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Supplementary Figures:

Figure S1. Appearance comparison of CF-PPy-PCM-24-5 and mixture of PEG-1000, 

PEG-2000 and CaCl2∙6H2O at different temperatures: no leakage of CF-PPy-PCM-24-

5 was observed during heating and cooling.
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Figure S2.  (a) SEM image and (b-e) the corresponding EDX Mapping images of 

CF-PPy-PCM-24-15
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Figure S3.  The DSC curves of (a) CF-PPy-PCM-24-15 and (b) CF-PPy-PCM-24-5



5

Supplementary Tables:

Table S1. Densities and thermophysical properties of CF, CF-PPy-24, CF-PPy-PCM-

24-15 and CF-PPy-PCM-24-5.

Sample CF CF-PPy-24 CF-PPy-PCM-24-15 CF-PPy-PCM-24-5

ρ/kg m-3 153 165 383 634

∆Hm (J g-1) / / 24.47 54.66

∆T (K) / / 21.7 24.1

/J kg-1 K-1
pC 750a) 840a) 1128 2268

α/mm2 s-1 (//)c) 24.2 61.0 68.6 68.2

α/mm2 s-1 (┴) c) 18.2 81.0 88.7 87.9

k/W m-1 K-1 (//) 2.8b) 8.5b) 29.6 98.1

k/W m-1 K-1 (┴) 2.1b) 11.2b) 38.3 126.4

e/kJ m-2 K-1 s-1/2 (//) 0.6b) 1.1b) 3.6 11.9

e/kJ m-2 K-1 s-1/2 (┴) 0.5b) 1.2b) 4.1 13.5

a) Estimated according to literature [1]; b) Calculated based on the estimated values; c) 

Measured at 65 °C.
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Table S2. Data used to construct the plot of thermal conductivity (k) and thermal 

effusivity (e) in literature and this work.

Sample k/W m-1 K-1 e/kJ m-2 K-1 s-1/2

Ref. [2] 3.5 9.0

Ref. [2] 10.4 15.5

Ref. [3] 2.8 2.3

Ref. [3] 2.7 2.3

Ref. [3] 2.6 2.3

Ref. [3] 1.9 2.6

Ref. [3] 1.9 2.7

Ref. [3] 1.8 2.7

Ref. [4] 1.2 1.3

Ref. [5] 20 5.5

Ref. [6] 13 6.80 

Ref. [6] 5 4.12 

Ref. [7] 20.2 6.32 

Ref. [7] 20.2 6.64 

Ref. [8] 16.6 5.09 

Ref. [9] 23.3 17.13 

Ref. [10] 7.32 8.85 

CF-PPy-PCM-24-15 29.6(//), 38.3(┴) 3.6(//), 4.1(┴)

CF-PPy-PCM-24-5 98.1(//), 126.4(┴) 11.9(//), 13.5(┴)
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Supplementary Note 1:

Supplementary explanation for the values of thermal effusivity in Table S2.

It should be noted that some of the e values in Table S2 are directly provided by 

the references, while some others are calculated based on the relevant parameters 

reported therein. If the data in the references is presented in an image format, the data 

is obtained from the relative positions of the pixels in the coordinate system. Details 

are as follows.

 Ref. [2]: According to Cottrill et al, if a phase change material (PCM) is utilized 

in a dynamic environment in proximity to its phase transition temperature, Cp 

should be replaced by the latent heat per unit mass of the PCM during the 

calculation of effective thermal effusivity. But this will result in a unit difference 

of K-1/2 between the obtained thermal effusivity and those reported in many other 

literatures. For ease of comparison, the unit of eff was converted according to 

Equation (S1) and the DSC curve in the supplementary materials of Ref. [2]. The 

e values of Ref. [2] in Table S2 were obtained by dividing the original eff values 

in Ref. [2] by  (Equation (S2)).T

 Ref. [3]: The e values were calculated by Equation (S3) using the thermal 

diffusivity, density and specific heat capacity provided by Ref. [3].

 Ref. [4]: The e value was directly provided by Ref. [4].

 Ref. [5]: The e value was read from the Figures of Ref. [5].

 Ref. [6], Ref. [9] and Ref. [10]: Firstly, the values of ∆T were obtained from the 

DSC curves. The values of Cp were then calculated using Equation (S1) based on 
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the latent heat data provided by the literatures. Finally, the values of e were 

obtained according to Equation (S4).

 Ref. [7] and Ref. [8]: The values of e were calculated using Equation (S4) based 

on the thermal conductivity, density and specific heat capacity provided by the 

literatures.

The equations used in the calculation are as follows:

(S1)
onsetend

mm
p TT

H
T

HC









(S2)TeTHke effm  //

(S3)pCe 

(S4)pCke  

 or Cp: average specific heat capacity or specific heat capacity;pC

∆Hm: latent heat per unit mass of the PCM;

∆T: temperature interval of phase change;

Tend: the temperature at which the PCM is completely melted;

Tonset: the temperature at which the PCM begins to melt;

e: thermal effusivity;

eeff: effective thermal effusivity in Ref. [2];

k: thermal conductivity;

ρ: density of TES composite;

α: thermal diffusivity.
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Supplementary Note 2:

The derivation process of the modified parallel model.

As shown in Figure 6b, if we assume that the part 1 represents a highly thermally 

conductive skeleton, the part 2 represents PCMs, and the part 3 represents air, the 

effective thermal conductivity (keff) of the composite should be depicted as Equation 

(S5) according to the parallel model. The k1, k2 and k3 represent the thermal 

conductivities of part 1, 2 and 3, while the v1, v2 and v3 are the volume fractions of the 

three parts, respectively.

(S5)332211 kvkvkvkeff 

However, if the heat conduction from part 1 to part 2 and the heat storage of part 2 

are considered, the total heat flux flowing into the composite (dQ/dt) will consist of 

four items according to the conservation of energy. Namely, in addition to the heat 

flux through the part 1, 2 and 3 (i.e., dQ1/dt, dQ2/dt and dQ3/dt), the heat flux 

conducted from the part 1 to the part 2 (dQ12/dt) should also be considered. Then the 

parallel model should be modified as follows.

(S6)
dt

dQ
dt

dQ
dt

dQ
dt

dQ
dt
dQ 12321 

(S7)12332211 AvLA
y
TkA

y
TkA
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TkA

y
Tk xPCMPCMeff 















 

Dividing both sides simultaneously by ( ) yields Equation (S8).A
y
T







(S8)
yTA

AvLkvkvkvk xPCMPCMeff 


/
112

332211 

In the above equations, A, A1, A2 and A3 are the areas of the heat flow path through 
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the composite, part 1, 2, and 3, respectively. A12 is the area of the heat flow path 

between part 1 and 2. ρPCM and LPCM represent the density and latent heat of the PCMs 

(i.e., part 2), respectively. vx is the velocity of the solid-liquid interface in part 2. In 

the vicinity of the phase change temperature of the part 2, we have the relationship 

shown in Equation (S9), where the effective thermal conductivity (keff) is equal to the 

product of the thermal diffusivity (αcomposite), density (ρcomposite) and average effective 

specific heat capacity ( ) of the composite. If we bring Equation (S9) into effpC ,

Equation (S8), we will get Equation (S10).

(S9)effpcompositecompositeeff Ck , 

(S10)
compositecomposite

xPCMPCM

compositecomposite
effp

yTA
AvL

kvkvkv
C





 









/
112

332211
,

On the other hand, the  can also be depicted by Equation (S11) and further effpC ,

by Equation (S12) according to its definition.

(S11)
dTm

dQ
dTm
dQdQdQ

dTm
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
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
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 12321
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

Comparing Equation (S10) and Equation (S12), we get Equation (S13). Then the 

Equation (S10) can be written as Equation (S14), and the keff and effective thermal 

effusivity (eeff) of the composite can be described by Equation (S15) and Equation 

(S16).
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effpcompositecompositeeff Ck , 

(S15)

(S16)effpcompositecompositeeffpcompositeeffeff CCke ,,  

Actually, the A12 may be much larger than the contact area between the composite 

and the heat source (A). Considering the contribution of the latent heat of PCMs (LPCM) 

to the fourth term in Equation (S14) and the dQ12/dt in the Equation (S6) may be 

much larger than the sum of dQ1/dt, dQ2/dt and dQ3/dt, the keff of the composite may 

become much larger than that before the introduction of PCMs (i.e., 

) if the thermal diffusivity of the composite ( ) does not 33211 )( kvvkv  composite

change much. Generally, the PCMs contribute much more to the specific heat 

capacity of the TES-composite than its matrix. Then the , keff and eeff may be effpC ,

simply expressed as follows.
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