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Effect of Guest Solvents on the lonic Conductivity and
Electrochemical Performance of Metal-Organic Framework-

Based Magnesium Semi-Solid Electrolytes

Hagar K. Hassan,* <

Developing suitable electrolytes is crucial for the advancement
of rechargeable magnesium batteries. Recently, metal-organic
frameworks (MOFs) have shown a great interest in the field of
solid electrolytes for metal ion batteries. However, the ionic
conductivity as well as the electrolyte stability in the presence
of Mg electrodes are shown to be strongly dependent on the
guest solvent used to solvate Mg salts in MOFsSEs. Our
measurements showed that full evacuation of the MOF
structure before semi-solid electrolytes (sSEs) preparation is
crucial for achieving relatively low Mg overpotentials regardless

Introduction

Magnesium-ion batteries (MIBs) are emerging as promising
alternatives to traditional lithium-ion batteries due to the
abundance of magnesium, which offers a low-cost and environ-
mentally friendly alternative to lithium."? MIBs have several
advantages over lithium-ion batteries, including higher theoret-
ical capacity, better safety, and a lower risk of dendrite
formation.”) However, the passivation of the Mg anode in most
known liquid electrolytes is one of the main obstacles for the

[a] Dr. H. K. Hassan, Prof. T. Jacob
Department of Electrochemistry Il and Theory |
Helmbholtz Institute of Ulm (HIU)
Helmholtz Str. 11, 89081 Ulm (Germany)

[b] Dr. H. K. Hassan, Prof. T. Jacob
Karlsruhe Institute of Technology (KIT)
P.O. Box 3640, 76021 Karlsruhe (Germany)
E-mail: hagar.ibrahim@kit.edu

[c] Dr. H. K. Hassan, P. Hoffmann, Prof. T. Jacob
Institute of Electrochemistry
Ulm University
Albert-Einstein-Allee 47, 89081 Ulm (Germany)
E-mail: timo.jacob@uni-ulm.de

[d] Dr. H. K. Hassan
Faculty of Science
Cairo University
12613, Cairo (Egypt)
B Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cssc.202301362

EZA This publication is part of a joint Special Collection dedicated to Post-Li-
thium Storage, featuring contributions published in Advanced Energy Ma-
terials, Batteries & Supercaps, and ChemSusChem.

© © 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-
commercial and no modifications or adaptations are made.

ChemSusChem 2023, €202301362 (1 of 13)

' Paul Hoffmann,” and Timo Jacob*® ™9

of the ionic conductivity values. Moreover, the behavior of the
anode/MOFsSEs interfaces (MOF: o-Mg;[HCOO],; Mg salt
MgCl,-Mg[TFSI], (1:1 wt%); guest solvent: acetone, DMF, DEG,
DME and tetraglyme) was investigated by EIS, CV and
galvanostatic measurements. The current comparative study of
the electrochemical deposition processes of magnesium from
MOFsSEs revealed that magnesium deposition/dissolution reac-
tions vary depending on the MOF structure, the guest anion
species as well as the nature of the guest solvents.

development of Mg-ion batteries. To solve this problem, new
electrolytes must be developed. Batteries based on solid-state
electrolytes (SEs) or semi-solid electrolytes (sSEs) are promising
alternatives to traditional liquid electrolyte batteries due to
their higher energy density, improved safety, and longer
lifespan making them better suited for solving problems of Mg-
ion batteries.! Metal-organic frameworks (MOFs) have emerged
as promising material class to be used in solid-state batteries
(SBs) due to their high surface area, tunable pore sizes, and
versatile chemistry.5®

In addition, previous studies have investigated MOFs as
promising matrices for semi-solid electrolytes (sSEs) in lithium,
sodium, and magnesium-ion batteries.”'? Although several
reports investigated the effects introduced by guest metal salts
(anion species) or the MOF structure on the ionic conductivity
of the resulting MOFs-based sSE, there still remain various
questions about the impact of guest solvents inside the cavities
of MOFs on the measured ionic conductivities. For example,
Zhao et al™ tried using different MOFs as SEs for lithium-ion
batteries. They could achieve ionic conductivities in a range of
107°-1072 Scm™" with a cation transference number of 0.4-0.6.
On the other hand, Long et al."? studied the effect of extending
the organic linker and changing the guest magnesium salts on
the ionic conductivity of MOF-based sSEs. Based on their work,
the MgCl,-Mg(TFSI), mixture provided the optimal ionic con-
ductivity compared to other salts used in their studies. Addi-
tionally, the expanded structure Mg,(dobpdc) (dobpdc*™ =4,4"-
dioxidobiphenyl-3,3’-dicarboxylate) showed an enhanced ability
for incorporating larger amounts of Mg salts into its pores
compared to Mg,(dobdc) (dobdc* =2,5-dioxidobenzene-1,4-
dicarboxylate). On the other hand, Miner et al tested the
magnesium ion conductivity of a Cu-azolate MOF and received
high conductivities (107°-107* Scm™), a relatively low activation
energy for ion migration, and the ability to immobilize anions.
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Although these are superior results for MOFs-sSEs, there is still a
question mark on the reported ionic conductivities and the
dependence on the presence of high guest-solvent contents
inside the cavities of MOFs. For instance, research on non-
aqueous Mg liquid electrolytes showed a strong influence of
the solvent on the ability of the electrolyte to successfully and
reversibly deposit Mg as well as on the nature of the deposited
species. Gewirth et al."¥ studied the effect of the solvent on Mg
deposition and stripping from a series of MgCl,-MCl, mixtures
and showed that the ability of the co-salt and the solvent to
form multimeric Mg species is crucial for a successful Mg
deposition and stripping. They also hypothesized that six-
coordinated Mg dimers facilitate Mg electrodeposition and
-dissolution in the MgCL-AICl; electrolyte, consequently, Mg
deposition/stripping processes are favorable from MgCl,-AlCl,
mixtures in mono- and diglymes but not possible with tri- and
tetraglymes. Drews et al.™ studied the influence of different
solvents on the battery performance for
tetrakis(hexafluoroisopropyloxy)borate electrolyte salts. They
observed that the deposition reaction for mono-, tri- and
tetraglyme is strongly dependent on the initial desolvation of
the Mg cations, whereas the influence of desolvation on the
plating reaction is minor for diglyme and tetrahydrofuran, with
a high recommendation on using diglyme as the optimal
solvent. All the previous reports suggest that the performance
of the Mg electrolyte is highly-sensitive to any changes in its
components, including anions, co-salt, and solvent. In general,
one cannot say that a certain solvent is generally preferred over
another without taking all the other electrolyte’s components
into consideration. However, all of the reports summarized
above have one common conclusion: the desolvation of Mg
ions seems to be the limiting step that controls the Mg
deposition process, which is mainly dependent on the solvent.
Thereby, studying the influence of solvent in any proposed Mg
electrolyte is highly important.

In our previous report,® we presented mixed MOFs of
different structure and crystallinity (amorphous Mgbp3dc
(bpdc-2=2,2"-bipyridine-3,3'-dicarboxylic acid) and crystalline
a-Mg;[HCOO],) with an advanced approach to minimize the
guest solvent content in the MOFs’ cavities. This MOF mixture
exhibited a high ionic conductivity of 3.8x107°Scm™" at 30°C
compared to 1.1x107°Scm™' for single phase crystalline o-
Mg;[HCOO],. Additionally, it showed a reversible Mg deposi-
tion/stripping behavior and good compatibility with Mg electro-
des. This indicates that the MOF's structure also affects the
solvation and consequently the ionic conductivity. These
previous studies on the effects of the MOF structure and the
guest salt on its ionic conductivity inspired us to further
investigate the effect of the guest solvent independently in
order to fully understand the role of each component in MOF-
based Mg semi-solid electrolytes (MOFsSEs). In this context, the
effect of the type and content of the guest solvent on the ionic
conductivity of MOFsSEs is investigated. Here, a-Mg;[HCOO];
has been chosen as MOF matrix for Mg salts due to its simpler
structure, high stability against temperature, pressure, and
chemicals, ease of synthesis, and low cost."""' These properties
make a-Mg;[HCOQ]; a well-suited model system for investigat-
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ing the role of the guest solvent and to avoid any contribution
from the open framework provided by the previously reported
mixed MOF-sSEs.[®

Results and Discussion

The a-Mg;[HCOQ]; metal-organic framework is a highly porous
structure that is easily synthesized by a hydrothermal reaction
of magnesium nitrate and formic acid in dimethylformamide
(DMF) as described in the experimental section. Therefore, after
growth of the MOF structures, the DMF molecules fill their
cavities in a way that hinders their further uptake. Sometimes, it
is difficult to remove these solvent molecules by heating
because of the possibility of the structure to collapse upon
heating. Thanks to the high thermal stability of a-Mg;[HCOO],,
the evacuation process can be easily performed without
altering the framework structure. This step is crucial to activate
the MOFs for any desired application. In order to investigate the
influence of the remaining DMF molecules inside the MOF
cavities, the as-synthesized o-Mg;[HCOO]; framework was
evacuated at different temperature and pressure conditions.
PXRD, 'H-NMR, and TGA were used to investigate the phase
purity as well as the complete evacuation process. As shown in
Figure 1a, a-Mg;[HCOO]¢ was successfully synthesized in good
agreement with the reference card number 01-084-7581. It has
a monoclinic structure with a space group of P21/n, consisting
of four crystallographically non-equivalent magnesium sites,
twelve oxygen sites, six hydrogens, and six carbon sites.

As shown in Figure 1b, the MOF framework is constructed
by connecting 1D chains of MgO, edge-sharing polyhedrals of
Mg1/Mg3 with corner-shared polyhedrals of Mg2 and Mg4
along two directions through Mg1 polyhedrals, resulting in a
1D zigzag channel along the crystalline axis b.%”

The crystallinity of a-Mg;[HCOOQ], is enhanced after thermal
activation compared to the as-synthesized material. No signifi-
cant differences between the XRD patterns of a-Mg;[HCOO],
activated under different pressure have been observed. How-
ever, a decrease in the peak intensities was observed when the
evacuation time exceeded 48 h at 10™° mbar, instead 24 h were
already sufficient to obtain highly-crystalline solvent-free MOFs.
As shown in Figure 1¢, "H-NMR spectroscopy of the activated a-
Mg;[HCOO], under 10 mbar at 130°C revealed the presence of
some remaining DMF molecules as an indication of an
incomplete evacuation. Meanwhile, the evacuation process
under higher vacuum (1073-107° mbar) is mandatory to obtain
solvent-free 0-Mg;[HCOO]; TGA curves of as-synthesized,
evacuated at 10mbar and evacuated at 107° mbar MOF
samples are shown in Figure 1d. The activated 0-Mg;[HCOO]; at
10 mbar showed a mass loss from 240 to 300 °C for the removal
of the remaining DMF molecules. The MOF that was evacuated
at 107 mbar did not show any mass loss until 420°C, indicating
the successful removal of all solvent molecules from the
frameworks. The mass loss from 420°C to 460°C is due to the
removal of formate ligands and the collapse of the framework
indicating that a-Mgs;[HCOOQ]¢ has a very high thermal stability
up to 420°C. The small mass loss from 460 to 520°C is due to
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Figure 1. a) XRD of a-Mg;(HCOO), b) 3D-structure of the fully-evacuated MOF showing its pores and its asymmetric unit cell, ) TH-NMR of as-synthesized,
partially evacuated and fully evacuated a-Mg;(HCOO),, d) TGA of as-synthesized, partially evacuated and fully evacuated a-Mg;(HCOO),, and e) SEM of fully

evacuated a-Mg;(HCOO),

the phase transition from o-Mgs;[HCOO]; to B-Mg[HCOO],™
Above 520°C, B-Mg[HCOO], decomposes to MgO. The amount
of DMF calculated from TGA in as-synthesized MOF is 18.5 wt %
compared to 6.5 wt% after partial evacuation. Furthermore, the
morphology of the fully-evacuated a-Mg;[HCOO]; has been
investigated by SEM as depicted in Figure Te. The monoclinic
structure of a-Mg;[HCOO]; is clearly shown in the SEM image
with a crystal length between 5 to 20 um. In this study, fully-
and partially-evacuated o-Mg;[HCOO]; MOFs were used to
prepare semi-solid electrolytes (sSEs) in order to investigate the
effect of guest solvents on the ionic conductivity. However,
before it was important to exclude any contributions of other
charge carriers, such as protons. Therefore, the EIS of the pure
MOF solvated in tetraglyme (G4) was also measured (see the
supporting information, Figure S1). The solvated MOF showed
an unstable Nyquist plot with many scattered points after 24 h
of cell assembly, indicating its insulating behavior and its high
interfacial resistances. After 6 days of cell assembly, the cell
stabilized due to the stabilization of the interfacial resistance
and showed a semi-circle in the MQ range, and its calculated
ionic conductivity is found to be 5.1x107'° Scm™". This residual
ionic conductivity is attributed to charge-balancing defect sites
within the framework'® or corresponds to its proton conductiv-
ity. Due to the low ionic conductivity of a-Mgs[HCOO],, it is
well-suited to be used as a matrix for Mg salts. However, an
appropriate solvent is necessary for the Mg salts in order to
allow dissolution of Mg?" ions into the cavities of a-
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Mg;[HCOO],. Of course, even some of the solvent molecules
themselves fill the cavities of MOFs as free molecules or
solvated Mg?* ions, depending on the solvation properties of
each solvent. Therefore, the effect of Mg salt constituents and
composition as well as the guest solvent on the ionic
conductivities of MOFsSEs has been investigated systematically.

First, the effect of Mg salts on the ionic conductivity was
investigated. Therefore, MgClO,, MgBH, or Mg[TFSI],-MgCl,
(1:1 wt%) was added to the a-Mg;[HCOO], using G4 as a guest
solvent. Thus, after evaporating the excess solvent, three
different free standing sSEs were obtained, which depending
on the added Mg-salt were named pMOFsSE-CIO, pMOFsSE-
BH, and pMOFsSE-TFSI/Cl,. The ionic conductivities of the
resulting MOFsSEs were measured at 30°C as mentioned in the
experimental section. As shown in Figure S2, the Nyquist plots
show only one semi-circle in the high-frequency region
indicating that the ionic conductivity is related to the bulk of
the material. The ionic conductivities were measured from the
resistance value at the right-hand minimum of the semicircle as
previously reported."” pMOFsSE-TFSI/Cl, affords the highest
ionic conductivity of 1.24x107°Scm™' compared to 7.87
x1077Scm™' for pMOFsSE-CIO,. While pMOFsSE-BH, revealed
the lowest ionic conductivity of 2.30x107® Scm™' that could be
due to the poor solvation of magnesium borohydride in G4.
Moreover, Mg[TFSI], has a low ability to form aggregates during
the solvation process due to the bulky size of TFSI~ and highly-
delocalized charges within it resulting in a better dissociation
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Figure 2. Nyquist plots at 30°C of a) SS/aMOFsSEs/SS, b) SS/pMOFsSEs/SS and c) SS/fMOFsSEs/SS. Tetraglyme (G4) and 10 wt% Mg[TFSI],-MgCl, (1:1 wt. ratio)
were used for MOF solvation as guest solvent and as source for Mg ions, respectively.

compared to pMOFsSE-CIO, that has a high tendency to form
jon pairs and aggregates.”"

Based on the results mentioned above, the mixture of
Mg[TFSIl,-MgCl, (1:1wt%) has been selected for further
studies. Herein, the effect of MOF evacuation on the ionic
conductivities of MOFsSEs and their corresponding electro-
chemical performance in the presence of Mg electrodes has
been investigated by electrochemical impedance spectroscopy
(EIS), cycling voltammetry (CV) and galvanostatic measure-
ments. The o-Mg;[HCOO], MOF has been synthesized as
described in the experimental section and used as a matrix for
MOFsSEs either directly or after partial or full evacuation. The
resulting MOFs were mixed with 10 wt% Mg[TFSI],-MgCl,
(1:1 wt%) and solvated in G4, followed by evaporation of the
solvent that results in free-standing MOFsSEs. The ionic
conductivities of these three MOFsSEs were then evaluated by
EIS measurements. The corresponding Nyquist plots depicted in
Figure 2a, b and c show that MOFsSEs prepared directly after
MOF synthesis without evacuation results in very high ionic
resistances compared to what was obtained if the MOFs had
been evacuated first. Surprisingly, the MOFsSE prepared from
the fully evacuated MOF (fMOFsSE) showed a higher ionic
resistance compared to what was obtained from the partially
evacuated one (pMOFsSE). The ionic conductivity of fMOFsSE at
30°C is calculated as 1.1x10°Scm™' compared to 1.4
x107°Secm™ and 0.2x1077 Scm™' for pMOFsSE and as-synthe-
sized aMOFsSE, respectively. The remaining DMF in the partially
evacuated MOF plays an additional role in the solvation of Mg
salts, leading to a different solvation structure compared to
what is obtained in G4. The low ionic conductivity obtained
with aMOFsSE is attributed to the low probability of solvated
salts to fill the pores of MOFs that are already fully filled with
DMF molecules.

To investigate the effect of DMF content on the Mg
electrode, symmetric Mg/Mg cells have been assembled for the
three MOFsSEs with a different DMF content (aMOFsSEs,
pMOFsSEs, and fMOFsSEs). The EIS and galvanostatic measure-
ments of these three symmetric Mg/Mg cells are depicted in
Figure 3. Due to the different structure obtained in glyme as
solvent compared to that obtained in different DMF/glyme
mixtures, their corresponding EIS at open circuit voltage (OCV)
are different. aMOFsSE showed more capacitive nature com-
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Figure 3. a) Nyquist plots of symmetric Mg/Mg cells of aMOFsSE, pMOFsSE
and fMOFsSE, and b), c¢) and d) The corresponding galvanostatic measure-
ments at 0.1 uA cm 2 respectively where, DME was used as guest solvent and
20 wt% Mg(TFSI),-MgCl, (1:1 wt. ratio) were used as source of Mg ions. The
measurements have been conducted at 40°C.

pared to the others as indicated by the increased angle (close
to 90°) of the spike in the low frequency region compared to
the others due to low probability of solvated salts to fill the
pores of MOFs that are already fully filled with DMF molecules
before aMOFsSE preparation as have been previously men-
tioned. This implies a dominant capacitive behavior and
restricted ionic diffusion in MOFsSE prepared from the as-
synthesized MOF compared to the others that showed a more
resistive behavior and better ionic diffusion.

On the other hand, as obtained by the galvanostatic
measurements, the MOFsSE provided the best performance in
the presence of Mg electrodes compared to the others, while
the largest Mg deposition/stripping overpotential was obtained
from aMOFsSE.

The change in the galvanostatic cycling shape indicates that
the presence of DMF in MOFsSEs results in difficulties in the Mg
deposition/stripping processes due to the interaction with Mg
electrodes that leads to a change in galvanostatic curves
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despite the relatively higher ionic conductivity obtained from
pMOFsSE. Additionally, both aMOFsSE and pMOFsSE contain
DMF besides the glyme solvent added to solvate Mg salts.
Therefore, they contain DMF/glyme mixtures instead of only
glyme (the case of fMOFsSE) that results in a change in the
solvated Mg ion structure and, consequently, different electro-
chemical performance.

Several reports investigated the effect of the addition of
DMF to the polymer-based Li electrolytes that seems to provide
very high Li*-conductivity.”*” However, some other reports
showed that the addition of DMF must be handled with a
certain care due to the reduction of DMF by Li metal that
affects the interface with Li metal. Zhu et al.?? showed that the
addition of 8.6 wt% DMF to the polymer electrolyte afford a
very high ionic conductivity at room temperature of
0.1 mScm™' However, it showed severe continuous interaction
with Li metal and the cell fails in only several hours. Therefore,
the presence of DMF may enhance the ionic conductivity
several order of magnitude but it affects the interface with
metal electrode that leads to side reactions. Therefore, the
(pseudo) high ionic conductivity of DMF containing electrolytes
is not necessary resulting in better electrochemical performance
during cycling with Mg electrodes.

These differences in the ionic conductivity values and
electrochemical performance of the partially evacuated MOF
compared to those of the fully evacuated MOF has inspired us
to further investigate the effect of the guest solvent. Therefore,
in this work, fully evacuated MOF was used for further
investigations to avoid misleading results that might arise from
the presence of DMF traces in the structure.

Initially, the loading of Mg salts was optimized, after which
the effect of guest solvent was investigated. Three different
compositions of Mg salts (10, 20, and 30 wt%) were added to
the fully-evacuated MOF in the presence of G4 solvent. Finally,
the ionic conductivities of the three obtained MOFsSEs were
measured at 100°C. As shown in Figure S3, increasing the Mg
salt to 20 wt% results in an increase in the ionic conductivity
value. Increasing the salt composition to 30 wt% did not show
a significant effect on the ionic conductivity value compared to
20 wt%, rather a slight decrease in ionic conductivity was
observed, which in principle does not represent a big difference
(45 uScm™' compared to 55 uScm™' for 30 wt% and 20 wt%,
respectively). This slight decrease indicates the saturation of the
MOF due to the filling of all its pores. These results indicate that
20 wt% of total Mg salt seems to be the optimal mass loading.

Noteworthy, the coordination between the magnesium ions
and the anion causes anion decomposition and/or impedes the
magnesium deposition process. Therefore, the separation of the
anion from the magnesium ion is crucial to accelerate
magnesium deposition,®" which seems to be the main role of
MOF and its guest solvent.

Because solvent molecules play an important role in
determining the association of the ions into ion pairs,
complexes, aggregates, or even free ions, they might have a
tremendous impact on the resulting ionic conductivities. There-
fore, solvents of different nature and solvation strength, such as
monoglyme (dimethoxyethane, DME), G4, diethylene glycol
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(DEG), acetone, and DMF, have been used to solvate Mg ions
and MOF. DMF, DEG, and acetone were included in this study
because they are commonly used solvents to handle MOFs.
While DMF is the most frequently used solvent to synthesize
MOF by the hydrothermal reaction, DEG has also been used as
a solvent to synthesize MOFs as well as as plasticizer, while
acetone is used for solvent exchange for MOFs with low thermal
stability and high risk of structural collapse during solvent
evacuation. This will provide more fundamental insights into
the importance of careful handling of MOFs and the mandatory
removal of the remaining guest solvent prior to their use in
battery applications. Figure 4a shows the Nyquist plots of
fMOFsSEs prepared in these various solvents at 50°C. It is
observed that fMOFsSEs-DME provided the highest ionic
conductivity compared to the others. This could be due to the
simpler complex formed between Mg®’" ions and DME
compared to the extended structure of G4 that reduces ion
mobility. Variations in ionic conductivities with temperature
have been investigated in the temperature range between 30
and 100°C and the corresponding Nyquist plots are shown in
Figure S4. Surprisingly, fMOFsSE-DMF revealed higher ionic
conductivities at temperatures above 50°C. As shown in
Figure 4b, the increase in ionic conductivities of fMOFsSEs
prepared in different solvents obeys the Arrhenius relation. The
activation energy for diffusion E, was calculated from the slope
of the Arrhenius plot. The comparison between the activation
energy of diffusion (E,) and the conductivity values achieved at
50°C for the fMOFsSEs with different guest solvents is shown in
Figure 4c. It is visible that the ethereal solvents provide the
lowest E, compared to the other solvents. To reveal whether
this ionic conductivity trend is related to the content or the
nature of the guest solvent, TGA analyses were performed for
all MOFsSEs (Figure S5). The solvent content in each fMOFsSE
has been calculated from the mass loss as follows: 20.9 wt% in
fMOFsSEs-G4, 28 wt % in fMOFsSEs-DMF, 17.8 wt % in AMOFsSEs-
acetone, 27 wt% in MOFsSEs-DEG, and 15.7 wt% in fMOFsSEs-
DME. Consequently, fMOFsSEs-DMF and fMOFsSEs-DEG showed
the highest solvent content compared to those of the other
fMOFsSEs, indicating that the change in ionic conductivity is
directly related to the nature of the guest solvent more than to
their content.

Since the behavior of the Mg ions inside the MOFs cavities
is not clear, and the role of the guest solvents after fMOFsSE
preparation is also not fully understood, we tried understanding
the obtained ionic conductivity values on the basis of the
solvation properties of the guest solvents. Meanwhile, the
solvation strength of a solvent can play an important role in the
ionic conductivity of magnesium electrolytes. The ability of a
solvent to solvate the organic magnesium salt can impact its
dissociation into magnesium ions and the organic anions.
Polarity, dielectric constants, Lewis basicity, the tendency to
form ion pairs, and stability of the complex formed with Mg
ions are all factors that could affect the ionic conductivity of an
electrolyte.®**¥ fMOFsSE-acetone showed the lowest ionic
conductivity due to the low Lewis basicity of acetone compared
to the other solvents.®***! Among the solvents mentioned, DMF
and DEG are known to strongly coordinate with Mg ions. DMF
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Figure 4. a) Nyquist plots of MOFsSEs prepared in different guest solvents at 50 °C, b) The corresponding Arrhenius plot, c) calculated ionic conductivities at

500°C and the corresponding E,, and d) cell used for EIS measurements.

has a high dielectric constant and a high Lewis basicity, which
makes it an excellent solvent for coordinating with Mg ions.
Diethylene glycol also has a high dielectric constant and good
coordinating ability, but to a lesser extent than DMF. Moreover,
due to the high polarity of DMF and DEG solvents,®¥ their
ability to solvate Mg[TFSI], plays a crucial role in the observed
high ionic conductivity at temperatures above 50°C at which
the complex becomes weaker and therefore allows Mg ion
diffusion. Meanwhile, glyme-based solvents, such as mono-
glyme and tetraglyme, have a unique ability to solvate Mg ions
and form stable solvated complexes, which can enhance the
electrochemical performance of Mg-ion batteries. Compared to
other solvents, such as DMF and DEG, monoglyme and
tetraglyme have been widely used in Mg ion batteries®*3*-®
due to their high affinity to solvate Mg ions and to form not too
stable complexes, which can lead to slow kinetics and poor Mg
electrodeposition.

The relatively high ionic conductivity of fMOFsSE-DMF
especially at relatively high temperatures inspired us to further
investigate the effect of DMF in more details. Therefore,
symmetric Mg/Mg cell with fMOFsSE-DMF electrolyte has been
assembled and characterized by CV, galvanostatic measure-
ments and SEM/EDX with elemental mapping as shown in

ChemSusChem 2023, e202301362 (6 of 13)

Figure 5. Cyclic voltammogram of Mg/fMOFsSE-DMF/Mg re-
vealed in Figure 5a showed a significant drop in the peak
current after the first cycle and the cell impedance increased
significantly after CVs (Figure 5b) that indicates side reactions
took place on the electrode surface due to a possible electrolyte
decomposition resulting in an electrode passivation. The first
trial to do galvanostatic measurements using the same
potential window as in CVs showed inability to deposit Mg
from fMOFsSE-DMF as shown in Figure 5c. Upon increasing the
reduction potential limits to —3 V, the galvanostatic measure-
ments (Figure 5d) showed reduction plateau at nearly —2.0V
that increased to —2.3V upon cycling and the corresponding
oxidation at 2.1V that increased to 2.3V upon cycling. This
huge overpotential of Mg/fMOFsSE-DMF/Mg at relatively low
current (0.1 pA) could be attributed to the presence of free DMF
molecules that i) have high affinity to be adsorbed on the Mg
electrode and block the active sites, ii) DMF is not sufficiently
stable towards the Mg surface and undergoes decomposition
during the anodic scan that leads to passivation of the Mg
electrode by decomposition products and hinders the Mg
deposition/stripping reaction, and iii) DMF catalyzes the for-
mation of surface metal oxides and consequently passivates the
Mg electrode.”
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Figure 5. a) CV of Mg/fMOFsSE-DMF/Mg measured at 40°C at scan rate 0.5 mV s™', b) The corresponding Nyquist plot before and after CVs, ¢) Galvanostatic
measurement at +£0.1 ¢A, d) Galvanostatic measurement at +0.1 uA with extended potential limits, e) SEM image of Mg electrodes before cycling, f) SEM
image of Mg counter electrode after galvanostatic cycling, g) SEM of Mg working electrode after galvanostatic cycling, h), i) and j) corresponding EDX,
respectively, and k) The corresponding elemental mapping of Mg working electrode.

In order to support this assumption, Mg electrodes were
characterized by SEM/EDX and elemental mapping before and
after galvanostatic measurements as shown in Figure 5 e-k. As
clearly shown both Mg counter and working electrodes showed
an increase in oxygen that support the third assumption
mentioned above as well as SEM of working electrode showed
the presence of decomposed products mainly from TFSI~ anion
and DMF as indicated from the elemental mapping shown in
Figure 5k which supports the second assumption.

Based on the results summarized above, the remaining DMF
in the MOF may lead to (pseudo) high ionic conductivity values;
however, its presence leads to the passivation of Mg electrodes
as summarized in Scheme 1. This should be taken into account
when utilizing MOFs in Mg batteries.

ChemSusChem 2023, e202301362 (7 of 13)

Further, the electrochemical performance of fMOFsSE-G4 in
the presence of Mg electrodes compared to fMOFsSE-DME was
investigated by EIS, CV, and galvanostatic measurements as
shown in Figure S6.

The CVs in Figure S6b shows that the fMOFsSE-G4 showed
less Mg deposition/stripping abilities compared to fMOFsSE-
DME. Meanwhile, fMOFsSE-G4 showed significantly lower Mg
deposition/stripping currents compared to fMOFsSE-DME, in-
dicating slower kinetics of Mg®™ ions in fMOFsSE-G4. This could
be attributed to the simpler structure of the Mg/DME complex,
especially inside the cavities of the MOF, the low viscosity of
DME compared to G4, as well as the increased donor number of
DME (24.0 kcal/mol) compared to G4 (16.6 kcal/mol).E”

The Mg dissolution in MOFsSE-DME showed two steps of
dissolution in the first cycle, as indicated by the appearance of
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Scheme 1. a) Schematic figure shows the effect of the DMF on the passivation of the Mg electrode and consequently on the overpotential of Mg deposition
and stripping reactions, b) The galvanostatic measurement of Mg/Mg cell obtained when MOF was used directly after synthesis and glyme solvent was added
to solvate Mg®* (aMOFsSE), (c) The galvanostatic measurement of Mg/Mg cell when the MOF was partially evacuated and glyme solvent was used for Mg**
solvation (pMOFsSE), and d) The galvanostatic measurement of Mg/Mg cell when all DMF molecules were removed from the structure (fMOFsSE) that showed

a significant enhancement in the Mg deposition/stripping overpotential.

two dissolution peaks at 1.5 and 1.9V, while those peaks were
combined into one peak in the subsequent cycles, as will be
discussed later.

The galvanostatic measurements of Mg/fMOFsSE-G4/ Mg
(Figure S6c) showed a higher potential barrier for Mg deposi-
tion from fMOFsSE-G4 compared to fMOFsSE-DME (see Fig-
ure 3d) with Mg deposition and dissolution potentials at —1.0
and 1.5V, respectively, in the first cycle that increased to —1.8
and 2.0V in subsequent cycles, respectively. These values are
significantly higher than those observed by fMOFsSE-DME that
showed Mg deposition and dissolution at —1.5V and 0.5V,
respectively.

Due to the results obtained so far, fMOFsSE-DME was
selected for our further structural and electrochemical inves-
tigations.

ChemSusChem 2023, e202301362 (8 of 13)

Characterization of MOFsSE-DME

The morphology of MOFsSE-DME was investigated by SEM/
EDX. As depicted in Figure 6a, the crystals are slightly deformed
and covered with filament-like material, which is more likely
due to absorption of solvent molecules. The solvated Mg ions
also form homogeneous networks on the surface of the MOF
crystals. The corresponding EDX spectrum shown in Figure 6b
contains chloride, sulfur, and fluoride coming from both MgCl,
and Mg[TFSI],. Furthermore, the amount of carbon increased
compared to pure MOF, which is due to the added solvent and
Mg[TFSI],. The small aluminum peak observed is from the
sample holder. Meanwhile, the XRD of fMOFsSE-DME shown in
Figure 6¢ does not show a significant change in the crystallinity
of a-Mg;[HCOO], after fMOFsSE-DME preparation, indicating
that the frameworks retain their integrity while being filled with
solvated Mg ions and free solvent molecules. The shift in the
peak positions to a lower angles reflects the increase in the
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Figure 6. a) SEM image of fMOFsSE-DME at EHT =3.00 kV with different magnifications, b) The corresponding EDX, c) The corresponding PXRD; the star
shapes refer to MgCl, diffractions, and d) The resulting MOFsSE pellet after solvent evaporation and its pellet after pressing at 5 tones for 3 minutes.

crystal lattice due to the electrolyte uptake. These observations
refer to the fact that some of the solvated Mg ions are also
adsorbed on the surface of the crystals, forming the network
shape, not only embedded into their cavities. To investigate the
usability of fIMOFsSE-DME for magnesium-ion batteries, the total
transport number, the transference number, the cycling
stability, and its behavior during charge and discharge at
different current densities were examined.

The total transport number calculated by DC polarization of
fMOFsSE-DME between two SS ion-blocking electrodes at 0.5V
using Equation (3) was found to be 0.992, where I, and /s were
determined directly from the / vs. t curves as shown in
Figure S7. This indicates that the total current is mainly due to
the ion motion with sluggish contribution from the electrons.
Another important physical quantity of electrolytes is the
cations transference number (t,) that provides information
about the quantity of the charged species inside the electrolyte,
which is responsible for the charge transport. t, was calculated
by the Vincent and Bruce equation (Eq. (4)). Chronoamperom-
etry (CA) was used to measure /, and /s and the EIS measure-
ments before and after the CA to obtain R, and Rs (see.
Figure 7a). The calculated value of the transference number was
found to be t, =0.466. That means that 46.6% of the trans-
ported charge of the electrolyte is carried by cations. This value
is significantly improved compared to what was previously
mentioned in literature for polymer-based sSEs,”*” while there is
no reported t, -value for MOF-based sSEs, except in our

ChemSusChem 2023, €202301362 (9 of 13)

previous study."® Galvanostatic measurements were carried out
at different current densities, and showed a reversible Mg
deposition/stripping process as shown in Figure S8a. As a result
of the relatively low ionic conductivity of MOFsSE-DME at the
measurement temperature compared to the liquid analogue,
relatively low current densities were used in this study. No
significant change in the deposition and stripping potentials
was observed after cycling. However, a small shift in the
dissolution and deposition potentials at higher current densities
was observed, preserving good cycling stability. The EIS after
galvanostatic cycling (Figure S8b) showed a lower resistance
compared to the initially recorded one, indicating improved
kinetics after cycling.

On the other hand, the cycling stability of MOFsSE-DME
was also investigated by CV for a symmetric Mg/fMOFsSE-DME/
Mg cell (Figure 7b). As previously mentioned, the first CV of the
Mg/fMOFsSE-DME/Mg cell showed a Mg deposition at —1.5V
vs. Mg>*/Mg with an onset potential of —0.47V and two
dissolution steps at 1.5 and 1.9V. The deposition and
dissolution currents significantly decreased on the second and
third cycles, then stabilized but with an increase in the
overpotentials upon cycling, which is consistent with galvano-
static results. Surprisingly, when galvanostatic measurements
were conducted after CV cycling under these reaction con-
ditions, an improved overpotential was obtained compared to
the initial measurements referring to a conditioning process as
shown in Figure 7c. The Mg deposition and dissolution
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Figure 7. a) Polarization of Mg/fMOFsSE-DME/Mg at 30 mV for 3 h (Inset: The Nyquist plot before and after polarization, b) Repeated CVs of Mg/fMOFsSE-DME/
Mg at 0.5 mVs ™' before and after galvanostatic cycling, ¢) Galvanostatic cycling of Mg/MMOFsSE-DME/Mg at different current densities, d) A zoom in to show

2

the cycling fading observed at 1.0 pAcm™
40°C.

processes were observed at —0.5 and 0.5V, respectively.
However, when increasing the current density to 1.0 pAcm™2,
the cell showed a very high overpotential, while Mg deposition
occurred at —1.8 V and dissolution at 1.58 V (vs. Mg**/Mg).

The overpotential continues to increase upon cycling until
complete fading as an indication of the low stability at this

current density or due to blocking the Mg anode. However,

ChemSusChem 2023, €202301362 (10 of 13)

, and e) a zoom in to show the overpotential observed at 0.5 pAcm™. All measurements have been conducted at

when the cell was left to rest at OCV for several hours, Mg
deposition/stripping could be re-observed for a few cycles after
which it faded again. When the current density was reduced to
0.5 uAcm™, the deposition/stripping reactions showed up
again, while the overpotential increased upon cycling, indicat-
ing that the cell was still working, although fMOFsSE-DME is
highly-sensitive to current densities. This low tolerance to the

© 2023 The Authors. ChemSusChem published by Wiley-VCH GmbH

851017 SUOWILLIOD BAER.ID) B[t ddde 8L AQ PaULBAOB e SOOI YO 88N JO 3N 0y AReiq 17 8UIIUO AB]IAM UIO (SUOTIPUOD-PLB-SLLLIBIWIOD' A3 1M ARG [oU [UO//'ScY) SUORIPLOD PUE UL | L3 89S *[1Z02/TO/E0] U0 AJG1T 3UIIUO AB1IM 'SUNIS| S YRUIO! G IqSapUe T aUasIpes Ad Z9ETOEZ02 98S9/200T 0T /10p/L0Y" Ao v ARegipuluoado.ne-Ans Lo /:sdny wiosy pepeojumod 0 ‘xyosro8T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemSusChem doi.org/10.1002/cssc.202301362

relatively high current densities could be due to the low ionic
conductivity of IMOFsSE-DME at the measurement temperature.
Compared to our previous work on mixed MOF (crystalline a-
Mg;[HCOO], and amorphous Mgbpdc),"® a-Mg,[HCOO]-based
sSEs showed lower stability at relatively high current densities.
This indicates the significance of the MOF structure in designing
an efficient MOFsSE. Therefore, designing a MOF with specific
properties that enables a reversible Mg deposition and
stripping at relatively high current densities is highly desired.
This might open the door to designing new MOFs with specific
functionalities and to investigate additives that can boost the
performance of MOFsSEs.

On the other hand, the fMOFsSE-DMF showed very high
stability over time, where the symmetric Mg cell has been left
for few months after the measurement then measured one
more time at different current densities as shown in Figure S9.
This shows that cell aging does not significantly affect the
ability of fMOFsSE-DME to deposit Mg, indicating the high
stability of the electrolyte in contact with the Mg electrodes.

Furthermore, the ability to deposit Mg from fMOFsSE-DME
on Cu has been also investigated by CV using Cu as working
electrode as shown in Figure S10. A Mg deposition peak is
observed at —1.2V and the corresponding dissolution at 2.8 V.
Meanwhile, the SEM/EDX of both counter and working
electrode showed no decomposed products after cycling.

Conclusions

Based on the current study, one can conclude that selecting the
appropriate guest solvent in MOF-based electrolytes is crucial
for developing new electrolytes for Mg-ion batteries. Full
evacuation of the MOF before its use in rechargeable Mg
batteries as one of its components (electrolyte or electrode
material) is crucial to realize a reversible deposition/stripping
process and to prevent Mg passivation by the remaining DMF
molecules. The presence of DMF in the sSEs leads to (pseudo)
high ionic conductivity, however did not result in better
electrochemical performance during cycling with Mg electro-
des. The ex-situ SEM/EDX of MOFsSE-DMF showed the presence
of high oxygen percentage on both counter and working
electrode surfaces and decomposed products mainly from TFSI~
anion and DMF on the surface of Mg working electrode.

Furthermore, Mg deposition from MOFsSE-glyme showed
better performance considering the preference of fMOFsSE-
DME over MOFsSE-G4. It is noteworthy that in MOF-based sSEs,
magnesium ions compete with the solvent molecules and the
MOF to interact with the anions, which may lead to Mg ions
interacting differently with the anions and solvent molecules in
the presence of MOFs, finally leading to different coordination
compounds.

It is worth mentioning that, the results shown in this study,
especially the galvanostatic measurements, are limited to the
components of the electrolyte that might alter when changing
one or more of these components. Designing new MOFs with
specific properties that enable the free movement of Mg®* ions
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is crucial and might change the results of galvanostatic
measurements.

In the future, further investigations of MOF-based electro-
lytes, through studying the solvation of Mg ions inside the MOF
cavities and how these change in the presence and absence of
MOF, will lead to a deeper understanding of MOF-based
electrolytes that can help in their development. The role of
MOF as one of the electrolyte components in a real battery with
a high potential cathode material will also be studied individu-
ally.

Experimental Section

Materials and chemicals

Magnesium nitrate hexahydrate, formic acid, anhydrous N,N-
dimethylformamide (DMF), dimethoxyethane (DME or G1), tetra-
glyme (G4), acetone, diethyleneglycol (DEG), magnesium(ll)
Bis(trifluoromethanesulfonyl)imide, (Mg[TFSI],), anhydrous magnesi-
um chloride, MgCl,, anhydrous magnesium perchlorate, Mg(ClO,),,
and magnesium borohydride, Mg(BH,), were purchased from Sigma
Aldrich. All salts and powders were heated at 120°C under a
vacuum overnight and stored in an Ar-filled glovebox. All the
solvents used for solid electrolytes preparation were further dried
over 3 A molecular sieves and stored in an Ar-filled glovebox. Mg
foil (thickness=0.025 mm, 12 mm) was purchased from Alfa Aesar
and has been used for the symmetric cell assembly.

Synthesis of a-Mg;[HCOO],

0-Mg;[HCOO], has been prepared by the hydrothermal method in
the presence of formic acid, where 3 mmol of Mg salt was mixed
with 6 mmol of formic acid in 10 ml of DMF solvent followed by a
hydrothermal reaction at 100°C for 72 h. For partially evacuated
MOF, as-synthesized material was heated under a vacuum of
10 mbar for 36 h at 130°C. For the fully evacuated MOF, the as-
synthesized material was heated under ultra-high vacuum
(10° mbar) at 150°C for 24 h. The activated MOFs were stored
directly inside an Ar-filled glovebox with H,O and O, levels less
than 0.5 ppm for further use.

Preparation of MOF-based Mg semi-solid electrolytes
(MOFsSE)

In an Ar-filled glovebox, sSEs were prepared by dispersing ao-
Mg;[HCOO]; and Mg salts in different solvents, DME, G4, DEG, DMF,
or acetone under continuous stirring for 48 h. Subsequently, the
excess solvent was evaporated under vacuum and SEs were
subjected to a vacuum drying at 80°C (except for DME and
acetone, samples were dried at 50°C overnight under a vacuum of
40 mbar. This method has been used to minimize the solvent
extent in MOFsSEs as mentioned in our previous work."® To
investigate any ionic conductivities that may come from MOF, the
solvated MOF was dispersed in G4 in the same way without the
addition of Mg salts.

Surface, structural, and spectral characterization

Thermogravimetric analysis (TGA) data were collected with a TGA/
SDTA 851e from Mettler Toledo in an N, atmosphere from room
temperature to 600 or 800°C with a heating rate of 5°C/min.
Powder diffraction X-ray (PXRD) was recorded on the STOE Stadi P
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diffractometer under the following conditions: 40 kV, 40 mA, Cu-Ka.
radiation (1=0.154 nm) using the transmission mode. The semi-
solid electrolyte powders were assembled in the sample holder and
covered by acetate foil inside the glovebox to avoid air contam-
ination. Xpert PANalytical Highscore software was used for PXRD
pattern analysis. Scanning electron microscope images and energy
dispersive X-ray spectroscopy were performed by Zeiss LEO 1550
VP field emission SEM/EDX (FESEM Carl Zeiss, Germany). A transfer
box was used to transport samples from the glovebox to the SEM
chamber without exposure to air. For nuclear magnetic resonance
(NMR) analysis, the samples were digested in D,O and sometimes
heating was required for complete solubility. The 'H-NMR spectra
were recorded on NMR Bruker 400 MHz instruments, and the
obtained spectra were analyzed by MNOVA software.

Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) for the ionic con-
ductivity measurements was recorded by the Solartron software.
Cyclic voltammograms (CV), galvanostatic discharge-charging tests
(GCD), and EIS between cycles were recorded by the biologic VMP3
multichannel potentiostat at 40°C in a thermostatic climate
chamber with a maximum deviation of £1°C unless otherwise
noted. All the cells were left at OCV for 4days before the
measurements, which is the needed time to get a stable EIS. The
sSE pellets were sandwiched between two Mg foils (thickness=
0.025 mm, #12 mm, Alfa Aesar) for symmetric cell measurements.

For ionic conductivity measurements, in an Ar-filled glove box,
0.1 g of the sSE powder was dispensed between two stainless steel
discs into a cylindrical homemade PEEK cell of an inner diameter of
13 mm. The loaded material was then pressed at 5 tons for three
minutes prior to thickness measurements by a thickness gauge
accurate to 0.2 um. The thickness of the formed pellets is between
0.45 to 0.58 mm. Prior to the electrochemical tests, cells with the
sSE pellets were housed in stainless steel cases with an upper screw
applying a force to the upper part of the cell to ensure electrical
contact and stable mechanical stability of the cells. The whole cell
was further sealed in an aluminum case filled with Ar to avoid any
possible exposure to air. AC impedance spectroscopy was used for
conductivity measurements in a temperature range between 25
and 80 or 100°C where the cells were kept at each temperature for
two to three hours before measurement. All data was collected at
10 mV AC amplitude with a frequency range between 1 MHz to 100
or 1000 Hz, with 10 points per decade (except for solvated MOF,
100 mV AC amplitude was used). The solution resistances were
determined from the right-hand minima of the high-frequency
region of the Nyquist plots. Subsequently, the bulk conductivities
were calculated by Equation (1):

o=1/(R, A) (1

Where o is the bulk conductivity in Scm™, I is the thickness of the
pellet in cm, R is the solution resistance in Ohms and A is the area
of the pellet area in cm® The pseudo-activation energies were
calculated from the Arrhenius relation:

o=o0, - o(~Ea/kBT) 2)

Where o, is the pre-exponential factor, T is the absolute temper-
ature in K, E, is the pseudo-activation energy of diffusion and kg is
the Boltzmann constant.

For the calculation of the total transport number, SE pellets were
sandwiched between two 13 mm diameter ion blocking stainless
steel discs before applying a DC potential of 0.5V for 3 or 4 hours

ChemSusChem 2023, €202301362 (12 of 13)

until a steady-state current was achieved. Total ion transport was
measured by Equation (3):

tion = (/0 - Is)/IO (3)

Where, |, is the initial current (at t=0), I is the steady-state current
and t,, is the total ion transport number. The Mg”*" ion trans-
ference number (t,) was determined by coupling the AC EIS test
with the DC polarization experiment, SE pellets were sandwiched
between two ion non-blocking Mg foils. A small constant potential
bias AV=0.03 V was applied, and the current was recorded vs. time
until a steady-state current was obtained. EIS measurements were
carried out before and after DC polarization, then t, is calculated
from Bruce and Vincent Equation (4)."

. Is(AV—R lp)
Iy = (4)
0 (AV—Rl;)

Here, I; and I, are steady state and initial currents, respectively, R,
and R, are the polarization resistances before and after the
polarization, respectively and AV is the applied potential bias.
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