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ABSTRACT: Metal−organic frameworks (MOFs) have emerged as an important,
yet highly challenging class of electrochemical energy storage materials. The
chemical principles for electroactive MOFs remain, however, poorly explored
because precise chemical and structural control is mandatory. For instance, no
anionic MOF with a lithium cation reservoir and reversible redox (like a
conventional Li-ion cathode) has been synthesized to date. Herein, we report on
electrically conducting Li-ion MOF cathodes with the generic formula Li2-M-
DOBDC (wherein M = Mg2+ or Mn2+; DOBDC4− = 2,5-dioxido-1,4-
benzenedicarboxylate), by rational control of the ligand to transition metal
stoichiometry and secondary building unit (SBU) topology in the archetypal CPO-
27. The accurate chemical and structural changes not only enable reversible redox
but also induce a million-fold electrical conductivity increase by virtue of efficient
electronic self-exchange facilitated by mix-in redox: 10−7 S/cm for Li2-Mn-DOBDC
vs 10−13 S/cm for the isoreticular H2-Mn-DOBDC and Li2-Mg-DOBDC, or the
Mn-CPO-27 compositional analogues. This particular SBU topology also considerably augments the redox potential of the
DOBDC4− linker (from 2.4 V up to 3.2 V, vs Li+/Li0), a highly practical feature for Li-ion battery assembly and energy evaluation. As
a particular cathode material, Li2-Mn-DOBDC displays an average discharge potential of 3.2 V vs Li+/Li0, demonstrates excellent
capacity retention over 100 cycles, while also handling fast cycling rates, inherent to the intrinsic electronic conductivity. The Li2-M-
DOBDC material validates the concept of reversible redox activity and electronic conductivity in MOFs by accommodating the
ligand’s noncoordinating redox center through composition and SBU design.

1. INTRODUCTION
Rechargeable batteries, particularly lithium-ion batteries
(LIBs), appear nowadays as an essential technology to satisfy
the high energy demand of our society,1 which is steadily
increasing due to continuous technological and population
growth.2 The inorganic-based electrode materials in LIBs rely
on scarce elements (e.g., cobalt), require energy-consuming
fabrication processes, and bear recyclability issues as well as
environmental burdens. These fundamental bottlenecks bring
challenges related to cost, environmental footprint, and end-of-
life fate. Among many sustainable alternatives, organic
electrode materials (OEMs) are emerging as a promising
solution to promote low-polluting and sustainable energy
storage devices.3−5 However, these also present a series of
drawbacks such as solubility in conventional liquid electrolytes,
low intrinsic electrical conductivity, and low energy density
metrics.
Over the past years, hybrid metal−organic frameworks

(MOFs) have flourished as electrode materials for next-
generation electrochemical energy storage devices.6−17 Thanks
to their superior functionality, unique morphology, design
flexibility, and structural integrity, MOFs are capable of fitting
into the required parameters for an efficient electrode material.
At the material level, high gravimetric energy could be achieved

thanks to the hybrid nature, allowing the charge storage from
both metal cations and organic ligands,18 whereas cycling
stability and facile ion transport are inherent to the polymer-
like robust network and the porous structure, respectively.
Additionally, MOFs with intrinsic electronic conductivity can
also be designed,6,7,19 resulting in enhanced power density, and
allow electrode fabrication with a minimum amount of
conductive carbon additives.13

In the context of alkali-ion storage, many MOFs have been
reported as both positive and negative electrode materi-
als.6,8,10,11,13,20 Despite the high specific capacities attained,
MOF-based negative electrodes (anode materials) require
further improvements, and in particular to lower the redox
potential, reduce the voltage hysteresis (and thus increase the
energy efficiency), and augment the first-cycle Coulombic
efficiency. MOF-based positive electrodes (cathode materials)
are more challenging to design, and further innovation is
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Abstract: Metal-Organic Frameworks (MOFs) 
emerge as an important, yet highly challenging 
class of electrochemical energy storage 
materials. The chemical principles for 
electroactive MOFs remain however poorly 
explored because precise chemical and 
structural control is mandatory. For instance, no 
anionic MOF with lithium cation reservoir, and 
reversible redox (alike a conventional Li-ion 
cathode) has been synthesized to date. Herein, 
we report on electrically conducting Li-ion MOF 
cathodes with the generic formula Li2-M-DOBDC 
(wherein M = Mg2+ or Mn2+; DOBDC4- = 2,5-dihydroxybenzene-1,4-dicarboxylate), by rational control 
of the ligand to transition metal stoichiometry and SBU topology in the archetypal CPO-27. The 
accurate chemical and structural changes not only enable reversible redox, but also induce a million-
fold electrical conductivity increase by virtue of efficient electronic self-exchange facilitated by mix-in 
redox: 10-7S/cm for Li2-Mn-DOBDC vs. 10-13 S/cm for the isoreticular H2-Mn-DOBDC and Li2-Mg-
DOBDC, or the Mn-CPO-27 compositional analogues. This particular SBU topology also considerably 
augments the redox potential of the DOBDC4- linker (from 2.4V up to 3.2V, vs. Li+/Li0), a highly practical 
feature for Li-ion battery assembly and energy evaluation. As a particular cathode material, Li2-Mn-
DOBDC displays an average discharge potential of 3.2V vs. Li+/Li0, demonstrates excellent capacity 
retention over 100 cycles, while also handling fast cycling rates, inherent of the intrinsic electronic 
conductivity. The Li2-M-DOBDC material is validating the concept of reversible redox activity and 
electronic conductivity in MOFs by accommodating the ligand’s non-coordinating redox center 
through composition and SBU design. 
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1. INTRODUCTION  

Rechargeable batteries, particularly lithium-ion batteries (LIBs), appear nowadays as an 

essential technology to satisfy the high energy demand of our society,1 which is steadily increasing 

due to continuous technological and population growth.2 The inorganic-based electrode materials in 

LIBs rely on scarce elements (e.g. Cobalt), require energy consuming fabrication processes and bear 

recyclability issues as well as environmental burdens. These fundamental bottlenecks bring challenges 

related to cost, environmental footprint as well as end-of-life fate. Among many sustainable 

alternatives, organic electrode materials (OEMs) are emerging as promising solution to promote low-

polluting and sustainable energy storage devices.3,4,5 However, these also present a series of 

drawbacks such as solubility in conventional liquid electrolytes, low intrinsic electrical conductivity 

and low energy density metrics. 

Over the past years, hybrid Metal Organic Frameworks (MOFs) have flourished as electrode 

materials for the next-generation electrochemical energy storage devices.6–13,14–17 Thanks to their 

superior functionality, unique morphology, design flexibility and structural integrity, MOFs are capable 

of fitting into the required parameters for an efficient electrode material. At the material level, high 

gravimetric energy could be achieved thanks to the hybrid nature allowing the charge storage from 

both metal cations and organic ligands,18 whereas cycling stability and facile ion transport are inherent 

of the polymer-like robust network and the porous structure, respectively. Additionally, MOFs with 

intrinsic electronic conductivity can also be designed6,7,19 resulting in enhanced power density and 

allow electrode fabrication with minimum amount of conductive carbon additives. 13 

In the context of alkali-ions storage, many MOFs have been reported as both positive and 

negative electrode materials.6,8,10,11,13,20 Despite high specific capacities attained, MOF-based negative 

electrodes (anode materials) require further improvements, and in particular to lower the redox 

potential, reduce the voltage hysteresis (and thus increase the energy efficiency), and augment the 

first cycle coulombic efficiency. MOF-based positive electrodes (cathode materials) are more 

challenging to design and further innovation is desired with structure-composition-property synergy 

between organic linkers and metal nodes. Despite the significant advances attained in this direction21-

33 (and as described in the following section), a specific class of MOF positive electrode materials is 

still missing from this landscape: the Li-ion MOF electrode materials with reversible redox of the 

anionic framework, or the metal nodes, with Li-cations contained to compensate the charge. 

Herein, we report on the first generation of Li-ion MOFs with general composition of Li2-M-

DOBDC (M = Mg2+ or Mn2+; DOBDC4- = 2,5-dihydroxybenzene-1,4-dicarboxylate) as a Li-reservoir 

positive electrode material for LIBs. The targeted MOFs are successfully synthesized, thoroughly 
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characterized and electrochemically evaluated. The change of metal cation and SBU node topology is 

found to affect drastically the redox reversibility and electronic conductivity. Another effect of the 

modified SBU topology is the notable increase in the redox potential value of the ligand by as much as 

800 mV (as compared to free ligand, DOBDC4-) as well as enhanced rate and cycling performances 

attained with 91% of the capacity preserved when cycled at a rate of 1C, and over 100 cycles for Li2-

Mn-DOBDC electrodes. 

2. OVERVIEW OF DESIGN STRATEGIES FOR MOF-BASED POSITIVE ELECTRODE MATERIALS 

Implementing MOFs as positive electrode materials for batteries remains a relatively young 

and uncharted area. Scheme 1 presents an overview of charge transfer pathways during redox in 

MOFs along with major achievements attained in this area to date. As positive electrodes we consider 

herein the MOF materials with an average discharge potential above 2V (vs. Li+/Li0). Distinction has to 

be made between n-type and p-type redox mechanism (Scheme 1 – part A) as this implies difference 

in nature of the stored ions (e.g. cations and anions, respectively) with consequence on real energy 

storage metrics. A sub-classification by metal redox-active combined to ligand redox-innocent MOFs 

(Scheme 1-B1) and ligand redox-active combined to metal redox-innocent, or mix-in redox of both 

ligand and metal (Scheme 1-B2) is also presented. 

Tarascon and colleagues were the first to report on the integration of MIL-53(Fe) MOFs as 

electrode materials for energy storage.21,22 With this specific composition, the redox-activity was 

limited to the transition metal center (Scheme 1-B1). Following these pioneering developments, 

further advances have been attained in this sub-class, with different MOF compositions and structures 

being tested.21,22,23,24,25 Zhang et al.27,28 and Aubrey et al.32 pushed these concepts to a next level, by 

exploring the mix-in redox of both, metal cations and organic ligands in copper anthraquinone-

dicarboxylate (Cu(2,7-AQDC)) and iron 4,4’-dioxidobiphenyl-3,3’-dicarboxylate (Fe2(dobpdc)) MOFs, 

respectively (Scheme 1-B2). A major advance was achieved by the use of electrically conductive MOFs 

for capacitive charge storage.13 Further discussion on redox active MOFs for charge storage is provided 

in SI (Section - Overview of MOF positive electrode materials). Overall, the redox potential and attained 

capacities cover a wide range, and have steadily increased since the original developments, clearly 

emphasizing on the rising importance of the MOF-based electrode materials for energy storage. 

However, one type of MOF chemistry which is missing is that described by the anionic 

frameworks with charge compensating alkali metal cations that would display a reversible redox and 

operate according to a classical Li-ion rocking chair mechanism, preferably at a redox potential of 

above 3V vs. Li+/Li0. In their seminal work on MIT-20 MOFs, Dincă and his team have indeed prepared 
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alkali and alkali-earth ion doped anionic MOFs for solid-state ionic conduction applications, yet with 

irreversible redox.34 With the materials and rationales presented in this work, we complement the 

MIT-20 family with redox reversible (and thus useful for direct charge storage) anionic Li-ion MOFs. 

Additionally, and opposite to MIT-20 MOFs, the Li2-Mn-DOBDC MOF is an electronic conductor, a 

property assigned to electronic self-exchange inherent of mix-in redox of ligand and metal nodes.  

 

 
Scheme 1. Overview of possible redox mechanism and MOF classes developed and applied as positive 
electrode materials for electrochemical charge storage. (A) Possible charge transfer steps taking place 
during redox in MOFs, depending on the nature of metal centres and organic linkers. (B) Non-lithium 
containing vs. (C) lithium containing (reservoir) MOF battery materials. Average redox potentials are 
given versus Li+/Li0 pseudo-reference electrode. 

 

3. RESULTS AND DISCUSSION 
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Our interest in DOBDC electroactive linker was triggered by a series of fundamental questions 

but also practical considerations (Scheme 1). On the fundamental side, the work of Aubrey et al.32 

aroused our interest by the fact that the reversible redox of this specific ligand could not be accessed 

whereas chemical oxidation seems possible, yet following different reaction pathways depending on 

the chemistry of the metal node: i.e. Fe(II) vs. Mn(II) and Mg(II).32,35 Further, the isoreticular 

Fe2(dobpdc) framework was shown to display reversible redox of two electrons relying only on the 

Fe2+/3+ couple. The ligand redox was attained at much higher potential (> 4.1 V vs. Li+/Li0), while 

reported as not reversible. Given these, we presumed that the transition metal binding to the 

phenolate redox centers of DOBDC or DOBPDC would affect the electroactive properties, in either 

blocking the redox, or increasing considerably the redox potential value, given the high ionic potential 

of the metal node and charge depopulation of the redox center.36 This rationale seemingly holds true 

for certain quinone-containing MOFs, while still not applicable to other.37 The reversible redox was 

indeed found in Cu- and Mn-AQDC27,28 with non-coordinated quinone groups (Scheme 1-B2), but also 

in Fe-DHBQ29 and Cu-THQ30 where the metal is coordinated to quinone redox centers. 

The DOBDC4- linker is also interesting because of its low molecular mass and extensively 

characterized electrochemistry in solution,38,39 and in solid-phase.36 For MOF design, it has the 

interesting feature of being a tetra-anion; thus leaving space for tuning the cation composition and 

stoichiometry. With just two different cations, as selected here (e.g. Li+ and Mn2+), three different 

compositions can be attained: Li4-DOBDC, Li2-Mn-DOBDC and Mn2-DOBDC. The former is a 

tetralithium non-porous salt, extensively studied in the organic battery community;36,40,41,42,43 whereas 

the latter is the stereotypical Mn-CPO-27 MOF (or Mn-MOF-74). The intermediate one remains 

hitherto unexplored. This MOF composition will not only serve as a lithium reservoir electrode 

material, but also allow the investigation of the fundamental question on whether the phenolate 

binding to Mn has any effect on the redox response. 

2.1. Synthesis, structural reversibility and physico-chemical analysis of Li2-M-DOBDC MOFs 

In contrast to synthesis of Li4-DOBDC or Mn-CPO-27 that can be simply achieved by reacting 

equimolar amounts of Li+ or Mn2+ salts and DOBDC ligand, the synthesis of Li2-Mn-DOBDC is not 

straightforward, and applying similar synthesis conditions resulted in a mix of Li4-DOBDC and Mn-CPO-

27. We thus developed a step-wise post-synthetic MOF modification approach (Figure 1), relying on 

DOBDC-based MOFs with secondary building unit (SBU) formed solely by carboxylate groups (Table 

S1). The first step was the synthesis of H2-M-DOBDC•DMF2 (M= Mn, Mg).44 The Mn phase is 

isostructural to the reported Mg analogue, and was also confirmed by single-crystal XRD analysis (refer 

to Experimental Section, SI). The Mn(II) nodes are coordinated octahedrally with four H2-DOBDC2- 
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linkers in the equatorial position and two DMF molecules at axial position (Figures 1 and S1a). The 

carboxylate groups of H2-DOBDC2- act as bidentate linkers bridging two Mn(II) nodes, forming 1D 

{Mn(CO2)}n chains, extending in 3D space by an alternative interlinking of H2-DOBDC2- units (Figure 

S1b). Square-shaped channels are observed along the a-axis and the uncoordinated pendant phenolic 

─OH groups of H2-DOBDC2-are pointing inwards (Figure 1). 

 

 

Figure 1. Schematic view of the synthetic routes adopted for H2-M-DOBDC·DMF2, H2-M-DOBDC and Li2-
M-DOBDC (M = Mn, Mg) preparation, highlighting the reversibility of the last two steps. Optical 
micrographs displaying the morphology and the colour of the materials in powder form for each 
composition. 

 

The essential feature of the H2-M-DOBDC•DMF2 is the uncoordinated nature of the phenolic-

OH groups which leaves the opportunity for cation exchange with a lithium containing base. However, 

all lithiation attempts failed while working with the solvated phase, presumably due to the clogging of 

the pores by DMF molecules, so a desolvation step was required. According to TGA analysis (Figure 

S2), the desolvation of H2-Mn-DOBDC·DMF2 was achieved at 200 °C for 32h under vacuum. The 

desolvation process was accompanied by a pronounced colour change from pale yellow to bright 

yellow coloured H2-Mn-DOBDC (Figure 1). PXRD revealed a phase change upon desolvation, with a 

shift of low angle peaks from 2θ = 9.5° and 11.8° to 2θ = 9.1° and 10.2°; suggesting the preservation 

of the open framework with partial disordering (Figures 2a and S3). Similarly, the desolvation of H2-

Mg-DOBDC·DMF2 was achieved following the same protocol with PXRD pattern similar to the reported 

one.45 The desolvated phases of H2-M-DOBDC were further confirmed by FTIR analysis (Figure 2b and 

S4). The disappearance of the characteristic stretching vibrations of DMF (nC=O, at 1654 and 1642 cm−1 

and nC-H(CH3) at 2934 cm−1) and red shift of the carboxylate band is observed (from 1586 to 1562 cm−1) 

due to stronger interaction between Mn(II) and carboxylate group (Figure 2b). Notably, the broad 
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phenolic −OH band positioned around ~3200 cm−1 in both H2-M-DOBDC MOFs remains conserved 

after the desolvation, and therefore still available for the cation exchange step. 

To obtain the targeted Li2-M-DOBDC MOFs, the protonated versions were reacted with 

stoichiometric amounts of CH3OLi under inert atmosphere, resulting in clear colour change of the 

powders (Figure 1). The deprotonation was confirmed by the complete disappearance of the broad 

phenolic-OH band along with the nC-OH deformation bands located at ~3200 cm-1 and 1230-1234 cm-1 

(Figure 2b). The appearance of the nC-OLi vibration band at 1200 and 1209 cm-1 for Mn(II) and Mg(II) 

respectively, indicates formation of phenolate-OLi groups. A comparison of Li2-M-DOBDC and Mn-

CPO-27 IR spectra indicates that the shift of the carboxylate and the phenolate bands is significantly 

dependent on the ionic potentials of M(II) and SBU environment. This significantly impacts the 

electrochemical properties of the studied MOFs accordingly, as will also be discussed further in the 

electrochemical analysis section.36 The ICP-AES analysis revealed close to expected compositions of 

1:1.94 (Mn:Li) for Li2-Mn-DOBDC and 1:1.89 (Mg:Li) for Li2-Mg-DOBDC. TGA highlights the increased 

stability of the lithiated frameworks of up to 500°C, contrary to the protonated MOFs which 

decompose at ~250 °C (Figures S2 and S5) attributed to stronger ionic interactions of Li+ and phenolate 

–O- within the framework, as also observed for Li2(Mg)-p-DHT (isochemical to Li2-Mg-DOBDC reported 

here).36 
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Figure 2. Overlaid PXRD patterns (A) and FTIR spectra (B) for H2-M-DOBDC·DMF2, H2-M-DOBDC, Li2-M-
DOBDC (M = Mn, Mg), synthesis intermediates and products. The data for Mn-CPO-27 and of Mg(Li2)-
p-DHT36 phase is included for comparison. * - indicates the diffraction peaks of Al2O3 coming from 
measurement set-up background; and p-p the characteristic pi-stacking peak. 

 

Structural and compositional survey of the post-synthetic functionalization steps are resumed 

in Figure 2 (complemented by data and discussion in Figures S3, S4 and S6). Despite the similarity in 

the crystal structure, the pristine H2-M-DOBDC•DMF2 frameworks undergo different structural 

changes upon desolvation and H+/Li+ exchange. The quality of PXRD data was not high enough to be 

indexed and confirm the crystal structure of the H2/Li2-M-DOBDC phases. Nevertheless, we indirectly 

confirm this by chemical reversibility analyses of the H2-M-DOBDC•DMF2 - H2-M-DOBDC - Li2-M-

DOBDC series by forward and reverse functionalization (last 2 steps in Figure 1). The same phases are 

obtained upon re-solvation with DMF and Li-H exchange (Figures S3, and S4). These are confirmed by 

the appearance/disappearance of characteristic vibration bands in FTIR (e.g., nC=O for DMF and nC-OH 

for phenol) as well as the high similarity between PXRD pattern of pristine and processed MOFs (Figure 

S3 and S4).46 The M-DOBDC MOFs demonstrate thus high reversibility to (i) release/absorb the two 
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DMF molecules; and (ii) be deprotonated (lithiated) / protonated (delithiated) reversibly. Chemical 

and structural stability is considered essential for MOFs application, positioning thus Li2/H2-M-DOBDC 

frameworks as promising structures, in contrast to other reported MOFs that experience irreversible 

phase transformation or structure collapse under similar processing conditions.47 Considering the 

evidence provided, it is reasonable to deduce that Mn/Mg(II) metal nodes are exclusively coordinated 

through carboxylates and not phenolate functions. Important are the differences with respect to the 

phase reported by Jouhara et al.36 Despite different chemical composition (Mn vs Mg), the PXRD 

pattern of Li2-Mn-DOBDC is found to be utterly similar to that of Mg(Li2)-p-DHT phase. Differences are 

noted in the relative intensity of certain peaks and the presence of a π-π stacking diffraction peak at 

2θ = 30° only in the Mg(Li2)-p-DHT phase (Figures 2A and S6). In contrast, although Li2-Mg-DOBDC is 

of same composition as Mg(Li2)-p-DHT, different phases are obtained (Figures 2A and S6). The 

electrochemistry of these is discussed in the following. 

2.2. Electroactivity in Li2-M-DOBDC MOFs: more than a sum of parts.  

A prerequisite for electrical conductivity in MOFs is the efficient charge transport enabled 

either by an extended conjugation or by through-space interaction within organic moieties (e.g., π-π 

stacking).19,48 Dincă and co-workers developed analogs of the CPO-27 MOFs wherein replacing the 

oxygen by sulfur atom resulted in considerable enhancement of the electrical conductivity.49,50,51 

Herein, we probe the SBU and cation exchange impact on charge transport properties. Variable-

temperature conductivity measurements were conducted on pressed-pellets using two-probe d.c. 

current−voltage technique (Figure 3a and Table 1, refer to SI and Figure S7 for details). All samples 

show semiconducting behavior with activation energy in the range of reported values for similar 

compositions, with however also significant differences. The Lix-Mn-DOBDC MOFs (x=2, 1.5, 1) have 

considerably lower activation energy (Ea= 0.37 eV) than Li2-Mg-DOBDC (Ea = 0.67 eV), H2-Mn-DOBDC 

(Ea = 0.60 eV) or Mn-CPO-27 (Ea = 0.55 eV),49 suggesting smaller band gap and hence higher charge 

carrier density in Lix-Mn-DOBDC. 
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Figure 3. (A) Variable temperature electronic conductivity plots for Lix/H2-M-DOBDC (M = Mn, Mg). The 
inset shows the conductivity at 293 K for Lix-Mn-DOBDC phases with different lithium content (or 
corresponding oxidation extent, x=2, 1.5, 1). (B) Photographs of Lix-Mn-DOBDC powders prepared by 
controlled chemical oxidation. (C) Electronic conductivity comparison of commercial inorganic LIB 
electrodes and of Li2-M-DOBDC (M= Mn, Mg) phases. 
 

Table 1. Electronic conductivity of Li2/H2-M-DOBDC (M = 
Mn, Mg) and Mn-CPO-27. 
 σ (S/cm)a Ea (eV)b 

Li2-Mn-DOBDC 6.1 ×10-7 0.37 

Li2-Mg-DOBDC 4.9×10-13 0.67 

H2-Mn-DOBDC 7.4× 10-13 0.60 

Mn-CPO-27c 3.0×10-13 0.55 

Li1.5-Mn-DOBDC 7.1 ×10-7 0.26 

Li1.0-Mn-DOBDC 3.5 ×10-7 0.25 
aElectrical conductivity at 293 K, bActivation energy, 
cElectrical conductivity at 297 K and Activation energy 
values of Mn-CPO-27 are taken from literature49 

 

Notably, the difference in electronic structure of the redox-innocent 3s0 Mg2+ and the redox-

active 3d5 Mn2+ is found responsible for the enhanced conductivity, indicating that not only the 

topology, but also the electronic structure of the metal ions plays important role in charge conduction. 

The conductivity of Li2-Mn-DOBDC is six orders of magnitude higher than of the protonated H2-Mn-
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DOBDC or Mn2-DOBDC (Mn-CPO-27)49 analogues (Table 1). The most accountable reasons for 

hindering the charge transfer are the redox innocence of the phenolate-groups in the protonated H2-

DOBDC2- linker (in H2-Mn-DOBDC) or binding to the transition metal node (in Mn-CPO-27); whereas 

the redox inactive nature of Mg2+ accounts for the low conductivity measured in Li2-Mg-DOBDC. The 

presence of donor and acceptor components in the Li2-Mn-DOBDC, promoting the charge-transfer 

interactions, with additional redox-matching and mixed valence ultimately explains the high electronic 

conductivity of only this phase. 

We also synthesized and isolated the half-electron Li1.5-Mn-DOBDC and one-electron oxidized 

Li1.0-Mn-DOBDC forms (Figure 3b and S8) and evaluated their electronic conductivity. Within the 

measurement accuracy and experimental errors, the Li1.5-Mn-DOBDC phase reaches a higher 

conductivity (σ = 7.1 x 10-7 S/cm) whereas further oxidation leads to insignificant decrease in Li1.0-Mn-

DOBDC (σ = 3.5 x 10-7 S/cm, Figure 3a inset, Table 1). In the case of Li1.5-Mn-DOBDC, the charge mobility 

could likely be enhanced by facile hopping mechanism arising from radical anion/mixed 

valency.52,7,50,51 Whereas, in the case of Li1.0-Mn-DOBDC, the hopping charge mobility could be 

disturbed by the presence of semi-quinone radical on the phenyl ring. The conductivity of the Lix-Mn-

DOBDC phases is the highest attained with this stereotypical DOBDC ligand and it is comparable to 

best conducting M2(DEBDC) (M = Fe, Mn; E = S, O) frameworks.49 These results are highly encouraging 

with respect to organic electrode materials, wherein electronic conductivities are in the range of σ = 

10-10-10-15 S/cm,53,54 and thereby putting forward MOFs as efficient strategy towards conductive 

organic-based electrode materials without any compromise in energy metrics. The conductivity is also 

on par to that of inorganic Li-ion materials with the conductivity similar to LiMn2O4, and surpassing 

that of LiFePO4 and Li4Ti5O12 (Figure 3C). 

2.3. Electrochemistry of DOBDC4- based MOFs–the penalty of synergy. 

The solid-state electrochemistry of the Li2-Mn-DOBDC phase was evaluated in Li half-cells, 

along with Li2-Mg-DOBDC and Mn-CPO-27 in order to correlate the electroactivity with the 

composition, topology, and physico-chemical features discussed above. The electrochemical 

performances were first investigated as a function of charge (oxidation) cut-off potential until 

irreversible redox processes were noticed (Figure 4). As with Fe2-DOBDC,32 Mn-CPO-27 (Mn2-DOBDC) 

was also found to display irreversible redox regardless of electrode composition and cycling conditions 

(Figure 4A). During the charge (oxidation) process, Mn-CPO-27 shows a short - sloping, followed by a 

long - flat plateau, accounting for more than one electron oxidation. In contrast, on discharge, the 

electrode shows a total loss of electrochemical activity, with only a minor electrochemical response 

detected at 3.25V vs. Li+/Li (marked with R1, Figure 4A) and 2.4V vs. Li+/Li (marked with R2, Figure 4A). 
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Note that the charge cut-off voltage has an influence on the presence of R1 and R2 responses (Figure 

S9). The R2 response matches the typical redox potential value of Li4-DOBDC (defined in literature also 

as Li4-p-DHT or Li4C8H2O6),36,40 whereas the R1 signature is of a more complex nature. We believe that 

the Mn2+/Mn3+ redox couple is activated in Mn-CPO-27 at high potentials (> 3.8V) leading to Mn3+ 

disproportionation (Scheme 2A), followed by MOF structure decomposition, with traces of oxidized 

Li2-x-Mn-DOBDC (R1) and Li4-x-DOBDC (R2) phases obtained.55,56 Whereas additional analyses may be 

required to better apprehend the precise degradation mechanism and reactivity pathways, the 

irreversible redox in Mn-CPO-27 remains congruent with Aubrey’s results and could be further 

generalized to other CPO-27 compositions with different metal centres. 

 

 
Figure 4. Potential – composition profiles of Mn-CPO-27 (A), Li2-Mg-DOBDC (B) and Li2-Mn-DOBDC (C) 

electrodes measured in Li half-cell configuration. All cells were started in charge (oxidation) mode 

(marked by dot and arrow). The galvanostatic reaction rate applied for all tests is of 1 electron 

exchanged in 10 hours per unit formula. Red and blue dashed squares (R1/R2) corresponding to typical 

redox of DOBDC ligand partially bound to Mn (R1, Li2-x-Mn-DOBDC) or of Li4-x-DOBDC phase (R2). 

 

Conversely, better reversibility and higher stability is found for Li2-Mg-DOBDC and Li2-Mn-

DOBDC (Figures 4B, 4C). Except similar slopped voltage profiles, characteristic of a solid solution 

process,57,58,59 both compositions display noticeable differences in terms of reversibility, electrode 

polarization and attained material utilisation within a specific redox potential window (Figures 4B,C). 

For a given potential cycling window of 2.0-4.0 V, reversible exchange of 0.3 and 1.1 e-/Li+ equivalents 

was possible to attain for Li2-Mg-DOBDC and Li2-Mn-DOBDC, respectively. The charge cut-off potential 

has also an impact on the reversible specific capacities attained (Figures 4B, 4C, S9). A noticeable fact 

is the appearance of R2 response for Li2-Mn-DOBDC when more than 1.3 e-/Li+ equivalents is extracted 
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(Figure S9), implying partial degradation, and raising questions on the nature of the redox mechanism 

for these MOF systems. 

When cycled at the same current density, Li2-Mg-DOBDC displays higher polarization as 

compared to the Li2-Mn-DOBDC phase, which can be explained by orders of magnitude lower 

electronic conductivity. Curiously, the same does not apply to the similar composition but different 

phase (Mg)Li2-p-DHT reported by Jouhara et al.,36 where a much lower polarization was measured. 

This could be accounted for structural differences between the two Mg phases, notably the presence 

of π-π stacking diffraction peak at 2θ = 30° (Figure2A), but also differences in ionic and electronic 

conductivities between both phases (further discussion is provided in Figure S9). According to the 

same work, the redox potential of DOBDC4- center can be significantly influenced by the polarizing 

power of the metal cation used. The reported metal cations were redox innocent (e.g., Li+, Ba2+, Ca2+ 

and Mg2+) and were not expected to participate in the redox. Here, we employed a redox active 

transition metal (Mn2+) which might participate to the overall redox reaction. Based on this, we are 

suggesting possible electrochemical reaction pathways highlighting the effect of Mn2+ mediated 

versus Mg2+ non-mediated redox as illustrated in Scheme 2. 

 

 

Scheme 2. (A) Proposed scheme for redox redox pathways in Li2-M-DOBDC (M= Mn and Mg) 

highlighting M2+ redox mediated vs. redox non-mediated. (B) Estimated redox potentials of DOBDC 

ligand (blue blocks) and of Mn2+/3+ redox couples (orange block) for the studied Lix-Mny-DOBDC phases 

(x=4, 2, 0 and y=0, 1, 2, respectively). 

 

Direct ligand centered oxidation in Li2-Mn2+-DOBDC (to yield Li1-Mn2+-DOBDC, blue path in 

Scheme 2A) is the most plausible reaction pathway here. Concurrently, and given the possible overlap 

between ligand and Mn2+/3+ redox (Scheme 2B) the oxidation can also proceed through transient 

formation of Mn3+-DOBDC (Li1-Mn3+-DOBDC) which mediates the oxidation of the ligand and leads to 
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the formation of the semi-quinone Li1-Mn2+-DOBDC thermodynamic product (red path in Scheme 2A). 

A similar redox pathway was also observed during chemical oxidation of Mn-CPO-27.34 In contrast, the 

redox in Li2-Mg2+-DOBDC exclusively proceeds on the organic center (blue path in Scheme 2A). The 

irreversible process observed with Mn-CPO-27 (Figure 4A) might have a more complex origin, with 

Mn3+ species disproportionation60,61 and MOF degradation (black path in Scheme 2A, supported by 

experiments analysis in Figure 4A). The incorporation of Mn2+ in Li2-Mn-DOBDC induces a significant 

increase in redox potential by nearly 800 mV with respect to Li4-DOBDC,36,40,41,42,43 attributed to the 

high ionic potential and polarizing power of Mn2+.18,36,62 Upon second Mn2+ (or Mg2+) incorporation, 

further redox potential increase is expected, and the Mn2+/3+ mediation might not be possible (Scheme 

2B, the case for Mn2-DOBDC). This also corroborates the use of strong oxidizing agents applied for Fe-

CPO-27 (Fe2-DOBDC)32 and Mn-CPO-27.35 This is also observed in our experiments, wherein the charge 

cut-off was found as high as 3.65 V (Ox1, Figure 4A), followed by overlap with irreversible redox at 

3.85 V (Ox2, Figure 4A and Scheme 2B). The former being attributed to DOBDC4-/3-, whereas the latter 

to Mn2+/3+ redox couple.  

2.4 Lithium storage performance of Li2-Mn-DOBDC electrodes.  

We next analyse the charge storage performances. Considering the intrinsic electrical 

conductivity, lowest polarization and higher reversibility, we focused our study only on Li2-Mn-DOBDC 

phase. First, various electrolyte compositions have been screened and compared for equivalent Li2-

Mn-DOBDC composition electrodes (Figure S10). For all formulations, whereas the supporting salt 

shows no significant effect, the electrolyte solvent impacts the Coulombic Efficiency (CE) and capacity 

retention. For instance, good capacity retention of 60-80% was obtained with ether-based solvents, 

as compared to only 40% with ionic liquids, when using LiTFSI salt. Similar feature was also observed 

with LiPF6 in carbonate-based solvent. The best performance is attained with 1M LiTFSI in DOL/DME 

with a capacity retention of 91% and average CE of 99.7% after 100 cycles (Figure 5). Similarly to other 

DOBDC analogues,63 Li2-Mg-DOBDC and Li2-Mn-DOBDC delivered lower capacities than expected (e.g., 

redox process limited to <1 instead of 2 electrons theoretically). This was assigned to stabilizing effect 

of the semi-quinone radical anion due to inter-molecular π-π interactions, alike the p-type 

poly(vinylphenonthiazine) electrode material.64 This assumption might be valid for (Mg)Li2-p-DHT as it 

indeed reveals a π-π stacked structure, but is not applicable to Li2-Mg-DOBDC and Li2-Mn-DOBDC as 

both are free of any significant π-π interactions (Figures 2A and S6) with the true nature of intrinsic 

limitation of the redox in this particular ligand remaining an open question.  
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Figure 5. Capacity – rate test (a) and capacity retention at a rate of 2C (b) in Li half-cells using Li2-Mn-
DOBDC as the active electrode and 1M LiTFSI in DOL/DME as the electrolyte. 

 

The Li+ storage performance of Li2-Mn-DOBDC was also evaluated for different conducting 

carbon loadings and cycling rates. Higher specific capacity was delivered by using 40 wt.% of carbon 

(Figure S11), while still attaining high capacities for lower carbon amounts. This limitation could stems 

from suboptimal electrode microstructure, bad adequacy of texture and contact between conductive 

carbon and Li2-Mn-DOBDC particles.65 The rate capability was investigated under different cycling 

rates ranging from C/20 to 1C (Figure 5a). Despite the non-optimized electrode architecture, the 

capacity delivered by Li2-Mn-DOBDC does not appear to be affected even at high currents. In fact, the 

capacity is marginally decreased as the cycling rate increased up to 1C, for which 83% of the capacity 

coupled with good coulombic efficiency and low polarization are maintained (Figure S12). When going 

back to C/20, the initial capacity is recovered indicating that the losses are due to kinetic limitations 

of the electrode and not structural or chemical degradation. The intrinsic electronic conductivity of 

different redox intermediates (e.g. Lix-Mn-DOBDC; x = 1, 1.5, 2; Figure 3) is beneficial for stable charge 

and discharge process under at high rates (Figures 5a and S12). Finally, thanks to the rigid inter-

connected framework, Li2-Mn-DOBDC demonstrates an excellent cycling stability by maintaining 91% 

of its capacity accompanied with high coulombic efficiency (99.7%) over 100 cycles (Figure 5b).  
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CONCLUSION 

A series of electrically conducting Li-ion MOFs with general formula Lix-M-DOBDC (where x= 

1, 1.5, 2; M = Mg2+ or Mn2+; DOBDC4- = 2,5-dihydroxybenzene-1,4-dicarboxylate) are prepared and 

studied for the first time. The rational control of the ligand-metal coordination modes and SBU 

topology in the archetypical MOF-74 allowed post-synthetic lithiation of the uncoordinated phenolic 

redox sites. The lithiation process is reversible implying high framework robustness during metalation 

which provides additional perspectives for trans-metalation (e.g. other alkali or transition metal 

cations) of conducting MOFs. This judicious chemical and structural transformation enable superior 

metal-ligand interaction in the framework inducing a million-fold increase in electrical conductivity 

facilitated by mix-in redox: 10-7 S/cm for Li2-Mn-DOBDC vs. 10-13 S/cm for the isoreticular H2-Mn-

DOBDC and Li2-Mg-DOBDC. As redox active material, Li2-Mn-DOBDC demonstrates promising 

electrochemical performances: e.g. 91% capacity retention over 100 cycles at a high average discharge 

potential of 3.2V vs. Li+/Li0. Whereas the specific capacities obtained with these MOF cathodes remain 

lower than expected, it is supposedly penalized by the intrinsic limitations of the DOBDC linker. The 

innovative design strategy suggested in this work could be applied to other linkers and transition metal 

chemistries to increase the specific capacity, output voltage, and thus achieving higher energy 

densities for application of MOFs in next generation rechargeable batteries. This work opens up 

frontiers in development of electrically conducting MOFs for electrochemical energy storage 

applications by introducing the new class of Li-cation reservoir MOF materials with reversible redox. 
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