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Abstract

To address the problems of easy leakage and high flammability of phase change materials, a series of innovative leakage-proof
phase change composites (PCCs) with excellent solar thermal conversion capability and superior flame retardancy have been
successfully developed. Herein, two-dimensional layered MXene nanosheets with excellent solar-thermal conversion effect
were first synthesized by etching MAX phase with lithium fluoride and hydrochloric acid solutions. MXene/polyimide (PI)
aerogel was then prepared by freeze-drying and thermal imidization after MXene dispersions mixed with poly (amic acid).
The MXene/PI aerogels were subsequently impregnated into polyethylene glycol (PEG) by vacuum impregnation to obtain
new shape-stable MXene/PI@PEG phase change composites (MPPCCs). Among them, MPPCC-4 exhibits a very high PEG
loading capacity (98.1%) and high enthalpy (167.9 J/g), and a relative enthalpy efficiency of 99.8%. When compared to PEG,
MPPCC-4 has outstanding flame retardant properties, including a 26.2% lower peak heat release rate and an 11.6% lower
total heat release rate. In conclusion, MPPCCs show considerable potential for application in solar energy utilization systems.
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The shortage of fossil fuels and greenhouse gases emissions
[1, 2] are exacerbated as global issues, which can be resolved
through searching for new renewable energy sources [3] and
developing energy-efficient systems. Among the various
renewable energy, solar energy is a ubiquitous, easily acces-
sible, and inexhaustible source to relieve energy crisis [4].
However, the application of solar energy is always restricted
by several uncontrollable factors such as mismatching in
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time and space and low solar-thermal conversion. There-
fore, exploring suitable materials making great use of solar
energy is the key thesis in current research. Phase change
materials (PCMs) with huge latent heat and stable phase
change points are beneficial to improving the energy uti-
lization by storing and releasing the solar energy without
any environmental limitation [5]. Pure PCMs can be simply
divided as organic and inorganic compounds. Compared to
inorganic PCMs, organic PCMs are less corrosive and more
stable to apply without phase separation during solid-liquid
process [6]. However, pure organic PCMs also exist several
drawbacks, which seriously hinder their practical applica-
tion such as poor solar absorption and the leakage caused
by deformability [7].
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To overcome these challenges as well as keep excellent
energy storage performance, PCMs are always request to
composite with other framework materials as PCMs com-
posites. Among various preparation methods of PCM com-
posites, encapsulated organic PCMs in porous materials is a
common way to keep satisfactory shape stability and achieve
stable thermal energy conversion [8]. These porous materi-
als include graphite foam [9], carbon nanotube sponge [10,
11], graphene aerogel [12-15], expanded graphite [16—18],
boron nitride aerogels [19-22], or other polymer compos-
ites [8, 23, 24]. PCMs are firmly fixed in the help of porous
three-dimensional skeleton, preventing leakage via improv-
ing shape stability, which are facilitating for thermal energy
storage. Unlike other common porous materials, MXene as
a kind of emerging 2D materials may be also promised in
PCMs composites utilization [25-27]. In contrast, MXene
shows great strengths in enabling thermal energy storage and
transport applications. Since 2011, MXene has been studied
in many fields. It is reported that two enhanced absorption
peaks have been detected in the visible and near-infrared
regions, which are similar to metal nanoparticles [28, 29].
This result shows that light absorption of MXene would be
enhance due to localized surface plasmon resonance effects.
What is more, with excellent solar energy conversion per-
formance, high thermal conductivity [30] and wide absorp-
tion spectral range [31], MXene is a suitable candidate for
enhanced capability of solar thermal conversion [32-34].
Therefore, adding MXene in PCM-based energy storage sys-
tems will improve the utilization of solar energy.

In addition, the high flammability of organic solid—liquid
PCMs (such as polyethylene glycol) is another factor severely
limiting applications. Hence, it is necessary to strengthen
the flame retardant performance of phase change composites
(PCCs). It is understood that not only MXene have strong
light absorption capacity, but it also has excellent charring
capacity and physical barrier effect [35-38], which may help
to improve the flame-retardant efficiency of PCCs. On the
other hand, polyimide (PI) aerogels show a special three-
dimensional structure, low density, and excellent flame resist-
ance [39, 40], which is expected to be a framework material,
reducing leakage and improving flame resistance of PCCs.

In this work, MXene nanosheets were obtained by etch-
ing MAX powder with lithium fluoride (LiF)-hydrochloric
acid (HCI) solution. The MXene dispersion was then mixed
with poly (amic acid) (PAA), followed by freeze-drying and
thermal imidization to prepare MXene/PI aerogels (MPs).
Finally, the MPs were vacuum-impregnated into polyethyl-
ene glycol (PEG) to obtain shape-stable MXene/PI@PEG
phase change composites (MPPCCs). The solar-thermal
conversion properties, thermal storage properties, thermal
stability, and flame retardancy of the MPPCCs were sys-
tematically investigated. As expected, the MPPCCs have
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excellent shape stability and high PEG encapsulation ability
(98.1%) with a relative enthalpy efficiency of 99.8%, show-
ing strong solar-thermal conversion capability and excel-
lent flame retardancy. Noteworthy, the peak heat release
rate (pHRR) and total heat release rate (THR) of MPPCC-4
were 26.2% and 11.6% lower than pure PEG, respectively.
As a result, the obtained MPPCCs have great potential in
safe flame retardancy and efficient solar energy storage
applications.

2 Experimental section

The manufacturing process of MPPCCs is shown in Fig. 1.
First, the MAX powder was etched with LiF-HCI solution
to obtain MXene nanosheets. PAA was prepared and then
uniformly mixed with the MXene dispersion in a certain
proportion at room temperature. After that, MPs were
obtained by freeze-drying and thermal imidization. Finally,
the MPPCCs were obtained by adsorbing PEG through
vacuum impregnation. More detailed information on the
experimental procedure and characterization can be found
in the supporting information.

3 Results and discussion
3.1 Analysis of MXene

Figure 2a, b shows the morphologies of MAX (Ti;AlC,)
powder and multilayered MXene (Ti;C,) powder. The Al
atomic layers from the densely layered MAX phase are
etched by LiF-HCI solution, and after that, the interlayer
spacing becomes larger, transforming into an accordion-
like loose layer structure. These phenomena are consistent
with our previous research [41], indicating fluffy MXene
powder with an accordion-like structure is successfully
prepared. The Tyndall effect can be observed in the aque-
ous dispersion of MXene as shown in Fig. 2c. This indi-
cates that MXene owns superior water dispersibility with
the existing hydrophilic groups. The TEM images of sin-
gle-layered MXene nanosheets are exhibited in Fig. 2d.
Due to the destroyed Vander Waals force, the multilay-
ered MXene were exfoliated as the ultra-thin MXene
nanosheets. Figure 2e shows the AFM image of MXene
and the corresponding height profile. The width and thick-
ness of the MXene nanosheets are around 0.40-1.00 pm
and 3.23-3.43 nm, respectively, which are consistent with
those reported in the literature [42, 43]. All these results
confirmed that few-layer MXene nanosheets were prepared
successfully.
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images of MXene; e AFM images of MXene and corresponding height profiles of MXene
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3.2 Morphology and structure of MXene/PI@PEG
phase change composites

Figure 3a—d show SEM images of MP-5, PI aerogel and
MXene aerogel. As shown in Fig. 3d, the MXene aerogel
shows loose and disordered porous structure. The partially
overlapping porous structures are weakly linked with the
lamellar structure, so the aerogel may collapse by slight
compression. At the same time, a shapeless pore struc-
ture is presented in PI aerogel (Fig. 3c). However, tight
interfaces and interconnected oriented porous structures
are produced after the combination of PI with MXene
(Fig. 3a, b). The hydroxyl groups of MXene form strong

hydrogen bonding forces with the oxygen-containing
groups in the PI chains. Therefore, a stable 3D network
of aerogel is formed [44]. At the same time, it can be fur-
ther proved from Fig. S1 that with the increasing MXene
content, the porous structure becomes more regular and
denser. As shown in Fig. 3h, i, PAA solution and MXene/
PAA dispersion are encased in circular boxes (radius d1),
respectively. After freezing-drying, the radius of a pure
PI aerogel (d2) is smaller than that of MP-4 (d4). The
MP-4 is almost no change in volume after thermal imi-
dization, while the pure PI aerogel shows severe shrink-
age (d1>d4 >d5>d2>d3). Therefore, these data further
confirm that the MXene nanosheets are tightly wrapped

Fig.3 SEM images of a, b MP-5, ¢ PI aerogel, and d MXene aerogel; the cross-section SEM images of e PPCC and f MPPCC-1; g the SEM—
EDS characterization of MP-5; aerogel digital photos of h PI aerogel and i MP-4
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and interconnected by PI chains, forming an integrated
structure with outstanding size stability.

The EDS mapping image (Fig. 3g) of the MP-5 clearly
shows the uniform distribution of MXene nanosheets on the
PI backbone, which may completely enhance solar-thermal
absorption as well as improve thermal storage ability. The
SEM images of PI@PEG phase change composite (PPCC)
and MPPCC-1 are shown in Fig. 3e, f. The loose porous
structure of PI aerogel and MP-1 have strong capillary driv-
ing forces [36], and the interlayer spaces are easily filled by
the molten PEG segments. Hence, the interlayer space is
porous structure of PI aerogel and MP-1 that are filled with
PEG without any gap after vacuum impregnation.

The interactions between the various components in
aerogels and MPPCCs were investigated by FTIR (Fig. 4a).
The FTIR spectrum of the MXene aerogel shows peaks at
3436.98 cm™' and 1072.36 cm™', which are ~OH and C-O
stretching vibrations [45]. The characteristic peaks of MP
aerogel appear at 1718.26 cm™! (C=0), 1501.95 cm™!
(C=0C), 1378.85 cm™! (C-N), and 1243.86 cm™' (C-0)
[46], indicating the existing of MXene nanosheets and PI
chains. For pure PEG, its characteristic absorption peaks at
3467.38 cm™! and 1108.87 cm™! attribute to the stretching
vibrations of -OH and C-O [47]. In addition, the spectra of
PPCC and MPPCC-3 show the same characteristic peaks
as PEG, and no obvious new peaks are found. These results
show that there is physical adsorption between MP and PEG,
including capillary effect and hydrogen bond interaction
[34]. Therefore, MP can enhance the shape stability of PEG.

The crystal structure of aerogels and MPPCCs were under-
stood using XRD, as shown in Fig. 4b. Compared with the pat-
tern of MXene, the (002) peak intensity of MP is weaker, and
the angle of 26 changes from 6.06 to 5.66°. According to the
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Bragg equation, the interlayer distance increases from 14.6 to
15.6 A. This is due to the PI molecules inserting and increas-
ing the interlayer space of MXene nanosheets [48, 49].The
curve of pure PEG shows two distinct strong peaks at 19.30°
and 23.40°, corresponding to the (120) and (032) planes [6].
Notably, the characteristic peaks of PPCC and MPPCC-3 are
similar to those of PEG. These results indicate that there is no
change in the crystal structure of PEG in MPPCCs, confirming
the porous structure of MP has no effect on the crystallinity
of PEG. Therefore, the phase change properties of MPPCCs
may not be influenced by the composites structure and keep
same as that of pure PEG.

3.3 Phase change properties and thermal reliability
of MPPCCs

The phase transition behaviors, including phase transition
enthalpy and phase transition temperature, are recorded by
DSC measurement. Figure 5a performs the DSC curves of
pure PEG and MPPCCs between 20 and 80 °C, and the cor-
responding parameters are shown in Table 1. In addition, the
enthalpy efficiency 4, and the relative enthalpy efficiency #
are calculated by formula (1) and (2), respectively. With the
little loss of latent heat, the larger values of them are, the more
excellent thermal energy storage performance is.

AH
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Fig.4 a FTIR spectra and b XRD patterns of MXene aerogel, MP, PEG, PPCC, and MPPCC-3
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Fig.5 a DSC curves, b enthalpy values, ¢ loading rate, and d peak temperature of PEG and MPPCCs

where AH,, yppccs and AH,, pp; are the melting enthalpies
of MPPCCs and pure PEG, respectively; the @ indicates the
loading rate of PEG in MPPCCs.

From Fig. 5b, d and Table 1, it is clear that pure PEG
is a good thermal storage material due to its high enthalpy
(AH,,=171.5 J/g, AH;=169.9 J/g) and suitable phase

transition temperature (7,=40.3 °C, 7,,=61.8 °C). Com-
pared to pure PEG, the addition of PI aerogel and MPs
resulted in significant changes in the melting and freez-
ing peak temperatures of the MPPCCs, as well as in the
enthalpy values of melting 139.6 ~167.9 J/g and freezing
(138.1~165.4 J/g). These results indicate that MXene

Table 1 Thermal parameters of

bune PEG and corresponding Samples T;(°C) AH, (JIg) T,, (°C) AH,, (J/g) A (%) o (%) 7 (%)

MPPCCs Pure PEG 403 169.9 61.8 1715 - - -
PPCC 39.7 138.1 61.1 139.6 81.3 86.4 94.1
MPPCC-1 374 154.9 60.8 158.4 92.4 95.7 96.6
MPPCC-2 37.6 159.2 61.7 161.9 94.4 97.1 97.2
MPPCC-3 38.5 163.8 62.3 165.7 96.6 97.9 98.7
MPPCC-4 36.6 165.4 62.0 167.9 97.9 8.1 99.8
MPPCC-5 37.7 163.6 61.9 165.9 96.7 96.9 99.8
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Table 2 Thermal energy storage characteristics of PEG-based phase
change composites in literature and the present study

Table3 Thermal parameters of MPPCC-4 thermally cycled 200
times

Materials AH,, (J/g) 1n(%) Ref Samples Tf cC) AHf J/gg T,CC) AH,J/lg i (%)
PEG/epoxy 112.0 68.5 [52] Before 36.6 165.4 62.0 167.9 97.9
PEG/wood flour 137.0 73.8 [50] Cycle200  36.4 164.3 60.9 165.9 96.7
PEG/potatoes 159.7 77.6 [53]

PEG/MXene 131.2 80.3 [34]

PEG/polyurethane/wood powder ~ 140.2 83.1 [51] 50-55]. Therefore, DSC results show that the construction
PEG/CaO/MgCO, 193.2 873  [54] of MXene/PI framework can well encapsulate PEG to obtain
PEG/MXene/pomelo peel foam ~ 158.1 95.0 [7] MPPCCs with good thermal storage properties.

PEG/carbon nanotube/diatomite ~ 107.4 97.6  [55] Excellent thermal reliability and repeatability are the
PEG/MXene/PI 167.9 99.8  Thiswork  important properties to ensure the long-term utilization in

nanosheets and PI molecules restrict the arrangement and
free movement of PEG segments [34]. With the increas-
ing MXene content in MPPCCs, the values of melting and
freezing enthalpies firstly increase to a certain value, and
then decrease. This shows that the more MXene introduced,
the stronger the capillary effect and hydrogen bonding
between MPs and PEG, which are conducive to the adsorp-
tion of PEG in large quantities. However, the dense pores of
aerogels may be performed by excess addition of MXene,
leading to decreasing of PEG absorption. As shown in
Table 2, MPPCC:s still have high relative enthalpy efficien-
cies compared with related phase change composites [7, 34,

practical solar energy storage applications. The DSC curves
of MPPCC-4 before and after 200 thermal cycles are shown
in Fig. 6, and the corresponding thermal parameters are
recorded in Table 3. There is no significant difference in the
DSC curves after 200 thermal cycles, while the value of 4
only decreases about 1.2%. This shows that MPPCC-4 has
almost no loss of phase change enthalpy after 200 thermal
cycles with good thermal reliability and reusability, which
can meet the requirements of PCCs in practical solar energy
storage applications. Figure 6d, e shows no difference in the
position and shape of the peaks of MPPCC-4 before and
after 200 thermal cycles as measured by FTIR and XRD
spectra, indicating good chemical stability of the MPPCCs
to meet practical application requirements.
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Fig. 6 a DSC curves, b enthalpy values, ¢ peak temperature, d FTIR spectra, and e XRD patterns of MPPCC-4 thermally cycled 200 times
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The shape stability of phase change composites is another
key factor for their practical application. As shown in Fig. 7,
all samples are placed in a constant temperature vacuum
oven at 80 °C. Obviously, pure PEG begins to leak after
30 min heating. However, all MPPCCs maintain their intact
shape without any leakage. After 75 min, pure PEG is com-
pletely amorphous melting. In contrast, MPPCCs maintain
their original shape macroscopically without leakage, sug-
gesting the rigid 3D supporting framework and strong capil-
lary force of MPs are beneficial for PEG absorption. Also,
PEG can be tightly fixed via the intermolecular hydrogen
bonding interaction between PEG and MPs [36, 56]. All
above results confirm that aerogels constructed by PI and
MXene show excellent ability to load PEG, and MPPCCs
have good shape stability and reliability.

3.4 UV-vis-NIR measurement and solar-thermal
conversion of MPPCCs

Figure 8a shows the UV—vis-NIR absorption intensity spec-
tra of pure PEG and MPPCCs. Pure PEG has extremely low
absorption over the entire UV-vis-NIR range, even almost
zero below 1150 nm. Likewise, the absorbance of PPCC is
poor tested. With the introduction of MXene nanosheets,
MPPCC-4 and MPPCC-5 exhibit stronger absorbance over
the entire spectral range. Furthermore, the absorption inten-
sity of MPPCC-5 is slightly higher than that of MPPCC-4,

PPCC

'MPPCC-1

b

MPPCC-2

75min

Fig.7 Macroscopic morphology of pure PEG and MPPCCs at 80 °C
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MPPCC-3

which can be attributed to relatively higher MXene content
of MPPCC-5. Theoretically, stronger light absorption means
higher solar-thermal conversion capability, which is benefi-
cial for solar energy storage.

As shown in Fig. 8b, the temperature—time curve (Fig. 8c)
and digital thermal infrared imagery (Fig. 8d) of samples
were recorded using a homemade infrared thermal imag-
ing data recording device. When the light turns on, the
temperature of all samples increased rapidly. When the
detected temperature reaches 55 °C, the PEG in the phase
change composite undergoes a “solid-liquid” phase transi-
tion, the heating rates of all samples start to slow down, and
the radiant heat energy is stored in the form of latent heat.
After 1390 s, the temperature of PPCC raises to 67.3 °C,
while that of MPPCC-4 and MPPCC-5 raise to 78.1 °C and
80.9 °C, respectively. This indicates that the higher the con-
tent of MXene nanosheets in MPPCCs, the faster the heating
rate and the higher the peak temperature, which is consistent
with the UV-vis-NIR results.

When the illumination is stopped at 1390 s, the tem-
peratures of MPPCCs all samples begin to drop rapidly to
about 45 °C due to thermal diffusion between the samples
and the surrounding environment, and begin to undergo a
“liquid—solid” phase transition. The phase transition plat-
form duration of MPPCC-5 during cooling is about 550 s,
which is higher than that of MPPCC-4 (530 s) and PPCC
(510 s). Due to the higher content of MXene nanosheets,

MPPCC-4  MPPCC-5
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Fig.8 a UV-vis—NIR spectra of PEG and MPPCCs; b schematic of
the setup for the solar-thermal conversion test; ¢ temperature—time
curves for MPPCCs during the solar-thermal conversion process; d

more solar-thermal energy converts into heating latent stored
in MPPCC-5 during the same illumination time. Therefore,
the heat storage capacity of MPPCC-5 is better than that
of MPPCC-4 and PPCC under the same light intensity and
duration. Although the PEG loading rate of MPPCC-5 is
1.2% lower than MPPCC-4, there is little effect on the dura-
tion of the phase change platform. Meantime, the results of
phase change platform duration are consistent with DSC.
The above results indicate that the addition of MXene

50.5°C  61.4°C 80.9°C 45.6°C 40.5°C

29.0°C  27.1°C

>

78.1°C  44.9°C 37.7°C

29.8°C 27.7°C 26°C

representative thermal infrared images about the solar-thermal con-
version performance of MPPCCs with different MXene content

nanosheets is beneficial to improving the solar-thermal
conversion ability of MPPCCs. Among them, MPPCC-5
exhibits outstanding solar-thermal conversion ability, fol-
lowing the same trend as the UV—-vis-NIR absorption spec-
trum (Fig. 8a).

Furthermore, the durability of MPPCC-5 under higher
light intensity was investigated by solar-thermal conver-
sion cycling experiments (Fig. 9). As shown in Fig. 9a, c,
comparing with the phase change platform duration keeping
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Fig.9 a, b and ¢ 16 times solar-thermal cycling experiments of MPPCC-5, and d the infrared thermal imaging pictures of MPPCC-5 during test

of the first and the sixteenth

690 s at the first cycle, the 16th duration of MPPCC-5 is
slight shorten to 620 s. However, in Fig. 9b, d, the morphol-
ogy of MPPCC-5 remains almost unchanged before and after
16 cycles. These results show that MPPCC-5 has excellent
solar thermal cycling stability, which provides favorable
conditions for long-term thermal storage of phase change
composites.

3.5 Thermal stability of MPPCCs

The thermal stability of MXene, PI, MP-4, PEG, and MPP-
CCs was evaluated by thermogravimetric analysis (TGA).
Figure 10 and Table 4 show the corresponding TGA and
DTG results. It can be clearly observed from TGA and DTG
curves that the thermal decomposition of all samples exhibits
one step of mass loss. PEG undergoes a one-stage thermal
degradation process corresponding to the pyrolysis of PEG
molecular chains, showing a low onset thermal decomposi-
tion temperature (754, 378.8 °C) and a residual char (2.1%).
MXene demonstrates high thermal stability with a mass loss
of 12.1%. Furthermore, the PI also possesses high thermal
stability, with a high maximum mass loss temperature (7,,,,,)
of 568.4 °C and residual char of 51.6% at 800 °C. Specifically,
in the case of MP-4 exhibits a 7, of 587.2 °C and a residual
char of 79.9% at 800 °C, indicating the thermal stability of

@ Springer

PI can be improved by the addition of MXene. Therefore, the
introduction of MXene can effectively hinder the decompo-
sition of the PI matrix by the catalytic charring and barrier
effect, thus resulting in improved thermal stability [36, 57].

PEG and all MPPCCs show similar thermal decomposi-
tion behavior. It is worth noting that the T,,,, of the MPP-
CCs is slightly increased with the MXene content increases,
which indicates that the thermal degradation of PEG can be
inhibited by the MXene. Figure 10f shows the relationship
between their final carbon residue as PPCC=11.5% > MP
PCC-1=7.5%>MPPCC-5=4.3%>MPPCC-4=3.3%>P
EG=2.1%. This corresponds to the trend of PEG content
contained in the aerogels (Fig. 5¢). With the increase of PEG
loading rate in MPPCCs, the carbon residue rate decreased.
However, compared with PEG, the char residue of MPPCCs
was significantly increased, which is attributed to the MXene
and PI can change the path of thermal degradation and pro-
mote PEG to form carbon residue [36]. The results show
that the MPPCCs have sufficient thermal stability under the
application conditions (61.7 °C).

3.6 Flammability performance of the MPPCCs
The flame-retardant behavior of MPPCCs was investigated

using a micro-combustion calorimeter (MCC). Figure 11
shows the heat release rate (HRR) and total heat release
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Fig. 10 a TGA curves and b DTG curves of MXene aerogel, PI aerogel, MP-4, PEG, and MPPCC-4; ¢ TGA curves, and d DTG curves of PEG

and MPPCCs

(THR) curves of PEG, PMPCC-4, and PPCC. The cor-
responding data, such as peak heat release rate (pHRR),

Table4 TGA results for MXene, PI, MP-4, PEG, and MPPCCs in
nitrogen atmosphere

Samples Tsq (°C) T CO) Char residues
at 800 °C (%)
MXene 536.3 660.8 87.9
PI 552.5 568.4 51.6
MP-4 554.4 587.2 79.9
PEG 378.8 407.7 2.1
PPCC 371.0 401.8 11.5
MPPCC-1 371.3 403.0 7.5
MPPCC-4 375.0 404.8 33
MPPCC-5 375.4 408.9 4.3

pHRR temperature, and THR, are listed in Table 5. From
Fig. 11 and Table 5, it clearly shows that PEG is a flam-
mable material with a high pHRR of 717.2 W/g and a THR
of 24.2 kJ/g. By introducing MXene/PI, pHRR and THR of
MPPCC-4 are reduced by 26.2% and 11.6%, respectively,
compared with those of PEG. The decrease of pHRR and
THR in the MXene/PI@PEG system indicates that the
introduction of MXene/PI effectively decreases the heat
release, thereby enhancing flame retardancy. The phenom-
enon is mainly due to the presence of MXene, which can
contribute to improving the formation of a thermostable
char, and the Ti-containing residual char can inhibit the
underlying matrix from further burning [38, 58]. The SEM
energy spectroscopy (EDS) results of MPPCC-4 before
and after combustion (Fig. 12c,, c,) also demonstrate the
protective effect of Ti-containing char during combustion.
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Fig. 11 a Heat release rate and b total heat release versus temperature curves of the samples

Table 5 MCC data of the samples

Samples pHRR (W/g) pPHRR (°C) THR (kJ/g)
PEG 717.2 411.1 24.2
MPPCC-4 529.3 403.7 214
PPCC 444.0 398.4 14.6

However, compared with MPPCC-4, the pHRR and THR
of PPCC decreased by 16.1% and 31.8%, respectively. The
reason is due to a load of PEG in PPCC being 11.7% less
than in MPPCC-4 and thus weakening the heat release.

The microstructures of the residues were investigated by
SEM. According to Fig. 12a,, a,, the PPCC show honey-
comb-like structures, which are similar to the skeleton of
PI. This indicates that almost all such PEG in PPCC is ther-
mally decomposed and unable to form carbon residue. In
contrast, a large number of fragments of char residues can
be observed for MPPCC-4 residues, as shown in Fig. 12b,,
b,. Such phenomenon demonstrates that the MXene can pro-
mote charring of the pyrolysis products of PEG by catalytic
effect and thus improve the formation of stable graphitized
char, which results in reduced heat release and reinforces
the flame retardancy.
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Fig. 12 SEM images of a;, a, burned PPCC and b,, b, burned MPPCC-4; EDS element spectrum and atomic percentage of ¢; MPPCC-4 and

¢, burned MPPCC-4
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4 Conclusions

In this work, 2D layered MXene nanosheets with excellent
photothermal effect were synthesized via in-situ HF method.
Afterwards, MPs were freeze-dried and thermally annealed
before being impregnated with PEG to create leakage-proof
MPPCCs. MPPCC-4 has high PEG loading capacity (98.1%)
and thermal storage density (167.9 J/g), performing excellent
solar thermal conversion capacity. In addition, the coordinated
effect of MXene nanosheets and PI significantly reduced the
HRR and THR of MPPCCs, while the carbon yield increased,
indicating that the flame retardancy of MPPCCs was signifi-
cantly improved. In conclusion, MPPCCs have extremely
high thermal storage density, excellent flame retardancy, and
good solar-thermal conversion ability, showing a considerable
potential in the field of solar energy utilization.
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