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ABSTRACT: The advancement of hydrogen and fuel cell
technologies hinges on the development of hydrogen storage
methods. Metal—organic frameworks (MOFs) are one of the most
favorable materials for hydrogen storage. In this study, we
synthesized a series of isostructural mixed-metal metal—organic
frameworks (MM-MOFs) of 1,3,5-benzenetricarboxylate (BTC),
M-Cu-BTC, where M = Zn*", Ni**, Co*", and Fe’" using the post-
synthetic exchange (PSE) method with metal ions. The powder X-
ray diffraction patterns of MM-MOFs were similar with those of
single-metal Cu-BTC. Scanning electron microscopy indicates the
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absence of amorphous phases. Inductively coupled plasma mass ¢ :::sm:ia) »on
spectroscopy of the MM-MOFs shows successful metal exchanges
using the PSE method. The N, adsorption measurements confirmed the successful synthesis of porous MM-MOFs. The metal

exchanged materials Ni-Cu-BTC, Zn-Cu-BTC, Fe-Cu-BTC, and Co-Cu-BTC were studied for hydrogen storage and showed a
gravimetric uptake of 1.6, 1.63, 1.63, and 1.12 wt %; respectively. The increase in hydrogen adsorption capacity for the three metal
exchanged materials is about 60% relative to that of the parent MOF (Cu-BTC). The improvement of gravimetric uptake in M-Cu-
BTC (where M = Ni**, Zn**, and Fe’") is probably due to the increase in binding enthalpy of H, with the unsaturated metal sites
after the partial exchange from Cu®' to other metal ions. The higher charge density of metal ions strongly polarizes hydrogen and
provides the primary binding sites inside the pores of Cu-BTC and subsequently enhances the gravimetric uptake of hydrogen.

B INTRODUCTION

Having high energy density and zero-CO, emissions, hydrogen
represents a potential alternative energy source and its storage
and delivery are essential components in the development of
fuel-cell hydrogen technologies."”” Several materials have been
tested for H, storage, including physisorption and chem-
isorption materials.” However, no solid-state storage system
has satisfied the 2020 U.S. Department of Energy (DOE)
capacity targets of 4.5 wt % (in gravimetric terms) and 30 g
L™ H, (in volumetric terms) at the operating temperature
ranges of —40 to 60 °C and at pressures below 100 atm.” In

such as dimethylformamide (DMF) and diethyl formamide
(DEF), and can be designed from various combinations of
metal ions and organic ligands. The topological framework and
pore size of the MOFs depend on the metal ions and organic
ligands used. More importantly, MOFs have high surface areas
and permanent porosity, both of which are attractive for use in
H, storage systems. The pore size and framework topology
have been tuned to obtain high-surface-area materials that
effectively improve the H, adsorption properties. Although a
wide range of MOFs have been tested for H, adsorption, and

physisorption materials, H, molecules are adsorbed on the
surface of the pores in the material, there is no activation
energy involved, and the interaction between H, and the
material is low. In addition, their fast kinetics, full reversibility,
and manageable heat during refueling—characteristics that are
difficult to achieve when using chemisorption materials—make
the use of physisorption materials especially advantageous over
chemisorption materials.* In this respect, metal—organic
frameworks (MOFs), which are physisorption materials, are
promising for H, storage.””'' These materials contain
micropores and channels with a specific topological framework
and adjustable surface area and pore size. MOFs are
synthesized using solvothermal reactions, which combine the
constituent metal and organic ligands using organic solvents
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some showed promising storage capacities in the cryogenic
state, their capacities are insignificant at ambient pressure and
temperature.® These exceptional behaviors of MOFs with a
unique framework give unlimited prospects to make precise
required dynamic sites and create MOFs outstanding

candidates for hydrogen storage applications.*’
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Cation exchange is an attractive strategy to modify the active
sites of secondary building units (SBU) in MOFs.'> This
strategy exceptionally enhances the properties of MOF
materials for various applications. Although, single-metal
MOF materials were well studied for hydrogen adsorption,
mixed-metal MOFs (MM-MOFs) were rarely investi-
gated.”™"” The expansion of MM-MOF materials is of
exclusive concern since the assimilation of more metal ions
can considerably increase the interaction of hydrogen molecule
with the metal sites and the selectivity of MOF adsorption.'® A
practical technique for the production of MM-MOFs is a post-
synthetic exchange (PSE) method for metal ion or trans-
metalation that contains the replacement of the SBU metal
nodes with another metal ion.'” Copper-based MOF, Cu-BTC,
is a highly investigated material in which Cu(II) metal units are
linked by benzene-1,3,5-tricarboxylate (BTC) linkers.”” The
coordinated water molecule in the axial position of the
paddlewheel Cu®" centers of the structure can be removed by
heating. This creates potential active sites for hydrogen
adsorption. Although hydrogen adsorption in Cu-BTC has
been investigated, the hydrogen adsorption of this material in
MM-MOFs has not been reported before.”" It is known that
the equivalent Zn-BTC with isostructural MOF can be made
from a zinc source.”” It is also known that MM-MOFs of Zn-
BTC can be made using different transition divalent metal ions
(M?* = Cu, Co, and Fe) for catalysis.”> Cu-Zn-BTC"* and Cu-
Ru-BTC** of MM-MOFs have also been reported. Cu-BTC
has been exceptionally well recognized for its high selectivity in
gas storage, es;)ecially when the axial aqua ligands are detach
via activation.”’ Activation provides unsaturated metal sites
without influencing the rigid framework of the MOF. The
highest BET surface area reported for Cu-BTC is about
1944m?/g by Yaghi and co-workers.”® The highest gravimetric
H, uptake reported for HKUST is ~2 wt % at 77 K and low
pressure and about 3—3.5 wt % at 77 K and higher pressure.”
These studies provide evidence that the MM-Cu-BTC is a
reasonable system to expand the concept of metal exchange for
hydrogen storage. A series of MM-MOFs of
Mn,[(Mn,Cl),(BTT)s(CH;0H),,], (BBT*™ = 1,3,5-benzene-
tristetrazolate) have been reported for H, adsorption."* All
these MM-MOFs shows high H, uptake from 2.00 to 2.29 wt
% at 77 K and 900 Torr. The reason for high heat adsorption
(10.1 k] mol™) is due to the coordination of H, with
unsaturated Mn®' sites as confirmed by powder neutron
diffraction experiments."> The enthalpy of adsorption is even
higher in the case of MM-MOF of the Co®"/Mn*" system
(10.5 kJ mol™"). A higher H, uptake with 23% was reported for
Co-Zn-ZIF-8 in comparison to Zn-ZIF-8 due to the higher
affinity of Co** with H,.”° Recently, Kapelewski et al. showed a
record high hydrogen uptake in the Ni-based MOF, Ni,(m-
dobdc) (m-dobdc*™ = 4,6-dioxido-1,3-benzenedicarboxylate)
at near ambient temperature.”” Ni,(m-dobdc) showing a
usable volumetric capacity between 100 and S bar of 11.0 g/L
at 25 °C and 23.0 g/L with temperature swing from —75 to 25
°C, which makes this MOF the highest-performing phys-
isorption material so far.”” The high volumetric uptake in
Ni,(m-dobdc) was attributed to the increase in bindin
enthalpy of H, with the unsaturated Ni** metal sites.”””
Large binding enthalpies in this MOF stemmed from the
highly polarizable Ni** adsorption sites and dense packing of
the H, within the material. Three-pulse electron spin echo
modulation (3p ESEEM) study of deuterated hydrogen gas
HD adsorption/desorption in Cu-Zn-BTC reveals the

adsorption sites with higher adsorption enthalpy at the local
environment of the metal ions.”” The objective of this paper is
to synthesize a series of isostructural mixed-metal metal—
organic frameworks (MM-MOFs) of 1,3,5-benzenetricarbox-
ylate (BTC), M-Cu-BTC, where M = Zn**, Ni**, Co*", and
Fe®* using the PSE method with metal ions. The merits of the
synthesized materials were thoroughly characterized using
different techniques. In addition, hydrogen adsorption
isotherms were measured to determine the uptake capacities.

B RESULTS AND DISCUSSION

Characterization of MOFs. Chui and co-workers were the
first to discover Cu-BTC" and called it HKUST-1. It is a
highly porous MOF of [Cu;(BTC),(H,0);],, which contains
interconnected [Cu,(O,CR),] units, where R is an aromatic
ring (Figure 1). The 3D framework has accessible porosity of

Figure 1. Perspective view of Cu-BTC MOF along the z axis; the
spheres represent the cavities in Cu-BTC.

40% of the solid with a channel pore size of 1 nm.”’ The
crystals structure of Cu-BTC contains dimeric cupric
tetracarboxylic secondary building units with a Cu—Cu
separation of 2.628(2) A. The neutral network contains 12
carboxylic oxygen atoms from the two BTC ligands that are
coordinated to four sites of each of the three Cu®* ions.
Therefore, each Cu atoms satisfy its coordination geometry,
showing an octahedral geometry with aqua ligands in axial
positions. The BTC provides a motif with threefold symmetry,
and the tetracarboxylic unit provides a fourfold symmetry,
which leads to a 3D motif with six vertices and four trimesate
ions that tetrahedrally make up four of the eight triangular
faces of the octahedron.

The porosity of these phases displays the absence of any
metal ions in the pores. The PXRD pattern of the as-
synthesized Cu-BTC shows slight differences in matching the
peaks with the simulated pattern from the Cu-BTC crystal
structure (Figure 2). It is shown that the intensity peak
difference reflections are around 5° and 15°, which is due to
the textural effect. The distinctive peaks observed at around 26
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Figure 2. PXRD patterns of Cu-BTC (black, simulated from the
crystal structure) and Cu-BTC (red, as-synthesized).
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Figure 4. PXRD patterns of Cu-BTC (DCM exchanged) and M-Cu-
BTC (DCM exchanged) MOFs.

= 15° 25° and 30° may be due to the presence of a small
amount of unreacted copper nitrate and trimeric acid that
remained in the samples. The PXRD patterns of MM-MOFs
display that the modified MOFs are isostructural to Cu-BTC
(Figure 3). This high crystallinity of the MM-MOFs observed
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Figure 3. PXRD patterns of Cu-BTC (as-synthesized) and M-Cu-
BTC (as-synthesized) MOFs.

in the PXRD patterns specifies that the MOFs preserved the
structure after the PSE method. However, the Ni-Cu-BTC
shows a much higher crystallinity compared to other metal
exchanged MOFs. However, the crystallinity of the sample
retained after the exchange, the change in the intensities of the
peaks, and expected peak shifts after exchange may be due to
the alteration of crystal lattice during the exchange process.
Metal exchanged Cu-BTC contains different electronic
configurations compared to Cu®*, which might disturb the
intensities. A slight disorder of the lattice and existence of the
new cation after metal exchange creates a noticeable peak shift
from as-synthesized Cu-BTC. In addition, all PXRD patterns
of the MM-MOF series exchanged with DCM after 3 days
match well with the parent Cu-BTC structure (Figure 4).

The integration of metal ions into the MOFs after PSE was
recognized through ICP-MS analysis. ICP-MS analysis of the
MM-MOFs of Zn-Cu-BTC, Ni-Cu-BTC, Co-Cu-BTC, and Fe-
Cu-BTC indicates that the metal exchange with respect to
Cu®* metal ions was 15%, 20%, 17%, and 12%; respectively.
The ICP-MS data demonstrate that MM-MOFs contains
partially exchanged metal ions from the parent MOF. Although
the starting molar ratio of the metal ion is the same for all
MOFs, it was observed that Ni** has the highest replacement
percentage compared to the other metal ions. This difference
in replacement ratio can be explained by the fact that
replacement of metal ions is strongly dependent on the
solubility of metal nitrates, reactivity, ionic radius of metal ion,
and the pH of the reaction mixture.'”

SEM images (Figure S) display the growth of crystalline
materials as expected. The SEM analysis also excludes the
probability of contamination or growth of another phase
during the metal exchange. Cu-BTC is displayed with
polyhedral (octahedral) particles with sizes of 1—5 ym (Figure
Sa,b). As a prototype, the SEM images of Ni(II) and Co*"
exchanged MOFs have been investigated to compare its
morphology with that of the parent MOF. The images of Co-
Cu-BTC (Figure Sc,d) and Ni-Cu-BTC (Figure Se,f) show the
same polyhedral particles with average sizes in the range of 1—
S pm without any amorphous phases. The SEM images also
display homogeneous nanocrystallites without the existence of
any other morphology. The crystallite size was estimated from
the full width at half maximum (FWHM) of the XRD peaks
using Scherrer’s equation, as shown in Table 1. The exchange
of metal ions was also quantified by SEM—EDX analysis. The
distribution of metal ions was assessed by EDS analysis. The
mapping data of Zn-Cu-BTC are shown in Figure S1. The EDS
mapping of the Zn element shows that the Zn** are distributed
in the area of crystalline particles. This clearly proves the
existence of exchanged metals in the microcrystalline sample.
The EDX elemental map of Zn-Cu-BTC verified that indeed
they consist of Zn*" ions ~14% concerning Cu*" ions (Figure
S2). The mapping data of Fe-Cu-BTC is shown in Figure S3.
The SEM image and EDS mapping of micrometer crystal
particles for Fe-Cu-BTC show the presence of Fe metal in the
crystalline sample. The EDX elemental map of Fe-Cu-BTC
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Figure S. SEM micrographs of (a, b) Cu-BTC, (c, d) Co-Cu-BTC, and (e, f) Ni-Cu-BTC.

Table 1. BET Surface Area, Pore Parameters, and Crystallite
Size of Cu-BTC Samples

BET Langmuir micropore average pore
surface area  surface area volume diameter crystallite
MOFs (m*/g) (m*/g) (em’/g) (nm) size (nm)
Cu- 945 1132 0.404 1.709 79
BTC
Ni- 828 879 0.311 1.503 64
Cu-
BTC
Zn- 938 1055 0.376 1.603 S3
Cu-
BTC
Fe- 820 980 0.350 1.708 65
Cu-
BTC
Co- 822 907 0.319 1.553 91
Cu-
BTC

also proved that they certainly contain Fe®* ions ~10% for
Cu’" ions (Figure S4).

Thermogravimetric analysis (TGA) analysis was conducted
on the as-synthesized Cu-BTC as well as the DCM exchanged
MM-Cu-BTC (Figure 6). TGA measurements of the samples
after an exchange in DCM are consistent with the noticeable
weight loss of reported Cu-BTC.”® The initial weight loss
(stage I) in all samples is due to the loss of physically adsorbed
water molecules. A similar behavior was observed for all metal
exchanged samples in which the weight loss was about 18%.
However, the as-synthesized Cu-BTC lost about 27% of its
weight when the temperature reached 125 °C. This result may
be due to the fact that it has the highest surface area and pore

Co-Cu-BTC (DCM exchanged)
100 Fe-Cu-BTC (DCM exchanged)
Cu-BTC (as-synthesized)
— Ni-Cu-BTC (DCM exchanged)
80 | Zn-Cu-BTC (DCM exchanged
< ‘ :
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100 200 300 400
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Figure 6. TGA analysis of Cu-BTC (as-synthesized) and MM-Cu-
BTC (DCM exchanged).

volume (Table 1). In stage II (between 125 and 210 °C), a
little weight loss was observed for all samples corresponding to
the solvent that is physically adsorbed in internal pores.*’
When the temperature reached about 200 °C, the structure
started to lose the chemically bonded water, which needs a
higher temperature than the physically adsorbed water to be
released. In stage IV, all samples started to collapse when the
temperature was increased further to about 330 °C due to
backbone cleavage of the polymer (carbonation) and lost
about 30% of its weight. The lattice disorder created due to the

28496 https://dx.doi.org/10.1021/acsomega.0c02810
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incorporation of the new metal cations may diversify the
stability of the MM-MOFs.

Surface Area and Hydrogen Adsorption of Cu-BTC
and MM-Cu-BTC. Figure 7 shows the nitrogen adsorption
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Figure 7. Nitrogen adsorption isotherm at 77 K of Cu-BTC and MM-
Cu-BTC.

isotherms at 77 K for Cu-BTC and MM-Cu-BTC samples. A
steep curvature of the adsorption isotherm was observed at the
low-pressure region after which the isotherm reached a plateau,
indicating that equilibrium was reached and the adsorption is
limited to the completion of a single monolayer. This shape is
classified as Type-I according to the TUPAC’' and usually
observed in microporous materials with pore size not much
larger than the adsorbate size. The average pore size of Cu-
BTC and all MM-Cu-BTC samples suggests that the prepared
samples are microporous materials. The BET surface area and
pore parameters obtained for Cu-BTC and the metal
exchanged samples are given in Table 1. Cu-BTC obtained
the highest surface area (945 m*/g) and pore volume (0.404
cm?/g). The high gas uptake indicates that activation and
degassing were able to remove the guest molecules from the
pores. The reported surface area in the open literature is
ranging from 400 to 2000 m*/g, while most of the data is
between 700 and 1000 m?*/g.>* Yaghi and co-workers reported
an apparent BET surface area of 1944 m*/g, which is in the
high end of the aforementioned range.”” In this study, the
surface area and pore volume were reduced after the
incorporation of the second metal ions in the unsaturated
metal centers. This issue may due to incomplete activation”' or
the degradation in textural properties after the metal exchange.
The loss in surface area may be due to the collapsed pores after
exchange of metal ions'” or the adsorption of metal ions on the
surface and within the pores. The higher loading intensifies the
degradation or collapsing of pores compared to the lower
loading.

To investigate the hydrogen storage properties of Cu-BTC
samples, low-pressure H, isotherms were measured at 77 K, as
shown in Figure 8 and Table 2. As expected, considerable
amounts of hydrogen were adsorbed on the synthesized
material because of their large porosities. It seems from Figure
8 that hydrogen adsorption almost reached saturation in the
Cu-BTC sample with a gravimetric hydrogen capacity of 1.02
wt %. The adsorption isotherm of hydrogen on Co-Cu-BTC
also reached saturation, however, with a higher adsorption
capacity of 1.12 wt%, which represents about a 10% increase.
On the other hand, the metal exchanged materials Ni-Cu-BTC,
Zn-Cu-BTC, and Fe-Cu-BTC have a gravimetric hydrogen
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Figure 8. Hydrogen adsorption isotherm at 77 K of Cu-BTC and
MM-Cu-BTC.

Table 2. Gravimetric Hydrogen Adsorption of Cu-BTC
Samples at 77 K and 110 kPa

total H, gravimetric capacity Increase in Hydrogen
0,

MOFs (wt %) capacity” (%)

Cu-BTC 1.02

Ni-Cu- 1.61 57.8
BTC

Zn-Cu- 1.63 59.8
BTC

Fe-Cu- 1.63 59.8
BTC

Co-Cu- 1.12 9.8
BTC

“Relative to the parent MOF (Cu-BTC).

uptake of 1.61, 1.63, and 1.63 wt %, respectively. The increase
in hydrogen adsorption capacity for the three metal exchanged
materials is about 60% relative to that of the parent MOF (Cu-
BTC). The improvement of gravimetric uptake in M-Cu-BTC
(where M = Ni*, Zn?*, and Fe®") is probably due to the
increase in binding enthalpy of H, with the unsaturated metal
sites after the partial exchange from Cu’* to other metal ions.
The higher charge density of metal ions strongly polarizes
hydrogen and provides the primary binding sites inside the
pores of Cu-BTC and subsequently enhances the gravimetric
uptake of hydrogen. The performance of the material cycle was
investigated using Ni-Cu-BTC as a prototype to verify the
stability of MM-MOFs using gas adsorption. Both BET
measurement and hydrogen adsorption studies indicate that
the MM-MOFs do not lose its stability significantly, as shown
in Figures S10 and S11. PXRD also verified the stability of the
MM-MOF materials after gas adsorption. PXRD indicates that
all the MM-MOFs are very stable even after hydrogen
adsorption. The PXRD patterns of the samples after hydrogen
adsorption are shown in Figure S12. They are in well
agreement with the simulated PXRD pattern of Cu-BTC.
The parent Cu-BTC structure was found to have a higher
degree of crystallinity after gas adsorption in comparison to
MM-MOFs.

B CONCLUSIONS

A series of isostructural MM-MOFs of BTC [M-Cu-BTC,
where M = Zn**, Co**, Ni**, and Fe**] have been synthesized
using the post-synthetic exchange (PSE) method. The metal
exchanged materials Ni-Cu-BTC, Zn-Cu-BTC, Fe-Cu-BTC,
and Co-Cu-BTC showed an increase in the gravimetric
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hydrogen uptake of 57.8%, 59.8%, 58.9%, and 9.8%,
respectively. The improvement of gravimetric uptake in MM-
MOFs is probably due to the increase in the binding enthalpy
of H, with the unsaturated metal sites after the partial
exchange. The binding enthalpy increases due to the higher
charge density of the metal ions, and the unsaturated metal
sites strongly polarize H,, which provides the primary binding
sites for H, inside the pores of Cu-BTC and subsequently
enhances the gravimetric uptake of the materials. The synthetic
strategy of MM-MOFs provides a way of improving
gravimetric H, storage capacities of known MOFs.

B EXPERIMENTAL SECTION

Materials and Methods. Metal nitrates, 1,3,5-tricarboxylic
acid linker, dimethylformamide (DMF), and dichloromethane
(DCM) were purchased from Sigma-Aldrich Co, Ltd. All
reagents were used as purchased without further purification.

Powder X-ray diffraction data were collected using a Rigaku
Miniflex II diffractometer equipped with a Cu Ka radiation
source. Data were acquired over the 26 range between 3° and
50°. Quattro ESEM imaged MOF crystals. Thermogravimetric
analysis (TGA) was performed on a TA SDT 2960 thermal
analyzer. The samples were ground right before TGA
experiments to minimize exposure to moisture. About 3—5
mg of each sample was heated to 600 °C at a rate of 5 °C/min
under a nitrogen flow of 50 mL/min.

Synthesis of MOFs. Synthesis of Cu-BTC. Cu-BTC was
synthesized as reported earlier.”®> The solvent was decanted,
and the remaining solid washed nine times with dichloro-
methane (DCM), each time letting the solid soak in
dichloromethane (DCM) for 8 h.

Post-Synthetic Exchange (PSE). M-Cu-BTC was prepared
using the PSE method. Many portions of as-synthesized Cu-
BTC crystals were soaked in 0.5 M DMF solutions of
Ni(NO;),-6H,0, Zn(NO;),:6H,0, Co(NO;),-6H,0, and
FeCl,-6H,O three times at room temperature for 3 days. At
the end of soaking, solutions of metal ions were decanted, and
the transmetalated crystals of M-Cu-BTC were harvested by
filtration. MM-MOF crystals were washed thoroughly with
DMEF several times and then soaked in DMF for complete
removal of residual metal ions. The resulting cation-exchanged
MOFs were activated with dichloromethane (DCM) nine
times, each time letting the solid soak in DCM for 8 h.

Measurement of Gas Adsorption Isotherms. About 50 mg
was degased at 150 °C for at least 10 h, and then the sample
cell was weighted and mounted on the analysis station of
Quantachrome Autosorb IQ-C-MP to measure the adsorption
isotherms at a liquid nitrogen temperature of 77 K. The surface
area was calculated using the built-in functions of ASiQwin
5.21 software provided by Quantachrome. The micropore area
and volume were determined using the t-plot method. The
quenched solid density functional theory (QSDFT) method
with slit/cylindrical pores was used to obtain the pore size
distribution. In the hydrogen adsorption measurements, high-
purity hydrogen (99.9995%) was used. The regulator and pipes
were flushed with hydrogen before connecting to the analyzer.
The temperature was maintained at 77 K with liquid nitrogen
throughout all measurements.
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