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Carbon foams (CFms) are of crucial importance in electrical and mechanical devices due 
to their high thermal conductivity used for eliminating high heat flow and maintaining low 
temperatures [1]. The most common CFms are types of aluminum alloys, copper and dia-
mond. However, the mechanical properties of metal-based heat sink materials are difficult to 
control at temperatures over 550°C [2,3]. Thus, CFms are actively investigated as heat sink 
materials because of their good properties, such as high thermal stability, high thermal/elec-
trical conductivity, low density, high porosity and high specific surface area [4,5]. CFms are 
suitable materials for applications in phase-change materials, such as in latent heat thermal 
energy storage and lithium-ion batteries [6-9].

CFms are prepared from thermoplastic graphitizable precursors, such as petroleum-de-
rived, coal-derived and mesophase pitch (MP). In particular, MP has been widely used as an 
appropriate precursor for high-performance carbon materials due to its attractive properties, 
i.e., high coke yield, low softening point, and high fluidity [10]. Previous processes used 
a blowing technique, or pressure release, to produce foam from MP. These manufactur-
ing techniques have many disadvantages: the volume fraction of generated cells cannot be 
precisely controlled, and controlling the shape and distribution of cells is difficult, if not 
impossible [11]. To better control and tailor the structure of such foams, polymer template 
methods are actively being researched. Hydrogel template methods are suitable for prepar-
ing high-strength CFms due to their large quantities of carbon precursors and the pressure 
generated through hydrogel shrinkage via heat treatment [10,12]. However, their mechanical 
strengths are low because of their high porosities.

One method for improving the mechanical strength of CFms is adding fillers with a high 
mechanical strength. Several additives have been used as fillers, including carbon nanofi-
bers, short carbon fibers, graphite and graphene nanosheets [13-22]. In particular, graphite 
has beneficial properties that include high lubricating ability, heat resistance, corrosion re-
sistance and thermal/electrical conductivity. It has been widely applied in various fields as a 
highly functional component with efficient properties. Additionally, the theoretical thermal 
conductivity of graphite is high, with values ranging from 3000 to 5000 W/mK, and its 
mechanical strength is 1100 GPa [23,24]. The thermal/mechanical properties of CFms could 
be improved by the addition of carbon nanofillers with good thermal/mechanical proper-
ties through the formation of network structures comprising CFms and carbon nanofillers. 
Furthermore, carbon nanofillers can be carbon-coated (C-coated) to improve the interfacial 
bonding with metal. For example, Katzman [25] showed that carbon fibers could be C-coat-
ed using amorphous pitch to improve the interfacial bonding with metal oxide and prepare a 
carbon-fiber-reinforced metal-matrix composite with a relatively high modulus. Thus, in this 
study, a graphite filler was C-coated to improve the structure and properties of CFms. The 
graphite was C-coated using different concentrations of quinolone-insoluble content (QI)-
free MP. The thermal/mechanical properties of the CFms containing the C-coated graphite 
were investigated in terms of improving the interfacial adhesion between the CFms and the 
C-coated graphite.

MP with a softening point of 275–295°C, a QI of 75–87% and a quinolone-soluble con-
tent of 13–25% was prepared from coal tar pitch [26], which was used as a precursor for 
preparing the CFms. The QI-free MP was used to C-coat the graphite. Graphite (≤ 20 µm; 
Sigma-Aldrich, USA) was used as a filler in the CFms. Poly(vinyl alcohol)/acrylic acid 
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0.872 to 35.3 μm, and the average particle size was 8.68 μm. 
The range of the C-coated graphite particle size distributions 
increased with increasing MP concentration, as demonstrated 
by the following increasing average particle sizes: 58.90, 66.90, 
66.90, and 86.40 μm for C0.5G, C1.0G, C2.0G, and C3.0G, re-
spectively. Additionally, the corresponding average C-coating 
thicknesses were approximately 50.22, 58.22, 58.22, and 77.72 
μm, respectively. The crystalline defects of the C-coated graph-
ite were analyzed by Raman spectroscopy, as shown in Fig. 2b. 
The crystalline peaks of the carbon materials were observed at 
the G and D peaks of the Raman spectrum, which were at 1580 
and 1350 cm–1, respectively. G-mode was analyzed by the E2g 

(PVA-AAc)-based hydrogels were prepared using the same ma-
terials [12].

To prepare the C-coated graphite, graphite (900 mg) and QI-
free MP (50, 100, 200, and 300 mg) were placed in tetrahydro-
furan (100 mL) and stirred for 24 h, resulting in QI-free MP 
concentrations of 0.5, 1.0, 2.0, and 3.0 wt%, respectively. After 
stirring for 24 h, the solvent was evaporated at 120°C, and the 
material was dried at 100°C for 12 h. The obtained MP-coated 
graphite was carbonized at 1000°C for 1 h with a heating rate of 
5°C/min. The acquired C-coated graphite samples were labeled 
C0.5G, C1.0G, C2.0G and C3.0G, respectively. The un-coated 
graphite was labeled C0.0G. After preparing the gel solution 
[12], the C-coated graphite (0.078 g, 0.3 wt% per the weight 
of the stabilized MP) was added to the prepared gel solution 
and stirred for 1 h to disperse the C-coated graphite in the gel 
solution. The MP was stabilized at 280°C for 2 h with a heating 
rate of 1°C/min in an air atmosphere for a high carbon yield. 
The stabilized MP (26 g) was added to the gel solution with 
C-coated graphite and stirred for 1 h to mix the stabilized MP 
and C-doped graphite uniformly. The obtained mixture was 
heat-treated at 60°C for 9 h and dried at 140°C for 13 h. The 
dried hydrogel containing the MP and the C-coated graphite was 
carbonized at 1000°C for 1 h with a heating rate of 5°C/min in 
a nitrogen atmosphere. The obtained CFms were labeled CFm, 
CFm-C0.0G, CFm-C0.5G, CFm-C1.0G, CFm-C2.0G and CFm-
C3.0G, respectively.

The surface morphologies and cell sizes of the CFms con-
taining C-coated graphite were examined using field-emis-
sion scanning electron microscopy (S-8230; Hitachi, Japan) 
to investigate the interfacial binding between the CFms and 
the C-coated graphite. The crystallinity of the prepared CFms 
was examined using Raman spectroscopy (RM 1000-InVia; 
Renishaw, Korea) with an excitation power of 10 mW at 514 
nm and X-ray diffraction (XRD; D/MAX-2200 Ultima/PC, 
Rigaku, Japan). The compressive strengths of at least five 
prepared CFm specimens were analyzed using a MicroMate-
rial Tester (Instron 5848, 500 N; Instron, USA) with a sample 
size of 6 × 6 × 6 mm3. The thermal conductivities of at least 
three prepared CFm specimens were analyzed at 25°C us-
ing a xenon flash diffusivity technique in the axial direction 
with samples 12.5 × 12.5 × 3 mm3 in size (ASTM E1461). 
The compressive strength and thermal conductivity of the se-
lected samples were analyzed.

The graphite was C-coated with different QI-free MP con-
centrations to improve the interfacial adhesion between the 
C-coated graphite and the CFms, as shown in Fig. 1. QI-free 
MP was used as the C-coating material because it possesses 
several characteristics, including isotropic properties and a 
high carbonization yield, and it can uniformly coat carbon 
materials [6]. As a reference, Fig. 1a shows the smooth sur-
face morphology of the graphite material. The surface mor-
phologies of the C-coated graphite are shown in Fig. 1b-d. 
The C-coated surface roughness of the graphite increased 
with increasing MP concentration. The graphite was C-coated 
with MP in a carbon sheet shape, the sheet size of which grew 
with increasing MP concentration.

The coating thickness of the C-coated graphite was analyzed 
using particle size distribution, as shown in Fig. 2a. The un-coat-
ed graphite, C0.0G, had a particle size distribution ranging from 

Fig. 1. Surface morphologies of the carbon-coated graphite: (a) C0.0G, 
(b) C0.5G, (c) C1.0G and, (d) C2.0G.

Fig. 2. (a) Particle size distributions and (b) Raman analysis of carbon-
coated graphite.
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C-coated graphite, which show increasing interfacial bind-
ing between the CFms and C-coated graphite with increasing 
amounts of C-coating on the graphite. The crystalline defects 
of the CFms containing C-coated graphite were analyzed by 
Raman spectroscopy. The ID/IG ratios of each peak intensity 
were indicated to be 1.03, 0.94, 0.89, 0.93, 0.93, and 0.94 for 
CFm, CFm-C0.0G, CFm-C0.5G, CFm-C1.0G, CFm-C2.0G, 
and CFm-C3.0G, respectively, as shown in Table 1. The ID/
IG ratio of CFm-C0.0G was lower than that of the CFms due 
to the addition of graphite with highly graphitic structures. 
The ID/IG ratios of the CFms containing C-coated graphite de-
creased and then slightly increased with increasing amounts 
of graphite C-coating. The ID/IG reduction was attributed to 
improvement in interfacial binding between the CFms and the 
C-coated graphite filler with reduced crystalline defects. Ad-
ditionally, the crystalline structures of the CFms containing 
C-coated graphite were examined in detail by XRD. Table 1 
shows the interlayer spacing and crystalline size of the CFms 
containing C-coated graphite filler. CFm alone showed an in-
terlayer spacing of 0.3553 nm and a crystalline size of 1.701 
nm, respectively. CFm-C0.0G had an interlayer spacing of 
0.3568 nm and a crystalline size of 2.142 nm. The interlayer 
spacings of the CFms containing C-coated graphite showed 
no significant differences. However, the crystalline sizes of 
the CFms containing C-coated graphite increased from 2.113 
nm to 2.504 nm with increasing amounts of C-coating on the 
graphite filler.

The CFms containing C-coated graphite were prepared us-
ing graphite filler coated with different amounts carbon, and the 
resulting thermal conductivities and compressive strengths are 
indicated in Table 2. As a reference material, CFm had a thermal 
conductivity of 2.35 ± 0.00 W/mK with an apparent density of 
0.67 g/cm3. CFm-C0.5G, CFm-C1.0G, CFm-C2.0G, and CFm-
C3.0G had thermal conductivities of 2.00 ± 0.01, 3.40 ± 0.02, 
3.37 ± 0.00, and 2.12 ± 0.01 W/mK, respectively, and their appar-
ent densities were 0.40, 0.58, 0.47 and 0.50 g/cm3, respectively. 
Jana et al. [23] previously reported that when different graphite 
particle sizes were used as fillers in CFms, the apparent density 
decreased with increasing graphite particle size due to the lower 
surface area determined by interpolation. Therefore, we think 
that the apparent density reduction was generated by a decreas-
ing number of contacts of the C-coating with the graphite with 

vibrations of graphitic structures (sp2) at 1580 cm–1, which were 
attributed to the vibrations of C-coated graphite. D-mode was 
analyzed by the A1g vibrations of defective sp2 structures at 1350 
cm–1, which were attributed to the vibrations of non-graphitic 
structures in the C-coated graphite [27]. The crystalline structure 
of C-coated graphite was confirmed using the D to G peak in-
tensity ratio (ID/IG), which were indicated to be 0.18, 0.20, 0.24, 
0.30, and 0.42 for C0.0G, C0.5G, C1.0G, C2.0G, and C3.0G, 
respectively. The ID/IG ratios of the C-coated graphite increased 
with increasing amounts of non-graphitic structures in the C-
coatings.

The cell sizes and the interfacial binding between the 
CFms and the C-coated graphite were analyzed by scanning 
electron microscopy, as shown in Fig. 3. The cell sizes were 
indicated to be 293 ± 97, 332 ± 143, 212 ± 86, 319 ± 56, 352 
± 73, and 509 ± 180 μm for CFm, CFm-C0.0G, CFm-C0.5G, 
CFm-C1.0G, CFm-C2.0G, and CFm-C3.0G, respectively. 
The cell size of the CFm-C0.0G sample increased compared 
with that of CFm because the graphite powder was initially 
incorporated into the cell walls of the CFms. After adding 
C-coated graphite into the CFms, the cell sizes of the CFms 
containing C-coated graphite first decreased and then in-
creased with increasing amounts of graphite C-coating. We 
attributed the reduction in cell size to increased interfacial 
binding between the CFms and the C-coated graphite and the 
subsequently increased cell size to the increased C-coated 
graphite particle sizes in the CFms due to their lower sur-
face area by interpolation [23]. The inserted images in the 
bottom left of Fig. 3a and b show the surface morphology 
of the uniform CFms obtained, while CFm-0.0G was non-
uniform. The inserted images in the bottom left of Fig. 3c-f 
illustrate the surface morphologies of the CFms containing 

Fig. 3. Surface morphologies of the Carbon foams (CFms) with carbon-
coated graphite: (a) CFm, (b) CFm-C0.0G, (c) CFm-C0.5G, (d) CFm-C1.0G, (e) 
CFm-C2.0G and (f ) CFm-C3.0G.

Table 1. ID/IG ratios, interlayer spacings and crystalline sizes of the 
CFms containing C-coated graphite

Sample ID/IG ratio Interlayer spacing, 
d002 (nm)

Crystalline size, 
Lc (nm)

CFm 1.03 0.3553 1.701

CFm-C0.0G 0.94 0.3568 2.142

CFm-C0.5G 0.89 0.3558 2.113

CFm-C1.0G 0.93 0.3580 2.125

CFm-C2.0G 0.93 0.3575 2.916

CFm-C3.0G 0.94 0.3581 2.504

ID/IG, intensity of D and G band peak, CFms, carbon foams; C-coated, 
carbon-coated.
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Table 2. Compressive strengths and thermal conductivities of the CFms containing C-coated graphite

Sample Thermal conductivity (W/mK) Compressive strength (MPa) True density (g/cm3) Apparent density (g/cm3)
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CFm-C3.0G 2.12 ± 0.01 2.85 ± 0.24 1.92 0.50

Values are presented as mean ± standard deviation.
CFms, carbon foams; C-coated, carbon-coated.
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