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The utilization of phase-change materials (PCMs) has garnered great interest in purposes of energy storage and
thermal management due to its lightweight, high-energy efficiency, and cost-competitiveness. However, the
intrinsic limitations of low thermal conductivity and leakage in PCMs impede their usage in high-power-density
energy harvesting applications. Here, we designed multifunctional phase-change composites (PCCs) via a dual-
encapsulation strategy to realize all-climate thermal managements for lithium-ion batteries. For PCMs, poly-
ethylene glycol was interpenetrated into porous polyurethane network (PEG@PU) to enclose a considerable
amount of PEG. Then, the PCMs were infiltrated into the highly oriented graphite frameworks (HOGF). A series
of processes enabled to form multi-layered structures as well as alleviate the leakage issue of PEG, and thereby
improving the thermal storage ability. The so-obtained PCCs exhibited excellent electrothermal properties
(134.9 °C at 1.8 V) and high electromagnetic interference performances (larger than 90 dB). These findings
presented that the thermal managements of PCCs can be utilized as active preheating or passive cooling system in
a battery thermal management system for the all-climate demands.

1. Introduction reactions, thus inducing performance degradation [2,6-8]. Developing

highly efficient thermal management materials for EV battery packs to

Potential battery accidents have been one of the key factors
restricting the increase of electric vehicle (EV) market penetration [1,2].
The occurrence of EV-related accidents is closely related to the failure of
the thermal management system during the usage of EVs. Normally,
high operating temperatures deteriorate battery cycle life and cause
thermal runaway of the cell or the whole battery pack, resulting in ac-
cidents [3-5]. Low charging temperatures or low operating tempera-
tures will reduce the capacity of power batteries and lead to side
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ensure their operation within a reasonable temperature range has
become an urgent and significant requirement [9-11].

Phase-change materials (PCM) have been developed as promising
energy storage materials to address the problems of energy supply and
demand [12-14]. Polyethylene glycol (PEG), a PCM, has attracted
considerable interest due to its high latent heat of phase change, envi-
ronment friendliness, low cost, and recyclability. However, leakage is-
sues and intrinsically low thermal conductivity of PEG have greatly
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restricted its applications in the thermal management area [12,15-18].

Chemical grafting of PEG into supporting materials such as poly-
urethane to prepare solid-solid PCMs has been demonstrated as a
feasible approach to address the leakage issue [19,20]. However, the
newly formed bonding inside the PCM would greatly restrict the
movement of the PEG molecules, thus resulting in decreased thermal
energy storage capacity [21]. Another commonly used method to
address the above issue is microencapsulation [22-24]. PEG can be
encapsulated by polymers to form core-shell structures by in-situ poly-
merization, interfacial polymerization, suspension-like polymerization,
and complex coacervation for leakage prevention [25,26]. However,
although the anti-leakage effect is relatively significant, this technique is
not widely adopted due to its complex preparation process and high
cost. As a whole, the PEG based PCMs possess satisfied latent heat, but
their leakage issues and low phase change temperature (usually below
55 °C) are still difficult to solve.

The intrinsically low thermal conductivity (0.13-0.19 Wm K1) of
PEG is another barrier limiting its commercial applications [27-29].
High thermal conductivity can promote the energy storage efficiency of
the PCMs, thus realizing fast thermal response and improved working
efficiency of the PCMs. Incorporating thermally conductive fillers into
the PCMs can help in the preparation of high-thermal-conductivity
phase-change composites (PCCs). However, the mechanical properties
and heat-storage performance of PCCs are often compromised on ac-
count of the addition of a large amount of thermally conductive fillers
[30-35]. In particular, a meticulously designed 3D thermal conductivity
network in the PCCs is widely used to simultaneously generate high
thermal conductivity and high energy storage [36]. However, PCCs
based on 3D thermal conductive networks, such as aerogel, foams, and
skeletons, mostly exhibit thermal conductivities below 5 Wm 'K ! [37,
38]. Therefore, it is challenging to develop PCCs with excellent thermal
stability, high thermal conductivity, and large latent heat, simulta-
neously, for scalable thermal storage and battery thermal management
applications.

Various of studies have been reported to prepare highly thermal
conductive PCCs to realize the application of PCCs in battery thermal
management. Wu et al. [39] fabricate highly conductive and liquid-free
phase change composites for thermal management of battery by con-
structing a polyurethane/graphite nanoplatelets hybrid network via
pressure-induced assembly. The prepared material is demonstrated for
efficient battery thermal management toward versatile demands of
active preheating and passive cooling. Deng et al. [40] prepared a
multifunctional and flexible PCM with high anti-leakage and thermal
conductivity performances. The maximum temperature of the battery
module with multifunction flexible PCM can be controlled below 45 °C
even at 1.5C discharge rate.

In this work, a multifunctional PCC with a versatile performance was
ingeniously designed using a dual-encapsulation strategy, aimed at
realizing the application of all-climate thermal management of lithium-
ion batteries. Here, 3D network polyurethane (3D PU) was synthesized
and physically mixed with the PEG molecular to ameliorate the leakage
of the PEG and, simultaneously, enhance the thermal storage ability of
PEG@PU due to the intrinsically high phase-change performance of PU.
Thereafter, PEG@PU was filled into a highly oriented graphite frame-
work (HOGF) using a vacuum infiltration approach to further alleviate
the leakage issues of PEG. The prepared PEG@PU/HOGF composites
exhibited excellent in-plane thermal conductivity of 36.52 Wm™ 'K~}
and extremely low electrical resistance of 0.5-2 Q, thus realizing
outstanding electrothermal (134.9 °C at 1.8 V) and high electromagnetic
interference (EMI) performances (~90 dB). The prepared PCC was
demonstrated in a battery thermal management system for addressing
all-climate demands by taking advantage of its active preheating and
passive cooling abilities. This work provides a promising and feasible
approach for the mass production of high-performance PCCs for energy
storage and battery thermal management applications.
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2. Experimental
2.1. Materials

Dibutyltin dilaurate (DBTDL, 95%); polyaryl polymethylene isocya-
nate (PAPI, average functionality is 3); N,N-dimethylformamide (DMF,
99.5%, AR); and PEG (AR, M;, = 2000 g mol’l) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd, China. Graphite
papers (GP, thickness: 3 mm) were purchased from Guangshengjia New
Materials Co., Ltd, China. Sulfuric acid (H2SO4, 98%) and nitric acid
(HNOs, 63%) were purchased from Zhejiang Zhongxing Chemical Re-
agent Co., Ltd, China.

2.2. Fabrication of HOGF

H3S04 and HNOg, with a constant volume ratio (1:1), were blended
thoroughly in an ice bath under vigorous stirring for 20 min. To obtain
the HOGF, GPs of different sizes were immersed in the acid mixture, and
the expansion lasted for 1 h. The obtained HOGF was rinsed with water
for 12 h until a neutral pH state was obtained. Finally, the HOGF was
dried under 100 °C in an oven for 12 h.

2.3. Fabrication of PEG@PU

The PCM, PEG@PU, was synthesized by a facile one-pot method, and
the reaction process is shown in Figure S1 and Fig. 1a. First, 0.03 mol
PEG was introduced into a 500 mL beaker at a heating temperature of
100 °C. Then, 150 mg DBTDL acting as a catalyst was added to the
beaker and fully mixed with the melted PEG under gentle stirring.
Further, 0.06 mol of PAPI was dissolved in 60 mL DMF and then dropped
into the above solution. When the solution became viscous, a certain
amount of PEG was added quickly into the solution under vigorous
stirring. The 3D PU network absorbed the PEG molecules during this
process, and subsequently, the solution was transferred into a vacuum
oven at 80 °C and dried for 12 h. Finally, the PEG@PU complex was
obtained.

2.4. Fabrication of HOGF/PEG@PU composites

The whole fabrication process is shown in Fig. 1a. Through calcu-
lation, the HOGF was compressed to the proper thickness for the
quantitative absorption of PEG@PU. The HOGFs with different thick-
nesses were added into sufficient PEG@PU solutions and then shifted to
a vacuum oven with a preheated temperature of 80 °C. The PEG@PU
was absorbed by the HOGF until no bubbles were observed. Subse-
quently, the oven was turned off, and the inside temperature was
dropped naturally to room temperature. A block was obtained, and the
redundant PEG@PU was removed by the blade. The obtained blocks
were named as PCCx, where x represents the HOGF content. For
example, PCC20 represents the HOGF content in the HOGF/PEG@PU
composites of approximately 20 wt%. Then, two holes with cell di-
ameters were drilled in the center of the PCC20 block, and the cells were
fitted tightly into the holes.

2.5. Characterization

The SEM images were recorded using Nova 200 NanoSEM at 10 kV to
observe the morphologies of the fracture surface of the HOGF with
different expansion rates. The XRD (DS8ADVANCE, BRUKER) was
employed to determine the crystalline structure of the GP and HOGF.
The X-ray intensity was determined at a scanning rate of 20° min~! with
a 20 from 10° to 75°. Renishaw inVia Raman spectrometer (Renishaw)
equipped with an Ar-ion laser (532 nm) was used to detect the Raman
signals of the GP and HOGF at room temperature. The FT-IR spectra of
the PEG, PAPI, and synthesized 3D PU were obtained using Fourier-
transform infrared spectroscopy (PerkinElmer, Frontier, USA).
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(a)
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Fig. 1. The schematic illustration of (a) preparation of PCCs and (b) digital images

The in-plane and through-plane thermal conductivities were calcu-
lated using the following Equation (1)

K= (XpCp (1)

where a is the thermal diffusivity, G, is the specific heat capacity, and p
is the density of samples. The value of a was determined by LFA 447
(Nanoflash). C, was examined using METTLER DSC 3 (METTLER
TOLEDO, Swiss). The p values of the samples were calculated by
dividing the mass with the corresponding volumes. The samples were
cut into discs of diameters 12.7 mm and 25.4 mm to measure the
through-plane and in-plane thermal conductivities, respectively.

To verify the thermal conductive performance, a thermal imaging
camera (FOTRIC, 224s) was used to record the surface temperature and
temperature distributions on the samples. The photographs taken by this
camera could be transformed into 3D infrared thermal images through
image software packages (AnalyzIR, FOTRIC). To implement the elec-
trothermal performances of the samples, an M8813 150 V/1A Maynuo
DC Source Meter was used to provide different voltages, and the varying
temperature was collected by a Paperless Recorder (KSB1-24AOR,
China) connected with a temperature infrared sensor (KS instrument,
China). The electrothermal conversion efficiency was calculated using
Equation (2)

— @

ult

where m represents the weight of the sample; AH is the phase change
enthalpy; U and I are the applied voltage and corresponding current
during testing, respectively; t is the duration of the phase transition.

To verify the feasibility of the prepared PCCs in the battery thermal
management, commercial 18650 lithium-ion cells were adopted. All the
characterizations for either the PCC-wrapped or naked cells were con-
ducted under the same environment. In the preheating process, the
external voltage was applied to the two sides of the composite block to
implement the preheating of the cells. The surface temperature of the
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infiltration

PEG@PU

HOGF/
PEG@PU

PEG—-encapsulated PCC
(PEG@PU/HOGF)

of PEG, PEG@PU, and HOGF/PEG@PU heated at 70 °C for 0 s, 30 s, and 60 s.

cell during both the preheating and cooling tests was monitored by an
RTD temperature sensor (PT100) stuck on the battery surface.

A vector network analyzer (CETC, AV36290) was employed to
evaluate the EMI shielding efficiency of the PCCs in the X band
(8.2-12.4 GHz). The reflection coefficient (R), the transition coefficient
(D), the absorption coefficient (A), SE reflection (SEg), SE absorption
(SE,) and the SE total (SE7) could be calculated through the below
equations:

=Isuf 3)
=18’ @
A=1-R-T (5)
SER(dB) = —10 x log(1 —R) (6)
SEA(dB) = — 10 x log (%) )
SEr(dB) = — 10 x log(T) = SEg + SE, (8

3. Results and discussion

Unlike normal linear PU, here, a 3D network PU was synthesized,
taking advantage of the unique three isocyanate groups (Fig. S1) in one
molecule of PAPI. The purpose of this unique design is to wrap the PEG
molecules like a net, thus effectively preventing their leakage. The
synthesized PEG@PU was then infiltrated into the HOGF, as shown in
Fig. la. The layer structures were not destroyed during the vacuum
infiltration process. The oriented graphite layers could further amelio-
rate the leakage issue of the PEG molecules at high temperatures. The
leakage experiment was conducted for the PEG, PEG@PU, and HOGF/
PEG@PU, and the results are shown in Fig. 1b. It can be seen that under
70 °C, the PEG melts very fast, while no distinct melting signs were
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observed for PEG@PU and HOGF/PEG@PU, demonstrating the effec-
tiveness of this dual-encapsulation strategy.

The characterization results of the HOGF are shown in Fig. 2. As
shown in Fig. 2a and b, after the acid treatment, the thickness of the
HOGF reached 13 mm, which is 4.3 times thicker than that of pristine
GP, whose initial thickness was 3 mm. Although it expanded signifi-
cantly in the thickness direction, it remained unchanged in the hori-
zontal. The layer structures and holes result in a low density of 273.8 mg
em ™3, Its light weight was also demonstrated by placing it steadily on a
grass blade, as shown in Fig. 2c. Fig. 2d shows that the expansion rate
increased with the increasing acid treatment time. Moreover, the
expansion rate could be easily adjusted by compressing the fully
expanded HOGEF to its target values, as shown in Fig. S3. Because of the
facile preparation approach, the HOGF can be easily realized in mass
production either in the laboratory or in an enterprise. The morphol-
ogies of the graphite paper and HOGF with different expansion rates are
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shown in Fig. 2e-g. The graphite paper exhibited a densely packed
structure, while the HOGF exhibited a loose and layered structure, and
the interlayer distance increased at a larger expansion rate. Whether
macroscopic (Fig. 2c and d) or microscopic (Fig. 2e-g), the oriented
structure of the graphite layer can be clearly seen. With the increased
expansion rate, the orientation degree decreased. This may be attributed
to the expansion force that caused the distortion of graphite layers.
However, this expansion force did not destroy the integrity of the
graphite layers. The layer structure is better for the infiltration of
PEG@PU into the HOGF compared pore structures to form more stable
structure. X-ray diffraction (XRD) was then carried out to determine the
crystalline defects caused by the acid treatment (Fig. 2h). Surprisingly,
after the acid treatment and expansion, the intensity of the 002 peak
became stronger, demonstrating a better crystalline structure of the
HOGF. This anomaly was further verified by the Raman results shown in
Fig. 2i. A D peak was clearly observed on graphite paper; however, it

HOGF
— Graphite paper

(002)

Intensity (a.u.)

HOGF
—— Graphite paper

N v

Transmittance (%) =

10 20 30 40 50 60 70
26 (°)

800 1600 2400 3200
Wavenumber (cm~")

Fig. 2. The thickness of the GP (a) before and (b) after expansion; (c) The light HOGF could stand stably on the surface of grass; (d) optical images of HOGF with
different expansion; (e-g) The morphology of fracture surface of HOGF with different expansion rate; (h) The XRD patterns of the graphite paper and HOGF; (i) The

Raman results of the graphite paper and HOGF rate.
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vanished in the HOGF. We inferred that the low-temperature acid
treatment washed away the magazines on the surface of the graphite
layer but did not destroy the graphite crystallinity and its integrated
microstructure.

The FT-IR was employed to demonstrate the successful synthesis of
PU, and the related spectra of PAPI, PEG, and synthesized PU are pre-
sented in Fig. S4. In the PAPI molecules, a peak detected at 2260 cm ™
corresponds to the -NCO groups. In the case of PEG, a strong absorption
peak appearing at 2880 cm ™! corresponds to the C-H stretch. The peaks
appearing at approximately 3423 cm ™! can be ascribed to the —OH
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stretching vibration. After the reaction, the -NCO groups at 2260 cm ™!
in the spectrum of PU disappeared, while the new stretching vibration
peaks of -NHCOO- at 1726 and 1537 cm ™" formed by the polymeriza-
tion of PEG and PAPI emerged, thus verifying the successful synthesis of
PU.

Except for the leakage issue, thermal conductivity is another key
factor affecting the energy storage efficiency and temperature control
ability of the PCMs. Herein, a HOGF structure was assigned to be a
thermally conductive medium, mainly due to its light weight, low cost,
ease of mass production, and highly aligned layer structures, making it a
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Fig. 3. The (a) in-plane and (b) through plane thermal conductivity of PCCs; (c) A comparison of thermal conductivity of the PCCs with those reported in other
literature; (d) Finite element analysis of heat transfer in pure PEG@PU (®), and PCCs(®@ and ®); (e) A thermoelectric generator as a contrast heated at 50 °C; (f) A
thermoelectric generator heated with 50 °C using PCC as heat sink; (g) An infrared image of the thermoelectric generator when working; (h—j) The infrared images of
commercial conductive silicon pad (left) and HOGF (right) heated at 60 °C with different heating time; (k-m) The corresponding 3D infrared images of the figures
shown in h, i, and j, respectively; (n) Time-dependent surface temperatures of the commercial conductive pad and HOGF heated at 60 °C.
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potential material for thermal conduction. The in-plane and through-
plane thermal conductivities of the PCCs were determined, and the re-
sults are presented in Fig. 3a and b. It can be observed that with the
increasing HOGF loading, both in-plane and through-plane thermal
conductivities increased. The in-plane thermal conductivity reached
36.52 W m 'K~ ! at an HOGF loading of 40%, outperforming the many
results reported in other literature (Fig. 3c) [41-48]. It is clear that a
higher thermal conductivity can be achieved with a further increase in
the HOGF concentration. The high in-plane thermal conductivity can be
attributed to the highly oriented graphite layers, which can act as a
highway for phonon transferring (Fig. S2), thus realizing fast heat
transportation [49,50]. The through-plane thermal conductivity of the
prepared composites only reached 1.53 W m'K~! at the 40% HOGF
loading, mainly because of the phonon scattering among graphite layers
and the lack of effective heat transport tunnels in the vertical direction.

A COMSOL Multiphysics® simulation software was employed to
conduct finite element simulation to model the heat flow and temper-
ature distribution during the heating process in pure PEG@PU and its
composites. A transient-state finite element method was used to model
the heat flow and temperature distribution. The outer boundaries were
recognized as thermal insulators with an initial temperature of 20 °C,
and the bottom side of the samples was set to be 60 °C. As shown in
Fig. 3d, the heat diffused slowly in pure PEG@PU (model @) because of
excessive phonon scattering in the polymers and lack of a heat con-
duction path, while in the HOGF-incorporated composites (model @ and
®), with the increasing HOGF concentration, the heat diffused faster
from the bottom toward the top of the samples, thereby demonstrating
the excellent thermal conductive ability of the HOGF.

The latent heat of the three samples were determined using DCS to
judge their heat storage density, and the results are presented in
Fig. S5a. As expected, with the increased HOGF content, the latent heat
decreased from 106.59 J/g to 83.55 J/g. A comparison of thermal
conductivity and latent heat storage density of PCCs from the literature
was shown in Fig. S5b. It is well known that a larger filler content (a
higher thermal conductivity), a lower latent heat will be for the PCCs.
Although the latent heat of our samples is not as high as the values re-
ported by other studies [51-55], but our samples exhibited a much
higher thermal conductivity, which could accelerate the heat absorption
efficiency.

A thermoelectric generator was utilized to verify the heat dissipation
capacity of the HOGF. It is known that with a larger temperature dif-
ference between two sides of a thermoelectric generator, more elec-
tricity and larger voltages can be generated. As shown in Fig. 3e and f,
the bottom side of the thermoelectric generator was heated to 50 °C, and
the generated voltage for the thermoelectric generator without any heat
sink (Fig. 3e) reached 53.3 mV. In contrast, for the one using the HOGF
as a heat sink (Fig. 3f), the generated voltage reached 86.3 mV, thereby
demonstrating the superior heat dissipation capacity of the HOGF. An
infrared image for the HOGF-configured thermoelectric generator was
then obtained (Fig. 3g), and it was observed that heat could be promptly
transferred from the upper side of the thermoelectric generator to the
HOGF, thus increasing the temperature difference and resulting in a
higher output voltage.

For further demonstrating the high heat dissipation capacity of the
prepared composites, a commercial thermally conductive silicone pad
with a thermal conductivity of 3 W m™'K~! was employed as a reference
material. The silicone pad, with a thickness of 5 mm, was placed on a
hotplate, and then a HOGF of the same size was placed on its right side.
Both samples were heated at 60 °C, and an infrared camera was used to
take the heat distribution images. The related images and the temper-
ature variation curves are presented in Fig. 3h-k. It can be seen that the
surface temperature of the HOGF increased much faster than that of the
commercial silicone pad. The surface temperature of the HOGF reached
37.91 °C after 60 s while that of the silicone pad only reached 28.78 °C
after the same amount of time. The heat distribution can be more
intuitively reflected by a 3D heat distribution map shown in Fig. 31-n.
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The temperature for the HOGF was much higher for the whole time than
that of the commercial silicon pad, and the heat was evenly distributed
on the surface of the HOGF. This phenomenon indicates that the pre-
pared material has better heat transfer ability.

It is well known that high electrical conductivity is a key factor
dominating the Joule heating effect of electrothermal materials. In this
work, the integrated and continuous graphite structure endows the
HOGF with excellent electrical conductivity, thus resulting in satisfac-
tory electrothermal efficiency and low energy cost. Based on the elec-
trothermal conversion, the as-prepared HOGF was selected as an
electrical heater to study its electrothermal performance. The related
results are presented in Fig. 4a—e. The time-dependent surface temper-
atures under various output voltages are plotted in Fig. 4a. It appeared
that surface temperature increases rapidly after applying an external
voltage. The saturated surface temperature enhanced with the
increasing output voltage, and with an external voltage of only 1.8 V, the
saturated surface temperature reached 134.9 °C with a current of 8.35A.
Owing to the high saturation temperature at a low voltage and the short
thermal response time, the HOGF may find potential applications in
various thermal devices. Moreover, the heating temperature of the
prepared HOGF could be rapidly adjusted in real-time after regulating
the applied external voltages from 0.3 to 1.8 V or from 1.8 to 0.3 V
(Fig. 4b), thereby demonstrating the fast thermal response and efficient
electric-to-heat conversion under different voltages. Then, cyclic heat-
ing and cooling of the HOGF were performed under an output voltage of
1.5V, and the results are shown in Fig. 4c. The HOGF showed a steady
electrothermal performance after 20 power on-off cycles. The Joule
heating performances of the HOGF were compared with the results re-
ported in the previous studies [56-60] (Fig. 4e). The HOGF exhibited
unique advantages, particularly under low voltages, outperforming most
other electric heaters. A thermodynamic analysis for the HOGF was then
conducted during the working process for the in-depth investigation of
the heating mechanism. The following equation can calculate the satu-
ration temperature (T) of the heater surface:

2

T,=Ty+ v 3

where T is the ambient temperature, U is the output voltage, R is the
heater resistance, h is the coefficient of convective heat transfer, and A is
the heating area of the heater. The data used for this equation were the
values extracted from Fig. 4a. It can be seen in Fig. 4d that a linear fitting
of T versus U? through Equation (3) was obtained, and T; exhibited a
linear relation with U?, thereby demonstrating the precision of the
theoretical prediction of T; under various applied voltages [61].

The electrothermal performances of PCC20 were then conducted,
and the related results are presented in Fig. 4g. It can be noted that the
morphologies of the heating and cooling curves of PCC20 are distinc-
tively different from those of the HOGF. The temperature rapidly
increased to approximately 50 °C at an initial stage, and then the speed
decreased with a small slope. The reason for this phenomenon can be
ascribed to the absorption and storage of the latent heat produced by the
HOGF network by the PCMs. After the energy storage stage, the tem-
perature started to increase again rapidly. Moreover, it can be observed
that with the enhanced external voltages, the phase-change time is
shortened, thereby demonstrating a fast energy-storage capacity of the
prepared PCCs. The temperature distribution recorded by an infrared
camera is shown in Fig. 4h. It is well known that maintaining the tem-
perature homogeneity in a battery pack is of paramount importance for
its safe operation. The related 3D infrared thermal images were trans-
formed using an image software package (AnalyzIR, FOTRIC). During
the working process, the generated heat was evenly distributed on the
heater surface, thereby demonstrating its uniform heating ability. The
electrothermal conversion efficiency of PCC20 was then calculated, and
the results are shown in Fig. 4f. When the applied voltages increased to
1.7 V, the efficiency reached a maximum of 80.17%. The high energy



G. Zhou et al.

Composites Science and Technology 243 (2023) 110256

a C
( )140- — 03V ) ——HDGF
—~ 0.6V ~ 90
o fely — 0.9V g
E 1004 1.2V Té 80
% 1.5V %
g 80 1.8V g 70
£ 601 £
2 4] 2 90
20 1 50
0 200 400 600 0 2000 4000 6000 0 200 400 600
Time (s) Time (s) Time (s)
(d) (e) ()
— Graph
150 1 HDGF 1401 I M;?gn:?aeblei?:per 80 -
a 6 - m%igg textile .
s 120 1 L1207 GOICNT *
< e This work T 601
- 51001 F
T 90 1 § c
8 G 80 1 2 401
£ 60 1 IS =
i @ 60 1 w
= 201
30 o 40 ] L
,
0 20 T T v v T T 0 T T -
0 08 16 24 32 0 2 4 6 8 10 12 1.4 15 1.6 1.7 1.8
U2 (V2) Voltage (V) Voltage (V)
h
@, (h)
Q 601
o
2 501
g 1.4V
2 40 A 1.5V
£ 1.6V
F 301 — 1.7V
— 1.8V
0 ————r——————
0 50 100 150 200 250 300 350
Time (s)
(i)
70| 1.1V
)
< 601
o
g 50 -
3
% 40
50s 200s
20
0 500 1000 1500 2000 2500 3000

Time (s)

Fig. 4. (a) Time-dependent surface temperature variations of the HOGF with different applied voltages; (b) surface temperature viations of HOGF vs voltages; (c)
cyclic heating test of the HOGF under supplied voltage of 1.5 V; (d) experimental results and corresponding linear fitting of saturated temperature versus U%; (e) A
comparison result of Joule heating performances with those reported in other literature; (f) Electrothermal conversion efficiencies of the PCC20 under different
voltages; (g) Time-temperature evolution curves of the PCC20 under different voltages; (h) The corresponding 2D and 3D infrared images of PCC20 under external
voltage of 1.4 V at 150 and 250 s; (i) Long-term heating test under 1.1 V, the inset are the corresponding 2D and 3D infrared images of PCC20 at different

working time.

conversion efficiencies at high voltages could be ascribed to the low
phase-change time at higher voltages, which suppressed the heat loss
through convection and radiation to the surrounding environment [21].
Finally, the heater was heated to 73 °C and maintained at that tem-
perature for a long duration of 3000 s (Fig. 4i). The saturation temper-
ature of this device was kept stable, thereby demonstrating a long-term
stable electrothermal performance. The infrared images and the related
3D infrared thermal images at the different working times are presented
in Fig. 4i, and it can be seen the sample was heated up evenly.

The battery pack of the newer energy vehicle consists of hundreds or
thousands of cells, and each of them emit electromagnetic waves to the

outside surroundings [62,63]. Here, the EMI shielding performances of
the PCCs were evaluated in the range of 8.2-12.4 GHz, and the results
are shown in Fig. 5a. It can be seen the EMI shielding effectiveness (SE)
enhanced with the increasing HOGF concentration. The SE reached 35
dB for the sample PCC20 and 95.2 dB for the sample PCC40, which can
be attributed to their higher-density conductive networks. All the SE
values of the PCCs far exceeded the civil standard (20 dB) for shielding
electromagnetic radiation [64]. The S-parameters—A, R, and T—are
presented in Fig. 5b. It can be seen that R is always larger than A for all
PCCs, thereby indicating that the reflection is dominant for EMI.
Meanwhile, the value of T (in inset) was reduced to 0 for PCC30 and
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PCC40, indicating that almost all electromagnetic waves were shielded
by the HOGF. To further explore the EMI shielding performance, SEg,
SEa, and SEt over the whole X band are presented in Fig. Sc. For all
samples, SE, was much larger than SEg, indicating that the absorption
efficiency of microwaves is larger than the reflection efficiency for the
absorbed microwaves. A schematic illustration of the possible underly-
ing shielding mechanism is provided in Fig. 5d. When the electromag-
netic waves came in contact with the PCCs, a large fraction of incident
electromagnetic waves were reflected immediately due to the

impedance mismatch between the air and PCC surface where large
numbers of free electrons were distributed. Long-range ordered graphite
layers could facilitate the transport of electrons, which in turn acceler-
ated the consumption of electromagnetic waves. Most of the incident
electromagnetic waves would be transferred to heat energy through
multiple reflections among the hierarchical structures of the graphite
layers.

We then demonstrated the thermal immune functions of the PCCs for
the all-climate usage by employing the superior energy storage and
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electrothermal conversion capabilities of the PCCs. A high-power-
density temperature-controlled device prepared using a PCC20 block
to regulate the operating temperature of a commercial 18650 lithium-
ion battery was developed, and its digital image is shown in Fig. 6a.
The characterizations for the battery thermal management for this de-
vice are referred to in the published work [21], and the thermal immune
mechanism is presented in Fig. 6d. The active preheating system based
on the Joule heating performance of the PCCs can be launched in a cold
environment to warm up the battery pack before charging or discharg-
ing. In a high-temperature environment, the heat generated by the
battery pack will be absorbed by the PCCs in the form of latent heat to
carry out the passive cooling process. The synergistic effect of the active
heating and passive cooling systems will always maintain an optimum
working temperature range, thus preventing capacity loss and thermal
runaway of the battery pack [21].

To verify the feasibility of this conception, two 18650 lithium-ion
battery packs with and without the PCC20 wrapping were tested in a
cold environment. The related temperature evolution curves for both the
battery packs are shown in Fig. 6e. In the initial stage, an external
voltage was used to drive the electrothermal conversion and preheat the
wrapped battery pack before beginning the battery charging and dis-
charging. The PCC-wrapped battery pack was preheated to approxi-
mately 40 °C, followed by initiating the battery charge and discharge
process. It can be seen that the temperature of the PCC-wrapped samples
was maintained at approximately 25 °C, while the bare battery pack
suffered from a low working temperature of 0-10 °C under 1 C charging/
discharging conditions. These results indicate that the positive pre-
heating provided by releasing the latent heat of the PCCs could effec-
tively ameliorate the operating temperature of the battery pack. It has
been reported that preheating a lithium-ion battery pack at the charging
stage, particularly from a cold start, can distinctly enhance its rate
capability and cycle life [21,65,66]. This was also demonstrated in our
studies. As shown in Fig. 6¢, the PCC-wrapped battery packs exhibited a
larger charge capacity of 2.4-2.6 Ah compared to those of the bare ones
(2.1-2.2 Ah) at a low working temperature.

Then, a passive cooling performance driven by the phase transition
of the PCC was also conducted. The charging and discharging of the
battery pack with and without the wrapped PCCs were performed at an
initial temperature of approximately 33 °C. The temperature evolution
trends for both the battery packs are presented in Fig. 6f. It can be seen
that the surface temperature of the PCC-wrapped battery is always lower
than that of the one not wrapped during the whole process. For example,
under a 2C discharge process, the temperature of the bare battery
reached a maximum of 50.5 °C, while the temperature of the wrapped
one was maintained within 42 °C, almost 8 °C lower. Then, the infrared
images were obtained for both battery packs, which are shown in
Fig. S6. It can be clearly seen that the surface temperature of the PCCs
during the charging and discharging was much lower than that of the
naked battery, thereby indicating the superior thermal management
ability of the PCC. For a better understanding of the thermal manage-
ment mechanism of the PCCs, the finite element analysis of heat transfer
in a naked cell and a PCC-wrapped cell was performed, and the results
are shown in Fig. 6b. The working temperature for both battery packs
was 35 °C. Given the same working power, after 1 min, the surface
temperature of the naked cell reached 60 °C, while that of the PCC-
wrapped one only reached 42 °C. One more interesting thing is that at
0.2 min, hotpots could be clearly observed for the PCC-wrapped cells,
but soon they disappeared due to the excellent thermal conductivity of
the HOGF, which diffused the heat to the attached PEG@PU in a short
time. This can effectively prevent the occurrence of local hot spots inside
the battery to ensure that the battery works in a safe environment.

4. Conclusions

In summary, an expanded graphite block was prepared with highly
oriented layer structures due to the liquid phase expansion of the
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commercial graphite paper. Further, 3D network PU was synthesized
and used for the PEG encapsulation to prevent PEG leakage. Then,
PEG@PU was infiltrated into the HOGF to construct multifunctional
PCCs used for battery thermal management. The highly oriented
graphite layers not only enhanced the thermal conductivity of the PCCs
(a maximum of 35 W m’lK’l) but also further alleviated the PEG
leakage issue through a second encapsulation. The prepared PCCs also
showed high EMI shielding ability, superior electrothermal perfor-
mances, and an efficient electrothermal conversion efficiency. In the
end, the thermal immune function of the prepared PCCs for the all-
climate applications was demonstrated based on the excellent electro-
thermal performance and high thermal conductivity of the PCCs. The
operating temperature of the battery was maintained in a moderate
range, either in a cold or hot environment, which could guarantee the
battery capacity and prevent the phenomenon of thermal runaway. This
work provides a promising and feasible route for the mass production of
high-performance PCCs for energy storage and battery thermal man-
agement for all-climate demands.
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