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Facile one-pot solvothermal preparation of two-
dimensional Ni-based metal—organic framework
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materialt
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We report a facile one-pot solvothermal way to prepare two-dimensional Ni-based metal-organic
framework microsheets (Ni-MOFms) using only Ni precursor and ligand without any surfactant. The Ni-
MOFms exhibit good specific capacities (91.4 and 60.0 C g~ at 2 and 10 A g2, respectively) and long-
term stability in 5000 cycles when used for a supercapacitor electrode.

With the continuous growth of energy demand worldwide, high-
performance, environmental-friendly, and low-cost energy
storage devices have attracted extensive research interest.'”
Among them, supercapacitors are considered most promising
because of their high power density, long lifespan, and fast
charging/discharging speed.*® To date, numerous materials
have been explored for fabricating supercapacitors. Carbon
materials have been usually used for electrical double-layer
capacitors (EDLCs), including carbon fibers, carbon nano-
tubes, carbon spheres, carbon aerogels, and graphene,”* while
conducting redox polymers and transition metal oxides/
hydroxides are widely explored as active materials for pseudo-
capacitance and battery-type electrodes.***¢

Metal-organic frameworks (MOFs), a porous crystalline
material composed of metal nodes and organic linkers, have
been widely applied in versatile fields including chemical
sensors, catalysis, separation, biomedicine, and gained more
and more attention in the area of energy storage.'’>* Recently,
two-dimensional (2D) MOFs have aroused great interest as
a new kind of 2D materials.”**” Compared with traditional bulk
MOFs, 2D MOFs possess distinctive properties, such as short
ion transport distances, abundant active sites, and high aspect
ratios, making them exhibit better performance than their bulk
counterparts.”®*> Bottom-up methods are generally adopted to
prepare 2D MOFs with the addition of surfactants to control the
growth of MOFs in a specific direction.**-*> However, the use of
surfactants inevitably blocks part of the active sites at the
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expense of the performance of materials. Therefore, it is highly
necessary to explore and develop a direct solvothermal
synthesis of 2D MOFs with the advantages of additive-free,
simple operation, and easy scale-up.

Herein, we report a facile one-pot solvothermal method to
synthesize 2D Ni-based MOF microsheets (denoted as Ni-
MOFms) by treating nickel chloride hexahydrate (NiCl,-6H,0,
the metal precursor) together with the trimesic acid (H3BTC, the
ligand) in a mixed solvent of N,N-dimethylformamide (DMF),
ethanol (EtOH) and H,O. During the whole preparation process,
only Ni precursor and the ligand are used while no surfactant is
added. When used as active materials for a supercapacitor
electrode, the obtained Ni-MOFms displayed excellent revers-
ibility and rate performance. It also exhibited specific capacities
of 91.4 and 60.0 C g " at 2 and 10 A g™ ', respectively. Besides,
they showed a good cycling performance in 5000 cycles with
about 70% of the specific capacity and almost 100% of the
coulombic efficiency maintained.

Morphologies of the Ni-MOFms were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As shown in Fig. 1a and b, the Ni-MOFms
were successfully fabricated via the facile one-pot sol-
vothermal method with varying lateral sizes on the micron
scale. Energy dispersive spectroscopy (EDS) mapping indicated
that the obtained microsheets were mainly composed of C, O,
and Ni. A trace amount of N was also observed, which could be
attributed to the residual DMF in the mixed solvent (Fig. 1c).
These elements were uniformly distributed throughout the
whole microsheet. To measure the exact thickness of the Ni-
MOFms, atomic force microscopy (AFM) was used. Fig. 1d
showed that the thickness of the microsheet was about 58 nm.
Considering the large lateral size, even such thickness could
produce a relatively high aspect ratio, which is beneficial to the
electrochemical performance.
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Fig. 1 (a) TEM image, (b) SEM image, (c) EDS mapping, and (d) AFM
image and the corresponding height profile of the Ni-MOFms.

The composition information of the Ni-MOFms was
analyzed by X-ray diffraction (XRD) and the resulting diffraction
pattern was shown in Fig. 2a. It was clear that the sample was
a crystalline material. However, the exact structure was difficult
to determine because no matching MOF structure has been
found. Therefore, the structure of the Ni-MOFms was further
confirmed by Fourier transform infrared spectroscopy (FT-IR).
As shown in Fig. 2b, there was a sharp peak at 1721 cm ™" for
H;BTC, which could be ascribed to the stretching vibration of
C=O0 in the nonionized carboxyl group.*® For the Ni-MOFms,
the peak at this location disappeared while four new peaks
appeared. Bands at 1634 and 1557 cm ™ were related to the
asymmetric stretching vibration of carboxylate ions (-COO™)
and peaks at 1433 and 1371 cm™ ' were the characteristic peaks
of the symmetric stretching vibration of -COO™.*?** All these
changes indicate that the ligand interacted well with the metal
precursor.

The chemical status and surface composition of the Ni-
MOFms were further examined by X-ray photoelectron spec-
troscopy (XPS). From Fig. S1at we could see that the Ni-MOFms
were composed of C, O, Ni, and N, which was consistent with
the result of EDS mapping. High-resolution spectra of C 1s, Ni
2p, O 1s, and N 1s were shown in Fig. S1b-e.f Characteristic
peaks of C 1s at 288.27, 286.50, 285.85, and 284.80 eV were
related to O=C-OH, C-O, C-C, and C=C, respectively, sug-
gesting the presence of H;BTC (Fig. S1b¥).*® The Ni 2p spectrum
showed two peaks at 873.32 and 855.77 eV, which could be
ascribed to Ni 2p,/, and Ni 2p;,,, respectively, together with two
satellite peaks at 879.26 and 861.05 eV, verifying the existence of
Ni*" (Fig. S1ct).* In the O 1s region, bands positioned at 532.94
and 531.40 eV could be ascribed to the adsorbed H,O molecules
on the surface of Ni-MOFms and typical metal-oxygen bonds,
respectively, further corroborating the coordination between

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD pattern of the Ni-MOFm:s. (b) FT-IR spectra of HsBTC
and the Ni-MOFms.

H3;BTC and Ni** (Fig. S1dt).*® Finally, the high-resolution
spectrum of N 1s was also analyzed (Fig. Slet). There were
two main peaks at 400.18 and 402.21 eV that could be ascribed
to neutral amine and charged nitrogen, respectively,** further
proving the residual DMF on the Ni-MOFms surface.

To explore the crucial factors in the formation process of the
Ni-MOFms, the reaction time and temperature, the solvent, the
ligand addition amount, and the ligand type were studied. As
shown in Fig. S2,t different crystalline materials were obtained
at different reaction times. With the increase of reaction time,
the material gradually changed from sphere to sheet. The
reaction temperature is another crucial factor. At 120 °C, the
material was amorphous and spherical. When the temperature
rose, the crystal formed and appeared as microsheets (Fig. S37).
The effect of solvent was illustrated in Fig. S4.f Microsheets
could not be synthesized in DMF or DMF with a small amount
of EtOH. In the mixed solvent of DMF and H,O, crystals could
be prepared, indicating the vital role of H,O. However, spheres
existed in the products. Only when a mixture of DMF, EtOH, and
H,O with a certain proportion was used as the solvent, the Ni-
MOFms could be obtained. Furthermore, we investigated the
effect of the ligand addition amount. From Fig. 1 and S5} we
can see that the Ni-MOFms crystals formed when the molar
ratio of Ni precursor and H;BTC was 1 : 2 (Fig. 1). We speculated
that ligands could simultaneously act as regulators to adjust the
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Fig. 3 Electrochemical measurements of the Ni-MOFms. (a) CV
curves at different scan rates. (b) GCD curves at various current
densities and (c) corresponding specific capacities. (d) The EIS Nyquist
plot at the bias potential of 0.4 V and the equivalent circuit model with
the fitted plots (the red dots).

morphology of materials, avoiding the use of additional
surfactants. When the ligand was replaced with 2-methyl-
imidazole (2-MI) or terephthalic acid (H,BDC), flower-like
crystals rather than microsheets were obtained (Fig. S67),
indicating the importance of the ligand type. Taking the above
factors into account, we could finally determine the suitable
conditions for preparing the Ni-MOFms (see the experimental
section in ESIY).

The potential application of the Ni-MOFms in super-
capacitors was first tested by cyclic voltammetry (CV) in 3 M
KOH between 0 and 0.4 V (vs. saturated calomel electrode, SCE).
As can be seen from Fig. 3a, all CV curves had similar shapes
and the peak currents improved gradually as the scan rate
increased, suggesting the good capacitive behavior of the Ni-
MOFms electrode.*> When the scan rate was as high as
150 mV s ', redox peaks could still be observed, which
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Fig. 4 Cycle property of Ni-MOFms at 10 A g~*. Inset: GCD curves of
the first 10 cycles (left) and the last 10 cycles (right).
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indicated the excellent rate performance and kinetic revers-
ibility.** Besides, as the scan rate went up from 10 to 150 mV s~ ',
the reduction and oxidation peaks moved towards negative and
positive potential, respectively, demonstrating the electrode
polarization at large scan rates.*

The galvanostatic charge-discharge (GCD) behavior was
further investigated to assess the coulombic efficiency and the
specific capacity of the Ni-MOFms (see the ESIf for detailed
calculation method).**** As shown in Fig. 3b, the shape of GCD
curves was highly symmetric during charging and discharging,
indicating that the coulombic efficiency of Ni-MOFms was
almost 100% at various current densities. The specific capac-
ities of 91.4, 78.4, 71.4, 64.0, and 60.0 C g~ ' were achieved at
current densities of 2, 4, 6, 8, and 10 A g~ ' (Fig. 3c), respectively,
demonstrating the excellent rate capability with about 65.6% of
the specific capacity maintained from 2 to 10 A g~ . The specific
capacity at 2 A g~ ' was comparable with or even superior to that
of some MOF materials reported in the literatures (Table
Sl_f.)‘u—so

The kinetics of the electroanalytical process was then
investigated by electrochemical impedance spectroscopy (EIS).
Fig. 3d showed the Nyquist plot of Ni-MOFms from 0.01 to
100000 Hz and the corresponding equivalent circuit model
(inset) with the fitted plots. CPE was the constant phase element
related to the double layer capacity.”® The equivalent series
resistance was denoted by R, and its value obtained from the x-
axis intercept was about 2.1 Q, indicating the low resistance of
the solution.*® R, represented the charge-transfer resistance at
the interface of the electrode and electrolyte.*> For Ni-MOFms,
the value of R, was up to 147.1 Q, which could be attributed
to the poor conductivity of MOF materials.

The long-term stability of Ni-MOFms was also explored by
charging-discharging at 10 A g~ * for 5000 consecutive cycles.
From Fig. 4 we could see that the specific capacity retention
remained about 70% after 5000 cycles and the coulombic effi-
ciency was maintained at almost 100% throughout the whole
process. Furthermore, the inset in Fig. 4 exhibited that the GCD
curves of the last 10 cycles were the same as the first 10 cycles,
indicating excellent cycling stability.

Conclusions

In conclusion, a facile one-pot solvothermal approach has been
put forward to prepare 2D Ni-based metal-organic framework
microsheets (Ni-MOFms) with only metal precursor and the
ligand. When applied in supercapacitors, the obtained
composite displayed specific capacities of 91.4 and 60.0 C g™ " at
2 and 10 A g~', respectively. Furthermore, they exhibited
excellent cycling performance with about 70% of the specific
capacity and almost 100% of the coulombic efficiency main-
tained after 5000 cycles. It is expected that this facile strategy
could be helpful to design various 2D materials for diverse
applications.
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