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Porous materials possessing high surface areas are of paramount importance in gas separation and storage, as they can potentially
adsorb a large amount of gas per unit of mass or volume. Pore structure and functionality are also important factors affecting
adsorbate-absorbent interactions. Hence, efforts have been devoted to developing adsorbents with large accessible surface areas
and tunable functionalities to realize improvements in gas adsorption capacity. However, the gas adsorption and storage capacities
of porous materials composed of a single type of building unit are often limited. To this end, mixed-dimensional hybrid materials
have been developed, as they can contain more gas storage sites within their structures than simple porous materials. In this
review, we discuss (1) the methods that have been used to assemble various dimensional building blocks into a range of mixed-
dimensional (zero-dimensional-two-dimensional, one-dimensional-two-dimensional, and three-dimensional-two-dimensional)
hybrid materials exhibiting synergistic adsorption effects, and (2) these materials’ hydrogen and carbon dioxide adsorption
properties and how they are correlated with their accessible surface areas. We conclude by outlining the challenges remaining to
be surmounted to realize practical applications of mixed-dimensional hybrid materials and by providing future perspectives.
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INTRODUCTION

Solid adsorbents based on porous materials exhibit advantages in
gas adsorption, storage, and separation processes'2. The applica-
tion of porous materials in carbon dioxide (CO,) capture and
hydrogen (H,) storage is of particular interest due to the growing
need for controlling greenhouse gas emissions and developing
green energy. CO, capture can potentially be achieved via several
unit operations, such as amine scrubbing, cryogenic distillation,
and liquefaction®=°. However, these unit operations can incur a
large energy penalty. Specifically, an amine-scrubbing process
employs a 30-40 wt% aqueous solution of an amine, which is
corrosive and has a higher heat capacity than a solid adsorbent,
resulting in a large energy penalty for regeneration at an elevated
temperature®'°. In addition, cryogenic distillation and liquefaction
typically involve a phase change from gas to liquid, which requires
a larger energy input than adsorptive gas separation''. H, storage
is typically achieved via (1) physical storage (i.e., storage of H, at
high pressure and/or low temperatures in designated storage
vessels) or (2) material-based storage (i.e., storage as chemical
hydrides and/or in porous adsorbents). In physical storage, very
high-pressure compression (700-800 bar) is required to secure a
high storage density, which causes several problems related to
safety and cost. In comparison, storage under cryogenic condi-
tions can achieve a high volumetric capacity at a lower cost
($12kWh~" vs. $16-19kWh~" for the compressed gas)'?. How-
ever, there is a large energy penalty for cooling. Hence, material-
based storage, which involves the capture of H, through
physisorption (via weak van der Waals forces) or hydride
formation, has been proposed as an economic alternative to
physical storage.

Many types of adsorbents have been investigated for gas
adsorption and storage, such as zeolites'®, metal-organic
frameworks (MOFs)3, porous organic polymers'*, mesoporous

silica’®, and activated carbon'®'?, and they can be developed

in various configurations (i.e., three-dimensional (3D), two-
dimensional (2D), one-dimensional (1D), or zero-dimensional
(0D) configurations). Each of these materials exhibits effective
gas storage and separation performances upon tuning their
physicochemical properties, which include but are not limited
to accessible surface area and inherent porosity, thermal and
mechanical stability, adsorbent-adsorbate binding energy, and
density. For instance, porous materials such as zeolites and
MOFs can effectively adsorb CO, if these materials’ available
binding sites are tuned via variation of silicon/aluminum (Si/Al)
ratios and the generation of coordinatively unsaturated open-
metal sites, respectively>*. Furthermore, post-synthetic graft-
ing of amines onto porous materials is effective for enhancing
these materials’ CO, adsorption capacities, particularly at low
partial pressures'®1°,

However, adsorbents composed of only one type of porous
material often have limited capacities for gas adsorption and
storage. This is particularly evidenced by porous materials that
lack strong, specific adsorptive forces and thus cannot
effectively retain small molecules?®=22. On the other hand,
despite 2D materials (e.g., graphene-family materials) having
great potential for gas adsorption and storage due to their
attractive properties, such as large surface areas (~2600m?g~")
and good mechanical strengths, they inevitably exhibit sheet
stacking, which leads to a decrease in their surface areas
(~30m2g~"?3725, Hence, several approaches, such as the
synthesis of reduced graphene oxide (rGO), which is achieved
through thermal treatment at various temperatures
(200-800°C))?%?” as well as mesoporous graphene oxide
(MEGO), which is developed through GO acidification, lyophi-
lization, and annealing?® is adopted, with the aim of increased
porosities and adsorption capacities than graphene.
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Fig. 1 Schematic of mixed-dimensional nanocomposites based on 2D materials. Mixed-dimensional nanocomposites formed from a
combination of 2D and other-dimensional materials (0D, 1D, and 3D) for applications in hydrogen storage and CO, capture.

Nevertheless, there remains an opportunity to further enhance
the gas storage and separation performance of 2D materials
through the synthesis of mixed-dimensional nanocomposites®°.

To this end, efforts to improve their overall adsorptive
behavior have been focused on synthesizing hybrid nanocom-
posite structures from two (or more) different types of
adsorbents. It is expected that compared with single-material
adsorbents, such hybrid nanocomposites will have (1) addi-
tional gas storage sites and thus increased gas adsorption
capacities due to their syntheses involving minimal aggregation
of porous adsorbents; and (2) enhanced physical and/or
chemical properties, due to synergistic interactions between
their two different kinds of adsorbents?%3%3!. An attractive
aspect of creating mixed-dimensional nanocomposites is the
inherent ease of the process. Unlike the complex endeavor of
crafting entirely novel materials, which requires significant
exertion, increasing gas adsorption capacity can be achieved
through the simple combination of two established materials.
Furthermore, this approach opens the door to a wide range of
possibilities, allowing for the exploration of various viable
combinations.

Hence, in this review, we examine the applications of mixed-
dimensional hybrid materials in H, storage and CO, capture
processes by (1) surveying the preparation of mixed-dimensional
nanocomposites to provide key insights; (2) evaluating the
performance of mixed-dimensional nanocomposites in H, storage
and CO, adsorption applications; and (3) examining future
prospects of mixed-dimensional nanocomposites in gas separa-
tion processes. Mixed-dimensional nanocomposites, which are
developed based on the combination of 0D, 1D, and 2D, are
illustrated based on the following description. 0D nanomaterials
are defined as those without repeated porous structures, such as
elemental dopants, metals, metal oxides, fullerenes, organic
molecules, and atomic clusters. In contrast, 1D nanomaterials are
classified as those with one dimension that is much longer than
their other two dimensions, such as nanotubes, nanorods, and
nanofibers. On the other hand, 2D nanomaterials are those with
sheet-like structures with traverse dimensions greater than
100 nm and thicknesses less than 5 nm, such as nanosheets and
graphene. Last but not least, 3D materials have long-range-
ordered porous structures (i.e.,, MOFs, zeolites, and element-doped
MOFs) (Fig. 1).
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Fig. 2 Increase in BET surface area of mixed-dimensional
nanocomposites. Effect of combining various mixed-dimensional
materials (0D-2D, 1D-2D, and 3D-2D) on the BET surface areas of
the resulting nanocomposites. The properties of several well-known
adsorbents are labeled as references. The percentage increases in
BET surface area are summarized in Supplementary Table 1.

RATIONALE AND PREPARATION OF MIXED-DIMENSIONAL
NANOCOMPOSITES

Mixed-dimensional nanocomposites have been synthesized from
their respective precursors through the manipulation of various
parameters. These nanocomposites primarily comprise physical
mixtures of multiple components, although chemical interactions
often occur when molecules or metals are integrated into 2D
materials possessing chemical functional groups. Prior to delving
into the specifics of individual case studies, it is crucial to grasp the
underlying rationale behind the development of such mixed-
dimensional nanocomposites for their applications in gas adsorp-
tion and storage. As demonstrated in Supplementary Table 1 and
Fig. 2, in general, mixed-dimensional nanocomposites possess a
larger accessible area than their single-dimensional counterparts,
as typically calculated by the Brunauer-Emmett-Teller (BET)
method. Based on our review of the literature, ~61% of all
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reported mixed-dimensional nanocomposites have demonstrated
substantially greater BET surface areas than their single-
dimensional counterparts. Thus, it appears that increasing the
BET surface areas of mixed-dimensional nanocomposites is a
prerequisite for improving their overall gas adsorption and storage
capacities. Nevertheless, it should be noted that such a property
may not be directly correlated to the usable capacity (also known
as working capacity) in practical applications that involve
repetitive adsorption/desorption cycling®**3. This discrepancy is
potentially attributed to the existence of residual gas within the
porous adsorbent that cannot be recovered during the desorption
process. However, the BET surface area remains a significant
physical parameter for screening porous materials intended for
use in gas adsorption and storage applications.

Considering the aforementioned observations, it becomes
pertinent to speculate on the potential reasons underlying the
achievement of this enhanced BET surface area with the mixed-
dimensional nanocomposite. This situation is notably conspicuous
in MOF-based composites, as exemplified in Supplementary Table
1. In a study conducted by Liu et al.3°, the authors compared the
measured composite micropore volume to the hypothetical
micropore volume to investigate the porosity behavior in
composite materials (specifically, HKUST-1/GO). The hypothetical
micropore volume, denoted as v, was projected by factoring in
the micropore volumes of GO and HKUST-1 (vgo and Vykust—1), as
well as the fraction of each component (Xgo and Xpkyst—1) within
the composites (Eq. 1). The investigation revealed that the
measured micropore volume of the HKUST-1/GO composites,
particularly at the optimal GO content (3wt% and 9wt%),
surpasses the values anticipated from Eq. 1. It has been postulated
that the inclusion of GO has impeded the aggregation of HKUST-1
crystallites, thereby fostering improved dispersion and an
amplified accessible surface area. This phenomenon has been
observed in numerous other studies, as documented in Supple-
mentary Table 1.

Vn = Vo X XGo + VHkusT—1 X XHkusT—1 (1)

However, it is imperative to note that the types of materials,
composition, and synthesis methods must be meticulously
optimized. This is essential since the overall structure of the
composites can undergo substantial distortion, resulting in a
significant reduction in surface area. For instance, an excessive
quantity of GO can impede the growth of specific MOFs,
consequently yielding poor crystallinity of the MOF material.
Hence, in the subsequent section, a general summary of the
process used to fabricate several mixed-dimensional nanocompo-
sites is elaborated.

Preparation of 0D-2D composites

A deposition method is typically used to prepare 0D-2D
composites, whereby the outer surface of 2D materials is
decorated with judiciously selected functionalities (e.g., metals)
to promote gas adsorption®*. In a typical procedure, two stocks—a
solution of metal ions and a solution (suspension) of a 2D material
—are prepared and then mixed. Sonication of this mixture is then
performed to achieve a uniform dispersion of metal ions, followed
by a reduction reaction under pressurized conditions. The
successful formation of 0D-2D composites can be verified using
X-ray diffraction (XRD) analysis. For instance, Zhou et al3*
prepared nickel (Ni)/graphene composites via a multiplex reduc-
tion reaction of a nickel(ll) hydroxide/graphene precursor
(Ni(OH),/graphene). The conversion of Ni(OH), to Ni in the
graphene matrix was confirmed by the disappearance of Ni(OH),
peaks in the XRD pattern of the Ni/graphene nanocomposite, as
shown in Fig. 3a.

Alternatively, material doping can be employed for the
construction of 0D-2D mixed-dimensional nanocomposites, with
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a commonly adopted doping approach being electroless deposi-
tion. This involves an autocatalytic chemical reduction in which
metal ions are deposited onto a surface without the application of
electrical energy. This approach is effective for creating a uniform
coating, even on a non-conductive surface. For example, Huang
et al3® electroless deposited platinum (Pt) or palladium (Pd)
particles onto the surface of graphene oxide (GO) via the
reduction of Pt°" and Pd?* to metallic Pt and Pd, respectively.
As indicated in Fig. 3b, the successful fabrication of Pt-doped
graphene was clearly confirmed by the XRD pattern. However, the
characteristic peak for Pd-doped graphene was not observed,
which may have been due to the smaller particle size of Pd
(<5 nm) and lower Pd content (~2.2 wt%) compared with those for
Pt-doped graphene.

Preparation of 1D-2D composites

1D-2D composite materials are generally synthesized through the
physical blending of pre-existing constituents. Therefore, the
synthesis procedure is relatively straightforward: combining two
components within a solution mixture, followed by fabrication or
casting, and subsequent solvent removal. Ensuring a uniform
dispersion is pivotal, often achieved through sonication. Solvent
removal can be accomplished via evaporation or filtration,
particularly when the composite is formed on a porous membrane
substrate. Aboutalebi et al.3® synthesized a 1D-2D nanocomposite
comprising a combination of GO and multi-walled carbon
nanotubes (MWCNTs) via mixing. They found that the addition
of MWCNTSs into a GO suspension could promote the reduction of
GO due to the presence of residual oxidative debris on the surface
of MWCNTs37%%, The reduction of GO was confirmed by a decrease
in the proportion of epoxy/hydroxyl groups compared with the
proportions of carboxylate and carbonyl groups, based on X-ray
photoelectron spectroscopy (XPS) analyses of GO and GO/
MWCNTs (Fig. 3c, d). Alternatively, 1D-2D nanocomposites can
be formed through an exfoliation-self-assembly approach. Wang
et al3° employed this approach by mixing suspensions of a
layered double hydroxide (LDH) and oxidized carbon nanotubes
(OCNTSs). The resulting mixture underwent self-assembly as the
LDH was positively charged, and the OCNTs were negatively
charged. This approach has been adopted in many other studies
using a variety of 1D and 2D materials*®*',

Another approach used to form 1D-2D nanocomposites is co-
precipitation, which employs precursors that are soluble in an
original solution but insoluble in the mixture where the
nanocomposites are formed. Wang et al° co-precipitated an
LDH and OCNTs to make 1D-2D composites by adding LDH
precursors into a highly dispersed solution of OCNTs. Compared
with exfoliation/self-assembly, co-precipitation is better, as it
results in nanocomposites with greater dispersion of LDH
molecules. This is attributed to the presence of negatively charged
OCNTs that limit the growth of LDHs392,

Preparation of 3D-2D composites

The synthesis of 3D-2D nanocomposites is typically conducted via
an in situ growth (co-precipitation) method, as elucidated in
Section 2.2*3. The process is summarized in Fig. 3e and involves (a)
preparation of a homogeneous solution containing precursors of
the 3D adsorbents, (b) incorporation of a 2D material into the
homogenous precursor solution, and (c) synthesis of 3D adsor-
bents in the presence of the 2D material****. Compared with
mixing two building blocks that have been made separately, this
method affords a more uniform growth of 3D adsorbent on 2D
sheets, leading to a greater increase in accessible surface area in
the resulting mixed-dimensional nanocomposite. For instance, Li
et al.** formed a 2D-3D nanocomposite through the growth of Ni-
MOF-74 (NiDOBDC) nanocrystals with a uniform particle size on
GO sheets. The latter facilitated the growth of NiDOBDC
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Fig. 3 Preparation of mixed-dimensional nanocomposites. a Comparison of XRD patterns of metallic Ni, Ni(OH),/graphene, and Ni/
graphene. This scanning is carried out at room temperature using a diffractometer equipped with Cu Ka radiation (A=0.154nm). a is
reprinted with permission from ref. 3%, Copyright 2016 American Chemical Society. b XRD patterns of metal-graphene composites (Gr-Pt,
Gr-Pd) and graphene (Gr-200). The scanning is conducted at ambient temperature. b is reprinted with permission from ref. 3>, Copyright 2011
Elsevier. ¢, d XPS spectra of GO and GO-MWCNT in the carbon region. The deconvolution of C1s spectra was carried out using software that
utilizes a Gaussian-Lorentzian peak fitting method, following background correction. ¢, d are reprinted with permission from ref. 36, Copyright
2012 Wiley-VCH Verlag GmbH & Co. e Reaction scheme for the synthesis of NIDOBDC/GO composites via in-situ growth process. This is
accomplished by heating at 100°C for 2 h, employing N,N'-dimethylformamide as the organic solvent. f XRD patterns of NiDOBDC/GO
composites. This scanning is carried out at room temperature using a diffractometer equipped with Cu Ka radiation (A =0.154 nm). e, f are

reprinted with permission from ref. 3, Copyright 2018 Elsevier.

nanocrystals, leading to the creation of 3D nanoarchitectures that
retained the porous nature of NiDOBDC. As shown in Fig. 3f, the
crystal structure of the MOF remained intact within the NiDOBDC/
GO composites. Moreover, the aggregation of NiDOBDC nano-
crystals was inhibited, which enhanced the overall gas storage
capacity of the 2D-3D nanocomposite.

VARIOUS MIXED-DIMENSIONAL NANOCOMPOSITES FOR H,
STORAGE AND CO, CAPTURE

The applicability of mixed-dimensional nanocomposites to gas
adsorption has been extensively investigated by various research-
ers. One of the noteworthy advantages observed in adsorption,
when compared to other conventional approaches such as
cryogenic distillation and amine scrubbing, is its utilization of a
relatively lower energy penalty. Cryogenic distillation, in particular,
demands intricate equipment design to ensure the attainment of
requisite operating conditions (high pressure and low tempera-
ture) for achieving elevated CO, and H, purity levels. On the other
hand, amine scrubbing, reliant on chemical adsorption via amines,
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is often plagued by a range of limitations. These include the
unwelcome issue of vessel corrosion and the substantial energy
requirement for regeneration. Additionally, the significant pre-
sence of water within the solution contributes substantially to the
energy costs due to water's high heat capacity. For a more
comprehensive understanding, readers can turn to the thorough
comparison of each unit operation conducted by Chuah et al.4,
Thus, this section gives an overview of the performance of mixed-
dimensional nanocomposites in H, and CO, adsorption processes.
Detailed performance data can be found in Supplementary
Table 2.

0D-2D composites

Typically, 0D materials are incorporated into 2D materials to
increase the binding energy (i.e.,, isosteric heat of adsorption
(—Qs)) of the target gas and control the interlayer spacing of the
2D sheets. The 0D materials that have been widely investigated
are heteroatoms, such as nitrogen (N) and boron (B); transition
metals; metal oxides; and noble metals**. The H, storage and CO,
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capacity of such 0D-2D composites are discussed in the following
sections.

H, adsorption and storage. The synthesis of 0D-2D composites
possessing high H, storage capacities can be achieved by
effectively controlling the surface areas and energies of interaction
between 0D and 2D materials. For example, Kumar et al.*® applied
microwave irradiation to form nanoholes (~10 nm) in the basal
plane of graphene and thus obtained nanoporous graphene
sheets, which they treated with Pd nanoparticles to afford Pd-
embedded 3D nanoporous graphene (3D Pd-E-PG) (Fig. 4a).
Compared with pristine GO, the BET surface area and H, storage
capacity of 3D Pd-E-PG at 77 K and 70 bar were increased by 77%
and 260%, respectively (Fig. 4b). Such enhanced H, adsorption
was attributable to a spillover mechanism (i.e., the dissociation of
H,) that is commonly observed in heterogeneous catalysis*’4,
Similarly, Huang et al.3> observed a spillover mechanism-induced
increase in H, adsorption when Pd or Pt nanoparticles were
incorporated into GO layers to generate Pt/GO and Pd/GO
nanocomposites, respectively. In contrast to pristine GO, which
showed an H, adsorption of 0.076 wt% at 303 K and 57 bar, their
Pt/GO and Pd/GO nanocomposites exhibited far higher H,
adsorption values of 0.15 wt% and 0.156 wt%, respectively, under
the same conditions. Kostoglou et al. used plasma-induced
exfoliation to form nanoporous few-layer graphene (FLG), which
they then decorated with Pt nanoparticles and subsequently
reduced via a thermal process*’. The resulting Pt/FLG nanocom-
posite exhibited a higher H, adsorption capacity (0.131 wt%) than
that of pristine FLG (0.084 wt%) at 298 K and 20 bar (Fig. 4c).
Other metals, such as Ni and iron (Fe) nanoparticles, have also
been adopted to develop 0D-2D nanocomposites. Ismail et al.
synthesized two different types of nanocomposites by doping Ni
or Pd nanoparticles into graphene sheets*°. The integration of
these nanoparticles onto the graphene sheets has resulted in an
increase in hydrogen storage capacity at low temperatures (80 K),
yielding values of 2.8 wt% for Pd-RGO and 2.7 wt% for Ni-RGO
nanocomposites, respectively, as compared to the capacity of
1.9 wt% exhibited by pure graphene. However, when exposed to
elevated temperatures of 300K, unlike Pd, Ni doping did not
enhance the H, adsorption capacity (Fig. 4d). While the reason
behind this phenomenon remained unclear, a hypothesis was put
forth suggesting that the presence of Ni in oxide and hydroxide
forms within rGO might restrict the accessibility of H, to the
available active sites in Ni-RGO nanocomposites at higher
temperatures. In another study, Ni nanoparticles and hierarchical
3D porous rGO (3DHPG-Ni) were combined to form 0D-3D
nanocomposites’’. In this case, poly(methyl methacrylate), which
could be removed by a calcination process, was used as a
sacrificial template to increase the BET surface area to as high as
925m?g~". The use of 7.5wt% Ni in the nanocomposite material
enabled the maximum H, adsorption capacity to be realized at
5bar and 77K (Fig. 4e). However, further increases in the Ni
nanoparticle loading resulted in a drastic decrease in H,
adsorption capacity, which was ascribed to decreases in accessible
surface area, micropore volume, and mesopore volume. Hudson
et al.>? incorporated Fe nanoclusters into graphene sheets to
create Fe/GS composites, which showed a 58% higher H,
adsorption capacity than pristine GO at 27 °C and 50 bar (Fig. 4f).
Aside from noble metals, alternative OD materials have been
combined with 2D materials to generate mixed-dimensional
nanocomposites for applications in H, storage. For example, Wang
et al.>®> employed Ni-B nanoalloys as OD materials in combination
with graphene to develop 0D-2D composites. The optimization of
the Ni and B content in graphene (0.83 wt% Ni and 1.09 wt% B; GP-
Niog3-B1.09) led to an H, storage capacity of 4.4 wt% at 1 bar and 77K,
which was approximately three times that of pristine GO under these
conditions. This enhancement was attributed to an increase in the
interaction between GP-Niggs—B1g9 and H,, despite the drastic
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decrease in BET surface area with respect to pure GO. Ariharan et al.
examined the H, storage potential of N-doped graphene, which they
synthesized via a hydrothermal reaction and thermal annealing
process>*. N-doped graphene exhibited substantially higher acces-
sible surface area and overall porosity than pure GO (78 m?g~" vs.
580 m2g~"). Consequently, the H, adsorption capacity of N-doped
graphene at 25 °C and 90 bar was ~1.5 wt%, significantly greater than
that of GO under these conditions.

Integration of OD materials onto 2D structures, extending
beyond graphene to include transition metal oxides, has also
been undertaken. However, such experimental investigations
are relatively less prevalent when compared to studies involving
graphene. In a study conducted by Huang et al.>>, magnesium
(Mg) metal powders were subjected to ball milling with iron
oxides (Fe,Os; and Fe;0,) to explore their potential enhance-
ment in H, storage properties. The incorporated transition
metals function as catalysts to enhance hydrogen absorption/
desorption kinetics. Nevertheless, during the hydrogen storage
process, both iron oxides undergo a reduction process, resulting
in the formation of pure iron and consequently leading to a
decline in H, storage capacity upon rehydrogenation. None-
theless, further analyses of the developed adsorbents through
multiple cycling processes for H, regeneration have unveiled a
significantly more pronounced decrease in H, storage capacity
for rehydrogenated Mg/Fe,03 in comparison to Mg/Fes0,. This
difference is likely attributed to a comparatively higher amount
of Mg within the Mg/Fe,03; composite as opposed to the Mg/
Fes04 composite.

Computational simulations were employed to evaluate whether
0D-2D nanocomposites can achieve an H, adsorption capacity of
5.5 wt% at ambient temperature®, which is a standard set by the U.S.
Department of Energy. As summarized in Supplementary Table 3,
lithium (Li)-based 2D nanocomposites were found to have a high H,
adsorption capacity. Zhang et al.>” showed by density functional
theory (DFT) calculations that decorating a graphene surface with Li
atoms could increase its H, adsorption capacity to 6.94 wt% under
ambient conditions. Similarly, Luo et al. performed a DFT analysis of
the decoration of rGO with Li atoms, which revealed that Li oxide/Li
hydroxide (Li4O/LisOH) clusters would be formed and bound strongly
on the rGO substrate, thereby leading to increases in both H, binding
energy and H, adsorption capacity (~10.26 wt%) at near ambient
temperature (Fig. 5a)°%. They found that each Li atom in Li;O/Li;OH
would adsorb at least two H, molecules with an adsorption energy of
—0.20 eV/H,. Hussain et al.>® incorporated other light metals, such as
sodium (Na), potassium (K), and calcium (Ca), into boron-graphdiyne
(BGDY) nanosheets. The binding energy between the metal dopants
and the BGDY monolayer (~—2.85 eV) was found to be higher than
their corresponding cohesive energy (~—1.38 eV) (Fig. 5b). Moreover,
BGDY nanosheets doped with Li, Na, K, and Ca had H, storage
capacities of 14.29wt%, 11.11wt%, 9.10wt%, and 8.99 wt%,
respectively, under ambient conditions, which were higher than
those of the untreated BGDY nanosheets and other commonly
adopted metal-doped 2D materials®®. This result is consistent with
the minimum dopant-dopant distances of 4.45 A 516A, 5204, and
4.86 A for Li, Na, K, and Ca, respectively. The shortest dopant-dopant
distance was in BGDY@Li and is presumably attributable to Li having
the smallest ionic radius of all of the metal dopants tested. These
findings were subsequently proven by other researchers who have
reported the outstanding H, storage performance of 2D light-metal
nanocomposites®©®’,

Simulation studies were also performed on a sandwiched
graphene-fullerene composite (SGFC) that had a pillared graphene
structure, in which fullerene was randomly dispersed between
parallel graphene layers. Compared with non-sandwich nanocompo-
sites, SGFC had additional micropores and mesopores, which
endowed it with a reasonably high surface area (up to 685 m?g~")
and H, adsorption capacity (3.79 wt%) at 77 K and 1 bar®2, A further
enhancement in H, storage capacity was achieved by introducing Li
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Fig.4 Hydrogen storage in 0D-2D nanocomposites. a Schematic illustration and SEM image of 3D Pd-E-PG. This adsorbent is synthesized via
microwave irradiation at 900 W for 60 s. b High-pressure H, adsorption isotherms of 3D Pd-E-PG, Pd-D-G, and MEGO at 77 K. a, b are reprinted
with permission from ref. 46, Copyright 2015 American Chemical Society. ¢ H, adsorption isotherms of FLG and Pt-decorated FLG powder at
77K and 298K, respectively. ¢ is reprinted with permission from ref. *°, Copyright 2021 Elsevier. d H, adsorption isotherms of Ni-RGO
composites at 300 K. d is reprinted with permission from ref. °°, Copyright 2015 Elsevier. e High-pressure H, adsorption isotherms of 3DHPG-Ni
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permission from ref. °2, Copyright 2014 Elsevier.
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ions; as shown in Fig. 5¢, Li-doped SGFC exhibited an H, storage
capacity as high as 5.06 wt% at 77 K and 1 bar.

CO; adsorption. Numerous studies have applied 0D-2D composites
to capture CO,. First, metal oxide/GO composites were investigated
for potential applications in CO, capture, given their abundant
oxygen functionalities®®®*. For instance, Chowdhury et al®®
employed a one-step colloidal blending method to disperse titanium
oxide (TiO,) nanoparticles in a GO solution, which afforded
mesoporous (TiO,)/GO nanocomposites. Field-emission scanning
electron microscopy of these nanocomposites showed that the
TiO, nanoparticles were uniformly distributed in GO laminates at a
relatively low loading of TiO,, ie, 10wt% TiO, and thus this
nanocomposite was denoted TiO,/GO-0.10. (Fig. 6a) The CO,
adsorption capacity of TiO,/GO-0.10 was 2.25mmolg~"' at 1bar
and 0°C, and its zero-coverage heat of adsorption (—Qg) was
relatively low (19.6 k) mol~") compared with those of other well-
studied adsorbents, such as zeolites and MOFs (20-50 kJ mol™").
(Fig. 6b)

Amine-crosslinked graphene adsorbents, which we consider to be
0D-2D materials, have also been investigated for applications in CO,
capture®. The adjustment of the interlayer spacing of GO by the
addition of various amines as crosslinkers (e.g., ethylenediamine
(EDA), 1,4-butanediamine, and 1,6-hexanediamine) led to enhance-
ments in CO, adsorption capacity (Fig. 6¢, d). In addition, there was a
positive correlation between the length of the crosslinker and the
interlayer distance in the resulting nanocomposites. An increase in
the loading of the amine linker could also increase the interplanar
distance; for example, as the EDA loading in GO-EDA increased from
0 to 0.5 mL, the interlayer spacing increased from 0.762 to 0.917 nm.
A change in the interlayer spacing also affected the CO, adsorption
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capacities of the nanocomposites, with the highest CO, adsorption
achieved at an intermediate interlayer spacing (0.86-0.88 nm). This
was attributed to the presence of the strongest GO-CO, interaction
at this optimal spacing (interaction energy =~45kJmol™"); in
comparison, other nanocomposites were reported to exhibit weaker
GO-CO, interactions (20 kJ mol~")%”. Similarly, Chen et al.%® devel-
oped benzylamine-crosslinked GO (GOF-1) and p-xylylenediamine-
crosslinked GO (GOF-2), as shown in Fig. 6e, f. The interlayer spacings
of GOF-1 (0.90 nm) and GOF-2 (1.02 nm) were larger than those of
GO-EDA mentioned above. In addition, a high amine concentration
in GO allowed the resulting composite to have a CO, adsorption
capacity and CO./N, selectivity of 152mmolg™ and 192,
respectively, at 1atm and 0 °C, which are higher than those of pure
GO (1.10mmol g~' and 32.3). Rodriguez-Gracia et al.®® fabricated a
GO/polyaniline nanocomposite, which had a higher recyclability and
CO, adsorption capacity at high pressures than pristine GO.

1D-2D nanocomposites

Similar to 0D nanomaterials, 1D nanomaterials, including but not
limited to nanotubes, nanorods, and nanofibers, act as “spacers” in
2D materials, that is, 1D nanomaterials intercalate with 2D
nanomaterials and thereby modify the interlayer spacing of
nanosheets. This can create additional spacing between
nanosheets, meaning that a combination of 1D and 2D
nanomaterials synergistically interacts to enhance the transport
of gas molecules. Therefore, compared with the active sites in 2D
nanomaterials, the active sites in 1D-2D nanocomposites are more
accessible, which improves the adsorption of gas molecules into
1D-2D composites’®. Hence, it is expected that changes in the
weight percentages of the 1D spacer and 2D nanomaterial in a
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1D-2D nanocomposite can affect its gas adsorption capacity and
long-term stability*>”".

Among the most representative examples of 1D structures that
have been applied in 1D-2D composites are CNTs. CNTs possess
good mechanical properties and electrical and thermal conductiv-
ities, all of which can be tuned with appropriate changes in CNT
diameter, CNT length, and the number of CNT walls. CNTs are
utilized in various fields, such as in gas storage/adsorption, energy
conversion and storage devices, and in chemical sensors’?7>.
CNTs also minimize restacking of individual 2D GO sheets, which
suggests that they could be used to obtain materials with
enhanced gas adsorption performance.

H, adsorption and storage. Aboutalebi et al® found that the

intercalation of MWCNTSs into GO resulted in a material with a
higher H, adsorption capacity (2.6 wt%) than those of various
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MOFs (e.g., IRMOF-1, SNU-5, and MOF-177) and carbon-based
materials (e.g., activated carbon, GO and single-walled carbon
nanotubes (SWCNTs)) under comparable conditions (25 °C and
50 bar) (Fig. 7a). It was observed that the introduction of
MWCNTs did not affect the ordering of GO sheets; rather,
MWCNTs served as spacers between GO layers to prevent
uncontrolled restacking of GO layers (Fig. 7b). In addition, GO
that was synthesized via a liquid crystal method possessed a
well-defined layered structure with an interlayer spacing of
~0.8 mm, which provided accessible open carbon sites on the
GO surface for the accommodation and intercalation of
hydrogen atoms. Furthermore, MWCNT-GO composites exhib-
ited substantially less bundling than MWCNTSs, thus ensuring
uniform dispersion onto the surface of GO.

Wu et al.”® used molecular dynamics simulations to investi-
gate the gas adsorption performance of MWCNT-GO composites
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having a pillared graphene form. This structure was chosen as it
has a high surface area and storage capacity. The operating
parameters were chosen to optimize the pressure, temperature,
and geometric structures of pillared graphene. Regarding
pressure and temperature, the MWCNT-GO composites’ H,
storage performance was found to be consistent with their
thermodynamic behavior due to the exothermic nature of the
adsorption process (Fig. 7c). Regarding geometric structures, the
effect of the interlayer spacing and the diameter of the CNTs on
H, storage efficiency was determined. The simulations showed
that H, storage efficiency was relatively low when the interlayer
spacing was small, such that H, molecules adsorbed at
graphene edges because they could not enter the structures
effectively (Fig. 7d). However, an increase in CNT diameter led to
an increase in the CNTs' accessible surface area and thus an
increase in the volume of H, adsorbed.
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Subsequently, Dimitrakakis et al.”® used grand canonical

Monte Carlo (GCMC) simulations to investigate how to improve
the H, storage capacity of pillared graphene. Various combina-
tions of CNTs of different curvatures, inter-tube distances, and
graphene-sheet interlayer distances were tested to achieve the
best possible H, adsorption. Their analysis showed that, across
all combinations of CNTs and graphene, the gravimetric
adsorption capacities for H, were consistently lower than those
of the original structures (Fig. 7e). This was attributed to the
substantial increase in the overall weight of CNT/graphene
nanocomposites that resulted from the insertion of CNT
bundles. However, the volumetric adsorption of H,, which is
dependent only on the number of H, molecules adsorbed,
substantially improved. For instance, utilization of SWCNTSs with
an inter-tube distance of 1.5nm and graphene sheets with an
interlayer distance of 1.2nm resulted in a substantial (25%)
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enhancement in volumetric H, adsorption at ambient tempera-
ture, compared with that of graphene or CNTs alone (Fig. 7f).
Furthermore, the incorporation of Li ions (Lit) as a dopant
resulted in improvements in both gravimetric and volumetric H,
adsorption. This was attributed to an increase in the binding
energy per mole of H, of the Li*-doped CNT/graphene
nanocomposite (~14.2kJmol~") compared with that of the
undoped CNT/graphene composite (~1.38 kJ mol™").

The study by Larijani et al.”” has adopted further modifica-
tions of carbon nanotubes (CNTs) through the decoration with
nanoparticles of transition metal oxides. The incorporation of
these transition metal oxides can enhance hydrogen storage
due to the active catalytic role of the metals. A comparative
evaluation involving TiO,, Pd, and PdO nanoparticles within
CNTs has revealed that the hydrogen storage performance
follows the ascending order indicated below: PdO < Pd < TiO,.
The relatively inferior performance of PdO, compared to Pd, is
hypothesized to result from the presence of a thick PdO layer
that suppresses the catalytic activity of Pd with hydrogen
molecules. In contrast, in comparison to TiO,-incorporated CNTs,
it was observed that the robust interaction between Ti atoms on
the anatase (101) surface promotes the electrical adsorption of
hydrogen molecules. However, it should be noted that the
effective dispersion of transition metal oxides can significantly
impact H, uptake, which represents a crucial area for future
investigation.

CO;, adsorption. The capability of 2D materials to perform CO,
capture has been investigated with the use of LDHs, as they
possess attractive properties: a low energy penalty for regenera-
tion, fast adsorption-desorption kinetics, and stable performance
under humid conditions”8'. Nevertheless, the applicability of
LDHs in CO, capture remains limited by their low CO, adsorption
capacity. Therefore, the development of LDH-based composites
has involved the incorporation of several adsorbents with large
surface areas, such as alumina (Al,O3), zeolites, and carbon-based
materials®2-84,

For example, the incorporation of oxidized MWCNTSs into an
LDH led to LDH/MWCNT composites with enhanced water
solubilities due to the presence of carboxylate sites on oxidized
MWCNTs*2, It has also been observed that the incorporation of a
nanostructured network, i.e., oxidized MWCNTSs, into an LDH has
three main effects. First, it increases the accessible surface area
with respect to the LDH, resulting in a systematic increase in gas
adsorption capacity. Specifically, although there is no apparent
change in the micropore volume, it results in a decrease in the
pore size distribution (Fig. 8a). Second, it introduces defects into
the LDH structure due to MWCNTs modifying the nucleation
conditions or inducing curvatures. This was verified by peak
broadening in the XRD pattern (calculated from the Scherrer
equation) observed with an increase in the concentration of
oxidized MWCNTSs (Fig. 8b). Third, it mitigates the sintering effect
during calcination, thereby minimizing the collapse of LDH
structures and enhancing their stability. This is due to the ionic
interaction between oxidized MWCNTs and LDH nanosheets,
which are negatively and positively charged, respectively. These
three effects account for the CO, adsorption increasing by 170%
(at 0.2bar and 300°C) as the oxidized MWCNT content was
increased from 20 to 70 wt% (Fig. 8c).

LDH/oxidized MWCNT structures have also been investigated in
other studies. For instance, Wang et al.3° prepared two different
types of LDH/oxidized MWCNT nanocomposites through an
exfoliation self-assembly method and a direct co-precipitation
method. Exfoliation self-assembly involved the assembly of
exfoliated LDH nanosheets and oxidized MWCNTs to form
LDH-NO3-NS/OCNT, whereas direct co-precipitation involved an
in situ reaction between the raw materials for LDH nanosheet
preparation and dispersed oxidized MWCNTs to form LDH-NOs/
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OCNT and LDH-CO3/OCNT, respectively. The enhanced dispersion
and stabilization of LDH nanosheets achieved via the direct co-
precipitation method resulted in LDH/oxidized MWCNT nanocom-
posites with better CO, capture performance than those prepared
by the exfoliation self-assembly method. Thus, under the same
measurement conditions (1 bar CO, and 200 °C), LDH-CO3/OCNT
demonstrated a higher CO, adsorption capacity than
LDH-NOs-NS/OCNT (Fig. 8d) due to the optimized ratio of LDH
and OCNT in the former nanocomposite. It is postulated that the
optimized quantity of LDH and OCNT results in geometric
compatibility, which is expected to promote heterogeneous
nucleation. This, in turn, leads to the creation of additional active
sites for CO, adsorption®®”. Furthermore, the recyclability of
LDH-CO3/OCNT in CO, capture, which was verified through
repetitive runs for 22 cycles, resulted in a regenerability of ~80%,
indicating its feasibility for use in rapid adsorption-desorption
cycling for CO, capture. Furthermore, additional tuning of gas
adsorption performance was conducted by Bhatta et al.*® through
the addition of alkali metals (e.g., potassium carbonate), which
achieved a relatively constant working capacity of 0.81 mmol g™’
at 300-400 °C after operating for 10 cycles at ambient pressure.

Additional investigations on the application of MWCNT-GO as a
mixed substrate for deposition onto an LDH support have been
performed. Macro et al*' found that GO/MWCNT (1:1)-LDH
nanocomposites exhibited higher accessible surface areas
(1035m2g~") than MWCNT-LDH (77.7m?g~") and GO-LDH
(84.9m?g~"). This was attributed to the increased exfoliation of
GO layers in the GO/MWCNT mixed substrate, which resulted in
increased structural porosity. Furthermore, the XRD pattern of the
LDH support revealed that LDH in a GO/MWCNT (1:1)-LDH
nanocomposite had a smaller platelet thickness (13.7 nm) than
LDH alone (22.8 nm), thus resulting in an increase in the active
sites available for CO, adsorption in the nanocomposite. This
resulted in a 172% enhancement in the CO, adsorption capacity of
the GO/MWCNT (1:1)-LDH nanocomposite compared with that of
LDH alone (Fig. 8e). Furthermore, the CO, adsorption capacity of
the GO/MWCNT (1:1)-LDH nanocomposite remained at 96% of its
original capacity throughout a 20-cycle adsorption-desorption
measurement.

The applicability of 1D-2D nanocomposites beyond those
based on CNTs has been examined in various studies. For
instance, 1D materials such as Al,Os; nanorods possess the
advantages of good hydrothermal stability and low production
cost. However, these materials have smaller accessible surface
areas and lower thermal conductivities than silica and MOFs.
Therefore, improvements have been made to Al,03-2D
nanocomposites to enhance their capacity for CO, capture.
Bhowmik et al.2% impregnated poly(ethyleneimine) (PEI) into a
y-Al,O3 nanorod/rGO (y-Al,0s/rGO) nanocomposite that pos-
sessed well-defined mesopores, resulting from the entangle-
ment of y-Al,O; nanorods with rGO. The y-Al,03/rGO
nanocomposite had a 34% greater BET surface area than that
of y-Al,O3 nanorods, implying its potential utility as a substrate
for PEl impregnation to design an amine-appended CO,
capturing adsorbent. An optimization process revealed that
the impregnation of 6.49 mmol g~ of amines onto y-Al,05/rGO
nanocomposite resulted in the highest CO, adsorption
capacity (1.36 mmolg~"). Further increases in the amine
loading, however, led to blockage of pores by amine molecules
and thus decreases in the CO, adsorption capacity. Further-
more, an increase in thermal conductivity (from 0.5 to
1.3Wm~"K™") through the incorporation of rGO resulted in a
minimization of the local overheating effect that can occur
during adsorption (as adsorption is an exothermic process).
This helped to prevent the degradation of PEI, which is critical
for repetitive adsorption-desorption cycling. This is consistent
with the reported data, which show that the volume of CO,
adsorbed was relatively constant (within 6.3% of that adsorbed
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in the first cycle) in a 15-cycle operation (Fig. 8f). Xia et al.
reported carbon nitride nanorod array (CNNA)/rGO as another
type of 1D-2D nanocomposite that exhibited potential
applications in CO, capture®. In particular, CNNA/rGO nano-
composites had much greater CO, adsorption capacities than
their individual precursors, as verified by the higher —Q;; of
CNNA/rGO nanocomposites (55 kJ mol~) than those of CNNA
(15 kJmol™") or rGO (18 kJ mol~"). This may be attributable to
changes in the electronic environment and charge redistribu-
tion resulting from the presence of delocalized electron clouds
in rGO, which is in sp? hybridized form.
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3D-2D nanocomposites

In comparison with the research on 0D-2D nanocomposites and
1D-2D nanocomposites, the research on 3D-2D structures has
been more extensive. Among 3D nanomaterials, MOFs are the
most promising candidates due to their large structural porosities
and readily tunable structures. In particular, copper (Cu)-based
MOFs have proven highly favorable for gas adsorption due to their
abundance of open metal sites®. The spaces between nanosheets
and nanoparticles play an important role in enhancing the gas
adsorption performance of 3D-2D nanocomposites. Thus, in this
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section, the applications of 3D-2D nanocomposites in H, storage
and CO, capture are discussed.

H> adsorption and storage. Petit et al. explored the applicability
of Cu-based MOFs combined with GO nanocomposites (i.e.,
HKUST-1/GO) for H, adsorption and storage®'. HKUST-1/GO is a
nanocomposite with an enhanced interaction between Cu dimers
in HKUST-1 and epoxy groups in GO. This synergistic effect was
verified by the increasing H, adsorption of HKUST-1/GO
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nanocomposites with increasing GO contents (Fig. 9a) being
consistent with their BET surface areas. This was due to the
improved dispersion of 2D GO layers during the fabrication of
HKUST-1/GO nanocomposites. Similar behavior was reported by
Liu et al.3°, who found that an HKUST-1/GO nanocomposite that
had a high H, adsorption capacity (CG-9) also had a high BET
surface area (Fig. 9b).

Another MOF/rGO nanocomposite that was investigated was a
zirconium  (Zr)-MOF/rGO  nanocomposite.  Similarly, this
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nanocomposite was formed through the in situ growth of a
Zr-MOF with rGO nanosheets®? and had a 32% greater accessible
surface area than that of pristine Zr-MOF. This led to the
(Zr)-MOF/rGO nanocomposite having an H, storage capacity (at
77 K and 1 bar) of 1.8 wt%, which was greater than that of Zr-MOF
(1.4 wt%). However, additional optimization of the ratio of Zr-MOF
and rGO was required due to the potential presence of both rGO
stacks and Zr-MOF/rGO nanocomposites during synthesis. Li
et al*® also observed such behavior in the synthesis and
development of NiDOBDC/GO nanocomposites. In the optimiza-
tion process, a drastic decrease in BET surface areas was observed
when the loading of GO increased beyond 10 wt% (Fig. 9¢). Thus,
the H, storage potential of NiDOBDC/GO-10% was investigated,
revealing that it had a 27% greater BET surface area and a 50%
greater H, adsorption at 25°C and 40bar (Fig. 9d) than the
NiDOBDC framework.

The incorporation of functionalized MOFs toward the creation
of MOF/GO nanocomposites has also been explored. Dasbaz
et al.®® intercalated amine-functionalized copper terephthalate
(Cu-BDC-NH,) MOFs with GO for potential applications in H,
storage. The additional space formed in the Cu-BDC-NH,/GO
nanocomposite increased the accessibility of its sites for H,
storage. This translated into a 42% improvement in H, storage
capacity under the same measurement conditions (77K and
40 bar). It was postulated that GO served as a modulation agent to
extend the space between metal nodes in the Cu-BDC framework,
thereby increasing the accessible surface area.

The applicability of 3D-2D nanocomposites in H, storage
applications has also been examined through simulation and
experimental studies. For example, Ren et al.** used experimental
and simulation (GCMC) studies to examine H, adsorption in
developed nanocomposites and pristine structures. First, they
found a distinct difference in experimental and simulation results
in terms of overall H, adsorption capacities. For instance, an H,
adsorption capacity of 2.15wt% was exhibited by an HKUST-1/
graphene aerogel (Fig. 9e) at 77 K and 100 bar. In contrast, the H,
adsorption capacity of HKUST-1/graphene aerogel in simulations
ranged from 7 to 9 wt%, depending on the number of GO layers
available in the nanocomposites. This high H, adsorption capacity
was attributed to the perfect crystalline structures of the simulated
HKUST-1/graphene aerogel resulting in large surface areas and
pore volumes. Furthermore, in the simulation study, a HKUST-1/
graphene aerogel based on a single-layer graphene aerogel had a
higher H, adsorption capacity than other frameworks. This was
potentially due to its accessible surface area decreasing as the
number of graphene aerogel layers increased. Nevertheless,
according to the calculated number of H, molecules adsorbed
per unit volume, an HKUST-1/graphene aerogel with the greatest
number of graphene aerogel layers had the most effective
structure for H, adsorption (Fig. 9f). This may be attributable to
an increased density of gas storage sites for H, adsorption,
resulting in an increase in the number of H, molecules adsorbed
in the interface between HKUST-1 and the graphene aerogel.

MXene, a carbide-based material, has been explored for its
potential application in H, storage. This has been achieved by
incorporating nanoparticles into MXene. In a study by Hang
et al.%, perovskite hydride (NaMgHs) was introduced into the
layers of 2D MXene. It has been observed that the presence of
lamellar structures within the 2D MXene demonstrates the
feasibility of achieving reversible hydrogen storage capacity
(approximately 4.6 wt%) after five cycles. This approach has aided
in enhancing the role of NaMgH; as a hydrogen storage material.
This is particularly important as NaMgHs is suited for H, storage
through a two-step de/re-hydrogenation process; however, its
limited cycling stability and sluggish kinetics have restricted its
practical applicability. Therefore, the distinctive 2D MXene layers
have the capacity to evenly disperse the agglomerated NaMgH;
particles, thus reducing the activation energy required for the
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hydrogen storage process. Similar analyses are corroborated by
other nanocomposites utilizing the capabilities of 2D materials to
minimize particle agglomeration, as reported in other sections*.

CO, adsorption. Evaluations of 3D-2D nanocomposites for
potential applications in CO, adsorption have been performed
by several groups of researchers. Similar to studies of H,
adsorption, one of the 3D-2D nanocomposites that have been
studied thoroughly is composed of HKUST-1 and GOQ309196°7,
Moreover, Zhao et al?® compared two types of HKUST-1/GO
nanocomposites, containing either GO or aminated GO, at the
same loading (10 wt% GO). An optimization showed that as the
proportion of amine attached to the porous GO framework
increased, the CO, adsorption capacity increased under all
conditions (0 and 23 °C). This may be attributable to an increase
in the number of gas storage sites through the creation of
additional micropores. This was evident by comparing MOF/GO-
U3 with a MOF framework. That is, compared with the MOF, the
increased BET surface area (53%) and proportion of micropores
(51%) in the MOF/GO-U3 framework translated into a 100%
increase in CO, adsorption capacity (Fig. 10a). Furthermore, an
increase in the proportion of pendant amine groups resulted in a
decrease in the overall micropore size, allowing preferential
adsorption of CO, into the available gas storage sites.

The application of UiO-66/GO nanocomposites for gas separa-
tion has been studied by various groups. Cao et al.*° explored UiO-
66/GO nanocomposites with various loadings and found that the
optimal configuration (UiO-66/GO-5) achieved the optimal poros-
ity properties with reference to UiO-66 or GO. It was found that
the additional pores can be formed in UiO-66/GO nanocompo-
sites, and the optimized UiO-66/G-5 sample exhibited the CO,
adsorption of ~3.37mmolg~" at 25°C and 1 bar which is 49%
greater than that of UiO-66 (Fig. 10b). Furthermore, the adsorbents
could be regenerated for repetitive adsorption-desorption
cycling, allowing six-cycle operation.

Incorporation of other 3D-2D frameworks has also been
investigated. Kamal et al.?' explored nanocomposites of Mg-
MOF-74/GO and Mg-MOF-74/CNT for potential applications in CO,
capture. As expected, with the appropriate tuning and optimiza-
tion of the overall structure, increases in accessible surface areas
and pore volume (Fig. 10c) were achieved, resulting in improve-
ments in CO, adsorption capacities of 18% and 23% for Mg-MOF-
74/CNT and Mg-MOF-74/GO, respectively, at 25 °C and 1 bar. Tests
of material stability by 18 months of aging under inert conditions
indicated that there were no substantial changes in overall
crystallinity and structural porosity. However, as Mg-MOF-74
possessed poor hydrolytic stability due to the presence of
unsaturated open metal sites?®'%, supplementary tests under
repetitive adsorption—-desorption cycling in humid conditions are
required to determine its applicability to practical CO, capture
processes. In this regard, the MOF-74 analog NiDOBDC (Ni-MOF-
74) is more suited for CO, adsorption due to its being more stable
than Mg-MOF-74. Li et al. have found that the CO, adsorption
capacity of a Ni-MOF-74/GO-10% nanocomposite (4.58 mmolg~")
is somewhat higher than that of Ni-MOF-74 (4.03 mmolg~") and
GO (0.34mmolg™") under the same conditions (25°C and
1 ban)**#4, This is consistent with the surface areas of 3D-2D
nanocomposites being more accessible than those of Ni-MOF-74
(Fig. 10d).

SUMMARY AND ANALYSIS OF H, AND CO, ADSORPTION DATA
The H, storage and CO, capacities of mixed-dimensional
nanocomposites are summarized in Supplementary Table 2. The
predicted properties of hypothetical mixed-dimensional nano-
composites are shown in Supplementary Table 3. In terms of CO,
capture performance, there is no simple structure—property
correlation, as many chemical and physical properties can
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simultaneously affect this performance. However, for H, storage at
a cryogenic temperature, surface area is the dominant factor
affecting performance. Figure 10e shows a summary plot
illustrating a correlation between H, storage capacity (77 K and
>20bar) and BET surface area. Homogeneous porous materials
(e.g., MOFs) are included with mixed-dimensional nanocompo-
sites'?"192, |t can be observed that mixed-dimensional nanocom-
posites are superior to homogeneous porous materials as
adsorbents. This is mainly because of the creation of additional
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pore spaces in mixed-dimensional nanocomposites, which is
evidenced by increases in BET surface areas as compared to
homogeneous porous materials. It is worth noting that, in the case
of MOFs, while the judicious selection of building blocks such as
ligands with elongated strut can indeed elevate the surface area, it
can also result in MOFs with poor hydrolytic stabilities, hence
limiting their practical applications'®>'%*, Furthermore, it is clearly
evident that many of the nanocomposites have overcome
reported theoretical limitations for homogeneous porous
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materials. To be specific, in Fig. 10e, the solid line represents
experimentally measured H, adsorption capacities of porous
carbon materials, whereas the dashed line represents the
theoretical maximum H, adsorption capacity'®. Note that the
dashed line is drawn under the assumption that the density of
liquid H, cannot be overcome by forming a multilayer of H,
molecules on the surface of porous materials. Similar trends have
been found for MOFs, zeolites, and Prussian blue analogs33',
The storage performance of nanocomposites which are located far
above the dashed line, highlights the advantages of hierarchical
structures constructed by components with two different
characteristics. It is important to emphasize that there exists no
correlation between CO, adsorption and BET surface area, as CO,
adsorption is significantly impacted by chemical properties.

DISCUSSION

This review showcases recent investigations of mixed-dimensional
nanocomposites for applications in H, adsorption and CO,
capture processes. It illustrates that developing mixed-
dimensional nanocomposites may reveal new avenues for the
design of high-performance nanoporous adsorbents based on
synergistic interactions between materials of different dimensions.
An advantage of developing mixed-dimensional nanocomposites
lies in their inherent simplicity. In contrast to the intricate process
of developing entirely new materials, which demands substantial
effort, enhancing gas adsorption capacity can be accomplished by
the mere physical blending of two established materials. More-
over, this strategy holds the potential for extensive expansion to
encompass numerous plausible combinations. Nevertheless,
effective utilization of mixed-dimensional nanocomposite adsor-
bents in real-life applications will require substantial further
investigations.

Most studies have heavily relied on the measurement of pure-
component gas adsorption isotherms. However, analogous with
studies of greenhouse gas capture, such as pre- and post-
combustion carbon capture, and studies of sulfur hexafluoride
recovery, measurement of the —Q; of a specific adsorbate is
critical for gas adsorption and storage determination, as it
illustrates the energy penalty for adsorbents’ regeneration®'%7,
The calculations of —Q, can be performed mathematically using
the Clausius—-Clapeyron equation, based on the gas adsorption
isotherms measured at least two different temperatures separated
by 10°C'19819° A more accurate method reported is a
calorimetric measurement despite such measurement being
challenging to conduct experimentally?.

In addition, it is also critical to measure the gas adsorption
kinetics of mixed-dimensional nanocomposites in the context of
gas adsorption and storage processes, as such kinetics dictate the
overall processing rate of an adsorbent in adsorption—-desorption
cycling’'®. New pore spaces can be formed in mixed-dimensional
nanocomposites, which can be captured by the measurements of
pore size distribution and BET surface area. If the developed
adsorbents are present in a tight-pore configuration''!, the
diffusions of gas molecules can potentially be limited, leading to
poor adsorption—-desorption kinetics. The adsorption kinetics
analysis can be typically conducted through either (1) measure-
ment of the pressure decrease over time at a specific dosing
pressure; or (2) breakthrough measurement, which can showcase
the mass transfer limitation in a gas adsorption at a dynamic flow
condition'">13,

For practical applications, the long-term stability of mixed-
dimensional nanocomposites should be validated under realistic
conditions. For example, the nanoarchitecture constructed from
materials of different dimensions may collapse upon exposure to
repetitive adsorption-desorption cycling under conditions rele-
vant to practical applications. Moreover, the functionalities
introduced into nanocomposites may be gradually denatured
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over time. As this field is in its infancy, researchers have yet to
explore the long-term stability of mixed-dimensional nanocom-
posites. This must be undertaken, as it is a highly important factor
affecting the economic feasibility of gas adsorption processes.

Finally, although fundamental investigations of mixed-
dimensional nanocomposites in gas adsorption and storage
processes are critical, these materials must ultimately be devel-
oped in monolith forms rather than powdered forms due to the
potential for large pressure decreases and inefficient heat transfer
across an adsorption column'2, In this regard, 2D materials can
often function usefully as binders. We believe that this is an
important area for future research that could realize practical
applications of mixed-dimensional nanocomposites as gas
adsorbents.
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