
Page 1/18

Cellulose Nano�bers/Melanin Hybrid Aerogel
Supported Phase Change Materials with Improved
Photothermal Conversion E�ciency and Superior
Energy Storage Density
Jiulong Chen  (  king12311231@gmail.com )

Sichuan University https://orcid.org/0000-0001-8921-3077
Yiyang Zhang 

Sichuan University
Fugeng Wu 

Sichuan University
Bin Guan 

Sichuan University
Xiaosheng Du 

Sichuan University https://orcid.org/0000-0001-8239-4303
Haibo Wang 

Sichuan University

Research Article

Keywords: solar-thermal conversion, natural melanin, phase change materials, thermal energy storage

Posted Date: June 2nd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-529394/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Cellulose on August 21st, 2021. See the
published version at https://doi.org/10.1007/s10570-021-04152-7.

https://doi.org/10.21203/rs.3.rs-529394/v1
mailto:king12311231@gmail.com
https://orcid.org/0000-0001-8921-3077
https://orcid.org/0000-0001-8239-4303
https://doi.org/10.21203/rs.3.rs-529394/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10570-021-04152-7


Page 2/18

Abstract
Organic phase change materials (PCMs) have been widely applied in thermal energy storage �elds due to
their good structural stability, high energy storage density, adjustable phase change temperature and non-
toxic. However, the poor solar-thermal conversion performance and structure stability restrict the large-
scale application of organic PCMs. Herein,novel PCM composites (CMPCMs) with good structure
stability, improved photothermal conversion e�ciency, and superior energy storage density were
successfully synthesized by impregnating poly (ethylene glycol) (PEG) into cellulose nano�bers/melanin
hybrid aerogel. The three-dimensional (3D) aerogel framework had good shape stability and strong
encapsulation ability, which inhibited the leakage of PEG and enhanced the shape stability of the
synthesized PCM. The differential scanning calorimetry (DSC) results showed that CMPCMs exhibited
relatively high melting enthalpies ranging from 168.3 to 175.9 J/g, and the introduction of melanin
almost unchanged the energy storage density of the synthesized PCM composites. Simulated sunlight
test revealed that the introduction of melanin signi�cantly improved the photothermal conversion
e�ciency of CMPCMs (from 47.2 to 85.9%). The thermal cycling test and thermogravimetric analysis
showed that CMPCMs possessed excellent thermal stability and good encapsulation ability. In
conclusion, the synthesized CMPCMs showed great potential in the practical utilization and storage of
solar energy.

Introduction
Solar energy is the most popular energy source because it is abundant, accessible, and inexhaustible. It
has become an ideal choice for dealing with energy crises, fossil fuel shortages, and global warming.
Currently, one of the most common applications of solar energy is solar thermal energy conversion.
However, solar energy is not easy to store, and it is greatly affected by the change of day and night, which
greatly limits the application of solar energy. Phase change materials (PCMs) currently have great
application potential in the �eld of solar energy materials due to their ability to absorb or release a large
amount of heat during the phase change process(Pielichowska and Pielichowski 2014). The application
of phase change materials in solar thermal energy conversion can greatly improve energy utilization
e�ciency and overcome the problem of solar radiation interval. Organic solid-liquid phase change
materials are widely used in thermal energy storage systems because of their excellent structural stability,
excellent energy storage density, adjustable phase transition temperature, and non-toxic
properties(Weigand and Fleischer 2014; Velasco-Carrasco et al. 2020). However, the large-scale
application of PCMs in solar energy conversion is limited by the problem of liquid leakage during the
phase change process(Pielichowska et al. 2015; Han et al. 2017; Woods et al. 2021). At the same time,
the low solar-thermal conversion e�ciency of organic phase change materials also limits the use of PCM
in the �eld of solar energy conversion.

The main way to solve the problem of PCM leakage is to use microcapsules to wrap the PCM or use
porous materials to adsorb the PCM, so that the shape stability of the PCM can be ensured during the
phase change process and liquid leakage can be prevented. However, the above method introduces
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substances that cannot perform phase change energy storage into the PCM, resulting in a greatly reduced
phase change enthalpy of the PCM. At present, an effective technology to prevent phase change liquid
leakage due to high surface tension(WOIGNIER, T. and PHALIPPOU, J. 1989) and capillary force is to
impregnate organic PCMs into cellulose-based aerogel(Hasnain 1998; Farid et al. 2004; Zhang et al. 2014;
Ye et al. 2015). Aerogel is porous three-dimensional (3D) interconnect materials with extremely low
density, ultra-high speci�c surface area and excellent insulating properties(Fricke 1988; Fricke and
Tillotson 1997). However, since both cellulose-based aerogel and PCM are organic materials, they have
the characteristics of poor solar-thermal conversion performance(Sharma et al. 2009; Yang et al. 2018),
and the introduction of cellulose-based aerogel will reduce the phase change enthalpy of PCM, which
greatly limits the application of PCM/cellulose aerogel composites in solar thermal conversion
systems(Qian et al. 2019). Therefore, how to improve the solar-thermal conversion performance of the
composite material and reduce the decrease in the PCM phase change enthalpy caused by the cellulose-
based aerogel is an inevitable problem when preparing the PCM/cellulose aerogel composite(Sheng et al.
2019).

Melanin is the general term for a class of phenolic or indole biological macromolecular pigments with
complex and diverse structures(Cordero and Casadevall 2020). Melanin is a very effective substance
produced by organisms to �ght ultraviolet rays(Meredith and Sarna 2006). When ultraviolet rays hit the
melanin chemical chain, the melanin chemical chain vibrates at an extremely fast speed, converting 99%
of the harmful ultraviolet rays into harmless heat(Forest and Simon 1998; Wakamatsu and Ito 2002; Ito
and Wakamatsu 2003; Eisenman and Casadevall 2012; Wang et al. 2019). At the same time, the
extraction of melanin from organisms is very simple and e�cient(Di Mauro et al. 2017; Solano 2017),
and does not require chemical synthesis(d’Ischia et al. 2013), so the use of natural melanin is more
environmentally friendly. The introduction of melanin particles into PCM/cellulose aerogel composites
can improve the thermal conversion e�ciency of the composite material to sunlight, especially ultraviolet
rays, and make composites more e�cient(Brenner and Hearing 2008).

In this work, fresh cuttle�sh ink was used as raw material to obtain natural melanin particles through
centrifugal treatment and washing, and then cellulose nano�bers/melanin hybrid aerogel (CMA) based
on melanin particles and cellulose nano�bers (CNF) were fabricated through induced by cation-induced
gelation. After that, polyethylene glycol (PEG) was vacuum immersed into the aerogel to prepare the PCM
composite material. The microstructure, loading rate, packaging performance, thermal stability and solar-
thermal conversion performance of composites are systematically studied. As expected, the 3D porous
aerogel can fully support the PEG during the phase change process and prevent its leakage, and the
addition of natural melanin particles can effectively improve the solar-thermal conversion e�ciency of
CMA/PEG composite PCMs (CMPCMs). At the same time, the reduction of the phase change enthalpy of
the PCM is in a lower range. This means that CMPCMs have huge application potential in solar energy
utilization systems.

Materials And Methods
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Materials

CNF aqueous (length: 1–3 µm, diameter: 4–10 nm, 1wt%) was supplied from Guilin Qihong Tech Co., Ltd.,
China. Cuttle�sh ink (Unprocessed, food grade) was purchased from Qingdao Xinjie Aquatic Products Co.,
Ltd., China. Aluminum nitrate nonahydrate (Al(NO3)3⋅9H2O, AR) was obtained from Chengdu Kelong
Chemical Reagent Co., Ltd., China. PEG was provided by Chengdu Chron Chemicals Co., Ltd., China.

Extraction of natural melanin

Firstly, use centrifugation (12000 rpm, 20 min) to separate melanin particles from fresh cuttle�sh ink.
Then, clean melanin particles were received after 4-times of centrifuge-after-washing process with
deionized water. After Freeze-drying (-50℃, 20 Pa) for 48 h, excess water was removed, and dry melanin
particles were obtained.

Preparation of CMAs

Firstly, prepare the Al(NO3)3/H2O solution with a concentration of 1.84 wt% (50 mmol/L) by dissolving
3.75 g Al(NO3)3⋅9H2O into 200 mL deionized water. Then add a certain amount of melanin into CNF (The
mass ratio of CNF to melanin is 4:1, 2:1, 4:3, 1:1), and mechanical stirring for 15 min in a container. Next,
add 15 mL Al(NO3)3/H2O solution (The concentration is 1.84 wt%) into the container. After 1 day, the
Al(NO3)3/H2O solution was changed 1 time/day for 2 days. Then, aerogel was transferred in to freeze-dry
machine for 48 h to obtain dried CMAs, respectively labeled as CMA-1, CMA-2, CMA-3, and CMA-4. At the
same time, for the convenience of experimental control, a sample without melanin was also prepared by
a completely consistent method, and it was named CA.

Fabrication of CMPCMs

Firstly, PEG was heated to 85℃ in the vacuum oven. Then, the CA and CMAs were placed in PEG that
turns into liquid phase. After that, the bubbles in the aerogel was removed by increasing the vacuum until
the oven nearly completely vacuums and continued to 1 h. Then, the CA/PEG composite PCM (CPCM)
and CMPCMs were prepared, as presented in Scheme 1. Respectively marked as CPCM, CMPCM-1,
CMPCM-2, CMPCM-3, and CMPCM-4.

Characterization

The chemical structure of melanin was analyzed by a Fourier transform infrared spectrometer (FTIR, PE
Spectrum Two, PerkinElmer, America), the spectra were from 648 to 4000 cm− 1, with a resolution of 2
cm− 1. A Lambda 750 spectrophotometer (Perkin Elmer, America) was used to record the UV-vis-NIR
absorption spectrum of the natural melanin particle.

The chemical structure of CMAs and CMPCMs was characterized by an X-ray photoelectron spectroscopy
(XPS) spectrometer (K-Alpha+, Thermo Scienti�c, America).



Page 5/18

The internal morphologies and structures of CA, CMAs, CPCM, and CMPCMs were observed by a
scanning electron microscope (SEM, Helios G4 UC, Thermo Scienti�c, America).

The phase transition performance of the CPCM and CMPCMs was measured by differential scanning
calorimetry (DSC, 214 Polyma, Netzsch, Germany) with temperature range from 15 to 85 ℃ at a
heating/freezing rate of 10 ℃ min− 1 under nitrogen atmosphere. The thermal stability of the CPCM and
CMPCMs was evaluated by a TG analyzer (209 F3 Tarsus, Netzsch, Germany), with temperature range
from 50 to 800 ℃ at a heating rate 10 ℃ min− 1 under nitrogen atmosphere.

A solar-thermal conversion measurement system was used to evaluate the thermal conversion and
storage capability of the CPCM and CMPCMs in practical application, as present in Scheme 2. To
simulated sunlight, a solar simulator (CHF-XM500, Beijing Changtuo, China) was used. To measure and
record the temperature variations of CPCM and CMPCMs during the light test, a thermocouple
thermometer (F-8855, Shenzhen Flank Electronics Co., Ltd, China) was used. The CPCM and CMPCMs
were placed under a constant irradiation intensity of 250 mW cm− 2, and the thermocouple was placed
into the center of the CPCM and CMPCMs. The solar-thermal conversion and storage e�ciency (ε) of
CMPCMs was calculated using the equation:

where m, S, and ∆Hm represent the weight, received light irradiation area, and melting enthalpy of the
CMPCM sample, respectively, I represents irradiation intensity, and Ts and Te represent the start and end
times of phase transition of CMPCMs, respectively. To intuitively demonstrate the leakage, prevent
property of CPCM and CMPCMs, the samples were heated at 80°C and photographed at 0min, 10 min, 20
min and 30 min.

Results And Discussion
Characterization of melanin

FTIR test is used to identify the chemical structure of melanin, the FITR spectra result is shown in Fig. 1a.
The strong resonance absorption peak at 3404 cm− 1 corresponds to the N-H stretching vibration of indole
and O-H group, indicating that it has a typical melanin indole structure. A peak at 2922 cm− 1 corresponds
to the stretching vibration of aliphatic C-H groups, shows that cuttle�sh melanin has aromatic
hydrocarbon structure. This weak peak at 2922 cm− 1 is one of the characteristics of cuttle�sh melanin
FTIR spectra. The characteristic strong band at 1616 cm− 1 is attributed to the C = O stretching vibration
and the C = C vibration of the aromatic ring or the symmetric stretching of the COO- group. This band
together with the strong absorption peak at 3400 cm− 1 indicates the existence of COOH structure.
Therefore, it can be concluded that squid black pigments contain speci�c binding sites (O-H, N-H and
COOH) of melanin. The UV-visible absorption spectrum (Fig. 1b) indicates that the sample melanin image



Page 6/18

has no obvious chromogenic peak and has monotonic broad-band absorbance in the ultraviolet to visible
wavelength range.

Chemical structure of CMAs and CMPCMs

XPS was used to analysis the element composition of CPCM, CMPCM-2 and CMPCM-4. Compared with
the pure CPCM sample, the spectrum of CMPCM clearly shows the presence of nitrogen (Table 1). XPS
spectrums obtained from pure CPCM samples (Fig. 2a) showed signals near 532eV and 286.0eV,
indicating the presence of oxygen and carbon, respectively. There is also a weak peak at 400eV, which is
presumed to be nitrogen-containing impurities. The XPS spectrums of CMPCM-2 (Fig. 2b) and CMPCM-4
(Fig. 2c) also showed strong peaks around 532eV and 286.0eV. A new peak appeared on the right side of
the impurity peak of 400eV, and the new peak was more obvious with the increase of melanin content.
This indicates that CMPCM is composed of carbon, nitrogen and oxygen, and nitrogen is introduced by
the doping of melanin. The analysis of XPS data showed that the addition of melanin increased the
nitrogen content of the sample, which was caused by the nitrogen-containing functional groups of
melanin.

As shown in Fig. 2d, the high-resolution XPS C 1s spectrum of CPCM shows that the carbon peak
consists of C-C (284.8eV), C-O (286.0eV) and C = O (288.0eV). The high-resolution XPS C 1s spectra of
CMPCM-2 (Fig. 2e) and CMPCM-4 (Fig. 2f) showed that the signal of carbon peak was contributed by C-C
(284.8eV/284.7eV), C-O (286.4eV/286.0eV), C = O (287.8eV/288.5eV) and C-N/N-H (286.2eV). The high
resolution XPS N 1 spectra showed that both CMPCM-2 (Fig. 2g) and CMPCM-4 (Fig. 2h) contained N-H
(399.6eV) and –NH+- (400.3eV) functional groups. The high resolution XPS O 1s spectrum of CMPCM-4
(Fig. 2i) corresponds to C-O (532.2 eV) and C = O (532.8eV), respectively. The results of XPS further
demonstrated that the in-situ polymerization of melanin and CPCM was successful.

Table 1
XPS analysis of the CPCM and CMPCMs

Element CPCM CMPCM-2 CMPMCM-4

C (%) 40.8 53.21 53.04

O (%) 57.54 43.69 40.39

N (%) 1.65 3.11 6.57

Morphology of CMAs and CMPCMs

The microstructures of CA, CMAs, CPCM and CMPCMs were studied by SEM, as presented in Fig. 3. CA
(Fig. 3a) is porous under microscope, most of the pore sizes are in the range of a few microns to a few
hundred microns. The structure of pore wall is nano sheet, and the nano sheet has a certain sense of
hierarchy. CMAs (Fig. 3b is CMA-2 and Fig. 3c is CMA-4) are also porous under the microscope, and the
pore size is mostly in the range of a few microns to a few hundred microns. The main framework is still
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CA structure. The only difference is that there are irregular protrusions on the pore wall structure, which
are formed by the addition of melanin.

The composite materials CPCM (Fig. 3d) and CMPCMs (Fig. 3e is CMPCM-2 and Fig. 3f is CMPCM-4) are
blocky structures under the microscope. PEG �lls the whole pore structure and forms blocky structure. It
still can see the CA framework in some angle sections (Fig. 3d and Fig. 3f), which is enough to support
the judgment. The formation of blocky structure indicates that PEG and CA and CMAs have good
compatibility. The porous structure and good compatibility can make the low-density aerogel encapsulate
a large number of PEG and maintain a higher energy storage density.

Shape stability of CMPCMs

Shape ability is a very important property of composite phase change materials, which often plays a
decisive role in the practical application of such materials. When the temperature is higher than the phase
transition temperature, most organic PCMs will show �uidity and leak out from the composites, which is
the leakage problem of organic phase change materials. To solve this problem, inorganic or organic
carrier materials are often used to encapsulate organic PCMs, so it is necessary to measure the
encapsulation ability of the materials. The encapsulation ability can be judged by detecting the leakage
of materials at different time in the phase transformation stage. For CPCM and CMPCMs, the leakage
material in the phase transformation stage is PEG. In this experiment, the phase transition temperature is
80 ℃, and the conditions of 0 min, 10 min, 20 min and 30 min are recorded. The comparison of test
results is shown in Fig. 4.

At 25 ℃, PEG, CPCM and CMPCM-4 were smooth white opaque solid, rough white opaque solid and
rough black opaque solid, respectively. After heating at 80 ℃ for 10 minutes, PEG began to melt, and the
�lter paper was wet. CPCM and CMPCM-4 did not change signi�cantly, and the �lter paper remained dry.
After heating at 80 ℃ for 20 minutes, PEG melts obviously and cannot keep its original shape, the �lter
paper is wetter. CPCM and CMPCM-4 began to leakage some liquid, and the �lter paper was slightly wet.
After heating at 80 ℃ for 30 minutes, a large amount of PEG melts and becomes semi solid and semi
liquid, and liquid begins to accumulate on the �lter paper. CPCM and CMPCM-4 slightly leakage, the
morphology remained unchanged, the �lter paper is slightly wet. In general, the difference between CPCM
and CMPCMs is not obvious, but compared with pure PEG, it has stronger thermal stability and better
encapsulation ability.

Thermal properties of CMPCMs

Thermal properties of materials are the different thermal physical properties of materials in the process
of using at different temperatures and conditions. Heat capacity is one of the most important thermal
properties of phase change energy storage materials. Differential scanning calorimetry (DSC) can
measure the speci�c heat capacity and related thermal properties of samples by measuring and
analyzing the data of heat �ow corresponding to time or temperature input to the samples. The heat
energy storage ability has a very strong connection between phase change properties. Therefore, in order
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to quantitatively evaluate the effect of the added melanin particles on the PCM phase change enthalpy,
DSC analysis was used. Processed the result with software, the melting enthalpy (ΔHm), crystallization
enthalpy (ΔHc), melting and crystallization point (Tm and Tc) were collected in Table 2, and the DSC
curves of pure PEG, CPCM and CMPCMs were presented in Fig. 5. As expected, a separate and obvious
peak could be observed in both heating and cooling processes for all samples. Moreover, the DSC curves
exhibited the endothermic peaks of CPCM and CMPCMs in the range of 66.3–69.8 ℃ and the exothermic
peaks in the range of 34.7–38.1 ℃, which were almost the same as pure PEG. The reason is that the
melanin particles are only dispersed in the aerogel, and there is no chemical reaction between the PEG
and the melanin particles, so the melanin particles will not affect the heat absorption capacity of the PEG.
But with the increase of melanin content, the peak of crystallization slightly moves to low temperature,
and the peak of melting slightly moves to high temperature. This arises because other substance
restricted arrangement of PEG molecules and effect their phase transition process. This effect will hinder
the crystallization and melting process of the PEG.

Table 2 Thermal storage property of PEG, CPCM and CMPCMs

Sample Tm (℃) ΔHm (J/g) Tc (℃) ΔHc (J/g)

PEG 65.9 197.6 33.9 178.4

CPCM 69.8 176.3 34.7 165.9

CMPCM-1 69.1 175.9 37.2 164.6

CMPCM-2 66.3 173.6 36.0 163.5

CMPCM-3 68.0 167.1 37.6 160.1

CMPCM-4 67.9 168.3 38.1 161.8

As shown in Table 2, the ΔHm of pure PEG, CPCM and CMPCMs were 197.6 J/g, 176.3 J/g, 175.9 J/g,
173.6 J/g, 167.1 J/g, 168.3 J/g, respectively and ΔHc were 178.4 J/g, 165.9 J/g, 164.6 J/g, 163.5 J/g,
160.1 J/g, 161.8, respectively. It can be found that melting enthalpy of CPCM is about 11% lower than
that of PEG and crystallization enthalpy of CPCM is about 7% lower than of PEG, because CNF and other
substances will replace a certain amount of PEG with the same quality, and the overall enthalpy is
reduced. With the increase of melanin content, the enthalpy of CMPCMs decreases gradually, which
indicates that melanin can also replace PEG, which has a negative impact on the overall energy storage
properties of the sample. This also shows that the porous structure of CNF aerogel has good bearing
capacity for PEG.

Thermal reliability can re�ect the performance changes of materials in long-term use. For phase change
energy storage materials, their energy storage performance will generally change with the increase of use
times, and the change of performance determines how to apply the materials. The thermal energy storage
properties of the sample after 100 times of heating and cooling from 0 ℃ to 80 ℃ are shown in the
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Table 3. The melting point and crystallization point of CPCM and CPMCMs samples had negligible
changes after 100 repeated thermal cycles. Compared with samples before experiment, the melting point
and crystallization point of CPCM and CPMCMs samples decreased by about 2% respectively. The results
of accelerated thermal cycling measurement show that CPCM and CPMCMs have excellent thermal
reliability.

Table 3
Thermal storage property of CPCM and CMPCMs after

thermal cycling
Sample Tm (℃) ΔHm (J/g) Tc (℃) ΔHc (J/g)

CPCM 69.8 171.9 34.6 162.1

CMPCM-1 69.2 172.8 37.2 162.2

CMPCM-2 66.4 169.6 36.1 160.4

CMPCM-3 68.0 165.1 37.5 157.8

CMPCM-4 67.9 165.7 38.0 158.9

Thermal stability of CMPCMs

Thermal stability refers to ability of a material to remain stable or resist thermal shock at a certain
temperature. Thermogravimetry (TG) is one kind of thermal analysis method to measure the relationship
between the mass of sample and temperature under temperature-control program. By thermogravimetry,
the stability of the samples under different temperature conditions can be summarized, the temperature
range suitable for the normal operation of different samples can be found, and the change of internal
structure of different samples can be inferred.

Figure 6 displays the TG graphs of CPCM and CMPCMs. The TG curves of CPCM and CMPCMs are
similar, almost all the curves have the characteristics of one-step thermal decomposition, and their
detailed Tmax (maximum weight loss rate temperature), T− 50 wt% (50 wt% weight loss temperature) and
char residue at 650°C are summarised in Table 4. The decomposition temperature is between 350 ℃ and
420 ℃. It shows that melanin has no chemical reaction with PEG, and PEG will volatilize in this
temperature range. The maximum mass loss rate is about 392 ℃. With the increase of melanin, the curve
will gradually slope downward at 150 ℃, which means melanin will volatilize from 150℃ to 350℃. The
residual weight of each sample is different, which shows melanin can affect the structure of the material,
but the distribution of the in�uence is not uniform. With different structure, the sample will have different
residual weight.
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Table 4
Thermal stability properties of the CPCM and CMPCMs

Sample T− 50 wt%

(℃)

Tmax

(℃)

char yield at 650 ℃ (wt%)

CPCM 395.8 422.3 2.71

CMPCM-1 393.2 418.6 13.86

CMPCM-2 390.2 423.8 0.57

CMPCM-3 391.3 417.8 7.54

CMPCM-4 391.4 418.7 9.69

Solar-thermal conversion and storage of CMPCMs

Photothermal conversion e�ciency re�ects the material's ability to use sunlight, which is an important
property of photothermal materials. The higher the photothermal conversion e�ciency is, the better the
thermal storage performance of the composite is, and the practical application is more extensive. In order
to test the photothermal conversion and thermal storage capacity of CMPCMs under practical conditions,
we carried out simulated sunlight experiments on CPCM and CMPCMs. A cylindrical sample with a
diameter of 3cm and a height of 1cm is placed in an insulating foam box and exposed directly to the 250
mW cm− 2 irradiance simulator. Thermocouples are used to measure the temperature of CMPCM over
time. A data recorder is connected to collect the temperature of CMPCMs. As shown in scheme 2.

Figure 7 shows the temperature-time curve of CMPCMs under illumination. The temperature of the
sample rises gradually from the time of irradiating the sample. When the temperature of each sample
rises to the range of 50–55 ℃, the heating curve begins to slow down, and the heating rate drops sharply.
This change is due to the endothermic process of PEG phase transition in CMPCMs. After the phase
transition, the temperature of the sample continues to rise, and when the measured temperature reaches
80 ℃, the illumination was stopped immediately. After illumination stopped, the actual sample
temperature continued to rise to 83 ℃, and then began to cool down. During the cooling process, the
solidi�cation temperature of PEG is about 50 ℃. From the image, we can see that with the increase of
the mass ratio of CNF and melanin, the phase transition time becomes shorter.

After calculation, the photothermal conversion and storage e�ciency of CPCM, CMPCM-1, CMPCM-2,
CMPCM-3, and CMPCM-4 are 47.2%, 61.4%, 70.8%, 78.6% and 85.9% respectively. The results show that
CPCM after adding melanin can obtain the photothermal properties of melanin, and the photothermal
conversion e�ciency increases with the increase of the proportion of melanin. Compared with CPCM, the
photothermal conversion rates of MPCM-1, MPCM-2, MCM-3, and MPCM-4 are increased by 30.1%,
50.0%, 66.5% and 82.0%, respectively, which can show that melanin can greatly improve the photothermal
properties of CPCM and optimize it to a phase change material with high photothermal properties and
high energy storage density.
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Conclusions
Novel CMPCMs with good structure stability, improved photothermal conversion e�ciency, and superior
energy storage density were successfully synthesized by impregnating PEG into cellulose
nano�bers/melanin hybrid aerogel which was prepared by in situ polymerization method. The 3D aerogel
framework had good shape stability and strong encapsulation ability, which inhibited the leakage of PEG
and enhanced the shape stability of the synthesized PCM. The DSC results showed that CMPCMs
exhibited relatively high melting enthalpies ranging from 168.3 to 175.9 J/g, and the introduction of
melanin almost unchanged the energy storage density of the synthesized PCM composites. Simulated
sunlight test revealed that the introduction of melanin signi�cantly improved the photothermal
conversion e�ciency of CMPCMs (from 47.2 to 85.9%). The thermal cycling test and thermogravimetric
analysis showed that CMPCMs possessed excellent thermal stability and good encapsulation ability. In
conclusion, the synthesized CMPCMs showed great potential in the practical utilization and storage of
solar energy.
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Figure 1

Characterization of melanin. (a) FITR spectra, (b) UV-vis-NIR absorption spectrum.
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Figure 2

The XPS spectra of (a) CPCM, (b) CMPCM-2, and (c) CMPCM-4. High-resolution XPS C 1s spectra of (d)
CPCM, (e) CMPCM-2, and (f) CMPCM-4. N 1s spectra of (g) CMPCM-2 and (h) CMPCM-4. And (i) O 1s
spectra of CMPCM-4.
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Figure 3

The SEM image of: (a) CA, (b) CMA-2, (C) CMA-4, (d) CPCM, (e) CMPCM-2, and (f) CMPCM-4.

Figure 4
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Digital photographs of PEG, CPCM, and CMPCM-4 at 25 ℃ and 80 ℃.

Figure 5

DSC heating (a) and cooling (b) curves of CPCM, CMPCMs, and PEG.

Figure 6

TG curves of CPCM, CMPCMs, and PEG.



Page 18/18

Figure 7

Temperature variation curves of CPCM and CMPCMs under light irradiation of 250 mW cm-2.
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