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ABSTRACT

We investigate the effect of pectin on the structure and ion transport properties of the room-temperature ionic liquid elec-
trolyte 1-n-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PFs]) using molecular dynamics simulations. We find that pectin
induces intriguing structural changes in the electrolyte that disrupt large ionic aggregates and promote the formation of smaller
ionic clusters, which is a promising finding for ionic conductivity. Due to pectin in [BMIM][PFs] electrolytes, the diffusion coef-
ficient of cations and anions is observed to decrease by a factor of four for a loading of 25 wt.% of pectin in [BMIM][PFs]
electrolyte. A strong correlation between the ionic diffusivities (D) and ion-pair relaxation timescales () is observed such that
D~1.7%" for cations and D~ 7.7%% for anions. The relaxation timescale exponents indicate that the jon transport mecha-
nisms in pectin-[BMIM][PF¢] electrolytes are slightly distinct from those found in neat [BMIM][PF¢] electrolytes (D ~ 7, 1. Since
pectin marginally affects ionic diffusivities at the gain of smaller ionic aggregates and viscosity, our results suggest that pectin-
ionic liquid electrolytes offer improved properties for battery applications, including ionic conductivity, mechanical stability, and
biodegradability.
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INTRODUCTION

There is an increased demand for advanced solid polymer
electrolytes (SPEs) for battery applications possessing high ionic
conductivity at room temperature, better mechanical stability, and
environmental compatibility.' As a portable energy storage device,
lithium-ion batteries are becoming more dominant due to their
unique characteristics, such as lightweight, high mechanical, and
electrochemical stability.” "' Electrolytes are found in liquid, solid,
and gel forms, serving as a medium for ion transport between
the electrodes, and are a prime component of batteries.'” Com-
mercially available lithium-ion batteries commonly use carbonate-
based organic solvents as liquid electrolytes because of their high
dielectric constant (~90), melting point, and ionic conductivity
(~107* S/cm) at room temperature.’ However, the liquid

electrolytes are highly flammable, nonbiodegradable, and highly
volatile, leading to battery failure due to charge leakages, dendritic
growth, and short-circuiting.'*'® To circumvent the drawbacks
mentioned above, researchers focus on designing and synthesizing
polymer-based electrolytes that are highly conductive, non-volatile,
and mechanically stable.'"'”

Solid polymer electrolytes (SPEs) are receiving more attention
due to fulfilling the goals mentioned above and their electrochemi-
cal stability and cost-effectiveness.'”'*'” SPEs generally suffer from
a series of shortcomings that have delayed their application in com-
mercial devices. These include several factors, such as crystallizing
effects and significantly lower ionic conductivity (usually lower than
107 S/cm at room temperature) than liquid electrolytes.”””' SPEs
are also prone to be bent, stretched out, and deformed when used
in flexible batteries, leading to breakage and micro-cracks resulting
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in short circuits. Further, the SPEs typically suffer from low
transference numbers, high cation-anion correlations, low ionic
conductivity, and nonbiocompatibility.****’

Recently, we simulated pectin-EC-LiTFSI electrolytes and
investigated their structural and ion transport properties and
reported that the pectin chains reduce the coordination of lithium
ions with TFSI ions, leading to smaller ionic aggregates.”* The dif-
fusivity of lithium and TFSI™ (bis(trifluoromethanesulfonyl)imide)
ions was found to correlate inversely with the ion-pair relaxation
timescales as D ~ 7. >, and D ~ 7.~ %%, respectively, highlighting
distinct transport mechanisms for the ionic species. That study sug-
gests that pectin-based electrolytes could be a promising alternative
to traditionally used synthetic solid polymer electrolytes.

The traditionally employed liquid ethylene carbonate (EC)-
salt electrolytes in battery applications are typically organic solvents
that contain dissolved salts, usually lithium salts.'”*’ They pos-
sess excellent ionic conductivity and can facilitate faster movement
of ions between the battery electrodes. However, they also have
some limitations, such as a relatively narrow electrochemical stabil-
ity window, which can lead to unstable solid-electrolyte interphase
(SEI) near the surface of the electrodes. The SEI layer can decrease
the efficiency of the battery and reduce its capacity over time.
In contrast to the EC-salt type of liquid electrolytes, ionic liquids
(ILs) themselves act as liquid electrolytes consisting of only ionic
species. They have unique properties, including non-volatility, non-
flammability, and good thermal and electrochemical stability.” "
They can have a wider electrochemical stability window compared
to EC electrolytes, leading to improved battery performance and
stability.”* " Therefore, exploring pectin-IL electrolytes could be
a promising avenue for developing new and improved electrolytes
with optimized properties for energy storage applications.’""”

In this work, we hypothesize that loading pectin in an
electrolyte composed of large ionic species as found in room-
temperature ionic liquids (RTILs) instead of the flammable liquid
electrolytes (for example, EC) reduces the interactions between the
cations and monomeric pectin groups and, thereby, addresses a
few critical issues such as low transference numbers, the corre-
lated motion of ions, and inefficient ionic conductivity.””;(' We
selected the [BMIM][PFs] ionic liquid as our primary electrolyte due
to its excellent properties, including high ionic conductivity, non-
volatility, and large molecular size for use in the pectin-containing
system.l("’v We hypothesize that [BMIM][PFs] ionic liquid pro-
motes high cation transference numbers in the electrolyte com-
pared to pectin-EC-LiTFSI electrolytes due to the reduced correla-
tions with monomeric pectin groups. We conducted simulations to
investigate the ion transport and structural properties of different
pectin-loaded systems (2, 5, 10, 20, and 25 wt. %) and compared
them to neat [BMIM][PFs] electrolytes (0 wt.%). The simula-
tion details (including the forcefield, interaction potential, system
setup, and equilibration protocol), structure, ion diffusion, ion-pair
correlations, and conclusions are presented in the following sections.

We find that incorporating 25 wt. % of pectin in the electrolyte
only leads to a moderate reduction in ion diffusivity, approximately
by a factor of 4. This reduction is not substantial when compared
to the pectin-EC-LiTFSI electrolyte systems. Our analysis reveal that
the diffusivity of ionic species in pectin-[BMIM][PFs] electrolytes
strongly correlate with the ion-pair relaxation timescales such that
D ~ 7.%7 for cations and D ~ 77 *®? for anions. Hence, the structural
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relaxations occurring due to the association and dissociation of the
ion-pairs are the primary transport mechanisms observed in pectin-
[BMIM][PFs] along with additional effects likely coming from the
pectin. Despite the slightly diminished ion diffusivity, the overall
benefits of mechanical properties and biodegradability make it a
favorable option for practical applications. Based on the results, we
speculate that biopolymers can replace synthetic polymers to make
the rechargeable battery electrolytes more biocompatible, highly
stable, and efficient.

SIMULATION DETAILS
Interaction potential

Atomistic molecular dynamics simulations were performed
on composite electrolytes having pectin chains solvated in pure
[BMIM][PFs] using the GROMACS 2020.2 package.’® The interac-
tion potential used for the simulations is,

ur) = %k,(r —n)t+ %ke(e — )’

+ %Z::l Ca[1+ (-1)""" cos (n¢)]
o 12 o 6 Qe
+24e[(m) (w)]+zw

containing bonded and nonbonded terms, i.e., U(r) = U™ (r)
+ yronbended 1y The ponded potential consists of the interac-
tion arising from the bonds, angles, dihedrals, and improper tor-
sions in the pectin-loaded system. Explicitly, we used a harmonic
potential of the form 1k(r —ry)* for bonds, 2k(6 — 6o )*for angles,
and 137 Cn[l +(-1)"" cos (n¢)] for dihedrals. The nonbonded
term consists of the standard L] and Coulombic interaction poten-
tial. A scaling factor of 0.5 was used for nonbonded 1-4 interactions
within a molecule.

For the IL, the OPLS-AA (Optimized Parameters for Liquid
Simulations All Atom) force field parameters were used for the
bonded and the nonbonded interaction terms.*” We further used the
refined parameters for ILs developed by Bhargava and Balasubrama-
nian*’ along with the scaling of charges on ionic species to 0.8¢*
to produce results comparable with the experimental density and
diffusion coefficient of ions in the neat [BMIM][PFs] electrolytes.
In the case of pectin, the L] nonbonded parameters are directly
taken from the GLYCAMO6] parameter set.*” Quantum calculations
were performed to generate intramolecular bonded interaction para-
meters (except the dihedrals) and partial charges for all atoms of
pectin, as discussed in the following Section. The Lorentz-Berthelot
arithmetic rules (oj = (0; + 0j)/2 and ¢; = (e,-ej)l/z) were followed
to calculate the nonbonded cross-interaction terms between dif-
ferent atom types of pectin. However, geometric mixing rules
(0ij = (aiaj)l/z and € = (eiej)l/z) were used for cross-terms in
BMIM-PFs. To be consistent with the OPLS-AA force field, the cross
terms between atoms of pectin and BMIM-PFs were also calculated
using the geometric mixing rules. The molecular structure of BMIM,
PFg, and pectin are shown in Fig. 1.
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Pectin-[BMIM][PF] Electrolytes
BMIM

FIG. 1. Schematic representation of the pectin-IL electrolyte systems simulated
in this work and the chemical structure of the molecules BMIM, and PFg, pectin
polymer, and the 2D structural representation of monomer of pectin.

Development of intramolecular
force field parameters for pectin

To generate the intramolecular force field parameters for
pectin, quantum mechanical calculations were performed by using
the Gaussian16 package.”” We simulated a single monomer of pectin
using density functional theory (DFT) with the B3LYP/6-311g™"
basis set."”*” To obtain the equilibrium bond lengths and angles,
we optimized the geometry of a monomeric unit of pectin. The
force constants of the harmonic potentials for all the bonds and
angles were estimated by the normal mode analysis of the vibrational
frequencies.’® The partial charge of all atom types of pectin was eval-
uated by using the restrained electrostatic potential (RESP) fitting
method.”” The parameters of equilibrium dihedral torsion angles
and the respective force constants are directly taken from the GLY-
CAMO6] parameter set.*” The intramolecular force field parameters
developed in this paper along with the partial atomic charges of
pectin are provided in the Table ST1 in the supplementary material.

The system setup and equilibration

The initial structure of the pectin polymer was built by linking
the D-galacturonic acid with 1-4 alpha linkage using the GLY-
CAM package.”” The prepared polymer was then esterified with
the COOH group and terminated with the hydroxyl group. An
appropriate number of pectin polymer chains was added randomly
to pure [BMIM][PFs] in a simulation box by using PACKMOL**
to build pectin-[BMIM][PFs] electrolytes at different weight per-
centages of pectin. Since the molecules are randomly added in the
simulation box with rotational and translational degrees of freedom,
the initial density is much lower than the experimental densities.
A schematic representation of the simulated pectin-IL electrolyte
systems and the chemical structure of the molecules are presented
in Fig. 1. The details of the systems at different loading of pectin
chains are provided in Table ST2 in the supplementary material. The
conformation of the entire system, consisting of randomly inserted
pectin and ionic liquid molecules, was minimized by employing the
steepest-descent method with a cutoff force of 10° kJ/mol/nm.*’ The
minimized structures were then subjected to an NVT (canonical
ensemble) ensemble using the V-rescale thermostat with a coupling
constant of 1 ps.” After that, we performed an NPT (isothermal-
isobaric ensemble) equilibration using the Berendsen thermostat”’
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with a temperature coupling constant of 1 ps and the Parrinello-
Rahman barostat with a pressure coupling constant of 2 ps, respec-
tively.”> A compressibility factor of 4.5 x 107> bar™" was used for
NPT equilibration during which the density was equilibrated. Pro-
duction runs were conducted with the time step of 1 fs in an NPT
ensemble to generate MD trajectories of 300 ns at an elevated tem-
perature of 425 K. Periodic boundary conditions (PBC) were applied
in all three directions. The integration of the equations of motion
was carried out by using the leap-frog algorithm® and the trajec-
tories were saved every 1 ps. The bond lengths involving hydrogen
atoms are constrained with the LINCS algorithm.”

The simulations very clearly show that pectin is soluble in
[BMIM][PFs], not only at low loading but also at high loadings (see
Fig. S1). Conversely, pectin possesses excellent ion solvation capa-
bilities similar to polyethylene oxide, a widely studied polymer for
battery applications. The snapshots taken from equilibrated config-
urations of the pectin-IL electrolytes at 2 and 20 wt. %s of pectin
loading shows excellent uniform distribution of ions throughout the
simulation box. We note that in molecular dynamics simulations
of systems containing polymers, different initial configurations can
lead to different results if the equilibrium is not achieved correctly.
For such systems, it is desirable to bring the system to equilib-
rium with advanced techniques to avoid potential energy traps, for
example, by employing annealing or replica exchange techniques.
Our simulations verify the dependency on initial configurations and
equilibration protocol, as discussed in Sec. S2 of the supplementary
material. In sum, using the protocol employed in this paper, the
obtained results and conclusions are found to be independent of
the initial configuration and a different equilibration protocol. A
detailed discussion on the effect of equilibration protocol and depen-
dency on initial configurations is provided in the supplementary
material (see Figs. S2 and S3).

RESULTS AND DISCUSSION
Diffusion coefficients of cations and anions

To understand the ion transport properties, we calculated
the mean squared displacements of BMIM and PFg of the
pectin-IL electrolytes at different loadings of pectin. The mean
squared displacement (MSD) is calculated using the formula,

((R(t +1') - R(t'))2>t,, where R is the position vector of ions and

(- - -) represents the ensemble average over the number of ions and
all possible time origins, ¢'.

The results displayed in Fig. 2 demonstrate a consistent
decrease in the MSDs as pectin loading increases, with more pro-
nounced effects observed at higher weight percentages. The curves
of the MSD display subdiffusive behavior for the ions up to a few
nanoseconds, followed by an apparent linear behavior with time (i.e.,
apparent diffusive regime) after 10s of ns. To check the linearity, we

fitted the MSD curves to a power-law, <(R(t + t') - R(t'))2>t, ~tP

beyond the apparent diffusive regime, and the corresponding time
dependent exponents are provided in Fig. S4. These exponents sug-
gest that our simulation trajectories were sufficiently long to capture
the diffusive behavior of the ionic species. The MSD results are
affected uniformly for both the ionic species, and the decrease is
linear with the loading at higher wt. %s (see inset to Fig. 2).
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FIG. 2. Mean squared displacements of (a) cations and (b) anions at different wt.
%s of pectin in pectin-IL electrolytes.

We used Einstein’s relation to calculate the self-
diffusion coefficient of the ions in the diffusive regions,
D= tlirg((R(t) - R(O))Z)/6t and the results are presented in
Fig. 3. To ascertain the diffusive regime of MSDs in our simulations,
we fitted the MSD data to a power-law relation, MSD ~ t# and the
respective exponent values, 3 are provided in the Table I.

Adding pectin chains in the electrolyte was found to reduce
the self-diffusivity of ionic species. It is worth noting that the diffu-
sion coefficient of BMIM is higher than that of PFs at any loading
of pectin because of the electrostatic charge distribution over a
larger molecular size. The rate of change of D with the loading is
uniform for both the ionic species despite the differences between
cation-pectin and anion-pectin interactions. The normalized quan-
tity, D/Do, where Dy is the diffusion coefficient at 0 wt. % loading
(i.e., neat IL), shows that the diffusion coefficient drops by only
a factor of 4 for the highest loading. This is a significant result
because the pectin slightly lowers D while offering multiple benefits
to the battery electrolytes, including biocompatibility and improved
electrochemical and mechanical stability.

The reduction in diffusion at a loading of 25 wt. % by only a
factor of four in pectin-IL electrolytes is a remarkable result when
compared to the pectin-EC-LiTFSI electrolytes,” where the dif-
fusion coefficient reduces by a factor of a few 100s for a similar

2.()‘ T T 1_(‘ T T T
@1 5‘ 05 i
o
@% ol " orpedin
o
0 0.5 e—e BMIM 1
oo PF,
000——8 30 15 20 25 30

wt.% of pectin

FIG. 3. Diffusion coefficient of BMIM and PFg ions as a function of the wt. % of
pectin in IL electrolyte. The inset shows the diffusion coefficient of ions scaled with
the value of neat IL electrolyte.
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TABLE I. The exponent values 8 of MSD curve obtained by keeping 8 as a free
parameter which fitting the MSDs to <(R(t +t) - R(’/))z),, ~ B,

wt. % B for BMIM B for PFq
0 1.013 0.990
2 1.026 1.005
5 1.003 1.025
10 1.011 1.003
20 0.945 1.004
25 0.971 0.970

loading of pectin (see Fig. S5). Further, the pectin-IL electrolytes
are beneficial in many ways compared to either neat IL electrolytes
or pectin-EC-LiTFSI electrolytes: (i) adding pectin results in dis-
rupted ionic aggregates in IL electrolytes which is very good for
efficient ionic conductivity (see next Section), (ii) pectin improves
the mechanical stability, and (iii) because of its biological nature,
pectin makes pectin-IL electrolytes biodegradable. All these bene-
fits come only at the expense of ionic diffusivities by a factor of four
for the highest loading (i.e., 25 wt. %) considered in our simulations.
The electronegative units in the pectin polymer create a weak associ-
ating site for cations, promoting ion hopping and making the pectin
chain a viable pathway for ion transport. The chemical structure of
pectin is shown the Fig. 1. Despite the cation’s large molecular size,
the higher diffusion coefficient of the cation than the counterion
suggests that pectin provides an easy pathway for ion movement in
IL electrolytes.

The above results present an intriguing advantage of using
pectin-IL electrolytes compared to the pectin-EC-LiTFSI elec-
trolytes: introducing pectin into IL electrolytes only moderately
affects ionic diffusion. In contrast, the cation diffusion is drasti-
cally reduced in the case of pectin-EC-LiTFSI electrolytes.”* This
stark difference can be attributed to the strong electrostatic interac-
tions between the lithium ions and the electronegative groups in the
pectin chains. More explicitly, pectin has many negatively charged
carboxyl and carboxylate groups. These groups can form strong
electrostatic interactions with the positively charged lithium ions,
forming strong lithium-polymer association pairs, thus decreasing
the lithium diffusion more dramatically. The reduction in the dif-
fusion coefficient implies an increase in viscosity, assuming a direct
correlation between D and n, but further investigation is required to
establish such a mechanism.

The structural changes of a battery electrolyte play a crucial role
in its efficiency, and pectin can affect these changes. In the following
Section, we examine how pectin specifically impacts the electrolyte
structure.

Radial distribution functions, coordination numbers,
and ion association probabilities

We computed the radial distribution function [g(r)] and
coordination numbers [CN(r)] between different atomic pairs,
including cation-anion, cation-polymer, and anion-polymer, to
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understand the structural changes in the electrolyte and the impli-
cations to ion-polymer interactions. Specifically, we examined the
N(BMIM)-P(PFs), N(BMIM)-O(pectin) (the oxygens of pectin
polymers are shown in Fig. 1 in the supplementary material), and
P(PFs)-O(pectin) pairs, among others. These pairs were chosen
because they are important in understanding the structural changes
and ion-polymer interactions in the electrolytes. The g(r) of cation-
anion pairs showed a strong peak at 4.75 A, followed by the first
minimum at 7.5 A [see Fig. 4(a)]. The local ordering of cation
and anion structure disappears beyond length scales of 12 A, set-
tling the isotropic structural organization. The first maximum and
minimum position is unaffected by pectin, and the overall shape
of the g(r) remains unaffected. However, the first maximum value
slightly increases with pectin loading. Despite this slight change, we
notice the coordination numbers to decrease monotonically with the
loading at any distance r. The CN(r) within the first coordination
shell plotted in the inset of Fig. 4(b) displays a linearly decreasing
trend. This result is promising since it directly implies an increase in
either free ions or smaller ionic aggregates with the loading of pectin
biopolymer.

To establish the role of pectin on the formation and promo-
tion of smaller ionic aggregates, we calculated the probability of ion
association function, P(n), between various atomic pairs. The ion
association probability is calculated using,

1 Niames Nions 8",'",'

P(n) = (2)

>
frames j=] j=1 Nions

where 8,1 ; is the Kronecker delta function to count n number of
counterions within the first coordination shell of the ion j, Nions
is the total number of ions, Nfames is the total number of frames.
Here, §nn; is defined in such a way that 8y, =1 if n" jon is

found within the first coordination shell of ntjh ion, and &, ;=0
otherwise. The quantity, P(n) calculated using the above equation
accounts for the ionic aggregates containing 1 cation(anion) and n
neighbor anions(cations) in the first coordination shell. While this
definition does not entirely capture all possible aggregates (for exam-
ple, aggregates containing more than 1 cation and more than 1 anion
simultaneously in an aggregate), P(n) captures the most important

statistics related to small aggregates and free ions, which are crucial
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for ionic conductivity. However, we focused on the P(n) for PFg
ions around BMIM ions, as shown in Fig. 4(c).

The analysis of P(n) primarily confirms two main observa-
tions. Firstly, the peak in the P(n) distribution is observed at n = 5;
i.e., there are ~5 anions within the first coordination shell of
cations, consistent with previous literature on neat IL electrolytes.’”
However, we found that the ion association probability P(n =5)
decreases with increasing loading of pectin. This suggests that pectin
disrupts the formation of larger ionic aggregates around cations.

Secondly, we compared the P(n =4) and P(n = 6) distribu-
tions to investigate the formation of smaller ionic aggregates. Our
results indicate that the formation of larger ionic aggregates is more
prominent in neat and low pectin-containing pectin-IL electrolytes.
However, at high loadings of pectin, the smaller ionic aggregates are
dominant [see Fig. 4(d)]. The decrease in the value of P(5) is sig-
nificant, which demonstrates a reduction of 20% with the addition
of pectin at the highest wt. % (see Table II). This interprets that the
addition of pectin provides more accessible pathways for ions. How-
ever, P(6) decreases by 45%, which means already half of the total
counterions decreases with the addition of pectin. These findings
reveal that the higher ionic clusters are broken into smaller ionic
clusters. Since the results point out that the smaller ionic aggregates
are promoted over the large-sized ones, we may expect quantities
like P(1), P(2) to increase more efficiently at high loadings of pectin
for wt. %s higher than 25. For such scenarios, P(4) is likely to show
a plateau with the loading of pectin and may even decrease at very
large values of pectin loading. The reduction in the probability of
counterions around the cation is attributed to the dilution effect
due to pectin. Moreover, the larger ionic clusters are decreasing to
smaller ionic clusters, which indicate that the pectin can give more
pathways for ions. This implies that the presence of pectin promotes
the formation of free ions or smaller ionic aggregates in pectin-IL
electrolytes.

It is widely recognized that certain types of SPEs exhibit low
ionic conductivity at lower salt concentrations, which then increases
to its maximum at a specific optimal concentration.”> However,
once the maximum conductivity is reached, the conductivity begins
to decrease at higher salt concentrations due to the formation of
large-sized clusters. The pathways for the ions are blocked by the
large-sized clusters.”” " In general, smaller ionic aggregates lead to

6 T T T T T T T 1 T T T T
— 0wt% F (C) &0 0wt% 1
af (a) = 2w% | 08rp *® 2wi%]
= —ioww% | £96T *-0 5wi%
072_ —20wt% | O 04 @0 10 wt. %]
| = 0.2 L 9 20 wt.% 7]
0 1 1 1 1 L 1 0(; i + é n é & 1-0
40, T T T T n
< 56 . 3 T T T T T
30 2 s, (b) c rd "
I ~ . __e---
o0k S48 ° oo _9- n= |
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FIG. 4. (a) Radial distribution function of cation-anion pairs, (b) Coordination number of anions around cations, (c) The probability of finding n number of PFg ions within the
first coordination shell of BMIM ions, and (d) Relative change in P(n) for n = 4 and n = 6, highlighting the effect of pectin on the ion association probabilities.
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TABLE . lon association probabilities of finding n number of anions around cations,
P(n) atn = 4,5 and 6, normalized with respect to the pectin-free neat electrolyte.

Wt PUR()  PS)/R(5)  P6)/P(6)
0 1.00 1.00 1.00
2 1.11 1.00 0.95
5 1.30 0.99 0.88
10 1.53 0.95 0.79
20 1.77 0.86 0.67
25 2.12 0.80 0.54

higher diffusion and higher ionic conductivity in ionic liquids™"’

because smaller aggregates have a lower degree of structural hin-
drance and less restricted movement compared to larger aggregates.
Therefore, the presence of smaller ion aggregates plays a significant
role in improving the overall ionic conductivity. The results of the
P(n) analysis are consistent with the coordination number of anions
around cations. Overall, our findings suggest that adding pectin
chains to the electrolyte system provides more accessible pathways
for ions, which can increase the ionic conductivity of the electrolytes.

So far, we have presented the analysis based on the results
of g(r) and P(n) cation-anion pairs, and it is also important to
understand nature of ion interaction with the polymer. To under-
stand the interactions between the ions and polymer at a qualitative
level, we calculated the g(r) and CN(r) between the jons and the
oxygens of the pectin. First of all, the results of Fig. 5 reveal that
the ion-polymer interactions are much weaker than that of cation-
anion interactions as seen through the respective peaks in g(r). This
result indicates that cation-anion interactions are more important
in pectin-IL electrolytes and that they could also eventually influence
the motion of ionic species and the ion transport. Further, the differ-
ences between the cation-polymer and anion-polymer interactions
are indicated by the extent of the first coordination. Specifically, the
first peak occurs at 4.2 A for cation-polymer pairs compared to 5.6 A
for anion-polymer pairs. Similarly, the first minima occur at 5.0 A
for cation-polymer pairs compared to 7.3 A for anion-polymer

15— 771
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pairs which define the extent of the first coordination shell. These
results establish that cations exhibit more preferential interaction
with polymer than anions. Because of the increased coordination
numbers around the polymer with the loading [see Figs. 5(c)-5(d)],
the cation-anion interactions would decrease (or vice-versa) [see
Fig. 4(b)] which explains the higher tendency of smaller ionic aggre-
gate formation over the larger ones with the loading of pectin in
IL electrolytes. The corresponding results of P(n) also presented in
Fig. S6.

Based on these results, we propose that the diffusion of ionic
species is more likely to be influence by the cation-anion correla-
tions than the effect coming directly from the polymer. Further, we
also propose that the ion-pair correlations to be more closely cou-
pled to the anion diffusion because of the large extent of the first
coordination shell. We examine these mechanisms in detail in the
following two Sections.

Our analysis demonstrates that pectin induces structural
changes in the electrolyte that disrupt large ionic clusters and
promote the formation of smaller ionic clusters. These struc-
tural changes may potentially increase the ionic conductivity and
the mechanical stability of the pectin-IL electrolyte, particularly
with increasing loading of pectin polymer. Therefore, the observed
changes in the electrolyte’s structural properties can directly affect
the relaxation phenomena of ion-pairs in the pectin-IL electrolyte.
To further investigate the impact of pectin on ion-pair relaxation,
we analyzed the ion-pair correlation functions for various pectin
loadings. The results of our analysis are presented in the next
Section.

lon-pair autocorrelation functions

To investigate the relaxation behavior of ion-pairs in the pectin-
IL electrolyte, we calculated the ion-pair correlation function, C(¢),
from 300 ns long trajectories. The ion-pair correlation function C(t)
is calculated as C(t) = (h(t)h(0))/(h(0)h(0)), where the angular
bracket (- - -) represents the ensemble average over all the ion-pairs
and all possible time origins. In our calculation, the population vari-
able h(t) takes a value of 1 if an ion-pair is intact, meaning that the
cation and anion are within a cutoff distance of 7.5 A where the

1.2
0.9F
0.6
0.3F

=~ ol

(a) Cation-Pectin ;

20 — T T T T T T T
| (c) Cation-Pectin

B 1.5——

o

— T T T
[ (d) Anion-Pectin
I — 2wt%
[ — 10 wWt%
| — 20 wt.%

FIG. 5. The radial distribution functions representing the (a) cation-polymer pairs and (b) anion-polymer pairs and the (c)-(d) respective coordination numbers. The O atoms
were chosen as the representatives of the pectin chain due to the electronegativity of oxygen atoms in pectin.
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radial distribution function, g(r), shows the first minima. Other-
wise, h(t) takes a value of zero. The ion-pair correlation function
provides insight into the relaxation behavior of ion-pairs in the elec-
trolyte. Specifically, it measures the probability of an ion-pair being
intact at a given time, provided it is intact at the initial time, t = 0.

The results presented in Fig. 6 reveal a slow decay of C(t) dur-
ing the initial timescales of up to 100 ps. During these timescales,
the cations and anions are strongly associated with each other, with
the structural reorganization phenomenon being the most domi-
nant phenomenon occurring in the first coordination shell. As the
structural relaxation (i.e., ions diffusing beyond the extent of the
first coordination shell) becomes dominant slowly after the initial
timescales, the ion-pairs dissociate rapidly. The rate of decay of C(¢)
slows down monotonically with an increase in pectin loading, and
complete dissociation of ion-pairs is observed on timescales of the
order of 10°~10* ps depending on the pectin loading. We fitted the
curves with a stretched exponential function, the respective simula-
tion data for C(t), and the fitted curves at selected wt. %s of pectin,
i.e, 2,10 and 25, are shown in Fig. 6(b). The observed f values range
from 0.45 for the highest loading of pectin to 0.65 for the lowest
pectin loading, indicating the degree of stretching of the exponen-
tial decay for the highest loading. The fitting quality is quite good,
with the correlation coefficient of the fits observed to be in the range
of 0.95-0.99.

We plotted the relaxation timescales in Fig. 6(c), which show
a consistent increase in the ion-pair relaxation timescale with the
addition of pectin into IL electrolytes. For the highest loading, the
ion-pair relaxation times increase by a factor of 4 compared to the
neat IL electrolytes [see Fig. 6(c)]. The increase in the relaxation
times implies a slow movement of ions in the electrolyte matrix.
Therefore, as the structural relaxation dynamics are slowed down

e rrrmy—
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FIG. 6. (a) The ion-pair correlation function C(t) at different loadings of the pectin,
(b) log-log plot of C(t) with fits accordingly to ap exp (—(t/t* )ﬁ) at selected wt.
%s of pectin, i.e., 2, 10 and 25, and (c) the mean relaxation times calculated using
the formula 7. = f;ao exp (—(t/t*)ﬁ)dt = aot*T'(1 + 1/p) indicated on the
left vertical axis, and 7, normalized by its values in neat IL electrolytes is shown
on the right vertical axis.
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qualitatively, we expect a long time for the ions to diffuse beyond the
extent of the first coordination shell.

Correlation between diffusion coefficients
and ion-pair relaxation timescale

The results presented in the previous Section suggest a direct
relationship between the diffusion coefficients and the ion-pair
relaxation timescales. To better understand the correlations, we
plot D of cations and anions against 7. in Fig. 7. Consistent with
the above conjecture, we find that the diffusion decreases with an
increase in 7. in a power-law-like behavior. The validity of diffu-
sivity power-law relation D ~ 7, explains the ability to design an
electrolyte to increase the ionic conductivity of the electrolyte at
the expense of its mechanical strength. This power-law relation is
commonly valid in liquid and IL electrolytes, in which the relevant
timescale can be simply tuned to influence the diffusivity to attain
high ionic conductivity. The results were fitted to D ~ 7. where A
quantifies the degree of correlation between D and ..

The obtained exponents are 0.75 for cations and 0.82 for anions
with the respective power-law equations, D ~ 7.~%* for cations and
D ~ 7.8 for anions. These results support our proposals (based on
the results of Figs. 4 and 5) that (i) the diffusion of ionic species is
more likely to be influence by the cation-anion correlations than the
effect coming directly from the polymer and (ii) the ion-pair corre-
lations to be more closely coupled to the anion diffusion because of
the large extent of the first coordination shell. However, the above
results are quite distinct compared to the transport mechanisms
reported for pectin-EC-LiTFSI electrolytes’* and polymeric ionic
liquid electrolytes.”" Unlike the cations that interact with both
anions and polymer, the anions interact primarily with the cations
in the electrolyte. Therefore, the degree of correlation of anions is
closer to a one-to-one correspondence-like relation than the degree
of correlation obtained for cations, consistent with the results of g(r)
for ion-polymer interactions [Figs. 5(a)-5(b)]. Specifically, since the
anions have less preferential interaction with the polymer compared
to the cations, their diffusion mechanisms to be less distracted by the
effects coming from polymer.

The above results show that the structural relaxations occurring
via the formation and dissociation of ion-pair are the primary ion
transport mechanism in pectin-IL electrolytes. However, the expo-
nents being less than 1 also indicate a possible secondary mechanism

—_
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FIG. 7. Correlations between the diffusion coefficient and the ion-pair relaxation
timescales.
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of ion transport, the analysis of which is beyond the scope of this
paper. We speculate that ~20% of the contribution to the overall
ion transport mechanism comes from a different one other than the
ion-pair structural relaxation (i.e., the formation and dissociation
mechanism of ion-pairs). According to the power-law relation, i.e.,
D ~ 17", explains the dependency of diffusivity on the ion-pair relax-
ation so that the 7. can be simply tuned to influence the diffusivity to
achieve an electrolyte with higher ionic conductivity. We can design
an electrolyte on the concept of D ~ 7, to achieve an electrolyte
with higher ionic conductivity and viscosity. We would expect that
pectin can be responsible for the increase in viscosity due to its
highly viscous nature. Again the P(5) and P(6) result revealed that
the smaller ion aggregates are encouraged with the pectin loadings.
Hence, pectin is a potential candidate to increase ionic conduc-
tivity and viscosity. Further research is needed to understand the
complete mechanisms behind the behavior of pectin-[BMIM][PFs]
electrolytes to optimize their properties for use in energy storage
devices.

CONCLUSIONS

The paper presents the results of molecular dynamics simula-
tions investigating the effect of pectin, a natural biopolymer, on the
ion transport mechanisms and structural properties of ionic liquid
electrolytes. The simulations are performed for different loadings of
pectin in ILs, ranging from 0 to 25 wt. %. The diffusion coefficient
of ions, cation-anion radial distribution functions, ion association
statistics, and ion-pair relaxation timescales are calculated to inves-
tigate the effects of pectin on the transport and structural properties
of the pectin-IL electrolytes.

The results indicate that the diffusion coefficients of ions
decrease with pectin monotonically, indicating higher resistance to
ion transport. Due to the ion-polymer interactions, the coordinat-
ing ions around the polymer increase with the loading of pectin,
which leads to the reduced mobility of ions. We also investigated
the ion-pair time correlation function and found a strong corre-
lation between ion diffusion and relaxation timescales (D ~ 7. >
for cations and D ~ 7.~% for anions). Interestingly, the coordina-
tion numbers of ions around each other ionic types (i.e., cations
around anions and vice-versa) decrease with increasing pectin load-
ings. Further, our analysis revealed that pectin induces intriguing
structural changes so that the availability of smaller ionic aggregates
is more than the larger ionic aggregates [i.e., P(n = 4) > P(n = 6)].
This result contradicts the literature on neat ionic liquid electrolytes
where the larger ionic aggregates with n = 6 are more pronounced,
and the ion-ion correlations are dominant. Our simulations and
analysis of ion-ion association statistics point to an interesting con-
sequence of pectin-IL electrolytes with huge potential for efficient
ionic conductivity induced by pectin.®”

This work highlights an interesting advantage of using pectin-
IL electrolytes for rechargeable battery applications compared to
the pectin-EC-LiTFSI electrolytes: introducing pectin into IL elec-
trolytes only moderately affects ionic diffusion. Despite the slightly
diminished ion diffusivity, the overall benefits of mechanical prop-
erties and biodegradability make it a favorable option for practical
applications. Based on the results, we speculate that biopolymers
can replace synthetic polymers to make the rechargeable battery
electrolytes more biocompatible, highly stable, and efficient. The

ARTICLE pubs.aip.org/aipl/jcp

findings of this study provide insights into the potential use of
pectin as a sustainable and biodegradable alternative to traditional
solid polymer electrolytes for energy storage systems. Our results
suggest that pectin-based electrolytes can provide a diffusive chan-
nel for ions, leading to improved ion transport and mechanical
stability.

SUPPLEMENTARY MATERIAL

The supplementary information contains: (S1) The potential
model and interaction potential, (Table ST1) The force field para-
meters for pectin polymer, (Table ST2) System details, (S2) The
number density profile of cations and anions in x, y, and z directions,
(S3) Effect of equilibration protocols and dependency on initial con-
figurations, (S4) The exponent p in MSD of BMIM and PFs ion,
(Table ST3) The exponent values of the MSD in diffusive regions,
(S5) The normalized ionic diffusivity comparison between pectin-IL
and pectin-EC-LiTFS], and (S6) Association probability of different
pair of ions.
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