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TRANSITION!METAL.PHOSPHIDESSFOR:HIGHIEFFICIENT-AND)LONG;CY CLE:LIFE:
METAL-AIR.BATTERIES

CROSS REFERENCE:TORELATED)APPLICATION]

This application claims the benefit: of 'U.S.. Application Serial| No.. 62/642,058,
filedl orn 13 March 2018.. This co-pending; application: iis hereby: incorporated| by: reference
hereiniinitsentirety'andlismade apartthereof ,includingbut:not:|imitedito those portions;which,
specifically’ appear hereinafter..

BACKGROUND OF THE INVENTION

This invention: relates generally- to chemical-based| energy- production, and/or:
Improved batteries.

Recent advances as well as dropping technology costs have made the
devel opment of carbon-free energy more feasible than ever, However, atransition toward clean
énergy technology requires a revolution in energy storage systems, generally known as a
bottleneck for this transition. Today, lithium-ion batteries are recognized as the conventional

energy storage systems used in many electronic devices. However, this technol ogy has reached
its theoretical limits making the goal of an efficient and inexpensive large-scale energy storage
system seemingly impossible.

Among different emerging technologies, the metal-air battery is a promising
aternative to Li-ion battery dueto a several times higher theoretical specific energy. A metal-
air battery isan electrochemical «cell having an anode generally of pure metal and an external
cathode of ambient air. An:agueous or aprotic electrolyte is also typical. During discharge of
ametal-air electrochemical cell, an oxygen reduction reaction occursinthe ambient air cathode
whilethe'metal :anodeiisoxidized.

The excessive specific energy of thisnew generation lbattery compared to the
‘state ©f theiart of existing technol ogies could result fin.avery iinexpensive and compact battery

fthat iis'well suited for llarge-scal e:application ssuch:asllong-range eectric-vehicles (EVs). This

iincreasing fthe «contribution ©f rrenewable «nergy iin ithe el ectrici ty generation .and supply by

Iresolvingttheiriintermittency «challenges.
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SUMMARY "OFTHEINVENTION/

A.generallobjecttof theiinventioniistoprovide:improvedienergy-storage:systems,
particularly'metal-air/0 »batteries, andlcompositions;andicomponents;therefore., Theinvention,
provides; nanostructuredl catalystsworking;withiel ectrolytes as a co-catalystsystem.

The invention: includes; an: electrochemical| cell, such, ag a meta-air- battery,
including;ametall anode, a cathode that: allows aniair-flow, an electrolyte; disposed| between, the
anode andlthe cathode,, and a catal ysttin.combinationiwith,the cathode., The cathode can,include,
an air-permeable: porous structure disposed. between. the cathode and the electrolyte. The
cathode can be coated with the catalyst..

Embodiments: of 'this invention incorporate an earth-abundant- and inexpensive.
trangition metal phosphide: class of catalyst: that can be useful in large-scale energy- storage
technologies. Establishing; this class of materials with outstanding; catalytic. properties will also
encourage the researcher to use them in other cataysis processes for sustainable energy
technologies that are mainly stymied due to lack of suitable and inexpensive materials.

The invention further includes a method of generating electrical current with an
electrochemical cell by introducing atransition metal phosphide catalyst on a cathode side of
the dlectrochemical cell. The catalyst provides or improves formation of superoxides in the
electrochemical cell over peroxides. In embodiments of this invention, the method includes
contacting the cathode to oxygen, allowing the metal of the anode to be oxidized to metal ions,
and alowing the oxygen to be reduced at a surface of the transition metal dichalcogenide to
form one or more metal oxides with the metal ions, thereby generating the €electrical potential
between the anode and the cathode.

'Other objects :and :advantages will beapparent to those skilled in the art from
the following detail ed description taken in.conjunction with the. appended claims and.drawings.

BRIEF.DESCRIPTION (OF THE DRAWINGS

JFig. 1 shows @ «cross-section representation of @ Naair ((0,) battery
iaccording tto one @mbodiment «©of this invention.

IFig. 2 sshows @ partial ssectional representation ©of @ Na-air ((0_,) toattery
iaccording ftoneembodiment «of ithis iinvention.

IFigs. 3A-F ssummarize itest rresults :according ito embodiments of ithis

linvention.
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DETAILED DESCRIPTIONIOFTHE; INVENTION]

The: presentt invention provides; energy: storage: systems; incorporating; transition
metall catalysts, , such as nanostructured transition metal| phosphide; catalysts (TMPs). The
catalysts of " this invention provide improved electrocatalytic ; activity: for- bath, oxygen
reduction: reaction: (ORR)) and oxygen evolution reaction, (OER),, which are two hasic
reactions during; battery - discharge and! charge processes, respectively.

Figs.. 1 and 2 illustrate: incorporation . of ‘the catalyst: into, battery - systems;
according; to embodiments; of this invention.. Fig.. 1 shows; a cross-section , of aNa-air - Qo)
electrochemical | cell! 20, such. as a metal-air - battery,, according: to one embodiment - of this;
invention.. The cell. 20 includes: an anode 22, a cathode 24, and an electrolyte 26 disposed
between the anode 22 and the cathode 24.. The cathode provides an air-flow 28, and isdesirable’
can also be electrically conductive. AsshowninFig. 1, the cell 20 can aso include an opti ond
reference electrode 25 in contact with the electrolyte.

The invention provides a catalyst, such as working with electrolytes as a co-
catalyst system. Asshown in Fig. 1, the catalyst 30 is disposed on the cathode side, such as
between the cathode 24 and the electrolyte 26. In embodiments of'this invention, the catal yst
is coated on the cathode 24, such as coated on the porous structure.  The catalyst 30 is
disposed between the sodium-based electrolyte 26 and the air-permeable porous structure
24, which alows oxygen to contact the catalyst 30 and the electrolyte 26.

Fig. 2 is an exemplary schematic of a continuous air flow Na-air battery
cell 40 according to one embodiment of this invention. The cell includes an anode 42, a
cathode 44, and electrode 46. The cell 40 aso includes an anode current collector 52, a
cathode current «collector 54, acell guard membrane 56, :and :an anode protection layer 58
In this embodiment the air €lectrode (cathode) 44 is porous for air stream 48 and coated
with the:nanostructured «catalyst «©of thisiinvention. Various ;and alternative sizes (1101000
nm), :amounts, :shapes, @and configurations are:available for the battery, the electrodes, ;and
ithe «catalyst :/material, «depending on:need.

Anodes @f embodiments «f ithis iinvention :are formed of ]rhetal, and
desirable «consisting «essentially «of imetal (meaning ffully ymetal with only ;minor,
iinsignificant «ofher «components/impurities). 1Exemplary ymetals jinclude jlithium, sodium,
Jpotassium, «cal ¢ium, imagnesium, :zinc, :and:al umi nUm.

IEl ectrol ytescof eembodi mentsof thisii nventioniinclude:any «suitabl esalt, such.as
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corresponding stothezanodezmetal... Forrexample, ,lithiumisaltssare:useditoyincreasestheslithium
iont conductivity /it the: electrolyte, , thiss i's the: case: for: otherr anode: metalss such, as sodium, |
calcium, ,magnesium, ,zinc,,andlaluminum. . The:electrolyte s camalsoyinclude;redox ; mediators, ,
namely ' chemicalsswithielectrochemical | activity ruseditoyimprove: thes activity - of the: reduction,,
andloxidation Lreactionss happening ronithe: catalyst t surface. .

Electrolytes sof 'embodiments s of thissinvention include:any- suitable:ionic: i quid. .
Exemplary ‘ionic:liquidssinclude:anianioniandla cation selected | from,imidazolium, , pyridinium, |
pyrrolidinium, , phosphonium, , ammonium,, choline,, sulfonium,, prolinate: or- methioninate

cations.- Asafurther ‘example, , anexemplary -imdazolium _cation, iis of ‘the formula: -

where: each. of Ri,. R,, and R;is independently - one of hydrogen, , linear- aliphatic Ci-C 4 group,,

branched  aliphatic Ci-C ¢ group,. or cyclic aiphatic Ci-C 4 group. In one embodiment . of this

invention R, is hydrogen,. and each of Ri and R,is independently a linear or branched C1-C4
akyl.  Exemplary anions include Ci-C, alkylsulfate, tosylate, ~methanesulfonate,
bis(trifluoromethylsulfonyl)imide,  hexafluorophosphate, tetrafluoroborate,  triflate, halide,
carbamate, sulfamate, and combinations thereof. In one embodiment, the ionic liquid includes
1-ethyl-3 -methylimidazolium tetrafluoroborate.  The electrolyte desirably includes a least
90% of the ionic liquid, and preferably is substantially free of water or non-ionic liquid organic
solvents. |

Catalysts ©of embodiments of this invention include a transition. metal
catalyst, and ‘desirably @ tri-transition metal catalyst. Exemplary catalysts include transition,
metal phosphide catalysts, 'such ias, without limitation, Ti P, V.P.., Cr.P., Z P, Nb.P_,
MonPm, HfnP-, W P-. Ta P ‘Tc P iand Re,P,, wherein each nand m isiindependently one
of 1,2,3,4iand 5.

In «embodiments «of this iinvention, the catalyst comprises @ plurality of
Ibetween 111N iand @bout 400 inm. IExemplary inanoparticle shapes jinc! ude, -without Jlimitation,
Inanoflakes, Inanosheets, nanoribbons, :@andcombinations ithereof.

(©ne exemplary «catalyst «of tthis iinvention iincludes jmolybdenum (Mo)
tterminated 1molybdenum jphosphide manoflakes (MoP INFs). ‘The catalyst an tbe, \without,
limition, IMojP,IMoP, crIMOP2. IExperimental  «data Ihas rrevealed tthe tturn cover ffreguency
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noblemetall catalystss suchias gol di (Au)) andt platinum, (Pt)) nanoparticles. . Theperformance;
of this catalysttit sodium-oxygen: (Na-0 ;) batteries; has; revealed| that; using; MoP NFs; ony
the cathode: side and! aniionic: liquid/DM SO) electrolyte: of the cell; make the formation, of *
the: sodiumtsuperoxide: (Na0 ,) more favorable: thani sodium; peroxide: (Na,0-,): As aresult,
the celll overpotential | of 600)mV' canibe obtained, , whichy iis approximately -two, times; lower-
than. the state of the art existing; system in the literature. (10000 mV).. The formation, of the
Na0 ; as the product: was confirmed. by using; in-situ: differential | electrochemical : mass
spectroscopy ' (DEMS) where the number- of ‘the electron. per-mole: of 0 , was calculated: tg
cari work. up to 100 cycles in apure 0, environment.,
Figs. 3A-F summarize: testing: using: of a cell according: to this invention,,
The €lectrolyte was 0.3M LiTFSI dissolved in DMSOTL (75/25) with redox mediators
as additives. The amount of MozP coating is 01 mg cm?, Fig. 3A shows
charge/discharge profiles over 1000 cycles at constant density of 500 mA/g and the
constant specific capacity of 500 mAh/g. Fig. 3B shows changes in discharge specific
capacity, charge specific capacity (lower dots), and the corresponding coulombic
efficiency (upper dots) over 1000 cycles. Fig. 3C shows changes in polarization gap and
energy efficiency over 1000 cycles. Fig. 3D shows discharge and charge potential values
over 1000 cycles. The graph shows the stable discharge overpotential up to 600 cycles
with respect to the electrochemical potential for Li,0, formation, at 2.96V. Fig. 3E
shows the polarization ;gap as.afunction of current density while the specific capacity is
‘constant :a 500 mAh/g. FIG. 3F shows charge/discharge profiles over 300 cycles at a
‘constant density of 500 mA/g and the :specific capacity of 1250 mAh/g.
Theiinventionthus provides transition .metal catalysts for -use in “battery_
'systems.  Thescatalystsof thisiinventionjprovideimproved €lectro catalytic activity for both
oxygen reduction rreaction (ORR) :and ©xygen «vol ution reaction ({OER), which.are twoibasic
rreactions«during lbattery «ischarge:andchargejprocesses, jrespectively.
‘Theiinventioniillustratively «isclosed Iherein ssuitably ;may tbejpracticed iin the
Jherein.
"Whileiinttheff oregoi ngcdetail edcdescri pti onithi siinventi onthasibeendescribed;in
1rel afiontto «certainjpreferred cembodi mentstthereof, :and;many (detail sthave been «set fforth {for
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purposes of illustration, it will be apparent to those skilled in the art that the invention is
susceptible to additional embodiments and that certain of the details described herein can be

varied considerably without departing from the basic principles of the invention.
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Wheattisclaimediis:

1. Anelectrochemicallcell,, comprising::

amanode comprising;metal;;

acathode comprising;anair-flow;,

anelectrolyte disposed! between the anode and| the; cathode;; and|
acatalyst:in.combination: with: the cathode..

2. The electrochemicall cell. according; to claim 1, wherein the anode
consists essentially of the metal .

3. The electrochemical cell according to claim 1 or claim 2, wherein the
metal of the anode i's sefected from lithium, sodium, potassium, calcium, magnesium, zinc, and

aluminum.

4, The electrochemical cell according to any one of claims 1to 3, wherein
the metal of the anode is lithium. ' ' '

5. The electrochemical cell according to any one of claims [ to 4, wherein
the cathode is coated with the catalyst.

6. The electrochemical cell according to.any oneof claims 1to 5, wherein

the cathode comprises an air-permeable porous structure.

7. The€lectrochemical «cell :according to:any oneof claims©-11, wherein
ttheporous:member jis«el ectrically-conductive.

8. "The«el ectrochemical «cell iaccording itozany onef claims [1¢0°7,wherein
tthe«catal ystiis«di sposed Ibetween tthe«cathode:and theel ectrol yte.

Q. "Thexelectrochemical «cell iaccordingttozany onedf claims1¢to¢8,wherein

ttheccatal ystccomprisesattransitionimetal jphosphideccatalyst.
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10.. The: electrochemical | celll according ; to claim. 9, wherein, the: catalyst:
comprises; atri-transition 1metal | phosphide : catalyst. .

11.  Theelectrochemica cell according ;toany one:of claims; 1to 10, wherein

the: catalyst : comprises a nanosized . catalyst : (I-1000nm)..

12. The electrochemical  cell according ;to any one of ‘claims, 1to 11, further:

comprising ; a reference: electrode: disposed . in contact - with the electrolyte. .

13.  Theelectrochemical cell according to any one of claims; 1 to 12, wherein.
the catalyst is selected from the group consisting of Ti P,V P, CtrPm, ZmPm NbnPm, M8, Pm,
HfnPm, W _Pm, Ta Pm, Tc P, and Re Pm, wherein each nand m isindependently one of 1, 2, 3,

n m’
4 and 5.

14. The electrochemical cell according to any one of claims 1to 12, wherein

the catalyst comprises Mo,P, MoP, or MoP;.

15. The electrochemical cell according to any one of claims 1to 14, wherein.

the catalyst comprises a plurality of nanoparticles.

16. The electrochemical cell according to clam 15, wherein the

nanoparticles have an average size between about 1nm and 400 nm.

17. The €lectrochemica «cell :according to:any one of claims 1-16, wherein

the catalyst comprises nanoflakes.

18. The electrochemical cell iaccording to any one of claims '1-16, wherein

the catalyst ‘«comprises @ nanosheet ©or nanoribbon.

19.  ‘Thewelectrochemical «cell iaccording tto:any one of claims 1to 18, wherei

ithe electrolyte ‘comprises @n iionic lliquid iincluding @n @nion @and :a cation selected from

imidazolium, Jpyridinium, jpyrrolidinium, jphosphonium, :@ammonium, «choline, sulfonium,

Jprolinate ©rmethioninate «cations.
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20.  The electrochemicall celll of claim: 19, wherein, the cation, comprises

imidazolium..

21.  Theelectrochemical: cell. of ‘claim. 20, wherein the imdazolium cation is

of the formula:

[\
Rrg’ﬁ/ N-g,
R, ,
where each of Ri, R,, and R, isindependently one of hydrogen, linear aliphatic

C‘:i—C(‘3 group, branched aliphatic Ci-C group, or cyclic diphatic Ci-Cg group.

22.  Theelectrochemica cell of claim 21, wherein R, ishydrogen, and each
of R1 and R;isindependently alinear or branched Ci-C , alkyl.

23.  The electrochemica cell of any one of clams 19 to 22, wherein the
anion is selected from the group consisting of Ci-Cg akylsulfate, tosy/laté, methanesulfonate,
bis(trifluoromethylsulfonyl)imide, hexafluorophosphate, tetrafluoroborate, triflate,. halide,

carbamate, sulfamate, and combinations thereof.

24.  The electrochemical cell according to any one of claims 19 to 23,

wherein the ionic liquid comprises 1-ethyl-3-methylimidazolium tetrafluoroborate.

25.  Theelectrochemical :according to:any one of claims 19 to:24, wherein

the electrolyte comprises at least ‘90 '% of theionic liquid.

26.  Theelectrochemical cell iaccording to:any oneof claims 1to:25, wherein

the e ectrolyteiisisubstantially freeof water ornon-ionic iliquidorganic solvents.

27.  .A:method «of jgenerating :an«€lectrical potential, comprising:
Jproviding @€l ectrochemical «cell :iaccording to:any oneof claims 11t0:26;
contacting the«cathodeitowoxygen;

@llowingttheimetal «of ithe:anodettolbecoxidized toimetal iions; :and
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allowing; the oxygen to be reduced! att a surface of the transition, metal|
dichal cogenide: to form: one or-more: metal| oxides with; the: metal| ions, thereby: generating; the

electricall potential | betweenithe anode andi the cathode..

28.  The electrochemicall celll according; to, any: of claims claim, 1 tg 27,

wherein. the catalyst: comprises molybdenum.,

29.  Theelectrochemical celll according;to any-of ‘claims 1to 28, wherein the

catalyst: comprises molybdenum phosphide nanoflakes.

30. The electrochemical cell according to any of claims 1 to 29, further

comprising an appropriate salt disposed between the anode and the cathode.

31. The electrochemical cell according to any of claims 1to 30, further

comprising amediator disposed between the anode and the cathode.

32.  Anélectrochemical cell, comprising:

an anode comprising metal;

an air permeable cathode;

an electrolyte between the anode and the cathode; and

atransition metal phosphide catalyst on the cathode or between the cathode and
the electrolyte.

33. A method of generating €lectrical current with an €eectrochemical cell
by iintroducing atransition -metal ‘phosphide catalyst on :a cathode side of the €electrochemical

cdl.

34.  'Themethod (of (Claim 33, wherein the catalyst improves formation of

:superoxidesiintthe«electrochemical «cell over peroxides.

10
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