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Abstract 

Electrochemical exfoliation of graphite is a method for synthesizing graphene oxide (GO) 

with fewer structural defects than GO synthesized by conventional chemical oxidation. 

Photoreduction of GO has been focused due to their facile procedures, and environmental 

friendliness. In this report, electrochemically-exfoliated graphene oxide (EGO) was 

irradiated by vacuum ultraviolet (VUV) light at 140 ̊ C under a high vacuum environment, 

named as thermal-assisted VUV light treatment. Conductive atomic force microscopy 

was used to investigate the electrical characteristics of individual sheets on the nanometer 

scale. The electrical conductivity of the treated sheet (1.4×105 S m-1) was higher than the 

pristine EGO by an order of magnitude. The chemical and structural analysis showed that 

the EGO was reduced and their π-conjugated domains were restored through a hybrid of 

photochemical and thermal treatment. These results indicate that our hybrid approach has 

the potential for reducing the EGO. 

  



1. Introduction 

Graphene, a two-dimensional single layer of covalently bonded carbon atoms with sp2 

hybridization arranged in a hexagonal lattice, is currently attracting attention in several 

applications due to its various interesting properties such as low friction[1], high electrical 

conductivity[2], mechanical strength[3], thermal conductivity[4]. Several methods for the 

synthesis of graphene have been developed, for instance, mechanical exfoliation[2], 

chemical vapor deposition (CVD)[5,6], epitaxial growth[7,8], and reduction of graphene 

oxide (GO)[9]. GO sheets consist of a graphitic carbon network bearing various types of 

oxygen-containing defects (hydroxyl, epoxide, carboxylic, and carbonyl)[10,11]. High-

quality monolayer graphene can be produced by CVD or epitaxial growth[5]. In contrast, 

the reduction of GO is a low-cost method to create graphene-like materials, due to the 

easy bulk quantity production of GO. Reduced GO (rGO) with enhanced electrical 

conductivity can be utilized for further applications, such as sensors, flexible electronic 

devices, Li-ion batteries, and so on[12]. 

Currently, chemical and thermal reduction processes are frequently used in the reduction 

of GO [10,13–15]. However, hydrazine, a toxic reductant, is generally used in chemical 

reduction procedures[10], leading to environmental concerns. The high-temperature 

treatment for reducing GO is unsuitable for flexible electronics and also for some 

semiconductor processes, due to their thermal stability. On the other hand, photochemical 

reduction is a newly developed treatment to reduce GO[16–18]. According to the previous 

report, photon energy over 3.2 eV is needed during photochemical reduction and higher 

photon energy leads to the higher efficiency of reduction[16]. Our group also reported 

that GO chemically fabricated by modified Hummers’ method (CGO) can be reduced by 

172 nm vacuum ultraviolet (VUV) light irradiation in high vacuum (<10-3 Pa) at room 



temperature, as revealed by X-ray photoelectron spectroscopy (XPS)[19,20]. As 172 nm 

VUV light can transmit a commercially available quartz photomask, it is suitable for a 

light source of photo-patterning processes[21,22]. Photoreduction can draw conductive 

rGO patterns on GO sheets[23]. However, the electrical conductivity of the VUV-reduced 

GO measured by conductive atomic force microscopy (C-AFM) was approximately 0.2 

S m-1, which was much less than other rGO treated with other processes. It is necessary 

to develop an additional approach to improve the VUV photoreduction effect. By the 

observation of micro-Raman spectroscopy (µRS), it is clear that heating CGO at 140 ˚C 

changed the structure[24]. We will propose the reduction process of GO combining VUV 

light irradiation with heating at 140 ˚C, named as thermal-assisted VUV light treatment. 

Recently, the exfoliation of graphite by anodization has been focused on as a novel 

synthesizing process of GO because of its environmental friendliness and potentially low 

cost[25–29]. When the positive voltage is applied to graphite in an aqueous electrolyte, 

oxygen functional groups are introduced by the reaction between graphite and ions or 

water molecules. After that, the oxidized graphite is exfoliated and monolayer or 

multilayers flakes of GO are produced by the gas pressure formed by intercalated species 

decomposition. This exfoliation process leads to the fast production of GO (less than 1 

h). Additionally, electrochemically-exfoliated GO (EGO) has a larger size of the 

conjugated π-domains than CGO[30], which is beneficial for the production of high 

conductive rGO.  

In this study, we will propose the combined method of reducing EGO with fewer defects 

than CGO, and demonstrate the relationship between electrical characteristics and 

structure of reduced EGO (rEGO) through C-AFM, XPS, and µRS. The heating at 140 

˚C during VUV irradiation is expected to enhance the recovery of graphene structure by 

repairing the lattice defects, as one combined reduction approach. Also, we use the EGO 



as a precursor material for this thermal-assisted VUV light reduction. C-AFM holds great 

potential for the micro/nano electrical conductivity measurement of rGO[31–33], and we 

focus on the conductivity of individual sheets. The relationship between the π-conjugated 

structure and the electrical conductivity was considered from C-AFM analysis and µRS 

observation. 

 

2. Experimental methods 

2.1. Preparation of EGO  

Electrochemically-exfoliated GO (EGO) was synthesized through the two-step 

electrochemical exfoliation process, concerning Cao’s report[30]. Figure 1(a) shows the 

schematic illustration of electrochemical intercalation and oxidation setup. Galvanostatic 

charging was applied to graphite foil (99.8 %, 0.5 mm thickness, Alfa Aesar) in a two-

electrode cell with concentrated sulfuric acid (97 %, Nacalai Tesque) and a platinum wire 

as an electrolyte and a cathode, respectively. The charging current was maintained at 100 

mA for 20 min. For the next electrochemical step, the charged graphite foil was taken out 

from the first electrolyte, and potentiostatic charging was applied to the foil in a two-

electrode cell with a platinum wire as a cathode and 0.1 M (NH4)2SO4 (99 %, Fujifilm 

Wako Pure Chemical) aqueous solution as the electrolyte. Charging voltage was kept at 

10 V and it took 10 min to complete the exfoliation of graphite flakes. Then exfoliated 

flakes were sonicated for 5 min and centrifuged at 13500 rpm for 10 min. After that, the 

supernatant was removed and N, N-dimethylformamide (DMF) was added. A set of steps 

from sonication to the addition of DMF was repeated 5 times to replace the original 

solvent, which is a mixture of water and (NH4)2SO4, with DMF. The dispersion was 

maintained for 24 h to precipitate and remove any aggregations, as shown in Fig. 1(b). 

 



2.2. Reduction of EGO by thermal-assisted VUV light irradiation  

EGO dispersed in DMF was spin-coated onto the Si substrates. The sample was 

transferred into a highly evacuated chamber (<10−3 Pa). The sample stage in the chamber 

was heated to 140 oC and then the samples were irradiated by VUV light (center 

wavelength of 172 nm, 9.5 mW cm−2, Ushio) at a 10 mm distance from the window to 

the substrate surface, as schematically shown in Fig. 1(c). 

	

2.3. Characterization 

The highly doped p-type Si substrates with a thickness of 90 nm SiO2 were used as the 

substrate for the structural analysis and AFM measurements. The chemical condition and 

structure of each GO and rGO sheet were characterized by micro-Raman spectroscopy 

(µRS, Lucir) and x-ray photoelectron spectroscopy (XPS, ESCA-3400, Shimadzu). In 

XPS measurements, an Mg target was used as an x-ray source, with an accelerating 

voltage and current of 10 kV and 10 mA, respectively. µRS observation was carried out 

using a 532 nm laser as the excitation source. MFP-3D (Oxford Instruments) was used 

for AFM and C-AFM measurements under ambient conditions. We used Rh-coated Si 

cantilevers (SI-DF3-R, spring const. 1.6 N m-1, Hitachi High-Tech) for the simultaneous 

measurement of electrical conductivity with topography in contact mode. Al-backside-

coated Si cantilevers (SI-DF-40, spring const. 35 N m-1, Hitachi High-Tech) were used 

for amplitude modulation AFM topographic imaging. The highly doped p-type Si 

substrates with a thickness of 300 nm SiO2 were used as the substrate for C-AFM 

measurements. During C-AFM measurements, the tip load was kept at 32 nN and a 

constant voltage of -1 V was applied to the cantilever. As shown in Fig. 1(d), Au/Ti film 

was deposited on a part of the GO-coated substrate to connect the sheet with the electrode 

(100 nm Au film with 10 nm Ti adhesion layer). 



 

3. Results and Discussion 

Figure 1(b) shows the solution including EGO in DMF after sonication. The supernatant 

showed a dark brown color and was untransparent. This proposes that monolayer and 

multilayer EGO sheets were dispersed. AFM was used to investigate the topography and 

thickness of EGO sheets before and after VUV light irradiation and/or heating under a 

high vacuum environment. We will use notations for samples after treatments in the 

following parts. “EGO-VUV-140” expresses the EGO sample after VUV light irradiation 

at 140 ℃ in a high vacuum environment. “EGO-VUV-RT” and “EGO-dark-140” mean 

the EGO samples after VUV light irradiation at room temperature, and after heating at 

140 ˚C without VUV light irradiation, respectively. Figure 2(a) shows an AFM image of 

the pristine EGO sheets deposited on the thermally grown SiO2 substrate. The size and 

thickness of the pristine EGO sheets were 2~5 µm and 1.0~1.2 nm, respectively. Some 

regions of the sheets are deposited as a monolayer sheet, and the other areas as multilayer 

with a thickness of over 2 nm because of the bending of a monolayer sheet or the 

overlapping of multiple sheets. On the contrary, thicknesses of EGO-VUV-RT, EGO-

dark-140, and EGO-VUV-140 were all 0.8~1.0 nm (Figs. 2(b-d)). This means that each 

treatment leads to the decrease of the thickness of the EGO monolayer. Monolayer 

graphene has a thickness of 0.35 nm, so thicknesses of the EGO after each treatment were 

still larger than graphene[34]. It is reported that the thickness of CGO decreases by 

photochemical reaction or the thermal process with microwave[35,36]. Our results agreed 

with the literature in terms of declining the thickness. 

XPS analysis gives us information about chemical conditions and oxygen functional 

groups on each sample. Figure 3 shows the XPS C1s spectra of the pristine EGO and 

EGO after each treatment. Here, the spectra were calibrated to the Si 2p peak at 103.5 eV 



derived from the Si-O bond and normalized by the peak intensity at ~284 eV. According 

to the previous report[34], the binding energies of C=C/C-C in the benzene ring, C-O and 

sp3 C-C, C=O in unreduced GO are approximately 284.6, 286.6, 287.9 eV, respectively. 

Based on this, the spectra in Fig. 3 were deconvoluted to 3 peaks, i.e. sp2 graphitic C=C, 

C-O, and C=O. From the peak fitting result, mainly oxygen functional groups included 

in EGO are considered hydroxyl and epoxy. The ratio of oxygen to carbon (RO/C) on EGO, 

which was derived from the areas of each peak component, was estimated to be ~0.40. 

Similarly, RO/C on EGO-VUV-RT, EGO-dark-140, EGO-VUV-140 were calculated as 

~0.27, ~0.35, and ~0.30, respectively. The decrease of RO/C by each treatment indicates 

that either heating at 140 ˚C or VUV light irradiation causes the reduction of EGO. In 

addition, VUV light irradiation for 64 minutes is more effective for the reduction of EGO 

than heating at 140 ˚C. However, RO/C on EGO-VUV-RT was slightly larger than that on 

EGO-VUV-140. Therefore, thermal-assisted VUV light treatment doesn’t lead to the 

additional dissociation of oxygen on EGO. This removal of oxygen functional groups 

leads to the reduced thickness of the sheets, as observed by AFM (Fig. 2). 

Raman spectroscopy can detect the extent of graphitic domains. Figure 4 shows the 532 

nm micro-Raman spectra of the pristine EGO and EGO after each treatment. We will use 

notation I for peak height. For example, I(G) expresses the height of the G peak. 

Additionally, I(D)/I(G), I(D’)/I(G), and I(2D)/I(G) express the height of D, D’, and 2D 

peaks based on that of the G peak, respectively. The spectra shown in Fig. 4 display the 

carbon D, G, D’, and 2D band peaks at ~1350, ~1580, ~1610, and ~2700 cm-1, 

respectively. We observed obvious splitting of the G and the D’ peak in Fig. 4 (b-d). 

I(D)/I(G) of EGO-VUV-RT (~2.4) was larger than that of the pristine EGO (~0.8). Also, 

I(D)/I(G) of EGO-dark-140 (~1.4) was larger than that of pristine EGO but smaller than 

EGO-VUV-RT. According to the previous report[37], when the average distance between 



defects (LD) on highly oriented pyrolytic graphite is less than 5 nm, I(D)/I(G) increases 

and D’ peak appears as LD increases. Therefore, our results indicate that sp2 conjugated 

hexagonal carbon frameworks on EGO were restored by VUV light irradiation or heating 

at 140 ˚C. I(2D)/I(G) of EGO-VUV-RT (~0.5) was larger than that of the pristine EGO 

(~0.2). Moreover, I(2D)/I(G) of EGO-VUV-140 (~1.0) was larger than that of EGO-

VUV-RT. This feature shows the increase of graphitic domains in the sheets[38]. 

I(D)/I(G) of EGO-VUV-140 (~2.1) was slightly smaller than that of EGO-VUV-RT (~2.4). 

Also, I(D’)/I(G) of EGO-VUV-140 (~0.4) was slightly smaller than that of EGO-VUV-

RT (~0.6). When LD is over 4 nm, I(D)/I(G) and I(D’)/I(G) decrease as LD increases[37]. 

Therefore, due to the heating at 140 ˚C during VUV light irradiation, the additional 

restoration of sp2 conjugated domains occurred. Additionally, it is possible that LD of 

EGO-VUV-140 is over 4 nm. This means that the combination of VUV light irradiation 

and heating under a high vacuum effectively reduce EGO sheets. Although there was 

some variability in micro-Raman spectra of each sheet, possibly due to the 

inhomogeneous structure of EGO after each treatment, the restoration of the EGO has 

taken place without supplying the carbon sources during this combined treatment. The 

obtained structural and chemical properties of EGO-VUV-140 can be correlated with 

electrical conductivities. 

The nano-scaled electrical conductivity of EGO-VUV-140 was measured by C-AFM in 

contact mode AFM. We obtained the C-AFM image including the boundary of the EGO-

VUV-140 sheet and the electrode connected to the sheet as shown in Fig. 5(a, b). This 

configuration can detect the electrical characteristics in the in-plane direction of the 

individual sheet. The region of the deposited electrode (100 nm Au film with 10 nm Ti 

adhesion layer) corresponds to the white area in the upper side of Fig. 5(b), and the black 

area in the lower side corresponds to the SiO2 substrate. While thermally grown SiO2 



substrate with a thickness of 300 nm showed insulation, the EGO-VUV-140 monolayer 

sheet connected to the electrode had electrical conductivity to some extent as shown in 

the grey zone of Fig. 5(b). In the sheet, the current decreased as the distance from the 

electrode increased due to the integrated resistivity of the EGO-VUV-140 sheet. The 

inhomogeneous electrical conductivity on the EGO-VUV-140 sheet can reflect domain 

features such as sp2 graphitic domains or sp3 oxidized domains. When the tip is located 

on a carbon hexagonal domain, current flows through a conductive path from the spot of 

the tip to the electrode, leading to a high current signal. At the same time, when the tip is 

on a low conductive domain, the lower current signal is detected. This difference resulted 

in the variation of the measured current in the EGO-VUV-140 sheet and the formation of 

high/low conductive domains. While the high conductive domains may be similar to 

graphene structure, low conductive domains are derived from some defective structures 

of the EGO-VUV-140 sheet. As shown in Figs. 3 and 4, EGO-VUV-140 has defects, that 

is, carbon structure with oxygen functional groups or non-hexagonal bonding. These 

defects were perhaps formed in the process of synthesis of EGO or during VUV light 

irradiation. This should have caused the local existence of low conductive domains, 

leading to the variation of the electrical conductivity. 

Figures 5(c) and 5(d) show the current profile and corresponding resistance profile along 

the red line in Fig. 5(b). The resistance was converted from the current using Ohm’s law. 

The measured current along the line varied linearly except for points of defects so that it 

became smaller as the distance from the electrode increased. Following the previous 

report[39], this means that current detours around defects. Here, we regarded as the 

electrical path, the triangle region on the EGO-VUV-140 sheet formed by the tip, and the 

electrode side connected with the sheet. Therefore, electrical conductivity can be 



calculated by following formulas. At first, the resistance of the micro area shown as the 

trapezoid in Fig. 5(e) is given by 

𝒅𝑹 = 	𝝆
𝒅𝒍

'𝒍𝑳 (𝑾𝐞 −𝑾𝐭) +𝑾𝐭. 𝑻
	, (1) 

where ρ is the resistivity of the EGO-VUV-140 sheet, l is the distance between the 

tip and the trapezoid area, L is the distance between the tip and the electrode, T is the 

thickness of the sheet, We is the connected length of the sheet and the electrode, and 

Wt is the diameter of the area between the tip and the surface of the sheet. Next, 

following the Hertzian contact mechanics model, we calculated Wt to be 2.3 nm from 

the tip contact area. The value of the tip contact area A was calculated as 4.2 nm2 by 

𝑨 =	𝛑4	
𝒓𝐭𝐢𝐩･𝑭𝐥𝐨𝐚𝐝

𝑲 8

𝟐
𝟑

, (2) 

where rtip is the radius of the tip, Fload is the force applied between the sample and the 

tip, and K is the elastic modulus of the sample. Finally, the value of the electrical 

conductivity σ of the sheet was calculated by integrating the Eq. (1), that is 

𝝈 =
𝟏
𝝆
=	
𝑳
𝑹

𝟏
𝑻(𝑾𝐞 −𝑾𝐭)

𝐥𝐧	(
𝑾𝐞

𝑾𝐭
)	. (3) 

The calculated electrical conductivity of the EGO-VUV-140 was about 140000 S m-1 by 

determining the experimental parameters of We as 5.7 µm and T as 0.9 nm. In the previous 

report, the electrical conductivity of pristine EGO was calculated to be 27000 S m-1[39]. 

Through VUV light treatment at 140 ̊ C, the electrical conductivity of EGO was enhanced 

by an order of magnitude, which means that the conductive path increased in the in-plane 

direction on the EGO-VUV-140 sheet. Moreover, the sheet resistance of GO reduced by 

heating in the presence of EtOH was reported to be around 10 kΩ sq-1[40]. As the 

electrical conductivity of the EGO-VUV-140 was converted to around 7.1 kΩ sq-1 in this 

result, this value was the same order as the previous report. 



Considering the results in Figs. 3-5 comprehensively, we will propose the possible 

structural changes of EGO due to VUV light irradiation in high vacuum environments 

with heating at 140 ˚C. Mainly the electrical conductivity of EGO is derived from 

conjugated π-domains, so the restoration of π-domains by VUV light treatment at 140 ˚C 

caused the high electrical conductivity. As Smirnov pointed out, the model of 

photochemical reduction is different from that of thermal reduction[24,41]. In the 

photochemical reduction process, π-domains of significant sizes appear only when the 

mobility of GO nanosheet fragments is possible. On the other hand, in the thermal 

reduction process, remote carbon hexagonal domains are connected. In this study, the 

restoration of sp2 graphitic domains due to the phenomenon similar to these two ways 

may occur simultaneously by VUV light irradiation at 140 ˚C. This hypothesis satisfies 

not only the high electrical conductivity but also the results of XPS and µRS. Due to the 

dissociation of oxygen functional groups and the restoration of sp2 graphitic domains, the 

electrical conductivity of the EGO-VUV-140 was higher than the pristine EGO. 

 

4. Conclusions 

We proposed the combined reduction process to fabricate rEGO with high electrical 

conductivity. C-AFM was used to investigate the electrical characteristics of the EGO-

VUV-140 monolayer sheet on the nanometer scale. The electrical conductivity of the 

EGO-VUV-140 was calculated to be about 140000 S m-1. Larger electrical conductivity 

of the EGO-VUV-140 than that of the pristine EGO in the previous report[39] by an order 

of magnitude was proved. Additionally, µRS observations show that this thermal-assisted 

VUV light treatment changes the structure of the pristine EGO more than only heating or 

VUV light irradiation under the high vacuum condition. Combining C-AFM 

measurements with XPS and µRS analysis, it can be proposed that the dissociation of 



oxygen functional groups and the restoration of sp2 conjugated graphitic domains by 

VUV light irradiation with heating at 140 ˚C leads to the high electrical conductivity of 

the EGO-VUV-140. Our study shows that the combination of VUV light irradiation and 

heating is significantly effective for the reduction of EGO sheets. 
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Figure Captions 

Fig. 1. (a) Schematic illustration of electrochemical exfoliation. (b) The photograph of 

EGO dispersed in DMF after sonication. Schematic illustration of (c) the thermal-

assisted VUV light treatment, and (d) the C-AFM measurement. 

 

Fig. 2. AFM topographical images and corresponding height profiles measured on (a) 

pristine EGO, (b) EGO-VUV-RT, (c) EGO-dark-140, and (d) EGO-VUV-140. Height 

profiles were along the red lines in the corresponding topographical images. 

 

Fig. 3. XPS C 1s spectra of (a) pristine EGO, (b) EGO-VUV-RT, (c) EGO-dark-140, and 

(d) EGO-VUV-140. Peak intensity was normalized by C-C peak at approximately 284 eV. 

 

Fig. 4. Raman spectra of (a, e) pristine EGO, (b, f) EGO-VUV-RT, (c, g) EGO-dark-140, 

and (d, h) EGO-VUV-140. (a-d) high-resolution G and D band regions, and (e-h) whole 

spectra including 2D regions. 

 

Fig. 5. Contact-mode AFM images for the (a) topography and (b) current. (c) The current 

and (d) the resistance profiles along the red line in the current mapping image. (e) 

Schematic illustration of C-AFM measurement for calculating the electrical conductivity 

of the EGO-VUV-140 sheet. 
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