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A B S T R A C T

The lithium ion storage properties of a series of metal-organic frameworks (MOFs) with formula
{[M(L)(H2O)2]H2O}n and [M(CA)(Pyz)]n (where L refers to the tetraoxolene ligands: CA = chloranilate and
DHBQ = dihydroxybenzoquinone; Pyz = pyrazine; M = Fe and Mn) and exhibiting a 1D and 2D structure, re-
spectively, have been studied. The 1D MOFs ({[M(L)(H2O)2]H2O}n) show higher reversible capacity values for
lithium ion insertion with respect to 2D structures containing two organic ligands (M(CA)(Pyz)]n). The gravi-
metric capacity for the 1D Fe-CA MOF is 75 mAh/g at 2.16 mA/g (~ 1 lithium atom per formula unit) higher
than for the Mn complexes which is 65 mAh/g at 2.12 mA/g, though isostructural. Lithium ion insertion in the
1D Mn-CA chains takes place at 2.4 V vs. Li+/Li which is ~700 mV higher than what is recorded for the Fe
analogue. This result is most probably due to much more stable d5 electronic configuration of Mn2+ than d6 of
Fe2+ in its isostructural Fe-based framework analogue. The 1D Fe-DHBQ capacity is higher than its manganese
analogue 75 mAh/g at 2.5 mA/g (0.8 lithiums) against 40 mAh/g. In general, the high voltages of reaction in
these 1D MOFs suggest that they involve the participation of the ligand on the redox processes along with the re-
duction of the transition metal if any. In fact, the potential of ion insertion changed depending on the metal. This
fact along with the absence of evidence of conversion reaction by x-ray diffraction of cycled electrodes suggests
that the charge delocalization may be all along the metal-ligand molecular framework participating as a whole
hybrid unit in the lithium storage.

© 2020

1. Introduction

The increasing global demand of energy consumption and the fact
that 80% of the total energy produced comes from fossil fuels is affect-
ing negatively climate change and human health due to the proliferation
of pollutant agents in the atmosphere [1]. Thus, it is urgent to exploit
renewable and environmentally friendly energy sources such as solar en-
ergy and wind, bringing them into the electric grid, and also boosting
the electrification of transport [2]. These low-carbon emission sources
are however intermittent, so it is necessary to couple them with energy
storage devices characterized by long-time stability, safety and capa-
bility to deliver a massive amount of clean electricity [3]. Within this
scenario, the development, by using sustainable routes, of inexpensive,
non-toxic and efficient battery components, such as electrode and elec-
trolyte materials, is of the utmost importance [4].

Metal organic frameworks (MOFs) are a unique class of porous co-
ordination polymers (CP) comprising inorganic centers connected to
organic linkers which results in a high diversity of crystalline struc-
tures with novel functional
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properties [5]. Because of their rich chemistry, MOFs might be po-
tentially used in a wide range of applications such as gas and sol-
vent adsorption, catalysis, molecular and electronic transport, or en-
ergy [6]. Despite their promising properties, their application as elec-
trode materials in energy systems has been hindered by their poor
electronic conductivity, limited reversible ion insertion into the struc-
ture, and by the occurrence of unwanted conversion/displacement re-
actions [7]. The improvement of the electronic conductivity in MOFs
has been overcome either by hybridizing the metal-organic framework
with conjugated polymers, by using conjugated organic ligands as elec-
tron carriers [8], or by mixing with conducting carbon additives [9].
To prevent a conversion or displacement reaction from occurring, which
might increase the polarization in the MOF electrode, researchers have
adopted the strategy of choosing early 3d transition metals to sta-
bilize high oxidation states and therefore achieve higher M-O bond
stability with respect to charge variations, and to enable long-range
electron delocalization [10]. This was the case of the MIL-53 (Fe)
series FeIIIOH(bdc)] (bdc =1,4-benzenedicarboxylate). MIL-53(Fe)·H2O
(FeIII(OH)0.8F0.2(O2CC6H4CO2)]·H2O) was the first ever reported MOF
member to reversibly insert Li+ ions electrochemically [10]. The elec-
trochemical reactivity observed was due to the partial reduction of Fe3+

to Fe2+ (mixed-valence state) along with the simultaneous insertion
of 0.6 Li+ in the structure per iron atom at a C/40 rate. The experi-
mental capacity value for MIL-53 MOF's is only ~60% of the theoret-
ical value, and the theoretical capacities are lower than 110 mAh·g−1.
The main reason for the drop in the experimental capacity values

https://doi.org/10.1016/j.electacta.2020.136063
0013-4686/© 2020.
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is the shortage of permanent porosity which hampers the Li-ion insertion
numbers of these MOFs, which in turn inhibits the fully reduction of the
Fe2+ centers. The control of the structural dimensionality of the MOF,
beyond the pore size and distribution, has resulted crucial to increase
the lithium storage capacity and power capability [11]. For instance,
hexagonal pores formed inside a 2D MOF layers made by combining Cu
metal centers with anthraquinone dicarboxylate blocks implied that the
redox groups were exposed to the internal surface area exhibiting a great
endurance upon the uptake of Li-ions [12]. In fact, the capacity loss in
this 2D hybrid framework might be very likely due to the insufficient
extraction of Li-ions during charge process and not to pore blocking phe-
nomena such as in 3D MOFs such as MIL-53. This was also the first ex-
ample of a MOF that allows both metal clusters and ligands to indepen-
dently exhibit redox activity. The decrease of the structural dimension-
ality in MOFs from 2D to 1D, exhibiting both redox actives metal and
organic linkers, has also led the increasing of both the theoretical and
experimental gravimetric capacity values. It is worth to highlight the
work done by Peng's Cheng group on the synthesis of different 1D MOFs
specially the hybrids containing [M(C5O5)(H2O)3]n (M = Mn for 1 and
Co for 2; C5O52− = croconate dianion) exhibiting well defined redox
processes synergistically from both the metal centre and the ligand along
with high gravimetric capacity values up to 729 mAhg−1, elevated dis-
charging rates to 2 Ag-1 and excellent cycling and stability performance
during the cycling process [13]. This group has also evidenced that in
highly performance 1D MOFs electrodes for lithium ion batteries [14],
where metal and ligand redox activities are coexisting, if the 1D chains
are linked by weak hydrogen bonds rather than by strong π–π stacking
interactions or covalent bonds, the materials allowed to approach their
maximum potential capacity and rate capability (faster lithium ion dif-
fusion) without the negative effect of burying active redox sites like in
less accessible porous 3D MOF structures.

Particularly interesting to be explored, as electrode material is the
case of low dimensionality metal-tetraoxolene complexes as shown in
Fig. 1. The tetraoxolene-bridging mode (Fig. 1A) enables the con-
struction of a variety of highly water stable polymer framework con-
taining 1D and 2D building blocks by using simple and environmen-
tally friendly synthesis routes. In these structures the charge might
be delocalized over both metal and ligand indistinguishably. These
functional hybrid materials have useful electronic and magnetic

properties [15,16] so they have revealed to be highly versatile as elec-
troactive compounds and may be used as sustainable electrode materials
in Li ion batteries too.

Wrobleski et al. [17] and Kitagawa et al. [18–20] synthesized a se-
ries of MOFs with the formula {[M(CA)(H2O)2]H2O}n, [M(CA)(Pyz)]n,
and [M(DHBQ)(H2O)2]n (M = FeII and MnII) (H2CA = chloranilic acid)
(Pyz = pyrazine) (H2DHBQ = 2,5-dihydroxy-1,4-benzoquinone). The
crystal structure of the {[M(CA)(H2O)2]H2O}n MOF consists of 1D
MII-CA2- zig-zag chains connected by hydrogen bonds through water
molecules (Fig. 1B). The structure corresponding to the MOFs with the
two ligands and with formula [M(CA)(Pyz)]n has a crystalline porous
structure that consists of infinite 2D square grid sheets of MII con-
nected by CA2− dianions and pyrazine along the c and b axes respec-
tively (Fig. 1C). The metal-ligand unit is redox active and the CA2−

anion can induce anomalous electrical properties when coupled to the
metal ions [18]. Fig. 1D shows the structure of the MOF with formula
[M(DHBQ)(H2O)2]n consisting on 1D MII-DHBQ (M = Fe, Mn) chains
connected between them by hydrogen bonds made by water molecules
coordinated to the metallic centers. This MOF can also exhibit a trans or
cis conformation [17,20,21]. The framework shown in Fig. 1D is the
trans conformation with the 1D chains running along the c-axis. While
in the CA-containing MOFs all four oxygen atoms are bonded to tran-
sition metals, in the [M(DHBQ)(H2O)2]n only two of the oxygen atoms
of the DHBQ ligand are connected to the metal, and the other two –OH
are free to react. Actually, DHBQ-based complexes were able to interca-
late water molecules and to evidence proton conductivity due to their
low-dimensional open porous crystalline structure and chemical reactiv-
ity [20].

Inspired by the chemical and structural properties of these class of
coordination polymers, we have synthesized a number of MOFs con-
taining either Fe or Mn metals and different aromatic two-fold sym-
metric ligands with the following formulas: {[M(CA)(H2O)2]H2O}n,
[M(CA)(Pyz)]n, and [M(DHBQ)(H2O)2]n (M = FeII and MnII). We have
also characterized their physico-chemical properties and evaluated the
impact of the dimensionality of the framework on their electrochemical
performance as sustainable electrode materials for Li-ion batteries. Fi-
nally, we have evidenced that the charge might be delocalized all along
the metal-ligand molecular framework participating as a whole hybrid
unit in the lithium storage mechanism.

Fig. 1. Chloranilic acid (left), 2,5-dihydroxy-1,4-benzoquinone (right) and pyrazine (down) (A). Structural models of the MOFs {[M(CA)(H2O)2]H2O}n with C2/c space group (B),
[M(CA)(Pyz)]n with C2/m space group (C) and [M(DHBQ)(H2O)2]n with C2/c space group (D). Blue: coordination polyhedra with metal inside, purple: N, red: O, brown: C, white: H,
green: Cl. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2. Experimental section

2.1. MOF synthesis

{[Fe(CA)(H2O)2]H2O}n: 83.5 mg of chloranilic acid (0.4 mmol)
were dissolved in 60 mL of warm deionized water and then combined
with a solution of 111 mg of FeSO4·9H2O (0.4 mmol) in 20 mL of warm
deionized water. Immediately after mixing, dark crystals began to form.
After one week crystals were filtered off, washed with water and dried
in air. Yield: 93%.

{[Mn(CA)(H2O)2]H2O}n: This hybrid complex was prepared fol-
lowing the same procedure than for {[Fe(CA)(H2O)2]H2O}n but with
MnSO4·4H2O as a metal precursor. After one week, crystals were filtered
off, washed with water and dried in air. Yield: 60%.

[Fe(CA)(Pyz)]n: For the synthesis of this MOF, 346 mg of
FeSO4·9H2O (1,24 mmol) was added to a refluxing methanol solution
(15 mL) containing 100 mg of pyrazine (1.24 mmol). The red-orange
iron(II)-pyrazine complex which precipitated was redissolved by adding
1.5 mL of water to the mixture. An aqueous solution of chloranilic acid
(260 mg, 1.24 mmol) in water was added to the mix and allowed to cool
down to room temperature. After one week the black precipitate was fil-
tered, washed with water and dried in air. Yield: 70%.

[Mn(CA)(Pyz)]n: This MOF was prepared in an analogous way to
that of [Fe(CA)(Pyz)]n. After the reaction, a brown precipitate was fil-
tered, washed with water and dried in air. Yield: 50%.

[Fe(DHBQ)(H2O)2]n: This MOF material was prepared following
the same procedure than for {[Fe(CA)(H2O)2]H2O}n but with 2,5-di-
hydroxy-1,4-benzoquinone as the organic precursor. The black crystals
were filtered, washed with water and dried in air. Yield: 80%.

[Mn(DHBQ)(H2O)2]n: This MOF was prepared following the same
procedure than for {[Mn(CA)(H2O)2]H2O}n but with 2,5-dihy-
droxy-1,4-benzoquinone as the organic linker. The black crystals were
filtered, washed with water and dried in air. Yield: 50%

2.2. MOF characterization methods

The content of C, H and N in the coordination complexes was deter-
mined by combustion in a LECO CHNS-932 thermal analyzer. The char-
acterization of the content of Fe and Cl in the MOFs materials was car-
ried out by fluorescence with a TXRF EXTRA-II, Rich and Seifert spec-
trometer. The crystalline structure of the Fe and Mn MOFs was analysed
by powder X-ray diffraction (XRD) in the 2θ range of 5°–60° by using
a Bruker D8 Advance diffractometer with CuKɑ radiation (α = 1.54 Å).
The chemical functionalities of the coordination polymers were qualita-
tively analysed by using a FTIR PerkinElmer UATR two on the range of
4000 to 400 cm−1. The thermal stability of the MOFs was evaluated by
thermogravimetric analysis (TGA) by using a thermogravimetric balance
(model TA Instruments-Q500). The gas used for the analysis was nitro-
gen for the non-oxidant atmosphere and air for the oxidant atmosphere
within a temperature interval of 25 ºC-900 °C, at a heating rate of 15 °C/
min. The average sample mass was 3 mg. The morphology, shape and
size of the synthesized MOF particles were studied by high resolution
scanning electron microscopy (HRSEM) in a Hitachi S-8000 model with
field emission filament and a voltage of 1.0 kV. A comprehensive chem-
ical analysis in the MOFs by using EDS analysis in conjunction with the
scanning electron microscopy imaging to confirm the presence of the Fe
and Mn in the composition was also carried out.

Electrochemical Measurements. Before the electrochemical study of the
lithium storage properties, each MOF material was thermally dried at
70 °C under vacuum or at room temperature by using the same vacuum
conditions. Then, XRD was performed to determine and choose the con-
ditions where the crystal framework had not changed after drying. Fur-
thermore, the chemical stability of the MOFs in commercial lithium elec-
trolyte was followed inside the glove box before performing the electro-
chemical tests. For that, 5 mg of each MOF material were placed in a
vial and 1 ml of liquid electrolyte was added; then the vial was shacked
vigorously and left without disturbing for 3 weeks.

The study of the electrochemical properties of the MOFs was car-
ried out by using stainless steel Swagelok® cells. We employed Kap-
ton® films (25 μm thick) to electrically isolate the inner side of the
cells and avoid a short circuit. A disc of lithium metal acted as neg-
ative electrode. The active material was mixed by hand with Super P
carbon (50 wt%) in an agate mortar. Afterwards, the powder mixture
was dried under vacuum at a temperature of 70 °C or only under vac-
uum at room temperature and then transferred to an Argon glove box
(MBraun, H2O < 5 ppm; O2 < 5 ppm). A porous glass fibre disc (What-
man) acting as a separator was impregnated with 0.2 ml of a commer-
cial electrolyte solution containing a concentration of 1 M of LiPF6 salt
in ethyl carbonate (EC) and dimethyl carbonate (DMC) solvents mixture
with a 1:1 vol ratio (Sigma-Aldrich). The Li-MOFs half-cells were cycled
in a VMP multichannel potentiostat/galvanostat (Bio-Logic) operating at
constant current densities (referred as C rates: C/20, C/40 and C/80).
See Supplementary File. The cells were cycled in a voltage range be-
tween 1.2 and 3.0 V vs Li+/Li.

3. Results and discussion

3.1. MOF characterization

Elemental analysis of the coordination polymers (Table S1 and Figs.
S1-S6)) showed concordance between the theoretical and the experi-
mental content.

Fig. 2 shows the powder X-ray diffraction patterns corresponding to
the different MOFs studied herein. The XRD patterns of the MOFs with
formula {[Fe(CA)(H2O)2]H2O}n and {[Mn(CA)(H2O)2]H2O}n matched
with the bibliographical data published by Kitagawa et al. [18] en-
closed on the Cambridge Structural Database (CSD) (Fig. 2A). The
MOFs with two different ligands [Fe(CA)(Pyz)]n and [Mn(CA)(Pyz)]n,
were also isostructural to Co2+ and Mn2+ analogues enclosed on the
CSD [19] being the Fe-based MOF phase with this crystal structure
herein reported for the first time (Fig. 2B). The XRD pattern corre-
sponding to [Mn(DHBQ)(H2O)2]n also matched with the diffractogram
published by Yamada et al. [20] (Fig. 2C). However, the coordination
polymer with formula [Fe(DHBQ)(H2O)2]n showed a completely differ-
ent XRD pattern that did not fit any of those reported before (Fig. 2D).
Abrahams et al. [21] discovered that coordination polymers with for-
mula [M(DHBQ)(H2O)2]n (M = Mg or Zn) can adopt a zig-zag struc-
ture with cis conformation when the synthesis reaction occurs in a
methanol/water solution mixture. These MOFs, when dried in air can
change their conformation (unstable) from cis to the linear trans con-
figuration observed by Yamada et al. [20] Therefore, the XRD pattern
of the [Fe(DHBQ)(H2O)2]n, have a different structure than their man-
ganese analogue with trans configuration. Because of the difficulty to
growth single crystals for this class of MOF [22] and their chemical in-
stability under the electron beam of the transmission electron micro-
scope, we have not been able to unveil the crystal symmetry with ac-
curacy neither by X-ray nor electron diffraction and confirm their cis
or trans configuration or any other different structure. Moreover, the
low signal/noise relation value for most of the diffractions and the high
x-ray background both most probably due to the x-ray fluorescence also
makes difficult the interpretation of the diffractogram corresponding to
[Fe(DHBQ)(H2O)2]n.

The thermal behaviour of the MOFs was studied by TGA in both
air and nitrogen atmospheres (Fig. S7) showing slight differences. In
air, the MOFs with the formula {[Fe(CA)(H2O)2]H2O}n and
{[Mn(CA)(H2O)2]H2O}n, both containing 1D chains, show a main
weight loss of ~17 wt% approximately at ~120 °C and ~150 °C re-
spectively. This mass reduction corresponds to the elimination of the
three water molecules per formula unit. The slightly higher tempera-
ture for this water loss in the {[Mn(CA)(H2O)2]H2O}n framework, sug-
gests that those molecules must be more tightly bonded to manganese
than to the more electronegative iron atom. The reason to this fact
might be probably due to the higher charge localization in the oxy-
gen-metal bond in the Fe-containing MOF than in the analogue with
manganese. A second weight loss for these two MOFs starts at ~300 °C
that correspond to the beginning of the thermal degradation of the
framework, showing a faster decomposition in the Fe-MOF. Under ni-
trogen, the thermogravimetric profiles exhibit a similar behaviour; how-
ever now the degradation of the MOFs occurs in a smoothed way, be
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Fig. 2. Comparison between the powder X-ray diffraction patterns of the synthetized MOFs and their bibliographic diffractograms obtained from de CSD for {[M(CA)(H2O)2]H2O}n (A),
[M(CA)(Pyz)]n (B), [Mn(DHBQ)(H2O)2]n (C) and [Fe(DHBQ)(H2O)2]n (D). In the structures on (C) and (D): Blue: M, red: O, brown: C, white: H atoms. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

ing more noticeable in the case of {[Fe(CA)(H2O)2]H2O}n. This observa-
tion is in agreement with the fact that Fe2+ is fastly oxidized into Fe3+

in air.
The thermograms in air from the 2D MOFs [Fe(CA)(Pyz)]n and

[Mn(CA)(Pyz)]n show only one pronounced step of weight loss at
~300 °C and ~400 °C respectively due to their decomposition into the
corresponding metal oxides. In nitrogen, the main difference is a shift of
the stability of [Fe(CA)(Pyz)]n up to ~400 °C, due to the higher stability
of Fe2+ under this atmosphere. Beyond this temperature, the structural
collapse occurs gradually in both materials.

In the case of the coordination polymers [Fe(DHBQ)(H2O)2]n and
[Mn(DHBQ)(H2O)2]n, both thermograms in air and nitrogen show a dif-
ferent behaviour. [Mn(DHBQ)(H2O)2]n exhibits two well defined weight
losses, the first one at approximately 100 °C corresponding to the loss
of the two water molecules from the framework, and a second ~150 °C
in air which is shifted at ~500 °C in nitrogen belonging to the thermal
degradation of the coordination polymer.

In the case of [Fe(DHBQ)(H2O)2]n, the modification of the shape of
the thermograms in both atmospheres is in agreement with the fact that
Fe2+ is more stable in absence of oxygen. Here it is noticeable a different
thermal behaviour of these materials, since they exhibit different crystal
structures as it has been demonstrated by X ray powder diffraction.

In view of these results, we can confirm that the hybrid frameworks
containing manganese are more thermally stable than their iron coun-
terparts under air atmosphere. In any case, all these degradation temper-
atures are higher than 60 °C where the decomposition of LP30 begins,
so all these MOFs are suitable for the LP30 electrolyte from a thermal
stability and safety perspective [23].

As it was mentioned in the experimental section, all the MOF sam-
ples were dried in vacuum at 70 °C before the assembly of the elec-
trochemical cells. Subsequently, X-ray diffraction patterns were col-
lected. Only, the crystal structure of {[Fe(CA)(H2O)2]H2O}n is modi-
fied after the thermal treatment under vacuum, while the rest of the
MOFs retain their parent crystal structure (Figs. S8-

S13). Therefore, for this particular material, the electrochemical prop-
erties were evaluated only drying under vacuum at room tempera-
ture. As discussed before, this stability differences between the
{[Fe(CA)(H2O)2]H2O}n and its manganese analogue can be caused by a
stronger charge location in the iron-oxygen bond making the water mol-
ecules less bonded to the metal center, creating a weaker structure than
the {[Mn(CA)(H2O)2]H2O}n. Moreover, the most likely to detect ther-
mal transition near the drying temperature were not evidenced by dif-
ferential scanning calorimetry (DSC) analysis in any of these MOFs, nei-
ther during the cooling nor the heating cycle was observed (Fig. S29).
Therefore, the structural changes evidenced after thermal treatment un-
der vacuum in the MOF {[Fe(CA)(H2O)2]H2O}n must be might be due
to the specific chemical interaction between the Fe and the chloranilic
acid.

Fig. 3 shows the IR spectra of the coordination polymers studied
herein. The water containing MOFs presented a wide vibration band
centred at 3400 cm−1 corresponding to the OH group of the water mol-
ecules. The strong band at 1500 cm−1 corresponding to the C O vi-
bration was observed in all the MOFs. The band appeared shifted with
respect to the pristine vibration band centred at 1600 cm−1 correspond-
ing to the carbonyl group in the chloranilic acid and di-hydroxybenzo-
quinone (Fig. S9) due to the coordination of the ligand with the metal.
A band at 1400 cm−1 corresponding to the C–N vibration appears in the
spectra of [Fe(CA)(Pyz)]n and [Mn(CA)(Pyz)]n [24]. For the water con-
taining polymers two more bands at 1300 and 1250 cm−1 correspond-
ing to the hydrogen bond between the water molecules and the oxygens
from the ligands appeared, although the bands are more intense on the
case of the DHBQ containing polymers [25].

The microstructural characterization of the MOFs studied herein
has been performed by SEM (Fig. 4). The micrographs show that the
hybrid materials {[Fe(CA)(H2O)2]H2O}n and {[Mn(CA)(H2O)2]H2O}n
(Fig. 4A and B) share the same lamellar morphology. However, the
2D [Fe(CA)(Pyz)]n and [Mn(CA)(Pyz)]n MOFs have different morphol-
ogy, despite having the same crystal
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Fig. 3. Infrared spectra of the MOFs studied in this work.

Fig. 4. SEM images of {[Fe(CA)(H2O)2]H2O}n (A), {[Mn(CA)(H2O)2]H2O}n (B) [Fe(CA)(Pyz)]n (C), [Mn(CA)(Pyz)]n (D), {[Fe(DHBQ)(H2O)2]H2O}n (E) and {[Mn(DHBQ)(H2O)2]H2O}n
(F).

structure. [Fe(CA)(Pyz)]n had a rose desert morphology (Fig. 4C) while
the particles of [Mn(CA)(Pyz)]n had a tiling shape. This difference
on the shape might be a consequence of their different crystallization
rates while the crystal nuclei were forming [26]. Experimentally, the
[Mn(CA)(Pyz)]n particles crystallize slowly, yielding large crystals after
one day, whereas [Fe(CA)(Pyz)]n particles crystalize almost immediately
after the metalorganic framework is formed. Finally, the SEM micro-
graphs of the [Fe(DHBQ)(H2O)2]n and [Mn(DHBQ)(H2O)2]n coordina-
tion polymer complexes (see Fig. 4E and F) presented a completely dif-
ferent morphology, having a truncated dodecahedral shape the former
and rhombohedral the latter.

3.2. Electrochemical characterization

Before cell assembly, the stability on the electrolyte of the different
MOFs was studied (see Fig. S15). The materials {[Fe(CA)(H2O)2]H2O}n,
{[Mn(CA)(H2O)2]H2O}n, [Fe(DHBQ)(H2O)2]n and [Mn(DHBQ)(H2O)2]
showed an optimum stability in the electrolyte. The suspensions show
coloration after several weeks. The [Fe(CA)(Pyz)]n and [Mn(CA)(Pyz)]n
remained completely stable on the electrolyte during the storage period.

3.2.1. MOFs with CA ligand
The non-thermally treated {[Fe(CA)(H2O)2]H2O}n polymer, (dried

only under vacuum at room temperature), shows a plateau at ~1.7 V
vs Li+/Li when cycled at a current density of 2.16 mA/g (Fig. 5A).
At that current density, the specific capacity of the battery was 75
mAh/g, despite it was not fully re

versible. After 20 cycles at different current densities (Fig. 6A), the
capacity of the MOF increased up to 50% more than in the first cy-
cle, achieving a discharge capacity of 40 mAh/g at a current density of
8.64 mA/g. The coulombic efficiency during the initial cycle was ~80%
except for the last cycles that exceeds 100% probably due to some an-
ionic insertion [27]. For the {[Fe(CA)(H2O)2]H2O}n thermally treated
and dried at 70 °C under vacuum overnight, a smaller plateau was ob-
served at the same potential as the one evidenced in the MOF non-ther-
mally treated. The capacity value achieved by the thermally treated
MOF was half (40 mAh/g) of the capacity achieved by the non-thermally
treated (75 mAh/g) (Fig. S16). This loss in electrochemical reactivity
with respect to lithium ions must be related with the structural transfor-
mation suffered when the material was heated (Fig. S8).

The thermally treated [Fe(CA)(Pyz)]n MOF showed two plateaus at
1.8 V and 1.5 V at a current density of 1.94 mA/g (Fig. 5B). At that
same current density, it achieved a specific capacity of 200 mAh/g, the
highest of all studied MOFs, although this lithium insertion is not en-
tirely reversible. After 27 cycles at different current densities and differ-
ent voltage ranges, the capacity of the material at a current density of
7,77 mA/g increase more than a 50%, from a discharge capacity of 20
mAh/g on the first cycles to 45 mAh/g on the last ones (Fig. 6B). The
coulombic efficiency started at 50%, scaled up to 80% and then dropped
to 30% for cycle 11 and then increased to 100% for the last cycles. The
sample cycled without the treatment at 70 °C showed a specific capacity
five times smaller than the one heated at the same discharge rate with a
capacity, of 40 mAh/g (Fig. S17). This agrees with this MOF retaining
its crystal structure upon heating (Fig. S9).
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Fig. 5. Galvanostatic discharge-charge profiles of the MOFs with CA and the treatment at 70 °C except for {[Fe(CA)(H2O)2]H2O}n for the cycles 1, 2 and 15.

The thermally treated {[Mn(CA)(H2O)2]H2O}n framework evidenced
a plateau at 2.4 V vs Li+/Li along with a specific reversible capacity of
65 mAh/g at a current density of 2.12 mA/g (C/80) (Fig. 5C). After
being cycled at variable current densities the discharge capacity values
was between 35 and 40 mAh/g for 8.51 mA/g (C/20) (Fig. 6C). The
coulombic efficiency was 60% for the first few cycles and scaled up to
130% for cycle 11 (the first cycle at C/80) and approached 105% for the
last cycles. The increase over the 100% might be due to some anionic
insertion and/or electrolyte decomposition at that current density. The
sample cycled without the treatment at 70 °C showed half the specific
capacity of the sample heated at the same discharged capacity (34 mAh/
g) (Fig. S18).

For the thermally treated [Mn(CA)(Pyz)]n framework, no plateau
was observed and its specific capacity was only 14 mAh/g at a cur-
rent density of 1.95 mA/g, the lowest of all the MOFs studied in this
work (Fig. 5D). Moreover, despite the reduction on current density,
its discharge capacity progressively fell down from 14 mAh/g to 4
mAh/g over 20 cycles (Fig. 6D). The UV–vis results shown (Fig. S28)
that the absorbance signal from the supernatant phase corresponding
to a dilute suspension of the Mn(CA)(Pyz) in dimethyl carbonate sol-
vent after few days/hours did not change very much, showing practi-
cally the same intensity after 15 days. Therefore, this drop in the gravi-
metric capacity for the Mn(CA)(Pyz) might be most probably due to
an irreversible change in the structural-framework of the hybrid ma-
terial during the electrochemical cycling diminishing the lithium stor-
age properties on it. This change does not necessarily have been re-
lated to a change in the crystal structure, and the capacity loss could
be due to the insufficient extraction of Li-ions during charge process.
Large charge transfer resistance may hinder the movement of Li-ions
and prevent some of them from being extracted. The coulom

bic efficiency of the MOF stayed between 80 and 90% for all of the
cycles. For the non-thermally treated [Mn(CA)(Pyz)]n MOF, the results
were similar to the thermally treated (Fig. S19). At a current density of
1.95 mA/g the maximum specific capacity achieved was 10 mAh/g.

In view of these results (Summary of all experimental capacities in
Table S2), and if we compare the coordination hybrid materials after
the treatment that resulted in the best performance for each of them
(thermally or non-thermally treated), we can confirm that the single
chain metal-organic structures containing iron and manganese showed
higher electroactivity for lithium insertion than their 2D counterparts.
The polymer {[Mn(CA)(H2O)2]H2O}n reached a similar capacity than
its isostructural iron analogue (65 and 75 mAh/g respectively) but with
lithium insertion at a higher average voltage ~ 700 mV. Since both
MOFs are isostructural and the only difference is the transition metal,
this large voltage difference is due to the transition metal.

In order to draw a valid conclusion about the rate performance and
evolution of the gravimetric capacity during the galvanostatic cycling
at constant current density, we extended the number of cycles by cy-
cling the cells at one specific rate for the MOFs {[Fe(CA)(H2O)2]H2O}n
and {[Mn(CA)(H2O)2]H2O}n (Fig. 7). The results show a progressive in-
crease of the gravimetric capacitance for the Fe-MOF up to 50 cycles
and then the value in the next cycles become stable near 70 mAh/g. The
behaviour for their isostructural analog Mn-MOF was different as the ca-
pacitance value started dropping from value near to 70 mAh/g after 15
cycles approximately. The coulombic efficiency was a bit higher than
100% for the Mn-MOF, most probably due to the electrolyte decompo-
sition during the reduction process while for their Fe-based analog the
value was kept near 100%.



UN
CO

RR
EC

TE
D

PR
OO

F

J. Montero et al. / Electrochimica Acta xxx (xxxx) 136063 7

Fig. 6. Rate performance of the MOFs thermally treated at 70 °C (except for {[Fe(CA)(H2O)2]H2O}n), at different current densities in mA/g in a voltage range between 1.2 V and 3 V
(except cycles 16–22 of [Fe(CA)(Pyz)] which are between 1.3 V and 3 V).

Fig. 7. Galvanostatic performance and coulombic efficiency per 2.12 mA g−1 (C/20), for {[Fe(CA)(H2O)2]H2O}n (A) and {[Mn(CA)(H2O)2]H2O}n (B). The inset plot appearing in both
graphs corresponds to the cycle number 10.

3.2.2. MOFs with DHBQ ligand
The thermally treated [Fe(DHBQ)(H2O)2]n framework evidenced a

plateau at ~2.2 V vs Li+/Li along with a reversible specific capacity of
75 mAh/g at a current density of 2.5 mA/g (Fig. 8A). After 15 cycles at
different c-rates the discharge capacity was still increasing. The coulom-
bic efficiency was 30% for the first cycle and stayed between 85 and
100% in the following cycles (Fig. 8B). The non-thermally treated sam-
ple showed a specific capacity half of the one thermally treated at the
same discharged capacity, 30 mAh/g (Fig. S20). This effect is observed
in all the MOFs which crystal structure remained unchanged upon heat-
ing, and could be due to the fact that water or solvent adsorbed in the
structure was not completely removed when drying only in vacuum.

The non-thermally treated [Mn(DHBQ)(H2O)2]n framework evi-
denced a plateau at ~2 V vs Li+/Li along with a specific reversible
capacity of 40 mAh/g at a current density of 2.5 mA/g (Fig. 8A).
After 15 cycles at different c-rates the discharge capacity was still
increasing. The coulombic efficiency was 40%

for the first cycle and scaled constantly up to 95% for cycle 15 (Fig. 8B).
The thermally treated sample showed a similar specific capacity than the
non-thermally treated at the same discharged capacity, 30 mAh/g (Fig.
S21).

Yielding a snapshot of the voltages of reaction, Fig. 9 shows the
d(Q-Q0)/dV for the coordination polymers studied herein. The
{[Fe(CA)(H2O)2]H2O}n polymer (dried only under vacuum and room
temperature) plots for the 15th cycle at 2.16 mA/g shows a noticeable
reduction process at 1.7 V vs Li+/Li. Also, smaller plateaus were ob-
served between 2 V and 2.3 V vs Li+/Li. The {[Mn(CA)(H2O)2]H2O}n
framework at a current density of 2.12 mA/g evidenced a pronounced
and reversible redox process at 2.4 V vs Li+/Li. A second redox process
appeared at a potential of 2.65 V vs Li+/Li. [Fe(CA)(Pyz)]n MOF at
1.94 mA/g showed two pronounced and irreversible processes at 1.8
and 1.5 V vs Li+/Li. Two other smaller peaks could also be observed
a potential of 2 and 2.3 V. For the [Mn(CA)(Pyz)]n framework at
1.95 mA/g showed two redox processes at 2.5 and 2.3 V vs Li+/Li.
The d(Q-Q0)/dV graph corresponding to the [Fe(DHBQ)(H2O)2]n poly-
mer at 2.5 mA/g had a pronounced and reversible redox process at
~2.2 V vs Li+/Li. A second and third redox processes
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Fig. 8. Galvanostatic discharge-charge profiles (cycle 15) of the MOFs with DHBQ ligand. (up). Rate performance of the MOFs with DHBQ, [Mn(DHBQ)(H2O)2]n (thermally treated at
70 °C), at different current densities at a potential between 1.2 V and 3 V (bottom).

appeared at potentials of 1.4 and 1.8 V similar to the ones found on the
other iron containing coordination polymers. The [Mn(DHBQ)(H2O)2]n
polymer plot at 2.5 mA/g showed a reduction process at 2 V vs Li+/Li
and a second and third oxidation processes at a potential of 2.4 and
2.6 V.

The observed redox processes could be due to either the reduction
of the ligand anion or the reduction of the transition metal (M2+) or
both. In transition metal oxides with the transition metal in 2+ oxi-
dation state (M2+) the oxide anion O2− is fully reduced. The electro-
chemical reduction can thus only involve reduction of the transition
metal, M2+, which typically undergoes a conversion or displacement re-
action with the formation of metal nanoparticles, M0 and lithium oxide
[28]. This conversion reaction in TMO occurs around 1 V vs Li+/Li. In
MOFs, the transition metals are coordinated by organic anions, tetraox-
olenes in the present work, rather than by oxide anion of the TMO.
While the electronegativity of the anion as well as inductive effects
in polyanionic anions are known to affect the voltage of reduction of
the transition metal, the high voltages of reaction in these MOFs (Fig.
9) suggest that they involve the participation of the ligand on the re-
dox processes, with the aromatic ring and the carbonyl groups along
with the reduction of the transition metal if any. In fact, the poten-
tial of ion insertion changed depending on the metal. Therefore, it
must mean that the metal centre is changing the redox process of the

polymers, as it was expected too. For instance, in the chloranilic acid
containing MOFs the lithium ion storage capacity and the insertion volt-
age are higher than those evidenced for the ligand (Fig. S22), which
suggest that either the metal centre is the redox active species or the
chloranilate ligand is well hybridized with the metal centre. Likewise for
the DHBQ-based polymers there was an enhancement of the metal-lig-
and interactions since the voltage of lithium ion insertion occurs at dif-
ferent voltage for the Fe containing coordination polymers than for the
manganese analogues. The differences on the lithium insertion potential
value must necessarily involve the metal centre of the polymer's struc-
ture.

In order to understand the processes occurring while the batter-
ies were discharging we performed an ex-situ XRD analysis at the
end of discharge. A series of MOFs batteries with [Fe(CA)(Pyz)]n,
{[Fe(CA)(H2O)2]H2O}n, {[Mn(CA)(H2O)2]H2O}n and
[Fe(DHBQ)(H2O)2]n were assembled and discharged to 1.2 V at a c
rate of C/80 (Fig. S23). Next, the batteries were opened inside a
glove box and the electrode materials washed, dried and subsequently
inserted in a glass capillary tube and then closed hermetically. The
capillary tubes were analysed by X-ray diffraction and the patterns
were compared with those corresponding to the MOF materials be-
fore cycling and those patterns of the metallic iron and manganese
species (Figs. S24-S27) in order to identify a possible conversion re-
action. The results evidenced that the [Fe(CA)(Pyz)]n did
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Fig. 9. d(Q-Qo)/dV profiles of the MOFs thermally treated at 70 °C, except for {[Fe(CA)(H2O)2]H2O}n and for [Mn(DHBQ)(H2O)2]n for the cycle 15.

not change its structure during the discharge process, while the MOFs
{[Fe(CA)(H2O)2]H2O}n, {[Mn(CA)(H2O)2]H2O}n and
[Fe(DHBQ)(H2O)2]n presented a pattern different from both their
non-cycled electrode material and their respective metallic species.
These PXRD patterns unveiled that during lithiation only lithium inter-
calation and not a conversion reaction seems taking place. This lithium
insertion hardly affects the crystal structure from [Fe(CA)(Pyz)]n.

Recalling that the large voltage differences observed between Fe-CA
and Mn-CA MOFs suggested redox activity coming from the transition
metal and considering that no conversion reaction is detected from
ex-situ PXRD at the end of discharge, a new scenario opens. This sce-
nario suggests a charge transfer from the transition metal to the ligand
during MOF formation, resulting in MOFs where the transition metal is
in a higher than 2+ oxidation state [29]. The M2+δ would then be re-
duced during the electrochemical tests herein presented. The fact that
the transition metal gets reduced from a mixture of 2+ and 3+ to a
2+ oxidation state, would also be in agreement with the Mn showing
higher voltage, since it would reach a much more stable half filled shell
d5 electronic configuration. On the other hand, if reduction from M2+

to M0 occurred, a higher voltage would be expected for the reduction of
Fe2+ MOF as observed in TMOs and other polyanionic electrode materi-
als [30].

4. Conclusions

We confirm that the single chain metal-organic structures (1D) con-
taining iron and manganese showed higher electroactivity for lithium
insertion than their bidimensional (2D) counterparts. The 1D coordina-
tion polymer, {[Mn(CA)(H2O)2]H2O}n, reached a similar capacity than
its isostructural iron analogue (65 and 75 mAh/g respectively) but with
lithium insertion at a higher average voltage being appropriate candi-
dates as electrode materials for sustainable Li-ion batteries. We have also
evidenced that the thermal treatment performed to the MOF material is
crucial to optimize the electrochemical performance of the lithium ion
half-cells. For the chlorinate anion containing MOFs the electrochemi-
cal capacity values and lithium insertion voltages are higher than those
appearing when cycling the ligand alone suggesting a highly hybridized
coordination polymer structure with superior lithium ion storage prop-
erties than the organic ligand alone. Our findings revealed that highly
sustainable molecular organic frameworks, prepared by using low-cost
precursors and environmentally friendly synthetic routes, are potential
candidates to replace the currently expensive, scarce and toxic compo-
nents contained in the electrode materials of the commercial lithium ion
batteries.
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