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Prognosis of simplified metal and organic sites
resembling a quasi-MOF structure for hydrogen
storage: investigation and insight
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Hydrogen energy plays an important strategic role as a sustainable and clean energy source for the future,
and the use and efficient design of hydrogen storage and transportation materials are essential. Exploration
into the usage and efficient design of hydrogen energy storage and transportation materials is necessary.
However, a state of confusion and uncertainty exists regarding the similar operational mechanisms and
details of hydrogen storage materials. This article focuses on the study of Zr-, Co-, In-, and Cu-based
gas adsorption materials represented by metal organic framework (MOF)-derived structures. In this work,
the basic unit planning and configuration design of metal coordination were analyzed and compared
separately; the summarized working mode and rules of organic linking agents, represented by benzene-
(BDC)
experimental references, the adsorption relationship of samples under non adiabatic conditions was

1,4-dicarboxylic acid and its longitudinal chain derivatives, were concluded; based on
processed and evaluated, and the dynamic evolution process of sample gas adsorption was elucidated.
Through the deployment of specific functions and non-adiabatic environment orchestration, we found
that both the structural design and samples met the expected actual values, and some structural samples
exceeded the theoretical level of the normal UIO-66 and MOF-74 series. This work analyzes and
advocates for a potential benign hydrogen adsorption scheme using a MOF morphology, provides
potential adsorption materials that can improve environmental tolerance, and reveals their adsorption

response laws. Ultimately and fortunately, these materials could become strong competitors in the field

rsc.li/rsc-advances

Introduction

The development of materials with effective storage has always
been a controversy in the field of metal-organic framework
(MOF) materials, as the factors that determine their storage
values have been explained by a variety of theories in micro-
porous material field."* Hydrogen uptake capacity has been
identified as an advantageous feature in microporous materials.
Commercial MOFs such as MOF-5 > zeolitic imidazolate
frameworks (ZIF-8) 7* and the Hong Kong University of Tech-
nology (HKUST) series®'® have shown improved performance
due to their tunable porosity and expandable connectivity.
However, their practical application is hindered by their theo-
retical absorption limits under conditions of 500-600 °C
(decomposition temperature) and 20-100 bar (allowable pres-
sure) " which remain a persistent and significant challenge
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of hydrogen storage functional materials.

for conventional organic porous materials. In addition, their
geometric conformation and topological character are another
concern for researchers due to their morphologies.**** As the
main basic elements that determine the storage and trans-
portation are the metal coordination (MC) and organic linker
(OL), there are various intriguing aspects in the structure of
MOFs, such as ordered/disordered resetting,' hierarchical
transition,* symmetry designs derived from the metal particle
space group® and multicomponent conjugated growth.**> In
these designs, the MC and OL can induce characteristic struc-
tures with precise pores and channels, enabling them to
become MOF composition systems with periodic stacking.
Controlled modulation of the MCs and OLs is essential for
engineering tunable open sites to enable precise customization
of diverse structural configurations and physicochemical
properties.”** In general, most metal-organic frameworks
(MOFs) can be functionalized using Lewis or Bronsted acid sites
associated with their metal clusters. To tailor the confined
chemical environment, post-synthetic modification strategies,
such as introducing ordered surface functionalization around
the cages, have been employed during the early stages of MOF
crystallization. Zhang et al. synthesized Co and Ni nanosheets
via a Dbottom-up liquid-liquid interfacial coordination
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polymerization approach.” This method facilitates the forma-
tion of ordered nanochannels and layered architectures, which
not only offer abundant metal active sites within the flexible
coordination nanosheets, but also significantly enhance
hydrogen adsorption efficiency. Gibbons et al. enhanced the
structural stability of MOFs under mild conditions and
improved their tolerance for hydrogen absorption by symmet-
rically modifying OL and performing cyanoalkylation on imine
skeletons in prototype porous frameworks such as UiO-66
(University of Oslo) and MOF-74.>° These methods contribute
to various coordination strategies and joint modifications to
enhance the hydrogen adsorption capacity of MOFs, and inte-
grating MC into open sites via ion coordination has proven
effective in pore engineering. Through exploring the charac-
teristic distribution of metal sites in MOFs and extending the
main-chain length of OLs to fine-tune pore apertures, these
strategies have successfully enabled the formation of repetitive
heterogeneous pore assemblies without relying on highly
branched architectures.

Recently, quasi-MOFs have emerged as a promising strategy
to overcome the symmetry constraints imposed by the hollow
pore structures of conventional MOFs.>*** They not only
improve adsorption efficiency but also allow fine-tuning of
geometric morphology, which is a feature that is often under-
optimized in traditional MOF systems. Moreover, unlike the
fully coordinated metal clusters in pristine MOFs, quasi-MOFs
possess sparse yet highly accessible vacancy sites. These can
effectively convert external vacancies into specific target
vacancies, resulting in significant Faraday efficiency and
selectivity,**** which can effectively weaken the steric hindrance
in MOFs. Kampouri et al. successfully designed a quasi MOF
structure with coordination vacancies (X-UIO-EDA), which has
a hydrogen capture capacity of 0.44 mmol g~ ' at a concentration
of 400 ppm and humid air conditions. Compared with tradi-
tional UIO-66, the adsorption performance brought by its
structure is improved by 6.5%.%* By leveraging multi-coordinate
structures simulated via molecular dynamics (MD),>**” inter-
mediate vacancies can be incorporated into quasi-MOF frame-
works. Listyarini et al. conducted MD simulations on a quasi-
MOF structure formed by controlling vacancies in MOF-5 and
obtained a highly consistent structure with the experimental
results of the guest@host system. They inferred that H, and CO,
have a high degree of dissociation in their quasi-MOF struc-
ture.*® These vacancies play a critical role in the formation of
cage-like composite architectures. Importantly, the use of MD
for quasi-MOFs has achieved high adsorption performance
without the need for prolonged reaction times, large-scale
simulations involving active atoms, or computationally
demanding quantum mechanical calculations.***** Given these
advantages, precise adjustment of the MCs and control of the
OL chain length have become crucial for quasi-MOF systems,
and further analysis and exploration of their unknown proper-
ties are necessary.

In this study, hydrogen absorption in metal-organic frame-
works (MOFs) was investigated by integrating coordination
methods and various OL decorations. The adsorption behavior
and potential mechanisms were evaluated over an extended
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temperature range. The quasi-MOF architectures were con-
structed using symmetric secondary noble metal clusters
(comprising Zr, Co, Cu, and In) with tailored coordination
geometries. Based on this, we developed a coordinated coarse-
grained (CG) layout pattern to evaluate the synergistic exis-
tence of effective bonding relationships and topological spaces
within coordination numbers in the studied structures. The
experimental absorption range and theoretically optimized
storage capacity were dynamically analyzed by observing MOF
samples under experimental conditions and using simulated
(MD) results. The increased flexibility of the MOF framework in
the In and Co samples resulted in the expansion of the porous
space, significantly improving the absorption capacity of the
material. In order to evaluate gas adsorption performance and
predict hydrogen absorption trends, we systematically studied
longitudinal OL components containing BDC, BPDC ([1,1'-
biphenyl]-4,4’-dicarboxylic acid), and TPDC ([1,1:4',1-tri-
phenyl]-4,4’-dicarboxylic acid) linkers and investigated the
effect of their structural modification on hydrogen adsorption.
These topologically engineered MOF candidates exhibit excel-
lent structural loading and highly competitive adsorption
capabilities.

Results and discussion

The structural relationships in MOFs are a key factor influ-
encing their adsorption performance. Based on the critical role
of Coulomb interactions in analyzing the missing coordination
atoms in MOF structures,*>** we conducted detailed structural
characterization and Coulomb interaction analysis of the
synthesized samples and determined the -corresponding
conformational relationships, as shown in Fig. 1. Although
some specific alloys or metal dimers exhibit many photonic
band gaps, their parallel polyhedral distributions may adopt
lower energy configurations, such as the three-coordinate or
four-coordinate structures shown in Fig. 1(a)-(d). Theoretical
analysis shows that energy-stable atomic rearrangement occurs
through the coordinated flipping of occupied states and
discrete atomic displacement,**** and that these structures
maintain the global minimum energy of the system. By using
the established interatomic potential (Coulomb potential) for
short-range computational simulations, substantial differences
in electronic structures between the intermetallic compounds
were revealed. Our results indicate that among the tested
samples, the indium-based sample exhibits the highest
coulomb interaction, while the cobalt-based sample exhibits the
lowest (Fig. 1(e)). This trend, coupled with their coordination
numbers, indicates the stability of the structure and the avail-
ability of corresponding coordinatively unsaturated sites,
especially for the indium samples exhibiting higher coordina-
tion numbers. The unique valence electron configuration of the
constituent metal dominates the interaction between the MC
and OL, and conforms to the Hume-Rothery stability rule.***
In order to reveal the above, we used an OPLS-AA force field
to perform structural equilibrium relaxation of the material
structure with a box size of 6 x 6 x 6 and a time step of 2 fs.
Temperature control was conducted using the Nosé-Hoover

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural conformation (a)—(d) and coulomb interaction (e) within the unit crystal (simulation box). The OLs are shown in green; in the
other parts, Zr is shown in cyan (a), Co in blue (b), In in silver-gray (c), and Cu in orange (d). The Coulomb interaction curves (e) are shown in cyan

(Zr), clear blue (Co), silver grey (In), and dark purple (Cu), respectively.

method, and pressure control was carried out using the
Berendsen barostat. The structural stability of the material was
verified through a 10 ps thermal equilibrium. In addition, we
also introduced long-range electrostatic interactions (Coulomb
treatment) to ensure the stability of the truncation distance of
the structural samples. Under Kornberg fitting,*® the 4-coordi-
nate systems for zirconium and copper offer a cost-effective
precision that is superior to both the 6- and 2-coordinate
systems. The process of growing the simulation boxes intro-
duced structural defects after particles were implanted into the
isohedral symmetry structure. Moreover, defect free locating,
macroscopic grains and non-equilibrium relaxation emerged in
binary, ternary, quaternary systems with conventional mobi-
lized shaping techniques. As shown in Fig. 2 and Table 1, we
provided the molecular dynamic simulation for effective
particle interaction with a stimulus of the mixing pair potential
(MPP) with 2 traps. After Lorentzo oscillation,*” the pair
potential thus mimics the atomic interaction of the MC and OL

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

systems, and combines a short-range repulsion with a damping
oscillating function F(r) which specified a distance factor x
damping factors k, average interactive distance r and preposed
coefficient ¢. Along with these quasi crystalline samples being
included in our oscillation function, oscillating potential style,
converging repulsing potential stlye, dividing and non dividing
potential style were attended to during the function module.
Our two captured MPPs are in corresponding states of gravita-
tional and thermal disorder, which means that these simulated
samples can spontaneously aggregate with hydrogen molecules
under supercooled conditions.

x(r) = —ke" (1)
2
F(r) = k%waj—fwazr )

As the interaction contact can be switched by means of
electron transition,'**® a coulomb blockade was induced by

RSC Adv, 2025, 15, 40129-40148 | 40131
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Fig. 2 The damping oscillation function F(r) of the OL coordinated with metal. The green area represents the oscillatory distribution of the OL
region. Cyan, blue, silver gray, and orange represent the oscillatory distributions of Zr (a), Co (b), In (c), and Cu (d), respectively.

Table 1 Applicable parameters of the damping oscillating function

F(r) k T r

Zr 0.415 0.22 8.95
Co 0.596 0.41 6.78
In 0.226 0.39 2.13
Cu 0.614 0.15 11.07

varying the effective potential under the specified conditions.
Fig. 2 illustrates the evolution in the distances and positions
between MCs and OLs in a quasi MOF as hydrogen molecules
enter the structure. Our results indicate that the positions of
hydrogen atoms in the four samples differ significantly from
those of their corresponding MCs and OLs. Consequently, each
particle within the simulated system occupies a series of
continuous potential wells, corresponding to a broad parameter

40132 | RSC Adv, 2025, 15, 40129-40148

space, which increases the activity space of the hydrogen
molecules inside the structure. Simulations were performed
using our candidate metallic coordinators in the quasi-MOF
sample, which is speculated to adopt a monoclinic or triclinic
configuration within the quasi-crystalline system. Charge
characteristics—whether positive or negative—along with vari-
ations in orbital distance, lead to particle charging or reloca-
tion. Furthermore, in the present study, the introduction of
additional nuclei to the MCs and OLs, and the application of
surface constraints on the quasi-MOF structure did not
suppress or prevent the formation of other defects. Hydrogen
molecules have a larger activity space in the cobalt- and copper-
based samples, while their activity ability is weaker in the
indium- and zirconium-based samples.

To further investigate the positional changes of hydrogen
molecules relative to the MCs and OLs, we employed a CG
scheme to macroscopically modulate the arrangements of MCs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the low-pressure hydrogen adsorption capacities of selected MOFs at 77-298 K

BET Langmuir Pore volume Uptake capacity Pressure Temperature

MOF (m*g™) (m>g™) (em® g™ (mmol g ) (bar) (K) Ref.
Mg-MOF-74 1495 1905 0.411 8.00 1 296 62
Co-MOF-74 1357 1688 0.487 5.66 1 77 63
En-MOF-74 1253 1270 0.392 4.57 1 298 64

QI-Cu 1631 1863 0.662 4.56 1 77 65
HKUST-1 803 1492 0.522 4.18 1 298 66
MPM-1-TIFSIX 840 1035 0.314 4.00 1 298 67
NU-1101 2522 2847 1.014 3.93 1 293 68
Zr-based MOF sample 1089 2251 0.709 4.12 1 77 This work
Co-based MOF sample 344 448 0.137 3.28 1 77 This work
In-based MOF sample 1286 1520 0.483 5.25 1 77 This work
Cu-based MOF sample 898 962 0.291 4.35 1 77 This work

and OLs, as illustrated in Fig. 3(a)-(d). This approach yielded
the corresponding framework structures through symmetric
operations based on rhombic, hexagonal, octagonal, and square
motifs. Detailed analysis detected measurable structural strain
across three or more coordination variants of the metal centers
in these samples.”® Furthermore, the resulting structures
exhibit topological characteristics enabled by a semi-orthogonal
approximation derived from the layout system, which can well
accommodate hydrogen molecules on other vacancies. We
characterized these quasi-MOF samples using lateral crystal
structure diffraction. The resulting diffraction patterns di-
splayed several distributed Bragg reflector characteristic
features.”>** A common trait among these patterns is the
outward diffusion of diffraction intensity from the central
region, all exhibiting uniform orientation. The three-
dimensional structures corresponding to these Bragg distribu-
tions are presented in Fig. 3(e)-(h). Our analysis indicates that
these architectures are predominantly governed by the
geometric extent of the grouped spherical shells, which also
induce corresponding spatial dislocations. These spherical
shells contain a large number of voids and interstitial particles,
indicating the presence of numerous voids in actual space and
facilitating the escape of hydrogen molecules from the
structure.

The projection of the particles along the axis of symmetry
exhibits periodic tiling characteristics, and this texture distri-
bution can give high-density embedded pores. The separation
between these two directions follows the Fibonacci sequence
and enriches the remaining particle distribution through evenly
spaced connection points over long distances.** Through visual
inspection, it was confirmed that the particle-free regions of the
zirconium and cobalt samples are at an angle of 30° to the
normal direction, while those of indium and copper samples
are at 22.5° and 45° angles, respectively, indicating topological
differences in their actual structures. A parallel generative
density function G(r)*>*® (as revealed in Fig. 3) was deployed to
statistically model the probability for CG processed particles
with conjunction number 7 and distance d in time 1.

1 1
G(r) = 5+ 3 cos t(n(r —1.25) — d)

(3)

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

This can be used to statistically determine the activity prob-
ability of adsorbed gas molecules based on the coordination
number and discrete distance of particles. Via folding
symmetry, it can be observed that these CG structures exhibit
some structural reversals, providing a diffusion mechanism for
hydrogen atoms moving internally, prioritizing the reposition-
ing of the structure under the action of hydrogen molecules,
especially those particles located at the MC and OL positions on
quasi-MOF vacancies.

The eight structural types with the Schoenflies symbols of
the quasi-MOFs model mentioned above were used to
normalize the position coordinate conformation as shown in
Fig. 4, in order to demonstrate the relationship between
hydrogen storage performance and topological structure. These
were combined with the generated density function G(r) to
identify the point group (PG) of each CG sample within its target
polyhedral region. We used the PG distribution of the CG
samples to obtain information on the movement of adsorbed
hydrogen molecules. By analyzing the PG schematic diagram,
the structures were divided into eight tetragonal forms: D,},, Cy,,
Cévy Dehy D3, Cay, Can, and Cyp, corresponding to the zirconium-
, cobalt-, indium-, and copper-based samples, respectively. The
D,;, and C4, PG correspond to the tetragonal dense packing
structure (ZrO,)*~ and (InO4)>~ polyhedra formed by ZrO. The
tetrahedral coordination groups C,y,, C,pn, and C,, have been
observed in both experimental and simulated structures.
Through MD calculations of orbital localization based on the
MOF-74 and ZIF-8 variant models, small deviations were
discovered, allowing for the determination of the activity of the
hydrogen molecules in the cavity. These structures can be
described as periodic interpenetrating cubic autohedra, which
contain dodecahedral (CoO)”, (CuO)”, and (CuO);” units
sharing the same edges as CoO and can form equiaxed struc-
tures consistent with hydrogen atoms at spatial sites. The Dgp,
structure (InO,)>~ and Cg, structure (InO;),*>" are single-atom
chains formed during isotropic and anisotropic grain simula-
tion, which can capture the position of the hydrogen atoms to
a greater extent.

After observing the interior of these main CG structures, we
found that they are always characterized by symmetrical centers

RSC Adv, 2025, 15, 40129-40148 | 40133
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Fig.3 CG models and their distributions of the quasi-MOF structure; (a) Zr-based sample and its structural distribution, (b) Co-based sample and
its structural distribution, (c) is the In-based sample and its structural distribution, and (d) is the Cu-based sample and its structural distribution.
Potential parameters for these figures are (n, d, 7) = (4.25, 0.72, 0.05). Gaseous spherical solid formed by CG isotropic particles for Zr, Co, In and
Cu (shown in cyan (e), silver-gray (f), blue (g) and dark purple (h)). The whole system contains 2000 particles.

under PG partitioning and exhibit a tightly packed bilayer of the Zr samples exhibits instability in the coordinate system,
arrangement, which can be used to divide them into specific indicating that it may form polycrystals under high-pressure
regions of hydrogen adsorption. For example, the C,, symmetry phase conditions. In this way, by combining the particle

40134 | RSC Adv, 2025, 15, 40129-40148 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Grain coordination distribution of the quasi-MOF crystals with approximate crystal phases and the scanning curve of hydrogen molecules
moving inside the quasi-MOF. The position mode of hydrogen molecule movement is divided into horizontal (r — r n) and vertical (r — r v)
directions entering the polyhedral region. The distribution of coarse particle positions corresponding to the peak area generated by Glr) is
marked in the figure, for the Zr-containing sample (a), In-containing sample (b)—(d), Co-containing sample (e)-(f), and Cu-containing sample

(@)-(h).

distribution patterns in both the horizontal and vertical direc-
tions, it is easier to obtain a bilayer quasi-MOF structure. The
Con, Can, and Dg, symmetries exhibited by the Cu and In

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

samples may induce the formation of chiral groups, thereby
promoting the formation of hydrogen adsorption vacancies.
However, in the process of point symmetry evolution, the

RSC Adv, 2025, 15, 40129-40148 | 40135
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(b)

(d)

Fig. 5 Transmission electron microscope (TEM) images of the MOF samples, showing different types of missing structure defects. (a) TEM
characterization of Zr-based MOF, (b) TEM characterization of Co-based MOF, (c) TEM characterization of In-based MOF, (d) TEM character-

ization of Cu-based MOF.

elimination of inserted symmetry elements can lead to incon-
sistent symmetry between adjacent regions, resulting in
different positions for hydrogen atoms to enter vacancies. It is
worth noting that the comprehensive analysis of regular recip-
rocal space reveals the D3, structure of the Co samples and the
C,y, structure of the Cu samples, indicating that the enhanced
grain boundary strengthening mechanism contributes to
structural stability and can stabilize the escape of hydrogen
molecules. Using these samples as a reference, the tetragonal
crystal system (Zr-based samples) may exhibit enhanced alter-
nating composite peaks at wide diffraction angles (26 > 45°),
while the hexagonal crystal system (Co- and In-based samples)
exhibits enhanced alternating peaks at lower angles (20° < 26 <
30°). This unique scattering behavior reflects topological
patterns related to the configuration and structure of the fold-
able lattice, which facilitates the reacquisition of hydrogen by
absorbing vacancies.

Transmission electron microscopy is a practical tool to
visualize the details of the defects of our MOF samples. The
morphology and distribution were imaged by utilizing defects
as sites for the formation emissive products that serve as
markers (Fig. 5). Ordered missing OL and OL cluster defects

40136 | RSC Adv, 2025, 15, 40129-40148

were imaged, and these two defects coexists. Since our MOF
structure was more stable, direct images with the subunit
crystal cell were obtained. We also performed selective area
electron diffraction (SAED) scanning on these sample structures
(results are shown in Fig. S1.)

Guided by the distribution pattern of joint sites from elec-
tron microscopy (Fig. 5 and 6a-h), we proposed a series of
compositional structures. Among them, distribution rules and
presentation forms with the same coordination indicated that
the Co and Zr sample have a spherical and skirt-shaped
morphology, while only complete block and lamellar struc-
tures were observed in In and Cu. As mentioned earlier, there
were no corresponding effective peaks observed for F(r) and
G(r), thus confirming that the Co and Zr samples can form
a consistent equiaxed structure with the organic compounds in
this work. By marking the wide-angle diffraction range of Co
atoms and Cu atoms through perspective breakdown,*” it was
found that there is a close relationship between them
(compared with that of the Cu sample, the effective coordina-
tion of the Co atoms exhibited similar MPP character within the
0-25° diffraction angle range as reflected in the G(r) function;
hence, we conclude that the Cu and Co sample here have the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Scanning electron microscopy (SEM) images (a)—-(h), experimental X-ray diffraction (XRD) patterns (i), and simulated XRD patterns (i)-(j). (a)
and (e) Zr sample and its surface morphologies; (b) and (f) In sample and its surface morphologies; (c) and (g) Co sample and its surface
morphologies; (d) and (h) Cu sample and its surface morphologies. (i) Experimental XRD diffraction patterns. (j) XRD diffraction patterns based on

the simulated structures.

same valence state to fill the atoms in the vacancies). Through
the calibration of the face-centered decahedral criterion, the
effective atomic coordination generated by Co atoms in
different valence states can more easily form microporous
structures with O atoms on organic linking agents. The stag-
gered sizes of the micropores and the order of their connections
illustrated in the figure indicate that the Co sample has more
coordination possibilities within the diffraction range of <10°.
Approximately and accidentally, when the diffraction angle is
greater than or equal to the perspective angle at the homolo-
gous position, the In atom can be seen to have an enhanced
signal on the basis of the same valence state as the Zr, Cu, and
Co samples, or the atoms in these element arrays can be divided
into structures within the same unit frame, indicating that In
has the maximum coordination selection space and priority at
this time.

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

We attempted to identify these structures using crystal
diffraction methods, and compared the atomic arrays
composed of the four candidate elements with the framework
structures assembled with the OLs in the order of perspective
diffraction peak analysis (Fig. 6(i) and (j)). It was observed that
the peak formed by the In atomic array appeared at a relatively
later position in the presence of OL, while some representative
characteristic peaks did not appear in the diffraction pattern,
such as the peak at 25° for Co atoms and the peak at 45° for Zr
atoms (although they all have a valence state of +4). Due to the
current deployment of anomalous dispersion coefficients only
for commonly used X-ray anode wavelengths, we have modified
the synchrotron radiation or changed the default wavelengths
in our calculations to consider the introduction of anomalous
dispersion. Subsequently, these signs of modification changed
the structure of the split single box line; however, only a small
amount of signal attenuation occurred in the Co atomic array

RSC Adv, 2025, 15, 40129-40148 | 40137
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Fig.7 Energy dispersive spectroscopy (EDS) (a)—-(l) and elemental weight analysis (EWA) (m)—(p) of specified samples (Zr, Co, In, and Cu). For EDS,
Zr and Cu are represented as cyan, In and Co are shown in dark pink, and C and O elements are shown in green ((e)-(h)) and red ((i)—(l)),
respectively. For EWA, carbon is represented by light gray, oxygen is represented by pink, hydrogen is represented by green, and metal elements
are represented by cyan (Zr, (m)), silver-gray (In, (n)), light blue (Co, (0)), and purple (Cu, (p)) in sequence.

and Cu atomic array. Through diffraction analysis with func-
tional group structures, the same structural pattern as before
was achieved; the experimental perspective diffraction angle
should generally be 20° or more lower than that of a single
atomic diffraction pattern. By vertically comparing the intro-
duction of functional groups, atoms with higher valence states
originating from the array are closer to the original diffraction
patterns, such as the +6 (+3) valence of In, the +4 (+2) valence of
the Co sample, and the +2 (+1) valence of the Cu sample.
Associated with the direction shown in Fig. 2, the perspective
diffraction of the Zr atomic array was detected by the crystal
diffraction method, and it was found that the same diffraction
morphology was maintained in the three directions of (1,0,0),
(0,1,0), and (0,0,1) after introducing functional groups.

40138 | RSC Adv, 2025, 15, 40129-40148

Four distinct modalities emerged around the fundamental
framework samples in our synthesis route design, as visualized
by elemental mapping via shaping scanning® and presented in
Fig. 7. Atomization processes ejected reaction products from
centrally enriched zones in our samples, with unclear coupling
between adjacent regions during recycling. From the tenting
exhibition of interatomic compositing, the elemental scanning
analysis indicated that the metal cores have close contact with
the oxycarbide matrix, however, except for the Zr sample, where
the Zr atomic position overlaps with the carbon and oxygen
bridges. We also employed the electronic signal probe, which
indicated larger gaps between the layout of the elements cobalt
and indium and their corresponding non-metallic element
distribution on the surface of the preparative framework

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sample. According to EDS analysis, the atomic distributions of
Co (94.45%), In (93.15%), and Cu (95.78%) exhibit near-
identical coverage ratios with the carbon and oxygen atoms,
confirming the uniform preparation of the framework mono-
mers. Zr (96.15%) dominates the appearance coordinate to
substantially span the full size of the systematic formula
sample, but only a few carbide decorators and oxygen overlays
are exposed. The In sample and Cu sample formed oxycarbides
in a 1:3 ratio within the primary bearing structure, which
subsequently promoted aromatic group interactions, further
increasing the carbide ratio to 1:6. This proportional occu-
pancy enhancement amplified micropore formation, demon-
strating latent structural benefits. Simultaneously, component
analysis via EWA (elemental weight analysis) of the Co and In
samples revealed deviations in the hydrogen ratio, indicating
that certain coordination sites contain vacancies capable of
retaining hydrogen atoms as either infilling species or due to
bond-deficient alignment.

We conducted traversal scanning and element tracing anal-
ysis based on the composition and content ratio of our homo-
plasmic MOF-74 (Co, In, Cu) and UIO-66 (Zr) samples in this
work. Carbon accounts for a large proportion the Zr sample.
Therefore, the bilateral coordination of the benzene ring
occupies the main binding form when the BDC belonging to the
OL coordinates with metal salts. In addition, the small signal

View Article Online
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detected for the elements H and Co is stronger than that for O
during the coordination, and the characteristic peak appears
earlier than that of C, which identified the effective connection
coordination in the Co sample. For the homoplasmic MOF-174
samples, only a small number of characteristic peaks of O and
In appeared, and the signal intensity of C was weaker than that
of the Co and Zr samples. With a fixed metal-to-OL (organic
linker) coordination ratio of 1:3, the Cu sample exhibits
distinct coordination behavior compared to the Co sample.
While the Co system forms complex coordination structures,
the Cu sample predominantly adopts a single coordination
mode. Furthermore, in both the In and Co samples, the metal
element signals appear earlier in the content rate than the
characteristic oxygen, mirroring the behavior observed in the
Cu system. However, the difference is that the signal of C in the
In sample is obtained earlier than that of the Cu sample. From
the perspective of distribution position, the distribution posi-
tion of In should be closer to the inner position of the
surrounding organic connection structure. Therefore,
combining the theory of electron layer pairing and the theo-
retical analysis of Bohr electron layer pairs,* the elements Cu,
Zr, and Co form a composite coordination form with O atoms in
the form of 2-fold or 4-fold connections.****

The motion trajectory of hydrogen atoms analyzed using the
quasi-Monte Carlo (qMC) algorithm indicates the presence of
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Fig. 8 Simulation of the dynamic detection between atoms before and after adsorption (a) and (b), average hydrogen bond statistics during the
adsorption process (c), and atomic distribution during the equilibrium period (d). The first stage is the particle distribution state at the initial
thermal equilibrium, the second stage is the particle distribution state during the heating process, and the third stage is the particle distribution

state at high-temperature thermal equilibrium.
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multiple connections during the thermal equilibrium (MD)
process (see Fig. 8). In the initial stage, these bonds hinder
interatomic displacement, causing other hydrogen atoms,
delayed within the gaps of typical micropores, to move in
opposite directions around the pore structure. As defects appear
in the expanded pores within the porous matrix, the gMC
algorithm also mitigates the weakened resonance effect
between hydrogen atoms and OLs by avoiding interactions with
non-critical atoms. Simulations using deployed tracer atoms to
penetrate each feature cage revealed atomic oscillation behavior

200

View Article Online

Paper

at low temperatures (79.35 K) under a relaxation pressure of
0.35 atm and intramolecular tension of 0.005 atm nm™". The
aromatic ring undergoes compression and distortion, with its
average diameter decreasing from 0.235 nm to 0.201 nm. This
local contraction prevents further internalization of mobile
hydrogen atoms around the coordination center, but promotes
the formation of capillary chambers within each unit
framework.

MD simulations can effectively capture the behavior and
evolution of hydrogen atoms within quasi-MOF structures,
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Fig. 9 Dynamic process and evaluation of gas adsorption with coordinated metals. (a)—(c) are universal atoms and hydrogen adsorption under
normal conditions (0—-200 K, 200-350 K, and over 400 K). (d)—-(f) correspond to (a)—-(c) and consider the dynamic MPP potential and density
generation function G(r) for hydrogen adsorption. (g)—-(i) represent the degree of enhancement/weakening of hydrogen adsorption after the gas
adsorption process, where yellow represents the enhancement/weakening of hydrogen adsorption when using universal atoms, and blue
represents the enhanced/weakened hydrogen adsorption after using MPP and G(r).
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enabling detailed tracking and analysis of potential reactive
processes occurring inside the cavities of these materials. We
conducted a trajectory analysis of hydrogen atoms throughout
the MD simulation, calibrating their positions before and after
adsorption and monitoring their behavior during the adsorp-
tion process. By examining motion patterns based on the acti-
vation distances of distinct characteristic atoms, along with
subtle relaxation behaviors, it was determined that hydrogen
atoms located between the MC and OL regions remain stabi-
lized at a fixed distance of approximately 0.3 nm. Based on the
movement of hydrogen atoms within the MC and OL environ-
ments, the process can be categorized into three stages. As
shown in Fig. 8(a) and (b), the first stage involves a strong
binding interaction (0.07-0.08 nm) with coherent coordination
during the movement of hydrogen atoms within the OL layer,
guided by bonding rules. In the second stage (thermal
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equilibrium), the average partial bonding distance ranges
between 0.10-0.15 nm, reflecting the stable migration of
hydrogen atoms within the pore spaces. During the third stage,
thermal fluctuations lead to a reduction in interaction strength,
and hydrogen atoms become dispersed as the interlayer spacing
in the OL structure increases. This stage mobilizes loosely
bound atoms, resulting in a displacement of hydrogen atoms at
0.245 nm in the original structure, compared to 0.220 nm under
thermal equilibrium. In addition, the number of hydrogen
bonds in the pores was quantified by introducing comparative
references (Fig. 8(c)), revealing the trend of free hydrogen atoms
forming hydrogen bonds during the adsorption process. No
corresponding reaction characteristics were detected within the
simulated calibration range.

We defined the gas molecular volume per unit cell volume as
a dynamic absorption metric, and measured it across three
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Fig. 10 N, isotherm at 77 K and 1 bar and pore size distribution (insets). (a) BET curve and pore distribution of Zr-based MOF samples, (b) BET
curve and pore distribution of Co-based MOF samples, (c) BET curve and pore distribution of In-based MOF samples, (d) BET curve and pore

distribution of Cu-based MOF samples.
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temperature regimes (0-200 K, 200-300 K, and >400 K) in tablet
specimens, as shown in Fig. 9. By searching broadly across the
low-temperature range, two floating changes occurred in the
single Zr-based framework monomer sample (FMS) at 72.29 K
and 87.68 K with a gas volume coverage rate (GVCR) of 0.19 x
107 nm™%/10° nm® fs~' and 0.8 x 10> nm */10 " nm*
fs™', respectively; however, the GVCR did not exceed 0.42 x
10> nm /10> nm™> fs™' at 74 K for the corresponding
framework compositing coating sample (FCCS). The same
behavior appeared on the positive correlation trend of

View Article Online
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temperature and GVCR for the other three coated samples
without an annealing method applied. The thermal relaxation
proceeded through three units of simulation time (30 ps) until
the arc-shaped buffer point appeared at 50 K for the single Co-
based FMS; nevertheless, at a temperature of around 50 K, the
GVCR has exceeded half the volume in the unit framework
structure for the cobalt FCCS. Additionally, we did not observe
any other negative responses between indium and copper
throughout the entire hypothermia process of the simulation,
from the monomer samples to their composite samples.
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Fig. 11 Changes in system energy during the hydrogen adsorption process. (a)—(c) Movement of hydrogen particles at the corresponding top
view angles when the OL is BDC, BPDC, and TPDC, respectively. (d)—-(f) Overall energy changes during the hydrogen adsorption process; the OLs
corresponding to (d)—-(f) are BDC, BPDC, and TPDC. (g)-(i) Transition state energy change corresponding to the change of the target OL in the
system, where Structure | is BDC, Structure Il is BPDC, and Structure Ill is TPDC.
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Notably, the In-based FMS exhibited significant temperature
variations averaging between 240 K and 295 K, while the In-
based FCCS maintained a stable oscillatory pattern from 808
K to 883 K.

The porous structures of the Zr sample, Co sample, In
sample and Cu sample were analyzed via N, sorption
measurements. As shown in Fig. 10, the Brunauer-Emmett-
Teller surface area of the In sample is 1286 m> g ', which is
higher than that of the Zr sample (1089 m* g~ ), Co sample (344
m?> g7'), and Cu sample (898 m> g~ '), indicating that the
introduction of mesopores and macropores reduces the specific
surface area of the particles. We also calculated the BET and
pore distribution of the control group with BPDC and TPDC as
OLs, as shown in Fig. S2 and Table S1. Due to the prepared
quasi-MOF templates having a size of approximately 50-
200 nm, their removal left many large pores in the sample, as
can be seen from the SEM images (Fig. 6(a)-(h)). A comparison
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with the literature was carried out, and the relevant data
statistics are provided in Table 2. The pore size distribution of
the samples tested using that BJH and DFT methods
(Fig. 10(a)-(d)) also indicates that the main pore sizes are below
2 nm in the Zr samples, In samples, and Cu samples. In the pore
distribution of the Co samples, the presence of mesopores and
macropores is obvious. These mesopores and macropores lead
to a decrease in BET values.

To explain the series of indeterminate phenomenon that
occurred with adsorption, we captured the dynamic details for
these samples and attempted to sketch outlines of the entire
process. During the adsorption process shown above, we used
simulated dynamic traversal methods based on MD and qMC,
as well as the density of gas molecules within the framework
structure. We calculated statistical data on the distribution of
hydrogen molecules labeled with movable atoms and marked
with long tube approaches. Based on the scale of hydrogen
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Fig. 12 Changes in hydrogen molecules and OLs during hydrogen adsorption. (a), (d) and (g) Mechanisms of interaction between the gas
molecules and corresponding changes in BDC, BPDC, and TPDC during the adsorption process. (b), (e) and (h) Displacement changes of
hydrogen particles under the horizontal angle of view corresponding to (a), (d), and (g) with the conditions of general atomic simulation and half
cycle simulation time. (c) (f) and (i) Displacement changes of hydrogen particles under the horizontal angle of view corresponding to (a), (d) and
(g) with the conditions of MPP potential, G(r) simulation and half cycle simulation.
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molecules formed inside the microporous chamber and the
displacement of particles per unit time, we divided the gas flow
direction and storage channels (the description of these chan-
nels is based on the first frame of gas entering the sample
micropores, as shown in Fig. 11(a)-(c) and Fig. S3). From the
trends shown in the graph, these channels are organized into
manifestations with unidirectional flow, multiple parallelism,
geometric misalignment, and spatial intersection characteris-
tics. The binding coordination samples with Zr as the core, as
well as the samples with Co and In as the core, have universality
for gas permeation, but the Zr sample can effectively suppress the
collapse of the gas channel by forming a single gas channel, thus
presenting a larger main channel in the form of a single branch.
The divergent channels in the Co samples utilize the more
compact OL support structure to release more gas, forming
storage nodes in which more gas molecules can remain. However,
there are no reliable support channels in the branch channels of
the In samples, resulting in only a small amount of hydrogen
particles being stored and rapidly passing through these enclosed
spaces, which are smaller than the Co sample storage nodes. In
the gas multiple dislocation channels formed by the Cu sample,
we detected gas accumulation at the edge of the Cu sample
framework structure and only observed a small amount of gas
retention at the middle position of the framework structure, on
the same channel path and repeated particle motion trajectories,
as well as observing the dense distribution of gas flow. These
hydrogen storage positions also deviated within the range of 0.5-
1 nm as the simulation progressed. When the gas molecules
gathered in the middle of the framework, the hydrogen particles
passing through different transmission routes compared to those
in the Zr, Co and In samples manifested in annular gaps with
diameters of less than 0.415 nm and greater than 0.604 nm,
respectively. We also compared the experimental results of the
adsorption process (see Fig. S4).

To quantitatively analyze these structural responses, we
evaluated the effective changes in hydrogen particle density
relative to the organic linker (OL) by calculating the statistical
entropy (SE) for each sample during the simulations (detailed
SE calculation methods are provided in Text S1 of the SI). As
shown in Fig. 11(d)-(i), we correlated the hydrogen particle
population density with the instantaneous OL deformation
displacement (per unit simulation time). The transition state
energies for OL deformations were computed and analyzed for
all candidate linkers (Fig. S5). During framework organization,
the hydrogen particle occupation of micropores (4-6 nm) and
cavities (3-8 nm) induces steric repulsion with the BDC/BPDC/
TPDC linkers, leading to significant axial torsion of the OL
units. This torsional deformation subsequently modulates gas
molecule diffusion within the porous network.

The changes in the adsorption process of the hydrogen
molecules in the structural pore cavity are shown in Fig. 11 and
12. When the OL branch twists, the SE of hydrogen particles in the
micropores is much smaller than that in the cavity. When the OL
does not twist or only expands and contracts, the SE of hydrogen
particles in the micropores is similar to that in the cavity, indi-
cating that the helical strain field formed by axial twisting effec-
tively reduces the hydrogen diffusion barrier, corresponding to
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faster hydrogen absorption and release rates. The topological
defects introduced by OL branch twisting create a large number of
adsorption sites with suitable binding energies, breaking through
the limitations of low hydrogen storage capacity in the sample
and corresponding to the kinetic stability of hydrogen adsorption.
When the SE of the hydrogen particles reaches its minimum value
of 0.25 keal mol ™", the twist angle between the benzene rings of
BPDC and TPDC approaches 90°, indicating that hydrogen
molecules are transferring into the cavity (hydrogen transfer). As
thermal relaxation progresses to the intermediate stage, the OL is
subjected to both axial and bilateral torsion, which is positively
correlated with gas molecule absorption or dissipation, and at
this time, hydrogen molecules are located stably inside the pore
cavity (hydrogen relaxation). When the bilateral torsion reaches
46.7°, the SE of the hydrogen particles is below the valley value of
0.17 keal mol " in the early stage. The energy difference between
the OL transition state saddle point twisted at both ends and the
SE is greater than that of the saddle point twisted at both ends in
the middle. The distribution of hydrogen particles corresponding
to SE is mainly located in the middle of the sample. In the final
stage of the simulation, the distortion angle of the sample
returned to its initial state, but the residual HP in the micropores
and chambers caused the SE to exceed those of the initial and
intermediate stages by 0.05 kcal mol " and 0.07 kcal mol*,
respectively (hydrogen escape), in terms of quantity. All structural
deformations observed in the simulation exhibit good revers-
ibility after hydrogen desorption, indicating that these materials
have good cycling stability.

Conclusion

Through controlled damping oscillations utilizing mixing-
disturbance potentials, we successfully obtained mixed coor-
dination MOFs with In/Co-based tetrahedral/octahedral
elements and tetrahedral Zr/Cu-based elements. Under vibra-
tional conversion, Co and In additionally formed hexahedral
structures as their dominant coordination forms, exhibiting
a preferential clockwise morphological orientation. In and Cu
further displayed potential additional coordination sites within
their high-valence arrays, which could provide potential excess
hydrogen adsorption sites. Experimental and simulation results
revealed that the In-based sample achieved a 12.3% hydrogen
adsorption capacity across temperature gradients under theo-
retical conditions while maintaining high structural integrity
and the highest adsorption performance among all the
samples. No reactions were observed in any samples
throughout the simulations. In contrast, Cu-based samples
showed high thermal sensitivity, with hydrogen transport
predominantly slowing or stagnating at structural edges. The
In-based sample exhibits high structural integrity and has the
highest hydrogen adsorption capacity among the four samples.
Hydrogen adsorption can be effectively modulated by varying
the number of benzene rings on the coordinated OL, as
increased aromaticity enhances hydrogen permeability.
Hydrogen mobility peaked at an inter-ring OL angle of 90° and
showed a minimum at 45°, concurrently reaching maximum
storage capacity. Furthermore, the variation in coordination
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numbers at intermediate metal sites, such as Zr, Co, and In,
facilitates the migration and diffusion of hydrogen molecules
through the internal pore network of the framework. These
findings position our materials as promising candidates for
hydrogen adsorption and separation applications.

Methodologies
Experiment section

Experimental chemicals. Benzoic acid, dilute nitric acid,
zirconia, cuprous oxide, and indium hydroxide (analytical
grade, >99.5%) were purchased from J&K Scientific Co., Ltd.
Copper oxide and cobalt hydroxide, ethanol solvent, N,N-di-
methylformamide (DMF) solution, 1,2-dimethylcyclohexane,
BDC, BPDC and TPDC (analytical grade, >99.7%) were
purchased from Innochem Co., Ltd. All reagents were used
directly without further purification. Deionized water used for
testing was obtained from the deionization generator.

Preparation of synthesized MOF-like structures. Specifically,
we dissolved 0.5 mol of the above-mentioned metal containing
oxides and hydroxides in 25 ml of deionized water, and then
added 0.1 M, 0.05 M, and 0.025 M ethanol solutions of BDC,
BPDC, and TPDC to the above aqueous solutions. After mixing
in 0.01 M dilute nitric acid, we stirred the mixtures for 30 min
and then heated and stirred them in a thermal radiation reactor
for 24 h.

Instrument parameters and working conditions. Structural
relaxation characterization for the experimental samples was
directly monitored and processed using SHELXT with the
assistance of SHELXL and OLEX-2. XRD images and model rules
were determined using PANALYTICAL Empyrean X-ray diffrac-
tometer equipped with monochromatic Cu Ko radiation units
(40 kv, 40 mA) and a PixCel®” detector. The microstructure of
the samples was observed using a Hitachi SU 8600 scanning
electronic microscope under acceleration voltages of 5 kv, 10
kv, and 15 kV. The composition of the samples and their cor-
responding forms were directly analyzed using an Oxford Ultim
Max 65 energy dispersive spectrometer at a working distance of
15 pm (rated voltage and current of 15 kV and 15 mA, respec-
tively). TEM characterization was performed using a JEOL JEM-
ARMB300F with an electron gun type of (FEG)/LaBs, a point
resolution of 0.19 nm and a line resolution of 0.10 nm at an
operating acceleration voltage of 300 kV. Brunauer-Emmett-
Teller (BET) surface adsorption tests were carried out using the
fully automated physicochemical analyzer ASAP 2020 and
MicroActive 5.02 system under the operating environment of
Micromeritics® at 77 K and 87 K, with pore size statistics
determined via the Barrett-Joyner-Halenda method. Using
a PerkinElmer TGA 8000 thermogravimetric analyzer to perform
thermogravimetric treatment on the mass of the samples, each
sample was subjected to temperature rise testing within 12
hours at 60 °C under vacuum conditions.

Simulation section

Simulation parameters and conditions. Simulation param-
eters and conditionsThe basic structures of the original UIO-66
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and MOF-74 mentioned in this article were introduced from the
Cambridge Crystal Database (CCDC), and each referred to the
unit cell parameters and working conditions of the basic
framework structure. For the adsorption of hydrogen gas, the
Reax Force Field series potential and OPLS-AA force field based
on the LAMMPS software package under non-adiabatic equi-
librium conditions were adopted. We introduced long-range
interaction relationships and improved London dispersion for
benchmark comparison. Additionally, the interactions between
molecules and within molecules were tuned in order using
Coulomb and van der Waals interactions. Specifically, to
describe the electrostatic interactions between particles, the
Ewald method was used to strengthen the role of electric
charges. For specific description of the role of hydrogen mole-
cules in the framework structure in this article from a clearer
perspective, the Lorenz-Berthelot mixing criterion was
employed to describe different bond-to-bond relationships.
Subsequently, a Lennard-Jones (L]J) potential was applied for
homogenization and coarsening treatment. At the same time,
the position centers of hydrogen atoms and open metal atoms
were introduced in different L] settings with an expression and
verification of override style. The simulation process of gaseous
molecules underwent a thermal equilibrium relaxation of up to
150 ps within the temperature range of 0 K to 1000 K, and the
hydrogen bond setting was constrained and controlled using
the LINCS algorithm to achieve a thermal equilibrium temper-
ature suitable for the system environment of the framework
structure. The Berendsen barostat constant pressure relation-
ship and the Parrinello-Rahman barostat constant pressure
relationship were utilized to cope with the system pressure
maintained for product generation and program operation
within 100 bar (the compression rate was set to 5.0 x 10"
bar '), accompanied by the Nosé-Hover thermostat constant
temperature relationship with a coupling constant of 0.5 ps.
Using the truncation mechanism under the Verlet algorithm,
the phase radius was kept at the default value of 1.5 A.
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