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ABSTRACT

By continuously varying the structure of graphene oxide paper (PRGP) using Joule heating annealing, we
are able to tune its electrical conductivity (¢) and thermal diffusivity («) in a very wide range: more than
three orders of magnitude for ¢ (186—503009 S/m) and 10-fold for « (8.31 x 10~ m?/s t0 9.31 x 10~% m?/
s). Excellent coherency-linear relationship between ¢ and « is discovered although they are sustained by
different carriers: electrons and phonons. Such coherency exists over two sections: ¢ > 2 x 10* S/m, and
10°<0 < 2 x 10* S/m. A two-component parallel structure is proposed to interpret the observed dis-
covery. The slope of a~c relation reflects the ratio of difference in « between the two components over ¢
of the ordered structure. The intercept of a~o relation reflects the « of the disordered structure. It is found
the « of disordered structure in our PRGP agrees well with that of amorphous carbon. Past work on
carbon nanocoil, graphene paper, graphene oxide film, and graphene fiber also reveals linear coherency
between « and ¢. However, there are no uniform slope and intercept while they are close for similar
materials. The parameters of the linear coherency strongly depend on the two structures in the material.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene consists of sp? bonded carbon atoms in the form of a
two-dimensional honeycomb lattice [1]. The superior electron
mobility and phonon transport make it able to yield exceptional
electrical and thermal properties [2]. So far, it is reported that the
thermal conductivity of suspended graphene measured at room
temperature ranges from 2600 to 5300 W/mK [3,4], and the elec-
trical conductivity is determined to be ~3 x 108 S/m [5]. For various
sample synthesis processes, the geometry and assemble mode of
graphene sheets are different, which modifies the physical perfor-
mance of graphene. In addition, carbon atoms could be replaced by
other atoms or functional groups, such as graphene oxide sheets, in
which the properties of such components may change or even be
completely different. The mixture of sp? nanograins and amor-
phous sp> networks in graphene oxide sheets result in several
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orders of magnitude decrease in electrical conductivity
(~4 x 1073 S/m) [6], which is close to an insulating material. At the
same time, the lattice defects impede the transport of heat carriers
and contribute to a low thermal conductivity of graphene oxide
sheet of 0.14—2.87 W/mK [7].

Even if the thermal and electrical conductivity of graphene ox-
ide sheets are quite different from those of graphene sheets, their
overall composition structures are similar. In other words, the
substitution of carbon atoms with other atoms or functional groups
indicates that there may be some potential correlations on physical
properties between the graphene oxide sheets and graphene
sheets. Deng et al. measured the electrical conductivity and thermal
diffusivity of single carbon nanocoils at the same time by using a
transient electro-thermal technique [8]. The internal structures of
amorphous network and sp? grain determine the linear relation
between electrical and thermal transport. Liu et al. presented a
study of electrical conductivity and thermal conductivity on a giant
chemical vapor deposition graphene supported on a polymethyl
methacrylate (PMMA) film [9]. The linear correlation between
electrical conductivity and thermal conductivity is still valid for
graphene with different grain sizes and even in the presence of
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PMMA film. Xie et al. implemented a study to characterize the
electrical conductivity and thermal conductivity of packed carbon
nanofibers with different densities [10]. The thermal conductivity
presents a linear trend versus electrical conductivity for carbon
nanofibers. Emmerich investigated the effect of defect concentra-
tion on several parameters including thermal conductivity and
electrical resistivity (reciprocal of electrical conductivity) in carbon
fibers [11]. Even if the defect concentration results in different
values of thermal conductivity (22—950 W/mK) and electrical
conductivity (71428—833333 S/m), there are linear correlations
between thermal conductivity and electrical conductivity among
the three types of carbon fibers from different manufacturers. Qiu
et al. improved the electrical and thermal transport in carbon
nanotube fibers through functionalization and densification [12].
The thermal diffusivity increases from 1.9 x 10> m?/s to
4.7 x 1072 m?/s and electrical conductivity is in the range of
24300—65900 S/m. The thermal diffusivity presents a good linear
correlation with the electrical conductivity. To better understand
the behavior of electrical and thermal transport in carbon-based
materials, it is of significance to reveal the mechanism of such a
phenomenon.

The electrical and thermal transport in carbon-based materials
are affected by the mobility of charge and heat carrier: electrons
and phonons. Various types of carrier scattering modes including
Umklapp scattering, defect scattering and boundary scattering
could contribute to different mean free paths of characteristic
carriers [13,14]. For a well prepared polycrystalline graphene film
with a grain size of 1-1000 pm [15], the mean free paths of electron
and phonon (a few hundreds of nanometers [16]) is much smaller
than the grain size. However, the mean free paths of electron and
phonon decrease and become close to the grain size as the pro-
portions of defect and boundary are elevated, in which the diffusive
transport rather than ballistic transport dominates the mobility of
electron and phonon. The grain size has been demonstrated to be
effective to regulate the electrical conductivity and thermal con-
ductivity of graphene film [17]. That is, as the mean grain size in
graphene is increased from 200 nm to 10 um, there is a 2—3 folds
increase in electrical conductivity and 10 folds improvement in
thermal conductivity, which shares a similar evolution trend versus
the grain size. However, the correlations between electrical and
thermal transport for carbon-based materials with different
structural defects are still unclear among published works. This
hinders the uncovering of mechanism for electron and phonon
transport behavior in carbon-based materials.

In this work, we present an experimental study that uncovers
the coherency between thermal diffusivity and electrical conduc-
tivity of partly reduced graphene paper (PRGP). Joule heating
annealing is applied on the PRGP to reconstruct the internal
structure with different annealing currents. The intrinsic electrical
conductivity and thermal diffusivity of PRGP are changed in a wide
range, which are sensitive to the annealing temperature distribu-
tion and are decoupled from the measured overall values in further
analyses. The relation between thermal diffusivity and electrical
conductivity in PRGP is compared with that of published carbon
structures to reveal the in-depth physical behavior based on
structure composition.

2. Structure tailoring by current annealing and thermal
diffusivity measurement

2.1. Experimental details for annealing and thermal diffusivity
measurement

The graphene oxide paper is purchased from the ACS Material
Company, which is synthesized from graphite powder by using the
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modified Hummer’s method and vacuum filtration preparation
[18]. Due to the amorphous structure and great amounts of func-
tional groups inside, it hinders the transmission of electrons and
heat. In order to rebuild the internal structure in graphene oxide
paper, a thermal annealing treatment has been introduced as an
effective method for removing some functional groups while
leaving fewer impurities compared with the chemical reduction
treatment [19], which is called PRGP material in this work.

The thermal annealing is implemented on the measured sample
by Joule heating while the electrical and thermal properties are
obtained from transient electro-thermal technique (TET) charac-
terization. As shown in Fig. 1(a), we design a connection mode for
switching between thermal annealing and TET characterization.
The sample is cut into a rectangular strip by a razor blade, and it is
prepared into a suspended structure with its ends closely attached
to electrodes by silver paste as illustrated in Fig. 1(b). The length,
width and thickness of the sample are 1.66 mm, 0.24 mm and
12.3 um, respectively. The sample stage is placed on a cold head
with a constant temperature control so that the temperature of
electrodes could remain as 300 K during TET measurement. The
sample is then placed into a vacuum chamber, where the pressure
inside is controlled to be no more than 0.5 mTorr. Therefore con-
vection heat transfer is negligible and the annealing temperature
along the sample could be elevated when an annealing current of
1-170 mA is applied by a current source (KEITHLEY 2611A). At a
certain heating current, the sample’s temperature increases from
room temperature and reaches a thermal equilibrium as Joule
heating generation dissipates along the sample through conduction
and radiation heat transfer. At the same time, some disordered
structure in PRGP sample changes into an ordered structure as-
sembly, resulting in the change of resistance and Joule heating
power along the sample. The resistance and annealing temperature
along the sample evolve gradually until the annealing treatment
reaches its final steady state. The thermal annealing is imple-
mented for more than 120 s in order to ensure thermal equilibrium
and accomplishment of annealing heating. The voltage evolution
during annealing heating is recorded by an oscilloscope (TEK-
TRONIX DP0O3052) as presented in Fig. 1(c). The voltage experiences
a rapid decrease at first and then becomes almost stable, which
confirms our analyses for this process as mentioned above. Note
that the measured voltages here under different annealing currents
are useful for further calculation of annealing temperature along
the PRGP sample.

The TET technique has been used to successfully measure the
thermal properties of various materials [20—23]. After annealing
treatment, we allows 40 min for the sample stage to cool down to
300 K. Then TET measurement is conducted to uncover the
annealing effect on electrical and thermal behavior. In the TET
measurement mode, a step current (0.06—10.6 mA for different
cases) is fed through the sample by a current source (KEITHLEY
6221). The TET signal recording uses the same oscilloscope in
annealing. The voltage change of the PRGP sample is then moni-
tored as shown in Fig. 1(d). The inset is an enlarged view for one of
the TET cycles to reveal its typical voltage change versus time.
During TET heating, the temperature of the sample experiences a
rapid increase and then reaches a steady state. The generation of
Joule heating in the sample dissipates through heat conduction and
thermal radiation. Heat convection is negligible due to the high
vacuum level in the measurement chamber. The temperature
evolution is sensitive to the equilibrium between heat generation
and heat dissipation. A one-dimensional thermal transport model
is applicable to the sample. The normalized average temperature
rise, defined as T* = [T(t) — Ty]/[Te — To), is given as [24].
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Fig. 1. (a) Schematic setup for annealing heating and TET characterization on the PRGP sample. (b) Optical image of the suspended PRGP sample. (c) Typical voltage evolution with
respect to time during annealing heating process. (d) TET signal of the PRGP. The inset presents the enlarged view for one of the measurement cycles. . (A colour version of this figure

can be viewed online.)
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where t is the time, L the sample length and e the effective
thermal diffusivity. Note that the radiation effect has not been
decoupled from aef here. It will be taken into account in calculating
the intrinsic thermal diffusivity. Among the slight temperature rise
induced from heating current in TET measurement, the tempera-
ture coefficient of resistance for PRGP sample could be assumed
constant. The sample resistance is sensitive to temperature so that
the normalized temperature rise can be obtained from voltage
variation as recorded in oscilloscope, which is described as U”
[U(t) — Up]/[Us — U], where U(t), Up and Uy are the voltage at time
t, initial and steady-states, respectively. In Eq. (1), the normalized
temperature rise, equal to the value of normalized voltage varia-
tion, is used for determining the thermal diffusivity of the PRGP
sample.

2.2. Transient behavior under different annealing level

The evolution of electrical resistance with respect to time during
annealing heating is presented in Fig. 2(a) at different heating
currents. Under the effect of Joule heating, the electrical resistance
first decreases rapidly, and then moves towards a stable value as
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the annealing process continues. The electrical resistance at steady
state is smaller than the initial one, some of which is irreversible
even after the heating is done. It is attributed to the negative
resistance-temperature coefficient of PRGP sample and structure
improvement during annealing process. The changing rate of
resistance during annealing, defined as the derivative of resistance
versus time, decreases with the annealing time. The electrical
resistance becomes saturated for an improved crystallinity as the
time is extended. The annealing heating process could be consid-
ered consisting of three processes. Within the annealing heating
procedure, the resistance first decreases with little structure
change as the temperature is elevated. This is introduced by some
physical modes including the rotation and the thermal expansion of
sp® grains. Second, the resistance continues to decrease under the
combined effects of temperature rise and the internal structure
annealing. The reconstruction of crystallinity and bond connection
in PRGP sample contribute to the change of intrinsic electrical
resistance and thermal properties. Under a certain annealing cur-
rent, the Joule heating and heat dissipation keep evolving and
establish a new temperature profile along the PRGP sample. Third,
with the annealing moves forward, the electrical resistance grad-
ually transfers into a stable value as the thermal equilibrium is
established. For different annealing currents, the resistance at
higher currents reaches a steady state within a shorter time
compared with that at low annealing current. For example, it takes
1 s for the resistance of the PRGP sample to stabilize at annealing
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Fig. 2. (a) Resistance change of PRGP sample in annealing heating process with different heating currents. The effective thermal diffusivity calculated from the normalized
temperature rise by using the TET technique after annealing treatment for heating currents of (b) 0 mA (the original sample), (c) 36 mA and (d) 170 mA, respectively. The inset in
figure d shows the SEM image of the PRGP sample. (A colour version of this figure can be viewed online.)

current of 1 mA while that time is less than 0.1 s for 170 mA. The
disordered structure takes large proportion in graphene oxide pa-
per, which is dramatically modified as the annealing treatment is
implemented. It is speculated that the crystallinity reconstruction
effect for the case of 1770 mA may not be as fierce as that of 1 mA.
The amorphous structure takes a large proportion in graphene
oxide paper, which is dramatically modified as the annealing
treatment is implemented. In the annealing process, when the
current is higher, the annealing will take a shorter time since the
previous annealing has finished reforming some structures.
When the sample temperature returns to 300 K after annealing,
the TET technique is implemented to determine the thermal
diffusivity of PRGP sample with diverse crystallinity re-
constructions. Fig. 2(b—d) show the normalized temperature rise
versus time for different annealing currents. The normalized tem-
perature rise has a similar trend of increasing with time. However,
the characteristic point (0.87 for T*) differs for various annealing
currents. For the original sample, the characteristic point occurs at
0.57 s, while the characteristic point after 170 mA annealing occurs
at 0.10 s. It reveals that the thermal diffusivity of PRGP sample at
170 mA is increased significantly after the annealing treatment,
which is much larger than that of 0 mA and 36 mA. The corre-
sponding effective thermal diffusivity is determined to be
9.9473% x 107 m?/s, 2.03"002 x 10 m?/s and 5.83*Q14x
10-6 m? /s for PRGP sample after annealing with current of 0 mA,
36 mA and 170 mA, respectively. The uncertainty of thermal
diffusivity measurement is evaluated from the least square fitting
method with 95% confidence interval. Xie et al. [25] has employed
the TET technique to characterize the thermal diffusivity and
thermal conductivity on PRGP materials. The thermal diffusivity of
their PRGP sample is calculated to be 1.56—2.63 x 10~® m?/s at
300 K, which is consistent with our measurement results. The
scanning electron microscope (SEM) image is shown in the inset of
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Fig. 2(d). Even if there are some wrinkled structures on the surface,
the PRGP film presents a uniform structure without any voids.

Fig. 3(a) illustrates the variation of electrical resistance for the
PRGP sample in thermal annealing and after annealing treatment.
The electrical resistance in annealing process (Rjs) is determined
from steady state voltage while the resistance after annealing (Raa)
is calculated from TET technique as the sample temperature returns
to 300 K. The Rja decreases from 4532 Q to 15 Q as the annealing
power increases from 0 W to 0.44 W. Among the same annealing
power, the Raa decreases from 4532 Q to 20 Q. The decrease by
more than two orders of magnitude is ascribed to the improvement
of internal ordered structure in PRGP sample by thermal annealing.
Under the same annealing power, it is found that the Ry is smaller
than Raa due to the negative resistance-temperature coefficient of
PRGP sample [26]. The resistance change percentage in and after
annealing is also summarized in Fig. 3(a). It is observed that the
resistance change percentage versus annealing power first in-
creases and then decreases, rather than a constant. The maximum
value of 58% appears when the annealing power is 0.045 W. The
resistance change percentage is sensitive to effects of the structure
reconstruction in thermal annealing and the negative resistance-
temperature coefficient of PRGP sample.

The results of aefr after different power annealing are summa-
rized as shown in Fig. 3(b). The aef increases from 9.94*309 x
107 m?/sto 5.837517 x 10~ m?/s among the range of annealing
power up to 0.44 W. The increase by 487% is attributed to the
transformation of disordered structure into ordered structure,
which is much more obvious for a higher annealing power. The
annealing treatment also removes some oxygen-containing func-
tional groups in sp> carbon bonds in the atomic network of the PRGP
sample, leading to enhancement of thermal diffusivity. It is reported
that for annealing temperatures higher than 1773 K, the lattice
fringes straighten up, and single rings begin to appear [27—29]. As
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Fig. 3. (a) Electrical resistance of PRGP sample with respect to annealing power in annealing process and after thermal annealing (300 K). (b) Measured effective thermal diffusivity
of PRGP sample after the treatment with different annealing powers. . (A colour version of this figure can be viewed online.)

the annealing temperature is elevated to 2273 K, the open edges are
represented by the double-loop form. For a higher annealing tem-
perature (2773—3073 K), the lattice fringes are getting straighterin a
mode of covering more number of layers and the absence of open
edges. With the increased annealing power, a higher annealing
temperature along the PRGP sample is created, which improves the
internal sp? carbon bond structure and thermal diffusivity.

2.3. Determination of annealing temperature profile and intrinsic
electrical conductivity and thermal diffusivity

Thermal annealing is implemented on the PRGP sample in a
two-point setup. The heat conduction and thermal radiation bal-
ance the Joule heat generation in the sample, resulting a non-
uniform annealing temperature profile and physical property pro-
file along the one-dimensional system. In other words, the elec-
trical resistance and thermal diffusivity determined above
represent the average of PRGP sample that has a property variation
along the axial direction due to the annealing temperature distri-
bution. To reveal the correlation between the intrinsic thermal and
electrical transport in PRGP sample, the electrical and thermal
behaviors at a specific annealing temperature need to be deter-
mined precisely. Therefore, it is of significance to calculate the real
annealing temperature profile with consideration of the intrinsic
thermal and electrical properties. Below we describe the methods
to determine intrinsic thermal diffusivity and electrical resistivity
of the sample specifically annealed at a given temperature.

As shown by the schematic in Fig. 4(a), in the first annealing
heating, first of all, the electrical resistivity is assumed constant
along the sample and can be calculated based on the overall sam-
ple’s electrical resistance. Using this assumed electrical resistivity
and the known heating current, we calculate the temperature
distribution along the sample. The highest temperature (at the
middle point of the sample) is T;. Now we consider the distribution
of the electrical resistivity along the sample, and local electrical
resistivity at the sample’s middle point is p;. With the fact that T;
will not differ a lot from the Ty under the first low current
annealing, the electrical resistivity at other locations of the sample
is assumed to vary linearly with the local temperature. Based on the
calculated temperature distribution, the value of p; is determined
by comparing the sum of the calculated electrical resistance at each
location and the measured overall electrical resistance. This newly
calculated electrical resistivity distribution will be used to calculate
the temperature distribution again to repeat the above process
until the temperature profile changes by <0.5% between two
consecutive calculations. For the second annealing current heating,
the same treatment is conducted, but the electrical resistivity and
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temperature relation for T < T; use the result obtained by the last
time annealing processing. For other annealing processes, similar
calculation strategies are applied to establish the real annealing
temperature profiles.

Note that the radiation heat transfer is taken into account with
an emissivity of 1 during the entire calculation. At this time, the real
annealing temperature along the PRGP sample is determined, as
presented in Fig. 4(b). The trend of annealing temperature profile is
consistent with the previous speculations that the annealing tem-
perature is non-uniform. Due to the higher annealing temperature,
the annealing effect at the midpoint could be better than that at the
sample end. The highest annealing temperature is up to 2119 K
under the annealing current of 170 mA. The calculation of real
annealing temperature profile is beneficial for further analyses to
uncover the correlation and mechanism of electrical and thermal
properties of PRGP sample.

Similar to the calculation strategy in real annealing temperature
profile, the intrinsic electrical conductivity (ojy:) and intrinsic
thermal diffusivity (ajy¢) are determined by combining the
measured overall electrical resistance and the effective thermal
diffusivity in TET tests. As shown in Fig. 5(a), the gj,¢ increases from
186 S/m to 5.03 x 10° S/m when the annealing temperature is
increased to 2119 K gy experiences a slow increase below 1300 K,
and then increases rapidly after temperature exceeding 1300 K. The
initial change (in red region) is presented in the inset of Fig. 5(a).
The absolute value of g, increases by three orders of magnitude
with the annealing temperature. In Fig. 5(b), ajy is elevated from
8.31 x 1077 m?%/s to 9.31 x 10~® m?/s with the annealing temper-
ature. The enhancement by 2703 folds for giy: and 10 folds for «jy is
ascribed to the change in internal structure induced by thermal
annealing. The disordered structure in PRGP sample suppresses the
electrical conductivity and thermal diffusivity. Lin et al. [30] pre-
pared a pristine graphene oxide film with an electrical conductivity
0f 0.01 S/m and an enhancement by ~2.8 x 10° folds is observed for
the sample after thermal annealing. The removal of oxygenated
functional groups in reduced graphene paper facilitates the elec-
tron mobility compared to the pristine materials. Renteria et al. [31]
employed a laser flash method to characterize the thermal prop-
erties of graphene oxide film and that after thermal annealing. The
thermal conductivity of graphene oxide film is determined to be
2.9 W/mK, which was increased to 61 W/mK after thermal
annealing. Assuming the specific heat capacity and density equiv-
alent to that of graphite as 709 J/kgK and 2210 kg/m> [32], the
thermal diffusivity is determined to be 1.85 x 10~® m?fs for gra-
phene oxide paper and 4.08 x 10~ m?/s for reduced graphene
paper. The increase by 22 folds in thermal diffusivity is in the same
order of magnitude as our results.
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2.4. Structure evolution characterized by Raman spectrum

Raman spectroscopy is applied to study how the thermal
annealing changes the internal structure of PRGP by scanning the
position from sample end to middle point [see Fig. 6(a-b)], in which
the two-dimensional map is plotted with different colors according
to the measured Raman intensity. The Raman spectrum of PRGP is
collected under an excitation laser of 532 nm. Details of our Raman
measurement and setup have been given in our previous works
[33—35]. The PRGP exhibits two typical peaks at 1350 cm~! and
1570 cm™ !, corresponding to the D peak and G peak. It is observed
that the separation between D peak and G peak becomes pro-
nounced as the position shifts from sample end to middle point
(increased annealing temperature). During this process, the in-
tensity of D peak decreases while the intensity of G peak increases
dramatically. This indicates the rare defects and good crystallinity
for the position near the middle point of the PRGP sample. As
shown in Fig. 6(c), the area ratio of D peak over G peak (Ap/Ac)
decreases from 1.19 at the sample end to 0.20 at the middle point.
The annealing treatment reduces the amount of sp> carbon bond
and facilitates the formation of sp? carbon bond. For annealing
heating on a two-point setup, the annealing power introduces a
non-uniform annealing temperature along the PRGP sample. The
PRGP transforms from a disordered structure (sample end) to a
more ordered material (middle point) with a higher annealing
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temperature, resulting in a non-uniform structural modification.
These results also demonstrate the non-uniform effect on electrical
and thermal properties along the PRGP sample.

3. Coherency between thermal and electrical transport

Using the values of intrinsic electrical and thermal transport
properties after annealing at different temperatures, the correlation
between «jyt and iyt is presented in Fig. 7(a) ajne experiences a
rapid increase and then exhibits a linear trend with respect to ipt.
The linear relation between electrical and thermal properties in
PRGP is similar to the Wiedemann-Franz law in metals, but is
completely different in physical mechanisms. In metals, free elec-
trons sustain both electrical and major thermal conduction. How-
ever, the charge carriers in PRGP are electrons while the heat
carriers are electrons and phonons, mostly phonons. The presence
of localized nanograins and amorphous networks affects the elec-
trical and thermal transport in PRGP. For electrical transport, it is
reported that the electron mobility in graphene is sensitive to
dislocation density, disorder of grain boundary, grain size and
interconnected network assembly [36,37]. When there are some
chemical species such as oxygen and hydroxyl inside, they facilitate
more electron scattering and reduce the electron’s mean free path
[38]. The increased defect and grain boundary structure result in
fierce phonon scattering and suppress the thermal transport [39].
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The electrical and thermal properties of disordered structure are
quite different from that of ordered structure. The transformation
from amorphous sp> network to sp? grains modifies the electrical
and thermal transport in PRGP [40,41]. Therefore, the mixture of
disordered structure and ordered one could create different forms
of electrical and thermal transport in PRGP due to the modification
by annealing temperatures.

The PRGP studied in our work possesses layered structure
assembled by disordered structure and ordered structure. In each
combination layer, the ordered structure are connected to the
adjacent disordered structure or ordered one. The adjacent grain
planes of ordered structure and disordered structure are parallel to
each other, forming a layered structure in PRGP. Here, the electrical
conductivity and thermal diffusivity of disordered structure in
PRGP are defined as o4 and ag, while those of ordered one are o¢ and
g, respectively. Even though the properties of ordered structure
are anisotropic within the layer and between the layers, the grain
planes of ordered structure and disordered structure are parallel.
The linear combination of electrical and thermal properties for
ordered structure and disordered structure could be described as

[8].
(2)

where v is the volumetric fraction of the disordered structure in
PRGP. The subscript “d" and “g" are for disordered and ordered
structure. The value of y between 0 and 1 is sensitive to the tem-
perature in annealing heating. That is, ¥ decreases versus annealing
temperature because of improvement of internal structure. From

Qreql = Y0 + (1 = Y)0g Opeq) = Y0g + (1 —77)0g
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Eq. (2), the correlation between electrical conductivity and thermal
diffusivity is then expressed as

Qreql = Abreq + B (3)
where the slope A = (¢g —ag)/(04 —0g) and intercept B = (040 —
og0g)/(04 — 0g). Thermal annealing introduces internal structure
transform from disordered structure to ordered structure. During
this process, the volumetric fraction of these two components is
changed but there is slight influence on each one’s electrical con-
ductivity and thermal diffusivity. Therefore, the value of A and B
remains constant during thermal annealing.

As shown in Fig. 7(a), the trend between the «jn and oy is
separated into two sections including the initial part (blue region)
and the linear correlation section (in green region). In the initial
part (gint < 2 x 10 S/m), the discrepancy of electrical and thermal
transport of disordered structure and ordered structure in PGRP
contributes to a rapid increase of ajnt. The electron transport re-
quires a connected conductive network to establish an electron
transport channel. In the original PRGP sample, the disordered
structure dominates the layer structure, which is close to an elec-
trically non-conductive material. As a consequence, the electron
conduction channel could not be well established until the ordered
structures are connected to each other under the effect of thermal
annealing. However, even if the electrical channel is not fully
established yet, heat can still be transferred between the disor-
dered structure and the ordered structure through lattice vibration.
Therefore in the beginning, any improvement in connection of the
ordered structure will result in a small absolute increase of
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electrical conductivity, while the increase of relative value is sig-
nificant in establishing the electrical channels.

As the connected network of ordered structure is gradually
established, the absolute enhancement of electrical conductivity
becomes more pronounced. In the linear correlation mode (ain¢
exceeds 2 x 10% S/m), the electrical and thermal transport prop-
erties are analyzed by physics mechanisms of two-composite
mixture as given in Eq. (3). The effect of thermal annealing on
PRGP changes the volumetric fraction of disordered structure and
the ordered structure. The correlation between «jy: and oijye is
described in a linear form with a slope of (ag —ag)/(64 —0g) and an
intercept of (s40¢ — 0g0ty)/ (04 — 0g). For the disordered structure,
aqis close to zero while «q is still non-trivial. The slope is then in the
form of (ag—ag)/(—0g) and the intercept is ag. As presented in
Fig. 7(a), linear fitting is applied to determine the values of slope
and intercept in linear correlation mode by using the least square
method. The intercept is calculated to be 2.27 x 10~% m?/s and the
slope is 1.43 x 10~ m3/S, which indicates the thermal diffusivity of
the disordered structure in PRGP is 2.27 x 10~ m?/s. Dias et al. [42]
has conducted thermo-optical characterization of hydrogenated
amorphous carbon thin films. The thermal diffusivity at room
temperature is evaluated to be 0.34—1.40 x 10~% m?/s for different
deposition times. These results agree well with the thermal diffu-
sivity of the disordered structure determined in our work.

For the initial section shown in Fig. 7(a) that has very fast
relative increase of electrical conductivity, we also plot out the
thermal diffusivity change versus the electrical conductivity change
and show the results in Fig. 7(b). A linear relation is also observed
between the thermal diffusivity and electrical conductivity for
Gine > 1 x 103 S/m. The linear fitting of this section data gives an
intercept of 1.04 x 10~% m?/s and a slope of 8.1 x 10~ m?/S. As
mentioned above, the network of electrical channel is in the stage
of gradual establishment for initial evolution mode. The intercept
here is not valid for disordered structure in PRGP but is in the same
order of magnitude as that in Fig. 7(a). For the data section with
gint < 1 x 103 S/m, since the thermal diffusivity changes very little,
linear fitting will make less physical sense and is not conducted
here.

4. Coherency physics and extension to other carbon
structures

In PRGP, «jy; increases by an order of magnitude while iy in-
creases by three orders of magnitude. The phenomenon could be
related to the fact that the electron transport across the grain
boundary is more impeded than phonons [43]. The electron scat-
tering at the grain boundary of the ordered structure and disor-
dered one is different from phonon scattering. The electrical
conductivity is ascribed to the quantum mechanical scattering of
electrons across all grain boundaries in PRGP. The electrons re-
flected from the grain boundary have no charge transport contri-
bution. However, the reflected phonons at the grain boundary will
exchange energy with phonons at the other side of the boundary
and facilitate thermal transport [44]. Even though there is a wide
range of values in electrical and thermal transport properties due to
the different levels of crystallinity, the linear relation between
electrical conductivity and thermal diffusivity is still valid in PRGP.
The volumetric fractions of the disordered structure and ordered
one are different in such a two-composite material, revealing that
the value of electrical and thermal transport properties would vary
between the two extremes. In addition, the coherency between the
electrical conductivity and thermal diffusivity is not only valid for
PRGP, but it also exists for many two-composite materials with
structure arrangement parallel to the directions of electrical and
thermal transport [45,46]. These include amongst other carbon
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materials such as carbon nanocoil, graphene paper, graphene fiber,
graphene oxide film, and so on. The overall electrical and thermal
transport properties of the two-composite material are sensitive to
the combined behavior of electron and phonon transport in layered
structure.

To investigate the robust and generalized correlation in other
carbon materials, the electrical and thermal transport properties
reported in literatures [47—50] are collected and shown in
Fig. 8(a—d). The linear fitting (red and blue lines) is applied to
uncover the correlation between electrical conductivity and ther-
mal diffusivity. It is observed that the thermal diffusivity presents a
very good linear increasing trend with the increased electrical
conductivity in carbon nanocoils, graphene papers, graphene fibers
and graphene oxide film, in which the directions of electrical and
thermal transport of interest are parallel to the internal structure
arrangement direction. The electrical conductivity has a wide range
of variation from ~10% S/m to ~10° S/m while thermal diffusivity is
within the range of 1077-10~3 m?/s. To reveal the underlying
mechanism in electrical and thermal transport, the determined
intercepts and slopes are summarized in Table 1. The intercept and
slope in two-composite system is described in the form of ag and
(g —ag)/(—0g) by assuming the electrical conductivity of disor-
dered structure close to zero. The microscopic structure in carbon
materials contributes to a difference of disordered structure and
ordered structure, resulting in a discrepancy in electrical and
thermal transport. A large value of intercept indicates a high ther-
mal diffusivity in disordered structure. If g is much larger than aq
(usually valid in carbon-based materials), the slope becomes an
approximation of the ratio of thermal diffusivity and electrical
conductivity of ordered structure (ag/0og). Therefore, the intercept
and slope of linear fitting between electrical conductivity and
thermal diffusivity for two different materials would be in a close
value if these two materials share similar disordered structure and
similar ordered structure, which generally occurs in materials with
the similar synthesis method.

Among the same materials such as carbon nanocoils, the in-
tercepts determined for two carbon nanocoils are 7.88 x 10~7 m?/s
and 112 x 1077 m?fs, along with the slopes calculated as
5.13 x 107" m3/S and 9.19 x 10~ m?/S. It means that the thermal
diffusivity of disordered structure and the ag /0 are in close values
in carbon nanocoil. This is reasonable since the internal assembly
(disordered structure and ordered structure) of carbon nanocoil is
similar under the same synthesis method. The similarity is also
observed for graphene paper, graphene fiber with the same sample
preparation. Compared with our PRGP sample, the results of gra-
phene oxide film is similar in slope but much different in intercept.
Itis ascribed to the similar ag/0¢ in sound ordered structure and the
discrepancy in disordered structure with different synthesis
methods [51,52]. Nirmalraj et al. characterized the thickness
dependence of electrical properties of individual graphene strip
[53]. The electrical conductivity of monolayer graphene is deter-
mined to be ~1 x 108 S/m. Wang et al. studied the thermal prop-
erties of suspended monolayer graphene [54]. They revealed that
the thermal conductivity of pristine monolayer graphene is
2000—2200 W/mK and the corresponding thermal diffusivity is
1.28—1.40 x 1073 m?fs. The ag/0g of monolayer graphene is esti-
mated as 1.28—1.40 x 10~ ! m?/S. The result is quite close to the
slope of our PRGP sample, which uncovers the structure recon-
struction of PRGP in thermal annealing toward pristine graphene.

For different materials, it is difficult to compare the values of
slope and intercept with each other even if carbon element is the
main component. The discrepancy in intercept and slope is attrib-
uted to the sample difference and measurement uncertainty. The
complex mixture of sp> and sp® carbon structure contributes to
specific slope and intercept among different materials, in which the
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Table 1
The intercepts and slopes in linear fitting between the electrical conductivity and
thermal diffusivity in different carbon structures.

Materials Intercept (m?/s) Slope (m>/Ss)
Carbon nanocoil [47] 7.88 x 1077 5.13 x 10711
Carbon nanocoil [47] 1.12 x 1077 9.19 x 107
Graphene paper [48] 1.37 x 1074 893 x 10710
Graphene paper [48] 2.57 x 1074 9.22 x 10710
Graphene fiber from LGGO [49] 191 x 1074 519 x 107°

Optimized graphene fiber [49] 1.71 x 1074 459 x 107°

Graphene oxide film [50] 3.56 x 107° 6.41 x 10711
This work 227 x 1076 1.43 x 1071

linear correlation of electrical and thermal transport is still valid.
The initial structure changing part in PRGP (slow « increase and fast
¢ increase) may not be found in other carbon materials if their
electrical conduction channel has been established in a good initial
structure arrangement. For our observed linear relation between
thermal diffusivity and electrical conductivity, some speculations
have been proposed in the past to explain such relation for carbon
fibers by similar electron and phonon scattering by defects [55]. In
our studied samples, with the annealing-induced structure
improvement, the free electron population could also be improved,
which will put another effect on electrical conductivity increase.
This will make the relation between thermal diffusivity and elec-
trical conductivity non-linear. Therefore, the structure composition
effect is more physically reasonable to explain the observed linear
relation between thermal diffusivity and electrical conductivity.
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5. Conclusions

In conclusion, we reveal the coherency between thermal diffu-
sivity and electrical conductivity in PRGP with Joule heating
annealing that reconstructs the internal structure. The annealing
temperature profiles at different annealing currents were calcu-
lated with rigorous physics consideration, and the highest point
reached 2119 K. The ajy¢ and iy of PRGP at different annealing
temperatures were extracted from the overall values. It was found
that gjn¢ was increased by 2703 folds and ajn: by more than 10 folds.
The electrical transport channel was gradually established in initial
evolution of annealing so that the electrical conductivity increases
by three orders of magnitude. Excellent coherency—Ilinear rela-
tionship existed between «jy¢ and iy although they were
controlled by different physical mechanisms. The thermal diffu-
sivity of disordered structure in PRGP was 2.27 x 1078 m?fs as
determined from the intercept of ajn¢~0cine relation. The linear co-
herency between thermal diffusivity and electrical conductivity
was also valid for other carbon materials with structure arrange-
ment direction parallel to the directions of electrical and thermal
transport. However, there are no uniform constants for the linear
coherency for all carbon materials, which is sensitive to the struc-
ture composition in the material. This work provides a strategy for
designing thermal transport and electrical materials. The electrical
and thermal properties of carbon materials could be changed by
varying the Joule heating current during thermal annealing. These
parameters could be quantitatively controlled if the linear co-
herency between thermal diffusivity and electrical conductivity is
determined. And at the same time, the TET technique can serve as
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an effective method to characterize the thermal and electrical
performance.
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