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1 Abstract

2 Reduced graphene oxide (rGO) is widely utilised to develop various types of biosensors; 

3 however, producing self-assembled rGO nanoflake networks through single-droplet drop-

4 casting remains inconsistent. In the present work, we systematically used three different 

5 methods to prepare rGO suspensions in order to produce large scale self-assembled rGO 

6 nanoflake networks through single-droplet drop-casting. The rGO suspensions were prepared 

7 using only deionised water with no added any chemicals/organic solvents, which we considered 

8 to be a low-cost method. Subsequently, the most effective preparation method was used to 

9 deposit rGO nanoflakes onto commercial gold interdigitated microelectrodes (Au-IDE) to 

10 examine their electrical performance. Assessment of the yields, developed methods, surface 

11 morphologies, spectroscopy and structural analyses of the as-prepared rGO nanoflakes were 

12 conducted. The results revealed that method-3 (involving sonication, centrifugation and post-

13 sonication) produced large self-assembled rGO nanoflake networks with strong adhesion to 

14 glass substrates. Furthermore, the as-prepared rGO/Au-IDE modified sensors showed excellent 

15 electron mobility where the electrical conductivity was enhanced approximately ~1000 fold 

16 compared to the bare devices. The present work provided new insights for depositing large 

17 self-assembled interconnected rGO nanoflake networks through single-droplet drop-casting 

18 which will be beneficial for biosensor development and other downstream applications. 

19
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29 1. Introduction

30 Two-dimensional (2D) nanomaterial is usually referred to as graphene, because of its 

31 uniqueness and far-fetched electrical, mechanical, thermal and optical properties [1]. Graphene 

32 is a flat mono-layer of atomic thickness in which carbon atoms are tightly arranged in a 

33 honeycomb lattice structure [2]. Graphene-based materials (graphene oxide (GO) and reduced 

34 graphene oxide (rGO)) have distinct characteristic values within their properties that make 

35 them very attractive as functional nanomaterials for a diverse range of applications [3,4,5]. 

36 Among the applications, the most common to date are biosensors, energy storage devices 

37 (batteries and supercapacitors), and electronic devices (transistors), used for microwave 

38 absorption and as nanocomposite materials for various purposes [6,7,8]. Recently, Shetti et al. 

39 developed a novel biosensor, based on graphene oxide and nanoclay, as a nanocomposite for 

40 the recognition of the Theophylline drug which is used to treat respiratory-related ailments [9]. 

41 However, final-products based on graphene-based materials for consumer-markets, either as 

42 biosensors or energy storage devices, are still very rare. This is due to the production of 

43 graphene nanosheets suffering from low yield in terms of quantity and quality [10]. Currently, 

44 very common methods of producing graphene nanosheets are via micromechanical cleavage, 

45 chemical vapor deposition, the unzipping of carbon nanotubes and epitaxial growth [11,12]. 

46 However, these methods are unattractive for mass production due to time consuming, tedious 

47 procedures that, require high-end equipment, are expensive and produce low yields [13]. These 

48 methods are generally used to produce graphene nanosheets for proof-of-concept of their 

49 properties, rather than for large-scale production. Nevertheless, chemical routes have paved the 

50 way for the more effective scalable production of synthesised graphene-based materials 

51 compared to the other aforementioned methods. Recently, a green approach for sustainable 

52 environment, which synthesised graphene-based materials, was considered for eliminating the 

53 use of hazardous chemicals such as hydrazine [14]. Despite the chemical route being promising 

54 for scalable production, the transfer of desirable sizes of graphene nanosheets and its 

55 homogenous deposition onto devices/substrates are crucial but challenging tasks. There is a 

56 great need for research concerning solutions for the homogenous deposition of graphene-based 

57 nanomaterials, particularly in the micro- or nano-regions or within devices. 

58 To date, the deposition methods for graphene-based materials have been based on spray 

59 coating [15], spin coating [16], drop-casting [17], dip-coating [18] and electrodeposition [19] 

60 which involve deposition onto various electrodes/substrates for numerous applications. Of 

61 these methods, the drop-casting technique has been widely used in electrochemical 



62 sensor/biosensor development, because it offers many advantages, such as facility and the 

63 elimination of the need for expensive apparatus, making it a cost-effective technique [20,21]. 

64 The drop-casting technique enables the deposition of graphene-based materials in very small 

65 volumes usually in microliters on microelectrodes’ surfaces; for examples, Ozma et al. 

66 demonstrated that the drop-casting technique could be successfully implemented to develop a 

67 biosensor, using zinc oxide and reduced graphene with Prussian blue for the sensitive detection 

68 of Rutin [22]. Meanwhile, Manasa et al. developed an electrochemical sensor, based on a 

69 nanocomposite of zinc oxide, reduced graphene oxide and cetyltrimethylammonium bromide 

70 which was deposited through the drop-casting technique. They reported that the developed 

71 sensor displayed ultrasensitive detection of Bisphenol , with a detection limit of 0.06 μM [23]. 

72 Nevertheless, the technique still suffered on attaining a homogenous coating, due to the random 

73 dispersion of graphene-based materials in liquid media. 

74 This article reports a new and facile method of homogenously depositing large self-

75 assembled rGO nanoflake networks onto glass substrates through single-droplet drop-casting. 

76 The self-assembled rGO nanoflake networks were achieved through existing nanomaterial 

77 synthesising processes comprising sonication and centrifugation, using no high-tech 

78 equipment. Three different preparation methods were systematically employed, using 

79 sonication and centrifugation techniques, to assess their competence in delivering homogenous 

80 deposition. The rGO suspensions were prepared using only deionised water (DIW), which is a 

81 low-cost technique that eliminates the use of chemicals and organic solvents. The yields of the 

82 rGO nanoflakes from the three methods, the deposition uniformity, the structural information 

83 and the morphological study are presented in this article. The most effective resulting 

84 preparation method was used to deposit the rGO nanoflakes onto Au-IDE devices to investigate 

85 their electrical performance. Two electrical measurement techniques such as electrochemical 

86 impedance spectroscopy (EIS) and I-V characterisation were used to characterise the as-

87 prepared rGO/Au-IDE modified sensors.

88

89 2. Experimental Section 

90 2.1 Materials and characterization techniques

91 The rGO powder was purchased from Graphitene Ltd, UK. Deionised water (DIW) was 

92 prepared using a laboratory water purification system (Sastec). Commercial gold interdigitated 

93 microelectrodes (Au-IDE) made on glass substrates were purchased from Metrohm Dropsens. 

94 The devices had dimensions of 7.6 mm x 22.8 mm (width x length). The Au-IDE had a gap 



95 size of 5 µm, with a total of 500 fingers and an electrode length of 6760 µm. Titanium provided 

96 an adhesive layer between the gold and the glass substrates.

97 Ultraviolet-visible (UV-Vis) spectroscopy data was collected using a Lamdha 35 

98 spectrophotometer (PerkinElmer, USA) to confirm the reduction of the purchased rGO powder. 

99 X-ray diffraction (XRD) was further used to assess this reduction and the associated structural 

100 information. The scan was recorded at Braggs angles of 5 - 80  in continuous fast mode, with °  °

101 a scanning rate of 0.02 degrees/second, using a Bruker D2 Phaser (Bruker Corporation, USA) 

102 operated at 30 kV and 10 mA with a Cu-Kα radiation wavelength of 1.54184 Å. Raman spectra 

103 were recorded using a Raman alpha300 R spectrometer (WITec GmbH, Germany) at a laser 

104 excitation wavelength of 532 nm. To visualise the deposition of rGO nanoflakes onto the glass 

105 substrates, optical images were collected using an Eclipse L300ND high powered microscope 

106 (HPM; Nikon Corporation, Japan) with a magnification of 5X, 10X, 20X and 50X. An SPA400 

107 atomic force microscope (AFM; Seiko Instruments Inc., Japan) was used to analyse the surface 

108 morphologies and topographic heights of the rGO nanoflakes. The AFM measurements were 

109 performed using a tapping mode system. A Jeol JSM-6010LV scanning electron microscope 

110 (SEM; Jeol Ltd., Japan) was used to visualise the nanoflake morphologies and the SEM was 

111 operated at an operating voltage of 10 kV. Electrochemical impedance spectroscopy (EIS) 

112 measurements were performed using a Novocontrol alpha high-frequency analyser 

113 (Novocontrol Technologies GmbH, Germany). Meanwhile, current–voltage (I-V) 

114 measurements were performed using a PGSTAT204 potentiostat (Metrohm Autolab BV, 

115 Netherlands). All measurements were conducted at room temperature.

116

117 2.2 rGO preparation methods and optimisation 

118 Two facile nanomaterial processing techniques such as sonication and centrifugation 

119 were systematically utilised to develop the three different preparation methods (see Figure 1). 

120 Briefly, in the first method, only ultrasonication was used and, in the second method, a 

121 combination of ultrasonication and centrifugation was used. In the third method, a post-

122 sonication step was added to the second method. We named the preparation methods M1, M2 

123 and M3 respectively, to simplify the discussion and elaboration in this paper. Detailed 

124 explanations of the rGO suspension preparation steps for M1, M2 and M3 are described below. 

125 Microscope glass slides were used to deposit the rGO suspensions. Prior to the deposition, the 

126 glass slides were cleaned with ethanol to remove undesirable organic or inorganic residues. 

127 The cleaning process was carried out by immersing the glass slides in ethanol container placed 



128 in ultrasonic bath cleaner for 5 minutes and followed by rinsing 3 to 5 times with DIW. The 

129 remaining liquid was blow dried. 

130

131 2.2.1 Method-1 (M1)

132 In a typical procedure, 10 mg of rGO powder was suspended in 10 mL of DIW with a 

133 concentration of 1 mg/mL, considered to be the initial concentration. This initial concentration 

134 was chosen based on concentrations that were used in recent studies [24,25]. The exfoliation 

135 process was then carried out by sonicating the suspension for 30 minutes in a 40 kHz ultrasonic 

136 bath cleaner. Thereafter, 10 μL of the as-prepared rGO suspension was immediately drop-cast 

137 onto a glass slide and followed by mild (50 ˚C) heat treatment to promote adhesion to the glass 

138 slide. After the droplet was completely dry, the glass slide was again rinsed 3-4 times with 

139 DIW to remove any unbound rGO, followed by drying in a convection oven at 50 ˚C until the 

140 glass slide was completely dry. The as-deposited rGO sample was then used for the 

141 characterisation. 

142

143 2.2.2 Method-2 (M2)

144 A new rGO suspension with a concentration of 0.5 mg/mL was prepared in DIW and 

145 followed by ultrasonication for 1 hour. The rGO suspension was then centrifuged at 4000 rpm 

146 for 20 minutes. Next, the centrifuged suspension was carefully transferred to a vial, using a 

147 micropipette to avoid any intakes of large particles. Thereafter, 10 μL of the rGO suspension 

148 was immediately drop-cast onto a glass slide and followed by mild (50 ˚C) heat treatment. 

149 After the droplet dried completely, the glass slide was rinsed 3-4 times with DIW to remove 

150 any unbound rGO and followed by drying in a convection oven at 50 ˚C until the glass was 

151 completely dry. The as-deposited rGO sample was then used for the characterization. 

152

153 2.2.3 Method-3 (M3)

154 The resulting rGO suspension that was prepared in M2 was further used in this method. 

155 Post-sonication was performed on the rGO suspension for 20 minutes, then 10 μL of the rGO 

156 suspension was immediately drop-cast onto a glass slide, and followed by mild (50 ˚C) heat 

157 treatment. After the droplet dried completely, the glass slide was rinsed 3-4 times with DIW to 

158 remove any unbound rGO nanoflakes and followed by drying in a convection oven at 50 ˚C 



159 until the glass was completely dry. The as-deposited rGO sample was then used for the 

160 characterisation.

161

162 2.3 Electrochemical Impedance Spectroscopy and I-V measurements

163 Commercial Au-IDE with glass substrates were used to characterise the impedance and 

164 I-V characteristics. 35 µL of rGO suspension, prepared using M3, was drop-cast onto the Au-

165 IDE devices and dried in a convection oven for 20 minutes at 50 °C to promote adhesion. The 

166 sensor was then rinsed 3-4 times with DIW to remove any unbound rGO nanoflakes. 

167 Thereafter, 50 µL of 10 mM PBS (pH 7.4), containing a mixture of 2 mM potassium 

168 hexacyanoferrate (III) and potassium hexacyanoferrate (II), K3[Fe(CN)6]/K4[Fe(CN)6], was 

169 used as a redox probe and drop-cast onto the as-prepared rGO/Au-IDE modified sensors to 

170 characterise the impedance spectra. The EIS results were obtained by sweeping frequencies at 

171 a range of 0.1-100KHz at a 25 mV (VRMS) amplitude of AC voltage. The Impedance spectra 

172 were observed for the real and imaginary parts of impedance, Z’ and Z”, respectively. 

173 Subsequently, I-V measurements were performed for a range of DC potentials from −2 to 2 V 

174 without any redox probes. All the measurements were carried out at room temperature.

175

176 Figure 1: Illustration of three different preparation methods of rGO suspension. The three 

177 methods are denoted as M1, M2 and M3, respectively; shown with the related applications.

178

179

180



181 3. Results and Discussion

182 3.1 The yields of rGO nanoflakes in the DIW

183 The rGO suspensions were prepared using DIW and the yields of the rGO nanoflakes 

184 were assessed. The rGO displayed good dispersion behaviour in water, due to it containing 

185 functional oxygen groups and it also showed a stable dispersion, because of the electrostatic 

186 repulsion of negatively charged rGO sheets [26]. The use of DIW is considered to be a low-

187 cost dispersion method compared to the use of chemical-based solvents, such as N-Methyl-2-

188 Pyrrolidone (NMP). The deposition of rGO prepared in NMP requires a longer drying time 

189 especially when drying at a low temperature (50°C), because it has a high boiling point (202 

190 °C). In addition, the use of DIW minimises any adulteration of the rGO nanoflakes.

191 Figure 2(a) shows the HPM results for the as-deposited rGO, deposited onto glass slide 

192 through single-droplet drop-casting for concentrations of 1 mg/mL, at magnifications of (i) 5X 

193 and (ii) 50X, respectively. The rGO nanoflakes were identified by a bright (white) flakes, which 

194 could be clearly seen at 50X magnification. The bright white flakes obviously indicated the 

195 production of multi-layers of rGO nanosheets, while a dull-flakes indicated the few layers. A 

196 previous study, suggested that such an observation results from the light reflection of an optical 

197 microscope when the thickness of rGO sheets varies [27]. Recently, a similar morphology was 

198 reported, but the deposition was carried out using multiple-droplet drop-casting [28]. The 

199 production of rGO nanoflakes for a concentration of 1 mg/mL showed a minimal number of 

200 white nanoflakes around the deposition region, which was largely covered by coarse black 

201 spots (see Figure 2 a(i)). The presence of coarse black spots indicated that the exfoliation 

202 process was incomplete; thus, a longer sonication duration (> 30 minutes) is recommended for 

203 exfoliating such a high (1 mg/mL) concentration of rGO in DIW.

204 In order to maximise the yields of rGO nanoflakes and minimise the coarse black spots, 

205 three new sets of rGO suspensions were prepared by reducing the concentration levels 

206 gradually. The three new sets of rGO suspensions had concentrations of 0.5-, 0.2-, 0.1-mg/mL, 

207 which were 2, 5, and 10 times lower than the initial concentration of 1 mg/mL, respectively. 

208 The sonication duration for the three sets was increased to 1 hour compared to the initial 

209 sonication duration of 30 minutes for improved evaluation. Figures 2(b), 2(c) and 2(d) shows 

210 the as-deposited rGO for concentrations of 0.5- 0.2- and 0.1-mg/mL, respectively, at 

211 magnifications of (i) 5X and (ii) 50X. As expected, the presence of coarse black spots was 

212 significantly reduced for the three concentrations when compared to the initial concentration 

213 of 1 mg/mL. Moreover, large numbers of rGO (white) nanoflakes were observed for a 



214 concentration of 0.5 mg/mL (see Figures 2b(i) and 2b(ii)), but only a few nanoflakes were 

215 observed for concentrations of 0.2- and 0.1-mg/mL (see Figures 2c(ii) and 2d(ii), respectively). 

216 Clearly, the incremental increase in the sonication duration contributed to improved 

217 exfoliation, resulting in larger yields for a concentration of 0.5 mg/mL. However, only very 

218 small numbers of nanoflakes were observed for concentrations of 0.2- and 0.1-mg/mL due to 

219 concentrations being very low. The micropipette aspirating only very small numbers of 

220 nanoflakes explained the lower coverage in the deposition region for both concentrations (0.2- 

221 and 0.1-mg/mL) deposited through the single-droplet drop-casting technique. In summary, a 

222 concentration of 0.5 mg/mL and the sonication duration of 1 hour were considered to be the 

223 optimum parameters for producing large numbers of rGO nanoflakes in DIW. 

224

225 Figure 2: HPM images of (white) rGO nanoflakes deposited through single-droplet drop-

226 casting onto glass slides for the various concentrations. Images (a), (b), (c) and (d) show rGO 

227 with concentrations of 1-, 0.5-, 0.2- and 0.1-mg/mL, respectively, at magnifications of (i) 5X 

228 and (ii) 50X. The sonication duration for (a) was 30 minutes and, for (b), (c) and (d) was 1 

229 hour.

230

231 3.2 Assessment on the developed methods and repeatability test

232 A large yield of rGO nanoflakes was observed for a concentration of 0.5 mg/mL; thus, 

233 this concentration was further used to study the deposition uniformity. Three different 

234 preparation methods were systematically employed to prepare the rGO suspensions, 

235 representing the methods M1, M2 and M3, respectively. The as-prepared rGO suspensions 

236 from each method were immediately deposited onto glass substrates through a single-droplet 

237 drop-casting approach. Briefly, in M1, only ultrasonication was used to prepare the rGO 



238 suspension. In M2, ultrasonication followed by centrifugation to prepare the suspension and in 

239 M3, a post-sonication was applied to the suspension resulting from M2. In fact, each method 

240 was employed in an effort to obtain a large uniform network of self-assembled rGO nanoflakes 

241 through the single-droplet drop-casting technique.

242 Figures 3 (A), (B) and (C) present the digital images of the rGO suspensions prepared 

243 using M1, M2 and M3, respectively. Figures 3 (a), (c) and (e) show the digital images of the 

244 as-deposited rGO, prepared using M1, M2 and M, respectively, deposited through single-

245 droplet drop-casting technique. The rGO suspension prepared using M1 showed darker 

246 dispersion than the suspensions from M2 and M3, because larger and coarser particles existed 

247 in the M1 suspension which explains the rGO was not completely exfoliated. The digital image 

248 in Figure 3 (a), clearly shows the darker deposition from the M1 suspension compared to the 

249 deposition from the M2 and M3 suspensions, (Figures 3 (c) and (e)), respectively. The 

250 depositions from the M2 and M3 suspensions were very smooth, thin and light-coloured, 

251 because the centrifugation significantly isolated the coarse particles. Figures 3 (b), (d) and (f) 

252 show the HPM results for the depositions from the M1, M2 and M3 suspensions, respectively, 

253 and (i), (ii) and (iii) show magnifications of 10X, 20X and 50X, respectively. Large numbers 

254 of rGO nanoflakes, together with black spots and some empty spaces (highlighted in blue) were 

255 clearly seen for the M1 deposition (see Figure 3 (b)). The coarse particles were clearly observed 

256 and identified as black spots, explaining the darker deposition. Moreover, the self-assembled 

257 rGO nanoflakes were seen to form a larger clustered network. This network was very tight and 

258 network was firmly attached to the glass surface, because the network was not removed, even 

259 when rinsed 3-4 times with DIW. The deposition from M1 alone produced a very coarse 

260 distribution with a mixture of nanoflakes and black spots. The black spots were completely 

261 removed in M2 and M3 because of the centrifugation (see Figures 3 (d), 3 (f)). The drop-casting 

262 in M2 and M3 produced rGO nanoflakes that exhibited a very smooth, thin appearance and 

263 homogenously covered a certain region within the droplet area. Nevertheless, the deposition 

264 from M2 (see Figure 3 (d)) exhibited a lot of empty spaces compared to the deposition from 

265 M3 (see Figure 3 (f)). Therefore, the post-sonication step in M3 enabled homogenous 

266 deposition through the single-droplet drop-casting technique. Furthermore, the deposition from 

267 M3 was very uniform and large self-assembled rGO nanoflake networks were observed with 

268 very few empty spaces. 

269 The deposition repeatability and homogeneity of the single-droplet drop-casting were 

270 tested for M2 and M3 with an extra two droplets drop-cast onto the glass substrates (see Figures 



271 3 (c) and 3 (e)). We found a similar pattern of deposition coverage, and which remained 

272 consistent for every drop-cast. 

273

274 Figure 3: Digital and HPM images. (A), (B) and (C) show digital images of the rGO 

275 suspensions prepared using M1, M2 and M3, respectively. Meanwhile (a), (c) and (e) show 

276 digital images of the as-deposited rGO prepared using M1, M2 and M3, respectively and 

277 deposited through single-droplet drop-casting onto glass slides. Images (b), (d) and (f) show 

278 the HPM results for the depositions from M1, M2 and M3, respectively and (i), (ii), and (iii) 

279 show the depositions at magnifications of 10X, 20X and 50X, respectively.

280

281 3.3 Surface morphology analyses of the white-nanoflakes 

282 The morphology of the as-deposited rGO nanoflakes resulting from M3 was further 

283 analysed using atomic force microscope imaging. Figures 4 (a) and (b) show the topographic 

284 heights of the rGO nanoflakes and their 3D images under the AFM. The images clearly revealed 

285 that the nanoflakes exhibited a random thickness, ranging from ~1.1 nm to nearly 100 nm with 

286 densely clustered networks (see Figures S1 and S2). However, most of the rGO nanoflakes 

287 were below 10 nm, with a lateral dimension of more than 1 µm. The AFM images confirmed 

288 the HPM results, with the dull nanoflakes being very thin compared to the bright nanoflakes, 

289 confirming the production of few and multiple layers of rGO nanoflakes, respectively (see 



290 Figure 4 (a)). Moreover, the morphology of the rGO nanoflakes was wrinkled, invariably 

291 crumpled and having a wave-like structure, as well as forming a large network. Such an 

292 imbalanced morphology was due to the unevenness of graphite oxidation and the exfoliation 

293 process [27]. Furthermore, the SEM image clearly displayed such attributes and further 

294 revealed that the deposition largely and homogenously engulfed the droplet region as seen in 

295 Figure 4 (c) (see Figure S3 at different magnifications). It is worth mentioning that the choice 

296 of SEM operating voltage played an important role in capturing a good quality image, because 

297 the type of substrates used determined the clarity of the image captured. Hence, a low operating 

298 voltage is recommended for non-conductive substrates when working with rGO nanoflakes.

299

300 Figure 4: AFM images of rGO nanoflakes, with (a) and (b) showing the topographic heights of 

301 the nanoflakes and their 3D images, respectively; (c) shows a SEM image of the rGO 

302 nanoflakes. 

303

304 3.4 Validation on the rGO and structural analysis

305 3.4.1 UV-Vis Spectroscopy. 

306 UV-Vis spectroscopy was used to characterise the reduction peaks of the rGO. The maximum 

307 absorption peak of the rGO in the DIW was observed at 273 nm, with a broad shoulder (Figure 

308 5 (a)). This observation was similar to the GO reduction reported by Luo et al. [29], where the 

309 maximum absorption peak shifted to a higher wavelength (> 270 nm) when the reduction 

310 process was carried out using a high temperature. In previous studies, the maximum absorption 



311 peak of GO was observed at ranges of 225 nm [14], 228 nm [30] and 230 nm [31] and the 

312 maximum absorption peak of the rGO was normally reported to shift to higher wavelengths 

313 such as 269 nm [32] or 270 nm [33] suggesting that reduction occurred. Such a shifting 

314 phenomenon in UV-Vis absorption is due to the removal of some oxygen-containing groups 

315 and the restoration of pi-conjugated networks. The UV-Vis absorption spectra therefore 

316 confirmed that the material had undergone a reduction process.

317 3.4.2 X-ray Diffraction (XRD) Analysis.

318  XRD was used to further confirm the de-oxygenation and to gather structural information 

319 about the rGO. In this work, the 2 theta angle for the rGO was observed, at 23.3˚ to have a 

320 weaker and broader diffraction pattern (see Figure 5 (b)), which was in line with previous 

321 studies, thus confirming the reduction process [34,35]. The weaker and broader diffraction 

322 pattern described the deterioration in the rGO crystalline structure [36]. Generally, a sharp 

323 diffraction peak for pristine graphite is observed at angles of 26˚ to 26.5˚ [30,34] and such 2 

324 theta angles reveal that the pristine graphite exhibits a highly organized hexagonal structure 

325 with an interlayer distance (d-spacing) of 3.36 Å. However, when the diffraction angle is < 26˚, 

326 it is easy to notice that the material had gone through an oxidation process. Furthermore, highly 

327 oxidized GO has diffraction peaks at very low angles, usually in the range of 9˚-10˚ [37,38,27]. 

328 Clearly, this comparative study showed that the reduction process can be determined by 

329 observing x-ray diffraction peak angles between 9˚ and 26˚. A high diffraction angle, such as 

330 23.3˚ or close to 26˚ indicates that large numbers of oxygen-containing groups have been 

331 removed while a sharp peak show that the material retains its highly crystalline structure.

332 3.4.3 Raman Characterisation. 

333 Raman characterisation spectroscopy was performed to analyse the structural and electronic 

334 features of the rGO nanoflakes. Two distinctive spectra of graphene were represented by the 

335 D- and G-peaks at wavenumbers of 1350 cm-1 and 1590 cm-1, respectively [39]. Figure 5 (c) 

336 displays the Raman spectra for the rGO with the D-peak at 1357 cm-1 and the G-peak at 1590 

337 cm-1
, further validating the material as rGO. Notably, the D-band indicated the defects in the 

338 hexagonal carbon lattice while the G-band was due to a doubly degenerate zone center in the 

339 E2g mode. The quality of the rGO nanoflakes was estimated by calculating the intensity ratio 

340 of the D- and G- peaks which indicated the degree of disorder of the nanoflakes. The peak 

341 intensity of the G-band was found to be slightly higher than the peak of the D-band, which 



342 indicated the effectiveness of the restoration of hexagonal networks of carbon sp2 atoms with 

343 an intensity ratio (ID/IG) of 0.96 suggesting a lower degree of defectiveness [8].

344

345 Figure 5: (a) shows the UV-Vis absorption spectra of rGO,. scanned at wavelengths from 200 

346 to 700 nm, with the maximum absorption peak at 273 nm;, (b) shows the XRD pattern of rGO, 

347 with the 2 theta peak angle appearing at ~23 degrees and (c) shows the Raman spectra of the 

348 rGO measured at spectral wavenumbers ranging from 500-2250 cm-1.

349

350 3.5 Impedance spectra and reproducibility assessments

351

352 The electrical performance of the self-assembled rGO nanoflake networks was 

353 characterised using commercial Au-IDE. Figures 6A and 6B show the Au-IDE before and after 

354 the deposition with rGO nanoflakes, respectively. The as-deposited rGO nanoflakes were 

355 prepared using M3. The deposition region on the Au-IDE’ surfaces was slightly darker than on 

356 the bare devices, illustrating the distribution of the rGO nanoflakes. To validate the distribution 

357 and deposition of the rGO nanoflakes, the device was further characterised using an HPM and 

358 a 3D profilometer. Figures 6 a(i) and b(i) show the HPM images before and after the deposition 

359 of the rGO nanoflakes, respectively. Meanwhile Figures 6 a(ii) and 6 b(ii) show the 3D images 

360 before and after deposition with the rGO nanoflakes, respectively. The rGO nanoflakes were 

361 observed to be very evenly distributed within the device and firmly attached to the device’s 

362 surface. This was because the nanoflakes were not removed, even after being rinsed 3-4 times 

363 with DIW. 



364

365 Figure 6: Digital images (A) and (B) show the Au-IDE before and after the modification with 

366 rGO nanoflakes, respectively. The HPM images a(i) and b(i) show the bare electrode surface 

367 and the deposition of rGO nanoflakes, respectively. The 3D images a(ii) and b(ii) show the 

368 bare electrode surface and the modification with rGO nanoflakes, respectively.

369 Three devices were utilised to perform the EIS test, with measurements carried out with 

370 and without modification by rGO nanoflakes. The Nyquist plots for the three devices, before 

371 and after the modification with rGO nanoflakes are shown in Figures 7(a) and 7(b), 

372 respectively. The semicircle profile explained that the characteristics of the double layer 

373 capacitance (Cdl) were in parallel with the electron charge transfer resistance (Rct) components 

374 [40]. A Randles equivalent circuit (see Figure 7 a(i) inset) can be used to express Nyquist plots, 

375 with Rs, Rct and Cdl representing the redox probe solution resistances of the 2mM 

376 K3[Fe(CN)6]/K4[Fe(CN)6], the charge transfer resistance and the double layer capacitance, 

377 respectively. The average values of the redox probe solution resistances (Rs) (see Figure 7 a(ii) 

378 inset) and the charge transfer resistance (Rct) for the bare devices were 53 Ω and 226 kΩ, 

379 respectively. The average values were calculated because the volume of the redox probe’ 

380 solution drop-casting may have affected the dissolved ion concentration on the devices’ 

381 surfaces. Furthermore, the slight variation in the semicircle diameter for the real part impedance 

382 (Z’) indicated that the bare devices may not have been completely free of contaminants. 

383 The rGO/Au-IDE modified sensors (see Figure 7 b(i) inset) showed a tremendous 

384 reduction in the impedance spectra (real part, Z’ and imaginary part, Z”), as can been seen in 



385 Figure 7 (b), when compared to the bare devices (Figure 7 (a)). This suggested that the rGO 

386 nanoflakes modified with Au-IDE exhibited excellent electron mobility, with the modification 

387 enhancing the electrical conductivity approximately ~1000 fold compared to the bare devices. 

388 This was because the homogenous deposition of very thin rGO nanoflakes (prepared using M3) 

389 facilitated electron mobility. Such an enhancement is favourable for developing chemical 

390 sensors or biosensors, because a large number of bio-receptors can be immobilised on the rGO 

391 nanoflakes’ surfaces leading to ultrasensitive detection. 

392 The sensor reproducibility tests were conducted using three bare Au-IDE devices and 

393 the rGO nanoflakes deposited from M3 with the same single-droplet drop-casting procedure. 

394 It was noted that the impedances of the real parts (Z’) for the rGO/Au-IDE modified sensors 

395 (at the lowest frequency) were within a range of hundred ohms (~230-330 Ω) with an almost 

396 similar trend (see Figure 7 (b)). However, the small variation in the real parts (Z’) was due to 

397 the possibility that the number of rGO nanoflakes deposited varied slightly from device to 

398 device, caused by the random dispersion of the rGO nanoflakes in DIW.

399

400

401 Figure 7: Electrochemical impedance spectroscopy. The Nyquist plots for the three devices: 

402 (a) bare devices and (b) after modification with rGO nanoflakes, respectively. Inset (a) shows 

403 the Randles equivalent circuit and inset (b) shows the rGO/Au-IDE modified sensors.

404

405 3.6 I-V curve characteristics

406 The I-V curves were further assessed to validate the electrical conductivity of the 

407 rGO/Au-IDE modified sensors. The I-V curves for the three sensors are shown in Figure 8 and 

408 were biased with DC potentials ranging from -2 to 2 V and the inset shows the I-V profile for 

409 the bare device. It was observed that the bare device had an average current conductivity of 8.1 



410 µA. This result suggested that the Au-IDE acted as open circuits when biasing DC potentials 

411 which is a well-known characteristic of capacitor-based electrodes. However, linear ohmic 

412 current conductivity was observed for the rGO/Au-IDE modified sensors with bipolar 

413 electronic transport characteristics. The current conductivities of the rGO modified sensors 

414 were enhanced up to ~1000 fold (reaching mA) compared to the bare devices. The I-V profiles 

415 further revealed that the sensors had no short circuit characteristics confirming that the sensors 

416 operated as resistors in the DC biasing condition.

417

418 Figure 8: I-V curves for the rGO/Au-IDE modified sensors.

419

420 4. Conclusion

421 In this article, a facile approach to obtaining a homogenous self-assembly of rGO 

422 nanoflake networks through single-droplet drop-casting was demonstrated. The rGO 

423 suspensions were prepared using only deionised water, which is considered to be a low-cost 

424 preparation method. A large self-assembly of rGO nanoflake networks was achieved by 

425 employing only existing nanomaterial processing technology (sonication and centrifugation), 

426 with no high-tech equipment. Three different preparation methods were systematically 

427 employed to prepare the final rGO colloidal suspensions. We found that M3 displayed very 

428 good deposition of rGO nanoflakes onto glass substrates, which formed large self-assembled 

429 and clustered networks resulting from post-sonication. Furthermore, M3 also displayed the 

430 ability to produce a very thin layer (~1.1 nm) of rGO nanoflakes with highly interconnected 

431 networks. A concentration of 0.5 mg/mL and a sonication duration of one hour were considered 

432 to be the optimum parameters for producing large numbers of rGO nanoflakes in DIW. 



433 Moreover, the impedance spectra and the I-V characteristics further revealed that the rGO 

434 nanoflakes, modified with Au-IDE sensors, exhibited excellent electron mobility when the 

435 charge transfer resistance declined approximately ~1000 fold compared to the bare device. This 

436 research has provided new insights for homogenously depositing large networks of rGO 

437 nanoflakes, using an inexpensive laboratory tool (a micropipette) and single-droplet drop-

438 casting. Furthermore, the post-sonication technique can be applied to synthesis other 2D 

439 nanomaterials in an effort to develop low-cost bio/chemical sensors. 
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