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Sulfur-containing bimetallic metal organic
frameworks with multi-fold helix as anode of
lithium ion batteries†

Meng-Ting Li,‡a Ning Kong,‡a Ya-Qian Lan *b and Zhong-Min Su *a

We utilise the dual synthesis strategy in terms of bimetallic inorganic building blocks and sulfur containing

organic ligand. A novel sulfur-containing bimetallic metal organic framework (Fe2Co-TPDC) with two

types of 4-fold meso-helical structures has been successfully synthesized. Benefitting from the uniform

distribution of active sulfur sites and the structural stability of the mixed-metallic method, Fe2Co-TPDC

can efficiently prevent a shuttle behavior of sulfur and endow a commendable specific capacity. As far as

we know, this is the first time that a sulfur-containing bimetallic crystalline MOF with helical structure and

prominent specific capacity and remarkable cycling stability has served as an electrode material for LIBs.

Introduction

The exploitation of renewable green energy sources and
storage devices is imperative due to the increasing consump-
tion of non-renewable resources.1–3 As an up-and-coming
power source, lithium-ion batteries (LIBs) have been widely
considered for multitudinous electronic equipment, on
account of having high storage capacities and excellent cycle
performance.4–8 Nonetheless, there are two main obstacles,
including specific capacity and safety problems, in the devel-
opment of the LIBs electrode materials:9,10 conventional
graphite materials have a deficient theoretical specific capacity
of 372 mA h g−1, while silicon-based materials suffer from an
exaggerated volume expansion (∼300%) upon cycling, resulting
in limited rate performances and pulverization of the
electrodes.11–13 As a consequence, calling on the masses for
developing fungible LIBs electrode materials makes a lot of
sense.

In the LIBs electrode materials, recently, several instances
are available for crystalline metal–organic frameworks (MOFs)
acting as an anode/cathode based on topotactic ion insertion
and nontopotactic ion insertion.14–16 MOFs are a new type of

crystalline hybrids with a kaleidoscopic configuration, long-
range ordered arrangement of metal nodes and organic
linkers, sizable surface area and multi-functions that provide a
novel field for host–guest interactions.17–20 Their high stability
at increased temperatures is advantageous for their use under
harsh conditions.21 In 2007, Tarascon et al. reported MIL-53
(Fe) as a cathode material for LIBs for the first time.22 Since
then, more and more stable crystalline MOFs and MOF deriva-
tives are constantly being developed.23–27 What is less
explored, however, is the development of bimetallic MOFs,
especially in the field of LIBs.28–30 Benefiting from the syner-
gistic effect of the mixed-metallic method, bimetallic MOFs
can offer an additional degree of structural stability and endow
LIBs with better electrode performances.31–33 Unfortunately,
the synthesis of bimetallic MOFs is very challenging because
of the unpredictable in situ formation of subunit building
blocks during ‘one-pot’ synthetic procedures.34,35 To address
these problems, Zhou et al. obtained a great deal of bimetallic
MOFs by utilizing preformed inorganic building blocks [Fe2M
(μ3-O)(CH3COO)6] (M = Fe2+,3+, Co2+ etc.).36 It is expected that
bimetallic MOFs can not only offer structural complexity
through a ‘one-pot’ synthetic route, but also help buffer the
volume expansion/contraction upon cycling.

In addition, for the sake of higher specific capacity, sulfur
and metal sulfides used to be the center of attention as prom-
ising electrodes for LIBs mainly due to the active sulfur
element delivering a considerable theoretical capacity of
1675 mA h g−1.37,38 In contrast, the sulfur containing materials
are always subjected to severe capacity fading and poor
cyclability, which are mainly attributed to the large volume
change and formation of polysulfides Li2Sx (2 < x < 8) upon
cycling.39,40 The polysulfides are the intermediates of the
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electrochemical reactions during the Li+ insertion/extraction
process, which can facilely dissolve into the electrolyte or
transfer to the surface of the electrode, leading to a shuttle be-
havior and rapid capacity fading. As a result of this and in con-
junction with the heterogeneous diffusion of a traditional
sulfur containing technique, there has been an increased
demand for the anchoring of sulfur containing organic ligand
onto MOFs. By understanding this, the long-range ordered
arrangement of pore structures can ensure the uniform distri-
bution of active sulfur sites, which strikingly prevents the loss
of sulfur. It is anticipated that the strategy of combining bi-
metallic centers with sulfur-containing ligands can synergisti-
cally facilitate the specific capacity and cycling stability of
LIBs.

In this article, we aim to focus on two intriguing character-
istics of bimetallic MOFs. One is the dual synthesis strategy in
terms of bimetallic inorganic building blocks ([Fe2Co(COO)6])
and sulfur containing organic ligand (thiophene-2,5-dicar-
boxylic acid (H2TPDC)), and the other is the ability of applying
it to LIBs. Fortunately, a novel sulfur-containing bimetallic
MOF has been successfully synthesized, namely [Fe2Co
(TPDC)3(C3H6NO)3] (abbreviated as Fe2Co-TPDC).
Unexpectedly, the 3D porous architecture of Fe2Co-TPDC con-
tains two kinds of multi-fold helixes, which are considered as
favourable factors for structural stability and electrochemical
performances. To our knowledge, this is the first time that a
sulfur-containing bimetallic crystalline MOF with helical struc-
ture has served as an electrode material for LIBs and displayed
commendable specific capacity and cycling stability.

Experimental
Preparation of [Fe2Co(μ3-O)(CH3COO)6]

[Fe2Co(μ3-O)(CH3COO)6] was isolated using a previously
reported method.41 Fe(NO3)3·9H2O 8 g (0.02 mol) and
Co(NO3)2·6H2O 29 g (0.1 mol) were dissolved in 70 ml distilled
water for further use (solution A). CH3COONa·3H2O (42 g,
0.31 mol) was dissolved in 70 ml distilled water for further use
(solution B). Solution B was slowly added to solution A at room
temperature with continuous stirring. Stirring was continued
for a further 10 min even after a precipitate was formed. The
precipitate was collected by centrifugation and washed with
distilled water and ethanol. Then, the red sample was dried at
room temperature, yielding [Fe2Co(μ3-O)(CH3COO)6].

Preparation of Fe2Co-TPDC

Fe2Co-TPDC was synthesized by using a solvothermal method.
A mixture of [Fe2Co(μ3-O)(CH3COO)6] (0.030 g) and H2TPDC
(0.017 g) was dispersed in 5 mL DMF. Then, 0.25 ml acetic
acid was added to the mixture and the mixture was transferred
to a Teflon-lined reactor and heated at 150 °C for 48 h. The
dark red blocks crystals were collected at ambient temperature.
Yield: 60% based on Fe. Anal. calc for C27H24N3O15S3Fe2Co: C,
36.14; H, 2.7; O, 26.75; N, 4.68; S, 10.72. Found: C, 36.10; H,

2.75; O, 26.71; N, 4.65; S, 10.76. For details of Fe2Co-TPDC
please see Table S1 in the ESI.†

Materials and measurements

Powder X-ray diffraction (PXRD) patterns, FT-IR spectra,
thermogravimetric analysis (TGA) and elemental analyses were
performed on a Siemens D5005 diffractometer (Cu-Kα (λ =
1.5418 Å) radiation), Alpha Centaurt FT/IR spectrophotometer
(KBr pellets), PerkinElmer TG-7 analyzer and PerkinElmer
240C elemental analyzer, respectively. Inductively coupled
plasma (ICP) was performed on an inductively coupled plasma
source mass spectrometer (ICP-MS, Agilent 7700x).

X-ray crystallographic measurements

A Bruker SMART-CCD diffractometer with monochromatic Mo-
Kα radiation (λ = 0.71069 Å) was used for collecting the crystal-
lographic data of Fe2Co-TPDC at 293 K. Absorption corrections
were applied using a multiscan technique and conducted
using the SADABS program.42 To solve and refine the struc-
tures of the title compounds, we employed the direct method
and the full matrix least-squares with the SHELXTL program.43

We used the anisotropic operation to refine all the atoms
except for hydrogen atoms.

Battery analyses

In this study, we used a half-cell to investigate the electro-
chemical performance of Fe2Co-TPDC. The half-cell was
assembled with Fe2Co-TPDC as the working electrode and Li
metal as the counter electrode. So, the Fe2Co-TPDC was the
cathode and Li metal, the anode. The cathode was obtained by
mixing Fe2Co-TPDC, Super-P carbon, and poly(vinylidene flu-
oride) according to the weight ratio 70 : 20 : 10. The purpose of
extra N-methyl-2-pyrrolidinone (NMP) was to make the mixture
into a paste with appropriate viscosity. Then, the paste was
coated on a pure Cu foil mildly and vacuum dried at 50 °C for
24 h. The cathode loading mass on each electrode disk was
about 2 mg cm−2. A button cell was assembled with the
working electrode, Li counter electrode, and 1.0 M LiPF6 in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1 : 1 v/v) as
the electrolyte. The electrochemical performance of Fe2Co-
TPDC cathode, for instance, by circulation measurements,
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) was tested on a LAND CT2001A instrument
(Wuhan, China) and an electrochemical workstation
(Princeton Applied Research, Germany) at room temperature.

Results and discussion

The FT-IR spectra of Fe2Co-TPDC was confirmed, see Fig. S1.†
TGA of Fe2Co-TPDC indicated that the weight loss before
300 °C was solvent molecules. The whole framework of Fe2Co-
TPDC completely collapsed after 400 °C (Fig. S2†). The experi-
mental PXRD pattern of Fe2Co-TPDC agreed with the simu-
lated patterns, which indicated the pure phase of Fe2Co-TPDC
(Fig. S3†). Single-crystal data revealed that Fe2Co-TPDC crystal-
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lizes in the monoclinic space group P21/c. Generally, M3(μ3-O)
(COO)6 (M = Fe, etc.) is a usual inorganic subunit building
block in MOFs system.44 Hence, we used [Fe2Co(μ3-O)
(CH3COO)6] as the precursor to construct bimetallic MOF.
However, single-crystal data of Fe2Co-TPDC revealed that
[Fe2Co(μ3-O)(CH3COO)6] repeatedly split and assembled even
though Fe3+ and μ3-O2− possessed strong electrostatic inter-
actions. The fissile mechanism of building blocks under solvo-
thermal condition is still unclear; we speculate that the Co2+

ion escaped from the original cluster, and recombined with
two Fe3+ ions to form a lineal cluster eventually (Fig. S4†).
Inductively coupled plasma (ICP) of Fe2Co-TPDC indicated
that the weight fraction of Fe3+ ions was 13.92 and Co2+ ions
was 5.11, corresponding to the ratio of Fe : Co = 2 : 1. The
reborn [Fe2Co(COO)6] cluster (abbreviated as [Fe2Co]) itself
possessed six carboxylate arms. The adjacent [Fe2Co] clusters
were linked to each other end to end, which constituted a 1D
inorganic metal chain (Fig. S5†). One single Fe2Co cluster co-
ordinated with seven TPDC2− ligands (Fe–O, 1.959(5)–2.043(5)
Å, Table S2†) to extend a [Fe2Co(TPDC)6] unit. Bond-valence
calculation indicated that the oxidation state of Fe cations is
+3 and Co cations is +2.45,46

The framework contains two different kinds of multi-fold
helixes with different diameters along the b axis. Type-I 4-fold
meso-helix, which is the helical channel with a large size of
14.1 × 14.8 Å, is composed of two left-handed helixes with the
thread of {[Fe2Co]-[Fe2Co]-TPDC-[Fe2Co]-TPDC-[Fe2Co]-TPDC}
and two right-handed helixes in the same route (Fig. 1). Two
independent left-handed helixes are arranged in the double
left-handed helix along the identical axis and same is the case
with the double right-handed helix. These double left- and
right-handed helixes with a thread pitch of 19.5 Å fabricate
into a Type-I 4-fold meso-helix by partially sharing themselves
(Fig. 2). The helical channel with a small size of 10.7 × 16.2 Å,
namely Type-II 4-fold meso-helix, is formed by left- and right-
handed helixes in a similar way (Fig. S6†). Two independent
left-handed helixes following the principle of {[Fe2Co]-[Fe2Co]-
TPDC-[Fe2Co]-TPDC-[Fe2Co]-TPDC} are formed, which look
exactly like the Type-I 4-fold meso-helix. In contrast, some of
the asymmetric [Fe2Co] clusters in the helical route just con-
tribute part of themselves, combining with the variety of
coordination patterns of each ligand and that induces the
imparity of two types of 4-fold meso-helixes. Type-I and Type-II
4-fold meso-helix generate an infinite 3D porous framework by
partially sharing building blocks. To simplify the complex
structure of Fe2Co-TPDC, the [Fe2Co] cluster can be seen as
eight-connected nodes based on the topology, and the TPDC2−

ligand will not be considered as a node due to its double
coordination form. The whole network can resemble a single-
modal 8-net with a point symbol of {424·64} (Fig. S7†). There is
1599.5 Å3 potential solvent area volume (44.5% per unit cell)
in Fe2Co-TPDC calculated by the PLATON routine.47

The electrochemical properties of Fe2Co-TPDC, which were
triggered by the fascinating dual synthesis strategy, have been
evaluated by using Fe2Co-TPDC as LIBs cathode materials.
Cyclic voltammograms (CV) of Fe2Co-TPDC were obtained over

the range of 0.01–3 V, with a scan rate of 0.1 mV s−1 (Fig. S8†).
At the first CV cycle, the fabric of the solid electrolyte inter-
phase (SEI) films caused an irreversible reduction peak around
0.7 V, which is a normal phenomenon in LIBs.48 This peak
slightly receded at the second cycle, and there was almost no
more change in the third cycle. This indicated a sluggish
forming process of SEI films. The Li+ insertion procedure
induced a reduction peak at 0.01–0.2 V. In addition, we used
electrochemical impedance spectroscopy (EIS) to study the

Fig. 2 Ball/stick diagrams of Type-I and Type-II 4-fold meso-helix of
Fe2Co-TPDC, and the whole 3D Fe2Co-TPDC framework. All of the
hydrogen atoms are omitted for clarity.

Fig. 1 Ball/stick diagrams of (a) the single left-handed helix and double
left-handed helix; (b) single right-handed helix and double right-handed
helix in Type-I 4-fold meso-helix of Fe2Co-TPDC. All of the hydrogen
atoms are omitted for clarity.
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dynamics performance of Fe2Co-TPDC (Fig. S9†). As a rule, the
resistance R value is determined by solid electrolyte interface
resistance (high-frequency semicircle) and the interfacial reac-
tions for Li+ migration resistance at the surface of the electrode
(semicircle at mid-frequency). The R values were 29 and 21 Ω
for Fe2Co-TPDC before cycling and after the 100th discharge–
charge process, respectively. This indicates that the sulfur-con-
taining bimetallic organic framework can offer a passageway
for rapid Li+ ions transportation, which promotes the electro-
chemical performance. Furthermore, we speculate that the
possible mechanism for Li storage may be expressed as the
intercalation of Li+ into the sulfur-containing ligand (car-
boxylic group and thiophene ring). As shown in Fig. S10,†
there are 8 possible Li+ insertion sites, one Li+ in each car-
boxylic group, two Li+ in the sulfur site and four Li+ in the rest
of the thiophene ring.

To test our hypothesis that the sulfur-containing bimetallic
MOF undergoing a dual synthesis strategy can efficaciously
enhance the battery performance, commercial graphite also
has been investigated as a reference. The first discharge
capacities of the Fe2Co-TPDC and graphite are 1973 mA h g−1

and 624 mA h g−1, respectively (Fig. 3 and S11†), and the
capacities drop to 930 mA h g−1 and 409 mA h g−1 in the next
cycle. The dramatic reduction in capacity after the first cycle is
caused by the formation of the SEI films.

As shown in Fig. 4 and S12,† the cycling capacity of the
Fe2Co-TPDC cathode remains stable above 900 mA h g−1 for
100 cycles at the current density 0.1C (0.1C = 100 mA cm−2).
The discharge capacity of Fe2Co-TPDC exhibits an upswing
from 746 mA h g−1 to 991 mA h g−1 at 0.1C before 20–30
cycles. On one hand, the activation phenomenon may be
attributed to the sluggish forming process of SEI films. On the
other hand, we suspect that Li+ has hardly any access to the
interior of the helical channel at the beginning due to the
nano-pore sizes of crystalline Fe2Co-TPDC materials. It needs
some time for Li+ to completely reach the sulfur active sites. In
comparison, the capacity of graphite shows a decent stable
capacity at ca. 300 mA h g−1.

The charge–discharge capacities of Fe2Co-TPDC at a current
density 0.2C, 1C and 2C are ca. 800 mA h g−1, 500 mA h g−1

and 400 mA h g−1, respectively (Fig. 5). It indicates that Fe2Co-

TPDC is qualified for the working environment with a high
current density. Obviously, both the capacity retention and
cycling stability of Fe2Co-TPDC have a huge advantage in com-
parison with graphite during the cycling process.

Normally, cycling and rate performance of LIBs are the
assessment criteria for commercial applications. It is note-
worthy that Fe2Co-TPDC displays favorable rate performance
and cycling stability at current densities from 0.1C to 1C
(Fig. 6). The reversible capacities of Fe2Co-TPDC at 0.1C are
868 mA h g−1 and 898 mA h g−1. Even at 1C, Fe2Co-TPDC can
retain capacities of 667 mA h g−1 and 662 mA h g−1. When the
current density is reset back to 0.1C after 40 cycles, the specific
capacities of Fe2Co-TPDC almost recover to the original state.
The capacity of graphite is much lower than that of Fe2Co-
TPDC at each current density (Fig. S13†). These results indi-
cate that the sulfur-containing bimetallic Fe2Co-TPDC frame-
work with helical structure promotes the electrochemical per-
formance of LIBs.

We speculate that the coordination angle of H2TPDC and
asymmetric [Fe2Co] clusters dominates the successful syn-
thesis and superior performance of Fe2Co-TPDC (Fig. 7). Above
all, the native coordination angle of 151.7° within sulfur-con-
taining H2TPDC ligand can induce a turbinate formation
instead of a linear pattern with metal clusters during the sub-

Fig. 5 The charge–discharge capacity of Fe2Co-TPDC at a current
density 0.2C, 1C and 2C.

Fig. 4 The charge–discharge capacity and the Coulombic efficiency of
Fe2Co-TPDC during 100 cycles at a current density 0.1C (0.1C =
100 mA cm−2).

Fig. 3 The charge–discharge curves of Fe2Co-TPDC before 50 cycles
at a current density of 0.1C (0.1C = 100 mA cm−2).

Paper Dalton Transactions

4830 | Dalton Trans., 2018, 47, 4827–4832 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 3
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

of
 C

hi
na

 o
n 

22
/0

5/
20

18
 1

2:
52

:0
2.

 
View Article Online

http://dx.doi.org/10.1039/c8dt00095f


stitution reaction and deprotonation process. The D3h [Fe2Co
(μ3-O)(CH3COO)6] clusters as the starting material break and
reform to the asymmetric [Fe2Co] clusters that lead to a brand
new metal species with a more complicated coordinating
space. As a consequence, two types of 4-fold meso-helixes have
been created in the sulfur-containing bimetallic Fe2Co-TPDC
framework. In addition, a major advantage is that all the
sulfur atoms have been exposed into the inner cavity of the
helical channels, which means the Fe2Co-TPDC framework can
not only prevent a shuttle behavior and rapid capacity fading
of sulfur, but also endow a fast Li+ intercalation/deintercala-
tion kinetics.

Conclusions

In summary, by utilizing the dual synthesis strategy in terms
of bimetallic inorganic building blocks and sulfur-containing
organic ligand, a novel sulfur-containing bimetallic Fe2Co-
TPDC with two types of 4-fold meso-helical structures has
been successfully synthesized. Notably, Fe2Co-TPDC is capable
of acting as a cathode due to structural stability and electro-

chemical performances. Benefitting from the uniform distri-
bution of active sulfur sites and the structural stability of the
mixed-metallic method, the Fe2Co-TPDC framework can not
only prevent a shuttle behavior and rapid capacity fading of
sulfur, but also endow a fast Li+ intercalation/deintercalation
kinetics. As far as we know, this is the first time that a sulfur-
containing bimetallic crystalline MOF with a helical structure
has served as a cathode and displayed commendable specific
capacity and cycling stability.
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