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ABSTRACT

We report the enhancement of the thermal conductivity of neopentylglycol (NPG) by compositing
it with graphene nanosheets (GPNs). Adding 50 wt% GPNs enhanced the thermal conductivity from
0.42to 18.4Wm~'K~1, and the barocaloric entropy change can still reach 122 Jkg~'K~" under pres-
sure loading of 0 — 1.0 kbar. The obtained composites demonstrated reduced thermal hysteresis,
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which will facilitate the large reversible entropy change. The present work thus provides a simple
and feasible way to enhance the thermal conductivity of plastic crystals with a giant barocaloric
effect, and promisingly accelerate the application of these materials in the solid-state refrigeration

technique.
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Solid-state refrigeration based on magnetocaloric,
electrocaloric, and mechanocaloric effects (which refers
to the adiabatic temperature change or the isothermal
entropy change of the material upon the application
of magnetic field, electric field, and stress respectively)
is nowadays under extensive investigation worldwide
[1-14]. Recently, some compounds in the plastic crys-
tals family have attracted much attention [5-9] because of
their giant barocaloric effect. The giant barocaloric effect
of the plastic crystals stems from first-order phases tran-
sition that is accompanied by the extremely large latent
heat, with the non-isochoric transitional character mak-
ing their transition easily driven by pressure. Since B. Li
et.al. reported the giant barocaloric effect in the plastic
crystal NPG [5], many plastic crystals with similar char-
acteristics have been suggested as potential barocaloric
candidates [6-14].

However, to act as solid-state refrigerants, there are
many other requirements except for the giant caloric

effect, for example, thermal conductivity and thermal
hysteresis are among the main concerns [15-19]. For
a refrigerant, the generated heat has to be transferred
out of the solid body to surrounding heat transfer flu-
ids to create the hot and cold end in the regenerator bed
within a certain operating frequency [17,18]. Moreover,
the dynamic study of the solid-state refrigeration proto-
type shows that the operating frequencies also demand
high thermal conductivities [15-17]. Nevertheless, the
plastic crystal exhibits quite low thermal conductivity,
taking the well-studied neopentylglycol (NPG) for exam-
ple, its thermal conductivity is only 0.42 W m~'K~! at
room temperatures [20], the ultra-low thermal conduc-
tivity inevitably inhibits its application as a solid-state
refrigerant.

Carbon materials are known for their thermal-
conductive properties and usually served as conduc-
tive fillers to enhance the thermal conductivity of poly-
mer and plastic materials [21-31]. Among the carbon
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Figure 1. The comparison of the barocaloric entropy change
under hydrostatic pressure change of 0 — 1 kbar and the thermal
conductivity between the present composites and the reported
barocaloric materials.

materials, graphene nanoplatelets (GNPs) that contain
several layers of graphene are usually considered one of
the best conductive fillers in carbon materials because
of their good thermal conductivity, low cost, and fair
dispersibility in the polymer matrix [24-31]. Moreover,
the unique layered nanostructure with platelet shape
offers advantages over other spherical or cylindrical mor-
phologies, because they can overlap with a large contact
area permitting much closer contact between adjacent
platelets and reducing the thermal contact resistance at
the interfaces [26,31].

Hence, here in this article, the GPNs have been cho-
sen as the conductive filler to fabricate the NPG-GPNs
composites with high thermal conductivity. The NPG-
GNPs composites were fabricated using a rather simple
impregnation method. The results denote that the GNPs
fillers were well dispersed into the NPG matrix, and high
thermal conductivities were obtained. By compositing
50 wt% GPNs into NPG, the thermal conductivity can
be enhanced from 0.42 to 18.4 W m~!K~!. Our further
study demonstrates that the added GPNs do not influence
the structural phase transitions of NPG, and the entropy
change reaches 122 J kg~ !K~! for the NPG-GPNs com-
posites under a pressure change of 0 — 1 kbar. The
thermal conductivity and barocaloric entropy change
were compared with the previously reported barocaloric
materials [32-50] and are shown in Figure 1. Obvi-
ously, the fabricated composites show priorities with both
high thermal conductivity and large entropy change, thus
promoting the possible application of the NPG plastic
crystals as the solid-state refrigerator.

Graphene nanoplatelets (GNPs) were supplied by the
Qingdao Yanhai carbon materials Co. Ltd. The GNPs
have a platelet morphology with a thickness of 5-10 nm
and an average width of 15 um. NPG is commercially
accessible. The NPG-GNPs composites were prepared
by a simple impregnation method. GPNs were firstly

dispersed into 100 mL acetone and were ultrasonicated
for 15 min, and NPG was added to the obtained solution.
The mixture was ultrasonically treated for 30 min at room
temperature to make the NPG dispersed in the solution.
Subsequently, the solvent was evaporated by heating the
solution to 80 °C accompanying the ultrasonic process, to
let the acetone volatilize. Using this method, NPG-GNPs
composites with GNPs mass ratios of 9.1, 16.6, 28.5, 41.1,
and 50 wt% respectively were prepared. It needs to note
here that the mass ratios of the composites are the start-
ing ones that do not consider the possible evaporation
of NPG during the fabrication process. The obtained
powder composites were then pressed into a cycloidal
plate with a thickness of 2 mm and a diameter of 20 mm.
The fabrication process of the composites plates was
briefly manifested in Figure 2(a). The thermal conduc-
tivity along the parallel direction of the obtained plates
was measured with a hot disk thermal analyser, which
was based upon a transient technique. The measurements
were performed by putting the sensor between two sim-
ilar composite plates. The sensor supplied a heat pulse
to the sample and the associated change in temperature
was recorded. The morphology of the composites was
obtained by scanning electron microscopy (SEM). The
structures of the obtained NPG-GNPs composites were
identified by X-ray diffractometer with the in-situ change
of temperatures from 300 to 350 K, the measured profiles
were refined with GSAS software. The isobaric calorime-
try was performed on Setaram-puDSCVII EVO device.
Based on the obtained calorimetry data, the barocaloric
entropy change was calculated.

The thermal conductivity (x) evolution with the
weight fraction of GPNs for the in-plane direction of the
composites plates is shown in Figure 2(b). It is seen that
Kk increases with weight fractions of GNPs. Specifically,
when the weight ratio of the GPNs reaches 28.5% and
50%, the thermal conductivity tremendously reaches 10
and 18.4 W m~!'K~!. Considering that the thermal con-
ductivity can be well adjusted by the GPNs contents, the
appropriate composites with appropriate thermal con-
ductivity can then be utilized in the cooling prototype.
Figure 2(c-e) show the SEM images of the section mor-
phology of the samples with 9.1, 28.5, and 50 wt% GPNs
fillers. As seen in the figures, GNPs flakes were dis-
persed uniformly throughout the matrix. Moreover, with
the increasing content, the GPNs fillers provide a three-
dimensional network, this network provides a path of
lower resistance for phonons to travel [24,25]. The high
aspect ratio and large interfacial contact area of GPNs as
well as the strong interface between the GPNs and NPG
will favor the thermal transport capacity of the compos-
ites. As a consequence, with the network becoming more
and more connected with the increase of GPNs content,
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Figure 2. (a) The schematic of the fabrication process of the NPG-GPNs composites. (b) Thermal conductivity evolution with the content
of GPNs fillers of the composites, the inset in (b) denotes the fabrication stress influence on the thermal conductivity values of the com-
posites with GPN:s fillers content of 41.1 wt%. (c, d, ) SEM images of the cross-section morphology of NPG-GPNs composites plates with

GPNs filler content of 9.1, 28.5, and 50 wt%.

the thermal conductivity continuously increases. How-
ever, the thermal conductivity of the composites cannot
increase infinitely with the GPNs content, it is because of
the thermal resistance between the filler-filler and NPG-
filler interfaces [24,25,30]. Moreover, when increasing the
stress of fabricating the composite plates, the in-plane
thermal conductivity further increases, as shown in the
inset of Figure 2(b). In the polymer-GPN, it has been
reported that the physical stress can enforce the van der
Walls interaction, causing the polymer to intercalate into
the interstices of GNPs layers [25]. The enforced interac-
tion between the two groups of atoms at the two sides
of the interface causes the enhancement of the ther-
mal conductivity [24,25]. Hence, in the present case, the
increased thermal conductivity of the composites with
increasing pressures can be reasonably ascribed to the
enhanced interaction between GPN and GNPs. On the
around, the enhanced thermal conductivity also implies
the penetration of the NPG into GNPs [25].

It is now clear that introducing GPN:ss fillers can effec-
tively enhance the thermal conductivity of NPG. How-
ever, whether the introduced GPN:ss fillers will influence
the phase transition and further the barocaloric effect

of NPG remains unclear, hence, in the following, the
phase transition and barocaloric effect of the obtained
composites will be investigated. NPG adopts an ordered
monoclinic structure [5,6], on heating, it undergoes a
phase transition to a cubic structure with four molecules
per unit cell which owns an orientationally disordered
configuration at any typical instant [5]. The structural
transition of the pure NPG was identified by XRD pat-
terns with the in-situ change of temperature within 300 K
to 350 K, as shown in Figure 3(a). At 300K, it is in a mon-
oclinic phase, when the temperature was increased to
310K, the cubic phase can be indexed from the XRD pat-
terns, indicating the phase transition. The lattice param-
eters and the cell volume were calculated from the typical
diffractions. Figure 3(b) and (c) further display the XRD
patterns measured at different temperatures for the com-
posites with GNPs filler content of 28.5 wt% and 50 wt%
respectively. For these two samples, an extra peak resid-
ing at 26.8° can be observed. For GPNs, the carbon
atoms are bonded covalently in a hexagonal arrangement
within their crystal layers and these layers are bonded to
each other by weak Van Der Waals forces. The d-spacing
between the carbon layers is ~ 0.335nm [28,29]. The



678 (&) Y.LIUETAL

g8
= |4 & Pure NPG @) . 285wit% (b) . . S0wt% ()
2 (g s &
=1 g & B
<
= —J J A 310K
.J;‘ LA “ JA
wn ~e
= =8
) ze
E JLL 330K L 330K | J\_A 330K
- A : 50 K }| \ g | 350K
350K ‘ A 350 1\‘ a i A =
10 20 30 40 10 20 30 40 10 20 30 40

20 deg.)

20 deg.)

20 deg.)

Figure 3. The XRD patterns of pure (a) NPG and NPG-GPNs composites with (b) GPNs content of 28.5 wt%, and (c) GPNs content of
50 wt%, measured at various temperatures. The subscripts ‘m’ and ‘c’ refer to the monoclinic and cubic structures of NPG.

peaks resided at 26.8° thus corresponding to the (0002)
diffraction peaks of the GPNs. The diffraction peaks for
the monoclinic structure of NPG can also be observed
from the room temperature pattern. For the compos-
ites, the monoclinic to the cubic phase transition of NPG
can be identified by the diffraction patterns, while the
GPNs didn’t change their structure. The results reveal
that introducing GPNss fillers does not influence the first-
order phase transition of NPG.

The structural phase transition exhibited above yields
sharp heat flow along the heating and cooling process.
Figure 4(al-a3) show the calorimetry curves on heat-
ing and cooling across the first order monoclinic - cubic
phase transition, under ambient pressure, 0.25 kbar, 0.5
kbar, 0.75 kbar, and 1 kbar. The baselines were sub-
tracted from the measured dQ/dT curves. To calcu-
late the barocaloric effect, the isobaric entropy curves
S(T, p) at different pressures with respect to a reference
value taken at normal pressure and at a temperature T
freely chosen well below the transition temperatures. The
obtained S'(T, p) = S(T, p)—S(250 K, 0) curves on heat-
ing and S(T, p) = S(T, p)—S(380 K, 0) on cooling
were shown in Figure 4(b1-b3) on cooling. Following
the isothermal paths of isobaric entropy on cooling, the
entropy change AS(T, 0 — p) on applying pressure can
be obtained. Similarly, by subtracting isobaric entropies
at different pressures on heating, the barocaloric entropy
change upon unloading of pressure can be calculated.
The obtained barocaloric entropy changes with load-
ing and unloading of different pressures were shown in
Figure 4(cl1-c3) for the three samples. The maximum
entropy changes are 372.4 ] kg 'K~ for the pure NPG
under 0 — 1 kbar hydrostatic loading, which is consis-
tent with the previous reports [5-7]. After compositing
with the GNPs fillers, the barocaloric entropy change
decreases for the same hydrostatic pressure change. The
entropy changes were 225 J kg7 !K~! and 122 J kg 'K~

for the filler content of 28.5 wt% and 50 wt% under 0 —
1 kbar hydrostatic pressure change. This is foreseeable
because the GPNss fillers do not participate in the phase
transition. It is worth noting that though the barocaloric
entropy change is reduced after adding the GNPS filler,
its values are still larger than the conventional barocaloric
materials [32-42] and makes the composites fascinating.
As is seen in Figure 1, the present NPG-GPNs compos-
ites exhibit priorities in both the barocaloric effect and
the thermal conductivity.

Further analysis reveals that compositing GPNs fillers
will promote the reversibility of entropy change of the
NPG. The reversible isothermal entropy change/adiaba
tic temperature change, meaning the accessible entropy
change under cycling external fields is closely related
to two characters for a material [8,11]. The first one is
the thermal hysteresis (AThys) of the first-order phase
transition, and the second one is the transition tempera-
tures response to the external field. Specifically, the min-
imum pressure prey above which the reversible entropy
change becomes nonzero, or obtaining the reversible
entropy/adiabatic temperature change can be identified
by these two parameters: prey = AThys/(AT/Ap) [8],
where ATpys means the thermal hysteresis at ambient
pressure and AT{/Ap is transition temperature change
rate with pressure. For the present composites, the tran-
sition temperature for the heating and cooling process
was determined as the temperatures corresponding to
the dQ/dT peak values. The transition temperatures for
the heating and cooling process are 318 K and 296 K for
the pure NPG, and are 316 K and 305K for the compos-
ites with GPN:s filler content of 50 wt% respectively. The
thermal hysteresis was calculated by subtracting the tran-
sition temperatures during the cooling process from the
ones during the heating process. The obtained ATpy, at
ambient pressure reduces from 22 to 11 K when 50 wt%
GPN:ss fillers were added to the GPN. Further using the
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Figure 4. The dQ/dT curves of the (a1) pure NPG, NPG-GPNs composites with the NPG content of (a2) 28.5 wt%, and (a3) 50 wt%, mea-
sured under hydrostatic pressure of 0, 0.25, 0.5, 0.75, and 1.0 kbar. (b1-b3) The corresponding isobaric entropy curves S'(T, p) at different
pressures for the three samples. (c1-c3) The barocaloric entropy change for hydrostatic pressure changes of 0 — 0.25 kbar, 0 — 0.5 kbar,
0 — 0.75 kbar, and 0 — 1 kbar for the compression and decompression process.

transition temperature at different hydrostatic pressures,
the AT/Ap of 11 Kkbar ™! can be obtained for the sam-
ples during the heating process. The minimum pres-
sure needed to achieve the reversible entropy change for
the composites with GPNs filler of 50 wt% is thus 1.0
kbar, which is reduced compared with the 2.0 kbar for
the pure NPG. The reversible entropy changes can be
characterized as the overlapping between AS obtained
upon pressure loading (heating) and unloading (cooling)
process [8]. Accordingly, for the composites with GPNs
filler of 28.5 wt% and 50 wt%, there appears overlapping
for the AS curves with application and removal of the
hydrostatic pressure of 1 kbar, as is seen in Figure 4(c2)
and (c3), while for the pure NPG, there is no overlap-
ping for the AS curves (Figure 4(c1)). The results thus
demonstrate that the addition of GPNss filler in NPG is
able to reduce the thermal hysteresis of the transition
and facilitate the achievement of the reversible entropy

change under a relatively small hydrostatic pressure. It
has been reported that the thermal hysteresis originates
from the friction of the phase boundaries between the
parent and production phases [51], and the introduc-
tion of porous or the partial removal of grain boundaries
through changing the sample geometry will reduce the
thermal hysteresis in the MCE materials [52,53]. For the
present composites, GPNs act as the framework, in which
the NPG penetrates, which resembles the case where the
porous was introduced in the sample and may reduce
the thermal hysteresis by reducing the interface friction
between the parent and production phases during the
phase transition.

In conclusion, the thermal conductivity of plastic crys-
tal NPG has been tremendously enhanced using a rather
simple method. The GPNs fillers can effectively increase
the thermal conductivity of NPG. The SEM images reveal
a good interface coupling between NPG and GPNs which
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is the origin of the large enhancement of the thermal con-
ductivity. The X-ray diffraction with an in-situ change of
temperatures shows that the addition of GPNis filler does
not influence the phase transition of NPG. The retained
phase transition in the composites guarantees the giant
barocaloric effect. Further isotropic calorimetry stud-
ies reveal the reduction of the thermal hysteresis and a
giant barocaloric effect in the sample. This work provides
a rather simple method to increase the thermal con-
ductivity of plastic crystals and promotes the potential
application of plastic crystals as solid-state refrigerants.
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