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Supplementary Tables and Figures

Table S1 Nomenclature

k Thermal conductivity
k. Through-plane thermal conductivity
ki In-plane thermal conductivity
vol % Volume fraction
C Rate of charge/discharge of battery
Ah Ampere hour
\Y/ Volt
°C Degree Celsius
S Second
p Density
Co Specific heat
AHmc enthalpy of melting
AH¢p enthalpy of crystallization
w Watts
mm Millimeter
um Micrometer
K Kelvin

Table S2 Abbreviations used in this work

Abbreviation Description
PCM Phase change material
LIBs Lithium-ion batteries
LM Liquid metal
BN Boron nitride
PEG Polyethylene glycol
SCMC Sodium carboxymethylcellulose
PTFE polytetrafluoroethylene
SEM Scanning electron microscopy
AFM Atomic force microscopy
XPS X-ray photoelectron spectroscopy
DSC Differential scanning calorimetry
DFT Density functional theory

S1/514


http://springer.com/40820
mailto:qiangfu@scu.edu.cn

Nano-Micro Letters

FES Finite element simulation
PCC Phase change composite
FOM Figure of merit

IR Infrared

Fig. S1 Actual photos showmg the fabrlcatlon process of LM/BN skeleton a LM/BN binary
hybrid fillers fabricated by ball milling. b The LM/BN suspension that is consist of LM/BN
hybrids and 1 wt% SCMC deionized water solution fabricated by ball milling. ¢ Structured
copper mold with adiabatic Teflon stick in the center. d The LM/BN suspension poured into a
customized mold. e The frozen slurries after ice-template growth. f The resultant PEG/LM/BN
PCM thermal regulator which is conformable to the structure of a 18650 LIB

Fig. S2 Micro computed tomography image of the PEG/LM/BN composite
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Fig. S3 Atomic force microscopy (AFM) images of LM/BN binary hybrid filler. a is the
height image and the b is the phase image
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Fig. S4 Scanning electron microscopy (SEM) images of LM/BN binary hybrid fillers of
which lateral sizes are about 10 um with LM content of a 5 vol%, b 10 vol% and ¢ 50 vol%,
and d-f the corresponding elemental mapping images

a b

£ 1024 £ 10?4
(LI o ]
2 10° 2 10°4
2 >
B 8 .2
2 1074 210
c 1 c 1
o [e]
O 10%4 S 104
8 8 1e © o e
e ® e
£10°{ ©®e 0o o ® £ 10°4 ® ¢
@ E @ 4
1] ]
108 +— T . . ' . 1081 ‘ . .
0 10 20 30 40 50 10 20 30 40
LM content in LM/BN hybrids (vol%) Content of LM/BN hybrids (vol%)

Fig. S5 a Electrical conductivity of the PEG/LM/BN composites as a function of the LM
content in hybrid fillers (~10 um). Note that the total volume fraction of LM/BN hybrid fillers
in composites is a constant value of 30%. b Electrical conductivity of the PEG/LM/BN
composites as a function of the volume fraction of the binary LM/BN hybrid fillers (~18 pm).
Note that the LM content in LM/BN hybrid fillers is 10 vol%
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Fig. S6 Backscatter electron image taken from the longitudinal section of the PEG/LM/BN
composites incorporating 30 vol% LM/BN hybrid fillers (~10 pum) with LM content of 10 vol %.
Note that the brighter region represents higher ordinal element. Hence, the white regions are
LM. The grey regions are BN sheets
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Fig. S7 Through-plane thermal conductivities (k) of the PEG/LM/BN composites as a function

of the LM content in hybrid fillers with lateral size of ~ 10 and 18 um. Note that the total volume
fraction of LM/BN hybrid fillers in composites is a constant value of 30%
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Fig. S8 a Statistic of lateral size of LM/BN hybrids. b Through-plane k (k.) and in-plane k (ki)
of the PEG/LM/BN composites as a function of the lateral size of hybrid fillers with the same
LM modification content (10 vol%). Note that the hybrid filler volume fractions of the
fabricated composites were maintained at 30 vol% c Scanning electron microscopy images of
LM/BN binary hybrid fillers with lateral sizes of about 5, 10 and 18 um and LM content of 10
vol% and the corresponding elemental mapping images
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Table S3 Comparison of ki and k; of our PEG/LM/BN composites with previously reported
BN-based polymer composites

Materials ki (WIm K) ke (W/m K) Refs.
This work
PEG/LM/BN 7.68 8.8
BN-based polymer composites reported in the literature
PDMS/BNNS 0.59 1.54 [S1]
CER/BN@Fe 0.99 0.98 [S2]
Epoxy/SiCNW 1.45 1.67 [S3]
CNF/BNNT 21.39 1.68 [S4]
Epoxy/BNNS 6.54 0.70 [S5]
Epoxy/SiC+BNNS 1.43 4.22 [S6]
PEG/BNNS 4.76 1.29 [S7]
Epoxy/BNNS 2.40 2.85 [S8]
CNF/BNNS 12.79 0.13 [S9]
HDPE/BN 3.57 0.62 [S10]
HDPE/BN 1.60 1.60 [S10]
PVDF/BNNS 10.40 0.49 [S11]
PVDF/BNNS 16.30 0.78 [S11]
Epoxy/BNNS 0.40 0.40 [S12]
PDMS/BN 11.05 1.15 [S13]
TPU/BN 2.56 0.9 [S14]
PI/BN 2.81 0.73 [S15]
PVA/BN 3.92 0.44 [S16]
PVA/BN 8.28 0.63 [S17]
PEG/BN 4.41 2.55 [S18]
PC/BN 3.09 0.86 [S19]
CNF/BNNS 22.67 1.08 [S20]
CNF/BNNS 14.95 0.35 [S20]
Epoxy/BN 0.70 0.70 [S21]
Epoxy/BN 1.20 1.20 [S22]
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Fig. S9 a Initial temperature distribution of simulated model of PEG/LM/BN composites with
radial orientations used as battery thermal regulator. b Outside surface average temperature of
PEG/LM/BN composites with various orientation structure as a function of heating time. ¢
Outside surface temperature distribution of PEG/LM/BN composites with various orientation
structure along the z axis as the increase of height at 3600 s

We simulated the PEG/LM/BN composites thermal regulators with radial, horizontal and
vertical thermal pathways to analyze the impact of structure design on the performance of
battery thermal management. To investigate the uniformity of heat transfer, the regions of the
electrodes were set as the main heat source (80 °C). During the heat dispassion process, the
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temperature and distribution of heat flux vector within composite are simulated based on
classical Flourier Law:

g=-k x & (S1)

where q is the heat flux, k is the thermal conductivity, and i—z is the temperature gradient,
respectively.
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Fig. S10 a SEM image of LM/BN binary hybrid filler and b the statistic of its lateral size. ¢
The tangent process of experimental data for PEG/LM/BN composites to obtain Vc. d The
fitting process of Foygel model for PEG/LM/BN composites

The Foygel’s nonlinear mode is used to calculate the contact thermal resistance between
fillers. The equations are listed as follows:

k - km = kO (Vf - Vc/ 1- Vc)r (82)

Rc=S/koL (Ve)* (S3)

Where k is the thermal conductivity of PEG/LM/BN composites, Vr is the volume fraction of
fillers, V¢ is the critical volume fraction of fillers. L (13 pum) is the LM/BN size, obtained from
Fig. S10a, b. ko is a preexponential factor ratio and 7 is a conductivity exponent, which are both
related to BN platelet contribution. In Fig. S10c, we did the tangent for the original experimental
data of PEG/LM/BN composites and got the value of V¢ (0.225). The equation k - km = ko (Vs -
Ve /1 - V)" was then transformed into a linear form: Ig (k - km) = Ig ko + 7 x<Ig [(Vs - V¢) /(1 -
V¢)]. After fitted, as shown in Fig. S10d, ko and = were obtained (ko = 19.93, 7 = 0.32). S is the
average contact area between adjacent two BN platelet. We assume that 1/100 of each LM/BN
surface take part in the heat conduction of the skeleton. Therefore, the resultant value of
interfacial thermal resistance was calculated as 9.1x10° m? K W,
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Table S4 Comparison of thermal resistance from filler/filler interface of our PEG/LM/BN
composite with that of previously reported polymer composites with three-dimensional BN
network

Materials Rc (M? K W) Refs.
Epoxy/3D-BN 5.6 x107 [S23]
Epoxy/BN-GNP 8.4 %10 [S24]
Epoxy/BN-rGO 45 %108 [S22]
Epoxy/radial BN-GO 2.1 %10 [S18]
PEG/LM/BN 9.1 x10° This work
——— 200
Melting point (°C P
0 vol% ispoz = .’\‘ 1 n= h x 100%
10 vol% 46.45 160 - PEG
o 190 c
T R : — 7/ | 3> 120+
: g
& —=m— £ 0
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\/ 10 vol% 40+ me
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Fig. S11 a Differential scanning calorimetry (DSC) curves of pure PEG and PEG/LM/BN
composites with different contents of LM/BN hybrid fillers (lateral size of ~18um, LM in
LM/BN hybrid fillers of 10 vol%). b Calculated enthalpy of melting and crystallization of the
PEG/LM/BN composites with different contents of LM/BN hybrid fillers

Table S5 Comparison of the figure of merits and k of BN-based phase change composites from
the latest studies

PCM
PEG
PEG
PEG
PEG
PEG
PEG
PW
PW
PW
PW
SAT

Ci8and

PEG

Filler
BNNS
BN-GNP
BN
GO/BN
BN
GO/BN
BN
h-BN
BN
BNNS
h-BN
h-BN

LM/BN

SA

Content
10vol%
31 vol%
23 wt%
28.7 wt %
16.3vol%
0.78/6.76wt%
18wit%
10 wt%
20wt%
40 wt%
5wit%
10 wt%

30vol%

AH (J/g)
136.80
116.80
138.20
143.60
134.40
160.70
165.40
177.00
147.70
80.15
210.00
207.60

80.00

k (W/m K)
4.76
1.33
2.36
3.18
3.26
0.79
0.85
0.53
0.44
3.47
1.20
0.32

8.80

p (g/em?)
1.25

1.42
1.28
1.33
1.32
2.31
0.99
0.92
1.01
1.21
1.56
0.88

1.65

FOM
812.04
219.94
417.15
606.07
577.95
293.20
139.29

86.76

65.52
335.54
392.59

58.78

1162.66

Refs.
[S7]
[S24]
[S25]
[S26]
[S27]
[S28]
[S29]
[S30]
[S31]
[S32]
[S33]
[S34]
This
work
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Fig. S12 Shape stability. a Optical photographs of PEG (left) and PEG/LM/BN composite
(right) on a 60 °C hot plate. b Pressure resistance of a PEG/LM/BN composites at a hot stage
of 60 °C showing excellent shape stability

It can be observed from Fig. S12a, PEG lost its shape quickly and spread out on the heating
stage during the heating process. However, the PEG/LM/BN composite retained its shape at
60 °C, which indicates that the LM/BN skeleton effectively improved the shape stability of the
composites owing to the existance of the capillary and surface tension force between PEG and
the LM/BN skeleton. In Fig. S12b, a 1kg weight was put on the PEG/LM/BN composites at
60 °C for 30 min. There was no obvious leakage of molten PEG, which further suggests its
excellent leakage-proof characteristic, paving the way for our composites’ practical applicatipn
in passive battery thermal management.
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Fig. S13 Anticorrosion characteristic. a Optical photographs of corrosion of aluminum surface
after contacting with LM (left) and our PEG/LM/BN composite (right). SEM images and
energy-dispersive spectra (EDS) results of b clean aluminum sheet, ¢ aluminum surface
contacted by the PEG/LM/BN composite for a week and d aluminum surface contacted by
liquid metal for a week
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As shown in Fig. S13, LM and PEG/LM/BN composites were put on the clean aluminum sheets
for a week to investigate the anticorrosion performance. The aluminum contacted by LM was
corroded quickly and totally, while the aluminum contacted by the PEG/LM/BN composite
maintained clean as its original state. And the aluminum sheet coated with LM became rough
and powdery. The increasement of gallium and oxygen in the EDS images show the corrosion
characteristic of liquid metals. However, the aluminum sheet after contacting with the
PEG/LM/BN composite did not have any traces of corrosion and superfluous elements on the
EDS images, demonstrating no reaction between aluminum and PEG/LM/BN composites.

Fig. S14 Flame resistance. Optical photographs of a PEG and b PEG/LM/BN composites after
contacting the flame, showing the excellent flame resistance of PEG/LM/BN composites

Obviously, the PEG materials melt and decompose at high temperature, thus leading to rapid
flame spread and continuous burning until the sample is completely combusted (Fig. S14a).
However, as shown in Fig. S14b, the structural integrity of the PEG/LM/BN composite could
be well kept and the flame showed rapid self-extinguishing phenomenon, indicating its
excellent flame resistance.

Fig. S15 The digital photo of the test system used to investigate light-to-heat conversion
capability including a laser light generating the powerful irradiation (left), an infrared (IR)
camera recording the surface temperature of the sample (right) and some liquid nitrogen
placed in the foam chamber creating a low-temperature environment (middle)
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Fig. S16 a Average surface temperature and b maximum surface temperature of PEG/LM/BN
composite (loading content of 30 vol %) irradiated by laser light of different power versus
time of the test including light on (first half) and light off (the latter half)
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Fig. S17 Corresponding cooling time versus In 0 linear curve for calculation of photothermal
conversion efficiency of a PEG/BN and b PEG/LM/BN

The photothermal conversion efficiency was calculated as follows:

Based on the balance of system energy:
d
X micpi d_: = Qs — Qioss (S4)
Where m;j (PEG/BN composite (4.116 9/0.337 g); PEG/LM/BN composite (0.4116 g/0.0947
9/0.303 g)) and Cyi (PEG: 1.79 J/(g K); LM: 0.4 J/(g K); BN: 0.9 J/(g K)) are the mass and
heat capacity of the composite. Qs is the photothermal heat energy input from the laser light
and Qioss 1S the thermal energy lost to the surroundings.

When the temperature of the samples is maximum, the system is in balance:

Qs = Qloss = hSATmax (85)
Where h means heat transfer coefficient, S is the surface area of the sample being irradiated
and ATmax means the maximum temperature change.
Subsequently, the photothermal conversion efficiency:
hSATmax
- 1(1—10—4s05)
where | is the laser power (4 W) and Asos is the absorbance of the composites (PEG/BN

composite: 0.553; PEG/LM/BN composite: 0.865) at the wavelength of 532 nm. And the hS
can obtain as follows:

(S6)
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It is defined:

T—Ts 2imiCpi
[Ty = ——— S7
Tm-Ts' S hS (S7)

where T means the temperature of the samples, Ts means the temperature of the surroundings
(-60 °C), Tm means the maximum temperature and z is the system time constant.

So that do/dt = Qs/(zshSATm) - 6/

when Qs = 0 (turn off the laser light), therefore dé/dt = -6/zs, and t = -z5In6,

so hS could be calculated.

The zs of PEG/BN composite is 111.055 s and the zs of PEG/LM/BN composite is 40.0975 s.
The photothermal conversion efficiency  of PEG/BN composite is 20.1% and the photothermal
conversion efficiency » of PEG/LM/BN composite is 60.6%.

0 =

Fig. S18 Digital photos of device design showing the circuit connection for a charging and b

discharging process by using a charge-discharge balancer and a large-power electric
resistance
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