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bismuth , indium , gallium , antimony , and tin ; 

( c ) a mixed ion electrolyte solution with a pH greater than 
or equal to three and less than or equal to seven , 
wherein the solution preferably comprises at least one 
monovalent salt and at least one divalent salt ; and 

( d ) a mesh as cathode current collector comprising at least 
one of titanium , stainless steel , tantalum , and niobium , 
wherein the mesh is preferably coated by an electrically 
conductive and yet oxidation resistant material com 
prising but not limited to carbon . 
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LOW COST RECHARGEABLE BATTERY dissolved into an alkaline electrolyte during discharge and 
AND THE METHOD FOR MAKING THE re - deposited onto the electrode during charge . Zinc tends to 

SAME redistribute over a number of charge / discharge cycles , which 
causes a shape change of the electrode and reduces the 

CROSS - REFERENCE TO RELATED 5 battery capacity and cycle life . 
APPLICATION The recent introduction of zinc ion rechargeable batteries 

in aqueous electrolytes has attracted great attention . Such 
This application is based upon and claims the benefit of zinc ion battery essentially consists of zinc metal as anode 

the priority of the filing date of U . S . patent application Ser . and ZnSO , aqueous solution as electrolyte . In these batter 
No . 14 / 520 , 513 filed Oct . 22 , 2014 , and U . S . Provisional 10 ies , a - MnO , has attracted considerable attention as the zinc 
Patent Application Ser . No . 62 / 266 , 833 , filed Dec . 14 , 2015 , ion intercalation cathode due to its structure . Since a - MnO , 
both of which applications are incorporated herein by ref has a large open tunnel ( 2x2 ) structure , it was found that zinc 
erence in their entirety . ions can be intercalated and de - intercalated into the elec 

trode material reversibly at high rate according to the STATEMENT REGARDING FEDERALLY following reaction : SPONSORED RESEARCH OR DEVELOPMENT 
Zn2 + + 2e + a - MnO2 ZnMn204 The invention described herein was made partially with 

financial support from the United States Government under Theoretically , a - MnO , has specific capacity of 616 mAh / 
contract No . DE - AR0000382 . awarded by the ARPA - E of 20 g . In combination with the high specific capacity of Zn ( i . e . 
U . S . Department of Energy ; and from the NYSERDA under 820 mAh / g ) , this new electrochemical coupling has a theo 
contract No . 48186 . The United States Government may retical specific energy of 739 Wh / kg ( assuming OCV - 2 . 1 
have certain rights in this invention . V ) . However , when an aqueous electrolyte is used , the 

practical average cell voltage realized is only about 1 . 5 V 
FIELD OF THE INVENTION and specific capacity of a - Mn2 is only 150 mAh / g , — 

equivalent to 190 Wh / kg on the cell level . However , the 
The present invention relates to electrochemical energy cycle life of these batteries fails to meet current application 

storage devices and , in particular , to the batteries which requirements due to the degradation of the zinc and a - MnO2 
contain zinc electrodes in aqueous electrolyte . electrodes . 

30 For large scale energy storage , system safety is of critical 
BACKGROUND OF THE INVENTION importance . Manganese oxide or its derivatives have been 

proposed as the cathode materials for lithium ion batteries , 
There is a genuine demand for the high performance where non - aqueous electrolyte consisting of organic solvent 

batteries with performance characteristics that include high and lithium salts is used . Due to the flammable nature of the 
power , high energy , high reliability and safety , longer life , as 35 electrolyte , the battery is not intrinsically safe . 
well as low cost and environmentally benign . A water - based electrolyte is an attractive alternative and 

Various battery chemistries have been explored as higher alkaline electrolytes with pH greater than 7 have been 
energy density alternatives to conventional lead acid and explored to develop the battery system . The development of 
nickel cadmium rechargeable batteries , as these incumbent a rechargeable alkaline battery has attracted great attention 
battery technologies cannot keep up with the increasing 40 in this aspect . In spite of early efforts , such as that disclosed 
energy requirements of new applications and also pose in U . S . Pat . No . 4 , 929 , 520 , rechargeable alkaline cells have 
environmental issues with respect to production and dis - suffered the severe drawback of very short cycle life ( < 50 
posal . cycles ) . 

Zinc has long been recognized as the ideal electrode A significant breakthrough was made by Ford Motor 
material , due to its high specific capacity ( 813 Ah / kg ) , low 45 Company in 1980s with the development of a MnO , elec 
electrochemical potential ( namely higher cell voltage ) , high trode that was truly rechargeable in the alkaline electrolyte . 
coulombic efficiency , reversible electrochemical behavior , In U . S . Pat . Nos . 4 , 451 , 543 and 4 , 520 , 005 , the chemically 
high rate capability , high abundance in the early crust and modified bimessite MnO2 electrode with introduction of 
therefore low material cost , and environmental friendliness . foreign metal ions , including Ag , Al , Ba , Bi , Ca , Ce , Cu , K , 
Therefore , rechargeable zinc cells containing zinc elec - 50 La , Pb , Sb , Sn , Y and Zn ions . Bi doped bimessite MnO2 
trodes , such as , for example , nickel / zinc , silver / zinc , MnO , electrode maintained 85 % theoretical capacity for over 800 
zinc and zinc air cells , are of significant interest . As com - cycles . An alternative method was also proposed by 
pared to nickel cadmium cells , nickel / zinc cell has an open Kainthla et al . ( R . C . Kainthla , D . J . Manko , U . S . Pat . No . 
cell voltage over 1 . 72 V vs . 1 . 4 V for nickel cadmium cell . 5 , 156 , 934 ( 1992 ) ) , which enabled the low of graphite addi 
Significant environmental issues have been found in recent 55 tion in the electrode . Unfortunately , a product of zinc 
years with the manufacture and disposal of toxic nickel discharging is soluble in alkaline electrolyte in the form of 
cadmium cells . Therefore , there is a strong need of devel - zincate . The formation of zincate not only causes shape 
oping high power , long cycle life and environmentally change and dendrite formation at zinc electrode but also 
friendly rechargeable batteries with zinc as the anode mate - affects the cycle performance of MnO , electrode by reacting 
rial . Many batteries containing a zinc electrode are known 60 with manganese species to form electrochemically inactive 
and have been practiced in the art , including non - recharge - species such as hetaerolite ( Zno – Mn203 ) . In fact , once 
able zinc alkaline batteries . paired with zinc electrode in the full cell configuration , even 

Despite these advantages , conventional rechargeable zinc chemically modified MnO , electrodes cannot have a cycle 
cells suffer short cycle life . This problem is caused by three life sufficient to make them commercially viable . 
major reasons : shape change of the electrode , dendrite 65 Another issue with the development of rechargeable alka 
shorting and electrode shedding during the cycle . In a line Zn — Mno , batteries is associated with the zinc elec 
conventional zinc electrode charge / discharge cycle , zinc is trode development . In an alkaline electrolyte , zinc has a 
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tendency to form dendrites and to have shape change bium , wherein the mesh is preferably coated by an electri 
which lead to shortened cycle life of the battery . cally conductive material comprising but not limited to 

In order to address the issues associated with rechargeable carbon . 
Zn / MnO2 batteries with an alkaline electrolyte , neutral elec - The electrochemical cell according to the present inven 
trolytes such as ZnSO4 or ZnCl , are employed . In a neutral 5 tion thus preferably comprises : 
electrolyte , zinc dendrite growth can be substantially hin - ( a ) a cathode formed of manganese dioxide particles , 
dered . However , zinc tends to passivate , forming inactive preferably doped with at least one of magnesium , strontium , 
zinc hydroxide or zinc oxide . These materials cannot be barium , calcium , and lanthanum , wherein the manganese 
effectively reduced during charging , leading to high polar dioxide particles preferably form at least one of ( 1 ) a delta 
ization and cell capacity decay . 10 manganese dioxide stricture and ( 2 ) a todokorite manganese 

In addition , some phase types of Mno , can also suffer dioxide structure ; 
capacity decay in neutral electrolyte . Spinel type material ( b ) an anode formed of particles comprising zinc , wherein 
( LiMn , O2 ) has been evaluated as the cathode materials in the particles are preferably treated with at least one of 

bismuth , indium , gallium , antimony and tin ; the previous work ; however , the material has rather low , 
specific capacity of less than 150 mAh / g . The cycle life of 15 ( c ) a mixed ion electrolyte solution with a pH greater than 

or equal to three and less than or equal to seven , wherein the the battery cannot meet the commercial requirements . solution preferably comprises at least one monovalent salt In U . S . Pat . No . 6 , 187 , 475 , Oh et al introduce manganese and at least one divalent salt ; and salt in the electrolyte , and better cycle performance was ( d ) a mesh as cathode current collector comprising at least achieved . However , commercially viable cycle life and zinc 20 20 one of titanium , stainless steel , tantalum , and niobium , passivation issues were never resolved . wherein the mesh is preferably coated by an electrically In WO2013112660 A1 and US 2015 / 0244031 , Adamson conductive , and yet oxidation resistant , material comprising et al disclosed an electrolyte formed with a divalent cation . but not limited to carbon . However , Adamson did not mix the divalent cation with 
monovalent anions , and the cell performance was insuffi - 25 BRIEF DESCRIPTION OF THE DRAWINGS 
cient . 
Recent uses of zinc ion rechargeable batteries in aqueous This invention may be more readily understood by refer electrolyte solutions have attracted great attention . An exem ence to the following drawings wherein : plary zinc ion battery essentially includes zinc metal as FIGS . 1A and 1B are transmission electron microscope 

anode , a - MnO , as the zinc ion intercalation cathode and 30 athode and 30 images of various structures of manganese dioxide . ZnSO4 aqueous solution as electrolyte . Since a - MnO , has a FIG . 2 is a graph showing Cyclic Voltammetries ( CVS ) of 
large tunnel ( 2x2 ) structure , it was found that zinc ions can ZnO electrodes with and without Bi treatment . be intercalated and de - intercalated into the electrode mate FIG . 3 shows the long - term cycling performance of an rial reversibly at high rate according to the following reac electrochemical cell made with Mg doped d - MnO2 and Bi tion : 35 treated Zinc electrodes . 

FIG . 4 shows the long - term cycling performance of an 
Zn2 + 2e = + Q - MnO2 - » ZnMn , 04 electrochemical cell made with Mg doped 8 - MnO , electrode 

However , the actual specific capacity of the material is with graphite coated Ti mesh current collector and Bi treated 
low and cycle life is limited . Zinc electrode . 

40 

SUMMARY OF THE INVENTION DETAILED DESCRIPTION OF THE 
INVENTION 

It is , therefore , an object of the present invention to 
provide a rechargeable electrochemical cell with much The present disclosed concepts may take form in various 
improved performance and a method of making the same . 45 components and arrangements of components , and in vari 

This object , as well as further objects that will become ous techniques , methods , or procedures and arrangements of 
apparent from the discussion that follows , is achieved in steps . The referenced drawings are only for the purpose of 
accordance with the present invention by providing an illustrated embodiments , and are not to be construed as 
electrochemical cell with an anode , a cathode , an electrolyte limiting the present invention . Various inventive features are 
and a cathode current collector as follows : 50 described below that can each be used independently of one 

In a first preferred embodiment the electrochemical cell another or in combination with other features . Furthermore , 
comprises a cathode formed of manganese dioxide particles as used herein , the singular form of “ a ” , “ an ” , and “ the ” 
or manganese dioxide doped with a first metal ; and an anode include plural references unless the context clearly dictates 
formed of particles comprising zinc . otherwise . 

In a second preferred embodiment , the electrochemical 55 FIGS . 1A and 1B are transmission electron microscope 
cell comprises an anode formed of zinc particles that are images of various structures of manganese dioxide . FIG . 1A 
preferably treated with at least one of bismuth , indium , is a transmission electron microscope image of a magnesium 
aluminum , and tin . doped delta - manganese dioxide crystalline structure . Typi 

In a third preferred embodiment , the electrochemical cell cally , delta - manganese dioxide is a poorly organized , 
comprises a cathode comprising manganese dioxide , an 60 densely packed crystalline structure having small tunnels , 
anode comprising zinc , and a mixed ion electrolyte solution which generally make it difficult for particles , such as zinc , 
with a pH greater than or equal to three and less than or equal to intercalate into when used in a rechargeable battery . As a 
to seven , wherein the solution preferably comprises mon - result , persons of ordinary skill in the art often overlook this 
ovalent salts and divalent salts . structure as a potential material in a manganese dioxide 

In a fourth preferred embodiment , the electrochemical 65 electrode . However , as shown in FIG . 1A , magnesium doped 
cell has a mesh as cathode current collector which comprises delta - manganese dioxide exhibits a considerably well orga 
at least one of titanium , stainless steel , tantalum , and nio - nized , large tunnel , yet densely packed structure , having 
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# ID 

tunnels large enough for the intercalation of ions within the lized layered d - MnO , and Tod - MnO2 . Briefly , 8 - MnO , was 
structure , while being densely packed enough to allow first prepared by reduction of KMnO4 with glycerol in 
reactivity of the ions within the structure . As a result , aqueous solution and stirred for 2 hours . The 8 - MnO , was 
magnesium doped delta - manganese dioxide has shown great ion - changed with Mg ( II ) ion by centrifuge separation and 
success for use in rechargeable electrochemical cells that 5 addition of 1M MgSO4 solution and stirring for 12 hours . 
utilize the intercalation of zinc ions during charge and S - MnO2 was then turned into Mg doped Tod - MnO , by 
discharge . transferring the d - MnO , slurry into a Teflon - lined stainless 

FIG . 1B is a transmission electron microscope image of steel autoclave , and being heated in oven at 180° C . for 
another 12 hours . After cooling , the product was washed an alpha - manganese dioxide crystalline structure . Without 1 10 three times with distilled water and one time with iso metal doping , in contrast to the delta - manganese dioxide propanol , finally dried in an oven at 75° C . for overnight . structure , an alpha - manganese dioxide structure contains The dry powder is then collected for use . considerably larger tunnels allowing for greater intercalation 

of zinc in a rechargeable battery . As a result , alpha - manga As shown in FIGS . 1A and 1B , 8 - MnO , contains most of 
nano - needles with an average width of ~ 7 nm and length of nese dioxide has attracted considerably more attention for 

use as electrode material in rechargeable batteries . Con n . 15 ~ 200 nm , while a - MnO2 mainly consists of nano - needle 
versely , however , the metal doped structure of delta - man with a diameter of “ 10 - 12 nm and a length of 200 - 300 nm . 

A metal doped MnO , - based metal oxide cathode can be ganese dioxide has proven to be considerably better than depicted with the molecular formula Mn - xM02 , where the alpha - manganese dioxide under substantially identical cir 
dopant M can be , for instance , Mg , Sr , Ba , Ca , La or cumstances . 

Thus , metal doping has been shown to yield unpredictable 20 able 20 mixture ; MnO2 base can be , for instance , a , b , d or 
results in the value each of the various structures of man Todorokite phase structure . Further , the dopant amount x can 
ganese dioxide . When manganese dioxide is doped with one have many concentrations , including , but not limited to from 

O to 0 . 3 ; with 0 to 0 . 1 being the optimum concentration . Mg , or more metals , different structures have proven to exhibit Sr , Ba , Ca , La or mixed thereof doped 8 - MnO , or doped . considerably improved performance in various electro 
25 Todorokite MnO , ; can have multiple dopant percentages , chemical cells , including rechargeable zinc batteries . including , but not limited to , from 0 . 01 percent to 30 

TABLE 1 percent ; with 5 to 10 percent the optimum percentage . 
Thus , in an embodiment , the electrochemical cell includes 

Summary of synthesized MnO , with different phase structures a cathode . In an embodiment , the cathode is formed of 
30 manganese dioxide particles . Persons of ordinary skill in the Sample art will understand that manganese dioxide can exist in Reactants & Products various crystalline structures , including , but not limited to 

1 120513 - 1 8 ( or amo ) - 8 KMnO4 + C6H1206 ( glucose ) alpha manganese dioxide , beta manganese dioxide , delta 
Mn2 manganese dioxide , amorphous manganese dioxide , and 

120913 - 1 Q - MnO 2KMnO4 + 3MnSO4 + 2H2O + HAC 
3 121013 - 1 8 ( or amo ) - 35 todokorite manganese dioxide . Accordingly , in an embodi KMnO4 + C3H5 ( OH ) 3 ( glycerol ) 

MnO2 ment , the cathode is formed of alpha - manganese dioxide . In 
121113 - 1 B - MnO2 2MnSO4 + 4KOH + O2 another embodiment , the cathode is formed of beta manga 

5 121913 - 1 a - MnO , 2Mn ( NO3 ) 2 + 3NaOH + ( NH4 ) 2S202 nese dioxide . In yet another embodiment , the cathode is 
6 121913 - 2 a - MnO2 2Mn ( Ac ) 2 + 4NaOH + ( NH4 ) 2S200 
7 121913 - 3 Todorokite 2MnSO4 + 4NaOH + ( NH4 ) 2S2O3 + formed of delta manganese dioxide . In another embodiment , 

MnO2 MgSO4 40 the cathode is formed of amorphous manganese dioxide . In 
122313 - 1 a - Mno , 2Mn ( NO3 ) 2 + 3NaOH + ( NH4 ) 2S200 another embodiment , the cathode is formed of todokorite 

9 122413 - 1 Todorokite 2MnSO4 + 4NaOH + ( NH4 ) 2S208 + manganese dioxide 
MnO2 MgSO4 In various embodiments of the invention , the manganese 10 122713 - 1 Todorokite KMnO4 + C3H5 ( OH ) 3 ( glycerol ) + 
MnO2 MgSO4 dioxide particles are not doped or doped with one or more 

11 123113 - 1 Todorokite 2MnSO4 + 4KOH + ( NH4 ) 2S203 + 45 metals . For instance , in an embodiment , the manganese 
MnO2 MgSO4 dioxide particles are doped with magnesium , strontium , 

12 010814 - 1 a - MnO2 2KMnO4 + 3MnSO4 + 2H20 barium , calcium , and lanthanum , among other metals . For 13 010814 - 3 amorphous - 2KMnO4 + i - PrOH 
MnO2 instance , cathodes formed of magnesium doped delta - man 

14 010814 - 4 amorphous - 2KMnO4 + oxalic acid + 2H20 ganese dioxide are shown to have a very high specific 
MnO2 50 capacity , making such cathodes highly desirable for use in 15 011014 - 1 Zn doped MnSO4 + 2KMnO4 + 3MnSO4 + zinc rechargeable batteries . a - MnO2 2H20 

16 011314 - 1 Bi doped Bi ( NO3 ) 3 + 2KMnO4 + 3MnSO4 + Mixed Ion Electrolyte 
A - MnO2 2H20 Both the phase of active cathode materials and electrolyte 

17 011614 - 1 Bi doped Bi ( ac ) 3 + HAC + 2KMnO4 + PrOH + formulation can affect the electrode specific capacity and a - MnO2 2H2O 55 cycle stability . For instance , in a cathode containing 
a - MnO , active material , the specific capacity of the active 

Different types of manganese dioxide ( MnO2 ) materials material may be only about 150 mAh / g - MnO2 , which is 
( Table 1 ) , including , but not limited to , alpha ( a ) - ; beta ( B - ) , consistent with prior data as listed in U . S . patent application 
delta ( 8 - ) , amorphous ( amo - ) , and todorokite ( Tod - ) phase 2012 / 0034515 A1 . In 1 M MgSO4 electrolyte , the specific 
manganese dioxide may be prepared according to methods 60 capacity of the electrode dropped quickly to 113 mAh / g 
known in the art . The phase and particle size of the materials MnO , after a 5th cycle . 
may be checked using X - ray diffraction ( XRD ) and trans - On the other hand , S - MnO2 , Mg - doped 8 - MnO , and 
mission electron microscopy ( TEM ) . Mg - doped Tod - MnO , have exhibited stable specific capacity 

Since Mg doped Tod - MnO , has shown excellent specific of 180 mAh / g , 180 mAh / g and 200 mAh / g respectively in 1 
capacity , its preparation method is briefly described . Mg 65 M MgSO4 electrolyte . 
doped Tod - MnO2 was prepared by two - step method by By using mixed monovalent and divalent salt electrolyte 
combining synthesis technique for making poorly crystal - containing 1 M MgSO4 1 M Li2SO4 0 . 7 M ZnSO4 and 0 . 3 
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M MnSO4 , both 8 - MnO , and Mg - doped 8 - MnO , demon - For the Bi treatment , Zn electrodes were quickly 
strated stable specific capacity as high as 300 mAh / g . While immersed into a diluted Bi ( NO ) , solution and then dried in 
not to be bounded by theory , it appears that mixed ion the oven . 
intercalation into the structure of MnO , stabilizes the mate As shown FIGS . 3 and 4 , the cell made of Mg doped 
rial structure during cycling . 5 S - MnO , and Bi treated zinc electrode demonstrates fast 
Hence , in various embodiments of this invention , an charging rates and very long cycle numbers ( over 1200 

electrochemical cell may include an aqueous electrolyte cycles ) . In comparison , the cells made with Mg doped 
solution containing mixed monovalent and divalent ions S - Mn0 . , and conventional zinc electrode exhibit less than 
salts . In an embodiment , monovalent ions , including but not 50 cycles even with mixed ion electrolyte . 
limited to lithium , sodium , potassium , or caesium form 10 Conductive Material Coated Metal Mesh as a Current Col 
various salts in the solution , including , but not limited to , lector 
lithium sulfate , sodium sulfate , potassium sulfate , or cae In accordance with various embodiments of the invention , 
sium sulfate . Divalent salts containing magnesium , zinc , and a metal member may be used as a current collector . In 
manganese , such as but not limited to , magnesium sulfate , various embodiments , the metal member may include tita 
zinc sulfate , and manganese sulfate , can stabilize electrode 15 nium , stainless steel , and / or niobium . Thus , in an embodi 
cycle performance . ment , the metal member is coupled to an electrode . For 
Metal - Modification for Zinc Electrode instance , the metal member may be coupled to the cathode . 

In various embodiments of the invention , a metal - doped To increase the electrochemical stability , an electrically 
zinc electrode is disclosed . In an embodiment , the electrode conductive material may be coated onto the metal member . 
is an anode that includes zinc particles modified by one or 20 In another embodiment , the structure of the metal member 
more metals . Such metals can include , but are not limited to , may be in the form of a mesh . The conductive material may 
bismuth , indium , aluminum , and tin . be made of carbon materials , including , but not limited to , 

The metal - doped zinc electrode can be formed in various graphite and carbon black . In another embodiment , the 
configurations and structures in accordance with various conductive material may include , but not be limited to , 
embodiments . For instance , in an embodiment , the electrode 25 titanium suboxide , metal nitride , and metal carbide . 
may be formed of electroplated zinc . In another embodi In various embodiments , the electrically conductive mate 
ment , the electrode may be formed of zinc powder , zinc rial is a conductive ink . The conductive ink may be formed 
alloy powder , and zinc oxide . of an electrically conductive material , one or more polymer 

In many instances , zinc - based cells fail because the charg - binders , including , but not limited to , thermoplastics such as 
ing voltage reaches their limit ( 2 . 2 V ) . Surprisingly , cells 30 polyvinylidene fluoride ( PVDF ) and polyamide - imides 
made with used zinc electrode and new Mno , do not work ( Torlon ) and various solvents , such as , but not limited to , 
well , while cells made with used MnO , electrode and new n - methyl - 2 - pyrrolidone ( NMP ) , dimethylformamide , and 
zinc electrode can continue to cycle . Also , white precipita - dimethyl sulfoxide . In various embodiments , the conductive 
tion on the zinc electrode , which is likely ZnO , plays a role ink is sprayed , painted , or otherwise incorporated onto the 
in reduced cycle stability . This leads to the conclusion that 35 mesh , which is coupled to the electrode . 
due to the hydrogen evolution and resulting pH change of In the prototype development effort , it was recognized 
the electrolyte , zinc ions deposit as ZnO on the zinc elec - that current collector development for the MnO , electrode is 
trode . Such ZnO can hardly be charged back to zinc in the of great importance . An ideal current collector should : 1 ) 
subsequent charging process , which could lead to the early have high electric conductivity ; 2 ) be capable of high 
cell failure . 40 material loading ; 3 ) be oxidation resistant ; and 4 ) have high 

While not bounded by theory , the metal modified Zn oxygen evolution over - potential . Metal meshes , which were 
electrode can dramatically improve the reversibility in elec - widely used in the alkaline systems , could be a solution . 
trolyte with pH ranging from 3 to 7 . However , many of them cannot meet the above require 

FIG . 2 is a cyclic voltammetry ( CV graph showing current ments . The cells with Ti mesh exhibited increasing resis 
versus voltage ) of ZnO electrodes with and without Bi 45 tance and charging voltage . In this invention , we have 
treatment . During the discharge process of the battery , small successfully developed carbon ( e . g . graphite ) coated metal 
amount of Zn ions will be converted to ZnO via the side mesh ( e . g . Ti , stainless steel ) as the current collector for 
reaction . As shown in FIG . 2 , as voltage is increasingly MnO , electrode . Specifically , carbon ( e . g . graphite power or 
applied to a ZnO electrode , there is little change in current . carbon black ) is mixed with polymer binders ( e . g . PVDF or 
Further , it does not change over time . For instance , at cycle 50 Torlon ) in NMP solvent to form an ink . The mesh is then 
1 , ZnO exhibits a nearly identical lack of reactivity as it does coated with brush or any other means known in the art with 
at cycle 5 . Therefore , the electrochemical activity of the Zn the ink . After drying in the oven , a thin conductive layer can 
electrode in the battery decreases cycle - by - cycle . be formed on the surface of the metal current collector , 

In contrast , bismuth treated ZnO ( Bi - ZnO ) exhibits a which can meet the requirements for ideal current collector . 
considerably high degree of activity . Although the ZnO 55 The cells assembled with the cathode containing graphite 
formed during discharge process , it can be charged back to ink coated Ti mesh current collector acid Bi treated zinc 
Zn when Bi exists . Notably , after 50 cycles , Bi - ZnO is able electrode has demonstrated over 4000 cycles ( FIG . 4 ) . In 
to maintain activity at a high level and to a nearly identical comparison , the cell with the same cathode containing 
extent as at cycle 1 . These results have led to the conclusion stainless steel 304 mesh as current collector can only cycle 
that metal modified ZnO particles , particularly particles 60 for less than 10 cycles ; while the cell with the same cathode 
treated with bismuth , allow for a drastically increased cycle containing titanium mesh current collector can only cycle 
life , cycle stability , and specific capacity . for less than 50 cycles . Further , as compared with carbon 
As shown in the CV study ( FIG . 2 ) , it is clear that ZnO cloth current collector , the coated mesh current collector has 

is highly irreversible in neutral electrolyte while ZnO elec - much lower cost and can be pressed at high compact 
trode treated Bi solution showed excellent reversibility in 65 pressure . 
the neutral electrolyte . In an embodiment , the ZnO is treated Although the invention has been described in detail for 
with one or more metals , such as , for instance , bismuth . the purpose of illustration based on what is currently con 
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sidered to be the most practical and preferred embodiments , selected from the group consisting of lithium sulfate , sodium 
it is to be understood that such detail is solely for that sulfate , potassium sulfate , and cesium sulfate . 
purpose and that the invention is not limited to the disclosed 12 . The rechargeable electrochemical cell of claim 11 , 
embodiments , but , on the contrary , is intended to cover wherein the electrolyte solution further comprises a divalent 
modifications and equivalent arrangements that are within 5 salt selected from the group consisting of magnesium sul 
the spirit and scope of the appended claims . For example , it fate . zinc sulfate , and manganese sulfate . 
is to be understood that the present invention contemplates 13 . The rechargeable electrochemical cell of claim 11 , that , to the extent possible , one or more features of any further comprising a current collector , coupled to the cath 
embodiment can be combined with one or more features of ode , coated with electrically conductive and yet oxidation any other embodiment . resistant material . What is claimed is : 

1 . A rechargeable electrochemical cell , comprising : 14 . The rechargeable electrochemical cell of claim 13 , 
a cathode formed of at least one of : wherein the current collector is a mesh comprising at least 
manganese dioxide ; and one of titanium , stainless steel , tantalum , and niobium . 
manganese dioxide modified by at least one of mag - 15 15 . The rechargeable electrochemical cell of claim 5 , 

wherein the manganese dioxide forms at least one of a nesium , strontium , barium , calcium , and lanthanum ; 
an anode formed of particles comprising zinc , wherein the todokorite manganese dioxide structure and a delta manga 

nese dioxide structure . particles are modified by at least one of bismuth , 
indium , gallium , antimony , and tin ; 16 . The rechargeable electrochemical cell of claim 15 , 

a mixed ion electrolyte solution with a pH ranging from 20 wherein the first metal comprises at least one of bismuth , 
3 to 7 , wherein the solution comprises both monovalent indium , gallium , antimony and tin . 
salts and divalent salts ; and 17 . The rechargeable electrochemical cell of claim 16 , 

a mesh current collector for the cathode comprising at further comprising a current collector , coupled to the cath 

least one of titanium , stainless steel , tantalum , and ode , coated with electrically conductive and yet oxidation 

niobium , wherein the current collector is coated in an 25 te os resistant material . 
electrically conductive and yet oxidation resistant 18 . The rechargeable electrochemical cell of claim 17 , 
material comprising carbon . wherein the current collector is a mesh comprising at least 

2 . The rechargeable electrochemical cell of claim 1 , one of titanium , stainless steel , tantalum , and niobium . 
wherein the manganese dioxide cathode forms at least one 19 . The rechargeable electrochemical cell of claim 15 , 

20 wherein the manganese dioxide is modified by a second 
metal . a delta manganese dioxide structure ; and 

a todokorite manganese dioxide structure . 20 . The rechargeable electrochemical cell of claim 19 , 
3 . The rechargeable electrochemical cell of claim 2 , wherein the second metal comprises at least one of magne 

wherein the manganese dioxide cathode is modified with a sium , strontium , barium , calcium , and lanthanum . 
35 21 . The rechargeable electrochemical cell of claim 20 , metal . 

4 . The rechargeable electrochemical cell of claim 3 further comprising a current collector , coupled to the cath 
ode , coated with electrically conductive and yet oxidation wherein the metal is selected from the group consisting of 
resistant material . magnesium , strontium , barium , calcium , and lanthanum . 

5 . A rechargeable electrochemical cell , comprising : 22 . The rechargeable electrochemical cell of claim 21 , 
a cathode formed , at least in part , of manganese dioxide ; 40 where , wherein the current collector is a mesh comprising at least 
an anode formed , at least in part , of zinc , wherein the zinc one of titanium , stainless steel , tantalum , and niobium . 

is modified by a first metal ; and 23 . A rechargeable electrochemical cell , comprising : 
a cathode comprising manganese dioxide ; a mixed ion electrolyte solution with a pH ranging from 

3 to 7 , wherein the electrolyte solution comprises both an anode comprising zinc ; and 
monovalent and divalent salts . is a mixed ion electrolyte solution with a pH ranging from 

6 . The rechargeable electrochemical cell of claim 5 , 3 to 7 , wherein the solution comprises both monovalent 
wherein manganese dioxide is modified by a second metal . salts and divalent salts . 

7 . The rechargeable electrochemical cell of claim 6 , 24 . The rechargeable electrochemical cell of claim 23 , 
wherein the second metal comprises at least one of magne wherein the monovalent salt comprises at least one of 
sium , strontium , barium , calcium , and lanthanum . 50 lithium , sodium , potassium , ammonium , rubidium and 

cesium cations . 8 . The rechargeable electrochemical cell of claim 5 , 
further comprising a current collector , coupled to the cath 25 . The rechargeable electrochemical cell of claim 24 , 

wherein the divalent salt comprises at least one of zinc , ode , coated with electrically conductive yet oxidation resis 
tant material . manganese , barium , and magnesium cations . 

9 . The rechargeable electrochemical cell of claim 8 , 55 26 . The rechargeable electrochemical cell of claim 1 , 
wherein the monovalent salt comprises at least one of wherein the current collector is a mesh comprising at least 

one of titanium , stainless steel , tantalum , and niobium . lithium , sodium , potassium , ammonium , rubidium and 
cesium cations . 10 . The rechargeable electrochemical cell of claim 5 , 

wherein the first metal comprises at least one of bismuth , 27 . The rechargeable electrochemical cell of claim 26 , 
indium , gallium , antimony and tin . wherein the divalent salt comprises at least one of zinc , 

11 . The rechargeable electrochemical cell of claim 5 . manganese , barium , and magnesium cations . 
wherein the electrolyte solution comprises a monovalent salt 


