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Abstract: The syntheses of sulfonate-based metal-organic frameworks (MOFs) following or not a
pillared strategy using a linear N-donor ligand have been successfully developed. These MOFs based
on Co, Ni or Mn present a layered structure separated by a solvent molecule of DMF or by a bridging
ligand (4,4’-BiPyridine - bpy). Due to the presence of transition metals on the coordination nodes
bridged by ligands (bpy), these materials have been tested as negative electrodes materials in a coin
cell. It reveals that materials have capacities up to 350 mAh.g™ and good electrochemical stability over
50 charge/discharge cycles. This strategy may shed light on designing new MOF-based electrode

materials with the use of organic ligands structured in a hybrid material.
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Introduction

Increased attention is focused on the design of efficient and clean energy storage devices. The
development of Lithium ion Batteries (LiBs), first formulated by Armand[1] and later commercialized
in large scale by Sony Corporation (1991), has grown exponentially due to their high energy density
and relatively low self-discharge.[2] Research in this field has continued to display some remarkable
progresses in terms of capacity, energy and cost reduction.[3] The future capabilities of this
technology are correlated to the development of new electrode materials (anodes and cathodes).
Anodes are mainly composed of graphite or carbonaceous materials.[4] However, some important
improvements have been recently made such as the Ti-based compounds[5] or the silicon nanowires
materials[6] which exhibit a good safety and cycling stability for a low cost.

Metal Organic Frameworks (MOFs) have proven to be very versatile materials due to the great
number of metallic clusters or organic ligands that can be used in the construction of these
materials.[7] Thanks to these characteristics, they have been tested for gas storage,[8] heterogeneous
catalysis,[9] metals extraction[10] or artificial photosynthesis.[11] MOFs have also been recently
proposed as new electrode materials for battery[12] as positive electrode materials[13] or as anode
materials[14]. Due to the possibility to control different morphologies[15] it has been possible to
prepare nanoscale carbon materials that have revealed to enhance ions intercalation performance.[16]
This thermal conversion, under air[17] or N, atmosphere[18], to carbon/metal oxide materials[19] can
retain the stable porous architecture of the original MOF and give some interesting properties for
electrochemical application. Some other strategies as the loading of metal nanoparticles[20] or carbon
nanotubes[21] with MOF have been successfully demonstrated.

Carboxylate anions ligands[22] and neutral nitrogen heterocycles[23] are often used as linkers
in MOFs because they are usually commercially available or they can be obtained quite easily by
organic synthesis. Other functionalities such as sulfonate or phosphonate motifs have been
considerably less studied.[24] However, we have recently shown that phosphonate based MOF have a
great potential as electrode material in LiBs[25] and leads us to use of sulfonic acid linkers. Indeed,
compared to the carboxylate analogues, [26] these ligands can easily stabilize high coordination
number complexes due to the three oxygen donor atoms per sulfonate group and consequently
corresponding MOFs exhibit a better thermal stability when coordinated to transition-metals.[27] But
the lower structural predictability related to the versatile coordination modes of sulfonate to the metal
is the main issue to obtain well-defined crystalline porous materials.[28] To increase rigidity and to
favor 3D-network of such materials, the use of a mixed-ligand strategy can be efficient.[29-31] By
using linear N-donor ligands during the MOFs synthesis, the possibility was shown to include these
ligands in a layered structure and these MOF-based electrodes lead to high capacities and good cycling
stability as shown by PANI-ZIF-67CC[32] or [Ni(bpy)(tfbdc)(H.0),][33]. In the last example, the use

of the 4,4’-bipyridine (bpy) as spacer could be an original way to include a solid state organic



molecule that has already shown great interest as electroactive moieties in polyviologen for organic
batteries.[34]

Inspired by these results, we propose in this study the use of a Mn(ll), Co(ll) and Ni (Il)
systems based on BenzeneDiSulfonic Acid (BDS) that are stabilized with bpy ligands as potential
electrode materials for LiBs. The crystal structures of these materials (Mn(BDS)(DMF) and
M(BDS)(bpy)(DMF),, M = Ni, Mn or Co)) have been solved from single crystal X-ray diffraction
data. Moreover, electrochemical studies in coin cell have revealed a capacity around 350 mAh.g™ (0.1-
3.5V vs Li"/Li) at low rate and a good stability over charge/discharge cycles.

Experimental
Synthesis and characterizations

Reagents were purchased from Sigma-Aldrich and were used as received without further
purification. The ligand BDS was synthesized according to a previous reported protocol[35] and was
obtained by using hydrogen peroxide in a mixture of water and methanol containing the
dithioterephthalic acid. M(BDS)(DMF) and M(BDS)(bpy)(DMF), were obtained by mixing 1
equivalent of ligand (50 mg, 0.2 mmol) with 1 equivalent (68 mg for Mn and 57 mg for Co and Ni
salts, 0.2 mmol) of Mn(NOs),(H,0),, Co(NO3),(H,0)s or Ni(NOs),(H,0)s and 1 equivalent of bpy (31
mg, 0.2 mmol) in the case of the pillared MOF in 5 ml of dry DMF. The reaction was then performed
in a solvothermal conditions at 120 °C for 2 days in an oven. Then the mixture was centrifuged and

single crystals of each materials were isolated and solved by single crystal diffraction.

Single crystal diffraction

The crystal structures of the compounds M(BDS)(bpy)(DMF), (M= Ni, Mn, Co) were solved
from data collected on the single-crystal X-ray Bruker-Nonius Kappa CCD diffractometer with
monochromated MoKa ( A= 0.71073 A) at 100 (2) K. The crystal to detector distance was 60 mm.
Data collection strategy and data reduction were done with the use of SUPERGUI software. While the
data related to Mn(BDS)(DMF) were collected with a bruker APEX Il diffractometer at 150 (2) K, the
absorption corrections were carried out with SADABS.[30] The determination of the structure and the
final refinement was carried out with the use of the SHELXL 2016 package.[31] Crystal data and data

collection details for each compound are reported in Table S1.

Electrochemical characterizations

Coin cell assembly was carried out in an argon-filled MBraun glove box using metallic lithium
foil as counter and reference electrode and Celgard® 2400 and Viledon® (Freudenberg) as separator,
the latter soaked with a 1M solution of LiPFg in a 1:1 volume mixture of ethylene carbonate (EC) and

dimethyl carbonate (DMC) (UBE), serving as electrolyte. Galvanostatic cycling were performed using



a multichannel Arbin BT-2000. Composite electrodes for the electrochemical characterization were
prepared by mixing M(BDS)(bpy)(DMF), Super P® (SP; Imerys) and poly(vinylidene difluoride)
(PVdF, SOLEF® 5130; Solvay), in N-methyl-2-pyrrolidone (NMP; Sigma-Aldrich). The overall
weight ratio was 40/40/20 M(BDS)(bpy)(DMF)/SP/PVdF. The slurry were coated on copper foil,
serving as current collector, and after pre-drying disk-shaped electrodes were punched, having an
average active material mass loading of about 1 mg.cm™> for M(BDS)(bpy)(DMF)/SP/PVdF. The
electrodes were subsequently pressed at 10 tons for 10 s prior all the electrodes were dried at 80 °C for
48 h under vacuum. Since lithium foil served as counter and reference electrode, all potential values

given herein refer to the Li*/Li° redox couple.

Results and discussion

Structure analyses

The crystal structures of the three isostructural compounds M(BDS)(bpy)(DMF), with M =
Mn, Co and Ni were solved in the orthorhombic system in the Pbca space group. There are four
formula units per unit cell with a = 10.6241 (8) A, b = 11.6242(16) A, ¢ = 19.7900(20) A (Mn), a =
10.8881 (12) A, b = 11.3927 (14) A, ¢ = 19.2902(15) A (Co), a = 10.9666 (12) A, b = 11.2905 (12) A,
¢ = 19.1256 (8) A (Ni). Crystal data and refinement parameters are reported in Table S1. Each M has
an octahedral coordination formed by four oxygen atoms, two provided by the DMF molecules and
two other supplied by the sulfonate groups of the BDS molecule. The coordination sphere is
completed by two nitrogen atoms coming from the bi-pyridine molecules. Figure 1-left presents a
general view of the structure along the a axis. The MO4N, octahedra are connected to the bi-pyridine
molecules to form infinite chains along the b axis. These chains are separated from each other down
the b axis by the DMF molecules to form what could be described as organic-inorganic pseudo-layers
(Figure 1-middle). The overall structure consists in BDS molecules separating these latter described
pseudo-layers by the share of one oxygen atom as viewed in Figure 1-right. The interatomic distances
are reported in Table S2. The M-O and M-N distances with M = Mn, Co and Ni evolve in agreement
with the crystal radii reported in the Shannon tables.
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Figure 1 : left - Projection of the M(BDS)(bpy)(DMF), crystal structure down the a axis, middle -
crystal structure down the b axis, right - Arrangement of the isolated MO,N, octahedra viewed
perpendicular to the [001] direction.

The materials without the bpy have also been obtained under the form of single crystal with the
Manganese. Mn(BDS)(DMF), crystallizes in the triclinic system with the P-1 space group. There are
two formula units per cell with a = 9.858(1) A, b =9.931(1) A, ¢ = 10.310(1), o. = 69.224(1)°, B =
68.214(1)°, y = 87.106(1)°, V = 872.47(15) A®. Crystal data and refinement parameters are reported in
Table S3. In the present structure, there are two different Mn atoms, each one is octahedrally
coordinated to six oxygen atoms. Four provided by the sulfonate group and two others belong to the
DMF molecules. The difference between the two sites reside in the orientation of the DMF molecules
positioned in trans configurations down the b axis and have different orientations. The overall
structure consists of isolated MnOg octahedra bridged by the sulfonate groups down the ¢ axis and
separated also by the BDS molecules down the b axis. Figure 2 represents a view of the crystal
structure of the Mn(BDS)(DMF), compound down the ¢ and b axis, respectively. The Mn-O distances
are typical which are comprised between 2.1467(11) - 2.1831(10) A for Mn1 and 2.1704(11) -
2.1868(11) A (Table S4). It is worth noting that the crystal structure of Mn(BDS)(DMF), was already
reported in the literature, however, from our refinement, we found that the most suitable solution
consisted in doubling the volume caused in our opinion by the configuration of the DMF molecules.
[36]
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Figure 2 : (left) Projection of the Mn(BDS)(DMF), crystal structure down the c¢ axis. (right) View of
the Mn(BDS)(DMF) structure down the b axis



Electrochemical performances

The cycling performances of M(BDS)(bpy) are shown in Figure 3 and Figure S3.
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Figure 3: (left) Charge-Discharge profiles (right) and cycling performance (reduction) at 300 mA.g™

The electrochemical performances of the three materials were evaluated in half coin cells. For
all the materials, a first lithiation was observed with capacities up to 1200 mAh.g™. Most of the
capacity is observed between 1.2 V and 0.1 V with a large hysteresis. After 5 charge/discharge cycles,
the specific capacity of the materials remain constant up to 50 cycles. The large irreversible capacity
during the first cycles is typical of a conversion mechanism and the MOF structure is probably not
maintained. However, in such material metal clusters are separated by organic ligands that lead to very
small and isolated metallic particles at the end of this conversion process and avoid any particles
recombination that will decrease the electrochemical performances.[37] Composite electrodes based
on Ni(BDS)(bpy) and Mn(BDS)(bpy) have revealed the lowest capacities of the three materials with
capacities of around 250 mAh.g™ and 260 mAh.g™, respectively. These capacities could be mainly
attributed to the contribution of Super P® carbon used to form the electrodes (Figure S1). Only the
Co(BDS)(bpy) material has revealed a significant electro-activity with a capacity value of 350 mAh.g°
! (with a contribution of 2/5 due to Super P® carbon in this condition). These results indicate that,
even if the MOF structure is probably lost, the pre-organization of the metallic clusters is important for
the overall stability during the cycling. This result is in accordance with what was observed (406
mAh.g™) with the pillared ([Ni(4,4-bpy)(tfbdc)(H,0),] previously reported.”® Finally, this last material

presents an interesting stability after couple of charge/discharge cycles and a low operating voltage.



Conclusions

In summary, three new pillared hybrid materials based on sulfonate ligands have been

synthesized and tested as potential electrode materials. Even if the variations in ligating mode of the

sulfonate can generate multiple polymorphs in such materials, it has been possible to crystallize these

compounds and to solve their structures from single-crystal XRD data. The use of a bridging ligand

during the MOF synthesis, i.e. the bpy, allowed to increase the distance between the MOF layers and

to immobilize a molecule inside a porous network. From the different electrochemical tests,

Co(BDS)(bpy) has revealed the most interesting capacity of 350 mAh.g™ and a good retention up to 50

cycles. These results show that the development of new electrode materials is essential to increase cell

capacities and that the design of new materials can be supplied by hybrid materials.
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