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Abstract:  1 

Herein we propose a production scheme for conductive films composed of thin graphite 2 

sheets with high crystallinity and polymeric resin. The crystalline graphite sheets were 3 

successfully produced from natural graphite powder by solution-phase synthesis of graphite 4 

intercalation compounds (GICs), following a wet planetary-ball milling under mild 5 

conditions. The shear forces in the milling pot lead to a peeling of graphite flakes. Taking 6 

into consideration the interlayer bonding force, the delamination should be preferentially 7 

done from the expanded GICs interlayer rather than intrinsic graphite one. Some composite 8 

films derived from the phenolic resin and flaky graphite sheets displayed much higher 9 

electrical conductivities compared to the film from the feed graphite particles. We also 10 

demonstrate the stage structure of synthetic GICs affected the film conductivity. The 11 

composite films made from exfoliated products of ground (around stage IV) GICs exhibited 12 

high electrical conductivity with a small amount of the graphite sheets. 13 

 14 

 15 

 16 
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1. Introduction 1 

Natural graphite is a cheap, abundant natural material, and has attracted great interest 2 

because of its excellent mechanical and chemical properties [1,2]. This makes it a 3 

promising raw material for versatile applications such as batteries [3], solar cells [4], and 4 

transparent conductive films [5,6]. Several investigations of polymer composite materials 5 

have been done focusing on particle size [7], aspect ratio [8] as well as the interaction with 6 

polymer matrix [9]. In these studies vapor-grown carbon fibers, carbon nanotubes, and thin 7 

graphite nano-sheets were often used as high-aspect filler. Recently, polymer composite 8 

materials have undergone an outstanding improvement in mechanical and electrical 9 

properties, while using a small amount of carbon fillers [5,8,10]. 10 

    Highly crystalline natural graphite shows high electrical conductivity and excellent 11 

lubricant properties [11-13]. With these properties in mind, we have produced fine and 12 

flaky graphite particles, which exhibit high electrical conductivity, by grinding natural 13 

graphite particles under well-controlled milling atmospheres such as alcoholic vapor [14], 14 

nitrogen, hydrogen, oxygen, and vacuum [15]. Both the flaky shape of the graphite sheets 15 

and size reduction of the ground products with high crystallinity could be obtained in the 16 

milling process. There has been intensive research on finding new methods for the 17 

preparation of graphite sheets or even monolayer graphene sheets over the past few years. 18 
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Nevertheless, large-scale, economical production of thin graphite sheets with high 1 

crystallinity remains challenging. 2 

    Two main processes are capable of producing thin graphite sheets (including 3 

graphene) so far. One is epitaxial growth on the substrate [16] and the other is large-scale 4 

exfoliation [17-19]. Liquid phase exfoliation is the most economical owing to low costs of 5 

manufacturing equipment and raw materials. Hernandez et al. [17] presented exfoliation of 6 

graphite by means of sonication in the organic solvent N-methyl-pyrrolidone. They have 7 

achieved a yield of monolayer graphene of up to 1 mass %. In addition, thin graphite 8 

nano-sheets have been produced by mechanical shearing in a comminuting mill. In this case, 9 

a surfactant or a dispersion agent is usually administered to prevent agglomeration and 10 

restacking of the delaminated sheets. More recently Peukert and his colleagues reported a 11 

scalable production scheme of ultrathin graphite sheets and graphene monolayers [19]. 12 

Mono- and multilayer graphene sheets assisted with a surfactant of sodium dodecylsulfate 13 

have been prepared in a stirred-media mill in mild milling conditions, yielding about 2.5 14 

mass% at peeling times of only a few hours [19]. 15 

    Herein we report a potentially scalable and economical production of highly 16 

crystalline graphite sheets by mechanical grinding of graphite intercalation compounds 17 

(GICs) without surfactant. After ternary GICs had been prepared, wet planetary ball milling 18 
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was performed to produce flaky graphite sheets with high crystallinity. Next, the flaky 1 

graphite sheets were mixed with a phenolic resin, and the resulting composite resin was 2 

coated onto a commercial glass slide to investigate the electrical conductivity. In this paper, 3 

we also demonstrate the influence of multi-stage GICs on the conductive properties of the 4 

composite resin. 5 

 6 

2. Experimental procedure 7 

2.1 Materials 8 

    Natural graphite (found in Brazil) with a mean particle size of 19.6 μm and a density 9 

of about 2.3 g/cm3 was used as a starting material. The mean particle size, which 10 

corresponded to the 50 mass % diameter, was determined by using a laser diffraction 11 

particle size analyzer (MicroTrac MT3000EX, Nikkiso, Japan). Phenolic resin (nonvolatile 12 

content 43%, HD-2325) was purchased from DIC Kitanihon Polymer Co., Ltd. The feed 13 

natural graphite, potassium (assay 98%, Kishida Chemical Co., Ltd., Japan), 14 

tetrahydrofuran (purity>99.5%, Kanto Chemical Co., Inc., Japan), and naphthalene 15 

(purity>99%, Kanto Chemical Co., Inc., Japan) were used in GICs synthesis. 16 

 17 

2.2 Preparation of thin graphite sheets 18 
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Schematic description of production of thin graphite sheets is given in Fig. 1. Thin 1 

graphite sheets were prepared by potassium–tetrahydrofuran–graphite ternary intercalation 2 

compounds (K–THF–GICs), followed by mild, wet, planetary-ball milling to apply a shear 3 

stress that leads to delamination of the GICs. The thickness of the graphite sheets was 4 

roughly controlled by the stage structure of K–THF–GICs. The delamination may occur in 5 

the intercalated layer because of the weak van der Waals interaction between expanded 6 

graphene sheets (0.88 nm [20]) rather than the intrinsic graphene sheets (0.335 nm). A 7 

delamination mechanism based on the interlayer structure will be described in section 3.1. 8 

The subsequent treatment deals with the unnecessary organic solvent and the dissolved 9 

potassium. The suspension (including ground products of GICs) was washed with ethanol 10 

and water to eliminate the excess base. In this process the GICs decompose completely to 11 

the residue compounds. 12 

In the production of graphite sheets, all sample preparation and transfer of samples to 13 

another flask or a milling pot were performed in the glovebox under argon atmosphere. 14 

(Saturated pressure of water vapor in the box was maintained below 191.4 Pa.). 15 

First, K–THF–GICs were synthesized by using a liquid intercalation technique at 16 

room temperature using potassium and tetrahydrofuran [20]. Briefly, the feed natural 17 

graphite particles were immersed into a mixture of potassium, naphthalene, and 200 ml 18 
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THF. The solution was placed in a round-bottom flask under an argon atmosphere and 1 

stirred slowly in an argon gas flow of 0.1 l/min for 2 days. Synthesis conditions for various 2 

stage structures of K–THF–GICs are summarized in Table 1.  3 

Next, the prepared K–THF–GICs were delaminated through a wet ball milling process. 4 

The grinding treatments were carried out in a planetary-ball mill (PM 100, Retsch, 5 

Germany) with a stainless steel pot of 500 cm3 capacity and 100.5 mm inner diameter. The 6 

mixture with K–THF–GICs, used as the grinding stock, was sealed directly in the pot filled 7 

with 630 g of grinding media. The revolution speed of the pot was adjusted to 400 rpm. 8 

Commercially available yttria-stabilized zirconia beads with 300-μm diameter were used as 9 

the grinding media. According to the manufacturer (Nikkato Corporation, Osaka, Japan), 10 

the milling beads have a chemical composition of 95% zirconia and 5% yttria. After 4 hours 11 

of grinding, the suspension was diluted with ca. 100 ml of ethanol and ca. 1000 ml of 12 

purified water, neutralized with dilute hydrochloric acid solution and carefully rinsed with 13 

an adequate amount of purified water to remove the THF and any residue. It should be 14 

noted that moist graphite sheets were obtained in the collection process because it was quite 15 

difficult to redisperse the completely dry and agglomerated graphite sheets into the 16 

polymeric resin. The suspension was then filtered using filter paper (pore size 3 mm) in 17 

order to collect the moist sample of which the water content was ca. 80 mass%. Effect of 18 
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the collection process on colloidal stability of the graphite sheets into a polymer phase will 1 

be discussed in section 3.2.  2 

The shapes of the graphite sheets were studied with scanning electron microscopy 3 

(SEM, JSM-6380A, JEOL). X-ray diffraction (XRD, MultiFlex, Rigaku) powder patterns 4 

of the samples were obtained with Cu Kα (wavelength λ=1.5418 Å) radiation (40 kV, 40 5 

mA) to establish average crystallite size, was calculated using Scherrer's equation 6 

according to the literature [21]. In this study, the mean stack height of the graphite 7 

crystallites, Lc, was obtained from the 002 diffraction peak. In this study, carbon hexagonal 8 

plane (La) and the mean stack height (Lc) of the graphite crystallites were obtained from the 9 

100 and 002 diffraction peak, respectively. The crystallite size was presented as averaged 10 

values based on five experimentally determined values. 11 

 12 

 13 

2.3 Electrical conductivity measurement 14 

   The moist or completely dry graphite sheet was used as the starting material for 15 

graphite sheet-based phenolic composites. We added 6.0–50.0 mass% graphite sheets to 1.0 16 

g phenolic resin, and the mixture was ground for 5 min in an agate mortar with a pestle. 17 

The resulting composite resin was coated onto a commercial glass slide, dried at 60°C for 1 18 
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hour, and heated to 130°C in 5 min in order to polymerize the resin. This method of 1 

preparing the composite resin is suitable for measuring electrical conductivity [22]. To 2 

investigate the electrical conductivity of the composite resin, the average resistance was 3 

measured at 10 sampling points by using two kinds of resistance instruments. A Loresta AP 4 

(for <106 Ω) and Hiresta UP (for >10
6 Ω) purchased from Mitsubishi Chemical Analytech 5 

Co., Ltd. were used. Specific resistance was calculated from the measured film resistance, L, 6 

and film thickness, R, as expressed in equation 1. 7 

 8 

(1) 9 

 10 

The film thickness, L, was obtained from the difference in average thickness between the 11 

glass slide and the coated glass. F is the correction coefficient, which was determined from 12 

the distance between the probes attached with the instruments. The values are 4.532 and 13 

10.09 for the Loresta AP and for the Hiresta UP, respectively. 14 

 15 

3. Results and discussion 16 

3.1 Delamination of graphite sheets assisted with ternary GICs 17 

In planetary ball milling, two routes to particle size reduction can be predicted: a shear 18 

LFR=r
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force leading to the peeling of thin sheets from the graphite surface or compressive normal 1 

forces leading to the breakage of the graphite flakes. Figure 2 shows SEM images of the 2 

feed natural graphite particles and several representative pictures of ground products. Initial 3 

graphite particles with their bulky stacking structure are shown in Fig. 2(a). When the feed 4 

natural graphite particles were ground into the THF solution, the particles were very similar 5 

in thickness (Fig. 2(b)). On the contrary, ground product prepared by stage IV K–THF–GIC 6 

in Fig. 2(c) revealed some exfoliated graphite interlayers and delamination of the graphite 7 

sheets. These observations suggest that a peeling of thin sheets assisted with K–THF–GICs 8 

is the more likely mechanism for size reduction. Figure 2 shows SEM images of the feed 9 

natural graphite particles and several representative pictures of ground products. These 10 

observations suggest that the flake structure remains after the grinding process without size 11 

reduction. Initial graphite particles with their bulky stacking structure are shown in Fig. 12 

2(a). When the feed natural graphite particles were ground into the THF solution, the 13 

ground particles were very similar to the feed particles in shape (Fig. 2(b)). On the contrary, 14 

the feed graphite and its ground product had more bulky stacking structure compared to the 15 

ground product prepared by stage IV K–THF–GIC in Fig. 2(c). 16 

    Let us now focus on the effect of expanded interlayer on a delamination from graphite 17 

body, as shown schematically in Fig. 3. In order to explain the interlayer stability of the 18 
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present graphite sheets, it is useful to discuss the van der Waals interaction energy between 1 

the graphite sheets [19]. Because electrostatic interactions are negligible in such a relatively 2 

low dielectric constant medium [23] (dielectric constant of THF at 298 K is 7.58 [24]), we 3 

assume the van der Waals interlayer interactions were the main ones in the present system. 4 

Generally, van der Waals interaction energy per unit area, UvdW, between two sheets of the 5 

thickness h1 and h2 with a separation distance d into a solvent can be described as follows 6 

[25]. 7 

 8 

(2) 9 

 10 

where A (=6.4×10–20 J) is the Hamaker constant [23], calculated from the Hamaker 11 

constants of graphite particle (=2.38×10–19 J [26]) and THF (=5.55×10–20 J), 12 

A=(23.80.5
–5.550.5)2×10–20. The Hamaker constant for THF ATHF was calculated according 13 

to the equation below [23]. 14 

 15 

(3) 16 

 17 

In this equation γ is the surface tension (=27.04 mN/m at 298 K [27]), and the cutoff 18 
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distance D0 is set to 0.165 nm [23]. Generally, surface tension of a solvation system 1 

changed slightly with pure solvent. For example, surface tension of 5 mass% potassium 2 

chloride solution at 298 K is 73.46 mN/m [28]. The difference in the surface tension was 3 

only ca. 1% compared to pure water (72.75 mN/m). In this study, potassium and 4 

naphthalene were dissolved in THF at the maximum concentration of 4.6 mass% (case 5 

stage I, see Table 1). We then assumed the effective Hamaker constant of THF dissolved 6 

potassium and naphthalene to be that of pure THF, since the two surface tensions were so 7 

similar. 8 

    Figure 4 demonstrates the van der Waals interaction energy per unit contact area as a 9 

function of the thickness of the delaminated sheet h1. The distance d between the two sheets 10 

was chosen to be 0.335 nm for the interlayer separation of intrinsic graphite and 0.88 nm 11 

[20] for the K–THF–GICs. The thickness of another sheet h2 was 19.6 μm, which 12 

corresponds to the mean size of the initial graphite particles. The required delamination 13 

energy for the intrinsic graphite interlayer and for the expanded one is about 15×10–3 and 14 

2.2×10–3 J/m2, respectively. The delamination of K–THF–GIC takes over 85% less energy 15 

than that of the feed natural graphite. This result clearly indicates that the expanded 16 

interlayer is energetically favorable to the delamination, i.e. the thickness of the graphite 17 

sheets in the milling pot is significantly affected by the stage structure of ternary GICs. 18 
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During the delamination in the ball milling, the graphite particles are under stress from 1 

the grinding media. The shear and compressive normal forces may lead not only to the 2 

generation of the delaminated sheets but also unwanted breakage of the carbon hexagonal 3 

planes as a basic unit common to graphitic materials. The creation of an amorphous 4 

graphite or a crystal-structural disorder in the carbon hexagonal plane should be avoided 5 

because this poorly-crystalline graphite would result in a decline of electrical conductivity 6 

[14,15]. We investigate the effect of the milling conditions, in particular, the small bead 7 

diameter of 300 mm, on the crystallinity of the grinding product. Table 2 shows the 8 

crystallite size of grinding products by various stages of K–THF–GICs. The crystallite size 9 

of the ground graphite sheets was calculated from the full width at half maximum (FWHM) 10 

of the corrected diffraction profile. A Pseudo-Voigt fitting was carried out to obtain the 11 

FWHM for the (002) diffraction, which represent the c-axis of the graphite hexagonal 12 

planes. The average crystallite size and its population standard deviation was calculated 13 

from five data points. In Table 2 we also present the crystallite size of the feed graphite 14 

particle and its ground product in THF. Although the ground products from feed graphite 15 

and the GICs experienced a slight decline in crystallite size (10±3~24.1±0.7 nm) compared 16 

with the initial feed graphite (34.0±0.3 nm), the present milling conditions make it possible 17 

to keep the crystallinity relatively high. A pseudo-Voigt fitting was carried out to obtain the 18 
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FWHM for the (100) and (002) diffractions, which represent the ab-axis and c-axis of the 1 

graphite hexagonal planes. The average crystallite size and its population standard 2 

deviation were calculated from five data points. In Table 2 we also present the crystallite 3 

size of the feed graphite particles and its ground product in THF. The ground products from 4 

feed graphite and the GICs experienced a slight decline in crystallite size (10±3~21±1 nm 5 

for (100) and 10±3~24.1±0.7 nm for (002)) compared with the initial feed graphite (30±2 6 

nm for (100) and 34.0±0.3 nm for (002)). The mild milling conditions, with small bead 7 

(300-μm diameter), produce a mechanical delamination of the GICs rather than 8 

compressive fractures. The wet grinding using a planetary ball mill with fine beads could 9 

minimize a transformation into amorphous graphite. We demonstrate that shear was the 10 

main force during the ball milling process, as expected, in Fig. 1. 11 

 12 

3.2 Electrical conductivity of the composite resin 13 

The specific resistance of the composite films was measured for several weight 14 

fractions of the filling graphite products. Figure 5 shows the influence of the stage 15 

structures on the specific resistance of the films. The composite film made from graphite 16 

ground into THF had 101
–102 higher resistance than the film filled with natural graphite at 17 

every weight fraction, indicating that the ground products were rather poor electrical 18 
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conductors (see Table 2). The major cause of the poor conductivity at small mass fractions 1 

of the product ground in THF is the failure of feed graphite to delaminate. The calculated 2 

delamination energy (Fig. 4), calculated from the van der Waals interaction energy for the 3 

intrinsic graphite interlayer, could not reach delamination under these grinding conditions. 4 

The grinding in THF yielded particles similar in number to those of feed graphite. 5 

Consequently, these could not connect with each other to form conductive paths with small 6 

mass fractions. When feed graphite was ground into THF, its crystallinity was worse 7 

compared to the feed natural graphite (as can be seen in Table 2). Because poor crystallinity 8 

leads to low electrical conductivity [11], the ground products were rather poor electrical 9 

conductors. Except the ground feed graphite, however, composite films filled with the 10 

exfoliated products of grinding GICs clearly showed low specific resistance in comparison 11 

with the feed graphite. In particular, the composite filling the exfoliated product of grinding 12 

stage IV K–THF–GIC displayed low resistance even below 10 mass % fraction.  13 

It should be noted that there is an optimal stage structure for obtaining a highly 14 

conductive film. This is due to the combined effects of the aspect ratio and crystallinity. 15 

Since the width-to-thickness aspect ratio of graphite sheets would be high on exfoliated 16 

products of grinding lower-stage GICs, they could connect with each other to form 17 

conductive paths with even small mass fractions. However, poor crystallinity leads to low 18 
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electrical conductivity [11], resulting in a poorer conductivity of the composite film. Kim et 1 

al. have pointed out the importance of the graphite crystallite to make high electrically 2 

conductive composites [29]. They synthesized composite films containing well-dispersed 3 

thin graphite sheets by in-situ polymerization and demonstrated that the film with the stage 4 

IV GIC exhibited the highest electrical conductivity between stages I and IV of GICs [28]. 5 

The most illustrative exposition of the structural dependency in the above 6 

measurement results is the plots (solid black square) in Fig. 6. The horizontal axis denotes 7 

the inverse of stage structure, representing the composite film using stage ∞ in the same 8 

figure. By infinity we denote the ground products of the feed natural graphite being milled 9 

into the THF solvent.  10 

Specific resistances were measured when 10 mass % of the conductive material was 11 

added. The specific resistance for the composite film including the feed graphite was 107 12 

Ω·cm. When the number of percolated graphite sheets increases, the specific resistance 13 

decreases, reaching ca. 101 Ω·cm for the composite filled with the exfoliated products of 14 

grinding stage III or IV K–THF–GIC. A mild increase in the specific resistance of 103 Ω·cm 15 

was observed with respect to composite of the stage I K–THF–GIC.  16 

Now we discuss the redispersibility of prepared graphite sheets during the collection 17 

and the film preparation process. The agglomeration or restacking of the peeling sheets 18 
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reduces the apparent particle number density, which has an enormous impact on the film 1 

resistance. We have not used any surfactants or dispersants in the present study because we 2 

focused on the stage structure of K–THF–GICs. Since surfactants can become intercalants 3 

[30], their introduction would make it more complex and difficult to control the stage 4 

structure of the graphitic materials.  5 

Another experiment was performed to point out the importance of the redispersibility 6 

into the polymeric matrix. The difference in the specific resistance of films between the 7 

moist and the dried graphite sheets was estimated. The completely dried graphite sheets 8 

were mixed with phenolic resin, and the composite films were similarly prepared as 9 

described in section 2.3. Their specific resistances are also plotted (open squares) in Fig. 6. 10 

Phenolic resin contains 57 mass% volatile organic contents. Note that weight loss of the 11 

films at 373 K, both for films prepared from moist and dried samples, determined by 12 

thermogravimetric-differential thermal analysis (TG-DTA; Seiko Instruments Exstar 6200N, 13 

50 ml/min nitrogen flow, 10 K/min ramp) was 8.4±2.9 mass% and 8.3±2.9 mass%, 14 

respectively. Figure 7 shows the DTG curves of the composite films prepared from moist 15 

and dried samples. The two curves have very similar peaks at ca. 348 K. These findings 16 

indicate a large amount of volatile contents, though little water was contained in the films. 17 

Consequently, we do not believe that water had any influence on the electric conductivity 18 
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of the phenolic resin films. The films composed of the completely dried sheets still had 1 

lower resistance than the feed natural graphite. Moist sheets, however, had electrical 2 

conductivities that were especially prominent in the lower stage samples (stages I, III, and 3 

IV). The dried sheet by stages I, III, and IV had specific resistance 103, 102, and 101 times 4 

larger, respectively, than the moist one. This finding gives qualitative evidence of 5 

agglomeration and restacking of the delaminated sheets into the phenolic resin.  6 

A surfactant is needed to prevent agglomeration and restacking of the delaminated 7 

sheets. Sodium dodecylsulfate [19,30], sodium deoxycholate [31,32], TritonX [33,34], and 8 

etc. were commonly used as surfactants that adsorb onto the carbon-based particle resulting 9 

in strong repulsive forces. The method proposed in this research, whereby the wet graphite 10 

sheets were simply mixed with the phenolic resin, can result in highly conductive resin, by 11 

adding a small amount of graphite sheets in the absence of surfactant, although the method 12 

is still in its infancy. In the present study, we could not show the dispersion state of graphite 13 

sheets into the composite films in detail. Instead, by measuring the specific resistance of the 14 

films, we showed whether the conductive path was formed or not, as well as whether or not 15 

the sheets were connected to each other in the resin. These macroscopic findings are an 16 

important step toward practical use. The effect of a surfactant on the dispersibility of the 17 

flaky graphite into the phenolic resin will be investigated in the near future. It should be 18 
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emphasized that mechanical delamination from ternary GICs is a realistic production 1 

technique for several-layer-thick graphite sheets with high crystallinity. This method can 2 

achieve 50 g/L (over 5 mass%) per batch of thin graphite sheets. K–THF–GIC is highly 3 

unstable under ambient air conditions. Therefore, all sample preparation and transfer of 4 

samples to another flask or a milling pot were performed in a glovebox under argon 5 

atmosphere, as mentioned in section 2.2. One of the features of this process is that the 6 

mixture including solvent and K–THF–GICs was sealed directly in the pot, and ground 7 

without air exposure. We then obtained flaky graphite particles after ground product of 8 

K–THF–GICs was carefully rinsed with ethanol and an adequate amount of purified water 9 

to remove THF and any residues. Because these are stable graphite particles, we can treat 10 

them under ambient air conditions. We believe that many comminuting processes using 11 

small beads should be applicable to the delamination of expanded layered materials. 12 

 13 

4. Conclusions 14 

High-crystallinity, thin graphite sheets were produced by mechanical delamination of 15 

the ternary GICs. The two actions: the wet planetary ball milling with small beads and the 16 

expanded interlayer of GICs, are effective in overcoming the van der Waals forces between 17 

the expanded graphene sheets that prevent the excess breakage of the carbon hexagonal 18 
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plane. We have also demonstrated that the specific resistance of the composite films was 1 

greatly affected by the stage structure of the synthetic ternary GICs. There is an optimal 2 

stage structure of the GICs for obtaining highly conductive films. Specifically, the 3 

composite filling the exfoliated products of grinding stages III and IV K–THF–GIC 4 

displayed the lowest resistance at 10 mass % of the weight fraction. The scheme proposed 5 

in this study is an economical and a scalable production of thin graphite sheets as the 6 

starting material for composite resins with highly conductivity. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 
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Table 1. Weight ratios for different stage of potassium–tetrahydrofuran–graphite 

intercalation compounds (K–THF–GICs). 

Stage Graphite (g) Potassium (g) Naphthalene (g) 

I 10.0 4.26 4.26 

III 10.0 0.86 0.86 

IV 10.0 0.67 0.64 

VI 10.0 0.46 0.47 

X 10.0 0.25 0.29 
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Table 2. Crystallite sizes, La and Lc, of the feed natural graphite and ground products. 

Stage I III IV VI X ∞ a) Feed b) 

La(100) (nm) c)
 10±3 15±2 16±6 18±3 17±3 21.2±1.1 30±2 

Lc(002) (nm) c) 10±3 15±2 18±3 20±2 19.7±0.8 24.1±0.7 34.0±0.3 

a) The ground product obtained by wet ball milling of the feed natural graphite in THF. 

b) Initial natural graphite. 

c) Average crystallite size and its population standard deviation is obtained from 5 data 

points. 
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Figure 1. Production scheme of thin graphite. Natural graphite (a) is intercalated to prepare 

thin graphite sheets via potassium–tetrahydrofuran–graphite ternary intercalation 

compounds (K–THF–GICs) (b), followed by mild, wet, planetary-ball milling. The milling 

applies a shear stress that leads to the delamination of the GICs (c). Finally, the delaminated 

GICs are washed to obtain exfoliated graphite sheets (d). 
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Figure 2. Typical images of the feed graphite particles and their ground products. (a) Feed 

natural graphite particles, (b) Ground products of the feed graphite into THF, and (c) 

Exfoliated products of grinding stage IV K–THF–GIC. The scale bar is 20 μm. 
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Figure 3. Schematic representation of a model used to investigate the peeling of graphite 

sheets. Graphite particle of thickness h2 and delaminated thin graphite sheet of thickness h1 

are separated by a surface-to-surface distance d. 
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Figure 4. Interaction energies per unit area between two plates of finite thickness. 

 

 

 

10-3

10-2

10-1

0 2 4 6 8 10

GICs (expanded graphite)
Intrinsic graphene

In
te

ra
ct

io
n 

en
er

gy
 p

er
 u

ni
t a

re
a 

[J
/m

2 ]

Thickness of delaminated sheet [nm]



 

5 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The relation between the weight fraction of graphite and the specific resistance of 

composite film consisting of several stage structures. 
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Figure 6. Structural dependency of the estimated specific resistance at 10 mass % of the 

filled graphite. 
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Figure 7. Typical DTG curves for composite films prepared from moist and dried samples. 
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