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For the development of supercapacitors with higher energy densities, metal-organic frameworks (MOFs),
as electrode materials for supercapacitors, have attracted much attention. Herein, layered manganese-
based MOF ([Mn(tfbdc)(4,4’-bpy)(H,0),l, Mn-LMOF; Htfbde = 2,3,5,6-tetrafluoroterephthalic acid, 4,4'-
bpy = 4,4'-bipyridine) was synthesized by a simple solution reaction and evaluated as an electrode
material for supercapacitors for the first time. The Mn-LMOF electrode showed a high specific
capacitance, a good cycling stability and a improved rate capability. Its maximum specific capacitances
were 1098 F g% for 1 M KOH and 1178 F g™ for 1 M LiOH solutions at a current density of 1 A g~*. The
specific capacitance retention was maintained at 92.6% after 2000 cycles in 1 M KOH, slightly lower than
that in 1 M LiOH. The excellent supercapacitive performance may be ascribed to the nature of Mn-
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Introduction

With the rapid development of the world economy, mankind is
facing more and more problems, such as the depletion of fossil
fuels and serious environmental pollution. Therefore, green
and sustainable energy is one of the 21st century's most
important issues. The supercapacitor, as a type of electro-
chemical energy storage and conversion device, that has the
advantages of high power density, long cycle life and high
discharge efficiency has attracted great attention.™* It is well
known that the electrode material of RuO, has good pseudo-
capacitance,® but its cost is too high owing to the fact that the
metal Ru is a scarce resource. As a result, researchers hope to
find inexpensive electrode materials. Compared with RuO,,
manganese oxides MnO, (MnO, Mn;0,, Mn,03;, MnO,), are
much cheaper, more abundant on Earth, and have environ-
mentally friendly and widespread potential applications; hence
they are considered to be promising electrode materials for
supercapacitors.® To date, various pure MnO, have been directly
used as electrode materials.”*® However, the poor electrical
conductivities of these materials often result in weak stabilities
and lower capacitances. To overcome this disadvantage, one
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LMOF, containing a layered structure and nano-sized particles.

route is to make hybrid composites by combining pure MnO,
and carbon materials, other metal oxides and conducting
polymers.”** The other is to design and synthesize new Mn-
based electrode materials with high capacitance. Compared
with that of pure MnO,, electrical conductivities of the hybrid
composites were enhanced, but some new shortages, such as
increase of inherent contact resistances, structural instability
and decrease of capacitance appeared at the same time.
Therefore, to solve these problems, it is necessary to use the
route of preparing new Mn-based electrode materials with high
capacitance.

Metal-organic frameworks (MOFs), as a class of porous
coordination polymer materials,'*'> have the advantages of high
specific surface area, adjustable pore size, open metal sites and
regular structure. Based on these advantages, they have poten-
tial applications in various fields, such as catalysis,'*"® gas
capture and release,'*® imaging and sensing,*"** batteries,*>*
and magnetic materials.”® In recent years, the application
research of MOFs in supercapacitors has seen rapid develop-
ment.”’”"** MOFs used as electrode materials of supercapacitors
can be mainly ascribed to two major cases. In one case, MOFs
are used as templates for synthesizing porous metal oxides,
carbon or metal oxide/carbon composites.**** In the other case,
pristine MOFs can directly act as electrode materials for
supercapacitors, owing to their tunable pore size and metal ions
with redox activity.***” To the best of our knowledge, in 2012,
Diaz et al. first reported that Co8-MOF-5(Zn; 63C00.3,0(BDC);(-
DEF)y,5) can be directly used as the electrode material of
supercapacitors;* in the same year, a Co-based MOF with three-
dimensional (3D) structure was investigated by Lee et al. as an
electrode material for supercapacitors, which displayed
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a specific capacitance of 206 F ¢ ' in LiOH solution.* Subse-
quently, dozens of MOF-based supercapacitor electrode mate-
rials have been reported in the past few years, such as, Co-based
MOF,*™*° zirconium-based MOF,***' Zn-based MOF,* and Ni-
based MOF.***' It is worthwhile to point out that our and
Wei's groups have recently verified that two-dimensional (2D)
layered MOFs can serve as high performance supercapacitor
electrode materials. For example, in 2014, Wei et al. reported
that a layered Ni-MOF can be used as a supercapacitor electrode
material. This material showed a specific capacitance of 1127 F
g~ in KOH solution, an excellent cycling stability and a high
rate capability.”* After Zn doping, the as-synthesized Zn-doped
Ni-MOF exhibited an improved performance.** In 2015, we re-
ported the synthesis of a layered Cu-MOF and investigated its
capacitive behavior, which displayed a high specific capacitance
of 1274 F g in LiOH solution.** Subsequently, we evaluated
a layered Co-MOF as a supercapacitor electrode material. This
material can deliver a maximum specific capacitance of 2474 F
g ' at 1 A g '.*® In addition, Ni-MOF/carbon nanotube (CNT)
composites were synthesized by Wen et al., which exhibited
a better performance.*” Very recently, layered structural Co-MOF
nanosheets were investigated by Wei et al. as an electrode
material for supercapacitors, which showed a maximum
specific capacitance of 2564 Fg~"at 1 Ag~ ".** Dina et al. utilized
a layered, conductive Ni-MOF as an electrode material for
supercapacitors. An areal capacitance of 18 mF cm ? and
capacity retention greater than 90% over 10 000 cycles can be
obtained in the conductive Ni-MOF-based device. In particular,
this is the first example of a supercapacitor made entirely from
neat MOFs as active materials, without conductive additives or
other binders.>® The excellent electrochemical properties of
these 2D layered MOF materials should be related to their
sufficient interlayer spaces and redox-activity metal ions.
Though some MOF-based supercapacitor electrode materials
with high performances have been obtained, such materials are
not yet present in large numbers. Specifically, layered Mn-based
MOFs used as electrode materials for supercapacitors have not
been reported.

In the present study, we successfully synthesized a layered
Mn-based MOF ([Mn(tfbdc)(4,4"-bpy)(H,0),], Mn-LMOF;
H,tfbde = 2,3,5,6-tetrafluoroterephthalic acid, 4,4-bpy = 4,4'-
bipyridine) and investigated its electrochemical performances
as an electrode material for supercapacitors for the first time.
The Mn-LMOF electrodes displayed a high specific capacitance,
a good cycling stability and an improved rate capability. Specific
capacitances of 1098 and 1178 F g~ " were achieved in 1 M KOH
and 1 M LiOH solution for the Mn-LMOF.

Experimental
Materials synthesis

Mn-LMOF was synthesized according to a previous report with
some modifications.** Moreover, 4,4’-bpy (0.0156 g, 0.10 mmol)
and H,tfbdc (0.0476 g, 0.20 mmol) were dissolved in 10 mL
water with stirring. Then, a 10 mL water solution of
Mn(OAc),-4H,0 (0.049 g, 0.20 mmol) was mixed with the above
solution to obtain a colorless solution. This solution was
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allowed to stand at room temperature for evaporation, and
colorless crystals of [Mn(tfbdc)(4,4"-bpy)(H,0),] (Mn-LMOF)
were collected after a few days.

Material characterization

Powder X-ray diffraction (XRD) patterns were recorded on an X-
ray diffractometer (D/max2500 PC, Rigaku) using Cu-Ka radia-
tion (1.5406 A). Fourier-transform infrared (FT-IR) spectral
measurements were carried out on a Nicolet 460 spectropho-
tometer in the form of KBr pellets. Thermogravimetric analysis
(TGA) experiments were performed on a Dupont thermal
analyzer with a heating rate of 10 °C min~ ' from room
temperature to 800 °C under nitrogen flow. The X-ray photo-
electron spectrum (XPS) measurement was performed on an
ESCALABMK II X-ray photoelectron spectrometer. A micro-
meritics pore analyzer (ASAP2010C) was used to measure the N,
sorption isotherm of the sample under continuous adsorption
conditions at 77 K. The sample was degassed at 50 °C for 15 h
before measurements. The pore size, pore volume and surface
area were determined by Barrett, Joyner, and Halenda (BJH) and
Brunauer, Emmett, and Teller (BET) analyses. A Supra 55 field
emission scanning electron microscopy (FESEM) system (Zeiss)
was used to collect the FESEM images.

Electrode preparation and electrochemical characterization

The working electrode was made by mixing 75 wt% active
material (Mn-LMOF), 15 wt% acetylene black, and 10 wt% pol-
ytetrafluoroethylene (PTFE) solution (60 wt%) in ethanol and
then coated onto the nickel foam (1 cm x 1 ¢cm) and pressed
under 10 MPa. The electrodes were dried at 60 °C for 8 h under
vacuum. The mass loading of the active material was about 2.0-
4.6 mg cm 2,

Electrochemical measurements were performed on
a CHI660D electrochemical workstation (CH Instruments,
Huake. Co., Beijing) in a KOH aqueous electrolyte (1.0 M) or
LiOH electrolyte (1.0 M) using a three-electrode configuration,
comprising a Pt foil counter electrode and a saturated calomel
electrode (SCE) as the reference electrode and working elec-
trode. Cyclic voltammetry (CV) was performed at scan rates of 2-
200 mV s~ in the potential range of —0.2 to 0.6 V. Galvanostatic
charge-discharge (GCD) curves were conducted within the
potential window of 0-0.5 V at different constant current
density. The cycle life tests were carried out by galvanostatic
charge-discharge measurements with a constant current
density of 2 A g~ for 2000 cycles. Electrochemical impedance
spectroscopy (EIS) data were collected in the frequency range
from 0.01 Hz to 100 kHz at an open-circuit potential with an
amplitude of 5 mV.

The specific capacitance of the Mn-LMOF electrode (C, F g™ )

can be calculated by the following equation:

It
mAV

where I is the constant current (A), m, ¢, and AV are the mass of
the Mn-LMOF electroactive material (g), the discharge time (s),
and the potential window (V), respectively.

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Characterization of Mn-LMOF

The powder X-ray diffraction (XRD) pattern of as-synthesized
Mn-LMOF is shown in Fig. 1a. It can be seen from Fig. 1a that
the XRD pattern of as-synthesized product agrees with the
simulated pattern based on the single-crystal data of Mn-LMOF
(CCDC 733870),> indicating that the as-synthesized Mn-LMOF
has high purity. A Fourier-transform infrared (FT-IR) spec-
trum test was used to further characterize the structure of as-
synthesized Mn-LMOF. As can be seen in Fig. 1b, an evidently
strong peak at 3461 cm ™' is ascribed to »(OH) of coordinated
water molecules; moreover, two strong peaks at 1605 and 1386
cm ! are attributed to v,5(OCO) and »,(OCO) stretching modes
of tetrafluoroterephthalate anions, respectively; a »(C-H) bent
vibration peak from 4,4’-bipy appears at 806 cm ™ .>* The exis-
tence of C, N, O, F, and Mn elements was verified by the XPS
spectrum of the as-synthesized Mn-LMOF, as shown in Fig. 2a.
As presented in the high-resolution XPS spectra (Fig. 2b-f), the
peaks located at 285.08, 399.58, 531.88, 687.58, and 641.48 and
654.18 eV belong to the C 1s, N 1s, O 1s, F 1s, and Mn 2p;,, and
2pq,» orbits, respectively. These values are in accord with the
values reported in the literature.*®

Fig. S1f shows the TGA curve of the Mn-LMOF sample.
Between 182 °C and 240 °C, the weight loss is due to the removal
of two molecules of water (calcd 7.46%, found 7.02%), while the
weight loss from 249 °C to 349 °C corresponds to the loss of the
4,4’-bpy molecule.

The morphology and microstructure of the as-synthesized
Mn-LMOF after grinding for 2 h were examined by FESEM. As
observed in Fig. 3a, the Mn-LMOF sample is built up of micro-
sized particles; when seen from the higher magnification SEM
image (Fig. 3b), these particles also consist of nanosheets and
nanoparticles. Nanosheets and nanoparticles shorten the
transmission distance of electrons/ions, which helps to increase
the capacitance of the Mn-LMOF electrode.

Mn-LMOF is a two-dimensional (2D) layered coordination
polymer with cavities, as shown in Fig. 4a. The 2D layers are
formed by Mn(u) ions bridging with tetrafluoroterephthalate
anions and 4,4’-bpy molecules. These 2D layers are further
linked by the interaction of hydrogen bonding, resulting in the
formation of a three-dimensional (3D) supramolecular frame-
work, as displayed in Fig. S2.T The presence of hydrogen bonds
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Fig. 1 (a) XRD pattern of as-synthesized Mn-LMOF and the simulated
pattern based on the crystal data of Mn-LMOF (b) FT-IR spectrum of
the Mn-LMOF.
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Fig. 3 (a) Low-magnification and (b) high-magnification SEM images
of as-synthesized Mn-LMOF after grinding for 2 h.

increases the stability of the framework's 3D structure. Such
interspace must be convenient for electrolyte diffusion and
storage. The surface area, pore size distribution, and pore
volume of the Mn-LMOF after grinding for 2 h were analyzed by
nitrogen adsorption-desorption techniques. The single point
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Fig. 4 (a) 2D view of Mn-LMOF. (b) N, adsorption—desorption

isotherm of as-synthesized Mn-LMOF after grinding for 2 h, and the
inset represents the pore size distribution curve.
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adsorption total pore volume of pores and the BET surface area
are 0.0167 cm® g~ ' and 17.08 m”> g~ ', respectively. The N,
isotherm of the Mn-LMOF belongs to hybrid type III and 1V, as
presented in Fig. 4b. The hysteresis belongs to type H1. The
pore size distribution can be obtained by the Barrett-Joyner-
Halenda (BJH) method, which is displayed in the inset of
Fig. 4b. The pore distribution with micropores, mesopores and
macropores is observed. The maximum pore distribution
appears at around 1.8 nm. The micropores should be ascribed
to the cavities of the layered Mn-LMOF itself, while macropores
and mesopores should originate from interparticle pores.
Usually, high micro/mesoporosity is associated with high
capacitance value,***® and hence the Mn-LMOF might act as
a potentially

supercapacitors.

high performance electrode material for

Electrochemical properties

The electrochemical performances of the Mn-LMOF as an
electrode material of supercapacitors were evaluated by cyclic
voltammetry (CV) and galvanostatic charge-discharge in a three
electrode system. The CV curve of the Mn-LMOF electrode at the
scan rate of 2 mV s~ in 1 M KOH solution is displayed in the
inset of Fig. 5a. As can be clearly seen in the curve, a pair of
redox peaks appears at around 0.3 and 0.46 V, which might be
originating from the changing between manganese ions of
different valence states, and indicates that the pseudo-
capacitance mainly results from the surface redox reactions.
Similar to the reported MOF-based electrode materials, such as
{[Co(Hmt)(tfbdc)(H,0),]- (H,0)y,}, ** and Ni;(btc), - 12H,0,* this
conversion process may be expressed by the following
equations:

Mn(i); + OH™ < Mn(i1) (OH),q + ¢~ (1)
Mn(1) (OH),q < Mn(i1) (OH),q + ¢~ (2)
When the scan rate increases from 2 to 60 mV s~ *, as shown

in Fig. 5a, the peak separation between the oxidation and
reduction peaks also increases. This increase should be relative
to the increase of the internal resistance of the electrode.*® As
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the scan rate increases to 80-200 mV s ', oxidation peaks
disappear, indicating that the redox process of the electrode
controlled by diffusion might be transferred to the control
process of charge transfer or hybrid control process of diffusion
and charge transfer.

The charge-discharge profiles of the Mn-LMOF electrode
were further studied in 1 M KOH solution within the potential
window of 0 to 0.45 V at different current densities (Fig. 6a).
Note, each discharge curve has a slope, which reveals that the
electrode has a pseudocapacitive behavior originating from the
redox reactions. According to the discharge profiles, the specific
capacitances of the Mn-LMOF electrode (C, F g~ ') are shown in
Fig. 6¢c. The Mn-LMOF electrode has a high specific capacitance
of 1098 F g~ " at a current density of 1Ag~". Even at 20 Ag™ ', the
specific capacitance can still be about 396 F g™, showing an
excellent rate capability. Compared with the MOF/coordination
polymer based electrode materials reported recently and MnO,
based electrode materials (Table S1t), the specific capacitance
of 1098 F g " is also higher. As observed in Fig. 6¢, the specific
capacitance will decrease with the current density increasing,
which should be attributed to the decrease in effective inter-
action between electrolyte ions and the electrode.**°

To evaluate the cycle stability of the Mn-LMOF electrode,
2000 cycles of charge-discharge were measured at a current
density of 2 A g~". As presented in Fig. 6d, the Mn-LMOF can
still retain 820 F g~ (92.6% of the initial specific capacitance)
after 2000 cycles. Fig. S31 displays the charge-discharge curves
of the Mn-LMOF for the first three cycles at a current density of 3
A g~'. Each curve has similar time-potential response behav-
iour, further verifying the excellent electrochemical revers-
ibility. After the testing of 1000 cycles, the FT-IR spectrum and
XRD pattern of the Mn-LMOF electrode were measured (Fig. S4
and S5t). In comparison to the original Mn-LMOF electrode the
band at 1632 cm ™" belonging to »,,(OCO) still exists in the FT-IR
spectrum after 1000 cycles, showing the conversion reversibility
of tfbdc®>” ions. Diffraction peak positions of the Mn-LMOF
electrode after 1000 cycles are nearly the same as that of the
bare electrode containing Mn-LMOF, polytetrafluoroethylene
(PTFE) and acetylene black. These facts further reveal that the
Mn-LMOF electrode has good cycling stability.
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Fig. 5 CV curves of the Mn-LMOF electrode at sweep rates from 2 to 200 mV s~ in (a) 1 M KOH and (b) 1 M LiOH solution.
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LiOH.

In the case of the supercapacitor using 1 M LiOH electrolyte,
the CV curves and galvanostatic charge-discharge profiles, rate
capability and cycle stability are similar to that of a super-
capacitor using 1 M KOH (Fig. 5b, 6b-d and S6t); the specific
capacitances are 1178, 945, 939, 826, 713, 630, 574 and 424 F g’1
at different current densities of 1, 2, 3, 4, 6, 8,10 and 20 A g™,
respectively, slightly higher than those found when using 1 M
KOH. After 2000 cycles, the specific capacitance remains at
94.6% of the initial capacitance.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed to further understand the electro-
chemical performances, and the results are presented in Fig. 7.
In the high frequency range of the plot, the internal resistance
(Rs) includes intrinsic resistance of the active material (Mn-
LMOF), the ionic resistance of the electrolyte, and the contact
resistance between the substrate and the active material.** Ry
values are 1.86 Q for 1 M KOH and 1.96 Q for 1 M LiOH. The
values are comparable to that of the reported Co-LMOF elec-
trode.*® The semicircle observed in the range of high frequency
is related to charge transfer and surface resistance. Almost the
same semicircles are observed in the plots of the 1 M KOH and
1 M LiOH electrolytes, indicating that the charge transfer
resistances (R.) are almost the same in the two electrolytes. The
unapparent semicircle reveals a low R.. At the low frequency
region, the phase angle of the plot for the 1 M LiOH electrolyte

This journal is © The Royal Society of Chemistry 2017

is slightly larger than that for the 1 M KOH electrolyte, and the
length of the Warburg line is shorter for the 1 M LiOH elec-
trolyte, indicating that the diffusion impedance of the 1 M LiOH
electrolyte is smaller, and the diffusion velocity of Li" ion is
faster.®® This result may be ascribed to the fact that the Li" ion
has a smaller radius.

The Mn-LMOF as a supercapacitor electrode material
exhibits an excellent capacitive performance, which can be
ascribed to the layered structure of Mn-LMOF, the Mn-LMOF

700

600
:
500 - on e LiOH

8
2

300

-Z”’ (Ohm)
%

200+

100

300 400 500 600

Z/(Ohm)

0 100 200 700

Fig. 7 Nyquist plots of the Mn-LMOF electrode in 1 M KOH and 1 M
LiOH.
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nano-sized particles and the micro/mesoporosity of this mate-
rial. First, the layered structure of Mn-LMOF can provide both
metal ions involved in the faradaic reaction and enough inter-
spaces for the storage and diffusion of the electrolyte. Second,
the Mn-LMOF nano-sized particles can shorten the diffusion
distance of the electrolyte and have more active sites for the
faradaic reaction. In addition, the micro/mesoporosity is also
beneficial for the transport of the electrolyte.

Conclusions

In summary, the Mn-LMOF electrode exhibits good cycling
stability and high specific capacitance in two alkaline electro-
lytes. In the case of 1 M LiOH solution, a maximum specific
capacitance of 1178 F g~ ' is obtained at 1 A g™, and the
capacitance retention is 94.6% after 2000 cycles; the values are
slightly higher (1098 F g, 92.6%) in the case of 1 M KOH
solution. This is the first report of a layered Mn-based metal-
organic framework being applied as a supercapacitor electrode
material. Its excellent electrochemical performance and simple
synthetic procedure indicate that the Mn-LMOF material with
nanosheets and nanoparticle morphologies is a promising
electrode material for supercapacitors. The results will
encourage us to synthesize more MOFs based electrode mate-
rials with layered structures.
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