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ABSTRACT: A Cu-azolate metal-organic framework uptakes stoichiometric loadings of Group 1 and 2 metal halides, demonstrat-
ing efficient reversible release and reincorporation of immobilized anions within the framework. Ion pairing interactions lead to
anion-dependent Li* and Mg?* transport in Cu,(ttpm),-0.6CuCl,, whose high surface area affords a high density of uniformly dis-
tributed mobile metal cations and halide binding sites. The ability to systematically tune the ionic conductivity yields a solid
electrolyte with a Mg?* ion conductivity rivaling the best materials reported to date. This MOF is one of the first in a promising
class of frameworks that introduces the opportunity to control the identity, geometry, and distribution of the cation hopping sites,

offering a versatile template for application-directed design of solid electrolytes.

INTRODUCTION

Since the emergence of the first rechargeable galvanic cell
in1860,' rechargeable batteries have become an enabling tech-
nology for a range of critical processes in modern life. Alt-
hough old in a sense, rechargeable battery technologies repre-
sent an important field of modern research, spurred by the
scale and variety of applications stemming from an inevitable
transition to renewable and clean energy technologies.
Among the various possible technologies, metal and metal-ion
batteries are particularly versatile in serving a range of appli-
cations especially in consumer electronics, where they offer a
combination of high volumetric capacity and ~1000-cycle life-
time that is well suited for such devices.2 However, despite sig-
nificant advances there is much room for improvement in ef-
ficiency, lifetime, and safety of metal and metal-ion batteries.
All these could be improved by transitioning from liquid elec-
trolytes, the current industry standard, to solid ion conduc-
tors. Liquid electrolytes exhibit relatively narrow potential
stability windows, cation transference numbers of < 0.4 that
lead to lifetime-limiting polarization effects, and little control
over the uniformity of Li plating during charging.> Non-uni-
form plating can cause dendrite formation, which may result
in piercing the battery separator and leakage of the flammable
organic liquid electrolyte, or if contact is made with the other
electrode, circuit shorting. Efforts to address these challenges
have included development of solid-state electrolytes.37 Alt-
hough solid electrolytes exhibit higher potential stability win-
dows, higher transference numbers, and are safer by virtue of
their reduced flammability and increased mechanical stabil-
ity, they can suffer from low conductivity and poor interfacial
contact between the electrodes and the electrolyte.>#78 An
ideal system would combine the lower transport and interfa-
cial resistance of liquid electrolytes with the safety and en-
hanced stability features of solid electrolytes.

One class of materials that may provide clues to addressing
these challenges is metal-organic frameworks (MOFs). The
high surface area of MOFs offers the ability to install a high
density of charged species in a small geometric volume. This
allows for closely packed cation hopping sites, which could
minimize activation energy for ion transport and increase ion
conductivity. Additionally, the ordered porosity of MOFs
could aid in controlling the uniformity of cation plating at the
anode during charging, thus preventing dendrite formation.
Many MOFs present metal sites whose coordination spheres
are initially occupied by solvent molecules. Removing the sol-
vent molecules exposes coordinatively unsaturated cationic
sites onto which anions can be docked. The coordinated ani-
ons require charge-balancing cations that become the only
mobile charge carriers, thus maximizing cation transference
numbers. Finally, altering the lability and / or valency of the
metal centers, changing pore polarity by ligand functionaliza-
tion, and enlarging the pore diameter by extending the ligand
length offer multiple tunable variables for systematic optimi-
zation of electrolyte performance. Indeed, several MOFs have
been explored as solid-state electrolytes, and have featured
many of the benefits listed above.®% Although promising,
many of these MOFs require additional salt content in excess
of what would be expected based on the number of available
anion binding sites. This necessarily implies that not only cat-
ions, but also anions will be mobile, which in turn reduces the
cation transference numbers. Additionally, activation ener-
gies in such materials are sometimes higher than is desired, as
ion pairing between anions and cations is still strong. Some of
the reported MOF-based electrolytes have also shown poor
stability to electrochemical cycling, eliminating their viability
for rechargeable batteries. To expand upon current MOF elec-
trolytes, we took advantage of a Cu-azolate material,
Cu,(ttpm), (H,ttpm = tetrakis(4-tetrazolylphenyl)methane)+
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H,ttpm = tetrakis(4-tetrazolylphenyl)methane

Scheme 1. Synthesis of Cu[(Cu,Cl)(ttpm),],-CuCl,, Cu,(ttpm),-0.6CuCl,, and the target MOF-MX,, where M = Li* or Mg?*, X = CI-

or Br-, and n =1 or 2. H atoms have been omitted for clarity.

Table 1. Formulas of MOF-MX,, including metal ratios as determined by ICP-MS and propylene carbonate (PC) content from 'H
NMR spectroscopy. Refer to Table S1 for weight percentages of M™ in the electrolytes.

Sample name Cu M (M™ = Li*, Mg**) X(X=dCI,Br,I) Formula
MOF-LiCl 2.5 1.0 1.0 Cu,(ttpm),(CuCl,)o.6(LiCl), :19PC
MOF-LiBr 2.4 1.0 1.0 Cu,(ttpm),(CuCl,), 6(LiBr), 3-20PC
MOF-Lil 4.5 1.0 1.0 Cu,(ttpm),(CuClL,), 6(Lil),.0-20PC
MOF-Mg(Cl, 6.1 1.0 2.0 Cu,(ttpm),(CuClL,)o.6(MgCL),.s-17PC
MOF-MgBr, 6.4 1.0 2.0 Cu,(ttpm),(CuCl,)o.6(MgBr,),.,-21PC
MOF-Mgl, 7 1.0 2.0 Cu,(ttpm),(CuCl,)o6(Mgl,)o,15PC

that presents multiple anion binding sites, a key feature that
enabled ionic conductivity in another MOF electrolyte previ-
ously reported by our group.® This abundance of anionic
binding sites in Cu,(ttpm), leads to high mobile Li*, Mg**, and
AB* density. The ability to reconstitute this MOF in various
types of metal salts allowed for modulation of the ion pairing
strength, as evidenced by conductivity and activation energy
values that change as a function of anion identity.

EXPERIMENTAL METHODS

Complete experimental methods are provided as Supporting
Information.

RESULTS AND DISCUSSION

Preparation of MOF-MX,,. The anionic parent material,
Cu[(Cu,Cl)(ttpm),],-CuCl,, and the neutral framework,
Cu,(ttpm),-0.6CuCl,, were synthesized according to a re-
ported procedure.>* It was previously shown that Cu,(te-
trazole)s secondary building units (SBUs) in the original ma-
terial feature 5 possible halide binding sites, a portion of which
can be made available for anion binding by Soxhlet extraction
with methanol (Scheme 1).24 Importantly, some of these sites
bear bridging halides, which opens the possibility of reducing
their ion pairing with mobile cations because electron density
on the bridging halides would be screened by multiple Cu**

ions. Reconstitution of Cu,(ttpm),-0.6CuCl, in saturated THF
solutions of various Group 1 and 2 metal halide salts (i.e. LiCl,
LiBr, MgCl,, MgBr,) afforded anionic structures balanced with
alkali and alkaline earth metal cations (Scheme 1). The result-
ing materials were washed with propylene carbonate (PC), a
commonly used dielectric that solvates the metal cations and
can improve inter-particle conductivity.®®* Inductively-cou-
pled plasma-mass spectrometry (ICP-MS) and quantitative ‘*H
NMR spectroscopy of digested samples (Figures S1-S6) pro-
vided the Group 1 and 2 metal content and propylene car-
bonate content, respectively, for the final electrolyte formula-
tions (Table 1). Soaking the MOF in solutions of LiCl, LiBr,
MgCl,, or MgBr, installed approximately 2 equivalents of hal-
ide per Cu, SBU. Stoichiometric reincorporation of immobi-
lized anions promoted by appropriate equivalents of open
metal sites within the host provides the potential to maximize
cation transference numbers and modulate the ionic transport
properties of the electrolyte by altering the identity of the im-
mobilized anion.

That the coordination mode of the halides can be defined
within the crystallographic parameters of the MOF as opposed
to random dispersion of the salts within the electrolyte matrix
was evidenced by powder X-ray diffraction (PXRD) and scan-
ning electron microscopy-energy dispersive X-ray spectros-
copy  (SEM-EDS).  Soxhlet-extracting  the  anionic



Cu[(Cu,Cl)(ttpm),],-CuCl, resulted in almost total disappear-
ance of the [110] reflection at 260 = 8°, which has electron den-
sity from both axial Cl" and bridging y,-Cl” as major contribu-
tors (Figure S7). PXRD patterns of the MOF-MX,, samples
howed a reemergence of this reflection, consistent with im-
mobilized halides having a crystallographically distinct coor-
dination mode within the Cu, SBU (Figure 1, Figure S8).

PXRD also confirmed that the MOF retains its structure
both during the treatment with halide salts, and during elec-
trochemical cycling. However, treating the MOF with Lil or
Mgl resulted in major reduction of crystallinity with the for-
mer and total destruction of the MOF structure with the latter
(Figure S8). This is not unexpected, as I is readily oxidized by
Cu?* and Cul, itself is unstable to disproportionation.>-8 In
line with redox activity at the MOF Cu?* sites, iodide-treated
samples exhibit faradaic events that are not observed with the
other halides (Figure Sg).

LiCl soak after
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Figure 1. Representative PXRD pattern showcasing the disap-
pearance and reemergence of the [u0] reflection at 26 =
8° (largely contributed by the halide electron density), as well
as stability of the MOF to electrochemical cycling. See Supple-
mentary Figure S8 for PXRD patterns of the other analogues.

Further evidence for homogeneous incorporation of halides
in the MOF-MXn electrolytes came from SEM-EDS (Figure
S10). The homogeneity of chloride as well as copper distribu-
tion in the spectra confirmed that no amorphous MX, phase
had aggregated within the electrolyte matrix. Additionally, re-
duction of the average crystallite size by approximately two
orders of magnitude during the halide soak was consistent
with the MX, salts penetrating the crystals themselves rather
than residing in grain boundaries or other more kinetically ac-
cessible locations (Figure S10).

Conductivity measurements with MOF-MX,,. To ensure
that the parent Cu,(ttpm),-0.6CuCl, was sufficiently electri-
cally insulating to prevent short-circuiting, a 100 V potential
(from —50 V to 50 V) was applied to a pressed pellet and the
resulting current was measured. The generated I-V curve
yielded an electrical conductivity of 5.08-1072 S-cm™, confirm-
ing that Cu,(ttpm),-0.6CuCl, is an electrical insulator and a
suitable host as a solid electrolyte (Figure Si1).>®

To measure ionic conductivity, MOF-MX, powders were
loaded into a test cell and subjected to electrochemical imped-
ance spectroscopy (EIS) from 1 MHz to 1 Hz. Fitting the result-
ing EIS spectra to the circuit shown in the Methods section

(see Supporting Information) gave Li* conductivities ranging
from 2.41075 S-cm™ (MOF-LiCl) to 1.11074 (MOF-Lil) at 25 °C
for the MOF-LiX samples (Figure 2, Table 2). Excitingly, this
data highlighted the ability to systematically tune the conduc-
tivity by modulating the softness of the anion, in turn altering
the ionic strength of the Li-halide interaction. Additional util-
ity of this modular structure was showcased in the activation
energies. Variable-temperature EIS (Figure S12) and fitting the
corresponding Arrhenius plots gave activation energies which
also varied as a function of anion softness (E, = 0.34 eV for
MOF-LiCl to 0.24 eV for MOF-Lil) (Table 2). These low
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Figure 2. Electrochemical impedance spectra of MOF-LiCl
(green, a), MOF-LiBr (blue, b), and MOF-LiI (purple, c), and
corresponding conductivity values, collected at 25 °C.



Table 2. Conductivity, activation energy, and Li* transference
number values of MOF-LiX.

Electrolyte | o (S-cm™) E, (eV) Li
transference #

MOF-LiCl 2.41075 0.34 0.69

MOF-LiBr 3.2:1075 0.30 0.42

MOF-Lil 1.1-1074 0.24 0.34

activation energies of < 0.4 eV are on-par with those of super-
ionic conductors.3°

Li* transference numbers for MOF-LiX. To evaluate the
contribution of Li* ions to the ionic current, Li* transference
numbers were calculated for MOF-LiX (Figures Si13-Si5).
MOF-LiCl yielded a high Li* transference number of 0.69, in-
dicating that almost 70% of the current passed resulted from
mobile Li* ions as opposed to other mobile, charged species.>!
This transference number is competitive with many solid elec-
trolytes and a marked improvement upon liquid electrolytes,
which typically exhibit Li* transference numbers of only o.3-
0.4.3'3* In the latter, the current is dominated by other mobile
ions which can migrate to the electrodes and cause polariza-
tion effects that decrease battery lifetime. Ironically, the mod-
ularity of the anion identity here produces both quantifiable
improvements in terms of conductivity and activation energy
of the electrolytes, as well as challenges following these same
trends. Thus, Li* transference numbers for the MOF-LiBr and
MOF-Lil samples were only 0.42 and 0.34, respectively (Table
2). This is likely due to the fact that in addition to ion pairing
strength between the Li* and the anions decreasing with in-
creasing anion softness, the Coulombic forces immobilizing
the anions close to the Cu** centers also weaken with increas-
ing anion softness.3? Thus, upon application of electrochemi-
cal bias, a higher percentage of Br~ and I~ ions migrate to the
opposite electrode compared to Cl- ions. One possible solu-
tion could involve utilizing anions of enhanced steric bulk so
that their mobility is more limited compared to those of mon-
oatomic anions. A caveat with this approach may be that sig-
nificantly increasing the anion size could result in lower load-
ing of the desired metal salt, due to pore volume constraints
within the MOF.

Durability studies with MOF-LiX. Electrochemical cy-
cling experiments revealed good durability for the MOF-LiX
electrolytes. Over 200 cycles, MOF-LiCl and MOF-LiBr re-
tained reversible stripping and plating of Li, with only slight
increase in overpotential (Figure S16). Additionally, the crys-
tallinity of the structures was retained during extended elec-
trochemical measurements (Figure S8). Interestingly, MOF-
LiCl showed an increase in anodic current between cycles 1
and 30, after which time the current then decreased with pro-
gressing cycles. This may be due to slower kinetics observed
in MOF-LICl, consistent with the lower conductivity com-
pared to that of MOF-LiBr. MOF-LiBr passed the maximum
faradaic current during the first cycle, and current decreased
over subsequent cycles. As expected, these cycling measure-
ments also highlighted the instability of MOF-Lil, which lost

all faradaic current after only 78 cycles.

As another measure of robustness, the MOF-LiX electro-
lytes showed large potential stability windows. In particular,
MOF-LICl exhibits a potential window of 4.5 V, potentially

suitable for battery applications.3# MOF-LiBr features a
slightly narrower potential window of 3.5 V, likely due to par-
tial oxidation of Br~ (Figure S17). Both MOF-LiCl and MOF-
LiBr possess potential windows wider than those of many non-
aqueous liquid electrolytes, which are commonly limited to ~3
V3

Mg?* transport studies. Although the high volumetric ca-
pacity and reversible redox activity intrinsic to lithium identi-
fies Li and Li-ion batteries as attractive energy sources, safety,
performance, and abundance (consequently, cost) obstacles
that cannot be overcome with cell optimization has encour-
aged exploration of other metals for battery applications.
Mg?*, although less reducing than Li*, has almost double the
volumetric capacity of Li*, due to its divalent charge and still
relatively small ionic radius.> Additionally, Mg is not plagued
by the dendrite formation issues faced by Li, and is 5 orders of
magnitude more abundant than Li.> As such, we sought to ex-
plore the potential of Cu,(ttpm),-0.6CuCl, as a solid electro-
lyte for Mg?*. EIS of MOF-MgCl, and MOF-MgBr, collected at
25 °C revealed the same modular trend as observed in the Li*
analogues, in that the bromide salts lead to higher conductiv-
ity than chloride (Figure 3, Table 3). Most importantly, MOF-
MgBr, exhibits an ionic conductivity of 1.3-104 S-cm™, and thus
shares the spotlight as the most conductive Mg>*-ion solid
electrolyte to date.” Activation energies calculated from the
temperature-dependent EIS data fit to Arrhenius plots were
in-line with the trend observed for Li* salts: the values were
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Figure 3. Electrochemical impedance spectra of MOF-MgCl,
(orange, a) and MOF-MgBr, (red, b), and corresponding con-
ductivity values, collected at 25 °C.




0.32 eV for MOF-MgCl, and 0.24 eV for MOF-MgBr, (Figures
4, S18, and Table 3). This data serves as an exciting foundation
for further exploring the potential of MOFs as solid electro-
lytes for high-valent ions such as Mg>*.

Table 3. Conductivity and activation energy values of MOF-

MgX..

Electrolyte o (S-cm™) E. (eV)
MOF-MgCl, 1.2:1075 0.32
MOF-MgBr, 131074 0.24
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Figure 4. Arrhenius plots for the respective MOF-MX,, elec-
trolytes, used to calculate the activation energy values. MOF-
MgBr, shows the highest conductivity out of all analogues
tested, and is among the most conductive solid Mg** electro-
lytes reported.

ADB* transport studies. Indeed, encouraged by the results
obtained with Mg?**, we also explored the performance of
Cu,(ttpm),-0.6CuCl, as host for AI3*, another attractive mem-
ber of high-valent batteries.3® Measuring the ionic conductiv-
ity of Cu,(ttpm),(CuCl,)o.6(AlCL;)o520PC (MOF-AICL), an
electrolyte accessed by soaking the MOF in a THF solution of
anhydrous AlCl;, gave an average conductivity value of 8.1.107
S-em™at 25 °C and an activation energy of 0.32 eV (Figures S19,
S20). As with LiCl and MgCl,, MOF-AICL, remains crystalline
during electrochemical measurements (Figure S21). Although
the measured conductivity values fall several orders of magni-
tude below previously reported solid and liquid AB* electro-
lytes,337 these experiments confirm the ability of MOFs to
serve as hosts for higher-valent ions.

CONCLUSION

These results demonstrate that a high density of Li*, Mg**,
and AB* can be loaded in a Cu-azolate MOF featuring an abun-
dance of open metal sites that bind stoichiometric amounts of
halides. Ionic conductivity traces with the softness of the hal-
ide ions. Less predictably, the halide-loaded MOFs exhibit
modest conductivity for AB* and record conductivity for Mg>*
when compared to other classes of solid electrolytes, with
good, but not record conductivity for Li*. These observations

point to a potential connection between pore size, pore polar-
ity, and mobile ion identity that combine better for promoting
Mg>*-ion transport in Cu,(ttpm),-0.6CuCl, than in other ma-
terials. Indeed, there may be an ideal pore size and pore po-
larity that will minimize activation energy for these higher va-
lence ions. Owing to their compositional and structural tuna-
bility, MOFs are attractive targets for exploring this possibil-

1ty.
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