrical conductivity.
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Fig. 9. Electrical conductivity and sheet resistance behavior of GO films synthesized with
different solvent

6. CONCLUDING REMARKS
In his work, it can conclude the following points:
e Successfully synthesize metal oxide material GO NPs by oxidation purified natural graphite
using modified Hummer's technique.
e GO film synthesized in distilled water solution exhibited the lowest value of electrical resistivity,

and has the optimum value of adhesion force (143.4 mN/m) and average surface roughness
(Ra) of ~7.83 um.

56



Recent Trends in Chemical and Material Sciences Vol. 1
Study on Enhancement of Adhesion Force and Surface Conductivity of Graphene Oxide Films using Different Solvents

The obtained results are generally attributed to hydrophilic cites and the agglomeration of GO
NPs in the film's surface and their size effect leads to an expansion in the surface roughness.
The high conductivity value obtained from the GO film (0.11 S/m), which is synthesized in
distiled water, can enhance the electron transfer in the framework, owing to the good
arrangement of agglomeration epoxide functional groups and carboxylic inside GO film leading
to improve their electrical conductivity.
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