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Abstract  

Electrochemical exfoliation of graphite is one of the promising method for the 

mass-production of graphene oxide (GO). The analysis of chemical condition, structure, 

and the electrical property of graphene-like materials, which is usually evaluated by X-ray 

photoelectron spectroscopy (XPS) or micro Raman spectroscopy (µRS), is important for 

the practical application. However, the information obtained by these instruments are 

spatially averaged. In this report, electrical property of mono-layer 

electrochemically-exfoliated GO (EGO) sheet was directly measured by conductive atomic 

force microscopy (C-AFM). Although there was little difference between EGO and GO 

synthesized by conventional chemical oxidation routes (CGO) in terms of chemical and 

structural characteristics, the electrical conductivity of EGO was much higher (27000 S 

m-1) than that of CGO which is considered as the insulating material. These results proved 

the significance of C-AFM for unveiling the relationship between the structure and the 

electrical properties of graphene-like materials. 
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1. Introduction  
Graphene is drawing much attention due to its outstanding properties of high electrical 

conductivity1), mechanical strength2), thermal conductivity3), and so on. Many researchers 

have been making efforts not only to reveal its physical and chemical property for several 

application, for example, bio-sensor4), transparent conductors5), supercapacitors6), but also 

to produce it on a large scale cost-effectively. For the synthesis of graphene, there are 

various types of methods such as mechanical exfoliation, chemical vapor deposition 

(CVD)7), epitaxial growth8), and reduction of graphene oxide (GO)9). In the case of CVD or 

epitaxial growth, high quality graphene can be synthesized. However, it is inevitable for 

the graphene synthesized by CVD process or epitaxial growth to transfer to the desired 

substrates10) and it is not suitable for the mass-production of graphene. On the other hand, 

GO can be fabricated by graphite oxidation and, moreover, GO sheets can be dispersed in 

water or some organic solvents owing to epoxide, hydroxyl and carboxyl groups on GO 

sheets11). Hence GO can be directly deposited on the substrate by simple and inexpensive 

solution process and GO reduction is a promising method toward the mass-production of 

graphene commercially. However, the electrical property of reduced GO is inferior to that 

of graphene synthesized by other process because there are many defects on the GO sheets 

formed during the oxidation process, and these defects at the GO sheets can not be repaired 

easily by the reduction process, which deteriorates the performance of reduced GO. 

Recently, new method to synthesize GO has been focused, that is, the exfoliation of 

graphite by anodization. When the positive voltage was applied to graphite in the 

electrolyte of some aqueous solution of sulfates12–15), alkali halide16) or ionic liquid17), ions 

or water molecules were inserted into the graphite layers, and then graphite was exfoliated 

into multi or mono-layer GO sheets by the gas pressure produced by intercalated species 

decomposition. In this process, it takes less than 1 hour for the graphite exfoliation, so GO 

can be synthesized rapidly. Furthermore, there are fewer defects on electrochemically- 

exfoliated GO (EGO) than that synthesized by chemically oxidized process, for example, 

Hummers method because graphite is moderately oxidized without strong oxidant in a 

short reaction time. 

The electrical property of graphene like materials is very important for its practical 

application of electronics. It is often reported that oxygen functional groups or defects on 

the GO sheet degrade its electrical property by the chemical and structural analysis of the 

X-ray photoelectron spectroscopy18) or Raman spectroscopy19) and the sheet resistance of 

stacked GO films. However, by these instruments, the obtained information is spatially 
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averaged and the local electrical property can not be measured directly. Scanning probe 

microscopy proved to be useful for studying local properties. As the micro/nano-scale 

electrical measurement, conductive atomic force microscopy (C-AFM) has been developed 

to evaluate the electrical properties of semiconductor materials20) or carbon nanomaterials 

such as carbon nanotube21,22) and  reduced graphene oxide23)24). In this method, local 

electrical conductivity can be evaluated by mapping the local current with the voltage 

applied AFM cantilever.  

Here, we apply the C-AFM measurement to EGO sheets for the observation of its 

electrical property. Additionally, associated with the analysis by XPS and µRS, the 

relationship between EGO structure and the electrical property is discussed. 

 

2. Experimental methods 
 2.1 Sample preparation 

Electrochemically-exfoliated GO was synthesized with reference to Cao’s report, that 

is two-step electrochemical exfoliation process14). Figure 1(a) shows the schematic image 

of electrochemical apparatus. Galvanostatic charging was applied to graphite foil (99.8%, 

Alfa Aesar, 0.5 mm thickness) in a two-electrode cell with a platinum wire as cathode and 

concentrated H2SO4 (97 %, Nacalai Tesque) as the electrolyte. Charging current was kept 

at 100 mA for 20 min. For the second electrochemical step, the graphite foil was removed 

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

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

Chemical Corp.) aqueous solution as the electrolyte. Charging voltage was kept at 10 V for 

around 10 min to exfoliate completely. Then the exfoliated graphite flakes were sonicated 

for 5 min and centrifuged for 10 min to remove the impurity including (NH4)2SO4. After 

purification, the dispersion was maintained for 24 hours to precipitate and remove any 

aggregations. 

For comparison, we used the chemically oxidized GO (CGO), which was synthesized 

by modified Hummers method reported before25). Briefly, graphite powder (Ito Graphite 

Co., Ltd., Z-100, the average particle size:60 µm) was mixed with NaNO3 (98%, Nacalai 

Tesque), concentrated H2SO4 (97%, Nacalai Tesque) and KMnO4 (99%, Nacalai Tesque) 

for 3 days in the ice bath. Then, 5% H2SO4 was added to the liquid obtained and the 

mixture was stirred for 2 hours. Furthermore, H2O2 (30%, Nacalai Tesque) was added to 

the mixture and stirred for 2 hours. The mixture was purified by exchanging the 

supernatant for ultrapure water after centrifuge.  
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 2.2 Sample characterization 

Both prepared GO sheets were deposited on the highly doped p-type Si substrate with 

300 nm SiO2 by spin-coating for the chemical and structural analysis. The chemical 

condition and the structure of each GO sheet was characterized by X-ray photoelectron 

spectroscopy (XPS, JEOL JPS-9010TRX) and micro Raman spectroscopy (µRS, Lucir). In 

the XPS measurement, a Mg target was applied using an acceleration voltage and current of 

10 kV and 10 mA, respectively. µRS observation was conducted with a 532 nm laser as the 

excitation source. AFM and C-AFM measurement were performed under ambient condition 

using MFP-3D (Oxford Instruments). Rh-coated Si cantilevers (Hitachi High-Tech, 

SI-DF3-R, spring const. 1.6 N m−1) were employed for current mapping in contact mode. 

Al-backside-coated Si cantilevers (Hitachi High-Tech, SI-DF40, spring const. 35 N m−1) 

were used for amplitude modulation (AM) AFM topographic imaging. During C-AFM 

measurement, a force of 35 nN was maintained, and -1 V was applied to the cantilever. For 

an electrode to connect the sheet, Au/Ti film (100 nm Au and 10 nm Ti) was deposited on a 

part of the GO-coated substrate as shown in Fig. 1(b). 

 

3. Results and discussion 
Figure 1(c) and 1(d) show the graphite products after each step of anodization. After 

first step of the anodization (100 mA for 20 min in concentrated H2SO4), the immersed part 

of graphite foil was expanded, which implies that sulfates were intercalated between layers 

of graphite. After the second step of anodization (10 V in 0.1 M (NH4)2SO4), the graphite 

intercalated compounds were peeled into small flakes as shown in Fig. 1(d). Notably, the 

solution after electrochemical exfoliation was transparent. After the second step of the 

electrochemical treatment, the solution with flake-like products was sonicated. Figure 1(e) 

shows the solution after sonication and then kept for 1 days. Unlike just after 

electrochemical processes, the color of supernatant have changed into brown by the 

sonication. This color change suggested the existence of dispersed GO sheets. The EGO 

sheet deposited on the Si substrate was observed by AFM to confirm the number of layer 

and the size of EGO sheet, as shown in Fig. 2(a). The thickness was 1 nm, which means 

that EGO sheet was mono-layer26).  

Several researchers have reported the one-step synthesis of electrochemically- 

exfoliated GO in different conditions13,15,17). In these graphite anodization process, the high 

positive voltage around 10 V is applied in the aqueous solution of sulfate to insert the 
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anions into the graphite layers and to produce gases by water decomposition to oxygen 

simultaneously. In these method, the obtained GO sheets are usually multi-layer because 

graphite is exfoliated before sufficient sulfate intercalation. By the two-step anodization, 

sulfate was adequately inserted into graphite at the first step anodization in concentrated 

sulfuric acid without water decomposition, and these graphite intercalated compounds 

were further anodized in the aqueous solution of ammonium sulfate for the exfoliation. 

Remarkably, the graphite could not be separated into GO sheet immediately after 

anodization, as shown in Fig. 1(d), which means that the role of two-step anodization was 

broadening of the distance and weakening the interaction between each graphite layers, 

and the obtained graphite products were physically exfoliated by sonication. 

The difference of chemical conditions and oxygen functional groups attached with each 

GO sheet was determined by the XPS analysis. Figures 3(a) and (b) show the XPS C 1s 

spectra of CGO and EGO, respectively. The spectra were calibrated to the Si 2p peak at 

103.5 eV derived from Si-O bond. Furthermore, C 1s spectra were deconvoluted to 6 peaks, 

i.e., sp2 C=C at 284.4 eV, sp3 C-C at 285.0 eV, C-OH at 286.2 eV, C-O-C at 286.9 eV, C=O 

at 287.9 eV, and COOH at 289.1 eV following the previous report24). From the peak fitting 

result, the percentage of the chemical moieties (Pi) and the ratio of oxygen to carbon (RO/C) 

on GO sheets were shown in Table I. The RO/C was calculated by the equation below: 

𝑅"/$ =
𝑃$'"( +

1
2𝑃$'"'$ + 𝑃$," + 2𝑃$""(

𝑃$,$ + 𝑃$'$ + 𝑃$'"( + 𝑃$'"'$ + 𝑃$," + 𝑃$""(
(1) 

 
There was little difference between the RO/C of ca. 0.40 for CGO and EGO. However, the 

main oxygen functional group on EGO was the hydroxyl group, whereas that on CGO was 

the epoxide group. This difference can be attributed to the oxidation and exfoliation 

process of each GO and may change the electrical property of each GO sheet.  

Raman spectroscopy is one of the powerful tools to characterize the structure of 

graphene-like materials. The Raman spectra of both GO sheets were shown in Figs 4(a) 

and (b). In the spectra, there were two clear peaks derived from GO sheets, one was around 

1350 cm-1 called D peak and the other was around 1600 cm-1 called G peak27). Slight 

differences were found in these two spectra, such as the position of G peak and the 

intensity of D peak. At first, G peak of GO sheets is the combination of two peaks, that is, 

G peak derived from the graphitic lattice around 1580 cm-1 and D’ peak by the 

disorder-induced graphitic structure around 1610 cm-1 28). In comparison with the CGO 

spectrum, the peak around 1600 cm-1 of EGO was red shifted due to the D’ peak 

weakening, which means that EGO sheets had fewer defects than CGO. Next, D peak, 
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which is derived from the breathing modes of six-atom rings, requires a defect for its 

activation. In the discussion about the structure of graphene-like materials by Raman 

spectra, the ratio of D peak and G peak intensity (ID/IG) and the width of peaks are 

common parameters. Generally, when the defects at GO sheet are repaired, all of the peaks 

become sharp, the intensity of G peak increase and that of D peak decrease. However, it is 

reported that the intensity of D peak decreases when the defect density at GO sheets 

increases and the distance between defects decreases to less than 5 nm. This is due to the 

breakdown of the six-atom rings lattice structure area, which is the origin of D peak29). It is 

confirmed that EGO has sharper D peak and higher ID/IG value than those of CGO, which 

indicates that EGO had highly ordered structure. 

Local electrical conductivity of EGO was measured by C-AFM in contact mode as 

shown in Fig. 5(a). EGO sheets were deposited on the thermally-grown SiO2 (300 nm 

thickness) surface, which is an insulator. After the Au/Ti electrode deposition, we 

performed C-AFM measurement at the boundary region of the Au/Ti electrode in order to 

obtain the current mapping images of EGO sheet connected to the electrode. Therefore, the 

C-AFM configuration in this study can detect the current flowing through the EGO sheet 

laterally. The white region in Fig. 5(a) upper side, which showed the current more than 20 

µA, is the area of the deposited Au/Ti electrode. The black region in Fig. 5(a), which 

detects less than 1 µA, can be the exposed SiO2, the EGO sheets without connection to 

Au/Ti electrode, or the position in a connected EGO sheet with current below the detection 

limit. Most of the grey region in Fig. 5(a) are the EGO sheets connected to the electrode. In 

this region, the detected current gradually decreases as the distance from the electrode 

increases due to the integrated resistivity of the EGO sheet. The signal in an EGO sheet 

shows the variation at a certain distance from the electrode, and forms the domain-like part 

in the current mapping image. We considered that domain feature of current mapping 

reflects the inhomogeneous local conductivity of the EGO sheet. When the probe is placed 

on the low-conductive domain, the current flows through low-conductive domain at first, 

leading to the low-current signal. On the other hand, when the tip contacts with the high 

conductive domain, current flows only through the conductive path in the EGO sheet to the 

electrode, leading to the higher current signal．This difference results in the variation of the 

measured current in an EGO sheet, and the formation of high- and low-conductive domains 

in Fig. 5(a). Schematic images are shown in Figure S1 in the Supplementary Data. The low 

conductive domain derives from the EGO’s structural feature. As shown in Fig. 3 and 4, 

EGO sheets have some oxygen functional groups and defects which were formed in the 
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synthesis process, and those parts should have lower electrical conductivity than graphitic 

domain. 

Figure 5(b) and 5(c) show the current profile and the corresponding resistance profile 

following by the Ohm’s law. As shown in Fig. 5(c), the intercept value is 90 kΩ, which 

means the contact resistance at EGO-electrode and EGO-probe contacts. In the previous 

report, the contact resistance between graphene and Cr/Au electrode was measured by 2 

and 4-probe measurement. The measured contact resistance ranged from 103 to 106 Ω 

µm30), which agrees with our experimental results. Furthermore, the measured current was 

inverse proportion to the distance from electrode to the measured point except for the 

low-conductive domains, which means that current detours in order to avoid the defects as 

shown in Fig. S2. These results indicate that the current measurement was not restricted by 

the contact resistance but reflected the resistance of EGO sheet. Regarding the triangle 

region on EGO sheet formed by the tip and the electrode side connected with EGO sheet as 

the electrical conduction path, the electrical conductivity can be calculated by utilizing the 

relation between resistance and distance31). The resistance of the micro area surrounded by 

dashed line in Figure 5(d) is given by  

𝑑𝑅 = 𝜌
𝑑𝑥

2𝑥𝐿 (𝑊5 −𝑊7) +𝑊78 𝑇
(2) 

where ρ is the resistivity of the EGO sheet, L is the distance between the tip and the 

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

the electrode, and Wt is the diameter of the tip contact area. The contact area of the tip and 

EGO sheet was estimated to be 13.3 nm2 by following the Hertzian contact mechanics 

model and Wt was evaluated to be 4 nm. Then, the electrical conductivity σ of the sheet 

was calculated by integrating the Eq. (2) and converting ρ as σ, that is,  

𝜎 =
𝐿
𝑅

ln =𝑊5𝑊7
>

𝑇(𝑊5 −𝑊7)
(3) 

By using the experimental parameters of We as 1.7 µm and L/R as 0.13 MΩ µm-1 which is 

approximate to the fitting result shown in Fig. 5(c) except for the low-conductive domains, 

the calculated electrical conductivity of the right side of EGO sheet was about 27000 S m-1, 

which was similar to that of reduced EGO membrane in Cao’s report14). The resistance of 

EGO sheet was also confirmed by its I-V characteristic as shown in Fig. S3 in the 

Supplementary Data, which was calculated to be 250 kΩ, almost the same as that estimated 

by the current mapping results. In the previous report, C-AFM measurement of reduced 

CGO demonstrated its electrical conductivity and the existence of low-conductive domains 
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with the size of several tens to hundreds nanometers. The calculated electrical conductivity 

was 0.2 S m-1 26). Despite some quantity of oxygen functional groups on EGO sheets, EGO 

was proved to be more conductive than reduced CGO. 

From the chemical, structural characterization and the local electrical conductivity, the 

possible theory of the relationship between the structure and the electrical property of the 

GO sheet can be proposed. The main factor of EGO’s high electrical conductivity is owing 

to the ordered graphitic structure. EGO sheets have fewer defects than CGO, which was 

revealed by the Raman spectroscopy. Generally, the electrical path is the sp2 domains on 

the sheet, and this domain can be destroyed by the strong oxidant such as KMnO4 or nitric 

acid in the fabrication process of CGO. On the other hand, EGO was prepared by moderate 

oxidization of graphite and it was completely exfoliated by electrochemical process, which 

leads to the ordered structure. Additionally, the types of oxygen functional groups may 

affect the electrical conductivity of both GO sheets. From the XPS spectra, the species of 

oxygen functional groups on each GO was proved to be different although the RO/C was 

almost the same. The main oxygen functionality on CGO was epoxide which was 

connected to in-plane of the sheet according to the Lerf-Klinowski model32), hence 

conductive path was separated. In contrast, the main oxygen containing group on EGO was 

hydroxyl group. Ghaderi have reported that it is stable for hydroxyl group to connect to the 

defect, disordered or edge parts of the sheet confirmed by density functional theory 

simulation33). Because hydroxyl group on EGO sheet do not conect to the graphitic domain 

which is the conduction path on the sheet, EGO sheet has higher electrical conductivity 

than CGO. 

 

4. Conclusions 
   We investigated the electrical property of mono-layer EGO sheet by C-AFM. Without 

the post-treatment of reduction, the EGO sheet shows high conductivity about 27000 S m-1. 

The current mapping image of EGO sheets proved the existence of low-conductivity 

domains scattered on the EGO sheet which may be due to defects on the sheet. Combining 

C-AFM measurements with the chemical and structural analysis by XPS and µRS, the high 

electrical conductivity of EGO was proved, even though there was little difference of XPS 

and µRS spectra between EGO sheet and CGO sheet. Although higher resolution images 

are necessary for further discussion about the atomic-scale structure and the electrical 

property of GO sheets, our report shows the potential for evaluating the electrical property 

of graphene-like material directly and the achieved results will be helpful for a range of 
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electronics application.   
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Figure Captions 

 
Figure 1 Schematic images of (a) electrochemical exfoliation of graphite and (b) the 

C-AFM measurement. The photographs of graphite products (c) after first anodization (100 

mA for 20 min in concentrated H2SO4), (d) after second anodization (10 V for 10 min in 

0.1 M (NH4)2SO4), and (e) after sonication. 
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Figure 2 (a) AFM topographic image and (b) the cross-sectional profile along the line of 

the EGO sheet on the SiO2/Si substrate. 
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Figure 3 XPS C 1s spectra of GO synthesized by (a) modified Hummers’ method (CGO) 

and (b) electrochemical exfoliation (EGO). The spectra were calibrated to the Si 2p peak at 

103.5 eV. Each spectrum was deconvoluted to six peaks as shown in the figure. 
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Table I The percentage of the chemical species and the ratio of oxygen to carbon in each 

GO calculated by peak areas of deconvoluted XPS C 1s spectra. 

 
 Peak Percentage / %  
 PC=C PC-C PC-OH PC-O-C PC=O PCOOH RO/C 

CGO 27.4 24.6 12.7 22.5 9.3 3.5 0.40 
EGO 51.7 7.4 26.3 7.4 3.5 3.7 0.41 
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Figure 4 µRS spectra of GO synthesized by (a) modified Hummers’ method (CGO) and  

(b) electrochemical exfoliation (EGO). 
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Figure 5 (a) Local current mapping of GO sheets synthesized by electrochemical method 

connected to the Au/Ti electrode with the tip voltage of -1 V. (b) The current and (c) the  

corresponding resistance profile along the line. (d) A schematic image of C-AFM 

measurement for estimating the electrical conductivity of an EGO sheet.  

 


