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ABSTRACT: Achieving net-zero carbon emissions by 2050 is
imperative to mitigating the global climate crisis, necessitating a
transition to sustainable energy sources. Hydrogen, recognized for
its high energy density, is a promising sustainable fuel; however, its
storage and transportation are challenging, necessitating the
development of more effective storage materials. Metal−organic
frameworks (MOFs) possess exceptional structural integrity and
diversity, making them highly valuable in applications such as
catalysis, separations, and energy storage. Despite their significant
potential as viable materials for H2 storage, the poor packing of
powdered MOFs limits their volumetric storage capacity. Improve-
ment in packing density can be achieved by modifying the crystal
shape and structure to reduce the void volume. In this paper, we embarked on synthesizing different nonideal crystal shapes and
orientations by varying the ligand-to-metal ratio, which changes the overall crystal growth direction. We report the engineering of
MIL-53-Al, focusing on tuning its crystal size and shape distribution to enhance its packing density and volumetric H2 storage
capacity. This approach allows the synthesis of MOF nanomaterials with a high surface area (up to 1900 m2/g) and increased
packing density (0.38 g/cm3), while preventing crystal damage when subjected to pressure compaction, thereby enhancing the
volumetric storage capacity. After tuning, the volumetric storage capacity of the two best-performing samples, (MIL-53-Al)1:1 and
(MIL-53-Al)0.52:1, exhibited a monoclinic crystal shape, which enhanced not only the overall packing density but also the working
volumetric capacity of the system. Specifically, (MIL-53-Al)1:1 achieved an enhancement of 25% in working capacities compared to
pristine MIL-53-Al. Moreover, its volumetric working capacity was estimated to be 37 g/L under the pressure swing (PS) conditions
between 77 K/70 bar and 77 K/5 bar, surpassing the 30 g/L volumetric capacity of the compressed 700-bar pressure storage
systems.
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1. INTRODUCTION
Natural gas and hydrogen (H2) are increasingly recognized as
pivotal in the transition toward a more sustainable and low-
carbon energy future. As global concerns about climate change
and environmental sustainability grow, both fuels offer
promising pathways to reduce greenhouse gas emissions
while meeting the world’s ever-increasing energy demands.
Natural gas, primarily composed of methane, is considered a
cleaner alternative to traditional fossil fuels, with lower carbon
emissions, making it a key transitional energy source.1,2 H2, on
the other hand, is seen as a long-term solution, particularly
because of its potential to serve as a zero-emission fuel when
produced from renewable sources or when coupled with
carbon capture technologies.3,4

The quest for an optimal sorbent material for H2 storage
remains a significant challenge in the transition to the H2
economy has a low energy density by volume, making its
storage both a technical and economic hurdle. Various
technologies have been explored to enhance the energy

density of H2 storage, including physical methods5 (e.g.,
cold, cryo, or cryo-compressed systems) and material-based
approaches6 (e.g., physisorbents, chemical H2 storage materi-
als, and metal hydrides). Physisorbents, including activated
carbons,7−10 metal−organic frameworks (MOFs),11−13 cova-
lent organic frameworks (COFs),14−17 porous organic
polymers (POPs),18,19 and zeolites,20−22 have gained attention
due to their high storage capacity at cryogenic temperatures,
reversibility, and fast kinetics. In this context, our recent
study23 demonstrated how optimizing the ultramicropore
volume to 1.23 cm3/g in resorcinol-formaldehyde (RF)-
derived aerogels, with an exceptionally high surface area of

Received: July 18, 2024
Revised: September 18, 2024
Accepted: September 19, 2024
Published: October 15, 2024

Articlewww.acsanm.org

© 2024 American Chemical Society
23733

https://doi.org/10.1021/acsanm.4c04072
ACS Appl. Nano Mater. 2024, 7, 23733−23743

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

IA
M

I o
n 

Fe
br

ua
ry

 2
6,

 2
02

5 
at

 2
1:

03
:4

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruthradharshini+Murugavel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ali+A.+Rownaghi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fateme+Rezaei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.4c04072&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04072?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04072?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04072?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04072?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.4c04072?fig=agr1&ref=pdf
https://pubs.acs.org/toc/aanmf6/7/20?ref=pdf
https://pubs.acs.org/toc/aanmf6/7/20?ref=pdf
https://pubs.acs.org/toc/aanmf6/7/20?ref=pdf
https://pubs.acs.org/toc/aanmf6/7/20?ref=pdf
www.acsanm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsanm.4c04072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsanm.org?ref=pdf
https://www.acsanm.org?ref=pdf


3200 m2/g, creates ideal conditions for H2 adsorption. This
resulted in gravimetric and volumetric storage capacities of up
to 2.1 wt % and 6.8 g/L at 298 K and 100 bar. Under cryogenic
conditions, the aerogels exceeded the DOE gravimetric target,
achieving up to 6.8 wt % and 28 g/L at 77 K and 100 bar.
Among the physisorbent materials, H2 storage in MOFs24

stands out as one of the most promising approaches due to
their rapid kinetics, reversibility, tunable pore structure, and
high gravimetric capacities.12,13,25,26 However, a primary
challenge with MOFs is their low affinity toward H2 at
ambient temperature, stemming from the weak interaction
between H2 molecules and the MOF surface. To address this,
several strategies have been proposed. One approach is to
incorporate high-affinity sites into MOFs, which can enhance
the H2-binding interaction.27 Another strategy involves
optimizing the pore size and structure of MOFs to better
accommodate H2 molecules, thus improving the adsorption
performance. For example, Zhang et al.28 synthesized the H2-
bonded organic framework RP-H101 using a controlled
catenation strategy to achieve a favorable balance between
gravimetric and volumetric surface areas (3526 m2/g vs 1885
m2/cm3). The framework also exhibited a total pore volume of
1.35 cm3/g and an optimal pore diameter of 1.7 nm, resulting
in an enhanced H2 uptake capacity of 1.5 wt % and 9.6 g/L.
Additionally, H2-spillover materials, such as metal nano-
particles29,30 and heteroatoms29 can facilitate H2 uptake by
transferring hydrogen atoms from the metal to the MOF
surface. Modifying the MOF framework to create more
favorable conditions for H2 adsorption, such as adjusting
framework flexibility or using mixed-metal MOFs, further
enhances performance.27,31 Furthermore, operating MOFs
under optimized temperature and pressure conditions can
also improve their H2 storage performance, while combining
MOFs with other materials (e.g., carbon-based supports or
polymers) can create hybrid systems with enhanced proper-
ties.32 Despite these advancements, achieving high volumetric
capacities in MOFs remains challenging due to their highly
porous structure, the nature of their binding energy toward H2,
and the relatively low packing density of powdered MOFs,
which limit their practical applicability in on-board storage
systems.
To address this limitation, various densification strategies

such as pelletization, monolith formation with or without
binders,33−35 and direct ink writing (DIW)36 printing have
been explored. These approaches aim to improve the packing
density of MOFs, thereby reducing void spaces within the
structure and enhancing the overall storage capacity. For
instance, Hirscher et al.37 demonstrated that pelletization
synthesized through a mechanochemical approach could
improve the volumetric capacity of MOFs without significantly
compromising their surface area and adsorption properties.
Similarly, Tian et al.38 utilized monolith formation without
binders and demonstrated achieving higher packing densities
in MOFs, resulting in enhanced storage capacities. Never-
theless, achieving optimal packing density in the range of 0.4−
0.5 g/cm3 while preserving the structural integrity and
accessible binding sites of MOFs is a complex challenge.39

The intrinsic porosity and structural diversity of MOFs, which
facilitate gas adsorption, also present difficulties in attaining
high volumetric storage capacities.
The Hydrogen Storage Engineering Center of Excellence

(HSECoE) has demonstrated that inefficient material packing
can lead to a reduction of 60% in volumetric capacity

compared to single crystal packing.40 Modifying the crystal
morphology of the MOFs can potentially overcome this
challenge. By carefully adjusting the ligand-to-metal ratio
during synthesis, the growth direction and morphology of the
MOF crystals can be controlled, leading to improved packing
efficiency and reduced void volume. This approach has been
supported by various studies, such as those by Suresh et al.,41

who demonstrated that engineering the crystal size and shape
of MOFs could significantly enhance their packing density to
0.38 g/cm3 (up to 100% improvement) and the volumetric
storage capacity of 30.5 g/L for MOF-5.
Motivated by the studies of optimizing the MOF structure to

enhance packing density, this research focuses on engineering
MOFs with tailored crystal shapes to improve working
volumetric H2 storage capacity driven by their adsorption-
based structural transitions. These transitions can also be
influenced by changes in particle size, crystal habit, pore
structure, and connectivity. Specifically, the study targets the
synthesis and tuning of MIL-53-Al, an MOF noted for its high
surface area, breathing effect potential in H2 storage, and
relatively low synthesis cost. The novelty of this work lies in
the engineering of MOFs through the modification of crystal
morphology, enhancing packing density, and inducing step-
shaped isotherm resulting from H2 adsorption driving the
structural phase transition upon the MOFs’ external stimuli of
temperature and pressure. Through controlled synthesis
methods, we manipulated the crystal size and shape
distributions of MIL-53-Al. The resultant MOF samples,
exhibiting a bimodal crystal shape distribution of monoclinic
and orthorhombic crystal structures, demonstrated significant
enhancements in both packing density and volumetric working
capacity. These findings indicate that strategic tuning of MOF
crystals’ morphology can effectively mitigate the limitations of
low packing density, rendering MOFs a more practical and
efficient option for H2 storage. The optimized samples not only
surpassed the volumetric capacity of compressed storage
systems but also showed potential in meeting the Department
of Energy’s 2025 targets for storage, if a storage system is
designed to meet the targets by 20%.

2. EXPERIMENTAL SECTION
2.1. Materials. The following materials were used for sorbent

synthesis without further purification: aluminum(III) nitrate non-
ahydrate (Al(NO3)3·9H2O, 99.55%) and 1,4-benzenedicarboxylic acid
(H2−BDC, 98%) were used as the Al (metal precursor) and organic
ligand, respectively. In addition, N,N′-dimethylformamide (DMF,
99.8%), hydrochloric acid (HCl, 37% N), methanol (CH3OH,
99.8%), and deionized (DI) water was used in this study. All materials
were purchased from Sigma-Aldrich. The ultrahigh purity (UHP)
gases, such as H2, He, and N2, used in this study were obtained from
Airgas.

2.2. Synthesis of MIL-53-Al Sorbents. The synthesis of MIL-
53-Al described here followed a modified procedure based on the
previously reported ultrasonication-assisted hydrothermal method.42

Briefly, solutions of Al(NO3)3·9H2O and H2−BDC in DI water were
mixed and sonicated for 30 min at room temperature (20 ± 1 °C) and
then loaded into an oven at 220 °C for 24 h. The mass ratio of the
organic ligand to metal salt precursor (L:M) varied from 0.22:1 to 1:1.
After the autoclave cooled down, the solid phase was separated using
a centrifuge, and 35 mL of DMF solution was added to remove
unreacted terephthalic acid trapped in the pores of the samples. The
autoclave was placed back in the oven and heated to 150 °C for 12 h.
After centrifugation, the solid was kept in a Falcon tube and washed
three times with methanol. The obtained powder sample was then
immersed in methanol and dried in the oven at 150 °C under vacuum
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overnight. Figure 1 shows the proposed synthetic mechanism in this
work.

2.3. Materials Characterization. The MOF sample’s textural
properties were evaluated through N2 physisorption experiments
conducted at 77 K within a pressure range of 0 to 1 bar on a
Micromeritics (3Flex) gas analyzer. Prior to analysis, samples were
degassed under vacuum for 12 h at their respective degassing
temperatures on a Micromeritics Smart VacPrep instrument. The
surface area, pore volume, and pore size distribution (PSD) were
determined using the Brunauer−Emmett−Teller (BET), Dubinin−
Radushkevich (DR), Barrett−Joyner−Halenda (BJH), and density
functional theory (DFT) methods, respectively at P/P0 = 0.9. Total
pore volumes were calculated by integrating the PSDs for pores sized:
(i) under 2 nm (Vmicro), i.e., micropores, and (ii) between 2 and 50
nm (Vmeso), i.e., mesopores, as calculated by VT−Vmicro. Total (dp)
average pore sizes were calculated based on volume-weighted average.
The skeletal density was determined using a helium (He) pycnometer
in a Micromeritics AccuPyc II 1340 instrument at room temperature.
The packing density of the samples was assessed through tapped
density analysis using an AS-100 tap density volumeter. The
crystallinity of the samples was analyzed by X-ray diffraction (XRD)
on a PANalytical X’pert multipurpose X-ray diffractometer with a scan
step size of 0.02°/step and a rate of 147.6 s/step. The structure and
surface topography of the MOF were examined using a Hitachi S4700
field-emission scanning electron microscope (FE-SEM). Energy
dispersive X-ray spectroscopy (EDS) data were collected alongside
SEM images and analyzed using Genesis software to determine the
elemental analysis across the MOF samples. X-ray photoelectron
spectroscopy (XPS) was obtained using a Kratos Axis 165
photoelectron spectrometer with an aluminum X-ray source to excite
the samples. Fourier-transform infrared (FTIR) spectroscopy was
conducted with a Nicolet FTIR iS50 Model instrument to determine
structural or chemical differences between the samples.

3. RESULTS AND DISCUSSION
3.1. General Textural Characterization of Sorbents.

The N2 physisorption isotherms and PSD profiles of the MOFs
obtained at 77 K are illustrated in Figure 2, while the
corresponding textural properties are outlined in Table 1. All

sorbents exhibited type Ia isotherms, indicating their
hierarchical microporous−mesoporous structure, as per the
IUPAC classification of isotherms.43 The PSD profiles in
Figure 2b confirmed the existence of both micropore and
mesopore volume ranges of pore sizes 2−10 nm, while Figure
S1 highlights the micropore distribution for these sorbents.
The control sample, (MIL-53-Al)0.22:1, demonstrated a type I
isotherm with an H4 hysteresis loop, having the SBET (BET
surface area) of around 1130 m2/g, total Vp (pore volume) of
around 0.65 cm3/g, and an average pore size diameter of 0.95
nm. This SBET value is comparable to the reported value (1204
m2/g) in the literature.42,44 A lower ligand ratio of 0.22 showed
a higher mesopore volume of 0.4 cm3/g, likely due to less
efficient packing and more voids within the structure.
Increasing the L:M ratio had notable effects on the SBET and
Vp, as summarized in Table 1. Among the MOF sorbents
synthesized with varying L:M ratios, (MIL-53-Al)1:1 exhibits a
type Ia isotherm and displayed one of the highest SBET values
(ca. 1906 m2/g), total Vp (ca. 0.94 cm3/g), and an average
pore diameter in the range of 1.34 nm, surpassing previously
reported values.45 The specific surface area and average pore
size are greater than those of the conventionally synthesized
MIL-53-Al in the literature. The higher L:M ratio enhanced
the microporosity of about 0.55 cm3/g and packing density of
0.38 g/cm3, suggesting a more densely packed and efficient
crystal structure. This trend was consistent with the (MIL-53-
Al)0.52:1 sample, which exhibited a SBET of ∼1438 m2/g and a
pore volume of 0.85 cm3/g, showing a shift toward
ultramicropores (<2 nm). This suggested a more complete
coordination environment, promoting the formation of a
denser microporous framework. Overall, increasing the L:M
ratio optimized the formation of a well-coordinated, extended
framework with minimal defects, maximizing the internal
specific surface area and porosity. The abundance in organic
linker concentration promotes complete coordination and
connectivity within the framework.46,47 However, while the
specific surface area was on an increasing trend, one of the
samples, (MIL-53-Al)0.85:1, displayed the lowest surface area of
832 m2/g and Vp of ∼0.5 cm3/g, which can be attributed to
incomplete coordination and dissolution of the crystal
structure. This was evidenced from the TGA profiles in Figure
S2a, which showed 15.85% weight loss occurring between 150
and 400 °C, originating from. This weight loss originated the
degradation of the framework due to weaker coordination
bonds between Al−O and Al−ligand, and resulting in a less
stable structure.47 Additionally, the early onset of decom-
position below 450 °C, along with a broader and more gradual
weight loss, further indicated a less stable framework and
incomplete coordination. This degradation was also reflected
in the XRD pattern (Figure S2b) of (MIL-53-Al)0.85:1, where
the intensity was significantly lower than that of the simulated
pattern, suggesting an incomplete framework structure.
The total pore volume, on the other hand, exhibited a more

substantial variance, with (MIL-53-Al)1:1 having a Vp of 0.94
cm3/g, whereas (MIL-53-Al)0.22:1 showed 0.65 cm3/g,
indicating a 30% decrease in the total pore volume, which
stemmed from the increase in the micropore volume. This
increase in microporosity resulted from enhanced coordination
and connectivity within the framework, leading to denser
packing and reduced interparticle voids. The correlation
between BET analysis and PSD profiles (Figure S3) further
reinforced this, with samples such as (MIL-53-Al)1:1 displaying
high surface areas (ca. 1906 m2/g) and dominant peaks in the

Figure 1. Schematic representation of ultrasonicated-assisted MIL-53-
Al synthesis.

Figure 2. (a,c) N2 physisorption isotherms and (b) PSD profiles of
MIL-53-Al sorbents.
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microsize range (0.08 μm), indicative of extensive micro-
porosity. Conversely, samples with broader particle size
distributions, such as (MIL-53-Al)0.85:1, exhibited lower surface
areas and an increased presence of larger mesopores. The PSD
profiles, as assessed through the Microtrac S3500 diffraction
analyzer, showed a clear trend where smaller and more uniform
particles corresponded to higher surface area and greater
microporosity, as noted in the (MIL-53-Al)0.32:1, (MIL-53-
Al)0.52:1, and (MIL-53-Al)1:1 samples. This trend was further
confirmed by the gradual broadening of particle size
distributions in samples with lower surface areas, particularly
those with more meso- and macro-sized particles. Overall, the
BET and particle size data aligned to demonstrate how
enhanced coordination within the framework improved the
structural integrity and uniformity of the samples.
Consequently, the overall packing density increased, as

evidenced by the measured packing density of (MIL-53-Al)1:1
at 0.38 g/cm3, in closer agreement with the crystallographic
(0.978 g/cm3)48 and powder density (0.23 g/cm3)45 of
conventional (MIL-53-Al)0.22:1. The optimized packing density
analysis of the samples is detailed in Section S4. This analysis
indicated a more efficient packing arrangement, suggesting
tighter packing between crystals and contributing to improved
structural integrity and reduced interparticle voids.
3.2. Structure and Morphology of Sorbents. To

investigate the structural and morphological characteristics of
the synthesized MIL-53-Al sorbents, XRD analysis was
performed, and the corresponding diffraction patterns are
shown in Figure 3. The experimental spectra of the sorbents
were consistent with the simulated pattern, indicating that the
structural integrity was preserved upon varying L:M ratios. The

characteristic XRD pattern of the simulated MIL-53 topology
exhibited a series of intense and well-resolved peaks at 2θ
values of around 9.0°, 10.2°, 12.2°, 16.6°, and 17.4°, which
were assigned to the (101), (200), (110), (011), and (202)
indices, respectively, of the MIL-53 framework.47 Specifically,
the peaks at 2θ = 9.0° corresponded to the growth along the
(101) plane in the orthorhombic (np) crystal structure of
MIL-53-Al.47 This np pattern was prominent in samples with
L:M ratios of 0.22:1, 0.32:1, and 0.42:1, implying the
preservation of the orthorhombic phase in these ratios. The
decrease in the intensity of the peak at 2θ = 9.0° observed in
samples with higher L:M ratios was a key indication of the
structural transformation, leading to changes in the crystal
shape and volume.49 The shift and emergence of new peaks
around 12.5° are typically associated with the growth along the
(110) plane corresponding to the monoclinic phase
structure.47 This phase transition was characterized by the
rearrangement of the framework influenced by the increased
concentration of the ligand, promoting coordination and
connectivity within the structure. This pattern agrees with the
monoclinic large pore (lp) simulated structure obtained from
the literature.50

It is worth noting that the MIL-53 framework is known to
exhibit structural flexibility, where the pore dimensions can
change depending on the guest molecules present or the
activation conditions. This flexibility can lead to variations in
the relative intensities of the XRD peaks, as observed in the
different patterns shown in Figure 3, possibly due to the
varying L:M ratios, increasing the nucleation rate of crystal
formation during synthesis.
All of the structures were refined with Fullprof using the

WinPLOTR software package. The atomic coordinates for the
synthesized forms of MIL-53-Al are given in Table 2. The
transition from the orthorhombic to the monoclinic phase is
also reflected in the lattice parameters and cell volumes of the
MOFs. For instance, the orthorhombic crystal system samples
(0.22:1, 0.32:1, and 0.42:1) showed lattice parameters of a ≈
16.2−16.6 Å, b ≈ 6.2−6.6 Å, and c ≈ 5.5−5.6 Å, with cell
volumes of ∼560−608 Å3. In contrast, the monoclinic samples
(0.52:1, 0.85:1, and 1:1) exhibited larger cell volumes of
1359−1422 Å3, with lattice parameters of a ≈ 6.2−6.9 Å, b ≈
16.4−17.2 Å, and c ≈ 12.6−12.9 Å. The increase in the L:M
ratio enhanced the nucleation rate of crystal formation,
promoting a structural transformation that increased the
packing density. This shift from the orthorhombic to the
monoclinic phase resulted in a more densely packed structure,

Table 1. Textural Properties of MIL-53-Al Sorbents

Sorbent (L:M) SBET[Sμp] Vtot V1.7−25 nm V>25 nm Vμp (<1.7 nm) dp via NLDFT ρpacking

(m2/g)a (cm3/g)b (cm3/g)c (cm3/g)d (cm3/g)e (nm)f (g/cm3)g

0.22:1 1130[935] 0.65 0.4 0.02 0.23 0.95 0.23
0.32:1 1253[1010] 0.73 0.23 0.08 0.42 1.08 0.28
0.42:1 1165[824] 0.7 0.22 0.10 0.38 1.13 0.32
0.52:1 1438[1035] 0.85 0.27 0.10 0.48 0.87 0.35
0.85:1 832[476] 0.5 0.23 0.13 0.14 1.21 0.31
1:1 1906[1185] 0.94 0.30 0.09 0.55 1.34 0.38

aThe first number indicates the BET surface area; the number in the square brackets indicates the micropore area given by the t-plot. bThe single
highest volume of N2 adsorbed in the adsorption isotherm at 77 K (where P/P0 ∼ 0.997). cMesopore volume obtained from Barrett, Joyner, and
Halenda (BJH). dVia V>25 nm = Vtot − (V1.7−25 + Vμp<1.7 nm).

eThe micropore volume (Vμp) was calculated via the Dubinin−Radushkevich (DR) and
density functional theory (DFT) methods on N2 adsorption up to 1 bar at 77 K. fCalculated as indicated using the NLDFT method. gCalculated
from the tapped density analysis.

Figure 3. XRD patterns of MIL-53-Al sorbents.
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as indicated by the larger cell volumes and the appearance of
new diffraction peaks, as discussed earlier.
The SEM micrographs of the as-synthesized MIL-53-Al

samples are shown in Figure 4. As observed in Figure 4a,

(MIL-53-Al)0.22:1 exhibited a regular octahedral-shaped prism
morphology with an average uniform crystal size of 81 nm. In
contrast, (MIL-53-Al)0.32:1 and (MIL-53-Al)0.42:1 in Figure 4b,c
displayed orthorhombic-shaped crystals with an average size of
150 nm. The (MIL-53-Al)0.22:1 sample with the lowest L:M
ratio gave rise to smaller-sized crystals compared to those with
higher ratios, mainly due to the faster nucleation relative to the
crystal growth rate.51 With further increase in ligand
concentration, the (MIL-53-Al)0.52:1 and (MIL-53-Al)1:1
samples in Figure 4d−f showed a balance between growth
and nucleation rates, thereby leading to the formation of a
more uniform monoclinic crystal system. At higher L:M ratios,
an excess of ligand lead to a more controlled nucleation
process. This resulted in a larger number of smaller nucleation
sites, leading to the formation of smaller crystals. This agreed
well with the particle size distribution data, as discussed in
Section S3. This phenomenon of crystal shape and size
transition with increased ligand concentration played a crucial
role in determining the crystal size and morphology of the
sorbents. Such notable change correlated with the enhanced
BET surface area, peaking at 1900 m2/g. Notably, the
transition from orthorhombic to monoclinic phases enhanced
the surface area and packing density by improving crystal habit
and reducing interstitial voids, thereby increasing pore volume,
as noted in Table 1.
The EDS energy spectrum analysis of the SEM images was

performed to image the elemental composition and distribu-
tion on the synthesized sorbents, as shown in Figure 5. Figure
5b−d reveals the distribution of C, O, and Al elements
consistent with the expected composition of MIL-53-Al. The
uniform distribution of Al throughout the frameworks
indicated a well-connected crystalline MOF structure. This
suggested that increasing the ligand concentration up to a 1:1

ratio promotes the formation of a robust crystalline structure,
ensuring well-integrated metal nodes and preventing any
dissolution within the framework.
The EDS spectral analysis also reveals the surface chemistry

and chemical states of C, O, and Al elements in the as-
synthesized MIL-53-Al samples, as shown in Figure 6a. The
peaks in the C 1s spectrum seen in Figure 6b, at 289.4 and
284.8 eV, corresponded to the O�C�O and C−C bonds,
respectively, present in the secondary building units of the
MIL-53-Al structure. In Figure 6c, the O 1s spectra at 531.9 eV
were assigned to the oxygen species in the carboxylate linker,
including the O�C�O, C−OH, O−Al, and C−C bonds.
Additionally, the characteristic peaks at a binding energy of
74.87 eV represented Al 2p, as shown in Figure 6d. As the
ligand concentration increased, there was a noticeable increase
in the intensities of the C 1s and O 1s peaks, which made sense
since the organic linkers contain carbon and oxygen atoms;
hence, their increased concentration results in more
pronounced C and O peaks in the EDS spectra.
Moreover, the highest L:M ratio sample of 1:1 exhibited a

significant increase in the intensity of the Al 2p peaks. This
phenomenon was due to the enhanced crystallinity and a
better-coordinated MOF structure at higher ligand concen-
trations. The well-defined monoclinic crystal structure at this
ratio exposes more aluminum nodes, which are essential for the
formation of the MIL-53-Al framework. Such increase in the Al
2p peak intensity correlated well with the structural transition
observed, where the crystals shifted from smaller orthorhombic
shapes at lower ligand concentrations to larger monoclinic
shapes at higher ligand concentrations. This transition was
driven by the interplay between nucleation and crystal growth
rates, with higher ligand concentrations favoring crystal growth
over nucleation, resulting in the formation of larger monoclinic
crystals. At lower ligand concentrations, nucleation occurs
rapidly, leading to smaller crystal sizes, but as the ligand
concentration increases, the crystal growth rate becomes more

Table 2. Unit Cell Parameters and Volume of MIL-53-Al Sorbents

Lattice parameters (Å)

Sorbent (L:M) Crystal system Space group a b c Cell volume (Å)3

0.22:1 orthorhombic Pnma 16.64 6.64 5.50 607.69
0.32:1 orthorhombic lmma 16.21 6.20 5.57 559.74
0.42:1 orthorhombic lmma 16.24 6.21 5.59 563.75
0.52:1 monoclinic Cc 6.89 16.41 12.58 1422.35
0.85:1 monoclinic Cc 6.71 16.42 12.61 1359.34
1:1 monoclinic Cc 6.20 17.20 12.95 1380.89

Figure 4. SEM images of MIL-53-Al sorbents with L:M ratios of (a)
0.22:1, (b) 0.32:1,(c) 0.42:1, (d) 0.52:1, (e) 0.85:1, and (f) 1:1.

Figure 5. SEM micrograph of (a) (MIL-53-Al)1:1 and (b−d) the
corresponding EDS elemental distribution of C, O, and Al,
respectively.
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comparable to the nucleation rate, resulting in larger, more
uniform crystals. This transition enhanced the exposure of
both metal nodes (Al) and organic linkers (C, O), leading to
the observed increase in peak intensities in the EDS spectra.
Overall, the EDS results confirmed the unaltered chemical
states of the respective elements in the as-synthesized MIL-53-
Al samples. The EDS elemental compositions are listed in
Table S2.
3.3. High-Pressure H2 Adsorption Isotherms. The

high-pressure adsorption isotherms at 298 K for MIL-53-Al
samples with varying L:M ratios revealed significant insights
into structure-performance relations, as shown in Figure 7. The

total gravimetric and volumetric capacities were calculated
using eqs S1−S3 as given in Section S5. As noted inFigure 7a,
the H2 uptake increased upon increasing the L:M ratio. The
1:1 sample exhibited the highest gravimetric uptake, reaching
approximately 1.2 wt % at 100 bar, followed by the 0.52:1
sample with an uptake of ∼0.9 wt %, and the 0.32:1 sample
with the lowest uptake of approximately 0.6 wt % at the same
pressure. Previous studies in the literature have emphasized
that the H2 adsorption capacity of MOFs is directly

proportional to their specific surface area and micropore
volume. The same trend was observed in the higher ligand
concentrations, as it gave rise to higher H2 adsorption by
enhancing the surface area and the total pore volume, specially
in the case of (MIL-53-Al) 1:1 sample. The growth direction for
the monoclinic phase, typically along the (010) direction,
supported the enhanced pore connectivity, resulting in higher
H2 uptake. In contrast, the orthorhombic phase, prevalent in
the 0.32:1 sample, with its growth direction along the (111)
direction, provided a more rigid and compact structure with
limited H2 adsorption capacity.
Similarly, the volumetric uptake isotherms (Figure 7b)

displayed a consistent trend, on account of the increase in the
packing density of the sorbents. The 1:1 sample achieved the
highest volumetric uptake of ∼5.5 g/L at 100 bar, compared to
the 0.52:1 and 0.32:1 samples, which exhibited uptakes of 4.5
g/L and 3.5 g/L, respectively. The volumetric uptake also
improved with increasing L:M ratio, suggesting that a higher
ligand content enhanced the packing density, as noted in Table
1, and the overall adsorption capacity of the materials. The
increase in the packing density of the crystal system up to 0.38
g/cm3, signified the effect of crystal transition on the reduction
of interparticle voids, thereby resulting in increased capacity at
higher pressures. Higher ligand content can stabilize the
expanded form of the MOF at room temperature, allowing for
more gas to be adsorbed. This stabilization reduces the
likelihood of framework collapse or reduced pore accessibility,
ensuring that the high surface area and pore volume are fully
utilized. Notably, the breathing transition characteristic of
MIL-53 was not apparent in the room temperature isotherms
but became evident at cryogenic temperature. At room
temperature, the thermal energy available to the framework
maintains it in an expanded state, resulting in a smooth
adsorption curve without distinct transitions. At cryogenic

Figure 6. (a) Overall XPS survey spectra and high-resolution spectra of (b) C 1s, (c) O 1s, and (d) Al 2p states of MIL-53-Al sorbents.

Figure 7. High-pressure total (a) gravimetric and (b) volumetric H2
adsorption isotherms for MIL-53-Al sorbents at 298 K.
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temperatures, as discussed in the forthcoming sections, the
reduced thermal energy allows for more pronounced structural
transitions between the open and closed states of the MOF,
manifesting as steps or plateaus in the isotherms. This behavior
is consistent with the flexible nature of MIL-53, where the
framework can undergo significant structural changes depend-
ing on the temperature and adsorption conditions. The error
bars in the plot indicated the standard deviation of the data,
reflecting the variability and increased sensitivity in the total
gravimetric uptake measurements, as detailed in Figure S5.
The cryogenic adsorption isotherms of MIL-53-Al in the

pressure range of 0−70 bar are shown in Figure 8. The data

described the samples with varying L:M ratios to better
provide insights onto structure-performance relations in these
MOFs. The sample with the L:M ratio of 0.32:1 exhibited a
relatively low uptake, plateauing around 5.8 wt % and 26 g/L at
high pressure and displaying a distinct two-step adsorption
process with hysteresis, indicative of the framework’s structural
transitions. This behavior is reflective of the breathing effect,
characterized by a structural shift from a np to a lp form.
According to the literature,52 the flexible breathing transition
in the MIL-53 family�the most extensively studied flexible
MOFs�involves molecular adsorption that triggers breathing
along one-dimensional channels, leading to changes in pore
diameter. The initial dominant np form exhibits constrained
adsorption performance, after which increasing pressure
triggers a transition to the lp form.53 This form can
accommodate larger volumes but saturates, requiring pressures
exceeding 30 bar to achieve maximum H2 storage capacities.
The observed hysteresis indicates that the structural transition
involved energy barriers and was not entirely reversible, which
may be due to the framework’s limited flexibility in this
phase.54 The lower ligand concentration resulted in smaller,
more strained frameworks, leading to pronounced structural
changes. In contrast, the sample with an L:M ratio of 0.5:1
showed higher uptake, plateauing around 6.3 wt % gravimetric
and 30 g/L volumetric capacities. Although the two-step
adsorption process was still present, it was less pronounced
than in the lower L:M ratio sample, indicating increased
framework stability with large pore volumes, as observed in
higher ligand concentrations. The reduced hysteresis suggests
that the energy barriers for the structural transitions were lower
and the framework had better reversibility in the monoclinic
phase. This monoclinic phase of this sample offers greater
flexibility and pore expansion compared to those of the
orthorhombic phase. The 1:1 ratio sample showed the highest
H2 uptake among the samples studied and exhibited no
significant hysteresis. The lack of hysteresis suggested that the
structural transitions were highly reversible, and the associated

energy barriers were minimal, enabling the framework to revert
to its initial state without significant holdup of the adsorbed
gas volume within the crystal system. The isotherm displayed a
similar initial uptake to the 0.52:1 sample but with a more
pronounced step at the np to lp transition. The total
gravimetric uptake reached 6.9 wt % at 70 bar, and the
volumetric uptake was 38 g/L. This smooth isotherm indicated
a more gradual and continuous adsorption process, reflective of
a well-formed and stable framework structure. The high ligand
concentration stabilizes the framework, reducing the dis-
tinctiveness of the two-step adsorption process and leading to a
more continuous transition between the np and lp forms. This
behavior was consistent with the monoclinic phase, which
offers greater flexibility and larger pore volume compared with
the orthorhombic phase. The L:M ratio significantly influenced
the shape of the isotherm with no hysteresis and increased
uptake capacity. The mechanism behind these transitions and
hysteresis involved the flexibility of the MIL-53-Al framework,
which can expand and contract in response to adsorption. At
low pressures, the framework was primarily in a nanoparticle
state, providing initial adsorption sites. However, as the
pressure increased, the framework transitioned to an lp state,
significantly increasing the pore volume and thereby storage
capacity. This breathing effect was more pronounced in
samples with higher ligand concentrations due to the enhanced
structural flexibility provided by the additional ligands. Thus,
optimizing the ligand concentration in MIL-53-Al is crucial for
achieving the desired structural and adsorption properties, as
evidenced by the highest uptake and smoothest isotherm in the
1:1 sample.

3.4. Determination of Working Capacity at 77 K
between 70 and 5 Bar. The working or deliverable capacity
of MOFs is determined as the difference in their total
capacities between a completely filled tank pressure at 70 bar
and an empty tank pressure at 5 bar.25,55,56 The challenge of
enhancing the working capacity of MOFs is thus 2-fold: to
identify materials that drive the structural transitions above a
certain pressure at practical temperatures and to ensure that
these transitions are reversible with minimal energy barriers,
allowing for efficient adsorption and desorption cycles. The
computational studies in the literature revealed that achieving
maximum H2 working capacity at cryogenic temperatures (77
K) does not necessitate the presence of open metal sites with
extremely strong interaction energies.57 Due to the enhanced
affinity provided by these sites, a significant proportion of
adsorbed H2 remains bound even at very low pressures.
Consequently, a substantial amount of H2 remains immobi-
lized within the material, even when discharged at 5 bar,
making it unavailable for fuel use. Conversely, near ambient
temperatures (273 K), there is a preference for stronger and
more accessible metal sites to maximize working capacity. This
adjustment is crucial because isotherms exhibit flatter profiles
at lower pressures, resulting in less H2 remaining bound to the
material after discharge. Materials with fewer open metal sites
maintain consistent working capacities regardless of the
binding strength at those sites, whereas those with more
open metal sites exhibit higher working capacities as the
binding strength decreases.58

The working capacity increased for all the MOFs employed
under combined PS working conditions, as shown in Table 3.
The 0.32:1 sample, with its orthorhombic structure, shows a
gradual increase in H2 uptake, resulting in lower volumetric
(22 g/L) and gravimetric (4.7 wt %) uptake compared to the

Figure 8. High-pressure (a) gravimetric and (b) volumetric H2
isotherms at 77 K for MIL-53-Al sorbents.
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monoclinic structures of the 0.5:1 and 1:1 samples. The 0.5:1
sample demonstrates intermediate performance with 29 g/L
and 5.8 wt % uptakes, and the 1:1 sample displayed the highest
total working capacities of 6.7 wt % and 37 g/L. These values
clearly represent improvements in the gravimetric and
volumetric storage capacity relative to isothermal PS
conditions of the conventional MIL-53-Al.59 In terms of
working capacity, (MIL-53-Al)1:1 stored about 15% higher
than a compressed storage tank at 30.6 g/L (PS at 298 K).
Hence, it is desirable to have a shallow increase in the low-
pressure region that maximizes the working capacity of these
MOFs. The (MIL-53-Al)1:1 showed the highest working
gravimetric uptake at 6.7 wt %, which was directly proportional
to its BET surface area (Figure 9a). On a volumetric basis, the

MOF possessed the highest capacity of 37 g/L (Figure 9b),
originating from its reduced void fraction and high packing
density (0.38 g/cm3) within the system volume. The distinct
isotherm shapes, characterized by a low uptake at low pressure
and a high uptake at higher pressures, enhance the working
capacity in PS systems by maximizing the difference between
adsorption at low and high pressures. The crystal shape
transitions, from orthorhombic to monoclinic, drive these
changes, with monoclinic structures offering greater framework
flexibility and larger pore volumes, allowing more adsorption.
Additionally, the 1:1 sample’s highest surface area (1906 m2/g)
and total pore volume (0.94 cm3/g), along with its highest
packing density (0.38 g/cm3), contribute to its superior
uptake. The improved packing density in monoclinic samples
optimized the pore structure and accessibility, making them
more efficient for H2 storage. Thus, the monoclinic structure’s
steeper isotherms and higher packing densities enhanced their
suitability for H2 storage applications.
3.5. Determination of the Isosteric Heat of Adsorp-

tion. The isosteric heat of adsorption (Qst) of H2 over these
MOFs correlated directly with the accessibility of metal nodes,
as illustrated by the H2 adsorption data presented in Figure 10.
These findings highlight that metal nodes significantly enhance
interactions with H2 molecules at lower uptakes. Increasing the
L:M ratio induced a transition from an orthorhombic to a

monoclinic crystal orientation, further promoting stronger
interactions with due to enhanced exposure of metal nodes.
The isosteric heat of adsorption increased in the order of 6.0
kJ/mol < 6.8 kJ/mol < 7.5 kJ/mol for (MIL-53-Al)0.32:1, (MIL-
53-Al)0.52:1, and (MIL-53-Al)1:1, respectively. This trend
reflected the rise in interaction energies, which can be
attributed to the greater accessibility of metal nodes as the
ligand-to-metal ratio increases.
As noted earlier, the enhanced H2 adsorption was attributed

to the monoclinic structure’s flexibility, allowing greater
framework expansion and creating more accessible adsorption
sites. The XRD patterns revealed changes in the peak
intensities corresponding to different crystallographic planes
as the L:M ratio increased, supporting the phase transition and
altered surface exposure. Specifically, the XPS peaks associated
with Al, as seen in Figure 6d, showed increased intensities in
the same order, highlighting that the change in the crystal
shape has exposed the metal nodes, resulting in an increase in
their adsorption energy. The higher BET surface areas and the
larger pore volumes in the monoclinic phase provided more
sites for H2 adsorption, contributing to the increased isosteric
heat of adsorption at higher uptakes. Additionally, the
enhanced pore connectivity in the monoclinic phase facilitated
easier diffusion of H2 molecules, ensuring that adsorption sites
are more readily accessible. The improved thermodynamic
stability, indicated by higher isosteric heats, is crucial for
practical H2 storage applications, where efficient and reversible
adsorption is necessary. Comparative studies of MOFs with
varying L:M ratios and structural phases consistently showed
higher isosteric heats for monoclinic structures, validating the
role of crystal orientation and metal node exposure in
enhancing H2 interactions with the pore surface.
In addition to the adsorption capacity, the stability and

regeneration of the MOFs under operational conditions are
essential for their practical use. Monoclinic structures have
demonstrated better structural stability and reversibility under
multiple adsorption−desorption cycles, making them more
suitable for repeated use in H2 storage applications. The ability
to maintain high performance over numerous cycles
underscored the robustness of the monoclinic phase. More-
over, tuning the crystal orientation through optimizing the
L:M ratio offered a facile pathway to design efficient MOFs for
specific H2 storage requirements. By precise control of the
synthesis parameters, it is possible to tailor the structural
properties to achieve the desired adsorption characteristics.
This tunability highlights the versatility of MOFs and their
potential for customized applications in energy storage

Table 3. Determination of Gravimetric and Volumetric
Working Capacities Based on the PS System Design

Sorbent
(L:M)

Packing
density
(g/cm3)

Gravimetric working
capacity (wt %)

Volumetric working
capacity (g/L)

0.32:1 0.28 4.7 22.5
0.52:1 0.35 5.8 29.07
1:1 0.38 6.7 37.22

Figure 9. (a) Total gravimetric and (b) volumetric H2 storage at 77 K
and the working capacity between the full state for the combined PS
capacity (77 K, 70 bar) and empty state (77 K, 5 bar) are indicated.

Figure 10. Isosteric heat of adsorption of H2 over MIL-53-Al sorbents
as a function of excess adsorption capacity.
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technologies. By considering these additional points, we
thoroughly validate the relationship between the isosteric
heat of adsorption, crystal orientation, and metal node
exposure in MOFs, highlighting the critical factors that
contribute to improved H2 storage performance and practical
application feasibility.
Figure 11 illustrates the comparison of the working capacity

of the systems when employed under charge−discharge PS

conditions such as (77 K, 100−5 bar pressure), respectively.
The working capacities of several benchmark sorbents, such as
NU-1000, NU-125, UiO-67, MOF-177, MOF-5, HKUST-1,
IRMOF-20, SNU-70, MIL-53-Al, and Cu-MOF-74, were also
compared with this work, as obtained from the literature.28,60

While (MIL-53-Al)1:1 in this study achieved an H2 working
capacity of around 37 g/L, which is slightly lower than some of
the benchmark materials such as IRMOF-20 and NU-1000, it
represents a notable 32% improvement over the parent MIL-
53-Al.59 Despite its moderate surface area (1906 m2/g), its
enhanced volumetric capacity primarily stemmed from its
increased packing density (0.38 g/cm3), allowing it to compare
favorably to the benchmark sorbents like MOF-5. This
enhancement underscores the significance of the breathing
transition and densification strategies in optimizing the storage
performance of MOFs, where structural flexibility has been
found to promote the working capacities. The breathing
mechanism, which also allows for improved packing density
without compromising structural integrity, has demonstrated
potential as an effective strategy for enhancing H2 storage
capacities. This approach could be applied to other MOFs,
potentially unlocking further storage capacity improvements.
Moreover, the functionalization of these frameworks with
additional open metal sites or the incorporation of bimetallic
nodes could significantly improved H2 interactions in (MIL-
53-Al)1:1. Such modifications may enable future iterations of
these materials to rival or surpass the performance of the
leading sorbents.

4. CONCLUSIONS
This study elucidated the critical impact of crystal morphology
engineering on the H2 storage performance of MIL-53-Al
sorbent. Through systematic manipulation of the L:M ratio
during synthesis, we successfully tailored the crystal size and
shape distributions of MIL-53-Al, resulting in significant
advancements in packing density and volumetric H2 storage
capacity. Specifically, the engineered MOF samples with a
bimodal distribution of monoclinic and orthorhombic crystal
shapes achieved a notable packing density of 0.38 g/cm3. This
enhancement not only optimized pore space utilization but
also led to a substantial 32% increase in volumetric working

capacity compared to unmodified MIL-53-Al, marking a
significant stride toward overcoming the limitations of
traditional H2 storage methods. Furthermore, our investigation
into high-pressure H2 adsorption isotherms highlighted the
correlation between crystal morphology and adsorption
behavior. Samples with higher L ratios, (MIL-53-Al)1:1,
exhibited enhanced gravimetric and volumetric working
capacities, reaching up to 6.7 wt % and 37 g/L, respectively,
under PS conditions at 77 K between 70 and 5 bar. This
improvement was facilitated by the engineered crystal shapes,
which promoted efficient adsorption−desorption cycles and
minimized high-pressure conditions to achieve optimal H2
saturation capacities. The observed isotherm shapes, charac-
terized by distinct transitions from narrow-pore to large-pore
structures, underscore the efficacy of crystal morphology
engineering in optimizing the H2 storage performance at
practical temperatures and pressures.
Moreover, the ability to tailor MOF structures for enhanced

performance not only addresses current challenges in H2
storage but also positions MOFs as versatile materials for
future energy storage applications under various environmental
conditions. Continued research efforts in optimizing crystal
morphology and exploring novel synthesis strategies will be
pivotal in harnessing the full potential of MOFs to meet
growing energy demands sustainably. In conclusion, this study
provides compelling evidence that crystal morphology
engineering significantly enhances the H2 storage properties
of MOFs, paving a facile pathway for their widespread
adoption in the renewable energy sectors. Our findings
highlight the pivotal role of fundamental material design
principles in advancing sustainable and efficient energy storage
solutions, setting a foundation for continued innovation in
MOF-based technologies.
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