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ABSTRACT: At a very low solid concentration of 0.45±0.09
vol %, the room-temperature thermal conductivity (κGF) of
freestanding graphene-based foams (GF), comprised of few-
layer graphene (FLG) and ultrathin graphite (UG) synthesized
through the use of methane chemical vapor deposition on
reticulated nickel foams, was increased from 0.26 to 1.7 W m−1

K−1 after the etchant for the sacrificial nickel support was
changed from an aggressive hydrochloric acid solution to a
slow ammonium persulfate etchant. In addition, κGF showed a
quadratic dependence on temperature between 11 and 75 K
and peaked at about 150 K, where the solid thermal
conductivity (κG) of the FLG and UG constituents reached
about 1600 W m−1 K−1, revealing the benefit of eliminating internal contact thermal resistance in the continuous GF structure.
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Owing to the very high thermal conductivity as well as the
large surface-to-volume ratio for carbon nanotubes

(CNTs)1 and graphene,2 these carbon nanomaterials have
been investigated as nanofillers to enhance the thermal
conductivity of lightweight polymeric composites,3−7 as thermal
interface materials in electronic packaging,8−10 and as lateral
heat spreaders to reduce the local hot spot temperature in
nanoelectronic devices.11,12 Among several factors including
agglomeration, structural deformation, defects, and support or
medium interaction13,14 of the nanostructures, one critical issue
that has prevented these CNT- and graphene-based networks
to reach their full potential is the thermal contact resistance at
their interface with both the medium and adjacent nanostruc-
tures.15,16 In addition, the performance of thermal interface
materials based on vertical CNT arrays has been limited by the
small fraction of nanotubes making contact to both mating
surfaces and the large interface thermal resistance between
nanotubes in the array.8−10 These problems can potentially be
overcome by the recently reported macroscopic graphene-
based foam (GF) structures17 because internal contact thermal
resistance may be greatly reduced or eliminated in these
continuous, three-dimensional (3D) architectures of covalently
bonded two-dimensional (2D) graphene building blocks. In
fact, the reported room temperature electrical conductivity of
polymeric composites with the graphene foam fillers is 1−6
orders of magnitude higher than those with individual CNT4,18

or graphene19 fillers at a similar volume loading fraction.
However, thermal transport properties of the GF structures
have not been reported.

In this Letter, we report temperature-dependent electron and
phonon transport measurements of 3D GF structures
consisting of few-layer graphene (FLG) and ultrathin graphite
(UG) synthesized through the use of methane chemical vapor
deposition (CVD) on open-celled reticulated nickel foam. Our
measurement results show that the structure quality and
transport properties of the freestanding GF with a solid
concentration of ∼0.45 vol % depend much more sensitively on
the etching process of the sacrificial Ni foam than on the grain
size of the Ni foam. The room temperature effective thermal
conductivity of the freestanding GF samples (κGF) with this
very low solid concentration was increased 6.6 times after an
aggressive Ni etchant was replaced with a gentle one. As the
solid concentration was increased a factor of 3.1 by increasing
the strut wall thickness, κGF was only increased a factor of 1.3,
likely because of higher crystalline defects observed in the
thicker strut walls. The obtained solid thermal conductivity, κG,
for all samples can be explained by a theoretical model
suggesting that κG is limited by phonon−phonon and phonon−
boundary scatterings, instead of internal contact thermal
resistance. Moreover, the theoretical analysis suggests an
enhanced phonon−phonon scattering rate in GF and natural
graphite (NG),20 both of which contain internal folding, than in
heat-treated highly oriented pyrolytic graphite (HT-HOPG).21

Six GF samples have been measured in this work, denoted as
GF1−6. The GF was synthesized by saturation of carbon in
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reticulated Ni foam with a nominal pore size of ∼590 μm at
1050 °C and precipitation of FLG or UG on its surface during
cooling. Based on scanning electron microscopy (SEM)
measurements, annealing the Ni foam at a temperature of
1100 °C before growth increased the grain size by ∼2−3 times
and created a noticeably smoother surface (Figure S1,
Supporting Information). The Ni was subsequently removed
using dilute HCl, Fe(NO3)3, or (NH4)2S2O8. The latter Ni
etching processes based on ferric nitrate and ammonium
persulfate were found to be much slower and gentler than that
based on dilute hydrochloric acid, which caused bubble
formation during the etching process. After the Ni support
was etched away, the mass density (ρm,GF) and volume fraction
(ϕ) for GF1−4 were 0.010±0.002 g cm−3 and 0.45±0.09 vol %,
respectively, and were increased to 0.032±0.003 g cm−3 and
1.41±0.10 vol %, respectively for GF5,6 by increasing the
growth time by a factor of 3. A summary of synthesis
conditions, mass density, and corresponding room temperature
thermal properties for each GF sample is given in Table 1.
During the entire sample preparation processes, the GF
samples were not exposed to polymer, which have been
found to scatter electrons22 and phonons14 in graphene.
SEM analysis of the GF is shown in Figure 1. For the thin-

walled lower volume fraction samples, GF1−4, the structure
quality is seen to increase significantly as the Ni etchant is
replaced from dilute HCl (GF1, Figure 1a) to the two slow
etchants based on Fe(NO3)3 (GF2,3, Figure 1b,c) and
(NH4)2S2O8 (GF4, Figure 1d). For the thick-walled higher
volume fraction samples, GF5,6, the structure is noticeably
more defective than GF1−4 regardless of the Ni etchant used
(Figure 1e,f).
Phase contrast transmission electron microscopy (TEM)

images of the freestanding GF samples are shown in Figure 2
and Figure S2 in the Supporting Information. Amorphous
carbon was not observed in the TEM analysis, and stacking in
the GF was directly observed to be AB ordered. X-ray
diffraction (XRD) analysis of the GF is shown in Figure 3a,
along with the reflection positions and intensities for SP-1
grade HOPG23 for comparison. The {0002} interlayer spacing
was measured to be 3.3679 Å, close to the 3.3553 Å reported
for high-quality HOPG.23 From the full width at half-maximum
of the {0002} and {0004} reflections, we calculated the average
thickness of the GF strut walls at ∼14 nm, or ∼40 layers, for
GF1−4. On the basis of the same pore size and different mass
densities, we estimated that the strut wall thickness was about
45 nm for GF5,6.
The GF strut wall was additionally characterized with micro-

Raman spectroscopy at 488 nm laser excitation with an incident
laser power on the order of a few milliwatts. The Raman spectra
of the strut walls of the GF is shown in Figure 3b and matched
well with those of high-quality graphite,24 with the very low
volume fraction GF1−4 showing no observable D peak and the

thicker walled GF5,6 exhibiting a D peak to G peak intensity
ratio of ∼2%. The 2D peak to G peak intensity ratio for all
samples was between 40% and 48%. Edges of voids present in
the strut walls of GF1 also yielded characteristics of high-quality
single- and few-layer graphene (Figure S3, Supporting
Information), with small D peak to G peak intensity ratios of
1.6−3.3% likely resulting from edge states25 instead of point
defects within the FLG and UG. The GF was further
characterized in the spectral width of interest for thermal
radiation by Fourier transform infrared (FTIR) spectroscopy
(Figure 3c).
The effective thermal conductivity of the GF, κGF, was

obtained from the electrical resistance measured during
electrical self-heating of the GF by a direct current. The
thermal conductance of the GF is defined as GGF = κGFA/L,

Table 1. Synthesis Conditions, Mass Density, and Room Temperature Effective and Solid Thermal Conductivity of Graphene-
Based Foam (GF)

sample Ni foam growth time (h) Ni etchant ρm,GF (10
−3 g cm−3) κGF (W m−1 K−1) κG (W m−1 K−1)

GF1 as-purchased 1 HCl 10.0 ± 2.1 0.26 176 ± 37
GF2 as-purchased 1 Fe(NO3)3 9.6 ± 1.8 0.71 500 ± 95
GF3 annealed 1 Fe(NO3)3 9.9 ± 1.9 0.71 486 ± 93
GF4 annealed 1 (NH4)2S2O8 11.6 ± 1.9 1.70 995 ± 162
GF5 annealed 3 HCl 32.0 ± 2.7 2.28 484 ± 41
GF6 annealed 3 (NH4)2S2O8 31.7 ± 2.7 2.12 454 ± 38

Figure 1. Scanning electron microscopy images of the strut walls of
freestanding graphene-based foam (GF) samples (a) GF1, (b) GF2,
(c) GF3, (d) GF4, (e) GF5, and (f) GF6. All scale bars are 50 μm.
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where A = wt and w, t, and L are the width, thickness, and
suspended length of the sample, respectively. As its dimensions
were much larger than the nominal pore size within the foam,
590 μm, we can assume that the volumetric heat generation due
to Joule heating, q ̇ is approximately uniform. We then account
for heat transfer through both radiation and conduction with
the following one-dimensional steady-state heat equation for
the suspended GF26
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where P = 2(w + t) ) and hr is the effective radiation heat
transfer coefficient.
We define the temperature rise along the length of the GF as

θ(x) = T(x) − T0, where x = 0 is the midpoint and x = ±L/2
are the end-points so that θ(x = 0) = θmidpoint and θ(x = ±L/2)
= 0. For small temperature rises, θ(x) much smaller than T0,
the effective radiation heat transfer coefficient reduces to
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3
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where εGF(T) is the emissivity and σ is the Stefan−Boltzmann
constant. The εGF(T) calculated from the experimental FTIR
result is shown in Figure S8 of the Supporting Information and
is close to the upper limit of unity given for a black surface.
An analytical solution for GGF can then be formed as
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and θ̅ is the average temperature rise of the electrically heated
suspended GF. We additionally note that if we take the limit of
eq 3 as m → 0, i.e., the case where radiation heat transfer
becomes negligible compared to conduction, the above solution
can be reduced to the following simple form
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The obtained thermal conductance data of the GF samples is
shown in Figure S9 of the Supporting Information and suggests
that the radiation loss is not negligible for the low thermal
conductance sample GF1 at temperatures above about 300 K
and only causes a small error for this sample at lower
temperatures and for the high conductance samples GF2−6
over the entire temperature range of measurements.
The total thermal conductivity of the GF is composed of

both electronic and lattice contributions, κGF,e and κGF,l,
respectively. Using the Wiedemann−Franz law,27 the electronic
contribution to the thermal conductivity can be calculated from
the electrical resistivity, ρGF, as κGF,e = LT/ρGF, where L is the
Lorentz number and T is the temperature. Over the measured
temperature range, the maximum value for κGF,e is only 0.2−
3.6% of κGF. Hence, phonons make the dominant contribution
to the thermal conductivity of the GF.
To determine the electrical and thermal properties of the

FLG and UG constituents inside the GF, we use the approach
of Lemlich28 and Schuetz and Glicksman,29 respectively. The
solid electrical resistivity (ρG) and κG are then

ρ φ ρ= ( /3)G GF (6a)

and

κ φ κ= (3/ )G GF (6b)

Equations 6a and 6b have been reported to be accurate in
describing electrical30 and thermal31 transport in open-celled
metal foams at low ϕ. Although uncertainty remains in this
model, subsequent semiempirical models do not deviate
significantly from the these original expressions at low ϕ.30,31

Figure 2. Transmission electron microscopy of GF1. (a) Low and (b)
high resolution phase contrast micrographs near a void in the strut
wall. (b, inset) Ordered AB stacking is observed at the folded edge of
the 8-layer graphene, oriented close to the [21̅1 ̅0] zone axis, and
measured interlayer spacing for the {0002}, {011 ̅1}, and {011 ̅0}
crystallographic planes closely match those determined more
accurately through X-ray diffraction. Scale bars are 1 μm for (a), 5
nm for (b), and 1 nm for the inset in (b).

Figure 3. Optical characterization results. (a) X-ray diffraction
spectrum of the GF shown in comparison with the reflection positions
of SP-1 grade highly oriented pyrolytic graphite23 (HOPG)
normalized to the {0002} reflection intensity. (b) Raman spectra of
the six GF samples normalized to the G peak intensity. The main strut
walls of GF1−4 exhibit spectra similar to defect-free bulk graphite24

with no detectable D peak, while the thicker walled GF5,6 exhibit D
peak to G peak intensity ratios of about 2%. (c) Fourier transform
infrared (FTIR) spectrum normal to the ∼2 mm thick GF.
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However, the anisotropic thermal conductivity of the FLG and
UG strut walls of the GF considered here may call for future
studies to improve the model for GF.
Figure 4 shows the obtained effective and solid thermal

conductivity and electrical resistivity values of the GF. The

∼10−20% errors for these results were mainly due to the
uncertainty in ϕ. The ρGF displayed a peak at a temperature
near 40 K and decreased with increasing temperature above the
peak position. A similar resistivity peak has been observed
previously for HOPG,32,33 although the exact mechanisms have
not been understood clearly. Values of ρG for GF2,3 obtained
with the gentle Fe(NO3)3-based Ni etch and GF4 obtained
with the very slow (NH4)2S2O8-based Ni etch were a factor of 3
and 4 lower, respectively, than that for GF1 where the
aggressive HCl-based Ni etch was used and a factor of 2 lower
than that reported for HOPG deposited at 2250 °C.34 Values of
ρG for the higher density samples GF5,6 were 1.3 times lower
than that for GF4. However, the ρG values for the GF were still
higher than values reported for HT-HOPG21 and single crystal
graphite (SC-G)35 likely because of the relatively low
temperature used in GF synthesis. The ρGF and ρG for the
GF structures reported by Chen et al.17 are lower than the
values of GF reported here, possibly because of unintentional
doping of the GF by polymeric residue from the support layer
used in that work.
For GF samples 1−3, 5, and 6, κGF reached a maximum at

about 200 K, with a peak value ranging from 0.36 W m−1 K−1

for GF1 to 0.92−0.94 W m−1 K−1 for GF2,3 among the low-
density GF, and 3.0−3.2 W m−1 K−1 for the higher density
GF5,6. The corresponding peak κG values were ∼250 W m−1

K−1 for GF1 and ∼650 W m−1 K−1 for GF2, 3 and GF5, 6. For
sample GF4, with a low mass density and processed with the
very slow ammonium persulfate-based Ni etching process, κGF
reached a maximum at about 150 K with a peak value of 2.7 W
m−1 K−1, corresponding to a peak κG value of ∼1600 W m−1

K−1. Both the lower peak temperature and increased peak
thermal conductivity are indicators of the increased crystalline
quality of GF4. We note that although samples GF5,6 with
thicker FLG/UG strut walls show lower ρG than the samples
with thinner strut walls, the solid thermal conductivity of GF4
is higher than that for GF5,6. The lower solid κG of GF5,6 may
be attributed to higher crystallographic defects consistent with
SEM and Raman observations, which could be a result of
thermal expansion mismatch between the Ni support and the
precipitated graphitic layers and other factors, whereas the
increased defects may possibly increase the charge carrier
concentration and reduce the ρG of GF5,6.
It has been suggested that only well-oriented and well-

annealed graphite exhibits a quadratic temperature dependence
of the low-temperature thermal conductivity;36 hence, the
approximate κG ∝ T2 behavior observed for all GF samples
between 11 and 77 K are indicative of well-oriented FLG and
UG constituents. Additionally, the decreasing thermal con-
ductivity with increasing temperature observed in the GF
samples at T > 200 K reveals the dominant role of phonon−
phonon scattering processes and suggests that the thermal
conductivity is limited by phonon−phonon scattering and not
internal contact thermal resistance. However, the κG values of
the GF samples are still lower than the peak basal plane values
reported for HT-HOPG21 and NG,20 where the peak also
occurs at a lower temperature of about 140 and 80 K,
respectively, as shown in Figure 4d.
We have analyzed the measurement results with the

following thermal conductivity model27
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where δ is the {0002} interplanar spacing, kB and ℏ are the
Boltzmann constant and the reduced Planck constant,
respectively, τp is the relaxation time, ωp is the phonon
frequency, k is the wavevector, and νp is the phonon group
velocity. The summation is over the 12 different phonon
polarizations (p) of AB stacked graphite.37 The crystallographic
information obtained by XRD allows us to accurately determine
δ and the Brillouin zone dimensions for the GF in addition to
its AB stacked structure (Figure S9, Supporting Information).
In eq 7, the total polarization-specific relaxation time, τp,

including contributions from phonon−boundary, phonon−
impurity, and umklapp phonon−phonon scattering processes,
is calculated using the relaxation time approximation (RTA) of
Klemens and Pedraza.38 Although it has been shown recently
that the RTA does not adequately account for the selection
rules governing phonon scattering in single- and few-layer
graphene,39 it can still provide important physical insights into
thermal transport in graphite and the GF structures. For

Figure 4. Temperature-dependent electrical and thermal properties.
(a) Effective electrical resistivity of the GF (ρGF) shown in comparison
with the range of values for GF reported by Chen et al.17 (b) Solid
electrical resistivity (ρG) of the few-layer graphene (FLG) and
ultrathin graphite (UG) within the GF shown in comparison with the
ρG of FLG in GF reported by Chen et al.,17 highly oriented pyrolytic
graphite deposited at 2250 °C (HOPG),34 HOPG deposited at 2200
°C and subsequently heat treated to 3200 °C (HT-HOPG),21 and
single crystal graphite (SC-G).35 (c) Measured effective thermal
conductivity of the GF (κGF) and (d) solid thermal conductivity (κG)
of FLG and UG within the GF. The κ of HT-HOPG21 and natural
graphite (NG)20 are shown in comparison. The theoretical κG (lines)
modeled according to eq 7 for the GF, HT-HOPG,21 and NG20 match
the experimental values over a large temperature range.
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example, by fitting the thermal conductivity data at low
temperatures where boundary scattering is expected to be
dominant, this model suggests that the phonon−boundary
scattering mean free path is ∼525 nm for GF1, 1.5 μm for
GF2,3 and GF5,6, 4.25 μm for GF4, 9 μm for HT-HOPG,21

and 55 μm for NG.20 We note that the in-plane phonon mean
free path is affected more strongly by lateral grain size and the
interlayer coupling strength between the 2D graphene sheets in
the FLG/UG strut walls, as opposed to scattering by the top
and bottom surfaces of the strut wall, with the latter being the
case for semiconductor thin films. The much smaller phonon−
boundary mean free path value for GF1 than for GF2−6 is in
agreement with the SEM observation of a high density of voids
in GF1, presumably caused by the aggressive hydrochloric acid-
based Ni etching process. However, the similar value found for
GF2 and GF3 suggests that increasing the grain size of the
sacrificial Ni foams did not noticeably reduce phonon−
boundary scattering in the resulting GF3. The similar value
found for GF5 and GF6 suggests that the structural integrity of
the higher density GF, with correspondingly thicker strut walls,
is much less sensitive to the Ni etching conditions than the low-
density samples GF1−4. Moreover, the model suggests
stronger phonon−phonon scattering in NG20 and GF than in
HT-HOPG,21 approximately 6.3, 9.4, 3.9, and 1.1 times higher
for NG,20 GF1, GF2,3, and GF5,6, and GF4 at room
temperature, respectively. According to a recent TEM
study,40 the grain size of the NG samples is larger than a
millimeter, much larger than the 6−30 μm grain size for
HOPG. Moreover, the TEM results reveal internal folded
bands inside NG.40 Similar folded bands can also be observed
in the SEMs of our GF samples (Figure S1, Supporting
Information). It remains to be investigated whether these
folded bands may also lead to enhanced phonon−phonon
scattering near the folded regions in addition to reducing the
effective boundary scattering mean free path to be smaller than
the grain size.
Despite the question on the effect of the folded bands, the

continuous GF structure shows clearly superior thermal
conductivity than other nanocarbon networks or metal foams.
At a very low graphene loading of about 0.5 vol %, the effective
room temperature thermal conductivity of 1.7 W m−1 K−1 of
the GF is already a factor of 13−53, 2.6, and 8−12 higher than
the filler contribution in polymeric composites with randomly
oriented CNT,3,4 magnetically aligned MWCNT,4 and FLG/
UG particle5−7 fillers at similar loadings. Moreover, the GF
samples with density 1.3−4.1 times lower than that of the
sacrificial Ni foam can achieve a room temperature solid
thermal conductivity that is a factor of 5−11 and 1.2−2.5
higher than for Ni and Cu, respectively.
Figure 5 shows an additional comparison between the

effective thermal conductivity of GF samples in this work and
pitch-derived carbon foams graphitized at 1000 and 2800 °C.41

The mass density of the graphitized carbon foams is much
larger than that for all the GF samples, mainly because of much
thicker strut walls for the graphitized foams. Table S2 in the
Supporting Information summarizes the specific thermal
conductivity, defined as the ratio between the effective thermal
conductivity and the mass density expressed in specific gravity.
Both Figure 5 and Table S2 show that the specific thermal
conductivity of the GF samples grown by CVD at a
temperature of 1050 °C greatly exceeds that of the carbon
foams graphitized at 1000 °C and approaches values reported
for those graphitized at a much higher temperature of 2800 °C.

High-temperature annealing of the GF may lead to further
enhancement of the specific thermal conductivity. Moreover,
the GF structure with nanometer scale strut wall thickness can
provide a much larger heat transfer surface area for a given solid
volume than existing graphitic foams with micrometer scale
strut wall thickness,41 making GF more effective for heat
transfer fin and filler applications based on the effective medium
theory,42 provided that the pore size of the GF can be reduced
to achieve a comparable volume fraction as those of the
graphitic foams without increasing the strut wall thickness.
These experiments lead to the establishment of the

correlation between the transport properties of free-standing
GF structures and the processing conditions. It is shown that
enhancement in the thermal conductivity of the low-density GF
by more than a factor of 6 can be obtained with the use of a
slow etching process of the sacrificial Ni support. The thermal
transport measurement results further reveal that phonon
transport in the GF is only limited by the unfolded crystallite
domain size at low temperature and phonon−phonon
scattering near room temperature in the FLG/UG building
blocks, as opposed to interface phonon transmission that has
reduced the effective thermal conductivity of van der Waals-
bonded carbon nanomaterial networks. Because the effective
thermal conductivity is limited by the very low GF volume
fraction instead of internal contact thermal resistance, it is
feasible to further increase the effective thermal conductivity of
this 3D graphene architecture by more than 1 order of
magnitude via an increase in the graphene volume fraction
through the reduction of the pore size without increasing the
strut wall thickness. Therefore, this 3D graphene-based
architecture holds great promise as thermal interface and heat
spreading materials that meet the requirements in both the
thermal conductivity and mechanical compliance for thermal
management of electronic devices as well as thermal storage
and electrochemical devices.43
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Additional SEM, TEM, and Raman analysis, synthesis and
structural characterizations, thermal conductance measurement
and analysis, theoretical thermal conductivity modeling, and

Figure 5. Comparison with graphitized carbon foams. Room
temperature effective thermal conductivity of the GF (κGF) versus
density shown in comparison with values reported for carbon foams
derived from Mitsubishi ARA24 (CF1) and Conoco Dry Mesophase
(CF2) pitches and graphitized at 1000 and 2800 °C.41 Linear fits to
the density dependence of the carbon foam thermal conductivity
indicate the thermal conductivity of the GF, synthesized at 1050 °C,
approaches the value expected for high-quality graphitic foam.
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