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Metal-organic frameworks (MOFs) with porous crystal structures have attracted extensive attention in
application of energy storage and conversion, owing to their regularity, porosity, large specific surface
area, etc. In this work, Co-MOF-74 microflower has been successfully prepared via a controllable solvent
regulation strategy. Through modulating the polarity of the solvent, crystals grow in certain preferred
orientation and Co-MOF-74 with various morphologies were obtained. Thereinto, the energy storage per-
formance of Co-MOF-74 microflower was measured in both three-electrode system and asymmetric su-
percapacitor device (specific capacitance of 164.2 F/g at 0.5 A/g in the three-electrode system and 62.5
F/g at 1 A/g in the asymmetric supercapacitor device). This can be attributed to the preferred crystal
orientation resulting in a regular and uniform microflower, which is of great significance to electronic
interfacial exchange and ion transfer during electrochemical reactions.

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

Medica, Chinese Academy of Medical Sciences.

The increasing energy dilemma and environmental contamina-
tion have called for the rapid development of clean energy sources
as well as excellent devices for energy storage and conversion [1,2].
Supercapacitors (SCs), serving as a potential energy storage device,
possess plenty of advantages, e.g., high charge-discharge rate, large
specific power, and long cycling life [3,4]. There are typically two
broad categories of SCs based on different functional mechanisms
of charge storage, including pseudocapacitors and electric double
layer capacitors (EDLCs) [5]. Pseudocapacitors store charge mainly
through fast and reversible faradaic reactions while EDLCs store
energy via accumulating charge at the surface of electrode or at
the boundary of the electrolyte. In the last few decades, carbon-
based materials [6,7], metal oxides [8,9], and conductive polymers
[10,11] have been continuously investigated as conventional elec-
trode materials for SCs. However, the inherent deficiency of these
materials (unsatisfied performance of commercial activated car-
bon [12]; high price and pollution of metal oxides [13,14]; poor
thermal stability and cycling performance of conductive polymers
[15]) limit the practical applications for SCs to some extent [16-
18]. Hence, researches have been conducted on the synthesis of
electrode materials which can be attributed to two points to en-
hance the energy storage performance: (1) Design materials with
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large specific area and porosity to facilitate electronic interfacial
exchange and ion transfer [19]; (2) Build ordered and stable mi-
crostructure to enhance cycling stability [20].

Recently, metal-organic frameworks (MOFs) with porous crys-
tal structures have attracted extensive attention due to its regu-
larity, porosity, large specific surface area, which are beneficial to
improve the electron and ion transfer during electrochemical reac-
tions [21-24]. In addition, the outer electron orbits of the metal
cations, especially transition metal, within MOFs have multiple
electron arrangements, which can produce multi-level redox be-
haviors and provide more opportunities for charge storage [25-
29]. More importantly, through controllably synthetic strategies,
the structure, composition and morphology of MOFs can be pre-
cisely regulated, which are crucial factors to the energy storage
performance of electrode materials [30-33].

Co-MOF-74, commonly with a hexagonal rod structure, is well-
known for its stable structure, high surface area due to the ad-
justable metal nodes and oxygen-rich dicarboxylic acid ligand
[34-37]. In this work, we have prepared Co-MOF-74 microflower
through a facile one-pot solvothermal procedure. Moreover, the re-
lationship of solvent polarity and crystal growth are investigated
to controllably synthesize Co-MOF-74 with various morphologies.
The regular and uniform microflower aggregate of Co-MOF-74 ac-
celerates the interfacial electron and ion transfer and enhances the
electrochemical stability. When utilized as the electrode material
for SCs, the Co-MOF-74 microflower exhibits a satisfied charge stor-
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Scheme 1. Abridged general view of the synthetic process of Co-MOF-74.

age performance in both three-electrode system and asymmetric
supercapacitor device. The solvent regulation strategy for MOF fab-
rication in this work is facile and efficient, indicating a promising
application prospect for the preparation of MOF-based electrode
materials in the field of electrochemical energy storage and con-
version.

Scheme 1 clearly illustrates the one-pot synthetic procedure of
Co-MOF-74 microflower, all the samples are obtained at a 120°C
solvothermal treatment for 12 h. Firstly, in methanol solution, the
morphology of the as-prepared Co-MOF-74 is exhibited in the
scanning electron microscopy (SEM) images of Figs. S1la and b
(Supporting information). The resulting granules are highly stacked
into amorphous piles. When absolute ethanol is utilized as sol-
vent, the obtained sample presents a two-dimensional rod struc-
ture (Figs. S1c and d in Supporting information) with an uneven
shape and size. Subsequently, modulating the solvent polarity by
the ethanol and deionized water (2:1, v/v), crystals grow in certain
preferred orientation resulting in a novel and uniform microflower
structure (Figs. Sle and f in Supporting information). From the
above results, it can be speculated that the morphology of Co-
MOF-74 is greatly affected by the solvent polarity. This is ascribed
to the different polarity environments that influence the crystal
orientation of Co-MOF-74, forming various aggregates.

Powder X-ray diffraction (PXRD) is carried out to investigate
the crystal structure of the as-prepared Co-MOF-74 microflower,
as shown in Fig. 1a. According to the results, the diffraction peaks
occurring at 20 =6.7° and 11.6° are corresponded to (2 1 0) and
(3 0 0), respectively (CCDC No. 1494752), which is consistent with
the simulated XRD pattern of Co-MOF-74 [38]. Here, the solvent
plays a critical role in the preparation of MOFs, influencing the
self-assembly process between metallic ions and organic ligand.
Moreover, it is utilized as a structural inductive agent or a crys-
tal media to direct the crystal orientated growth, inducing in the
formation of (2 1 0) and (3 0 0) planes in this work. In addi-
tion, for the purpose of better identification of the valence state
of the obtained samples, X-ray photoelectron spectroscopy (XPS) is
performed to analyze the Co-MOF-74 microflower. The XPS survey
spectrum from Fig. 1b shows that the tested sample consists of C,
0 and Co elements, and the result is consistent with energy dis-
persion X-ray analysis (EDX, depicted in Fig. S2 in Supporting in-
formation) as well [39,40]. The Co 2p spectrum in Fig. 1c presents
two major peaks at 797.8eV-781.5eV along with a spin energy
separation of ~16eV, corresponding to the Co 2p;;, and Co 2p3p,
state, respectively. The other two broad peaks located at around
785.9-802.7 eV are identified as satellites peaks (noted as “Sat.”)
[41,42]. Additionally, the C 1s spectrum in Fig. 1d is divided into
three peaks at 284.7, 286.1 and 288.1 eV, which can be associated
with C-C, C-0 and C=O0, respectively [43]. These results confirmed
that the crystal structure and valence state of the obtained Co-
MOF-74 microflower are consistent with the well-known Co-MOF-
74 [44,45].

SEM is utilized to observe the morphology of the as-prepared
samples. SEM image in Fig. 2a clearly demonstrates that the Co-
MOF-74 microflower with a uniform and regular size is well
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dispersed and the average diameter is approximately 2-3pm.
Through SEM images with higher resolution in Fig. 2b, it can be
observed that the Co-MOF-74 microflower is orderly assembled
from nanoplates, and that the hierarchical structure enlarges the
contact with electrolyte and benefits ion and electron transfer. The
transmission electron microscopy (TEM) of Co-MOF-74 microflower
in Fig. 2c is consistent with the SEM images, the solid hierarchical
structure with no obvious external defects avoiding the aggrega-
tion and collapse of microstructure during the electrochemical re-
actions. Furthermore, the presence of C, O and Co elements is con-
firmed by EDX detection and elemental mapping images in Figs.
2d-g, and all the elements were evenly distributed throughout the
Co-MOF-74 microflower.

The pseudocapacitive performance of the Co-MOF-74
microflower-based working electrode is tested in 3 mol/L KOH
via cyclic voltammetry (CV) technology in a three-electrode sys-
tem. The CV curves of Co-MOF-74 microflower-based working
electrode at a scan rate from 5mV/s to 100 mV/s with a loading
mass of ~1.5mg/cm? are exhibited in Fig. 3a. The shapes of CV
curves are typically pseudocapactive behavior in the potential win-
dow from O V to 0.5V (vs. Hg/HgO) with corresponding catholic
peak (~0.23V) and anodic peak (~0.34V) [46]. These Faradaic fea-
tures are possibly due to the redox reactions of Co2*/Co3+ under
the action of OH~ during the electrochemical reactions [47]. To
investigate the capacitive behavior of the Co-MOF-74 microflower,
galvanostatic charge-discharge (GCD) measurement is employed
in a three-electrode system. The resulting GCD curves of the
Co-MOF-74 microflower are depicted in Fig. 3b. It can be observed
that the Co-MOF-74 microflower-based working electrode exhibits
symmetrical charge and discharge curves in the entire current
density range, which corresponds to the excellent reversible redox
reaction [48,49]. Specific capacitances of 164.2, 153.2, 148.8, 145.8,
136.0 and 122.0 F/g are achieved by Co-MOF-74 microflower-based
working electrode at a current density of 0.5, 1.0, 2.0, 3.0, 5.0
and 10.0 A/g, respectively with the Coulomb efficiency reaching
up to 83% (details of calculation are shown in Supporting infor-
mation). Concluded from the specific capacitance performances
of the working electrode in Fig. 3c, with the increase of current
density, the specific capacitance declined from 164.2 F/g to 122.0
F/g, which resulted from ionic insufficient contact with the holes
inside the electrode materials at high current densities. Fig. 3d
exhibits the capacitance retention of the Co-MOF-74 microflower-
based working electrode. More than 75% of the initial capacitance
was maintained at 10 A/g after 1500 charge-discharge cycles. Here,
taking into account of the previous reports, the comparison of
energy storage performance between the as-prepared Co-MOF-74
microflower and other similar electrode materials is concluded
in Table S1 (Supporting information). Moreover, electrochemical
impedance spectroscopy (EIS) measurements (organized into
Nyquist plot) are conducted on the Co-MOF-74 microflower at an
open circuit potential, as exhibited in Fig. S3 (Supporting infor-
mation). The nearly linear EIS plot in the low-frequency region
is the typically feature of Warburg impedance, representing the
electrolyte diffusion within samples [50]. And a relatively high
slope of the EIS plot implies a fluent electrolyte diffusion on the
surface of samples owing to suitable pore size.

To gain insights into the total charge storage mechanism, the
pseudocapacitive kinetics is estimated via analyzing CV curves at
various scan rates based on the relationship between peak cur-
rent (i) and the scan rate (v). As exhibited in Eqs. 1 and 2, a
and b are regulating parameters. If b=0.5, it is indicated that
the electrochemical process is diffusion-controlled. If b=1, the
electrochemical process is a pseudocapacitive-controlled behavior.
When 0.5 < b < 1, the electrochemical kinetics contains both
the diffusion-controlled and pseudocapacitive-controlled process.
Taking into account the relationship between log(i) and log(v)
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Fig. 1. (a) XRD pattern and (b-d) XPS spectra of Co-MOF-74 microflower: (b) Survey, (c) Co 2p, (d) C 1s. The red curves in (c) and (d) are the fitting curves and the black

curves are the test data.

Fig. 2. (a, b) SEM images, (c) TEM image, (d) STEM image and (e-g) corresponding
mapping images of Co-MOF-74 microflower.

(Fig. 3e), the b value of the oxidation peak and reduction peak
for Co-MOF-74 microflower is 0.85 and 0.71, respectively, indicat-
ing that the electrochemical kinetics are mainly ascribed to the
pseudocapacitive-controlled behavior. Furthermore, the contribu-
tions of pseudocapacitive/diffusion-controlled process are analyzed
according to the Eq. 3 at different scan rates. Thereinto, k;v and
k,v12 have the close connection with the surface pseudocapac-
itive effect and the diffusion-controlled process, respectively. Fig.
S4 (Supporting information) depicts that the ratio of pseudocapac-
itive contribution of the Co-MOF-74 microflower is 53.89%, 58.73%,
65.72%, 70.31%, 78.58% and 94.70% at a scan rate of 5, 10, 20, 30,
50, 100 mV/s, respectively. Correspondingly, the contribution ratio
of pseudocapacitive vs. diffusion at different scan rates are listed
in Fig. 3f. Owing to the limited ionic intercalation into lattices,
the diffusion-controlled contribution gradually decreases with the
increase of the scan rate, which is consistent with the obtained
results. Analyzed from the electrochemical kinetic properties, the
high ratio of pseudocapacitive contribution can be attributed to its
large specific surface area, good conductivity, and fast ion diffusion
channels of the unique miccroflower structure, which is beneficial
to energy storage performance.

i=a® (1)
log (i) = blog (v) + log (a) (2)
i(V) = kv + kov'/? (3)

In addition, to comprehend the microstructural change of sam-
ples after the electrochemical test, SEM and TEM analysis are
conducted for the Co-MOF-74 microflower following the electro-
chemical test. The corresponding post-test SEM and TEM images
are exhibited in Fig. S5 (Supporting information), implying that
the whole microflower structure is well maintained. However, the
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Fig. 3. Electrochemical performances of Co-MOF-74 mircoflower-based working
electrode in a three-electrode system. (a) CV curves at different scan rates. (b) GCD
curves at different current densities. (c) Specific capacitance performances at a cur-
rent density from 1 A/g to 10 A/g. (d) Capacitance retention at a current density
of 10 A/g. (e) Relationship between log(i) and log(v) of Co-MOF-74 microflower.
(f) Contrlbutlon ratio of pseudocapacitive vs. diffusion at different scan rates.

slight aggregation of Co-MOF-74 microflower with the size increas-
ing from ~3 wm to ~4 wm and the decline of the surface regularity
result in the encapsulation of partial active sites and the decrease
its specific surface area. And, the crack in the center of Co-MOF-74
microflower causes a hole in the middle of the TEM image, which
may bring about the electrochemical performance degradation. In
addition, the XRD pattern of the Co-MOF-74 microflower-based Ni
foam after the electrochemical test is exhibited in Fig. S6 (Support-
ing information). The XRD result manifests that there is no obvi-
ous formation of other peaks in the composition of the Co-MOF-74
microflower-based Ni foam. However, the former distinct peaks at
26 =6.7° and 11.6° have been converted to a bulge at 26 =5°-15°,
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indicating the damage to the crystal structure of Co-MOF-74 mi-
croflower to some extent during the electrochemical test.

To further assess the potential application of Co-MOF-74 mi-
croflower, an asymmetric supercapacitor device using Co-MOF-
74 microflower as the positive material and commercial acti-
vated carbon (AC) as the negative material was assembled (de-
noted as Co-MOF-74 microflower//AC), as shown in Fig. 4. Co-
MOF-74 microflower with a unique microstructure can provide
enough space for OH™ intercalation and deintercalation (pseudo-
capacitors). Meanwhile, AC plays a key role in providing fast sur-
face reactions as well as charge transfer (EDLCs). Therefore, the
as-assembled asymmetric supercapacitor device possesses the ad-
vantages of both pseudocapacitors and EDLCs to improve specific
energy and specific power simultaneously.

In the CV curves of Fig. 5a, the Co-MOF-74 microflower//AC ex-
hibits a mixed behavior of pseudocapacitors and EDLCs with the
voltage window of 0-1.3V at different scan rates, which cover
an extra-large current area compared with the pristine three-
electrode system. In Fig. 5b, the Co-MOF-74 microflower//AC ex-
hibits the symmetrical charge and discharge curves with Coulomb
efficiency reaching to 78% [51]. The values of specific capacitances
at 1, 2, 3, 4, 5 and 10 A/g calculated from the GCD curves are
62.5, 64.5, 61.8, 60, 58.8 and 54.6 F/g, respectively, as shown in
Fig. 5c. And the corresponding cycling capacitance is carried out
in Fig. S7 (Supporting information). Though the capacitance ex-
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hibits a gradual drop with the increase of cycle numbers, it still
maintains 70% of its initial capacitance at a high current density of
10 A/g, showing great long-term cycling stability. Moreover, spe-
cific energy and specific power were organized into Ragone plot
in comparison with some reported MOFs-based SCs, as exhibited
in Fig. 5d. The detail calculations of the specific power (P, W/kg)
and specific energy (E, Wh/kg) are given in Supporting information.
It can be obviously observed that the Co-MOF-74 microflower//AC
performs well compared to the similar materials. In order to fur-
ther investigate the electrochemical performance of the Co-MOF-
74 microflower//AC, CV and GCD with different voltage ranges are
conducted, as shown in Figs. S8 and S9 (Supporting information).
And specific energies of 64.1, 52.8-54.5Wh/kg and corresponding
specific powers of 1080, 2340-4683 W/kg are plotted in Fig. S10
(Supporting information).

EIS measurement is also applied in the Co-MOF-74 mi-
croflower//AC, and the Nyquist plot is presented in Fig. S11 (Sup-
porting information). The small charge transfer resistance during
the experiment can be observed from the semicircle shape in the
first part of the curve, and the good conductivity can be acquired
through the high slope of the vertical line in the second part of
the curve. In general, thanks to the participation of AC, the overall
conductivity and the stability of the device are both significantly
improved, rendering Co-MOF-74 very suitable for asymmetric su-
percapacitor devices.

In summary, through the investigation of the relationship be-
tween the microstructure and solvent polarity, a series of Co-MOF-
74 with various morphologies has been synthesized via the sol-
vent regulation strategy. The as-prepared Co-MOF-74 microflower
exhibits the satisfied energy storage performance (specific capaci-
tance of 164.2 F/g at 0.5 A/g in the three-electrode system and 62.5
F/g at 1 A/g in the asymmetric supercapacitor device). This can be
ascribed to the regular and uniform microflower aggregates that
ensure the thorough exposure of materials in the electrolyte and
provide more pathways and sites for electronic interfacial exchange
and ion transfer, benefiting to the reversible redox kinetics and en-
hancing the electrochemical performance. The corresponding ana-
lytic details of kinetics characteristic for Co-MOF-74 microflower
is given in this work. Furthermore, the solvent regulation strategy
for MOF fabrication in this work is facile and efficient, indicating
a promising application prospect for the preparation of MOF-based
electrode materials in the field of electrochemical energy storage
and conversion.
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