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The safety concern of Li-ion battery cells, mainly caused by thermal runaway, has become a fundamental
bottleneck that restricts their wider adoption in energy sector. Phase change material system is an available
thermal management strategy to suppress the thermal runaway of batteries, however, the unresolved trade-off
between high power and energy density greatly limits its practical applications. Here we present an efficient
thermal management system with high power and energy density by hyperbolic graphene phase change material,
preventing the rapid heat accumulation of Li-ion battery cells. This composite material consists of hyperbolic
graphene framework and paraffin, exhibiting the overwhelming thermal conductivity of ~30.75 W/mK at 12.5
wt% graphene loading and ultrahigh retention (90 %) of latent heat, beyond than most of reported phase change
composites. We demonstrate our paraffin-graphene composite (PGC) shows almost three-folds improvement of
efficient energy density at high power density compared with commercial paraffin. The temperature of a battery
pack in series at 3.75 C rate capability is <60°C with protection of PGC system, far below ~120°C of bare battery
pack. Our PGC system expands the usability and safety of Li-ion batteries and provides a reliable battery thermal
management strategy towards extreme fast-charging goals.

1. Introduction

Rechargeable batteries, especially Li-ion batteries (LIBs), have been
put on the major stage of future energy system with the power sector
transformation to renewables and the advancement of battery technol-
ogies. Since the commercialization of LIBs, their performance in diverse
aspects, such as capacity, cycle life and charging rate, has improved
significantly [1-3]. One of the primary remaining concerns is battery
safety [4,5], which has caused many hazardous events in electric vehi-
cles. Battery safety is related to the thermal management under over-
heating or overcharging conditions, whose failure temperature can
move beyond their respective safety windows. In contrast to conven-
tional thermal management systems (air, liquid and heat pipe cooling),
phase change material (PCM) system can improve the safety of battery
energy components by time shifting or reducing peak thermal loads,
possessing the advantages of fast heat dissipation, high temperature
uniformity, low cost and simple structure, which exhibited optimal
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overall performances [6].

The efficiency of PCM is defined by its effective energy and power
density—the available heat storage capacity and the heat transport
speed at which it can be accessed [7]. The intrinsically low thermal
conductivity of PCMs limited the heat diffusion speed and seriously
hindered the effective latent heat storage in practical applications [8].
Many efforts have been devoted to improving the thermal conductivity
of PCMs by composite them with highly thermal conductive fillers, such
as dispersing highly conductive nanoscale or micro-sized particles with
PCMs, inserting a metallic and carbon fiber matrix and impregnating a
porous graphite or graphene matrix into PCMs [9-11]. However, the fast
thermal transport with higher power density was usually realized by the
high mass loading of filler in PCM composites, dramatically reducing the
total energy density due to the low phase change ingredients. For
example, the thermal conductivity of PCMs can be up to 30 W/mK at
graphite loading of 40 wt%, but the retention of latent heat was only 60
% compared with pure PCM [12]. There remains a great challenge to
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break the trade-off between high energy and power density in PCM
composites.

Here we resolve the trade-off between high effective energy and
power density, by adopting hyperbolic graphene framework as highly
thermal conductive filler to fabricate optimal PCM composite. As-
prepared paraffin-graphene composite (PGC) displays the record ther-
mal conductivity of ~30.75 W/mK at 12.5 wt% filler loading and the
high latent heat retention of 90 %, which were never been reached in
existing PCMs. We further reveal the PGC exhibits the effective ultra-
high energy density of 1003 Wh/kg with power density of 2927 W/kg,
which was three times more than pure paraffin. We then apply it for
passive thermal management system of commercial 14500 LIB cells and
demonstrate the PGC significantly suppresses the thermal runaway of
batteries at high rate capability of 3.75 C. The battery pack temperature
always keeps the stable temperature at phase transition point of ~42°C
even at 10,000 charge-discharge cycles with protection of PGC cooling
system, which was the safe and efficient operating temperature of LIBs.

2. Experimental section
2.1. Materials

Aqueous GO solution (2 wt%) with an average lateral size of 10-30
pm was purchased from Hangzhou Gaoxi Technology Co. Ltd. (www.
gaoxitech.com). Other chemicals and reagents were supplied from
Sinopharm Chemical Reagent Co., Ltd. (China).

2.2. Fabrication of hyperbolic graphene-paraffin composites for LIBs

2.2.1. Fabrication of hyperbolic graphene aerogels (HGAs)

The GO film was fabricated by casting method with room-
temperature drying. As-obtained GO film was directly put into the hy-
drazine hydrate solution (30 wt%) to achieve the preparation of gra-
phene oxide aerogels by hydroplastic foaming method. Subsequently,
the graphene oxide aerogels were conducted with chemical reduction
(HI/HAc vapor) and high-temperature graphitization (3150°C) to
restore the graphene structure and obtain HGAs. The detailed high-
temperature graphitization process was divided into three steps: heat-
ing rate of 2°C/min below 1600°C, heating rate of 10°C/min from 1600
to 3150°C, and keeping for 30 min at 3150°C.

2.2.2. Vacuum infusion of paraffin into HGA

The phase-change paraffin with transition point of 42°C was pur-
chased from Dongguan Xinsheng Plastic Technology Co., LTD. Before
vacuum infusion, the paraffin was melted at 60°C to ensure the excellent
liquidity. Then, the HGA monolith was soaked into the liquid paraffin,
and vacuumized at pressure of 10 Pa for 2 h The paraffin-graphene
composite (PGC) was obtained after cooling to room temperature.

2.2.3. Manufacturing of PGCs for LIB thermal management system

A stack of PGC monoliths was performed with hot-press molding, and
tailored into the specific shape to achieve the embedding of LIB cell
pack. To eliminate the thermal contact resistance between individual
battery and PGC monolith, every LIB was inserted into the phase-change
materials in softening state of paraffin. The polyimide film was used as
insulation layer to avoid the short circuit of batteries and the nickel foils
was adopted to connect the different cell by hot welding.

2.2.4. PCM materials testing device for energy density and power density

The total power of the heating chip (1 x 1 cm? Alumina ceramic
chip) was adjusted by an auto-ranging DC power supply (ITECH
IT6522D). The thermal silicone grease (ShinEtsu) was applied to both
the thermal insulation foam (Polycarbonate foam, Covestro) and the
heating chip surface with the PGC centered on the chip. Then, the
heating chip was fixed on the thermal insulation foam and the thermal
insulation around PGC was composed of the thermal insulation foam. A
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type-K thermocouple (TT-K-30, Maxomega) was embedded in the
heating surface to measure the surface temperature.

Due to the thermal insulation foam sealed around the PGC, the heat
loss was deemed negligible. The power density (P) and effective energy
density (E) was calculated as follows. The m was the mass of PCM. The
product of voltage (U) and current (I) was the input power. The high
thermal resistance presented a fundamental limitation on the maximum
achievable time-dependent power density of PCM thermal management.
When the temperature of PCM researched phase change point, the PCM
was not always fully melted, thus defining the effective time (¢).
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2.3. Characterizations

The morphology and microstructure of HGA were characterized by
field-emission SEM (Hitachi S4800) and TEM (FEI Titan G2 60-300).
Raman measurements were performed on a Renishaw in Via-Reflex
using a 532 nm laser beam. XRD patterns was measured with a X-pert
Powder diffractometer. The thermal conductivity was measured by laser
thermal conductivity testing instrument (NETZSCH LFA467). The spe-
cific heat capacity (Cp) and latent heat were measured by DSC (TA
Q200) at a heating rate of 10°C/min under nitrogen atmosphere. The IR
thermal photos were captured by a high-resolution infrared imager
(FLIR T630sc). The temperature acquisition system (MT500P, Shenhua
Electronic Technology) was adopted to achieve the real-time tempera-
ture detection of battery pack with K-type thermocouples. The electrical
properties of HGA were measured by the Keithley-2400 Source Meter
using the four-wires method. The conductivity was calculated according
to the equation 6.=I/(R x S), where 1, S and R are the length and the
cross-sectional area and electrical resistance of the HGA, respectively.
The tensile measurements were performed on the Instron Legend 2344
machine.

The galvanostatic cycling measurements of individual LIB cell at
different temperatures (in a constant temperature chamber) were car-
ried out on a Land BT2000 battery test system. The battery pack was
assembled by inserting 16 (4 x 4) 14500 LIBs into pre-punched PCMs
and then connected in parallel through 100 pm thick nickel foil. The
bare battery pack was prepared by directly connecting 16 (4 x 4) 14500
LIBs in parallel with the same size. In order to detect battery temperature
during tests, thermocouple probes were pasted to the battery surface by
tapes. The capacity rate and voltage range employed for battery pack
tests were 2.75-3.75 C and 2.75-4.3 V, respectively. Battery packs
connected with temperature sensors were tested by a Land CT6002A.

3. Results and discussion
3.1. Thermal runaway mechanism and PGC thermal management system

Thermal runaway of LIB cells is referred to a chain reaction [13,14]
by various incentives such as short circuit, fast charge or discharge rate
and mechanical shocks, which can emit large amounts of heat and
harmful gases and caused the battery to catch fire and explode. The
evolution of this phenomenon is divided into three stages:
self-extinguish with no obvious heat, heat accumulation with obvious
heat and unstoppable battery burning with mass heat (Fig. 1a). Owing to
the irreversible character of thermal runaway, the efficient thermal
management should be adopted to avoid the break in the balance of heat
generation and dissipation at stage I, and preventing the occurrence of
stage II and III.

We exhibited a typical case of thermal runaway of LIB pack with 16
individual 14500 cells in series (Fig. 1b and c), which operated at fast
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Fig. 1. PGC thermal management system for LIB cells. (a) The three stages
during thermal runaway of LIB cells. (b) Illustration for battery pack with PGC
cooling system and its corresponding digital photo and thermal imaging during
charging-discharging cycles at 30 A. (c) Illustration for bare battery pack and its
corresponding digital photo and thermal imaging during charging-discharging
cycles at 30 A.

charge or discharge rate of 30 A. There was an obvious thermal runaway
phenomenon in battery cells with local temperature over 100°C and
exploding, resulting in the fracture of solder joints and lots of white
smoke. As comparison, a PCM cooling system of LIBs was built by
inserting the battery pack into the PGC monolith, and adopting poly-
imide film as insulted layer to avoid the short circuit between graphene
and cell connectors (Fig. 1b). We demonstrated the PGC system avoided
the thermal runaway and efficiently suppressed the temperature rise of
batteries under the same working conditions, which only reached the
temperature of 40°C. We performed the capacity retention test at
different temperature for individual 14500 cell with 500 cycles
(Figure S1). This revealed that ~40°C was an optimal temperature of
battery to maintain a high capacity retention (> 70 %) as like as room
temperature (25°C). Those results indicate the efficient thermal man-
agement system of PGC material was essential to realize the long life and
security of LIBs.

3.2. Hyperbolic graphene aerogel -based phase change materials

The PGC was composed with hyperbolic graphene aerogel (HGA)
framework and phase change paraffin (Fig. 2a). The HGA was fabricated
by hydroplastic foaming (HPF) method according to our previous re-
ported works [15-17]. After foaming of graphene oxide (GO), the
chemical reduction and high-temperature graphitization were per-
formed to restore the perfect crystal structure of graphene [18]. Due to
the mature technology of roll-to-roll casting, a raw material of contin-
uous GO film (Fig. 2b) was easily adopted to fabricate rolled hyperbolic
graphene aerogel (HGA) with a length of ~200 cm and a width of ~13
cm (Fig. 2c). Then the HGA was soaked into the liquid paraffin (60°C) to
achieve PGC material with vacuum infusion. The HGA demonstrated
adequate structural integrity during the vacuum infusion process
(Figure S2), and under negative pressure, the liquid paraffin was easily
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Fig. 2. Fabrication and characteristic of PGC materials. (a) Representative di-
agram of the fabrication of PGC. (b) A roll of GO film, and (¢) HGA with length
of ~200 cm and width of ~13 cm. (d) Large, flat PGC monolith and arch-
shaped PGC monolith. The cross-sectional SEM images of (e) GO film, (g)
HGA and (i) PGC. The surface SEM images of (f) GO film, (h) HGA and (j) PGC.

pushed into the open pores of HGA. Finally, the formed PGC was ach-
ieved when the paraffin cooled to room temperature. The large PGC
monolith was easily tailored or machined into various shapes because of
the softening feature of paraffin (Fig. 2d), meeting the diversified de-
mands in the thermal management of cylindrical, pouch and prismatic
battery.

The microstructure evolution during the preparation of PGC was
illustrated in Fig. 2e-j. The lamellar GO film was stacked by GO nano-
sheets (Fig. 2e) with interlayer spacing of ~ 1 nm, which was proved by
its XRD diffraction peak (001) at ~ 10° (Figure S3a). There were many
oxygen-containing groups on the surface and edge of GO sheet, which
resulted the obvious D peak (~ 1350 cm™') in Raman spectrum
(Figure S3b). We observed some wrinkles spread on the dense surface of
GO film (Fig. 2f) due to the strong solvent surface tension during the
drying from GO suspension. After HPF process, many open pores were
generated between the interlayer of GO sheets (Fig. 2g), forming the
porous aerogels with hyperbolic structure. The surface morphology of
HGA also exhibited the dense structure with more small wrinkles
(Fig. 2h), indicating the pores only existed along the in-plane direction
without disrupting the highly orientated graphene structure along the
out-of-plane direction. After chemical reduction and high-temperature
graphitization, the graphene oxide sheets restored the high crystalline
quality of the graphite lattice and exhibited negligible structural defects,
as confirmed by the long-range crystalline order in HR-TEM inspection
(Figure S4). The XRD diffraction peak of (002) and 2D Raman peak were
appeared at ~ 26° and ~ 2620 cm ™, respectively (Figure S3), further
corroborated the nearly complete restoration of graphene in HGA [18].
Furthermore, the cross-section and surface images of PGC demonstrated
the infiltration of paraffin did not disturb the seamlessly connected
hyperbolic graphene sheets of HGA framework (Fig. 2i and j), which was
the precondition for the highly thermal conductivity of its composites.

3.3. Thermal properties and phase change storage of PGC

The thermal management ability of the PCM is depended on the
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thermal properties of PGC, such as thermal conductivity, the solid-liquid
phase transition behavior, and loading capacity of paraffin [7]. The
thermal conductivity (A) of PGC increased from 6.7 to 82.4 W/mK with
graphene content (o) from 2.26 to 30 wt% (Fig. 3a and S5), scaling as an
exponential relation of A~@®®. The thermal enhancement factor
(ApGc-Mparaftin)/Aparaftin/®) of PGC was up to ~ 590 at graphene loading
of 2.26 wt%, surpassing the most of reported phase change composites
[10,12,19-22]. We compared the thermal conductivity with other
thermally conductive composites (Table S1), exhibiting the superior
phonon transport characteristic of our PGC material [23-26]. The phase
transition behavior was investigated by DSC measurements. As shown in
Fig. 3b, the peak of melting temperature had subtly decrease with the
adding of graphene, changed from 46.5°C (2.26 wt% filler) to 44°C (30
wt% filler). This can be attributed to the rapidly thermal transport
network at high graphene loading, which accelerated the melting pro-
cess of paraffin. The phase-change latent heat is correlated to the loading
of paraffin in the PGCs, which can be calculated on the enclosed area
inside the melting peak of DSC curves. We demonstrated the latent heat
was up to 200 J/g even with the graphene loading of 12.5 wt%, which
only exhibited the loss of 9.1 % than pure paraffin (Fig. 3c). In the
meanwhile, the specific heat of PGC was also up to 1.92 J/gK, exhibiting
a high retention rate of 88.7 %. We further compared the thermal con-
ductivity versus latent heat retention of PGCs with other reported PCM
composites (Fig. 3d). Owing to the high-efficient thermal enhancement
at low graphene content (12.5 wt% filler), the PGC achieved superior
thermal conductivity and high latent heat retention, enabling it to
maintain the battery within a stable temperature range an exhibiting the
overwhelming superiority over existing PCM systems [12,20-22,
27-35]. Those characteristics enabled the PGC systems to display higher
efficiency, a simpler structure and lower weight compared to other
thermal management systems [35,36] (Table S2).
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As an optimally thermal and electrical filler network of HGA, the
obtained PGCs also possessed the high electrical conductivity (c). The
highest 6 of PGC was over 10° S/m when graphene content >18.8 wt%
(Fig. 3e), conforming with the relation of c~m1'22, which was greater
than the carbon- or metal- based PCM composites [9,37,38]. The
outstanding electrical transport ability of PGC can be attributed to the
hyperbolic network formed by face-to-face contact of 2D sheets [16],
which provides the potential for rapid electric heating, thereby pre-
venting thermal management failure in extreme cold environments. We
gave the temperature plots of PGC during the electric heating process at
electric current density from 0.25 to 0.75 A/cm? (Fig. 3f). We demon-
strated the PGC not only achieved the ultra-fast heat generation from
room temperature to 30°C within 10 s, but also kept the excellent
thermal storage capacity by phase transition after no applying current.
We further revealed the PGC always kept stable electrical resistance up
to 100°C (Figure S6), demonstrating its high stability and reliability
even at overheating conditions. These behaviors provide high practical
values of PGC as a dual-functional thermal management system towards
more engineering applications.

The key attributes of any storage device are its energy and power
characteristics. To quantify the effective energy and power density of
our PCM materials in practice, we established a test device as illustrated
in Fig. 4a, mainly consisted of an input heat source, thermocouple and
PGC material. The thermocouple was put in the center of heater and PGC
to detect the temperature change. The mass heat input was rapidly
converted into latent heat determined by the thermal conductivity and
PGC thickness, and the residual heat was reflected by sensible heat
which can cause overheating exceeded the melting point of PCM.
Therefore, we think only the storage energy before phase change point
was effective energy density in practice (Figure S7). Although the longer
time can enable the complete melting of PCM to achieve the totally
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Fig. 3. Thermal and electric heating properties of PGC. (a) The relationship between HGA content and thermal conductivity of PGC. (b) DSC curves of PGCs with
different HGA content. (c) The change of latent heat and specific heat of PGC with HGA content. (d) A comparison of latent heat retention versus thermal con-
ductivity with previous reported works. (e) The relationship between HGA content and electrical conductivity of PGC. (f) The temperature rise curves of PGC at

different electrical current densities and its thermal imaging at 0.75 A/cm?.
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latent heat transformation, the temperature of contact position with
heater already exceeded the phase change point or safety window of
battery. Only the fast thermal transport in PCM can ensure the total
utilization of its intrinsic latent heat as effective energy density, espe-
cially in high power density with large heat flux.

As shown in Fig. 4b, there was no obvious plateau region around
phase transition point of 42°C for pure paraffin, indicating the large
proportion of input heat was directly converted into sensible heat rather
than latent heat, which lost the effectiveness of PCM thermal manage-
ment. The plateau region of PGCs was prolonged with the increase of
graphene loadings before 12.5 wt%, which exhibited the slow tendency
of temperature rise at initial stage, inferring the more PCM involved into
latent heat conversion. Furthermore, the more graphene fillers in PGC
with 30 wt% would reduce the heat storage capacity with shortened
platform area because of the low PCM content in composites.

To systematically evaluate the thermal management ability, we
perform the measurements of effective energy and power density of
PGCs with different HGA filler content (Fig. 4c). We demonstrated the
PGCs exhibited the overwhelming superiority than pure paraffin on the
effective energy and power density, peaked at the graphene loading of
12.5 wt%. The effective energy density of PGC was up to 1003 Wh/kg,
nearly three times more than pure paraffin of 327.7 Wh/kg at power
density of 2930 W/kg. Furthermore, the effective energy density of PGC
remained about 47.2 % even at power density of 6016.3 W/kg, whereas
the pure paraffin only kept 31.3 % at power density of 4362.8 W/kg. The
descent rate of effective energy density (E) with power density (P) was
reflected by the slope of E/P, lowered from 1.7 to 1.0 in the filler loading
range of 0-12.5 wt% (Fig. 4d), further testifying the high thermal con-
ductivity facilitated the efficient utilization of PCM. Besides, the effec-
tive energy density of pure paraffin was dramatically lowered by its
thickness (Fig. 4e) because the long distance of heat transport limited
the latent heat conversion. As comparison, the effective energy density
of PGC with 12.5 wt% HGA was always stable with sample thickness
from 0.5 to 3 mm.

3.4. Thermal management ability for LIBs

We clarified in detail the practical thermal management ability of
PGC for 14,500 LIB cell pack in charging and discharging processes. The
maximum capacity of the battery pack in series was 8 Ah. We investi-
gated the temperature changes at different rate capabilities, ranging
from 2.75 to 3.75 C, for a battery pack with and without thermal
management system using PGC, as the temperature of the battery pack
significantly increased under these conditions. The target temperature
of bare battery pack was increased rapidly with the charging rate, which
was over 100°C at 3.25 C (Fig. 5a), far beyond the safe temperature
window of LIBs. Otherwise, the PGC system significantly suppressed the
heat generation during high charging rate, whose temperature only
reached ~ 42°C at 3.25 C, which was not >60°C even at 3.75 C. The
elevated temperature accelerates irreversible reactions of electro-
chemical systems, resulting in gas evolution and destruction of struc-
tural integrity in the battery, thus increases the internal resistance and
overpotential during tests [2]. As shown in Figure S8, the battery pack
with thermal management system of PGC exhibited a stable
charge-discharge curve at 3-3.5 C, whereas the overpotential of bare
battery pack significantly increased during initial period of tests in this
situation. Although both of the battery packs exhibited similar over-
potentials at 3.75 C, a more serious gas evolution and structural damage
can be occurred in the bare battery under this condition. It was induced
by variation of electrolyte properties at an extremely high temperature
[391, such as viscosity and ionic conductivity, which counteracted the
overpotential increased by internal resistance and structural damage of
the battery.

The fatigue test of battery is an important parameter to determine
the service life [40]. We evaluated the thermal management ability of
PGC system at the long-term charging and discharging cycles. At 3 C
rate, the temperature of battery pack with PGC system always kept at ~
42°C during the charging and discharging tests for 10,000 cycles, which
was lower than the bare battery pack of 64°C that dissipated heat by
thermal convection (Fig. 5b). Owing to the reduction of maximum ca-
pacity at high temperature, the battery pack with PGC system needed
the more time (~ 240 h) to realize the cycling tests. Besides, the battery
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(a) The temperature rise curves of bare battery pack and PGC system with
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pack with paraffin protection exhibited a narrow phase-change regime
because the generated heat cannot be rapidly transport to the whole
paraffin monolith (Figure S9). As shown in Fig. 5c and Figure S10, the
battery pack with PGC retained 93.3 % capacity after 10,000 cycles at 3
C, benefited from the suppression of undesired electrochemical pro-
cesses through thermal management. However, the bare battery pack
suffered from large joule heat which was not dissipated in time, only
retained 63.6 % capacity after the long-term test (Figure S11).
Figure S12 given the charge-discharge curve of battery packs at 0.625
before and after above long-term tests to evaluate the battery loss. More
serious capacity recession of the bare battery pack was observed
compared with the battery pack in PGC on the condition, that both of the
battery packs were dissipated joule heat by the air. It indicated that the
thermal damage to batteries is an irreversible process. The declined
capacity accompanied by dramatic drop can be attributed to decompo-
sition of electrolyte, deteriorated electrode-electrolyte interface, and
suddenly structural damage inside battery which exceeded the safe
temperature window [41,42].

4. Conclusions

An efficient phase change thermal management system for LIBs
protection was developed by hyperbolic graphene-paraffin composite,
breaking the trade-off between the high effective energy and power
density in conventional PCMs. This is mainly attributed to its superior
thermal conductivity (up to ~30.75 W/mK at only 12.5 wt% filler
loading), and ultra-high retention ratio of latent heat (~90 %), sur-
passing most of the reported PCMs. We demonstrate the effective energy
density, related to the available latent heat, keeps stable at different
applied thicknesses, and is nearly three times more than pure paraffin at
same thermal input speed (power density). These outstanding
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characteristics enable the high efficiency of our PGC to suppress the
thermal runaway of LIBs, which realized the reliable and stable opera-
tion of 14500 cell pack at 3.75 C rate with working temperature always
below 50°C. Even at 10,000 cycles of fast charging and discharge pro-
cess, the PGC system still enables the safe operation temperature of
42°C, and keeps stable capacity and coulombic efficiency of batteries.
We anticipate that this study may pave the way for a simpler and more
energy-efficient approach to the thermal management of batteries in a
wide range of thermal runaway conditions, which is an important factor
for faster adoption of LIB-based energy storage with higher safety.
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