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A B S T R A C T

One of the essential properties required for the practical application of metal–organic frameworks (MOFs) as gas 
storage materials is high water stability. In this study, we investigate the origin of improved water stability 
through thermal treatment in V3(PET), a MOF containing hexatopic peripherally extended triptycene (H6PET) 
ligands, which show promise for hydrogen storage. While V3(PET) should be water-stable due to strong metal 
(hard acid, V3+)-ligand (hard base, carboxylate group) bonds, our experimental and theoretical findings reveal 
that the presence of dangling ligand—defects caused by metal-modulator (acetate) bonds— reduces its water 
stability. Our first-principles density functional theory (DFT) calculations show that the defect formation energy 
for V3(PET) with dangling ligands (+1.96 eV) is significantly lower than that for V3(PET) without them (+6.34 
eV), making it more vulnerable to humidity. By removing acetate and restoring the original metal–ligand bonds, 
we significantly enhance the water stability of V3(PET). Additionally, thermally treated V3(PET) retains about 95 
% of its hydrogen storage performance even after 7 days in 60 % relative humidity and maintains high me
chanical stability over 200 hydrogen storage cycles.

1. Introduction

Hydrogen is a promising energy carrier due to its highest energy 
density per unit mass (120 MJ/kg) and status as a clean energy source, 
with water being the only combustion product when used in fuel cells or 
combustion [1,2]. However, storing it as compressed gas at up to 700 
bar requires substantial energy and presents safety risks [3,4]. Metal- 
organic frameworks (MOFs) are one of the promising material classes 
for hydrogen storage owing to their high surface areas and fast 
adsorption/desorption kinetics under relatively mild conditions [5–10]. 
However, challenges such as the difficulty of large-scale synthesis, a low 
hydrogen storage capacity at room temperature, and poor water sta
bility still remain [11,12]. Among these, the structural instability of 
MOFs in the presence of water is mainly responsible for the degradation 

of the gas storage performance under humid conditions [13,14]. This is 
particularly problematic for industrial processes involving materials 
preparation and storage, where gaseous or liquid water is inevitably 
present [15–17].

Thus, different experimental and theoretical studies have tried to 
improve the water stability of MOFs. For instance, protection strategies 
against water access, such as hydrophobic polymer coating on the sur
face of MOFs and substitution of hydrophobic ligands, have been widely 
adopted due to their effectiveness [18–20]. However, modifying MOFs 
by exchanging hydrophobic ligands or hydrophobic polymer coating 
could lead to a loss of porosity and an increase in inactive mass, which 
reduces the overall performance in hydrogen storage applications 
[21–23]. Additionally, their application to MOFs with complex ligand 
architectures (high denticity) is often hindered by slow kinetics during 
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the exchange process [24]. Moreover, these approaches typically require 
additional processing steps, such as solvent-based stirring, re-drying, 
and re-activation, which complicate large-scale implementation. In 
contrast, thermal treatment provides a simple and scalable approach to 
enhance water stability without requiring additional chemical modifi
cations or post-synthetic processing steps [25,26].

On the other hand, theoretical studies have also aimed to design 
MOFs with inherent high water stability [27,28]. The hard soft acid base 
(HSAB) theory has been widely used as a representative theoretical 
standard for designing highly stable MOFs. According to the HSAB 
theory, MOFs with hard acid metals (Zr4+, Al3+, Fe3+, V3+, Ti4+)–hard 
base ligands (carboxylate-based ligands) or soft acid metals (Zn2+, Co2+, 
Ni2+, Cu2+)–soft base ligands (azolate-based ligands) combinations 
exhibit relatively high water stability [14,29]. However, in some MOFs 
structures designed by the HSAB theory, the presence of defects within 
the MOFs can result in lower water stability [30,31].

According to previous studies [32–34], different defects can be easily 
formed even in different MOF structures. For example, modulators used 
to improve the crystallinity of MOFs inevitably remain at ligand sites 
and cause defects, which are called missing ligand defects or dangling 
ligands [35–38]. When a modulator remains in the MOFs composed of 
ditopic ligands (e.g., terephthalic acid), a missing ligand defect is 
generally induced [39–42]. In this case, additional open metal sites and 
large pore space could be created by removing modulators within the 
pore through thermal treatment [42,43]. This can have a detrimental 
impact on the water stability of MOFs as water molecules penetrate into 
MOF’s structures and then disrupt the metal–ligand coordination bonds 
at the metal nodes [44–46].

Despite various experimental studies investigating the effects of 
ligand defects on the structural properties and related water stability of 
MOFs, a detailed understanding of the role of ligand defects in the water 
stability of MOFs is still lacking. In particular, the atomic-scale mecha
nisms are not well understood. Here, we investigate the water stability of 
our recently developed MOF, V3(PET) [47], which exhibits a total 
hydrogen uptake of 8.4 wt% and 46.7 g/L at 77 K and 100 bar, com
parable to high-performance MOFs such as MOF-5 and SNU-70. Given 
its promising hydrogen storage capacity, understanding its stability 
under humid conditions is essential for assessing its practical applica
bility. We further clarify the mechanism behind its improved water 
stability, achieved through a simple and effective thermal treatment 
process. We found that thermally treated V3(PET) maintained 92 % 
porosity under 60 % relative humidity (RH) at 25 ◦C for 72 h, whereas 
bare V3(PET) completely lost its porosity. Our experiments and DFT 
calculations revealed a mechanism distinct from the conventional un
derstanding, which suggests that amorphous carbon coatings formed by 
thermal treatment block water molecules from penetrating the structure 
[25,26]. Specifically, we found that residual acetate units (modulators) 
bound to V3+ metals are mainly responsible for the poor water stability 
of bare V3(PET) despite the presence of strong hard acid metal (V3+)– 
hard base ligand bonds as described by the HSAB theory. In contrast, 
thermal treatment effectively removed acetate units in V3(PET), thereby 
restoring the original metal–ligand bonds of the destabilizing dangling 
ligands, which significantly enhanced the structure stability. This sta
bilization is facilitated by the hexatopic nature of PET ligands, indi
cating that ligand denticity plays a crucial role in the thermal treatment 
mechanism of enhanced water stability of V3(PET). Our DFT calcula
tions further showed that the ligand defect formation energy in defect- 
free bare V3(PET) is much more stable than that in V3(PET) with 
acetate-induced dangling ligands, showing higher resistance to water 
exposure. Additionally, we observed that thermally treated V3(PET) 
maintained its good performance for hydrogen adsorption, even in the 
presence of water.

2. Experimental section

2.1. Materials and analytical equipment

All chemicals were used without further purification. The com
pounds VCl3(tetrahydrofuran)3 (VCl3(THF)3), acetonitrile, acetic acid, 
Vanadium (III) chloride (VCl3) and terephthalic acid (H2BDC) were 
purchased from Sigma Aldrich Co., Ltd, while 4,4′,4′’,4′’’,4′’’’,4′’’’’- 
(9,10-dihydro-9,10-[1, 2,]benzenoanthracene-2,3,6,7,14,15-hexayl) 
hexabenzoic acid (hexatopic peripherally extended triptycene, H6PET) 
was purchased from Chemsoon Co., Ltd, N,N-dimethylformamide (DMF) 
and acetone were purchased from Daejung Co., Ltd. In addition, trimesic 
acid (H3BTC) was purchased from Alibaba, tetrakis(4-carboxyphenyl) 
porphyrin (H6TCPP) was purchased from Tokyo Chemical Industry 
Co., Ltd., Copper(II) nitrate trihydrate (Cu(NO3)2⋅3H2O) was purchased 
from Thermo Fisher Scientific co. Ltd.

Scanning electron microscope (SEM, Inspect F, FEI Company), X-ray 
diffractometer (D8 Advance, Bruker AXS Inc.), X-ray photoelectron 
spectrometer (XPS, Nexsa, Thermo Fisher Scientific Inc.), thermogravi
metric analyzer (TGA), Fourier transform infrared spectrometer (FT-IR, 
Perkin Elmer Frontier, PerkinElmer Inc.), Raman spectrometer (inVia 
Reflex, Renishaw with the laser excitation wavelength of 532 nm), nu
clear magnetic resonance (NMR, Avance III HD 400 MHz), gas adsorp
tion analyzer (ASAP 2020), Liquid Chromatography-Mass Spectrometry 
system (LC-MS, SYNAPT G2-S) and Electron paramagnetic resonance 
(EPR, Bruker EMXplus-9.5/2.7) spectrometer were used for materials 
characterization. Near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy was conducted at the 10D KIST-PAL beamline in the 
Pohang Accelerator Laboratory (PAL).

2.2. Synthesis of V3(PET)

VCl3(THF)3 (139 mg, 0.373 mmol) and H6PET (30 mg, 0.031 mmol) 
were mixed in 5 mL of DMF, 5 mL of acetonitrile, and 0.5 mL acetic acid 
in a 50 mL glass bottle, and then the mixture was sonicated for 30 min. 
The mixture was heated to 150 ◦C for 48 h. The precipitated MOFs were 
centrifuged to separate them from the mother liquor. The product was 
washed 3 times with 30 mL of DMF and immersed in 30 mL of DMF 
overnight. It was centrifuged again, washed 6 times with 30 mL of 
acetone, and immersed in 30 mL of acetone for 2 days. The acetone was 
decanted, and the samples were activated under vacuum at 120 ◦C for 
12 h to yield 28 mg (76 %) of V3O(OH)(PET) (V3(PET)) as a green 
microcrystalline solid.

2.3. Synthesis of MIL-101

MIL-101 was synthesized using the synthesis method of Biswas, 
Shyam, et al. [48]. VCl3 (200 mg, 1.27 mmol) and H2BDC (106 mg, 0.64 
mmol) were mixed in 2 mL of DMF and 0.1 mL of acetic acid in a 10 mL 
glass bottle, and then the mixture was sonicated for 30 min. The mixture 
was heated to 150 ◦C for 24 h. The precipitated MOFs were centrifuged 
to separate them from the mother liquor. The product was washed 3 
times with 30 mL of DMF and washed 3 times with 30 mL of acetone. 
The acetone was decanted, and the samples were activated under vac
uum at 130 ◦C for 12 h.

2.4. Synthesis of HKUST-1

HKUST-1 was synthesized using a previously reported method with 
minor modifications [49,50]. Cu(NO3)2⋅3H2O (1,038 mg, 4.03 mmol) 
was dissolved in 30 ml water. H3BTC (500 mg, 2.38 mmol) was dissolved 
in 30 mL of ethanol, 30 ml of DMF, and 1.25 mL of acetic acid. The two 
solutions were mixed directly in a 100 mL Teflon-lined autoclave. The 
mixture was sonicated for 30 min and then heated to 100 ◦C for 18 h. 
The precipitated MOFs were centrifuged to separate them from the 
mother liquor. The product was washed several times with DMF and 
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methanol. The methanol was decanted, and the samples were activated 
under vacuum at 120 ◦C for 12 h.

2.5. Synthesis of Cu-TCPP

Cu-TCPP was synthesized using a previously reported method with 
minor modifications [51]. Cu(NO3)2⋅3H2O (500 mg, 2.07 mmol) and 
H6TCPP (100 mg, 0.13 mmol) were mixed in 80 mL of DMF and 1.2 mL 
of acetic acid in a 100 mL glass bottle. The mixture was sonicated for 30 
min and then heated to 80 ◦C for 24 h. The product was washed 3 times 
with 30 mL of DMF and washed 3 times with 30 mL of ethanol. The 
ethanol was decanted, and the samples were activated under vacuum at 
120 ◦C for 12 h.

2.6. Synthesis of Ga3(PET)

Ga3(PET) was synthesized using a previously reported method with 
minor modifications [47]. Ga(NO3)3⋅xH2O (475 mg) and H6PET (150 
mg, 0.15 mmol) were mixed in 25 mL of DMF, 25 mL of acetonitrile, and 
15 mL of acetic acid in a 250 mL glass bottle. The mixture was sonicated 
for 30 min and then heated to 150 ◦C for 48 h. The product was washed 3 
times with 30 mL of DMF and washed 3 times with 30 mL of acetone. 
The acetone was decanted, and the samples were activated under vac
uum at 120 ◦C for 12 h.

2.7. Thermal treatment

All samples were stored in a glove box before thermal treatment to 
minimize exposure to ambient air and moisture. All samples were heated 
in an external tube with a 150 mL/min Ar flow while in the activated 
state. The furnace heated at a rate of 5 ◦C/min, maintained each sample 
at a specific thermal treatment temperature—determined based on TGA 
analysis—for 30 min, and then cooled them to room temperature. Each 
thermal-treated sample was named ‘(sample name)@(thermal treatment 
temperature)’ (e.g., V3(PET)@400).

2.8. Water stability test

All samples underwent the activation process and were then exposed 
to 60 % relative humidity (RH) at 25 ◦C in a temperature and humidity 
chamber (S-TH31).

2.9. Solution-state 1H NMR measurements

All samples were activated and digested with DCl (16 μL, 35 wt% in 
D2O) in DMSO‑d6 (1 mL) under sonication for 30 min, filtered through a 
syringe filter, and measured.

2.10. DFT calculations

All spin-polarized density functional theory (DFT + U) calculations 
were performed using the Vienna ab initio Simulation Package (VASP) 
with the projector augmented wave (PAW) method [52,53]. The 
Perdew-Burke-Ernzerhof (PBE) functional with the generalized gradient 
approximation (GGA) was used to describe the electron exchan
ge–correlation functions [54]. A kinetic energy cutoff for the plane-wave 
basis set was set at 600 eV in all calculations. Brillouin zone integration 
was performed using Γ-point sampling with 1 × 1 × 2 k-points. The 
Gaussian smearing of 0.05 eV was employed [55]. The Hubbard-U term 
of 4.0 eV for V 3d states was chosen following previous studies [56]. The 
convergence criteria for electronic and atomic relaxations were set at 10- 

5 eV and 10-2 eV/Å, respectively. To include the effect of the van der 
Waals (vdW) dispersive interactions on the energetics and structural 
optimizations, we fully optimized the lattice parameters and atomic 
coordinates with the revised vdW-DF2 functional [57]. The optimized 
lattice parameters of V3(PET) are a = 19.565 Å, b = 19.890 Å, c =

11.496 Å, α = 89.447◦, β = 90.282◦, and γ = 120.429◦.
In order to calculate the defect formation energy of the PET ligand, a 

1 × 2 × 2 supercell was optimized using a Γ-point sampling under the 
same conditions. For the negatively charged ligands and frameworks, 
the charge neutrality was corrected by adding hydrogen atoms and 
hydroxide units, respectively, as a capping agent in place of each 
removed ligand [31]. Therefore, the ligand defect formation energy 
(ΔEdefect) is defined as 

ΔEdefect =
(
Edefect+H2O*+OH* + Eligand+H*

)
−
(
Epristine + nEH2O(g)

)
(1) 

where Edefect+H2O*+OH*, Eligand+H*, Epristine, EH2O(g), and n are the total en
ergies of defective V3(PET) with capping agents, ligand with capping 
agents, pristine V3(PET), gas-phase H2O, and the number of H2O mol
ecules, respectively. ‘*’ indicates the state adsorbed to the carboxylate 
groups. Since the ligand has six carboxylate units, twelve H2O molecules 
were added for charge neutrality. For gas-phase H2 and H2O, we used a 
30 Å × 30 Å × 30 Å supercell.

2.11. Low pressure N2 adsorption-desorption isotherm

To analyze the Brunauer, Emmet, Teller (BET) surface area and pore 
diameter of activated MOFs, we measured N2 isotherms to 1 bar at 77 K 
on a Tristar II Plus 3030 (Micromeritics). After the measurement of N2 
isotherms, the BET surface area was calculated using the Rouquerol 
criteria [58]. Pore size distribution and pore volume of activated MOFs 
were calculated by the DFT model with slit pore geometry using 
Micromeritics MicroActive control software.

2.12. High-pressure H2 isotherm measurements

The hydrogen uptake was measured using a home-built contact 
cooling system integrated with a commercial Sievert-type PCT Pro-E&E 
(Setaram). The cooling system’s cold finger is set to contact liquid ni
trogen at a certain level and maintain the target temperature by trans
ferring heat to oxygen-free copper through the heater. Adsorption and 
desorption isotherms were measured (0–40 bar) at various temperatures 
(77–298 K) in a sample cell with a volume of approximately 1.2 mL 
using ultra-pure hydrogen gas (99.999 %).

Before hydrogen adsorption measurements, samples were heated for 
12 h at 120 ◦C in a vacuum to remove guest molecules in the framework. 
To eliminate the influence of the temperature gradient between the 
cooled sample cell and the gas reservoir during the isothermal mea
surements at cryogenic temperatures, we measured hydrogen uptake in 
a non-adsorbed sample (sea sand) with the same volume under the same 
conditions (nseasand(p,T)). Finally, to minimize the measurement error at 
cryogenic temperatures and calculate the excess H2 (nexc(p,T)), the 
excess H2 (nexc(p,T)) can be corrected by subtracting the unadsorbed 
sample concentration (nseasand(p, T)) from the measured hydrogen con
centration (nmeasured(p,T)), as shown in Eq. (2). 

nexc(p,T) = nmeasured(p,T) − nseasand(p,T) (2) 

Excess gravimetric uptake is the amount of hydrogen adsorption 
(mads) per the sum of sample mass (msample) and adsorbed hydrogen 
(mads). 

Excess gravimetric uptake =
mads

mads + msample
× 100 (3) 

Total H2 uptake was estimated using the following equation: (total 
uptake) = (excess uptake) + ρVp, where ρ is the density of H2 at each 
temperature and pressure.

2.13. High-pressure H2 adsorption/desorption cycle test

To assess the long-term stability of V3(PET)@400 under practical 
operating conditions, we measured consecutive high-pressure hydrogen 
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isotherms at 273  K over 200 cycles. The measurements were conducted 
using an automated controlled Sieverts apparatus (BEL-HP, BEL.JAPAN. 
INC) [59]. Approximately 0.5  g of the sample was activated using a 
Micromeritics ASAP2020 degassing instrument at 120 ◦C for 12 h. After 
activation, the sample cell was sealed with a Swagelok SS-8-VCR-2-GR- 
5 M stainless steel gasket. The degassed sample, within the ASAP sorp
tion cell, was transferred to a glove box without exposure to air. Inside 
the glove box, the sample was loaded into the BEL-HP measurement cell. 
The cell was packed and tapped until no further volume change was 
observed. The sample cell was then sealed inside a zip-lock bag, 
removed from the glove box, and promptly connected to the measure
ment instrument to minimize exposure to moisture.

The sample was regenerated again at 120 ◦C for 6  h under vacuum. 
Subsequently, the skeletal volume of the sample at 25 ◦C was measured 
by dosing helium up to 1  bar using the BEL-HP instrument [60]. Both 
the skeletal volume of the sample and the dead volume of the empty cell 
were determined by dosing helium at 25 ◦C a total of 60 times, with the 
average values used for calculations. Following this, high-pressure 
hydrogen isotherm was measured up to 100  bar at 273  K using an 
ethylene glycol–water bath.

For the cycling tests, the sample cell was subjected to 200 cycles of 
pressurization to 100  bar with hydrogen and evacuation to 8 × 10− 1 Pa 
under vacuum by sequentially opening the valves of the hydrogen gas 
tank and the vacuum pump. Isotherms were measured initially and after 

every 25 cycles. Ultra-high-purity (99.999 % purity) hydrogen and he
lium gases were used in all experiments. An equilibrium time of 500  s 
was set, and measurements proceeded to the next pressure point once 
the pressure change was within 0.1 % of the full-scale pressure.

3. Results and discussion

3.1. Thermal treatment and improved water stability of V3(PET)

Bare V3(PET) was synthesized using a solvothermal method with 
acetic acid as the modulator, following a previously reported procedure 
[47]. The crystal structure consists of a vanadium trinuclear node linked 
by six hexatopic peripherally extended triptycene (H6PET) ligands. As 
shown in Fig. S1, the TGA plot of a V3(PET) indicates the onset of 
framework decomposition around 475 ◦C. Motivated by this observa
tion, we prepared a series of thermally treated samples at temperatures 
between 300 to 450 ◦C in an external tube furnace under a flowing Ar 
atmosphere. As shown in Fig. 1a-1c and Figs. S2-S3, samples annealed at 
300 and 400 ◦C (referred to as V3(PET)@300 and V3(PET)@400) were 
characterized with PXRD, SEM, and Energy-dispersive X-ray spectros
copy (EDS). Both samples show no difference compared to the bare 
V3(PET). Specifically, N2 isotherm measurements (Fig. 1d-1f and 
Fig. S4) revealed that V3(PET), V3(PET)@300, and V3(PET)@400 
exhibited the same BET surface area of approximately 3,400 m2/g, pore 

Fig. 1. PXRD patterns of (a) bare V3(PET), (b) V3(PET)@300, and (c) V3(PET)@400. N2 isotherms of (d) bare V3(PET), (e) V3(PET)@300, and (f) V3(PET)@400 at 77 
K (adsorption: filled symbols, desorption: empty symbols). BET surface areas of (g) V3(PET), V3(PET)@300 and V3(PET)@400 before and after exposure to 60 % RH 
at 25 ◦C for 72 h.
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volume of 1.36 cm3/g and pore size of 13 Å. However, framework 
collapse occurred when the samples were thermally treated at a tem
perature over 450 ◦C, as shown in Fig. S5, which is in good agreement 
with TGA results.

In order to examine the water stability performance, bare V3(PET), 
V3(PET)@300, and V3(PET)@400 were exposed to 60 % RH at 25 ◦C. 
For bare V3(PET), the BET surface area became 1,247 m2/g within 24 h 
and decreased by 99 % with total porosity loss after 72 h, as confirmed 
by the PXRD pattern (Fig. S6a and Fig. 1a) and N2 isotherm measure
ment (Fig. S6b–6c and Fig. 1d). Notably, bare V3(PET) is not stable 
under humid conditions, even though it is composed of hard acid metals 

(V3+)–hard base ligands (carboxylate ligands), which should confer the 
good water stability based on the HSAB theory. In contrast, V3(PET) 
@300 and V3(PET)@400 exhibited no significant changes in the PXRD 
pattern (Fig. 1b and 1c) and their BET surface area values slightly 
decreased by 19 % (from 3,329 m2/g to 2,690 m2/g) and 8 % (from 
3,359 m2/g to 3,080 m2/g), respectively (Fig. 1e, 1f and 1 g). More 
interestingly, V3(PET)@400 showed BET surface area of 3,160 m2/g and 
2,251 m2/g, respectively, after exposure to 60 % RH for 7 days and 14 
days, indicating decreases of 6 % and 33 % with no significant changes 
in the PXRD pattern (Fig. S7). This suggests that the thermal treatment 
significantly improved the water stability of V3(PET). In particular, we 

Fig. 2. High-resolution O 1 s XPS spectra of (a) bare V3(PET) and (b) V3(PET)@400. (c) The peak area ratio of high-resolution O 1 s XPS spectra. The peak ratios of 
each peak were determined through the area of the deconvoluted high-resolution O 1 s spectra. (d) Partially enlarged view of solution-state 1H NMR spectra of bare 
V3(PET), V3(PET)@300, and V3(PET)@400. (e) The molar ratio of acetate-to-PET. (f) EPR spectra of V3(PET) and V3(PET)@400. (g) Illustration showing V-O-C, 
COOH, and acetate in V3(PET).

H.-E. An et al.                                                                                                                                                                                                                                   Chemical Engineering Journal 513 (2025) 163083 

5 



found that V3(PET)@400 shows the best performance for water stability.
After determining 400 ◦C as a suitable thermal treatment tempera

ture, we further investigated the effect of treatment duration on water 
stability (Fig. S8). The BET surface areas of the bare and thermally 
treated samples (1, 15, 30, and 60 min) before water exposure were 
similar, with values of 3,373, 3,320, 3,440, 3,359, and 3,411 m2/g, 
respectively. It indicates that thermal treatment duration did not 
significantly alter the porosity under dry conditions. However, after 
exposure to 60 % RH for 3 days, the BET surface areas decreased to 41, 
2,161, 2,533, 3,080, and 2,350 m2/g, respectively. The relative decrease 
in BET surface area after exposure to 60 % RH for 3 days was 99, 35, 26, 
8, and 31 % for the bare and thermally treated samples (1, 15, 30, and 
60 min), respectively. Among these, the sample treated for 30 min 
exhibited the highest water stability, retaining 91.7 % of its initial sur
face area. This suggests that a 30 min thermal treatment is the optimal 
condition for improving stability under humid conditions.

3.2. Chemical characteristics analysis of V3(PET) and V3(PET)@400

Having observed the good performance of water stability in ther
mally treated V3(PET) MOFs, we now address the origin of the improved 
water stability by thermal treatment. To do this, we conducted various 
analyses for bare V3(PET) and V3(PET)@400. Figs. S9 and S10 show 
NEXAFS spectroscopy and Raman analysis, respectively. Interestingly, 
no significant differences were observed between the two materials in 
terms of structural properties. Importantly, Raman analysis did not 
detect the G-band (~1580 cm− 1) or D-band (~1350 cm− 1), which are 
characteristic of carbonization products such as amorphous carbon 
(Fig. S10), clearly indicating the absence of carbonization. According to 
previous studies [25,61], the formation of carbonaceous layers can 
improve the water stability of MOFs by blocking water molecules; 
however, this mechanism is not applicable in our case due to the absence 
of such carbon signals. Additionally, XPS survey spectra showed no 
significant increase in the C/V composition ratio (Fig. S11 and Table S1), 
further confirming that no amorphous carbon coating was formed dur
ing thermal treatment [26].

Distinct differences were observed in the high-resolution O 1 s 
spectra. In Fig. 2a and 2b, the peaks at 531.6 eV and 532.9 eV corre
spond to V-O-C and COOH units, respectively. Thus, the peak at 531.6 
eV can be attributed to the carboxylate group in ligand or acetate bound 
to a metal node, while the peak at 532.9 eV can be attributed to the 
coordinated-free carboxylate group to a metal node [62] and assigned to 
dangling PET ligands [63–65]. Additionally, some of the COOH units 
may also originate from ligands exposed on the surface [66–69]. As 
shown in Fig. 2c, the V-O-C (75 %) in V3(PET)@400 is higher than that 
(67 %) in bare V3(PET). Contrary to this, the COOH (12 %) atomic ratio 
in V3(PET)@400 is lower than that (23 %) in bare V3(PET). This suggests 
that dangling PET ligands in bare V3(PET) become coordinated with the 
metal node after the thermal treatment. FT-IR analysis revealed subtle 
changes in the ligand’s carboxyl group (Fig. S12). The peaks associated 
with the carboxyl group of the PET ligand at 1,257 cm− 1 and 1,701 cm− 1 

[70–74] show a slight decrease in intensity in V3(PET)@400 compared 
to V3(PET). Based on XPS analysis, this reduction results from the 
dangling ligands regaining ideal bonding with the metal node after 
thermal treatment.

To understand the atomic-scale mechanism of the thermal treatment- 
induced structural recovery followed by the improved water stability, 
we further performed solution-state proton nuclear magnetic resonance 
(1H NMR) analysis. In Fig. S13, we can clearly see that the 1H NMR 
results show signals related to PET ligands [75] and solvent (DMSO‑d6, 
δ1H = 2.50 ppm) [76]. In addition, the signals corresponding to H2O 
(δ1H = 6.00 ppm) [77,78] from the DCl solution and coordinated water 
in V3(PET) were detected. The signals corresponding to residual DMF 
(δ1H = 2.70 ppm, 2.90 ppm) [79,80] and acetone (δ1H = 2.10 ppm) 
[81], which were used for the synthesis of MOFs and washing NMR 
tubes were also detected. Particularly, the acetate (modulator) signals 

for bare V3(PET) were observed at 1.91 ppm (Fig. 2d) [82]. Based on 
previous studies [39,40,83,84], the modulator can remain within the 
MOF structure, playing a role in regulating the synthesis rate by 
competing with the ligand. Thus, the modulator is able to substitute the 
ligand site, causing a missing ligand defect (completely detached ligand 
from the metal node) or a dangling ligand defect (partially detached 
ligand, with some bonding remaining). In our system, no significant 
differences were observed between V3(PET) and V3(PET)@400 in terms 
of N2 isotherm, PXRD, NEXAFS, and Raman analysis (Fig. 1, Figs. S9 and 
S10). This contrasts with previous MOF studies, where modulators 
induce missing ligand defects [41,85–89]. Therefore, due to the hex
atopic nature of PET, even if acetate units bind to the ligand sites, 
dangling ligands—a type of ligand defect—occur rather than causing 
missing ligand defects. This is because when a carboxylate unit in the 
PET ligand is unbound from the metal node, the others remain attached, 
preventing the formation of the missing ligand defect. This allows the 
ligand to persist in the structure as a dangling ligand. A comparison of 
the integration values from acetate (δ1H = 1.91 ppm) and PET (δ1H =
7.60 ppm) signals shows that the acetate-to-PET ratio is 0.11 (Fig. 2e and 
Table S2). This means that a dangling ligand can be formed per about ten 
metal nodes since the number of metal nodes in the unit cell is the same 
as that of the PET ligand in the unit cell. According to our DFT calcu
lations, the dangling ligands can also interact with acetate units, as 
shown in Fig. 2g(ii) (acetate-dangling ligand couples). Interestingly, we 
further found a significant reduction in the acetate signal at 1.91 ppm 
after thermal treatment. The acetate-to-PET ratio decreased to 0.03 in 
V3(PET)@300, and notably, no acetate signal was observed in V3(PET) 
@400 (Fig. 2e and Table S2). This indicates that the thermal treatment 
effectively reduces the number of acetate-dangling ligand couples, 
leading to a stable coordination environment around the metal node 
(Fig. 2g(i)). Our NMR simulations agree well with the experiment. The 
calculated 1H chemical shifts related to acetate (0.34, 0.60, and 1.79 
ppm) were observed in V3(PET) with acetate-dangling ligand couples, 
while these were not observed in defect-free V3(PET) (Fig. S14).

EPR spectroscopy provided supporting evidence of structural resto
ration. As shown in Fig. 2f, the EPR spectrum of bare V3(PET) exhibited a 
signal with g = 1.96 and relatively high intensity, indicating the pres
ence of acetate defect sites arising from coordination irregularities 
around the metal nodes [90,91]. In contrast, the g factor of V3(PET) 
@400 shifted to 1.94, accompanied by a significant decrease in in
tensity. The decrease in g-factor and signal intensity can be observed 
upon defect healing in transition metal systems [92,93]. This suggests 
that thermal treatment effectively reduces the density of these coordi
nation defects, reflecting the restoration of the coordination environ
ment around the vanadium nodes.

Moreover, we performed DFT calculations to demonstrate that the 
dangling ligands recombine with the metal node after the removal of 
acetate. Our DFT calculations show that the dangling ligand rebinds to 
the V atoms, stabilizing the total energy by approximately 4.8 eV, as 
shown in Fig. S15. These results suggest that in V3(PET) with acetate- 
induced dangling ligands, thermal treatment leading to acetate 
removal facilitates the rebinding of the dangling ligands to rebind to V 
atoms, thereby restoring structural stability.

Thus, combined with the results from XPS, FT-IR, NMR, EPR ana
lyses, and DFT calculations, we expect that V3(PET) initially forms 
dangling ligands induced by the acetate modulator and then the 
dangling ligands return to their original positions through binding to the 
metal nodes after thermal treatment. This thermal treatment, just like an 
activation thermal process, can be used to restore the useful properties 
of MOFs.

3.3. The influence of acetate-dangling ligand couples on water stability

To elucidate the effects of the acetate-dangling ligand couple on the 
water stability of V3(PET), we calculated the PET ligand defect forma
tion energies with and without the acetate-dangling ligand couple in 
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V3(PET) (Fig. S16). The ligand defects are crucial for assessing the water 
stability of MOFs because they provide extensive active sites where 
water molecules can be adsorbed [31]. According to our DFT calcula
tions, the PET ligand defect formation energy of defect-free V3(PET) 
(6.34 eV) is much larger than that of V3(PET) with the acetate-dangling 
ligand couple (1.96 eV). Based on Eq. (1), the positive ligand defect 
formation energy indicates a high resistance to the defect formation. 
Therefore, the calculated defect formation energy values suggest that 
the PET ligand defects are more likely to occur in V3(PET) when the 
acetate-dangling ligand couples exist, leading to water molecules bound 
to the metal nodes in the presence of water. Eventually, this causes the 
structural collapse. This approach of correlating defect formation energy 
with water stability has also been demonstrated in previous studies 
[34,94]. These studies highlight how defect formation energies can 
predict structural degradation pathways in MOFs exposed to humid 
environments. In line with these findings, our experimental results 
provide consistent evidence that supports the DFT-predicted defect 
formation energy trends.

To experimentally validate the impact of the acetate-dangling ligand 
couple on water activity, we performed various analyses on V3(PET) and 
V3(PET)@400. The high-resolution O 1 s XPS analysis showed that the 

H2O peak area ratio of bare V3(PET) (16 %) is higher than that of 
V3(PET)@400 (8 %) after exposure to 60 % RH at 25 ◦C for 72 h, indi
cating that more water molecules were bound within the bare V3(PET) 
structure (Fig. 3a and 3b). Additionally, water vapor adsorption 
isotherm measurements at 298 K demonstrated that V3(PET) exhibited a 
greater strong adsorption site for water compared to V3(PET)@400 
(Fig. S17). At P/P0 = 0.4, the quantity of adsorbed water was 2.2 mol/ 
mol for V3(PET) and 1.4 mol/mol for V3(PET)@400. According to pre
vious studies, at a relative pressure of P/P0 < 0.4, water molecules 
adsorb onto strong adsorption sites, which are defined as any surface 
species bearing a partial charge [95]. We infer that the acetate-dangling 
ligand couple in V3(PET) serve as relatively strong adsorption sites, 
thereby increasing water uptake at P/P0 = 0.4. As previously confirmed 
by EPR analysis, the charge imbalance and increased partial charge of 
the metal node, induced by coordination irregularities in the V3(PET) 
due to the presence of acetate-dangling ligand couple, enhance its 
reactivity toward water molecules (Fig. 2f) [96]. Mass spectrometry 
(MS) analysis further supports these findings by revealing PET ligand 
detachment upon immersion in DI water (Fig. S18). V3(PET) and 
V3(PET)@400 samples were immersed in 50 mL of DI water for 24 h, 
followed by filtration and MS analysis of the extracted solution. The 

Fig. 3. High-resolution O 1 s XPS of (a) V3(PET) and (b) V3(PET)@400 after exposure to 60 % RH at 25 ◦C for 72 h, (c) Partially enlarged view of the negative ion 
mode mass spectra of blank, H6PET solution and the extracted solution after V3(PET) and V3(PET)@400 immersion, (d) Bar graph of signal intensities obtained from 
the negative ion mode mass spectra of H6PET in the extracted solution after V3(PET) and V3(PET)@400 immersion (m/z = 486.6, 487.1).
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standard substance, H6PET, was dissolved in methanol and analyzed (m/ 
z = 486.6, 487.1) (Fig. 3c). The extracted solution from V3(PET) im
mersion contained significantly more H6PET than from V3(PET)@400 
immersion (Fig. 3d), indicating that V3(PET) is more prone to ligand 
detachment in water. This aligns with our DFT calculation, which shows 
that V3(PET)@400 exhibits higher ligand defect formation energy, 
making it more resistant to water-induced degradation.

Overall, our DFT and experimental results suggest that the acetate- 
dangling ligand couple creates a water-active coordination environ
ment in V3(PET), leading to structural instability. This finding also 
aligns with previous studies that emphasize the importance of strong 
binding energy of metal to a ligand for MOF stability under humid 
conditions [14].

3.4. Mechanism of thermal treatment for improving water stability

Considering our DFT calculations and experimental results, the 
mechanism for enhancing water stability through thermal treatment is 
shown in Scheme 1. Initially, the remaining modulator (acetate units) in 
bare V3(PET) form the acetate-dangling ligand couples, which include 
coordinated-free carboxylate groups, as shown in the upper left panel of 
Scheme 1. When acetate units are removed by the thermal treatment, 
the dangling ligands can now bind to the metal nodes, creating the 
original hard acid metals (V3+)-hard base ligands (carboxylate groups) 
combination (the upper right panel of Scheme 1). The newly created 
coordination environment, resulting from the removal of modulators in 
the V3(PET) framework, is resistant to water. This is the origin of the 
improved water stability by the thermal treatment.

To investigate the role of ligand denticity in the thermal treatment 
mechanism affecting water stability, we conducted comparative exper
iments on MOFs composed of ligands with various denticity. The ther
mal treatment temperature for all synthesized MOFs was determined 
based on TGA results, and the treatment duration was fixed at 30 min.

MIL-101, composed of a ditopic ligand (BDC), was thermally treated 
at 250 ◦C and 300 ◦C (Fig. S19a), resulting in the removal of acetate 
(Fig. S19b). However, despite this removal, the water stability of MIL- 
101 did not improve, as confirmed by PXRD and BET analyses before 
and after exposure to water (Fig. S19c and S19d). Similarly, HKUST-1, 
which consists of a tritopic ligand (BTC), was thermally treated at 200 
and 250 ◦C (Fig. S20a), also resulting in acetate removal (Fig. S20b). 
Nevertheless, no improvement in water stability was observed 

(Figs. S20c and S20d). These results suggest that the proposed thermal 
treatment mechanism does not effectively apply to MOFs composed of 
low-denticity ligands. This is likely because low-denticity ligands are 
more prone to forming missing ligand defects rather than remaining as 
dangling ligands [84,98], unlike hexatopic ligands, when acetate- 
induced defects are generated. One point we would like to note is that 
the increase in the N2 isotherm of HKUST-1 after thermal treatment 
suggests the formation of mesoporous defects, likely resulting from 
partial linker decomposition or metal node rearrangement [84,99]. 
However, further studies are needed to clarify this.

Cu-TCPP, which consists of a tetratopic ligand (TCPP), was thermally 
treated at 300 ◦C (Fig. S21a), leading to acetate removal (Fig. S21b). 
However, despite the treatment being conducted below the decompo
sition temperature, some of the ligand was also removed from the 
structure (Fig. S21b). As a result, PXRD analysis revealed a reduction in 
structural regularity along the a-b plane [51] (Fig. S21c), and the BET 
surface area decreased from 1,647 m2/g to 517 m2/g after thermal 
treatment (Fig. S21d). While the water stability showed slight 
improvement, the effect was less pronounced than in the hexatopic 
system. After water exposure, the BET surface area of Cu-TCPP 
decreased by 63 % (from 1,647 m2/g to 611 m2/g), whereas Cu- 
TCPP@300 exhibited only a 22 % reduction (from 517 m2/g to 401 
m2/g) reduction (Fig. S21d). Furthermore, Raman analysis confirmed 
the absence of G-band or D-band signals, ruling out carbonization as a 
contributing factor (Fig. S21e). These findings suggest that while the 
proposed thermal treatment mechanism may be partially applicable to 
tetratopic ligand systems, additional factors influence the extent of 
stabilization.

Ga3(PET), composed of hexatopic ligand (PET) and gallium, was 
thermally treated at 300 ◦C (Fig. S22a), resulting in partial removal of 
acetate (Fig. S22b). Water stability test results show improvement upon 
thermal treatment. After exposure to water, the BET surface area of 
Ga3(PET) decreased by 76 % (from 3,128 m2/g to 763 m2/g), whereas 
Ga3(PET)@300 showed only a 39 % reduction (from 2,879 m2/g to 
1,770 m2/g) (Fig. S22c). Additionally, PXRD analysis revealed that 
Ga3(PET)@300 exhibited less intensity decrease than Ga3(PET) after 
water exposure, indicating better structural retention (Fig. S22d). 
Raman analysis confirmed the absence of carbonization effects 
(Fig. S22e). These results indicate that the proposed thermal treatment 
mechanism is most effective for MOFs composed of hexatopic ligands. 
Although our experimental conditions may not represent the absolute 

Scheme 1. Mechanism of the improved water stability by the thermal treatment in V3(PET) with hexatopic H6PET ligands. V3(PET) consists of a vanadium trinuclear 
node linked by six hexatopic PET ligands. The connections between the metal nodes and H6PET ligands form the acs framework [97]. The illustration before exposure 
to water is the activated MOF structure.
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optimal parameters, the observed improvements suggest that ligand 
denticity plays a crucial role in determining the effectiveness of thermal 
treatment for enhancing water stability in MOFs. The proposed mech
anism is particularly applicable to polytopic ligands with hexatopic or 
higher denticity, as these structures facilitate ligand reattachment and 
resist defect formation more effectively.

3.5. Hydrogen storage performance of V3(PET)@400

According to our recent study [47], V3(PET) showed good perfor
mance for hydrogen storage. Thus, we examined the hydrogen storage 
performance of V3(PET)@400. We conducted the hydrogen isotherm 
measurement of V3(PET)@400 at different temperatures to measure the 
excess hydrogen uptakes (Fig. S23) while also measuring the hydrogen 
adsorption isotherms of bare V3(PET) for comparison (Fig. S24a). The 
total hydrogen uptakes were determined using the pore volume and bulk 
density of hydrogen [59,100] (Fig. 4a, Fig. S24b, and Table S3). At 77 K 
and 40 bars, V3(PET)@400 showed total gravimetric and volumetric H2 
uptakes of 6.71 wt% and 36.49 g/L, respectively. As the temperature 
increased to 298 K, both gravimetric and volumetric uptakes of V3(PET) 
@400 decreased to 0.68 wt% and 3.59 g/L, consistent with typical 
physisorption behavior. The hydrogen storage performance of V3(PET) 
@400 retained a similar performance to bare V3(PET), which exhibited 
total gravimetric and volumetric H2 uptakes of 6.97 wt% and 37.97 g/L 
at 77 K and 40 bar. This indicates that the thermal treatment process did 
not adversely affect the hydrogen adsorption capacity of V3(PET). In 
addition, these values are comparable to well-known hydrogen storage 
MOFs such as NU-1000 (6.41 wt%, 39.13 g/L) and HKUST-1 (4.85 wt%, 
44.83 g/L) at 77 K and 40 bar, indicating that V3(PET)@400 maintains 
competitive performance (Table S3).

Furthermore, to confirm the good water stability of V3(PET)@400, 

the hydrogen isotherms were measured after exposure to 60 % RH at 
25 ◦C for 3 days and 7 days, as shown in Fig. 4b and S25. After 3 days, 
the gravimetric and volumetric hydrogen total uptakes at 77 K and 40 
bars indicate no performance loss after water exposure. Even after 7 
days, the gravimetric and volumetric hydrogen total uptakes of V3(PET) 
@400 indicated only 5.0 % and 5.4 % loss, respectively. Overall, 
V3(PET)@400 showed excellent water stability while maintaining its 
original hydrogen adsorption performance.

Finally, we investigated the mechanical and long-term stability that 
plays a key role in the economic viability and efficiency of hydrogen 
storage systems [100,101]. To do this, we measured the gravimetric and 
volumetric total hydrogen uptakes of V3(PET)@400 between 2 and 100 
bar up to 200 adsorption–desorption cycles at 273 K, as shown in Fig. 4c. 
The H2 isotherms were measured for 1st, 25th, 50th, 75th, 100th, 125th, 
150th, 175th and 200th cycles (Fig. 4c and Fig. S26a). We can clearly see 
that the hydrogen storage performance remains consistent through all 
200 cycles, indicating that the structure and the hydrogen storage per
formance were maintained under prolonged exposure to high pressure. 
This is further supported by the consistent PXRD patterns and N2 iso
therms before and after the test (Fig. S26b–S26c).

4. Conclusion

In conclusion, we propose a simple thermal treatment to improve the 
water stability of V3(PET), which is composed of hexatopic ligands. We 
found that the poor water stability of V3(PET) was attributed to the 
acetate-dangling ligand couple. By doing the thermal treatment, we 
successfully removed acetate units, allowing the dangling ligands to re- 
form the strong metal–ligand bonds. This creates the original hard acid 
metals (V3+)-hard base ligands (carboxylate ligands) bond. As a result, 
V3(PET)@400 exhibited only an 8 % loss in porosity after 60 % RH at 

Fig. 4. (a) Gravimetric and volumetric total hydrogen uptakes of V3(PET)@400 for different temperatures up to 40 bar. (b) Gravimetric and volumetric total 
hydrogen uptakes of V3(PET)@400 after exposure to 60 % RH at 25 ◦C up to 40 bar. (c) Gravimetric and volumetric total hydrogen uptakes of V3(PET)@400 for 1st, 
25th, 50th, 75th, 100th, 125th, 150th, 175th, and 200th cycles from 2 bar to 100 bar at 273 K. (adsorption: filled symbols, desorption: empty symbols).
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25 ◦C for 72 h, whereas bare V3(PET) completely lost its crystallinity 
under the same conditions. Importantly, this thermal treatment 
enhanced water stability while preserving porosity, providing an effec
tive approach to maintaining structural integrity in humid environ
ments. Our DFT calculations also showed that the ligand defect 
formation energy in V3(PET)@400 without the acetate-dangling ligand 
couples is much larger than that of bare V3(PET), leading V3(PET)@400 
to good water stability. This stability is attributed to the ligand denticity. 
Notably, the thermal treatment mechanism does not effectively apply to 
MOFs composed of low-denticity ligands. In contrast, Cu-TCPP, which 
composed of tetradentate TCPP ligands, exhibited potential for 
enhanced water stability. Furthermore, the Ga-based hexatopic PET 
structure showed similar water stability phenomena to V3(PET), sug
gesting that this mechanism was applicable to MOFs composed of hex
atopic or higher polytopic ligands. We further found that V3(PET)@400 
maintained a comparable hydrogen storage performance to that of 
defect-free V3(PET). Taken together, we believe that the understanding 
of the improved water stability by thermal treatment can be widely used 
to design new MOFs, particularly those with polytopic ligand systems, 
offering enhanced water stability for gas storage applications.
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