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( 57 ) ABSTRACT 
A rechargeable , self - heating aluminum - chalcogen battery is 
provided , with an aluminum or aluminum alloy negative 
electrode , a positive electrode of elemental chalcogen , and a 
mixture of chloride salts providing a molten salt electrolyte . 
The predominant chloride salt in the electrolyte is AIC1z . 
Additional chloride salts are chosen from alkali metal chlo 
rides . The cell operates at a modestly elevated temperatures , 
ranging from 90 ° C. to 250 ° C. 
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ALUMINUM - CHALCOGEN BATTERIES ( 400 mAh g- ! ) and ~ 200 cycles of full depth of discharge 
WITH ALKALI HALIDE MOLTEN SALT with minimal loss of storage capacity . 

ELECTROLYTES In accordance with one embodiment of the invention , a 
rechargeable , self - heating aluminum - chalcogen battery is 

TECHNICAL FIELD 5 provided , the battery including : 
( a ) an aluminum or aluminum alloy negative electrode ; 

The present invention relates to rechargeable batteries ( b ) a positive electrode comprising elemental chalcogen 
using aluminum metal as the anode during discharge . In having an oxidation state of zero , selected from the group 
particular , the present invention relates to low - cost , rapidly consisting of sulfur , selenium , tellurium , and combinations 
rechargeable batteries that can be charged and recharged 10 thereof ; 
over multiple cycles . ( c ) an electrolyte that includes a mixture of AIXz and MX , 

wherein X is a halide , and M is selected from the group 
BACKGROUND ART consisting of lithium , sodium , potassium , and combinations 

thereof , the electrolyte formulated so as to make a molten 
Cheap and efficient electrical energy storage is essential 15 salt that physically contacts and wets the positive electrode 

for reducing our dependence on fossil fuels . Lithium - ion and the negative electrode during operation of the alumi 
batteries dominate in applications for portable electronic num - chalcogen battery ; 
devices and electric vehicles due to their relatively high ( d ) a negative current collector in electrical contact with 
energy density and a well - established marketplace . How- the negative electrode ; 
ever , factors including cost , safety and energy density limit 20 ( e ) a positive current collector in electrical contact with 
their long - term and large - scale applications . As demand for the positive electrode , wherein the molar concentration of 
batteries grows , limitations on the global supply of lithium A1X2 in the salt mixture is at least 50 mole % , and wherein 
portend dramatic price increases . Because of their reliance the melting temperature of the salt mixture is between 70 ° C. 
on flammable organic electrolytes , lithium - ion batteries pose and 140 ° C. 
a significant safety concern as electric vehicles gain 25 In some embodiments , the salt mixture includes between 
increased market share . Finally , the energy density of 60 % and 95 % A1C1 , on a molar basis . In some embodiments 
lithium - ion batteries is approaching a limit rooted in the the salt mixture includes between 80 % and 95 % AlCl3 on a 
underlying intercalation chemistry . Consequently , inexpen- molar basis . In some embodiments , the cell is constructed so 
sive and efficient batteries are desired based on abundant and as to require no externally supplied heat during operation . 
renewable natural resources . In some embodiments , the battery further includes insu 
Aluminum is the most abundant metal , and the third most lating material configured to retain Joule heat generated by 

abundant element of the earth's crust , and with its low the battery in order to maintain normal operating tempera 
atomic weight and ability to give up three electrons , has ture . 
significant intrinsic potential for use in electrochemical In some embodiments , the cell is designed with appro 
storage . However , operation of a rechargeable aluminum 35 priate insulation for operation at a temperature between 
metal battery requires the fully reversible transfer of three about 90 ° C. and about 250 ° C. In some embodiments , the 
electrons between aluminum acting as an electrode and an cell is designed for operation at a temperature between about 
aluminum ion in the molten salt electrolyte . 90 ° C. and about 180 ° C. In some embodiments , the cell is 

designed for operation at temperature between about 90 ° 
SUMMARY OF THE EMBODIMENTS 40 C. and about 150 ° C. In some embodiments , the cell is 

designed for operation at a temperature between about 90 ° 
Embodiments of an aluminum - chalcogen cell , that use C. and about 120 ° C. 

molten salts at modestly elevated temperatures , have supe- In some embodiments , the elemental chalcogen comprises 
rior reaction kinetics and reversibility compared to those of sulfur . In some embodiments , sulfur is present as a liquid 
previously described aluminum - chalcogen cells that operate 45 during battery operation . In some embodiments , sulfur is 
at room temperature thanks to the use of expensive ionic present as a solid during battery operation . In further 
liquids with large organic cations and halide anions which embodiments , the elemental chalcogen comprises selenium . 
serve as the electrolyte . From a safety perspective , due to the In some embodiments , the positive current collector com 
absence of a flammable organic electrolyte as is found in prises a conductive matrix in contact with the elemental 
lithium - ion batteries , embodiments fitted with molten salt 50 chalcogen . According to some embodiments , the elemental 
electrolytes offer non - flammability and high thermal toler- chalcogen is coated as a polymer - containing slurry onto the 
ance . In contrast to lithium - ion batteries , which require positive electrode . In some embodiments , the salt mixture 
continuous monitoring and cooling to prevent potentially includes molar percentages between 60 % and 90 % A1C13 , 
dangerous overheating , no cooling system is required for between 0 % and 30 % NaCl and between 0 % and 20 % KC1 . 
operation of embodiments of the present battery . Rather , 55 In some embodiments , a method for generating electric 
during normal operation , the Joule heat generated internally current comprises : 
from the battery can be trapped as needed by appropriate providing the aluminum - chalcogen battery ; 
insulation to keep the battery operating at an optimal , connecting the positive current collector and the negative 
modestly elevated operating temperature with no need for current collector to an external circuit ; 
external heating or cooling . The chalcogen positive elec- 60 applying an external heat source to melt a portion of the 
trode also offers much higher specific capacity than previ- electrolyte ; 
ously reported graphite electrodes that function by A1C14 deactivating the external heat source ; 
intercalation . In an embodiment of the instant invention , a discharging the aluminum - chalcogen battery through the 
system utilizing liquid sulfur accommodated in porous car- external circuit ; 
bon as a positive electrode , a molten salt solution of sodium 65 allowing Joule heat generated during discharging to melt 
chloride and aluminum chloride as an electrolyte , and alu- the remaining electrolyte and to maintain the electrolyte in 
minum foil as a negative electrode exhibits a high capacity a molten state without further external heating . 
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BRIEF DESCRIPTION OF THE DRAWINGS FIG . 15 compares the theoretical and currently achievable 
battery materials costs of aluminum chalcogen batteries of 

The foregoing features of embodiments will be more embodiments of the instant invention with those of contem 
readily understood by reference to the following detailed porary battery systems . 
description , taken with reference to the accompanying draw- 5 
ings , in which : DETAILED DESCRIPTION OF SPECIFIC 

FIG . 1 embodies a battery according to the present EMBODIMENTS 
invention for which the chalcogen in the positive electrode 
is a solid In accordance with embodiments of the aluminum battery 

FIG . 2 embodies a battery according to the present 10 of the instant invention , the negative electrode comprises 
pure aluminum metal or aluminum - rich alloys . The positive invention for which the chalcogen in the positive electrode electrode includes at least one elemental chalcogen , and may is a liquid . include an alloy of chalcogen elements . In preferred embodi FIG . 3 shows cyclic voltammetry of three electrode ments , chalcogens are chosen from sulfur , selenium , tellu beaker cells ( see inset ) of sulfur , selenium and tellurium in 15 rium , and combinations thereof . The electrolyte is a molten 

their pure states . salt forming mixture composed of aluminum trichloride , 
FIG . 4 shows Arrhenius plots comparing the charge- AlCl3 , and additional chloride salts chosen from the group 

transfer kinetics of A1 / Al symmetric cells fitted with a consisting of alkali - metal chlorides . Preferred chloride salts 
molten salt electrolyte to those of Al / Al symmetric cells include lithium chloride , sodium chloride , and potassium 
fitted with an ionic liquid electrolyte . 20 chloride . On a molar basis , the predominant chloride salt is 
FIG . 5 compares the performance of Al / molten salt / Se aluminum trichloride . The battery is configured with appro 

cells to that of Al / ionic liquid / Se cells by displaying charge priate insulation to operate at a temperature of between 90 ° 
and discharge profiles . C. and 250 ° C. 
FIG . 6 shows the charging rate performance of Al — Se Definitions . As used in this description and the accom 

cells as a function of charging rate under a constant dis- 25 panying claims , the following terms shall have the meanings 
charge rate ( D / 10 ) at 180 ° C. Here the charge rate , C / n , is indicated , unless the context otherwise requires : 
represents full charge in n hours , while D / n is the corre A " chalcogen ” is a group 16 element , and includes sulfur , 

selenium and tellurium . sponding discharge rate to full depth of discharge . The upper 
plots are for an Al / NaCl - A1C1Z molten salt / Se cell , an “ EMIC ” is 1 - ethyl - 3 - methylimidazolium chloride , which 
embodiment of the instant invention . The lower plots are for 30 is an ionic liquid at room temperature . An " alkali chloride , ” also referred to as an alkali metal an A1 / EMIC - A1C1z ionic liquid / Se cell . chloride , is a salt MC1 formed from an alkali metal cation FIG . 7 shows Arrhenius plots comparing the charge M + and a chloride anion Cl- . Alkali metal cations M + are transfer kinetics of Al / molten salt / Al cells to those of group 1 cations , and include Li + , Na + , K + , Rb + , Cst and Frt . Al / molten salt / Se cells , and Al / ionic liquid / Al cells to “ Aluminum trichloride ” is a salt AlCl3 formed from the Al / ionic liquid / Se cells . aluminum cation , Al3 + , and three chloride anions Cl- . FIG . 8 compares the performance of Al / molten salt / S cells The charge rate “ C / n ” for a battery is a rate of charging to that of Al / ionic liquid / S cells by displaying charge and that realizes a full charge C in n hours . For example , a discharge profiles . charging rate of C / 2 would realize a full charge in two hours , 
FIG . 9 compares voltage / capacity profiles for different 40 whereas a charging rate of 10 C would realize a full charge 

charging rates for Al - S cells with molten salt electrolytes . in 6 minutes . 
FIG . 10 shows charging rate performance of Al – S cells The discharge rate “ D / n " is the corresponding discharge 

as a function of charging rate under a constant discharge rate rate that dissipates a full charge D in n hours . 
( D / 2 ) at 110 ° C. The upper plots are for an Al / NaCl - A1C1z Because they are capable of rapid cycling , aluminum 
molten salt / S cell , an embodiment of the instant invention . 45 metal batteries with cathodes based on anion intercalation of 
The lower plots are for an A1 / EMIC - A1C1z ionic liquid / S A1C14 into graphite have attracted some research interest . 
cell . However , the concurrent consumption of electrolyte ions in 

FIG . 11 shows discharging rate performance of Al - S such batteries lowers the overall energy density . Critically , 
cells as a function of discharging rate for a constant charge such batteries have relied on combining AlCl3 with room 
rate ( C / 2 ) at 110 ° C. The upper plots are for an Al / NaCl 50 temperature ionic liquid electrolytes such as 1 - ethyl - 3 - meth 
A1C1Z molten salt / S cell , an embodiment of the instant ylimidazolium chloride ( EMIC ) , which are expensive , have 

sluggish charge - transfer kinetics and low ion - diffusivity . invention . The lower plots are for an A1 / EMIC - A1C13 ionic Embodiments of the instant invention defy the conventional liquid / S cell . wisdom favoring ambient temperature batteries and demon FIG . 12 shows discharge capacity of Al / NaCl - KC1 55 strates that both high energy density and rapid charging can A1C1z molten salt / S cells , embodiments of the instant inven be achieved with aluminum - chalcogen chemistry in con tion , as a function of cycle number for charging rates of 5 C junction with low - cost molten - chloroaluminate electrolytes and 10 C under a constant discharge rate ( D / 2 ) at 110 ° C. at moderately elevated temperature ( in a preferred embodi 
FIG . 13 shows discharge capacity of Al / NaCl - KC1 ment , between 90 ° C. and 120 ° C. ) . Significantly , battery 

AlCl , molten salt / S cells , embodiments of the instant inven- 60 embodiments of the invention are not prone to dendrite 
tion , as a function of cycle number for charging rates of 50 formation and the shorting and cell failure that follows 
C and 100 C under a constant discharge rate ( D / 2 ) at 110 ° therefrom . 
C. Cell Configurations 
FIG . 14 compares the theoretical and currently achievable FIGS . 1 and 2 embody two configurations of cells of the 

energy densities of aluminum chalcogen batteries of 65 instant invention . In both configurations , the cell includes 
embodiments of the instant invention with those of contem- three active components : a negative electrode 12 , a positive 
porary battery systems . electrode 14 , and a molten salt electrolyte 15 . 
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The negative electrode 12 , which can be , but is not limited intimate contact with both the positive electrode 14 and the 
to , foil or pelletized foil , comprises aluminum metal or an negative electrode 12. In the configuration of FIG . 2 , a 
aluminum alloy . The aluminum alloy may incorporate met- thermal and electrical insulator 10 prevents direct contact 
als which are less electropositive than aluminum , which will between the positive current collector 16 and both of the 
not undergo electrolysis during charge / discharge of the cell , 5 negative electrode 12 and the negative current collector 18 . 
and which will not adversely affect the faradaic reactions or The thermal and electrical insulator 10 also retains Joule 
significantly alter the potential of the negative electrode . heat generated by the cell , allowing it to maintain a modestly 
Metals suitable for incorporation include zinc , tin , lead , elevated temperature during normal operation without 
bismuth , and antimony . requiring external heating . 

The positive electrode 14 includes one or more chalcogen 10 Cell Operation 
elements , preferably sulfur , selenium or tellurium . The elec Operation of cells according to embodiments of the 
trode functions by conversion of the chalcogen elements into invention occurs in two stages . During the startup stage , 
chalcogenides in which the chalcogen has a valence state of external heat is applied by an external heat source to melt a 
-2 . At an operating temperature of between 90 ° C. and 250 ° sufficient portion of the electrolyte so that current can flow 
C. , the chalcogen element can be a liquid or a solid . In some 15 through the cell . Flow of current results in Joule heating that 
embodiments , the chalcogen is mixed with conductive addi melts the remaining electrolyte . During normal operation , 
tives , to create electronically conductive connections the source of external heat is no longer required and may be 
between the chalcogen electrode - active material and the deactivated . Current flow through the cell of the invention 
electrode current collector . Suitable conductive additives provides Joule heat that , with appropriate insulation , allows 
include carbon and faradaically inactive metals such as 20 the cell to maintain normal operating temperature , without molybdenum , tungsten , and titanium . need for external heating . 

The electrolyte 15 is a salt mixture that includes alumi 
num trichloride ( A1C1z ) at a molar percentage exceeding EXAMPLES 
50 % , and one or more alkali metal chlorides ( MCI ) . The 
electrolyte preferably forms a eutectic mixture having a 25 Example 1 : Preparation of Electrolytes 
melting point between 70 ° C. and 140 ° C. The salt mixture 
is formulated to ensure that the electrolyte 15 remains a The inorganic chloroaluminates , NaCl - A1C1z and 
liquid at the operating temperature of the cells illustrated in NaCl - KC1 - A1Clz were prepared as eutectic mixtures 
FIGS . 1 and 2 ( i.e. , between 90 ° C. and 250 ° C. ) . At the according to ratios documented in phase diagrams . NaCl 
operating temperature the liquid electrolyte wets the positive 30 ( 99.99 % , Sigma - Aldrich ) and KCI ( 99.95 % , Alfa Aesar ) 
and the negative electrodes 14 , 15 and is chemically and were dried in a muffle furnace for 72 hours prior to use . 
electrochemically stable . A1C1z ( 99.99 % , Alfa Aesar ) was used as received . The 

In the configuration illustrated in FIG . 1 , a negative precursor powders were mixed in a specific molar ratio , 
current collector 18 contacts the negative electrode 12 , and NaCl : A1C13 ( 37:63 ) or NaCl : KCI : A1C13 ( 26:13:61 ) , and heat 
a positive current collector 16 contacts the positive electrode 35 soaked in a closed weighing bottle at 180 ° C. for 24 hours . 
14. The electrolyte 15 contacts both the positive and nega- The melt was cooled to room temperature , crushed , and 
tive electrodes 12 , 14 , ensuring that both positive and ground into powder for battery assembly . The EMIC - A1C1z 
negative electrodes 12 , 14 are wetted by the molten salt ionic liquid electrolyte at the optimal molar ratio of 1 : 1.3 as 
electrolyte 15 during normal operation of the cell . All of the described in the literature was prepared by slowly adding 
positive and negative current collectors 16 , 18 , the negative 40 Alclz powder into 1 - ethyl - 3 - methylimidazolium chloride 
and positive electrodes , 12 , 14 , and the electrolyte 15 are ( EMIC , > 98 % , TCI America ) under rigorous stirring . The 
confined by a thermal insulator 10 which keeps air out of the EMIC was baked in vacuo at 120 ° C. overnight before use . 
cell , keeps the molten salt electrolyte 15 in the cell , and All preparations were performed inside a glovebox ( 02 < 0.1 
retains Joule heat generated by the cell . The characteristics ppm , H2O < 0.1 ppm ) . 
of the insulator can be adjusted to set the operating tem- 45 
perature . According to an embodiment of the cell , the Example 2 : Preparation of Selenium Electrodes 
positive electrode 14 is made by a conventional approach of 
coating a slurry of chalcogen and polymeric binder onto the In cells used for cycle testing ( charge / discharge ) and rate 
positive current collector 16. The current collectors 16 , 18 performance ( FIGS . 5-7 ) , the selenium - carbon composite 
can be free - standing carbon paper or foil of molybdenum , 50 for the positive electrode was synthesized by pyrolysis of the 
tungsten or titanium . The inner sheath of the cell , which mixture of polyacrylonitrile ( PAN ) and selenium . The poly 
must be an electrical insulator , can be made of glass , acrylonitrile ( average Mw = 150,000 ) powder was first mixed 
polymer , mineral , or any suitable dielectric materials . In a with selenium ( 99.999 % , Alfa Aesar ) at a 1 : 3 weight ratio by 
preferred embodiment , the cell is sealed in a metal container ball milling for 10 minutes . The mixture was then pelletized 
to prevent exposure to air . 55 and loaded into a dry fused quartz tube , which was then 

In the second configuration , shown in FIG . 2 , the battery evacuated and sealed for heat treatment at 600 ° C. for 3 
is a beaker - type cell with three contiguous layers . At a hours ( ramp rate = 3 ° C./min , furnace cooling ) . The reactions 
bottom layer , the positive electrode 14 is liquid at the on heating included dehydrogenation and cyclization of the 
operating temperature and a mesh or foam conductive polymer chain along with chemically bonded selenium , 
matrix 20 of carbon or faradaically inactive metals ( e.g. Mo , 60 followed by carbonization of the matrix . The selenium in the 
W , or Ti ) allows electricity to flow to a positive current composite exists as a crystalline phase ( data not shown ) and 
collector 16. The top layer is a solid negative electrode 12 is homogeneously embedded in the carbon matrix . In order 
comprising a foil or other solid member of aluminum or its to reveal the capacity contribution of the carbon itself , 
alloys . By virtue of being less dense than the positive selenium - free carbon material was prepared by the same 
electrode 14 , the electrolyte 15 forms a middle layer on top 65 pyrolysis method using polyacrylonitrile alone with no 
of the positive electrode 14 , spanning the space between the added selenium . Also , a simple selenium composite was also 
positive electrode 14 and the negative electrode 12 , in prepared by ball - milling selenium with Super P carbon ( MTI 
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Corp. ) in a 70:30 weight ratio for 10 min ( selenium weight experiments were performed using an Arbin 2000T cycler . 
fraction is 70 % ) . To prepare the selenium electrodes , the For clarity in describing the cycling rates that differ between 
respective selenium - carbon composite was mixed with charging and discharging , we use the notation 1 D ( and 1 C ) 
Super P carbon , polytetrafluoroethylene ( Sigma - Aldrich ) at to denote a discharge ( and charge ) rate , which corresponds 
an 8 : 1 : 1 weight ratio by hand grinding . The slurry was made 5 to full discharge ( and charge ) in one hour . The voltage - time 
by stirring the mixture in 2 - propanol ( HPLC grade , Sigma- traces shown in FIG . 5 and FIG . 8 are the initial cycle of the 
Aldrich ) . The electrodes were made by drop casting the corresponding cells ; the rate performances shown in FIG . 6 
slurry on P50 carbon papers ( Fuel Cell Store ) and dried at and FIG . 10 are after the initial conditioning cycle which 
90 ° C. in vacuo for 6 hours . The areal loading of selenium was performed at D / 10 and C / 5 rates for selenium and D / 2 
is 3.2-3.5 mg cm - 2 10 and C / 2 rates for sulfur . The rate measurements of Al - Se 

cells were conducted at a constant discharge rate of D / 10 and 
Example 3 : Preparation of Sulfur Electrodes a plurality of charge rates up to 200 C ( 1 Cor 1D = 678 mA 

h g- ?, for selenium ) and the same protocol was used for 
The sulfur composite was prepared by thermal diffusion . sulfur except that the discharge rate is D / 2 ( 1 Cor 1D = 1675 

Sulfur ( Alfa Aesar ) and graphene ( ACS Materials ) were 15 mAh g - 1 , for sulfur ) . The discharge rate measurement for 
mixed ( 50:50 , wt / wt ) by grinding and then heat soaked at sulfur was performed at a constant charge rate of 1 C and a 
155 ° C. for 12 hours to obtain the sulfur composite . The plurality of discharge rates up to 20D . The cycling stability 
sulfur electrodes were prepared in the same way as the measurements shown in FIGS . 12 and 13 were after a 
selenium electrode ( sulfur : Super P : polytetrafluoroethyl- number of conditioning cycles that serve to achieve stabi 
ene = 8 : 1 : 1 in 2 - propanol ) , except that the electrodes were 20 lized capacity . Specifically , the conditioning cycles were 
dried at 60 ° C. in vacuo for 6 hours . The areal loading of carried out by stepwise increasing charge rates from 1 C to 
sulfur in a typical electrode is 1.5-2.0 mg cm - 2 . Sulfur - free the targeted rates , with 3 cycles at each step . The use of 
graphene electrodes were made in the same way to reveal conditioning cycles according to this protocol is necessary to 
graphene's contribution to the total capacity . High - loading achieve stabilized capacity at high rates for Al - S chemistry . 
electrodes ( 12.0 mg cm ' ) were also prepared in the same way 
except that the electrodes were cold pressed under a 1 - ton Example 5 : Exchange Current and Electrolyte 
force before use . A Ketjen Black® ( KB ) sulfur electrode was Conductivity Measurements 
also made by using a KB / S composite ( prepared by thermal 
diffusion with 60 wt % of sulfur ) with a sulfur loading of 2.0 The exchange currents of Al ] Al and AllSe cells were 

30 determined by linear sweep voltammetry ( LSV ) using the 
in - house - designed Swagelok® cells as described above . The 

Example 4 : Electrochemical Measurements Al Al symmetric cells ( aluminum foil as both electrodes ) 
and Al | Se full cells ( Se / carbon as positive electrode and Al 

The cyclic voltammetry measurements were performed in foil as the negative electrode ) were assembled using NaCl 
a three - electrode beaker - type cell at 180 ° C. as schemati- 35 KCl - A1C1z or EMIC - A1C1 , electrolytes . LSV scans were 
cally shown in the inset to FIG . 3. A tungsten crucible with performed from the open circuit voltage ( OCV ) down to -35 
an inner diameter of 20 mm contained the molten salt mV vs. OCV at a scanning rate of 10 mV s - 1 . The thermo 
electrolyte ( NaCl - KC1 - A1C13 ) . Two aluminum wires dynamic studies were performed by running the cell at 
( 99.99 % , Ø1 mm , Alfa Aesar ) were immersed in the elec- stepwise increasing temperatures , i.e. , 110 ° C. , 150 ° C. , 
trolyte , one providing the counter electrode and one provid- 40 180 ° C. , 210 ° C. , and 250 ° C. for the NaCl — KCl - AICI , 
ing the reference electrode . For the aluminum plating study , cell and 25 ° C. , 60 ° C. , 95 ° C. , 110 ° C. , 150 ° C. , 180 ° C. , 
a tungsten wire ( 99.9 % , ø1 mm , Alfa Aesar ) served as the 210 ° C. , and 250 ° C. for the EMIC - A1C1z cell . A small 
working electrode . For the sulfur study , molten sulfur con- range of voltage ( 35 mV ) was used to avoid extensive 
tained in a separate fused quartz crucible which is sub- progress of redox reactions and resistive surface layer build 
merged in the electrolyte served as the working electrode . 45 up . The cells were conditioned at each temperature for one 
For the studies of selenium and tellurium plating , the work- hour before measurements . At all temperatures measure 
ing electrodes were prepared by dipping the tungsten wire in ments were performed on one cell ( rather than multiple 
a melt of selenium or tellurium , respectively . Solidified cells ) to avoid errors arising from different cells . The 
chalcogen coating the tungsten served as the active elec- exchange currents were extracted by linear fitting of the 
trode . The functional surface areas of the three electrodes 50 linear range of the Tafel plots derived from the LSV scan and 
were thus approximately equal and similar to the geometric using the intercept value with the OCV = O axis . Three scans 
area of the tungsten wire . The CV scanning was performed were performed at each temperature so as to obtain the 
with a Solartron EM® at a scanning rate of 10 mV s - 1 . average values and standard errors . 

Galvanostatic cycle testing was performed using The exchange current measured on an electrochemical 
in - house - designed Swagelok® cells . To prevent the corro- 55 cell is dictated by the reaction of the more sluggish elec 
sion of the stainless steel cell body by the chloroaluminate trode . In the Al Al symmetric cells , the two electrodes 
melts , a protective sheath was placed in the cell to contain undergo the same Al plating / stripping processes . In the 
the electrodes and electrolyte . Glass fiber membrane ( GF - D , Al | Se cells , Al plating / stripping ( same as that in the Al Al 
Whatman® ) was used as the separator and aluminum foil cell ) occurs at the negative electrode and selenium oxida 
( 99.99 % , Alfa Aesar ) was used as the negative electrode . A 60 tion / reduction occurs at the positive electrode . Conse 
stainless steel compression spring and a molybdenum foil quently , if one compares the exchange current of an Al Al 
spacer maintained the pressure . A molybdenum rod served cell to that of an Al | Se cell with a fixed positive / negative 
as external current collector for both electrodes . An amount capacity ratio , one can identify whether the rate limiting 
of 100 mg of NaCl - A1C1z or NaCl - KC1 - A1C1z salt reaction is at the negative or positive electrode . For example , 
powder served as electrolyte in the Al — Se and Al – S cells , 65 for the EMIC — A1C1z electrolyte , the exchange current of 
respectively . About 100 uL of the EMIC - A1C1Z solution the AllSe cell is 80 % smaller than the Al ] Al cell at 110 ° C. , 
served as electrolyte in the ionic liquid cells . The cycling meaning that the selenium reaction limits the rate at 110 ° C. 
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To measure the ionic conductivity of the electrolytes , the capacity of 655 mAhg at D / 5 . The polarization is as small 
electrochemical impedance spectrum ( EIS ) of an Al Al cell as 30 mV resulting in a high roundtrip energy efficiency 
was measured . The Nyquist plot at high frequency was fitted ( 96.5 % ) . The cell with ionic liquid EMIC - A1C13 at 180 ° C. 
to a semicircle . The electrolyte resistance was found from exhibits about twice the polarization ( 70 mV ) of the cell with 
the lower intercept with the real axis . The conductivity was 5 molten NaCl - A1C1z . As is also shown in FIG . 5 , at room 
calculated by use of a cell constant calibrated with the temperature the EMIC — A1C1z cells operate with much 
EMIC - A1C1z electrolyte at 25 ° C. higher polarization and deliver much lower capacity . The 

cell using molten NaCl - A1C12 shows good cycling stabil Example 6 : Comparative Charge - Transfer Kinetics ity , sustaining 300 mAh g- and no voltage decay over 50 of Electrochemical Cells with Molten Salt and cycles at rates of D / 5 , C / 2 ( data not shown ) . We also observe Ionic Liquid Electrolytes similar stability for a cell fitted with a milled commercial 
selenium positive electrode ( data not shown ) . Owing to the formation of large covalent Al_C13x + 11 Mimicking the practical requirements of a commercially polyanion clusters , the alkali - chloroaluminate melts ( e.g. , NaCiKCI — A1C13 ) exhibit a much lower eutectic point 15 viable battery , FIG . 6 shows the rate capability of Al – Se 

( ~ 90 ° C. ) than other molten salt systems such as LiCl cells for charging rates varying from C / 2 to 200 C while 
NaCl - KCI ( 347 ° C. ) . This uniquely permits low - tempera discharging at a fixed D / 10 rate . The Al- Se cell with 
ture operation of aluminum batteries . While chloroaluminate molten NaCl - A1C1 , electrolyte has a reversible capacity of 
melts have been used for aluminum electroplating in the 520 mA h g - 1 at a charging rate of C / 2 , and maintains a 
coating industry , they have rarely been used in rechargeable 20 capacity of 190 mAh g- at 10 C. When the charging rate 
batteries and never with an elemental - chalcogen positive is increased by a factor of 400 from C / 2 to 200 C , the cell 
electrode . A eutectic mixture of NaCl - KC1 - A1C1z ( 26:13 : still retains 75 mAh g - capacity . Significantly , this is not an 
61 , mol / mol ) at 180 ° C. can support aluminum plating and ion - adsorption capacitive behavior , because both charge and 
stripping with low overpotential ( ~ 7 mV ) and high coulom- discharge show well - defined plateau - like time traces and 
bic efficiency ( 98.93 % ) . As measured in a three - electrode 25 differential - capacity curves . Only a marginal fraction of the 
beaker - type cell fitted with aluminum counter and reference capacity in the applied - voltage window comes from the 
electrodes ( FIG . 3 ) , the chalcogen electrodes ( S , Se , Te ) carbon ( data not shown ) . By contrast , the Al — Se cell with 
show stable bidirectional redox chemistry with the primary EMIC - A1C1z ionic liquid electrolyte shows close to zero 
cathodic peaks at 1.05 V , 0.93 V , 0.45 V , respectively , capacity at charging rates exceeding 10 C. 
consistent with values calculated from the free energy To elucidate whether the reaction on the positive or 
change assuming conversion to aluminum chalcogenide , negative electrode is rate limiting , we measured the 
Al , Chz ( 1.09 V , 0.96 V , 0.57 V , Ch = chalcogen ) . exchange current of Allionic liquid | Se and Allmolten salt / Se 
As shown in FIG . 4 , the charge - transfer kinetics in two cells and compared the value to that of Al ] Al symmetric 

different electrolyte systems , one an ionic liquid and one a cells . As shown in FIG . 7 , the I of the Aldonic liquid | Se cell 
molten salt , are quantified by measuring the exchange cur- 35 utilizing EMIC - A1C1z as an electrolyte does not follow a 
rent , I. , of Al ] Al symmetric cells in which the cathodic and monotonic Arrhenius trend ; instead , a significant increase in 
anodic reactions are aluminum plating / stripping . In the ionic I. occurs only above 150 ° C. , suggesting a transition in 
liquid electrolyte ( EMIC — AlCl3 , 1 : 1.3 ) the variation of I. selenium reaction pathway at this temperature . Based on 
with temperature exhibits Arrhenius behavior with an acti- comparing the I. values of Al | Se cells to those of Al ] Al cells , 
vation energy of 0.26 eV . Increasing the temperature from 40 the selenium reaction on the positive electrode is always rate 
25 ° C. to 110 ° C. and 180 ° C. gives a 25- and 65 - fold determining for the Allmolten salt | Se cell utilizing NaCl 
increase in lo , respectively . Impressively , compared to KCl - A1Clz as an electrolyte , whereas the Allionic liquid / Se 
EMIC - A1C1z the NaCl - KC1 - A1C1z melt supports about cell utilizing EMIC - A1C1z as an electrolyte is limited by 
one order of magnitude higher I. with a lower activation the aluminum electrode above 150 ° C. 
energy of 0.19 eV . This result indicates much faster charge- 45 In terms of charge capacity and ability to rapidly charge , 
transfer kinetics at the electrified interface for the melt- the electrochemical performance of the tested Allmolten 
more specifically , faster A13 + desolvation — which is foun- salt | Se cell is demonstrably superior to that of Allionic 
dational for high rate - capability in a battery . The higher liquid / Se cells . 
rate - capability in the molten salt cannot be attributed to 
more rapid mass transport , as the ionic conductivities of the 50 Example 8 : Electrochemical Performance of 
two electrolytes differ only slightly from one another , both Al Molten Salt | S Battery 
with much lower values of activation energy than those of I. 
( 0.07-0.10 eV compared to 0.19-0.26 eV ) . FIGS . 8-13 characterize the electrochemical performance 

of a lower - cost , higher - capacity , Al?molten salt | S battery , 
Example 7 : Electrochemical Performance of 55 which operates at 110 ° C. thanks to an electrolyte consisting 

Al — Se Battery of NaCi — KCI — AlCl3 which has a eutectic at ~ 93 ° C. In 
FIG . 8 , sulfur shows a flat voltage - time trace averaging 1.05 

The performance of selenium opposite aluminum was V and initial capacity reaching 1,350 mA h g- at D / 5 
examined in a Swagelok® cell made in - house . A crystalline ( theoretical : 1,675 mAh g - 1 ) . The polarization is as low as 
selenium composite prepared as described above by pyroly- 60 50 mV which is in sharp contrast to that measured for an 
sis of a polyacrylonitrile / selenium mixture served as the Allionic liquid / S battery utilizing an electrolyte of EMIC 
positive electrode . “ C / n ” is used to denote a charging rate A1C1z : 450 mV at 25 ° C. ( D / 20 ) , 250 mV at 60 ° C. ( D / 20 ) 
that realizes a full charge in n hours , while “ D / n ” denotes a and 205 mV at 110 ° C. ( D / 5 ) . Furthermore , the Aldonic 
discharging rate of same magnitude . As shown in FIG . 5 , the liquid / S cell experiences extensive overcharge and very low 
discharge reaction between electrodes of selenium and alu- 65 sulfur utilization at all temperatures ( e.g. , 525 mA h g- at 
minum in molten NaCl - A1C1z proceeds along a rather flat 110 ° C. ) , indicating that there is significant dissolution of 
voltage - time trace at 180 ° C. ( average 0.88 V ) , yielding a intermediate species in the electrolyte . 
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As shown in FIGS . 9 and 10 , with a constant discharge nomic advantages . First , given the high earth - abundance of 
rate of D / 2 , the Al - S cell with NaCl - KC1 - A1C1z as all components : aluminum , sulfur , NaCl , KCl , and AlCl3 , 
electrolyte exhibits a high capacity of 500 mA h g the achievable materials cost of the AlS battery , including 
charging rate of 10 C , which slightly decreases to 430 and electrode - active materials and electrolyte , is as low as 
360 mA h g - 1 at 20 C and 50 C , respectively . Even at 5 USD $ 2 / kWh , which is less than 5 % that of today's Li - ion 
extreme charging rates of 100 C and 200 C , the cell still batteries at the cell level ( FIG . 15 ) . Moreover , the use of 
shows high capacity of 280 and 210 mAhg- !, respectively . low - grade aluminum ( e.g. , food - packaging foil ) in the nega 
As shown in FIG . 9 , at all charging rates , the cell shows tive electrode does not result in appreciable deterioration in 
well - defined , non - capacitive voltage - time traces . In con- cell performance . This allows batteries to be constructed 
trast , the cell fitted with EMIC - A1C1z shows close to zero 10 from commercial - grade metal as produced by today's alu 
capacity at 50 C and higher . The ultrafast charging capability minum industry . Secondly , with an operating temperature at 
in NaCl - KC1 - A1C1z is not unique to a particular carbon around the boiling point of water , the battery will not require 
host material ( data not shown ) . an active cooling system — in distinct contrast to the situa 

After a number of conditioning cycles following protocols tion for lithium - ion batteries in large format , for which such 
described above , the cells can sustain hundreds of cycles at 15 an active cooling system is absolutely critical . Instead , the 
high charging rates of 5-10 C , and ultrahigh rates of 50-100 moderately elevated operating temperature can be main 
C ( FIGS . 12 , 13 ) . The Al - S chemistry also shows good tained by a combination of internal Joule heating generated 
fast - discharging capability : 670 and 360 mAh g - 1 , respec- while cycling and proper thermal insulation . Because the 
tively , at 2D and 20D ( FIG . 11 ) . molten salt electrolyte is involatile over the range of oper 

The discrepancy between the demonstrated charging and 20 ating temperatures , and not flammable , the Al - S battery is 
discharging rate capability is due to asymmetry in the A13 + inherently safer than conventional lithium - ion batteries . The 
solvation and A13 + desolvation processes , this asymmetry immunity to thermal runaway and fire makes the Al – S 
being attributable to the molecular structure of the A1C1z- battery especially attractive for electric vehicles . 
rich chloroaluminate melt , which is very acidic in the Lewis The embodiments of the invention described above are 
sense . As a consequence , it is kinetically more favorable to 25 intended to be merely exemplary ; numerous variations and 
exsolve AlCl3 than to dissolve it . When the cell discharges , modifications will be apparent to those skilled in the art . All 
the less favored A13 + solvation ( accompanied by AlCl3 such variations and modifications are intended to be within 
dissolution ) occurs at the planar Al negative electrode which the scope of the present invention as defined in any 
carries a much higher local current density than does the appended claims . 
powdered sulfur electrode with its higher surface area . This 30 
means that on discharge the reaction at the negative elec- What is claimed is : 
trode is rate - limiting . On charge , it is the kinetics of A13 + 1. A rechargeable aluminum - chalcogen battery compris 
deposition that are favored ; hence , in spite of the difference ing : 
in electrode surface areas , higher rate - capability is attainable an aluminum or aluminum alloy negative electrode ; 
on charge than on discharge . Importantly , in the Al - S cell 35 a positive electrode comprising a sulfur composite com 
even after cycling at high charging rates there is no evidence prising elemental sulfur having an oxidation state of 
of dendrite growth on the Al negative electrode which could zero ; 
lead to shorting of the cell . Without being bound by a an electrolyte comprising a salt mixture of AlClz and MCI , 
particular theory , it is hypothesized that dendrite formation wherein MC1 is an alkali chloride , and M is selected 
is disabled thanks to the presence of trace amounts of 40 from the group consisting of lithium , sodium , potas 
( poly ) sulfide anions in the vicinity of the Al electrode sium , rubidium , and cesium and combinations thereof , 
surface . Polysulfide acts as a levelling agent to regulate the the electrolyte configured to form a molten salt that 
current flux distribution over the expanse of the electrode , as physically contacts and wets the positive electrode and 
has been reported for urea , B - naphthylamine , and tetram the negative electrode during operation of the alumi 
ethylammonium chloride . Also , the high acidity of the melt 45 num - chalcogen battery ; 
with its attendant higher - order chloroaluminate moieties a negative current collector in electrical contact with the 
( Al , C1 ,, AlzC110 , etc. ) sets a high threshold current for negative electrode ; and 
dendrite proliferation . a positive current collector in electrical contact with the 
Cost and Energy Density Compared with Competing Battery positive electrode ; 
Technologies wherein : 

The volumetric energy densities of the cells of embodi- the sulfur composite is formed by grinding and heat 
ments of the instant invention are compared with those of soaking a mixture of sulfur and at least one of 
competing technologies in FIG . 14. Materials costs are graphene or carbon black ; 
compared in FIG . 15. In terms of energy densities , the Al - S the sulfur is present in the sulfur composite at an areal 
cells of the instant invention are competitive in both prac- 55 loading of about 1.5 mg cm - 2 to about 2.0 mg cm- ?; 
tical and theoretical terms . In terms of materials costs , the the molar concentration of AlClz in the salt mixture is 
Al - S cells are orders of magnitude cheaper than the at least 50 % ; and 
competing technologies . the melting temperature of the salt mixture is between 
Our electrochemical data show the Al NaCl - KC1 70 ° C. and 140 ° C. 

AICIZIS battery can achieve an energy density of 742 Wh 60 2. The aluminum - chalcogen battery of claim 1 , further 
L - 1 , comparable that of graphite - NMC622 comprising thermally insulating material configured to 
( LiNi ... Mno.2C00.202 ) lithium - ion batteries and Li – S bat- retain Joule heat generated by the battery in order to main 
teries ( FIG . 14 ) . Moreover , the sulfur electrodes described tain an operating temperature of about 90 ° C. to about 250 ° 
herein can , with high loading of 12 mg cm- ?, sustain a high C. without external heating ; 
capacity of 520 mA h g- over 100 cycles . wherein the thermally insulating material comprises at 

Importantly , aluminum - sulfur batteries according to least one of glass , polymer , mineral , or dielectric mate 
embodiments of the instant invention have two major eco 
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3. The aluminum - chalcogen battery of claim 1 , wherein wherein the molar concentration of AlCl3 in the eutectic 
the salt mixture includes between 60 % and 95 % AlCl3 on a mixture is at least 50 % , and wherein the melting 
per molar basis . temperature of the salt mixture is between 70 ° C. and 

4. The aluminum - chalcogen battery of claim 1 , wherein 140 ° C .; 
the salt mixture includes between 80 % and 95 % AlCl3 on a connecting the positive current collector and the negative 

current collector to an external circuit ; per molar basis . 
5. The aluminum - chalcogen battery of claim 2 , configured applying an external heat source to melt a portion of the 

for operation at a temperature between about 90 ° C. and electrolyte ; 
about 180 ° C. deactivating the external heat source ; 

6. The aluminum - chalcogen battery of claim 2 , configured 10 discharging the aluminum - chalcogen battery through the 
for operation at a temperature between about 90 ° C. and external circuit ; and 
about 150 ° C. allowing Joule heating generated during discharging to 

7. The aluminum - chalcogen battery of claim 2 , configured melt the remaining electrolyte and to maintain the 
for operation at a temperature between about 90 ° C. and electrolyte in a molten state without further external 

heating . about 120 ° C. 
8. The aluminum - chalcogen battery of claim 1 , wherein 15. The method of claim 14 , wherein , during discharging , 

during battery operation the elemental sulfur is present as a the aluminum - chalcogen battery has a discharge rate of 
liquid . about D / 2 and exhibits a capacity of about 500 mAh g - 1 . 

9. The aluminum - chalcogen battery of claim 1 , wherein 16. The method of claim 14 , further comprising charging 
during battery operation the elemental sulfur is present as a 20 the aluminum - chalcogen battery at a charge rate of about 50 
solid . C to about 200 C with a capacity of about 210 mA h g- to 

10. The aluminum - chalcogen battery of claim 1 , wherein about 360 mAh g - 1 . 
the positive electrode further comprises selenium . 17. A rechargeable aluminum - chalcogen battery compris 

11. The aluminum - chalcogen battery of claim 1 , wherein ing : 
the positive current collector comprises a conductive matrix 25 a negative electrode in the solid state comprising alumi 
in contact with the elemental sulfur . num or aluminum alloy ; 

12. The aluminum - chalcogen battery of claim 1 , wherein a positive electrode comprising : 
the sulfur composite is coated as a polymer - containing elemental chalcogen in a liquid state having an oxida 
slurry onto the positive electrode . tion state of zero , selected from the group consisting 

13. The aluminum - chalcogen battery of claim 1 , wherein of sulfur , selenium , tellurium , and combinations 
the eutectic mixture includes , on a molar basis , between thereof ; and 
60 % and 90 % A1C1z , between 0 % and 30 % NaCl and a conductive matrix comprising at least one of carbon , 
between 0 % and 20 % KC1 . molybdenum , tungsten , or titanium ; 

14. A method for generating electric current comprising : an electrolyte disposed on the positive electrode and in 
providing a rechargeable aluminum - chalcogen battery , 35 electrical contact with the negative electrode , the elec 

wherein the battery comprises : trolyte comprising a salt mixture of A1C1z and MC1 in 
an aluminum or aluminum alloy negative electrode ; the liquid state having a density less than the elemental 
a positive electrode comprising elemental chalcogen chalcogen , wherein M is selected from the group con 

having an oxidation state of zero , selected from the sisting of lithium , sodium , potassium , rubidium , and 
cesium and combinations thereof ; group consisting of sulfur , selenium , tellurium , and 40 

combinations thereof ; a negative current collector in electrical contact with the 
an electrolyte comprising a salt mixture of A1C1z and negative electrode ; 
MCI , wherein MC1 is an alkali chloride , and M is a positive current collector configured to hold the positive 
selected from the group consisting of lithium , electrode and the electrolyte in the liquid state , the 
sodium , potassium , rubidium , and cesium and com positive current collector in electrical contact with the 
binations thereof , the electrolyte configured to form positive electrode . 

18. The rechargeable aluminum - chalcogen battery of a molten salt that physically contacts and wets the 
positive electrode and the negative electrode during claim 17 , wherein the salt mixture includes between 60 % 
operation of the aluminum - chalcogen battery ; and 95 % AlClz on a per molar basis . 

a negative current collector in electrical contact with 50 19. The rechargeable aluminum - chalcogen battery of 
the negative electrode ; and claim 18 , wherein the salt mixture includes between 80 % 

a positive current collector in electrical contact with the and 95 % AlClz on a per molar basis . 
positive electrode ; 
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