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The defect level and ideal thermal conductivity of
graphene uncovered by residual thermal reffusivity
at the 0 K limit†
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Due to its intriguing thermal and electrical properties, graphene has been widely studied for potential

applications in sensor and energy devices. However, the reported value for its thermal conductivity spans

from dozens to thousands of W m−1 K−1 due to different levels of alternations and defects in graphene

samples. In this work, the thermal diffusivity of suspended four-layered graphene foam (GF) is character-

ized from room temperature (RT) down to 17 K. For the first time, we identify the defect level in graphene

by evaluating the inverse of thermal diffusivity (termed “thermal reffusivity”: Θ) at the 0 K limit. By using

the Debye model of Θ = Θ0 + C × e−θ/2T and fitting the Θ–T curve to the point of T = 0 K, we identify the

defect level (Θ0) and determine the Debye temperature of graphene. Θ0 is found to be 1878 s m−2 for the

studied GF and 43–112 s m−2 for three highly crystalline graphite materials. This uncovers a 16–43-fold

higher defect level in GF than that in pyrolytic graphite. In GF, the phonon mean free path solely induced

by defects and boundary scattering is determined as 166 nm. The Debye temperature of graphene is

determined to be 1813 K, which is very close to the average theoretical Debye temperature (1911 K) of the

three acoustic phonon modes in graphene. By subtracting the defect effect, we report the ideal thermal

diffusivity and conductivity (κideal) of graphene presented in the 3D foam structure in the range of

33–299 K. Detailed physics based on chemical composition and structure analysis are given to explain the

κideal–T profile by comparing with those reported for suspended graphene.

1. Introduction

Graphene, a form of carbon with a monolayer honeycomb
lattice, has been the focus of extensive investigations since its
discovery in 2004. Due to a number of intriguing properties,
such as extremely high electrical1 and thermal conductivity,2

mechanical strength to weight ratios,3 and large specific
surface area,4 graphene has become an attractive candidate for
promising applications in various areas. Potential graphene
applications include lightweight and flexible touch screens,5

electric circuits,6 solar cells,7 next generation batteries,8 low
cost water desalination,9 drug delivery,10 etc. Understanding
the fundamental physics and the underlying mechanism con-
trolling those amazing properties can pave the way for its wide
applications.

Among its numerous outstanding properties, the highest
thermal conductivity (κ) is of significant importance for gra-
phene’s applications. Different approaches have been develo-
ped to characterize the thermal conductivity of graphene. The
first experimental measurement was conducted at the Univer-
sity of California Riverside2 using a “noncontact technique
based on micro-Raman spectroscopy”. In their experiment, an
extremely high thermal conductivity of single-layered graphene
was found in a range of (4.84 ± 0.44) × 103 to (5.30 ± 0.48) × 103

W m−1 K−1 at RT. This value exceeds the measured thermal
conductivity of other carbon materials, such as CNTs and
diamond. As for isotopically pure 12C graphene, the in-plane
thermal conductivity was determined to be higher than 4000
W m−1 K−1 at 320 K by Chen et al. using the optothermal
Raman technique.11 Despite the reported high conductivity,
other smaller values were also obtained. Lee et al. performed
measurements for suspended pristine SLG using Raman scat-
tering spectroscopy. The resulting thermal conductivity is
∼1800 W m−1 K−1 near 325 K to ∼710 W m−1 K−1 near 500 K.12

Faugeras et al. obtained value ≈630 W m−1 K−1 at a tempera-
ture of about 600 K by employing micro-Raman scattering
experiments for the suspended large graphene membrane.13
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Their graphene membranes were obtained by depositing large
graphene crystals onto a silicon wafer. Many impurities
resulted from the PMMA copper film and acetone may exist
due to the sample fabrication process.

A large discrepancy exists between these experimental
results. So far the value of the measured κ of graphene ranges
from dozens to thousands of W m−1 K−1. The lower bound can
be further lowered for more defective samples.14 This discre-
pancy can be induced by many factors: mainly the sample
defects, different isotope compositions, substrate effects,
different temperatures and uncertainties in the measurements.
Some factors can be controlled and compared. Coupling and
phonon scattering at the substrate can be averted by suspend-
ing graphene samples.2,15,16 The isotope purified and struc-
tured uniform monolayer graphene has also been measured
and studied.11 However, the defect level in the samples is extre-
mely difficult to measure. Defects including charged impuri-
ties,17 functionalized groups,18 Stone–Wales defects, vacancy
defects, stains, etc. are complex and random, and hard to
interpret in detail. Obtaining the ideal thermal conductivity of
different graphene samples experimentally remains a chal-
lenge. Given the difficulty of the experiment, theoretical mod-
eling and simulation play an important role in investigating
the ideal thermal properties of graphene. Nika et al. calculated
the thermal conductivity of graphene using the valence-force
field method. The obtained thermal conductivity of single-
layered graphene ranges from 2000 to 5000 W m−1 K−1

depending on the flake size, edge roughness and defect con-
centration.19 Zhang et al. characterized the thermo-physical
properties of 2D graphene nanoribbons using the transient
molecular dynamics technique. Quantum correction was
applied in temperature calculations, and a thermal conduc-
tivity of 149 W m−1 K−1 at 692.3 K and 317 W m−1 K−1 at
300.6 K was obtained for the 1.99 nm wide GNR with infinite
length.20 Other results using MD simulations,21 Boltzmann
transport equation22 and Ballistic theory23 predicted the ideal
thermal conductivity. It was found that without defect scatter-
ing, κ spans a range of 2400–10 000 W m−1 K−1 depending on
different graphene flake sizes.

Compared to 2D graphene sheets, three-dimensional gra-
phene macro-scale foam (GF) with controllable microscopic
structure is mechanically robust and thus greatly simplifies
the experimental measurement. As one of the most promising
forms of graphene for practical application, GF has attracted
wide attention.24–26 Its continuously and covalently bonded
structure makes it possible to overcome the interface thermal
resistance for application as thermal interface materials.27

Pettes et al. investigated the effects of processing conditions
on the thermal conductivity of GF (κGF).

27 They obtained κGF
directly by measuring the electrical resistance during electrical
heating. It was found that κGF follows a quadratic correlation
with temperature at low temperature and has a peak of
250–650 W m−1 K−1 at about 150 K. This work revealed the
different dominant phonon scattering mechanisms from low
temperature to near RT for GF. The low effective κGF was attrib-
uted to the very low volume fraction and high porosity. Lin

et al. studied the thermal diffusivity of GF samples at RT using
the transient electro-thermal (TET) technique. The radiation
effect was excluded rigorously by measuring GF samples at
different lengths. The intrinsic κ of the two-layered graphene
inside GF was originally determined without measuring
the porosity of the GF sample, which highly improved the
accuracy of thermal characterization of graphene from GF
experiments.15

In this work, we experimentally investigate the thermal
diffusivity of GF samples varying with temperature ranging
from RT to 17.0 K. Using the Schuetz’s model, the intrinsic
thermal diffusivity of graphene was determined accurately.
A novel method is presented to subtract the defect scattering
effects and obtain the ideal thermal conductivity of gra-
phene. Using the concept of thermal reffusivity, we identify
the defect effect and the Debye temperature of graphene.
Finally, the ideal thermal conductivity of graphene in the
temperature range of 33 K to RT is presented. The results are
discussed and further interpreted by comparing with other
studies.

2. Sample characterization and
methods for thermal characterization

The graphene foam (purchased from Advanced Chemical Sup-
plier Material Company) was synthesized by the chemical
vapor deposition (CVD) method. Fig. 1(a) and (b) show the
images of GF samples under a scanning electron microscope
(SEM) from low to high magnification, where 3D porous foam-
like structure of GF can be clearly seen. Fig. 1(c) presents the
Raman spectrum of the GF sample. The ratio of the integrated
intensity of G band to that of 2D band (IG/I2D) is 0.63, indicat-
ing that there are about 4 layers of graphene in our GF
sample.28 The crystal structure was examined by X-ray diffrac-
tion (XRD) analysis presented in Fig. 1(c) and (d). The fitting
results in an interlayer spacing of 3.35 Å, which is very close to
the reported value of 3.4 nm for bilayered and three-layered
graphene.29 The XPS result shows that the GF is mainly com-
posed of carbon (89%), oxygen (8.43%), nitrogen (0.43%), and
silicon (2.14%). Fig. 1(e) shows the C 1s spectrum of GF. The N
1s is presented in Fig. 1(f ), indicating the presence of a small
amount of the NH–CvO functional group on the surface of GF
samples.30 Details of the structure characterization can be
found in the ESI.†

The thermal diffusivity of GF samples at different tempera-
tures was measured to study how the thermal diffusivity varies
with decreasing temperature. A Janis closed cycle refrigerator
(CCR) system is employed to provide a stable and reliable
environmental temperature from 295 K to 10 K. The transient
electro-thermal (TET) technique developed by our laboratory is
used in the experiment. The TET technique has been proven to
be an accurate and reliable approach to measuring the
thermal diffusivity of various solid materials, including con-
ductive, semi-conductive or nonconductive materials. The
thermal diffusivity of different materials, such as micro-scale
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polyester fibers,31 micro/nanoscale thin films composed of
anatase TiO2 nanofibers,32 single-walled carbon nanotubes,33

DNA fibers,34 silkworm silks,35 etc., were measured success-
fully using the TET technique. The obtained results have a

high accuracy with less than 5% difference compared to the
values in references. Fig. 1(a) shows the schematic of the TET
experiment. The detailed experimental process and principles
for TET can be found in the ESI.† The measured thermal

Fig. 1 SEM, Raman and XRD spectra images of the GF sample studied in this work. (a) and (b): SEM images of GF cellular structure and wall struc-
ture respectively. (c) Raman spectrum of the GF sample. Raman conditions: CW laser at 532 nm wavelength, 100× lens, and 10 s integration time.
IG/I2D is the ratio of the integrated intensity of the G band to that of the 2D band. The value of IG/I2D indicates that the GF is composed of about
4-layered graphene. (d) XRD spectrum of the GF sample. The fitting result reveals a pronounced peak at 26.6°, yielding an interlayer spacing of
3.35 Å. (e) and (f ) X-ray photoelectron spectra of GF. (e) The C 1s spectrum, indicating different bonds for carbon atoms in the sample. The C–C
bond takes the majority, while some other bonds like C–O, CvC, and C(O)O also exist. (f ) The N 1s spectrum, suggesting the presence of the NH–
CvO functional group at the surface of the samples.
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diffusivity from TET is a combination of the real thermal diffu-
sivity and the radiation effect:

αmeasure ¼ αþ 1
ρcp

8εrσT0
3

D
L2

π2
; ð1Þ

where αmeasure is the measured thermal diffusivity, and α is the
real thermal diffusivity of GF. εr is the effective heat emissivity
of GF, and σ = 5.67 × 10−8 W m−2 K−4 is the Stefan–Boltzmann
constant. D and L are the thickness and length of the sample,
respectively. T0 is the environmental temperature and ρcp is
the specific heat of graphene foam per unit volume.

TET measurements were conducted at every 25 K of
environmental temperature from 295 K to 100 K. Denser data
points are collected at low temperatures (<100 K) to have a
clearer view of low temperature effects. After that, the sample
is taken out and cut shorter for the next experiment. Experi-

ments are repeated with the same sample with three different
lengths. The measured samples are detailed in Table 1. The
voltage evolution (Vexp) was recorded using an oscilloscope
(Tektronix DPO 3052 Digital Phosphor Oscilloscope). As a
zero-gap semiconductor, graphene’s resistance is inversely
proportional to its increasing temperature, which should
be linearly reflected in the decreasing voltage in our TET
measurement. The inset in Fig. 2(b) shows the resistance
against temperature profile for sample 1 from 295 K to 10 K,

Table 1 Details of GF samples characterized in this work

Sample Sample_1 Sample_2 Sample_3

Length (mm) 5.14 3.74 1.01
Width (mm) 1.37 1.38 1.37

Fig. 2 (a) Schematic of the experimental setup and data collection for the TET technique. The GF sample is suspended between two gold-coated
silicon electrodes and compressed tightly by two smooth silicon wafers. The whole sample base is mounted on the cold head of the CCR system. A
current source supplies the step current and an oscilloscope records the voltage evolution for the GF sample. (b) The raw voltage against time data
collected by the oscilloscope for sample 1 at the environmental temperature of 195 K. The inset demonstrates the linear relationship between resist-
ance and temperature for sample 1 from 295 K to 10 K. (c) Microscopy image of the GF sample (sample 1) suspended between two gold-coated
silicon electrodes. (d) Theoretical fitting of the normalized temperature rise for sample 1 at different environmental temperatures: 295 K, 195 K, and
10 K. Dots represent the experimental data and solid lines show the fitting result. These experiments are conducted in a vacuum lower than
0.5 mTorr. The time for reaching the steady state in TET measurements becomes shorter and shorter as T0 decreases from 295 K to 10 K, demon-
strating that the measured thermal diffusivity increases with decreasing temperature.
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which confirms the linear R–T relationship. A linear fitting can
be used to describe the R–T relationship: R = 26.85–0.0196 × T.
Fig. 2(b) shows one of the voltage evolutions (sample 1 at
195 K). The voltage before electrical heating is 1.104 V. Upon
the step current, the voltage begins to decrease and finally
reaches a steady voltage at about 1.091 V, resulting in the
voltage change of 1.18%. Given that the step current for this
measurement is 47.2 mA, the resistance can be calculated as
23.39 Ω and 23.11 Ω before and after the heating respectively.
Based on the linear R–T relationship of sample 1, the tempera-
ture increase is determined as 14.29 K. The recorded experi-
mental V–t data are theoretically fitted using different trial
values of the thermal diffusivity subsequently. Using eqn (2) in
the ESI† and MATLAB programming, the experimental data
are fitted by comparing with the theoretical curve with
different trial values of measured thermal diffusivity (αmeasure).
Applying the least squares fitting technique, the value giving
the best fit of Vexp is taken as αmeasure. The αmeasure represents
the thermal diffusivity during the joule heating process. The
corresponding real temperature can be approximated by the
average of the environmental temperature (T0) and the stable
temperature of the sample (T1). Here, the real temperature (T )
is taken as 195 + 14.29/2 ≈ 202 K. To determine the uncertainty
of the fittings, different trial values are also used for the
fitting. It is found that when the trial values are changed
by ±10%, the fitting curve obviously deviates from the
experimental data. Thus the fitting uncertainty was estimated
as 10%, but the real error should be much smaller since we
measured each value of thermal diffusivity 30 times and took
the average value as the final thermal diffusivity. In this
example, αmeasure is determined as 2.38 × 10−4 m2 s−1 at the
real temperature of 202 K. The normalized temperature rise
can be obtained using T* = [V(t ) − V0]/[V(t → ∞) − V0]. Fig. 2(d)
shows the normalized temperature rise for sample 1 at
different environmental temperatures: 295 K, 195 K, and 10 K.
As illustrated in the figure, the time for reaching the stability
becomes shorter and shorter as T0 decreases from 295 K to
10 K, indicating that the measured thermal diffusivity is
increasing with decreasing temperature.

3. Thermal properties and defect
level
3.1. Thermal diffusivity of graphene foam and its variation
against T

The result for αmeasure of the three samples against real temp-
erature T [=(T0 + T1)/2] is summarized in Fig. 3. Here, αmeasure

is still a combination of the real thermal diffusivity (αreal) and
the radiation effect. The GF samples are cut from an equal-
thickness GF film. From Table 1, the widths of the three
samples are almost equal with an error of less than 0.8%. The
lengths and widths were measured with INFINITY ANALYZE
under the microscope with a high accuracy. From eqn (1), we
can express αmeasure as: αmeasure = α + 8εrσT0

3L2/ρcpDπ2. Assum-
ing uniform density, emissivity and αreal for the three samples,

which is reasonable considering that they are actually the
sample with different lengths, the radiation effect should be
linearly related to its length square L2. We plot the αmeasure–L

2

of the three samples at each temperature (see Fig. 3 inset for
example). αreal is then obtained by linear fitting and extra-
polating to the point of L2 = 0. The real thermal diffusivity is
also plotted in Fig. 3.

αreal shows an increasing behavior as T goes down from
299 K to 104 K. Below 104 K, αreal tends to be stable with a
slight decrease from 43 K to 17 K. From the Wiedemann–Franz
law, the contribution of electron transport to the thermal con-
ductivity of graphene is negligible. The thermal behavior of
graphene is governed by propagating phonons in the graphene
lattice. The thermal transport ability of graphene is limited by
phonon scattering in several mechanisms, mainly including
Umklapp phonon–phonon scattering (U-scattering), phonon-
defect scattering and phonon-boundary scattering. Only
phonons with wave vectors (kp) of the order of G/2 (G is the
reciprocal lattice vector of the first Brillouin zone) participate
in the U-scattering by collision. At near RT, the phonon energy
is so high that almost all phonons possess high enough kp to
participate in the thermal transfer. Thus U-scattering domi-
nates the scattering process at near RT. As T goes down, lattice
elastic vibrations in graphene weaken and phonon population
decreases. The U-scattering weakens correspondingly, which

Fig. 3 The measured thermal diffusivity αmeasure against temperature T
for the three GF samples and the resulting real thermal diffusivity of GF
(αreal). αreal follows a linear increase with decreasing temperature from
299 K to 104 K. At 104 K, αreal tends to be stable with a slight decrease
from 43 K to 17 K. The top right inset is the measured thermal diffusivity
against length square (L2) for the three GF samples at a temperature of
54 K, showing one of the fitting process for determining the real
thermal diffusivity of the sample. Triangles are for the experimental data,
and the solid line represents the linear fitting.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 10101–10110 | 10105

Pu
bl

is
he

d 
on

 0
1 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 I
ow

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
12

/0
6/

20
15

 1
4:

52
:0

0.
 

View Article Online

http://dx.doi.org/10.1039/c5nr02012c


results in increasing thermal diffusivity. At low temperatures
(lower than 104 K), however, U-scattering becomes so weak
that the defects and boundary scattering whose intensity is
independent of the temperature begin to dominate. Thus, at
the low temperature (from 104 K to 17 K), αreal tends to be
stable, controlled by defects and boundary scattering. For the
slight decrease at temperatures below 43 K, the reason has not
been fully understood. It might be part of the intrinsic pro-
perties of the GF materials because we also found this ‘drop-
ping’ thermal diffusivity in the data of pyrolytic graphite.36

The surface area As contributing to the heat radiation could be
much larger than 2(W + D)L due to the high porosity of the GF
samples. Besides, for the three GF samples, larger ‘dropping’
of αmeasure is observed for the longer samples than for the
shorter one. Therefore, radiation could have a little effect on
this “dropping” behavior.

3.2. Intrinsic thermal diffusivity and reffusivity of graphene

The intrinsic thermal diffusivity of graphene can be obtained
using the thermal diffusivity of GF. Based on the model of
Schuetz et al.,37 a correlation has been demonstrated reliably
for GF by H. Lin et al.15 as αG = 3αGF. In this equation, αG is the
intrinsic thermal diffusivity of graphene, and αGF is the
thermal diffusivity of graphene foam. Using this equation, the
thermal diffusivity of graphene can be calculated accurately
without knowing the porosity of graphene foam. The un-
certainty in measuring the volume fraction of graphene foam
is therefore avoided.

The result for the intrinsic thermal diffusivity of graphene
(αG) is plotted in Fig. 4(a). The reciprocal of αG is plotted in
Fig. 4(b). Here αG

−1 is a new physical term called thermal reffu-
sivity (denoted as Θ), which was firstly defined and used by Xu
et al. to characterize the phonon thermal resistivity.34 Just like
electrical resistivity, thermal reffusivity is an intrinsic property
of a material, which is solely determined by the phonon scat-
tering inside materials. From the free electron model, electri-
cal resistivity is expressed as the sum of phonon–phonon
scattering and impurities scattering: ρ = m/ne2τ = ρL + ρi, where
ρL is the resistivity caused by the thermal phonons and ρi is
the resistivity sourced from the static defect scattering. For the
same purpose, the thermal reffusivity is defined to character-
ize the phonon scattering for the thermal behavior. From the
single relaxation time approximation, a classical model for
phonon thermal conductivity can be expressed as: κ = ρcpv

2τ/3.
Here, v is the phonon velocity, which rarely changes with
temperature. τ is the relaxation time for scattering. The reci-
procal of κ cannot fully describe the phonon scattering since
ρcp also changes with temperature. Thus, the thermal reffusiv-
ity is defined as the reciprocal of thermal diffusivity to take out
the specific heat effect. The above equation can thus be
expressed in terms of thermal reffusivity as: Θ = α−1 = 3/v2τ.
The relaxation time is inversely proportional to the phonon
scattering intensity. Therefore, thermal reffusivity directly
reflects the phonon scattering intensity. As will be discussed
below, Θ also has two parts: one induced by phonon–phonon
scattering and the other part by static phonon scattering by

defects. Just like electrical resistivity, the variation of Θ versus
temperature can be used to identify the residual value at the
0 K limit to evaluate the defect in the material. For metals, the
heat capacity of electrons can be approximated as C = γT,
where C is the heat capacity per unit volume and γ is a con-
stant. Therefore, for metals, the thermal conductivity becomes
κ = γTvl/3. The thermal reffusivity for metals can be defined
as Θ = T/κ.

Thermal reffusivity can be used to characterize different
scattering mechanisms. The way Θ changes with temperature
and its residual value at the 0 K limit can all be used to
provide unprecedented details of phonon scattering. Also,
from the Θ–T curve, the Debye temperature can be determined.
As mentioned above, the scattering mechanisms in graphene
mainly include U-scattering, phonon-defect scattering and

Fig. 4 (a) The intrinsic thermal diffusivity of graphene changes with
temperature. (b) Thermal reffusivity of graphene compared with (c) the
thermal reffusivity of other literature values for pyrolytic graph-
ite.36,40,41,48 The solid symbols are the experimental data, and the solid
lines show the theoretical fitting of the data. As temperature approaches
zero, the intersection point of the fitting line and the vertical axis is
taken as the residual thermal reffusivity (Θ0).
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phonon-boundary scattering. According to Matthiessen’s rule,
it is generally a good approximation to linearly add all the scat-
tering effects for the overall scattering effect:

1
τc

¼ 1
τu

þ 1
τdefects

þ 1
τboundary

ð2Þ

For U-scattering, lattice elastic vibration weakens as the
temperature decreases, resulting in reduced U-scattering and
increased relaxation time τu. Thus, as the temperature
approaches 0 K, the overall reversed relaxation time (1/τc)
slowly reaches 1/τdefects + 1/τboundary. Thus Θ decreases to a con-
stant: Θ(T →0) = 3/[v2(τdefect + τboundary)], which correspond-
ingly reflects the defect and boundary scattering effects in the
thermal reffusivity. It is defined as the residual thermal reffu-
sivity (Θ0). For rare-defect crystallite materials, with no defects
and boundary scattering existing, Θ is expected to be zero at
the 0 K limit. To demonstrate this theory, we have studied
some near-perfect materials in our previous work, for example,
silicon, germanium, NaCl and NaF. When the temperature
goes down to 0 K, their Θ truly decreases to zero just as the
theory predicts.34

Fig. 4(b) shows the profile of the intrinsic thermal reffusiv-
ity of graphene varying with temperature. Clearly, Θ decreases
as the temperature decreases from 299 K to 100 K. When T is
below 100 K, Θ gradually becomes stable and comes to Θ0. To
compensate for the data fluctuation at low temperatures and
reduce the error, the experimental data are fitted by a model
of phonon-scattering. From solid state physics, the phonon
population of U-scattering follows a behavior of e−θ/2T at low
temperatures,38 where θ is the Debye temperature of gra-
phene. Our experiments are conducted at temperatures much
lower than θ (around 2000 K39). Combined with the residual
thermal reffusivity theory, the model for thermal reffusivity is
expressed as Θ = Θ0 + C × e−θ/2T, where C is a constant. Using
OriginPro, the nonlinear curve fitting based on this equation
for GF is Θ = 1878 + 1.03 × 105 × e−906.6×T. Θ0 is accordingly
determined as 1878 s m−2 and θ is 1813 ± 48 K. For our gra-
phene foam sample, the residual thermal reffusivity Θ0 =
1878 s m−2, taking about 27.2% of the RT reffusivity. The
fitting is also plotted in Fig. 4(b) with the experimental data.
The fitting line shows excellent agreement with the data,
demonstrating the U-scattering effect on the thermal trans-
port. Our resulting Debye temperature is 1813 K. Although
many theoretical analyses suggested that the flexural acoustic
(ZA) phonons provide the dominant contribution to the
thermal transfer in graphene,20 our value is very close to the
average θ (=1911 K) of the three acoustic modes in graphene,
which is 2840 K for longitudinal mode (LA), 1775 K for trans-
verse mode (TA) and 1120 K for ZA.20 This could result from
the effect of the functional groups and other elements in GF
as observed in XPS, which interrupt the phonon propagation
and increase the energy coupling among ZA, LA and TA
modes.

To further demonstrate our residual thermal reffusivity
theory in graphene, we calculate the Θ evolution using some

experimental data of pyrolytic graphite in the litera-
ture36,40,41,48 and fit these data using our thermal reffusivity
model Θ = Θ0 + C × e−θ/2T. The results are presented in Fig. 4(c)
for comparison. As seen from Fig. 4(c), the model gives excel-
lent fittings for the three data groups. All the three groups of Θ
experience the same decreasing pattern as the temperature
goes down. Finally they reach each Θ0 value, which is deter-
mined by the different defect level in their samples. For the
data from Ho et al.,40 Hooker et al.48 and Slack et al.,36 the
resulting residual thermal reffusivity Θ0 are 43.3, 84.7 and
112.1 s m−2 respectively. Considering that their Θ at room
temperature are 795.4 s m−2, 881.8 s m−2 and 800.0 s m−2

respectively, the residual Θ0 takes only about 5%, 9.6% and
14% of the whole reffusivity at room temperature. These
results indicate the highly oriented graphene layers and low
defect structure in those pyrolytic graphite samples. Their
Debye temperatures are estimated as 1349 K, 1381 K and
1133 K respectively. Their estimated Debye temperatures are
very close to the value of the ZA mode (1120 K), reflecting the
dominance of the ZA mode phonon in heat conduction.

With the knowledge of Θ0, the mean free path of phonons
(ls) induced by boundary and defect scattering can be esti-
mated. ls represents the average distance that a phonon
travels between two scatterings. When the temperature
approaches 0 K, U-scattering gradually vanishes, and the
remaining scattering mechanisms are primarily boundary
and defect scattering. When the temperature approaches
absolute zero, the residual thermal reffusivity can be written
as Θ0 = 3/v2(τdefect + τboundary) = 3/vls under single relaxation
time approximation. To calculate the phonon velocity, the
phonon dispersion relation of graphite given by Wirtz et al.42

is used. Phonon velocity is estimated as 9171 m s−1, which is
the average of the three branches: out-of-plane acoustic (ZA),
longitudinal acoustic (LA), and transverse acoustic (TA). As a
result, ls from our data is estimated as 166 nm, which should
be smaller than the crystallite sizes of GF. For some rare-
defect materials, such as silicon and NaCl, the point defect
scattering can be rather small. Their crystallite sizes can be
estimated by ls precisely using this method. For the pyrolytic
graphite sample, the corresponding mean free paths from
defect and boundary scattering are determined as 7.56 μm,
3.86 μm, and 2.92 μm for the data from Ho et al., Hooker
et al. and Slack et al., respectively, which are close to the
reported a-direction crystallite size of pyrolytic graphite.43

These result further indicate the low defect level in the pyro-
lytic graphite samples.

3.3. Ideal thermal conductivity of graphene

By subtracting Θ0 from Θ, the ideal thermal diffusivity is
obtained by αideal = 1/(Θ − Θ0). To reduce the error of data, we
use the fitting data as Θ. Using αideal and the specific heat
capacity of graphene, the ideal thermal conductivity of gra-
phene can be determined as κideal = ρcpαideal, in which ρcp is
the volumetric specific heat of graphene. The literature
thermal conductivity of graphene ranges from dozens to thou-
sands of W m−1 K−1 due to the different defect levels in each
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graphene sample. Using our method, the difficulties for
measuring the defects levels in graphene samples can be
averted. Instead, the defect effect can be identified by Θ0.
Fig. 5(a) shows the obtained ideal thermal diffusivity of gra-
phene. αideal clearly has an eθ/2T dependence, suggesting the
dominating Umklapp phonon scattering mechanism.

By multiplying ρcp, we are able to calculate κideal. As far as
we know, there has not been any experimental data for the
specific heat of graphene at low temperatures. In the tempera-
ture range of 10 K to 300 K, the specific heat of graphite is nor-
mally taken as that of graphene. Fig. 5(b) presents the
measured heat capacity of graphite by Desorbo et al.,44 which
is used here to calculate κideal. Fig. 5(c) shows κideal varying
with temperature. At RT, κideal is about 300 W m−1 K−1. This
value is much smaller than the previously reported thermal
conductivity of 1500–5000 W m−1 K−1 for suspended gra-

phene.45 The difference might result from the curvatures and
folds of graphene planes inside the GF sample as seen in SEM
images [Fig. 1(b)], which largely increases the phonon scatter-
ing. In addition, there are other chemical elements (N, O, H
and Si) and the residual functional group on the surface of the
GF samples from the XPS results. For our GF, oxygen takes
about 8.43% in the sample. It has been reported by Mu et al.
that oxygen coverage of 5% reduced the graphene thermal con-
ductivity by 90%.46 These extra atoms inevitably distort the
order of the lattice so as to interrupt the phonon propagation
in graphene planes and even impede the neighboring planes.
As the temperature goes down, κideal increases all the way to
17 K, which further confirms the absence of the defect scatter-
ing effect. For the literature reported thermal conductivity pro-
files of graphene, their peaks occur at temperatures from
100 K to near RT. The peak position was determined by the
defect level in graphene samples. It has been suggested that as
the perfection of the graphite samples is improved, the peak of
thermal conductivity shifts from RT to about 80 K.47 In our
result, since the defect effect has been completely subtracted,
αideal increases all the way as expected. Numerous studies
suggest that the specific heat of graphite follows the Debye T3

law at very low temperature (<10 K), and transforms to ∼T2 in
the intermediate temperature range (10–100 K). The thermal
diffusivity of graphene has a temperature dependence as αideal ∼
eθ/2T. Therefore, the resulting thermal conductivity should have
a behavior of κideal ∼ T2 × eθ/2T, where θ = 1813 K in our work.
As the temperature goes down from 300 K to 10 K, e1813/2T

increases faster than the decreasing rate of T2. Accordingly,
κideal increases with decreasing temperature all the way. The
ideal thermal conductivity of pyrolytic graphite was also calcu-
lated from the literature data using our model. It can be seen
from Fig. 5(c) that κideal of the three pyrolytic graphite follow
the same pattern as the temperature goes down.

Our κideal value is smaller than that of pyrolytic graphite at
near RT (100–299 K), while it exceeds the value of pyrolytic
graphite below 100 K. This demonstrates the superior thermal
conductivity of graphene compared with pyrolytic graphite. As
the temperature goes down, κideal increases rapidly and goes
beyond 105 W m−1 K−1 below 80 K based on our calculations.
The data below 80 K should be used with less confidence since
the specific heat values are taken from graphite experiments,
which may be higher than the real specific heat of graphene.14

In addition, the error of fitted thermal reffusivity is larger at
low temperatures due to the data perturbation at low tempera-
tures, which results in the larger error in the value of ideal
thermal diffusivity. In this work, the low temperature range is
chosen in order to identify the defect level of graphene foam.
These results illustrate the phonon scattering mechanism in
graphene at low temperatures and shed light on understand-
ing the thermal behavior of graphene-based materials against
temperature variation. The ideal thermal conductivity of gra-
phene and the corresponding scattering mechanisms at high
temperatures (room temperature to 1000 °C) will be further
investigated in the near future once our new high-temperature
vacuum stage is ready to use.

Fig. 5 (a) The ideal thermal diffusivity of graphene. (b) The experimental
data for specific heat of graphite.44 (c) The ideal thermal conductivity of
graphene (κideal) against temperature compared with what we obtained
from other literature data of pyrolytic graphite.36,40,41,48 The data inside
the orange rectangle (below 80 K) are less reliable due to the error of αG
at low temperatures and the undecided difference of specific heat
between graphene and graphite.
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4. Conclusion

This work investigated the thermal transport in graphene
foam from RT to 17 K using the TET technique. The three-
dimensional interconnected foam-like samples basically
consist of four-layered graphene. The XPS result uncovers the
chemical composition of carbon (89%), oxygen (8.43%), nitro-
gen (0.43%), and silicon (2.14%). The N 1s spectrum indicates
the presence of a small amount of NH–CvO functional group
on the surface of the GF sample. The intrinsic thermal diffu-
sivity (αG) of graphene is accurately determined after subtract-
ing the radiation effect. We identified the defect-induced
phonon scattering effects in thermal transport of graphene by
fitting the thermal reffusivity Θ to the point of T = 0 K. Using
the residual thermal reffusivity (Θ0), we are able to evaluate the
Debye temperature and the defect-phonon scattering mean
free path of graphene. Θ0 is found to be 1878 s m−2 for the
studied graphene foam, and 43–112 s m−2 for three highly
crystalline graphite materials. This indicates the orders of
magnitude higher defect level in the GF. The defect-induced
phonon scattering gave a long mean free path of 166 nm. The
Debye temperature of graphene was determined at 1813 K,
agreeing well with the average theoretical Debye temperature
(1911 K) of TA, ZA, and LA phonons in graphene. By subtract-
ing the residual thermal reffusivity, we obtained the ideal
thermal diffusivity and conductivity of the studied graphene.
The ideal thermal conductivity (κideal) resulting from Umklapp
phonon–phonon scattering was found to increase all the
way up with decreasing temperature. At RT, κideal is around
300 W m−1 K−1. It could go up to greater than 105 W m−1 K−1

when the temperature goes down to 80 K. The ideal thermal
conductivity of several reference graphite samples shows a
similar trend and comparable results.
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