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Critical limiting factors in next generation electrode materials for rechargeable batteries include short
lifetimes, poor reaction reversibility, and safety concerns. Many of these challenges are caused by
detrimental interactions at the interfaces between electrode materials and the electrolyte. Thermally
annealed polyacrylonitrile has recently shown empirical success in mitigating such detrimental
interactions when used in conjunction with alloy anode materials, though the mechanisms by which it
does so are not well understood. This is a common problem in the battery community: an additive or
a coating improves certain battery characteristics, but without a deeper understanding of how or why,
design rules to further motivate the design of new chemistries can't be developed. Herein, we
systematically investigate the effect of heating parameters on the properties of annealed polyacrylonitrile
to identify the structural basis for such beneficial properties. We find that sufficiently long annealing
times and control over temperature result in the formation of conjugated imine domains. When
sufficiently large, the conjugated domains can be electrochemically reduced in a Li-ion half-cell battery,
effectively n-doping the polymeric matrix and allowing it to become a mixed-conductor, with the ability
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Accepted 10th November 2021 to conduct both the Li-ions and electrons needed for reversible lithiation of an interdispersed alloy
active material like antimony. Not only do those relationships inform design principles for annealed

DO 10.1039/d15c02350k polyacrylonitrile containing electrodes, but they also identify new strategies in the development of
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Introduction

Rechargeable batteries based on Li-ion intercalation into
layered electrode structures are becoming more widespread in
their use for demanding energy storage applications such as
electric vehicles' and large-scale grid energy storage.> With the
energy density provided by those electrode chemistries
approaching its theoretical maximum, new chemistries that can
provide higher energy storage densities will help those tech-
nologies become ubiquitous.? Indeed, the research community
has reported on many new high capacity electrode materials
such as alloying anodes (Sb, Sn, and Si)* and conversion cath-
odes (sulfur)® that can provide larger theoretic maximum and
demonstrable energy densities compared to intercalation-based
electrodes. “Beyond Li-ion chemistries” such as Li, Na, K, and
Mg metal batteries promise even higher energy storage capac-
ities® with additional bonuses of using fewer or more abundant
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mixed-conducting materials for use in next generation battery electrodes.

resources to minimize environmental impacts of large-scale
production of these electrodes.

However, most of the proposed next generation electrode
materials suffer from shortcomings such as poor reversibility,
short lifetimes, and safety concern.®> While many of these short-
comings can be addressed by engineering the morphology/
architecture of the electrodes themselves, battery performance
is largely limited by the electrodes reacting with the electrolyte to
form the solid electrolyte interface (SEI) layer.® On intercalation
electrodes the SEI layer effectively passivates the electrode surface
from further reaction with the electrolyte with minimal impact to
performance of the cell. Such a passivation is less effective on
high energy density electrodes, which undergo significant
volume or surface changes during battery cycling that mechan-
ically destabilize the SEI layer and expose new electrode surfaces
to the electrolyte.”” Repeated formation of a mechanically
unstable SEI layer irreversibly consumes the working ion and
other electrolyte components. Concomitant loss of reversible
capacity leads to short lifetimes, while formation of dendritic
deposits and gaseous byproducts is a safety hazard.®

Electrode coatings,’ artificial SEI layers,' and solid electro-
lytes (either inorganic ceramics™ or polymer electrolytes'?) have
shown success in mitigating the detrimental effects of
mechanically unstable SEI layer formation on next generation
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Scheme 1 Thermal cyclization of PAN.

electrodes, though major improvements are few and far
between. Recently, there have been several reports that empir-
ically show the use of annealed polyacrylonitrile (PAN) as
a coating material to improve the performance of Si alloy"*** or
magnesium metal™ anodes. At low temperatures between 200
and 300 °C, PAN undergoes the following transformation where
the nitrile groups form conjugated structures (Scheme 1).

The authors attribute the formation of these conjugated
structures to annealed PAN's ability to protect electrode
surfaces during continuous volume changes by selectively
allowing certain electrolyte components (working ions) through
while providing mechanical support and, in some cases, addi-
tional electron conduction pathways. However, the reports
express surprise over annealed PAN's ability to conduct ions (Li*
and Mg>") so well and identify other unexplained electro-
chemical behaviors of the material, such as the large over-
potential that is required to drive only the 1% lithiation of an
annealed Sn/PAN electrode.’* Additionally, despite being
extensively studied in the context of industrial carbon fiber
production, the specific types of structural features reported in
annealed PAN vary widely and are very sensitive towards the
annealing conditions (temperatures, times, and presence of
oxygen)'”** and nature of the polymer (impurities from poly-
merization, inclusion of co-monomers, molecular weight, and
stereochemistry).?>* As such, there is a limited understanding
of how the different structural features of annealed PAN influ-
ence its performance as when used as part of an electrode.
Developing a fundamental understanding of those structure—
property relationships would allow annealed PAN or similar
materials to be further develop as effective electrode materials.

Herein we present the first systematic study of annealed PAN
as a battery electrode material to understand the structural and
chemical bases of its usefulness in battery anodes. Specifically,
we use the time and temperature of the annealing process to tune
the degree of conjugation in the PAN coatings. Targeted elec-
trochemical experiments allow us to correlate the degree of
conjugation to the onset of an electrochemical reduction
response from the annealed PAN at low electrochemical poten-
tials. The reduction reaction effectively n-dopes the polymeric
matrix to allow both electronic and Li-ion conduction through
the annealed PAN coatings. The results lay the groundwork for
tuning the properties of PAN-containing electrodes as well as
suggest a new strategy for designing similar mixed-conducting
materials for use in next generation electrode materials.

Experimental

Preparation of annealed PAN electrodes

A 1 M (~5 wt%) polyacrylonitrile (PAN) in N,N-dimethyl-
formamide (DMF) solution (based on moles of monomer
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units) was prepared by first adding PAN powder (1.06 g, Aldrich,
181315, Lot #MKBD6325V, average M,, 150 000) to DMF (20 mL,
>99.8, DriSolv, DX1727-6, Lot #52022). The mixture was stirred
with a magnetic stir-bar on a hot plate set at 80 °C for several
hours until a clear and colorless solution was formed. The
solution was cooled to ambient temperature before being used
to spin-coat substrates.

A suspension of 25 wt% Sb powder in a 10 wt% solution of
PAN in DMF was prepared by first adding ball milled Sb powder
(100 mg, 99.5%, Alfa Aesar, 10099, cryo ball-milled at 30 Hz for
30 minutes, 9 times) to DMF (2.7 g) and stirring with a magnetic
stir-bar at ambient temperature until a homogenous suspen-
sion was formed. Powdered PAN (300 mg) was then added and
the mixture stirred on a hotplate set to 80 °C for several hours
until the PAN was fully dissolved. The solution was then cooled
to ambient temperature before being used to spin-coat
substrates.

Electrodeposited Sb@Ni electrodes were prepared by modi-
fying a previously reported aqueous Sb deposition solution
(400 mM citric acid, 25 mM Sb, 03, titrated to pH 6 with KOH).>>**
The Sb was electrodeposited onto a Ni foil (Shop-aid, Inc., Alloy
200/201, 0.001” thickness, >99.00% Ni, Lot #83944) masked to
a 2" diameter circle in a 3-electrode cell. The Ni foil was posi-
tioned under a SS mesh counter electrode and was held at
—1.05 Vvs. a SCE reference electrode until 100 mC cm ™2 of charge
was passed. Circular punches of 3/8” diameter were taken from
this deposit and used as the Sb@Ni electrodes in the following
spin coatings, anneals, and electrochemical experiments.

The PAN@SS and PAN@Sb@Ni electrodes were made by
spin-coating stainless-steel (SS) disks (MTI, CR2025 spacer,
SS304, ¢ 15.5 mm by T 0.2 mm) or Sb@Ni electrodes, respec-
tively, with the 1 M PAN solution using a MTI VTC-100 Vacuum
Spin Coater set with the following parameters: 2000 rpm for 20
seconds followed immediately by 8000 rpm for 10 seconds. The
Sb/PAN@PAN@SS electrodes were made by first spin coating
a SS disk with the 1 M PAN solution as before. The PAN@SS
substrate was then cured on a hotplate at 100 °C for 10 minutes
before being spin-coated at 8000 rpm for 120 seconds with the
25 wt% suspension of Sb powder in 10 wt% PAN solution to
produce the Sb/PAN@PAN@SS electrodes.

All electrodes were annealed in a Lindberg (Model 55322-3,
2" OD alumina tube) tube furnace under flowing argon. The
electrode to be annealed was placed in an alumina boat, placed
in the center of the tube, and the tube sealed. The tube was
evacuated then refilled with argon three times before argon was
set to flow over the sample at 100 mL min~". The temperature
was ramped to the desired annealing temperature at the
maximum ramp rate (~50 °C min_'). The annealing time was
started when the desired temperature was reached. When the
annealing time was reached, the tube furnace was turned off
and opened to quench the sample to ambient temperature; the
sample remained under flowing argon during the cooling time.

FT-IR characterization of annealed PAN samples

Immediately after removing from the tube furnace, the FT-IR
spectra of the annealed PAN@SS samples were measured by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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pressing the annealed PAN film onto the diamond ATR crystal
of a Nicolet iS50 FT-IR spectrometer. The spectra were baselined
to the low and high ends of the measurement range and to
a local minimum around 1700 cm ™" present in every spectrum.

Electrochemical characterization of annealed PAN electrodes

All electrodes were assembled into Li-ion coin half-cells (with
a liquid electrolyte of 1 M LiPF¢ in 50/50 vol% EC/DEC) in an
argon filled glovebox. Briefly, the coin cell was layered in the
following order: a 1’ diameter circular punch of Li foil was
placed into the negative coin cell case (MTI, CR2025 cases
SS304, with polypropylene sealing gasket), 3 drops of electrolyte,
5/8" diameter circular punch of polypropylene separator (MTI,
Li-ion battery separator film, 25 pm thick, Batch #120313), ~50
uL of electrolyte, 3/4” diameter circular punch of polypropylene
separator, ~50 uL of electrolyte, working electrode (an uncoated
SS disk was added to the PAN@Sb@Ni electrodes as a rigid
backing), wave spring, and the positive coin cell case. The coin-
cell assembly was pressed at 0.9 tons using a compact digital
pressure controlled electric crimper (MTI MSK-160E). The cells
were allowed to rest for at least 12 hours before any electro-
chemical testing.

Electrochemical experiments were carried out on the coin
cells using either an Arbin cycler (Model LBT20084) for the
galvanostatic/potentiostatic experiments, a Gamry Interface
1010 for the electrochemical impedance spectroscopy (EIS), or
a Gamry Reference 3000 potentiostat for the variable rate cyclic
voltammetry (CV). The EIS was run between 300 kHz and 100
mHz with an AC excitation of 10 mV vs. OCV.

Results and discussion
Structural characterization of annealed PAN films using FT-IR

To prepare samples for annealing and subsequent character-
ization, PAN was first spin-coated onto stainless steel substrates
(referred to as PAN@SS) and annealed under flowing argon for
a set of different times and temperatures, as shown in Fig. 1.
The spin-coating parameters were chosen to produce uniform
films with a thickness of ~0.5 pm, which was determined by the

2k rpm for 20 seconds N ,1}\ PR

+8k rpm for 10 seconds

Fig. 1

PAN annealed in argon
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cross-sectional SEM image seen in ESI Fig. S1.f All of the
annealed PAN films were similar in appearance, exhibiting the
same opalescent bronze color regardless of annealing condi-
tions, though they did darken slightly over several hours upon
exposure to air, suggesting the produced films were reactive
with oxygen or moisture. As such, all the following character-
izations were done quickly to minimize the exposure of the
samples to air.

The annealed PAN films were first characterized with ATR
FT-IR. Representative spectra of the annealed PAN films are
shown in Fig. S2 in the ESI,{ and they match those previously
reported in literature."”*#?**> Upon annealing, the nitrile stretch
at 2243 cm™ ! disappears as a series of intense and overlapping
peaks in the 1000-1800 cm ' range appear. This spectral
evolution corresponds to the reaction of adjacent nitrile groups
to form fused-ring ladder conjugated structures in annealed
PAN. The cyclization process is likely initiated by impurities in
the PAN film, such as polymer chain terminating functional
groups, or residual moisture and oxygen from the spin coating
process. As depicted in ESI Fig. S2,T the ladder structure only
has one conjugated imine edge, while the methylene backbone
of the polymer remains fully saturated. While some previous
reports suggest that fully aromatic structures (sp> carbon only)
form during the annealing, the presence of some absorption
peaks around 2900 cm ™" even after annealing indicates that
there is at least some sp® carbon present in the annealed
structure.

This is in contrast to PAN annealed under air, where the
presence of oxygen promotes the full aromatization of fused-ring
ladder structure as well as the introduction of oxygen function-
ality (ketone and hydroxyl groups).'”***?>2¢ Such reactions with
oxygen or moisture are likely what is occurring when the argon-
annealed PAN films are exposed to air at ambient tempera-
tures. While there is no change in the IR spectrum of the argon
annealed PAN films over a few hours of air exposure, there is
blending/blurring of some absorption peaks after days to weeks
air exposure, suggesting aromatization and oxygen functionali-
zation of conjugated domains occurs slowly.

Fig. 2 shows the region in the FT-IR spectra between 1000
and 1800 cm™ " for every annealing condition. For the sample

positive case

wave spring
annealed PAN@substrate

separator + electrolyte
Li foil

negative case
Cm—

(Left) Schematic depicting the spin coating parameters for making the PAN films to be annealed. (Center) Photograph of the PAN films

coated onto stainless steel (SS) substrates annealed under different conditions. (Right) Schematic depicting the use of the annealed PAN films as

electrodes in lithium half-cells to study their transport properties.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A selected area of the FT-IR spectra of PAN films annealed under every condition. We have assigned the features at 1610 cm™*
1580 cm™! to secondary-imine and primary-imine functionalities, respectively. The disappearance of the peak at 1580 cm™

and
! corresponds well to

the onset of the annealed PAN's redox activity at low electrochemical potentials. Examples of the conjugated structures we expect exist in the
annealed PAN films are inlayed and their important functionalities indicated on the spectra.

annealed at 260 °C for 1 hour an absorption peak doublet is
present around 1600 cm ‘. We attribute the left peak at
1610 cm ™ (blue) to the presence of a secondary imine, which
corresponds to the middle of a -C=N-C edge of the fused ring
conjugated domain depicted. While the exact terminating
functionality of the conjugated regions is not definitively
known, we attribute the right peak at 1580 cm ' (red) to
a primary imine, which corresponds to the depicted -C=N-H
functionality that terminates a conjugated domain.”> Example
structures are inlayed in Fig. 2 and are based on a qualitative
comparison of the imide peak intensities. As the 1610 cm ™"
(fused-ring) peak intensity increases relative to the 1580 cm ™
(terminal) peak, the length of conjugated domains likely
increases. This demonstrates that the degree of conjugation in
the annealed PAN films can be tuned simply by changing the
annealing conditions.

1

Electronic behavior of annealed PAN films

To assess the effect of degree of conjugation on the electronic
behavior of the annealed PAN films, we first assembled the
PAN@SS samples into Li-ion half-cells as depicted in Fig. 1. The
half-cells serve as an electrochemical cell where electrochemical

228 | Chem. Sci, 2022, 13, 225-235

impedance spectroscopy (EIS) can be used to assess the elec-
trochemical behavior of the annealed PAN@SS electrodes.
However, initial EIS measurements of the as-assembled cells
showed no observable difference between electrodes. All the
annealed PAN@SS electrodes exhibit high impedance behavior
similar to unannealed PAN@SS electrodes. This is likely due to
the fact that the types of structures produced as a result of
annealing exhibit semiconducting behavior and little electronic
conductivity unless doped.?”-*° This is also supported by a series
of 4-point probe measurements of PAN films on glass substrates
annealed under the same conditions: for every annealing
condition, the conductivity of the films was too low for the 4-
point probe to make a meaningful measurement. As such, we
attempted to n-dope the annealed PAN films by galvanostati-
cally sweeping the cells at 1.0 pA cm > to a low potential of
10 mV vs. Li/Li". Such an n-doping reaction would involve the
electrochemical reduction of a conjugated domain in the
annealed PAN film by an electron supplied by the SS substrate.
By necessity, the reduced conjugated domain must be charge
balanced, and intercalation of a small and abundant Li* from
the liquid electrolyte is the most likely mechanism for this to
happen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 shows the voltage profiles measured for each cell
during the galvanostatic sweep. Most voltage profiles show the
PAN@SS electrodes polarizing to the lower voltage cutoff of
10 mV vs. Li/Li" with negligible capacity passed during the
sweep, indicating that PAN films annealed at those conditions
do not exhibit any redox activity and are not n-doped, which we
attribute to their small degree of conjugation. The voltage
profiles with shaded backgrounds show the abrupt onset and
slight depolarization of the PAN@SS electrodes, followed by
a voltage plateau at low potentials during the sweep, indicating
that some electrochemical reduction reaction is occurring. We
attribute the reduction to the intercalation of Li-ions into the
annealed PAN film, which is analogous to the injection of an
electrons (n-doping) into the conduction band of the annealed
PAN film along with charge compensating Li-ions. Note that
this only occurs in cells where the PAN@SS electrodes have been
annealed at higher temperatures and longer times, indicating
that a higher degree of conjugation in the annealed PAN films is
required for this n-doping process to occur. The shape of the
voltage profiles, with a slight depolarization at the beginning
can be rationalized by the annealed PAN films becoming more

Galvanostatic Sweeps of
Annealed PAN films

View Article Online

Chemical Science

electrically conducting upon n-doping. The films are initially
relatively electrically insulating, which makes the initial Li-ion
intercalation require a slight overpotential. However, upon
initial n-doping of the PAN films, their electronic conductivity
rises and the overpotential for continued Li-ion intercalation
decreases, resulting in the slight rise in half-cell voltage during
the galvanostatic sweeps despite a reducing current being
continually applied.

To further verify that the voltage plateaus observed in Fig. 3
correspond to n-doping of the annealed PAN films and the
concomitant rise in electronic conductivity, EIS measurements
of half-cells were performed after the galvanostatic sweeps.
Fig. 4 shows the impedance vs. frequency for each cell before
(blue trace) and after (red trace) the galvanostatic sweeps. The
impedance traces of all of the PAN films before the galvanostatic
sweeps are approximately the same, with low impedance values
at high frequencies sloping to high impedance values at low
frequencies with some subtle features. After the galvanostatic
sweeps, the n-doped PAN films (*) exhibit decreased impedance
values at all frequencies, with shallow plateaus at both the low
and high frequencies. The shapes of these impedance spectra

=3 exhibits n-doping behavior

2 2 2 2 2
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Fig. 3 Voltage profiles obtained during the 1.0 pA cm™2 galvanostatic sweeps of PAN@SS electrodes annealed at each condition. The shaded
backgrounds indicate that the PAN@SS electrodes annealed at those conditions undergo an n-doping reaction as demonstrated by the slight rise
in voltage at potentials approaching 10 mV vs. Li/Li* followed by a sloping voltage plateau.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4

Impedance values measured using EIS of the PAN films annealed at every condition before the galvanostatic sweeps of their half-cells

(blue) and after the galvanostatic sweeps or an additional 24 hour 0.01 V potentiostatic “short” (red). The EIS spectra with shaded backgrounds
indicate that the behavior of the PAN film annealed under those conditions as either electrically conducting after the galvanostatic sweep (*), or

electrically conducting after an additional 24 hour potentiostatic “short”

match that of an uncoated and electrically conducting SS elec-
trode (ESI Fig. S31), indicating that the n-doped PAN films also
exhibit electrically conducting behavior similar to a bare
metallic electrode. The low impedance values at the high
frequency end of the spectra are a result of the PAN films'
electronically conducting behavior, while the higher impedance
plateau at the low frequency side of the spectra are dominated
by the ionic behavior of the liquid electrolyte at the electrode
surface.

It was noted that replicate PAN@SS electrodes annealed at
some conditions (280 °C, 4 hours) exhibited different behaviors
during the galvanostatic sweep depending on the applied
current density, sometimes exhibiting redox inactivity and
sometimes becoming n-doped. This suggests that under those
specific annealing conditions, the PAN films were near the
threshold of the degree of conjugation required to see one
behavior versus the other. In such threshold samples, a galva-
nostatic sweep at a high current density may reach the cutoff
voltage limit of 0.01 V vs. Li/Li" before the PAN film becomes n-
doped, while a galvanostatic sweep at a lower current density

230 | Chem. Sci,, 2022, 13, 225-235

would successfully n-dope the PAN film before the voltage cutoff
was reached.

To ensure that n-doping of these threshold samples occurs if
possible, all of the half-cells indicating no redox activity during
the sweep were “shorted” by holding the voltage at 0.01 V vs. Li/
Li" for 24 hours. The impedance of the “shorted” cells was
remeasured, and in some cases exhibited the impedance
behavior of the n-doped PAN films. These threshold samples are
identified in Fig. 4 (**). The samples with the unshaded back-
grounds are those that exhibited the same impedance behavior
before and after the “short”, identifying PAN films annealed
under those conditions as insufficiently conjugated to become
n-doped.

To verify that annealed PAN films exhibiting electronic
conductivity after n-doping are relevant for use as binders or
coatings in battery electrodes, we fabricated an electrode
depicted in Fig. 5 (top). This electrode is designed to use the Sb
only as an electrochemical marker in the testing of the annealed
PAN's conductivity properties, and thus, thoroughly character-
izing the loading and cycling performance of the Sb is beyond

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(Top) Schematic depicting an Sb/PAN@PAN@SS electrode designed to demonstrate the “doping” of and subsequent electrical conduction

in annealed PAN films. (Bottom) Voltage profile obtained from galvanostatic/potentiostatic cycling of the annealed Sb/PAN@PAN@SS electrode
in a lithium half-cell. Galvanostatic cycles at 1 pA cm™2 between 0.3 and 2 V vs. Li/Li* (1) and between 0.01 and 2 V vs. Li/Li* (2) show no Sb (de)

lithiation activity. A potentiostatic hold at 0.01 V vs. Li/Li* (3) n-dopes the annealed PAN so that the following galvanostatic cycles at 1 pA cm™

between 0.3 and 2 V show Sb (de)lithiation activity (4).

the scope of the discussed experiment. We chose to use Sb as an
active material because it reversibly lithiates at ~1 V vs. Li/Li",
which is sufficiently positive to be distinct from the n-doping of
PAN near 10 mV vs. Li/Li". The ball-milled Sb powder is sus-
pended in a PAN layer that is isolated from the SS substrate by
a PAN-only layer, to form a Sb/PAN@PAN@SS electrode. This
ensures that to see reversible lithiation of the Sb, electrons have
to conduct through the annealed PAN. We chose to anneal this
electrode at 280 °C for 4 hours so it would exhibit the threshold
electrically conductive behavior, requiring it to be “shorted” to
be n-doped and become electrically conducting.

The electrode was assembled into the same Li-ion half-cell
configuration as before and Fig. 5 (bottom) shows its voltage
profile during a series of tests. The cell was first cycled at 1 pA
em™? between 2 and 0.3 Vvs. Li/Li* (denoted by #1). The Sb (de)
lithiation potential falls within this range, though the n-doping
of the annealed PAN does not. The absence of any voltage
plateaus in the ~1 V range indicate the Sb is not lithiating, and
the annealed PAN is not electrically conducting. These cycles
are followed by galvanostatic cycles at 1 A cm™> between 2 and
0.01 V vs. Li/Li" (denoted by #2), which now includes the
potential at which the annealed PAN could become n-doped.
However, because the annealing conditions were chosen to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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produce PAN films near the threshold to be n-doped, the PAN
remains non-conducting and no Sb lithiation is observed. To n-
dope the PAN, the cell is potentiostatically “shorted” at 10 mV
vs. Li/Li" (denoted by #3). The current was monitored during
this step (not shown) and rose to —10 pA before dropping back
to <1 pA, indicating the n-doping of the annealed PAN. The cell
was then again galvanostatically cycled at 1 pA cm™ > between 2
and 0.3 V vs. Li/Li". During the initial sweep back to 2 V, the
voltage shows a shallow sloping profile, suggesting that some of
the Li that intercalated into the annealed PAN is now de-
intercalating. There is also a distinctly flat plateau at ~1 V
that corresponds to the delithiation of Sb, indicating that
during the “shorting” process, the PAN became n-doped and
electrically conducting, thus allowing the Sb to also be lithiated.
On subsequent cycles between 2 and 0.3 V vs. Li/Li", there are
additional flat plateaus at ~0.9 V then at ~1 Vvs. Li/Li" (denoted
by #4), corresponding to Sb lithiation then delithiation,
showing that annealed PAN still exhibits electron conductivity
even after significant amounts of Li de-intercalation. The
behavior displayed in Fig. 5 is reproducible for different
annealing conditions and n-doping procedures (galvanostati-
cally or potentiostatically) given that the PAN film is sufficiently
annealed to become n-doped.
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Ionic transport in annealed PAN films

To measure the effect of annealing condition and degree of
conjugation on mass transport through the annealed PAN films,
we fabricated another Sb-containing electrode that is depicted
in Fig. 6A. The electrode was fabricated by first electro-
depositing a thin layer of Sb onto a Ni metal substrate. Elec-
trodeposition ensures the Sb is well electrically connected to the
current collector, and the film was kept thin enough to mini-
mize mechanical degradation during (de)lithiation. A layer of
PAN was then spin-coated onto the Sb layer as before, and the
entire electrode annealed. The architecture requires that Li-ions
conduct through the PAN layer in order (de)lithiate the Sb layer,
thus allowing us to probe the diffusivity through the annealed
PAN layer. Several of these electrodes were made and annealed
at 280 °C for 1, 2, 4, and 8 hours to include annealing conditions
that produce annealed PAN films with insulating, threshold,
and conducting electrical behaviors. The Li-ion diffusivity in the
annealed PAN layers was assessed using variable rate cyclic
voltammetry (CV).

liquid electrolyte

annealed PAN film (~500 nm)

-electrodeposited Sb (~60 nm)
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Example CVs between 2 and 0.01 V vs. Li/Li" are shown in
Fig. 6B, where the peak currents corresponding to reversible
(de)lithiation are marked with stars. We attribute the reduction
peak around ~0.5 V to a binary Sb-Ni phase formed during
annealing that lithiates at a slightly lower potential than the
marked peak ~0.8 V. During a CV in most electrochemical cells,
peaks occur in the current response because the rate of the
associated reaction exceeds the transport of the redox reactant
to the electrode surface and a reactant concentration gradient
forms. In simple systems, such as a dissolved redox active
species interacting with an inert metal electrode, the Randles—
Sevcik relationship relates the peak current values (i, A) and the
scan rate (v, V s ') to the diffusivity of the electroactive reac-
tant.>* In more complex systems such as the PAN@Sb@Ni
electrode depicted in Fig. 6A, rate limiting concentration
gradients can form in the Sb film, the PAN layer, and the liquid
electrolyte. Thus, the peak current values measured during a CV
of such a system would result from a convolution of the ion
transport in each of those layers, with the layer of the lowest ion
diffusivity dominating the peak current response. As a result,
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(A) Schematic depicting a PAN@Sb@Ni electrode designed to quantify the mass transport limitations through annealed PAN films. (B)

Representative variable rate cyclic voltammograms of an annealed n-doped PAN@Sb@Ni electrode assembled into a lithium half-cell. The cyclic
voltammograms for all electrodes annealed @ 280 °C can be found in ESI Fig. S4-S19.7 (C) A representative Randles—Sevcik plot that uses the CV
peak current values marked with stars. (D) Bottleneck diffusivity values determined from the Randles—Sevcik plots derived from the Sb@Ni and
PAN@Sb@Ni electrodes annealed at 280 °C for various times (all values shown in ESI Fig. S207).
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the diffusivity values calculated using the Randles-Sevcik
equation in Fig. 6C are semi-quantitative “bottleneck diffusiv-
ities” for the entire electrode, rather than representing intrinsic
material properties. Fig. 6C demonstrates such a calculation by
plotting the peak current values from the CVs in Fig. 6B vs. the
square root of the scan rate to show a linear relationship. The
slope of the linear fit (ip/vl/z) of those peak current values is
proportional to the bottleneck ion diffusivity (D, cm® s~ '), where
R is the gas constant (] K~ ' mol '), T'is the temperature (K), 7 is
the number of electrons in redox process (1 for 1e~ + Li" +1/3Sb
— 1/3Li;Sb), F is Faraday's constant (C mol %), A is the area of
the electrode (cm?), and C is the concentration (mol cm ™).

Fig. 6D shows bottleneck diffusivities calculated from vari-
able rate CVs on half-cells with PAN@Sb@Ni electrodes
annealed at 280 °C for 1, 2, 4, and 8 hours. We chose to use the
reduction peak current around ~0.8 V rather than ~0.5 V for the
diffusivity calculations due to its presence in all samples
(including unannealed) and its greater prominence and ease of
identification. Uncoated Sb@Ni electrodes were annealed
under the same sets of conditions as control samples. For any
given annealing condition, the bottleneck diffusivity is always
greater for the uncoated Sb@Ni control electrodes compared to
the corresponding PAN@Sb@Ni electrodes. This demonstrates
that the calculated bottleneck diffusivity values are dominated
by Li-ion diffusion through the annealed PAN layer rather than
in the Sb layer. Each data point is the bottleneck diffusivity
average of 3 consecutive sets of CVs on a single electrode, which
verifies the electrode components are stable and give repro-
ducible measurements (complete CV data can be found in ESI
Fig. S4-S1971). The error bars are the standard deviation of the 3
consecutive measurements. The background shading of the
plot indicates the expected electronic behavior of the n-doped
PAN films for each of the listed annealing conditions.

The bottleneck diffusivity values for the uncoated Sb@Ni
controls are shown in black. In the unannealed sample, the
diffusivity value is highest (>10™% em? s™") and is likely domi-
nated by diffusion of Li-ions in the Sb film. Upon annealing the
uncoated Sb@Ni controls, the diffusivity drops to =<10~° cm?
s~* for the 1, 2, and 4 hour anneals and finally down to ~10~"°
cm?” s~ for the 8 hour anneal. The decrease in diffusivity values
with longer annealing times could be due to an increase in the
crystallinity of the Sb layer or the formation of Ni-Sb interme-
tallic phases. Powder X-ray diffraction of the electrodes was
unable to confirm either possibility, as the films were too thin to
give sufficient diffraction signals. Regardless, measurements of
these uncoated electrodes serve as empirical controls for
diffusivity measurements of the PAN coated electrodes. Diffu-
sivity measurements for the PAN@Sb@Ni electrodes are shown
in red. It should be noted that the CVs for these electrodes start
and end at 2 V vs. Li/Li", so the annealed PAN films can be
considered to be undoped. While the unannealed PAN@Sb@Ni
electrode exhibits only a slightly lower bottleneck diffusivity
than the uncoated Sb@Ni electrode, the annealed PAN@Sb@Ni
electrodes all exhibit bottleneck diffusivities ~10~"" em? s,
regardless of the annealing time. Before annealing, the PAN
layer likely swells in the liquid electrolyte to form a gel that
exhibits fast and near-liquid ion transport.®*=* After annealing,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the PAN films are significantly cross-linked and rigid (when
nitrile groups on different polymer chains cyclize together),'®
likely limiting electrolyte penetration of the film and resulting
in bottleneck diffusivities that are comparatively low.

The PAN@Sb@Ni electrodes only begin to exhibit annealing-
time-dependent diffusivity values once the annealed PAN layers
have a chance to become n-doped (Fig. 6D, blue data). Each of
the PAN@Sb@Ni electrodes was held at 0.01 V vs. Li/Li" for 48
hours to provide opportunity for the annealed PAN layer to
become n-doped. The variable rate CVs were then run starting
and ending at 0.01 V vs. Li/Li". The PAN@Sb@Ni electrodes
annealed for 1 and 2 hours did not show a substantial increase
in ion diffusivity after this “doping” step, likely because those
annealing times are insufficient to produce large enough
conjugated domains in the PAN layers to become n-doped. In
contrast, the electrodes annealed for 4 and 8 hours exhibit more
substantial increases of ion diffusivity after the “doping” step,
likely because the PAN layers in these electrodes are sufficiently
conjugated to become n-doped. We attribute the increase in ion
diffusivity after the n-doping of the PAN layer to the delocal-
ization of the Li counter-anion charge over large conjugated
domains. Previous studies on other systems demonstrate that
the polarizability of a conjugated domain generally increases
with the size of the domain,*** with greater polarizability
leading to higher ionic conductivities.*® This is analogous to
“lattice softening” in inorganic electrolytes where small non-
polarizable halide ions can be substituted with larger more
polarizable ions to increase ion diffusivity in the electrolyte.*®
Thus, the n-doping of the large conjugated domains results in
a polarizable matrix that increases the ion diffusivity compared
to an undoped layer.

It is interesting to note that for the electrodes annealed for 4
hours the diffusivity of the n-doped PAN@Sb@N:i is still less
than the uncoated Sb@Ni control, indicating the PAN layer is
still the layer of lowest ion diffusivity in the electrode. This is in
contrast to the electrodes annealed for 8 hours, where the
diffusivity of the n-doped PAN@Sb@Ni electrode matches that
of the uncoated Sb@Ni control at ~10'® em?® s . This suggests
that the diffusivity in the PAN layer could exceed the measured
value, because Sb layer has become the layer that dominates the
measured bottleneck diffusivity. Again, we attribute the
increased ion diffusivity in the n-doped PAN layer to the greater
extent of charge delocalization in conjugated domains that have
grown in size with increased annealing time. However, addi-
tional studies are needed to definitively verify the mechanism
that we propose.

Activation of mixed-conducting battery material through n-
doping of conjugated domains

In this study we have shown that PAN can be annealed to such
a degree that it becomes conjugated enough to be n-doped at
very reducing electrochemical potentials. The n-doping effec-
tively allows the annealed PAN to become a mixed conducting
electrode coating/binder, being able to conduct both electrons
and ions. Impressively, it seems possible that this n-doping
reaction that activates the mixed-conducting property is
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possible even without the presence a liquid electrolyte® or other
salt. We hypothesize that counter anions that mediate ion
conductivity in annealed PAN are the conjugated domains that
have been n-doped by the electrode. The n-doped conjugated
domains could result in high Li-ion diffusivity through
annealed PAN by delocalizing the charge compensating anion
in highly polarizable domains. This effect would not be exclu-
sive to Li-ions and should, in principle, apply to any ion that
might want to be conducting in a battery system (Na*, K, Ca>",
Zn**, AI’"), including those that are multivalent such as Mg?*.*?
The general principle of n-doping conjugated domains to make
mixed-conducting materials should also apply beyond annealed
PAN. Any polymer or matrix with conjugated domains of suffi-
cient size to be reduced within the desired electrochemical
window might also be useful as mixed-conducting binders or
electrode coatings. We believe additional studies towards these
ends are warranted.

Conclusions

In summary, we have developed a fundamental understanding
of how annealed PAN films have benefited the performance of
next generation electrode materials for rechargeable batteries.
The formation of conjugated domains in annealed PAN films
was monitored using FT-IR and can be easily controlled by
simply changing the annealing time or temperature. If a PAN
film is annealed to created conjugated domains of sufficient
size, it can be n-doped at low potentials, where electrons from
an electrode are delocalized into its conjugated domains with
the concomitant intercalation of cations. The n-doping process
provides additional electronic conduction pathways in battery
electrodes, while the delocalization of negative charges in the
conjugated domains may assist in fast ion conduction through
the annealed PAN films. These results not only help to clarify
why annealed PAN provides such beneficial properties for
electrode materials in recent reports, but they also suggest that
n-doping materials with conjugated domains is a viable strategy
for making mixed-conducting binders/coatings as next genera-
tion electrode materials.
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