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Abstract– Hydrogen storage remains a major challenge due to 

its inherently low energy density (0.01 MJ/L compared to 34 MJ/L 

for gasoline), requiring compression for practical applications. 

Conventional storage methods (e.g., compression, liquefaction) 

present significant drawbacks, including safety concerns and high 

energy costs. An alternative approach is storage in sorbent materials, 

where Metal-Organic Frameworks play a crucial role due to their 

tunable properties and chemical and thermal stability. Among these 

materials, HKUST-1, composed of copper dimers coordinated with 

1,3,5-benzenetricarboxylic acid, has emerged as a promising 

candidate, prompting extensive research into strategies for 

enhancing its storage performance. 

This study investigates the effect of structural modifications in 

HKUST-1 on its adsorption behavior through a mixed-ligand 

approach. Three novel materials were synthesized with varying 

ligand ratios and characterized using nuclear magnetic resonance to 

determine their composition, powder X-ray diffraction and scanning 

electron microscopy for structural analysis, and thermogravimetric 

analysis to assess thermal stability. Additionally, textural properties 

were evaluated from nitrogen adsorption-desorption isotherms at 77 

K, while hydrogen uptake experiments were conducted at 77 K up to 

8 bar. 

One of the modified materials exhibited a remarkable 78% 

increase in H₂ uptake compared to HKUST-1, which is attributed to 

changes in the coordination environment of copper. Furthermore, 

although the original framework was preserved, a slight reduction in 

structural stability was observed. These findings highlight the 

potential of ligand substitution as an effective strategy for enhancing 

MOF-based hydrogen storage materials. 

 

Keywords—Hydrogen, MOFs, HKUST-1, adsorption, 

mechanochemical synthesis. 

 

I.  INTRODUCTION  

Hydrogen storage remains a fundamental challenge in the 

development of hydrogen-based energy technologies. At 

standard temperature and pressure (STP, 1 bar, 273.15 K), 

hydrogen exhibits an exceptionally low energy density of only 

0.01 MJ/L [1], in stark contrast to gasoline, MJ/L [2]. To 

achieve practical storage densities, hydrogen must be 

compressed; however, conventional storage methods, including 

compression and liquefaction, face significant technical and 

economic barriers, such as safety concerns, high energy 

consumption, and efficiency losses[3], [4], [5].  

An alternative and promising hydrogen storage strategy 

involves adsorption-based storage in porous materials, 

particularly Metal- Organic Frameworks (MOFs). These 

materials offer reversible, physisorption-driven hydrogen 

uptake under moderate conditions, circumventing traditional 

storage techniques' limitations. MOFs are particularly well-

suited for hydrogen storage due to their high surface area, 

tunable pore architectures, and chemically tailorable metal 

centers that enhance H₂ adsorption. Unlike high-pressure tanks, 

which require costly infrastructure and pore risks of leakage, 

MOFs can safely store hydrogen at lower pressures, 

maintaining practical storage capacities while improving safety 

and efficiency [6].  

Among MOFs, HKUST-1 has garnered significant interest 

as one of the most extensively studied materials for H₂ storage. 

This framework was first synthesized in 1999 at the Hong Kong 

University of Science and Technology, from which its name is 

derived. Structurally, HKUST-1 crystallizes in the cubic space 

group Fm3m and features a highly stable paddlewheel (PW) 

motif, which self-assembles into a three-dimensional porous 

network (Fig.1). 

 

 
Fig. 1 Crystal structure of HKUST-1 visualized using VESTA [7]. The 

3D PW network features pore channels (~1 nm, green circle) and pocket pores 

(~0.5 nm, light blue circle). Atoms: Cu (blue), O (red), C (gray), H (white). 
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The PW motif consists of a dinuclear copper (II) cluster, 

where each copper ion is coordinated equatorially by four 

carboxylate groups from 1,3,5-benzenetricarboxylic acid 

(BTC) ligands, , forming a rigid 

square-planar geometry around the Cu²⁺ ions. The axial 

positions in the coordination sphere are completed by two water 

molecules [8]. 

The repeating arrangement of PW unit generates a highly 

porous structure with channels approximately 1 nm in diameter 

(Fig. 1, green circle). Additionally, smaller pocket-type pores 

(~0.50 nm, Fig. 1, blue circle) connect to these channels via 

windows of 0.35 nm [9] 

A key structural feature of HKUST-1 is the presence of 

open metal sites (OMS), which play a critical role in gas 

adsorption. These highly reactive coordination sites emerge 

upon the thermal or vacuum-induced removal of coordinated 

water molecules, leaving behind undercoordinated copper 

centers capable of interacting strongly with adsorbates [10]. 

OMS exhibit notable interactions with polar gases, such as 

hydrogen, via electrostatic forces, enhancing adsorption 

capacity. The strength of these interactions depends on the gas's 

quadrupole moment and the electronic properties of exposed 

metal centers [11], [12]. 

This ability to selectively adsorb gases positions HKUST-

1 as a compelling candidate for hydrogen storage applications. 

However, optimizing H₂ uptake requires structural 

modifications to balance porosity, stability, and host-guest 

interactions. 

Both theoretical models and experimental evidence suggest 

that enhancing the number of OMS in HKUST-1 is feasible by 

modifying the copper coordination environment via ligand 

substitution. A mixed-ligand approach, which involves partially 

replacing BTC ligands during synthesis, has been explored as a 

strategy to tailor the adsorption properties of HKUST-1 [13], 

[14], [15]. 

However, traditional solvothermal synthesis, the standard 

method for ligand substitution, poses major challenges, 

including high solvent toxicity and substantial energy 

consumption, requiring the development of greener 

alternatives[16]. Mechanochemistry, a solvent-free synthesis 

technique, has emerged as a green and energy-efficient method 

for MOF engineering. This approach not only reduces 

environmental impact but also allows for precise control over 

defect generation and ligand substitution, thereby enhancing the 

material’s performance and stability. 

In this work, we investigate the mechanochemical mixed-

ligand strategy by partially replacing BTC with 1,3-

benzenedicarboxylic acid (iBDC) in HKUST-1, with the aim of 

improving hydrogen uptake capacity and optimizing adsorption 

behavior. 

II. EXPERIMENTAL 

A. Synthesis and activation 

Four materials were synthesized using the 

mechanochemical method: HKUST-1 and three variants, 

denoted as H-Mix-XX, where “XX# represents the BTC 

percentage in the final solid. 

The synthesis followed this procedure: 1.76 g (18 mmol) 

of copper (II) hydroxide (Sigma-Aldrich, technical grade, 55–

56% purity) and a variable amount of ligands (Table 1)—BTC 

(Sigma-Aldrich, 95%) and iBDC (Sigma-Aldrich, 99%)—were 

dry-mixed in a mortar for 5 minutes. Then, 10 mL of  
 

TABLE 1 

AMOUNTS OF BTC AND IBDC USED FOR THE SYNTHESIS OF MATERIALS. THE 

VALUES ASSIGNED TO XX CORRESPOND TO THOSE DETERMINED BY NMR (SEE 

RESULTS AND DISCUSSION SECTION). 

MOF 
BTC 

(mmol) 

iBDC 

(mmol) 

% BTC 

(theoretical) 

% BTC 

(measured) 

HKUST-1 12.0 - 100 100 

H-Mix-90 10.8 1.2 90 90 

H-Mix-84 9.6 2.4 80 84 

H-Mix-77 8.4 3.6 70 77 

 

absolute ethanol (Anedra, PA-ACS) was added, and mixing 

continued for another 10 minutes. The resulting solids were 

activated in methanol (Anedra, PA-ACS) for three days, 

replenishing solvent every 24 hours. 

B. Nuclear magnetic resonance 

Nuclear magnetic resonance (NMR) spectroscopy 

confirmed the presence of both ligands in the synthesized 

solids. The relative amount of each ligand in the MOFs was 

determined by integrating the peak areas. 

NMR spectra were recorded on a Bruker UltraShield 14.1 

Tesla spectrometer (¹H 600.13 MHz) equipped with a Bruker 

Smart Probe BBFO (5 mm) and a Bruker Avance III control and 

data acquisition system. For analysis, 5 mg of each sample was 

dissolved in 1 mL of deuterated trifluoroacetic acid. 

 

C. Powder X ray diffraction 

Powder X-ray diffraction (PXRD) was used to analyze the 

crystal structure by comparing the experimental patterns with 

the theoretical diffraction profile. 

Measurements were performed on a Panalytical Empyrean 

diffractometer equipped with a PixCel3D detector in Bragg-

Brentano configuration. The analysis used Cu Kα radiation (λ 

= 1.54056 Å) at 40 mA and 40 kV, over a 2θ range of 5–40°, 

with a step size of 0.026° and an acquisition time of 59 seconds 

per step. 

D. Scanning electronic microscopy 

Scanning electron microscopy (SEM) images were 

acquired using a Karl Zeiss FESEM DSM 982 Gemini 

microscope in emissive mode at 3.0 keV, equipped with an 

Everhart-Thornley detector. Before imaging, the samples were 

coated with a gold film. 

E. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) determined the water 

loss and decomposition temperature in the different solids.  The 

study used a TA Instruments SDT Q600 analyzer with an 

alumina sample holder coupled to a Discovery mass 

spectrometer (MS). The samples were heated under a nitrogen 
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atmosphere (Linde, 99.998% purity) from room temperature to 

453 K at a heating rate of 10 K·min⁻¹, held under isothermal 

conditions for 180 minutes, and then heated up to 673 K at the 

same rate. 

F. Isotherm determination and textural properties 

The adsorption-desorption isotherms of the synthesized 

MOFs were measured using nitrogen (Linde, 99.998% purity) 

at 77 K on a Micromeritics ASAP 2000 manometric system. 

Before analysis, ~100 mg of each sample was degassed under 

vacuum (0.013 mbar) with a mechanical pump for 12 hours at 

323 K. The temperature was then increased to 453 K at a rate 

of 1 K·min⁻¹ and held for 3 hours.  

Textural properties were derived from the isotherm data. 

The specific surface area was calculated using the Rouquerol 

criteria [17], the micropore size was determined with the 

Dubinin–Radushkevich method [18], and the total pore volume 

was estimated using the Gurvich rule at p/p₀ = 0.98 [12]. 

 

III. RESULTS AND DISCUSSION 

NMR spectra for the four materials are shown in Fig. 2. A 

peak at a chemical shift of approximately 9.2 ppm is observed. 

This is attributed to the three protons of BTC detected in this 

study (Fig. 3), as deduced from the spectrum of the pure ligand 

[19]. 

Additionally, the signals at 8.9, 8.5, and 7.7 ppm observed 

in Fig. 5.1b, 5.1c, and 5.1d indicate the presence of the three 

protons with their respective chemical environments from the 

iBDC ligand (Fig.) 3, according to the NMR spectrum of the 

pure compound [19]. 

Both the BTC and iBDC signals in the NMR spectra 

appeared significantly broader than those of the pure ligands. 

This broadening is attributed to the unpaired electron of the 

copper in the MOFs, which generate a variable-intensity 

magnetic field. The resulting rapid nuclear spin relaxation 

shortens the relaxation time, increasing the signal width, as 

these variables are inversely proportional [19].  

 

 
Fig. 2 NMR spectra of HKUST-1 and H-Mix-90/84. The values in 

parentheses represent the integrated peak areas for each proton 

 

 

 

Fig. 3 Molecular structures of BTC (left) and iBDC (right) visualized using 

VESTA [7]. C atoms, gray; O atoms, red and H, white. Protons are labelled 

according to their chemical environments for identification and quantification 

by NMR. 

 

The molar fraction of BTC in each MOF was then 

calculated using and calculating the molar fraction of BTC in 

each MOF using (1): 

 

𝑋𝐵𝑇𝐶 =
(1

3⁄ ).𝑎𝑟𝑒𝑎𝐻𝐴

(1
3⁄ ).𝑎𝑟𝑒𝑎𝐻𝐴

+(1
2⁄ ).𝑎𝑟𝑒𝑎𝐻𝐶

                               (1) 

where HA corresponds to the three protons of BTC and HC 

corresponds to the protons of iBDC (Fig 3). Since the latter 

represents only two protons, it introduces a lower error in the 

calculation. 

The measured molar fraction was higher than the 

theoretical value. This discrepancy can be attributed to the 

increased tendency of BTC molecules to coordinate with 

copper, given that BTC contains an additional carboxylate 

group compared to iBDC. The results of the molar fraction 

calculations are presented in Table 1. 

The PXRD patterns of all synthesized materials exhibit 

characteristic reflections (e.g., peaks in the diffraction patterns) 

corresponding to the parent HKUST-1 framework (Fig. 4), 

confirming the retention of its cubic structure even after partial 

ligand substitution. The preservation of key reflections 

(corresponding to diffraction crystallographic planes [200], 

[220] and [222]) indicates that the copper paddlewheel nodes—

dimers of Cu²⁺ ions bridged by carboxylate groups from BTC 

ligands—remain intact, maintaining the framework’s long-

range order (e.g., periodic arrangement) despite replacing up to 

23% of BTC.  

This structural stability is consistent with prior studies 

showing that the paddlewheel architecture of HKUST-1 can 

tolerate ligand modifications without collapsing as long as the 

coordination geometry of the substituted ligands remains 

compatible with the original framework[20]. Subtle variations 

in peak intensities suggest localized electronic redistributions 

or strain induced by ligand mismatch [21], while progressive 

peak broadening at lower BTC fractions indicates increased 

crystallite size reduction [22]. 
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Fig 4 Diffraction patterns of simulated HKUST-1 mixed-ligand MOFs. 

Crystallographic planes are indicated below the first curve. 

 

SEM images (Fig. 5) reveal distinct morphological 

changes across the series: H-Mix-90 exhibits amorphous-like 

aggregates, while H-Mix-84/77 display lamellar crystals. 

Despite these surface variations, PXRD confirms all materials 

retain the cubic HKUST-1 framework without additional 

reflections, which rules out bulk phase segregation. 

The lamellar structures in H-Mix-84/77 likely arise from 

anisotropic growth templated by iBDC’s linear geometry, 

reorganising surface layers without disrupting the underlying 

cubic lattice. This surface restructuring, coupled with preserved 

bulk crystallinity, highlights the potential to decouple 

morphological and structural properties in mechanochemical 

MOF design [21], [22]. 

TGA curves (Fig. 6) reveal that HKUST-1 has a water 

content of 12% (observed by the weight loss between 25 and 

180°C and characterized by mass spectrometry), while the other 

solids exhibit a loss of about 19%. This difference might be 

because HKUST-1 has fewer available OMS, where water 

molecules can be strongly attracted due to their high dipole 

moment [23]. On the other hand, the decomposition 

temperature of the mixed-ligand MOFs is lower than that of 

HKUST-1 (343°C vs. 350°C), suggesting that the three-

dimensional network loses some stability due to the defects 

introduced by ligand replacement [15]. 

The nitrogen adsorption-desorption isotherms at 77 K 

(Fig. 7) exhibit a hybrid shape between Type I and Type II 

according to IUPAC classification [24], which indicates 

hierarchical micro-mesoporous materials. The steep adsorption 

at low relative pressures (p/po < 0.1) corresponds to micropore 

filling, while the sharp uptake near saturation (p/po ≈ 1) reflects 

capillary condensation in mesopores [24].  

Textural properties derived from these isotherms (Table 2) 

reveal that mesopores account for 32% of the total pore volume 

in HKUST-1, whereas d H-1-Mix90/84/77, show lower 

mesoporosity (24%, 15%, and 18%, respectively). 

Isotherm profiles are consistent with prior studies on 

HKUST-1 prepared via analogous methods, where specific 

surface up to 1700 m²/g was reported [25], [26], [27]. Which 

can be compared with the HKUST-1-Mix90 area of 1750 m²/g 

(Table 2). 

 

 
 

 
 

 
 

 
Fig. 5 SEM images for HKUST-1 (a), and H-Mix90/87/77 (b), (c),(d) 

respectively. 
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Fig. 6. TGA curves for HKUST-1 and H-Mix-XX MOFs  

 

 
Fig. 7. Adsorption (solid markers)- desorption isotherms for HKUST-1 and H-

Mix-XX MOFs  

 
TABLE 2 

TEXTURAL PROPERTIES OF MATERIALS 

MOF 
Specific area 

(m2/g) 

Micropore 

volume 
(cm3/g) 

Total pore 

volume 
(cm3/g) 

HKUST-1 770 0.29 0.43 

H-Mix-90 1750 0.64 0.84 

H-Mix-84 1500 0.58 0.68 

H-Mix-77 1500 0.56 0.68 

 

 

The reduced N₂ adsorption in HKUST-1, compared to 

mixed ligand materials, is likely due to structural defects, such 

as missing PW nodes or incomplete ligand coordination, as 

reported in analogous systems [14], [15], [28]. Nevertheless, 

these defects may also enhance the N2 adsorption by generating 

OMS. With fewer carboxylates per ligand, iBDC unsaturated 

Cu²⁺ sites are created, strengthening quadrupolar interactions 

with N₂ [13]. 

 

 
 

 The excess hydrogen adsorption at 77 K (Fig. 8) follows 

the trend observed for nitrogen adsorption shown in Fig.5: the 

highest adsorption occurs for the H-Mix90 material, reaching a 

value of 440 cm³ H₂/g MOF at 8 bar. Meanwhile, the solids H-

Mix-84 and H-Mix77, which have a higher proportion of 

substituted original ligands, exhibit lower adsorption than H-

Mix-90, with a 350 cm³ H₂/g MOF value. The fact that the 

amount of adsorbed hydrogen does not increase as BTC is 

replaced and more OMS are formed can be attributed to the 

convolution of two effects: the increase in adsorption potential 

due to the quadrupole moment of hydrogen and the reduction in 

micropore size and specific surface area [13]. 

According to seveal studies, the H-MiX90 performs well 

at 77 K and 1 bar, even when compared with materials obtained 

with traditional methods (e.g., solvothermal), as shown in Table 

3. 

Energy density (ED) of H-Mix-90 at 8 bar and 77 K, was 

calculated using (2): 

 

𝐸𝐷 =
𝑉𝑎𝑑𝑠∙𝐻𝐻2

0.881∙ 22.4 ∙1000
      (2) 

 

 
 

Fig. 8. Excess H₂ adsorption isotherms at 77 K for synthesized MOFs. The 

continuous line corresponds to Tóth model fitting. 
 

 
TABLE 3 

COMPARISON OF MATERIAL PERFORMANCE WITH PREVIOUSLY  
REPORTED MOFS 

Material 

H2 uptake 

(77K – 1 
bar) 

cm3/g 

Approach 
Synthesis 
method 

H-Mix-90 271 
Mixed ligands 

(This work) 
Mecanochemical 

Zn- CuBTC 181 Mixed metals [29] Solvothermal 

Li-d-HKUST-

1 
275 

Mixed ligands + Li 

dope [28] 
Spray 

SSC-1-91 272 Mixed ligands [13] Solvothermal 

 

  



23rd LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering, Artificial Intelligence, and Sustainable Technologies in service of 

society”. Hybrid Event, Mexico City, July 16 - 18, 2025 

6 

Where Vads is the hydrogen adsorbed volume in cm3/g, HH2 

is its combustion enthalpy assumed as 241.595 kJ/mol [30] 

0.881 is the crystallographic density of MOFs, assumed as the 

one of HKUST-1 and 22.4 is the volume of an ideal gas at 

standard conditions. The result was 3.3 MJ/L, several times the 

STP's energy density. Although this value is still far from that 

of gasoline, the pressure used in this study is significantly lower 

than the typical pressures for medium-scale storage (100 

bar)[31]. 

Another essential aspect is economic feasibility: a 

material for hydrogen storage must also be cost-effective. 

According to DeSantis[32], nearly 50% of the synthesis cost of 

HKUST-1 is attributed to the ligand. Since iBDC is 

approximately 20 times cheaper than BTC [33], [34], 

substituting BTC with iBDC leads to significant cost savings. 

 

IV. CONCLUSION 

This study demonstrates that incorporating mixed ligands 

in HKUST-1 significantly alters adsorption behaviour and, 

consequently, its energy storage performance by modulating 

porosity and the availability of open metal sites. These findings 

offer valuable insights into the tunability of MOFs for gas 

storage applications and underscore the potential of ligand 

engineering as an effective strategy in porous materials. 

Furthermore, the partial substitution of BTC with iBDC 

enhances adsorption performance and significantly reduces 

material costs, making this approach more feasible for large-

scale implementation. The economic advantage of replacing 

BTC with a cheaper alternative, without compromising 

structural integrity or adsorption performance, further 

highlights ligand engineering as a cost-effective and scalable 

strategy for developing MOFs tailored for hydrogen 

applications. Additionally, the mechanochemical synthesis 

method employed in this study presents a notable advantage 

over traditional solvothermal methods by eliminating the need 

for hazardous solvents, thereby improving safety, reducing 

environmental impact, and increasing sustainability. The 

findings reinforce the viability of mechanochemistry as a green, 

energy-efficient technique for MOF design, paving the way for 

developing next-generation porous materials for hydrogen 

storage and beyond. 
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