










and C-S-H in the C-S-H_w/ paraffin composite (see Fig. 5
(b)) is more uniform with a smoother surface, which can
be attributed to the crosslinked overall structure of C-S-H_

(a)

(b)

(c)

(d)
Fig. 5　 SEM and TEM images. ( a) SEM image of C-S-H_ctrl;
(b) SEM image of C-S-H_w; ( c) TEM image of C-S-H_ctrl; ( d)
TEM image of C-S-H_w

w prepared by discontinuous two-step nucleation. Paraffin
is incorporated more thoroughly into the pores of C-S-H_
w, enhancing sample uniformity.
　 The difference is better illustrated by TEM images. As
shown in Fig. 5( c), the C-S-H_ctrl / paraffin composite
exhibits distinct phase interfaces between paraffin ( the
cloudy part with lower contrast) and the C-S-H foils ( the
skeletal part with higher contrast) . However, in the C-S-
H_w / paraffin composite, the paraffin distribution is more
uniform, with no apparent separation between C-S-H and
the impregnated paraffin, as illustrated in Fig. 5 ( d) .
This phenomenon may be attributed to the larger number
of pores within C-S-H_w, which facilitates paraffin pene-
tration. The morphology and three-dimensional
crosslinked pores of C-S-H_w (see Fig. 3(b)) also pro-
vide favorable evidence for homogeneous paraffin impreg-
nation in the C-S-H_w / paraffin composite.
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　 Fig. 6(a) presents the DSC curves of pure paraffin and
the two composites after 1 thermal cycle. The melting
point and freezing point of paraffin are 54. 8 and 46. 8
℃, respectively. After impregnation into C-S-H_ctrl and
C-S-H_w to form composites, the melting points rise to
57. 6 and 57. 8 ℃, while the freezing points decrease to
46. 4 and 43. 6 ℃, respectively. These changes can be
attributed to two factors: 1) the delayed effect of heat
transfer from the C-S-H matrix to the impregnated paraf-
fin and 2) the supercooling effect caused by the small
size of the pores. The latent heat values for the samples
are determined by integrating the heat flow over time
from the DSC curves, as shown in Table 1. Whether in
melting or freezing, pure paraffin exhibits the highest la-
tent heat (approximately 181. 7 J / g), which is consistent
with values reported by Zhao et al. [18] . For the two-phase
change composites, the latent heat values decrease owing
to the C-S-H matrix. The C-S-H_w / paraffin composite,
prepared through the discontinuous two-step nucleation
method, exhibits a higher latent heat (148. 3 J / g) com-
pared to the conventional C-S-H composite (102. 8 J / g) .
Compared to pure paraffin, the encapsulation efficiency
of the C-S-H_w / paraffin composite is as high as 81. 6% ,
while that of the C-S-H_ctrl / paraffin composite is only
56. 6% . This indicates that the discontinuous two-step
nucleation method effectively enhances the performance
of C-S-H as a PCM-supporting material. As mentioned a-
bove, this enhancement stems from the greater number
and narrower pores of C-S-H_w along with its morpholo-
gy, which can accommodate more paraffin. Fig. 7 com-
pares various phase change composites[19 25], revealing
that the encapsulation efficiency of conventional C-S-H as
a supporting material for paraffin is similar to that of most
materials. However, the performance of the C-S-H_w /
paraffin composite, prepared by discontinuous two-step
nucleation, is notably superior. This indicates the adapta-
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bility of C-S-H as a support for PCMs and the effective-
ness of this improved preparation strategy.
　 Additionally, 50 thermal cycles from 0 to 80 ℃ were
employed to test the leakage and stability of the C-S-H /
paraffin composites, as depicted in Figs. 6(b) and (c) .
After 50 cycles, both composites maintained their melting
and freezing points, with only a slight decrease in latent

heat. Moreover, there were no obvious differences in the
FT-IR spectra of the two composites, indicating identical
peaks and frequencies. These results suggest that both
types of C-S-H phase change composites exhibit good sta-
bility in thermal performance and chemical structure, and
the paraffin inside the pores does not leak during thermal
cycling[18 19] .

(a) 　 (b) 　 (c)

(d) 　 (e) 　 ( f)
Fig. 6　 Performances of thermal storage and stability. (a) DSC curves of the samples after 1 cycle; (b) DSC curves of the C-S-H_ctrl / paraffin
composite after 1, 20, and 50 cycles; (c) DSC curves of C-S-H_w/ paraffin after 1, 20, and 50 cycles; (d) Latent heat of phase change composites;
(e) FT-IR spectra of the C-S-H_ctrl / paraffin composite after 50 cycles; (f) FT-IR spectra of the C-S-H_w/ paraffin composite after 50 cycles

Table 1　 Phase change temperature and latent heat of the samples

Samples
Melting
point / ℃

Latent heat of
melting / (J·g - 1)

Freezing
point / ℃

Latent heat of
freezing / (J·g - 1)

Average latent
heat / (J·g - 1)

Encapsulation
efficiency / %

Paraffin 54. 8 177. 9 46. 8 185. 5 181. 7 100. 0
C-S-H_ctrl / paraffin 57. 6 100. 6 46. 4 105. 1 102. 8 56. 6
C-S-H_w / paraffin 57. 8 144. 3 43. 6 152. 3 148. 3 81. 6

Fig. 7　 Comparison of latent heat and encapsulation efficiency
of paraffin phase change composites with different supporting
materials

3　 Conclusions

　 1) The discontinuous two-step nucleation method sig-
nificantly increased the SSA of C-S-H to 497. 2 m2 / g. It
also enhanced the total pore value and refined the pore
structure, making the prepared C-S-H more suitable for
paraffin impregnation compared to conventional C-S-H.
　 2 ) The phase change composite prepared using this
method exhibited a latent heat of 148. 3 J / g and an encap-
sulation efficiency of 81. 6% , surpassing most current
paraffin-based phase change composites.
　 3) C-S-H phase change composites present excellent
leakage resistance after 50 thermal cycles from 10 to
80 ℃.
　 4) These findings provide important theoretical guid-
ance and practical significance for the application of C-S-
H phase change composites in fields such as phase change
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concrete and building thermal management.
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基于非连续两步成核的 C-S-H / paraffin
相变材料制备及储热性能

沈叙言1 　 冯　 攀1,2 　 张　 琪1

( 1 东南大学材料科学与工程学院, 南京 211189)
( 2 高性能土木工程材料国家重点实验室, 南京 210008)

摘要:通过非连续式的两步成核方法制备了新型 C-S-H / 石蜡相变材料,即在前驱体形成后将其分离并干

燥,重新置于水中转化为 C-S-H. 由于解决了 C-S-H 箔片的相互遮盖问题以及孔径的大幅细化,通过非连续

式两步成核方法制备的 C-S-H 比表面积高达 497. 2 m2 / g. 与常规方法制备的 C-S-H 相比,在浸渍石蜡后,
C-S-H / paraffin 复合材料具有更高的潜热值(148. 3 J / g)和更高的封装效率(81. 6% ),并显示出良好的循环

性能. 相比其他石蜡基的相变储能材料,这种新方法制备的 C-S-H 材料在封装效率和潜热值上展现出明显

优势. 该方法工艺简单,相比常规方法仅增加了一次转化和离心,成本的提高可以忽略,同时对环境、资源无

负面影响. 该研究对相变混凝土、建筑热管理等技术具有理论指导意义.
关键词:两步成核;C-S-H;石蜡;相变材料;复合材料;建筑热管理
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