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Highlights

e (Casting temperature affects the morphology of the PAN SPEs but does not strongly influence the

ionic conductivity.

Varying the drying temperature from room temperature to 120 °C causes 5 orders of magnitude

decrease in the ionic conductivity .
e Li stability of PAN SPEs dramatically improves as the residual DMF content decreases.
e Oxidative stability of PAN SPEs is strongly affected by residual DMF content.

e Coordination structure and Li* conduction mechanism are determined by DMF content.
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Abstract

Polyacrylonitrile (PAN) is one of the alternative candidate polymer hosts to form solid polymer electrolytes
(SPEs) besides the widely used poly(ethylene oxide). In this study, we systematically investigate the
processing of PAN based SPEs containing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, using
dimethylformamide (DMF) as the solvent. The effects of PAN processing procedure including solution
mixing, casting, and drying on the morphology, ion transport, solvation structure, Li and oxidative stability
of PAN electrolytes are thoroughly examined. In particular, four drying conditions are investigated and the
amount of residual DMF is accurately determined using infrared (IR) spectroscopy. Varying the drying
conditions can lead to five orders of magnitude decrease in the ionic conductivity. As DMF content
decreases, the SPE’s stability again Li metal dramatically improves. The practical oxidative stability is also
strongly affected by the residual DMF content, ranging from 2.5 V to 3.5 V, much lower than reported
values. Finally, the role of the residual DMF solvent is elucidated. DMF content vitally influences ion

solvation structure at different concentration regimes, which ultimately dictates the ion conduction



mechanism and oxidative stability of PAN based SPEs. This thorough study lays the groundwork for future
development of PAN based electrolytes.

Keywords: polymer electrolyte, polyacrylonitrile, Li stability, electrochemical stability window, ion

transport

1. Introduction

Solid polymer electrolytes (SPEs) are a promising class of solid-state electrolytes that may enable
higher energy density batteries, particularly, the Li anode design[1]-[7]. Polyacrylonitrile (PAN) is one of
the alternative candidate polymer hosts to form solid polymer electrolytes (SPEs) besides the widely used
poly(ethylene oxide)[8]. The nitrile group makes PAN an excellent Lewis base to coordinate and solvate
Li* ions. To prepare PAN based SPEs, high dielectric constants solvent such as dimethyl formamide (DMF)
are needed to dissolve PAN, followed by a drying step to remove the residual solvent. However, due to the
high boiling point of these solvents and their strong coordination with Li* ion, it is difficult to completely
remove these solvent molecules. This leads to the question how the residual solvent influences ion solvation
structure, ion transport mechanisms, ionic conductivity, and other electrochemical properties in in PAN

based SPEs.

A discrepancy in the ionic conductivity of PAN based SPEs can be seen in the past literature reports.
In Table 1 we summarize previously reported PAN based SPEs’ conductivity. These reports all used
solution casting method to prepare PAN based SPEs with DMF as the solvent. In both the low salt
concentration and the high salt concentration regimes, an over 3 orders of magnitude of discrepancy in the
ionic conductivity has been reported. The drying conditions and residual DMF content are seldom reported

in these reports. because it is difficult to quantify the exact amount of DMF in PAN SPEs.

PAN based SPEs are known for their high oxidation stability up to 5.5 V[9], [10]. However, most

published electrochemical stability window (ESW) measurements for PAN based electrolytes focus on gel



electrolytes[10]-[14]. The measured ESW values can vary dramatically depending on factors including the
type of working electrodes used, temperature, and the measuring method [15]. Stability against Li metal is
another important requirement for SPEs. Although PAN based electrolytes are typically considered unstable
against Li, contradictory findings on Li stability have been reported. In a recent publication, PAN fiber
array was electrospun onto Cu current collector to guide a uniform lithium deposition for a stable Li metal

anode [16].

Given the aforementioned knowledge gaps, we systematically investigated the processing of PAN
based electrolytes in this work. We focus on P(AN)s-LiTFSI SPE using DMF as the processing solvent.
The condition of each processing step including solution mixing, casting, and drying is thoroughly
examined. The effects of processing conditions on the morphology and ion transport properties of PAN
based SPEs were evaluated. We indentified that the casting temperature affects the morphology of the PAN
SPEs but does not strongly influence the ionic conductivity. We report that the amount of residual solvent
can be accurately determined by IR spectroscopy. Varying the drying temperature from room temperature
to 120 °C causes 5 orders of magnitude decrease in the ionic conductivity. The stability of PAN SPEs
against Li metal and ESW is evaluated as a function of the amount of residual DMF at 70 °C. Furthermore,
the ion solvation structure, ion transport mechanism with regard to different processing conditions is
elucidated by in-depth IR analyses. We report that the residual DMF content plays a critical role in the ion
transport, stability against Li metal, and oxidative stability of PAN based SPEs. To our knowledge, such
relationships have never been systematically examined. Through this work, we want to draw attention to
the importance of quantifying residual solvent when processing polymer electrolytes such as PAN and

polyvinylidene fluoride (PVDF), as it vitally influences transport and electrochemical properties.

Table 1 Conductivity summary of PAN based SPEs from literatures®

PAN : salt molar Reported Drying conditions DMF Ref.

ratio conductivity (S/cm) residue




PAN : LiCIOs = 3.16 x 10*at 35°C | Not Reported (NR) <4.5wt% | [17]
6.67:1 3.16 x 107 at 35°C
PAN : LiClOs=5: 1
PAN: LiClIOs=4:1 | 1 x10®at 30 °C “Dried in a vacuum oven | <10 wt% | [18]
at a proper temperature
for at least 24 ours”
PAN: LiClOs=4:1 | 1 x 107 at 20 °C Vacuum overnight. NR [19]
~5x107at 30 °C Temperature not specified
PAN : LiClOs~=4:1 | 4.06 x 107 at 20 °C | Dried under vacuum over | NR [20]
night at 50 °C
PAN : LiClO4= 4 --5x 107 at 30 °C | Dried under vacuum at NR [21]
1.67 : 1 80 °C for at least 24 hours
PAN : LiTFSI=8: | 2.54 x 10*at20 °C | The clear mixtures were NR [22]
1 cast on petri dishes and
stored in the desiccator
for at least 2 days until
dry films were obtained.
PAN : LiTFSI=1: | 10°at20 °C Dried at 110 °C NR [23]
1
PAN : LiTFSI=1: |8 x 107 at 30 °C Dried under vacuum. NR [24]
1 Temperature not specified
LiCF;S0; 10 to 10 atroom | Dried under vacuum for | NR [25]

concentration in
PAN DMF solution
from 10wt to

TOwt%

temperature

48 hrs. Temperature not

specified.




2.0 x 10 (30 °C) Air dry at 40 °C for 1 hr, Current study

' 23.4+0.7
under static vacuum at
mol %
23 °C for 14 hrs (Dry-A)
4.1 x 10 (30 °C) Air dry at 40 °C for 1 hr
and 80 °C for 0.2 hrs, 11+£2.5
static vacuum dry at mol %

23 °C for 14 hrs (Dry-B)

PAN : LiTFSI=6:

9.6 x 10 (30 °C) Air dry at 40 °C for 1 hr
1 54+0.5
and 80 °C for 2 hrs,

mol %
dynamic vacuum dry at
80 °C for 14 hrs (Dry-C)
1.2 x 1019 (30 °C) Air dry at 40 °C for 1 hr
0.5+0.2
and 80 °C for 2 hrs,
mol %

dynamic vacuum dry at

120 °C for 65 hrs (Dry-D)

(a) Note all of the cited reports used solution casting method to make PAN based electrolyte films and

used DMF as the solvent.

2. Methods

Materials and preparation of PAN-based SPEs

LiTFSI, LiClOs, PAN, and DMF were purchased from Sigma-Aldrich. LiTFSI and LiClO4 were dried in a
vacuum furnace at 120 °C inside an argon filled glovebox before use. For P(AN)s-LiTFSI, the solution was
prepared by mixing LiTFSI, PAN in DMF at 120 °C using a stir bar on a hot plate, resulting in a 10 wt%
solution (weight of PAN/(weight of PAN+ weight of DMF)) and a polymer to salt molar ratio of [CN] :
[Li*] =6 : 1. For P(AN)4-LiClOs, the dissolution temperature was 90 °C and the polymer to salt molar ratio
was [CN] : [Li"] = 4 : 1. SPE films were cast on a copper foil using a doctor blade. Dried films had a

thickness of around 70 um. The samples were first air dried followed by further drying under vacuum (-



650 mmHg) at specific temperatures and time to control the amount of DMF residue. Details of sample

drying will be discussed in the subsequent sections.

Infrared spectroscopy

A Bruker INVENIO R spectrometer was used for IR measurement. IR samples were prepared in an argon
filled glovebox, sealed between the ATR crystal and an airtight clamp with pressure applied. All
measurements were conducted using a diamond crystal ATR accessory. Spectra were collected at a 2 cm™!
resolution with 128 scans. Baseline correction, normalization, peak integration, and peak deconvolution
were carried out in the software OriginPro. No ATR correction was performed for all the spectra. For

peaking fitting, the Pseudo-Voigt function was used to model peak shape.

Electrochemical measurement

Eelectrochemical impedance spectroscopy (EIS), EIS was performed using a BioLogic potentiostat
scanning from 100 mHz to 7 MHz. Two stainless steel rods were used as the blocking electrodes (note one
side had copper as the substrate). The SPE film was sandwiched between the stainless steel rods and the
cell was sealed with two layers of heat-shrink tubing. Temperature dependent EIS was measured in the
temperature range from 20 °C to 100 °C with a 10 °C interval. The samples were equilibrated at each
temperature for one hour before each measurement. Four cycles of temperature dependent EIS
measurement were carried out (heat-cool-heat-cool). The first heating was for forming good contact and

eliminating thermal history. Data from the last three cycles were used for conductivity calculation.

Electrochemical stability window (ESW): ESWs of PAN based SPEs were determined at 70 °C by
potentiostatic holds method using a Biologic potentiostat [26]. A cell was assembled using a polished Mo
(Molybdenum) foil as working electrode and Li foil as both the reference and counter electrode. Three
stainless steel spacers were used to guarantee a good contact between SPE and electrodes. For all samples,
a two-hour resting time at 70 °C was given before measurement to enable good contact between SPE and

electrode interface. EIS was immediately measured at OCV (open circuit voltage) to check the capacitance



of the SPE/Mo interface. For ESW measurement, two cells were used for the anodic and cathodic scans,
respectively. Potentials were changed stepwise from OCV to 5 V (anodic scan) and from OCV to 0 V
(cathodic scan) by a 0.1 V each step. At each step, voltage was held for a certain holding time depending
on the current decay rate at each potential for each sample. The 6 min current value at each potential step

was used for the current-potential plot.

Measurement of SPE stability against Li metal: the stability measurement was performed at 70 °C using
a Li/Li symmetric cell. Time dependent EIS was monitored. The overall cell resistance extracted from

Nyquist plot was used to create resistance-time plot.

Measurement of Li" Transference number (¢+): Transference number measurements were taken using
the Bruce and Vincent method with a Biologic VSP-300[27]. Li symmetric cells were equilibrated at 70 °C
for 2 hours. After equilibration, the impedance was measured at open circuit voltage. Then
chronoamperometric measurement was carried out at an applied potential (AV) of 10 mV for 2 hours. At
the end of 2 hours’ polarization time, the impedance was measured with the applied 10 mV potential. The
chronoamperometry and the impedance measurements were repeated every 2 hours for a total of 10 hours.
Transference number (¢+) was then calculated using Equation 1. The initial current (/,) is calculated using
Ohm’s law AV = I,. Ry, where AV =10 mV is the applied bias, and Ro, is the total cell resistance obtained
from the impedance spectrum prior to applying DC bias. Before each impedance measurement, the
corresponding current (/;) is read from the chronoamperometry. The initial interfacial resistance, R, was
obtained by subtracting the electrolyte resistance from the total cell resistance, where the electrolyte
resistance was calculated from the ionic conductivity and the geometry of the film. The interfacial resistance
at time ¢, R, was obtained by subtracting the electrolyte resistance from the total cell resistance from the

impedance spectra collected at time t with the applied bias (10 mV).

_ I (AV—IORO)
ty = Io \AV—I,R, (1



Activation energy

The activation energy (E,) was extracted from the temperature dependent conductivity data by fitting the

Vogel-Tammann—Fulcher (VTF) equation,

o =Aexp (_k(TE——aTO)) 2)

where o (S/cm) is conductivity, A (S/cm) is the VTF prefactor, E, (J) is activation energy, k is the
Boltzmann constant, which is 1.38 x 102 J/K, T (K) is temperature, and T, (K) is the Vogel temperature.

Here, we adopted a similar VTF fitting protocol as Fit Routine 2 in the study of Diederichsen et al. [28].
Specifically, T, was first found by maximizing the linearity of the plot of log,y 0 vs ;2—0;: using the
LinearRegression module from the scikit-learn package in Python. Integer between 0 and 299 was tested
for T, and the corresponding R? (the coefficient of determination) for each fit was calculated. The T, value
with the highest R* was adopted as the actual T to extract A and E,. Fitted parameters for all the

conductivity data in this report are listed in Table S2. 4 and E,, fitted from Arrhenius equation was also

provided in Table S2 for comparison.
Scanning electron microscopy

A Hitachi TM3030Plus tabletop scanning electron microscopy was used with a 15 kV acceleration voltage.

3. Results
3.1 The effects of solution mixing and casting on the morphology and conductivity of PAN SPEs.

Since the strong interactions between LiTFSI and DMF may cause PAN to crash out of the
solution[29], higher temperatures are needed to make a homogeneous PAN-LiTFSI-DMF solution. Our
experimental results indicate that for a molar ratio of [CN] : [Li*] = 6 : 1 (denoted as P(AN)s-LiTFSI), and

a PAN concentration of 10 wt%, 120 °C was necessary to make a homogeneous solution of PAN and



LiTFSI. The PAN-LiTFSI-DMF solution demonstrates aging and gelation behavior (Fig. S1). As salt
concentration increases, gelation time significantly shortens to overnight for P(AN)4-LiTFSI. It is worth
mentioning that in a comparison study using LiClOj as the salt, we found that LiClOy4 is less likely to crash
PAN out of the solution and aging is much slower (for example, in Fig S1(b), P(AN)4-LiClO4-DMF mixture
doesn’t gel overnight whereas P(AN)4-LiTESI-DMF gels). In this work we chose P(AN)e-LiTFSI for
further investigation due to its homogenous mixing in DMF and slow gelation behavior. We did not choose

LiClOy as the salt due to safety concerns[30], [31].

After the PAN-LiTFSI-DMF formed a homogeneous solution, it was cooled down to room
temperature and immediately cast onto a piece of copper foil placed on a heated aluminum plate, using a
doctor blade. Asshown in Fig. 1, the casting temperature (the set point temperature of the heated aluminum
plate) dramatically affects the films’ optical transparency and morphology. Hu et al. reported PAN-LiClO4
films prepared by solution casting appears to be transparent [32]. In other literatures we searched, the film

morphology was not reported.

Three casting temperatures were investigated, 120 °C, 80 °C and 40 °C. At a casting temperature of
120 °C, P(AN)s-LiTFSI showed a wavy texture with poor uniformity (Fig. 1a). Both opaque and transparent
areas can be seen. Large oval shaped domains of the size of 1-2 mm were observed from the SEM image.
Gaps and pinholes were present between these oval domains. The film cast at 80 °C also exhibited a wavy
surface texture but much more uniform than the film cast at 120 °C (Fig. 1b). Similar sized domains were
observed on this film, except that there were no gaps or pinholes between the domains. We hypothesize
that the phase-separation like morphology associated with high casting temperatures is likely due to the
precipitation of PAN caused by a more rapid removal of solvent at high temperatures. Casting at 40 °C, the
film showed a flat surface but a translucent milky color (Fig. 1¢). Casting at 40 °C followed by drying on
the substrate at 80 °C for 2 hours, the film became transparent with a smooth surface (Fig. 1d). No oval

shaped domains were observed on films cast at 40 °C. For all the casting conditions, the morphology at sub
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100 um scale level appeared to be very similar. The surface of the films has a porous morphology. It is

worth mentioning that P(AN)s-LiTFSI films are noticeably more brittle than neat PAN films.

Figure 1 Morphologies of P(AN)s-LiTFSI SPEs prepared by different casting conditions. a) cast at 120 °C. b) cast at 80 °C. c)
cast at 40 °C. d) cast at 40 °C followed by further drying at 80 °C in air. All the samples were then vacuum dried at 80 °C for 14

hours.

The ionic conductivity of P(AN)e-LiTFSI films cast at different temperatures is shown in Fig.2. The
conductivity at 20 °C is 2.7 x 10" S/cm (cast at 40 °C), 4.5 x 10 S/cm (cast at 80 °C), and 6.4 x 10 S/cm
(cast at 120 °C), respectively. Note the 40 °C sample in Fig.2 corresponds to the film in Fig.1d. The £, of
these samples was obtained by fitting the conductivity using VTF equation, following the protocol reported

by Diederichsen et al. [28]. The E, for cast at 120 °C is 0.27 ev, which is higher than that cast at 80 °C

11



(0.17 ev) and 40 °C (0.16 ev). All the E, values are listed in Table S2. Overall, though varying casting
conditions result in different film morphology, the resulting conductivity change is minimal, given the same

drying conditions.

o) —O—cast at 40 °C
o —O—cast at 80 °C
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Figure 2 Conductivity as a function of 1000/T for P(AN)e-LiTFSI SPEs prepared by different casting conditions. All the samples

were dried at 80 °C under vacuum for 14 hours. Three films have the same DMF content (4.8 mol%,).

3.2 The effects of drying conditions on residual DMF content and ion transport properties.

Four drying conditions, from Dry-A to Dry-D, were investigated on P(AN)s-LiTFSI SPEs. The
details of different drying conditions are described in Table 1. The same casting temperature, 40 °C, was
used for the drying experiments. DMF’s boiling point is 153 °C at 760 mmHg, and its vapor pressure at
20 °Cis 2.6 mmHg [33]. As a reference, water’s vapor pressure at 20 °C is 17.5 mmHg [34]. The presence
of Li* is expected to further elevate DMF boiling point due to DMF/Li" interaction [35]. Therefore, DMF
is difficult to completely remove from a polymer electrolyte. Herein we use IR to accurately determine the

DMTF content in each film.

Fig. 3a shows IR spectra of P(AN)s-LiTFSI SPEs with drying conditions Dry-A to D. The signature
peak of PAN is from the CN stretching region (2200 cm™ and 2300 cm™). The signature peak for DMF is

located near 1660 cm™, which is the -C=0 stretching region. Note that LiTFSI does not have signature
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peaks in these two regions. The molecular structure of PAN, DMF and LiTFSI is shown in the inset of Fig.

3a. Based on the Beer-Lambert law [36],
Acy =aey -l - cen (3)
Aco = aco L cco 4)

Where Ay is integrated peak intensity for the CN signature peak; @y is the absorption coefficient of CN
species (cm?/mol), [ is the penetration depth (cm), and ccy is the molar concentration of CN species
(mol/cm?®). Similarly, A, @co, and c¢, are the integrated peak intensity, the absorption coefficient and the
molar concentration of CO species, respectively. The concentration ratio of CO to CN can be obtained by
Equation 5. Since PAN and DMF coexist in the same film, the molar concentration ratio of CO to CN is
equal to the molar ratio of DMF to CN groups. Equation 5 can be rewritten as Equation 6, where npyr and
ney are the number of DMF molecules and CN groups in the SPE film, respectively, and & is a constant

which is equal to acy/aco-

Cco _ Aco @cn (5)
cen  Acn co

Nomr _ k .Aﬂ (6)

Nen Acn

The residual DMF content can thus be calculated from Equation 5, by measuring the ratio of the integrated
peak intensity of CO and CN. The constant £ = 0.012, determined by making standard solutions of PAN in

DMF with known concentrations. The calculation of & is shown in Fig. S2.

In Fig.3a the CN peak intensity at 2242 cm™ was normalized to 1 in all the spectra. As the drying
condition gets more rigorous from Dry-A to Dry-D, it is evident that Aco decreased, indicating a decrease

in the residual DMF in the SPE films. The DMF residue was expressed in two terms, the molar fraction of

n . . .
DMF, DHE , shown in Table 1 and Fig. 3b; and molar ratio of DMF, npyr: nyirrsi: Nen, Shown
NpMFHNLITFSITNCN

in Table S1. Based on the pressure-temperature nomograph [37], the boiling point for DMF at a vacuum

13



level of -650 mmHg is estimated to be 89 °C. Drying overnight at 80 °C left 4.8 mol% residual DMF in
the film (Dry-C). Drying below 80 °C or for shorter time period significantly increases the residual DMF
content (Dry-A and Dry-B). Drying Increasing the drying temperature to 120 °C for as long as 65 hours
resulted in 0.5 mol% DMF (Dry-D). In the literature reports cited in Table 1, the drying temperature is
between 50 °C to 110 °C, or unspecified. Our drying conditions cover the range of most commonly used
processing conditions to dry PAN SPEs. Since polar solvents may cause PAN to degrade at a relatively low

temperature [38], we did not attempt to process PAN films higher than 120 °C, to avoid degradation.

— Dry-A b) 25
— Dry-B @ I
Dry-C e
—_
5 )l/\rl'” Dry-D S 20
s i B
©
é\ = 15
Z . ! 5 [
o FFUFF H N -
. M X o 10
£ [ T o | 1]/ £ I
gy L
j L = 5 T
| e s L~ 0
0 =
1600 1700 1800 1900 2000 2100 2200 2300 Dry-A Dry-B Dry-C Dry-D
Wavenumber {cm™) Drying conditions
c) d) o
T
4 o—0
o oo § o o
£ (=N ““-O~__0__h ? 9
S 10° O s @ i O 10°
a \© o
— a \O ?\ o 7
& e o ®
g 107 o ~o z21
° \ \ =
c @, Q@ B 10°
Q 10| [FO-Zamors oF \ =
O = 11mol% DMF © g _wl g
| C3—4.8mol% DMF \ 510
104_; -y 0.5mol% DMF| Y 0
11
26 27 28 29 30 31 32 33 34 35 10 0 5 10 15 20 25
1000/T (K™) DMF content {mol%)

Figure 3 (a) C=0 and CN regions of IR spectra for P(AN)s-LiTFSI SPEs as a function of drying conditions. Spectra were
normalized to the uncoordinated CN peak. (b) the amount of DMF residue as a function of drying conditions. (c) Conductivity as
a function of 1000/T for P(AN)s-LiTFSI SPEs with drying conditions A-D. (d). Conductivity at 30 °C as a function of residual
DMF molar percentage. Note the conductivity value at 30 °C for the 0.5 mol% DMF sample is extrapolated from VTF fitting.

The ionic conductivity of P(AN)s-LiTFSI SPEs using Dry-A to D conditions was measured and

plotted as a function of inverse temperature in Fig. 3c. The Nyquist plot for each sample at different
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temperatures are shown in Fig. S5. As can be seen, more than 5 orders of magnitude difference in
conductivity near room temperature is obtained, depending on the residual DMF content. The E, (VTF fit)
for Dry-A and Dry-B are 0.03 eV and 0.02 eV. There is a noticeable increase in the £, for Dry-C (0.16 ev),
and Dry-D (0.19 eV) as DMF content decreases. These results clearly illustrate that the drying conditions
and residual DMF content critically influence the conductivity in the final SPEs. Notably, there is a 3 orders
of magnitude difference in conductivity at 30 °C between drying condition Dry-C (9.6 x 10" S/cm, vacuum
80 °C for 14 hrs) and Dry-D (1.2 x 10'° S/cm, vacuum 120 °C for 65 hrs), as shown in Fig. 4b. According
to literature, both these conditions can be referred to as “thoroughly dried”. However, the last few mole

percent of residual DMF plays a critical role in the transport mechanism of PAN SPEs.

The Li" transference number (z+) of P(AN)6-LiTFSI using drying conditions Dry-A to Dry-C was
measured using the Bruce-Vincent method by constructing Li symmetric cells[27]. Dry-D film was too
resistive to be measured using this method. The results are shown in Fig. S3. Due to the continuous reaction
between P(AN)e-LiTFSI and Li, a steady state current could not be reached during the chronoamperometry
measurement. As a result, a steady-state ¢+ could not be obtained. Furthermore, due to the large interfacial
resistance between P(AN)s-LiTFSI and Li, ¢ values obtained using this method is low. Dry-A, ¢: ranges
from 0.002 to 0.006; Dry-B, t: ranges from 0.02 to 0.07; Dry-D, ¢+ ranges from 0.06 to 0.09. The values

were obtained between 2 to 10 hours of equilibration time with the applied bias.

3.3 The effects of residual DMF content on Li and oxidative stability.

The stability of P(AN)s-LiTFSI SPEs against Li metal was assessed by measuring the Li symmetric
cell resistance as a function of time at 70 °C. Figs. 4a-d show the Nyquist plots at different times for different
drying conditions. The total cell resistance is determined by the value of the Nyquist plot’s low frequency
touchdown on the Re(Z) axis. Figs. 4e-f show normalized cell resistance R/Ry as a function of time, where

R is the cell resistance at time ¢ and Ry is the initial cell resistance after equilibrating at 70 °C for 2 hours.

15



We see for Dry-A and Dry-B the cell resistance increased rapidly over just 25 hours of time whereas for
Dry-C and Dry-D, the resistance initially decreased then increased much more slowly. The initial decrease
in cell resistance was due to the formation of better contact with Li electrodes. After 25 hours, the resistance
of Dry-A and Dry-B increased by 51 times and 50 times, respectively, whereas after 250 hours the resistance
of Dry-C and Dry-D increased by 7.5 times and 3.4 times, respectively. This result shows that residual
DMEF plays an important role in the Li stability of PAN based SPEs. By reducing the DMF content of PAN

SPE films, improved Li stability can be achieved.
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Figure 4 (a — d), Nyquist plot showing Li symmetric cell resistance as a function of time for P(AN)s-LiTFSI SPEs with different

drying conditions corresponding to Dry-A to Dry-D. The impedance measurements were done at 70 °C. (e), Normalized cell
resistance as a function of time at 70 °C with different drying conditions; (f) enlarged area of (e) before 50 hours.
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Figure 5 The potentiostat hold method to determine the electrochemical stability window of P(AN)s-LiTFSI. (a), (c), (e) Current
density vs time (left vertical axis) and potential vs time (vight vertical axis) for different drying conditions Dry-A, Dry-B, and
Dry-C. The hold time at each voltage step was 6 min. (b) (d) (f) Current density at 6 min vs potential time for different drying
conditions Dry-A, Dry-B, and Dry-C.

The oxidative stability of P(AN)s-LiTFSI was measured in a Li//Mo cell at 70 °C using a
potentiostat hold method, which is considered to provide more accurate and practical ESW results [15],
[26]. Different than the conventional cyclic voltammetry measurements, the potentiostat hold technique
allows the sample to stay at each potential step for a period of time to equilibrate before jumping to the next

potential. Fig. 5 shows potentiostat hold results for the three different samples, Dry-A, Dry-B, and Dry-C.
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We didn’t examine the Dry-D sample since its conductivity is extremely low. The samples were allowed
to hold for 6 min under each voltage step. It’s worth mentioning that changing the hold time from 6 min to
1 hour did not change the results. For Dry-A condition, the onset of first oxidative event occurred at as low
as 2.8 V. A second oxidative event occurred at 3.5 V. The oxidative event at 2.8 V corresponds to the
reaction of free DMF molecules[35]. The oxidative event at 3.5 V corresponds to the oxidation of bound
DMEF. (add ref) For Dry-B condition, the same oxidation event at 3.5 V was observed. For Dry-C condition,
the first oxidative event occurred at 3.5 V, similar to Dry-B; then another oxidative event at 4.5 V was
observed, which corresponds to the oxidation of PAN. (Add ref) On the reductive side, the results are

inconclusive using the Li||Mo cell design because of the continuous reaction on the Li electrode (Fig. 4).
3.4 The effects of residual DMF content on Li* solvation structure.

The Li" solvation structure in P(AN)s-LiTFSI can be elucidated by examining three corresponding
spectral regions in IR: 1) C=O stretching between 1600 and 1750 ¢cm™'. This region reveals Li* solvation
from DMF’s oxygen. 2) CHs rocking between 1020 and 1120 cm™.. This region reveals Li* solvation from
DMF’s nitrogen [39]. 3) CN stretching between 2220 and 2290 cm’'. This region reveals Li* solvation from

PAN.

In order to elucidate the solvation structure as a function of residual DMF content, we first
investigated the interaction between PAN and DMF without any salt, in the aforementioned three signature
IR spectral regions, shown in Figs. 6a-c. In the carbonyl region (Fig. 6a), the C=0 peak is located at 1660
cm™ for both neat DMF and 10 wt% PAN-DMF solution. In the PAN film dried with Dry-C condition
(without salt), the C=0 peak shifts to a higher wavenumber of 1667 cm™. Such a blue shift suggests the
C=0 bond is shortened when DMF concentration decreases. In DMF self-association, weak H-bonding
exists between C-H and C=0 [40], whereas in PAN-DMF mixture, an antiparallel alignment of C=0 and

CN through dipole-dipole interaction exists [38].
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In the CHj3 rocking region (Fig. 6b), both neat DMF and 10 wt% PAN-DMF solution have a peak at
1089 cm’!. This peak was assigned to the CH; rocking mode from DMF [39]. This peak slightly shifted to
1093 cm™ in PAN film dried by Dry-C. In the CN stretching region (Fig. 6¢), all samples (without salt)
show the same peak at 2242 ¢cm, indicating no vibrational frequency shift for the CN group when DMF
content decreases. These results indicate that DMF’s structure only slightly changed in a PAN matrix,
conversely PAN’s structure was not significantly affected by the presence of residual DMF. This result is
consistent with the result by Wu et al., wherein they show the binding energy of DMF-DMF pair is similar

as DMF-PAN pair [38].
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Figure 6 Using IR to elucidate the Li* solvation structure in P(AN)s-LiTFSI. (a-c), IR spectra of binary mixtures of PAN and
DMF without any salt. a) carbonyl region of DMF, PAN-DMF 10 wt% PAN mixture, and PAN film dried by Dry-C. b) the CH;
rocking region of DMF, PAN-DMF 10 wt% PAN mixture, PAN film dried by Dry-C, and PAN powder. c) PAN film dried by Dry-
A, PAN film dried by Dry-C, and PAN powder. (d-f), IR spectra of P(AN)s-LiTFSI-DMF three-component system. a) carbonyl
region, b) CH; rocking region, and c) CN region for PAN powder, DMF, Dry-A, Dry-B, Dry-C, and Dry-D of P(AN)s-LiTFSI
SPEs.
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Now we examine the P(AN)s-LiTFSI-DMF three-component system (Figs. 6d-f). A summary of IR
peaks evolution as a function of residual DMF content is included in Table S3. With Dry-A condition and
23 mol% residual DMF, the C=O0 stretching band remained the same to that of neat DMF and the CN
stretching band remained the same to that of neat PAN. On the other hand, the CH3 rocking band shifted
from neat DMF’s 1089 cm™ to 1103 cm™. The shift is due to the coordination between Li* and N(CH3), in
DMF [39]. Therefore, with relatively high DMF content, most of the Li" is coordinated with the amide

nitrogen in DMF. PAN does not participate in ion transport.

With Dry-B condition and 11 mol% DMF, the C=O stretching band became asymmetric. Peak
deconvolution (Fig.S4) reveals two components, located at 1655 cm™ and 1668 cm™, respectively. The split
of the C=0 stretching band indicates two different local surroundings for DMF’s carbonyl group. The 1655
cm’!, which is a substantial red shift from neat DMF’s 1661 c¢cm, is originated from the coordination
between -C=0 and Li*. The 1668 cm™ is from non-coordinated DMF. The blueshift is similar to PAN-DMF
without salt, discussed earlier. The CH3 rocking mode shifts towards a higher vibrational frequency of 1107
cm’!. In the CN stretching region, a very weak peak at 2272 cm! can be observed. This peak is the signature
peak of CN coordinating with Li" [41]. The low intensity suggests only a small number of CN groups
coordinated with Li* at this DMF content. These results reveal that with medium DMF content, all three
mechanisms for ion transport coexist, i.e., Li* coordination with DMF through N(CHj3),, Li* coordination

with DMF through C=0, and Li* coordination with CN of PAN.

With Dry-C condition and 4.8 mol% DMF, C=0 stretching is still a convolution of two peaks (Fig
S4), representing Li* coordinated DMF and non-coordinated DMF. The coordinated DMF peak is located
at 1655 cm™'. The non-coordinated DMF shifts to a higher frequency of 1673 cm™'. A very weak CHs rocking
band of DMF was observed at 1108 cm™'. In the CN stretching region, the 2272 cm™! peak in the CN region
becomes much stronger. In this relatively low DMF content regime, all three mechanisms for ion transport
coexist. Compared to Dry-B condition, more PAN chains contribute to the coordination with Li* and hence

ion transport.
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With Dry-D condition and 0.5 mol% DMF, the C=0 stretching region is a convolution of two peaks.

The lower frequency peak shifts to 1646 cm™ whereas the higher frequency component shifts to 1677 cm

!, The CH3 rocking peak could not be observed due to an extremely low concentration of DMF. In the CN

stretching region, the peak intensity of 2272 ¢cm™! further increased, indicating with more DMF removed,

more CN groups coordinated with Li".

4. Discussion

To this end, a holistic picture of the Li" solvation structure, ion transport mechanism, Li and

oxidative stability of P(AN)s-LiTFSI as a function of residual DMF content has emerged. Three regimes

can be identified, shown in Fig. 7. In high DMF content regime (>23 mol%), Li" is solvated by DMF mainly

through the N-(CHs3), group. PAN is only serving as a host for DMF and does not participate in ion

conduction. This is consistent with the observed high room temperature conductivity and a low E,. In this

regime, P(AN)s-LiTFSI exhibits very low oxidative stability (2.8 V). This is consistent with the low

oxidative stability of free uncoordinated DMF[35]. Due to the presence of free DMF, very poor Li stability

1s also observed.

Ion solvation 1

Ion solvation I1

Ton solvation IIT

High DMF content (~ 23 mol% ) Medium DMF content (~10.8
e Li*transports solely through mol% )

DMF * Li*transports mainly through
* Oxidative stability limited by DMF

“free” DMF (2.8 V) * Oxidative stability limited by

¢ Very poor Li stability

bound DMF (3.5 V)
Poor Li stability
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Figure 7 The effect of DMF content on solvation structure, ion transport mechanism, Li and oxidative stability is elucidated.
schematic illustration for the first solvation shell of Li* in different DMF content regimes. The solvation number was arbitrarily
drawn only for illustration. Anions were not included.

In the medium DMF content regime ((5 to 11 mol%), Li* transports through the coordination with
DMEF’s N-(CH3), as well as -C=0. A small amount of CN in PAN also contributes to the solvation of Li".
The oxidative stability of the SPE is 3.5 V, consistent with that of LiTFSI. (add ref). Poor Li stability is
again observed. In the low DMF content regime (< 4.8 mol%), the solvation shell of Li* becomes PAN rich.
PAN dominates Li* transport. Since the predominant ion transport relies on the chain segmental mobility
of PAN, low conductivity and a high activation energy are observed. In this regime the oxidative stability

is also limited by LiTFSI.

Overall, it is evident that ion transport in PAN electrolyte is always aided by DMF, even in the lowest
DMF content (0.5 mol%). The Li stability increases with decreasing DMF content. Although PAN as a
polymer host indeed has high oxidative stability, the oxidative stability of PAN electrolytes are subject to
the choice of Li salt as well as DMF content. These findings lay the groundwork for developing PAN

electrolyte based solid-state batteries.

5. Conclusions

In this work we systematically investigated the processing of P(AN)s-LiTFSI electrolyte using DMF
as the processing solvent. We found the casting temperatures (40 °C, 80 °C, and 120 °C) result in different
SPE morphology, but the ionic conductivity of the resulting films was not strongly affected, given the same
drying conditions. In contrast, varying the vacuum drying temperature from room temperature to 120 °C
causes a dramatic change in the conductivity, Li stability, and oxidative stability. FTIR can be used to
quantify residual DMF content in PAN based SPEs. The molar concentration varies from 23 mol% (drying

at room temperature) to 0.5 mol% (drying at 120 °C).

In the high DMF content regime, Li" is exclusively coordinated by DMF, mainly from the amide
nitrogen. PAN does not contribute to ion conduction. In the medium DMF content regime, Li" is

coordinated by both DMF and PAN. In the low DMF content regime, the majority of Li" coordination is
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with PAN. Ionic conductivity decreases by more than 5 orders of magnitude from 23 mol% to 0.5 mol%
DMEF. As DMF content decreases, the stability of SPE against Li metal is improved. The oxidative stability
increases from 2.8 V to 3.5 V, with decreasing DMF content. Across all concentration regimes, DMF plays
an important role in ion solvation, conduction, and electrochemical stability window. Thus, it is very critical
to quantify the residual DMF (or other high boiling point solvents) for PAN based SPEs for further

development.
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