' QA
~
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Enhancing Hydrogen Adsorption Capacity of Metal Organic
Frameworks M(BDC)TED,, ; through Constructing a Bimetallic
Structure

Renjie Li" Xin Han,# Qiaona Liu, An Qian, Feifei Zhu, Jiawen Hu, Jun Fan, Haitao Shen,* Jichang Liu,*

Xin Pu, Haitao Xu, and Bin Mu
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2022, 7, 20081-20091

ACCESS | [ihl Metrics & More ’ Q Supporting Information

ABSTRACT: Metal organic frameworks (MOFs) have promising application prospects in the field of hydrogen storage. However,
the successful application of MOFs in the field is still limited by their hydrogen storage capacity. Herein, a series of
MM,_,(BDC)TED,s (M = Zn, Cu, Co, or Ni) with a bimetallic structure was constructed by introducing two metal ions in the
synthesis process. The results of X-ray diffraction, scanning electron microscopy, energy-dispersive spectroscopy, X-ray
photoelectron spectroscopy, and inductively coupled plasma showed that the bimetallic structure with different content ratios
can be stably constructed by a hydrothermal method. Among them, the Cu-based bimetal MOFs Cuy,sNij3,5(BDC)TED,
exhibited the best hydrogen storage capacity of 2.04 wt% at 77 K and 1 bar, which was 22% higher than that of monometallic
Ni(BDC)TED,;. The enhanced hydrogen storage capacity can be attributed to the improved specific surface area and micropore

volume of bimetal MOFs by introducing an appropriate amount of bimetallic atoms.

1. INTRODUCTION

With the increasingly severe environmental problems and the
gradual exhaustion of fossil energy, the development of
renewable clean energy to replace nonrenewable traditional
fossil energy is becoming an inevitable trend. Among the many
clean energy sources, hydrogen energy has become a research
hotspot in recent years because of its advantages such as high
calorific value, abundant reserves, and pollution-free nature.’
However, the development of the hydrogen energy industry is
limited by the hydrogen storage technology, which is one of
the bottlenecks restricting the development of hydrogen
energy due to its shortcomings of flammability, explosiveness,
and difficulty in liquefaction. Therefore, the development of an
efficient hydrogen storage technology has become particularly
important.

At present, the methods of hydrogen storage include high-
pressure gaseous hydrogen storage, low-temperature liquid
hydrogen storage, physical adsorption hydrogen storage,z’3
chemical adsorption hydrogen storage,4 and liquid organic
compound hydrogen storage.”® Among them, physical
adsorption hydrogen storage has become an important
development direction because of its advantages such as low
cost, high reversibility, and stability.” Porous carbon materials,®
metal organic frameworks (MOFs),”'" and covalent organic
frameworks'' are commonly used as carriers for hydrogen
physical adsorption. Particularly, MOFs with a large specific
surface area, high porosity, and easy adjustment of the pore
structure showed better hydrogen physical adsorption
capacity,’”” and there have been several research studies on
hydrogen storage of MOFs in the past 20 years.'”'*

However, the theoretical physical hydrogen adsorption
capacity of MOFs is far from being realized, and more
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research on their industrial application of hydrogen storage is
needed. Among the many methods to improve the hydrogen
storage capacity of MOFs, organic ligand modification or
introducing other metal ions into MOFs for constructing
bimetallic structures is an effective method to optimize the
performance of materials. The hydrogen adsorption capacity of
Ni-Cu-BTC (BTC: trimesic acid) and Zn-Cu-BTC reported
by Abdul et al.” reached 1.60 and 1.63 wt% at 77 K and 1 bar,
which was 60% higher than that of Cu-BTC (1.02 wt%). This
improvement in hydrogen adsorption capacity is attributed to
the increase in the interaction force between hydrogen and
MOFs caused by the introduction of bimetallic structures. In
addition, previous studies also found that the introduction of
bimetallic structures may be beneficial to expand the pore
structure of MOFs. For example, compared with Zn-ZIF-8, the
specific surface area and pore volume of Co-Zn-ZIF-8 reported
by Kaur et al. increased by 40 and 33%, which improved the
hydrogen adsorption performance of the Zn-ZIF-8 from 1.26
to 1.55 wt%."

In 2004, Dybtsev et al.'® first synthesized Zn(BDC)TED,
using the hydrothermal method by dissolving zinc nitrate,
terephthalic acid, and triethylenediamine in N,N-dimethylfor-
mamide. Subsequently, the researchers synthesized a series of
M(BDC)TED, 5 materials with different metals using nickel
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Scheme 1. Main Synthesis Process of M(BDC)TED, ; Samples
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Figure 1. SEM images of the synthesized M(BDC)TED,; (a—d) and M,\M,_(BDC)TED; (e—i).

nitrate,'” cobalt nitrate,"® or copper nitrate'® instead of zinc
nitrate as a metal source. The results showed that M(BDC)-
TEDys (M = Cu, Zn, Co, Ni) is a flexible MOF with a stable
structure and uniform pore size distribution and considered to
have good application prospects in the field of hydrogen
storage.

As mentioned above, the construction of bimetallic
structures is an effective method to improve the gas adsorption
capacity of MOFs, and previous studies had shown that
bimetallic M(BDC)TED, s could be successfully prepared. For

example, Poryvaev et al. tried to synthesize
Cug407Zn1.993(BDC)TED, 5 and studied the adsorption sites
of several kinds of gases on the MOFs, elucidating that most of
the gas resides in the centers of the cavities.'” Therefore, it is a
practical method to enhance the hydrogen storage capacity of
M(BDC)TED,;. However, there is no report on the gas
adsorption capacity of M(BDC)TED, s modified with a series
of different bimetallic structures.

Herein, a series of monometallic M(BDC)TED, s was first
prepared using a hydrothermal method, and then other metal
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ions were introduced during the synthesis process to synthesize
bimetallic M,M,_,(BDC)TED, s (M = Zn, Cu, Co, or Ni) with
a developed pore structure and hydrogen adsorption capacity.
The results show that the hydrogen adsorption capacity and
thermal stability of Cu-based bimetallic MOFs were signifi-
cantly improved. The main innovation of this paper is to
improve the pore structure of M(BDC)TED, series materials
by constructing a bimetallic structure for the first time. The
effects of metal species and bimetal atomic ratios on the crystal
structure, micromorphology, pore structure, and hydrogen
adsorption capacity of M(BDC)TED, s have been thoroughly
studied. The overall modification method is simple and
convenient, providing new ideas for optimizing the properties
of MOFs.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of M(BDC)TED,, s.
M(BDC)TEDyg and M,M,_,(BDC)TED, were synthesized
by a hydrothermal method, as shown in Scheme 1. During the
crystallization process of M(BDC)TED, samples, the metal
cluster MO, was bridged with terephthalic acid to form a
layered 2D structure, and triethylenediamine was used as a
pillar in the longitudinal direction to expand the 2D plane into
a 3D structure (Figure $1)'° and thus produced a cavity that
can be used for gas storage. As mentioned above, constructing
bimetallic MOFs by introducing other metal ions into the
structure may lead to a more developed pore structure and
stronger adsorption sites. Because Zn, Cu, Co, and Ni can
individually form M(BDC)TED with a similar structure, it is
possible to introduce another metal into M(BDC)TED, to
cause isostructural substitution and form M,M,_.(BDC)-
TED,s with a bimetallic structure. The synthesis steps of
bimetal MOFs (as shown in Scheme 1) are similar to those of
monometallic MOFs and the difference is that two nitrates are
used at the same time when synthesizing bimetal MOFs while
only one is used when synthesizing monometallic MOFs. To
systematically explore the effect of different metals on the
hydrogen adsorption capacity of M (BDC)TED,s and
MM, _,(BDC)TED,;, monometallic M(BDC)TED,; (M =
Zn, Cu, Co, or Ni) were first synthesized and tested for
hydrogen adsorption capacity. Then, six kinds of bimetal
M, M, s(BDC)TED,, such as CugsNiy(BDC)TED,s and
CuysZnys(BDC)TED,;, were synthesized to explore the
change of the structure and hydrogen adsorption capacity for
the MOFs. Finally, a series of M\M,_(BDC)TED,  (x =
0.250, 0.375, 0.500, 0.625, and 0.750) were synthesized by
adjusting the ratio of different metals to study the effects of
different metals and metal ratios on their physical hydrogen
adsorption capacity.

The samples were first characterized by scanning electron
microscopy (SEM) and X-ray diffraction (XRD) to study the
structure and morphology, and the results are shown in Figures
1 and 2. Figure la—d demonstrate the surface morphologies of
four monometallic M(BDC)TED,; (M = Zn, Cu, Co, or Ni).
Zn(BDC)TED,s and Co(BDC)TED,s have a rectangular
parallelepiped morphology with regular crystal shape and
smooth surface, and the crystal size ranges from 3 to 20 um,
which is similar to the morphology previously reported by
Peng et al.”® Although Ni(BDC)TED, is also mainly
rectangular parallelepiped, its particle size with 3 pm is much
smaller than that of the Zn and Co metal-based MOFs.
Differently, the morphology of Cu(BDC)TED,s was rod-
shaped with small messy crystals attached to the surface, which
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Figure 2. XRD pattern of M(BDC)TED, s and M\M,_,(BDC)TED
samples.
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is very different from the MOFs composed of other metals. In
terms of the Cu-based bimetal MOFs, we can find that more
small-particle crystals appear in bimetallic MOFs due to the
competitive coordination of the two metals, and the
morphology of the material is not as regular as that of several
single-metal MOFs. Cug,5Nig375(BDC)TED, s and
CuysNiys(BDC)TEDys have the relatively regular slender
cuboid morphology, with particle sizes ranging from 3 to 10
um. The crystal morphology of Cuy,sNig,5s(BDC)TED, s and
Cuy7sNig,s(BDC)TED, 5 is more similar to that of Ni(BDC)-
TED,s and Cu(BDC)TED,, which are needle-like and
rectangular parallelepiped shapes, respectively. For the
Cug375Nig65(BDC)TED, s sample, the synthesized material
under this ratio is also rectangular and has the smallest particle
size. Some of the larger particles have a particle size of about 3
pum, and the remaining small particles are less than 1 ym, and
the agglomeration phenomenon is more obvious. Furthermore,
according to the analysis results of energy-dispersive spectros-
copy (EDS) mapping in Figure S2, both metals in all bimetal
MOFs are evenly distributed in the entire MOF structure,
confirming that the bimetal structure is successfully synthe-
sized.

The diffraction peak positions of the synthesized M(BDC)-
TED, are in good agreement with the simulated Zn(BDC)-
TED,; and the five diffraction peaks located at around 26 =
8.2°%, 9.2° 11.7°, 12.4° and 16.5° correspond to the (100),
(001), (110), (101), and (200) planes.”" XRD analysis results
show that the crystal structures of M(BDC)TED synthesized
with different metal ions are similar, confirming the successful
synthesis of M(BDC)(TED),s. At the same time, there are
also some differences in the crystal structure of M(BDC)-
TED,s with different metals. The diffraction peak of
Ni(BDC)TED at 9.2° almost disappeared, and the diffraction
peak of Co(BDC)TED, at 9.2° appeared red-shifted. This
may be attributed to the effect of different metal atomic radius,
and the crystal structures of MOF materials undergo subtle
changes. The XRD patterns of Cu(BDC) TED, are quite
different, which is reflected in the significant decrease of the
diffraction peak intensity at 8.2° and an increase at 16.5°
indicating that the main exposed crystal plane of the
Cu(BDC)TED,j crystal is transformed to (200). The crystal
structure of bimetallic MOFs is jointly affected by the metal
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Table 1. ICP Results of the My M, (BDC)TED, ; Samples

sample metal 1 (wt%) metal 2 (wt%) the ratio of M1/M2 (mol/mol)
CusNigs(BDC)TED, ¢ 13.0 93 128
CugsCoys(BDC)TED, 14.0 9.7 1.33
CuysZnys(BDC)TED, ¢ 15.0 12.0 128
ZnysCoos(BDC)TED, 13.0 10.0 1.17
ZnsNigs(BDC)TED, 13.0 11.0 1.06
Cop sNigs(BDC)TED, 11.0 12.0 091
(a) Ni(BDC)TED, . Ni 856.1 (b) Cu(BDC)TED, .-Cu

Intensity (a.u.)

Cug25Nig375(BDC)TED 5-Cu ot

Intensity (a.u.)

Cu 2p,,

954.0

Binding energy (eV)

'l
970 965 960 955 950 945 940 935 930 925

Binding Energy (eV)

Figure 3. High-resolution (a) Ni 2p and (b) Cu 2p X-ray photoelectron spectroscopy (XPS) spectrum of Cu- or Ni-based M(BDC)TED,

samples.

species and the bimetallic atomic ratio. The position and
relative intensity of diffraction peaks of the three copper-
contanining M, ;Mo s(BDC)TED,s and Cu,Ni,_,(BDC)-
TED, series materials (except for Cug,sNig;5s(BDC)TED )
have no obvious change, indicating that the introduction of an
appropriate amount of copper ions into M(BDC)TED, will
not change the crystal structure. The diffraction peak position
of ZnysCoys (BDC)TED, is still the same as that of
M(BDC)TED,;, but the diffraction peak appears to be
broadened, which may be attributed to the reduction of the
crystal size. The diffraction peaks at 9.2° of Co,sNij
(BDC)TED,s appeared red-shifted, and the competitive
coordination of the two metal ions may cause lattice distortion,
and the main exposed crystal plane of the crystal is also
transformed to (001). The same phenomenon also appears in
Zngy Niy s(BDC)TED, s and Cuy,sNiy,s(BDC)TED . Fourier
transform infrared (FT-IR) characterization was also per-
formed on M(BDC)TED,j, and the result is shown in Figure
S3. FT-IR analysis displayed that using different metal ions to
synthesize M(BDC)TED, s has no significant impact on the
structure.

Inductively coupled plasma (ICP) analysis was performed
on the MysM,s(BDC)TEDy samples to investigate the
element content in the bimetal MOFs; the results are shown
in Table 1. We can see that the metal atom ratio in the actual
material is different from 1:1 used in synthesis, which indicates
that different metal ions have different interaction forces with
organic ligands. Among these metal ions, Cu®" ions have the
strongest electron-withdrawing ability, and it is easier to form

20084

stable complexes,”” resulting in a higher proportion of copper
ions in My M, s(BDC)TED .

XPS characterization was performed on Ni(BDC)TED,j,
Cu(BDC)TED,;, and Cuyg,sNig3,5 (BDC)TED, as typical
samples to study the states of Ni and Cu elements in the
M(BDC)TED,j, and the XPS spectra of Ni 2p and Cu 2p are
shown in Figure 3. Figure 3a shows that the Ni element in
Ni(BDC)TED, has two spin-orbit doublets at 856.1 and
873.7 eV, and the Ni element in Cuyg,sNij375(BDC)TED,
has two spin-orbit doublets at 855.9 and 873.5 eV. The binding
energy above is assigned to Ni 2p;,, and Ni 2p,,, peaks of
Ni**, respectively, and the characteristic peaks around 861.0
and 879.6 eV belong to the satellite peaks of Ni* *-** Figure 3b
shows that in monometallic and bimetallic MOFs, the binding
energies of the Cu element are almost the same, which has
obvious characteristic peaks at 934.1—934.2 eV and 954.0 eV,
corresponding to the Cu 2p;, and Cu 2p, , peaks of Cu**, and
other peaks in the range of 935—965 eV belong to the satellite
peaks of Cu®>".** The results show that metal ions exist in
divalent form in both monometallic MOFs and bimetallic
MOFs, and the introduction of bimetals does not change the
chemical state of metal ions.

Thermal analysis was performed on four kinds of M(BDC)-
TED, and three kinds of Cu-based bimetal M, M, (BDC)-
TED, 5 with better hydrogen adsorption capacity to investigate
their thermal stability, and the results are shown in Figure S4.
The thermogravimetric (TG) curve showed a two-step weight
loss in the range of 25—600 °C. Below 200 °C, the weight loss
is mainly due to the removal of adsorbed water and N,N-
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nitrogen adsorption—desorption isotherms of (d) M(BDC)TEDy, (e) MysM,s(BDC)TEDy;, and (f) Cu,Ni,_,(BDC)TED;.

dimethylformamide (DMF) molecules. When the temperature
exceeds 250 °C, the frame of the material gradually begins to
collapse, and the rate of weight loss increases significantly.
Among the monometallic MOFs, Cu(BDC)TED,; has the
worst thermal stability and begins to decompose at 300 °C
while Ni(BDC)TED has the best thermal stability, which can
reach up 400 °C. Because of the introduction of Ni ions with
good thermal stability, the thermal stability of
CuysNiy(BDC)TED, 5 has improved compared to that of
Cu(BDC)TED,, and the structure can remain stable at 350
°C. All in all, although the introduction of bimetals may lead to
a decrease in the thermal stability of MOFs, the MOFs still
maintain a high stability and satisfy the usage conditions for
hydrogen storage.

According to the above results, monometallic M(BDC)-
TEDys and bimetallic M M,_,(BDC)TED,; have been
successfully synthesized by a simple hydrothermal method.

The monometallic MOFs are more regular in morphology and
have a larger particle size while the bimetallic MOFs have a
smaller particle size and a more disorderly crystal morphology
with two metals evenly distributed in the structure. The
introduction of bimetals did not change the crystal structure of
the MOFs and the chemical properties of the metal and still
maintained good thermal stability. These are all favorable for
their use as a hydrogen storage material.

2.2, Gas Adsorption Capacity of M(BDC)TED, ;. The
hydrogen adsorption capacity and nitrogen adsorption—
desorption isotherms were tested under the conditions of 77
K and 0—1 bar. The adsorption experiment results are
summarized in Figure 4, and the hydrogen adsorption
isotherms are shown in Figures S5 and S6. The Langmuir
model assumes that the gas is adsorbed on the surface of the
material as a monolayer. However, on the surface of many
porous materials, adsorption was observed to occur in
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Table 2. Specific Surface Area and Pore Parameters of M(BDC)TED, ¢

sample Sger (m*/g) St (m*/g)
Zn(BDC)TED, 1089 1657
Ni(BDC)TED, 1259 1874
Co(BDC)TED, 1019 1507
Cu(BDC)TED, 496 738

pore volume (cm®/g)

micropore volume (cm®/g) average pore size (nm)

0.593 0.531 2.17
0.696 0.645 221
0.552 0.528 2.17
0.267 0.253 2.16

Table 3. Specific Surface Area and Pore Parameters of M, M, s(BDC)TED,

sample SpeT (mz/ g) Stz (mz/ g)
CuysNiys(BDC)TED, ¢ 1740 1993
Cuy5Coys(BDC)TED 4 1380 1566
CuysZngs(BDC)TED, ¢ 1326 1460
ZnysCo,s(BDC)TED, 1020 1088
ZnyNiys(BDC)TED, ¢ 892 979
Co,sNiys(BDC)TED, 865 933

pore volume (cm®/g)

micropore volume (cm®/g) average pore size (nm)

0.966 0.656 222
0.798 0.539 2.31
0.732 0.486 2.20
0.523 0.380 2.05
0.630 0.314 2.82
0.563 0.319 2.60

Table 4. Specific Surface Area and Pore Parameters of CuNi,_(BDC)TED,

sample Sger (m?/g) S (m*/g)
Cuyg75Nig,5(BDC)TED, 5 850 918
Cuy 623Nig 375(BDC) TED 5 1952 2128
Cup sNi s(BDC)TEDy 5 1740 1993
Cuy 37sNig 65(BDC) TED 5 1473 1598
CuysNig75(BDC)TED, 5 1284 1369

pore volume (cm®/g)

micropore volume (cm?/ g) average pore size (nm)

0.427 0.313 2.00
0.875 0.738 1.79
0.966 0.656 222
0.745 0.565 2.02
0.624 0.480 222

multilayers instead of a monolayer. Brunauer, Emmett, and
Teller proposed a multilayer adsorption model (BET) based
on the basic Langmuir model. Both the Langmuir model and
the BET model are commonly used methods to characterize
the specific surface area of porous materials. Although the BET
and Langmuir models do not accurately consider the
interactions between adsorbate molecules, nor between the
adsorbate molecules and the adsorbent molecules, the two
models are commonly used to characterize the specific surface
area of porous materials because of their simplicity.”> The BET
and Langmuir specific surface area and pore volume are
summarized in Tables 234. According to the nitrogen
adsorption isotherms in Figure 4, all the samples belong to
the type-I adsorption isotherm, which are typical microporous
materials and the adsorption capacity is determined by the
pore volume. This indicates that the introduction of bimetals
did not lead to changes in the pore structure of the samples.

Figure 4a shows the hydrogen adsorption capacity of the
monometallic M(BDC)TED, 5 samples, except for Cu(BDC)-
TED,s with a low adsorption capacity of 0.80 wt%; the
hydrogen adsorption capacity of M(BDC)TED, ¢ has reached
about 1.60 wt%. The Ni(BDC)TED,g sample reaches the
highest hydrogen adsorption capacity of 1.66 wt%. This huge
difference in the capacity of hydrogen adsorption is also
reflected in the specific surface area and pore volume. Among
monometallic MOFs, Ni(BDC)TED,; has the highest specific
surface area of 1259 m”/g and the largest micropore volume of
0.645 cm®/g, while the specific surface area of Cu(BDC)-
TED, is only 496 m*/g and the pore volume of micropores is
also the smallest. The fact that Ni(BDC)TED, 5 shows a higher
specific surface area and pore volume is consistent with
previous experimental results.”” The possible reason for the
larger specific surface area of Ni(BDC)TED; is that the larger
geometric pore volume or flexibility of the framework affects
the adsorption capacity for small-molecule gases, thereby
enhancing the material’s nitrogen adsorption capacity.”’ On
the opposite, Cu(BDC)TED,s may have more framework
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collapse or blockage under these synthesis conditions, which
greatly reduces the gas adsorption capacity.

Previous studies have proved that the hydrogen adsorption
capacity of MOFs is closely related to the specific surface area
and micropore pore volume, larger specific surface area, and
more micropore pore volumes which bring higher hydrogen
adsorption capacity.””*” To further improve the pore structure,
herein, M(BDC)TED,; is modified by the method of
constructing a bimetal structure. According to Figure 4b, the
hydrogen adsorption capacity of several Cu-containing
bimetallic MOFs has increased compared with that of the
monometallic M(BDC)TED, ;. Among them,
CuysNiys(BDC)TED, 5 has the most significant increase in
hydrogen adsorption capacity, reaching 1.97 wt%, which is an
increase of 146% compared with Cu(BDC)TED,;, and an
increase of 18% compared with Ni(BDC)TED,;. In terms of
pore structure, the Cu-containing bimetallic MOF samples also
have an improvement in the specific surface area and
micropore volume. The specific surface area of
CuysNigs(BDC)TED, ¢ reaches 1740 m’/g, which is 38%
higher than that of Ni(BDC)TED,;. Under the combined
effect of the increased specific surface area and micropore
volume, the hydrogen adsorption capacity of the bimetallic
MOFs is greatly increased. However, not all bimetal MOFs
have improved hydrogen adsorption capacity, the hydrogen
adsorption capacity of the bimetal MOFs synthesized by Zn—
Co, Zn—Nj, and Co—Ni structure has no improvement. This
may be attributed to the collapse or blockage of the framework
during the synthesis process, resulting in a decrease in the
specific surface area and pore volume, thereby reducing the
hydrogen adsorption capacity.

The Cu-based bimetal MOFs with better hydrogen
adsorption capacity were selected to study the optimal bimetal
atomic ratio for their hydrogen adsorption capacity, and the
results are shown in Figure 4c. Among the CuNi series
samples, Cug4,sNig375(BDC)TED, s shows the highest hydro-
gen adsorption capacity, reaching 2.04 wt%, which is 22%
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higher than that of Ni(BDC)TED,;. The improved hydrogen
adsorption capacity also corresponds to its developed pore
structure. Cuygg,5Nig3,5(BDC)TEDys has a huge specific
surface area of 1952 m*/g, and the micropore volume reaches
0.738 cm®/g. The previously reported surface area of the
M(BDC)TED, s materials ranges from 1100 to 1800 m?/g."”"®
In this work, the improvement of the specific surface area of
Cug ,sNi 375(BDC)TED, s may be attributed to the two metal
ions with different radii which make the pore structure of the
material more diverse. Meanwhile, the Cugg,Coq3,5(BDC)-
TEDy s and Cuy 3,570y ¢,5(BDC)TED, s have also achieved the
best hydrogen adsorption capacity in their bimetallic systems,
reaching 1.98 and 1.88 wt%, respectively.

The hydrogen storage seams to occur via physisorption that
obviously is a surface-related process. The hydrogen
adsorption capacity provided by the unit BET specific surface
area (H,/Sgpr) of each sample was analyzed and is shown in
Figure S. The H,/Spgr of M(BDC)TED,; has no obvious

Il Monometallic MOFs
B Bimetallic MOFs

0.0016

0.0014

0.0012

0.0010 | ‘ I

800 1000 1200 1400 1600 1800 2000
Sger (m¥/g)

H, adsorption capacity per SBET (wt%/m?/g)

Figure 5. Hydrogen adsorption capacity provided by Sger.

association with the monometallic or bimetallic structure,
ranging from 0.0010 to 0.0016 wt%. M(BDC)TED, s with Sggr
between 900 and 1400 m’/g has a larger H,/Sgpr. The H,/
Sger of ZngCoys(BDC)TED, ¢ reached 0.00164 wt%, which
was the highest value among all samples. When Sgp1 exceeds
1400 m*/g, H,/Spgr gradually decreases with the increase of
Sger- CuggysNig375(BDC)TED,;, which has the highest
hydrogen adsorption capacity and the largest Sypr, has the
smallest H,/Sggr. Because H, is preferentially adsorbed on the
sites with higher hydrogen affinity, the huge specific surface
area of CuygsNiy3,5(BDC)TED, is difficult to be fully
utilized for hydrogen adsorption.”’ However, as the adsorption
pressure increases, the hydrogen adsorption capacity of MOFs
is almost linearly related to the Sppr, so CuggysNig3,5(BDC)-
TED, has the greatest hydrogen storage potential."

More detailed adsorption isotherm studies and adsorption
thermodynamic calculations were carried out on the materials
to further study the hydrogen adsorption behavior of MOF
materials. The Langmuir, Freundlich, and Toth adsorption
isotherm models were used to fit the hydrogen isotherms of
CugsNig375(BDC)TEDys at 77 and 273 K (Figure S7),
respectively. The fitting parameters and correlation coeflicient
values are shown in Table S.

Table S. Model Parameters of Adsorption Isotherms of
Hydrogen in Cuy¢,sNij 3,5(BDC)TED, ¢

temperature K m N R?
Langmuir 77 0.873 4.385 0.999
273 0.056 0.161 0.999
Freundlich 77 2.078 1.438 0.996
273 0.008 1.115 0.999
Toth 77 5.225 0.792 1.150 0.999
273 0.001 2.417 0.196 0.999

The R? of the adsorption behavior of hydrogen molecules on
Cuy6,sNig375(BDC)TED, s fitted by Langmuir and Toth
adsorption isotherms is above 0.999. Because the specific
value of the parameter n in the Toth model needs to be
determined by experimental data, which is inconvenient, the
Langmuir model is finally used to fit the adsorption isotherm
of hydrogen on MOFs. The hydrogen adsorption isotherm of
Cuy65Nig375(BDC)TEDys can be approximated as the
Langmuir model. This means that the adsorption of hydrogen
takes place at specific homogeneous sites and hydrogen
adsorbs on the MOF surface as a monolayer. According to
the adsorption isotherm obtained by fitting the Langmuir
model, the hydrogen adsorption heat (Q,) on
Cug65Nig375(BDC)TED, 5 was calculated by the Clausius—
Clapeyron equation and is shown in Figure 6. The Q, on
Cug ,sNig375(BDC)TED, s is about 5.7—5.9 kJ/mol and nearly
independent of hydrogen uptake, which is similar to the
previous findings by Liu et al.”®

10

Q, (kJ/mol)

0 L L M M
0.0 0.5 1.0 1.5 2.0

Hydrogen uptake (wt%)

Figure 6. Hydrogen adsorption heat of Cuy ¢,5Nij 375 (BDC)TED, at
77 K.

The hydrogen adsorption capacity cycling test was
performed on Cuyg,Nig3,s (BDC)TEDgs as described in
Section 4.5 to investigate the regeneration performance and
adsorption stability of the adsorbent. Figure 7a shows four sets
of hydrogen adsorption—desorption cycle isotherms of
Cug sNig375(BDC)TED, 5. With the decrease of the adsorp-
tion pressure, the hydrogen adsorbed in Cuy,sNig375(BDC)-
TEDy; can be almost completely desorbed, indicating the
good regeneration performance of the adsorbent. From Figure
7b, it can be seen that after 20 times adsorption—desorption
processes, the hydrogen adsorption capacity of
Cug;sNig375(BDC)TED, s had no significant decrease and
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Figure 7. (a) Hydrogen adsorption—desorption isotherms. (b) Cyclic adsorption capacity of Cuy,sNig375(BDC)TEDs.

Table 6. Hydrogen Adsorption Capacity Comparison of Selected MOFs at 77 K and 1 bar

MOFs Sger (m?/g) micropore pore volume (cm®/g) hydrogen adsorption capacity (wt%) references
MOF—74(Mg) 1705 220 29
MOE-§ 981 0.38 1.90 30
MOE-74(Zn) 850 039 2.16 (10 bar) 31
MIL-101(Cr) 1716 023 1.90 32
UIO-66 1186 0.49 1.50 32
Cu-BTC 945 0.40 1.12 2
Zn-Z1F-8 1131 1.26 15
Ni(BDC)TEDy 1259 0.65 1.66 this work
Cu/Ni-BTC 938 0.31 1.60 2
Cu/Zn-BTC 828 0.38 1.63 2
Co/Zn-ZIF-8 1571 1.55 15
Coy4Zngs-MOE-74 1110 0.34 3.08 (10 bar) 31
Cog Znsy MOE-74 820 0.39 2.73 (10 bar) 31
Cug 6>sNig 375(BDC) TED ¢ 1952 0.74 2.04 this work
Cuy5Coy5(BDC)TED 5 1380 0.49 1.78 this work
CuysZn,s(BDC)TED, 5 1326 0.38 1.82 this work

remained at about 2.04 wt%. At the same time, the crystal
structure of Cug,sNig3,5(BDC)TED, s was also characterized
(Figure S8), and the results showed that there was no obvious
change in the XRD patterns before and after adsorption,
indicating that hydrogen adsorption will not affect the crystal
structure. The above analysis shows that the bimetal
MM,_,(BDC)TED, has good hydrogen adsorption stability.

2.3. Comparison of Hydrogen Adsorption Capacity
with Other MOFs. Table 6 lists the hydrogen adsorption
capacity, BET specific surface area, and micropore volume of
some MOFs used for hydrogen storage. As mentioned above,
the hydrogen adsorption capacity of MOFs is jointly affected
by their specific surface area, pore volume, pore size and
unsaturated metal sites. The specific surface area and pore
structure of Cu-BTC and Cu-Zn-BTC are almost the same.
With the introduction of Zn ions, the unsaturated metal sites in
Cu-Zn-BTC increased, which increased the affinity between
MOFs and hydrogen, thus increasing the hydrogen adsorption
capacity from 1.12 to 1.63 wt%. The same phenomenon also
appears in Zn-MOF-74, after the introduction of cobalt ions,
the hydrogen adsorption capacity of the Co-Zn-MOF-74 is
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greatly improved.’’ In addition, previous studies also found
that the introduction of bimetallic structures may be beneficial
to expand the pore structure of MOFs. The specific surface
area of Zn-ZIF-8 increased from 1131 to 1571 m*/g after the
introduction of cobalt ions, and the hydrogen adsorption
capacity increased by 239%, reaching 1.55 wt%."> As shown in
Table S, Mg-MOEF-74 not only possesses a large number of
unsaturated metal sites but also has a developed pore structure,
thus leading to a great hydrogen adsorption capacity of 2.2 wt
%. Because of the relatively smaller interaction force between
MOFs and hydrogen,” the hydrogen adsorption capacity of
MOFs at 77 K and 1 bar is often lower than 2.5 wt%. The
Cug,sNig375(BDC)TED, 5 synthesized in this work has a
hydrogen adsorption capacity of 2.04 wt% at 77 K and 1 bar.
Compared with the bimetallic MOFs such as Co-Zn-ZIF-8 and
Cu-Zn-BTC, the hydrogen adsorption capacity of Cuy4,sNig 375
(BDC)TED,; is further improved and even close to the
hydrogen adsorption capacity of CoZn-MOF-74 at 10 bar.
Overall, CuggsNig375(BDC)TED,s accounts for a relatively
higher hydrogen adsorption capacity in comparison with other
MOFs under the same testing conditions. This improvement in
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hydrogen adsorption capacity is attributed to the fully
expanded pore structure due to the construction of the
bimetallic structure, indicating that it is feasible to prepare
porous materials with high hydrogen adsorption capacity by
constructing bimetallic structure MOF materials.

In conclusion, the advantages of Cuy¢,sNig375(BDC)TED
lie in high hydrogen adsorption capacity, good adsorption
cycle, and improved thermal stability, and it is expected to be
well applied in the field of hydrogen storage. However,
previous studies have shown that the water stability of
M(BDC)TED, series materials is generally poor, and long-
term exposure to water molecules in the air will weaken the gas
adsorption capacity of the materials.”* Related issues remain to

be further studied.

3. CONCLUSIONS

M(BDC)TEDys (M = Zn, Cu, Co, Ni) were synthesized by
the hydrothermal method and modified to improve the
hydrogen adsorption capacity by constructing a bimetallic
structure. The characterization results showed that introducing
an appropriate amount of metal ions can isomorphically
replace a part of metal ions in the samples of Zn(BDC)TEDy,
Co(BDC)TEDys, and Ni(BDC)TED,s, which can still
maintain the original crystal structure. The gas adsorption
experiment proved that the introduction of a suitable bimetal
structure into the M(BDC)TED,; MOFs can not only
effectively improve the physical hydrogen adsorption capacity
but also has a significant impact on its physical properties such
as specific surface area and pore size, which can explain the
reason for the improvement of hydrogen adsorption capacity.
Typically, among the bimetal MOFs, Cuy,sNij375(BDC)-
TED, 5 shows the largest specific surface area of 1952 m?/g
and the highest hydrogen adsorption capacity of 2.04 wt%,
which is 22% higher than that of Ni(BDC)TED, 5. The method
of building a bimetallic structure to improve the hydrogen
adsorption capacity of MOFs can provide new ideas for the
optimization of the hydrogen adsorption capacity of MOFs.

4. EXPERIMENTAL SECTION

4.1. Experimental Chemicals. Zn(NO;),-6H,0 (98%),
Ni(NO;),-6H,0 (99%), Co(NO;),-6H,0 (99%), and Cu-
(NO;),-6H,0 (99%) were purchased from Shanghai Titan
Technology Co., Ltd. 1,4 phthalic acid (H,BDC, 99%), 1,4-
diazabicyclo[2.2.2] octane (TED, 98%), DMF (99%), and
methanol (98%) were purchased from Beijing Yinuokai
Technology Co., Ltd. All chemicals were used directly without
further purification.

4.2. Synthesis of M(BDC)TED, 5. The synthesis method of
M(BDC)TED, s adopted the previously reported experimental
procedure,”* and here Zn(BDC)TED, is taken as an example
to introduce the synthesis method. First, a certain mass of zinc
nitrate hexahydrate (1.44 g), terephthalic acid (H,BDC, 0.54
g), and 14-diazabicyclo[2.2.2]octane (TED, 0.91 g) was
dissolved in 50 mL of DMF. The incompletely dissolved mixed
solution was transferred to ultrasonic treatment for 15 min,
and then the mixed solution was placed in a magnetic stirrer
and fully stir for 15 min until the solution clarifies. The
solution was transferred to a 100 mL PTFE lining of the
stainless steel reactor and kept at 120 °C for 48 h. After cooling
the reactor to room temperature, the reaction solution was
centrifuged at 11,000 rpm for 5 min, and the supernatant was
washed with methanol three times. Then, the cleaned crystals

were vacuum-dried at 100 °C for 12 h to obtain the
Zn(BDC)TED,; sample. The other M(BDC)TED,; was
synthesized by replacing zinc nitrate hexahydrate with the
same molar amount of corresponding nitrate hydrate.

4.3. Synthesis of Bimetal M,M,_,(BDC)TED,;. The
synthesis method of M,\M,_,(BDC)TEDy; is similar to that of
M(BDC)TEDy;. First, a certain amount of two metal nitrate
hydrates (total 4.9 mmol), terephthalic acid (0.54 g), and 1,4-
diazabicyclo[2.2.2]octane (0.91 g) were dissolved in SO mL
N,N-dimethylformamide. Then, the resultant mixture was
subjected to ultrasonic treatment for 15 min and stirred for 15
min until the solution is clear. The subsequent crystallization
and activation process is consistent with monometallic
M(BDC)TED, and the detailed synthesis method is shown
in the Supporting Information.

4.4. Characterization. Powder XRD patterns were
obtained on a RigakuD/max 2550 VB/PC, and the 26 range
was from 5° to 80°. ICP mass spectrometry analysis was
performed on an Inductively Coupled Plasma Atomic
Emission Spectrometer. FT-IR analysis was performed on a
Nicolet 6700 Fourier Infrared Spectrometer. SEM and EDS
were performed on a GeminiSEM 500 field emission to scan
electron microscope. The surfaces were characterized using a
Thermo ESCALAB 250XI XPS system. TG analysis was
carried out on the thermogravimetric-differential thermal
simultaneous thermal analyzer STA 449 F3, the test was
carried out in nitrogen, the heating rate was 10 °C min~}, and
the test temperature range was 25—650 °C.

4.5. Hydrogen Adsorption Measurements. The hydro-
gen adsorption capacity was performed on a Micromeritics
ASAP2460. All adsorption data were obtained using ultrahigh
purity gases (99.999%). The physical adsorption experiment
was carried out at 77 K and 0—1 bar. Before analysis, the MOF
samples (100 mg) were outgassed in the analysis tube under
vacuum with heating up to 170 °C, which is sufficient to
remove solvent molecules without thermal decomposition or
loss of framework crystallinity.

During the hydrogen cycle adsorption test, the samples were
continuously subjected to adsorption—desorption operations
for 20 cycles, and the hydrogen adsorption capacity of the
samples was recorded when the pressure was 1 bar each time.

4.6. Nitrogen Adsorption Measurements. The nitrogen
adsorption isotherm, specific surface area, and pore structure
data were recorded on a Micromeritics ASAP2460. All
adsorption data were obtained using ultrahigh-purity gases
(99.999%). The physical adsorption experiment was carried
out at 77 K and 0—1 bar. The nitrogen adsorption data used
calculation of the apparent surface areas based on BET
equations, and the pore structure based on Barrett—Joyner—
Halenda equations.

4.7. Adsorption Isotherm Model. Equilibrium relation-
ships between the adsorbent and adsorbate are described by
adsorption isotherms. The hydrogen adsorption isotherms of
MOFs are fitted by Langmuir and Freundlich and Toth
adsorption isotherms.*

The Langmuir isotherm is given as:

q KP
T ke ()
where ¢, q,,, K, and P are the hydrogen adsorption capacity,
maximum adsorption capacity, Langmuir constant, and

equilibrium pressure.
The Freundich isotherm is given as:
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/n
q, = KP' @)

where g, K, P, and n are the hydrogen adsorption capacity,
adsorption equilibrium constant, adsorption pressure, and
adsorption intensity constant.

The Toth adsorption isotherm is given as:

B q KP
70+ ey 3)

where g, .., K, P, and n are the hydrogen adsorption capacity,
maximum adsorption capacity, adsorption equilibrium con-
stant, adsorption pressure, and surface property parameter.

According to the adsorption isotherm equation, the
hydrogen adsorption heat on the MOFs is calculated by the
Clausius—Clapeyron equation:

Q, d(In PHz)

R [l
4(3) o
where Qg R, T, and Py, are the hydrogen adsorption heat, gas

constant, hydrogen adsorption temperature, and hydrogen
adsorption equilibrium pressure.
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