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Abstract:



In this study, the effect of reduction on the electrical conductivity of Graphene Oxide (GO) is investigated. The aim of this fabrication was to render electromagnetic interference (EMI) shielding to thin polymer films using GO as fillers. The electrical conductivity was determined using the four-probe method and shielding effectiveness was theoretically determined using the experimentally obtained conductivity values. The initial oxidation of graphite was performed using Hummers’ method and the oxidized GO was dispersed in water for further exfoliation by ultrasonication. Thin films of sonicated GO dispersions were solution casted and dried in a convection oven at 50 °C overnight. The dried films were treated with 48% hydrobromic acid (HBr), 95% hydrochloric acid (HCl) or 66% hydroiodic acid (HI) for 2 h, 24 h or 48 h. A partial factorial design of experiments based on Taguchi method was used to identify the best reducing agent to obtain maximum electrical conductivity in the partially reduced GO films. The experimental analysis indicates that the electrical resistivity of GO is highly dependent on the type of acid treatment and the samples treated with HI acid exhibited lowest resistivity of ~0.003 Ω·cm. The drop in resistivity value after chemical reduction was of the order of 10,000 times, and range obtained in this work is among the lowest reported so far. The theoretical EMI shielding of the reduced GO film provided a shielding effectiveness of 5.06 dB at 12 GHz.
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1. Introduction


With recent advances in material science, nanocomposites with exfoliated nanofillers have attracted considerable attention due to the superior mechanical and functional properties offered by the fillers at relatively lower filler loadings. Exfoliated graphene oxide (GO) as filler in particular has received considerable attention because of its mechanical and functional properties that are comparable to those of single-layered graphene with the ease of synthesis compared to that of graphene [1,2,3].



Considering the proximity of GO to graphene, polymer-GO nanocomposites have potential applications in memory devices and energy storage cells where the low conductivity of GO can help in creating a barrier for inter-lamellar electron-hole re-combinations. Other applications can be in field effect transistors, solar cells, energy storage devices, etc. Additionally, they appear to improve the resistance to gas permeability, suggesting potential for applications in food and beverage, packaging, and filtration applications [1,4,5,6,7]. An interesting example where the conductive properties of the polymer-GO composites can be utilized is in ElectroMagnetic wave Interference (EMI) shielding and are currently emerging is a new class of materials for broad-band electromagnetic absorption [1,3,7,8,9,10,11,12,13,14,15,16].



GO is inherently non-conductive because of the absence of percolating pathways between sp2 carbon clusters which is indeed a carrier transport mechanism in the graphene. A single sheet of graphene oxide consists of a hexagonal ring-based carbon network having both sp2-hybridised and sp3-hybridised carbon atoms, bearing hydroxyl and epoxide functional groups on either side of the sheet, whereas the sheet edges are mostly occupied by carboxyl and carbonyl groups [17,18,19,20,21], meaning that the functional groups attached to the plane influence its conductivity, while functional groups attached to the edge may not. GO as a whole on the contrary has large chemical functional groups attached to the carbon plane with several structural defects within the plane, both of which may severely decrease the electrical conductivity. However, it can be restored by varying their synthesis and processing, as they are non-stoichiometric in nature. A common approach is to attach polymers or polymerization initiators on to the GO platelets and reduce the oxidized surface [4]. This reduction process must aim at eliminating only the epoxy and hydroxyl groups on the plane, while retaining other groups, such as carboxyl, carbonyl, and ester groups at the edges.



There are different routes to synthesize GO for conductivity [22], out of which thermal and chemical routes are widely accepted to restore electrical conductivity. In the thermal reduction method, GO is exposed to temperature ramp rates greater than 2000 °C/min up to about 1050 °C, in effect splitting the graphite oxide into individual sheets through evolution of CO2. The thermal shock decomposes the oxygen-containing groups attached to the carbon plane, and the escape of the resultant gases exfoliate the stacked graphene layers [5,9,11,23]. However, this process is suitable for bulk production, the yield is usually small, and the quality is poor with wrinkling and severe lattice defects. In the chemical route, GO is reduced using chemical reagents based on their chemical reactions with GO. Hydrazine is universally accepted as a good chemical reagent to reduce GO [2,17,24,25]. The reduction by hydrazine and its derivatives, such as hydrazine hydrate and dimethylhydrazine [12], is as simple as adding liquid reagents to aqueous dispersion of GO and drying it, wherein the reagents increase the hydrophobicity that results in agglomerated graphene-based nanosheets that may be electrically conductive. One drawback with this process is that the hydrazine agents usually tend leave C-N groups behind, in the form of hydrazones, amines, aziridines, etc., which may have detrimental effect on the electronic structure and properties of reduced GO [26,27]. However, by finely tuning the reduction parameters, it is possible to get rid of the C-N groups and indeed obtain electrically conductive GO. Therefore, in view of tuning the process parameters to achieve electrical conductivity, a systematic study on the effect of varying the process parameters on the electrical conductivity of the reduced GO discussed in this work.



For EMI shielding, conducting fillers in the form of nanocomposites are highly suitable due to ease of processing at relatively low costs with the benefit of various mechanical and functional properties of polymers. Polymer nanocomposites with carbon-based fillers have been extensively investigated in various works [23,24,25,26,27] with results showing their performance to be dependent on the type of matrix and filler [28,29], structural morphology and dispersion [26,27], processing method, matrix-filler interaction, etc. The EMI shielding effectiveness (EMI SE) of composite materials depends upon intrinsic conductivity of filler, its aspect ratio [30] and conductivity of the composite [31,32,33,34]. Therefore, primarily, EMI SE is a function of conductivity, but as the filler loading increases, the shielding will depend on the thickness of the specimen too, due to increased layering because of higher loading [30,35]. However, beyond percolation thresholds, the EMI shielding effectiveness also rises rapidly with the increase in electrical conductivity. However, the primary mechanism in such case is reflection due to interaction of incident radiation with the free electrons on the shield surface while absorption is the secondary mechanism. Therefore, the EMI SE can be tailored by varying the filler concentrations and their dispersion throughout the media. However, the medium of shielding effectiveness (absorption or reflection) may indeed vary accordingly.



In this study, a relatively novel chemical reduction method that uses hydrohalic acids for removal of oxygen-containing groups from GO, has been developed to tune the electrical conductivity of GO. Factorial design of experiments based on the Taguchi method was used to identify the key processing parameters and their synergistic effects, affecting the electrical property of the GO films. The post-reduction characterization of GO was performed using X-ray diffractometry, Fourier transfer infrared imaging and scanning electron microscopy.




2. Materials and Methods


Graphite flakes obtained from Sigma-Aldrich (Auckland, New Zealand) were powdered to particle size of 30 µm. 95–97% Sulfuric Acid (H2SO4) from Merck Group (Darmstadt, Germany) Potassium Permanganate (KMnO4) from Ajax Chemicals, Australia, Sodium Nitrate NaNO3, 30% Hydrogen Peroxide (H2O2), 95% Hydrochloric acid (HCl), 48% Hydrobromic Acid (HBr) and 66% Hydroiodic acid (HI) from Ajax Finechem Inc. (Auckland, New Zealand) were used as-received. N,N-dimethylformamide (DMF, Anhydrous, 99.8%) and tetrahydrofuran (THF) were bought from Sigma-Aldrich and ECP Ltd. (Romil, Cambridge, UK), respectively, and the polymer matrix PMMA was bought from Chi Mei Corporation (Tainan, Taiwan).



Wide angle X-ray scattering (WAXS) technique was used to evaluate the crystallinity and inter-layer distance between adjacent layers of the multi-layered material. Fourier transfer infrared spectroscopy, FT-IR (Nicolet 8700, ATR-FTIR, Waltham, Massachusetts, USA), was used to confirm the presence/absence of oxygen-containing groups in GO after oxidization of graphite and partial reduction of GO, respectively. Scanning electron microscope, SEM (Philips XL30S FEG with Gatan Alto Cryo-trans System, Auckland, New Zealand), was used to visualize the GO sheets and nanofibers after platinum sputtering. The four-probe method developed in-house was used to measure the electrical conductivity of the GO sheets.



2.1. Graphene Oxide


Graphene oxide was synthesized using modified Hummers’ method [29] and the details of the method can be found in the reference as listed, and pictures at various stages of chemical processing is shown in Figure 1. To achieve exfoliation, the GO obtained from the above process was dispersed in water and subjected ultrasonication. Thin films of sonicated GO dispersions were prepared by casting the mixture on petri dishes followed by drying in the oven at 50 °C, overnight.


Figure 1. Stages of chemical processing of GO (a) Pulverized graphite that was used for reduction (b) GO dispersed in water after synthesis using Hummers’ method (c) GO thin film.
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2.2. X-Ray Diffractometry (XRD)


The X-ray diffraction spectra of graphite powder and GO samples exhibit a sharp peak at 2θ = 11.2° compared to the strong characteristic peak at 2θ = 26.4° for graphite (Figure 2). By using Debey-Sherrer’s equation [30], the inter-layer distance for GO sheets was calculated to be 0.82 nm, which is greater than that (0.34 nm) for graphene layers. This increase in the interlayer distance is attributed to the presence of water (H2O) molecules and various oxygen-containing functional groups as identified by FTIR. This agrees with [36]. These species do facilitate the hydration and exfoliation of the GO sheets. Therefore, the plots in Figure 2 indicate the effectiveness of the modified Hummers’ method in oxidizing the graphite leading to increased inter-layer distance between the graphene layers.


Figure 2. XRD traces for Graphite and GO confirming the synthesis.
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It can be observed that the peak at 2θ = 11.2° exhibits higher intensity for the GO material, indicating a higher amount of water molecules/oxygen functional groups present in the basal plane, thus improving the extent of oxidation and reflecting the influence of increased H2SO4 in the acidic media. In the case of graphite, this peak is appeared with minor intensity, close to the background of the pattern. The small peaks at 2θ = 26.4 degrees for GO sample indicates the presence of unconverted graphite and can be related to the efficiency of the process. The presence of unconverted graphite and the difference in the extent of oxidation were also discerned in the thermal tests in the form of exothermic peaks and varying heat flux for oxidation reactions.



The GO sheets obtained after drying usually exhibit high electrical resistivity but by treating them with hydrohalic acids reducing agents, recovery to an extent is possible. The extent of exfoliation during the reduction of graphite to GO, and the duration of chemical treatment, play a vital role in determining the extent of electrical conductivity restoration. Therefore, an optimum combination of those parameters is paramount to the electrical property restoration.



Investigation of such a complex, multivariable systems and the influence of various parameters on the electrical properties of the reduced GO films individually tend to become tedious, and hence it is difficult to assess the synergistic effects between the parameters. Therefore, partial factorial design of experiments (DoE), accompanied by statistical analysis based on Taguchi method, was used to obtain the best possible combination of these parameters in a minimum number experimental trials.




2.3. Design of Experiments


Three levels of ultrasonication time, reducing agent type and reaction duration were selected (Table 1) to construct an L9 orthogonal array. Their levels and different combinations are listed in Table 2.


Table 1. Factors for Taguchi L9 matrix.





	Factor
	Level 1
	Level 2
	Level 3





	Sonication Time (A)
	1 h
	10 h
	20 h



	Reducing Agent (B)
	Hydrochloric acid
	Hydrobromic Acid
	Hydroiodic Acid



	Reaction Time (C)
	2 h
	24 h
	48 h








Table 2. Experimental values of electrical resistivity for GO samples.





	Standard Order No.
	A
	B
	C
	Resistivity (Ω·cm)





	1
	1
	1
	1
	0.330



	2
	1
	2
	2
	0.560



	3
	1
	3
	3
	0.006



	4
	2
	1
	2
	0.641



	5
	2
	2
	3
	0.076



	6
	2
	3
	1
	0.003



	7
	3
	1
	3
	0.365



	8
	3
	2
	1
	0.347



	9
	3
	3
	2
	0.022









The graphical representation of the effect of individual factors and combination of factors towards the overall electrical resistivity is shown in Figure 3. The contribution of each factor towards the overall resistivity is estimated as the average of all the resistivity values when the factor is set at its particular level, thus minimizing any random errors.


Figure 3. Factor Effect Plot for Taguchi Analysis.
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In Figure 3, the overall average of resistivity from all the trials is represented as a horizontal line with the averages of all the individual factors set at their particular levels plotted on either side of it. The physical size of the line determines the factor’s contribution towards the overall response of the system’s electrical resistivity.



In the factor effects plot the reducing agent type plays a detrimental role in the electrical resistivity (hence increasing the conductivity) of GO. The average resistivity for GO samples treated with hydroiodic acid appear to be in the range of 0.003–0.022 Ω·cm, followed by those treated with hydrobromic acid (0.056–0.347 Ω·cm) and finally with hydrochloric acid (0.33–0.641 Ω·cm).



An increase in ultrasonication time of the GO suspension over 1 h resulted in an increased resistivity, i.e., a decrease in conductivity of the GO. This negative effect for the ultrasonication time can be attributed to the breaking up of GO sheets into smaller fragments/particulates, rather than an increase in inter-layer distance with increased amount of sonication. The SEM images of GO solutions, subjected to ultrasonication for 1 h, 10 h and 20 h, are presented in Figure 4, respectively, which shows a higher degree of fragmentation of GO sheets with increased ultrasonication.


Figure 4. SEM images of GO after ultrasonication for (a) 1 h that shows relatively less wrinkled sheets (b) 10 h, showing wrinkled features; and (c) 20 h where it is fragmented and wrinkly.
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The third factor considered was the reaction time. When the reaction time was increased from 2 h to 48 h, an increase in conductivity was observed. Therefore, an increase in reaction time enhances the overall conductivity of the film. However, the effect is relatively small compared to that of the reducing agent type, because hydroiodic acid produced resistivity as low as 0.003 Ω.cm even at lower reaction times (e.g., at 2 h). Such inferences can be made by evaluating the relevant factor interaction effects, estimated by examining the variation of each factor with respect to their levels.



To understand the synergistic or antagonistic effect of the factors on the overall response of the system, factor interaction plots were used, shown in Figure 5. The size of the lines that are deviating from the average, depict the two factor interaction sonication time and reaction time (AC) to contribute more towards the overall conductivity compared to the other factor interactions (sonication time and reducing agent type (AB), reducing agent type and reaction time (BC) and sonication time and reducing agent type and reaction time (ABC)).


Figure 5. Synergistic and antagonistic interaction effect plots of factors (a) Sonication Time (A) and Reaction Time (C) (b) Reducing Agent (B) and Reaction Time (C) and (c) Sonication Time (A) and Reducing Agent (B).
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In Figure 5a, the interaction graph for AC displays a drift in the average response values as the ultrasonication time increases from 1 h to 20 h. For the reaction time at its lowest level, i.e., 2 h, the resistivity value drops from 0.33 Ω·cm to 0.003 Ω·cm when the sonication time is changed from 1 h to 10 h, and then it increases to 0.347 Ω·cm with an increase in the sonication time to 20 h. For the reducing time of 24 h, the change in the sonication time from level 1 to 3 (from 1 h to 20 h) results in an antagonistic effect (an increase in resistivity from 0.056 Ω·cm to 0.641 Ω·cm), when the sonication time changes from level 1 to 2, a sudden decrease to 0.022 Ω·cm is observed. For reducing duration of 48 h, the response behavior is similar to that of 2 h with the resistivity value showing an increasing trend, from 0.006 Ω·cm to 0.076 Ω·cm and then to 0.365 Ω·cm, with successive raise in the sonication level.



The interaction graph in Figure 5b shows a change in resistivity with increase in reaction time for each of the reducing agents used (HCl, HBr and HI), with drastic decline in resistivity values observed with HI (from 0.641 Ω·cm to 0.056 Ω·cm). This indicates that the degree of exfoliation is directly proportional to the duration of sonication. For reaction time at its lowest level (2 h), the average resistivity value increases from 0.33 Ω·cm to 0.641 Ω·cm when the reducing agent is changed from HCl to HI. Therefore, for shorter sonication duration, HCL and HBr provide similar resistivity values and may be preferred over HI. At 48 h sonication, all the reducing agents provide similar exfoliation and hence resistivity values. In Figure 5c, it can be deduced from the antagonistic nature of the interaction effect, the effect of change in the sonication time is most prominent at level 1, but with escalation in the reactivity of the acid used, i.e., at levels 2 and 3 (when using HBr and HI), the effect of sonication becomes less pronounced.





3. Characterization


3.1. Fourier Transfer Infrared Spectroscopy (FTIR)


The spectra obtained by FTIR of graphite and GO samples are shown in Figure 6. A wide band at 3000–3600 cm−1 represents the stretching vibration due to the presence of hydroxyl group (O-H vibration). In the spectrum, the typical peaks indicating the oxygen-containing groups are visible as 1715.5 cm−1 for C=O (carbonyl/carboxyl), 1337.7 cm−1 for carboxylic C-O, 1222.9 cm−1 for epoxy C-O and 1060 cm−1 for alkoxy C-O. The peak at 1621.5 cm−1 corresponding to the in-plane vibrations of aromatic C=C and the skeletal vibrations of the graphene sheets corroborating for the success of oxidation of graphitic domains. The FTIR spectra of GO after treatment with hydrobromic acid (RGO in Figure 6) shows significant decrease of the bands that correspond to C-OH hydroxyl and C=O groups, while the peaks pertaining to epoxy and alkoxy C-O groups have completely disappeared. These FTIR spectra confirm that the GO samples have been significantly de-oxidized and support the hypothesis proposed by Lin et al. [22] that low-temperature reduction processes result in decomposition of carboxylic and carbonyl groups leading to less functional groups in the RGO sample. Though, some residual oxygen-containing species remain in the material.


Figure 6. FTIR spectra for Graphite, GO and Reduced GO confirming the reduction process using hydrobromic acid.
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3.2. Electromagnetic Shielding


Electromagnetic interference shielding is the attenuation of the incident electromagnetic waves in the material and is expressed by the mathematical formula given by [5,13,31,32,33].


[image: ]



(1)




where SE is the shielding effectiveness in decibel (dB), Pt is the power of the transmitted wave and Pi is the power of incident wave. When an electromagnetic wave is incident on a surface, it is absorbed (A), reflected (R) or transmitted (T) and the summation, A + R + T = 1 [13] and the attenuation mainly consists of the three components: Absorption A, Reflection R and Multiple Reflections M [32,33]. Hence, the total EMI SE can be expressed as summation of these three components, i.e., SE = SEa + SEr + SEm.



The effect of multiple reflections is often negligible when SEa >= 10 dB [14,32,34,35] as the intensity of an incident wave inside the material after reflection will depend on (1 − R). Therefore, Effective Absorption inside a shielding material is defined using Equation (2) and the SE component rendered by absorption and reflection phenomena can be determined by using Equations (3) and (4) respectively.
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(2)
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(3)
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(4)







In dynamic fields, the eddy current behaves complexly and it is common practice to develop approximate solutions while modelling shielding enclosures. For thin films, the shielding is dominated by the magnetic field and is governed by the magnetic permeability of the shield. As frequency increases, the shieling mechanism becomes greater due to induced current density that reduces inward from the core, exponentially. The skin depth δ over which the amplitude of incident wave will be effectively reduced is defined by Equation (5) and the SE due to absorption component can be calculated by Equation (6). Therefore, the EMI shielding effectiveness of a composite specimen can be studied as a function of its electrical conductivity which in turn depends on the intrinsic conductivity of the filler, filler morphology and dispersion and the interfacial interaction between the filler and the matrix molecules [5,12,15,36].
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(5)




where σ is the electrical conductivity in S/cm, µ is the magnetic permeability of the material and is equal to 1 for non-magnetic materials and f is the frequency of incident radiation in MHz.
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(6)




where δ is the skin depth for effective shielding in m, K is the constant for the shield material and t is the thickness of the shield in m.



The thickness of any planar shield can be represented in terms of skin depths to indicate the shielding potential of the material. In addition to the absorption over skin depth, significant reduction of the impinging electromagnetic field can occur through reflection from the shield surface. The formula of far-field reflection loss for a plane-wave radiation is given by Equation (7) [19].
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(7)







The maximum value of conductivity attained through chemical reduction of GO sheets was 39,000 S/m. The thickness of the GO films was 0.1 mm and the predicted values of EMI shielding effectiveness for GO thin films are listed in Table 3.


Table 3. EMI SE calculation for reduced GO specimens using hydrobromic acid.





	Sr. No.
	Electrical Conductivity (S/m)
	Frequency (GHz)
	EMI Shielding Effectiveness, dB (SEa)





	1
	39,000
	8
	4.13



	2
	39,000
	9
	4.38



	3
	39,000
	10
	4.62



	4
	39,000
	11
	4.84



	5
	39,000
	12
	5.06











4. Conclusions


In this paper, GO synthesized from graphite using the modified Hummers’ and Offeman methods was characterized using X-ray diffractometry, Fourier transfer infrared imaging and scanning electron microscopy. The XRD results affirmed the increase in inter-layer distance between graphene layers, and FTIR confirmed the presence of oxygen-containing reactive groups in the oxidized graphite samples. The SEM images revealed typical wrinkled and wavy morphology of GO thin sheets at high magnifications.



A simple, hazard-free, and effective low-temperature chemical reduction method was developed with relatively novel use of hydrohalic acids for removal of oxygen-containing groups from GO. A partial factorial DoE along with Taguchi analysis was used to obtain the best possible combination of parameters, i.e., ultrasonication time, reducing agent and reaction time, to improve the electrical conductivity of reduced GO films. The Taguchi analysis of factorial effects revealed that the effectiveness of the reduction process is primarily dependent on the reducing agent used. Immersion of GO thin films in strong hydrohalic acids, such as hydroiodic acid, can effectively reduce GO even when the reaction time and level of sonication are very low. The post-reduction electrical resistivity values for GO thin films, as measured using the four-point probe method, demonstrated a high degree of improvement in conductivity. The drop in resistivity value after chemical reduction was of the order of 10,000 times, and the measured values were in the range of 0.003–0.641 Ω.cm. The electrical resistivity range obtained in this work is among the lowest reported so far. This suggests the vast potential of GO-based nanocomposites in applications pertaining to electronic field, where GO could be tuned to exhibit insulating, semiconducting, or conducting behavior, as per the requirement.
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