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Supplementary material

Bonded and non-bonded interactions for Class II force field

The potential energy of intermolecular interaction E;,+.,- was given by the superposition of LJ 9-6 and coulombic

interactions, expressed as

E(r)inter = »_ €35 [2 (UU)g -3 <:Z>6

+ Y qrﬁ (S1)

)

Coulomb

where € and o are the so called LJ parameter representing well depth and Van der Waals radius, respectively. The
subscripts ¢ and j represent the two interacting atoms. On the other hand, the potential energy of intramolecular

interaction F;,+, obtained from class II force field for molecules can be expressed as [1-8]
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where K is the force constant, b, 6 and ¢ represent the bond, angle and torsion between different bonded atoms while
b, 0" and ¢’ represent the neighboring bond, angle and torsion, respectively. Note that the superscript numbers on left
side of K differentiate different force constant coefficients associated with various terms. In order to have an indepth

view of these coefficients and what they signify, the reader is advised to go through these references [1-8]



Error analysis and background calculations for physical properties

Figure S1 shows the fitted mean square displacement (MSD) of (a) lithium and (b) PFg ions for different salt con-
centrations. Linear regression was performed to obtain the fitted MSD. However, the MSD run for the full simulation
does not correspond to the diffusive regime where the simulation can be treated as the long times simulation necessary
for calculation of diffusion coefficient using Einstein relation mentioned in the manuscript [9]. Usually, in order to
identify the diffusive regime, the following exponential expression is used

_ In(MSD) —In(m)
¢= In(t)

(83)

where m is the slope, In is the natural log and ( is the exponent that needs to be evaluated to identify the diffusive regime
for accurate diffusion coefficient calculation of ions. The value of the exponent should be one for the diffusive regime
and to ensure that the simulation have reached the long time limit for the Einstein. Figure S2 shows the exponent { as a
function of simulation time identifying the sub-diffusive and diffusive regimes for lithium ions in (a) 0.5 M, (b) 1.0 M,
(c) 1.5 M and (d) 2.0 M salt concentrations. It shows that the long time limit has been reached and only the diffusive
regime was used for the evaluation of diffusion coefficient reported in the manuscript. Similarly, Figure S3 shows the
exponent ( as a function of simulation time identifying the sub-diffusive and diffusive regimes for PF¢ ions in (a) 0.5
M, (b) 1.0 M, (c) 1.5 M and (d) 2.0 M salt concentrations. These figures for PF4 also showed that the simulations have
reached the diffusive regions for accurate calculation of diffusion coefficient for PFg ions. Furthermore, Figure S4
shows the viscosity the bulk electrolytes as a function of simulation time for (a) 0.5 M, (b) 1.0 M, (¢) 1.5 M and (d) 2.0
M salt concentrations. The figures shows that the simulation was long enough for the values of viscosity to stabilize
and reach an almost constant values. Additionally, Figure S5 shows the evaluated Green-Kubo expression for various
pressure components. It shows that the average value of pressure correlation (.J(t) - J(0)) oscillatory decayed to zero

with the increase in time. This validates the accuracy of the viscosity calculated by Green-Kubo expressions.
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Figure S1: Fitted mean square displacement of (a) lithium and (b) PF¢ ions for different salt concentrations. The shaded region

around the curve is the mean error of independent MD simulations relative to the mean.
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Figure S2: Exponent ¢ as a function of simulation time identifying the sub-diffusive and diffusive regimes for lithium ions in
(a) 0.5 M, (b) 1.0 M, (c) 1.5 M and (d) 2.0 M salt concentrations. The grey curves around the black (mean) curve represent the

independent MD simulations.
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Figure S3: Exponent ¢ as a function of simulation time identifying the sub-diffusive and diffusive regimes for PF¢ ions in (a) 0.5
M, (b) 1.0 M, (c) 1.5 M and (d) 2.0 M salt concentrations. The grey curves around the black (mean) curve represent the independent
MD simulations.
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Figure S4: Viscosity the bulk electrolytes as a function of simulation time for (a) 0.5 M, (b) 1.0 M, (¢) 1.5 M and (d) 2.0 M salt
concentrations. The grey curves around the black (mean) curve represent the independent MD simulations.
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Figure S5: Temporal variation of Green-Kubo expression for various components of pressure.



Radial distribution function and coordination number analysis

Figure S6 shows the radial distribution function (RDF) and coordination number (CN) of (a)(b) Li-Li, (¢)(d) Li-P
and (e)(f) Li-F atoms in the electrolyte solution with increasing LiPFg concentration in PC. Li-Li RDF shows sharp
peak which increased with increasing salt concentration followed by broad peaks. CN shows that it is not until 6-8 A
that the first lithium ion is located. This indicated weak solvation of lithium ion with other lithium ions. Similar trend
was observed for Li-P and Li-F with increasing salt concentration. This kind of increasing trend of first sharp peak
followed by broad peak with increasing salt concentration has also been reported in previous investigations [10].

Figure S7 shows the radial distribution function and coordination number of (a)(b) P-P, (¢)(d) F-F and (e)(f) P-F
atoms in the electrolyte solution with increasing LiPFg concentration in PC. P-P RDF shows two small peaks at 5
and 8 A. CN number also reached unity approximately at this radial distance. This distance between P-P is expected
as phosphorus atom of PFg is surrounded by six fluorine atoms. Increasing salt concentration does shows a slightly
higher coordination number caused by the increase ions in the solution. F-F and P-F RDF showed two and one very
sharp peaks for RDF, respectively. The CN were four and five for the two peaks of F-F and six for P-F peaks. These
sharp peaks correspond to the other atoms within the same ions. These sharp peaks decrease in magnitude of RDF with
increasing salt concentration as RDF is inversely proportional to the density of the non-central atoms when calculating
RDF. These sharp peaks were followed by broad peaks which corresponded to atoms in other ions.

Figure S8 shows radial distribution function and coordination number of (a)(b) Li-C3, (c)(d) Li-C1 and (e)(f) Li-
C2 atoms in the electrolyte solution with increasing LiPFg concentration in PC. The figures shows one distinct peak
which remained uncharged with increasing salt concentration. CN also showed plateau corresponding to the RDF peak.
Similarly, S9 shows radial distribution function and coordination number of (a)(b) Li-O, (c)(d) Li-Cc and (e)(f) Li-Oc
(g)(h) Li-H atoms in the electrolyte solution with increasing LiPF¢ concentration in PC. These figure also showed
distinct peak for RDF and CN which remained nearly constant except the peaks for Li-Oc and Li-Cc decreased with
increasing salt concentration. The distinct peak can be attributed to the solvation of lithium ion with four PC molecules
in the first solvation shell and 2-3 PC molecules in the second solvation shell. This RDF peak was sharpest for Li-Oc
because lithium ion was directly attached to PC through Oc. The reason for this is discussed in detail in the manuscript.

Finally, Figure S10 shows the radial distribution function and coordination number of (a)(b) Li-PC and (c)(d) PC-PC



atoms in the electrolyte solution with increasing LiPFg concentration in PC. Note that Li-PC and PC-PC corresponds
to the centre-of-mass based RDF and CN. The figures show distinct peaks with negligible variation with increasing
salt concentration. This RDF and CN for Li-PC showed that four PC molecules surround Li in its immediate vicinity.
The RDF and CN for PC-PC showed that one PC molecules in in the immediate vicinity with several more at a radial
distance of 4 - 6 A. In summary the strongest structure exists for Li-Oc atoms of PC molecules which give rise to
the solvation structure and the rest of the constituent exists with each other forming a very weak structure around each
other. Note that PC-PC RDF and CN with regard to the individual atoms were not shown as changing salt concentration
had little to no effect on PC-PC interaction shown in Figure S10(c)(d). Similarly, weak structure can be expected for

individual atoms of PC-PC interaction without noticeable change with increasing salt concentration.
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Figure S6: Radial distribution function and coordination number of (a)(b) Li-Li, (c)(d) Li-P and (e)(f) Li-F atoms in the electrolyte
solution with increasing LiPFg concentration in PC.
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Figure S8: Radial distribution function and coordination number of (a)(b) Li-C3, (c)(d) Li-C1 and (e)(f) Li-C2 atoms in the
electrolyte solution with increasing LiPF¢ concentration in PC.
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Species charge density profiles
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Figure S11: Charge density profile across the full domain for (a)(b) PFg ion, (¢)(d) Li ion and (e)(f) solvent molecules for uncharged

and charged electrodes.
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Net charge density

Figure S12 shows the net charge density profile for the full simulation domain under both uncharged and charged
electrode conditions. It shows that the net charge density fluctuated around zero charge density in the bulk indicating
charge neutrality. Note that the peaks of charge density near the two uncharged and charged electrodes can be attributed

to the localised ordered packing of ions induced by Van der Waals and electrostatic interactions, respectively, between

the electrolyte and the electrode.
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Species number density profiles

Figure S13 shows the number density profile across the full domain for (a)(b) PFg ion, (c)(d) lithium ion and (e)(f)
solvent molecules for uncharged and charged electrodes. The peaks for number density profiles near the charged
electrode showed similar trend to charged density profiles with increasing surface charge density. The number density

profile for solvent showed similar number density profile regardless of increasing surface charge density.
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Figure S13: Number density profile across the full domain for (a)(b) PFg ion, (¢)(d) Li ion and (e)(f) solvent molecules for
uncharged and charged electrodes.
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Comparison of Species number density profiles with literature

Figure S14 shows the number density profile of ions from (a)(b) present simulation of 1M LiPFg in PC and (c)(d)
Jorn et. al. simulation of 1M LiPFg in PC [11] for charged and uncharged electrodes. Note that for the present
simulation the charged case corresponds to the highest surface charge density of 0.05 C/m? because Jorn et. al. only
has one charged case where the net voltage induced on electrodes is 3V. The figure shows that for both present and Jorn
et. al. simulation, the PF6 ions number density significantly increased near its counter electrode when the electrode
was charged. The number density profile for lithium ions showed slight movement away from the counter electrode in
present simulations. Meanwhile, the lithium ion showed two peaks near its counter electrode. The first peak showed no
change in magnitude while the second peak showed significant rise in its magnitude when the electrode was charged.
This behaviour of lithium ion near its counter electrode was unexpected. In the present simulation this unexpected
behaviour was attributed to the solvation of PC with lithium ions. Similarly, the unexpected behaviour was attributed
to the solvation of EC with lithium ions [11]. These qualitative similarities in number density profile and similar

phenomena behind the unexpected behaviour sufficiently validate the model presented in this simulation.
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Figure S14: Number density profile of ions from (a)(b) present simulation of 1M LiPF¢ in PC and (c)(d) Jorn et. al. simulation of
IM LiPFg in PC [11] for charged and uncharged electrodes.
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Solvation structure of hexaflorophosphate ion in PC and EC:DMC mixed solvent

Figure S15 shows (a) radial distribution and coordination number of phosphorous atom of PFy ion with PC
molecule along with (b) schematics. The small peak of radial distribution number compared with Li™ ion and a
coordination number of two at a 4 A distance away from phosphorous indicated that two PC molecules could form a
very weak solvation structure around the negative PF; ion. This can be attributed to the weak electrostatic interaction

between fluorine (-0.3450e) atoms of PF and the hydrogen (0.1325¢) atoms of PC.
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Figure S15: (a) Radial distribution function and solvation number of PF; and (b) schematics of the solvation structures for PC
solvent.
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Residence time

Table S1 shows the residence time of solvent molecules near lithium ion for PC solvent. It indicates that the PC
molecules showed a very high residence time both in the bulk electrolyte and near the electrodes during the production
run time. This indicated that the PC molecule in the solvation structure were seldom substituted by other solvent

molecules. This can be attributed to the strong electrostatic interaction between lithium ion and the carbonyl oxygen

of PC.

Table S1: Average residence time of solvent molecules in the lithium ion solvation structure for PC

Solvent  Bulk residence time, 75 (ns) Negative electrode residence time, 7,y (ns)  Positive electrode residence time, 7p (ns)
PC 80.21 +2.5 85.56 + 1.9 82.37+24
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Geometric analysis of lithium solvation structure

To further calculate the distance between lithium ion and the electrode for different solvation orientation, Figure
S16 shows the schematics of the tetrahedral solvation structure near negative electrode for (a) tetrahedral planner and
(b) tetrahedral edge orientation of solvation structure. It shows that the distance between lithium ion and the electrode
was 0.6A and 1.05A for tetrahedral planner and tetrahedral edge orientation, respectively. In other words, the change

in the distance during orientation shift was 0.45A.

(a) (b)

Applying simple geometric rules Applying simple geometric rules

L=0.6A L =1.054

Figure S16: Geometric analysis of the distance between lithium ion and electrode with the solvation structure of (a) tetrahedral
planner orientation to (b) tetrahedral edge orientation.

22



Snapshots of lithium ion solvation structures near charged electrodes

To begin with, Figure S17 shows the charge distribution of PC. It shows that PC have one positive and negative

polar end.

Negative polar end

'+0.8808€

'-0.80786

Positive polar end
Propylene carbonate

Figure S17: Charge distribution of (a) PC solvent molecules.

Figure S18 shows the snapshots of lithium ion solvation structure with PC molecules near the two electrodes at low
and high surface charge density. It shows that the solvation structure had a tilted-tetrahedral planner orientation near
positive and negative electrodes for pure solvent at low surface charge density. This could be attributed to the Van der
Waals interaction and the absence of strong electrostatic interaction. The strong negative polar end of PC molecules in
solvation structure were anchored to the positive electrode resulting in a strict tetrahedral planner orientation for high
surface charge density near positive electrode. The tendency of PC molecules to vertically stand on it’s positive polar
end shifts the orientation from tilted-tetrahedral planner orientation to tetrahedral edge orientation for high surface
charge density near negative electrode. The persistence of this orientation could be attributed to the equal electrostatic
attractive interaction between the polar positive end of the two PC molecules farther away from the the negative

electrode which balanced the solvation structure on the two standing PC molecules.
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LiPF in PC
No or low surface charge High surface charge density
density

Positive :
electrode :

Tilted-tetrahedral planne.r. h
orientation

Negative
electrode :

' Tilted-tetrahedral p-»i;mner -
orientation

Figure S18: Snapshots of lithium ion solvation structure orientations with PC solvent molecules near the two electrodes at low and
high surface charge density. Note that the red arrows shows the electrostatic attractive interaction of polar end of solvent molecules
with the electrode.
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