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Abstract

This report is a summary of research results from an Early Career LDRD project con-
ducted from January 2012 to December 2013 at Sandia National Laboratories.
Demonstrated here is the use of conducting polymers as active materials in the posi-
tive electrodes of rechargeable aluminum-based batteries operating at room tempera-
ture. The battery chemistry is based on chloroaluminate ionic liquid electrolytes,
which allow reversible stripping and plating of aluminum metal at the negative elec-
trode. Characterization of electrochemically synthesized polypyrrole films revealed
doping of the polymers with chloroaluminate anions, which is a quasi-reversible reac-
tion that facilitates battery cycling. Stable galvanostatic cycling of polypyrrole and
polythiophene cells was demonstrated, with capacities at near-theoretical levels (30—
100 mAh g*) and coulombic efficiencies approaching 100%. The energy density of a
sealed sandwich-type cell with polythiophene at the positive electrode was estimated
as 44 Wh kg, which is competitive with state-of-the-art battery chemistries for grid-
scale energy storage.
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1. INTRODUCTION AND BACKGROUND

Demand for rechargeable battery systems continues to increase with the growth of the
electric vehicle market! and the introduction of stationary energy storage to the electrical grid.?
Rechargeable batteries based on aluminum are attractive alternatives to those based on conven-
tional chemistries because of the high charge-storage capacity and relatively low cost of alumi-
num. The volumetric capacity of aluminum metal is 8.0 Ah cm™, which is four times higher than
that of lithium. Aluminum is also competitive in terms of gravimetric capacity (3.0 Ah g vs.
lithium’s 3.9 Ah g* or sodium’s 1.2 Ah g™?). Aluminum is the most abundant metal in the
earth’s crust, and its cost is significantly lower than that of most other metals used for electro-
chemical energy storage. This makes aluminum-based batteries particularly attractive for sta-
tionary energy storage, the large scale of which requires the use of inexpensive raw materials.®
According to the US Geological Survey, worldwide production of aluminum (by weight) in 2010
was 1600 times that of lithium.* Although domestic lithium production is not disclosed by
USGS, they do report that the net reliance on imports of lithium in 2006-2009 (as a percentage of
consumption) was greater than 50%.* Over the same time period, the net reliance on imports of
aluminum ranged from 0-38%. Thus, the domestic availability of aluminum makes it a much
less expensive raw material than lithium, and this may have implications for battery production
as demand increases.

Historically, aluminum batteries based on aqueous or high-temperature molten salt elec-
trolytes have been the subject of extensive research but have not been considered for commer-
cialization because of prohibitive technical barriers.> An alternative type of rechargeable alumi-
num battery is based on room-temperature ionic liquids comprising imidazolium salts and alumi-
num chloride (i.e. chloroaluminate ionic liquids, or CILs). Aluminum metal can be electrochem-
ically plated and stripped with high efficiency (98.6-99.8% coulombic efficiency) at room tem-
perature in such electrolytes,®® and these reactions form the basis for the negative electrode (an-
ode) in a rechargeable aluminum-metal battery. Both aluminum metal and CIL electrolytes are
non-flammable, so a battery based on these components would have significant safety ad-
vantages over conventional lithium- and sodium-based batteries. Furthermore, the conductivities
of imidazolium-based CILs" *° are on par with those of lithium-ion battery electrolytes.™

The main obstacle to development of a rechargeable aluminum battery based on CIL
electrolytes is the identification of an active charge-storage material for the positive electrode
(cathode). While the electrochemical plating and stripping of aluminum metal in CILs have been
studied in great detail,”® > 3 there have been far fewer demonstrations of active cathode materi-
als for CIL-based batteries. One early demonstration of a rechargeable aluminum-metal cell
used graphite as the active material at the positive electrode with a mixture of aluminum chloride
(AICI3) and 1,2-dimethyl-3-propylimidazolium chloride as the electrolyte.** The proposed reac-
tion at the positive electrode was the reversible intercalation and removal of Cl, from the graph-
ite, but the presence of molecular chlorine in the graphite was not confirmed. A relatively flat
cell potential around 1.7 V was observed, and the maximum charge-storage capacity was 35
mAh g relative to the mass of graphite. This capacity rapidly decreased with cycling, which
was attributed to disintegration of the graphite electrode. Another demonstration with a similar
electrolyte utilized metal halides as active cathode materials.”®> During cell discharge, the metal
halides presumably converted to aluminum halides. While some cycling of the cells was demon-
strated, a significant amount of self-discharge occurred as a result of metal halide dissolution in



the electrolyte. More recently, there have been reports of “aluminum-ion” cathodes using
MnO,,* V,0s," or fluorinated graphite® as Al(111)-insertion hosts in CIL electrolytes. Howev-
er, evidence of an aluminum-intercalated phase was not given in any of these cases. Subsequent-
ly, electrochemical activity and apparent capacity at the cathode of the V,0s/Al cell were wholly
attributed to a reaction between the CIL and the stainless steel current collector.®  Given the
great difficulties encountered in developing cathode materials that can reversibly insert divalent
magnesium ions,? it is likely that the identification of a host for reversible insertion of trivalent
aluminum will be an even greater challenge.

Perhaps the most promising active materials for positive electrodes in CIL-based alumi-
num batteries are conducting polymers. Such polymers can be electrochemically oxidized and
reduced in electrolyte solutions, so they have been extensively researched as electrode materials
for lithium-ion batteries.?> Concurrent with electro-oxidation, the conducting polymer changes
from neutrally-charged to positively-charged and is doped with anions from the electrolyte to
maintain electro-neutrality. Upon electro-reduction of the polymer, the anions are transferred
back to solution. The use of conducting polymers as anion-insertion electrodes in aluminum-
based electrolytes has been demonstrated only a few times. Osteryoung and co-workers first
demonstrated the electrochemical activity of polypyrrole,?” polythiophene,?® polyaniline,?* and
poly(p-phenylene)® electrodes in mixtures of AICI; and 1-ethyl-3-methylimidazolium chloride
(AICI5:EMIC, one of the most common CILs) at room temperature. The polymers had been syn-
thesized via electropolymerization in solutions containing the corresponding monomer and
AICI3:EMIC. Electrode characterization in these studies focused on cyclic voltammetry. Met-
rics that are important for battery characterization (such as specific capacity, coulombic efficien-
cy, and cycling stability) were not reported. Only Koura and co-workers, in several demonstra-
tions with polyaniline and poly(p-phenylene) electrodes in CIL-aluminum cells, reported a very
!Lmited amount of data on galvanostatic cycling, specific capacity, and self-discharge behavior.?*"

Presented here is an examination of the use of polypyrrole and polythiophene as positive
electrodes in aluminum battery cells with chloroaluminate ionic liquid electrolyte. Distinct from
previous studies of conducting polymers in aluminum cells, characterization is focused on bat-
tery-relevant metrics, including gravimetric capacity, gravimetric energy density, coulombic ef-
ficiency, potential profile, cycling stability, and rate capability. Polymer electrodes in two dif-
ferent forms were examined: (1) electrochemically polymerized films in flooded, three-electrode
cells and (2) composite electrodes made of commercially-available conducting polymers and
binder in sealed sandwich-type cells. The relevant electrode reactions were identified and inves-
tigated using chemical and electrochemical analysis of the conducting polymer films. Cycling of
the polymer electrodes was performed in AlCI;:EMIC electrolyte with concomitant stripping and
plating of aluminum metal at the counter electrode. The results give a quantitative performance
evaluation of conducting polymers as active cathode materials for rechargeable aluminum batter-
ies operating at room temperature.
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2. EXPERIMENTAL METHODS

Anhydrous aluminum chloride and the chloroaluminate ionic liquids are extremely sensi-
tive to air and moisture. All chemical handling and cell preparation were performed in an argon-
filled glove box (oxygen and water content < 1ppm) unless otherwise specified. Electrochemical
cells (except for the sealed Swagelok®-type cells) remained in the glove box during electro-
chemical testing.

2.1. Chemicals

Pyrrole, thiophene, polypyrrole powder, and poly(thiophene-2,5-diyl) powder were used
as received from Sigma-Aldrich.  Aluminum chloride (99.999%, ultra dry), 1-ethyl-3-
methylimidazolium chloride (98+%), SP carbon black, aluminum foil (various thicknesses,
99.99%), and aluminum wire (1.0 mm diameter, 99.99%) were used as received from Alfa Ae-
sar. Acetonitrile (99.9%, extra dry), acetone (99.8%, extra dry), dibutyl pthlalate (99%), and di-
ethyl ether (99.5%, extra dry) were used as received from Fisher Scientific (Acros Organics).
Kynar Flex® 2801 (hexafluoropropylene-vinylidene fluoride copolymer) was used as received
from Arkema.

AICI3:EMIC mixtures were prepared by slowly adding appropriate amounts of aluminum
chloride to 1-ethyl-3-methylimidazolium chloride and mixing with a magnetic stir bar.
AICI3:EMIC mixtures with a molar ratio greater than 1:1 were purified as follows with an elec-
trochemical stripping/plating procedure similar to the electrolysis procedure employed by Tier-
ney et al.>* A two-electrode cell was assembled by immersing two pieces of aluminum foil (2-3
cm? each) into the mixture. Continuous plating onto the working electrode was performed at
room temperature by galvanostatic hold (=5 or —10 mA) with a Princeton Applied Research
263A potentiostat/galvanostat. This current was applied until a transparent, light-yellow-to-
colorless solution resulted and no further visible changes occurred (2-3 days). Fresh aluminum
electrodes were introduced into the solution as necessary during this time period.

2.2. Electrochemical Polymerization and Characterization

Polymerization of pyrrole and thiophene on electrode surfaces was performed electro-
chemically at room temperature as follows. The polymerization solution consisted of 0.3 mole
L pyrrole or thiophene in AICI;:EMIC (1:1 molar ratio),?* 2* 32 which was prepared by stirring
the monomer in AICI;:EMIC for several minutes. The working electrode in the three-electrode
cell had a circular exposed area and was made of glassy carbon (3-mm diameter, Bioanalytical
Sciences) or stainless steel 316 (7/16-inch diameter). The counter and quasi-reference electrodes
were made of aluminum wire. The three electrodes were suspended in the polymerization solu-
tion in a glass vial. Galvanostatic polarization was performed at +1 mA cm™ (oxidative current
density relative to the working electrode area) for a specified amount of time using a Princeton
Applied Research 263A potentiostat/galvanostat. Following this step, the resultant polymer-
coated electrode was rinsed by dipping it in acetonitrile, which was then allowed to evaporate.

Electropolymerized films on glassy carbon were used for further electrochemical charac-
terization at room temperature in three-electrode cells. The same three-electrode cell configura-
tion in the glove box was used, but in this case the electrolyte was pure AICI3:EMIC (1.5:1 molar
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ratio). The counter and quasi-reference electrodes were made of aluminum wire. Electrochemi-
cal experiments, including cyclic voltammetry and galvanostatic cycling, were performed with a
Princeton Applied Research 263A potentiostat/galvanostat.

2.3. Electrochemical Quartz Crystal Microbalance (EQCM)

Electrochemical polymerizations of pyrrole and thiophene were also performed on an
EQCM at room temperature using a Princeton Applied Research QCM922 instrument with a
well-cell resonator holder. The platinum resonator also acted as the working electrode for elec-
tropolymerization, and aluminum wires were placed in the cell as counter and reference elec-
trodes. For each experiment, an aliquot of 250-300 pL of polymerization solution was added to
the well immediately prior to electropolymerization. Electrochemical polymerization was per-
formed galvanostatically at +1 mA cm™ for 400 seconds, as described in the previous section.
The resonant frequency of the resonator was monitored and recorded before, during, and after
this polymerization step. The Sauerbrey Equation® was used to convert changes in resonant fre-
quency to changes in mass.

2.4. Chemical Characterization

Electropolymerized polypyrrole films that peeled easily off the stainless steel substrate
were transferred under argon to a dry room, where they were weighed on a laboratory balance
with 10-ug resolution. Fourier transform infrared (FTIR) spectra of electropolymerized polypyr-
role films were recorded on a Thermo Nicolet iS10 FTIR equipped with a Smart Orbit (Dia-
mond) ATR (attenuated total reflectance) accessory, all of which were also located in the dry
room. The dew point of the dry room was maintained at less than —40°C. Other samples of
peeled-off, electropolymerized polypyrrole films were packaged under argon and sent to ALS
Life Sciences in Tucson, AZ for elemental analysis, which included micro CHN analysis, ion
chromatography with an oxygen flask, and inductively couple plasma.

2.5. Electrode Tape Fabrication

Free-standing composite electrodes (called “tapes”) with polypyrrole, polythiophene, or
mesocarbon microbeads (MCMB) as active materials were fabricated in the dry room (<—40°C
dew point) using the Bellcore method** as follows. Polypyrrole, polythiophene, or MCMB pow-
der was mixed with Kynar Flex® 2801 (as binder), SP Carbon Black (as conductive additive),
and dibutyl phthalate (as plasticizer) in a small vial with the approximate weight ratio 6:3:1:3.
An excess of acetone was added to the vial, and the suspension was stirred with a magnetic stir
bar until a smooth consistency was formed (30 minutes for polythiophene, 48 hours for polypyr-
role, and 90 minutes for MCMB suspensions). The suspension was cast onto a moisture-resistant
polyester (polyethylene terephthalate, or PET) film with a doctor blade, and the acetone was al-
lowed to evaporate. The resultant electrode-tape was passed through a laminator at 130°C, and
dibutyl phthalate was extracted from the tape by immersing it in diethyl ether three times for fif-
teen minutes each time. The weight-percent of active material in the resultant film was calculat-
ed by the mass of powders added to the original mixture (approximately 60 wt% in each case).
Discs with 6-mm diameter were punched from the electrode tapes, weighed on a laboratory bal-
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ance having 10-pg resolution, and transferred in a dry container from the dry room to the glove
box.

2.6. Assembly and Testing of Sandwich-Type Cells

Custom-made Swagelok® cell fixtures consisted of a polytetrafluoroethylene (PTFE)
body (6-mm diameter channel), glassy carbon rod as cathode current collector, and copper disc
as anode current collector. A copper rod (alloy 110) and copper-plated spring were also used at
the anode to compress the cell components. The separators were Whatman® GF/D glass micro-
fiber mats (0.67 mm dry thickness). Cells were assembled in the glove box by stacking the cath-
ode-tape disc, one separator disc soaked in AICIz:EMIC (1.5:1 molar ratio), and one aluminum
disc in the fixture. Cells were sealed and removed from the glove box for testing. Galvanostatic
cycling of the cells was performed on an Arbin BT-2043 multichannel battery cycler with the
cells in a temperature chamber maintained at 30°C.
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3. RESULTS AND DISCUSSION

3.1. Electrochemical Polymerization

Both pyrrole and thiophene were electrochemically polymerized with the chloroalumi-
nate ionic liquid AICIs:EMIC as electrolyte. This allowed fast and simple preparation of
polypyrrole and polythiophene, to be tested as active materials for the positive electrode (cath-
ode) in rechargeable aluminum battery cells. Typically, oxidative electropolymerization produc-
es a cationic conducting polymer and is accompanied by “doping” with anions from the electro-
lyte solution to maintain electro-neutrality.! In the work presented here, electropolymerization
was performed in the same electrolyte as the cycling aluminum batteries to prevent contamina-
tion and unwanted side reactions and to ensure that the polymer was doped with compatible
chloroaluminate anions. Galvanostatic polarization was used for the polymerization to allow
systematic variation of the amount of polymer deposited and to ensure that a repeatable amount
of polymer was deposited. This is distinct from previous demonstrations of electropolymeriza-
tion in CIL electrolytes, in which potentiostatic polarization was used.? 23

For the electropolymerization on glassy carbon substrates, a current density of 1 mA cm™
and polymerization time of 400 seconds were used. For both monomers, this electrochemical
polymerization produced a dull black film on the electrode surface. The applied current density
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and resultant potential vs. time are shown in Figures 1 and 2 for pyrrole and thiophene, respec-
tively. Galvanostatic polarization produces an immediate jump in potential in both cases. As
shown in Figure 1(b), polymerization of pyrrole on glassy carbon or platinum occurred around
1.4 V vs. Al (all potentials quoted here are relative to the aluminum metal quasi-reference elec-
trode in the same electrolyte as the given cell). This potential is significantly more oxidizing
than the applied potential in previous demonstrations of pyrrole polymerization in CILs.?* *
Thus, the applied current density produced a potential that should be sufficient for polymeriza-
tion. Similarly, electro-oxidation of thiophene at 1 mA cm™ occurred above 1.8 V, as shown in
Figure 2(b), and this should be sufficiently oxidizing to induce polymerization.

The same electropolymerization protocol (1 mA cm™ for 400 seconds) was used in
EQCM cells in which the working electrode was made of platinum. As shown in Figures 1(b)
and 2(b), the potential response from galvanostatic polymerization for both monomers was simi-
lar in glassy carbon and EQCM cells. Slight differences in potential between the two types of
cells may be simply due to a difference in ohmic drop considering that the cell geometries
(flooded vial cell vs. EQCM well-shaped cell) are quite different. Thus, it is presumed that
quantitatively similar polymerization occurred on glassy carbon and platinum substrates. For the
EQCM cell, the platinum working electrode also acts as the resonator, which is sensitive to the
presence of added mass. The resonant frequency of this electrode vs. time during electropoly-
merization is shown in Figures 1(c) and 2(c) for pyrrole and thiophene, respectively. For pyrrole
polymerization, a linear decrease in resonant frequency was observed for the period of time in
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which the constant current density was applied. For thiophene polymerization, the first ~50 sec-
onds of galvanostatic polarization produced no change in resonant frequency while the potential
gradually increased. After a maximum in potential was reached, the potential gradually de-
creased and the resonant frequency decreased in a roughly linear way. The ~50-second initiation
period may be a non-faradaic process in which no polymerization occurs while the potential is
increased to a value sufficiently oxidizing for polymerization. The steady decrease in resonant
frequency after this initiation period suggests that the remainder of the polarization results in
continued polymerization with the polymer being deposited on the electrode surface.

The linearity of the QCM frequency response for both monomers in the range examined
is strong evidence that the deposited polymer films act as rigid layers.>® Any amount of swelling
in such a “rigid-layer” film with liquid from the electrolyte is not sufficient to produce viscoelas-
tic behavior; the absence of viscoelastic behavior allows use of the Sauerbrey Equation to relate
changes in frequency (4f) to changes in mass (4m).*® Thus, the changes in frequency observed
for pyrrole and thiophene polymerizations were used to calculate the masses of polymer deposit-
ed. EQCM polymerizations of pyrrole and thiophene were each performed in quadruplicate, and
the average and standard deviation values are shown in Table 1. The in situ Af values were cal-
culated by taking the stable frequency values, with electrolyte present in the cell, before and after
the 400-second polymerization period. The Am values, also shown in Table 1, were calculated
using the Sauerbrey Equation and normalized to electrode area. Because the EQCM electrode
surface was initially bare, the normalized 4m values correspond to the total amount of polymer
on the electrode. These values will be used below to estimate the gravimetric charge-storage ca-
pacity of the conducting polymers in CIL electrolytes. As further confirmation of rigid-layer be-
havior, ex situ Af'and 4m values were also calculated by measuring the resonant frequency values
before and after polymerization in the absence of electrolyte solution. After polymerization, the
electrode was rinsed in acetonitrile. The excess acetonitrile was removed, and the resonant fre-
quency of the electrolyte-free electrode was immediately measured. The close agreement be-
tween in situ and ex situ 4f values is further confirmation that the presence of electrolyte liquid
has a negligible effect on the measurement of polymer film mass using QCM.

Table 1. EQCM Results for Electrochemical Polymerization. In situ and
ex situ frequencies were measured in the presence and absence, respec-
tively, of liquid electrolyte. Each number is the average * standard devia-
tion of four separately prepared cells.

Af Am Am/aregl
(kHz) (H9) (mg/cm®)

polypyrrole in situ 50.7+14 544+16 0.277 £ 0.008
polypyrrole ex situ 49.7+29 53.2+3.2 0.271+£0.016
polythiophene insitu | 10.5+2.8 11.2+3.0 0.0573 £ 0.0154
polythiophene ex situ | 10.6 + 2.5 114+26 0.0580 + 0.0135
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3.2. Characterization of Electropolymerized Polypyrrole Films

Electrochemical polymerization of thicker polypyrrole films on stainless steel produced
cohesive, black films that easily peeled off the substrate after rinsing in acetonitrile. These free-
standing polypyrrole films were used for further characterization because they were easy to
transport and handle. The FTIR spectrum of such a polypyrrole film (1 mA cm™ polymerization
for 1000 seconds) is shown in Figure 3. The seven prominent FTIR peaks in Figure 3 closely
match those of previously published spectra for polypyrrole doped with ClO,~ or AsFg % The
wavenumbers of these peaks are given in Table 2 along with the corresponding wavenumbers of
an undoped polypyrrole sample from the same reference. Also given in Table 2 are the assign-
ments for five of the peaks as described by Tian and Zerbi.®” The wavenumbers of the peaks for
the sample synthesized here match those of the doped sample much more closely than those of
the undoped sample. This is strong evidence that the galvanostatic polymerization of pyrrole in
CIL electrolyte produced doped polypyrrole. Such identification was assumed in previous stud-
ies of polypyrrole synthesis in CIL electrolyte but was not confirmed.?* *

Figure 3. FTIR-ATR spectrum of free-
standing polypyrrole film, synthesized
by galvanostatic polymerization at 1 mA
cm™ for 1000 seconds in a solution of
0.3 M pyrrole in 1:1 AICI;:EMIC at room
temperature.

transmittance

1600 1200 800
wavenumber (cm”)

Table 2. Peaks from FTIR spectrum of Figure 3 compared to those re-
ported® for doped and undoped polypyrrole. Peak assignments as previ-
ously identified.*’

Peak  Approximate Observed Reported Reported
assignment®’ wavenumber  (doped (undoped)*®
(cm™) with ClI0,)*  (cm™)
(cm™)

A C-C & C=C stretch 1550 1550 1530

B C-N stretch 1480 1470 1440

C C-H & N-H deformation 1310 1300 1300

D C-N stretch & C-H def. 1180 1180 1240

E C-H deformation 1040 1000 1050

F unidentified 910 900 960

G unidentified 790 780 750
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Thicker polypyrrole films that peeled off the substrate were also weighed with a laborato-
ry balance for comparison with QCM-measured mass. The mass was varied by varying the
polymerization time at 1 mA cm™. Shown in Figure 4 are the resultant mass values as a function
of the total applied charge during polymerization. At lower values of applied charge, a linear
relationship between the two values was observed because the amount of polymer mass created
was proportional to the amount of charge applied during polymerization. This is similar to the
EQCM observation in which resonant frequency linearly decreased with polymerization time. A
least-squares linear fit of the four data points with mass less than 1.5 mg in Figure 4 produces a
slope of 2.64 mg mAh™. For comparison to EQCM measurements, this value is multiplied by
the area-specific amount of charge applied in EQCM experiments (0.111 mAh cm™) to obtain a
value of 0.293 mg cm™. This value is close to the mass loading calculated with the Sauerbrey
Equation and given in Table 1. This is further confirmation of the validity of the EQCM-
Sauerbrey method described above. As thicker films are polymerized, the amount of mass de-
posited per unit charge tends to decrease, as shown in Figure 4. This may be due to less efficient
polymerization or lower amounts of doping in thicker films.
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The film mass data in Figure 4 is also useful for estimating the amount and type of dop-
ing that occurs in the polymerization process in CIL electrolyte. The electrochemical synthesis
of polypyrrole has been well documented using other electrolyte media and a variety of anion
dopants such as ClO,, BF,, and PFs .*® In the case of AICI;:EMIC with a molar ratio 1:1, the
main anionic component is AICI, because the AICI; molecules form complexes with the CI
ions from EMIC. However, AICl, can dissociate into Al,Cl; and CI', so all three anions are
present to some extent in the solution.” ** Assuming the polymer becomes doped with one of
these ions during electropolymerization, theoretical values can be calculated as follows for the
synthesized polymer mass (i.e. mg mAh™ with respect to applied polymerization charge). The
doping amount after polymerization and with subsequent cycling is 3 to 4 pyrrole monomers per
anion equivalent and is largely independent of the anion used.*® During oxidative polymeriza-
tion, the total amount of charge consumed is two equivalents per monomer plus one equivalent
per monovalent anion molecule. The calculated theoretical values are shown as lines in Figure 4
for each of the three anions, assuming a dopant level of one anion per four monomer units (25%
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doping). As is evident in Figure 4, the experimental data lies between the theoretical values for
doping with AICI, and Al,Cl; . Thus, the polypyrrole films that are electrochemically synthe-
sized in CIL electrolytes are doped with chloroaluminate anions and not with ClI". Even if the
doping level was an unprecedented one anion per monomer unit, polypyrrole doped with CI
could not result in the masses observed here.

Elemental analysis was performed on electrochemically synthesized films to obtain a bet-
ter estimate of the dopant level and identity. Repeated polymerization experiments at 1 mA cm™
for 50-100 minutes on stainless steel substrates (0.97 cm?) were performed until a total of ~40
mg of sample was obtained. The results, in mass-percent and mole-percent, are shown in Table
3. The presence of aluminum and chlorine confirms that the dopants are chloroaluminate anions.
The molar ratio of chlorine to aluminum is 3.82, indicating that the polymer film consists of 77.7
mol% AICI, dopant and 22.3 mol% Al,Cl; dopant. The ratios of Al and ClI to N can be used to
calculate a dopant level of 24.6%, or one anion equivalent per four pyrrole monomers. This is
the first known measurement of dopant level in a polypyrrole-chloroaluminate material, and it is
in close agreement with dopant levels in other forms of polypyrrole.®® Considering that the sam-
ples used for this elemental analysis ranged from 2-3 mg, this measured dopant level is in
agreement with the data in Figure 4, which shows that a mixture of AICI, and Al,Cl; must be
present if the dopant level is 25%. Thicker films probably tend toward a larger proportion of
AICI; due to a depletion of AICI; in the polymerization solution with continued reaction. Thin-
ner films, such as those fabricated in EQCM experiments here, may tend toward a higher propor-
tion of Al,Cl; . However, this could not be confirmed because the observations in Figure 4 may
also be due to higher dopant levels in thinner films.

Table 3. Elemental analysis results for electrochemically synthe-
sized polypyrrole films.

mass% mole%  moles per
mole of N
carbon 39.54 36.6 3.92
hydrogen 3.67 40.5 4.34
nitrogen 11.76 9.34 1.00
chlorine 34.21 10.7 1.15
aluminum 6.82 2.81 0.301

3.3. Proposed Electrode Reactions

In the aluminum battery cell proposed here, the reversible reaction at the negative elec-
trode is the well-known stripping and deposition of aluminum metal with CIL electrolytes:**®

Al +7AICl,” < 4ALCl, + 3¢ 1)

The cationic species in the electrolyte does not participate in the reaction. The Al,Cl; anion is a
complex of two AICI; molecules and one Cl ion. Aluminum can only be electrodeposited when
Al,Cl; is present. In the case of AICI;:EMIC, Al,Cl; is present when there are more moles of
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AIClI; than EMIC (also known as an acidic solution). Thus, the electrolyte must be maintained in
an acidic condition; i.e. the molar ratio of AICI; to EMIC must be greater than one.

Given the conclusion from the preceding section that the conducting polymers are doped
with chloroaluminate anions from the electrolyte, the following reaction is proposed for the posi-
tive electrode (cathode):

3(X*AICIy) + 36 < 3X + 3AICI, )

where X is an arbitrary host for cations, which alternates between being positively charged or
neutral. X can be any number of monomers in a conducting polymer or can be another oxidiza-
ble host for anions, such as graphite.*®*

The full cell reaction is the sum of the positive and negative electrode reactions (cell dis-
charge from left to right):

Al + 4AICI, + 3(X"AICL) < 4ALCl + 3X 3)

The only anions in the fully charged cell are AICI, anions, and the only anions in the fully dis-
charged cell are Al,Cl;. Thus, the composition of the electrolyte (i.e. its acidity) changes with
state-of-charge. At intermediate states-of-charge, the cathode host may be doped with a mixture
of the two chloroaluminate anions, as was shown in the preceding section. There are no free Cl
ions in the cell reaction, as this would be mean the electrolyte is in a basic condition and unable
to electrodeposit aluminum metal at the negative electrode.

The combination of metal anode and anion-insertion cathode in the full cell reaction re-
sults in a cycling mechanism that is distinct from “rocking chair” batteries such as lithium-ion
batteries. The cycling mechanism proposed here relies on the participation of electrolyte anions,
and the amount of freely mobile in the liquid electrolyte changes with state-of-charge. As shown
in Equation 4, the electrolyte anions do not cancel out of the full cell reaction. The amount of
electrolyte must be scaled with the amount of cathode material X. As such, estimations of grav-
imetric or volumetric energy density must account for the amount of electrolyte present in addi-
tion to the amount of electrode material. An upper bound for theoretical gravimetric charge-
storage capacity can be calculated by using the full cell reaction and incorporating cations such
as 1-ethyl-3-methylimidazolium (EMI):

Al + 4(EMIT AICI; ) + 3(XTAICI, ) < 4(EMIT AlL,CI; ) +3X  (4)

The cations must be present to balance the charge of anions, so they are included in the calcula-
tion of gravimetric capacity. Using the right side of Equation 4, the molecular weights of 4EMI,
4Al,Cl;, and 3X are used with a three-electron transfer to calculate gravimetric capacity. An
upper bound for capacity is calculated by considering a weightless cathode host (i.e. molecular
weight of X equals zero), and the resultant value is 48.6 mAh g™*. If X is equivalent to four pyr-
role monomers, as was observed experimentally in the previous section, the capacity is 32.7
mAh g*. If X is equivalent to four thiophene monomers, the capacity is 30.2 mAh g*. These
capacity values are specific to the total mass of all active cell components, including the CIL
electrolyte and aluminum metal anode. For a cell with a nominal voltage of 1.6 V, the theoreti-
cal energy density would range from 48 to 78 Wh kg™. Using this strategy, the electrode-
specific capacities measured in the following sections will be used to estimate cell-specific ener-
gy densities.
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3.4. Electrochemical Characterization of Conducting Polymer Films

Films of polypyrrole and polythiophene that were electrochemically synthesized on
glassy carbon substrates underwent electrochemical characterization in three-electrode cells.
The electrolyte used for characterization was AICI;:EMIC with a 1.5:1 molar ratio (an acidic
composition). This CIL has an approximately equimolar amount of AICI, and Al,Cl; and thus
would be the composition at which the proposed battery cell is at 50% state-of-charge. This is
also more appropriate for a battery-related study than the neutral and basic CIL electrolyte used
in previous studies of polypyrrole®® 3 and polythiophene.?® The neutral and basic compositions
contain only negligible amounts of Al,Cl; , so they do not allow the reversible plating and strip-
ping of aluminum metal that is required for a rechargeable battery.

Cyclic voltammograms (CV) of both polymer films were recorded at room temperature
with 1.5:1 AICI;:EMIC electrolyte. Prior to the CV experiments, the electrodes were removed
from the polymerization solution, rinsed in acetonitrile, immersed in pure 1.5:1 AICI;:EMIC, and
allowed to rest at open circuit for one hour. CV curves recorded at 10 mV s™ over the range 0.1—
2 V vs. Al are shown in Figure 5 (dashed lines) and compared to the same CV of a bare glassy
carbon electrode (bold solid line). Polypyrrole and polythiophene films exhibited significant
electrochemical activity compared to the bare electrode. Faradaic redox processes (exhibited by
peak-pairs) and non-faradaic activity (exhibited by broad current-potential curves) were both ob-
served in both polymers. The faradaic redox process in each polymer is presumably the anion-
doping reaction described above. The non-faradaic activity is due to double-layer charging (ca-
pacitance) at the polymer surface, which may proceed via mechanism similar to anion-doping.
For both polymers, non-faradaic activity was only observed at potentials more positive (oxidiz-
ing) than the redox potential of the faradaic process. This is because a conducting polymer is
insulating below the redox potential, i.e. in its neutrally-charged form. Non-faradaic cycling is
only possible at potentials above the redox potential, when the polymer is in its oxidized, con-
ducting, doped form.

The CV curves in Figure 5 are qualitatively similar to previously published curves;
any difference in shape and redox potential could simply due to a difference in polymerization
procedure or electrolyte composition. The broad shape of the redox peaks prevents a precise de-
termination of redox potential. However, Figure 5 shows that the redox potential of polythio-
phene was about one volt higher than that of polypyrrole, which is in agreement with previous
observations in other electrolytes.®® This also suggests that polythiophene is a better candidate
for application in aluminum batteries, which require as high a voltage as possible to achieve high
energy density.

Although the curves in Figure 5 have no resemblance to a classically reversible CV
shape, the amount of charge transferred during oxidation was approximately equal to that trans-
ferred during reduction over the potential range 0.1-2 V. When the potential range was extended
to 0.1-2.6 V, as shown in Figure 6, additional redox processes occurred at higher potentials.
These processes were highly irreversible as the amount of charge transferred during oxidation
was significantly higher than that transferred during reduction. As shown in Figure 6, such irre-
versible processes also occurred to a significant extent on the bare glassy carbon electron. Thus,
they can be attributed to reactions arising mainly from the CIL electrolyte. This was previously
observed with 1.5:1AICI3:EMIC on tungsten electrodes and was attributed to chlorine evolution
from AICl,.** In both the previous report on tungsten electrodes and the present report on
glassy carbon electrodes, the irreversible reaction or reactions occurred above 1.5 V and, to a
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Figure 5. Cyclic voltammograms at 10 mV s™ of polypyrrole (a) and
polythiophene (b) films on glassy carbon substrates in three-electrode
cells with 1.5:1 AICI;:EMIC at room temperature. Curves were record-
ed before and after oxidation to 2.6 V vs. Al (“over-oxidation”). Data
for the bare glassy carbon electrode tested under the same conditions
is also given in (a) and (b).

more significant extent, above 2.3 V. These anodic limits will determine the upper voltage limit
of a rechargeable aluminum battery based on AICI;:EMIC.

Following ten CV cycles to an upper limit of 2.6 V, such as those shown in Figure 6, a
change in the redox behavior of both polymer films at lower potentials was observed. This pro-
cess is referred to here as “over-oxidation,” and its effect is shown in the CV curves of Figure 5.
Oxidation of the polypyrrole film to 2.6 V changed both the faradaic and non-faradaic aspects of
charge transfer. Current densities were higher overall, and the redox peak-pair became broader
and higher in potential, possibly splitting into two peaks. In the case of the polythiophene film,
over-oxidation shifted the redox peak-pair to higher potentials and sharpened the oxidation peak.
These effects have not been observed previously in other studies, and their cause or causes were
not identified in this study. One possible explanation is that the polymers became chlorinated
upon oxidation, forming poly(3-chlorothiophene) or poly(3,4-dichlorothiophene), due to the high
amount of chloroaluminate species in the electrolyte. As was previously demonstrated, substitu-
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Figure 6. Cyclic voltammograms at 10 mV s™ of polypyrrole and poly-
thiophene films on glassy carbon substrates and of the bare glassy
carbon electrode in three-electrode cells with 1.5:1 AICI;:EMIC at room
temperature.

tion of halogens on the B positions of thiophene rings in polythiophene can result in an upward
shift in redox potential by as much as 0.4 V.** Such a change in polymer chemistry could also
change the morphology and surface characteristics of the bulk polymer film, which would have
an effect on non-faradaic electrochemical behavior.

Following cyclic voltammetry experiments, galvanostatic cycling was performed on the
electropolymerized, over-oxidized films in 1.5:1 AICI3:EMIC vs. aluminum counter and refer-
ence electrodes as an initial evaluation of their suitability for rechargeable batteries. Potential
profiles are shown in Figure 7 for cycling at 10 pA cm™ with various voltage limits above 0.6 V
vs. Al. Considering the capacities per unit area achieved in both polymers, the current density
corresponds to a cycling rate of “1C” (one charge or discharge per hour). The potential profiles
of polypyrrole films were more sloping throughout the voltage range than those of polythiophene
due to the non-faradaic nature of the charge transfer in these potential ranges. For polypyrrole,
there was not a strong dependence of capacity on voltage limits. By contrast, polythiophene has
a sloping voltage profile only above ~1 V; at lower potentials, it exhibited negligible capacity, as
in the CV results. Thus, the capacities achieved in polythiophene films were more dependent on
voltage limits, and significantly higher capacities were achieved with the voltage limits at higher
values. For both polymer films, charging up to 1.9 V resulted in non-negligible amount of irre-
versible capacity. Also shown in Figure 7 is the effect of over-oxidation of the polymer films on
the galvanostatic cycling profile. Over-oxidation did not have a strong effect on the voltage pro-
file of polypyrrole at this cycling rate and over this voltage range, but it did produce a slight shift
upward in voltage for polythiophene, which is in agreement with the CV observation.
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Figure 7. Potential profiles for galvanostatic cycling at room temperature of
polypyrrole (a — d) and polythiophene (e — h) films on glassy carbon.
Three-electrode cells with 1.5:1 AICI;:EMIC as electrolyte and aluminum as
counter and quasi-reference electrodes were used. The fifth cycle is shown
in each case. Cycling rate for charge and discharge was 10 pA cm™. Volt-
age ranges were 0.9-19V (aande), 0.8-1.8V (b andf),0.7-1.7V (c
and g), and 0.6 — 1.6 V (d and h).

Cycling stability of the conducting polymers in aluminum cells was evaluated by cycling
polypyrrole and polythiophene film-electrodes fifty times with three different sets of voltage lim-
its. The capacity per unit area and coulombic efficiency (discharge capacity divided by charge
capacity) of polypyrrole electrodes as a function of cycle number are shown in Figure 8. Cycling
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was relatively stable over 50 cycles, especially within the voltage limits 0.8 — 1.8 V. There was a
slight dependence of capacity on voltage range, with higher capacities achieved at higher voltag-
es. The lower coulombic efficiencies at higher voltages were most likely due to irreversible
chlorine evolution, as discussed above.*” Nevertheless, the average coulombic efficiencies for
cycling over 0.8 — 1.8 V were close to 99%. The gravimetric capacities, given on the right axis
of Figure 8a, were estimated by multiplying the area-specific capacity by the EQCM-measured
mass loadings from Table 1. This gravimetric capacity is specific to the mass of doped polymer.
Theoretically, polypyrrole doped with one AICI; per four monomers (the composition deter-
mined above) would have a gravimetric capacity of 61.3 mAh g™, approximately two times that
of the observed values. Given the significant amount of electrochemical activity observed over a
broad voltage range in the CV, especially at lower voltages, the theoretical capacity could likely
be achieved by using a wider voltage range for polypyrrole cycling. This was not attempted in
the present study because broader potential ranges are less useful for battery applications.
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Figure 8. Discharge capacity (a) and coulombic efficiency (b) for gal-
vanostatic cycling of over-oxidized polypyrrole film electrodes. Voltage
limits are given in the legend. Other conditions as in Figure 7. Markers
and error bars are the average and standard deviation, respectively, of
four identically prepared samples. Gravimetric capacity on the right axis
was estimated using the mass loadings measured by EQCM (Table 1).
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Figure 9. Discharge capacity (a) and coulombic efficiency (b) for gal-
vanostatic cycling of over-oxidized polythiophene film electrodes. Voltage
limits are given in the legend. Other conditions as in Figures 7 and 8.

The capacity per unit area and coulombic efficiency of polythiophene electrodes as a
function of cycle number are shown in Figure 9. Cycling was very stable over 50 cycles for each
set of voltage limits. There was a strong dependence of capacity on voltage range, with capaci-
ties for the 0.8 — 1.8 V range being 50% higher than those for the 0.6 — 1.6 V range. As with
polypyrrole, higher capacities corresponded to lower coulombic efficiencies. Chlorine evolution
seemed to be slightly more significant in polythiophene than in polypyrrole because the average
coulombic efficiencies were slightly lower. Nevertheless, the coulombic efficiencies ranged
from 96% to 100%, indicating excellent reversibility. The gravimetric capacities, given on the
right axis of Figure 9a, were significantly higher than those of polypyrrole. Theoretically, poly-
thiophene doped with one AICI, per four monomers would have a gravimetric capacity of 53.0
mAh g*. The observed values are much higher than this. One possible or partial explanation for
this is that polythiophene achieves a higher extent of doping than polypyrrole in this electrolyte.
However, doping levels above 33% have rarely been observed in polythiophene.”* A more likely
explanation is that the polythiophene was polymerized in an undoped state. The theoretical spe-
cific capacity for undoped polythiophene is 79.6 mAh g™ or 106 mAh g™ for a transfer of one
electron per four or three monomers, respectively. This explanation is likely because the open-
circuit potentials (OCP) of polythiophene electrodes in 1.5:1 AICI;:EMIC immediately after
polymerization ranged from 0.8 V to 1.1 V, which are lower values than the redox potential ob-
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served in CV. Thus, the polymer after electrochemical synthesis was probably in its reduced,
undoped state. The corresponding theoretical capacity values are closer to the observed values.
A third possible explanation for the discrepancy is that the adhesion of electropolymerized poly-
thiophene on QCM-platinum electrodes was worse than on glassy carbon electrodes. If this is
the case, the amount of polythiophene deposited on glassy carbon would be higher than expected
from the QCM measurements. Thus, the gravimetric capacity values in Figure 9 would be artifi-
cially high due to an underestimate of the polythiophene mass on the electrode.

Polythiophene film electrodes were cycled at different rates in three-electrode cells to
evaluate the rate capability of the electrode reaction. The cycling behavior is shown in Figure
10, with the approximate effective “C-rates” (number of charges or discharges per hour) for each
current density. The electrodes were subjected to rates of 1, 10, and 50 pA cm™ over the voltage
range 0.6 — 1.6 V. In general, higher current density corresponded to lower capacity and higher
coulombic efficiency. However, a 50-fold increase in current density reduced the capacity by
only ~20% and brought the coulombic efficiency up to 100%. This shows that the anion-
insertion cycling mechanism in these conducting polymer electrodes is able to accommodate
high reaction rates and thus may lead to batteries with high power output.
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Figure 10. Discharge capacity (a) and coulombic efficiency (b) for gal-
vanostatic cycling at room temperature of over-oxidized polythiophene film
electrodes at various current densities (indicated in legend with approximate
C-rate). Three-electrode cells with 1.5:1 AICI;:EMIC as electrolyte and alu-
minum as counter and quasi-reference electrodes were used. Voltage limits
for cycling were 0.6 — 1.6 V. Markers and error bars are the average and
standard deviation, respectively, of three identically prepared samples.
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As a test of long-term cycling, one polythiophene film on glassy carbon was cycled four
hundred times at 10 pA cm™ over the voltage range 0.6 — 1.6 V. At the 10" cycle, the electrode
achieved 5.66 nAh cm™ discharge capacity and 100.4% coulombic efficiency; at the 400" cycle,
the electrode achieved 5.64 pAh cm™ discharge capacity and 99.6% coulombic efficiency. The
negligible decrease in capacity and consistently high coulombic efficiency indicate excellent
long-term stability and performance of the conducting polymer in CIL electrolyte.

3.5. Cycling of Sealed Sandwich-Type Cells

Composite electrodes containing commercially produced polypyrrole or polythiophene in
powder form, organic polymer binder, and conductive additive (carbon black) were fabricated as
a step toward prototyping of the proposed aluminum batteries. The composite electrodes are re-
ferred to as tapes (instead of coatings) because they are freestanding and not deposited on a sub-
strate. As opposed to the flooded cells with thin-film conducting polymer electrodes tested in the
glove box as described above, the electrode tapes were tested in sealed Swagelok®-type cells
outside the glove box. Swagelok®-type cells are two-electrode cells with the aluminum anode,
electrolyte/separator, and cathode sandwiched with a spring between current collector rods. As
shown previously, the CIL electrolytes are electrochemically reactive with stainless steel elec-
trodes, which can lead to false capacity measurements.*® Thus the current collector on the cath-
ode side in the present study was made of glassy carbon. The current collector on the anode side
was composed of a copper rod, copper-plated spring, and copper disc. Cells with no electrode
tape on the cathode side (only the glassy carbon rod) exhibited negligible capacity upon cycling,
which confirmed that 1.5:1 AICI;:EMIC electrolyte was not electrochemically reactive with the
cell components.

Immediately following cell assembly and prior to charge-discharge cycling, the open-
circuit potentials of cells containing polypyrrole and polythiophene cathodes were 1.6 V and 1.2
V, respectively. The sealed cells were initially cycled five times at high galvanostatic rates (160
— 200 mA g specific to the mass of active cathode material) over a broad voltage range (0.1 —
2.6 V). These “conditioning cycles” were executed in an attempt to recreate the over-oxidation
effect described above and to replace any native dopants with the chloroaluminate dopants. The
dopant identities and quantities of the as-received polypyrrole and polythiophene powders were
unknown as of this writing of this report.

Following the conditioning cycles, cells with polypyrrole and polythiophene cathodes
were cycled galvanostatically at rates of 20 mA g™ and 16 mA g™, respectively. Each of these
specific current values corresponds to the theoretical cycling rate of 0.2C if the polymer is as-
sumed to be undoped with the capacity for one electron equivalent transferred per four mono-
mers (99.9 mAh g™ for polypyrrole and 79.6 mAh g™ for polythiophene). Potential profiles for
the fifth and one-hundredth cycle at these rates with voltage limits of 0.8 V and 2.0 V are shown
in Figure 11. Polypyrrole reached about half its theoretical capacity, which is evidence that the
as-received powder is in a doped or partially-doped state. The shape of the potential curve did
not change significantly with cycling despite the loss of capacity. The subtle potential plateau
around 1.3 V suggests a faradaic process, which was unexpected given the lower redox potential
observed in CV experiments. The cause of this discrepancy is unknown, but it may be due to a
chemical or structural difference between electrochemically and chemically synthesized forms of
polypyrrole. By contrast, the polythiophene potential curve did not exhibit any obvious plateau.
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Figure 11. Potential profiles for galvanostatic cycling at 30°C of
sealed Swagelok-type cells containing polypyrrole (a) and polythio-
phene (b) composite cathodes with 1.5:1 AICI;:EMIC as electrolyte
and aluminum metal anode. Specific currents were 20 mA g™ (a) and
16 mA g™ (b) relative to the mass of active material at the cathode.
Gravimetric capacity values are also relative to the mass of active ma-
terial at the cathode. Voltage limits for cycling were 0.8-2.0 V. The 5™
cycle (solid line) and 100" cycle (dashed line) are shown in each case.

However, it was electrochemically active in the same potential range as that of the CV study.
The polythiophene cells reached theoretical capacity. ~80 mAh g'relative to the mass of un-
doped polymer. Thus, it is highly likely that the commercial polythiophene powder is in an un-
doped form; otherwise, it would be difficult to reach such high gravimetric capacity.

The observations that the polypyrrole powder is initially in a doped form and the polythi-
ophene powder is in an undoped form are further supported by the initial OCP values given
above. The polypyrrole cell exhibited a relatively high OCP, above the redox potential of
polypyrrole. The polythiophene cell exhibited a relatively low potential, below the redox poten-
tial of polythiophene observed in CVs. Further proof of this is the fact that the undoped form of
polypyrrole is unstable in air*® (the environment in which the electrode tapes were fabricated),
while polythiophene is air-stable whether in a doped or undoped form.*

The achievement of theoretical capacity for undoped polythiophene confirms that the
amount of charge stored is approximately one electron transferred per four thiophene monomers.
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Thus, the identity of the arbitrary cathode host X in Equation 4 is four molecules of thiophene,
and the overall gravimetric capacity is 30.2 mAh g™ relative to the combined mass of all active
cell components (aluminum metal anode, AICI3:EMIC electrolyte, and polythiophene cathode).
This value can be multiplied by the average cell potential (1.47 V as measured from the 5™-cycle
data in Figure 11b) to obtain a specific energy of 44.4 Wh kg™. For polypyrrole, this calculation
is more difficult because the doping level cannot be determined from the data in Figure 11a. If
the assumption of four monomers per electron transferred holds for polypyrrole in powder form,
as it did for the electrodeposited samples, then a specific energy of 46.4 Wh kg™ is calculated
(using the average cell potential from Figure 11a, 1.42 V).

Continued cycling behavior for the first 100 cycles of polypyrrole and polythiophene
cells at 20 mA g™ and 16 mA g™ are shown in Figure 12. Data for several ranges of voltage lim-
its were tested, and the expected trend of higher capacity for higher voltages was observed for
the sealed cells, as it was for the cells with electrodeposited polymer. Capacities measured for
the sealed polypyrrole cells were roughly in agreement with those of the electropolymerized
films above. Capacities measured for the sealed polythiophene cells were less than half of those
of the electropolymerized films. This may be due to inaccuracies with the QCM measurements,
as described above, or to chemical or structural differences between electropolymerized films
and powders. Coulombic efficiencies for the sealed polypyrrole and polythiophene cells of Fig-
ure 12 were greater than 91% and 96%, respectively, but a clear relationship to voltage limits
was not observed. Also shown in Figure 12b is the cycling behavior of a cell with MCMB com-
posite tape as the cathode, cycled with the same voltage limits as the polymer cells. MCMB is a
carbonaceous material commonly used for lithium-ion battery electrodes. It was used here as a
control, to test whether the observed capacities were simply the result of a surface reaction that
would occur on any conductive material or on the conductive additive (carbon black). As
shown, the capacities of the MCMB cell were significantly lower than all of those with the con-
ducting polymer cells. Thus, the observed capacities are unique to the conducting polymers and
most likely arise from the proposed anion-doping reaction.

For a proof-of-concept demonstration, the results in Figure 12 show excellent cycling
stability. Between the 20™ and 100™ cycles, the polypyrrole cells exhibited 14-26% loss in ca-
pacity, and the polythiophene cells exhibited only 13% loss. Upon disassembly of all the cells,
the electrolyte and separator appeared to be contaminated with dark-colored material. Thus, the
most likely cause of capacity decay was loss of the active material to the electrolyte solution.
Although the electropolymerized films were not prone to dissolution in the electrolyte, as evi-
denced by their cycling behavior and appearance, it is very likely that the polymer binder in the
electrode tapes does not completely confine the conducting polymers to the electrode. Indeed,
some disintegration of the electrode tapes was visually observed when they were placed in a vial
full of AICI;:EMIC electrolyte. The binder itself may dissolve or degrade in the electrolyte.
This particular binder material is common to lithium-ion electrodes, and it is quite possible that
the chemistry used in this study requires a different type of binder. The binder in any such com-
posite electrode must serve the dual purpose of confining the other electrode materials whilst al-
lowing ion transport (often via solvent swelling) to the active material. It is unclear whether the
electrolyte-binder combination in this study allows swelling and ion transport without complete-
ly dissolving and releasing the active materials. Thus, higher capacities and better cycling could
be achieved with an optimal binder material. Nevertheless, the loss of active electrode material
to the electrolyte in the cells of the present study does not appear to short the cells or to greatly
alter their voltages, as shown in the comparisons between the 5™ and 100" cycles in Figure 11.
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Figure 12. Discharge capacities for galvanostatic cycling at 30°C of
sealed Swagelok-type cells containing polypyrrole (a), polythiophene (b),
and MCMB (b) composite cathodes. Specific currents were 20 mA g*
(polypyrrole and MCMB) and 16 mA g™ (polythiophene) relative to the
mass of active material at the cathode. Discharge capacity values are also
relative to the mass of active material at the cathode. Voltage limits for cy-
cling are indicated in legend.
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4. CONCLUSIONS

Presented here are a proof-of-concept and quantitative evaluation of conducting polymers
(polypyrrole and polythiophene) as active materials for the positive electrode in rechargeable
aluminum batteries operating at room temperature. This battery chemistry is based on acidic
chloroaluminate ionic liquids, with which aluminum metal can be reversibly stripped and plated
at the negative electrode. Previous demonstrations showed that these materials could potentially
be useful in aluminum-based batteries. However, they lacked understanding of the fundamental
cycling mechanisms and quantitative cell characterization with battery-relevant conditions and
metrics.

The electrochemical synthesis and characterization of conducting polymer films on
glassy carbon electrodes with CIL electrolyte was performed to investigate cycling mechanisms
and fundamental electrochemical performance of the materials. FTIR spectroscopy, mass meas-
urements with a laboratory balance, and elemental analysis were used to prove that polypyrrole
films synthesized in this way were doped with chloroaluminate anions from the electrolyte solu-
tion. The doping level was measured as approximately four monomer units per anion dopant
molecule. Cyclic voltammetry showed faradaic and non-faradaic electrochemical activity in
both polypyrrole and polythiophene, with the electrochemical activity of polythiophene concen-
trated at higher potentials (above 1 V vs. Al metal). Galvanostatic cycling of both types of pol-
ymer films was highly stable, showing negligible losses in capacity after 50-400 cycles. The
high coulombic efficiencies approaching 100% showed that anion-doping of the polymers in CIL
electrolytes is highly reversible and appropriate for a rechargeable battery. The cycling behavior
of polythiophene exhibited a strong dependence on voltage limits, with higher voltages produces
higher capacity and lower coulombic efficiency. Electrochemical quartz-crystal microbalance
was used during electrochemical polymerization to estimate the amount of deposited mass on the
electrode, and these values were used to estimate gravimetric capacities. The resultant estimates
of 30-100 mAh g™ (specific to polymer mass) were on par with theoretically-predicted values.
The polythiophene electrodes also exhibited excellent rate capabilities, with minor decreases in
cycling capacity when the current density was increased fifty-fold.

Prototypes of the aluminum battery cells were assembled by preparing composite elec-
trodes containing polypyrrole or polythiophene powder with organic polymer binder and conduc-
tive carbon additive. These electrodes were combined with CIL-soaked separator and aluminum
metal anode in a sandwich configuration in sealed Swagelok®-type cells. Although the gal-
vanostatic cycling of these cells was not as stable as that of the electropolymerized films, they
retained a significant amount of capacity with high coulombic efficiency after 100 cycles. Loss-
es in capacity were attributed to the loss of active material to the electrolyte, but this did not
cause cell shorting or changes in the cycling potential. This problem could be addressed by de-
veloping better binders for the material system here. The capacities measured in sealed proto-
type cells were 30—100 mAh g, in agreement with those measured for electropolymerized films.
These values were used with observed cell voltages to estimate the gravimetric energy density
relative to the active cell components. The energy density of the polythiophene-CIL-aluminum
cell chemistry was estimated as 44 Wh kg™ and that of the polypyrrole-CIL-aluminum cell was
46 Wh kg™. These energy densities are competitive for grid-scale energy storage; they are on
par with those of flow battery® ***® and lead-acid® *’ systems. As battery components based va-
nadium, lead, lithium, and cobalt continue to become more expensive and limited in supply, the
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type of aluminum batteries presented here may have a competitive edge based on their potential
cost and safety advantages.

Despite the promising results presented here, there are limitations of the proposed battery
chemistry. For both polypyrrole and polythiophene cells, significantly sloping voltage profiles
for charge and discharge were observed. This will limit the amount of practical voltage that can
be obtained from the battery for a full discharge. Furthermore, attempts to operate at voltages
above 1.9 V reduce the coulombic (round-trip) efficiency of the cells to below 90%. The irre-
versible reactions at higher voltages will consume the ionic liquid electrolyte and lead to capacity
losses. This highlights another limitation of the battery chemistry, which is the active participa-
tion of the chloroaluminate electrolyte in the electrode reaction. In contrast to rocking-chair bat-
teries, cell capacity in the anion-insertion chemistry presented here is dependent on the amount
of electrolyte. The amount of CIL must scale with the size of the anion-insertion electrodes, but
the minimum required amount of CIL must be used to achieve the highest possible energy densi-
ty (unlike the demonstrations presented here, in which an excess of electrolyte was used). In this
case any losses of electrolyte through irreversible reaction or precipitation would reduce the
cell’s effective capacity. Nevertheless, the results presented here prove that an aluminum-based
battery operating at room temperature, with a cycling aluminum-metal anode, can exhibit excel-
lent stability and efficiency (up to hundreds of cycles) and competitive energy density. Increased
understanding of the electrode reaction mechanisms may lead to more informed design of active
electrode materials with increased capacity or more desirable voltage profiles. Furthermore, the
modification of CIL electrolytes or the use of alternative electrolytes, which was not explored
here, may allow for higher voltage limits and lead to increased energy density and efficiency.
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The slides below were from a presentation given by the author at the semi-annual confer-
ence and meeting of The Electrochemical Society. The slides contain additional information and
data not discussed above, including scanning electron microscope (SEM) images and a study of
the effect of using halogen-substituted monomers to create halogen-substituted conducting pol-
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Motivation for Aluminum Batteries

Sandia
National
Laboratories:

Aluminum is abundant and widely produced compared to other energy-storage metals.

aluminum
sodium
magnesium
nickel

zinc

lithium

lead

10° 10 10° 10° 10
elemental abundance in Earth's crust (kg kg”)
CRC Handbook of Chemistry and Physics

aluminum
sodium
magnesium
nickel

zinc

lithium .

lead

iy

N 10° 10 10 10°

10

worldwide metal production excluding U.S. (tonnes)

U.5. Geological Survey

Aluminum metal’s charge-storage capacity is competitive on gravimetric g#d volumetric scales.
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History of Aluminum Batteries

Aqueous Systems

= All primary cells
= Al metal can not be electrodeposited
= Al corredesin alkaline electrolytes
= Aluminum-MnO,
= AICI; or Al(OH); electrolytes
= Analogousto alkaline primary (Zn) cells
= Surface oxide = decreasedpotential
= Aluminum-sulfur
= K,;S-KOH electrolyte
= B50Wh kg theoretical
= Aluminum-air
= Alkaline or saline electrolyte
= Reduction of oxygen at cathode
= 2800 Wh kg theoretical
= Mechanical recharging is possible

Q.F.Li and N.J. Bjerrum, J Power Sowres, 110, 1-10(2002)

Sandia
National
Laboratories:

Non-Aqueous Systems

= Molten-salt electrolytes
= NaCl-AICI; or NaCI-KCI-AICl,
= 100°C-300°C operation
= Chlorine cathodes

= Recapture of chlorine at electrode is main
challenge

= Metal-chloride or metal-sulfide cathodes
= Solubility of these species in electrolyte is
main challenge

= Chloroaluminate room-temperature
ionic liquids
= Mixtures of imidazolium chlorides and
aluminum chlorides
= Efficient deposition and stripping of Al
= Safety: low temperature & non-flammable
= Metal-chloride or metal-sulfide cathodes
= Solubility causes self-discharge

= Cathodesthat are hosts forchlorine or
chloroaluminate anions
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Sandia

Chloroaluminate lonic Liquids s

+ CHy
+ ,CH3 -
N - ]\ Cl-
AlC5 + q» “« — q) AlCI,
4
N “oh
CHs Al,Cl
1-ethyl-3-methylimidazolium chloride “EMIF”
“EMIC” \ v )

liquid at room temperature

Electrodeposition of aluminum metal 1s possible only when AlL,Cl- ions are present.

4ALCI, +3e™ e potental_, AL 7AICI,

(Stripping of aluminum metal occurs in any stable EMIC/AICI; mixture.)

This is the negative electrode in a rechargeable aluminum-metal battery.

Sandia

Proposed Electrode Reactions s

What about the positive electrode in a rechargeable aluminum-metal battery?

charge

Shuttle Mechanism

= Basisfor ‘rocking chair” batteries

. Analogous to lithium-metal batteries

. Solvated Al*? ions are not present in the
chloroaluminate ionic liquids

» Intercalation of trivalent species in any host is discharge
difficult and has not been successfully
demonstrated with this electrolyte system

hostmaterial
(+) electrode

Al metal
(-) electrode

electrolyte

Anion-Insertion Mechanism -— charge —— I

= AKA*dual-ion” system

. Chloroaluminate anions are inserted into @ @ @ -
positive electrode host during charge

= Amount of electrolyte must scale with the size @ J
of the positive electrode

= Demonstrated previously in

= graphite (via intercalation of anions)
= conductive polymers (via doping) dlscharge
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Proposed Electrode Reactions s

“M” = positive electrode active material (host for anions)

Positive Electrode 3(M*AICI;") + 3¢~ €—> 3M + 3AICI,-
Negative Electrode Al + 7A|C|47 —> 4A|QC|77 + 3e”
Full Cell Al + 3(MFAICI") + 4(AICI,~ EMI*) €——3 3M + 4(ALCl,~ EMI*)
\ J
Y

Upper bound for capacity is 49 mAh g'l
(accountng for all electrolyte species).

Anion-Insertion Mechanism < charge ——»
»  AKA*dual-ion” system @ '

= Chloroaluminate anions are inserted into
positive electrode host during charge

= Amount of electrolyte must scale with the size @
of the positive electrode -
= Demonstrated previously in

= graphite {via intercalation of anions)

* conductive polymers (via doping) dlscharge

Anion-Insertion Electrodes in o,
Chloroaluminate lonic Liquids -

Polypyrrole Polythiophene Polyaniline
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Sample Prep: Electropolymerization @&,

= Pyrrole and other conjugated monomers can be polymerized easily via electrochemical oxidation

i /:\
+ I’DCX oxwd\zmg potential N ~ +2nH + (2 + x)ne’
H X n
A1 = degree of polymernzation (unknown)

X = extent of doping (usually 0.1 —0.4)

= Electropolymerization of pyrrole,

thiophene, and analogs was @ 35 T T T
. . £ A | experimental data:
performed galvanostatically using a - 301 #H | @ measured vilh lab balance
0.3 M solution of monomerin 1:1 E 251 o 1™ LA
A|C|3EM|C £ 20+ ;f"/ . “ [ theoretical calculation assuming:
= Pyrrole polymerization produces a = s o ST q ol dopnwinx "%
smooth, robust film that peels offthe 10+ 7. 4l s
surface 05| 807 _
= QOther monomers formed solid, ”‘% o 0'5 1'0 1'5
adherent films but did not peel offthe . . '
galvanostatic charge (mAh)
substrate
= All experiments performedin glove
box (chloroaluminate ionic liquids are Mass data suggest that AlCl, is the
air- and water-sensitive!) dominant anion dopant after polymerization.

Sandia

Sample Prep: Electropolymerization s

= Pyrrole and other conjugated monomers can be polymerized easily via electrochemical oxidation

[ ) + .”M’IX oxidizing potential

+2nH" +(2+x)ne”

7 = degree of polymerization (unknowi)
X = extent of doping (usually 0.1 —04)

Electrochemical Quartz Crystal Microbalance

§ § 50 experimental data:
H : = 50 T | A insitu “wet® mass of fim
S Changein @ A @ oy’ fim mass after electrolyte removal
H frequency during g 40 E
] .

g POh‘]’nﬁﬁZﬂﬁOﬂ used £ 30 . © _| | theoretical calculation assuming:
£ ! = I —— AICI,” doping with x = 0.25
= to calculate mass of - o
H A 20 -’ = | = = CI” doping with x = 0.25
g L L I I deposited polymer .

. / 10k - 4
£ 0 100 200 \ 30:() 402 ] fim with the oF

ime (seconds i | |
Sauerbrey equation 0 ; y

galvanostatic charge (pAh)

Experimental Conditions:

= Galvanostatic electropolymerization: 1 mA cnr? for 400 seconds

= Electrolyte: 0.3 M monomer in 1:1 (mole:male) AICI::EMI

= Platinum working electrode, aluminum reference and counter electrodes

Calculated cycling capacity of system with
polypyrrole at this doping levelis 33 mAh gl
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Polypyrrole Film Characterization e

Attenuated Total Reflectance FTIR SEM & Energy Dispersive X-ray
I N L BN B
c
£
E Prominent peaks
g below 1700 cm?
match published data
for doped polypyrrole
PR S T S S [ T S ST R | EICCTIDPD]\THEﬂZEdIﬂ

2000 1500 1000

. organic solvents.
wavenumber (cm )

Peak | Approximate Reported

assignment* here (doped Energy dispersive Pom— =
with AICIy) X-ray spectroscopy o — |
A C-C & C=C stretch 1550 cmr" shows PICSmCt_? of
B C-N stretch 1480 elemental aluminum -
-N stretc - alu
and chlorine in all | Al |
C C-H & N-H def. 1310 ElCCterDI}’rneﬁzed - | J' |
D C-Nstr & C-Hdef. 1180 films (polypyzrole, ;
E C-H deformation 1040 polythiophene, and “1 4| | |
F ? 910 analogs). il I [\
I I
G ? 750 o b |
*B. Tian & G. Zerbi, J Chen o =

**G. B. Street, in

_ed T. A. Skotheim, Vol. 1, p. 280 (1986)
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Polymer Electrode Redox Behavior S

Cyclic Voltammetry at 10 mV s of Polymers in Chloroaluminate Tonic Liquids

----- polythiophene
— poly(3-methylthiophene)
- =~ poly(3-butylthiophene)

==~ polypyrrole T T
—— polythiophene
— glassy carbon

2

.

o
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o
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|
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e
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e
o

S
w

current density (mA cm )
S o
> © . €
| |

current density (mA cm )

0.5 1.0 15 2.0
potential (V vs. Al) potential (V vs. Al)

L
=}

o
o
ol
”
-
o
o
o

15 20

thiophene 3-methylthiophene 3-butylthiophene
Polythiophene has redox peak-pair at higher

potential than polypyrrole (observed {/ \5 CHa @\/\CH:!
previously in other electrolyte solutions). S Zf \S

S S

Experimental Conditions:

= All polymer films formed galvanostatically on glassy carbon: 1 mA cm for 400 seconds in solution of 0.3 M monomer in 1:1 (mole:mole) AICI;-EMIC
= Cyclic voltammetry performed in 1.5:1 (mole:mole) AICL:EMIC at room temperature with aluminum metal counter and reference electrodes
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current density (mA em’™)

Polymer Electrode Redox Behavior

Halide Substitution: Cyclic Voltammetry of Polymer Films at 10 mV /s
T T T T — poly(3-chlorothiophene)
1.0 W"“wp"e"e\_ 7 al ~—~ poly(3-bromothiophene)
05 _mmknlumlnwhsna} [ | z:,f \S T poly(3.4-dibromothiophene)
’ - S g 10F 1
0.0 = -
< 05 i
05 . E i
1 1 1 1 g 0.0 ’Iﬁ—
7]
10f  poiconene] T ] Br g 05 .
poly(3-bromathiophene) -, . R b
FoG A g € -10F s -
9 ] | 1
7 5 00 05 10 15 20
Q
7 potential (V vs. Al)
1.0+ :)olﬂhiop:\ene\ T e Br Halide substitution on thiophene monomer shifts the redox
05 i Ef \; potentialof the corresponding polymer to higher vales
o0k | s (due to the electron-withdrawing character of the hahdes).
05+ 1
10 poly(3 A-bromothiophene) Expenmental Condifions:
o 1 1 1 1 = All polymer films formed galvanostatically on glassy carbon: 1 mA cm? for
0.0 0.5 1.0 15 20 400 seconds in solution of 0.3 M monomer in 1:1 (mole:mole) AICI:EMIC

potential (V vs. Al)

= Cyclic voltammetry performed in 1.5:1 (mole:mole) AIC:EMIC at room
temperature with aluminum metal counter and reference electrodes

(f==
National
Laboratories:

Galvanostatic Cycling

Polythiophene Cycling at 10 pA cm™ (1C — 2C rate)

FS 2 o s e e e
g chart
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?
é 18 ‘/msmyge
[}
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08k 09-19V
L 1 1 1 1 1 1

Sandia
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Effect of Halide Substitution

20F

186

1.2

potential (V vs. Al)

LI L S e e e

T T T T

-]

=~ polythiophene

- == poly(3-chlorothiophene)
=== poly(3-bromothiophene)
--- poly(3,4-dibromothiophene)

08

.IA.I.I.I!lJI.I.—I

0 2 4 6 8 10 12 14

storage capacity (WAh cm_z)

Halide substitution on
thiophene monomer
affects cychng potential
curve.

20T T T T T T
oF = .
12 = -
0.8 0.7-17V

L 1 1 1 L L

0 2 4 6 8 10 12

storage capacity (pAh crn¢J

Experimental Conditions:

Irreversible oxidative process at higher potential
makes the cycling coulombic efficiency highly

dependentonupper voltage fimit.

= All polymer films formed galvanostatically on glassy carbon: 1 mA cm2 for 400 seconds in solution of 0.3 M monomer in 1:1 molar AICI::EMIC
= Galvanostatic cycling performed in excess of 1.5:1 (molezmale) AICI;:EMIC at room temp. with aluminum metal counter and reference electrodes
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Galvanostatic Cycling =N

Polythiophene Cycling at 10 pA ¢cm™ (1C — 2C rate)

Flect ofvollage tange X 3;?21;35 Effect of Halide Substitution
EOR TR o UITJ.llfl\ifllf e
- :J[ﬁhmunumuuun iy £ Bt
IR L } s eesssl
DR I T
B 100 4940 00anacelioeobsssasneres. s N | E——
: el 11 f MU AL B Eoonnonna
%é' ! ’ | , §1.no-D © 606006 9]
= -t

5 0 165 20 2% 30 35 40 45 50

cycle number
cycle number

Experimental Conditions:

* Al polymerfilms formed galvanostatically on glassy carbon: 1 mA cm=for 400 seconds in solution of 0.3 M monomerin 1:1 molar AICIEMIC

+ Galvanostaticcycling performedin excess of 1.5:1 (mole:male) AICIEMIC at roomtemp. with aluminum metal counter and reference electrodes
+ Markers and error bars are the average and standard deviations, respectively, of three experiments

Sandia

Gravimetric Energy Density o

QCM: Convert Area-Specific Capacity of Polythiophene to Gravimetric Capacity

@
0
@

QCM frequency measurement during thiophene electropolymerization shows
inefficient polymerization.

i=d
w©
-1

o
©
=2}

7| Ex situ frequency shuft used with Sauerbrey equation to calculate deposited mass

ol
w  w©
= w

0.14 mg cm2 deposited for a 400-second

. ! ! ! ! thiophene polymerization at 1 mA cm2

8.
0 100 200 300 400 500

resonant frequency (MHz)

S L
ggr_;‘?zﬁ:r;si c:z c;(;fg% level of ff © iT+HH+H+HHH+++++++H++H++H+++H+HHHHH
iliczz?igﬁz)formats:lolfeltecii;olyte o— 0 15 20 25 3‘0 35 a0 a5 50
offective capacity s 30 mAh g cyclenumber

Specific energy density: 50 Wh kg™
= Competitive with flow batteries, lead-acid batteries, and other systems for grid-scale storage
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Rate Capability & Long-Term Cycling @

. . . Pause in cycling: electrode
Polythiophene Cycling Performance at Various Rates was removed from
electrolyte and stored in
glove box for 4 months
before cycling was resumed.

60

(mahg"}

5 » 1pAcm® (0.2C)

T 7000000
obeS2SRERRRRERESE] ¢ wiamico

, 4 50pAcm” (10C) j
20r 1 = 50 - : -
[ S 2
ol g5 40 | ——
SE
= o 8~ 30} | 4
g 10af @ B & 2
- E ve. E’ 20| — 10pAcm” (2C)
£ 100f ¥9446909890000¢] g 1| — s0pAcm” (100)
s > > | S L]
r [ 2 d 42 0
ﬂ,Qﬁ:- > »> [ > —

2 4 6 8 10 12 14 16 102 \.)k—‘ ]
1.00 L A ]
R

0.98 b

cycle number

Large changes in cychng rate resulted in small effect
on capacity. The lowest rate tested (0.2C) produced
ncreased capacty but lower coulombic efficiency.

coulombic efficiency

0 100 200 300 400
cycle number

Expernmental Condifions:

= All polymer films formed galvanostatically on glassy carbon: 1 mA cm? for 400 seconds in solution of 0.3 M monomer in 1:1 malar AICI;:EMIC

= Galvanostatic cycling performed in excess of 1.5:1 (mole:mole) AICI::EMIC at room temp. with aluminum metal counter and reference electrodes
= VWoltage range for cycling: 06 -16V

Conclusions and Acknowledgements ()

= Cycling of rechargeable aluminum batteries at room temperature with
chloroaluminate ionic liquid electrolyte demonstrated

= Conductive polymers (polythiophene and analogs) as active materials for the
positive electrode

= Aluminum metal as negative electrode
= Electrochemically synthesized polymer films used for initial demonstration
= Energy density of ~50 Wh kg is competitive for stationary storage applications
= Steady capacity maintained for at least 400 cycles at 2C and 10C rates
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