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33 1. Preparation method

34  Cross-linking time and temperature (Fig.S1 and Table. S1)
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35
36  Fig. S1 Decomposition mechanism of Di(tert-butylperoxyisopropyl)benzene'.

37 Table S1 Decomposition properties and decomposition products of of Di(tert-butylperoxyisopropyl)benzene'.

Half-life temperatures . Boiling
. Relative amount .
for tin ? Decomposition products ] point
o (mol/mol peroxide) o
O O
Tert-butanol 1.83 84.6
Acetone 0.13 56.5
156 °C for 0.1 h
Methanes 1.10 -161.5
134°Cfor1h
Di-(hydroxyl-i-propyl) benzene 0.30 —
114 °C for 10 h
Acetyl hydroxy-i-propyl benzene 0.54 —
Diacetyl benzene 0.14 120

38  ? Data of half-life provided by AkzoNobel Polymer Chemistry.

39  Fig. S1 shows the decomposition mechanism of Di(tert-butylperoxyisopropyl)benzene, an organic

40  peroxide, also known as an initiator and cross-linking agent, that rapidly decomposes into volatile
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organic compounds and free radicals above 156 °C. The rate of cross-linking initiated by the peroxide
is determined by its rate of thermal decomposition. Half-life data are essential in selecting the optimal
peroxide for specific time/temperature applications. Generally, the half-life time falls by one-third of
its value for each 10 °C rise in temperature, and the proposed cross-linking reaction has at least 6 to
10 peroxide decomposition half-lives>>.

Table S1 gives this kind of peroxide's half-life and the proportion of decomposition products. Its
decomposition products are dominated by the low boiling point of tert-butanol and methanes escaping
from the reaction in gaseous form, consistent with the experimental production of bubbles. Meanwhile,
it can be deduced that this peroxide decomposes 99.9% of itself after 10 half-lives in 27 min at 176 °C,
corresponding to our experimental setting of 180 °C and the complete disappearance of the bubbles in

30 min.

Cross-linking chain site and order (Fig.S2)
Monomers of Olefin Block Copolymer (OBC)
1-octene: CH,=CH—CH,—CH,—CH,—CH,—CH,—CH, Ethylene: +CH2_CH2%

Monomers of Styrene-Ethylene-Butylene-Styrene (SEBS)

Styrene: %CH—CHZa— 1-butylene: CH,=CH—CH,—CH;, Ethylene: -ECHZ—CHﬂ-

Take ethylene as an example:

||_| 'r_||-r' ||_| - s CH,—CHw» v CH;,—CHww
|
'———\/Radical addition Radical couping ( Cross-link formation)

Fig. S2 Specific monomers for OBC cross-linking with SEBS in PW.

The ability of hydrogen atom abstraction depends not only on the type and properties of radical but
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also on the structure of the hydrogen donor. The reactivity of distinct unactivated sp® C-H bonds,
ultimately the site-selectivity of a given reaction, is mainly governed by their bond dissociation energy,
polarity and steric accessibility. As a result, C-H bonds usually follow the relative reactivity sequence
of benzylic > allylic > tertiary > secondary > primary > vinyl > phenyl. Resonance stabilization of
allylic and benzylic structures makes these positions better for hydrogen donors than corresponding
alkyl groups*®.

The structural monomers of the OBC and SEBS elastomers are given in Fig. S2. The specific
process of ethylene monomer is an example. Based on the above theories, we infer that all the five
monomers mentioned are reactive. Due to the complex factors affecting the cross-linked sites, the exact

cross-linking monomers sequence and the mechanism of the sites need to be further investigated.

Experimental phenomenon (Fig.S3 and Fig. S4)

Small-scale preparation explorations in the lab: Preliminary mass production process of the F-FSPCMSs:
ST | A = e —— e

— —

Materials in the tank:

PW@OBC-SEBS 20 kG per time!

o
7 ".- g \ i -. “ \ . 5
il il 8

Phase change plates after cooling (500*500%15 mm)

Fig. S3 Schematic diagram of experimental preparation.

Fig. S3 depicts the above laboratory preparation and preliminary mass production process, respectively.
We observe fascinating phenomena during the experimental trial. SEBS is first uniformly dispersed in

PW, continues in a stiffer white dough state, and finally in a clear gel state. The fine gel state indicates
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that PW is well mixed with SEBS, and at this point, with the addition of OBC and peroxide, the system
can be mixed quickly and evenly. The feasibility of mass production of the F-FSPCMs is further
explored in this study. The same phenomenon can be observed during the fabrication using the

mechanical stirring heating tank described above, allowing for rapid preparation of 20 kg in a single

& ol
1.33 wt% Peroxide 2.0 wt% Peroxide

Pure PW PW-OBC
(0.67 wt% Perdoxide) (0.67 wt% Peroxide)

Fig. S4 Experimental phenomena in the material reaction process of F-FSPCMs at 180°C. a PW-SEBS gel. b
Further addition of OBC. cl, ¢2, and ¢3 Peroxide at different mass contents of 0.67 wt%, 1.33 wt%, 2.0 wt%
respectively in the progress of the cross-linking reaction. d PW@OBC-SEBS after cross-linking reaction. e Pure PW

with 0.67 wt% peroxide added. f PW-OBC with 0.67 wt% peroxide added.

Fig. S4 gives a more detailed experimental phenomenon of the cross-linking reaction. Dense
bubbles are produced immediately when peroxide is added to the physically mixed PW-OBC-SEBS,
as shown in Fig. S4cl, c2, and c3. When the peroxide content increases from 0.67 wt% to 2.0 wt%,
the reaction is very violent because the bubbles become larger and larger. By comparison, adding

peroxide to pure PW under the same conditions does not produce bubbles (Fig. S4¢). We assume that
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PW acts only as a solvent in this reaction. Fig. S4f shows the smaller size and number of bubbles after
adding equal amounts of peroxide to PW-OBC. The results of subsequent Raman, DSC, and tensile

tests also indicate that the OBC undergoes its own cross-linking in PW.

Summary of advantages

The advantages of this solution for mass production can be summarized as follows:

(1) Higher efficiency: In contrast to the one-step feeding method, where melting and mixing
processes coincide, the sequential melt blending method used in this work avoids unnecessary
mechanical losses that arise due to the high viscosity of the mixture and the sharp increase in the
instantaneous resistance of the mixing blades.

(i1) Cheaper equipment: Compared to the preparation process using twin-screw extrusion, the
sequential melt blending method can be prepared at atmospheric pressure, and there are no mold
restrictions, allowing for the production of sizeable solid phase change plates. The propeller-heated
stirring tank in this work costs only 5%-10% of the heavy equipment used in twin-screw extrusion.

(ii1) Better results: Physical mixing of PW-OBC-SEBS without adding peroxide requires an
extended 1.5-2 h. The longer preparation time allows the impurities in the material to be oxidized at
high temperatures, causing the PW-OBC-SEBS to change from white to yellow. In contrast, the
chemical cross-linking of PW@OBC-SEBS is signaled by the disappearance of bubbles, and the whole
cross-linking process takes only 1 hour, which is faster than physical mixing.

Overall, the innovation of this strategy is based on performance improvement and practical

feasibility, which helps to solve the two bottlenecks of phase change materials for thermal management.
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2. Characterization

FT-IR (Fig.S5)

/L /L /L
7/ 7/ 7/

| " WTW

$0-0.67

i SEBS

(i so
cPW OBC)

T [

(PW@OBC SEBS)

Transmittance (a.u.)
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3000 2900 2800 1500 1400 800 700 600 3000 2900 2800 1500 1400 800 700 600
Wavenumber (cm™)

Fig. S5 FT-IR results of of PW, OBC, SEBS, S0 with 0 wt% and 0.67% peroxide, and S2 with 0 wt%, 0.67%,

1.33%, and 2.0% peroxide.

The FT-IR spectra results of samples with different peroxide content are shown in Fig. S5. The
characteristic peaks at 2912 cm™, 2847 cm™!, 1470 cm™!, and 717 cm™! correspond to the asymmetric
and symmetric stretching vibrations of -CH2 and -CH3 in PW, as well as the in-plane bending of -
(CH2)n segment in PW. The characteristic peaks at 2920 cm™, 2847 cm™!, 1470 cm, and 698 cm™!
correspond to the symmetric stretching vibration, asymmetric stretching vibration, bending vibration,
and absorption vibration peaks within the benzene ring in SEBS. For OBC, the main characteristic
peak corresponds to the -CH2 asymmetric stretching vibration over symmetric stretching vibrations at
2920 cm™! and 2850 cm™!. The results indicate that there is no significant shift in the main absorption
peaks and no new absorption peaks are generated, suggesting that there is no special chemical

interaction between PW and OBC-SEBS blends. However, because of the mild chemical cross-linking
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that occurs in PW@OBC-SEBS, it is difficult to determine the degree of cross-linking using infrared

spectroscopy.
XRD (Fig.S6)
o3 — B 218° 233
o 19.3° 24.8°
| PW LWL a0
R 218" 1 1wl $0-0.67
S A OBC S
8
2z SEBS . S200
2
2
= S0 $2-0.67
(PW-OBC) A -~
A\ N
$2-1.33
S 2 T,
$2:20
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26 (Degree)
Fig. S6 XRD results of of PW, OBC, SEBS, S0 with 0 wt% and 0.67% peroxide , and S2 with 0 wt%, 0.67%,

1.33%, and 2.0% peroxide.

The X-ray diffraction (XRD) results presented in Fig. S6 reveal distinct patterns for the various
materials studied. Specifically, PW exhibits three well-defined diffraction peaks at 19.3°, 23.3°, and
24.8°, which are assigned to its (110), (200), and (210) crystal planes. In contrast, OBC displays a
single diffraction peak at 21.8°, indicative of its crystallization. SEBS, on the other hand, shows a
broad diffraction peak that suggests its predominantly amorphous state. Notably, the XRD patterns for
the F-FSPCMs reveal strong and wide diffraction peaks that correspond to those observed for PW,
OBC, and SEBS. Despite this similarity, the crystal shape of PW in the composites remains unchanged,
with only a slight reduction in the intensity of the diffraction peak. This behavior can be attributed to

the challenges involved in crystallizing PW within the small interstitial gaps between the SEBS-OBC
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phases.

DSC data (Table.S2)

Table S2 Thermal properties of F-FSPCMs at different ratios.

Low-Temperature Area

High-Temperature Area

Samples Tn Tr Tp Ts AH,, AHy T, Ty AH,, AHy
O (O (O (O Jg Jdg (O O dJdg Jp)
PW 41.73 4323 4538 41.60 227.8 2283 — — — —
OBC — — — — — — 1233 1065 62.7 60.5
SEBS — — — — — — — — — —
Theoretical value 41.73 4323 4538 41.60 1822 182.6 1233 106.5 — —
PW-0.67 40.76 4248 4496 40.64 2214 2200 — — — —
S0-0.67 4253 42.03 44.61 4048 1683 1685 1032 995 9.2 9.4
S1-0.67 4196 42.03 4449 40.14 1729 1744 103.8 989 8.4 7.6
S2-0.67 42.04 4194 4482 40.02 172.8 171.7 1044 984 6.2 7.1
S3-0.67 42.03 41.85 44.59 4034 1747 176.0 1032 983 52 4.8
S0-0.0 4256 42.06 4523 39.81 1755 1743 104.0 100.0 10.1 10.9
S2-0.0 42.57 42.18 4498 4034 177.1 176.0 105.6 99.6 7.4 8.3
S2-0.67 42.04 4194 4482 40.02 172.8 171.7 1044 984 6.2 7.1
S2-1.33 41.84 41.59 4433 40.08 158.7 156.2 104.0 98.5 5.8 6.3
S2-2.0 41.27 41.58 44.12 3976 1589 1575 1014 97.0 5.6 5.5
Cycle Accelerated thermal cycle (Sample S2-0.67)
After 100 4223 42.10 44.73 4027 171.3 1740 103.8 98.6 6.5 6.8
After 200 4196 41.78 4480 3992 171.7 1733 103.2 98.6 6.7 6.8
After 300 42.01 4192 4490 39.85 172.8 1725 1033 98.8 6.9 6.7
After 400 41.89 41.85 4459 40.01 169.2 170.7 103.1 98.7 7.2 6.9
After 500 41.66 41.82 44.68 4023 1702 1714 1033 989 7.1 6.9




141  Thermal conductivity data (Table S3)

142 Table S3 Thermal diffusivity and thermal conductivity of F-FSPCMs (S2).

Test points Temperature Cp Thermal diffusivity Thermal conductivity
(°O (J/(g"K)) (mm?/s) (W/(m-K))

1 21.8 2.103 0.143 0.254
2 21.9 1.982 0.142 0.231
3 22.1 1.993 0.143 0.221
Mean value 21.9 2.026 0.143 0.235
Std Dev 0.1 0.067 0.000 0.017
4 30.0 3.002 0.114 0.303
5 30.0 2.784 0.108 0.286
6 30.0 2.649 0.105 0.279
Mean value 30.0 2.812 0.109 0.289
Std Dev 0.0 0.178 0.005 0.012
7 50.0 1.429 0.116 0.193
8 50.0 1.555 0.118 0.155
9 50.0 1.491 0.119 0.198
Mean value 50.0 1.492 0.118 0.182
Std Dev 0.0 0.063 0.002 0.023

143  Tensile test (Fig.S7)

100
a —s=— Physical mixed PW-OBC b —s=— Physical mixed PW-OBC c 75 1 —=— Physical mixed PW-OBC
Cross-linked PW-OBC 3 Cross-linked PW-OBC Cross-linked PW-OBC
< 801 = 60 -
o —
D o ©
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145  Fig. S7 Tensile test results of physical mixed PW-OBC (S0-0.0) and cross-linked PW-OBC (S0-0.67) at 14 °C, 30 °C,

146 38 °C, and 46 °C. a Comparison of strain at break. b Comparison of peak stress. ¢ Comparison of modulus.



147 Comparison of references (Table S4)

148  Table S4. Comparison of phase change and flexibility properties with those of the corresponding references.

PCM

The optimum value of

Shaped PCM content  Im/Tf AH flexibility Ret.
matrixes (Wt%) O (J/g) (Strain at break: %;
Strength: Mpa)

SEBS Hexadecane 90 15+1 190+3 Soft gel«>hard gel 7
SEBS/HDPE Paraffin 75 50.56 151.6 — §
SEBS/LDPE  Hexadecane 55-80 25.57 106.2-179.8 — ?

SEBS/ASA Paraffin 10-50 26+2 12.9-74.2 430-740% 10
SBS/TPEE Paraffin 80 55+2 165.9 60-170% 1

OBC Paraffin 30-40 47.8+2 47.2-64.4 1500% 12

OBC Hexadecane 30; 60 9.8;16.6 45; 148 800-1400% 13
OBC/CNTs Paraffin 60 46.3 111.7 140-600% 14

OBC/EG Paraffin 64-85.5 46-49.2 133.7-160.1 3-17% 15
PUA Myristic acid 60 52.7-55.3 1134 0.35%; 25-34 Mpa 16
TPEE-EG Paraffin 60-70 322484  112.3-145.9 30-180%; 4.1-7.3 MPa 17
TPU-BN PEG 60 349-61.4  101.2-130.3 44-105%; 5.8-9.3 Mpa 18
PUA PEG 60 28; 42 113.1 1342.3%; 5 MPa 19
AMD-HDI PEG — 38.8-51.1 79.7-116.7 65%:; 15 Mpa 2
BQDO-IPDI PEG 83-89 15-38 54.4-86.1 470-850%; 12-30MPa 2
PVA-PLA-
PCC — 35;45 104.5-141.4 37%; 0.5-4Mpa =
MXene
OBC-SEBS Paraffin 80 41+1 17545 14-560%; 0.1-152 MPa  This Work

149  Notes: SEBS (styrene-ethylene-butylene-styrene), EG (expanded graphite), HDPE (high-density polyethylene),
150  LDPE (low-density polyethylene), ASA (acrylonitrile-styrene-acrylate), SBS (styrene-butadiene-styrene), TPEE
151 (thermoplastic ester elastomer), OBC (olefin block copolymer), CNTs (carbon nanotubes), PEG (Polyethylene
152 glycol), TPU (thermoplastic polyurethane), BN (Boron Nitride), PUA (polyurethane acrylate), AMD (4-aminophenyl
153 disulfide), HDI (hexamethylene diisocyanate), BQDO (p-benzoquionone dixoime), IPDI (isophorone diisocyanate),

154 PCC (phase change microcapsule), PVA(polyvinyl alcohol), PLA (polylactic acid).

155
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Leakage test (Fig.S8)
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Fig. S8 a Water contact angle results of PW, OBC, PW-OBC, PW@OBC-SEBS. b Diagram of the water-air combined

leakage test experiment. ¢ Relative mass loss curves of PW-OBC and PW@OBC-SEBS.

The leakage test is conducted by alternating the sample immersion in hot water at 50 °C and drying in
an oven at 50 °C for 12 h (one cycle of 24 h), and measuring the mass change after each cycle to
evaluate the leak-proof properties of the F-FSPCMs (Fig. S8b). The results show that the relative mass
loss decreases with increasing heating time, and there is almost no change in mass loss before and after
the third operation (i.e., a total of 144 h of heating) (Fig. S8c). The initial mass loss during heating is
caused by the melting loss of PW on the surface of F-FSPCMs. Therefore, in the first operation, oil-
like floating substances can be observed on the surface of hot water due to the leakage of PW on the
surface layer. This phenomenon gradually disappears in subsequent operations as the leakage of PW
in the surface layer decreases to trace levels, demonstrating the good leakage-proof and shape-stable

properties of PW@OBC-SEBS.



170 3. Wearable thermal management (Fig.S9, Table S5 and Fig.S10)
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172 Fig. S9 The reheating-cooling curve at the starting temperature and the phase change temperature (5 mm

173  thickness).

174 Table S5 Thermal efficiency of F-FSPCMs (S2) temperature control modules.

Module Thickness Mass A Hy Power Time Maximum surface n

(mm) @ J/g) W) ) temperature (C) (%)
1 3 31.2 174.4 22 900 79.3 27.5
2 5 52.1 174.4 22 900 62.1 459
3 7 72.9 174.4 22 900 54.5 64.2
4 7 72.9 174.4 22 800 50.1 72.2
5 7 72.9 174.4 22 600 433 96.3
6 7 72.9 174.4 22 400 37.2 144.5

175 The F-FSPCMs temperature control module developed in this study operates by utilizing the

176  latent heat released during the near-constant temperature phase transition, with the supplied electrical
177  energy serving as the input energy. The thermal efficiency 7 of the heat storage-release cycle can be

178  defined as:

mXAHf

179 n=—th

X 100% (1)

180 where m is the mass of the F-FSPCMs (g), 4Hy is the enthalpy of latent heat (J/g), P and ¢t
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refer to the power of the PI heater band (/) and the time to energize the PI heater band (s), respectively.

Table SS presents the calculated thermal efficiency results of 6 groups of measured F-FSPCMs
modules. For F-FSPCMs modules 1 to 3, the thickness of the modules increases, resulting in an
increase in 7 from 27.5% to 64.2% for the same heating time, while the maximum surface temperature
decreases from 79.3 °C to 54.5 °C. Following the absorption of latent heat, sensible heat absorption
begins, leading to a continuous increase in the maximum surface temperature. As sensible heat
increases, the thermal efficiency gradually decreases. Modules 3-6 exhibit a decrease in heating time
with an increase in # from 64.2% to 144.5%. Notably, module 6's thermal efficiency exceeds the
conventional thermal efficiency of less than 100%. This is because the maximum surface temperature
of module 6 is 37.2 °C and has not yet reached the phase change temperature of 41 °C, meaning that
latent heat storage cannot occur. Thus, Equation (1) is only applicable under conditions where the

latent heat process occurs and vice versa.

15 min 5 min 5 min 5 min Charging Discharging

Ambient Temperature: 25°C
22 W-—- 160"70*7 mm
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(5}
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P w
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L 1
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o
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Fig. S10 Temperature control effect of the F-FSPCMs module with intermittently energized heat storage (7

mm thickness).
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