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Energy-& Environmental Science

Versatile Single-lon Electrolyte with Grotthuss-like Li Conduction
Mechanism for Dendrite-Free Li Metal Batteries

Shouyi Yuan!®, Junwei Lucas Bao'!, Jishi Weil®, Yongyao Xia!'®, Donald G. Truhlar’®* and
Yonggang Wang!®'*

Abstract: Batteries with Li metal anodes have the desirable feature of high energy density; however, the notorious problem
of Li dendrite formation has impeded their practical applications. Herein, we present a versatile single-ion electrolyte, which
is achieved by a different strategy of coordinating the anions in the electrolyte on the open metal sites of metal organic
framework. Further investigations of the activation energy and theoretical quantum mechanical calculation suggest that Li
ion transport inside the pore of the Cu-MOF-74 is via a Grotthuss-like mechanism that the charge is transported by
coordinated hopping of Li ion between the perchlorate groups. This single-ion electrolyte is versatile, which has wide
applications. When the single-ion electrolyte is used for Li| | Li symmetric cells and Li| | LiFePOs full cells, the Li dendrites is
suppressed. As a result, ultralong cycle lives are achieved for both cells. In addition, when the single-ion electrolyte is
assembled into the Li| [LiMn,O4 batteries, the dissolution of Mn?* into the electrolyte is suppressed even at elevated
temperature, and a long cycle life with improved capacity retention is achieved for Li| | LiMn204 batteries. Finally, when the

single-ion electrolyte is applied to Li-O; batteries, an improved cycle life with reduced overpotential is also achieved.

Introduction

With the rapid popularization of electric vehicles, there is an
urgent demand for batteries with high energy density and high
specific capacity such as Li-sulfur batteries and Li-air batteries.[!]
Li metal anodes would be especially suitable for this kind of
application because of their high specific capacity (3860 mAh g-
1), which is far beyond that of commercial graphite anodes (372
mAh g1).[24lHowever, although there has been steady progress
improving the cathode side of Li-air batteries and Li sulfur
batteries!519], the use of Li metal anodes still suffers from
irregular deposition of Li ions on the anode, and the resulting
formation of Li dendrites that causes internal short circuits,
which will lead to hazardous explosions. The Li dendrites also
lead to capacity loss due to depletion of Li from the anode.[2-4!
Therefore, it is critical to address the issue of Li dendrite
formation.

Various strategies have been put forward to address the issue
of Li dendrites, inclduing optimizing the electrolytel(t1-18]
engineering artificial solid electrolyte interfaces!'®23], and
designing structured anodes[2432l, However, although those
strategies effectively prolong the cycle life of Li-metal batteries,
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they do not solve the intrinsic instability of Li metal in liquid-
electrolyte batteries. Hence, the Li dendrites still form in the
long term.

It is widely acknowledged that the conventional liquid
electrolyte for Li-metal batteries contains the lithium salts and
organic solvents, such as 1M LiPFg in ethylene carbonate/diethyl
carbonate(EC/DEC). During charge/discharge, both cations (e.g.
Li*) and anions (e.g. PFs) in electroltye move towards the
opposite direction along with the electron transfer between
cathode and anode. The mobility of the anions actively
contributes to the ion conduction process in batteries, but they
do not participate in the electrode reactions. Thus, during the Li
stripping process, the electrical field drives the anions in the
electrolyte towards the anodic side, where they gradually
accumulate near the anode. This causes concentration
polarization, which may lead to the formation of an ion
depletion layer.[33.34] Previous reports!33.34l have shown that tiny
and random lithium deposition takes place at the ion depletion
layer on the surface of lithium metal, triggering the growth of Li
dendrites. Therefore, immobilzing the anions in the electrolyte
would be an efficient solution for Li dendrite in the electrolyte.

Inorganic solid-state electrolytes are the ultimate solution for
Li dendrites, because they fundamentally change the behavior
of Li deposition.[3537] Inorganic solid-state electrolytes have the
advantage of being single-ion conductors that can have a high
Li-ion transference number close to 1 and negligible electronic
conductivity. Theoretical studies have also demonstrated that
the utilization of active materials may remain close to 100%
even at relatively high charge/discharge current with single-ion
electrolyte.[333438] |n addition, Li dendrite growth in the
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electrolyte has been investigated, where they show that Li
dendrite growth is suppressed when the anions in the
electrolyte are partially immobilized.[39-41] As a result, the single-
ion electrolyte has been demonstrated excellent capability to
suppress the Li dendrites.[3442] Countering these advantages
though are new challenges arising from the interfacial contact
between electrode (especially the cathode side) and inorganic
solid-state electrolytel3¢], Another traditional approach to
realize single-ion transport in the elecrtrolyte is to employ
polymer as the electrolyte backbone with some strategies to
immobilize the anions including covalently linking the anions to
the polymeric backbone, attaching anions to the inorganic
backbone, and addition of trapping agents for anions to dual-
ion conducting SPEs.[33] Nevertheless, the ion conductivity of
the single-ion polymer electrolyte is inferior especially at room
temperature.33 Despite the rapid development made in the
solid-state batteries, major obstacles still remain for the
commercialization of all solid-state batteries. Hence, we are

motivated to realize single-ion transport in the liquid electrolyte.

Zhou et al.!*2] previously demonstrated that the single-ion
transport in the batteries can be obtained with a MOF
memberane infiltrated with electrolyte. However, since the
anions in their paper have no interreaction with MOF matrix,
they can also cross the membrane through the interparticle
voids between MOF particles.

Herein, we show that another possible kind of single-ion
conductor in the liquid electrolyte can be prepared by
coordinating the anions (in particular ClO4) in the liquid
electrolyte on the open metal sites of a metal organic
framework (MOF) matrix as a way to bring about homogeneous
single Li-ion transport in the electrolyte. Further investigations
of the activation energy and theoretical calculations suggest
that the solvated Li* outside the MOF pores is preferentially
adsorbed into the pore of the MOF due to abundant lithiophilic
and electronegative ClO4 inside the the pore MOF, and the Li*
ions migrate within the pores of the MOF by a Grotthuss-like
mechanism involving hopping of solvated Li* between ClO4-
groups. Thus, the Li ion transport in the single-ion electrolyte is
dominated by this transport within the pores of the MOF.

The single-ion electrolyte presented here is versatile and has
a wide range of application. When it is used in Li| | Li symmetric
batteries, the Li dendrites are effectively suppressed, and an
ultralong cycle life over 2000 h with low voltage hysteresis is
obtained. When the single-ion electrolyte is used in Li| | LiIFePO4
full cells, we achieve a long cycle life over 2000 cycles.
Furthermore, when the single-ion electrolyte is assembled into
Li| | LiMn,O4 batteries, it can effectively suppress the dissolution
of Mn2*, and thus the cycling stability of the Li| | LiMn,O4 full
cells is improved even at elevated temperature. Finally, when
the single-ion electrolyte is used for a Li-O, battery, we can
achieve improved cycle stability with reduced overpotential.

Experimental Section

Preparation of the Single-ion Electrolyte

2| J. Name., 2012, 00, 1-3

Cu-MOF-74 was synthesized via a hydrothermal method. In
particular, Cu(NO3), (0.966¢, 4mmol) and 2,5-
dihydroxyterephthalic acid (0.396g, 2mmol) were dissolved into
the mixture solvent of N,N-Dimethyformamide and ethanolin a
ratio of 20:1 (40ml). Then, the solution was transferred into the
autoclave and hydrothermal-treated at 80 °C for 20 h. After that,
the precipitates were washed by ethanol for several times and
then collected by centrifugation. Subsequently, the precipitates
were immersed into the hot ethanol at 70 °C for 7 days. Finally,
the precipitates were dried at 120 °C under vacuum overnight
and further activated at 200 °C under vacuum overnight.

To prepare the single-ion electrolyte pellets, the as-
synthesized Cu-MOF-74 powder was mixed with PTFE in a ratio
of 9:1 and pressed into a pellet. The pellets were further
compacted under 20 tons of pressure to remove the
interparticle pores. Eventually, the pellets were immersed into
the 1M LiCIO; DOL/DME electrolyte for Li||Li symmetric
batteries, 1M LiClO4 PC electrolyte for LiFePQ4-Li full cells and
1M LiCIO4 TEGDME for Li-O, batteries at 80°C overnight. Then,
the pellets were taken out, wiped out with tissues and dried
under vacuum for 2 hours.

Materials Characterization:

The morphologies of all the materials were investigated by
the Scanning Electronic Microscopic (SEM) (FE-SEM S-4800) and
Transmission Electron Microscope (TEM) (JEOL JEM-2100 F
microscope (Japan) operated at 200 kV). The Energy Dispersive
Spectrometer (EDS) mapping was carried out, which is equipped
in the SEM; Scanning transmission electron microscopy (STEM)
mapping was carried out, which is equipped in TEM. X-ray
photoelectron spectroscopy (XPS) was carried out on
aXSAMS800 Ultra spectrometer. Powder X-ray diffraction was
carried out on a X-ray diffractometer (Bruker D8 Advance,
Germany) with Cu Ka radiation (A =0.15406 nm). The specific
surface area is investigated by Brunauer-Emmett-Teller (BET)
method. The samples for BET measurement were degassed at
150 °C under vacuums overnight.

Electrochemical measurement

The ion conductivity was measured by electrochemical
impedance spectroscopy (EIS) by sandwiching the electrolyte
between two stainless steel. The EIS spectrum was carried out
on an AUTOLAB electrochemical work station (PGSTAT 302N)
from 1MHz to 1 Hz. Electrochemical window of the single-ion
electrolyte was measured by cyclic voltammetry with a scan
rate of ImV S1

The LiFePOs; cathodes were prepared by grinding the
commercialized LiFePO4 powder with Super P and PVDF powder
in a ratio of 7:2:1. Subsequently, the mixture was stirred in the
NMP solvent and slurried on the aluminum foil. Finally, the
cathode was dried under vacuum at 80 °C overnight. The
LiMn,04 cathode was also prepared by the same way. The
average cathode loading is about 3.0 mg cm2 based on the
weight of active materials.

To assemble the LiFePO, full cells, Li metals were employed
as the counterpart electrode. Then, the cells were assembled by

This journal is © The Royal Society of Chemistry 20xx
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sandwiching the single-ion electrolyte between LiFePO,4
cathode and Li metal anode. For comparison, the Li| |LiFePO4
full cells were also prepared with Celgard 2300 dipping with 1M
LiCIOs PC electrolyte. The Li||LiMn;04 full cells were also
assembled by the same way.

To prepare the Li-O; cells, the cathode was prepared by
mixing Kejenblack with PVdF in a ratio of 9:1. Then, the mixture
was slurried on the carbon papers, which were dried under 120
°C overnight. The average cathode loading is 0.5 mg cm-2 (based
on the weight of Kejenblack).

The Li-O, batteries were assembled with CR2036 Li-O; coin
cell in the glovebox filled with Ar. The O, cathode and Li metal
was separated by the single-ion electrolyte. For comparison, the
0, cathode and Li metal was also separated by the Celgard
dipping with 1M LiTFSI TEGDME electrolyte.

Computational Details

Computational Details are given in the Supporting Information.

Results and discussion

Synthesis and characterization of the single-ion electrolyte
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MOFs have been previously investigated as for ion
conduction of various cations[43! such as proton conductor(44:45]
or Li* conductorl46-50l, As shown in the Figure 1a, Cu-MOF-74 is
a nanoporous material comprised of Cu2* metal ion nodes and
2,5-dihydroxyterephthalic acid organic ligands; it has hexagonal,
one-dimensional pores lined with Cu2* ions whose open metal
sites point directly into the channel. The Cu MOF-74 is carefully
chosen from thousands of MOFs because this kind of MOF owns
one of the highest open metal site densities known 511 along
with suitable electrochemical stability against Li metal. Thus,
when the ClO4s are coordinated with the open metal center,
they will be inside the nanopore of Cu MOF-74.

The Cu MOF-74 was prepared by mixing 4 mmol Cu(NOs);
with 2 mmol 2,5- dihydroxyterephthalic acid in the mixed
solvent of N,N-Dimethyformamide (DMF) and ethanol; then,
after hydrothermal treatment at 80 °C for 12 h, the Cu-MOF-74
is formed. After activating the Cu-MOF-74 at 200 °C under
the as-obtained activated Cu-MOF-74
thermal-treated with 1 M LiClO, in various solvents (propylene
carbonate (PC) for LiFePO; and LiMn,;O4 full cells, 1,3-
dioxolane/ethylene glycol dimethyl ether (DOL/DME(1:1)) for
Li| |Li symmetric cells, and Tetraglyme (TEGDME) for Li-O,
batteries) at 80 °C for 12 h in a sealed vessel. Eventually, the
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Figure 1. Synthesis and Characterization of the Single-ion electrolyte: a) schematic illustration of the structure of Cu-MOF-74; b) TEM image and corresponding

element mappin,
MOF-74 and Single-ion electrolyte; f) XPS spectrum of Cl 2p 1/2.
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of Cu-MOF-74; c) Photograph of single-ion electrolyte; d) XRD pattern of Cu-MOF-74 and the single-ion electrolyte; e) FT-IR spectrum of Cu-
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single-ion electrolyte is formed. The as-obtained powders were
then compacted under 20 tons of pressure to remove the
interparticle pores, and finally the pellet was dried for 30 min at
40 °C under vacuum to remove the excissive solvent.

To investigate the morphology and the composition of the
Cu-MOF-74, transmission electron microscope (TEM) was
carried out. Figure 1b exhibits the TEM image of the Cu-MOF-
74, which shows a rodlike morphology, and the element
mapping of the Cu-MOF-74 confirms that Cu, C, O elements are
uniformly distributed in the MOF particles, which is in
accordance with EDS mapping in SEM (Figure S1). To further
investigate the morphology of Cu-MOF-74, Scanning electron
microscopic (SEM) was also carried out. It can be identified in
the SEM images that the cross section of Cu-MOF-74 shows a
morphology of hexagon. (Figure S1)

Figure 1c exhibits the photographs of the single-ion
electrolyte. When the liquid electrolyte (LiClO4 in solvent) is
dripped on the surface of the compacted single-ion electrolyte,
the liquid electrolyte does not permeate into the single-ion
electrolyte, indicating that most interparticle voids of the
electrolyte have been squeezed out after the compaction
process. Further evidence of SEM images of electrolyte sheet
(Figure S2) also confirm that no obvious piled pores are
observed on the surface of the electrolyte, suggesting that the
MOF particles of the electrolyte are densely stacked. Further
investigation by the EDS mapping equipped in the SEM suggests
that C, O, Cu, Cl and F are uniformly distributed in the
electrolyte sheet (the F element observed in the electrolyte
sheet arises from the PTFE binder). The SEM images of single-
ion electrolyte after cycling for 50 times is also given in Figure
S3, the result suggests the morphology of the single-ion
electrolyte remain unchanged.

To further investigate the structure of the single-ion
electrolyte, X-ray Diffraction (XRD) is also carried out on the Cu-
MOF-74 before and after treating with LiClO4 solution(Figure
1d). The XRD pattern of pristine Cu-MOF-74 is finely consistent
with the previous published XRD pattern of Cu-MOF-74052],
comfirming that we successfully synthesized the Cu-MOF-74.
After treating with LiClO4 solution, the XRD pattern of the Cu-
MOF-74 remains unchanged, indicating the structural stability
of the Cu-MOF-74 after reaction with LiCIO4. The XRD patterns
of the single-ion electrolyte after compaction(Figure S4) and
after cycling for 50 times (Figure S5) suggest that the structures
of the single-ion electrolyte are stable during the compaction
process and cycling.

The LiClIOs, and Cu-MOF-74 was
investigated by Fourier transform infrared spectrum (FT-IR) and

reaction between
X-ray photoelectron spectroscopy (XPS). As shown in Figure 1e,
after treating with LiClO4, some new peaks (630 cm™, 870cm!
and 950 cm1) appear in the Cu-MOF-74; these can be assigned
to the Cu (Cl0O,),!#8l. We also performed the X-ray photoelectron
spectroscopy on the Cu-MOF-74 after treating with LiClO4. The
Cl 2p 1/2 (Figure 1f) is broad, extending from 204 to 210 cm,
and is fitted by two peaks, one assigned to the LiClO4 (~208.4
eV) and one assigned to Cu(ClO4), (~¥207.2 eV)18l Notably, the
peak area assigned to Cu (ClO4); is significantly larger than that

4| J. Name., 2012, 00, 1-3

of LiClQ,4, indicating that most of the LiClO, salts have reacted
with the open metal sites of Cu?* in the MOF and eventually
converted to Cu (ClO4), after thermal treat at 80 °C. Thus, we
conclude that after treating with LiClO,4 electrolyte, the ClO4
anions in the electrolyte react with the Cu-MOF-74 and are
anchored on the open metal site of Cu-MOF-74, leaving free
solvated Li* ions in the pore of Cu-MOF-74. The specific surface
area and pore distribution before and after treating with LiClO4
also measured by the Brunauer-Emmett-Teller
method.(See Figure S6) The result shows that after treating with
LiClO4, the surface area dereases from 630m?2 g1 to 35 m2 g1

were

and pore volume sharply reduces from 0.35cc g1 t00.065cc g-1,
indicating that the LiClO, is incorporated into the pore of Cu
MOF-74. We also perform the N, adsorption and desorption
measurement on the Cu MOF-74-PTFE pellet to study the
prosity of the single-ion electrolyte. (See Figure S7) The result
suggest that even after densification under pressure, some
stacked pores still exsits.

lon conductivity investigation of the single-ion electrolyte

To investigate the ion conductivity of the single-ion
electrolyte, Electrochemical Impedance Spectroscopy (EIS) was
carried out at various temperature ranging from 298K to 333K.
The single-ion electrolyte was sandwiched between two
stainless steel pellets in the CR2032. Since the ionic conductivity
of MOF based ion conductor is highly depent on the amount of
solvent in the electrolyte, we also investigated the influence of
solvent on the ion conductivity. To investigate the influence of
amount of solvent on the ion conductivity, the electrolyte
without vacuum drying was also prepared. Figure 2a shows the
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Figure 2. lon conductivity investigation of the single-ion electrolyte: a) EIS of the
electrolyte at various temperatures; b) Arrhenius plot of the single-ion electrolyte;

c) Schematic illustration of Li diffusion path in the pore of MOF. (O atom: red, Cl
atom: yellow, Cu atom: Blue)
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Nyqust plots of the electrolyte at 298K, 313K, 323K and 333K of
the electrolyte without vaccum drying. The ion conductivity (S
cm) was calculated as L/(RS), where L (cm) is the thickness of
the electrolyte, R (ohm) is the impedance, and S (cm?) is the
area of the electrolyte. The electrolyte without drying presents
a high ion conductivity of 10-3 S cm-L. In addition, the electrolyte
shows a temperature-dependent conductivity with a typical
Arrhenius-like behavior with low activation energy of 0.13 eV.
The low activation energy of the single-ion electrolyte suggests
that the mechanism of Li* transport in the MOF matrix is via a
Grotthuss-like mechanism [4¢l, Figure 2c shows the Nyqust plots
of the electrolyte at 298K, 313K, 323K and 333K of the
electrolyte after drying under vaccum at 40 °C for 30 min. The
ion conductivity of the electrolyte after drying reduces to 10>S
cm with an activiation energy of 0.29 eV.(Figure 2d) Although
the activation energy slightly increases after drying under
vacuum, it is still below 0.4eV, suggesting that the mechanism
of Li* transport in the MOF matrix is also via a Grotthuss-like
mechanism even with less solvent in the electrolyte. Above all,
the results suggest that a higher amount of solvent in the single-
ion pellet not only facilitates the ion conductivity of the single-
ion pellet but also reduces the activiation energy of ion
transport in the single-ion pellet. For comparison, the ion
conductivity of the conventional single-ion polymer electrolyte
is usually 107 S cm™® at room temperature. (See Table S1 for
comparison)

Figure 2e schematically illustrates the Li ion transport
path in the pore of MOF. Since O containing groups in the MOF
are electronegtive and highly lithiophilic®%, the charge is
transported by the coordinated hopping of solvated Li* between
the oxygen groups in the pore of Cu-MOF-74. Hence, we
propose two possible pathways for Li ion transport: (a) Li
transition between the oxygen sites on Cu-MOF-74 backbone;
and (b) Li transition between the perchlorate fragments which
are added in the pore of Cu-MOF-74. When the solvated Li ions
diffused out of the pore of Cu-MOF-74, they will become free-
moving solvated Li ions. However, the free-moving Li-ion
prefers to adsorbed into the pore of neighboring Cu-MOF-74,
because of the presence of highly lithiophilic and
electronegative ClO4 inside the pore of Cu-MOF-74.

the single-ion transport
transference number was also calculated by potentiostatic
polarization method on the basis of Bruce- Vincent- Evans
equationl®3l, (See Figure S8 for details) The calculated Li ion
transference number is as high as 0.82, indicating that most of
the anion are immobilized on the open metal site. However, the
typical Li transference number in the conventional liquid
batteries with Celgard separator is only around 0.2-0.442 13448

To confirm mechanism, Li

To further probe the electrochemical window of the single-
ion electrolyte, Cyclic Voltammetry (CV) were also carried out
with a scan rate of 1 mV s from -0.2V — 5.0V. The
electrochemical window of the single-ion electrolyte is from 2.1
V- 4.9 V, which makes it appropriate for use with most cathode
materials. (See Figure S9 and the associated discussion). To
probe whether the MOF backbones in the single-ion electrolyte
paticipate in the formation of solid electrolyte interface(SEl),

This journal is © The Royal Society of Chemistry 20xx
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the XPS spectrum was also carried out on the Li metal which is
retracted from the Li| |Li symmetric cell.(See Figure S10 and
corresponding discussion) As shown in Figure S10, some peaks
correponding to carboxyl groups and hydroxyl groups are
observed on the surface of Li metal. Since the solvent in Li| | Li
symmetric cells is DOL/DME, which is stable against Li metal.
Those carboxyl group and hydroxyl groups based SEI layer
comes from the MOF backbone. In conclusion, the MOF
backbones in the single-ion electrolyte participate in the
formation of SEI layer on the surface of the Li metal.

Theoretical investigation of the Li* transport mechanism in the
single-ion electrolyte

Due to their unique structure, MOFs have been widely
investigated for proton conduction, 44451 and two key factors
are found to be indispensable for the proton conduction in
MOFs. The first factor is a certain degree of humidity, while the
second factor is the presence of highly hydrophilic and
electronegative functional groups (most commonly -SOs%) in
the nanopore of MOFs. For the proton transport inside the pore
of MOF, the most common mechanism is the Grotthuss
mechanism where solvated protons hop between two
neighboring sulfonate groups inside the pore of MOF matrix.
When the protons diffuse out of the nano-pore of the MOF into
the void between MOF particles, they will become free-moving
hydrated protons between two adjacent MOF particles.
However, it is favorable for them to be adsorbed into the pore
of the neighboring MOF particles because there are abundant
highly hydrophilic and electronegative sulfonate groups in the
pore of the MOFs. Hence, the proton conduction in the MOFs
are dominated by the proton transport in the pore of the MOF
matrix. This mechanism has also been proposed for Li ion
conduction in MOFs[4650;  when the two indispensable
components (i.e. the highly lithiophilic groups inside the pores
of MOFs and solvent) are present, the MOF can support Li*
transport For
functionalized MOF separator was previously reported as anion

in the nanopores. example, a sulfonate-

sieve for separating cations (e.g. H*, Li*, Na*, Mg?*) in water.[46]

Brioh 5.:;; b
o AG,, =1.2eV To

% act C\Q‘;'
~’ : Pathway | ,,u\'

local minimum Transition-state structure

| C@{‘ . AG, =04V T
N 9
B e Pathway Il I

o » o~

Figure 3. Quantum chemistry investigation of Li migration in the single-ion
electrolyte. The MOF backbone is drawn in the wireframe style, and the atoms that
are allowed to be relaxed during geometry optimization are explicitly shown
(Colour code: Cu orange, O red, C grey, H white, Li violet, and Cl green).
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To investigate the Li* transport mechanism in the single-ion
electrolyte proposed here, quantum chemistry calculations
were performed to compute the free energies of activation
AG, for the two possible pathways mentioned above. For this
purpose, we first optimized the bulk structure of Cu-MOF-74 by
spin-polarized Kohn-Sham density functional theory (DFT) with
the PBE-D3(BJ) exchange-correlation functional and periodic
boundary conditions. We then carved a cluster model with the
formula Cis1Hg7Cu24094 from the periodic-DFT optimized bulk
structure, and free energies of activation were computed by
finite-cluster calculations in the presence of a solvent reaction
field with the solvent modeled as diethyl ether. The DFT-
optimized crystalline structure of Cu-MOF-74 is shown in Figure
S11, and the cluster model is shown in Figure S12.

Figure 3 depicts the two possible migration pathways, with
the MOF backbone drawn in wireframe style and the atoms that
are allowed to relax during the cluster geometry optimization
shown explicitly. To simulate the Li transport process in
batteries, the Gibbs free energy barriers are corrected with self-
consistent reaction filed (SCRF) calculations in diethyl ether
(DME) solvent. The first path is Li* hopping between the O
hollow sites on Cu-MOF-74 matrix (Path 1), while the second
path is Li* hopping between the ClO4,~ anchored on the open
metal site of Cu-MOF-74 (Path Il). The Gibbs free energies of
activation were computed at 298 K for these two possible
pathways. As shown in Figure 3, AG, for Li* hopping between
oxygen hollow sites (Path 1) on Cu-MOF-74 is about 1.2 eV, and
AG,t for Lit hopping between perchlorate fragments (Path Il) in
Cu-MOF-74 is only about 0.4 eV. Considering the lower
migration energy barrier of Path Il compared with Path I, we
conclude that Li* migration in the single-ion electrolyte is
dominated by the hopping of Li ion between the ClIO4~anchored
on the open metal site of Cu-MOF-74. As a result, homogeneous
Li ion flux is achieved by the single-ion electrolyte.

Morphology of the Li metal with single-ion electrolyte

The surface morphology of the Li metal in the different electrolyte
was investigated by the ex-situ SEM. The Li| | Li symmetric batteries

1M LiCl04DOL/DME | 1M LiTFSI DOL/DME | Single Ion Electrolyte
Cycle for 100 h Cycle for 100 h
U - o o RN B

Cycle for 10 h

Figure 4. Morphology of Li metal with different electrolyte.
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were assembled with different electrolyte and then cycled for a
certain period of time. Figure 4 shows the morphology of the Li metal
in different electrolyte and obvious differences are evident on the
morphology of Li metal cycling in different electrolyte. The Li| |Li
symmetric batteries with LiCIO4 DOL/DME can only cycle for 10 h,
and the SEM images of Li metal after cycling for 10h with LiClO4
DOL/DME electrolyte presents a rough surface with loosely stacked
deposits. These loosely stacked Li metals are especially vulnerable to
the attack of electrolyte and can be easily peeled off from the Li
metal. When employing LiTFSI DOL/DME, the cycle life prolonged
over 100h. The SEM images of the Li metal also shows a loose and
rough surface with obvious needle-like Li dendrites coating on the
surface of Li metal. While a compact and smooth surface are
observed on Li cycling with the single-ion electrolyte even after 100
h. Above all, a smooth surface with compact stack of Li is achieved
with the single-ion electrolyte.

Electrochemical performance of Li| | Li symmetric batteries and
Li| | LiFePO, full cells with single-ion electrolyte

To investigate the electrochemical performance of the single-
ion electrolyte, Li||Li symmetric cells were assembled by
separating two pieces of Li metal by the single-ion electrolyte.
As shown in the Figure 5a, the Li| | Li symmetric cell exhibits an
ultralong cycle life over 2000 h without short circuits at the
current density of 0.2 mA cm2, indicating the superior ability of
the single-ion electrolyte to suppress the Li dendrite. In addition,
the Li| | Li symmetric cell with single-ion electrolyte shows a low
voltage hysteresis of 40 mV for the first several cycles, which
reduces to 20 mV after 400 h and then remains 20 mV over 2000
h. Even after 2000 h, no sign of short circuits is observed for the
Li| | Li symmetric cells with the single-ion electrolyte. When the
Li| | Li symmetric cells are tested at higher current density with
higher deposition capacity, excellent performance is also
achieved (Figure S13). For comparison, the Li| | Li symmetric cell
was also assembled with Celgard infiltrated in LiTFSI DOL/DME
electrolyte, which is cycled at low current rate of 0.2mA cm™2,,
the polarization suddenly increased only after 400 h (Figure
S14). To our knowledge, the cycle life of Li||Li symmetric
batteries with our single-ion electrolyte is the best ever
reported.(See Table S2 for comparison)

To further investigate the property of the single-ion
electrolyte, Li||LiFePO4 full cells were also assembled in the
glovebox. As shown in the Figure 5b, the Li| |LiFePO, full cell
shows a specific capacity of 163 mAh g at the rate of 0.2C (1C
=170 mAh g1), which slightly reduces to 160m Ah g1 at the rate
of 0.5C. when the current density increases to 1C, a specific
capacity of 150 mAh g is also achieved. In addition, when the
current density further increases to 2C and 5C, high capacity of
140 mAh g and 110 mAh g are also achieved with the single-
ion electrolyte. The corresponding voltage profiles at different
current density are presented in the Figure 5c. It can be
identified that even at high current rate of 5C, the polarization
of the full cell is only 0.4V.

Figure 5d shows the cycle performance of Li||LiFePO4 full
cells with the single-ion electrolyte at the rate of 1C. It is
identified that the cell with the single-ion electrolyte present an

This journal is © The Royal Society of Chemistry 20xx
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initial discharge capacity of 142 mAh g1, which slightly increases
to 151mAh g1 after 10 times. The specific capacity of
Li| |LiFePO4 full cell maintains over 150 mAh g1 without any
decay after 200 times. Then, the specific capacity slightly
decreases to 142 mAh g1 after 300 cycles, and 138 mAh g1 after
500 cycles, which corresponds a capacity retention of 100% and
97.2% of the initial capacity respectively. Even after 2000 cycles,
a specific capacity of 106.5 mAh g is also achieved for the
single-ion electrolyte, corresponding to capacity retention of
over 75%. To our knowledge, it is the longest cycle life ever
reported in the Li||LiFePOs full cells (See Table S3 for
comparison). For comparison, the cycle stability of Li| |LiFePO4
full cell was also investigated in the conventional electrolyte,
which exhibits inferior cycle life. Figure 5e presents the
corresponding voltage curves of Li| | LiFePO4 with the single-ion
electrolyte at rate of 1C. It can be identified that the
overpotential of the Li| | LiFePO,4 remains almost unchanged for
the first 500 cycles. Even after 2000 cycles, the overpotential is
only slightly increased. However, the polarization of Li| | LiFePO4
full cells with conventional liquid electrolyte became severer
only after 100 cycles (Figure S15). The cycle performance of
Li| |LiFePO4 full cell and the corresponding voltage profiles of
Li| | LiFePOa4full cells at 0.2C and 0.5C were also presented in the
Supporting Information as Figure $S16 and Figure $S17, which also
exhibits excellent cycle performance.
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Electrochemical performance of Li| | LiMn,O4 full cells with Single-
ion electrolyte

LiMn,O4 with the spinel structure is a very promising cathode
for the Li batteries owing to the high specific capacity, high

This journal is © The Royal Society of Chemistry 20xx
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operating voltage of 4V, low cost, superior safety and long cycle
life within a wide working temperature rangel>4. However, the
poor cycling performance of this material, in particular at
elevated temperatures, limits its wide application as a cathode
material for Li metal batteries!54. Previous report54 has shown
that the capacity fade of 4 V LiMn,04 cells is directly associated
with the dissolution of Mn2* from the cathode/electrolyte
interface because of the disproportionation reaction of Mn (lll),
and the subsequent deposition of Mn2* on the anode. Herein,
we show that our single-ion electrolyte can effectively suppress
the dissolution of MnZ* into the electrolyte and thus improve
the cycle stability of LiMn;04] | Li full cell.

Figure 6a shows the cycling performance of LiMn,04| | Li full
cell at room temperature. It is identified in Figure 6a, the
LiMn,O4| |Li full cell exhibits initial discharge capacity of
116mAh g1. After 250 cycles a discharge capacity of 106mAh g-
is still achieved, corresponding to a capacity retention of 92.2%.
For comparison, the cycling performance Li| | LiMn,O, full cell in
the traditional liquid electrolyte only shows a capacity retention
of 83%. The corresponding voltage profiles over cycles are given
in Figure 6b. For comparison. the corresponding voltage curve
of Li| |LiMn2Og4 full cells in the conventional electrolyte is given
in Figure S18a. When the working temperature increases to
55°C, the comparison of the capacity retention becomes much
more obvious. Figure 6¢c shows the cycling performance of
LiMn,Oq4| |Li full cells at 55 °C. It can be noted that the
LiMn,O4| | Li full cell exhibits an initial discharge capacity of
114mAh g1, which reduces to 81.3 mAh g1 after 250 cycles with
single-ion electrolyte, corresponding to a capacity retention of
72% after 250 cycles at 55°C. However, the capacity retention is
only 52% with conventional liquid electrolyt e after 250 cycles.
Figure 6d shows the corresponding voltage curves of
LiMn;Oq4| |Li  full with electrolyte. The
corresponding voltage curves with conventional electrolyte at
55 oC are also given in Figure S18b.

Previous report!5s] has shown that the dissolution of Mn2* in
the LiMn;,04 batteries involves in a series of processes including
the dissolution of Mn?* into the electrolyte, and then the

cell single-ion
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migration of Mn2* from cathode region to the anode region.
Eventually, the MnZ* will deposit on the surface of the anode.
This process will result in the structural change of LiMn,04
cathode, which is responsible for the capacity decay of the
LiMn,O4| |Li batteries. Since the ion diameter of Mn?2* is
significantly larger than that of Li ion, the migration rate of Mn2+
inside the pore of Cu MOF-74 is much slower than that of Li*. As
a result, this single-ion electrolyte can suppress the dissolution
of MnZ*. Thus, improved cycle stability is achieved for
LiMn,O4] | Li full cells with the single-ion electrolyte even at
elevated temperature.

Electrochemical performance of Li-O, batteries with single-ion
electrolyte

To further demonstrate the application of the single-ion
electrolyte, Li-O, batteries was also assembled with single-ion
electrolyte. Figure 7a schematically illustrates the structure of
the Li-O, cells. The cathode was prepared by mixing 90wt%
Kejenblack and 10 wt% PVDF. Then, CR2036 Li-O;, coin cells
were assembled by separating the cathode and Li metal with
single-ion electrolyte. Figure 7b exhibits the midpoint voltage of
the Li-O; batteries with single-ion electrolyte and traditional G4
electrolyte. It can be identified that the polarization of the Li-O,
cell with single-ion electrolyte is much lower than that of Li-O,
batteries with G4 (1M LiTFSI in TEGDME) electrolyte. The
decrease in the polarization may be attributed to the catalytic
activity of MOF-74 for Li peroxide, which has been
demonstrated by the previous reports 56571, Figure 7c shows
the voltage profiles of Li-O; cell with G4 electrolyte. Only after
40 cycles, the cut-off discharge voltage drops below 2.0V. while
the cycle life of Li-O, cells with single-ion electrolyte (Figure 7d)
further prolonged to 50 times with lower polarization. Even
after 50 cycles, the cut-off discharge voltages of Li-O; cells is still
above 2.0V. It should be noted that the cycle life of Li-O;
batteries may be limited by the KB cathode, as the lithium
peroxides formed during discharge may clog the pore of KB,
leading to the decay of batteries. Above all, an improved
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Figure 7. Performance of Li-O, cells with single-ion electrolyte: a) Schematically
illustration of Li-O, Cell structure with single-ion electrolyte; b) comparison of
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electrolyte #Blue); c) Voltage profiles of Li-O, batteries with G4 electrolyte; d)
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performance of Li-O, batteries is achieved by the single-ion
electrolyte.

Conclusions

We report a versatile single-ion electrolyte, which is achieved
by coordinating the anion on the open metal site of Cu-MOF-74.
The single-ion electrolyte prepared in this way radically changes
the behavior of Li* migration in the electrolyte, which opens a
new pathway departure from the traditional solid electrolyte or
polymer electrolyte to
transport in the liquid electrolyte. When the electrolyte is
assembled into LiFePOg4-Li metal batteries, the Li dendrites are
suppressed. As a result, an ultralong cycle life of 2000 times with
a capacity retention of nearly 75% is achieved for Li| |LiFePO4
full cells with this single-ion electrolyte. When the single-ion
electrolyte is applied for LiMn,04| | Li batteries, the dissolution
of Mn?*is suppressed and an improved performance is achieved
even at high temperature. Finally, when the single-ion
electrolyte is employed as the electrolyte for Li-O; batteries, an
improved cycle life with reduced overpotential is also achieved.

realize homogeneous single-ion
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Broad Context

Given the limitations inherent in current battery technologies, much of the research on next generation energy storage
technologies has been focused on potential successors to lithium ion batteries such as Li-S batteries or Li-O, batteries. However,
the use of alkali metal anodes is needed to realize the potential of these batteries, but these anodes are likely to suffer from
dendrite formation that results in excessive electrolyte decomposition. In this work, we present a versatile single-ion electrolyte,
which is achieved by a different strategy of coordinating the anions in the electrolyte on the open metal site of metal organic
framework. Further theoretical calculations suggest that the Li ion transport in this electrolyte is via a Grotthuss-like mechanism
involving hopping of Li ion between ClO4". The single-ion electrolyte is versatile, which has wide applications including suppressing
the Li dendrites, suppressing the dissolution of the Mn2* in Li| | LiMn,04 full cells and reducing the polarization of Li-O batteries.
As a result, improved performances are achieved for all the batteries.
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