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The metal-organic framework UiO-66 is a promising water vapor adsorbent due to its stability and
hydrophilicity. In this study, we systematically investigated the modulation of pore structure and water
adsorption performance of UiO-66 through microwave-assisted synthesis and controlled Cr** doping.
The results indicated that the crystalline integrity and thermal stability of the framework remained well-
preserved after doping. The UiO-66 samples with Cr®* addition have higher pore volume and specific
surface area. When the mole ratio of Cr to Zr is 1.5, the micropore volume and BET specific surface area
of MW-1.5Cr-UiO-66 are 15.1% and 19.8% higher than MW-UiO-66. This structural optimization resulted

in superior adsorption performance, with the saturated water adsorption capacity of MW-1.5Cr-UiO-66
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Accepted 24th July 2025 reaching 0.59 g g ~. Furthermore, the water adsorption capacity of MW-15Cr-UiO-66 remained
unchanged after 10 cycles. The coordinated modulation of pore architecture and surface chemistry

DOI: 10.1035/d5ra03542b through transition metal doping provides new insights for developing high-performance adsorbents in
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Introduction

In recent decades, humans have become increasingly eager to
improve energy utilization efficiency and search for clean,
renewable energy sources due to the depletion of fossil energy
reserves, the rapid growth of energy consumption, and global
environmental deterioration."” Adsorption heat storage is a type
of thermochemical energy storage system that uses the
adsorption/desorption process to achieve energy utilization.? It
can effectively improve the energy grade and will not produce
toxic and harmful substances. Therefore, it serves as an effective
way to solve the problem of insufficient energy supply. Search-
ing for suitable adsorbent-adsorbate working pairs is a stan-
dard method to improve the performance of the adsorption
heat storage. Water is a promising adsorbate because of its non-
toxicity, easy availability, and high latent heat of vaporization.*

Ideal adsorbent materials should possess three fundamental
characteristics: high porosity, exceptional adsorption capacity,
and robust cycling stability. In recent years, metal-organic
frameworks (MOFs) are expected to be widely used in the fields

“School of Metallurgical and Ecological Engineering, Basic Experimental Center for
Natural Science, University of Science and Technology Beijing, Beijing 100083, China
’Beijing Key Laboratory for Magneto-Photoelectrical Composite and Interface Science,
School of Mathematics and Physics, University of Science and Technology Beijing,
Beijing 100083, China. E-mail: pingwu@sas.ustb.edu.cn

“Institute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing 100190,
China

© 2025 The Author(s). Published by the Royal Society of Chemistry

adsorption heat storage applications.

of gas capture,”” catalysis,®*® and medicine™ due to their
tunable architectures, ultrahigh surface areas, and tailorable
pore environments. The studies of Canivet et al.'> and Pritha
et al.™® demonstrated the excellent potential of MOFs as adsor-
bents for adsorption heat storage. Afterwards, researchers have
shown increasing concern about the application of MOFs in the
adsorption heat storage.

However, a critical limitation hinders their water-based
applications: the inherent hydrolytic instability of metal-
ligand coordination bonds.** Fortunately, pioneering work by
DeCoste et al.' and Furukawa et al'® has revealed two key
advantages of UiO-66: unparalleled chemical stability in
aqueous environments and exceptional performance in water
adsorption-desorption cycling tests. As a type of metal-organic
framework with a face-centered cubic crystal structure, UiO-66
is composed of ZrsO, (OH), clusters and 1,4-benzoate (BDC)
ligands."” Nevertheless, the low hydrophilicity and saturated
water uptake (0.36 g g ')"® of UiO-66 limited its application in
the field of adsorption heat storage.

Addressing these challenges, ligand functionalization strat-
egies have proven effective in enhancing hydrophilicity.
Notably, nitro- and amino-functionalized derivatives (UiO-66-
NO, (ref. 19) and UiO-66-NH, (ref. 20)) demonstrate enhanced
water vapor adsorption at reduced relative pressures compared
to pure UiO-66. The water adsorption capacity of UiO-66 is
primarily influenced by its specific surface area and micropo-
rous volume. This rationale has motivated metal doping
approaches, where incorporating alien metal species into MOFs
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can systematically enhance both surface areas and metal-active
site densities,*>* critical factors for augmenting adsorption
performance. For example, alkali metal (Li, K, and Na) doped
MOF-5 have a higher specific surface area and excellent
hydrogen adsorption performance compared with pure MOF-
5.2! Ebrahim et al.**> found that the addition of Ce(m) increased
the specific surface area and pore volume of the Zr-based metal-
organic framework UiO-67 by 67% and 60%, respectively. Lau et
al.”® prepared a series of Ti-exchanged UiO-66 by the post-
synthesis exchange method. When the ratio of Ti reaches
56%, the BET specific surface of UiO-66 (Tiss) (1844 m* g~ 1) is
32.7% higher than pure UiO-66 (1390 m> g~ ).

Collectively, these findings establish metal doping as a viable
pathway for enhancing the adsorption capacity of UiO-66. The
commonly used doping agents for UiO-66 modification include
titanium, hafnium, and cerium.>*>* These metal salts are
generally expensive, and the synthesis steps of UiO-66 doped
with these metals are relatively complex, posing particular risks.
In contrast, chromium (Cr) salts are inexpensive and readily
available. Building on these insights, we propose chromium
doping combined with microwave-assisted hydrothermal
(MAH) synthesis - an energy-efficient alternative to conven-
tional hydrothermal methods that reduces reaction times from
24 hours to 2 hours (ref. 24) while minimizing energy
consumption. In this study, a series of Cr-incorporated UiO-66
derivatives were systematically synthesized via MAH protocol.
To elucidate the structure-function relationships, we have
characterized the UiO-66 samples by scanning electron
microscopy (SEM), X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), and N, adsorption tests. We have
also studied the water vapor adsorption performances of Cr-
modified UiO-66 by gravimetric adsorption.

Experimental section

Cr-doped UiO-66 was prepared by a microwave-assisted hydro-
thermal method. The following reagents were used: 1,4-benzene
dicarboxylic acid (H,BDC, 99%), N,N-dimethylformamide
(DMF), hydrochloric acid (HCI), chromium nitrate nonahydrate
(Cr(NO3)3-9H,0, 99%), zirconium chloride (ZrCl,, 99%), glacial
acetic acid, and methanol. All chemicals were commercially
sourced and used without further purification.

Synthesis of MW-xCr-UiO-66

H,BDC(0.476 g, 2.867 mmol), ZrCl,(0.668 g, 2.867 mmol), and
a certain amount of Cr(NO3);-9H,0 (0 g, 0.574 g, 1.147 g, 1.377,
1.721 g correspond to the molar ratio of Cr/Zr = 0, 0.5, 1.0, 1.2,
1.5 respectively) were dissolved in 45 mL of DMF. When
a transparent solution was obtained, 5.0 mL of glacial acetic
acid and 1.5 mL of HCI were added to the solution, and it was
stirred continuously for 1 hour using a magnetic stirrer. The
mixed solution was transferred to a 100 mL microwave reactor
and maintained at 120 °C for 2 hours. The precipitates were
centrifuged at 4000 rpm and washed three times with DMF and
methanol, respectively. Then, the products were dried at 70 °C
for 8 hours. Finally, the samples were heated under vacuum at
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250 °C for 2 hours to remove the nitrate ions. According to the
molar ratio x of Cr(NO3);-9H,0 to ZrCl,, the samples were
named MW-UiO-66 (x = 0) and MW-xCr-UiO-66 (x = 0.5, 1.0, 1.2,
1.5).

Results and discussion
Surface morphology

A Zeiss field emission scanning electron microscope (SUPRA 55
SAPPHIRE) was used to study the effect of Cr’** addition on the
morphology of UiO-66 samples. The samples were coated with
gold before the tests. As shown in Fig. 1, the crystal morphology
of all samples is characterized by octahedral crystals with
uneven crystal size distribution and agglomeration. Notably,
progressive refinement in crystallite dimensions was observed
with increasing Cr/Zr molar ratios. The statistical results of
Nano Measurer showed that the average particle size of MW-
UiO-66 is approximately 270 nm, whereas it is only about
210 nm for MW-1.5Cr-UiO-66.

Microstructures

The crystal structure of these samples was characterized by an
X-ray diffractometer (XRD, Rigaku D/max2500X). The Cu K, ray
(A = 1.54056 A) (40 kV, 200 mA) was used as the X-ray source,
and the selected 26 scanning range was 5°-50° with a step of
0.01°. The XRD patterns are shown in Fig. 2. The XRD pattern of
MW-UiO-66 revealed three dominating peaks at 7.4°, 8.5°, and
25.8°, corresponding to (111), (200), and (600) crystal planes,
respectively.” The characteristic peaks of Cr-doped UiO-66
samples match well with MW-UiO-66, indicating that the pres-
ence of chromium will not affect the formation of the crystal
structure of UiO-66.

$i

™ 9;; 500nm

Fig.1 SEMimages of (a) MW-UiO-66, (b) MW-0.5Cr-UiO-66, (c) MW-
1.0Cr-Ui0-66, (d) MW-1.2Cr-UiO-66, (e) MW-1.5Cr-UiO-66.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XRD patterns of MW-xCr-UiO-66 samples with different
additions of Cr®* (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5).

The infrared spectrums of the samples in the range of 400-
4000 cm™* were measured using a Lambda FTIR-7600 Fourier
transform infrared spectrometer. As shown in Fig. 3, two strong
bands at 1578 and 1400 cm ™" are related to the asymmetric and
symmetric stretching vibrations of the OCO group in the
carboxylic acid group, respectively.”® The small band at
1508 cm ! corresponds to the vibration of the C=C double
bond in the benzene ring. The bands at 746 and 665 cm ™'
correspond to O-H and C-H vibration modes, respectively.'”*”
The infrared spectra of MW-xCr-UiO-66 were similar to those of
MW-UiO-66, and no additional absorption peak was observed.
The spectral congruence between pristine and Cr-doped MOFs,
coupled with no discernible coordination shifts, further
corroborates XRD conclusions that the addition of Cr** did not
change the crystal structure of UiO-66.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed using a Thermo Scientific EscalabXi+ A9951381 equip-
ment. As shown in Fig. 4, the spectra of MW-UiO-66 and MW-Cr-
UiO-66 samples are similar. All samples did not exhibit any new
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Fig. 3 FTIR curves of MW-xCr-UiO-66 samples with different addi-
tions of Cr** (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5).
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Fig. 4 XPS spectra of MW-xCr-UiO-66 samples with different addi-
tions of Cr* (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5).

characteristic peaks, indicating that only a small amount, or
even no Cr**, was present in the framework of UiO-66. This may
be due to the presence of acetic acid and hydrochloric acid
interfering with the binding of Cr** to the BDC ligands, as well
as the relatively short reaction time (only 2 hours).

Thermal stability

Thermogravimetric analysis (TGA) was performed on
a synchronous thermal analyzer (PerkinElmer STA 8000) at
a heating rate of 10 °C min~". As shown in Fig. 5, all samples
exhibit high thermal stability and similar continuous weight-
lessness, which encompasses three main weightlessness stages.
This is consistent with the report of Hu et al.>® The first stage of
weightlessness occurs between 30-200 °C, which is due to the
evaporation of the water physically adsorbed in the cavities. The
second weight-loss stage occurred between 200-350 °C, mainly
due to the dehydroxylation of Zr-O clusters in the framework of
UiO-66.”* The third weight-loss stage begins at 450 °C, and the
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Fig.5 TG and DTG curves of MW-xCr-UiO-66 samples with different
additions of Cr** (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5).
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Fig. 6 Nitrogen sorption isotherms (a) and pore size distributions (b) of MW-xCr-UiO-66 samples with different additions of Cr>* (molar ratio Cr:

Zr=20,05,10, 12, 15).

skeleton structure of the samples decomposes and collapses at
this temperature. Finally, only metallic oxides remained.

Shearer et al.*® have proposed a method for the quantitative
analysis of ligand defects in UiO-66 based on the weight-loss
ratio. According to this method,* the weight loss of all samples
is lower than that of defect-free UiO-66 (54.6%) between 450-700 °©
C, indicating that all samples are defective. As shown in Fig. 5, the
weight loss of the samples with Cr** addition is lower than that of
MW-UiO-66, indicating that the addition of Cr** may enhance the
structural defects of MW-UiO-66.

Porosity

The nitrogen sorption isotherms were measured using
a nitrogen adsorption-desorption tester (Beishide 3H-2000PM)
at 77 K to obtain pore structure information of the samples.
Before the tests, the samples were activated under vacuum at
150 °C for 4 hours. As shown in Fig. 6(a), the nitrogen adsorp-
tion quantity of the samples increases rapidly to a high value at
low relative pressures. Then, the isotherms almost show
a horizontal platform after 0.2 P/P, and have a “tailing” at
saturation pressure. These are typical characteristics of type I
sorption isotherms, indicating that all samples have typical
microporous structures. With the increase in the Cr to Zr ratio,
the nitrogen adsorption capacity increased gradually, indicating
that the porosity of the samples also increased.

The pore size distributions obtained by Horvath-Kawazoe
(H-K) model analysis are presented in Fig. 6(b). Combined with

Table 1, the pore size of the sample decreases gradually with
increasing Cr addition, while the specific surface area and pore
volume increase. The BET-specific surface area of MW-1.5Cr-
Ui0-66 (1524 m> g™ ') is 19.8% higher than the unmodified
MW-UiO-66 (1272 m” g~ '). These results suggest an increase in
structural defects resulting from the addition of Cr, which is
beneficial for enhancing the adsorption capacity of the samples.

Adsorption properties

The isotherms of water vapor adsorption were measured on
a multi-station steam adsorption instrument (Beishide 3H-
2000PM) at 25 °C. As shown in Fig. 7, the sorption isotherms
of all samples exhibit similar “S” adsorption curves, indicating
a consistent adsorption mechanism for water vapor. The water
vapor adsorption quantity of the samples increases sharply at
0.2 < P/P, < 0.5. The water vapor uptake of the samples is close to
saturation at P/P, = 0.5, and the subsequent increase may be
due to the adsorption of water into the voids between grains.*
With the increase of Cr** addition, the saturated water vapor
adsorption capacity of the samples increased gradually from
0.54 g/g (MW-UiO-66) to 0.59 g/g (MW-1.5Cr-UiO-66).

The water vapor adsorption mechanism of porous materials
mainly depends on the pore size distribution. According to the
studies of Canivet et al.,”* when the pore diameter of the
material is smaller than the critical size D¢ (D¢ = 2.0 nm for
water), water clusters form within the material instead of

capillary condensation. Therefore, it is a water cluster

Table 1 Pore structure information of MW-xCr-UiO-66 samples with different additions of Cr>* (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5)

Water uptake at

Sample Sper (m* g71) Vaticro (em® g ™) Vrotar (cm® g71) P/Py = 0.9 (g/g)
MW-UiO-66 1272 0.53 0.65 0.54
MW-0.5Cr-UiO-66 1454 0.59 0.67 0.57
MW-1.0Cr-UiO-66 1422 0.60 0.68 0.58
MW-1.2Cr-UiO-66 1487 0.63 0.70 0.57
MW-1.5Cr-UiO-66 1524 0.61 0.70 0.59
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Fig. 7 Water vapor sorption isotherms of MW-xCr-UiO-66 samples
with different additions of Cr®* (molar ratio Cr: Zr = 0, 0.5, 1.0, 1.2, 1.5).

adsorption process for UiO-66 due to the micropore size of 0.5-
1.0 nm. Compared with MW-UiO-66, the micropore volume of
MW-1.5Cr-UiO-66 increased by 15.1%. Fig. 6(b) shows that the
newly generated pore is mainly distributed in the size range of
0.55-0.65 nm, which is only slightly larger than the effective
diameter of a water molecule (0.28 nm). Narrow pores are not
conducive to the diffusion and adsorption of water molecules in
UiO-66, resulting in a lower increase in saturated water vapor
adsorption capacity (9.3%) for MW-1.5Cr-UiO-66. The cyclic
stability of MW-UiO-66 and MW-1.5Cr-UiO-66 was tested, and
the results are shown in Fig. 8. At 25 °C and 30% relative
humidity, the initial water adsorption capacity of MW-UiO-66
and MW-1.5Cr-UiO-66 reached 0.38 g/g and 0.40 g/g, respec-
tively. The water adsorption capacity of MW-UiO-66 decreased
by 5.3% after 10 cycles, while the water adsorption capacity of
MW-1.5Cr-UiO-66 remained unchanged after 10 cycles,
demonstrating good stability.

Compared with the Zr-based MOF materials in some
literature,'®>%*"3* the water vapor adsorption capacity of MW-
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Fig. 8 Water adsorption cycles of MW-UiO-66 and MW-1.5Cr-UiO-
66.
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Table 2 Water vapor adsorption capacities of some reported Zr-
based MOFs measured at 298 K

Water vapor

MOF Sper (> g™")  uptake (g/g)  Ref.

UiO-66 1030 0.36 18

Ui0-66-NO, 792 0.37 19

UiO-66-NH, 1093 0.37 20

Ce-UiO-66 1120 — 31

Mn-UiO-66 797 — 32

Aly 371, ~UiO-66 1060 - 33
0.5Cr-UiO0-66 946 0.50 Previous work®*
MW-1.5Cr-Ui0-66 1524 0.59 This paper

1.5Cr-UiO-66 is relatively high (Table 2), which is more condu-
cive to the application of UiO-66 in the field of adsorption heat
storage. The BET surface area of the 0.5Cr-UiO-66 synthesized
by the solvothermal method is smaller than Ce-UiO-66 and
Aly 3721y -UiO-66. This indicates that the process of Cr doping
synthesized by solvothermal cannot significantly improve the
pore structure and specific surface area of UiO-66. But with the
addition of hydrochloric acid and acetic acid as regulators, the
microwave-assisted Cr-doped UiO-66 sample showed significant
improvements in water uptake and specific surface area.
Moreover, this methodology enhanced thermal stability, with
microwave-derived samples maintaining structural integrity up
to 450 °C, surpassing the 400 °C stability limit observed in
solvothermally prepared Cr-doped UiO-66.%*

As a typical microporous material, the adsorption perfor-
mance of UiO-66 is mainly affected by the pore structure and
chemical environment. Previous studies*** have shown that
incorporating alien metal species into MOFs can effectively
enhance both surface areas and active site densities, critical
factors for augmenting adsorption performance. In this study,
the results of SEM showed that the crystal size decreased as the
amount of Cr(NO3);-9H,0 added increased. This phenomenon
suggests that the addition of Cr’" interferes with or inhibits the
growth of UiO-66 grains by affecting the binding of Zr** to BDC
ligands,* thereby increasing the probability of defects or
incorrect coordination in the UiO-66 structure. The BET surface
area of MW-1.5Cr-UiO-66 is 19.8% higher than that of MW-UiO-
66, confirming that MW-1.5Cr-UiO-66 has higher defects or
incorrect coordination.

However, the results of FTIR and XPS showed that the Cr
doped UiO-66 samples did not exhibit any new characteristic
peaks, indicating that only a small amount or even no Cr** was
present in the framework of UiO-66. This may be due to the
presence of acetic acid and hydrochloric acid® interfering with
the binding of Cr** to the BDC ligands, and the relatively short
reaction time (only 2 hours). In conclusion, the addition of
Cr(NO;);-9H,0 will lead to more defects and mismatches in the
UiO-66 structure, exposing more hydrophilic sites and thereby
improving its hydrophilicity. The increased pore volume and
specific surface area result in a higher saturation water
adsorption capacity of UiO-66.
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Conclusions

In this paper, a series of samples of MW-xCr-UiO-66 samples
was prepared using a microwave-assisted hydrothermal
method. Systematic characterization revealed that the addition
of Cr*" can improve the specific surface area and water vapor
adsorption capacity of UiO-66. MW-1.5Cr-UiO-66 has the high-
est BET specific surface area (1524 m> g~') and water vapor
adsorption capacity (0.59 g/g). And the water adsorption
capacity of MW-1.5Cr-UiO-66 remained unchanged after 10
cycles. The crystal structure of UiO-66 remained unchanged by
the addition of Cr*", and all samples retained high thermal
stability. The structural modification, attributed to controlled
defect engineering through metal substitution, resulted in
a 15.1% increase in micropore volume relative to unmodified
UiO-66. This increase was beneficial for enhancing the
adsorption capacity. These results may provide a basis for
considering the application of UiO-66 material in the field of
adsorption heat storage.
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