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ABSTRACT: Adsorption heat conversion systems can provide
heating and cooling across time and space in a more environ-
mentally friendly way. Porous materials are potential candidates for
water-based adsorption thermal conversion, in which a metal−
organic framework (MOF) has a larger specific surface area and
porosity than other porous matrices. However, many MOFs with
high saturated adsorption capacity have great deficiencies in
performance at low water vapor partial pressure, which hinder their
application in adsorption thermal conversion. To improve the
water vapor adsorption performance of MIL-101 (Cr), different
contents of magnesium chloride, lithium chloride, and lanthanum
chloride are mixed into MIL-101 (Cr) by an impregnation method.
The properties and structures of the materials are characterized by
XRD, SEM, nitrogen adsorption tests, water vapor adsorption tests, TG, FTIR, and so on. The results show that the saturated water
vapor adsorption capacity of the sample impregnated with salt increases by 1.5−2.3 times, up to 2.24 g/g, compared with that of the
unimpregnated sample. When the partial pressure of water vapor is 0.3, the adsorption capacity increases by 5.3−7.5 times and
reaches 0.68 g/g at most. The maximum heat storage density of impregnated samples can be increased by 866 J/g. Impregnated
MgCl2 can greatly improve the adsorption and thermal conversion performance of MOF, and impregnated MgCl2 and the proper
amount of LiCl can further improve the performance of the material system. Our experiments show that the composite impregnation
of magnesium chloride and the proper amount of lithium chloride can improve the application performance of the MOF materials in
the adsorption thermal conversion process.

1. INTRODUCTION
The energy problem is one of the important challenges facing
today’s society. Energy storage and utilization across time and
space are important methods to solve this problem, and it is
also an urgent problem to be further solved at present. Heat
storage is a more economical and efficient method of energy
storage than electricity storage. Heat storage is divided into
sensible heat storage, latent heat storage, and chemical reaction
heat storage.1 Chemical reaction thermal storage has the
characteristics of high-energy storage density and a wide
temperature range.2 The adsorption heat pump is widely used
in chemical reaction heat storage. It is an exothermic/
endothermic system that utilizes adsorption/desorption
between adsorbents and adsorbates and has been applied in
industrial waste heat recovery,3 seasonal heat storage,4

refrigeration,5 and so on. According to the adsorption process,
adsorption heat pumps can be divided into three categories:6

physical adsorption, chemical adsorption, and mixed adsorp-
tion. Ammonia,7 acetone,8 water vapor,9 etc., are commonly
used adsorbents in adsorption heat pumps. Because water is

easily available and harmless, more adsorption heat pump
systems choose water vapor as the adsorbate material. The
commonly used adsorbents are mainly various porous
materials, such as zeolite,10 expanded vermiculite,11 kaolin,12

diatomite,13 microporous aluminum phosphate,14 and so on.
They physically adsorb with water at lower temperatures and
release heat, while they store heat by dehydration and heat
absorption at higher temperatures.1

MOFs are a new kind of porous material developed in recent
years. Compared with the porous materials mentioned above,
MOF materials have the characteristics of large specific surface
area, uniform pore structure distribution, and more micropore
distribution, so they have better adsorption performance. MIL-
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101,15 MIL-125,16 MOF-505,17 UIO-66,18 and MOF-80119

have been widely studied and paid attention to as adsorbent
materials. Because of their excellent adsorption performance,
MOFs have broad application prospects in adsorption thermal
conversion. Harry Kummer43 and others studied HKUST-1
and MIL-101 (Cr) as adsorption refrigerants and found that
these materials have excellent adsorption properties. Jeremias
et al.41 studied the application of metal−organic framework
UiO-66 and MIL-101 in adsorption thermal conversion.
Henninger and others42 studied ISE-1 and thought that this
MOF could be used as an adsorbent for low-temperature
heating and cooling applications. MIL-101 is a promising
material for adsorption heat conversion because of its large
specific surface area, high saturated water vapor adsorption
capacity, and good water stability. Ehrenmann et al.20 studied
the performance of MIL-101 (Cr) as an adsorbent in an
adsorption heat conversion system and found that its saturated
adsorption capacity of water vapor can reach 1 g/g and its
adsorption/desorption heat density can reach 2.557 kJ/g and
2.620 kJ/g. The disadvantage of MIL-101 (Cr) is that its water
vapor adsorption capacity is not high at a low vapor pressure.
Anupam Khutia et al.21 prepared four kinds of nitro- or amino-
functionalized MIL-101 (Cr). Although the saturated
adsorption capacity of water vapor was increased, the
adsorption capacity for a low water vapor partial pressure
was hardly improved. George Akiyama et al.17 prepared MIL-
101 (Cr) with HCl, H2SO4, and HNO3 instead of HF, which
slightly increased the adsorption heat of the material but
reduced the saturated adsorption capacity of MIL-101 (Cr) by
0.1 g/g. Existing studies have shown that the effect of
increasing adsorption performance by changing the structure
of MOF itself is limited, and it is difficult to improve the
adsorption performance of materials under low water vapor
partial pressure. Therefore, to further improve the water vapor
adsorption performance and adsorption heat conversion
performance of MIL-101 (Cr), it is imperative to prepare a
composite system by compounding MIL-101 (Cr) with other
adsorption heat conversion materials such as hydrate salt.2

Salt is a widely studied adsorbent material because of its low
price and wide application temperature range. It can be used as
adsorption heat conversion material at high temperatures,21

medium temperatures,22 and low temperatures.23 Because the
hydration/dehydration temperature of salt is almost the same
as the adsorption/desorption temperature of the porous
matrix, it is an effective means of preparing a composite
system of salt and porous materials by impregnation. Yu et al.25

prepared a consolidated composite matrix composed of
activated carbon, LiCl, expanded graphite, and silica solution.
Under the operating conditions of 85 and 40 °C, the heat
storage efficiency of the system is 93% and the heat storage
density is 874 kJ/kg. Emilie Courbon et al.24 prepared silica gel
loaded with CaCl2 by continuous impregnation/drying, and its
energy storage density reached 350 kWh/m3. Vincenza
Brancato et al.27 prepared silicone foam filled with MgSO4·
7H2O. The results show that a good relationship seems to be
established between foam and salt, and the dehydration/
hydration ability of salt is not hindered by the foaming process.
Hanane Ait Ousaleh et al.44 combined MgSO4 and MgCl2 into
a graphene matrix for medium and low-temperature heat
storage. MgSO4 and MgCl2 composites achieved excellent
energy storage densities of 1194.3 and 890 J/g, respectively.
These studies show that the composite of porous materials and
hydrated salts can significantly improve the heat storage

capacity and adsorption capacity of a porous matrix at low
temperatures.3

Similar to other porous materials, it is also an important
method to improve the heat storage and adsorption properties
of MOF materials by impregnation and other methods. Luis
Garzoń-Tovar et al.28 prepared the mixture of CaCl2 and UIO-
66 by spray drying continuous flow method. The material has a
heat storage density of 367 kJ kg−1, and the composite is
almost no deliquescence. Emilie Courbon et al.26 doped LiCl
into UIO-66 by the impregnation method, the saturated
adsorption capacity of the composite reached 2.15 g/g and the
heat storage density reached 900 kJ/kg. All of the above studies
show that it is an effective means to combine MOF and salt to
improve the water vapor adsorption performance and
adsorption heat conversion performance of MOF materials.
The dual-solvent method is an impregnation method
developed from ordinary impregnation methods. Hanane Ait
Ousaleh26 and others prepared graphene containing MgSO4
and MgCl2 by dual-solvent method. Compared with the
double solvent method, the traditional impregnation method
has the advantages of simple operation and is suitable for large-
scale industrial production. Therefore, we choose the
impregnation method to obtain samples with a morphology
closer to the practical application background. MIL-101 (Cr)
can adsorb water vapor at room temperature, while salt can
hydrate at room temperature. The working ranges of the two
materials are similar. Salt has a better affinity with water at low
partial pressure, and it is also expected to improve the water
vapor adsorption performance of the MOF at low water
pressure. The large pore volume of MIL-101(Cr) can
accommodate more salt, which can greatly improve the
water absorption. Therefore, we combine MIL-101 (Cr) with
salt to improve the water vapor adsorption capacity and
saturated water vapor adsorption capacity of MIL-101 (Cr) at
low water vapor partial pressure and at the same time increase
the heat storage density of MIL-101 (Cr). We chose MgCl2, a
salt with high heat storage density, low cost, and easy to obtain,
to compound with MIL-101 (Cr). N’Tsoukpoe et al.6

evaluated the applicability of 125 hydrated salts, among
which LiCl and LaCl3 have higher heat storage density than
other salts. The article mentioned that the thermal storage
density of MgCl2 can reach 1252.8 kJ/g, LaCl3 has a thermal
storage density of 957.6 J/g, and LiCl has a thermal storage
density of 1029.6 J/g, which is higher than other chloride salts.
So we also attempted to impregnate LiCl or LaCl3 at the same
time as MgCl2, exploring the effect of double salt
impregnation. We also tried to impregnate another salt while
impregnating MgCl2, to further improve the water vapor
adsorption capacity and adsorption heat conversion perform-
ance of the material system.

2. MATERIALS AND METHODS
2.1. Materials. The chemicals used in the experiment

included terephthalic acid (99%), chromium nitrate (99%),
N,N-dimethylformamide (DMF, 99.5%), hydrofluoric acid
(40%), lithium chloride (99%), anhydrous magnesium chloride
(99%), lanthanum chloride heptahydrate (99.99%), and
anhydrous ethanol (99.7%), all of which are of commercial
quality and can be used directly without further purification.
All of the above chemicals were purchased from Beijing
Honghu United Chemical Products Co., Ltd. Beijing, China.
2.2. Preparation of MIL-101(Cr) Composite MgCl2,

LiCl/LaCl3 System. First, we prepared undoped MIL-101
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(Cr)28,29 according to the preparation method of Yan and
others’ published work and then impregnated the obtained
products in solutions containing different amounts of salts.
Each solution was obtained by mixing and stirring weighed salt
and 20 mL of water, and the salt content in the solution is
listed in Table 1. We hope that the salt concentration of the
impregnation solution is high, so that as much salt can enter or
adhere to MIL-101 (Cr) as possible, and it is necessary to
ensure that it will not precipitate. Therefore, we chose 5 g salt
with 20 mL water to prepare a salt solution with a mass
concentration of 20%. After the salt solution was prepared, a
0.2 g MIL-101 (Cr) sample was added to each solution and
stirred at the same time, so that it was uniformly mixed to
obtain a uniform green suspension. After sealing the beaker
and standing for 24 h, centrifuge and remove the supernatant
and dry it in a 90 °C oven for 11 h. After drying, the sample
was ground to obtain a green powder sample. We numbered
the samples according to different preparation conditions, and
the specific numbering is shown in Table 1.

3. RESULTS AND DISCUSSION
3.1. XRD Patterns of Samples. We use an X-ray

diffractometer (XRD, Rigaku D/max2500X) to scan the
diffraction spectrum of the sample, in which the X-ray source
is Cu-Ka ray, the scanning step is 0.01, and the conventional 2
θ is used/θ (5−50). The X-ray diffraction pattern of the
sample is shown in Figure 1. It can be seen from the figure that
the XRD curve of the 1# sample is the same as the
characteristic curve of MIL-101 (Cr) in the literature, and its
characteristic peak corresponds to the simulation results,

indicating that the 1# sample is pure MIL-101 (Cr). After
impregnation, only part of the characteristic peaks of MIL-101
(Cr) were retained, and the intensity of the peaks was
weakened. This shows that salt impregnation leads to the
change of pore structure and properties or the disorder of
crystal structure.30 The XRD images of all impregnated
samples contain characteristic peaks of MgCl2,

31 which
indicates that the MgCl2 crystal is attached to the surface or
between particles of MIL-101 (Cr). There is no characteristic
peak of LiCl in the samples impregnated with LiCl and MgCl2,
so we cannot judge the existence state of LiCl by XRD. The
peak of LaCl3 is also detected in the samples impregnated with
LaCl and MgCl2 at the same time, which indicated that LaCl3
crystals also existed on the surface or between particles of the
samples impregnated with LaCl3.

4 The main peak in the range
22−26 is MgCl2·6(H2O). This may be due to the slight
deliquescence of salt on the surface of the sample. Therefore,
this peak can be found in samples 2−8. MgCl2 and LiCl exist
simultaneously in samples 3, 4, and 5, while MgCl2 and LaCl3
exist simultaneously in samples 6, 7, and 8. We believe that the
presence of lithium chloride enhances the deliquescence of
samples, thus enhancing the peak of magnesium chloride
hexahydrate. However, the crystal size of lanthanum chloride is
larger, which may weaken the deliquescence of samples.
3.2. SEM Images of the Samples MIL-101 (Cr) and

MIL-101 (Cr, Mn). We used scanning electron microscopy
(FESEM, Zeiss supra 55) to characterize and analyze the
microscopic particle morphology of the prepared samples.
Before the observation, we sprayed gold onto the samples.
Figure 2 shows SEM images of eight samples. As can be seen
from Figure 2, the particles of MIL-101(Cr) have a regular
octahedral structure and a smooth surface. After impregnation,
the sample still basically keeps an octahedral structure, but
burrs and pits appear on the surface. This is also the reason for
the weakening of the MIL-101 (Cr) characteristic peak in the
XRD results of samples. It can be observed that most of the
particles condense with salt, and the attached salt can also be
observed on the scattered particle surface, which is consistent
with the results of XRD.

At the same time as morphology characterization, we carried
out a microelemental analysis to observe the proportion and
distribution of each element in the sample. Although the
impregnation method is suitable for large-scale industrial
production and the method is simple, the samples obtained by
it may have uneven ion distribution. Therefore, we hope to
determine whether the relative content of metal ions in the
sample is basically consistent with that in the impregnation
solution by the EDX test. Because EDS cannot detect the
signal of the Li element, we only carried out relevant tests on
samples 6−8. Figure 3 shows the EDS spectra of samples 6−8.
The impregnation solution of samples 6−8 is a mixed solution

Table 1. Sample Number (Based on Salt Content in Impregnation Solution)

sample number MgCl2 mass (g) LiCl mass (g) LaCl3·7H2O mass (g) molar ratio

1 # 0 0 0
2 # 5.00 0 0
3 # 5.00 0.56 0 1:0.25:0
4 # 5.00 0.74 0 1:0.33:0
5 # 5.00 1.11 0 1:0.5:0
6 # 5.00 0 4.88 1:0: 0.25
7 # 5.00 0 6.50 1:0: 0.33
8 # 5.00 0 9.75 1:0: 0.5

Figure 1. XRD patterns of samples.
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Figure 2. SEM images of the samples.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06004
ACS Omega 2024, 9, 509−519

512

https://pubs.acs.org/doi/10.1021/acsomega.3c06004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06004?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06004?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of MgCl2 and LaCl3. Mg, Cl, and La elements can be detected
in the energy spectrum. The atomic ratio of Mg to La in
samples 6−8 increased with the increase of the molar ratio of
Mg to La in the impregnation solution, which indicated that
the salt content in the impregnation sample was directly related
to the salt concentration in the impregnation solution.
3.3. FTIR Spectra and the Raman Spectra of the

Samples MIL-101 (Cr, Mn) and MIL-101 (Cr). We used
FTIR (Lambda FTIR-7600) to test the mid-infrared
absorption spectrum of the sample. KBr was used as the
background in the test. The spectral resolution is 2 cm−1, and
the scanning range is 400−4000 cm−1. All samples showed a
pattern similar to MIL-101 (Cr), which is consistent with that
reported in the literature.32 MIL-101 (Cr) has a moderate
absorption peak at the wave number of 587 cm−1, which is the
stretching vibration peak of (Cr−O).33 The peaks of samples
impregnated with the salt move to a high wave number, and
the peak width becomes larger. This indicates that the
chemical environment of the Cr−O bond in the impregnated
samples may change. Compared with the unimpregnated
sample, the impregnated sample has a new characteristic peak
at 2276 cm−1, which is the characteristic peak of MgCl2.

34 This
indicates the presence of MgCl2 in the impregnated sample. A
new peak appeared in the impregnated sample at 3242 cm−1,
which, like the peak at 3423 cm−1, is caused by the stretching
vibration of the H−O bond.35 Compared with MIL-101 (Cr),
the impregnated sample increased the way of absorbing water
vapor, and the connection mode between adsorbed water and
the sample has increased. After impregnation, there are small
peaks at 2925 and 2853 cm−1, which may be the peaks of liquid
water molecules.35 This shows that MIL-101 (Cr) is
deliquescent more easily by salt impregnation than before
impregnation (Figure 4).
3.4. N2 Adsorption Isotherms of the Samples. The

sample was degassed at 120 °C for 6 h by using the vapor
adsorption and specific surface pore size analyzer (BSD-PMV),
and then the nitrogen adsorption curve of the sample was
measured at 77.3 K constant temperature, and then the specific
surface area and pore size distribution of the sample were
obtained. Figure 5 shows the nitrogen adsorption curve of the
sample. It can be seen from the figure that the nitrogen
adsorption curve of MIL-101 (Cr) is a type I curve, and no
obvious hysteresis loop is observed. The nitrogen adsorption
curve of the sample impregnated with salt solution changed to
a type II curve, and an H3-type hysteresis loop appeared. The
change of the hysteresis loop of the nitrogen adsorption curve

of impregnated samples shows that the proportion of
mesopores in samples increases after impregnating salt
solution, and the pore distribution is more dispersed than
that without impregnation. Table 2 lists the BET-specific
surface area and BJH average pore size of each sample. It can
be seen from the table that the BET-specific surface area of the
impregnated sample decreases greatly and the average pore size
increases slightly, which also shows that the mesopore ratio of
the impregnated sample increases.

Figure 6 shows the pore size distribution of the sample. It
can be found from the figure that the pores of MIL-101 (Cr)
are distributed at 2 nm, while the impregnated samples have a
mainly distributed pore size around 2 nm, which leads to the
increase of pore ratio in the samples and then leads to the
change of hysteresis loop in the nitrogen adsorption curve. The
three chloride salts used in the experiment do not exist as
separate ions in an aqueous solution, The Cl−-H2O cluster size
is about 0.28−0.32 nm,36 the La3+-H2O cluster size is about
0.39 nm,37 and the Mg2+-H2O cluster size and the Li+-H2O
cluster size are about 0.2 nm,38 which are all smaller than the 2
nm pore size of the sample without impregnation. Therefore,
the pore size of MIL-101 (Cr) may be filled when the specific
surface area of the sample is greatly reduced. The pore size
distribution of samples impregnated with La increases to a
small peak near 4 nm. Combined with the results of SEM and

Figure 3. EDS spectra of the samples.

Figure 4. FTIR spectra of MIL-101 (Cr) and MIL-101 (Cr, Mn).
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XRD, 4 nm pores may be formed between salts attached to the
surface of MOF.5

3.5. Water Vapor Isotherms of the Samples. Steam
adsorption and a specific surface pore size analyzer (BSD-
PMV) were used to measure the water vapor adsorption curve
of the sample at 25 °C. Before the test, the sample was
degassed at 120 °C for 6 h. After degassing, we put the sample
in the instrument, set the water vapor adsorption temperature
(25 °C), and input the saturated vapor pressure at this
temperature. The instrument will automatically test the
adsorption capacity of samples under different vapor pressures,
so we need to wait for the instrument to finish the test. Figure
6 shows the water vapor adsorption curve of the sample. For

unimpregnated samples, only MIL-101 (Cr) plays an
adsorption role; therefore, the whole adsorption process is
physical adsorption. For impregnated samples, MIL-101 (Cr)
and impregnated salt are involved in the adsorption process;
therefore, water vapor adsorption can be divided into two
parts: physical adsorption and chemical adsorption. It can be
seen from Figure 7 that the saturated water vapor adsorption
capacity of the sample impregnated with salt is higher than that
of pure MIL-101 (Cr). The saturated adsorption capacity of
each sample is given in Table 3. In Figure 6, when P/P0 < 0.1,
all impregnated samples have a sudden rising curve, which is
mainly due to the hydration reaction between impregnated salt
and water vapor. The desorption curve of the impregnated
sample terminates at the highest part of this rising curve, which
also shows that the adsorption process is mainly participated
by salt, and the sample is chemisorbed at this stage, so it is
difficult to desorb by physical means. Figure 6b shows the
water vapor adsorption curve of MgCl2. The water vapor
adsorption isotherms of impregnated samples are very similar
to those of pure salts, and the steps correspond to the
formation of crystalline hydrates at low P/P0 and then the
absorption of water by deliquescent salts at higher P/P0 due to
deliquescence and absorption of salt hydrates, which indicates
that most of the water adsorbed by impregnated samples
comes from impregnated salts.39,40 When we prepare samples,
the amount of magnesium chloride in the impregnation

Figure 5. N2 isotherms of unimpregnated (a), impregnated magnesium chloride, lithium chloride (b), and impregnated magnesium chloride, green
lanthanum (c).

Table 2. Variable Specific Surface Areas of the Samples

adsorbent
BET-specific surface

area (m2/g)
the average pore diameter of BJH

desorption (nm)

1 # 2119.7 2.4
2 # 479.1 2.9
3 # 416.3 3.4
4 # 334.0 3.4
5 # 349.6 3.5
6 # 355.7 3.1
7 # 292.5 3.2
8 # 250.9 3.6

Figure 6. Pore size distribution of unimpregnated (a), impregnated magnesium chloride, lithium chloride (b), and impregnated magnesium
chloride, green lanthanum (c).
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solution used for each sample is the same, but different
amounts of the second salt are added. Therefore, the relative
content of MgCl2 in the impregnation solution of samples 3
and 4 will be lower than that of the impregnation solution of
sample 2, and the content of MgCl2 in these two samples is
higher than that of LiCl. For the surface of the sample, the
number of water molecules that lithium chloride can bind to is
lower than that of magnesium chloride, and the hydrates
formed at this time may block the pores of the MIL, preventing
more water vapor from entering the pores or coming into
contact with more salts. Therefore, the adsorption capacity of

samples 3 and 4 is lower than that of sample 2. The significant
increase in the adsorption capacity of sample 5 may be because
the amount of salt in the impregnation solution of sample 5 is
the highest compared with samples 3 and 4, and then, there are
more salts on the surface. For sample 6, compared with sample
2, part of MgCl2 was replaced by LaCl3 with a larger molecular
diameter, which led to the decrease of the total amount of salts
on the surface of the sample that could participate in
hydration, and the formed hydrate also led to the blockage
of the pores of MIL-101. According to our current
experimental results, we think that the further increase of
LiCl content may contribute to the improvement of adsorption
capacity. When P/P0 > 0.8, the adsorption capacity of MIL-101
(Cr) for water vapor hardly increased, but the adsorption
capacity of impregnated samples still increased at this stage.
This shows that when P/P0 > 0.8, MIL almost no longer
adsorbs water vapor, and the increase of adsorption capacity in
impregnated samples is due to the adsorption of water vapor
by impregnated salts. Gordeeva18 et al. studied the process of
water adsorption by salt. Their research showed that hydrated
salt adsorbed water vapor to form crystal hydrate at low P/P0,
and hydrated salt continued to adsorb water vapor at high P/P0
and then deliquesced to form salt aqueous solution. For our
sample, according to the results of pore size analysis, the

Figure 7. Water vapor isotherms of unimpregnated (a), water vapor isotherms of MgCl2 (b), impregnated magnesium chloride, lithium chloride
(c), and impregnated magnesium chloride, green lanthanum (d).

Table 3. Maximum Adsorption Capacity and the α Value of
Samples

adsorbent
saturated adsorption

capacity (g/g)
adsorption capacity at
P/P0 = 0.3 (g/g) α

1 # 0.94 0.09 0.51
2 # 1.82 0.58 0.46
3 # 1.46 0.59 0.34
4 # 1.61 0.55 0.40
5 # 2.24 0.68 0.49
6 # 1.30 0.48 0.36
7 # 1.88 0.59 0.46
8 # 1.76 0.49 0.48
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volume of adsorbed water vapor has far exceeded the specific
pore volume of the composite material. Therefore, we think
that most of the adsorbed water after impregnating the sample
P/P0 > 0.8 comes from the excessive water vapor adsorbed by
salt, which leads to deliquescence and saline solution. All
samples have obvious hysteresis loops at 0.4 < P/P0 < 0.8,
which indicates that the samples adsorb water vapor by
capillary action at this stage.41 The hysteresis loop of the
impregnated sample is much reduced. According to the
experimental results of nitrogen adsorption, the average pore
size of the impregnated sample increases, which may lead to
the decrease of the resistance caused by the capillary effect in
the water vapor desorption stage, resulting in the decrease in
the hysteresis loop. The decrease in the hysteresis loop may
also be due to the decrease in pores and the increase in
adsorption capacity, so it seems that the hysteresis loop caused
by pore water absorption also becomes smaller. Compared
with the samples impregnated with different impregnating
solutions, the saturated adsorption capacity of the samples
impregnated with MgCl2 and LaCl3 did not increase
significantly compared with the samples impregnated with
MgCl2 alone. However, the increase in saturated adsorption
capacity was greatest for the samples immersed in the most
LiCl, suggesting that further addition of LiCl after addition of
MgCl2 is a more effective means than further addition of
LaCl3.

6

According to Canivet, the change of α can be used to
characterize the adsorption capacity of water vapor under the
low partial pressure of materials. α is the ratio of pressure to
saturated vapor pressure at room temperature when the
adsorbed substance reaches half of the maximum adsorption
capacity (P/P0). When α is less than 0.05, this indicates that
the material has strong water vapor adsorption capacity at low
partial pressure. When α is greater than 0.45, the water vapor
adsorption ability of the material is weak under low partial
pressure.32 The smaller the α, the stronger the adsorption
capacity of the material at lower water vapor partial pressure.
Table 3 lists the adsorption capacity and α value of the sample
at a partial pressure of 0.3. It can be seen from the table that
the α value of the samples impregnated with salt solution has
been improved to some extent, and the water vapor adsorption
capacity of the impregnated samples under lower vapor
pressure has also been improved. For samples impregnated
with the same salt solution, the lower the concentration of the
salt solution, the smaller the value of α after impregnation,
indicating that the material is relatively hydrophilic. The
sample with the largest LiCl content has the highest water
vapor adsorption capacity and the largest saturated adsorption
capacity at low water pressure, while the addition of LaCl3 has
no obvious improvement compared with the impregnation of
MgCl2.

7

3.6. TG Curves of the Samples. Samples subjected to
water vapor adsorption−desorption experiments were placed
in a synchronous thermogravimetric analyzer (TGA, Perki-
nElmer STA8000), and their mass change curves were
measured at a temperature range of 30−500 °C and a heating
rate of 5 °C/min, as shown in Figure 8. As can be seen from
Figure 8, all of the impregnated samples can observe a
significant decline in quality before 200 °C. At 200 °C, the
remaining mass of each sample accounts for the initial mass, as
shown in Table 4, and the mass of impregnated samples
decreases by 30−40%. For impregnated samples, the hydrated
salt in the sample removes the water bound by adsorption at

this temperature. After 200 °C, the quality change of
impregnated samples tends to be stable, while that of
unimpregnated samples changes greatly. Compared with 200
°C, the final mass of unimpregnated samples decreased by
56.1%, and that of impregnated samples decreased by about
30%. Figure 8 shows a DTG curve of the sample during
heating. For unimpregnated samples, the peak at about 50 °C
represents the desorption of adsorbed water on the samples.
The peak between 200 and 350 °C represents the
decomposition of free organic ligands and the OH/F group
and the decomposition of terephthalic acid. Peaks above 400
°C represent the decomposition of the organic ligand chain of
the sample itself. For the impregnated sample, the DTG peak
at 200 °C is less than that of the unimpregnated sample, which
may be attributed to the salt impregnated in MOF.

The heat flux curve during the heating process of the sample
is shown in Figure 9. It can be seen from the figure that the
heat flux peaks of samples after impregnation are mainly
distributed before 200 °C, 200−250 °C, and after 400 °C. The
peak before 200 °C comes from the dehydration and
endothermic process of the salt. The peak shape of the heat
flux curve of DTG also corresponds to the main peak position
of DTG, which indicates that the main mass change of samples
also appears at the corresponding temperature during
dehydration and decomposition. From this heat flow curve,
we calculated the heat storage density of each sample, which is
listed in Table 5. Because the samples we used for
thermogravimetric experiments have undergone the water
vapor adsorption−desorption test, the water contained in the
thermogravimetric samples is only the water adsorbed in the

Figure 8. Thermogravimetry of samples.

Table 4. Remaining Mass of Samples Heated to Different
Temperatures (Expressed in Percentage)

adsorbent 200 °C (%) 500 °C (%)

1 # 94.6 41.5
2 # 62.8 44.2
3 # 62.1 42.4
4 # 62.5 47.0
5 # 56.9 42.5
6 # 68.0 50.9
7 # 67.4 51.3
8 # 71.3 53.1
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chemical adsorption process. Therefore, the heat storage
density calculated from this heat flow curve is only the heat
storage density in chemisorption. It can be seen from the table
that the increased chemisorption heat storage density of
impregnated samples is about 800 J/g, and the chemical heat
storage density of double salt components is not improved
compared with that of single salt components. The increased
thermal storage density of two-component salt-impregnated
samples impregnated with LiCl and MgCl2 is obviously higher
than that of single salt-impregnated samples impregnated with
MgCl2, but the increased thermal storage density of two-
component salt-impregnated samples impregnated with LaCl3
and MgCl2 is almost unchanged or even decreased compared
with single salt impregnated samples impregnated with MgCl2
(Figure 10).8

4. CONCLUSIONS
The water vapor adsorption and heat storage properties of the
MIL-101 (Cr) complex salt system were studied by an

impregnation method with different concentrations of MgCl2,
LiCl, and LaCl3 doped into MIL-101 (Cr). Generally speaking,
the addition of salt makes the saturated adsorption capacity of
the system greatly increased compared with pure MIL-101
(Cr), which makes the saturated adsorption capacity more
than doubled and makes the system more compatible with
water vapor. At 25 °C and P/P0 = 0.3, the water vapor
adsorption capacity increased by up to five times to 0.68 g/g,
which greatly increased the service performance of the system
in a low water vapor partial pressure environment. Our
experimental results show that compared with MgCl2−LaCl3
composite impregnation, MgCl2−LiCl composite impregna-
tion can improve the water vapor adsorption capacity of the
system more significantly. Compared with single-component
impregnation, multicomponent impregnation can improve the
water vapor adsorption capacity of samples under low water
pressure, but it will make the materials relatively hydrophobic.
The results of TGA showed that the thermal storage density of
the impregnated samples increased obviously, and the chemical
thermal storage density of the impregnated samples with
MgCl2 and the proper amount of LiCl increased the most,
which could increase by 866 kJ/mol. Nitrogen adsorption
experiments show that impregnation can reshape the pore
structure of MOF materials and increase the mesoporous
content in the system. The results of XRD and FTIR showed
that the impregnation did not change the structure of MIL-101
(Cr), and it increased the adsorption mode of water vapor.
Our experiments show that the sample containing both MgCl2
and LiCl in the impregnation solution has the highest water
vapor adsorption capacity, saturated water vapor adsorption
capacity, and heat storage density under low partial pressure.
This composite material greatly improves the adsorption
capacity and heat storage density of MIL-101 (Cr) under low
water vapor partial pressure, and its preparation method is
simple, which is suitable for large-scale industrial production
and is expected to become a candidate material for low-
temperature heat storage.

Figure 9. Differential thermogravimetry curve of samples.

Table 5. Heat Storage Density during Sample Dehydration (<200 °C)

sample number 2 # 3 # 4 # 5 # 6 # 7 # 8 #
ΔH (J/g) 818.9 810.1 866.1 817.5 712.5 707.6 820.8

Figure 10. Differential thermogravimetry curve of samples.
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