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ABSTRACT: We describe the synthesis and properties of Zns[(Zn,Cl);(BTT)s], (ZnZnBTT, BTT®> " = 1,3,5-benzene-
tristetrazolate), a heretofore unknown member of a well-known, extensive family of metal—organic frameworks (MOFs) with the
general formula M";[(M",Cl);(BTT)s],, which adopts an anionic, sodalite-like structure. As with previous members in this family,
ZnZnBTT presents two crystallographically distinct metal cations: a skeletal Zn*" site, fixed within Zn,Cl(tetrazole)s secondary
building units (SBUs), and a charge-balancing Zn** site. Self-assembly of ZnZnBTT from its building blocks has remained elusive;
instead, we show that ZnZnBTT is readily accessed by quantitative postsynthetic exchange of all Mn*" ions in MnMnBTT with zinc.
We further demonstrate that ZnZnBTT is a promising Zn-ion conductor owing to the mobile charge-balancing extra-framework
Zn** cations. The new material displays a Zn-ion conductivity of ¢ = 1.15 X 10™* S/cm at room temperature and a relatively low
activation energy of E, = 0.317 eV, enabling potential applications in the emerging field of quasi-solid-state zinc-ion batteries.

inc-ion batteries (ZIBs) have emerged as promising

alternatives to lithium-ion batteries (LIBs) thanks to their
attractive electrochemical properties, as well as their low cost,
ease of manipulation, and relative safety compared to LIBs.' ™
However, current state-of-the-art ZIBs rely on aqueous
electrolytes challenged by poor reversibility, fast capacity
fading, low Coulombic efficiency, dendrite growth during Zn
plating/stripping, a narrow electrochemical stability window
(~1.23 V), and sustained water consumption."””~” Solid-state
Z1Bs, employing quasi-solid or solid-state electrolytes, provide
an attractive alternative to aqueous ZIBs by potentially offering
increased electrochemical stability windows, higher zinc
transference numbers, superior thermal stability, higher
mechanical strength, and increased safety.””'

Owing to their intrinsic porosity and permanent channels
offering conduits for ion transport, metal—organic frameworks
(MOFs) are attractive candidates for the fabrication of solid-
state electrolytes."' ™" In particular, MOFs’ modularity and
designability in terms of pore size, structure, and chemical
composition allow for the methodological investigation of
structure—function correlations and optimization of zinc-ion
conductivity."*"'® To promote high zinc-ion mobility in a
MOF, we envisioned a negatively charged framework, charge-
balanced by loosely bound Zn** cations. We hypothesized that
the versatile family of MOFs comprised of the BTT linker
(BTT?™ = 1,3,5-benzenetristetrazolate, Figure 1a) and divalent
metal cations, M!, with the general formula
ML[(MY,C1)5(BTT)g], (MMBTT) and a sodalite-like
structure could provide an effective platform for ionic
conductivity; the anionic framework is charge-balanced by
M" cations that sit in well-defined extra-framework positions
that serve no structural role and are potentially mobile."” " In
particular, we identified ZnZnBTT as a promising zinc-ion
conductor. However, despite the wide scope of divalent metals
reported to generate the MMBTT structure-type, including
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almost all divalent 3d metal cations (Cr,"” Mn,"® Fe,"” Co,*”
Ni,*° Cu®') and Cd,*° the analogous ZnZnBTT structure has
remained elusive. In fact, prior investigations of direct
solvothermal reactions between H;BTT and ZnCl, reported
the formation of three different MOFs with topologies distinct
from the desired MMBTT structure, none of which presented
potentially mobile Zn ions.**

Herein, we report the synthesis and characterization of a
missing member of the MMBTT family, ZnZnBTT (Figure 1),
and investigate its Zn-ion transport and dynamics. Because
direct solvothermal reaction between the free ligand H;BTT
and Zn** salts failed to deliver the desired anionic sodalite-type
structure, we reasoned that postsynthetic metal exchange
(PSME) starting from one of the existing MMBTT materials
may instead be able to generate ZnZnBTT. Indeed, this family
of MOFs has long been known to engage in cation exchange,
including complete exchange of even the skeletal cations in
some cases.””>

In this context, MnMnBTT is a particularly attractive
starting material for exchanging with zinc ions: (1) it is known
to engage at least partially in metal exchanges, including with
Zn**, 7> and (2) Mn** sits at the bottom of the Irving—
Williams kinetic stability series, which should make it
particularly prone to exchange with other ions.”® Indeed, we
reasoned that the transformation of MnMnBTT into
ZnZnBTT should be thermodynamically favorable and that
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(a)

Figure 1. (a) Ball-and-stick representation of the tritopic 1,3,5-
benzenetristetrazole (H;BTT) linker. (b) Solid state structure of the
SBU of ZnZnBTT formed by a [Zn,Cl]”* core and eight bridging
tetrazolate rings at 100 K depicted at 50% displacement ellipsoid
probability. One of the eight symmetry-equivalent C.-symmetric extra-
framework (EF) Zn>* (Zn"F) positions is highlighted. (c) Ball-and-
stick representation of the sodalite-like structure of ZnZnBTT.
Hydrogen atoms, solvent molecules and charge-balancing extraframe-
work Zn atoms are omitted for clarity.

previously reported Mn-to-Zn metal exchanges in this system
were kinetically limited.

Soaking as-synthesized crystals of MnMnBTT in a 1.7S M
methanolic solution of ZnCl, for 3 days at 80 °C under a
nitrogen atmosphere generates the isoreticular ZnZnBTT
structure as air-stable, colorless single crystals, suitable for X-
ray diffraction (Figures 1 and S1, Table S1). The Zn:Mn molar
ratio was measured over the course of the reaction via
inductively coupled plasma mass spectrometry (ICP-MS) to
monitor the extent of metal exchange. ICP-MS data confirmed
that Zn incorporation reached >99% after 48 h and >99.9%
after 72 h, when the reaction was considered complete. X-ray
photoelectron spectroscopy (XPS) confirmed the incorpo-
ration of Zn in the product and the removal of Mn to
subdetection limit values (Figure S3).

ZnZnBTT crystallizes in the cubic Pm3m space group, with
a unit cell length of a = 18.8626(3) A (Table S1). The slight
contractions of the unit cell, metal—N(linker) and metal—ClI
bonds in ZnZnBTT, compared to MnMnBTT, are attributed
to the lower effective ionic radius of Zn**, compared to Mn**
(Figure S2, Table S2). As other members in the MMBTT

family, ZnZnBTT is comprised of [Zn,Cl]”™* secondary
building units (SBUs), a cluster type that is nevertheless
unprecedented for Zn, defined by a square planar j,-chloride
anion and eight BTT®" linkers. The overall anionic
[(Zn,Cl);(BTT)g]*" repeating unit is charge-balanced by
extra-framework Zn** (Zn"F) cations, which occupy well-
defined, locally C-symmetric positions between the N(1)/
N(4) positions of tetrazole rings of adjacent BTT>~ linkers
(Figure 1b). The occupancy of the extra-framework C
symmetric Zn** position was refined independently during
single-crystal structure determination; the excess Zn*"
occupancy found is attributed to an additional 5.2 equiv of
ZnCl, that occupy available binding sites and are indis-
tinguishable from Zn®" sites. Therefore, a more precise
molecular formula of as-synthesized ZnZnBTT can be assigned
as Zn;[(Zn,Cl);(BTT)s],-5.2 ZnCl,, guest solvent equivalents
notwithstanding. This formula is corroborated by the intra-
framework to extra-framework Zn ratio calculated by XPS
(Figure S3, Table S3). Powder X-ray diffraction (PXRD)
confirmed the bulk phase purity of ZnZnBTT (Figure S4).
Although the parent MnMnBTT material decomposes under
air within days, as-synthesized ZnZnBTT is benchtop stable at
room temperature, as confirmed by retention of crystallinity
after 2 months under air (Figure S4). In line with extra ZnCl,
equivalents partially occupying the pore volume, a Brunauer—
Emmett—Teller fit to the N, adsorption isotherm for
ZnZnBTT at 77 K (Figures SS, S6) gave an apparent surface
area of 958 m?/g, lower than that of the parent material. The
N, total pore volume was found to be 0.37 cm®/g. We note
that in its activated form ZnZnBTT decomposes quickly when
exposed to air, likely via bond hydrolysis caused by moisture.

For the purposes of Zn-ion conductivity, we reasoned that
the extra ZnCl, equivalents, along with the Zn"F cations, might
together provide a sufficiently high carrier concentration to
promote efficient Zn-ion transport. Carrier migration would
occur via the C-symmetric tetrazole binding pockets (Figure
1b). To facilitate the migration of Zn>' cations within the
pores of the MOF, as well as between different MOF
crystallites, propylene carbonate (PC) was used as a secondary
electrolyte. To test Zn ion mobility, as-synthesized ZnZnBTT
was soaked in neat PC and dried to form ZnZnBTT-PC. We
note that after drying, ZnZnBTT-PC still behaves as a free-
flowing powder. ZnZnBTT-PC was pressed into a pellet and
sandwiched between two stainless steel (SS) electrodes in an
electrochemical cell. To measure the ionic conductivity of the
material, the SSIZnZnBTT-PCISS cell was subjected to
potentiostatic electrochemical impedance spectroscopy
(PEIS) in the frequency range S00 kHz—500 Hz. A fit of the
PEIS data to the appropriate equivalent circuit (Figures S7)
provided a room-temprature conductivity value of o = 1.4 X
107 S/cm for as-synthesized ZnZnBTT-PC, establishing
ZnZnBTT as a promising quasi-solid-state electrolyte.
Importantly, PXRD confirmed that ZnZnBTT maintains
crystallinity following the electrochemical measurements
(Figure S4). Moreover, we confirmed that the conductivity
measured via PEIS corresponds to ion mobility within the
material by measuring the electronic conductivity of the
ZnZnBTT material as 7 X 107'° S/cm (Figure S8), several
orders of magnitude lower than the ionic conductivity, as
expected given the structure of the framework. Therefore, we
attribute the conductivity of ZnZnBTT-PC to the loosely
bound extra-framework Zn?' cations that are able to hop
between equivalent positions within the framework. In
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addition, we demonstrated that ZnZnBTT-PC is stable under a
wide potential window of more than 2 V vs Zn metal,
rendering the material suitably stable under zinc-ion battery
operating conditions (Figure S9).

Several variables can be optimized to further increase the Zn
mobility. As might be expected, initial conductivity measure-
ments for as-synthesized ZnZnBTT revealed that its perform-
ance depends on multiple factors, including the degree of
desolvation during activation, loading of the PC secondary
electrolyte, and thermal treatment of the PC-soaked material.
Upon optimizing for these variables, we found that ZnZnBTT-
5.2 ZnCl, exhibits the highest room temperature conductivity
after (i) thermal activation under dynamic vacuum for at least
18 h at 150 °C, (ii) pelletization, (iii) wetting with an equal
amount of PC by mass, and (iv) heating the ZnZnBTT-PC
composite to 100 °C for ~18 h, before measuring the
conductivity. For this champion device, the 25 °C conductivity
was found to be 1.15 X 10™* S/cm (Figure $10), much higher
than conductivities found for dense Zn-ion solid state
electrolytes, and comparing favorably with the best MOEF-
based electrolytes."*~'**” Variable temperature PEIS con-
ducted on this champion cell between 25 and 75 °C (Figure
S11, Table S4) gave an activation energy for ion diffusion of E,
= 0.317 eV (Figure 2b), in line with those found for other fast
Zn ion solid electrolytes.'®
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Figure 2. (a) Potentiostatic electrochemical impedance spectra
(PEIS) of ZnZnBTT-PC at selected temperatures, shown as Nyquist
plots. (b) Linearized temperature-dependence of the ionic con-
ductivity of ZnZnBTT-PC, fitted to the linearized Nernst—Einstein
relation (see Supporting Information). The linear model was used to
calculated the activation energy of ion diffusion in ZnZnBTT as 0.317
eV.

The foregoing results add to a growing body of evidence
toward the utility of MOFs as potential Zn-ion electrolytes.
From a purely synthetic perspective, the isolation of previously
unknown ZnZnBTT within a broader family of well-known
sodalite-like frameworks highlights PSME as a powerful tool
for accessing new MOF structures, allowing for decoupling the
choice of topology from the choice metal. Here, the rational
targeting of an anionic framework that supports a high
concentration of mobile Zn®* ions led to high conductivities
that rival the best solid-state Zn-ion conductors thus far.
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