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ABSTRACT 

Thermal management based on phase change materials (PCMs) has attracted 

tremendous attention for the passive cooling and preheating of electronic devices. 

However, the widespread utilization of PCM-based thermal management is always 

restricted by the low thermal conductivity and liquid leakage of melted PCMs. Herein, 

we report a dual-encapsulation strategy to fabricate highly conductive and liquid-free 

polyethylene glycol (PEG)-based phase change composites (PCCs) for energy storage 

and thermal management. The PEG is firstly infiltrated into the cross-linked network of 

polyurethane (PU) to synthesize hybridized semi-interpenetrated composites 

(PEG@PU), and then the composites are incorporated with an aligned reticulated 

graphite nanoplatelets (RGNPs) via pressure-induced assembly to fabricate highly 

conductive PCCs (PEG@PU-RGNPs). The dual-encapsulation networks of PU and 

RGNPs enable the PCCs to show excellent mechanical strength, liquid-free phase 

change, and stable thermal properties. More importantly, contributed by the RGNPs 

networks as thermal/electrical transport pathways, the PCCs exhibit high thermal 

conductivity up to 27.0 W m-1 K-1 and electrical conductivity of 51.0 S cm-1, superior to 

the state-of-the-art PEG-based PCCs. Furthermore, we demonstrate the PCC-based 

battery thermal management (BTM) toward the versatile demands of passive cooling at 

high temperatures and active preheating at low temperatures. The PCC-based BTM 

realizes battery warm-up with a temperature range of 34-40 oC at an ambient 

temperature of 0 oC, and battery cooling with a controllable temperature below 55 oC 

even at a hot environment (35 oC) during continuous high-rate charging/discharging 

cycles. Therefore, our work provides a promising route for fabricating highly 

conductive and liquid-free PCCs toward efficient energy storage and thermal 

management. 
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Efficient energy storage and management attracts increasing concerns with the rapid 

industrial development, energy consumption and growing population.1 Thermal energy 

storage (TES) using phase-change materials (PCMs) has been developed as a promising 

technology to address the mismatch between thermal energy supply and demand.2,3 

Among various PCMs, organic polyethylene glycol (PEG) has drawn tremendous 

attention owing to its incomparable advantages, including high energy density, thermal 

and chemical stability, no toxicity, good biocompatibility, and low cost.4,5 However, as 

the similar drawbacks of conventional solid-liquid PCMs, the leakage issues during the 

phase change process greatly restricts the wide application of PEG.6 To solve this 

problem, one feasible solution is to modify PEG into polyurethane-based solid-solid 

PCMs using the chemical crosslinking method.7,8 The PEG is chemically linked to the 

supporting material via different linkages such as urethane, ester, and ether 

modification.9,10 In a typical cross-linked network of polyurethane (PU), PEG serves as 

a soft phase transition segment, and the hard segment of diisocyanates and chain 

extenders are responsible for avoiding the free flow of the soft segment during the phase 

change process. Despite the excellent shape-stabilized property and thermal stability of 

cross-linked solid-solid PCMs, the chemical or physical bunding of solid-solid PCM 

restricts the free movement of crystallizable soft parts, which results in the compromise 

of the thermal energy storage capacity.11,12 

Apart from the above-mentioned bottlenecks, the low thermal conductivity of pristine 

PCM is also a great concern for thermal charging/discharging. PEG-based PCMs 

typically have unsatisfied thermal conductivity ranging from 0.1 to 0.5 W m-1 K-1,13 and 

thus hardly meet the high-power capacity demand.14 To address this long-standing 

problem, intensive efforts have been dedicated by introducing high-conductivity fillers 

into the PCMs.15 Among various high-conductivity fillers, carbon-based porous 
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materials, such as graphite/graphene foam (GF),14,16 carbon aerogel (CA),17 graphene 

aerogel (GA),18,19 carbon nanotube sponge (CNTS)7,20,21 and expanded graphite 

(EG)22,23, are frequently adopted to improve the thermal conductivity of PCMs by 

fabricating phase change composites (PCCs). Although the components of these porous 

fillers, such as graphene and carbon nanotube, exhibit ultrahigh intrinsic thermal 

conductivity (> 1500 W m-1 K-1 24), only modest thermal conductivity enhancement of 

PCCs has been observed even at a high loading of additives due to the high thermal 

resistance between conductive fillers and adjacent PCMs.14,25 Moreover, the unsatisfied 

thermal and mechanical stability of PCCs can also cause the degeneration of thermal 

conductivity during the phase transition process.26 Additionally, the inherent 

shortcomings of conventional PCCs, such as high cost, low yield, and tedious 

preparation, hinder their extensive applications.27 Hence, it is a great challenge to 

develop high-performance PCCs with high thermal conductivity, excellent thermal 

properties, and satisfying mechanical stability, for scalable thermal energy storage and 

management. 

Herein, we report a dual-encapsulation strategy to fabricate highly conductive and 

liquid-free PEG-based PCCs. During the first encapsulation process, the PEG is 

infiltrated into the cross-linked network of PU to synthesize a highly hybridized 

semi-interpenetrated composite (PEG@PU). The three-dimensional PU network 

endows the PEG to alleviate its leakage problem, and the inherent phase change 

property of PU also improves the thermal storage capacity of the PEG@PU composite. 

During the secondary encapsulation process, the PEG@PU composites are incorporated 

with aligned reticulated graphite nanoplatelets (RGNPs) via facile pressure-induced 

assembly strategy to fabricate highly conductive PCCs (PEG@PU-RGNPs). The 

layer-by-layer RGNPs network enables the PCCs to exhibit high thermal conductivity 
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(27.0 W m-1 K-1) and superior electrical conductivity (51.0 S cm-1) at RGNPs loadings 

below 30 wt%. Furthermore, we demonstrate the PCC-based energy storage device for 

battery thermal management (BTM) toward the versatile demands of passive cooling at 

high temperatures and active warm-up at low temperatures. The operating temperature 

of a battery pack can be controlled below 55 oC owing to the latent heat of the PCC 

even at a hot environment (35 oC) during the continuous high-rate charging/discharging 

cycles. On the other hand, the batteries can be actively preheated by the electro-driven 

Joule heating of the PCC to maintain a moderate temperature range (35-40 oC) at a low 

ambient temperature (0 oC), which increases the battery capacity by 13.5% compared 

with the bare battery pack. Therefore, our work provides a promising route to 

synthesizing high-performance PCCs for various heat-related energy storage and 

thermal management for both heating and cooling demand. 

Figure 1 shows the schematic illustration of the dual-encapsulation strategy for 

fabricating highly conductive and liquid-free PEG-based PCCs. During the first 

encapsulation process (Figure 1a1,a2), one-step polymerization and in situ absorption 

method are adopted to synthesize highly hybridized semi-interpenetrated PEG@PU 

composite. Typically, a certain amount of PEG and Hexamethylene Diisocyanate Biuret 

(HDIB) (3:2 molar ratio of PEG/HDIB) are respectively dissolved in N, 

N-Dimethylformamide (DMF) under mechanical stirring at 60 oC and protected with 

nitrogen. When the solution became sticky, a certain amount of extra PEG is added 

quickly. The cross-linked polyurethane (PU) network rapidly absorbed the PEG solution. 

After completion, the composite solution is transferred to a vacuum oven (60 oC) for 24 

h to obtain the PEG@PU. The mass fraction of the PEG in the PEG@PU composite is 

optimized as 70 wt% according to the leakage proof testing (Figure S1). 
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Figure 1. Schematic illustration of a dual-encapsulation strategy for fabricating highly 

conductive and liquid-free PEG-based PCCs. (a1-a3) The first encapsulation process for 

synthesizing highly hybridized semi-interpenetrated composites (PEG@PU) by infiltrating PEG into 

the cross-linked PU network, (b) The secondary encapsulation process for preparing highly 

conductive PEG@PU-RGNPs PCCs by incorporating PEG@PU into RGNPs matrix via 

pressure-induced assembly and the enlarged image showing the microstructure of PEG@PU, (c) 

SEM image of worm-like EG and its enlarged image showing the RGNP networks, (d) SEM image 

of PEG@PU and EG mixtures and its enlarged image showing the PEG@PU particles adhered on 

the surface of RGNPs, (e) Digital photograph of PEG-based PCC block (PEG@PU-RGNPs), and the 

enlarged cross-section image showing the layer-by-layer aligned RGNPs network after removing the 

PEG@PU from the PCC, (f) Fourier-transform infrared spectroscopy (FT-IR) of EG, PEG, 

PEG@PU, and PEG@PU-RGNPs, (g) X-ray diffraction (XRD) patterns of EG, PEG, PU, PEG@PU, 

and PEG@PU-RGNPs. 
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During the second encapsulation process (Figure 1b), a facile pressure-induced 

assembly method is employed to fabricate highly conductive PEG@PU-RGNPs 

composites. The pulverized PEG@PU microparticles are mixed with EG at a certain 

ratio and vigorously stirred and then heated to 120 oC for approximately 10 min to make 

the PEG@PU microparticles uniformly adhere to the porous structure of EG. The 

incompact composites of PEG@PU and EG are then moved into a steel mold and 

compressed into a shaped composite at 60 oC under the maximum compression pressure 

of 20 MPa. The mass fraction of RGNPs in PEG@PU-RGNPs composite is in a range 

of 5-30 wt% and the as-prepared composites are named as PCC-x, where x represents 

the mass fraction of RGNPs. 

The microstructures of PEG@PU, EG, and PEG@PU-RGNPs are presented in Figure 1. 

The cross-section of PEG@PU exhibits a compact structure. Whereas, irregular 

wrinkled strips are observed in the magnified SEM image of PEG@PU because of the 

crystallization of PEG segments (Figure 1a3), demonstrating extra PEG is successfully 

infiltrated and occupied the void space of the 3D cross-linked PU network.12,28 Figure 

1c shows the thermally expanded worm-like EG is composed of numerous disordered 

RGNPs connected with van-der-Waals interactions. After blending, the PEG@PU 

microparticles are readily adhered to EG and uniformly distributed on the surface of 

RGNPs (Figure 1d). For the PCC blocks, a compact layer-by-layer aligned RGNPs 

network is formed after compression (Figure 1e), which contributes to the anisotropic 

thermal conductivity of the PCC block. In addition, the XPS spectrum reveals that the 

RGNPs are highly carbonized, and low oxygen content (1.07 %) is observed after 

thermal expansion, which contributes to the conductivity enhancement of the PCC 

(Figure S2).29 

The FT-IR spectra of PEG, PEG@PU, EG, and PEG@PU-RGNPs are showed in Figure 
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1f. In the spectrum of PEG, the strong absorption peaks at 2878, 1468, 962, and 840 

cm-1 are ascribed to C–H bonds, the peaks of –OH stretching vibration, and C–O–C 

symmetrical vibration appear at 3468 and 1106 cm-1, respectively. The characteristic 

absorption peaks of HDIB are observed at 3342, 2264, and 1678 cm-1, which are 

corresponding to the N–H, –NCO, and –NH–CO–NH– stretching vibration, respectively 

(Figure S3). In the FT-IR spectrum of PEG@PU, after reaction, the peaks of –NCO and 

–NH–CO–NH– disappeared, while the emergence of new peaks at 1720 and 1533 cm-1 

are attributed to the stretching vibration of –NHCOO– formed by the polymerization of 

HDIB and PEG.30 In addition, the FT-IR spectrum of PEG@PU is similar to PU except 

for the stretching vibration of –OH at 3464 cm-1 of PEG, indicating the infiltration of 

PEG into the cross-linked PU network. Moreover, no new peaks are observed between 

spectra of EG, PEG@PU, and PEG@PU-RGNPs, suggesting that the dual-encapsulated 

PEG@PU-RGNPs is only a physical combination of PEG, PU, and RGNPs. 

The crystalline phases of PEG, PU, EG, PEG@PU, and PEG@PU-RGNPs are analyzed 

by XRD as shown in Figure 1g. The sharp diffraction peaks of pristine PEG at 19.2o and 

23.4o are ascribed to the lattice plane of (120) and (13̅2), respectively. In the XRD 

curves of PU and PEG@PU, almost the same diffraction peaks at around 19.2o and 

23.4o are observed as pristine PEG, which reveals that the crystallization property of the 

PEG in the cross-linked system does not change after polymerization with HDIB. The 

intensity of diffraction peaks proves that the crystalline regions of PEG in the PU have 

been decreased to some extent owing to the restriction caused by the crosslinking 

structure. However, the diffraction intensity of PEG@PU becomes stronger than that of 

PU, revealing that the crystallinity of PEG increases because of the additional PEG. 

Moreover, the XRD pattern of the PEG@PU-RGNPs is almost the sum of curves of EG 

and PEG@PU with a reduction in the intensity for all three peaks, representing the 
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physical combination of the RGNPs and the PEG@PU. Notably, these results are 

further validated by the following DSC experiment. 

The phase change enthalpies and temperatures of PEG@PU-RGNPs PCCs are 

characterized by differential scanning calorimetry (DSC). After reacted with HDIB, PU 

shows an inherent phase change enthalpy (ΔHm) of 120.6 J g-1 and decreased melting 

temperature (Tm) of 43.4 oC, resulting from chemical restriction and physical 

entanglements (Table S1).30 The ΔHm
 and Tm of PEG@PU composite raise with the 

increase of extra PEG loading (Figure S4), and the PEG@PU with 70 wt% PEG loading 

possesses a ΔHm of 163.5 J g-1 and Tm of 46.5 oC, which is superior to the previously 

reported PEG-based PCMs with Tm ranges of 35-65 oC (Table S2). Figure 2a presents 

the DSC results of PCCs and the corresponding data is also summarized in Table S3. 

After the inclusion of PEG@PU within RGNPs, no significant changes of Tm and 

freezing temperature (Tc) are observed, demonstrating that the effective physical 

combination of RGNPs has no significant effect on the melting and crystallization of 

PEG@PU.7 However, the phase change enthalpies of PCCs are suppressed as the 

increase of RGNPs content since RGNPs have no effective phase change behavior at the 

temperature around 50 oC. 

Thermal degradation of PEG@PU and PCCs are measured by TGA which are given in 

Figure 2b. The detailed data are summarized in Table S4. The thermal degradation of 

the PEG@PU, PCC-10, PCC-20, and PCC-30 samples all involve two steps. In the first 

step, about 5% weight loss occurred at the temperature range of 280-360 oC due to the 

degradation of the urethane segment in the PU molecular chains. The second 

degradation stage appears in a range from 365 to 430 oC due to the decomposition of 

PEG.31 A slight decrease in degradation temperature of maximum weight loss rate is 
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observed as the RGNPs loading increases. This phenomenon occurs mainly because the 

thermal conductivity of the PCC is improved as the improvement of RGNPs loading, 

which promotes the internal heating rate of the PCC. In addition, the amount of char 

yielding at the maximum temperature for PEG@PU and PCCs are 2.1%, 11.4%, 21.5%, 

and 31.0%, respectively, which is consistent with the mass fraction of RGNPs in the 

composites. Notably, no significant degradation occurs below the melting temperature 

of the PCCs. 

 

Figure 2. Thermal Performance and Stability of PEG@PU-RGNPs PCCs. (a) The DSC curves 

of PEG@PU and PEG@PU-RGNPs composites, (b) TGA and corresponding DTG curves of 

PEG@PU and PEG@PU-RGNPs composites, (c) The weight loss of PEG@PU and 

PEG@PU-RGNPs PCCs at different cycling times, (d) Digital images of PEG@PU, PCC-10, 

PCC-20 and PCC-30 during 100 times thermal cycling test, (e) FT-IR spectra of PCC-20 before and 

after 100 thermal cycles, (f) Mechanical property test of PCCs, note: the PCC sample was heated on 

a heating panel with constant temperature of 80 oC. 

The thermal stability of the PCC for a long-term operation in a harsh working 

environment is also examined. Figure 2c,d show the comparison of the weight losses of 

PEG@PU, PCC-10, PCC-20, and PCC-30 samples during the 100 times endothermic 

and exothermic cycles under the temperature range of 25-100 oC. The PEG@PU shows 
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a significant weight loss in the first 60 cycles, while the trend is eased after 80 cycles. 

The final weight loss of PEG@PU is around 3.1%, indicating the leakage phenomenon 

of PEG is greatly alleviated after the first encapsulation of PU. Notably, the final weight 

losses of PCC-10, PCC-20 and PCC-30 are reduced to 0.6%, 0.15% and 0.09%, 

respectively, demonstrating the successful encapsulation of PEG@PU within RGNPs 

networks further alleviates the leakage problem of PEG. On the other hand, there is no 

significant evolution of the phase change enthalpy of PCC-20 during the melting and 

freezing process (Figure S5,6). Also, the FT-IR spectra of PCC-20 after 100 thermal 

cycles is highly consistent with the original PCC (Figure 2e), indicating a stable 

chemical structure of the PCC-20. Moreover, our PCC blocks also demonstrated 

excellent mechanical property even during the phase transition process (Figure 2f). 

These results show no significant thermal or chemical degradation occurs during the 

long-term thermal cycling process, which indicates the excellent thermal stability of 

PCCs. 

Thermal conductivity (K) of PCCs is an important parameter, which determines the 

thermal power during the charging/discharging process. PEG and PEG@PU have a low 

thermal conductivity of 0.26-0.35 W m-1 K-1, while the PCCs exhibit the anisotropic and 

highly enhanced thermal conductivities due to the introduction of highly conductive 

layered RGNPs network as observed by SEM (Figure 3a). Both axial and radial thermal 

conductivities of PCCs increase with increasing RGNPs loading. Specifically, the 

PCC-30 shows radial thermal conductivity as high as 27.0 W m-1 K-1, which is about 

102 times higher than the pristine PEG. The high thermal conductivity enhancement of 

the resultant PEG@PU-RGNPs composites can be explained by two mechanisms. 

Firstly, different from conventional preparation methods,32-35 the inherent large-size 

RGNPs structure of the EG matrix has maintained to construct large-scale heat transfer 
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pathways.36 On the other hand, the interfacial thermal resistance between adjacent 

RGNPs and PCM in the compact PCCs can be greatly reduced by employing 

pressure-induced directional compression assemble strategy, which thus boost the 

transmission of phonons and reduce the overall thermal resistance.5,23,37 Although many 

previous results demonstrated that carbon-based additives can enhance the thermal 

conductivity of PCMs, the thermal conductivity enhancement shows a huge difference 

even using the same additive and loading content.7,19,28,38-41 Besides, the fabrication of 

PCCs with high additive content is still challenging.42 

 

Figure 3. Thermal and electrical conductivities of PEG@PU-RGNPs PCCs. (a) Anisotropic 

thermal conductivities of PCCs at different RGNPs contents, (b) Time-temperature curves of 

PEG@PU, PCC-10, PCC-20 and PCC-30 samples under a constant heating temperature of 80 oC, (c) 

A comparison of the thermal effusivity and thermal conductivity of PCCs from the latest 

reports,7,31,41,44-53 note: some reports did not mention the density of the PCC, thus we calculate the 

probably maximum thermal effusivity of the PCCs by using the maximum density of the composite 

block, assuming the PCM and carbon matrix are perfectly mixed and there are no pores existing 

inside the composite blocks, (d) Anisotropic effective electrical conductivity of the PCC-20 at 

different working temperatures, The inset showing the digital photo of PCC-20 sample for electric 

conductivity test, (e) Time-temperature evolution curves of the PCC-based electro-thermal 

conversion & storage device during the charging and discharging processes, (f) Electro-thermal 
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conversion efficiencies of the PCC-based electro-thermal conversion & storage device at different 

voltages. 

To further reveal the effect of different thermal conductivities on heat transfer 

performance of PCCs, transient temperature responses of the PEG@PU and 

PEG@PU-RGNPs composites are recorded. As shown in Figure 3b, the temperature 

evolution curves of PEG@PU and PCCs show that the thermal response behavior is 

more sensitive and the temperature increase becomes faster as the RGNPs loading 

increases, indicating the combination of RGNPs significantly enhances the heat transfer 

performance of PCCs. In addition, the infrared images provided in Figure S7 further 

demonstrate the enhanced heat diffusion capability of the PCCs. 

In addition to the thermal conductivity, thermal effusivity (Eq. 1) is another important 

parameter, which represents the thermal energy exchange capacity of the PCCs.43 

𝑒 = √𝐾𝜌Δ𝐻                              (1) 

where ρ and ∆H are the bulk density and phase change enthalpy of PCC. 

Figure 3c shows the comparison of the thermal effusivities between the as-synthesized 

PEG@PU-RGNPs composites and the previously reported PEG-based PCCs from the 

literature.7,31,41,44-53 As can be seen, our PCCs not only exhibit superior thermal 

conductivities, but also display higher thermal effusivities, which ensures the 

high-efficient heat exchange capability (Table S5). 

Recently, electro-thermal conversion and storage based on functional PCCs has shown 

great potential in the thermal energy management of electronic devices, power vehicles, 

and off-peak electricity storage systems.15,54-56 The thermal conductivity and electrical 

conductivity of PCC are two main factors affecting their electro-thermal conversion 

performance. Figure 3d shows the layered RGNPs not only serve as a highly conductive 
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matrix but also provide a conductive percolation network to enhance the electrical 

conductivity of PCCs. Similar to the thermal conductivity, an anisotropic electrical 

conductivity of PCC-20 is observed, where the radial electrical conductivity (51 S cm-1) 

is about 4 times higher than the axial one (10 S cm-1) at the temperature range of 0-80 

oC. Subsequently, the PCC-20 samples are subjected to a constant voltage (0.8-1.2 V) 

along the radial direction to perform electro-thermal conversion and storage. As shown 

in Figure 3e, the temperatures of PCCs increase rapidly at the initial stage until to a 

plateau with small slope at Tm of 44 oC, indicating the generated Joule heat is stored by 

the latent heat of PCC.7 After the energy storage is completed, another rapid 

temperature rise appears and drops sharply when the power supply is cut off. During the 

natural cooling process, the second temperature plateau at Tc of 35 oC is associated with 

the crystallization of PCCs. These values of the phase-change plateau during the 

electro-driven heating and cooling processes are constant with the DSC results 

discussed above (Figure 2a and Table 1). Besides, the phase-change duration of the 

heating plateau is greatly shortened with increasing driving voltage. The electro-thermal 

conversion efficiency of PCC-20 increases from initially 33.6% to the maximum value 

of 92.1% as the driving voltage rising to 1.2 V (Figure 3f). The elevation of energy 

conversion efficiency at higher voltage is mainly attributed to the fact that higher 

voltage shortens the phase-change duration and thus ultimately suppresses convective 

and radiative heat losses to the environment. 

Considering the superior thermal properties and electro-thermal conversion & storage 

performance of PEG@PU-RGNPs composite, we further demonstrate the PCC-based 

energy device for BTM by using commercial 18650 lithium-ion batteries (LiB). Figure 

4a shows the concept design of PCC-based BTM for both preheating and cooling 

demands of LiBs. When the battery is exposed to low-temperature environment, the LiB 
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is preheated by the Joule heat generated from the electro-thermal conversion of PCC, 

and the latent heat of PCC during the crystallization process provides a long-time 

warm-up of the LiBs. By contrast, in a high-temperature environment, the thermal heat 

released by LiB is absorbed by PCC through its phase transition to maintain an 

optimum operating temperature, and thus prevent the risks of capacity loss, lifespan 

shortening, and even thermal runaway of the LiBs. 

 

Figure 4. Demonstration of the PCC-based battery thermal management. (a) Schematic of 

PCC-based electro-driven preheating and passive cooling strategy of batteries and the digital images 

of LiB pack wrapped with PCC block, (b) Comparison of temperature evolution curves of the LiB 

packs with and without PCC warm-up at a cold environment (0 oC), (c) Comparison of the effective 

energy capacities of the LiB packs with and without PCC-based active warm-up, (d) Comparison of 

temperature evolution curves of the LiB packs with and without PCC cooling at a hot environment 

(35 oC), (e) Digital photos of LiB packs with and without PCC wrap and the corresponding infrared 

images during charge/discharge process from 80 to 120 min. 
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To verify the feasibility of the PCC-based BTM under a low-temperature 

environment, two LiB packs with and without PCC-20 block wrap were tested, among 

which a certain voltage is applied to electrically preheats the wrapped LiB pack via 

electro-thermal conversion of PCC blocks before initiating the LiB charge/discharge. 

Figure 4b displays the temperature evolution curves of LiB packs with and without the 

PCC-based BTM at low ambient temperature (0 oC). For the PCC-wrapped LiB pack, a 

sharp temperature rise is observed during the initial period of the electrical-driven 

preheating process. As the applying voltage continues, the temperature rise slows down 

at 45 oC until another sharp temperature slope appears starting from 55 oC indicating the 

completion of the phase change process of PCC. After the termination of the electrical 

preheating process, the temperature of the LiB pack decreases with a relatively high rate 

resulted from natural cooling until reaching a second plateau with a minimum slope at 

around 39 °C. The temperature evolution trend of the LiB pack is consistent with the 

DSC and electro-thermal conversion results of PCCs, and the small difference between 

Tc and second plateau is mainly caused by the thermal inertia of the PCC block, thus 

demonstrates that the LiB pack can be effectively preheated by PCC through the 

electro-thermal conversion. During the successive 1C charge/discharge process, a 

relatively mild temperature curve is observed at ranges of 34.8-40 oC. In contrast, the 

bare LiB pack without warm-up exhibits a more intense temperature change (0-11 oC) 

during the continuous charge/discharge process. These results indicate that a stable and 

optimum working temperature of the LiB pack can be provided through the release of 

latent heat of PCC in a low-temperature environment. Furthermore, in the past, it was 

commonly accepted that operating LiBs at high temperatures should be avoided due to 

the concerns of accelerated degradation and possible thermal runaway. However, recent 

studies revealed that preheating LiBs at the charging stage via finite exposure to an 
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elevated temperature can remarkably improve the rate capability and cycle life, 

especially from a cold start.57-59 As a result, the effective charge capacity of the LiB 

pack with active preheating of PCC wrap is improved by 13.5% compared with the bare 

LiB pack after 10 cycles at 0 oC (Figure 4c). 

In addition to the active warm-up of the LiB pack in a cold environment, the passive 

cooling performance of PCC is also examined. During the passive cooling test, two LiB 

packs with and without PCC wrap are adopted to perform consecutive charge/discharge 

at the temperature of 35 oC. As illustrated in Figure 4d, two LiB packs show similar 

temperature evolution trends. However, the temperature of PCC-wrapped LiB is far 

lower than that of nonwrapped one, especially during the high charge/discharge current. 

For example, the maximum temperatures of bare LiB reach 65 oC and even 70 oC under 

2C and 3C discharge processes, while that of wrapped LiB pack remains lower than the 

alarming temperature (55 oC) at high charge/discharge process. This is mainly because 

of the high thermal conductivity and thermal energy storage capacity of the PCC wrap, 

where the heat generated from LiB rapidly transfers to the internal RGNPs and is stored 

in PCC. Moreover, compared with the bare LiB pack, the infrared images of the 

wrapped pack exhibited a uniform temperature distribution, which further demonstrates 

the superior cooling performance of PCC (Figure 4e) 

In conclusion, a dual-encapsulation strategy is reported to fabricate highly conductive 

and liquid-free PEG-based PCCs for thermal management by introducing the 

cross-linked network of PU and the layer-by-layer network of RGNPs into PEG. After 

the impregnation of PEG into the 3D PU network, the leakage of PEG is greatly 

alleviated and the resultant highly hybridized PEG@PU exhibits an enlarged latent heat 

of 163.5 J g-1. The introduction of the aligned layer-by-layer network of RGNPs not 

only further improves the thermal and durable stabilities of PCCs, but also results in 
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tailored thermal conductivities of 3.1-27.0 W m-1 K-1 at RGNPs loadings of 5-30 wt%. 

Meanwhile, the resultant PCC also exhibits superior electrical conductivity (51.0 S cm-1) 

and efficient electro-thermal conversion and storage (~92.1%) under a low applying 

voltage of 1.2 V. Consequently, the PCC-based BTM shows that a moderate working 

temperature range can be provided through active electro-driven preheating or passive 

cooling of PCC under cold or hot environment during a continuous charge/discharge 

process. Therefore, our works provide a route of synthesizing high-performance PCCs 

and pave a way for the versatile thermal management of electronics toward both 

warm-up and cooling demands. 
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