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Developing metal-organic framework (MOF)-based materials with good cyclic stability is the key to
their practical application. Fluorinated organic compounds are usually highly chemically stability due to
the high electronegativity of fluorine. Also, the pillared-layer structures based on coordination bonds
have better structure and thermal stability than those based on hydrogen bonds. Herein, the fluori-
nated pillared-layer [Ni(2,3,4,5-tetrafluorobenzoic acid)(4,4’-bipyridine)], MOF ([Ni(TFBA)(Bpy)],) mate-
rials were constructed through a facile room-temperature solution reaction and used as electrode ma-
terials for supercapacitors. Surprisingly, the size/morphology of Ni(TFBA)(Bpy)]n MOFs could be adjusted
by varying the synthesis time. Benefting from the short ion diffusion length, unique pillar-layer struc-
ture, and strong intercomponent synergy of organic ligands, the Ni(TFBA)(Bpy)], MOF microrods showed
a higher electrochemical energy storage capability than bulk MOFs. At the same time, compared to the
non-fluorinated [Ni(benzoic acid)(Bpy)], MOFs (31.5% capacitance decay), the fluorinated Ni(TFBA)(Bpy)ln

MOFs have a higher cycle stability with only 2.6% capacitance loss after 5000 cycles at 3 mA/cm?.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a kind of crystal materials showing large surface area, di-
verse structure, and tunable pore size, metal-organic frameworks
(MOFs) have inducted extensive attention in many areas, includ-
ing gas storage and separation [1-3], catalysis [4-6], batteries [7,8],
supercapacitors [9-11], and so on. However, it cannot be ignored
that there are still some shortcomings in MOFs, which prevent
MOFs from realizing its full potential to a large extent [12,13].
For instance, the poor conductivity and chemical stability of MOFs
make it unable to perform optimally in the field of electrochem-
istry [14,15]. It is necessary to study the efficient way to improve
the conductivity and chemical stability of MOFs.

To solve the problem of poor conductivity, an idea is to syn-
thesize micro/nano-sized MOF materials [16-18]. Micro/Nano-sized
MOF materials with size-dependent physical-chemical properties
and shorter diffusion pathways have great potential for electro-
chemical applications compared with bulk MOF materials [19,20].
In terms of improving chemical stability of MOFs, fluorinated or-
ganic molecules exhibit special characteristics of low surface ten-
sion and surface free energy because of the extremely high elec-
tronegativity and small radius/polarizability of fluorine [21,22].
MOFs composed of fluorinated organic ligands usually have low
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surface tension and surface energy, high chemical stability and
hydrophobicity [23,24]. In addition, “pillar-layer” method was re-
cently proposed to construct 3D porous MOFs, which connect 2D
layered structures with 1D pillar structures [25]. The pillared-layer
3D porous structures based on coordination bonds have better
structure and thermal stability, which are more attractive than
those based on hydrogen bonds [26].

Inspired by these guidelines, we designed and synthesized a se-
ries of the fluorinated pillared-layer [Ni(TFBA)(Bpy)]n MOF mate-
rials with dual organic ligands: TFBA = 2,3,4,5-tetrafluorobenzoic
acid, and Bpy = 4,4'-bipyridine, via a facile room-temperature so-
lution reaction. On the basis of the hard-soft-acid-base (HSAB)
principle [27], the Nil! soft metal center and N atoms of the soft
base Bpy are connected to form the stable 1D Ni-Bpy pillars. The
fluorinated 2D Ni-TFBA layer-like structures are bridged by the sta-
ble 1D Ni-Bpy pillars to further expand into a 3D structure via
the strong Ni-N bonds. Furthermore, by regulating the reaction
time, the size of the fluorinated [Ni(TFBA)(Bpy)ln MOFs become
smaller, from the bulk MOFs to MOF microrods. Compared with
the bulk MOFs, the MOF microrods reveal a much higher elec-
trochemical energy storage capability. Also, the fluorinated MOF
microrods show remarkable cycling properties after 5000 cycles
with 97.4% capacitance retention at 3 mA/cm?, while the non-
fluorinated MOFs were only 68.5%.

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Schematic representation of the synthesis of [Ni(TFBA)(Bpy)], MOFs. (b)
SEM image, (c) TEM image, (d, e) HAADF-STEM images and elemental mapping of
C-K, N-K, 0-K, F-K, and Ni-K of the as-prepared [Ni(TFBA)(Bpy)], MOF microrods
obtained after stirring 48 h.

The fluorinated pillar-layer [Ni(TFBA)(Bpy)]n MOFs with dual or-
ganic ligands (TFBA and Bpy) were constructed via a facile room-
temperature solution reaction for different times (2, 24, 48 and
72 h). In the structures of MOFs, TFBA ligands link Ni%* to form
2D Ni-TFBA layers, and then these 2D Ni-TFBA layers can be as-
sembled by Bpy pillars along 1D direction to construct 3D porous
pillar-layer [Ni(TFBA)(Bpy)]n MOFs (Fig. 1a). More importantly, the
Ni-TFBA layer is surrounded by F-containing groups with high hy-
drophobicity, effectively improving the stability of pillar-layer MOF
[22,24]. Also, this type of pillar-layer MOF with the strong Ni-N
coordination bonds formed by soft-acid Ni%*cations with Bpy soft
organic ligand has better stability based on the HSAB principle,
which are more attractive than hydrogen bonds or Ni-O coordina-
tion bonds (formed by soft-acid metal cations with carboxylic acid
hard ligands) [25,28]. The morphology of [Ni(TFBA)(Bpy)]n» MOFs
(2, 24, 48 and 72 h) was examined via SEM (scanning electron
microscopy) and TEM (transmission electron microscopy). As ob-
served in Figs. 1b and c, the as-obtained [Ni(TFBA)(Bpy)]n MOF
(48 h) displays microrod-like with diameter of 200 nm. SEM im-
ages of [Ni(TFBA)(Bpy)ln MOFs (2 h, 24 h, and 72 h) are displayed
in Fig. S1 (Supporting information), many non-uniform bulk crys-
tals were observed for [Ni(TFBA)(Bpy)]n MOF (2 h). As the reaction
time increased from 2 h to 24 h, part of the bulk MOFs were trans-
formed into MOF microrods, and until increased to 48 h, the bulk
MOFs were completely transformed into uniform MOF microrods.
As the reaction time continued to increase to 72 h, the MOF micro-
rods morphologies were damaged and their size increased. Subse-
quently, the HAADF-STEM (high-angle annular dark-field scanning
TEM) and elemental mapping confirm that the uniform distribu-
tion of the C, N, O, F, and Ni species in the samples (Figs. 1d and
e, Fig. S2 in Supporting information).

The crystalline phases and crystallinity of the as-obtained
[Ni(TFBA)(Bpy)]n MOFs were studied through X-ray powder
diffraction (XRD) technique. Fig. 2a reveals XRD patterns of
[Ni(TFBA)(Bpy)]ln MOFs, the diffraction patterns of which are
in accord with a simulated pattern from the earlier re-
ported single-crystal data (CCDC737134) [29,30], confirming
that [Ni(TFBA)(Bpy)ln MOFs were successfully synthesized. Also,
[Ni(TFBA)(Bpy)]n MOFs (48 h) demonstrates good crystallinity. Fig.
S3 (Supporting information) displays the Fourier Transform In-
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Fig. 2. (a) XRD patterns, and XPS spectra of [Ni(TFBA)(Bpy)]n MOFs obtained from
different reaction times: (b) survey, (c) C 1s and (d) F 1s.

frared Spectroscopy (FTIR) spectra of [Ni(TFBA)(Bpy)]n MOFs, TFBA,
and Bpy. The as-prepared [Ni(TFBA)(Bpy)ln MOFs present two
peaks at 1372 and 1613 cm~! belong to the symmetric and asym-
metric stretching modes of coordinated -COO~ groups, respec-
tively, which is different from the bands of the —-COOH group
of the TFBA, suggesting that the monodentate coordination mode
of the carboxyl group to the Ni2*. For Bpy, the characteristic
bands at approximately 1587, 1482, and 1406 cm~! result from
C=C stretching of the benzene ring. The bands in the 800-1215
cm~! range can be ascribed to aromatic C-H stretching vibra-
tions. Also, [Ni(TFBA)(Bpy)ln MOFs reveal the characteristic ad-
sorption peaks of the Bpy, indicating the existence of coordinate
bonds between Ni?t and Bpy ligand. In addition to the above,
a new band at 629 cm~! is associated with Ni-O that appears
in [Ni(TFBA)(Bpy)]n MOFs. X-ray photoelectron spectroscopy (XPS)
spectra of [Ni(TFBA)(Bpy)]n MOFs (Fig. 2b) shows the existence of
Ni, N, F, O, and C in the samples. Fig. S4a (Supporting information)
shows that the peaks of Ni 2p;, and Ni 2p;), are generated by
the spin-orbit characteristics of Ni2*. The N 1s XPS peaks can be
segmented into two peaks at 399.8 eV and 399.1 eV corresponding
to Ni-N and pyridinic N (Fig. S4b in Supporting information) [31].
The fitted C 1s spectrums of the samples are shown in Fig. 2c, and
the peak located at 285.0, 285.7, 287.2, 287.7, 288.5 and 292.8 eV
can be assigned to C=C-C, C-N/C-0, C=0, 0=C-0, semi-ionic C-
F, and covalent C-F, respectively [32,33]. In addition, the presence
of semi-ionic C-F (687.6 eV) and covalent C-F (689.5 eV) species
is further verified by the F 1s spectra (Fig. 2d) [34]. Meanwhile,
the O 1s spectra also confirmed the presence of C=0 (530.9 eV)
and 0=C-0 (531.8 eV) species (Fig. S4c in Supporting information)
[33].

The electrochemical behaviors of the as-prepared
[Ni(TFBA)(Bpy)ln MOFs were studied by three-electrode sys-
tem in 3 mol/L KOH. Fig. S5 (Supporting information) shows cyclic
voltammetry (CV) and galvanostatic charge-discharge (GCD) curves
for the [Ni(TFBA)(Bpy)ln MOF (48 h) electrode with different
potentials ranging from 0.0 to 0.52 V to 0.0-0.61 V, which exhibit
the electrode has the highest specific capacitance at 0.58 V. The
comparative CV curves of the four electrodes at 0.58 V recorded
at 30 mV/s display each electrode has a couple of redox peaks,
manifesting a typical reversible faradaic redox reactions of nickel
ions, revealing the battery-type behaviors (Fig. 3a). Furthermore,
[Ni(TFBA)(Bpy)]n MOF (48 h) electrode has a much larger inte-
gral CV curve area than other three electrodes, indicating the
remarkably enhanced electrochemical activity. This fact is also
confirmed via GCD measurements at 0.3 A/g (Fig. 3b), where
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Fig. 3. (a) CV curves at 30 mV/s, (b) GCD curves at 0.3 A/g and (d) specific ca-
pacitance at various current densities for the as-prepared [Ni(TFBA)(Bpy)]n MOFs
obtained from different reaction times in a three-electrode cell. (c) GCD curves of
the as-prepared [Ni(TFBA)(Bpy)]n, MOF (48 h) at different current densities.

the [Ni(TFBA)(Bpy)]n MOF (48 h) electrode reveals the longest
discharge time. Also, the specific capacitance can be calculated
from the GCD curves in Fig. 3¢, and the corresponding results are
exhibited in Fig. 3d, with the data of other electrodes included
for comparison (Fig. S6 in Supporting information). Notably, the
[Ni(TFBA)(Bpy)]ln MOF (48 h) electrode delivers a specific capac-
itance of 80.2 F/g at 0.3 A/g, which is much higher compared to
other three electrodes. The specific capacitance can remain a value
of 31 F/g at 5 A/g, reflecting good rate properties.

The electrochemical reaction kinetics of [Ni(TFBA)(Bpy)ln MOF
(48 h) electrode was explored on the basis of CV curves with dif-
ferent scan rates. As illustrated in Fig. S7a (Supporting informa-
tion), at a scan rate as high as 100 mV/s, the redox peaks can
be clearly observed, manifesting excellent capacitive behavior and
good rate properties. Fig. S7b (Supporting information) shows that
the b values of peak 1 and peak 2 are 0.53 and 0.62, respectively,
which are near to 0.5, representing that the [Ni(TFBA)(Bpy)]n MOF
(48 h) electrode is mainly at the mercy of the diffusion-controlled
battery-type behavior [35,36]. As shown in Fig. S7c (Supporting
information), it is indicated that at 30 mV/s, the capacitive con-
tribution accounts for approximately 60.6% of the total capacity.
With increasing scan rates, the capacitive contribution ratio of
[Ni(TFBA)(Bpy)ln MOF (48 h) electrode gradually increases from
38.7% to 90.9% (Figs. S7d and S8 in Supporting information), indi-
cating that the electrode has satisfactory charge-transfer kinetics,
which could account for its high rate capability [37,38]. In addi-
tion, the storage kinetic processes of other electrodes were also in-
vestigated, and the results are shown in Figs. S7e and S9-S14 (Sup-
porting information). The b values of all electrodes are close to 0.5,
implying the corresponding redox reactions are mainly diffusion-
controlled processes. The percent of the diffusion-controlled ca-
pacity contribution at different scan rates for the as-prepared
[Ni(TFBA)(Bpy)]n MOFs are given in Fig. S7f (Supporting informa-
tion), and the results show that [Ni(TFBA)(Bpy)]n, MOF (48 h) has a
much higher diffusion-controlled capacity contribution ratio com-
pared with other electrodes, implying effective surface charge stor-
age of the electrode. To further explore the charge transfer kinetics,
electrochemical impedance spectroscopy (EIS) test was executed,
and the gained Nyquist plots of [Ni(TFBA)(Bpy)]n MOFs are shown
in Fig. S15 (Supporting information). It is apparent that the curve
diameter of [Ni(TFBA)(Bpy)ln MOFs (48 h) is smaller than those of
other three electrodes, that is, the electrode possesses the smallest
charge transfer resistance (R) and fastest charge transport rate,
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which is of great significance for charge storage. The X-intercept in
the high-frequency area belongs to the equivalent series resistance
(Rs), which comes from the intrinsic resistance of the electrode and
electrolyte. The [Ni(TFBA)(Bpy)]n, MOFs (48 h) demonstrates a low
value of Rs at 0.71 €2, similar to 2 h (0.99 ), 24 h (0.86 €2) and
72 h (0.57 Q). This demonstrates the electrode has excellent elec-
trochemical conductivity and rapid reaction kinetics.

To further demonstrate the practical application values of
[Ni(TFBA)(Bpy)]n MOFs, the aqueous asymmetric supercapacitor
(ASC) devices were assembled via using the [Ni(TFBA)(Bpy)la
MOFs and activated carbon (AC). The CV and GCD curves for the
[Ni(TFBA)(Bpy)]n MOF (48 h)//AC device with different potentials
varying from 0.0-1.55 V to 0.0-1.70 V, which indicate the device
has the highest specific capacitance at 1.65 V (Fig. S16 in Support-
ing information). Consequently, the 0-1.65 V is chosen as the op-
erating potential window and employed in the subsequent elec-
trochemical tests. The CV curves of the assembled ASC devices at
multiple scan rates with a working potential window of 0-1.65 V
are displayed in Figs. S17a and S18 (Supporting information). The
stable CV curves with no distinct shape change, indicating that ASC
devices have a satisfactory reversibility. Fig. S17c (Supporting in-
formation) shows [Ni(TFBA)(Bpy)]n, MOF (48 h)//AC device possess
the longest discharge time compared to the other three ASC de-
vices. The specific capacitance of all devices were calculated ac-
cording to the GCD curves (Figs. S17b and S19 in Supporting infor-
mation) and displayed in Fig. S17d (Supporting information). Obvi-
ously, the specific capacitance of [Ni(TFBA)(Bpy)]n MOF (48 h)//AC
device is much larger than other three devices, affording 49.7, 46.8,
39.9, 35.2 and 31.6 mF/cm? at 1, 2, 3, 5 and 8 mA/cm?, respec-
tively. Meanwhile, the Nyquist plots of all devices are shown in
Fig. S20 (Supporting information), which exhibit [Ni(TFBA)(Bpy)|n
MOF (48 h)//AC device has a smallest Ry of 0.93 € compared
with other three devices, indicating the superior conduction abil-
ity. More importantly, the practicality of the device was tested by
connecting two [Ni(TFBA)(Bpy)ln MOF (48 h)//AC devices in se-
ries to light a yellow LED light (Fig. S21 in Supporting informa-
tion). In addition, a long-term cycling property measurement of
5000 cycles at 3 mA/cm? was executed to confirm the stability of
the [Ni(TFBA)(Bpy)]ln MOF (48 h)//AC device (Fig. S17e in Support-
ing information). The specific capacitance of the device was main-
tained at 97.4% after 5000 cycles, and the coulombic efficiency was
up to 84.6%, which demonstrates the well cycling stability superior
to the majority of the recently reported MOF nanomaterials (Table
S1 in Supporting information) [10,39,40].

The excellent electrochemical cycling properties of
[Ni(TFBA)(Bpy)]n MOFs (48 h)//AC device may be due to the
fact that the electrode material is MOF crystal material composed
of fluorinated organic ligand TFBA, which generally has lower
surface energy and surface tension, higher chemical stability and
hydrophobicity. To confirm this, we have also synthesized non-
fluorinated [Ni(benzoic acid)(4,4’-bipyridine)], ([Ni(BA)(Bpy)]n)
MOFs for comparison. The SEM images, EDS mapping images,
XRD pattern and IR pattern of the as-prepared [Ni(BA)(Bpy)ln
MOFs were shown in Figs. S$22-S25 (Supporting information),
respectively. The results showed that [Ni(BA)(Bpy)l, MOFs were
successfully synthesized. Furthermore, the electrochemical prop-
erties of the as-prepared [Ni(BA)(Bpy)ln MOFs were studied in
a three-electrode cell. Fig. S26 (Supporting information) shows
that [Ni(BA)(Bpy)]n electrode material has good electrochemical
energy storage performance. At the same time, the electrochem-
ical performance of [Ni(BA)(Bpy)]ln MOFs//AC device was further
evaluated (Fig. S27 in Supporting information). The GCD curves at
3 mA/cm? and specific capacitance at different current densities
show that the specific capacitance of [Ni(BA)(Bpy)ln MOFs//AC
is slightly higher than [Ni(TFBA)(Bpy)]ln MOFs//AC (Figs. 4a and
b). This may be due to the enhanced hydrophobicity of MOF
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Fig. 4. (a) GCD curves at 3 mA/cm?2, (b) specific capacitance at various current
densities and (c) cycling ability at 3 mA/cm? for 5000 cycles for [Ni(TFBA)(Bpy)la
MOFs//AC and [Ni(BA)(Bpy)]n MOFs//AC devices. (d) Contact angles of 3 mol/L KOH
droplets on the surface of [Ni(BA)(Bpy)]n and [Ni(TFBA)(Bpy)]n MOFs.

materials after fluorination, which affects the good infiltration
of water system electrolyte and electrode, thus the capacitance
is slightly lower than that of non-fluorinated MOFs. However,
the cycle stability curves (Fig. 4c) show that the capacitance
retention of [Ni(BA)(Bpy)ln MOFs//AC dropped to 68.5% after
5000 cycles, while the capacitance retention of [Ni(TFBA)(Bpy)]n
MOFs//AC was as high as 97.4%. After fluorination, the cycling
stability of MOF is greatly improved, and the previous specula-
tion is verified. MOFs composed of fluorinated organic ligands
usually have low surface energy and surface tension, high chem-
ical stability and hydrophobicity, which could be confirmed by
the contact angles of 3 mol/L KOH droplets on the surface of
[Ni(BA)(Bpy)]n and [Ni(TFBA)(Bpy)]ln MOFs (Fig. 4d). The Nyquist
plots of [Ni(TFBA)(Bpy)]n MOFs//AC and [Ni(BA)(Bpy)]n MOFs//AC
devices are shown in Fig. S28 (Supporting information), which
exhibit [Ni(TFBA)(Bpy)]n MOF//AC device has a smaller Ry com-
pared with [Ni(BA)(Bpy)]n MOFs//AC device, indicating the good
electrical conductivity.

In conclusion, we have prepared a series of the fluorinated
pillared-layer [Ni(TFBA)(Bpy)]n MOF materials via a simple room-
temperature solution reaction. With the increase of reaction time,
the morphology of [Ni(TFBA)(Bpy)ln MOF materials transformed
from bulk to uniform microrods. Using the [Ni(TFBA)(Bpy)]n» MOF
microrods as electrode for supercapacitor, the specifc capacitance
reaches 80.2 F/g at 0.3 A/g, which is four times as large as
bulk MOF, which can be explained by the short ion diffusion
length from the microrod structure. More remarkably, after flu-
orination, the cyclic performance of MOF has been greatly im-
proved. After 5000 cycles, the non-fluorinated [Ni(BA)(Bpy)]n MOFs
showed a capacitance retention of only 68.5%, while the fluori-
nated [Ni(TFBA)(Bpy)]n MOFs had a high cycling ability with more
than 97.4% capacitance retention at 3 mA/cm?2. This work not only
offers a significant method to control the morphology structure
of MOFs, but also points out a promising direction for developing
electrode materials with good cyclic stability.
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