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The liquid leakage and weak solar absorption capacity of organic phase change materials (PCMs) seri-
ously hinder the efficient utilization of solar energy and thermal energy storage. To address these is-
sues, we prepared nanoporous metal organic framework (Ni-MOF) for the vacuum infiltration of paraf-
fin wax (PW), followed by the coating of solar-absorbing functional polydopamine (PDA) on the surface
of PW@MOF for photothermal conversion and storage. As an efficient photon harvester, PDA coating
endows PW@MOF/PDA composite PCMs with excellent photothermal conversion and storage properties
due to the robust broadband solar absorption capability in the UV-vis region. Resultantly, our prepared
PW@MOF/PDA composite PCMs exhibit a high photothermal conversion and storage efficiency of 91.2%,
while that of PW@MOF composite PCMs is only zero. In addition, PW@MOF/PDA composite PCMs also
exhibit excellent thermal stability, shape stability, energy storage stability, and photothermal conversion
stability. More importantly, this coating strategy is universal by integrating different MOFs and solar ab-
sorbers, showing the potential to accelerate the major breakthroughs of high-efficiency MOF-based pho-
tothermal composite PCMs in solar energy utilization.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Solar energy is the radiant energy released by high-temperature
nuclear fusion reactions inside the sun. Solar energy may be the
best choice for the future world due to the following reasons. As
the most abundant renewable energy, the solar energy reaching
the earth’s surface every year is about 130 trillion tons of stan-
dard coal, which is equivalent to 10,000 times the sum of all kinds
of energy currently consumed by the world every year. The inex-
haustible solar energy provides stable and increasing output effi-
ciency compared to other energy sources. However, solar energy
is weather- and geographic-dependent, and its intermittency re-
sults in a discrepancy between energy supply and demand. Emerg-
ing thermal energy storage technologies can effectively address the
fluctuation and intermittence of solar energy. Compared with ther-
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mochemical heat storage and sensible heat storage, latent heat
storage using phase change materials (PCMs) has received exten-
sive attention due to large thermal energy storage density, small
volume evolution and constant operation temperature [1]. How-
ever, pristine organic PCMs usually suffer from liquid leakage and
weak solar absorption in solar energy utilization, which seriously
hinder the efficient utilization of solar energy and thermal en-
ergy storage [2]. To address the liquid leakage issue, diversified
nanoporous supporting materials have been developed to encap-
sulate PCMs to prepare shape-stabilized composite PCMs, espe-
cially graphene, graphene derivatives and carbon nanotubes [3-6].
To boost the solar absorption capability, two strategies are usually
adopted. One strategy is to encapsulate PCMs using strong solar-
absorbing porous supporting materials. Another strategy is to in-
troduce strong solar-absorbing agents into PCMs, such as organic
dyes (indocyanine green, blue anthraquinone) [7-9] and organic
polymers (polypyrrole, polyaniline, polydopamine) [10-12].
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Recently, solar-absorbing agent-assisted photothermal compos-
ite PCMs have taken a big step forward. For instance, Wang et al.
[9] grafted blue anthraquinone dye on graphene oxide (GO), and
the obtained GO-based composite PCMs exhibited a photothermal
conversion and storage efficiency of 86.6%. Yan et al. [8] prepared
a reactive black 5 (RB5) dye-grafted SiO, to encapsulate polyethy-
lene glycol (PEG), and the obtained PEG/SiO,-dye composite PCMs
exhibited a photothermal conversion and storage efficiency of 88%.
Cao et al. [13] incorporated polypyrrole (PPy) into the phase change
polymers composed of poly(4-vinylpyridine) and stearic acid. The
prepared composite PCMs exhibited a photothermal conversion
and storage efficiency of 87.8%. Wu et al. [14] prepared PDA-coated
melamine foam for the encapsulation of PW, with a photothermal
conversion and storage efficiency of 80.8%. Du et al. [15] introduced
PDA-decorated MXene into PEG-based polyurethane PCMs, with a
photothermal conversion and storage efficiency of up to 90.1% due
to the synergistic reinforcement of MXene and PDA. Although the
photothermal conversion and storage efficiency of composite PCMs
has been greatly optimized, there is still room for further improve-
ment. Therefore, how to obtain higher photothermal conversion
and storage efficiency while ensuring good shape stability, energy
storage stability, and photothermal conversion stability still needs
to be explored.

Emerging metal-organic frameworks (MOFs) are organic-
inorganic hybrid nanoporous materials that are self-assembled
through the coordination of organic linkers and metal-containing
nodes, which can be rationally designed by screening the appro-
priate organic linkers and metal centers [16-19]. Benefiting from
ultrahigh surface area, adjustable pore size, and large pore vol-
ume, MOFs are being gradually applied in the field of phase change
thermal energy storage recently [20]. However, the integration of
pristine MOFs and PCMs is difficult to trigger the photothermal
conversion and storage due to the weak photon capture ability
of pristine MOFs and PCMs. Herein, we developed advanced pris-
tine MOF-based photothermal composite PCMs by coating photon
absorber PDA on the surface of PW@MOF, which can also func-
tion as a phonon enhancer. Resultantly, PW@MOF/PDA compos-
ite PCMs exhibit robust broadband solar absorption capability in
the UV-vis region, and higher heat transfer ability than PW@MOF.
More importantly, PW@MOF/PDA composite PCMs exhibit a high
photothermal conversion and storage efficiency of 91.2%. In addi-
tion, PW@MOF/PDA composite PCMs also exhibit excellent thermal
stability, shape stability, energy storage stability, and photother-
mal conversion stability. We hope this universal coating strategy
can accelerate the major breakthroughs of photothermal compos-
ite PCMs in solar energy utilization.

Pristine MOF-based photothermal composite PCMs were pre-
pared by coating solar absorber PDA on the surface of PW@MOF
through hydrothermal reaction, vacuum infiltration and chemical
polymerization methods. The preparation of PW@MOF/PDA com-
posite PCMs is schematically shown in Fig. 1a. As seen from the
SEM images (Figs. 1b-e), the prepared Ni-MOF exhibits a regu-
lar accordion-like shape. After dopamine hydrochloride is chem-
ically polymerized on the surface of PW@MOF, the microscopic
morphologies of PW@MOF/PDA composite PCMs have undergone
significant evolution from accordion-like shape to irregular shape.
With the increase of PDA content, spherical particles begin to ap-
pear on the surface of PW@MOF/PDA composite PCMs. FTIR was
conducted to detect the surface chemical status of the samples. As
shown in Fig. 1f, the peaks located at 3412 cm~! and 3000 cm™!
of PW are attributed to C-H stretching vibration. The peaks lo-
cated at 3605 cm~!, 1578 cm~! and 1372 cm~! of Ni-MOF are at-
tributed to -OH stretching vibration, C-N stretching vibration and
C-H bending vibration, respectively. The peak at 3385 cm~! of
PDA is attributed to N-H stretching vibration, and the peak at
1590 cm~! is attributed to the stretching vibration of benzene ring.
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The most functional groups of Ni-MOF are maintained after infil-
trating PW and coating PDA, indicating high structural stability of
Ni-MOF framework. Comparing the FTIR spectra of MOF, PDA, PW
and PW@MOF/PDA composite PCMs, the main characteristic peaks
of MOF, PDA, and PW can all be observed in PW@MOF/PDA com-
posite PCMs without emerging new peaks, indicating that the in-
teraction between PW molecules and MOF/PDA is just simple phys-
ical combination without chemical interaction.

To explore the influence of MOF/PDA on the phase transition
behaviors of PW molecules, XRD measurement was performed. As
shown in Fig. 1g, Figs. S1 and S2 (Supporting information), the
crystal characteristic peaks of PW are located at 21.5° and 23.9°,
and the characteristic peak of PDA is around 21° After infiltrating
PW and coating PDA, Ni-MOF still has only two main diffraction
peaks at 9° and 16°, indicating the excellent structural stability of
Ni-MOF framework. Since the characteristic peak intensity of PW is
much larger than that of PDA, the characteristic peak of PDA is cov-
ered by the characteristic peak of PW. Therefore, the XRD pattern
of PW is plotted separately (Fig. S1). Comparing the XRD patterns
of PW and PW@MOF/PDA composite PCMs, the main characteristic
peaks of PW can be observed in PW@MOF/PDA composite PCMs
without emerging new crystal planes, indicating that the introduc-
tion of MOF/PDA does not interfere with the crystal structure of
PW molecules. It can be concluded that PW molecules are capa-
ble of free phase transition within the nanopores of Ni-MOF. The
strong physical interaction between PW and MOF/PDA can effec-
tively prevent the liquid leakage of PW during the phase transition
process.

PW is a typical solid-liquid PCM, which is prone to liquid leak-
age during the phase change process. The strong capillary force
excited by the pores of Ni-MOF can effectively adsorb and stabi-
lize PW molecules. Therefore, porous Ni-MOF with good encap-
sulation ability to stabilize PW is helpful for its practical applica-
tion. To visually demonstrate the shape stability of PW@MOF/PDA
composite PCMs, the cylindrical samples (PW and PW@MOF/PDA)
with the same diameter (12.7 mm) and thickness (2.0 mm) were
simultaneously placed in an oven at 80 °C, and a digital camera
was used to record the shape evolution during the heating pro-
cess. The evaluation results of shape stability are shown in Fig. S2.
At 25 °C, PW is a white solid, while PW@MOF/PDA-20% is a black
solid due to the introduction of PDA. After heating for 5 min, PW
begins to melt and leak, while PW@MOF/PDA-20% remains solid
without any leakage. After heating for 15 min, PW melts sharply
with poor shape stability, while PW@MOF/PDA-20% still retains the
initial cylindrical shape with good shape stability. These phenom-
ena indicate that when the ambient temperature is higher than the
melting point of PW, MOF/PDA can effectively prevent PW leakage
and PW@MOF/PDA-20% exhibits excellent shape stability.

Phase change enthalpy is the most reliable indicator for evaluat-
ing the thermal properties of composite PCMs. The thermal prop-
erties of PW@MOF/PDA composite PCMs with different PDA con-
tents were characterized by DSC (Fig. 2). Detailed thermal per-
formance data is summarized in Table S1 (Supporting informa-
tion). The melting enthalpy and solidification enthalpy of pristine
PW are 200.01 J/g and 192.88 ]/g, respectively. The melting en-
thalpy and solidification enthalpy of PW@MOF composite PCMs are
118.39 J/g and 119.03 ]/g, respectively. In contrast, the phase change
enthalpies of PW@MOF/PDA composite PCMs exhibit a decreasing
trend with the increase of the surface coating ratio of PDA due
to the inactive heat storage feature of PDA. In detail, the melt-
ing enthalpy and solidification enthalpy of PW@MOF/PDA compos-
ite PCMs gradually degrade from 109.71 J/g (PW@MOF/PDA-10%)
to 75.15 J/g (PW@MOF/PDA-30%), from 109.67 J/g (PW@MOF/PDA-
10%) to 74.88 ]/g (PW@MOF/PDA-30%), respectively.

Nowadays, the utilization of sustainable energy has become in-
creasingly important. Collecting and storing solar energy through
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Fig. 1. (a) Preparation schematic of PW@MOF/PDA composite PCMs for photothermal conversion and storage. (b-e) SEM images of Ni-MOF, PW@MOF/PDA-10%,
PW@MOF/PDA-20% and PW@MOF/PDA-30%. (f) FTIR spectra of MOF, PDA, PW, PW@MOF, PW@MOF/PDA. (g) XRD patterns of MOF, PDA, PW@MOF, PW@MOF/PDA.
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Fig. 2. (a, b) DSC curves of PW, PW@MOF, PW@MOF/PDA. (c, d) Phase change enthalpies and phase change temperatures of PW, PN@MOF, PW@MOF/PDA.

PCMs is both environmentally friendly and economically feasible,
however, pristine PCMs are poor solar absorbers. Herein, we coated
PDA as solar absorber on the surface of PW@MOF composite PCMs
for photothermal conversion and storage. The optical properties of
the samples were characterized by UV-vis spectrophotometer. As
shown in Fig. 3a, PW@MOF composite PCMs exhibit very poor so-
lar absorption capacity due to the low solar capture capabilities
of both PW and Ni-MOF. Compared with PW@MOF, PW@MOF/PDA
has significantly improved absorption in both UV and visible light
bands. Meanwhile, the solar absorption intensity of PW@MOF/PDA
increases with the increase of surface-coated PDA content, en-
abling faster photothermal conversion rate. This phenomenon sug-
gests that PDA is an efficient solar absorber, which can efficiently
absorb solar energy and convert it into heat energy.

To evaluate the photothermal conversion and thermal energy
storage capabilities of composite PCMs, PW@MOF/PDA composite
PCMs with different contents of PDA were tested under the sim-
ulated sunlight of 150 mW/cm?2. A temperature sensor was used
to record the temperature evolution over time of the samples ex-
posed to solar radiation (Fig. 3b). Compared with PW@MOF, the
temperature rise of PW@MOF/PDA is faster, indicating that the
coated PDA can effectively enhance the thermal conductivity of
PW@MOF. Because PDA can form hydrogen bonds with PW@MOF
due to the existence of a large number of amino groups and hy-
droxyl groups, which can improve the interface compatibility and
reduce the interface thermal resistance. It is worth noting that
PW@MOF composite PCMs cannot be triggered to achieve pho-
tothermal conversion and storage even for long enough solar ra-
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Fig. 3. (a) UV-vis absorption spectra of PW@MOF and PW@MOF/PDA. (b) Photothermal conversion and storage curves of PW@MOF and PW@MOF/PDA under a light irradi-
ation of 150 mW/cm?. (c) Photothermal conversion and storage efficiencies of PW@MOF and PW@MOF/PDA. (d) TGA curves of MOF, PW, PW@MOF and PW@MOF/PDA.

diation. Because PW@MOF composite PCMs are unable to raise the
temperature above the phase change temperature of PW under so-
lar irradiation due to their poor solar absorption capacity. While
the temperature of PW@MOF/PDA composite PCMs rises above the
phase change temperature of PW after being irradiated for a cer-
tain period of time, and start to convert the captured solar en-
ergy into thermal energy which is stored in PW in the form of
latent heat due to the excellent photothermal effect of PDA. Dur-
ing the photothermal conversion and storage process, a tempera-
ture plateau appearing on the curves of PW@MOF/PDA compos-
ite PCMs corresponds to the melting endothermic process of PW,
accompanied by a large amount of thermal effects. After remov-
ing the simulated sunlight, a temperature plateau emerges again
during the cooling process of PW@MOF/PDA composite PCMs,
corresponding to the crystallization exothermic process of PW.
After calculation, the average photothermal conversion rates of
PW@MOF, PW@MOF/PDA-10%, PW@MOF/PDA-20%, PW@MOF/PDA-
30% are 0.12, 0.16, 0.27, 0.29 °C/s, respectively (Fig. S4 in Support-
ing information). It is worth noting that the average photothermal
conversion rate of PW@MOF/PDA composite PCMs is gradually en-
hanced with the increase of PDA due to the excellent light capture
capability of PDA. In particular, the average photothermal conver-
sion rate of PW@MOF/PDA-30% is significantly enhanced compared
with PW@MOF. It can be concluded that high fraction of PDA en-
ables more efficient photothermal conversion rate.

To further quantify the photothermal conversion and storage ca-
pability of composite PCMs, we calculated the photothermal con-
version and storage efficiency () by the following equation:

mAH

= Pst—t6)

(1)
where M is the mass of the samples, AH is the latent heat, P is the
radiation intensity of the simulated sunlight, S is the surface area
of the samples, T; and T; are the starting and ending time of phase
change process [21]. After calculation, the photothermal conver-
sion and storage efficiencies of PW@MOF/PDA-10%, PW@MOF/PDA-
20% and PW@MOF/PDA-30% are 84.4%, 91.2% and 86.7%, respec-
tively (Fig. 3c). While the photothermal conversion and storage
efficiency of PW@MOF is zero because solar irradiation cannot
trigger its photothermal conversion and storage. PW@MOF/PDA-

20% composite PCMs obtain the highest photothermal conversion
and storage efficiency explained as follows. PW@MOF/PDA-20% and
PW®@MOF/PDA-30% exhibit the similar photothermal conversion
and storage curves. However, the latent heat of PW@MOF/PDA-
30% is significantly lower than that of PW@MOF/PDA-20%. There-
fore, according to the calculation formula, it can be concluded that
PW@MOF/PDA-20% composite PCMs have the highest photother-
mal conversion and storage efficiency. These results indicate that
the moderate introduction of PDA with high photothermal effect
enhances the photothermal conversion and storage efficiency of
PW@MOF/PDA composite PCMs.

Thermal stability is an important evaluation index for the de-
velopment and application of composite PCMs. The thermal stabil-
ity of the samples was characterized by TGA, as shown in Fig. 3d.
Ni-MOF begins to undergo pyrolysis at 100 °C due to the evapo-
ration of adsorbed water molecules. When the temperature is in-
creased to 375 °C, a significant mass drop emerges, which is at-
tributed to the pyrolysis of Ni-MOF framework. The mass loss be-
tween 100 °C and 375 °C is attributed to the pyrolysis of residual
organic solvents inside the channels of Ni-MOF. When the temper-
ature is gradually increased to 1000 °C, the final residue of Ni-
MOF is mainly composed of carbon and metallic nickel, with a
mass fraction of about 40 wt%. The starting and finishing pyrol-
ysis temperatures of PW are about 200 °C and 350 °C, respectively.
It is worth noting that the termination pyrolysis temperatures of
PW@MOF/PDA composite PCMs with different mass fractions of
PDA are all about 600 °C. Furthermore, the introduction of Ni-MOF
can enhance the thermal stability of PW compared with PW, due
to the higher thermal stability of Ni-MOF. Thermal stability analy-
sis indicates that PW@MOF/PDA composite PCMs exhibit excellent
thermal stability in the application scenarios of low and medium
temperature thermal energy storage.

Cyclic stability is very important for composite PCMs in practi-
cal applications. In this study, we choose PW/MOF/PDA-20% as the
optimized sample by comprehensively considering the endother-
mic, exothermal, light absorption and photothermal conversion
properties of PW/MOF/PDA composite PCMs with different mass
fractions of PDA. Firstly, the optimal PW@MOF/PDA-20% compos-
ite PCMs are subjected to 50 melting-freezing cycles. Then, we
analyzed FTIR, XRD and DSC results of PW@MOF/PDA-20% com-



A. Li, M. Huang, D. Hu et al.

Chinese Chemical Letters 34 (2023) 107916

Transmittance (%) ”
i L
5%

Intensity (a.u.) c-

Heat Flow (W/g) (o]

4000 3500 3000 2500 2000 1500 1000 500 10
Wavenumber (cm'l)

A
o
o 2ot ot
I~
: = |
=
- 7
v
=3
g
7
-
0 o
0 100 200 300 400 500 600
Time (s) Crystalline state

20
2-Theta (

71 2 PW PW 711
. || ™~
% “jmw‘ Y Freezing !

30 40 50 20 30 w0 50 60 70 80
degree) Temperature (°C)

Amorphous state

Fig. 4. (a) FTIR spectra of PW@MOF/PDA-20% after 50 melting-freezing cycles. (b) XRD patterns of PW@MOF/PDA-20% after 50 melting-freezing cycles. (c) DSC curves
of PW@MOF/PDA-20% after 50 melting-freezing cycles. (d) Photothermal conversion and storage curves after 50 cycles. (e) Schematic of the structural evolution of

PW@MOF/PDA-20% during melting and freezing cycles.

posite PCMs after undergoing 50 melting-freezing cycles (Figs.
4a-c). Resultantly, the phase compositions and functional groups
of PW@MOF/PDA-20% composite PCMs are almost unchanged be-
fore and after 50 melting-freezing cycles. More importantly, the
phase change temperature (65.52 and 52.90 °C) and latent heat
(98.89 and 102.57 J/g) of PW@MOF/PDA-20% composite PCMs af-
ter 50 melting-freezing cycles are almost similar to that before
50 melting-freezing cycles, indicating ultrahigh latent heat reten-
tion. The FTIR, XRD and DSC results indicate that PW@MOF/PDA-
20% composite PCMs exhibit excellent thermal cycle stability. Ad-
ditionally, the photothermal conversion and storage cyclic stability
is also very important for composite PCMs. As shown in Fig. 4d,
the photothermal conversion and storage curves after undergoing
50 cycles are almost consistent with the original curves, indicating
excellent cyclic stability of photothermal conversion and storage
with a high efficiency. The structural evolution of PW@MOF/PDA-
20% from crystalline state to amorphous state during melting and
freezing cycles is schematically shown in Fig. 4e.

In conclusion, we designed PW@MOF/PDA composite PCMs for
photothermal conversion and storage by coating solar absorber
PDA on the surface of PW@MOF through hydrothermal reaction,
vacuum infiltration and chemical polymerization methods. Com-
pared with PW@MOF composite PCMs, PW@MOF/PDA composite
PCMs exhibited a high photothermal conversion and storage effi-
ciency of 91.2% due to the robust broadband solar absorption ca-
pability in the UV-vis region of PDA. Furthermore, PDA coating
provides fast transfer channels for photonic diffusion, thus improv-
ing the heat transfer rate. Additionally, our prepared PW@MOF/PDA
composite PCMs also exhibited excellent thermal stability, shape
stability, energy storage stability, and photothermal conversion sta-
bility, showing a great possibility of renewable thermal energy
storage applications. More importantly, our proposed strategy is
universal by integrating different MOFs and solar absorbers.
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