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ABSTRACT: We report two novel 3-dimension hierarchical diatomite struts by filling the
diatomite pores with a small amount of single-walled carbon nanotubes (SWCNs) and carbon
nanoparticles (CNPs). The emerging supporting scaffolds are then applied to a prepare
polyethylene glycol (PEG)-infiltrated composite phase change material to seek an efficient but
easy way to improve the thermal conductivity and synchronously accomplish the light-thermal
conversion on the one hand. On the other hand, the mechanism of the microstructure-
performance relationship of these composites has also been briefly presented and compared. In
addition, the involved differences and synergistic effects between the diatomite and carbon
filler have been quantified and visualized for the first time. Compared with CNPs, the SWCNs
with the same content inside diatomite pores enable a much more packed architecture and
faster thermal conductive route, light harvesting ability, form stability, and comparable energy
storage density. Obviously, the superior comprehensive performance of PEG/DCNs can be
attributed to the filler dimension discrepancy trend of 0D < 1D. Compared to PEG/Dt, the
thermal conductivity of the PEG/diatomite/SWCNs (1.52 W/m K) increases by nearly 5.2-
fold (∼424% increase) upon ∼3.2 wt % SWCN addition along with an unexpected rise in the energy storage density of ∼12.1%.
To the best of our knowledge, this is the first study on the light-thermal conversion behavior of mineral-based composites, let
alone using diatomite, which provides critical insights to design the high performance energy storage composites for domestic
solar hot water supply systems.

KEYWORDS: polymer/diatomite composite PCMs, single-walled carbon nanotube, carbon nanoparticles, solar-to-thermal behavior,
differences visualization and quantification

■ INTRODUCTION

Facing the dual pressure of environmental problems and energy
issues, high-performance thermal energy storage (TES)
technology based on a phase change material (PCM) is
significantly influential on reducing the energy consumption.1

The PCM has been well respected among the most significantly
advanced energy-storage functional materials. Different from the
conventional energy saving substance, the PCM can melt and
absorb a lot of thermal energy at a constant temperature; PCMs
can release the stored thermal energy with decreasing the
temperature around them.2 Numerous review articles and
monographies have been presented regarding PCMs over the
past decades. Multifarious aspects of classifications, progresses,
thermophysical properties, selection criteria, and application
situations of PCMs have found their wide reflection.3,4

As known, most of the naturally existing substances that can
be extensively used as PCMs are organic solid−liquid PCMs due
to the large and wide stored thermal energy and phase-change
temperature, excellent structure stability, and good thermal
reliability for convenient uses. However, most PCMs cannot be
used directly; they need to be encapsulated with an appropriate

solid carrier to avoid the volume expansion and leakage during
the phase change. For this reason, shape-stabilized latent heat
storage systems were fully introduced and always the objects of
prime investigations in the subsequent reviews and studies.5,6

Entrapping PCM into those nature porous struts to avoid the
molten PCM is much more preferred and has shown great
potential.7 For example, mineral material, diatomite powder in
particular, is of tremendous interest for heat storage applications
for its unique porous structure, large specific surface areas,
excellent sorption, and thermal stability properties.8

Polymer/diatomite composites have gained extensive indus-
trial and academic attention recently. However, thermal
conductivity has not been changed essentially as compared to
the pure PCM, which slows down the heat responses of the TES
and release and thereby may lead to system overheating.9

Besides, the critical defect of these PCM composites for light-to-
heat conversion capacity is that they can hardly effectively
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capture visible light which accounts for approximately 40% of
solar radiation and convert it into thermal energy. It is still a
challenge in exploiting multifunctional polymer/diatomite
materials to simultaneously achieve enhanced thermal transfer
efficiency and light harvesting capability for solar energy
conversion and storage.10 One prospective technique is the
application of the carbon material due to its intrinsically high
thermal conductivity, and unique structure and property on
sunlight absorption and conversion efficiency. Presently,
research on using carbonaceous materials for thermal con-
ductivity enhancement is carried out by several developers.
Broad review articles and quite sizeable amounts of works are
also reported in this respect.11,12 In the present study, an
approach of drastically improving the heat conduction paths of a
diatomite scaffold through decorating its pores using a tightly
cross-linked carbon filler has been reported. However, the
synergistic effect between the diatomite and carbon filler on the
enhancement is still a challenging issue. Furthermore, there are
no critically analyzed studies that deal with the solar-to-heat
conversion behavior of polymer/diatomite composites.
Carbon nanoparticles could be classified into the 0D-type

such as carbon nanosphere; 1D-type including carbon nanofiber
or carbon nanotube (CNT); and 2D-type graphene for example.
Carbon materials have been applied to remedy the low thermal
and solar conversion performances of PCM polymers. These
additives can provide numerous transport paths and form a dark
surface within the organic PCM, therewith, a noticeable increase
in the heat-conducting flow and solar harvesting capacity of the
organic PCMs will have been seen.13 Unfortunately, till now few
studies have reported the straightforward and elaborate
comparisons of various carbon materials. Considering the
hierarchically unconnected porous diatomite scaffolds based
on the angle of geometry, only 0D-type and 1D-type carbon
fillers can be firmly incorporated into diatomite pores. Since the
landmark discovery of CNTs, they have gained great interest in
applications as thermal conductivity boosters and light harvest-
ers in PCM composite materials.14 However, fewer studies have
reported the thermal transfer and solar-to-thermal conversion
efficiency of carbon nanospheres.
In this study, it is found that both carbon nanoparticles

(CNPs) and single-walled carbon nanotubes (SWCNs) endow
the polyethylene glycol (PEG)/diatomite composite materials

with excellent thermal conductivity and light absorption and
conversion capacity. The focus is directly on the experimental
results and analysis regarding the improvement of the shape
stability, thermal durability, and thermal properties (including
light-to-thermal conversion efficiency, thermal storage density,
applicable usage temperature, and thermal conductivity) of PEG
PCM. Besides, the synergistic effect between the diatomite and
carbon filler on the enhancement has been discussed and
quantified. For a better understanding, the mechanism of the
relationship between the microstructure and performance of
these diatomite-based composite PCMs, the crystallization
behavior of PEG confined in diatomite pores, CNPs and
SWCNs dispersibility in the PEG PCM, the heat conduction
mechanism, and solar-to-thermal conversion were compara-
tively studied. This is the first report of a hybrid PEG/diatomite
using the carbon fillers to improve its energy transfer efficiency.
Furthermore, the emerging diatomite-based PCM composites
are excellent candidates for the application in the domestic solar
hot water supply systems, whose temperature is often as high as
40−100 °C.

■ EXPERIMENTAL SECTION
Materials. The PEG (Mw = 6000) PCM used in our study was

received from Beijing Chemical Reagent Co., Ltd., China with a purity
in mass fractions larger than 0.98. Raw diatomite (denoted as RD) was
received from Changbai Mountain Co., Ltd. A sample of SWCNs
(purity >99.5%, ρ = ∼1.83 g/mL, λ = ∼5000 W/m K) was supplied by
Xilong Chemical Reagent Beijing Co., Ltd. China. The carbon source
sucrose was obtained from Xilong Chemical Reagent Beijing Co., Ltd.
The above reagents were used as received without further purification.

Decoration of Diatomite by CNPs and SWCNs. To better
understand the preparation, the diagrams are just visualizations of every
resultant sample, as shown in Figure 1. A sketch of the reference RD to
highlight the visualized changes after the CNP and SWCN addition is
given in Figure 1a. A sample of RD/CNPs was tailor-made by an in-situ
carbonization approach applying sucrose for the carbon source as
described in our published study. The emerging sample was thereafter
referred as DCPs as in Figure 1b. Unlike conventional high-temperature
activation, typically performed in excess of 800 °C, our treatment was
much preferred for introducing well-decorated CNPs but not
destroying the hierarchically porous diatomite sunflower-like archi-
tecture. The mass loading of CNPs in the DCP sample was ∼3.2 wt %.
On the other hand, a straightforward approach to engineer the pore
structure with SWCNs applied in our work was also described
elsewhere. The as-synthesized RD/SWCN sample was thereafter

Figure 1. Illustration representation of: (a) diatomite; (b) DCPs scaffold; (c) DCNs supporting scaffold; (d) PEG/DCNs composite PCM; (e) PEG/
DCPs composite PCM; (f) PEG/Dt composite PCM; and (g) Schematic mechanism for thermal energy storage and release for diatomite-based
composite PCM.
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denoted as DCNs in Figure 1c. For a better understanding of the
relationship between the microstructure and performance of the two
diatomite supporting scaffolds, the DCN sample with the same loading
of SWCNs of ∼3.2 wt % was determined.
Preparation of PEG/DCPs and PEG/DCNs Composites and

Shape-Stability Test.Two shape-stabilized polymer composites were
prepared in absolute ethanol, PEG was dissolved in ethanol. The
obtained pore-modified DCN sample was then added and suspended in
the PEG solution through sonication treatment for 30 min. Due to large
interactions between the PEG and the DCNs, the PEG was well
dispersed in DCNs. Then, the PEG/DCN hybrid, as presented
in Figure 1d, was prepared by a simple physical method of impregnating
and vacuum evaporating. The mixture was dried at a temperature of 80
°C for 72 h under the vacuum of −0.1 kPa; with that the form
stabilization of the PEG/DCN composite could be obtained when the
ethanol solution is completely evaporated. Finally, the emerging hybrid
was transferred to a fresh filter paper and kept at 80 °C for 1 h to
obliterate the liquid PCM from the diatomite strut.
Introducing the diatomite support in the PEG matrix is inevitable to

cause the loss of energy storage density; thus the mass percentage of
PEG in the emerging PCM hybrid is critical. The PEG/DCNs were
designed with 60 wt % PEG, 36.8 wt % RD, and 3.2 wt % SWCNs. The
PEG/DCN composite as shown in Figure 1e was also achieved by the
above-described procedures. The PEG/DCNs were designed with 50
wt % PEG, 46.8% RD, and 3.2% CNPs. A reference PEG/RD was also
prepared for testing as revealed in Figure 1f. The PEG/RD was
designed with 55 wt % PEG and 45 wt % RD. The detailed description
for the mechanism of PEG/DCPs and PEG/DCNs for thermal
management through PEG’s invertible phase change process was
demonstrated in Figure 1g. Form-stable PEG/DCP and PEG/DCN
polymers present facile preparation and widely applied ranges,
providing excellent form stability even above their melting temperature
of the integrated PEG solid−liquid PCM.
Characterization and Measurements.

(1) Morphology characterization. The morphologies of the samples
were characterized using a field-emission scanning electron
microscope (SEM, S-4800, Hitachi, Japan). Prior to SEM
examination, all specimens were sputter-coated with gold to
avoid charge accumulation. Transmission electron microscopy
(TEM) was conducted using a (JEOL JEM-2010, Japan)
microscope operated at an accelerating voltage of 200 kV. All

samples were prepared by ultrasonication for ∼10 min and then
dropped onto a microgrid.

(2) Stability evaluation measurement. In our present work,
exudation stability was also studied by keeping the diatomite-
based composite PCMs under various temperatures. In detail,
the composites were kept in a drying oven typically performed in
excess of 70 °C; the maximum temperature is 90 °C in our
present study. The corresponding physical photographs and
percentage of mass loss were taken and recorded, respectively.

(3) Thermal storage behavior. The melting and freezing perform-
ances of the hybrids sealed in a 100 μL aluminum crucible were
studied by differential scanning calorimetry (DSC) via a TA
Q100 instrument (USA). The heating/cooling rate is set as 5
°C/min; the temperature range is set as 25−80 °C under a
highly purified nitrogen atmosphere. To investigate the cycling
performance, the data was recorded from the second scan.

(4) Thermal conductivity measurement. The thermal conductivity
measurement was performed on a hot disk thermal constant
analyzer (TPS 2500, Hot Disk AB Company, Sweden) at 25 °C.

(5) Simulative sunlight irradiation experiment. A solar-to-heat
conversion experiment was conducted by the method used in
our previous study.15 The temperature variations during the test
were recorded using a paperless recorder with thermocouple.

(6) Thermal-durability measurement. Thermal durability was
determined after 600 consecutive melting−freezing cycles.
The detailed experimental procedure was the same applied in
our published study.15 DSC analysis was conducted to
determine the thermal reliability with respect to the cycle
numbers.

■ RESULTS AND DISCUSSION
Comparision of Mechanism for Shape-Stability As-

sessment. To avoid the leakage of the melted PEG, focus is
directed on the shape stability of the designed polymer samples.
Macroscopic changes in the appearance of each sample such as
liquid leakage and color variance were shown in Figure 2a; the
mass loss percentage of each sample was also given in Figure 2b.
With the temperature rising from 70 to 90 °C, the solid PEG
transformed into liquid completely. In striking contrast, even at
90 °C, the two PEG/DCP and PEG/DCN composites still

Figure 2.Comparisons of PEG and PEG/Dt, PEG/DCPs and PEG/DCNs composite PCMs: (a) photographs at different temperatures of 70−90 °C;
(b) mass loss at different temperatures of 70−90 °C; (c) proportion of different ingredients; (d) visualized illustrations of the underlying mechanism
for the enhancement of the shape stability for DCPs and DCNs supporting matrix; (e) BET area and pore volume of various diatomite supporting
matrix.
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presented the powder forms as the original. Nearly no trace of
liquid leakage was found on the surface of the filter paper.
Besides, while PEG melting in PEG/DCP and PEG/DCN
composites, liquid PEG was tightly confined in the diatomite
framework due to surface tension and capillary force; thereby
negligible mass loss throughout the entire heating process was
obtained even when the temperature reached 90 °C. It should be
highlighted that all of the hybrid composites possess negligible
mass loss and approving shape stability even when typically
performed in excess of 90 °C.
What actually deserves to be mentioned the most here is the

PEG/DCN hybrid with a complicated framework which has a
preferable shape stability than PEG/DCPs. This work defines
the optimum absorption ratio of PEG to diatomite as the
maximummass. The DCPs exhibits high adsorption of PEG (50
wt %) in the composite PCMs, while the PEG/DCN composite
was lightweight and showed a solid content of PEG of more than
60 wt %. Besides, a high mass ratio of 50 wt % PEG to diatomite
was also employed as the baseline for cathode testing. The
resulting compositions of every sample are listed in Figure 2c
prior to testing. The same incorporation amount has been
considered to help further explain the thermal storage enthalpy,
thermal conductivity, and solar-heat conversion efficiency
obtained.
Compared to the diatomite scaffold, the DCNs present a

dramatically denser architecture. To gain a better understanding

of the underlying mechanism of the shape stability improve-
ment, the visualized illustrations of pore geometry are given in
Figure 2d. Except for the host effect of the diatomite
architecture, the decorated SWCNs, which had intriguing 3D
architectures also playing a part of supporting PEG in these
scaffolds, contributed to the shape stability of the PEG/DCN
composite. However, CNPs inevitably blocked the diatomite
pores, causing the mass loss of PEG adsorption. Furthermore,
the pore microstructure is significantly influential on the
movement of PEGmolecular chains. DCN pores are engineered
like a 3D spongy network, which is more beneficial for the
entrance of PEG chains compared to DCPs with obstructed
pores.
Figure 2e compares the Brunauer−Emmett−Teller (BET)

area and pore volume of pure diatomite, PEG/DCPs and PEG/
DCNs. The BET area and pore volume of DCNs are ∼10 and
18% higher than that of the original diatomite matrix, while∼34
and ∼56% lower for DCPs. This is also verified by the results
gained in the previous schematic diagram. The results
demonstrate that the substrate which has a larger pore volume
and spongiform pore structure trends to process more excellent
shape stabilization capacity.

Comparision of Thermal Performance and Thermal
Conduction Mechanism. Figure 3a illustrates the thermal
conductivity of pure PEG, PEG/Dt, PEG/DCP, and PEG/DCN
composites, which are 0.22, 0.29, 0.66, and 1.52 W/m K,

Figure 3. (a) Thermal conductivities of PEG, 55 wt % PEG/Dt, 50 wt % PEG/DCPs and 60 wt % PEG/DCNs; (b) thermal conductivities of PEG, 50
wt % PEG/Dt, 50 wt % PEG/DCPs and 50 wt % PEG/DCNs; (c) schematic diagram of thermal conduction mechanism of PEG/DCPs and PEG/
DCNs composite PCMs; (d) melting and freezing periods of PEG and PEG/DCPs and PEG/DCNs composite PCMs and (e) comparison with the
values of the prepared composite PCMs in literatures.
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respectively. It is remarkable that the thermal conductivity of the
PEG/DCN composite is 130% higher than that of PEG/DCPs,
424% higher than that of the PEG/Dt composite, and 591% that
of pure PEG. Besides, the thermal conductivity of the PEG/
DCP hybrid is 128% higher than that of the PEG/Dt and 200%
that of pure PEG. In comparison, a small loading of CNPs and
SWCNs could increase the thermal conductivity of the PEG/Dt
hybrid by a largemargin. However, it is a remarkable fact that the
morphological characterization of fillers is significantly influen-
tial on the enhancement effect. In other words, the PEG/DCN
composite with 3.2 wt % SWCNs had a much higher thermal
conductivity than the PEG/DNP hybrid with the same CNP
loading.
To obtain a better understanding of the underlying

mechanisms, the hybrids were reprepared with the same loading
of PEG of 50 wt %, Dt of 46.8 wt %, and filler of 3.2 wt % while
maintaining shape stability, as described in the Experimental
Section. Figure 3b shows the thermal conductivity of the
emerging PEG/Dt (50 wt % PEG), PEG/DCP, and PEG/DCN
composites, which are 0.31, 0.66, and 1.63 W/m K, respectively.
It is therefore natural to expect that a two-step process causes

the substantial rise of thermal conductivity of PEG/DCPs and
PEG/DCNs. The thermal conductivity of the PCM hybrid
employing diatomite as the supporting scaffold also grew, but
only slightly. A substantial increase was then obtained on the
integration of carbon nanomaterials with high thermal
conductivities into diatomite-based PCMs. It is reasonable to
believe that the well-tailored 3D interconnected architecture of
diatomite and SWCNs (or CNPs) is established as a
determinable factor the favorable improvement of κ. Exper-
imental studies on the synergistic effect of diatomite and
SWCNs (or CNPs) on PEG polymers remains unavailable. Few
research studies have addressed the potential of CNPs as an
additive candidate to promote the thermal conduction of the
PEG/diatomite composite. Here, for the first time, we quantify
the synergistic efficiency (η), which illuminates the combination
of both diatomite and carbon nanocomposite on thermal
conduction of the PEG/Dt/CNP and PEG/Dt/SWCN
composite PCMs, has been proposed and determined as eq 1
(e.g., taking PEG/Dt/CNPs )

η κ κ
κ κ κ κ

= −
− + −

×(DCPs) (PEG)
(CNPs) (PEG) (Dt) (PEG)

100%

(1)

The value of η is less than 1, in other words, CNPs (SWCNs)
and diatomite exhibit little synergistic effect on improving the
thermal conductivity of PEG. It is reasonable to believe that
CNPs alone play too big a role. The new emerging denser
thermal conduction paths composed by CNPs or SWCNs make
it easier for heat transfer within the hybrid composite, thereby
obtaining a substantial increase in thermal conductivity as
expected. Additionally, such improvement is largely dependent
on the morphological characterization of the embedded carbon
nanocomposite.
To better interpret the existing mechanism for the thermal

conductivity enhancement, a visualized schematic diagram has
been introduced and presented in Figure 3c. As seen in Figure
3c, serious aggregations of 0D CNPs caused some disconnected
parts in thermally conductive pathways. Conversely, a small
amount of 1D SWCNs can link end-to-end, causing the
formation of a nearly continuous and more efficient 3D
thermally conductive network. Thus, it has been envisioned
that the individual dimensionality toward various additives

affords tailored microstructures, thermal conduction path in
other words, which benefits subsequently high efficient thermal
conductivity of the overall PCM hybrid. In Figure 3c, the
influence of carbon dimension on thermal conductivity follows
the trend of κ0D < κ1D, where 0D and 1D denote such PCM
hybrids incorporated with 0-dimensional and 1-dimensional
additives, respectively. Therefore, we believe that the recom-
mendation of CNP and SWCN fillers can qualify PEG/
diatomite with favorable thermal conductivity because of the
tailored 3D structures into diatomite pores, which accords well
with the elaborations for the shape stability test. However, it is a
remarkable fact that a certain amount of the SWCN filler
presents a much more prospective 3D framework than the CNP
filler with identical loading; similar laboratory findings have not
been reported yet.
Figure 2d comparatively shows the consumed time required

during the melting (25−70 °C) and freezing (70−25 °C)
process. As shown in Figure 2d, the melting and solidification
time-consumption for pure PEG was, respectively, 47 and 51
min, versus 27 and 24min for PEG/CNPs, versus 18 and 16min
for PEG/DCNs. A reference PEG/Dt was also measured to be
42 and 41 min as reference. One critical problem for the pristine
PEG and PEG/diatomite hybrid lies in the fact that their
comparatively low thermal conductivity is bound to generate a
hysteretic temperature response and thereby obtaining low heat
transfer efficiency. These results indicated that a small amount of
CNPs and SWCNs can substantially reduce the melting−
freezing time periods. It is well established that a novel
architecture of the 3D DCN scaffold with the decoration of
SWCNs impressively promotes a record-high improvement of
the heat transfer performance of the PEG hybrid composites,
highlighting its incessant value-added potential to accelerate the
large-scale application of PEG polymers of this kind into
practice.
Figure 3e compares our obtained thermal conductivity with

the results of other diatomite-supported composite PCMs in the
literature.16−21 For ease of comparison, the efficiency of thermal
conductivity enhancement (denoted as β) has been proposed
and determined as eq 2 (taking PEG/Dt/SWCNs e.g.)

β κ κ
κ ω

= −
× ×

×(PEG/DCNs) (PEG)
(PEG) (SWCNs) 100

100%
(2)

where κ(PEG/DCNs) and κ(PEG) represent the thermal
conductivity of the PEG/DCN composite and pure PEG; ω is
the mass fraction of the SWCN in the composite PCM.
Apparently, judged from the divergent enhancement efficiency
of the unit mass angle consideration result, PEG/DCNs perform
a more satisfactory enhancement efficiency. These comparative
studies on CNPs and nanotubes demonstrated that the 1D
nanotube is more favorable for the enhancement of the thermal
conduction than a 0D filler, benefiting from a larger thermal
contact area of a line than a dot.

Discussion of the Microstructure-Performance Mech-
anism. From these discussions, we have realized that this will be
a break-through section to discuss the microstructure-perform-
ance mechanism of PEG/DCP and PEG/DCN composites.
SEM and TEM characterizations were carried out to further
describe the mechanism of the enhancement of thermal
conductivity. Figure 4 presents the SEM and TEM images of
some representative samples, including the DCPs, DCNs, PEG/
DCPs, and PEG/DCNs. As shown in the SEM images of DCNs
and DCPs, original diatomite foam presented a macroporous
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structure. After CNP and SWCN doping, the emerging DCPs
and DCNs copied and inherited the 3D macroporous diatomite
scaffold to encapsulate PEG as expected. However, although the
mass loading (3.2 wt %) of CNPs in DCPs is identical to that of
SWCNs in DCNs, the significant appearance discrepancy in
their microstructure and density will inevitably cause different
dispersion and arrangement states. It should be highlighted that

fewer DCP particles are visible in a unit area as illustrated in
Figure 4a,b. Because of a substantially high-aspect ratio, SWCN
particles tend to intertwist with each other. Based on the SEM
image, CNP particles reveal the spherical morphology with an
average particle size of ∼50 nm. For the DCN sample (Figure
4a), it is interesting to observe that some SWCNs come into
contact with each other, which favors the formation of the 3D
interconnected porous DCP foam. That is, the seamless
connection of adjacent SWCN particles could build an
intriguing thermal conduction route within the PEG hybrid,
thus obtaining favorable thermal properties of the PEG/DCN
composite polymers. For the DCP sample in Figure 4b, some
aggregates, composed of the primary DCP particles, are obvious
to see, which is bound to cause the internal thermal conduction
paths to break. In contrast, compared to DCPs, the modified
DCN foam exhibited an obviously compact 3D fabric frame-
work, because SWCN particles are tightly assembled and closely
combined within the diatomite pores or on the surface.
To further elucidate the formation of a novel 3D

interconnected netlike thermal transfer pathway in the PEG/
DCP and PEG/DCN composites from the perspective of the
dispersion states of DCPs and SWCNs, TEM was applied. The
TEM images exhibit that PEGwas integrated into the void space
of the diatomite matrix and in turn the diatomite struts
entrapped PEG in a “shell”. The DCPs and SWCNs maintain
their original state within the diatomite framework. Compared
to PEG/DCP hybrid as shown in Figure 4c, a much more
compact 3D architecture can be observed in the PEG/DCN
hybrid as expected (Figure 4d). It can be further seen from
Figure 4d that the black SWCNs are homogeneously dispersed
in the whole matrix, as shown by the different contrasts between
the SWCNs and PEG on the one hand. On the other hand, it can
be further seen from some SWCNs bridge each other and
considerable denser thermal conduction pathways have been
effectively developed. In Figure 4d, the presence of CNPs could

Figure 4. Comparisons of SEM images: (a) DCPs (TEM image inset)
and (b) DCNs (TEM image inset); comparisons of TEM images and
the thermal conductive pathway: (c) PEG/DCPs composite PCM and
(d) PEG/DCNs composite PCM.

Figure 5. Thermophysical parameters of PEG/Dt, PEG/DCPs and PEG/DCNs: (a) DSC analysis; (b) melting and freezing temperatures; (c) actual
and theoretical phase change enthalpies; (d) PEG crystallinity in various samples.
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be easily recognized according to the contrast in the TEM
micrograph in which the dark particles refer to CNPs. However,
CNP particles are fairly randomly scattered across the PEG/
DCP hybrid, causing a substantial loss of the continuity between
adjacent CNP particles.
Obviously, one critical summing-up lies in the fact that both

1D-SWCNs and 0D-DCPs boost the formation of the highly
porous yet strong 3D leakage-proof without destroying the
original morphology of the diatomite framework. However, with
respect to the PEG/DCP and PEG/DCN samples, it is
anticipated that the thermal response speed of the PEG hybrid
was obviously affected by the microstructure and dispersion
state of the additive embedded. A comparison showed that the
compact and consecutive thermal conduction paths throughout
the SWCNs and diatomite were the major attributed reason for
the substantial increase of thermal conductivity. After SWCN
doping, a high-density sponge-like fabric diatomite framework
structure decorated with a successive layer of SWCNs was well
developed. Tailor-made SWCN architecture, related to a
particular 1D linear morphology of SWCNs, was responsible
for the superior thermal performance of PEG/DCN hybrid.
Furthermore, the uniformly and compactly distributed SWCN
particles, especially the tailor-made SWCN architecture, also
boost an order of magnitude increase of thermal conductivity.
Comparision of Thermophysical Properties of PEG/

DCNs and PEG/DCPs. A comprehensive fundamental under-
standing of the thermophysical behaviors of the obtained PEG
composites is thus of vital importance to understand the actual
effects of the CNPs and SWCNs on one the hand. On the other
hand, it has been envisioned that a more comprehensive
understanding of the relationship between the microstructure
and thermal performance for such 3D PEG hybrids could be
obtained. The resulting DSC thermograms are displayed in
Figure 5a. The corresponding thermal characteristic data
derived from DSC experiments are summarized and shown in
Table 1. Simultaneously, the DSC analysis of PEG/Dt was

introduced as a reference to investigate the changes in thermal
properties after the addition of CNPs and SWCNs. As such,
these PEG polymers are found to have similar curved shapes
with that of the pure PEG. We therefore concluded that it was
PEG that offered a wide range of phase change temperatures and
a large amount of enthalpy. Recent studies have found similar
results.22−24

The DSC curves of the PEG polymer composites reveal
exothermic peaks centered at 36−40 °C and endothermic peaks
centered at 56−59 °C, corresponding to freezing (TF) and
melting points (TM) of the PEG molecules. Recent studies have
found similar results.23,24 As shown in Figure 5b, there is
divergence of the melting and solidification points of the PEG
polymers. Irrespective of the experimental errors, the loaded
PEG presents a distinguishing thermal performance from the
free PEG because of the thermal transfer enhancement induced

by the DCPs and SWCNs; the solid-to-liquid and liquid-to-solid
phase transition performed at a lower temperature and a higher
temperature, respectively. That is, the temperature interval
between melting and freezing processes became larger. During
phase transition, such delicate temperature variations make
significant sense for further understanding the interactions
between PEG and DCNs and DCPs. Note that compared with
pure PEG, a common problem of supercooling, which results in
a much lower freezing temperature than the melting temper-
ature, was impressively suppressed for the prepared PEG
hybrids. Irrespective of the experimental errors, it was principally
the influence of the novel architectures of 3D DCP and DCN
thermal transfer routes throughout the emerging PEG hybrids
that observably promote the thermal transfer rate, thereby
obtaining a faster phase change speed of the PEG matrix.
Specifically, the difference of the PEG temperature in PEG/
DCPs and PEG/DCNs is a sign of different intensities of
physical interactions between PEG and CNPs and SWCNs,
which has been discussed in the 3.3 part.
Based on Table 1, the total latent heats of melting are 94.4,

87.7, and 107.4 J/g for PEG/Dt, PEG/DCPs, and PEG/DCNs
with PEG loadings of 55, 50, and 60 wt %, respectively. The
thermal reserve capacity of the PEG/Dt, PEG/DCPs, and PEG/
DCNs were nearly 51.5, 47.8, and 58.6% than that of PEG,
respectively. Introducing the diatomite strut into PEG PCM is
inevitable at the cost of energy-storage density; thus the mass
percentage of a supporting strut in the composite PCM is quite
critical. In sharp comparison of PEG/DCPs with the same
loading of DCPs, the less expense of thermal capacity for PEG/
DCNs could distinctly illustrate that the integration of SWCNs
had a more positive influence on the energy storage density of
the PEG/Dt hybrid. Impressively, the heat storage capacity of
the PEG/DCN composite exceeded 100 J/g and qualified as a
potential candidate for efficient thermal-to-energy conversion
and storage. Theoretically, the heat enthalpy value of the PEG/
Dt composite containing 55 wt % PEG is 101 J/g by multiplying
the melting enthalpy of the entrapped PEG (183.4 J/g) with its
mass fraction. However, as shown in Figure 5c, the experimental
thermal enthalpy (including ΔHM and ΔHF) of the PEG
polymers were slightly lower than their theoretical values. The
partial loss of the thermal storage density resulted from the
retardation of crystallization behavior for PEG in the PCM
hybrid; that is, the molecular movements of PEG chains were
restricted by the strong interactions between PEG and the
supporting strut. Compared to pure PEG, the thermal storage
capability rates (η) of PEG-based polymers are 93.1, 94.6, and
97.6%, as shown in Figure 5c. Correspondingly, at a relatively
high content of SWCNs, the one-dimensional carbon lines with
a high specific surface area wouldmainly contribute to the PEG’s
soft segment crystallization.
For further understanding the mechanism of the relationship

between the microstructure and performance of the PEG-based
polymers, the crystallization of PEG and the composite PCMs
was further investigated. Crystallization behavior of PEG
molecule chains engulfed with diatomite pores may be
prevented by the interactions between PEG and the diatomite
strut, thus causing the reduced energy storage density of the
composites. The crystallinity of PEG (Fc) in these polymer
composites can be determined as follows

ω
=

×
×F

H

H
100%c

(PEG composite)

(PEG) (PEG) (3)

Table 1. Phase Change Temperature and Enthalpy of PEG-
Based Polymers

melting process solidifying process

samples HM (J/g) TM (°C) HS (J/g) TS (°C)

PEG 183.4 59.1 167.6 40.1
55 wt % PEG/Dt 94.4 58.9 85.3 40.8
50 wt % PEG/DCPs 87.7 57.7 78.3 41.1
60 wt % PEG/DCNs 107.4 56.8 98.1 42.7
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The result reveals that PEG/DCPs and PEG/DCNs have
crystallinity values of∼95 and∼98%, versus∼93% for the PEG/
Dt composite. According to our previous research,15 it meant
that more confined PEG (disordered) in the PEG/Dt
composite, comparing with freer PEG (ordered) in the PEG/
DCP and PEG/DCN composites. It has been envisioned that
the introduction of DCPs or SWCNs into PEG can promote the
good crystallization properties of PEG on one the hand. This
reason may be that SWCN particles could be considered as an
impurity for the PEG system and then influenced the perfection
of its crystallization process. On the other hand, the increase of
PEG crystallinity may be the presumed reason for the thermal
conduction enhancement.
Comparision of Light-To-Thermal Energy Conversion

Performance. Visible light, which accounts for ∼45% of solar
radiation, impedes direct or effective application due to the low
thermal efficiency. Although the diatomite strut endowed the
PEG polymers with incessant value-added thermal storage
performance, using visible sunlight directly is technically difficult
and has not been achieved. However, so far the reports regarding
polymer/diatomite composites for the maximum use of solar
energy is scarce. Thus, the modified PEG polymers that can
harvest and convert visible light to thermal energy are of
particular interest as prospective candidates for thermal storage
applications. Here, we report on the first ever study of the light-
to-thermal conversion behavior of PEG/DCP and PEG/DCN
composites with a self-made experimental device employed in
our previous study15 as shown in Figure 6a. Figure 6b shows the
macroscopy photographs of the representative PEG polymers. It
has been envisioned that the black appearance of the obtained
PEG/DCP and PEG/DCN hybrids rendered them as ideal light
absorbents and molecule heaters. Specifically, the dispersed
CNPs and SWCNs provide highly efficient thermal transfer

routes in the PEG polymer, which is beneficial for efficient light
harvesting and thermal transport of the PEG molecules. In clear
contrast, the white and yellow surface of pure PEG and PEG/Dt
reflect irradiating light, leading to poor photoabsorption. The
above results display that PEG/diatomite is coated black to
capture sunlight for solar energy storage in PEG. That is, the
introduction of diatomite has negligible influence on the
absorption of light. Conversely, the introduction of even quite
low contents of DCPs and SWCNs is significantly influential on
the enhancement of the photoabsorption ability of PEG, which
is crucial for efficient solar harvesting to achieve better solar-to-
thermal conversion.
The temperature variations of all PEG polymers during the

test period, which consisted of 20 min heating and subsequent
cooling, are plotted in Figure 6c. It was clear that the
temperature of pure PEG, PEG/diatomite as well, gradually
rose due to the absorption of near-infrared light, while the
temperatures of PEG/DNPs and PEG/DCNs exploded under
the simulative solar irradiation. It is due to the fact that the
embedded CNP and SWCN particles can effectively promote
the performance of photon absorption, which will in turn heat
PEG in the composites. As for PEG/DCP and PEG/DCN
composites, the temperature inflection points appeared near the
phase transition point of pristine PEG, indicating the occurrence
of heat storage during the solid−liquid phase change process at a
constant temperature with a small fluctuation. In this way, the
performance of solar-to-TES has been achieved. A comparison
showed that PEG and PEG/Dt can only reach ∼54 °C, below
the PEG phase transition temperature. What deserves to be
mentioned the most is that the temperature of PEG/DCNs rose
more rapidly than PEG/DCPs; the more effectual function of
SWCNs as an attractive photon captor and molecule heater is
the major attributed reason. After removal from light radiation,

Figure 6.Comparisons of light-to-heat conversion behavior of the PEG, PEG/Dt, PEG/DCPs and PEG/DCNs: (a) schematic diagram for testing; (b)
photographs of testing samples; (c) the time−temperature curves and (d) thermal energy storage efficiency.
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the temperatures of PEG/DCPs and PEG/DCNs dropped
rapidly. Then, the freezing plateau appeared as the samples
solidified, which is associated with PEG freezing during cooling.
Additionally, it is worth noting that no visual phase transition
platforms appeared for PEG and PEG/Dt. These results
indicated that the PEG/DCN and PEG/DCP hybrids exhibit
favorable capacity of solar harvesting and the following thermal
converting. It is therefore natural to expect that the obtained
thermal energy was transferred and then stored in the
surrounding PEG PCM through the phase transition.
To further confirm the solar-to-thermal conversion and

storage performance of the emerging PEG hybrids, the light-to-
thermal transduction and TES efficiency (η) were also
determined referring to our previous study.15 The results are
given in Figure 6d. The calculated efficiency of PEG/DCNs is
∼87.7 versus ∼77.3% for the PEG/DCP composite. Compared
to PEG/DCPs, the PEG/DCN composite exhibited an
intriguing capacity of solar-to-thermal energy conversion and
storage. Apparently, the SWCNs inside diatomite foam can
assemble muchmore continuous and denser heat transfer routes
than CNPs, ensuring that more sunlight is absorbed and
increasing light-to-thermal conversion output to record-break-
ing levels than carbon nanospheres.
Evaluation of Thermal Reversible Stability of PEG

Polymers. Additionally, it is worth noting that thermal
reversible stability is crucial for the successful utilization of
organic PCMs in devices, for example PEG polymers. Over the
past decades, tireless efforts have focused on the employment of
the mineral substance as the leakage proof for solid−liquid
PCMs, thereby improving thermal durability for the long-term
usage for TES. It is well established that the thermal reversible

stability of a certain PCM can be evaluated by the variations in
ΔHM and TM referring to the values for an uncycled PCM. The
PEG/DCP and PEG/DCN hybrids were impressively subjected
to a 600-melting−freezing-cycle of a stretch of alternating
temperatures of 25 and 70 °C to investigate the degradations of
their thermal properties.
Figure 7 displays the cycle number dependence of the phase

change temperature and enthalpy for all the as-synthesized PEG
polymers. Only a small deviation in the melting enthalpy and
temperature can be detected over the cycle testing for all the
PEG composite PCMs, as revealed in the enthalpy and
temperature of fusion normalized by the fresh PEG/DCP and
PEG/DCN composites in Figure 7a,b. As such, it is interesting
to observe that no systematic variations appear in ΔHM and TM
with the increasing cycle number; themeasured values keep with
a small fluctuation from the initial values (∼8% forΔH and∼1.3
°C for ΔT), as shown in Figure 7c,d. The small reduction could
be attributed to the possible PEG evaporation and mass loss
while undergoing the cycle measurement. It has been envisioned
that such problems are not present in latent heat storage/release
units during many real-life applications where the PCMs are
usually encapsulated inside containers. Therefore, based on the
above analysis, the obtained PEG/DCP and PEG/DCN hybrids
also possess favorable thermal reversible stability as expected.

■ CONCLUSIONS
The focus is now directed toward such experimental
investigations on synchronous boosting of thermal conduction
and solar-to-thermal conversion capacity for PEG/diatomite to
conserve solar energy. Here, a small loading of CNPs and
SWCNs (3.2 wt %) have been successfully introduced into the

Figure 7. After 600 thermal cycle: melting enthalpy and temperature normalized by the uncycled (a) PEG/DCPs and (b) PEG/DCPs composite
PCM; cycle number dependence of melting temperature and enthalpy of (c) PEG/DCPs and (d) PEG/DCPs composite PCM.
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PEG/diatomite hybrid to seek a simple but effective method to
improve thermal conductivity and synchronously realize light-
thermal conversion and storage of such composites. The
SWCNs and CNPs equipped PEG/Dt with (1) excellent
thermal endurance and durability, (2) large thermal storage
capacity and suitable usage temperature, (3) attractive thermal
response rate, and (4) prospective light-to-heat conversion
performance. Apparently, PEG/DCNs with the same loading of
SWCNs exhibited comparable performance: (1) an unexpected
rise in the energy storage density of∼12.1% versus PEG/Dt, (2)
fascinating thermal conductivity of 1.52 W/m K (∼424%
increase versus PEG/Dt), and (3) prospective light-to-heat
conversion efficiency of 87.7%. Impressively, such differences
and the involved microstructure-performance relationship
mechanism have been quantified and visualized for the first
time. Besides, the synergistic effect between the diatomite and
carbon filler on the enhancement has been discussed.
Furthermore, the relative high phase change temperature
makes them excellent candidates for application in domestic
solar hot water supply systems, whose operation temperature
range is from 40 to 100 °C.
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