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Abstract

In this study, the structure and ionic conductivity behavior of a polymer nanocomposite electrolyte system consisting of
poly(ethylene oxide) (PEO), metal-organic framework 5 (MOF-5), and lithium bis(trifluoromethylsulfonyl)imide (LiTFSI)
were investigated by using molecular dynamics (MD) simulations. Based on ionic conductivity data from MD simulations,
the mobility of Li cations increases in PEO:LiTFSI electrolyte system with the addition of MOF-5. Zn atoms of MOF-5
hold almost three TFSI anions per Zn atom. In addition, when Zn atoms of MOFs and oxygen atoms of PEO interact, four
oxygen atoms are saturated per Zn atom. Furthermore, Li cations are stuck among oxygen atoms of PEO as a result of
their ionic interactions with O atoms. Positive charges of MOF-5 leads to the separation of Li cations from TFSI anions in
PEO:LiTFSI:MOF-5 electrolyte system. In addition, positively charged atoms of MOF-5 interact with oxygen atoms of PEO
chains. MOF-5 exhibits acidic surface properties through Zn atoms located close to its surface, and Zn atoms interact with
partially negatively charged oxygen atoms of PEO chains and fully negatively charged TFSI anions. Therefore, lithium cations
are released. The mobility of Li cations increases due to favorable interactions of MOF-5 with PEO and TFSI anions. The
ionic conductivity results verify that nanoparticles like MOF-5 consisting of positively charged atoms can be used to improve
the ionic mobility in electrolyte systems which include PEO-like polymers consisting of partially negative charged atoms.

Keywords Poly(ethylene oxide) - Metal-organic framework - MOF-5 - Lithium salt - Polymer electrolyte - Molecular
dynamics simulations - Ionic conductivity

Introduction

The rapid developments in smartphone and automotive
industries during the twenty-first century increased the
importance of energy storage devices. The desire to operate
all new devices with electrical energy leads to improvements
in their storage units [1-4]. For this reason, battery technolo-
gies have a very important role in today’s energy storage sys-
tems [5—10]. The performance of batteries depends on three
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important parameters. The first one is high specific energy,
the second one is safety, and the third parameter is lifetime.
In an ideal battery, each charge and discharge cycle is fully
reversible. In practical batteries, the cycle is never com-
pletely recyclable and the capacity is lost over time. There
are three important parts in batteries. These are cathode,
anode, and separator that consist of electrolytes [10-14].
The properties of electrolytes can be improved with the addi-
tion of nanoparticles [14, 15]. Electrolytes can be in liquid
and solid states [14, 16, 17]. Solid electrolytes are good
candidates for property improvement due to their safety,
good formability, energy density, and adaptability [14, 18,
19]. The solid electrolytes can be polymer-based electro-
lytes, inorganic electrolytes, and composite solid electro-
Iytes. There are several types of polymer-based electrolytes
such as solid polymer electrolytes, gel/plasticized polymer
electrolytes, and composite polymer electrolytes [19-21].
Solid polymer electrolytes are located between anode and
cathode structures where they provide ion flow [22, 23]. To
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produce efficient solid polymer electrolytes (SPEs), there
are critical parameters such as the salt-polymer ratio, degree
of crystallinity, thermal stability, mechanical strength, and
electrochemical stability [20, 23-25]. Finding the critical
salt-polymer ratio to produce SPEs with best efficiency is
a very important task to obtain higher ionic conductivity.
In addition, nanoparticles can be also incorporated to SPEs
to further improve ionic conductivity, thermal stability,
mechanical strength, and electrochemical stability [24-29].
Solid polymer electrolytes can be fabricated by using differ-
ent salt cations due to their different types of applications.
Lithium ions are very lightweight cations that could easily
flow inside the polymer electrolyte. Therefore, lithium-ion
electrolytes are widely used in the literature [30, 31].

SPEs consist of Li or Na salts and typical matrix phases
such as poly(ethylene oxide) (PEO) and polypropylene
oxide (PPO). However, PPO is not effective as PEO due to
its methyl groups that decrease Li mobility in PPO matrix
[16, 18]. PEO has oxygen atoms which exhibit partially ani-
onic behavior due to interactions with lithium cations [5,
20, 32-34]. For this reason, lithium cations can easily flow
inside the polymer structure [32, 35, 36]. In addition, PEO
has a very high dielectric constant and it is a very important
property for lithium-ion batteries since high dielectric con-
stant leads to the disassociation of ions in salts [32, 37-39].
Different types of LiX salts (LiTFSI, LiClO,, etc.) can be
used in PEO electrolytes to decrease the crystallinity of
PEO by increasing segmental motions of PEO chains [17,
25, 34, 39, 40]. LiTFSI is the most commonly used LiX
salt because its large TFSI anions can be easily separated
from Li cations [4, 10, 39, 41]. Consequently, PEO:LiTFSI
complexes are the most widely used electrolytes for Li-ion
batteries due to these unique properties of PEO and LiTFSI.
However, PEO and lithium salt complexes have very poor
ionic conductivity (~107°~1077 S/cm) at room temperature
[32, 34, 39]. Metal-organic frameworks (MOFs), silica, and
alumina-like nanoparticles can be used to improve the ionic
conductivity of PEO and lithium salt complexes [14, 36,
42]. These nanoparticles have Lewis acidic-basic proper-
ties that are very important for increasing ionic conductivity
[43, 44]. Also, they have large surfaces due to high porosity
and those surfaces can enhance the stability of electrolyte/
Li interface [45].

MOF structures are cage-like structures in which organic
ligands bind inorganic metal ions and ionic clusters together
[46—49]. MOFs can be synthesized by using different organic
ligands and metal ions [7, 33, 50, 51]. Most MOFs have high
surface area, good elasticity, 3D structure, changeable pore
size, polarized surface, and ordered microporous structure.
These properties are important for gas storage, gas/vapor
separation, catalysis, luminescence, drug delivery, and
electrochemical applications [50, 52—-55]. Among MOFs,
metal-organic framework 5 (MOF-5) is the most widely
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used material due to its excellent porosity and well-ordered
cage-like structure, high thermal stability, and tunable chem-
ical functionality [37, 48, 53, 54, 56]. The main reason for
its high porosity and thermal stability can be explained such
that MOF-5 has a large-firm structure due to its chemical
benzene links [52, 57]. MOF-5 which is also known as iso-
reticular MOF-1 (IRMOF-1) is a cubic structure with ZnO,
groups that are located on the corners, and these ZnO, units
are bonded to each other with [0,C-C,H,-CO,] (1,4-benzen-
edicarboxylate, BDC) groups [52, 57, 58].

Increasing the lithium mobility among PEO chains is
important to develop efficient PEO:LiTFSI electrolytes.
Lithium mobility can be increased by separating anions
and cations of lithium-containing salt structures. There
are several ways to separate the anions and cations of lith-
ium-containing salts such as the addition of nanoparticles,
modified ionic liquids (ILs), and ionic salts to the system.
Previously, it was found out that pyrrolidinium-based IL
functionalized with a short oligoether side chain interacts
with PEO chains, detaches lithium cations from PEO chains,
and increases the ionic mobility [59]. In another study, the
ionic conductivity behavior of a polymer electrolyte system
containing PEO and LiTFSI was investigated in detail by
using molecular dynamics simulations. According to simu-
lation results, the flow of Li cations slows down near the
surface due to accumulation of TFSI anions on the surface
[60]. Molinari et al. [61] investigated the behavior of PEO,
Lit, and TFSI™ systems at high salt ratios by using molec-
ular dynamics simulations. Based on the simulation data,
they revealed that Li cations and polymer chains interact
less frequently in LiTFSI clusters, and Li* and TFSI™ ions
tend to exhibit asymmetric behavior in which the number
of TFSI anions is much larger than that of Li cations. If the
amount of anions is high, then the lithium mobility in the
system decreases [61]. Brooks et al. [62] created LiTFSI-
PEO systems with Li:EO ratios of 0.02, 0.04, 0.06, and
0.08, by using molecular dynamics simulations. Accord-
ing to simulation data, they found out that the most mobile
lithium ions exhibit interchain hopping behavior, while the
least mobile ones are located between two or more polymer
chains [62]. Previously, in a molecular dynamics simulation
study, 1-ethyl-3-methylimidazolium (EMIm)-TFSI ionic lig-
uid was added to the PEO/LiTFSI system (Li:EO, 1:16) and
the flow of Li cations in the system was examined in detail.
Based on the results, it was reported that Li cations move
away from TFSI anions and interact with PEO chains; thus,
the movement of PEO chains increases with the addition of
IL [63]. Previously, in an experimental study, electrolyte
samples consisting of LiTFSI, 1-butyl-3-methylimidazo-
lium bis(trifluoromethanesulfonyl)imide (BMIMTFSI) IL,
and PEO were prepared. According to experimental data, it
was revealed that PEO electrolytes consisting of LiTFSI and
BMIMTEFSI display higher ionic conductivity compared to
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PEO/LIiTFSI electrolytes due to ionic interactions between
1-butyl-3-methylimidazolium bromide (BMIM) cations
and TFSI anions [64]. Earlier on, Shin et al. [41] studied
the ionic conductivity behavior of PEO/LiTFSI polymer
electrolyte consisting of 1-methylpyrrolidine with 1-iodo-
propane TFSI (PYR ;TFSI). PEO/LiTFSI structure with-
out IL exhibited lower ionic conductivity than that of PEO/
LiTFSI/PYR ;TFSI due to less ionic mobility of Li cations.
The reason behind these results was explained such that Li
cations were trapped between oxygen atoms of EO. With
IL addition, the ionic mobility of Li cations increases and
lithium cations are separated from TFSI anions because of
interactions between PYR cations and TFSI anions inside
the polymer electrolyte [41].

MOFs are widely used in polymer electrolytes since
MOF structures increase amorphous content and the ionic
conductivity of system [43, 54, 65]. Also, MOF structures
can increase the thermal stability of polymer electrolytes
because the interactions between MOFs and polymer
chains might slow down the polymer mobility. Thus, this
behavior could create an effective thermal blockade within
the system due to rigid and thermally stable structure of
MOFs [54, 66-71]. According to an experimental study,
the addition of 5 wt% AI-MOF nanorods to LiTFSI:PEO
electrolyte increases the ionic conductivity because the
crystallinity decreases and Lewis acidic groups on MOFs
could increase the degree of Li* separation from large
TFSI anions [71]. Previously, it was shown that the addi-
tion of 10 wt% magnesium-benzene tricarboxylate MOF
(Mg-BTC MOF) to PEO:LiTFSI increases the ionic con-
ductivity by 2 orders of magnitude at 20 °C. The main
reason behind this result can be explained such that
Lewis acid—base interactions diminish ionic coupling and
increase salt disassociation and thus the mobility of Li
cations [66]. Dutta and Kumar [72] prepared PEO elec-
trolytes consisting of Cu-based MOFs and BMIM and
revealed that the crystallinity decreases due to the compl-
exation of BMIM™* with oxygen atoms with an increasing
amount of BMIM [72]. Formerly, it was found out that the
addition of copper benzene dicarboxylate-MOF (Cu BDC-
MOF) to PEO:LiTFSI increases the ionic conductivity and
thermal stability. The reason for higher ionic conductivity
was discussed such that positively charged Cu atoms of
MOF interact with negatively charged PEO oxygen atoms
and TFSI anions [70]. In another study, it was shown that
the addition of Zr-based MOF UIO-66 whose backbone
was modified with amine and 1,4-benzene dicarboxylic
acid (BDC) to PEO:LiTFSI improved the ionic conductiv-
ity due to the strong electronic donating group of amine
(NH,) compared to pure PEO electrolyte [73]. Previously,
Angulakshmi et al. studied PEO:LiTFSI electrolytes con-
sisting of UiO-66-NH,@SiO, MOF nanostructures and
found out that the ionic conductivity at 70 °C increases

by 2 orders of magnitude with the addition of 10 wt% UiO-
66-NH,@Si0O, compared to that of pure PEO:LiTFSI. The
reason behind this improvement was explained such that
the microporous structure of UiO-66-NH,@SiO, MOF
creates suitable ion conduction channels and thus enhances
Li mobility throughout PEO matrix [55]. Formerly, in an
experimental study, it was revealed that PEO:LiTFSI elec-
trolytes consisting of 10 wt% MOF-derived Co-doped car-
bon nanocage structure and LiITFSI/EMIM-TFSI increased
the ionic conductivity at room temperature compared to
non-modified MOF containing electrolyte [49]. Among all
MOF structures, MOF-5 is the most widely used Zn-based
MOF due to its extra-high porosity and ordered structure,
high thermal stability, and flexible chemical functionality
[37, 52, 56, 74]. Previously, Yuan et al. [56] revealed that
PEO-LiN(SO,CFj), electrolytes (EO:Li=10:1) contain-
ing 10 wt% MOF-5 display 3.16 x 107> S/cm at 25 °C.
The main reason behind this enhancement was explained
such that Li-ion conduction channels are formed in PEO
matrix which speed up the ion transportation compared to
pure PEO electrolyte. In addition, it was also shown that
EO:Li=10:1 is the critical ratio to increase ion mobility in
PEO electrolytes containing 10 wt% MOF-5 [56].

As mentioned earlier, when polarizing additives such
as ionic liquids and partially positive charge contain-
ing MOF-5-like nanoparticles are added to PEO:LiTFSI
structures, the ionic mobility in the system increases due
to the freeing of Li cations from TFSI and PEO chains.
PEO-like polymers that contain partially negative charge
atoms could hold some lithium cations. The ion mobility
decreases in PEO:LiTFSI electrolyte if LiTFSI salt amount
is not enough to saturate oxygen atoms of PEO chains
[59-62]. To increase the ion mobility in PEO:LiTFSI
electrolytes, nanoparticles that include partially positive
charge atoms could lead to the separation of Li cations
from PEO chains and TFSI anions. In this study, a nano-
composite electrolyte system consisting of PEO, LiTFSI,
and MOF-5 was studied by using molecular dynamics
simulations. In this work, specifically, the molecular inter-
actions between (i) Li cations and oxygen atoms of PEO,
(i1) Li cations and TFSI anions, (iii) zinc atoms of MOF-5
and oxygen atoms of PEO, and (iv) zinc atoms of MOF-5
and nitrogen atoms of TFSI were investigated. The effects
of these interactions on ionic conductivity were studied to
reveal how Lewis acidic surfaces (partially positive charge
atoms on the surface) of MOF-5 increase the ionic con-
ductivity by separating Li cations from TFSI anions and
freeing Li cations from locations between PEO chains. The
specific purpose of this work is to find out how the LiTFSI
weight ratio (Li cation amount and TFSI anion amount)
affects the ion mobility in the system by saturating oxygen
atoms of PEO and zinc atoms of MOF-5.
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Theoretical calculations

PEO, LiTFSI, and MOF-5 structures were created by means
of the Accelrys commercial software (Materials Studio 7.0).
Polymer electrolyte systems were built by means of the
amorphous builder module. The systems consisted 23 PEO
chains, which have 100 EO monomers per PEO chain, 66 and
88 LiTFSI molecules (could change by weight percentage),
and 1 MOF-5 molecule (Table 1) (Fig. S1). Then, the system
energy levels were reduced by geometry optimization under
COMPASS 11 force field [75, 76].

The systems were pressured under 0.5 GPa and heated to
298 K for 5 ps to remove the gaps in the systems. Dynam-
ics module used to collect Li cation mobility data from the
systems under 298 K, 308 K, 328 K, and 338 K tempera-
ture (Nose thermostat) and 0.1 GPa (Berendsen barostat) for
10,000 ps. After dynamics results, mean-square displacement
(AZ)—time (ps) graphs were obtained to calculate diffusion
coefficient and ionic conductivity. After obtaining MSD val-
ues, ionic conductivity values were calculated from diffusion
coefficient values by using the Nernst-Einstein equation. Slope
values were obtained from MSD graphs. The diffusivity (D)
formula is expressed as in the following:

1 .. d~oN 2
D= 6_N}ir?od_zzi=l<[r"(t) - r(0)]%) (1

The parts inside the limit term are equal to the MSD slope
multiplied by N. Thus, Eq. (1) is converted to Eq. (2) as in the
following:

1
D = —MSD.N
oN @

Then, the diffusivity equation is converted to Eq. (3)

MSD
D= 3)

Then, the diffusion coefficient values are converted to ionic
conductivity values by using the Nernst-Einstein equation at
Eq. (4) [77-80].
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Table 1 Types and number of particles in the system

Sample name Li-TFSI PEO (100 mono-  MOF-5
mers)

15Li 66 23

20Li 88 23

15Li-5SMOF 66 23 1

20Li-5MOF 88 23 1
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where o is the ionic conductivity, e is the electron charge
(1.6x 1071 C), V is the volume of simulation cell (A%), k
is Boltzmann’s constant (1.38 x 1072 m2/kg/s2/K), T is the
temperature (K), and z represents the total charge within the
units [81].

Radial distribution functions were used to calculate the
coordination number of atoms for Li—O, Li-TFSI, Zn-O,
Zn-TFSI, Zn-F, and Zn-N interactions and distributions for
every unit in the system. Value for g(r) can be used to cal-
culate the coordination number with Eq. (5)

r
Ny )
ny ) = 4”@/5’,‘\4“3(1—‘)1—‘ dr 5)
0

where n, .. 5(r) is the number of A particles coordinated with
B particles within a radius (), V is the volume of the cell, Ny
is the total number of B particles in the system, and g,..5(r)
is the pair correlation function between A and B [77, 82—-84].

Results and discussion
Structural characterization

To determine the structural effects of MOF on the
PEO:LiTFSI system, the radial distribution function (RDF)
that was calculated between Li and O atoms for all samples
is shown in Fig. 1. The peak value of minimum interaction
distance (r,;,) between Li and O atoms was found to be
1.93 A for the 20Li-SMOF system based on the RDF graph.
However, on the other hand, r,,;, values between Li and O
atoms for 15Li, 20Li, and 15Li-SMOF were found to be
1.47 A. These results showed that the T'min Value between
Li and O atoms for 20Li-5MOF is much bigger compared
to that of other three PEO:LiTFSI systems. The increase
of atomic distance promotes a decrease of atomic interac-
tion between Li and O atoms, so the mobility of Li cations
increases in the 20Li-SMOF system. In 15Li, 20Li, and
15Li-5MOF systems, smaller r values between Li and O
atoms lead to higher coordination complex numbers (g(r)
value is about 9). This result shows that O atoms inside 15Li,
20L1i, and 15Li-5MOF systems hold more Li ions and leads
to much less Li mobility.

The coordination numbers for Li—O interaction in all sam-
ples are shown in Table 2. Coordination numbers of 15Li,
20Li, 15Li-5SMOF, and 20Li-5MOF were calculated to be
1.79, 1.77, 1.84, and 0.56, respectively. Based on this data,
the coordination number between Li and O atoms inside the
system decreases when Li and MOF percentages increase in
the system. The MOF structure has Zn atoms that could hold
TFSI anions and create an opportunity to move Li cations
freely in 15Li-5MOF and 20Li-5MOF. It was previously
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Fig. 1 RDF analysis of all Li—O interactions between Li cations and O atoms of TFSI anions, PEO chains, and MOF-5

Table 2 Li-O interactions between Li cations and all oxygen atoms
inside the system

Sample name g(r) 1, (A) \% (AS) Number of Coordi-
O particles nation
number
15Li 8.80 147 159,277.002 2432 1.79
20Li 8.81 147 164,287.052 2476 1.77
15Li-5MOF  9.24 147 166,329.238 2484 1.84
20Li-5MOF  1.15 1.93 155,541.595 2528 0.56

shown that Zn** cations of MOF interact with both TFSI
anions and O atoms of PEO chains. This outcome reduces
the crystallization of PEO and improves the ionic conduc-
tivity of system [56, 66, 85]. Also, Li mobility enhances
through complexation of Li cations with oxygen atoms of
PEO chains [39]. However, on the other hand, the ionic con-
ductivity decreases when the amount of PEO increases in the

PEO electrolyte system. The oxygen atoms of PEO chains
can establish more oxygen-lithium complexes due to a high
percentage of PEO [62]. In 15Li-5MOF, non-conductive
PEO oxygen atoms can hold more Li cations and decrease
ion mobility due to 80% PEO amount. As a result, 15Li-
SMOF has less ion movement compared to 20Li-SMOF.
However, in contrast, high amount of Li and low percentage
of PEO in 20Li-5MOF lead to the formation of less coordi-
nation number compared to 15Li-5SMOF.

Figure 2 shows the RDF graph between Li cations and
O atoms of PEO chains. r,;, values between Li and O
atoms of PEO for 15Li, 20Li, and 15Li-SMOF were found
to be 1.47 A. However, on the other hand, the T'min Value
between Li and O atoms of PEO for 20Li-SMOF is 1.93 A.
Based on these results, the minimum interaction distance
between Li and O atoms of PEO in 20Li-5MOF is much
larger compared to other sample compositions. Thus, the
Li mobility in 20Li-5MOF is much higher than 15Li, 20Li

@ Springer
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Fig.2 RDF analysis of Li—O interactions between Li cations and O atoms of PEO chains

and 15Li-5MOF. The coordination number in 20Li-SMOF
decreases since the amount of Li cations per oxygen in PEO
chains increases much more compared to 15Li, 20Li, and
15Li-5MOF. Also, Fig. S3 and Fig. S4 show the configura-
tions for interactions between one and two Li cations and
O atoms of three EO repeating units on PEO chains before
dynamic and after dynamic tests.

In Table 3, coordination numbers that belong to Li cations
and O atoms of PEO chains in 15Li, 20Li, 15Li-5SMOF, and
20Li-5MOF were calculated to be 2.20, 2.16, 2.27, and 0.73,
respectively. Based on this data, the coordination number
between O atoms of PEO chains and Li cations decreases
when the amount of Li increases in samples that do not
contain MOF. Moreover, the coordination number drasti-
cally decreases when the amount of Li increases in samples
consisting of MOF. The reason behind this decrease can be
explained such that interactions between Zn atoms of MOF
and O atoms of PEO chains in samples containing MOF
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Table 3 Li-O interactions between Li cations and O atoms of PEO
chains inside the system

Sample g(r) ¥ min (A) \% (A3) Number of Coordi-
name O particles nation
number

15Li 11.47 147 159,277.002 2300 2.20

20Li 11.6 147 164,287.052 2300 2.16

15Li- 12.34  1.47 166,329.238 2300 2.27
SMOF

20Li- 1.65 1.93 155,541.595 2300 0.73
SMOF

reduce the number of interactions between Li cations and
O atoms of PEO chains. Thus, this outcome leads to the
escape of Li cations from coordination sites between Li and
O atoms of PEO and reduction in the probability of coor-
dination between Li and O atoms of PEO. All steps in this
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mechanism help to move Li cations throughout PEO chains
and increase Li mobility in the system.

Figure 3 shows the interaction of three ethylene oxide
monomers with one Li cation and two Li cations. In Fig. 3a,
one Li cation is surrounded by three oxygen atoms and the
total charge of this possible configuration is — 0.5e. Because
of this negative total charge, three oxygen atoms drag the Li
cation toward themselves and this configuration is stable. In
Fig. 3b, two Li cations are surrounded by three oxygen atoms
and the total charge of this possible configuration is+ 0.5e.
Because of this positive total charge, three oxygen atoms
could not drag Li cations toward themselves. As a result, two
Li cations are separated from this unstable configuration.

Figure 4 shows RDF graphics of Li-TFSI interactions
especially between Li cations and N atoms inside the system.
Minimum interaction distances of Li-TFSI in 15Li, 20Li,
15Li-SMOF, and 20Li-SMOF were found to be 1.35 A for
all samples. The g(r) value of at r;, 15Li and 15Li-MOF is
the highest since their coordination numbers are the high-
est among sample compositions. Increasing the amount of
LiTFSI in samples without MOF decreases the g(r) value
at the minimum interaction distance. The g(r) values at r,;,
in both 20Li-5MOF and 20Li samples are very close to
each other. The lowest g(r) value of at r,; between Li and
TFSI was found for 20Li-SMOF. The addition of MOF to
the PEO:LiTFSI electrolyte system increases the amount of
cavity due to the porous structure of MOF [51, 56, 66, 85].
Also, O and Zn atoms of MOF could interact with Li cations
and TFSI anions, respectively. Consequently, the g(r) value
at the minimum interaction distance between Li and TFSI
decreases when MOF is added to the electrolyte system.
Here, — le charged TFSI anions are attracted by + 2e charged
Zn atoms of MOF. Therefore, the probability of having TFSI
around Li decreases. In addition, — 0.5e charged O atoms
of MOF can also interact with+ le charged Li cations [51,
56, 66, 85]. In Table 4, O and Zn atoms of MOF structure
have — 0.5e average charge and + 2e charge, respectively.
Hence, the interaction between O atoms and Li cations is not
strong enough to hold Li. However, the charge that belongs
to Zn atoms is strong enough to retain — le charged TFSI

-0.5e
a) i b)

.v +le

-0.6e 7

-0.4e

structure. Based on these results, it is confirmed that the
presence of MOF structure in the PEO:LiTFSI electrolyte
system could help to the separation of Li cations and TFSI
anions [51, 56, 66, 85].

In Table 5, coordination numbers that belong to Li cati-
ons and TFSI anions in 15L1, 20Li, 15Li-SMOF, and 20Li-
SMOF were calculated to be 0.32, 0.30, 0.31, and 0.29,
respectively. Based on this data, interactions between Li
cations and TFSI anions decrease with the addition of MOF
to the system. Although the decrease in coordination num-
bers is not much high, the addition of MOF to the system
facilitates the separation of Li cations from TFSI anions. The
main reason behind this observation can be explained such
that Zn atoms of MOF attract TFSI anions toward them-
selves [51, 56, 66, 85].

The coordination numbers for the Zn—O interaction in
samples containing MOF are shown in Table 6. Coordina-
tion numbers of 15Li-SMOF and 20Li-SMOF were calcu-
lated to be 1.88 and 3.56, respectively. Based on this data,
the coordination number between Zn and O atoms inside the
system increases when Li percentage increases in the sys-
tem. There is a high coordination number between oxygen
atoms of PEO and zinc atoms of MOF structure in MOF-
containing PEO electrolyte samples compared to the system
without MOF (Supporting information Fig. S5). Due to this
high Zn-0O interaction, charge effects of oxygen atoms on
Li cations are weakened. This outcome allows Li cations to
move more easily within the structure. In Table 7, it is seen
that Zn atoms of MOF and O atoms of PEO in 20Li-SMOF
have a much higher coordination number compared to 15Li-
SMOF. This high coordination number value leads to the
decrease of charge on oxygen atoms and can provide better
cation mobility in 20Li-SMOF.

The coordination numbers for Zn and oxygen atoms of
PEO in samples containing MOF are shown in Table 7.
Coordination numbers of 15Li-SMOF and 20Li-5SMOF were
calculated to be 2.34 and 4.13, respectively. The interac-
tion between O atoms of PEO and Zn atoms in 20Li-SMOF
is much higher compared to that of 15Li-5SMOF. This
ensures that the negative charge on oxygen atoms of PEO

-0.5e

A

@.

@ o
" +le ‘ o

——  PEO chain

+le

-0.4e

Fig.3 The interaction of three ethylene oxide monomers with a one Li cation and b two Li cations (Supporting information Figs. S2 and S3)
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Fig.4 RDF analysis of Li-TFSI interactions in the system

Table 4 Charge values of Zn, O, Li, and TFSI as a result of the inter-
action of MOF-LiTFSI

Table 6 Zn-O interactions between Zn atoms of MOF and all oxygen
atoms inside the system

Charged atoms and molecules Zn O Li TFSI

Electronic charges +2 -04t0-06 +1 -1

Table 5 Li-TFSI interactions between Li cations and TFSI anions

Sample g Frmin (/&) \% (A3) Number Coordi-
name of TFSI nation
particles number

15Li 745 1.35 159,277.002 66 0.32

20Li 548 1.35 164,287.052 88 0.30

15Li- 754  1.35 166,329.238 66 0.31
SMOF

20Li- 50.35 1.35 155,541.595 88 0.29
SMOF

@ Springer

Sample name g(r) rp, (A) \% (A3) Number of Coordi-
O particles nation
number
15Li-SMOF 947 147 166,329.23 2484 1.88
20Li-5SMOF  2.04 2095 155,541.59 2528 3.56

Table 7 Zn-O interactions between Zn atoms of MOF and O atoms
of PEO inside the system

@A) v(AY) Number of Coordi-

O particles nation

Sample name g(r) 7,

min

number
15Li-5SMOF  12.7 147 166,329.238 2300 2.34
20Li-5MOF 2.652.93 155,541.595 2300 4.13
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is weakened by Zn atoms. Therefore, this result allows Li
cations in 20Li-SMOF to have better ion mobility compared
to 15Li-5MOF. On the other hand, in 15Li-5MOF, Zn atoms
of MOF again establish a coordinated interaction with O
atoms of PEO. Although this interaction is not as strong as
that of 20Li-5MOF, it still positively affects Li mobility in
15Li-5MOF.

The coordination numbers for the Zn-N interaction in
samples containing MOF are shown in Table 8. Coordina-
tion numbers of 15Li-SMOF and 20Li-SMOF were calcu-
lated to be 2.81 and 2.41, respectively. Based on this data,
the coordination number between Zn and N atoms inside
the system decreases when Li and N percentages increase in
the system. Coordination numbers between Zn and N atoms
are very close for both systems. However, the coordination
number in 15Li-5MOF is slightly higher compared to that in
20Li-5MOF. The decrease of coordination number in 20Li-
5SMOF is caused by a higher number of N atoms. This means
that establishing an interaction is more difficult for Zn atoms
to coordinate with nitrogen due to the presence of a higher
number of N atoms in 20Li-5SMOF. Another reason behind
this outcome can be explained such that positive charges of
Zn atoms are not strong enough to coordinate with the higher
number of N atoms. The small difference in coordination

Table 8 Zn-N interactions between Zn atoms of MOF and N atoms of
TFSI anions inside the system

numbers between these two sample compositions shows that
Zn and N atoms in both samples interact in a very similar
manner. In both sample compositions, the stronger interac-
tion between Zn and N atoms leads to the weakening of
interaction between N atoms and Li cations. Figure 5 shows
the interaction between Zn atoms of MOF and TFSI anions
in 15Li-5MOF and 20Li-5MOF. Here, + 2e positive charges
on Zn atoms interact with — le negative charges of TFSI ani-
ons. In Fig. 5, the decrease of ionic interaction between Li
cations and TFSI anions is specifically shown. The weaken-
ing of this interaction is basically facilitated by the fact that
TFSI anions are attracted by Zn atoms of MOF structure. For
this reason, the mobility of Li cations increases in sample
compositions such as 15Li-SMOF and 20Li-5SMOF.

In Table 9, coordination numbers of Zn atoms of MOF
and F atoms of TFSI anions were calculated to be 11.83
and 12.07 at a distance of 2.17 A for 15Li-SMOF and 20Li-
5SMOF, respectively. Looking at coordination numbers in
Zn-F interaction, there are six F atoms associated with
each TFSI anion. In other words, there is a good amount of
interaction between Zn atoms of MOF and two TFSI ani-
ons in 15Li-5MOF and 20Li-5MOF at a distance of 2.17 A.
Although there is not much difference in the coordina-
tion number between 15Li-5SMOF and 20Li-5MOF, Zn-F

Table9 Zn-F interactions between Zn atoms of MOF and F atoms of
TFSI anions inside the system

Sample g(r) Fmin (10\) \% (/0\3) Number of Coordi- Sample name g(r) T min (10\) \% (AZ’) Number of Coordi-
name N particles nation F particles nation
number number
15Li-SMOF 4745 3.29 166,329.238 66 2.81 15Li-5SMOF  116.1 2.17 166,329.238 396 11.83
20Li-5SMOF 28.61 3.29 155,541.595 88 241 20Li-5MOF 83.1 2.17 155,541.595 528 12.07

Fig.5 The interaction between

Zn atoms of MOF and TFSI .
anions in 15Li-5MOF and 20Li-

SMOF (Supporting information

Fig. S6, Fig. S7, and Fig. S8)

2+

Zn

‘ Zn2+
@ .

= MOF Cage
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interaction in 20Li-5MOF is slightly higher than that in
15Li-5MOF. This outcome does not affect the mobility of
Li cations in 20Li-5MOF very much since there is no dif-
ference in the number of coordinating atoms between two
sample compositions.

Diffusion coefficient calculations

The diffusion coefficient values of 15Li, 20Li, 15Li-SMOF,
and 20Li-5MOF were calculated at a temperature range of
298-338 K via molecular dynamics simulations. The results
are shown in Fig. 6. The highest diffusion coefficient values
in 15Li, 20L1i, 15Li-5MOF, and 20Li-5MOF were calculated
to be 2.57x 10712 m?s, 2.27x 1072 m?/s, 2.95x 10~'* m%s,
and 3.31x 107'2 m%/s at 338 K, respectively. Based on these
results, diffusion coefficients increase when Li concentration
increases in 15Li-SMOF and 20Li-5MOF. The number of
TFSI anions increases with the increase of Li cations in the
system. The mobility of Li cations decreases due to interac-
tions between Li and TFSI. This is the reason behind the fact
that diffusion coefficients do not increase in parallel with the
increase of Li concentration in 15Li and 20Li systems. The
diffusion coefficients of PEO electrolyte samples increase
with an increasing concentration of MOF. The main reason
for the increase of diffusion coefficients is the acidic behav-
ior of Zn atoms in MOF which separates Li cations and TFSI
anions. In addition, cavities are formed in the system due to
the porous structure of MOF.

lonic conductivity calculations

Ionic conductivity values of 15Li, 20Li, 15Li-5SMOF,
and 20Li-5MOF were calculated at a temperature range

—=— 15Li
—eo— 20Li
—4a— 15Li-5MOF
—v— 20Li-5MOF

w
1

N
1

Diffusion coefficient (m?/s)*10™"
1

T T T T T T T T T T
290 300 310 320 330 340
Temperature (K)

Fig. 6 Diffusion coefficient calculations of all system cells
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of 298-338 K via molecular dynamics simulations. The
results for ionic conductivity calculation are shown in Fig. 7.
Based on these results, ionic conductivity increases when
Li concentration increases in the system. The ionic conduc-
tivity values of 15Li and 20Li at 338 K were found to be
2.49% 1073 S/cm and 3.32x 107> S/cm, respectively. When
these simulation results are compared with experimental
data in the literature, conductivity values of 15Li and 20Li
simulation cells are about ten times lower at all tempera-
ture values [54]. However, it is known that the density value
of system is approximately 1.24 g/cm? in the experimental
data [54, 61-64]. For this reason, simulation tests of the
system were carried out under 0.1 GPa pressure to ensure
this density value. This high-pressure value can affect the
ion mobility [86]. In addition, the number of Li cations in
the simulation system is much less than that of experimental
systems [62]. Since the size of experimental systems is much
larger than that of simulation systems, sample regions in
which Li cations have ion mobility are greater [56, 62]. Due
to the size of system and the large number of Li cations in
experiments, there may be differences between simulation
values and experimental data. However, the compatibility
of simulation data within itself makes the simulation results
acceptable.

Adding MOF-5 to PEO:LiTFSI electrolytes increases
the distance between PEO chains and creates a porous
structure in the system (Fig. S5) [51, 56, 66, 85]. This
outcome allows Li cations to move faster in the system.
Moreover, zinc atoms of MOF and oxygen atoms of PEO
interact with each other due to the 4+ 2e charge of zinc
atoms and the negative charge behavior of oxygen atoms
[51, 56, 66, 85]. As a result of this interaction, PEO chains
move toward the MOF structure. The charges on oxygen

6 E
i—=— 15Li
53 )—e—20Li B
‘% i|—4— 15Li-5MOF
T 49|+ 20Li-5SMOF

w
sl

lonic Conductivity (S/cm) (*
N
P BT R
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Temperature (K)

Fig. 7 Ionic conductivity calculations of all system cells
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atoms of PEO chains weaken, and the tendency of oxygen
atoms to hold Li cations decreases due to their interactions
with zinc atoms of MOF. The decrease in their tendency
to hold Li cations also enables Li cations to move freely
in the system [51, 56, 66, 85]. In the structural analysis
of Table 3, there is more coordination number between
Zn and O atoms in 20Li-5MOF compared to 15Li-
SMOF. This outcome directly affects the ionic movement
since Zn atoms can hold more O atoms in 20Li-5SMOF.
PEO:LIiTFSI electrolytes consisting of 5% MOF display
better ionic conductivity compared to PEO:LiTFSI elec-
trolytes without MOF. Thus, the presence of MOF inside
the PEO:LiTFSI electrolyte system leads to the improve-
ment of ionic mobility. For this reason, structural analysis
results of MD simulations (Zn—O and Zn-LiTFSI interac-
tions) and ionic conductivity results of MD simulations
have reasonable relationships between them.

Conclusions

In this work, the structural analysis and ionic conductivity
behavior of the PEO:LiTFSI system consisting of MOF-5
nanoparticles were investigated by using molecular dynam-
ics simulations. The ionic conductivity of PEO-based pol-
ymer electrolytes could be improved with the addition of
MOF-5 nanoparticles with Lewis acidic surface. Based on
simulation results, it was found out that some Li cations are
retained by oxygen atoms of PEO as a result of ionic inter-
actions between oxygen atoms of PEO and Li cations. The
addition of MOF-5 nanoparticles with Zn positive charges to
the PEO:LiTFSI electrolyte system helps the separation of Li
cations from TFSI anions. Based on ionic conductivity data
from MD simulations, the mobility of Li cations increases
in the PEO:LiTFSI electrolyte system with the addition of
MOF-5. Considering interactions of MOF-5 structure with
PEO chains and TFSI anions, Zn atoms of MOF-5 inter-
act with partially negatively charged oxygen atoms of PEO
chains and fully negatively charged TFSI anions. As a result
of these interactions, Zn atoms of MOF-5 hold almost three
TFSI anions per Zn atom. In addition, when Zn atoms of
MOFs and oxygen atoms of PEO interact, four oxygen
atoms are saturated per Zn atom. This behavior increases
the movement of Li cations in the electrolyte system. Based
on ionic conductivity results, the ionic conductivity values
of PEO:LiTFSI electrolytes without MOF-5 are much lower
compared to those consisting of MOF-5. In conclusion, these
results verify that nanoparticles like MOF-5 consisting of
positively charged atoms and Lewis acidic surface behavior
can be used to improve the ionic conductivity of electrolyte
systems which contain PEO-like polymers consisting of par-
tially negative charged atoms and LiTFSI-like salts.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11581-022-04580-w.
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