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To solve the problems of easy leakage and weak thermal conductivity of single-phase change material, in

this experiment, cobalt/nitrogen-doped ZIF-67 derived carbon (CoN-ZIF-Cx) was constructed as the

carrier material, and paraffin was used as the phase change core material to construct thermally

enhanced shaped composite phase change materials (Pgg@CoN-ZIF-Cx). The composite PCMs were

characterized using scanning electron microscopy, isothermal nitrogen adsorption—desorption, X-ray

diffraction, and Fourier infrared spectroscopy, and their performance was evaluated using transient

planar heat source techniques, differential scanning calorimetry, and thermal cycling tests. The results

indicated that the impurities of the acid-washed porous carbon material were reduced and the loading
of the paraffin was 60%, and the prepared Pgg@CoN-ZIF-Cx had an excellent thermal performance.
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Among them, Py s@CoN-ZIF-C3 has the melting and crystallization enthalpy of 71.03 J g~* and 68.81 J

g™l The thermal conductivity is 0.4127 W m™t K™, a 46.19% thermal conductivity improvement
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1. Introduction

In recent years, non-renewable resources have been gradually
depleted after a long period of development and utilization,
causing severe environmental and climate effects, leading to an
energy crisis and critical environmental challenges." In
response to these issues, countries around the world have
adopted a variety of measures. Among them, promoting clean
energy, improving energy efficiency, developing alternative
energy sources, and promoting international energy coopera-
tion are significant ways to alleviate the fossil energy crisis and
promote sustainable development.> The current clean, renew-
able energy, mainly hydrogen, wind, and solar energy, are
susceptible to the influence of various factors such as time,
environment, and climate, and have the disadvantages of
intermittency, locality, and instability,>* which leads to the

“Shandong Technology Innovation Center of Carbon Neutrality, School of Thermal
Engineering, Shandong Jianzhu University, Jinan, 250013, China. E-mail: gaoyan.
sdu@hotmail.com

*Shandong Province Jinan Ecological and Environmental Monitoring Center, Jinan,
250101, China

School of Mechanical Engineering Sciences, University of Surrey, Guildford, Surrey,
GU2 7XH, UK

“Shandong Lugiao Group Equipment Technology Development Company, Jinan, China
‘Energy and Environmental Institute, University of Hull, Hull, HU6 7RX, UK

© 2023 The Author(s). Published by the Royal Society of Chemistry

compared with pure paraffin. It still has favourable thermal storage capacity after 50 cycles without
paraffin leakage during the phase transition.

mismatch between energy supply and demand within time and
space that curbs the improvement of energy utilization.?

Thermal Energy Storage (TES) technology aims to store
thermal energy for usage across times and regions. The
different principles of heat storage can be divided into sensible
heat storage, phase change heat storage, and thermochemical
heat storage.® Latent heat storage (LTES) is an effective means of
improving energy utilization and extending thermal energy
applications by utilizing thermal storage materials for heat
storage and release, which merely experience changes in the
physical state during heat storage and release and can be reused
repeatedly.”®

Phase change materials (PCMs) can undergo phase trans-
formation and provide latent heat at a constant temperature,
and the transformation process is known as the phase transi-
tion process.’® Utilizing PCMs for latent heat storage is one of the
most excellent methods. Compared with sensible heat storage
and chemical storage systems, PCMs for latent heat storage can
achieve higher energy storage density while possessing phase
change isothermal properties, which have significant advan-
tages in heat transfer optimization, hot spot control, and other
aspects.'”" PCMs could be classified into four categories: solid—
solid, solid-gas, gas-liquid, and solid-liquid phase change
according to the phase change.” In particular, solid-liquid
phase change materials have higher energy storage density,
possess suitable phase change temperature ranges, and the
volume change is typically less than 10% during the phase
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change process,* which is widely applied to various fields such
as energy storage," waste heat utilization,” and material
fabrication.*®

As a saturated alkane, paraffin has higher latent heat and
suitable phase change temperature, and it can be directly ob-
tained as a by-product of petroleum in industrial fields, which is
non-toxic, non-hazardous, and cost-effective, so it is one of the
most preferred materials for application in LTES systems.'”'®
However, pure paraffin must also overcome the same challenges
as many PCMs, such as low thermal conductivity and easy
leakage, which severely impedes its application in thermal
energy storage systems."

To solve the above problems, scientists from various coun-
tries have conducted extensive research, such as introducing
porous materials with different properties as carrier media,
packaging and storing PCMs, and developing composite PCMs
with stable shapes and improved thermal conductivity. Wang
et al.*® graphitized the hollow carbon fibre in asphalt, extracted
the hollow graphite fibre (HGF), and adsorbed paraffin to
prepare the HGF/PCM composite, which has a latent heat of 160
J g ' and a thermal conductivity of 2.5 W m™~* K *. Compared
with pure paraffin, the thermal conductivity is increased by
more than 680%. Wang et al.>* modified copper foam with high-
density nanorods (NR) to provide uniform attachment points
for ZIF-67 derived porous carbon (PC) that prevent PC aggre-
gation and then prepared SA@PC/NRs composite phase change
materials with a core material of stearic acid (SA). This hierar-
chical composite has a stearic acid loading of 42% and
a thermal conductivity of 0.81 W m™' K !, dramatically
improving the material's energy storage efficiency, durability,
and shape stability. Atinafu et al.** prepared N-doped porous
carbon (NPC-Al) with NH,-MIL-53 (Al) as a precursor and ob-
tained composite PCMs by compounding with polyethylene
glycol (PEG). The NPC-Al carrier material exhibited large and
regular pore size, large specific surface area, and high nitrogen
content. The results show that the loading of N-doped carbon
materials on the peg is only 85%, and the melting enthalpy is
148.1 ] g '; The N-modified carbon material can increase the
peg loading to 90%, the melting enthalpy to 168.3 J g~ ', and the
thermal conductivity to 0.41 W m™" K™, which is 52% higher
than that of the n-doped material.

Metal-Organic Frameworks (MOFs) are a new type of porous
material, self-assembled from metal ions and organic ligands,
and are organic-inorganic hybrid materials.”?® The interaction
between metal ions and organic ligands forms the pore struc-
ture of MOFs. This particular structure makes MOFs have good
thermal stability, chemical stability, and mechanical properties
and can withstand extreme conditions such as high tempera-
ture and high pressure.* In addition, MOFs materials also have
many advantages, such as large specific surface area, adjustable
pore size, directional tailoring, and post modification, which
are widely used in adsorption catalysis,* energy storage,*® gas
storage and separation,”” and other fields. In recent years, MOFs
have become an emerging carrier for the preparation of
composite PCMs materials, MOFs-based composite PCMs have
attracted much attention; however, most MOFs materials have
relatively low thermal conductivity, which is difficult to fulfil the
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problem of improving the thermal conductivity of composite
PCMs.”® The porous carbon-based material derived from MOFs
can be obtained by calcining at high temperatures in an inert
atmosphere with MOFs as the precursor. The derived porous
carbon-based material can inherit the pore structure of the
MOFs precursor through a specific process, and the pore
diameter can also be enlarged.” Using MOFs containing
specific metal atoms as precursors, the multi-level porous
structure doped with metal particles can be obtained by calci-
nation, in which the metal ions will be partially reduced in the
carbonization process, and the reduced metal can in turn
improve the graphitization degree of carbon.*® By introducing
specific heteroatoms or functional groups or further modifying
the crystal structure, MOFs derived carbon materials can be
endowed with higher porosity and rich active sites.* Composite
PCMs using MOFs derived from porous carbon materials as
carriers generally have the effect of improved thermal
conductivity.**

As a typical representative of MOFs, ZIF-67 is a metal
organic framework self-assembled by metal cobalt and imid-
azole ligands. Compared with other MOFs, ZIF-67 can be
prepared by hydrothermal method with low cost,* and the
imidazole ligand in ZIF-67 introduces nitrogen element,
which can obtain nitrogen in situ doped carbon after carbon-
ization. The nitrogen based functional group is easy to
generate hydrogen bond with the phase change core material,
which plays a role in restraining leakage during the phase
change process of the phase change core material, and
improves the thermal conductivity.’*

In this study, ZIF-67 nanocrystals were prepared by sol-
vothermal method. Cobalt/nitrogen-doped ZIF-67-derived
porous carbon materials were obtained by high-temperature
calcination in the N, atmosphere, and the pickling time was
controlled to remove excess impurities. The ZIF-67-derived
porous carbon material was used as the carrier to encapsulate
the paraffin core effectively, and the stable shape of high
thermal conductivity composite PCMs was prepared. Various
characterization techniques were used to study the micro-
structure of the material and the thermal properties of the
composite PCMs, explore the optimal paraffin load to obtain the
maximum energy storage and solve the problems of easy
leakage and low thermal conductivity of the paraffin core.

2. Research methods

2.1. Experimental materials and equipment

2.1.1. Experimental materials. Cobalt nitrate hexahydrate
(Co(NO3),-6H,0), 2-methylimidazole (C,H¢O,), methanol
(CH,40), and ethanol (C,HO), Shanghai Maclean Biochemical
Technology Co; No. 58 fully refined paraffin, Daqing Paraffin
Sales Company. The above drugs are of analytical grade.

2.1.2. Experimental equipment. Thermostatic water bath
(SUPO, HHW-600, China), vacuum drying oven (SUNNE, SN-
DZF-6050, China), tubular muffle furnace (Tianjin Zhonghuan
Electric Furnace, ZHK-03123K-D, China), electronic analytical
balance (LICHEN, LC-FA1004, China), centrifuge (VRERA, LD-3,
China), tablet press (MITR, MC-15, China).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.2. Samples preparation

2.2.1. Preparation of ZIF-67. Add 5.82 g of cobalt nitrate
hexahydrate to 100 ml of methanol, record it as A, add 10.25 g of
2-methylimidazole to 200 ml of methanol, record it as B, and
continuously stir A and B for 15 min until they are completely
dissolved. Pour the liquid from A into B, keep stirring for
30 min, and let it stand at room temperature for 24 h. After
precipitation, the supernatant was poured out, and the product
was centrifuged in a centrifuge with deionized water and
methanol for three times for thorough cleaning. The cleaned
purple product was dried in an oven at 80 °C for 24 h to obtain
ZIF-67 nanocrystals.

2.2.2. Preparation of ZIF-67 derived carbon materials. The
precursor ZIF-67 was placed in a tubular muffle furnace, raised
to 800 °C at 5 °C min ™" in the N, atmosphere, and calcined at
800 °C for 6 h. After it was reduced to room temperature, ZIF-67-
derived carbon material was obtained, named CoN-ZIF-C. The
obtained carbon material was pickled in 5 mol L™" hydrochloric
acid solution for 1, 2, and 3 days, respectively, and recorded as
CoN-ZIF-Cx (x = 1, 2, 3).

2.2.3. Preparation of composite PCMs. The preparation of
composite PCMs was carried out by the physical co-
impregnation method.** The quantitative paraffin was added
to 100 ml of anhydrous ethanol and stirred in a constant
temperature water bath at 60 °C until it was completely dis-
solved. Subsequently, CON-ZIF-Cx carrier material was added
proportionally (60 wt%) stirred for 4 h, and then polished into
powder after cooling to room temperature. To improve the
homogeneity of the powder, the above operations were
repeated 3 times. Finally, the powder was dried in a 60 °C
vacuum drying oven for 48 hours until the anhydrous ethanol
was evaporated entirely to obtain a composite PCMs with
a paraffin loading of 60%, recorded as P, s@CoN-ZIF-Cx. In
addition, the tablet pressing machine is used to prepare
cylindrical samples: weigh 300.0 mg of PCMs and place it in
a 13 mm diameter mold, place the mold in the tablet pressing
machine, set the pressure of 6.0 MPa and maintain it for
3 min, and prepare a 13 mm diameter cylindrical sample for
subsequent use. The paraffin load (X) is calculated by the
following formula:

m
X=—"1 " x100%
my + my
where: m; and m, are the mass of paraffin and carrier material

respectively, g.

2.3. Characterization of physical and chemical properties

The specific surface area, pore volume, pore structure,
and other parameters of the samples were detected by the
automatic specific surface area analyzer (Belsorp-max,
MicrotracBEL, Japan). The samples were degassed at 150 °C
for 24 h, and the N, adsorption-desorption isotherm curve
was obtained at 77 K. The specific surface area and pore
structure were calculated by Brunauer-Emmet-Teller (BET)
formula and Barrett-Joyner-Halenda (BJH) model,
respectively.®®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Brunauer-Emmet-Teller(BET):

P 1 Cc-1 P

VPo—P) VaxC VoxC'h

where: P: nitrogen partial pressure, Pa; P,: saturated vapor
pressure of nitrogen at adsorption temperature, Pa; V: the actual
adsorption amount of nitrogen on the sample surface, ml; V;;:
saturated adsorption capacity of nitrogen monolayer, ml; C:
constant related to the adsorption capacity of the sample.
Barrett-Joyner-Halenda(BJH):

P 2V,

In — =
" P T FRT

where: P/P,: relative pressure in equilibrium with meniscus; v:
surface tension of adsorbate in liquid form, N m™"; V,,,: liquid
molar volume, L mol ™ %; r: radius of the meniscus formed, m; T:
temperature, K; R: general gas constant.

The phase and crystal structure of the samples were analyzed
by X-ray diffractometer (Smartlab 9, Rigaku, Japan). At room
temperature, the scanning speed was 20 deg min ', the scan-
ning step was 0.01°, and the scanning range was 5° to 90°.
Fourier determined the functional groups of PCMs samples
transform infrared spectrometer (Tensor27, Bruker, German).
The test range was 500 cm™ " to 4000 cm ™', and the spectral
resolution was 4 cm ™. Scanning electron microscopy (SU8010,
Zeiss, German) was used to detect the micromorphology of the
samples, with a maximum resolution of 1 nm and an acceler-
ation voltage of 0.1 kV to 30 kV. In addition, the samples should
be diluted appropriately and sprayed with gold before testing.

The thermal storage properties of the composite PCMs were
determined using a differential scanning calorimeter (TA Q20,
Mettler Toledo, Switzerland), with composite PCMs heated and
cooled at the rate of 10 K min~* between 30 °C and 90 °C in N,
atmosphere and the N, flow rate maintained at 5 ml min . The
thermal conductivity of composite PCMs was determined by the
transient planar source technique (TPS 2500S, HotDisk, Swit-
zerland). The test power was 30 mW, and the test time was 20 s.
The pressed composite PCMs samples were placed on filter
paper and heated in a 70 °C drying oven for 30 min. The sample
morphology was observed after cooling to room temperature,
and the sample quality before and after heating was recorded.
The chemical structure and thermal storage performance of the
samples heated 50 times were analyzed again to detect the
thermal cycle stability of the composite PCMs.

3. Results and discussion

3.1. Pore structure analysis

To evaluate the pore structure of different carrier materials, N,
adsorption-desorption experiments were carried out. The N,
adsorption-desorption isotherms and pore size distribution of
CoN-ZIF-Cx were shown in Fig. 1a and b, respectively, and the
detailed specific surface area, pore volume, and average pore
size of CoN-ZIF-Cx were summarized in Table 1. As seen in
Fig. 1a, CoN-ZIF-Cx all exhibit type IV N, adsorption—-desorption
isotherms and produce H3-type hysteresis loops, indicating the
presence of CoN-ZIF-Cx intermediate pores.

RSC Adv, 2023, 13, 26907-26917 | 26909
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Fig. 1 BET test of CoN-ZIF-Cx (a) N, adsorption—desorption isotherm (b) pore size distribution.

Table 1 Specific surface area, pore volume, and average pore size of
different CoN-ZIF-Cx

Surface area Pore volume Average pore

Samples (m*>g™) (em® g™ diameter (nm)
CoN-ZIF-CO 409.12 0.537 5.25
CoN-ZIF-C1 398.80 0.609 6.11
CoN-ZIF-C2 280.46 0.625 8.91
CON-ZIF-C3 290.74 0.777 10.69

With the increase in pickling time, CoN-ZIF-Cx exhibited
higher adsorption in the high-pressure region with P/P, > 0.9,
indicating that the material's pore structure was expanded after
prolonged pickling.*” Fig. 1b further demonstrates the
expanded pore size range of the CoN-ZIF-Cx material, as shown
in Table 1, where the pore volume of the material increases
from 0.537 cm® g~ ' to 0.777 cm® g " and the average pore size
increases from 5.25 nm to 10.69 nm with increasing acid
washing time. In addition, as can be seen from Fig. 1b, CoON-ZIF-
Cx presents a hierarchical pore structure with micropores/
mesopores. Micropores are distributed between 0-2 nm,
mainly between 1-2 nm, and mesopores are distributed

(@) —u— P, (@CoN-ZIF-C3
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between 2-50 nm, mainly between 2-10 nm. Micropores could
produce a strong adsorption force on paraffin, maintain the
stability of composite PCMs, and effectively prevent the leakage
of phase change core material.*® Mesopores could provide more
phase change space for paraffin, substantially increase the
paraffin loading and maintain high thermal storage efficiency.*
The results show that the sintered MOFs materials still have
good pore structure.

In order to study the pore structure changes after paraffin
encapsulation, N, adsorption desorption experiments were
carried out on P, s@CON-ZIF-C3 with the best performance.
Fig. 2a and b shows the N, adsorption desorption isotherm and
pore size distribution of P, s@CoN-ZIF-C3 respectively, and the
detailed specific surface area, pore volume and average pore
size of P,¢@CON-ZIF-C3 are summarized in Table 2. The

Table 2 Specific surface area, pore volume and average pore diam-
eter of Pgg@CoN-ZIF-C3

Surface area Pore volume Average pore

Sample (m>g™ (em®g™) diameter (nm)
Pos@CON-ZIF-C3  4.99 0.041 32.5
0.008
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Fig. 2 BET test of P g@CoN-ZIF-C3 (a) N, adsorption—desorption isotherm (b) pore size distribution.
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specific surface area of the composite phase change material is
4.99 m> g~', and the pore volume is 0.041 cm® g™, which is
significantly lower than that of the carrier material. This indi-
cates that paraffin can be adsorbed by the carrier material, and
ZIF-67 derived carbon material is a good carrier material for
composite PCMs.* In addition, it can be seen from Fig. 2b that
due to the filling of paraffin, the pores of the phase change
material after composite are significantly reduced, and the pore
size distribution is significantly reduced. The 0-1 nm micropore
structure no longer exists, and the number of 1-2 nm micro-
pores and some mesopores decreases sharply, so the average
pore size of the composite phase change material has been
greatly improved.

3.2. X-ray diffraction analysis

The XRD pattern of CoN-ZIF-C, carrier material was shown in
Fig. 3a. If indicated, ZIF-67 shows the prominent characteristic
peaks in the (011), (002), (112), and (222) planes around 26 =
7.49°, 10.54°, 12.88° and 18.20°.** The ZIF-67 crystals under-
went a structural transformation after calcination at high
temperatures. The prominent characteristic peaks of the
carbonized CoN-ZIF-Cx samples were located at 44.15°, 51.42°,
and 75.81°, corresponding to the (111), (200), and (220) crystal

View Article Online
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planes of cobalt crystals,*” in addition to the typical character-
istic peak at 260 = 26.14° corresponding to the (002) crystal
planes of graphitic carbon,* the presence of cobalt monomers
and graphitic carbon can effectively improve the thermal
conductivity of the material. After pickling, the CoN-ZIF-Cx
carrier material still showed a one-to-one corresponding char-
acteristic derivative peak, indicating that pickling did not
damage the main structure of the material.

The XRD patterns of the composite PCMs were shown in
Fig. 3b. The paraffin exhibited two distinct characteristic peaks
at 20 = 21.43° and 23.85°, corresponding to the (110) and (200)
crystallographic planes, respectively.*® The spectrum of
P, s@CON-ZIF-Cx contains the characteristic peaks of paraffin
in addition to the characteristic peaks of CoN-ZIF-Cx carrier
material, which indicates that the composite PCMs were
successfully synthesized, except that no novel characteristic
diffraction peaks were generated, meaning that the composite
process of paraffin with CoN-ZIF-Cx carrier material was only
a physical process without any chemical changes. In addition,
the characteristic peaks of the paraffin portion of the P, s@CoN-
ZIF-Cx spectrum were below those of the paraffin itself due to
factors such as nano-constraint between the paraffin and CoN-
ZIF-Cx carrier materials.

(a) . o0 . s -Calétgon +Co (b) - eParaffin ¢Co
‘ - e CoN-ZIF-C3 | & "
i i ! i =
i oo i S RS
A ! i . S Paraffin
i CoN-ZIF-C2 =
—~ i i ! 1 — ! 2 =
5 : T i 3 i E S
8 . AL CoN-ZIF-C1 i 8 | =R e~ P (@CoN-ZIF-C3
1 suaaad] i 4 1 ;
‘.2: i i i ; ‘_Z: i ! 1
2|~ i i i : iz i ! i
£lg i - i 5 ' P
s e A CoN-ZIF-CO | £ | e P, (@CON-ZIF-C2
bl i T
1 I
i !
= | L P, (@COoN-ZIF-C1
o ! i g
S ~ ! !
ST § i b
S Q | ! - ZIF-
| ZIF67 Nl ey P, (@CoN-ZIF-CO
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
20 (°) 26 (%)

Fig. 3 XRD spectrum of materials before and after compounding (a) CoN-ZIF-Cx (b) Pg s@CoN-ZIF-Cx.
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3.3. Fourier infrared spectral analysis

The FTIR spectra of ZIF-67 and its derived carbon materials
were shown in Fig. 4a. Most of the diffraction peaks in ZIF-67
come from imidazole ligands. The stretching and bending
modes of the imidazole ring cause infrared characteristic peaks
at 600 cm ™' to 1500 cm ™ '.** The out-of-plane vibration of the
plane and imidazole ring causes characteristic peaks below
800 cm '. The -characteristic peaks detected at about
1423.41 cm™' and 1305.76 em™ ' were attributed to the
stretching vibration of the imidazole ring.*> In addition, two
infrared characteristic peaks of 1141.82 cm ™" and 991.37 cm ™"
were caused by the stretching vibration of the C-N bond and the
stretching vibration of Co-N, and the stretching vibration of
C=N bond causes one characteristic peak of 1579.64 cm *.*°
The detection of infrared functional groups proved that ZIF-67
material was successfully synthesized, and there was apparent
cobalt/nitrogen doping. No pronounced characteristic peaks
were observed in the infrared spectra of the carbonized CoN-
ZIF-Cx sample, indicating that its functional groups had been
wholly decomposed during high-temperature treatment.

Fig. 4b shows the FTIR spectra of composite PCMs
(Po.s@CON-ZIF-Cx). The infrared absorption peaks of paraffin at
2916.26 cm ™' and 1461.99 cm™ ' represent the symmetric
stretching and deformation vibrations of -CHj, respectively,
and the infrared absorption peaks at 2848.76 cm ' and
1377.12 cm™ ! represent the stretching and deformation vibra-
tions of -CH,, respectively. In addition, the infrared absorption
peak at 719.42 cm ™' was caused by the in-plane rocking vibra-
tion of -CH,.*"

The characteristic infrared absorption peaks of paraffin
could be found in the FTIR spectrum of P, (@CoN-ZIF-Cx, and
the characteristic peaks are sharp and robust without any
deviation, indicating excellent chemical compatibility between
paraffin and CoN-ZIF-Cx. The composite PCMs did not produce
new infrared absorption peaks, meaning only physical changes
occurred, consistent with the XRD results. In addition, as the

Fig.5 SEM images of the sample (a) ZIF-67 (b) CoN-ZIF-CO (c) CoN-
ZIF-C3 (d) Po.s@CoN-ZIF-C3.
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hydrogen bonding between the paraffin and carbon materials
and the van der Waals force constraint, there was a significant
reduction in the characteristic absorption peak of the paraffin
corresponding to the composite P, ¢@CoN-ZIF-Cx material.*®
For different pickling times of carbon materials, the charac-
teristic absorption peaks of paraffin in P, s@CON-ZIF-CO,
Py.c@CON-ZIF-C1, and P, @CON-ZIF-C2 were more extensive
than those in P, @CoON-ZIF-C3 samples, which might be
caused by partial leakage of paraffin in P, s@CoN-ZIF-CO,
P, s@CON-ZIF-C1, and P, (@CON-ZIF-C2.

3.4. Microscopic morphological analysis

The microscopic morphologies of ZIF-67, CoN-ZIF-C0, CON-ZIF-
C3, and P, (@CoN-ZIF-C3 were observed using scanning elec-
tron microscopy (SEM), and the results were shown in Fig. 5.
ZIF-67 showed a dodecahedral structure and a relatively smooth
surface. After carbonization, the surface roughness of the CoN-
ZIF-CO sample increased dramatically, and worm-like striated
particles were attached. Fig. 5¢ shows that on the surface of the
CoN-ZIF-C3 sample, the particles were evident after a long time
of acid washing, and the remaining impurities were reduced. It
could be observed from Fig. 5d that the CoN-ZIF-C3 loaded with
paraffin has a full shape, which proves that CoN-ZIF-C3 could
effectively adsorb paraffin and is a good carrier material in
composite PCMs.

3.5. Thermal conductivity of composite PCMs

As seen in Fig. 6a, using ZIF-67-derived cobalt/nitrogen carbon
nanomaterials as carriers significantly improved the thermal
conductivity of paraffin cores, from 0.2823 W m™* K™ ' for
paraffin to 0.4127-0.4279 W m ™" K ', This phenomenon was
attributed to the fact that the graphitic carbon material itself is
an excellent thermal conductivity carrier material, which could
realize heat conduction through thermal vibrations of lattice
atoms, and the precursor of the derived carbon material, ZIF-67,
uses 2-methylimidazole as a ligand and introduces nitrogen-
containing functional groups, in which the nitrogen doping
makes the Fermi energy level of the carbon-based skeleton
closer to the conduction band, which can increase the phonon
transfer rate and further improve the thermal conductivity.*>*°
In addition, the thermal conductivity of the cobalt monomers
produced during carbonization is higher than paraffin. Metallic
cobalt could catalyze the carbonization process, intensifying the
graphitization of thematerial.**

The thermal conductivity improvement amplitude of
composite PCMs was listed in Fig. 6b. It is easy to see that the
thermal conductivity of the sample with 60% paraffin loading
and without acid washing improved to 0.4279 W m™* K,
which is up to 51.58% improvement in thermal conductivity
compared to 0.2823 W m~ " K™ ' of paraffin itself. As the pickling
time of the carrier material increases from 1-3 days, the thermal
conductivity had a minimal decrease but still had a thermal
conductivity improvement of 46.19% to 48.18%. This
phenomenon may be because while the pickling process washes
away excess impurities, it removes large particles of cobalt
monomers, producing a tiny reduction in thermal conductivity.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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P, (@CON-ZIF-C3

P, (@CoN-ZIF-C2

P, (@CON-ZIF-C1

P, (@CoN-ZIF-C0

Paraffin

(b)

51.58%

48.18%

46.51% 46.19%

Improvement amplitude(%)

0.0 0.1 0.2 0.3 0.4
Thermal conductivity (W-m'-K™")

Py (@CoN-ZIF-C0 Py (@CoN-ZIF-Cl Py (@CoN-ZIF-C2 P, @CoN-ZIF-C3

Fig. 6 Thermal conductivity and thermal conductivity improvement of composite PCMs (a) thermal conductivity (b) thermal conductivity

improvement.

Collectively, the ZIF-67 high-temperature-derived cobalt/
nitrogen carbon nanomaterials had excellent thermal conduc-
tivity, constructed efficient heat transfer channels for paraffin
core materials, and substantially improved the thermal
conductivity of composite PCMs.

3.6. Thermal storage performance of composite PCMs

Fig. 7 shows the DSC curve of P,s@CON-ZIF-Cx. From the
figure, it could be seen that the DSC curve of Py (@CoN-ZIF-Cx
was similar to that of paraffin, and there was only one signifi-
cant central peak in the melting/solidification process, which
indicates that the heat absorption/exothermic process of
P, s@CON-ZIF-Cx is only the phase change process of paraffin.>

The thermal property parameters of paraffin and composite
PCMs were listed in Table 3. It could be seen that the enthalpy
of melting and enthalpy of crystallization for paraffin were
133.84] ¢ " and 135.93 ] g ', respectively, which was the source
of heat storage/exotherm for composite PCMs. According to the
mass fraction of paraffin loaded, the theoretical melting
enthalpy and crystallization enthalpy of P, s@CoN-ZIF-Cx are
80.30 J ¢ ' and 81.56 ] g, respectively. However, it could be

Paraffin

P, (@CoN-ZIF-C3

P, (@CoN-ZIF-C2

P, 4@CoN-ZIF-Cl1

P, (@CoN-ZIF-CO

Heat Flow (W-g™)

30 40 50 60 70 80
Temperature (°C)

Fig. 7 DSC curve of composite PCMs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

seen from Table 3 that the actual melting/crystallization
enthalpy of P, @CoN-ZIF-Cx was lower than the theoretical
value, indicating that the phase transition process of paraffin
was limited by the carrier material CoN-ZIF-Cx, which may be
attributed to the strong hydrogen bonding between the
nitrogen-doped pore structure and the paraffin molecules,
limiting the paraffin molecules in the adhesive part to undergo
the phase transition, thus leading to a lower enthalpy of phase
transition.

For the samples before and after pickling, the melting/
crystallization enthalpy of P, s@CoN-ZIF-CO was much higher
than that of Pys@CON-ZIF-C1, Py¢@CoON-ZIF-C2, and
Py s@CON-ZIF-C3, which may be caused by the leakage of a large
amount of paraffin in this sample. For samples pickled for 1-3
days, the melting/crystallization enthalpies of the composite
PCMs increased gradually with increasing pickling time, and
Py.c@CON-ZIF-C3 possessed 71.03 J g ' and 68.81 ] g~ of
melting enthalpies and crystallization enthalpies. Chun et al.>®
Used oil palm shell to prepare carbon based materials as
paraffin carrier, and developed composite phase change mate-
rials with stable shape. The paraffin load was 31%, the melting
and crystallization temperatures of the composites were 29.2 °C
and 31.6 °C, and the melting and crystallization enthalpies were
57.3]J g ' and 57.2 ] g~ '. At the same time, they showed stable
phase change temperature and good thermal cycle stability. Li

Table 3 Phase transition latent heat and phase transition temperature
of different samples

Crystallization
Melting process process
Sample M, (Jg')  Twm(°C)  AH.(Jg')  Te(°C)
Paraffin 133.84 54.82 135.93 51.61
Py.¢@CON-ZIF-CO 78.08 55.90 76.76 52.94
P, s@CON-ZIF-C1 64.56 55.64 62.58 51.69
Py s@CON-ZIF-C2 66.85 55.68 64.08 51.70
Py.c@CON-ZIF-C3 71.03 55.58 68.81 51.97

RSC Adv, 2023, 13, 26907-26917 | 26913
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et al>* Used MOF-5 skeleton material containing Zn metal to
obtain MOF-5 derived porous carbon material and ZnO at high
temperature as the carrier to obtain paraffin/MOF-5-PC/ZnO
composite phase change material, which has an enthalpy
value of 84.96 J ¢~ ', and still maintained at 84.83 J g~ " before
and after 50 thermal cycles, proving that the material has
thermal cycle stability and has the same trend as this
experiment.

The study showed that ZIF-67 derived carbon material can be
used as a good carrier to store paraffin, and the adsorption force
of its micropores on the phase change material could maintain
the stability of the composite. However, a large number of
micropores will produce a nano-constraining effect. Mass
transfer resistance in the phase change crystallization process
was not conducive to the release of latent heat.> After acid
pickling, A washed away excess impurities and large particles of
cobalt monomers with a broader pore size, providing a broader
phase change space for paraffin molecules and effectively
improving the heat storage efficiency.

3.7. Shape setting ability of composite PCMs

The shaping ability of sample P, s@CON-ZIF-Cx was measured
through the leakage experiment, and the leakage rate (¢) was
used as the evaluation index, where the following formula can
calculate ¢:

e= TR 100%
ny
where: m; and m, are the sample masses before and after
heating, g.

Fig. 8 illustrated the morphological images of the composite
PCMs material before and after heating, and Fig. 8 shows the
variation of leakage rate for different composite PCMs. The
figure shows that the single paraffin completely melted to the
liquid state after heating. At the same time, the Px@CoN-ZIF-Cx
composite material could maintain the original shape
unchanged after heating, indicating that the CoN-ZIF-Cx carrier
material could significantly improve the paraffin setting ability.

P, (@CoN-ZIF-CO

Paraffin

Fig. 8 Image of composite PCMs before and after heating.
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This phenomenon was attributed to the interfacial interaction
between the graded pore structure of the CoN-ZIF-Cx carrier
material and the nitrogen-doped pore walls, thus limiting the
leakage of paraffin molecules.

The area of the shaded area enables further determination of
the effect of different pickling times on the ability to set the
shape of the material. The P, s@CoN-ZIF-CO sample has the
largest shaded area, indicating the most severe leakage, with
a leakage rate of 5.7%. With the increase in the pickling time of
carrier material, the shadow area of the P,@CON-ZIF-Cx
composite gradually decreases. The leakage rates of P, s@CoN-
ZIF-C1 and P, @CoN-ZIF-C2 samples after pickling for 1 to 2
days are 1.09% and 0.37%. When the pickling time was
extended to three days, the Py s@CON-ZIF-C3 sample did not
leak.

According to the analysis, this phenomenon may be attrib-
uted to the small pore size, pore volume, and specific surface
area of CoN-ZIF-C0, which cannot absorb all paraffin molecules,
resulting in leakage. After pickling, the CoN-ZIF-Cx carrier
material washed away the excess impurities, the metal ions and
large particles of cobalt were screened out, the pore size and
specific surface area increased, and the hierarchical pore

5.7%

1.09%
. 0.00%

P, (@COoN-ZIF-CO Py (@COoN-ZIF-C1 P, @CoN-ZIF-C2 P, @CoN-ZIF-C3

Leakage rate(%)

Fig. 9 Leakage rate of different composite PCMs.

P, (@CON-ZIF-C2 P, (@CoN-ZIF-C3
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Fig. 10 DSC image of the Pgg¢@CoN-ZIF-C3 before and after 50
thermal cycles.

structure was more conducive to the entry of paraffin molecules
into the pore structure, providing sufficient physical space to
limit the paraffin leakage together with the gross management,
surface tension, and hydrogen bonding.** Under multiple
factors, Px@CoN-ZIF-Cx had built an excellent shape-setting
ability (Fig. 9).
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3.8. Thermal cycle stability of composite PCMs

Considering the thermal properties and shape setting ability of
multiple samples, CoN-ZIF-C3 was selected as the best carrier
material after pickling for three days, and the thermal cycle
experiment of P, @CON-ZIF-C3 sample was carried out 50
times to detect and analyze its stability. Fig. 10 and 11 shows the
DSC and chemical structure analyses of P, s@CoN-ZIF-C3 after
50 thermal cycles. Fig. 12 shows the morphology change of
Py s@CON-ZIF-C3 after 50 thermal cycles. It could be observed
from Fig. 10 that the DSC curves of Py, (@CoN-ZIF-C3 did not
change significantly after 50 thermal cycles. The melting/
crystallization enthalpies changed from 71.03 J ¢~ * and 68.81
J g to 7022 J ¢! and 68.05 J g ', and the melting/
crystallization enthalpies decreased by 0.81 J g~ ' and 0.76 ]
g, respectively, with a change of less than 1.2%. It could be
seen from Fig. 11 that the XRD and FTIR spectra of P, s@CoN-
ZIF-C3 had not changed significantly before and after 50
thermal cycles, indicating that the phase composition had not
changed. It could be seen from Fig. 12 that the morphology of
Py s@CON-ZIF-C3 has no change before and after 50 thermal
cycles, and no collapse and melting phenomena are found. In
conclusion, Py @COoN-ZIF-C3 had good thermal cycle stability.

(a)
=
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=t v
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R
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Fig. 11 Chemical structure analysis of the Py s@CoN-ZIF-C3 before and after 50 thermal cycles (a) XRD pattern (b) FTIR pattern.

Fig. 12 Image of 50 thermal cycles of Pg¢@CoN-ZIF-C3 (a

© 2023 The Author(s). Published by the Royal Society of Chemistry

) before cycle (b) after cycle.
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4. Conclusions

To solve the problems of easy leakage and low thermal
conductivity of paraffin in the process of phase transition, the
cobalt/nitrogen-doped ZIF-67 derived carbon material was used
as the carrier, and the composite PCMs with improved thermal
conductivity were constructed with paraffin core material after
acid pickling for different times, XRD, FTIR, SEM, and BET were
used to characterize the composite PCMs. The thermal prop-
erties of the composite PCMs were investigated by DSC, TPS,
and other similar methods, and the main conclusions were as
follows:

(1) The characterization results prove that the compounding
of paraffin and carrier material involves only physical processes
without chemical change. Characterization, a thermal perfor-
mance test, and an anti-leakage test taken together, CON-ZIF-Cx
carrier material could load paraffin up to 60%, effectively
solving the problem of easy leakage during the paraffin phase
change.

(2) The cobalt/nitrogen-doped carbon-based carrier had
a graded pore structure that provided sufficient capillary
management and surface tension to limit paraffin leakage
together with hydrogen bonding; it could offer enough physical
space for the phase transition of the paraffin core so that the
composite material still had excellent shaping ability, thermal
storage capacity, and thermal cycling stability.

(3) The thermal conductivity of sample P, s @CoN-ZIF-C3 was
0.4127 W m ' K™ ', which was 46.19% higher than that of the
pure paraffin core of 0.2823 W m ' K™, and the heat transfer
performance was greatly improved. At the same time, the
composite PCMs still possessed excellent heat storage perfor-
mance, with enthalpy of melting and enthalpy of crystallization
of 71.03 J g ' and 68.81 ] g ', respectively, and still had
favourable heat storage capacity after 50 repeated thermal
cycles.
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