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Carbon foams (CFms) exhibit excellent physical properties, including good thermal con-
ductivity, low density, high porosity and specific surface area, good vibration damping and 
shock absorption properties, and low thermal expansion coefficients. These properties are 
attractive in various applications such as thermal and electrical transfer devices, electro-
chemical supercapacitors, catalyst supports, gas adsorbents, filtration systems, and electro-
magnetic shielding. However, compared to metals and polymers, CFms do not exhibit good 
mechanical or thermal properties because of their porous structure; these shortcomings have 
limited the application of CFms in various fields [1-4].

Researchers have sought to improve the mechanical and thermal properties of CFms 
through the addition of carbon nanofibers, carbon nanotubes, graphite and metal plating 
[5,6]. CFms/copper composites were recently studied by Johnson et al. [7], who examined 
the thermal conductivity of wood-derived graphite and copper-graphite composites pro-
duced via electrodeposition. The thermal conductivity of the biomorphic graphite/copper 
composite was 10 times greater than that of biomorphic graphite, with the graphite/copper 
composites exhibiting a thermal conductivity ranging from 20 to 21 W/mK [7]. Zhai et al. [8] 
studied the effects of vacuum and ultrasonic co-assisted electroless copper plating on CFms 
and noted increased conductivity ranging from 700 to 1885.8 S/cm, and increased compres-
sive strength ranging from 0.70 to 1.66 MPa with increasing copper content. 

Cu exhibits high thermal and electrical conductivities, in the range of 350-400 W/mK 
and 59.17-59.59 × 106 Ω–1m–1, respectively; and it can be adhesively bonded with carbon 
matrices such as carbon nanofoams, mesoporous carbon templates and nanotube/nanofiber 
assemblies through electrodeposition, electroless deposition, coating, and doping. Numer-
ous researchers have reported that, when used as battery electrodes, metal-bonded carbon 
matrices exhibit high electrical capacity and increased oxidative stability compared to non-
treated graphite foams [5,9-15]. However, preparing CFms with copper presents various 
problems. The coating of metal to the inner surfaces of porous materials that have small and 
deep pores using electrodeposition, metal layer joining, and electroless plating methods is 
difficult. Methods such as vacuum and ultrasonic mechanical processes are needed in addi-
tion, to uniformly coat metals onto the inner surfaces of CFms [16-20]. Alternatively, CFms 
have been uniformly embedded with copper via CuSO4 solutions without the use of any 
mechanical process [21]. 

In this study, we investigate economical and convenient methods of preparing copper-
nanoparticle-embedded CFms (Cu-CFms) using CuSO4 solutions with different concentra-
tions. The thermal and mechanical properties of the resulting Cu-CFms were investigated 
along with changes in the density and nanoparticulate size of the Cu.

Isotropic pitch (IP) (pyrolyzed fuel oil; GS Caltex, Seoul, Korea) with a softening point 
(SP) of 250°C was used as the carbon precursor for the CFms. Polyvinyl alcohol (PVA, 98%-
99%, MW 30,000-50,000; Sigma-Aldrich, St. Louis, MO, USA) and acrylic acid (AAc, 99%; 
Sigma-Aldrich) were used as the hydrophilic polymer and organic compound, respectively, 
to prepare the hydrogel. Glutaraldehyde (GA, 25 wt% dissolved in water; Kanto Chemical, 
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Norwood, MA, USA) and a sample size of 3 × 3 × 3 mm3. The 
compressive strengths of at least five samples were tested.

The surface morphology of the CFm exhibited low rough-
ness, with an average bubble diameter of 0.13 ± 0.07 mm. The 
Cu-CFms exhibited altered surface morphologies and bubble 
sizes. The bubble sizes of the Cu-CFms were 0.09 ± 0.04, 0.08 ± 
0.04, and 0.08 ± 0.03 mm for Pi-2.5Cu, Pi-3.7Cu, and Pi-5.0Cu, 
respectively. The surface morphologies of the Cu-CFms exhib-
ited an increase in roughness and a decrease of bubble size with 
increasing amounts of embedded Cu. 

The inner surface morphologies of the Cu-CFms and the Cu 
nanoparticle sizes are shown in Fig. 1. The inner surface mor-
phologies of the Cu-CFms are shown in Fig. 1a-c for three prep-
aration methods: with Cu as commonly embedded on the in-
ner surfaces of the CFms prepared from pitch, with CuSO4, and 
with a polymer solution using a sacrificial template technique 
and heat treatment. The Cu nanoparticle sizes were 0.41 ± 0.06, 
0.14 ± 0.00, and 1.00 ± 0.60 μm for Pi-2.5Cu, Pi-3.7Cu, and 
Pi-5.0Cu, respectively. The Cu nanoparticle sizes increased with 
increasing CuSO4 concentration. However, the Cu nanoparticle 
size of Pi-3.7Cu was significantly reduced because the CuSO4 
was highly dispersed in the CF at this concentration. The Cu 
nanoparticle sizes and their dispersion were controlled via the 
CuSO4 concentration.

In addition, the Cu nanoparticles were typically embedded 
on the inner and outer surfaces of the CFms; thus, CFms were 
not formed when the CuSO4 concentration exceeded Pi-5.0Cu 
because of the presence of non-binding pitch.

Elemental analysis of the Cu-CFms was performed by EDS 
at the selected zone indicated in Fig. 1d. The elemental percent-
ages of C, O, Na, K, and Cu in Pi-5.0Cu are reported to be 11.59, 
3.94, 3.54, 0.05, and 80.89, respectively.

The crystal structures of the pristine and Cu-CFms were ana-
lyzed by XRD, and the results are shown in Fig. 2. Pi was the 
reference material as a non-treated CFm; its XRD pattern dis-
played carbon crystalline peaks at 2θ = 26° and 43°, which were 
indexed as 002 and 101, respectively. The pattern of Pi-2.5Cu 
exhibited peaks at 2θ = 44°, 52°, and 74°, which were attributed 

Tokyo, Japan) and ethylene glycol dimethacrylate (EGDMA, 
98%; Sigma-Aldrich) were used as cross-linking agents, and 
potassium persulfate (KPS, 99%; Sigma-Aldrich) was used as 
the radical initiator. Copper (II) sulfate (CuSO4, 98%; Sigma-
Aldrich) was used as the Cu source in the CFms for improving 
their mechanical strength and thermal conductivity. PVA (6 g) 
was dissolved in a 1 M NaOH solution (52 mL) at 140°C for 10 
min. After the solution cooled, AAc (15 mL) and CuSO4 (3.2, 
4.8, or 6.6 g) were added; the resulting mixture was stirred for 
30 min to dissolve and homogeneously disperse the CuSO4 in 
the PVA-AAc solution. GA (1 mL), EGDMA (1.5 mL), and KPS 
(2 wt% dissolved in water, 1 mL) were added to the solution, and 
the resulting mixture was stirred for 3 min. The pitch (32 g, with 
particle sizes under 100 μm) was added to the prepared polymer 
solution containing CuSO4, and additional CuSO4 was added per 
weight of pitch at approximately 2.5, 3.7, and 5.0 w/w% weight 
conditions (polymers:pitch:CuSO4 = 21.77:32.00:3.2-6.6 g); the 
resulting mixture was stirred for 1 h to completely mix the pitch. 
The mixture was formed to the slurry solution. The hydrogel 
containing the pitch and CuSO4 was cured for 9 h at 60°C. The 
prepared gel was dried at 140°C for 13 h in air, and the dried 
gel was then heated to 600°C at 5°C/min and then isothermed 
at 600°C for 1 h to eliminate the polymers. The samples were 
subsequently carbonized under a nitrogen atmosphere at 1000°C 
using a heating rate of 5°C/min and an isotherm period of 1 h. 
The resulting samples were labeled as Pi, Pi-2.5Cu, Pi-3.7Cu, 
and Pi-5.0Cu to represent pitch, pitch-2.5 w/w% Cu, pitch-3.7 
w/w% Cu, and pitch-5.0 w/w% Cu, respectively.

The thermal conductivity κ of the CFms was analyzed us-
ing the xenon flash diffusivity technique in an axial direction. 
The thermal diffusivity α was first measured for samples with 
dimensions of 12.5 × 12.5 × 3 mm3 at 25°C, 100°C, 200°C, and 
300°C using a LFA447 Nanoflash (Netzsch-Gerätebau GmbH, 
Selb, Germany). The thermal conductivities of at least three 
specimens were measured. The sample density ρ and the specif-
ic heat capacity Cρ (0.831, 0.883, and 0.649 J/gK for Pi-2.5Cu, 
Pi-3.7Cu, and Pi-5.0Cu, respectively, and 1.0 J/gK for the Pi) 
were used to calculate the thermal conductivity of the samples 
according to the following equation (1):

κ = α · ρ · Cρ	 (1)

The specific heat capacity was obtained from the analyzed 
values, such as thermal conductivity, thermal diffusivity, and 
density, using the above equation. The morphologies and bub-
ble diameters [22] of the prepared Cu-CFms were analyzed 
using field-emission scanning electron microscopy (FE-SEM; 
S-4700, Hitachi, Tokyo, Japan) coupled with energy dispersive 
X-ray spectroscopy (EDS, EX-250; Horiba, Kyoto, Japan); this 
method allowed a point analysis of elemental composition over 
a focused region. The crystallinity of the Cu-CFms as a function 
of the Cu content used in their synthesis was analyzed using X-
ray diffraction (XRD, D/MAX-2200 Ultima/PC; Rigaku, Tokyo, 
Japan). The porosity of samples was determined as both true 
and apparent densities by means of He. The true density was 
measured using an automatic gas pycnometer (Quantachrome/
Ultrapycnometer 1200e, Quantachrome Instruments, USA). 
The compressive strengths of the CFms were measured using 
a micro materials tester (INSTRON 5848, 500N; INSTRON, 

Fig. 1. Enlarged surface morphologies of the Cu-embedded carbon 
foams, (a) Pi-2.5Cu, (b) Pi-3.7Cu, (c) Pi-5.0Cu, and (d) image showing the 
location on Pi-5.0Cu at which energy dispersive X-ray spectroscopy analy-
sis was performed.
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embedded on the inner surface and pore walls of the CFms with 
increasing CuSO4 concentration.

The relationships between the thermal conductivity and 
compressive strength of the prepared samples and their appar-

to the 111, 200, and 220 reflections of poorly crystalline Cu, 
respectively [11]. It also contained a peak at 2θ = 31° associated 
with the 211 reflection of crystalline Na2SO4, which formed via a 
side reaction between NaOH and CuSO4 [10]. The intensities of 
the crystalline Cu peaks substantially increased with increasing 
amounts of Cu in the CFms from Pi-2.5Cu to Pi-5.0Cu.

The Cu-CFms were prepared with different CuSO4 concentra-
tions using heat treatment. The various concentrations resulted 
in different thermal conductivities and compressive strengths, as 
a consequence of the apparent density and different nanoparticle 
sizes of Cu, which embedded different amounts of Cu in the 
CFms. The Cu was possibly embedded via adhesion with car-
bon in the CFms, leading to improved thermal conductivity and 
compressive strength as the density varied [12,14]. 

The thermal conductivities and compressive strengths of 
the CFm and Cu-CFms are shown in Table 1 and Fig. 3a and 
b. Pi was the non-treated CFm used as a reference material; it 
exhibited a thermal conductivity of 2.50 ± 0.00 W/mK and a 
compressive strength of 8.05 ± 1.72 MPa at a low apparent den-
sity of 0.69 g/cm3. The thermal conductivities and compressive 
strengths of the Pi-2.5Cu, Pi-3.7Cu, and Pi-5.0Cu were 3.86 ± 
0.00, 1.98 ± 0.04, and 1.61 ± 0.05 W/mK and 10.04 ± 4.46, 
4.52 ± 0.82, and 2.98 ± 0.14 MPa, respectively, with apparent 
densities of 0.83, 0.47, and 0.61 g/cm3. The increased amounts 
of Cu in the CFms inhibited the pitch binding strength, leading 
to reduced apparent densities of the Cu-CFms with increasing 
CuSO4 concentration. The dependence of pitch binding strength 
on Cu contents could be confirmed by the bubble sizes and the 
enlarged inner and outer surface morphologies of the CFms. The 
bubble sizes of the Cu-CFms were further increased with in-
creasing amounts of Cu content. Also, Cu nanoparticles were 

Fig. 2. X-ray diffraction patterns of the pristine and Cu-embedded car-
bon foams.

Table 1. Mechanical properties of the pristine and Cu-embedded carbon foams

Pi Pi-2.5Cu Pi-3.7Cu Pi-5.0Cu

Compressive strength (MPa) 8.05 10.04 4.52 2.98

Thermal conductivity (W/mK) 2.50 3.86 1.98 1.61

True density (g/cm3) 1.49 1.77 1.74 1.84

Apparent density (g/cm3) 0.69 0.83 0.47 0.61

Fig. 3. Mechanical properties of the pristine and Cu-embedded carbon 
foams, thermal conductivity (a), compressive strength (b), and relations of 
mechanical properties (c).
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tion affected the thermal conductivity and compressive strength 
of the resulting CFms and the size of the Cu nanoparticles. The 
thermal conductivity and compressive strength of the CFms 
were affected by the apparent density as well as the amount and 
nanoparticle size of the Cu in the CFms. The apparent densities 
of the CFms were reduced with increases in the bubble sizes and 
the amount of Cu in the CFms, which inhibited the pitch bind-
ing strength. As a consequence, Pi-2.5Cu exhibited the highest 
thermal conductivity and compressive strength at 3.86 ± 0.00 
W/mK and 10.04 ± 4.46 MPa, respectively, with an apparent 
density of 0.83 g/cm3. These values represent increases in ther-
mal conductivity and compressive strength of approximately 
54.40% and 24.72%, respectively, compared to those of the non-
treated CFm.

In addition, the Cu nanoparticle size played an important role 
in increasing the thermal conductivity of the CFms. The high-
est thermal conductivity was achieved in the case of Pi-2.5Cu, 
whose Cu nanoparticles were 0.41 ± 0.06 μm in diameter.
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