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Abstract

Metal-organic framework/graphene oxide (MOF/GO) composites have been regarded as potential
room-temperature hydrogen storage materials recently. In this work, the influence of MOF structural
properties, GO functional group contents and different amounts of doped lithium (Li*) on hydrogen
storage performance of different MOF/GO composites were investigated by grand canonical Monte
Carlo (GCMC) simulations. It is found that MOF/GO composites based on small-pore MOFs exhibit
enhanced hydrogen storage capacity, whereas MOF/GO based on large-pore MOFs show decreased
hydrogen storage capacity, which can be ascribed to the novel pores at MOF/GO interface that favors
the enhanced hydrogen storage performance due to the increased pore volume/surface area. By
integrating the small-pore MOF-1 with GO, the hydrogen storage capacity was enhanced from 9.88
mg/go up to 11.48 mg/g. However, the interfacial pores are smaller compared with those in large-pore
MOFs, resulting in significantly reduced pore volume/surface area as well as hydrogen storage
capacities of large-pore MOF/GO composite. Moreover, with the increased contents of hydroxyl,
epoxy groups as well as carboxyl group modification, the pore volumes and specific surface areas of
MOF/GO are decreased, resulting in reduced hydrogen storage performance. Furthermore, the room-
temperature hydrogen storage capacities of Li* doped MOF/GO was improved with increased Li* at
low loading and decrease with the increased Li* amounts at high loading. This is due to that the
introduced Li* effectively increases the accessible hydrogen adsorption sites at low Li* loading, which
eventually favors the hydrogen adsorption capacity. However, high Li* loading causes ion aggregation
that reduces the accessible hydrogen adsorption sites, leading to decreased hydrogen storage capacities.
MOF-5/GO composites with moderate Li* doping achieved the optimum hydrogen storage capacities
of approximately 29 mg/g.
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1. Introduction

Hydrogen has been regarded as a promising alternative to fossil fuels to reduce greenhouse gas
emissions and alleviate climate warming. Due to the low density and flammable nature of hydrogen,
efficient and safe hydrogen storage plays an important role in the development of hydrogen energy.
Conventional hydrogen storage technologies store hydrogen at high pressure up to 700 bar, which may
cause safety issues of hydrogen leakage and explosion [1-4]. Recently, physisorption hydrogen storage
has drawn increasing attention as an alternative, by which hydrogen can be stored under cryogenic
conditions (such as 77 K) or room temperature (such as 298 K) [5]. Compared with cryogenic hydrogen
storage by physisorption that requires a refrigeration system and adds up to system complexity, room-
temperature hydrogen storage is more adaptable and promising [6, 7]. Among various hydrogen
storage materials, metal-organic frameworks (MOFs) have been regarded as potential candidates for
room-temperature hydrogen storage due to their extremely large surface area and pore volume [8-12]
It has been reported that nickel-based Niz(m-dobdc) exhibited a hydrogen storage capacity of 1.0 wt%
at 298 K and 100 bar, which surpasses the compressed storage under the same condition [13]. More
recently, Jaramillo et al. [6] reported that the vanadium-based V2Cl2g(btdd) exhibited an even higher
hydrogen uptake of 1.75 wt% at 298 K and 100 bar. However, the room-temperature hydrogen storage
capacities of MOFs are still unsatisfactory for practical applications.

Integration of graphene oxide (GO) [14] with MOFs is one strategy to improve hydrogen storage
capacity owing to the increased surface area of MOF/GO composites as well as enhanced interaction
strength with hydrogen molecules. Liu et al. [15] prepared the HKUST-1/GO composites and found
these composites generally exhibited larger surface areas than parent HKUST-1/GO, leading to
enhanced hydrogen adsorption capacities (i.e., 3.58 wt%) compared with HKUST-1 (2.81 wt%) at 77
K, 42 bar. MOF-520/GO composite exhibited a significantly increased hydrogen uptake of 14.6
mmol/g compared with 8.5 mmol/g of MOF-520 due to increased host-hydrogen interaction [16].
Furthermore, it is reported that the increased hydrogen storage capacity (1.8 wt%) of Zr-BDC/GO
composite is correlated with increased surface area and strengthened interaction compared with Zr-
BDC(1.4 wt%) at 77 K, 1 bar [17]. Moreover, structural properties of MOFs and functional groups of
GO also affect hydrogen adsorption performance of MOF/GO composites [18-20]. It has been reported
that the growth of MOF crystals with cubic units may proceed more normally upon GO because their
metal sites were located in parallel or perpendicular planes, which may lead to well-preserved MOF
structures within MOF/GO composites [19]. In addition, it has been reported that increasing epoxy,
hydroxyl as well as carboxyl groups on GO leads to strengthened interaction between GO and
hydrogen molecules, which may be beneficial for hydrogen adsorption of MOF/GO composite [21].
However, in-depth understanding of the impacts of MOF structural properties and GO functional
groups on room-temperature hydrogen storage performance of MOF/GO composites are still elusive.

Li* doping is another strategy to improve the hydrogen adsorption capacity of MOFs by providing
strong adsorption sites for hydrogen molecules [22, 23]. Ghoufi et al.[24] reported the increased heat

2



of adsorption (Qs) of Li* doped MIL-101(Cr) from 6.6 kJ/mol to 12 kJ/mol by grand canonical Monte
Carlo (GCMC) simulations, leading to the enhanced hydrogen uptake from 9.1 to 10 wt% at 77 K, 100
bar. The enhanced hydrogen adsorption of Li* doped MOFs was also confirmed by experimental
measurements [25], in which the hydrogen uptakes of MIL-101(Cr) and MIL-53(Al) were increased
from 72.5 mg/g and 43.4 mg/g to 79.5 mg/g and 54.1 mg/g at 77 K, 100 bar, and from 5.50 mg/g and
3.63 mg/g to 6.55 mg/g and 4.38 mg/g at 298K, 100 bar after Li* doping. Recently, our group [26]
synthesized the Li* doped MIL-100(Fe)/GO composites with the advantages of GO and Li* doping. It
was found that that the Li* doped MIL-100(Fe)/GO exhibited a significantly enhanced hydrogen
capacity of 2.02 wt% compared with 0.9 wt% of undoped MIL-100(Fe)/GO and 0.86 wt% of Li* doped
MIL-100(Fe), which is mainly due to the enhanced accessible adsorption sites provided by Li".
Although Li* doped MIL-100(Fe)/GO offers a novel prototype for improving hydrogen adsorption,
the effects of doping different amounts of Li* on other MOF/GO composites remain unknown.

In order to investigate the influence of MOF structural properties and GO functional groups on the
room-temperature hydrogen storage capacities, the hydrogen adsorption performance of 54 MOF/GO
composites were predicted using GCMC simulations and compared with pristine MOFs. The
correlation between MOF structural properties and hydrogen adsorption capacities of MOF/GO
composite were analyzed. Furthermore, to offer molecular insights into the effect of Li* doping on the
hydrogen adsorption performance of MOF/GO composites, varying Li* doped MOF/GO models were
constructed using molecular dynamic (MD) simulations, the room-temperature hydrogen adsorption
capacities of different Li* doped MOF/GO models were simulated by GCMC simulations. Based on
the above investigations, the relationships between the structure MOF structure properties, GO
functional groups, doped Li*amounts and hydrogen storage capacities of MOF/GO composites can be
extracted, which may guide the design of high-performing MOF/GO composite in future.

2. Molecular simulation

2.1. MOF models

Nine different copper paddlewheel-based MOFs in pcu topology were used to build the MOF/GO
composites. Each MOF consists of two types of linkers with the same central backbone but
respectively terminated with carboxylate groups (-COO-) and nitrogen atoms (-N-) (Fig. 1a).
According to literature [19], the pcu-MOFs are likely to grow normally on GO. Herein, nine MOFs
were named as MOF-x (x = 1, 2, 3, 4, 5, 6, 7, 8, 9) according to the linker type. Moreover, their
structural properties were also obtained. The dominant pore diameters (DPD) of different MOFs were
obtained by the Gelb-Gubbins method using RASPA 2.0 package [27-29]. Pore volume (Vp),
accessible surface area (Sa) and densities of MOFs were calculated using Zeo++ package [30]. To
construct MOF models for MOF/GO composites construction, herein the parallel [001] and [00-1]
surfaces of MOFs intersected by the carboxylate linkers were truncated by replacing the carboxylate-
terminated linkers with acetates (Fig. S1) according to literature [31]. The details can be found in the
Supplementary Information (SI).
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Fig. 1. (a) The schematic structure of nine copper paddlewheel-based MOFs with carboxylate-
terminated linkers (“~-COO-" linkers) and nitrogen-terminated linkers (“-N-" linkers); (c) Chemical
structures of functional groups of GO; (d) Structure of MOF-1-GO-(hy)2(ep)i(ca)1, in which C (grey),
H (white), N (blue) and O (red) atoms are depicted by ball-stick models, and the Cu (orange) atoms
are depicted by polyhedron models.

2.2. GO models

To build GO models, the pristine graphene unit that consists of 12 carbon rings (Fig. S2) is firstly
constructed to fit the geometries of different MOF surfaces (Fig. S3). The pristine graphene unit has a
dimension of 7.38 A x 8.5216 A. According to literature [32], GO generally contains epoxy, hydroxyl
and carboxyl groups. Herein, to investigate the influence of increasing epoxy and hydroxyl groups as
well as carboxyl modification of GO on the hydrogen storage performance of MOF/GO composites,
six different GO unit cells were built based on the pristine graphene unit (Fig. S2), combining three
different amounts of epoxy and hydroxyl groups (hydroxyl: epoxy = 2: 1) and two scenarios including
one that contains a carboxyl group and another that doesn’t contain any carboxyl group (Fig. 1b). The
GO unit cells (Fig. 1b) were denoted as GO-(hy)2(ep)1(ca)1, GO-(hy)2(ep)1, GO-(hy)s(ep)2(ca)1, GO-
(hy)a(ep)2, GO-(hy)s(ep)s(ca). and GO-(hy)s(ep)s, respectively, regarding the number of hydroxyl (hy),
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epoxy (ep) and carboxyl (ca) groups. The stable GO structures were obtained using geometry
optimization by the DFT method of the DMol3 module of Materials Studio. In the geometry
optimization, the GGA-PBE functional was used to calculated exchange-correlation potentials and the
Tkatchenko-Scheffler (TS) method was implemented for dispersion correction.

2.3. MOF/GO composite models

The MOF/GO composite models were built as sandwich-like structures and relaxed using geometry
optimization by the Forcite module in Materials Studio. Fig. 1c presents the structure of a MOF-1/GO
composite as an example, the structures of MOF/GO composites based on other MOFs are shown in
Fig. S4. The MOF/GO composites were named as MOF-x-GO-(hy)i(ep)j(ca)x combining the
nomenclature of MOFs and GO (x=1, 2, 3, 4, 5, 6, 7, 8, 9). Based on the constructed models, The
structural properties of the MOF/GO composite were determined. Vp and Sa of the composites were
calculated by Zeo++ using the hydrogen probe with a radius of 1.45 A. Pore size distributions (PSD)
of the composites were calculated by the Gelb-Gubbins method using RASPA 2.0 package [27-29]. In
Fig. 1c and Fig. S4, the MOF/GO interfaces or interfacial pores are highlighted in blue.

2.4. Li* doped MOF/GO composite models

The Li* doped MOF/GO models were constructed using the molecular dynamic (MD) simulations by
the Gromacs package [33], based on the best-performing MOF/GO composites of representative MOFs,
namely MOF-1-GO-(hy)z(ca);,, MOF-3-GO-(hy)2(ep)1, MOF-5-GO-(hy)2(ep): and MOF-8-GO-
(hy)2(ep)1, which were named as MGO-1, MGO-3, MGO-5 and MGO-8, respectively. To start with,
MOF/GO models were filled with water molecules and the water-borne models were then optimized
using the MD annealing method to optimize configurations. NVT ensembles were used in the MD
annealing processes, in which the temperature, volume and particle number were predetermined.
Velocity rescaling method was used to achieve the specified temperature by periodically rescaling the
velocities of all particles. Within the MD annealing processes, the system temperature elevated from
298 K to 698 K in 4 ns, remained unchanged in the following 2 ns and then decreased back to 298 K
within the next 4 ns, after which the configuration was obtained. Afterwards, different amounts of (i.e.,
2,5, 10, 15, 20, 25, 30) LiCl ion pairs were added to the water-filled MGO models and the same MD
annealing processes were used to optimize the distribution of Li* and CI. Subsequently, the water
molecules were gradually removed within five steps to simulate the solvent evaporation processes to
obtain the Li* doped MOF/GO models, as shown in Fig. 2. After each step of water molecule removal,
a 6 ns MD simulation was performed for equilibration. Noting that Li* doped MOF models were also
constructed by similar processes for comparison. For simplicity, Li* doped MOF/GO composites were
named as MGO-x-nLi and Li* doped MOFs were named as MOF-x-nLi, with x=1, 3, 5, 8and n=2, 5,
10, 15, 20, 25, 30. Settings of MD simulations were presented in the SI. Different from previous studies
[23, 34-37] where Li* doped materials were modeled by directly adding only Li* ions to pristine
materials followed by optimizations using molecular simulations, solvent evaporation processes were
taken into account in this work and the LiCl ion pairs were used in our molecular simulation.
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Fig. 2 Simulated evaporation processes of Li* doped MOF-1-GO-(hy)2(ep)1 model. The 1x2x2 cells
were used to elucidate the distribution of Li* within the MOF/GO interface. H (white), C (grey), O
(red) and N (blue) atoms of MOF/GO composites are modelled in ball-and-stick models, Cu (orange)
atoms are modelled by polyhedron models, Li* and ClI" are depicted by CPK space-filling models [38],
water molecules are depicted in line models.

2.5. GCMC simulations

The room-temperature hydrogen adsorption performance was simulated at 298 K by grand canonical
Monte Carlo (GCMC) simulations using RASPA 2.0 package [27]. In each GCMC simulation, 3x10°
GCMC cycles were used for equilibration and another 3x10° cycles were used to obtain the statistical
ensemble average. The nonbond interaction in Eq. 1 consists of van der Waals interaction as 12-6
Lennard-Jones and electrostatic interaction with the Feynman Hibbs correction included to account for
the quantum effect [24].

12 6 12 6
o O q- 2 O O
u, =4, [—'] —[JJ T L T 132{JJ —30(—”] L @
L fi 4”50'}1' 241, kT L fij L

The subscript i and j index the different atoms, uij is the non-bonded potential between atom i and j, &
and ojj are respectively the well depth and equilibrium distance of the 12-6 Lennard-Jones potential, r;
is the distance between atom i and j. gi and q; are respectively the charges of atom i and j, o is the vacuum
permittivity constant. 7 is the Planck’s constant, m is the reduced mass, kg is the gas constant and T
is the temperature.

Universal forcefield (UFF) for van der Waals interaction and atomic charges calculated using the EQeq
method for the Columbic interaction were adopted. Parameters of hydrogen molecules models were
taken from the Darkrim-Levesque model [39]. In this model, the hydrogen molecule is a rigid, diatomic
molecule with H-H bond length fixed at 0.74 A. The Lennard-Jones parameters (2.958 A and 36.7 K)
are assigned to the center of mass of the hydrogen molecule. Three charges are used in to depict the
quadrupole, including two positive charges of q = 0.468 e located on the nuclei of each H atom and
one negative charge of q = -0.936 e located on the center of mass of hydrogen (Fig. S5 and Table S2)
[39]. The van der Waals parameters of Li* and CI- were taken from the literature (Table S1) [24, 26],
and the charges of Li* and CI" are respectively +1 e and -1 e. Van der Waals interaction between
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different types of atoms were dominated by Lorentz-Berthelot mixing rule [40, 41]. To investigate the
hydrogen distribution within MOF/GO composites and Li* doped MOF/GO, the hydrogen density
distributions were also calculated. Besides, potential energy contours of hydrogen adsorption were
obtained using the PEGrid package [42].

3. Results and discussion
3.1. Hydrogen adsorption performance of MOF/GO composites

Structural Properties

As shown in Table 1, MOFs exhibit the DPD of 8.4~20.7 A, Vp of 0.59~3.41 cm®/g, Sa of 2907~6256
m?/g and densities of 0.25~0.83 g/cm®. MOF-1 exhibits the smallest DPD of 8.4 A, the lowest Vp of
0.59 cm®/g, the lowest Sa of 2907 m?/g and the largest density of 0.83 g/cm®. MOF-9 has the largest
DPD and Vr as well as the lowest density, which are 20.7 A, 3.41 cm®/g and 0.25 g/cm® respectively.
MOF-4 exhibits the largest Sa of 6256 m?/g among nine different MOFs.

Table 1. Structural properties and densities of nine MOFs

MOFs DPD (A) Vp (cm®/g) Sa (m?/g) Density (g/cm®)
MOF-1 8.4 0.59 2907 0.83
MOF-2 15.1 2.68 6149 0.31
MOF-3 13.9 2.24 6062 0.35
MOF-4 14.1 2.09 6256 0.36
MOF-5 16.6 2.80 5515 0.29
MOF-6 12.1 1.44 4410 0.50
MOF-7 16.6 2.69 5378 0.31
MOF-8 13.0 1.57 4673 0.45

MOF-9 20.7 3.41 5396 0.25
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According to literature, room-temperature hydrogen adsorption performance is closely related to the
Vp and Sa of adsorbents [43]. As indicated by Fig. 3, for MOF-1 with the lowest DPD (8.4 A), its
MOF/GO composites exhibited enhanced Vp and Sa compared with MOF-1. However, for MOFs with
larger DPD (12.1-20.7 A), GO incorporation led to apparently decreased Ve and Sa. Furthermore, it
was found that the Ve and Sa of MOF-3/GO decreased similar to those of MOF-2/GO and MOF-4/GO.
Vp and Sa of MOF-5/GO decreased similar to those of MOF-7/GO and MOF-9/GO. Vp and Sa of
MOF-6/GO decreased to similar extent with that of MOF-8/GO. Therefore, MOF-3, MOF-5 and MOF-
8 were regarded representative among the MOFs with larger pores. Integrated with different
functionalized GO, Ve of MOF-3 decreased from 2.24 cm®/g to 1.11~1.23 cm®/g, which decreased by
45%~50%. Sa of MOF-3/GO is decreased from 6062 m?/g to 3671~4145 m?/g. Ve of MOF-5/GO is
decreased from 2.80 cm®/g to 1.57~1.99 cm®g. Sa of MOF-5/GO decreased from 5515 m®/g to
3894~4638 m?/g, which decreased by 16%~29%. Ve of MOF-8/GO decreased from 1.57 cm®/g to
1.06~1.33 cm®/g and its Sa decreased from 4673 m?/g to 3699~4266 m?/g.

According to literature, the formation of novel pores in the MOF/GO interfaces are beneficial for
increasing Vp and Sa [15, 19, 26, 44-48]. Liu et al. found that [26] for MIL-100(Fe) with DPD of 9.7
As14 As26 A, GO incorporation led to enhanced Ve, mainly due to the increased mesopore (> 20 A)
volumes resulted from the pores formed in the interface between MOF and GO as indicated by the



pore size distributions (PSD). Sun et al. [44] attributed the increased Ve and Sa of MIL-101(Cr)/GO
to the interfacial pores. Policicchio et al. [47, 48] indicated that for HKUST-1 with the DPD of 8 A,
GO incorporation led to the formation of new pores of 6 A/9~10 A, which contributed to enhanced Vp
and Sa. In this work, although interfacial pores were observed in most MOF/GO composites, only the
small-pore MOF-1/GO exhibited enhanced Vp and Sa, whereas the MOF/GO with large pores shown
decreased Vp and Sa. Based on previous studies, the interfacial pores were generally larger or similar
to MOF pores. The Vp and Sa of MOF/GO composites may be related to the relative pore sizes of
MOFs and the interfacial pores.
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Fig. 4. The pore size distributions (PSD) of MOF/GO composites based on (a) MOF-1, (b) MOF-3, (c)
MOF-5 and (d) MOF-8.

To analyze the pore sizes of MOF/GO interface and MOFs, PSD of different MOF/GO composites
and MOFs are presented in Fig. 4 and Fig. S6. Results shown that, compared with MOF-1 exhibiting
the DPD of 8.4 A, MOF-1/GO composites exhibited increased pores of 6~8 A and 8.7~9.5 A owing
to the interfacial pore sizes of around 6-9.5 A (Fig. 4a). By contrast, the decreased amounts of pores
of 8-8.7 A in MOF-1/GO may be attributed to the decreased proportions of MOF pores due to GO
incorporation (Fig. 4a). For MOF-5 with DPD of 16.6 A, GO incorporation resulted in the formation
of MOF/GO interfacial pores of 6-12 A (Fig. 4c). The MOF-8/GO interfacial pores were 5-10 A



compared with the DPD (13.0 A) of MOF-8 (Fig. 4d). Combining Ve, Sa and PSD (Fig. 3 and 4), it
was derived that the pores formed in the MOF-1/GO interfaces were similar to MOF-1 pores, which
contributed to reduced densities (Fig. S7), resulting in increased Ve and Sa of MOF-1/GO. This
mechanism is consistent with the results of abovementioned studies [26, 44, 47, 48]. On the contrary,
the other MOF/GO interfacial pores were smaller than the corresponding large-pore MOFs, leading to
more compact structures and increased densities (Fig. S7) as well as reduced Vp and Sa.

Besides the DPD of MOFs, the hydroxyl and epoxy groups of GO also affect the structural properties
of MOF/GO composites. It was found that MOF/GO composites containing GO-(hy)2(ep)1 exhibited
the largest Vp and Sa (Fig. 3). Vr and Sa of MOF/GO composites decreased as the contents of hydroxyl
and epoxy groups increased, which may be due to that the hydroxyl and epoxy groups occupied
additional space in the MOF/GO interfaces (Fig. S7). For example, Ve of MOF-1-GO-(hy)a4(ep). and
MOF-1-GO-(hy)s(ep)s were respectively 0.64 cm®/g and 0.57 cm®/g, which were 0.05 cm®/g and 0.12
cm?®/g lower than that of MOF-1-GO-(hy)2(ep)s, respectively; Sa of MOF-1-GO-(hy)a(ep). and MOF-
1-GO-(hy)s(ep)s were 3124 m?/g and 2097 m?/g, respectively, which were 91 m?/g and 308 m?/g lower
compared with that of MOF-1-GO-(hy)2(ep):. Besides, Ve of MOF-5-GO-(hy)4(ep). and MOF-5-GO-
(hy)s(ep)s were reduced by 0.13 cm®g and 0.34 cm®/g lower, respectively, compared with that of
MOF-5-GO-(hy)2(ep)1, while the Sa of MOF-5-GO-(hy)s(ep). and MOF-5-GO-(hy)s(ep)s were
reduced by 200 m?/g and 637 m?/g compared with that of MOF-5-GO-(hy)2(ep), respectively. Similar
to the impacts of hydroxyl and epoxy groups, carboxyl group modification also led to reduced void
space in the MOF/GO interfaces and increased densities, resulting in decreased Vp and Sa (Fig. 3).



Hydrogen adsorption performance
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Fig. 5. (a) Hydrogen storage capacities of different MOF/GO composites and MOFs at 298 K, 100 bar.
(b) Hydrogen density distribution maps of MOF/GO composites.

Fig. 5a shows the room-temperature hydrogen storage capacities of MOF/GO composites and MOFs.
Results shown that small-pore MOF-1 exhibited the lowest hydrogen storage capacity of 9.88 mg/g
among nine different MOFs. By integrating MOF-1 with GO, the hydrogen storage capacities were
enhanced up to 11.48 mg/g. On the contrary, GO incorporation led to decreased hydrogen storage
capacities for large-pore MOFs. The hydrogen storage capacities of MOF-3/GO composites were
13.6~16.4 mg/g, which were 29-42% lower than 23.2 mg/g of MOF-3. Compared with 27.5 mg/g of
MOF-5, the hydrogen storage capacities of MOF-5/GO composites decreased to 17.1~22.1 mg/g. The
hydrogen storage capacities of MOF-8/GO composites decreased from 19.3 mg/g of MOF-8 to 14.2-
17.7 mg/g. To explore the distribution of adsorbed hydrogen molecules in MOF/GO composites, the
adsorption density distribution maps of the best-performing MOF/GO composites based on MOF-1,
MOF-3, MOF-5 and MOF-8 were analyzed (Fig. 5b). Results shown that the density within the MOF-
1 pore is higher than that of larger MOF pores, possibly because the small-pore MOF-1 has stronger
interaction with hydrogen compared with large-pore MOFs. Furthermore, though apparent hydrogen
density distributions can be observed in the void space of MOF/GO, apparently higher density were
observed near the MOF metal clusters and the MOF/GO interfaces, indicating that hydrogen
adsorption sites mainly located near metal clusters and MOF/GO interfaces.
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Fig. 6. Heat of adsorption (Qst) of different MOF/GO composites and MOFs, with the contribution of
host-adsorbate interaction presented by solid columns highlighted with black edges.

The heat of adsorption (Qst) is calculated to evaluate MOF/GO-hydrogen interaction in Fig. 6. In
GCMC simulations, Qst consists of the contributions of host-adsorbate interaction (Qstna), the
adsorbate-adsorbate interaction (Qst-aa) and a temperature-dependent term (Qst-1), as shown in Eq. 2.

Qst = Qst-HA + Qst-AA + Qst-T (Eq.2)

Among the nine MOFs, MOF-1 exhibited the largest Qst-1a (3.6 kd/mol), which was mainly due to the
enhanced potential well overlap within its small pores that led to stronger interaction with hydrogen
molecules than the large-pore MOFs. MOF-1/GO composites exhibited slightly decreased Qst.Ha than
MOF-1, indicating that the interaction between MOF-1/GO and hydrogen is slightly weaker than that
between MOF-1 and hydrogen. By contrast, QstHa Of large-pore MOFs is enhanced by GO
incorporation, indicating the strengthened host-adsorbate interaction. By combining Fig. 5b and Fig.
6, it was derived that the enhancement of interaction between large-pore MOF/GO and hydrogen may
be attributed to the strong hydrogen adsorption sites within the MOF/GO interfaces. On the contrary,
the slightly decreased host-adsorbate interaction of MOF-1/GO may be ascribed to that the interaction
between MOF-1/GO interface and hydrogen was slightly weaker than the interaction between MOF-1
and hydrogen due to the potential well overlap of MOF-1, resulting in a decrease in host-adsorbate
interaction by GO incorporation.
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Fig. 7. The correlation between (a) hydrogen storage capacities and Vp; (b) hydrogen storage capacities
and Sa and (c) hydrogen storage capacities and Qst-Ha. The data of MOFs are highlighted.

Combining Vp, Sa and Qst-Ha (Fig. 3, Fig. 5a and Fig. 6), it was found that the hydrogen storage
capacities of MOF/GO composites were positively correlated with the Vp and Sa but inversely related
with QstHa (Fig. 7). It was derived that, though MOF-1/GO composites exhibited slightly reduced
host-adsorbate interaction that was unfavorable for hydrogen adsorption, the enhanced Vp and Sa of
MOF-1/GO led to the increased hydrogen adsorption capacities. By contrast, the large-pore MOF/GO
composites shown enhanced host-adsorbate interaction that benefits hydrogen adsorption, but their
apparently decreased Vp and Sa resulted in decreased storage capacities. According to literature [26],
MIL-100(Fe)/GO composites exhibited enhanced hydrogen storage capacities compared with MIL-
100(Fe). On the contrary, the large-pore MOF/GO composites shown decreased storage capacities than
pristine MOFs, possibly because that the MOFs used in this work are in pcu topology that may incur
different MOF-GO interaction compared with MIL-100(Fe) of mtn topology, thus the MOF/GO
interfacial pores (< 15 A) of large-pore MOF/GO composites in this work were smaller than the MIL-
100(Fe)/GO interfacial pores (> 20 A) and led to apparently reduced Ve, Sa and hydrogen storage
capacities.

Regarding the impacts of functional groups of GO on hydrogen storage capacities of MOF/GO
composites, the MOF/GO composites based on GO-(hy)2(ep): exhibited the largest hydrogen storage
capacities (by Fig. 5a). The storage capacities based on MOF/GO composites decreased with increased
hydroxyl and epoxy groups. More specifically, hydrogen storage capacities of MOF-1-GO-(hy)a(ep)2
and MOF-1-GO-(hy)s(ep)s were decreased by 0.73 mg/g and 1.59 mg/g compared with MOF-1-GO-
(hy)2(ep)1, respectively. While the storage capacities of MOF-5-GO-(hy)a(ep). and MOF-5-GO-
(hy)s(ep)s were reduced by 1.59 mg/g and 3.85 mg/g compared with that of MOF-5-GO-(hy)2(ep)1,
respectively. Combining Vp, Sa, Qst.Ha and hydrogen storage capacities (Fig. 3, Fig. 5a, Fig. 6 and Fig.
7), it was derived that the decreased Vp and Sa were largely accounted for the decreased hydrogen
storage capacities considering the interaction between MOF/GO and hydrogen was barely influenced
by the increased hydroxyl and epoxy groups (Fig. 6 and Fig. S8). Carboxyl group modification of GO
also led to reduced hydrogen storage capacities of MOF/GO composites (Fig. 5a). Since carboxyl



group modification didn’t apparently affect the interaction between MOF/GO and hydrogen (Fig. 6),
the decreased hydrogen storage capacities were herein attributed to the decreased Vp and Sa (Fig. 3).

3.2. Hydrogen adsorption performance of Li* doped MOF/GO

Structural Properties

To further enhance the hydrogen storage capacity of MOF/GO composite, Li* doped MOF/GO was
investigated. The structure properties of Li* doped MOF/GO composites were firstly investigated
taking Li* doped MGO-1 and MGO-5 for example (Fig. 8). It was revealed that the distributions of
Li* were related to the types of MOF/GO composites and the amounts of Li*. Within the small-pore
MGO-1, Li" were located within the MOF-1/GO interface at low contents. At high Li* loading, Li*
ions were partially distributed in different MOF-1 pores with the rest aggregating in MOF-1/GO
interfaces (Fig. 8a). By contrast, in MOF-1, Li* distributed in different MOF-1 pores at varying Li*
loadings (Fig. 8b). Different from the small-pore MGO-1, Li" ions in large-pore MOF/GO composites
were mainly located in the MOF/GO interfaces at varying Li* loadings, which aggregated at high Li*
loading (Fig. 8c). By contrast, Li* in large-pore MOFs aggregated within MOF pores (Fig. 8d). For
both Li* doped MOF/GO and Li* doped MOFs based on large-pore MOFs, the ions aggregated in a
few pores, possibly due to that the dispersed ions in LiCl solutions moved toward each other between
different pores in water evaporation processes (Fig. S9). On the contrary, in Li* doped MGO-1 and Li*
doped MOF-1, Li* distributed or partially distributed at various MOF-1 pores, possibly because the

narrow MOF-1 pores hindered the transportation of ions, thus disfavoring aggregation (Fig. 2).
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Fig. 8. Li* doped (a) MGO-1, (b) MOF-1, (c) MGO-5 and (d) MOF-5. H (white), C (grey), O (red)
and N (blue) atoms of MOF/GO composites are modelled in ball-and-stick models, Cu (orange) atoms
are modelled by polyhedron models, Li* and CI are depicted by CPK space-filling models [38].

Fig. 9 shows the Vp and Sa of different Li* doped MOF/GO composites. Li* doping led to decreased
Vp for MOF/GO composites and Vp of Li* doped MOF/GO composites decreased with increased Li*
loading (Fig. 9a,). By contrast, Sa of Li" doped MOF/GO composites is related to their MOF pore
sizes (Fig. 9b). For small-pore MGO-1, Li* doping led to decreased Sa and the Sa of Li* doped MGO-
1 decreased with increased Li* loading. The Sa of MGO-1 is decreased from 3215 m?/g to 3211 m?/g,
3139 m?/g and 3062 m?/g by doping 2 Li*, 15 Li* and 30 Li*, respectively. For the large-pore MGO-
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3, MGO-5 and MGO-8, doping a small amount of Li* led to increased Sa. But the Sa of Li* doped
MOF/GO composites decreased with increased Li* loading. The accessible surfaces of Li* doped
MOF/GO composites were investigated based on Li* doped MGO-1 and Li* doped MGO-5 (Fig. S10).
For the small-pore MGO-1(Fig. S10a), the accessible surfaces of the narrow pores were blocked by
the added Li* and CI" after Li* doping, and the ion surfaces occluded each other, both of which
contributed to decreased Sa (Fig. 9b). Similar mechanism also led to decreased Sa of MOF-1 after Li*
doping (Fig. 9b and Fig. S10b). By contrast, for the large-pore MOF/GO composites, after doping a
small amount of Li*, the added ion surfaces were “exposed”, which favors increased accessible surface,
leading to increased Sa. However, owing to Li* ions aggregation at high loading, the Li* ions blocked
the pre-exiting surfaces (Fig. S10c) and led to decreased Sa (Fig. 9b). Similar mechanism also fits the
tendencies of Sa of Li* doped MOF-3, MOF-5 and MOF-8 (Fig. 9b and Fig. S10d). Noting that the
increased Li* also led to decreased pore size distributions of both the MOF pores and MOF/GO
interfacial pores (Fig. S11). It should be noted that, regarding Li" doping in pcu-MOFs and pcu-
MOF/GO, our results (Fig. 8 and Fig. 9) suggest there is probably a limit pore volume of 0.59~0.69
cm?®/g and surface area of 2907~3215 m?/g for Li* aggregation, which requires further investigation.
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Fig. 9. (a) Ve and (b) Sa of different Li* doped materials.

Hydrogen adsorption performance

Room-temperature hydrogen storage capacities of Li* doped MOF/GO composites (Fig. 10a)
demonstrated that Li* doping led to increased hydrogen storage capacities of MOF/GO composites,
and the hydrogen storage capacities of Li* doped MOF/GO composites were increased with Li* loading
at lower contents (2-15 Li*). A moderate loading of Li* (15 Li*) led to the most significant
enhancement in storage capacities of MOF/GO composites. Specifically, after doping 2 Li* and 15 Li",
the storage capacity of MGO-1 was increased from 11.5 mg/g to 11.6 mg/g and 12.1 mg/g, respectively.
The storage capacity of MGO-5 was increased from 22.1 mg/g to 22.4 mg/g and 23.1 mg/g,
respectively. By contrast, at higher Li* loading (15-30 Li"), the storage capacities of Li* doped
MOF/GO decreased with Li* loading. For instance, after doping 30 Li™, the storage capacity of MGO-
5 decreased from 22.1 to 21.9 mg/g.
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The density distribution maps of the 15 Li* doped MOF/GO composites (Fig. 10b) revealed that
hydrogen density near the Li* were apparently higher than that near the metal clusters or within the
MOF/GO interfaces, indicating that Li* ions provided novel hydrogen adsorption sites, possibly due
to the strong affinity of Li* ions towards hydrogen molecules. Combining hydrogen storage and density
distribution maps (Fig. 10 a and b), it can be derived that the adsorption sites provided by Li* may
strengthen the interaction between MOF/GO and hydrogen, leading to enhanced hydrogen storage
capacities. Furthermore, the increased hydrogen storage capacities at low Li* loading and the decreased
hydrogen storage capacities at high Li* loading may be related to the strengthened interaction towards
hydrogen and the decreased Vp and Sa (Fig. 9), which will be discussed later.
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Fig. 11. (a) Heat of adsorption (Qst) and (b) the contribution of host-adsorbate interaction to Qst (Qst-
na) of Li* doped materials.

Fig. 11a and b respectively show the heat of hydrogen adsorption (Qst) and the contribution of host-
adsorbate interaction to Qs (Qst-na) Of Li* doped materials. Results indicated that Li* doping led to
increased Qst-1a of MOF/GO composites, and the Qst.+a of Li* doped MOF/GO composites increased
with Li* loading, indicating the enhanced host-adsorbate interaction, mainly due to the increased
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hydrogen adsorption sites provided by Li*. However, it was also indicated that the enhancement in Qst-
nawith Li* loading was more remarkable at low loading and less remarkable at high loading. Such a
tendency may be attributed to following factors. On the one hand, the Li* provides additional hydrogen
adsorption sites, contributing to strengthened interaction with hydrogen. On the other hand, as the Li*
loading increases, ion aggregation reduces adsorption sites provided by Li*, metal clusters and
MOF/GO interfaces, which offsets the benefits of Li* doping (Fig. 8). At low Li* loading, the increased
Li* ions significantly increased the number of adsorption sites, leading to effectively strengthened
interaction with hydrogen. By contrast, due to Li* ions aggregation at high loading, the number of
adsorption sites can be reduced, leading to decreased gains in host-adsorbate interaction (Fig. 11).
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Fig. 12. Correlation between hydrogen storage capacities with (a) Vp, (b) Sa and (c) Qst-Ha. The data
of undoped MOF/GO composites are highlighted by black edges.

To further elucidate the impacts of Li* doping on the hydrogen storage capacities of MOF/GO
composites, the correlation between storage capacities and Vp, Sa and Qst.na were analyzed (Fig. 12).
Li* doped MOF/GO, the storage capacities firstly increased and then decreased with Vp, Sa and Qst-
HA, concurrently with decreased Vp, Sa and increased Qst.Ha with Li* loading (Fig. 9 and Fig. 11).
Therefore, the increased storage capacities at low Li* loading and the decreased capacity at high
loading can be attributed to the following processes. At low Li* loading, the added Li* effectively
increased hydrogen adsorption sites, leading to effectively enhanced host-adsorbate interaction (Fig.
11), resulted in improved storage capacities (Fig. 10a). On the contrary, at t high Li* loading, the host-
adsorbate interaction by introducing Li* decreased due to ion aggregation (Fig. 11 and Fig. 8), leading
to decreased storage capacities. Noting that similar tendency of storage capacities were observed in
Li* doped MIL-101(Cr) [25], Li* doped fullerene [37], Li* doped graphene [36], Li* doped MIL-
101(Cr)/AC (activated carbon) composites [49] and Li* doped MIL-100(Fe)/GO composites [26].
Besides of the harmful influence of ion aggregation as mentioned above, exceedingly Li* doping may
lead to declined crystallinity and MOF structure deformation of MOF derived materials, which will
also deteriorate hydrogen adsorption. Therefore, using a moderate Li* amount is crucial for improving
Li* doped materials. Such conclusions obtained from this work may guide the choosing and designing
the high-performing MOF/GO composites with the optimum MOF structure characteristics, GO
functional groups and doped Li* amounts.



4. Conclusion

In this work, based on 54 MOF/GO composite models, the room-temperature hydrogen storage
performance of MOF/GO were systematically investigated by GCMC simulations. It is found that the
hydrogen storage performance of MOF/GO composites is related to pore sizes of MOFs. MOF/GO
composites based on small-pore MOFs exhibit enhanced hydrogen storage performance, while
MOF/GO based on large-pore MOFs show decreased hydrogen storage performance. This is due to
the fact that the interfacial pores at MOF/GO interface are close to pores of small-pore MOFs, which
contributes to the increased pore volume and specific surface area, leading to enhanced hydrogen
storage performance. However, the interfacial pores are smaller than pores of large-pore MOFs, which
significantly reduces pore volumes and specific surface areas, thus leading to decreased room-
temperature hydrogen storage capacities of MOF/GO composites. Moreover, the room-temperature
hydrogen storage capacities of MOF/GO composites are decreased as the contents of functional groups
increase, which is ascribed to the fact that these groups reduce pore volumes and specific surface areas,
giving rise to decreased hydrogen storage performance. Upon Li* doping, the room-temperature
hydrogen storage capacities of MOF/GO composites are significantly increased. Which is ascribed to
the fact that Li* doping provides additional hydrogen adsorption sites that favor the interaction towards
hydrogen, leading to enhanced hydrogen storage capacities. Besides, the room-temperature hydrogen
storage capacities of Li* doped MOF/GO increase with the increase of Li* amounts at low loading,
and decrease with the increase Li* amounts at high loading. This is due to the fact that the introduced
Li* effectively increases the accessible hydrogen adsorption sites at low Li* loading, which eventually
favors the hydrogen adsorption capacity. However, at the high Li* loading, the accessible hydrogen
sites provided by Li* decreases due to ion aggregation, leading to decreased storage capacities.
Therefore, considering a trade-off between the increased hydrogen adsorption sites resulting from Li*
doping and the reduced hydrogen adsorption sites resulting from Li* aggregation, developing the
effective strategies to avoid Li* aggregation may be the research focus in future. It should be noted
that the synthesizability of these MOF/GO composites is beyond the scope of this work. This work
provided molecular insights into the hydrogen storage mechanism of MOF/GO composites, which may
guide the design and development of novel hydrogen storage materials.
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