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Thermal rectification, a special heat transfer mode, is an
interesting phenomenon in which heat transport is related to
the temperature gradient or the direction of heat flow. Thermal
rectification can lead to a greater heat flow in one direction than
in another one."? Thus, in the last decade, the phenomenon of
thermal rectification has attracted considerable interest for its
potential application in thermal management of electronics
and energy savings. There are currently several general
approaches that can potentially result in rectifying behaviour or
realize thermal rectification, such as temperature dependent
thermal conductivity,> interfacial thermal resistance,*® asym-
metric geometries,>***> mass difference and size dependence.
Moreover, the asymmetric structure is expected to be a behavior
of thermal rectification at both macro scale and nanoscale. For
example, at the macro scale, numerical calculations and
experiments have demonstrated that two-segment bulk materials
with different thermal conductivity dependencies on tempera-
ture have thermal rectification characteristics."®> Moreover,
thermal rectification in bulk asymmetric structures have been
investigated to determine the shape dependence of the thermal
rectification via both theoretical calculations and experiments.?
Recently, it has been reported that the single asymmetric mate-
rial of reduced graphene oxide (rGO) can produce a heat rectifi-
cation phenomenon at the macroscopic scale based on the
dependencies of thermal conductivity of rGO on temperatures.®
At the nanoscale, the thermal rectification effect of the different
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resulted in both ends of the thermal conductivity saltation. Therefore, this resulted in the adjustment of
the thermal rectification of graphene composites to control the direction of heat flow.

asymmetric structures, including asymmetric carbon nano-
tubes,*”'**® graphene nanoribbons,"**** nanoporous silicon,*
and graphene,***'*'%?¢ was studied in-depth, and simulated
using molecular dynamics theory and classical nonequilibrium
simulation. The abovementioned research studies have shown
that the geometric asymmetry was a very valid way to increase the
rectification ratio. In addition, the benefit of employing an
asymmetric structure is that the thermal rectifier device can be
constructed with a single material system.

Graphene has drawn great attention because of its mechan-
ical strength and outstanding high thermal conductivity
(~5000 W m~' K ').2* Its conjugated molecular planar struc-
ture allows high, in-plane thermal conductivity.**** In addition,
graphene sheets with an ultrahigh aspect ratio are facially con-
structed to form bulk shaped materials with a different micro-
scale structure, including parallel and vertically aligned graphene
layers and interconnected graphene networks. In addition to the
intrinsic properties of graphene, the performance of the entire
bulk graphene-shaped material is also affected by a graphene-
unit aligned orientation. Therefore, graphene is considered
to be a promising material to construct a thermal rectifier
device.*»* It is helpful to both practically construct a thermal
rectifier and explore the possible thermal rectification of various
nanostructures, which are facing great difficulties. Herein, we
introduce a general strategy to achieve a novel framework of
binary, asymmetric, geometry composites arranged between
parallelly aligned and interconnected graphene in a single
material, which has two ends with different microcosmic gra-
phene structures. In current asymmetric, geometry composites,
the conjugated molecular plane of graphene can provide a large
contact area with the PEG polymer matrix compared with other
0-D or 1-D materials, which is of benefit to adjust the graphene
filler orientation. Moreover, the novel binary, asymmetric
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geometry composite can generate a more efficient heat rectifi-
cation phenomenon. The larger number of efficient heat transfer
channels in interconnected graphene networks (one end) than in
parallel aligned structures (another end) result in both ends of
the thermal conductivity transformation, adjusting the thermal
rectification with the coefficient up to 1.44. The thermal rectifi-
cation coefficient was increased by 12.5% compared to that of the
macroscopic asymmetric structure of the reduced graphene
oxide paper.’ This value can be adjusted in light of controlling
the length ratio of parallelly aligned and interconnected micro-
cosmic graphene.

In this study, in order to achieve a highly efficient thermal
rectification, we combined the advantages of asymmetric geom-
etry structure and different microstructures to design a novel
framework of binary asymmetric geometry composites. As illus-
trated in Fig. 1, the composite was designed as an asymmetric
triangle geometry. A nanoscale asymmetric structure was

Interconnected Granhene Structure
d

Parallel Aligned Graphene Structure
Thermal Rectification

Fig. 1 Simple schematic of a novel framework of binary asymmetric
triangle geometry composites composed between parallel aligned and
interconnected microcosmic graphene structures.
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composed of parallelly aligned and interconnected graphene,
which constituted two ends with a different microcosmic
framework. In addition, the micro asymmetric structure can be
conveniently controlled in light of adjusting the length ratio of
interconnected graphene and parallel aligned graphene. We
demonstrated the abovementioned design concept by experi-
mental approaches and examples. First, the interconnected
graphene/polyethylene glycol composites (i-G/PEGs) and paral-
lelly aligned graphene/polyethylene glycol composites (p-G/PEGs)
were prepared by simple, complete mixing of the PEG and gra-
phene suspension and air-drying methods under ambient
temperature (ESI). Second, interconnected and parallel aligned
G/PEGs were cross-linked by PEG to fit together. Finally, the
samples could be assembled into various shapes, such as
a triangle shape (Fig. 2(a)). The low and high magnification of
the SEM image indicates that i-G/PEGs have a disordered
morphology with an interconnected network frame (Fig. 2(a)-1,
upper inset). The morphology contains surface folds, which
are evidently different from the p-G/PEGs with a parallelly
aligned structure (Fig. 2(a)-3, upper inset). In the cross-linked
position of the different microstructure (Fig. 2(a)-3, upper
inset), an evident difference can be observed in low and high
magnification of the SEM image. The XRD patterns of the
p-G/PEG, i-G/PEGs and the corresponding composite structure
are evidently distinct as shown in Fig. 2(b). The i-G/PEGs did not
have a sharp peak at 7°, demonstrating that the graphene sheets
did not pack into an ordered, layered structure, which corre-
sponds to the results of SEM images (Fig. 2(a)-1). Furthermore,
the cross-linked position of the complex morphology can be
clearly observed in the SEM image (Fig. 2(a)-2), which displays
a composite structure of the network framework (on the top) and
parallel layer-by-layer arrangement (on the bottom).
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Fig. 2

(a) A digital photo of G/PEGs with triangular shape and SEM images of interconnected G/PEGs (1), the high-magnification SEM image

(upper inset) and the schematic illustration (lower inset) indicating a corresponding interconnected structure; cross-linked position of the
complex (2), the high-magnification SEM image (upper inset) and the schematic illustration (lower inset) illustrating counterpart, binary,
asymmetric, geometry composites arranged between interconnected and parallel aligned graphene; SEM image of parallel aligned G/PEGs (3),
the high-magnification SEM image (upper inset) and the schematic illustration (lower inset) demonstrating a layered structure. (b) XRD patterns of
i-G/PEG (1); p-G/PEG (3) and cross-linked position of the complex (2). The upper inset in (b) is an enlargement of the XRD pattern around 7°.
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The asymmetric structure can promote the generation of
thermal rectification.>'**>** Therefore, the obtained binary,
triangular geometry composites arranged between a parallelly
aligned and interconnected graphene structure were studied.
The length ratio of the network and layered structure in
composites was 1 : 1 (Fig. 1). Herein, we define that the positive
direction of heat flow is from the top to the bottom of the
triangular G/PEGs. In addition, heat power can be set as P,
when the measurement system reaches the non-equilibrium
stationary state. In the negative direction, heat power was
recorded as P_. The conceptual diagram of thermal rectification
with the triangular G/PEGs is shown in Fig. 3(a), and the
i-G/PEGs are located at the top. The heat flows from high
temperature Ty to low temperature 7y as revealed by the
direction of the arrows. The forward heat flux J; is the heat that
flows from the interconnected network structure to the layered
structure, while the reverse direction is defined as Jr. The
temperature variations with time are presented in Fig. 3(b)
(negative direction) and Fig. 3(c) (positive direction). The
temperature in points 1 and 2 increased with increasing
current. The same temperature bias is in Fig. 3(b) and (c), then,
AT = |T, — Ty| and recording the corresponding current.
Moreover, the heat power (Fig. 3(d)) and thermal rectification
coefficient (Fig. 3(e)) vary with the temperature bias. Heat power
(P) can be defined as

P=rP (1)

where P is the heat power, r is the resistance of the heating
plate, and I denotes the current. In Fig. 3(d), P, and P_ are all
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Fig. 3 (a) A simulation diagram of heat fluxes of binary asymmetric
geometry composites. The temperature (left vertical axis) and current
(right vertical axis) change as a function of time in (b) negative direction
and (c) positive direction. (d) Heat power and (e) thermal rectification
coefficients versus temperature bias. In the first AT = 8.2 °C (T, =
37.6°C, Ty =29.4°C), second AT=17°C (T, =50.1°C, T, = 33.1°C),
third AT =25.9°C (T, =61.9°C, T; = 36.0 °C) and fourth AT = 34.2°C
(T, =72.6°C, T, = 38.4 °C) equilibrium points in the negative direction.
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monotonically increased with increasing temperature bias. It
can be seen that P, is particularly larger than P_. The thermal
rectification coefficient R is defined as

R="1 ©)

As implied in Fig. 3(e), R can reach the largest value of 1.44
when AT = 25.9 °C. In the i-G/PEGS, its network structure has
a variety of heat transfer pathways, meaning it has a rather
good heat channel when the heat flux is flowing and the heat
transfer mode is very effective. However, the thermal channel of
the p-G/PEGs will be hampered by heat transfer, meaning the
heat flux can only pass through the surface of graphene.
In order to further explain the underlying mechanism of
thermal rectification of binary, asymmetric geometry compos-
ites, the thermal conductivities of p-G/PEGs and i-G/PEGs
were measured. Results show that the thermal conductivity of
i-G/PEGs is higher than that of p-G/PEGs. For example, the
thermal conductivity of i-G/PEGs is 0.2870 W m ' K ', while
that for p-G/PEGs is 0.2045 W m™~* K~ * under ambient condi-
tions. When i-G/PEGs and p-G/PEGs were constructed and
integrated together, the heat flow generated in the positive
and negative direction is obviously different due to the differ-
ence of the thermal conductivity distribution in i-G/PEGs and p-
G/PEGs. This is consistent with the experimental results of the
rGO with binary composites that indicate the larger the
discrepancy of the thermal conductivity of two different mate-
rials, the better the thermal rectification effect.>® In addition,
the results for the thermal rectification phenomenon of the
rectangular structure of binary asymmetric G/PEGs can be
found in the appendix (Fig. S4 of ESIT).

In order to better validate the effectiveness of our design of the
asymmetric geometry G/PEGs on the thermal rectification effect,
comparative tests were conducted. The thermal rectification
phenomenon of the single, interconnected structure G/PEGs with
higher thermal conductivity was investigated. Fig. 4(a) is the
conceptual diagram of the direction of heat flow with a sample of
netlike G/PEGs. Fig. 4(b) and (c) in the negative and positive
direction, respectively, show the transformation of temperature
and current over time for points 1 and 2. The magnitude of heat
power in the positive direction (P,) is particularly larger than that
in the negative direction (P_), as shown in Fig. 4(d). As the
temperature bias increases, P, and P_ are monotonically
increased. In Fig. 4(e), the thermal rectification coefficient R can
be up to a maximum value of 1.27 when AT = 25.7 °C.

Moreover, the thermal rectification phenomenon of the
single parallelly aligned structure G/PEGs with lower thermal
conductivity was also explored. Fig. 5(a) is a simple simulation
of the direction of heat flow with parallel-layer composites.
Similarly, layered G/PEGs were constructed into triangular
structures according to the same research methods used to
prepare i-G/PEGs. Fig. 5(b) shows the temperature and current
variations with time in points 1 and 2 in the negative and
positive directions (Fig. 5(c)). As shown in Fig. 5(d), P increased
more than P_. The thermal rectification coefficient has
a maximum value of R = 1.38 when AT = 26.3 °C, as shown in
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Fig. 4 Thermal rectification phenomenon of i-G/PEGs with triangular
structure. (a) A simple heat flux simulation diagram. The temperature
and current versus time in (b) negative direction and (c) positive
direction. (d) Heat power varies with temperature bias. (e) Thermal
rectification coefficient varies with different temperature bias. In the
first AT=8.4°C(T,=37.7°C, T;=29.3°C), second AT=16.4°C (T, =
49.4 °C, T, = 33.0 °C), third AT = 25.8 °C (T, = 61.7 °C, T; = 35.9 °C)
and fourth AT = 33.6°C (T, =72.4°C, Ty = 38.8 °C) equilibrium points
in the negative direction.
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Fig. 5 (a) A simulation model of heat flux for p-G/PEGs. The
temperature and current versus time in (b) negative direction and (c)
positive direction for triangular p-G/PEGs. (d) Heat power and (e)
thermal rectification coefficients vary with temperature bias. In the first
AT =83°C (T, = 36.8°C, T, = 285 °C), second AT = 16.7 °C (T, =
47.5°C, Ty = 30.8 °C), third AT =26.3°C (T, =59.4°C, T, = 33.1°C)
and fourth AT = 33.8°C (T, =71.2 °C, T, = 37.4 °C) equilibrium points
in the negative direction.

Fig. 5(e). Considering all the experimental results, it is clear that
the thermal rectification coefficients of parallel-layer G/PEGs
are even larger than interconnected composites.
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Fig. 6 (a) Schematic of binary, asymmetric, triangular-geometry
composites. L; and L, are respectively the length of interconnected
and parallel aligned graphene composites. (b) Measured thermal
rectification coefficient versus temperature bias for different length
ratios of two ends of the sample.

In recent years, thermomass theory has been used to explain
the influence of the asymmetrical structures on thermal recti-
fication.>** According to the mass-energy equivalence of Ein-
stein, which indicates that thermal energy has the equivalent
mass and heat transfer processes can be regarded as flowing
processes of thermomass. In the flowing process of thermo-
mass, the inertia of motion effect produces acceleration or
deceleration. When the heat flux of Qy transmits from the cross-
sectional area of A; to the cross-sectional area of A,, the formula
of equivalent thermal resistance is expressed in eqn (3):

1 ™ On 1 1 2 JL T
oMM )| Sdx 3
=3 kpCy(Ti + T>) <A22 A12> k(v + 1) Jo 4 * B

where, Ty is the lagging time, « is the heat conductivity, p is the
density, Cy is constant-volume specific heat, and T; and 7, are
the temperature of two sides. The first term on the right side of
the equation is the inertial thermal resistance. The second term
is the thermal resistance caused by the resistance of thermal
mass that is mainly determined by the shape of the heat
conduction medium, which is not affected by the direction of
heat flux. When the heat flux flows from the narrow side to the
wide side (NTW), 4, > A, and the inertial thermal resistance is
less than zero. When the heat flux flows from the wide side to
the narrow side (WTN), 4, < A; and the inertial thermal resis-
tance is more than zero. Thus, rg nrw < 'a,wrn, and the heat flux
in the NTW direction is larger than the heat flux in the WIN
direction. For the single material, whether it is the inter-
connected G/PEGs or parallel aligned G/PEGs, the heat flux in
the NTW direction is larger than the heat flux in the WIN
direction according to the thermomass theory, which makes the
thermal rectification in the asymmetrical G/PEGs.

From the results mentioned above, the binary, asymmetric
geometry composites arranged between parallelly aligned and
interconnected graphene can generate a more efficient heat
rectification effect. Nevertheless, the thermal rectification
coefficient is significantly diverse in light of adjusting the length
ratio of parallel aligned and interconnected graphene compos-
ites. In Fig. 6(a), L, and L, are respectively the length of inter-
connected and parallel aligned graphene structures where o =
Ly/L,. As shown in Fig. 6(b), with the increased temperature
bias, a thermal rectification value with a different length ratio

This journal is © The Royal Society of Chemistry 2017
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was also distinct. The largest thermal rectification value of R =
1.44 was obtained when L,/L, = 1:1 at AT = 25.9 °C.

Conclusion

In summary, we have successfully shown, for the first time, the
thermal rectification phenomena of the binary, asymmetric
geometry composites arranged between parallel aligned and
interconnected graphene. The greater amount of efficient, heat
transfer channels in interconnected, graphene networks than in
parallelly aligned structures result in both ends of the thermal
conductivity saltation. Thus, the triangular structure of binary,
asymmetric geometry composites, possessing both a macro- and
micro-asymmetric structure, have thermal rectification coeffi-
cients up to 1.44. This value can be adjusted by controlling the
length ratio of parallel aligned and interconnected graphene. Our
research based on G/PEG can produce a highly efficient heat
rectification phenomenon under ambient temperature. Further-
more, the current simple method can be extended to realize the
thermal rectification system by asymmetric structures, mass
differences and size dependence. Therefore, potential applica-
tions include thermal management of electronics, intelligent
temperature control and energy saving.
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