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ABSTRACT Block copolymers that can simultaneously conduct
electronic and ionic charges on the nanometer length scale can serve
as innovative conductive binder material for solid-state battery
electrodes. The purpose of this work is to study the electronic charge
transport of poly(3-hexylthiophene)-b-poly(ethylene oxide) (P3HT-

PEO) copolymers electrochemically oxidized with lithium bis-
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lithium battery charge/discharge cycle. We use a solid-state three-terminal electrochemical cell that enables simultaneous conductivity measurements and

control over electrochemical doping of P3HT. At low oxidation levels (ratio of moles of electrons removed to moles of 3-hexylthiophene moieties in the

electrode), the electronic conductivity (0 o) increases from 1077 S/cm to 10~* S/cm. At high oxidation levels, Oe,ox approaches 102 S/cm. When P3HT-

PEO is used as a conductive binder in a positive electrode with LiFeP0, active material, P3HT is electrochemically active within the voltage window of a

charge/discharge cycle. The electronic conductivity of the P3HT-PEO binder is in the 10— to 102 S/cm range over most of the potential window of the

charge/discharge cycle. This allows for efficient electronic conduction, and observed charge/discharge capacities approach the theoretical limit of LiFeP0,.

However, at the end of the discharge cycle, the electronic conductivity decreases sharply to 107 S/cm, which means the “conductive” binder is now

electronically insulating. The ability of our conductive binder to switch between electronically conducting and insulating states in the positive electrode

provides an unprecedented route for automatic overdischarge protection in rechargeable batteries.

KEYWORDS: electrochemical oxidation - mixed conductor - electronic conductivity - ionic conductivity - conducting polymers -

lithium battery - overdischarge protection

aterials with nanostructured con-

ducting domains are essential for

a wide range of applications re-
lated to alternative energy. Organic solar
cells require nanoscale electron and hole-
conducting domains to promote charge
separation and extraction.' Active materials
in battery and fuel cell electrodes, such as
LiFePO,, graphite, and platinum, are either
electronic or ionic insulators.>~* Nanoscale
electron- and ion-conducting domains are
necessary for enabling redox reactions in
these materials.>~* For example, a tradi-
tional porous lithium battery electrode con-
sists of a redox-active material, carbon black
for electronic conduction, and nonconduc-
tive binder that holds the particles in place.

PATEL ET AL.

The pores are then backfilled with an or-
ganic electrolyte for ionic conduction. In
some cases such as LiFePQ,, electronic
and ionic conductivities are so low that
the active materials must be in nanoparticle
form, and addressing such particles requires
the transport of both kinds of charges to
occur on nanometer length scales. Materials
such as block copolymers can self-assemble
and form co-continuous nanoscale domains
such as alternating lamellae, cylinders, or
cubic gyroid phases.” lonic conduction can,
in principle, occur in one of the domains and
electronic conduction in the other. In this
study, which builds on the work in refs 30
and 33, poly(3-hexylthiophene)-block-poly-
(ethylene oxide) (P3HT-PEO) copolymers are
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used to conduct both electronic and ionic charges.
P3HT-PEO block copolymer molecules self-assemble
on the nanometer length scale to yield P3HT domains
that conduct electronic charges and PEO domains that
conduct ionic charges. One can thus construct an
electrode that consists of only the redox-active materi-
al and P3HT-PEO block copolymer.

P3HT is essentially an electronic insulator in its
pristine state; it is formally a semiconductor with bulk
electronic conductivity in the range 107°—1078 S/cm 512
It is likely that the higher range of the conductivity is
due to the presence of small concentrations of con-
taminants. The electronic conductivity of conjugated
polymers is increased by chemical doping, i.e., the
addition of chemical species such as ferric chloride,
or by electrochemical doping, i.e., the introduction of
ionic species such as PFs~ under applied electroche-
mical potentials.’*”'® Seminal work of Chiang et al.
showed that chemical doping increases the electronic
conductivity of poly(acetylene) from 107° S/cm to 102
S/cm after doping.!” In the case of chemical doping,
introduction of an oxidizing agent such I, (g) results in
a spontaneous oxidation of the conjugated polymer. In
the case of electrochemical doping, an applied poten-
tial drives the oxidation of the conjugated polymer. A
formal positive charge (hole) created on the polymer
backbone is compensated by diffusion of a dopant
counterion into the polymer from the surrounding
electrolyte. Electrochemical doping provides a unique
avenue for designing the next generation of electrodes
because it enables the possibility to turn redox reac-
tions on and off reversibly through the control of ap-
plied potentials. This is in stark contrast to the tradi-
tional carbon additives used to conduct electrons in
conventional battery and fuel cell electrodes, which
have a fixed electronic conductivity.

The purpose of this study is to characterize the elec-
tronic transport in electrochemically doped P3HT-PEO
block copolymers. We use a novel three-terminal cell
that enables simultaneous conductivity measurements
and control over electrochemical doping of P3HT. The
results of our experiments provide further insight into
the charge transport properties of P3HT-PEO block
copolymers when used to conduct electronic and ionic
charges in a lithium battery electrode. In particular, we
demonstrate that the semiconducting properties of
P3HT enable automatic overdischarge protection of
the lithium battery.

The combination of conjugated polymers and elec-
trolytes has been used in organic electrochemical tran-
sistors'?? and batteries (as the primary active ma-
terial for electrodes®*~2 and for overcharge protec-
tion>”~2°). The traditional electrochemical oxidation of
conjugated polymers consists of polymer films sub-
merged or swollen with a liquid electrolyte.’®*” In the
case of solid-state organic electrochemical transistors,
the conjugated polymer and polymer electrolyte are
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TABLE 1. Characteristics of Polymers Used in This Study

Mopsur®  Mupeo” by’ (P3HT
polymer name (kg/mol) (kg/mol)  block)  rr™° reo™° morphology™°

P3HT-PEO(9—2) 9.0 20 0.81 0017 0.065  nanofibrillar
P3HT-PEO(6—2) 6.0 20 0.74 0.016 0.072  nanofibrillar
P3HT-PEO5—4) 5.0 4.2 0.53 0.0003 0.0849  lamellar

“ M, = number-average molecular weight. ° P3HT volume fraction. Calculated using
P3HT density®' of 110 g/mL and PEO density>? of 1.06 g/mL. “LiTFSI salt
concentration in P3HT phase. ¢ LiTFSI salt concentration in PEO phase.

assembled as a bilayer. The conjugated polymer and
polymer electrolyte are not chemically bonded across
the interface between them. Our polymer is a unique
electrochemical system in that the electrolyte is a solid
polymer that is covalently bonded to the electronically
conducting polymer. Block copolymer thermodynamics
ensures microphase separation into co-continuous elec-
tronically conducting P3HT and ionically conducting PEO
domains on the nanometer length scale. The character-
istic periodic length scale for P3HT-PEO block copolymers
used in this study is around 20 nm.*® As a result, the
dopant counterions have to diffuse only a few nano-
meters to compensate for the charged nature of the
electrochemically oxidized P3HT chains. This can, in
principle, enable rapid and efficient counterion diffu-
sion during redox reactions.

RESULTS AND DISCUSSION

The characteristics of the P3HT-PEO block copoly-
mers used in this study are summarized in Table 1. We
examined mixtures of lithium bis(trifluoromethane-
sulfonyl) imide salt (LiTFSI) and P3HT-PEO block copo-
lymers listed in Table 1. The LiTFSI salt concentration, ro,
is equal to 0.085 in all cases, where ry is the molar ratio
of lithium ions to ethylene oxide moieties. All reported
conductivity values were obtained at 90 °C, and re-
ported potentials are relative to a Li/Lit reference
electrode.

In our previous publication, we reported on the
relationship between morphology and simultaneous
electronic and ionic charge transport in P3HT-PEO/
LiTFSI mixtures.3® The same block copolymers were
used in ref 30 and the current study. At 90 °C, the
electronic conductivity of P3HT-PEO/LIiTFSI mixtures, in
the absence of applied potentials, ranged from 10 8 to
107> S/cm. The decoupled ionic conductivity was
about 10™* S/cm in all cases, a value that is reasonable
for practical lithium battery applications. In addition,
we showed a surprising increase in the electronic
conductivity by simple chemical mixing of LiTFSI in
the P3HT domains. This observation of increased con-
ductivity was surprising, as LiTFSI does not have any of
the characteristics of traditional chemical dopants; that
is, it did not spontaneously oxidize P3HT. It was shown
that the LiTFSI salt partitions between P3HT and PEO
microphases. In Table 1, we present rgo and ryr, the
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Figure 1. Schematic of a two-terminal electrochemical cell. The positive electrode is a nanostructured P3HT-PEO block
copolymer with LiTFSI at r, = 0.085. We show only four lamellar horizontal domains for simplicity. In reality, the block
copolymer nanostructure would be composed of a large number of randomly oriented grains. The negative electrode is pure
lithium metal, which also serves as the reference electrode. Electrons are transported between the positive and negative
electrodes by an external circuit. Lithium ions are transported through the PS-PEO block copolymer electrolyte. During the
oxidation reaction, an electron is removed from P3HT to generate a hole charge carrier on the polymer backbone. As a result,
a TFSI™ anion diffuses into the P3HT domain from the PEO domain. At the negative electrode, the electron produced at the
P3HT-PEO electrode travels through the external circuit to react with a Li" to form Li metal. The Li* left behind by the transfer
of the TFSI™ anion in the P3HT " diffuses into the polymer electrolyte separator to compensate for the consumed Li" at the

negative electrode.

ratios of the moles of salt to the moles of ethylene
oxide and 3-hexylthiophene moieties, respectively, as
reported in ref 30. It is important to note that the
conductivities reported in ref 30 correspond to neutral
P3HT. In reality, the electronic conductivity can be
further increased by electrochemically doping P3HT
with LiTFSI.

A variety of electrochemical cells were used in this
study. We begin by describing results obtained from a
two-terminal electrochemical cell shown schematically
in Figure 1. The negative electrode is lithium metal,
which serves as the counter and reference electrode.
The positive electrode is the P3HT-PEO/LITFSI mixture.
P3HT (blue) is the redox-active domain, and the LiTFSI
primarily dissolved into the PEO domain (red) serves as
the electrolyte in the positive electrode. Separating
the two electrodes is a block copolymer electrolyte
(polystyrene-block-polyethylene oxide, PS-PEO) layer
with LiTFSI at ro = 0.085. This layer serves to transport
lithium ions between the electrodes. The electroche-
mical cell configuration (Figure 1) is similar to our
previously reported work on batteries with a lithium
metal anode and lithium iron phosphate (LiFePO,)
cathode.*® The difference is that the positive electrode
does not contain LiFePO, redox-active particles. Re-
moving the LiFePO, from the positive electrode en-
ables the study of the electrochemical properties of
P3HT-PEO block copolymers. The two half-reactions
that occur in the electrochemical cell during the oxida-
tion reaction are shown in Figure 1. One of the reac-
tions is the oxidization of P3HT to P3HT, and the
second reaction is the reduction of Li* to neutral Li. To
oxidize P3HT, a positive current is applied to the cell;
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that s, an electron is removed from a 3-hexylthiophene
moiety to generate a hole charge carrier (p-doping).
This causes a TFSI™ anion to diffuse from the PEO
domain into the P3HT domain. In other words, the
P3HT has been electrochemically doped with a TFSI™
counterion. At the negative electrode, the electron
produced at the P3HT electrode travels through the
external circuit to react with a Li* ion to form Li metal.
The Li* ion left behind by the transfer of the TFSI~
anion into the P3HT" diffuses into the polymer elec-
trolyte separator to compensate for the consumed Li™
at the negative electrode. It is assumed that P3HT
moieties are oxidized randomly as electrons are re-
moved from the positive electrode, and it has been
established that positive charges are separated by
about six 3-hexylthiophene moieties.>* The reactions
in Figure 1 incorporate these assumptions.

A cyclic voltammetery experiment on the electro-
chemical cell depicted in Figure 1 indicated an onset
oxidation of P3HT at 3.1 V and an oxidation peak at 3.6 V.
The initial open circuit voltage (OCV), measured in all of
our cells of the type in Figure 1, is 2.95 &+ 0.05. This
corresponds to the neutral state of P3HT. The oxidation
levels of P3HT were controlled galvanostatically. A
current density (i) of 0.17 mA/cm? was applied to the
electrochemical cell for a specific amount of time (t). In
Figure 2 we show a plot of the resulting cell potential
(Ewe) vs t of a particular experiment on P3HT-PEO(6—2)
where t = 35 min. The oxidation level is denoted
as roy, Which is the ratio of the moles of electrons (e™)
removed in the galvanostatic experiment to the
moles of the 3-hexylthiophene moieties in the positive
electrode. The moles of e~ removed are given by
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Figure 2. (a) Characteristic cell voltage (E,.) versus time (t)
profile (solid curve) and current density (i) versus t (dashed
lines) for the oxidation of P3HT-PEO(6—2) block copolymer
with LiTFSI at r, = 0.085 using the two-terminal electro-
chemical cell. A current density of 0.17 mA/cm? is applied to
the electrochemical cell until the desired oxidation level
(rox) is reached. The cell is allowed to rest (i = 0 mA/cm?),
after which the value of E,. is taken as the oxidation
potential (E,,). (b) Nyquist impedance plot (—Z' vs Z') from
1 MHz to 100 mHz of a two-terminal electrochemical cell at
90 °C for roy = 0 (inset) and ry, = 0.10. The positive electrode
is P3HT-PEO(6—2) at ro = 0.085.

e” = iAt/F,where Ais the area of the sample (0.118 cm?)
and F is Faraday's constant. We assume that the moles
of e~ removed equal the moles of TFSI™ counterions in
the oxidized P3HT microphases. After reaching the
desired ro value, the cell is allowed to rest until
the E, “stabilizes” as shown in Figure 2a. In principle,
the rest step allows for the dissipation of the electrode
overpotentials and salt concentration gradients in the
PS-PEO electrolyte and the P3HT-PEO electrode. It also
allows for relaxation of inhomogeneous oxidation
fronts that may have developed in the positive elec-
trode. As can be seen in Figure 2a, even after a rest step
of 25 min a steady decrease in E,. of 0.001 V/min is
observed. This may be the result of slow diffusion of
ions across the electrode—electrolyte interface or un-
controlled side reactions. The value of E,. is taken as
the oxidation potential (E,y), and the corresponding rox
is set by the galvanostatic step. Figure 2b shows the ac
impedance spectroscopy measurements taken at t =0
before oxidation and after the rest step at o, =0.01.Itis
evident that the cell impedance decreases by about an
order of magnitude in response to a small change in r,,
from 0to 0.01 (note the difference in the scales used for
the x-axes in Figure 2b and the inset in Figure 2b). This
is a clear sign that the P3HT chains are being oxidized.

PATEL ET AL.

Negative Electrode
Lithium Metal

PS-PEO/LITFSI

Nickel Mesh

P3HT-PEO/LITFSI

Positive Electrode

Figure 3. Schematic of a three-terminal electrochemical cell
that enables simultaneous conductivity measurements and
control over electrochemical doping of P3HT. The nickel
mesh (third terminal) is placed at the middle of the polymer
layer of the positive electrode. The negative electrode is
pure lithium metal, which also serves as the reference
electrode. By applying a current between the positive and
negative electrode, we can control the r,, value of the P3HT-
PEO block copolymer. After reaching the desired r, value,
an ac impedance measurement is performed between the
nickel foil of the positive electrode and the nickel mesh. This
measurement allows us to directly quantify the conductivity
of the oxidized P3HT-PEO block copolymer.

Even though we see clear evidence of decreasing cell
resistance in Figure 2b, the challenge lies in extracting
the electronic resistance of the P3HT domains in the
positive electrode. The cell pictured in Figure 1 cannot
be used to address this challenge, as it contains several
resistive components including the PS-PEO separator
and the P3HT-PEO block copolymer, with concomitant
interfacial and charge transfer resistances at each
electrode.

In order to probe the electronic conductivity of the
oxidized P3HT-PEO block copolymer directly, we mod-
ified the two-terminal cell (Figure 1) to include a nickel
mesh in the P3HT-PEO positive electrode as shown in
Figure 3. Following the procedure described above,
a constant current is applied between the negative
lithium metal electrode and the nickel foil of the
positive electrode. After reaching the desired r, value
and allowing the cell to rest, ac impedance spectros-
copy measurements are performed between the nickel
foil and the nickel mesh both located in the P3HT-PEO
electrode. This measurement quantifies the charge
transport in the oxidized P3HT-PEO block copolymer.
The E,, value was recorded after the rest step when
stable impedance data were obtained (usually less
than 30 min after the galvanostatic step).

In standard impedance measurements, one uses
identical parallel plate electrodes to apply potentials
and measure the resulting current. If edge effects are
neglected, and the field lines are parallel to each other
and perpendicular to the electrodes, the conductivity is
calculated using eq 4 in the Experimental Methods
section. In contrast, one of the electrodes used in the
three-terminal cell is a mesh with 90% open area. In
order to quantify the effect of using this mesh as an
electrode, experiments were performed on a modified
three-terminal cell as shown in Figure 4a. The cell in
Figure 4a is symmetric with a P3HT-PEO/LIiTFSI mixture
sandwiched between two nickel foils and with a nickel
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Figure 4. (a) Schematic of a three-terminal conductivity cell
used to quantify the effects of a nickel mesh electrode. (b)
Representative Nyquist impedance plots (—2Z” vs Z') for
P3HT-PEO(6—2) at ro = 0.085 for a frequency range from
1 MHz to 10 mHz. Measurements are taken between the two
nickel foil electrodes and between nickel foil and nickel
mesh electrodes. (c) Electronic and ionic conductivity at
90 °C of the P3HT-PEO block copolymers at r, = 0.085 when
measured between foil—foil electrodes and between
foil—mesh electrodes.

mesh in the middle. Impedance spectra were obtained
in two independent experiments. In one case, the
spectra were obtained using the two nickel foils as
electrodes (foil—foil). In the other case, the spectra
were obtained with one of the foils and a nickel mesh
as the other electrode (mesh—foil). In Figure 4b we
show impedance data obtained from a P3HT-PEO-
(6—2)/LiTFSI mixture. The qualitative features seen in
the foil—foil impedance data were similar to those seen
in the mesh—foil impedance data. In both cases, the
spectra were analyzed by methods described in ref 30
to give the electronic (o.) and ionic (0;) conductivities,
using the same total polymer cross-sectional area
(0.118 cm?). The validity of 0. and g; thus obtained may
be questioned due to the large void fraction of nickel
mesh. In Figure 4c, we show the values of g, and g; of the
three P3HT-PEQ/LITFSI samples (Table 1). The values of o,
and o; obtained in the foil—foil experiments reported in
Figure 4c are within experimental error of those re-
ported in ref 30. This is reasonable, as one does not
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Figure 5. (a) Characteristic Nyquist impedance plot (—Z" vs
Z') at 90 °C for P3HT-PEO(6—2) at r,, = 0 with a frequency
range of 1 MHz to 1 mHz. Fit parameters: Qu=2.1 x 10~ *°
F-s*", Gpuic = 1.0, Qine=1.60 x 1077 F+5*", @iy = 0.81, Qgriyfit =
2.0 x 107" F-s*", agrp = 0.8, Ry = 473 Q- cm?, Ryyip e = 3.4 ¥
10° Q-cm?, R = 3.4 x 10° Q-cm? (b) Characteristic
Nyquist impedance plot (—Z” vs Z') at 90 °C for P3HT-
PEO(6—2) at r,x = 0.01 with a frequency range of 1 MHz to
100 Hz. Fit parameters: Qpuy = 1.51 x 107° F-s*, apui =
0.97, Qint=1.60 x 107 F-5*", @i = 0.81, Ri 5 = 130 Q-cm?,
Re it =310 Q-cm?. (c) Characteristic Nyquistimpedance plot
(—2Z" vs Z') at 90 °C for P3HT-PEO(6—2) at ro, = 0.10 with
a frequency range of 1 MHz to 55 Hz. Fit parameters: Qp ik =
1.7 x 1077 F-5*", apui = 0.96, Roge = 1.14 Q-cm?, Roge =
1.40 Q- cm? These measurements are taken between the nickel
foil and nickel mesh of the three-terminal electrochemical cell.
The open circles represent experimental data, while the
solid curve corresponds to the fit using the equivalent
circuit shown in the inset.

expect the presence of the nickel mesh in the sample
to have a measurable effect on charge transport in
P3HT-PEO. The values of ¢; obtained from the foil—foil
and mesh—foil configuration are within experimental
error. The o, of P3HT-PEO(5—4) and P3HT-PEO(6—2)
are also within experimental error. Only o, of P3HT-
PEO(9—2) from the mesh—foil experiment is signifi-
cantly different from the foil—foil experiment. With the
exception of g, of P3HT-PEO(5—4), which is near the
lower limit of the instrumental resolution, values of
0. obtained from the mesh—foil are lower than the

A N NS
VOL.7 = NO.7 = 6056-6068 = 2013 @L%N {\)

WWwWW.acsnano.org

6060



4 =] Og 0x <> Oy
10
-2
10 Fox =__0_-_1_9 __________ B--__ N
w0t T A
E 10° I =001 =
b 10 - T =008 |
7 e
10 [ @~ B--_. B
b - 0 e
10'9 E . ! . ! . ! -
0.5 0.60 0.70 0.80
Pt

Figure 6. Electronic conductivity of the oxidized P3HT-PEO
block copolymers (0,,0x) at 90 °C as a function of the P3HT
volume fraction (¢y) for roy values of 0, 0.01, and 0.10. The
¢ut values for the three block copolymers are given in
Table 1. The diamond markers correspond to the electronic
conductivity of the unoxidized P3HT-PEO block copolymers
(0e) when only considering the chemical mixing of LiTFSI at
ro = 0.085 and determined using a two-terminal conductiv-
ity cell. The dashed lines are guides for the eye.

foil—foil experiments. One may thus consider . ob-
tained from the mesh—foil experiments to be lower limits
of the actual electronic conductivity. It is evident from
Figure 4c that one cannot account for the mesh
electrode using a multiplicative correction factor that
applies to all samples. For consistency, we report
conductivity values with the mesh—polymer—foil con-
figuration without any corrections.

In Figure 5 we show Nyquist impedance plots of
P3HT-PEO(6—2) obtained using the three-terminal
electrochemical cell at r,, values of 0, 0.01, and 0.10.
At rox =0, the Nyquist plot contains three semicircles. A
smallincrease in roy to 0.01 results in a Nyquist plot with
two semicircles. At ryy 0.10, the Nyquist plot contains
only one semicircle. The methodology to obtain the
electronic and ionic conductivities of P3HT-PEO/LIiTFSI
mixtures from Nyquist plots is discussed at length in ref 30.
Regardless of the number of Nyquist semicircles,
the electronic resistance, R, is given by the intersection
of the lowest frequency semicircle with the real axis.
The curves through the data in Figure 5 are fits using
the equivalent circuits in the insets of each figure. The
method used to obtain the fitis described in ref 30. The
electronic conductivities of the oxidized polymers (0gox)
were calculated from R, values thus obtained using eq 4
described in the Experimental Methods section.

In Figure 6, we present ooy Of electrochemically
oxidized P3HT-PEO block copolymers at ro, = 0, 0.01,
and 0.10. At ro, = 0, Ge,ox is between 1077 and 1078 S/cm
for all three polymers. It is evident in Figure 6 that the
electronic conductivities of electrochemically oxidized
P3HT-PEO block copolymers are weak functions of
P3HT volume fraction (¢n7), where increasing roy from
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0 to 0.01 results in a 1000-fold increase in 0 x. One
might have mistakenly inferred a 10 fold increase in
Oe,0x based on data obtained using the 2-terminal cell
shown in Figure 2b. Further increase in r,, from 0.01 to
0.10 results in a 100-fold increase in e ox-

Also shown in Figure 6 is the electronic conductivity
of unoxidized P3HT-PEO block copolymers (o.) obtained
using a two-terminal conductivity cell with nickel foil
electrodes. Note that both two-terminal and three-
terminal experiments probe unoxidized P3HT-PEO
block copolymers at r, = 0.085. In spite of this, it is
evident in Figure 6 that 0. o at rox = 0 is about 3 orders
of magnitude lower than o, for both P3HT-PEO(9—2)
and P3HT-PEO(6—2). It was shown in ref 30 that the
high values of g in P3HT-PEO(9—2) and P3HT-PEO-
(6—2) are due to partitioning of salt into the P3HT
microphase. In contrast, the salt is located exclusively
in the PEO microphase in the case of P3HT-PEO(5—4).
We propose that the higher chemical potential of
LiTFSI for P3HT-PEO block copolymers with a PEO
molecular weight of 2 kg/mol drives the LiTFSI into
the P3HT-rich microphase. In the two-terminal con-
ductivity cell, the LiTFSI chemical potential can be
decreased only by partitioning into the P3HT micro-
phase. In the three-terminal electrochemical cell, how-
ever, the LiTFSI chemical potential can be decreased by
partitioning into the PS-PEO electrolyte layer where the
PEO molecular weight is 67.6 kg/mol. We thus con-
clude that the electronic conductivities of all three
P3HT-PEO block copolymers measured in the three-
terminal electrochemical cell and that of P3HT-PEO-
(5—4) measured in the cell with two-terminal conduc-
tivity correspond to a pure P3HT microphase with no
added LiTFSI. There are two potential reasons for the
increase in LiTFSI chemical potential in P3HT-PEO(9—2)
and P3HT-PEO(6—2) relative to P3HT-PEO(5—4): (1)
P3HT-PEO(9—2) and (6—2) have a nanofibrillar mor-
phology, while P3HT-PEO(5—4) has a lamellar morphol-
ogy. Disruption of the PEO domains in the presence of
the nanofibrillar morphology may increase the LiTFSI
chemical potential. (2) The interfacial area per unit
volume between ionically conducting and nonionically
conducting microdomains (either P3HT or PS) is ex-
pected to increase with decreasing PEO block molecular
weight. The increased contact between salt and P3HT
monomers due to this effect will also increase the LiTFSI
chemical potential in P3HT-PEO(9—2) and (6—2).

Figure 7 shows conductivity data obtained in the
three-terminal electrochemical cells as the P3HT-PEO
block copolymers are cycled between oxidized and
reduced states. A cycle consisted of oxidation in two
steps, from ro, = 0 to 1o, = 0.01 and from r,, = 0.01 to
rox = 0.10, using the galvanostatic oxidation protocol
described above. Each step took about one hour to
execute. In the reduction step, the electrons were
added to the P3HT-containing electrode until the
voltage cutoff of 2.5 V was reached, and the cell was

VOL.7 = NO.7 = 6056-6068 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

6061



2 — | : | —
(a)10 f,e= 0.10
10'3 - T """"""" T ””””” B ? ********* o _|
10’4 - ) /,,LI} “““““ . ? """""" 9
E 10°F Tf’mﬁ 0.01 i
b
= 10°F i
a; -
© 107 o ? ________________ T __________ -
ook T T _
10-9 | 1 ] | | -
1 2 3 4 5
Cycle
2F T T T -
(b)10° F&
10° ox =010 e P e o
4
o N R o -
= 105 AT Y TR o
510 .
2 r
= 10°F i
g 7| rx=0 )
© 10 Oeel_ J o O 4
10° o _
10_9 £l 1 ] | | -
1 2 3 4 5
Cycle
(0)10-2 FT T T T —
10° F T """"" T i
-4 | rox=9;]_0__ /"/// T |
10 o ? —————————— o
€ 5L o e i
10"
5 | e
€ 0tk rh=001® 4
[}
-7
© 407 — o PR o . o
10° F 7=0 -
10-9 | 1 ] | | -
1 2 3 4 5
Cycle

Figure 7. Electronic conductivity of the oxidized (a) P3HT-
PEO(9-2), (b) P3HT-PEO(6—2), and (c) P3HT-PEO(5—4) block
copolymers at 90 °C for r,x values of 0.0.01, and 0.10 for five
oxidation/reduction cycles. A cycle consisted of oxidation
from rox = 0 to ro = 0.10 and then reduction back to a
neutral state of r,, = 0, which corresponds to the start of the
next cycle. The dashed lines are guides for the eye.

allowed rest until a stable value of conductivity was
obtained. Full reduction of the P3HT chains back to the
neutral state took several such steps and typically
required three days. In the oxidation step, the TFSI™
anion diffuses through the PEO microphase into the
P3HT microphase. In the reduction step, the TFSI™ anion
diffuses through the P3HT microphase into the PEO
microphase. Our experiments suggest that the diffu-
sion of the TFSI™ anion through P3HT is much slower
than through PEO. It is likely that this is due to the
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crystalline nature of the P3HT domains in the presence
and absence of LiTFSI.3° Itis evident in Figure 7 that the
dependence of 0gox Of P3HT-PEO(9—2) and P3HT-
PEO(6—2) on ro is independent of cycle number. In
the case of P3HT-PEO(5—4), 0.ox increases with each
cycle at both r,, values of 0.01 and 0.10. The largest
increase occurs between cycle 2 and 3. The data obtained
in cycles 4 and 5 are almost within experimental error but
show signs of stabilizing after subsequent cycling. Even
though 0¢ox at rox = 0.01 and 0.10 generally increases
with cycle number, the baseline conductivity obtained at
Iox = 0 is within experimental error in all cases.
Small-angle X-ray scattering (SAXS) experiments
were performed on the oxidized samples at ro, = 0.10
after the fifth cycle. Figure 8a shows the SAXS intensity,
I, versus magnitude of the scattering vector, g, of P3HT-
PEO(5—4) at ro, = 0 and 0.10. The SAXS profile of P3HT-
PEO(5—4) at rox = 0 shows a primary peak at g = g* =
0.31 nm " and a higher order peak at 2g*, indicating
the presence of a lamellar structure with a domain
spacing d = 20.3 nm (d = 27t/g¥). At rox = 0.10, the SAXS
profile of P3HT-PEO(5—4) shows only a primary peak
at g* = 0.28 nm ' corresponding to a domain of d =
224 nm. It is clear from the scattering profile that
oxidation of P3HT results in the reduction of long-
range order, as indicated by the loss of the second-
order peak.®®> The SAXS profile of P3HT-PEO(9—2) at
I'ox = 0 shows a broad peak at g* = 0.31 nm™~' corre-
sponding to d = 20.3 nm (Figure 8b). Subtle shoulders
are seen at higher values of g. These are signatures of
the nanofibrillar morphology typically seen with P3HT-
containing block copolymers. At r,, = 0.10, the SAXS
profile of P3HT-PEO(9—2) also shows the nanofibrillar
morphology with a broad peak at g* = 0.29 nm™'
corresponding to d =22 nm. Unlike P3HT-PEO(5—4), no
significant change in morphology is seen upon oxida-
tion of P3HT-PEO(9—2). In both Figure 8a and b, we see
that d increases with oxidation [d increases 10% in P3HT-
PEO(5—4) and 6% for P3HT-PEO(9—2)]. The transforma-
tion of the P3HT backbone from the benzenoid-like
structure to the quinoid-like structure results in an increase
in the persistence length of the polymer.3® We propose the
observed increase in d upon oxidation is due to this effect.
The important parameters that described the effects
of electrochemical oxidation on electronic conductiv-
ity of P3HT-PEO block copolymers are 0¢ ox, foxs and Eoy.
The relationships between these parameters are shown
in Figure 9. Figure 9a shows 0, as a function of r,, for
the three P3HT-PEO block copolymers. The depen-
dence of Geox ON rox is similar for all three block
copolymers. The data appear to fall into two regimes.
The first regime encompasses low oxidation levels, and
it is found that o, oy increases by approximately 3 orders
of magnitude when r, increases from 0 to 0.005. In the
second regime, further increase of r,,, from 0.005 to about
0.10 results in @ more modest increase in Og ox With
some evidence of saturation at ge ox Of 1072 S/cm at
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Figure 8. (a) SAXS profile of P3HT-PEO(5—4) at 90 °C for r,, = 0 and 0.01 indicating the presence of microphase separation. A
lamellar morphology is seen at r,x = 0, while there is a decrease in long-range order after oxidation to r,, = 0.10. (b) SAXS
profile of P3HT-PEO(9—2) at 90 °C for r,, = 0 and 0.01 indicating a microphase-separated structure (nanofibrillar).

high ro values. The trends seen in Figure 9a are con-
sistent with previously reported behavior of chemically
oxidized conjugated polymers.'” The highest r., values
attainable, 0.10, 0.125, and 0.150 for P3HT-PEO(9—2),
P3HT-PEO(6—2), and P3HT-PEO(5—4), respectively, in-
crease with decreasing molecular weight of the P3HT
block. Chen et al. report r,, values as high as 0.30 for
poly(3-butylthiophene) immersed in LiPFs-containing
liquid electrolyte and corresponding bulk electronic
conductivities as high as 0.1 S/cm. However, Ciprelli et
al.found considerably lower values of r,, when poly(3-
octylthiophene) was chemically doped with a salt
containing the TFSI™ anion.?” In Figure 9b, we show
the relationship between r,, and E,, which has a power
law relationship (the solid curves are power law fits to
the data points). Even though each block copolymer has
a different highest attainable r,,, the corresponding
highest attainable E., is about 3.6 V in all cases. In
Figure 9¢c, we show the relationship between E,, and
Oeox It is clear that log(oe ox) increases linearly with E,.

Figure 10 shows the hole mobility («.,) of electro-
chemically oxidized P3HT-PEO block copolymer as a
function of r,. The mobilities were calculated from the
relation uox = Oeox/ne, where n is the charge carrier
density (cm—3) and e is the elementary charge. The
value of n is calculated from rox; N = roxNayppspt/Mo
where N, is Avogrado's number, ppsyt is the density of
P3HT, and M, is molar mass of the 3-hexylthiophene
repeat unit. Note that both o, ox and n are functions of
electrochemical potential of the polymer (Figure 9).
The uoy Vs rox data in Figure 10 appear to fall into two
regimes. For ryy values less than 0.02, ux is a weak
function of rox. Above ro = 0.02, oy increases linearly
nearly 1 order of magnitude as r., is increased to about
0.10. In this regime, hole mobility is independent of
block copolymer composition or the chain length of
the P3HT block. The data in Figure 10 are qualitatively
similar to those obtained from electrochemically
doped P3HT homopolymer in the presence of a liquid
electrolyte. 3% Arkhipov et al. explained the observed
trend in mobility assuming a transport model that
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accounts for Coulombic interactions between the
holes and counterions. An important parameter in
the model is the reciprocal localization radius (),
which was varied to obtain agreement between theory
and experiment. At low r,, values, the holes generated
are trapped by the attractive Coulomb potentials of the
TFSI™ anion (Coulomb traps). As a result, the mobility of
the holes is suppressed. The several orders of magni-
tude increase in e ox (Figure 9a) at low ro is entirely
from the increase in charge carrier density. As rox
increases, the distance between the holes (and TFSI
anions) decreases, which results in the overlap of the
Coulomb trap potential energy wells. This reduces the
activation barrier for hole transport and enhances mo-
bility. Remarkably, the data in Figure 10 are in quantita-
tive agreement with Arkhipov et al. with y = 3 nm™'; that
is, Uox INCreases from 10> to 10~ *cm?-V~"-s7 " asry,is
increased by a factor of 10 (Figure 4 in ref 40). A
difference between our data and the model is that in
the model the linear regime starts at ro, &~ 0.1, while in
our experiments this regime starts at r,, ~ 0.01.

Figure 11 shows the schematic of a battery with a
lithium metal negative electrode and a LiFePO, posi-
tive electrode. The LiFePO, particles (active material)
are dispersed in a P3HT-PEO(6—2)/LiTFSI mixture. Se-
parating the two electrodes is a PS-PEO block copoly-
mer electrolyte layer with LiTFSI at ro = 0.085. The
properties of this battery were reported in ref 33, where
it was shown that the P3HT-PEO(6—2)/LiTFSI serves as
an electronically and ionically conducting binder and
that the charge/discharge specific capacity of the
positive electrode approaches the theoretical value
of LiFePO, (170 mAh/g).3® The theoretical specific
capacity for P3HT is 161 mAh/g. We focus on a single
charge/discharge cycle to elucidate the changes in the
electronic conductivity and oxidation level of P3HT
during a battery cycle, as shown in Figure 12a. The
voltage of the battery (E,. vs Li/Li") is initially at its
equilibrium OCV of 3.41 V. The battery is then charged
at a constant i of 0.02 mA/cm? until E,,. reaches 3.8 V.
Ee is held at 3.8 V until i decreased to 10% of the
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Figure 9. (a) Electronic conductivity of the oxidized P3HT-
PEO block copolymers (o, 0x) as a function of oxidation level
(rox)- The solid line corresponds to a line fit between r = 0
and 0.005. The solid curve corresponds to a fit using
109(0e,0x) = @ — b(107°%) from r,y = 0.005 to 0.125, where
a=-1.32,b=3.24,c=1120,and d =86.2. Fitis given only for
P3HT-PEO(6—2) for clarity. (b) Relationship between r,, and
E,x for the P3HT-PEO block copolymers. Open circles are the
experimental data, and the solids curves are power law fits.
Fit parameters using the equation ro,=a + b(E,,):a= —4.97 x
1073 b =8.08 x 10 '3, and ¢ = 20.6 for P3HT-PEO(6—2),
a=228 x 1073 b=3.25 x 107", and ¢ = 35.2 for P3HT-
PEO(9-2),anda= —7.54 x 107%, b=1.31 x 102", and c =
36.1 for P3HT-PEO(5—4). (c) Electronic conductivity of the
oxidized P3HT-PEO block copolymers as a function of cell
potential (E,, vs Li/Li"). Open circles are the experimental
data, and the solid lines are linear (log-scale) fits. Fit para-
meters using the equation l10g(0e ox) = a + b(Eox): a = —30.4
and b = 7.99 for P3HT-PEO(6—2), a = —33.1 and b = 8.63 for
P3HT-PEO(9-2), and a = —34.7 and b = 9.11 for P3HT-
PEO(5—4). All conductivity data are at 90 °C.
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Figure 10. Hole mobility (i) of electrochemically oxidized
P3HT-PEO block copolymers as a function of oxidation level
(rox)- The mobilities were calculated from the relation tiox =
Oe,0x/N€, Where n (related to r,,) is the charge carrier density
(cm3) and e is the elementary charge. The dashed lines are
guides for the eye.

Negative Electrode
- Lithium Metal

PS-PEOI/LITFSI
P3HT-PEQ/LITFSI + LiFePO,

Positive Electrode

Figure 11. Schematic of a battery cell with a positive electrode
comprising LiFePO, active material, LiTFSI, and P3HT-PEO
binder. The negative electrode is pure lithium metal, which
also serves as the reference electrode. In between the positive
and negative electrode is a PS-PEO/LITFSI electrolyte layer.

original value, which completes the charging step.
After a rest step of 60 min, the battery is discharged
ata constant i of —0.02 mA/cm? until £, reaches 2.5 V.
After another rest step, E,. increases until it returns to
the equilibrium OCV value of 3.41 V. This completes the
charge/discharge cycle. Note that the E,, values found
in the battery (Figure 12a) overlap with the range of £,
values given in Figure 9c. Interestingly, the voltage
window where P3HT is electrochemically active is within
the voltage range of the battery charge/discharge cycle.
The reversible redox reactions occurring in the battery are

charge
xLiFePO, —= xFePO, +xe™ +xLit (1)

discharge
charge
yP3HT ——=——yP3HT " +ye~ )
discharge
. - charge .
(x+y)Li" +(x +y)e x+yli  (3)
discharge

The forward reaction corresponds to the charging
step, while the reverse reaction corresponds to the
discharging step. Reactions 1 and 2 occur in the posi-
tive electrode, while reaction 3 occurs in the negative
electrode. In Figure 12b, we show the time dependence

A N NS
VOL.7 = NO.7 = 6056-6068 = 2013 @L%N {\)

WWwWW.acsnano.org

6064



0.02=

3
0.00 §
0.02>>

-8 ....|....|.'...
0 100 200 300

t (minutes)

Figure 12. (a) Cell potential (. vs Li/Li*) vs time () curve
corresponding to a characteristic charge/discharge profile
for a battery cell composed of a lithium anode, solid poly-
mer electrolyte, and a LiFePO, positive electrode with P3HT-
PEO(6—2) conductive binder. (b) Oxidation level (r,,) for the
charge/discharge profile using the relationship between E,,
and rox given in Figure 9b. (c) Oxidized electronic conduc-
tivity (0e,0x) for the charge/discharge profile using the
relationship between E,, and o, o given in Figure 9c.

of rox during the charge/discharge cycle. This curve was
calculated from the power law fit through P3HT-PEO-
(6—2) data in Figure 9b. During the charging step, roy
was assumed to follow the power law until the max-
imum r,, value was reached. During this time, we
assumed that both LiFePO, and P3HT are oxidized. In
the remainder of the charging step, we assume that all
of the oxidation occurs in the LiFePO, particles. We
assume that ry remains constant during the rest step and
follows the power law in the subsequent discharg-
ing and rest steps. At a ro, value of 0.125, P3HT con-
tributes only about 7% to the total capacity of the battery
(far from the theoretical specific capacity of P3HT).

In Figure 12¢, we show the time dependence of g ox
during the charge/discharge cycle obtained using
the fit through the P3HT-PEO(6—2) data shown in
Figure 9c. It is evident that the conductivity of our
binder is relatively high, in the 1073 to 1072 S/cm
range, during charging. This value is significantly high-
er than the ionic conductivity of the P3HT-PEO(6—2)/
LiTFSI mixture (10~* S/cm) reported in ref 30. This is
important for enabling the redox reactions 1 to 3
because they involve equal moles of ions and elec-
tronic charges. It is, perhaps, not surprising that high

PATEL ET AL.

electronic conductivity is obtained during charging
because the P3HT chains are being oxidized during
this step. During most of the discharge step, electronic
conductivity is above 107* S/cm. This may seem
surprising because P3HT is being reduced during this
step. Electronic conductivity during the discharge step
is enabled entirely due to the potential of 3.3 Vimposed
on the positive electrode by the FePO, particles. As the
discharge step approaches completion and E,. de-
creases to 2.5 V (Figure 12b), 0 ox plummets to below
107 S/cm. In other words, our “conductive” binder is
essentially an electronic insulator toward the end of
the discharge cycle. This provides a unique route for
overdischarge protection as the battery has been essen-
tially “shut off” to further discharge. After the discharge
cycle, the battery returns back to an equilibrium OCV value
of 341V, where g ox =1 X 103 S/cm, indicating that the
binder returns to the electronically conducting state.

It is important to have overdischarge and over-
charge protection in a battery in order to improve
the safety and cycle life of the battery. In a conventional
battery pack, overdischarge and overcharge protec-
tion is accomplished using external circuitry. Unfortu-
nately, the use of external circuitry adds significant
weight, adds to the cost, and complicates battery pack
design. Therefore, it is advantageous to incorporate
the overdischarge or overcharge protection capabil-
ities within the chemistry of the battery cell, thus
simplifying the battery pack design and reducing the
cost. In some experimental battery cells, redox shuttles
are used to enable overcharge and overdischarge
protection within a battery cell*' In an interesting
experiment, Chen et al. lined the pores of a conven-
tional battery separator with P3BT. Under the condi-
tions where the cells were fully charged, the P3BT
lining became electronically conducting and the addi-
tional electrons were directly shuttled from the nega-
tive to the positive electrode.?®? The charging process
is thus interrupted. Alternatively, incorporating a semi-
conducting binder in one of the electrodes (as we do in
this study) provides a radically new approach for ena-
bling overdischarge and overcharge protection. In
principle, a semiconducting binder in the positive elec-
trode could provide overdischarge protection, as shown
in this study, while a semiconducting binder in the
negative electrode could provide overcharge protection.

CONCLUSIONS

We have characterized electronic charge transport in
P3HT-PEO block copolymers as a function of electroche-
mical doping. A novel three-terminal electrochemical cell
that enables simultaneous conductivity measurements
and control over electrochemical doping of P3HT in a
solid-state system was developed. The electronic con-
ductivity (0eox) of the P3HT-PEO block copolymers
is measured as a function of oxidation level, r.,, and
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oxidation voltage, Eqy. At low ro, values below 0.01, 0 ox
increases from 1078 S/cm to nearly 107* S/cm. At roy
values near the highest attainable oxidation levels, 0¢ ox
approaches 1072 S/cm. The three-terminal cell enables
determination of the mobility of electronic charges in
P3HT-PEO copolymers, as it enables measurement of
conductivity in the presence of a known concentration
of charge carriers. Finally, we show the effect of the
presence of a redox-active electronic conductor in the
positive electrode of an all-solid lithium battery with a
lithium metal negative electrode and a LiFePO, posi-
tive electrode. We demonstrate that P3HT is electro-
active in the potential window of the charge/discharge
cycle of the battery. This implies that two separate redox
reactions occur in the positive electrode, one involving
P3HT and the other involving LiFePO, (eqs 1 and 2). We
assume that the LiFePO, redox reaction controls the
electrode potential, which in turn dictates the g Of the
P3HT-PEO block copolymer. In the open-circuit state,

EXPERIMENTAL METHODS

Materials. Ethynyl-terminated poly(3-hexylthiophene) (ethynyl-
P3HT) was synthesized using Grignard metathesis polymerization.*?
Azide-terminated PEO (2000 g/mol, azide-PEO) was purchased from
Polymer Source. Azide-PEO of 4200 g/mol was obtained
through end-group functionalization of monomethoxy-PEO
that was purchased from Polymer Source. Ethynyl-P3HT and
azide-PEO were coupled using 1,3-dipolar cycloaddition click
reaction to yield P3HT-PEO block copolymer (refer to ref 33 for
more details on synthesis and purification). The molecular
weight and regioregularity of ethynyl-P3HT were determined
using "H NMR. The polymers are characterized using a Viscotek
autosampler, Viscotek triple detector (TDA 302), and a set of
three Waters Styrogel HR columns (two HR3 and one HR4
column) with tetrahydrofuran (THF) as the mobile phase (flow
rate of 1 mL/min, 35 °C). The GPC was calibrated using poly-
styrene standards. Table 1 lists the pertinent polymers used in
this study. Polystyene-block-poly(ethylene oxide) (PS-PEO) was
used as the polymer electrolyte separator. The M,, of the PS
block is 52.9 kg/mol, and M,, of the PEO block is 67.6 g/mol. The
volume fraction of PEO (¢go) is 0.54.

P3HT-PEO Block Copolymer Salt Sample. All of the steps used to
make the P3HT-PEO/LITFSI mixtures were conducted in argon-
filled gloveboxes (MBraun and Vacuum Atmospheres). LiTFSI
was purchased from Novolyte and dried under vacuum at 120 °C
for 3 days to remove any residual water. Neat P3HT-PEO samples
were dried under vacuum at 90 °C for 2—3 days before making
salt samples. LiTFSI/anhydrous-THF mixtures were prepared in a
volumetric flask at a concentration of 0.5 g/mL. The P3HT-PEO
samples were dissolved in anhydrous benzene at a concentra-
tion of 5 mg/mL in scintillation vials. Heating the sample slightly
using a heated stir plate helped the dissolution process. An
appropriate amount of LiTFSl/anhydrous-THF solution was
added to the P3HT-PEO solution to obtain the desired salt
concentration. The P3HT-PEO salt solutions were stirred over-
night to ensure good mixing and placed in a custom-built
airtight desiccator, which was transferred into a freeze-drying
unit. The process ensured no exposure to air. We define ry, the
initial total salt concentration in the block copolymer, as the
ratio between moles of LiTFSI and moles of EO units.

Two-Terminal Conductivity Cell and Two-Terminal Electrochemical
Cell. Samples for conductivity measurements were prepared
by hot pressing freeze-dried P3HT-PEO block copolymer with
LiTFSI into a 125 um thick Garolite G-10 spacer with an inner
hole diameter of 3.88 mm. To assemble a two-terminal
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P3HT s in an electronically conducting state (0c o= 10>
S/cm), and Ogox iNcreases to 1072 S/cm during the
charging step. This range of conductivities is signifi-
cantly higher than the ionic conductivity of the P3HT-
PEO block copolymer binder (10~* S/cm). This is
important for enabling the redox reactions, as they
involve equal moles of lithium ions and electronic
charges (eqs 1 and 2). 0eox is above 10~* S/cm for
the majority of the discharge cycle, allowing for suc-
cessful extraction of discharge capacity from the bat-
tery. However, at the tail end of the discharge cycle,
Oe0x decreases sharply to 1077 S/cm; in this state the
P3HT-PEO block copolymer binder is essentially an
electronic insulator. This observation shows that the
use of a semiconducting polymer such as P3HT as a
conductive binder in a positive electrode provides
an unprecedented route for overdischarge protection
needed to prevent irreversible side reactions and
safety failures in rechargeable batteries.

conductivity cell, nickel foil current collectors were pressed on
both sides of the spacer at 90 °C. Nickel tabs were placed on both
nickel foils. The sample was then sealed in aluminum-laminated
pouch material (Showa Denko) using a vacuum sealer (Packing
Aids Corp). To assemble the two-terminal electrochemical cell
(Figure 1), we first measured the mass of the spacer before and
after the addition of the polymer. A nickel foil current collector was
pressed on one side of the spacer, while a piece of polymer
electrolyte membrane approximately 3/16 in. in diameter (PS-
PEO block copolymer with LiTFSI at ro = 0.085) was gently pressed
on the other side of the spacer. A disk with a 3/16 in. diameter was
punched from 150 um thick lithium foil and was gently pressed on
the other side of the polymer electrolyte membrane. Nickel tabs
were placed on the lithium and on the nickel foil. The sample was
then sealed in aluminum-laminated pouch material using a va-
cuum sealer. Samples were prepared and sealed in an argon-filled
glovebox to ensure that the samples are air- and water-free.
Three-Terminal Conductivity Cell and Three-Terminal Electrochemical
Cell. First, the P3HT-PEO/LITFSI mixture was pressed into two
eparate spacers at 90 °C. The mass of the spacer was recorded
before and after the addition of the polymer. The thickness, L, of
each polymer-filled spacer was measured (150—200 xm). Due
to overfilling the spacer hole, the actual thickness is slightly
larger than the spacer thickness, but is not an issue for taking
measurements, as the polymer is a hard solid at 90 °C. Next, a
piece of electroformed nickel mesh with a hole size of 344 um
and a wire width of 18.5 um (Industrial Netting) was gently
pressed between two spacers at 90 °C. This step needs to be
done very carefully to ensure the mesh is not damaged and that
the two polymer layers come into good contact to ensure
negligible resistance at the interface. For the three-terminal
conductivity cell (Figure 4a), nickel foil was gently pressed on
both sides of the spacer. Nickel tabs were added to both the
nickel foil electrodes and the nickel mesh electrodes. The
sample was then sealed in aluminum-laminated pouch material
using a vacuum sealer. In the case of the three-terminal
electrochemical cell (Figure 3), a nickel foil electrode was gently
pressed on one side of the spacer, while a piece of polymer
electrolyte membrane was gently pressed on the other side of
the spacer. A disk with 3/16 in. diameter was punched from
150 um thick lithium foil and was gently pressed on the other
side of the polymer electrolyte membrane. Nickel tabs were
placed on the lithium, the nickel foil electrode, and the nickel
mesh electrode. The sample was then sealed in aluminum-
laminated pouch material using a vacuum sealer. Samples were
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prepared and sealed in an argon-filled glovebox to ensure that
the samples are air- and water-free.

Galvanostatic Experiments. Galvanostatic oxidation experiments
were performed using a Bio-Logic VMP3 instrument and the
Bio-Logic EC-Lab data acquisition software. A current density (i)
of 0.17 mA/cm? is applied to the electrochemical cell for a
specific amount of time (t). The oxidation level is denoted as ry,
which is the ratio between the moles of electrons (e~) removed
to the moles of the 3-hexylthiophene moieties. The moles of
e~ removed is quantified using the following equation: moles
e~ =iAt/F, where A is the area of the sample (0.118 cm?) and Fis
Faraday's constant. The moles of e~ removed equals the moles
of TFSI™ counterions needed to stabilize the holes generated.
After reaching the desired r,, value, the cell is allowed to rest
until the voltage begins to stabilize, as shown in Figure 2a. This
value is taken as the equilibrium voltage (E.) corresponding to
the desired r,, value.

Conductivity Measurements Using Impedance Spectroscopy. The im-
pedance spectroscopy measurements were made using a Bio-
Logics VMP3 instrument and Bio-Logics EC-Lab data acquisition
software. The applied ac voltage was 50 mV with frequencies
ranging from 1 MHz to 1 mHz. Resistances were calculated from
the complex impedance data (Z* =Z — iZ") where Z and Z’ are
the real and imaginary impedances, respectively, using Nyquist
plots (—Z" vs Z'). The conductivity, g, is given by

o =- 4)

where L is the polymer thickness and R is the resistance
(Q-cm?), obtained from intersections of the Nyquist plots on
the Z' axis. All conductivity measurements were averaged over a
minimum of three samples, and all reported error bars were
calculated from one standard deviation. Physical arguments
were used to arrive at a particular equivalent circuit. In all cases,
we report the simplest equivalent circuit with the fewest
elements that can describe the data. The Randomize + Simplex
algorithm built into the EC-Lab software package was used to fit
the impedance data.

Scattering Experiments. Small-angle X-ray scattering (SAXS)
was taken at the Advanced Light Source (ALS) beamline 7.3.3
at Lawrence Berkeley National Lab. A silver behenate sample
was used as a standard calibrant. The 2D scattering patterns
were collected on a 1M Pilatus detector. The scattering patterns
were reduced using the Nika macro for Igor Pro developed by
Jan llavsky at Argonne National Laboratory.”* The measured
two-dimensional scattering data were averaged azimuthally to
obtain intensity (/) versus magnitude of the scattering wave
vector q = 4m sin(6/2)/1, where A is the wavelength of the
incident X-rays (0.124 nm) and 6 is the scattering angle.
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