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Electrochemical Hydrogen Storage Electrodes and Cells
The invention relates to electrochemical hydrogen storage eiecirodes, elecirochemical

hydrogen storage malerials and electrochemical cells.

Government Support Statement
This invention was made with government support under DE-ARO000386 awarded by
Advanced Research Projecis Agency-Energy. The government has ceriain righis in the invention.

Background of the Invention

Rechargeable melal hydride (MH) electrochemical cells are employed in numerous
applications such as poriable computers, phones, industrial applications, aerospace
applications and electric vehicles.

The nagative elactrode (anocde) of a metal hydride elecirochemical cell may comprise an
ABs, ABg, AxBr-type, Ti-Ni-based, Mg-Ni-based, BCC or Zr-Ni-based metal hydride alloy. The
metal alloys are hydrogen storage alloys. Conventional ABs and AxB; alloys have capacities of
from about 320 to about 360 mAh/g and are of relatively high weight. Desired are rechargeable
elecirochemical ceils having lighter weight, higher capacity and highsr gravimetric energy
density.

It has been found that a negative electrode comprising a hydrogen storage material based
on one or more group 1V elements is highly effective as a hydrogen charge/discharge
component in an electrochemical cell. The hydrogen storage material is for example based on

silicon and/or carbon.

Summary of the Invention

Some non-limiting aspects of the invention include the following.
a. A stable group IV element-based, e.g. siable silicon-based hydrogen storage negative
electrode for electrochemical uses. The hydrogen storage slecirode may for instance be in
contact with a non-agueous slectrolyte composition and/or comprises a solid electiclyle
interface (SE!) capable of allowing proton transport. The 3EI provides corrosion resistance for
the elecirode and may also serve as an electrochemical catalyst. The durability and
functionality of the SEI layer are very important for the operation of a rechargeable
elecirochemical cell (baitery). The typical SEl on the anode made from conventional hydrogen
storage alloy contains oxide, hydroxide, metallic inclusion, amorphous oxide/metal buffer, voids

and channels.
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b. An electrochemical cell comprising a stable group 1V element-based, e.g. siable silicon-based
hydrogen storage negative elecirode and an agueous or non-agueous electrolyle composition in
contact with the slectrode, for exampie the slectrolyte compaosition is neutral or acidic, where the
electrolvte composition has a pH of about 7 or less.

¢. An electrochemical cell comprising a hydrogen storage negative electrode, a positive
electrode and an elecirolyte composition in contact with the electrodes, where the reversible half

cell charge/discharge electrochemical reaction at the negative electrode is

V+H +e iVH

for example

Sit H + & —— SiH
where [V and 5/ are a stable group IV element-based and a stable silicon-based hydrogen
storage material, respectively.
d. A hydrogen storage negative elecirode for electrochemical uses, where the discharge
capacity of the hydrogen storage material is = 800 mAh/g over 20 charge/discharge cycles.
&. An electrochemical cell comprising a hydrogen storage negative electrode, a positive
electrode and an elecirolvte composition in contact with the electrodes, where the cell exhibits a
gravimetric energy density of > 100 Whikg and/or a volumelric energy density of > 250 Wh/L.
f. Modifying elements and/or compounds may be employed to aller the physical (density,
porosity, melling tsmperature, efc}, chemical (alloy haat of formation, hydride heat of formation,
glectron coherent energy, hydrogen bond strength, nature of hydrogen bond, efc) and
electrochemical properties {capacity, rate capability, charge-retention, cycle stability, corrosion
resistance, etc.) of the anode. In the case of group IV element-based hydrogen storage anode
materials, suitable modifying elements include 1. Structural modifiers: elements to promote the
amorphous phase of the material, such as B; 2. H-bond strength modifiers: elements to adjust
the voltage of the cell, such as alkaline earth metals, fransition metals, rare earth metals, and
other metals from groups il and V of the periodic table; and 3. SEl modifiers: elements o
prolong the cycle stability and reduce the temperature sensitivity of the SEl layer, including non-

metal elemsnts such as O, F, P, Cl, sic.

Detailed Disclosure

Disclosed are negatlive hydrogen storage electrodes based on one or more group IV
elements, for instance based on Si and/or carbon. The hydrogen storage elecirodes are useful
in electrochemical cells. The cells comprise an elecirolyte composition that is for example non-

agueous or is aqueous with a pH of aboul 7 or less,

.
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In present electrochemical cells, it is believed that the reversible half cell electrochemical

reaction at the negative elecirode is

V+H+e VH

where [V is a hydrogen storage material based on one or more group IV elements.

In the case of a silicon-based hydrogen storage negative slectrods, it is believed that ths
reversible half cell electrochemical reaction at the negative electrode is

SitH + o e — SiH
where Siis a silicon-based hydrogen storage material.

in a charged state, the negative electrode is reduced and contains stored hydrogen while
the positive elsclrode is oxidized. During discharge, protons exit the negative electrode (anods)
and migrate through the electrolyie composition to the positive electrode (cathode) while their
associaled electrons exit the anode via external circuitry.

The present cells are rechargeable and during charge/discharge cycles the negative
electrode reversibly charges and discharges hydrogen as does a nickel metal hydride anode in
a metal hydride cell, although possibly not via an identical mechanism. A present
electrochemical cell may be considered a “hydride battery” or a “non-metal hydride battery” or a
“rechargeable proton battery”.

The hydrogen siorage negative slecitrode comiprises a hydrogen storage material based on
one or more group 1V elemenis, for example based on silicon. The hydrogen storage matsrial is
capable of reversibly charging and discharging hydrogen during cycling of an electrochemical
cell. For example, the mechanism of charging hydrogen may be intercalation of protons.
Likewise, the term "hydrogen storage” means capable of reversibly charging and discharging
hydrogen during cycling of an electrochemical cell.

The term "based on” or “-based” means that the hydrogen storage malerial comprises
greater than 27 wt% of one or more group 1V elements, based on the total weight of the
hydrogen storage material. “Silicon-based” means that the hydrogen storage material contains
> 27 wi% of 5i, based on the {otal weight of the hydrogen storage malerial.

Group IV slements include silicon, carbon, germanium and tin. Group IV is also known as
the carbon group or group 14 of the periodic {able.

For example, the hydrogen storage material contains = 28 wi%, = 29 wi%, = 30 wi%, = 33
wit%, 2 35 wi%, 2 40 wi%, 2 45 wi%, 2 50 wi%, = 55 wit%, 2 80 wit%, =2 65 wit%, 2 70 wi%, 2 75
wi%, 2 80 wi%, 2 85 wi%, = 80 wi%, = 95 wi%, = 96 wi%, = 97 wi%, = 98 wi% or = 89 wi% of
one or more elemenis selecled from the group consisting of group IV elements, for example Si

and/or carbon, based on the hydrogen storage material.
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The term “stable” means that the anode exhibiis £ 10% capacity degradation over 100
charge/discharge cycles of an electrochemical cell. For instance, the anode may exhibit < 8%,
< 8%, = 7%, 2 6%, < 5% or < 4% capacily degradation over 100 charge/discharge cycles.

FPercent capacity degradation at certain charge/discharge rates over 100 cycles is defined
as [{capn — capLy/capq] = 100 where caps is the highsst value of discharge capacily and capy is
the lowest value of discharge capacity. A typical half-cell cycling schema is with a C/5 charge
rate for 110% state-of-charge (5.5 h) and discharge at C/5 rate {0 a cut-off vollage of 0.8 V vs. a
standard Ni(OH)/NiOOH or -0.5 V vs. a Hg/HgO refrence electrode.

The anocde may consist of or consist essentially of the hydrogen storage material or,
alternatively, the anode may comprise the hydrogen storage material and a substrate. For
instance, the hydrogen storage material may be adsorbed on a subsirate such as a metal,
glass, plastic or inorganic substrate. Inorganic substrate includes graphite.

For example, the hydrogen storage material may comgprise silicon. Silicon may
advantageously be amorphous (a-8i). Amorphous silicon may be deposiled as a thin film onto a
substrate via chemical vapor deposition {CVD) techniques, for example via plasma enhanced
chemical vapor deposition techniques (PECVD).

Silicon may be hydrogenaied to prepare hydrogenated silicon prior to or after preparation of
the anode. For example, amorphous silicon may be hydrogenated to prepare a-SiH prior o or
after preparation of the anode. Thus, the anode may be hydrogenated prior to preparation of an
electrochemical device. For instance, hydrogenated amorphous Si (g-Si:H) thin films may be
prepared by chemical vapor deposition. An a-SiH thin film may be prepared via rf-spultering
deposition of a-5i followed by hydrogenation.

The hydrogen storage material may comprise doped silicon or doped hydrogenated silicon,
for example P-type silicon or hydrogenated P-type silicon. P-type silicon is for example silicon
doped with Al. Suitable also for instance is silicon or hydrogenated silicon doped with
phicesphine or boron. For example, the hydrogen storage material is doped hydrogenated
amorphous silicon (doped a-SiH).

Suitable a-3i film thickness is for instance > 20 nm, 2 50 nm, 2 90 nm, =2 120 nmor = 180
nm. Forinstance, a suitable a-5i film thickness is from about 80 nm to about 16 um, from about
108 nmy to about 5 pm, from about 150 rim to about 3 um, from about 150 nm o abowt 2 um or
from about 150 nm to about 1 um.

Silicon may be microcrystalline silicon or nanocrystalling silicon, which generally are forms
of amorphous silicon containing small silicon crystals. Silicon may also be mono-crystaliine

silicon, polycrystalline or protocrystalline.
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Silicon may be porous silicon {p-8i). Types of porous silicon include microporous,
mesoporous and macroporous, with average pore sizes of less than about 2 nm, from about 2
nm to about 50 nm and greater than about 50 nm, respectively.

The hydrogen storage material may contain one or more different forms of silicon.

The hydrogen siorage materials include alioys of silicon, for example alloys of silicon with
one or more of carbon, germanium and tin. For instance amorphous alloys of silicon and
carbon (amorphous silicon carbide) or alloys of silicon and germanium or alloys of silicon and
tin. Amorphous alloys of silicon and carbon can also be hydrogenated to prepare a-ShCxH
where x is for example from about 8.01 to aboui 0.8, from about 0.05 to about 0.85 or from
about 0.1 to about 0.9.

Other hydrogen storage materials of the invention may also be hydrogenated prior o
preparation of an elecirochemical device.

Hydrogenation {hydrogenating) is performed for instance under hydrogen gas at a pressure
greater than atmospheric. Hydrogen pressure is for instance from about 2 alm to about 20 atm.
Hydrogenation may be performed at increased temperature, for instance from about 25°C to
about 500°C. Hydrogenation may be performed elecirochemically.

Hydrogen storage materials include carbon and graphitic materials such as natural
graphite, artificial graphite, expanded graphite, graphene, carbon fiber, soft carbon, hard
carbon, non-graphitizable carbon, carbon black, carbon nanotube, fullerene, activated carbon,
crystalline carbon and amorphous carbon.

The hydrogen storage matenals may include one or more further slements, for instance
one or more further elements selacted from the group consisting of structural modifiers
{elements io promole the amorphous phase of a material), hydrogen bond strength modifiers
and solid electrolyte interface (SE!) modifiers.

Structural modifiers include for example B.

Hyrogen bond modifiers include for example alkaline earth metals, transition mstals, rare
earth metals and other metals of groups Il and V of the periodic table.

SEl modifiers include non-metals such as O, F, P, Cl and the like.

in addition to the hydrogen storage materials, the anode may further include binders and/or
conductive materials and/or other addilives. The anode assembligs may include these mixtures
in adherence to a current coliector such as a metal foil substrate.

The binder assisis in coupling the hydrogen siorage material and the conductive material
and the mixiure to the current coilecior. Binders include poly{tetrafiuorosthylene) (PTFE), a
copolymer of acryvlonitrile and butadiens (NBR), polyvinylidene fluoride (PvDF)}, polyvinyl

aleohol, carboxy methyl cellulose (CMC)Y, starch, hydroxy propyl cellulose, regenerated
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cellulose, polyvinylpyrrolidone, telfraflucroethvlene, polyethylene, polvoropylene, ethylene-
propylene-diene polymer (EPDM), sulfonated-EPDM, styrene-butadiene rubber (SBR), fluorine
rubber, copolymers thereof and mixtures thereof. Binders may be employed from about 1 1o
about 50 weight %, based on the {otal weight of slecirode assembly.

Conductive materials may be from about 1 {0 about 20 weight %, based on the total weight
of the electrode assembly. Conductive materials include graphitic materials such as natural
graphite, artificial graphite, a carbon black such as acelylene black, Ketjen black, channsl biack,
furnace black or lamp black, conductive fibers such as carbon fiber or metal fiber, metal
powders such as carbon fluoride, aluminum or nickel powder, conductive metal oxides such as
zinc oxide, polassium titanate or titan oxide and other conductive materials such as
polyphenylene derivatives.

A filier may be employed as a component for controliing expansion of the anode. Fillers
include olefin-basad polymers such as polysthyiens or polypropylene and fibrous material such
as glass fiber or carbon fiber.

The negative electrode may advaniageously comprise 2 30% by weight of the one or more
group 1V elements; for exampie = 35%, = 40%, = 45%, = 50%, = 55%, =2 60%, 265%, 2 70%, =
75% z 80%, 2 85% or = 80% by weight of the one or more group IV slements, based on the
total weight of the negative elecirode (lotal waight of the slectrode assembly). The total weight
of the negative eleclrode includes the hydrogen siorage matlerial and optional components such
as substrate, binders, conductive materials and additives.

A separator is typically interposed between the cathode and the anode which is for instance
an insulating thin film ensuring high ion {proton) ransmission. The saparator generally has a
pore size of about 0.01 to about 10 microns and a thickness of about 5 to about 300 microns.
Separgtor materials include sheets or non-woven fabrics comprising materials including glass
fiber, cotton, nylon, polyester, polysthylene, polypropylene, polyvinyl chioride,
polvietrafluorosthvlens and kraft paper.

The aclive malerials of the positive electrode {cathode aclive materials) participate in the
charge/discharge reactions. Suitable active materials include nickel hydroxide active materials,
i.e. nickel hydroxide or modified nickel hydroxide.

The cathode materials may comprise a multi-phase disordered nickel hydroxide material
having at least one modifier. The al least one modifier is for instance a metlal, a metallic oxide,
a metallic oxide alloy, a metal hydride and/or a metal hydride alloy. For example, the modifier is
one or more components selected from the group consisting of Al, Ba, Ca, F, K, Li, Mg, Na, Sr,
Bi, Co, Cr, Cu, Fe, In, LaHs, Mn, Ru, 8b, Sn, TiH, TIC, and Zn. Such materials are faught in
U.8. Pat. No. 5,348,822,
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Suitable cathode materials may comprise a disordered mulii-phase nickel hydroxide matrix
including at least one modifier, for example 3 modifiers, chosen from F, Li, Na, K, Mg, Ba, Ln,
Se, Nd, Pr, Y, Co, Zn, Al, Cr, Mn, Fe, Cu, Zn, Sc, Sn, Sbh, Te, Bi, Ru and Ph. Suitable cathode
materiais are taught for exampie in U.S. Pat. No. 5,637 ,423.

Cathode materials may comprise nickel hydroxide modified with one or more group il
elements and Co in a solid solution state. Such materials are taught in U.5. Pat. No. 5,366,831,

The cathode aclive materials may comprise nickel hydroxide and one or more components
selected from the group consisting of cobait, cobalt hydroxide and cobailt oxide and a carbon
powder. The cathode matsrials may further comprise a compound of Ca, Sr, Ba, Cu, Agor Y,
for example Ca{OH);, Cal, CaF,, Cal8, CaSQy, Cali0s, Cal0,, CaWQ,, SrCOs, Sr{OH),
BaO, Cux0, AgO, Y2(COs)s or Y205, Suitable cathode materials are taught for instance in U.S.
Pat. No. 5,451,475.

Cathode active materials may comprise a metal oxide and one or more of Co, Ca, Ag, Mn,
Zn, V, 8b, Cd, Y, Sr, Ba and oxides of Ca, Sr, Ba, 8b, Y or Zn. The metal oxide is for example
nickel oxide and or manganese oxide. Such aclive materials are taught in U.S. Pat. No.
5,455,125.

The cathode materials may contain nicke! hydroxide and a further component selected from
the group consisting of Y, In, 8Sb, Ba and Be and Co and/or Ca. Buch materials are disclosed in
U.8. Pat. No. 5,466,543,

Cathode materials may be prepared by reacting nickel sulfate and ammonium hydroxide to
form a nickel ammonium complex; the complex is then reacted with sodium hydroxide 1o form
nickel hydroxide. The method may provide nickel hydroxide comprising one or more of Co, Zn
and Cd. These materials are taught in U.S. Pat. No. 5,488,403,

Cathode active materials may comprise nickel hydroxide and cobalt oxyhydroxide as taught
in U.S. Pat. No. 5,489,314,

Cathode materials may comprise nickel hydroxids, cobalt monoxide and elemental zinc as
taught in UL.S. Pat. No. 5,506,070,

The cathode materials may comprise nickel hydroxide, nickel powder, a second powder
and at least one of cobalt, cobalt hydroxide and cobalt oxide. The second powder contains one
or more of Ca, 8r, Ba, Cu, Ag and Y. Such materials are taught in U.S. Pat. No. 5,571,636,

The cathods active materials may comprise particies of nickel hydroxide or manganess
hydroxide having at least partially embedded therein a conductive material. The conductive
material may be for instance nickel, nickel alioys, copper, copper alioys; metal oxides, nitrides,
carbides, silicides or borides; or carbon {graphite). These materials are disclosed in U 8. Pat.
No. 8,177,213.
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The cathode materials may comprise nickel hydroxide particles containing at least three
modifiers selected from the group consisting of Al, Bi, Ca, Co, Cr, Cu, Fe, In, La, rare sarths,
Mg, Mn, Ru, Sb, Sn, Ti, Ba, i, Srand Zn. For example, nickel hydroxide particles may contain
at ieast four modifiers, for instance, Ca, Co, Mg and Zn. Such materials are disclosed in U.S.
Pat. No. 6,228,535.

The active cathode material for instance comprises nickel hydroxide and a carbon material
such as graphite. The cathode may aiso comprise a polymeric binder. The polymeric binder is
for exampie a thermoplastic organic polymer, for instance selected from the group consisting of
polyvinyt alcohol {PVA), polyethylene oxide, polypropvlens oxide, polvbutylene oxide, methyl
cellulose, carboxymethyl cellulose, hydroxyethyl cellulose, hydroxypropyl cellulose,
hydroxypropylmethyl cellulose, polyethylene, polypropylene, polyvisobutylene, polyvinyl chioride,
polyvinyliden chioride, polyvinyliden fluoride, polyteiraflucroethyiene (PTFE), fluorinated
ethylene propylene (FEP), perflurcalkoxy (PFA), nolyvinvlacetate, polyvinyl ischutylether,
polvacryloniirile, polymethacrylonitrile, polymethyimethacrylate, polymethylacrylate,
polyethylmethacrylate, allyl acetate, polystyrene, polvbutadiene, polyisoprene,
polyoxymethylene, polyoxyethyiene, polycyclic thiosther, polydimethylsiloxans, polyesters such
as polyvethylene terephthalate, polycarbonate and polyamide. Blends and copolymers of the
above are also suitabls. The polymeric binder may also be an elasiomer or rubber such as
styrene-butadiene copolymer, styrene-butadiene-styrene block copolymer, styrene-isoprene
block copolymer, styrene-isoprene-styrene block copolymer, styrene-ethylene-styrene-
butadiene block copolymer, styrene-ethylene-butadiene-styrene biock copolymer or styrene-
acrylonitrile-butadiene-methyl acrylate copolymer. Suitable aclive materials are taught for
instance in U.8. Pat. No. 6,617,072,

The cathode active material may contain nickel hydroxide and nickel oxyhydroxide as
taught in U.S. Pat. No. 7,398,379

Generally, cathode active material particles are formead in a sintered or pasted elecirode.
The pasted electrode may be made by mixing the material with various addilives and/or binders
and applying the paste to a conductive support. Preferably, one or more cobalt additives are
added to the pasted elsctrode. The cobalt additives may include Co and/or CoC to enhance
conductivity, improve utilization and reduce slectrical resistance of the positive elecirode.

Madified nickel hydroxide may contain ong or more modifiers such as Co, Cd, Ag, V, Sb,
Ca, Mg, Al, Bi, Cr, Cu, Fe, In, rare earths, Mn, Ru, 8n, Ti, Ba, Si, Sror Zn. A suitable modified
nickel hydroxide is (Ni,Co,Zn)}{OH),, for instance in the form of a spherical powder. In modified
nickel hydroxides, nickel generally is present at a level of 2 80 alomic percent, for instance 2 80

atomic percent, based on the metals.
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According to the present invention, further cathode active materials are possible. Further
cathode active materials include fransition metals and their oxides, hydroxides,
oxide/hydroxides and flucrides. For exampie, further cathode actlive materials include Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta, W, Re, Os, Ir, Pt
and Au and their oxides, hydroxides, oxide/hydroxides and fluorides.

For example, further cathode active materials are selected from the group consisting of
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Ly, Hf, Ta, W, Re,
Os, I, Ptor Au;
oxides of 3¢, TL, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf,
Ta, W, Re, Os, Ir, Ptor Ay;
hydroxides of S¢, Ti, V, Cr, Min, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Ly,
Hf, Ta, W, Re, Os, Ir, Pt or Au;
oxide/hydroxides of B¢, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Kb, Mo, T, Ru, Rh, Pd, Ag, Cd,
Lu, Hf, Ta, W, Re, Os, ir, Ptor Au and
fluorides of S¢, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Te, Ru, Rh, Pd, Ag, Cd, Lu, Hf,
Ta, W, Re, Os, Ir, Ptor Au.

In further cathode aclive malerials selected from the group consisting of metal oxides,
metal hydroxides and metal oxide/hydroxides, nickel may be presentatalevel of £ 5,10, <
15,20, 25,230,535, 540, <45 50,555 560,865,270, 75, £ 80 or <85 alomic
percent, for instance < 90 atomic percent, based on the total metals of the metal oxides, metal
hydroxides and metal oxide/hydroxides.

The slectrolyte composition may be nsutral or acidic, having a pH of about 7 or less,
Suitable elecirolyte compositions are for example faught in copending U.S. patent applications
14/540,445, filed November 13, 2014 and 14/669,588, filed March 26, 2015. The electrolvie
composition allows for transport of protons.

For instance, the slectrolyie compositions have a pH of from about 1, from about 2, from
about 3, from about 4, from about 5 or from about 8 (o about 7.

Suitable electrolyle composiions contain one or more ionic compounds. The ionic
compounds may be protic compounds selected from the group consisting of Brensted acids
{protic acids) and protic ammonium compounds or oxonium compounds. Bronsted acids for
insiance have a pKa of less than or equal to abowt 5.

The ionic compounds may be aprotic compounds selecied from the group consisting of
annonium compounds, oxonium compounds, phosphonium compounds and alkali or alkali
earth metal compounds.

The ionic compounds contain a cation and an anion.

-9.
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Alkali metal or alkali earth metal cations include Li*, Na*, K*, Rb+, Cs+, Be*, Mg, Ca™, 8
and Ba™.

Ammoniun ions are cations of formula "NRiR2RsRs where Ry, Ry, Rz and R4 are selected from
hydrogen and hydrocarbyl or two of Ry-Ry together are hydrocarbylene or three of R-Rs
together are hydrocarbylene. When one or more of Ri-Ra is hydrogen, the ammonium ion is
protic. When all four of Ry-R,4 are hydrocarby! or hydrocarbylene the ammonium ion is aprotic.
Ammonium ions also include hydrazinium cations of formula RiRaN-"NRaRsR;s, whare Ry, Ry,
Rs, R4 and Rs are selected from hydrogen and hydrocarbyl or Ry and R, {ogether and/or two of
Rs-Rs together are hydrocarbylens.

Ammonium ions also include hydroxylammonium cations of formula HO-N'R4RR3 where Ry, R,
and Rz are selected from hydrogen and hydrocarbyl or two of R4-R3 together are
hydrocarbylene.

Oxonium ions are positively charged groups of formula "ORR:R: where Ry, Ry and R; are
selected from hydrogen and hydrocarbyl or two of Ry-R3 together are hydrocarbylene. When
one or more of Ry-Rj is hydrogen, the oxonium is protic. When all three of R-R; are
hydrocarbyl or hydrocarbylene, the oxonium is aprotic.

Phosghonium ions are positively charged groups of formula "PRRR:Rs where Ry, Ry, Rs
and Ry are hydrocarbyl or two of Ry-R4 together are hydrocarbylene.

Hydrocarby! is any hydrocarbon based group, bound to the cationic nitrogen, oxygen or
phosphorus with a carbon atom. Hydrocarbylene is a ring-forming version of hydrocarbyl.

Hydrocarbyl is for instance alkyl, alkenyl, cycloalkyl, cycloalkenyi, aryl or aralkyl, which may
be substituted by ong or more groups selected from the group consisting of halogen, hydroxy,
C-Cyalkioxy, thio, Cy-Caalkylthio, amineo, Ci-Caalkylamino, di-Cq-Caalkylamino, nitro, cyano, -
COQOH and ~COO . Hydrocarbyl may also be interrupted by one or more groups selected from
the group consisting of ~0O-, -5-, ~NH- and ~N(C-Caalkyl)-. Hydrocarbyl may be both
substituted by one or more of said groups and interrupted by one or more of said groups. For
instance alkyl, alkenyl, cycloalkyl, cycloalkenyi, anyl or aralkyl may be substituted by one o
three groups selected from the group consisting of chioro, hydroxy, methoxy, ethoxy, propoxy,
butoxy, thio, methylthio, methylamino, ethylamino, propyiamino, butylamine, dimethylamino,
diethylamino, dipropylaming, dibutylamino, -COOH, -COOr, cyano and nitro and/or may be
interrupted by one to three groups selectad from the group consisting of ~0O-, -5-, ~NH- and
~N{C-Caalkyi)-.

Hydrocarbyl also includes polyathyiens glycols and polypropylene giycols such as
RI{COCH - or R{OCsHe - where R’ is hydrogen or alkyl and n is an integer from 1 to 50, for

instance from 110 40, 110 30 or 1 10 20, for instance from 1 o 10,
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When two or three of R-Rs together are hydrocarbylene, this means iogether with the N, O
or P atom they form a heterocyclic ring. The ring is for example 5- or 6-membered. The
heterocyclic ring may contain a further heteroatom and may be saturated or unsaturated.
Hydrocarbylens is for instance —{CHy)s-, -(CHz)s-, ~(CHa)N-CH=C{CH:3)-CH=, =CH-CH=CH-
CH=CH-, =C{CHs)}-C=CH-CH=CH-, =C-C{CH3y)=CH-CH=CH-, =C-CH=C{CH;)-CH=CH-,
-CH=CH-CH=CH-, -CH=CH-CHz-CHz-, -CH=CH-N=CH-, ~-CHCHNHCH,CHy-, -CHp-CHa-
N=CH-, -CH-CHz-O-CHz-CHz- or =CH-(CHz}z-. The further heteroatom is for example N, O or
S.

Examples of ammonium ion rings are piperndinium, pyrrolinium, 2,4-dimethyvipyrazolium,
pyrrolininium, pyrrolidinium, pyridinium, morpholinium and methyipyridinium. Pyridinium is an
example of where three of Ry-Ry4 fogether form a ring. The hydrocarbylene ring may also be
annulated to form for instance quinolinium or isoguinolinium.

Alkyl is for instance from 1 10 25 carbon atoms, is branched or unbranched and includss
methvl, ethyl, propyl, isopropyl, n-butyl, sec-buiyl, iscbulyl, tert-bubyl, 2-ethylbutyl, n-pentyl,
isopentyl, 1-methyipentyl, 1,3-dimethylbulyl, n-hexyl, 1-methylhexyl, n-heptyl, ischeptyl, 1,1,3,3-
tetramethyibutyl, 1-methyltheptyl, 3-methylheptyl, n-octyl, Z-ethythexyl, 1,1,3-trimethythexyl,
1,1,3, 3-telramsthyipentyl, nonyl, decyl, undecyl, t-methyiundecyl, dodecyl, 1,1,3,3,5,5-
hexamethylhexyl, tridecyl, tetradecyl, pentadecyl, hexadecyl, heptadecyl, octadecyl, icosyi and
docosyl.

Partly or fully fluorinated means replacement of one, more than one or all of the hydrogens
of the alkyl with fluoro. Perfluoroatkyl means all hydrogens of an alkyl are replaced with flucro
{fully fluorinaied).

Alkenyl is an unsaturaied version of alkyl, for instance allyl.

Cycloalkyl includes cyclopentyl, methyleyclopentyl, dimethyloyclopentyl, cyciohexyl,
methylcyciohexyl, dimethyicycichexyl, trimethylcycichexyi, tert-butylcyciohexyl, cyclioheptyl or
cyclooctyl.

Cycloalkenyl is an unsaturated version of cycloaltkyl.

Arvl includes phenyl, o-, m- or p-methylphenvl, 2, 3-dimethylphenyt, 2 4-dimethyiphenyl, 2,5-
dimethylphenyl, 2,6-dimethyiphenyl, 3 4-dimethyiphenyl, 3, 5-dimethyiphenyl, 2-methyl-G-
sthylphenyl, 4-tert-butyiphenyl, 2-ethylphenyl or 2,6-disthylphenyl.

Aralkyl includes benzyl, a-methylbenzyl, a,a-dimethylbenzyl and 2-phenylethyl.

Exampies of ammonium ions include protic ions such as NH:* (ammonium),
methylammonium, sthylammonium, dimethylammonium, disthylammonium, trimethylammonium
{NMesH"), triethylammonium, tribubylammonium, diethylmethylammonium,

hydroxyethylammonium, methoxymethylammonium, dibutylammonium, methyibutvlammonium,
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anilinium, pyridinium, 2-methyipyridinium, imidazolium, 1-methylimidazolium, 1,2-
dimethylimidazolium, imidazolinium, 1-ethylimidazolium, 1-{4-sulfobutyD-3-methylimidazolium,
1-allyiimidazolium, quinolinium, isoquinclinium, pyrrolinium, pyrrolininium and pyrrolidinium.

Examples of ammonium ions alsc include aprotic ions such as 1-butyl-1-
methvioyrrolidinium, tetramethylammonium, tefrasthvlammonium, fetra-n-buivlammonium, n-
butyl-tri-ethylammonium, benzyl-tri-methylammonium, tri-n-butyimethylammeonium, benzyl-iri-
sthylammonium, 1-methylpyridinium, 1-butyl-3,5-dimethylpyridinium, 1,2 4-trimethylpyrazolium,
trimethyihydroxyethylammonium (choline), tri-(hydroxyethylymethylammonium, dimethyl-
di{polyoxysthyleneiammonium, 1,2,3-trimethylimidazolium, 1-butyl-3-methylimidazolium, 1-
ethyl-2,3-dimsthvlimidazolium, 1-allyl-3-methylimidazolium, 1-hydroxyethyl-3-
methvliimidazolium, 1,3-dimethylimidazolium, 1-ethyl-1-methylpiperidinium, 4-ethyl-4-
methylmorpholinium, 1-(cyanomethyi}-3-methylimidazolium, 1-(3-cyanopropyiipyridinium, 1,3-
bis{cyanomethyhimidazolium, 1-hexyl-3-methylimidazolium and t-ethyl-3-methylimidazolium.

Pyrrolinium is the ammonium of pyrrole, pyrrolininium is the ammonium of pyrroline and
pyrrolidinium is the ammonium of pyrrolidine. Pyrroline may be 1-, 2- or 3-pyrroline, thus the
ammonium cation of 1-, 2- or 3-pyrrolineg is included.

An example of a hydrazinium ion is hydrazinium (HaNNH:Y).

An example of a hydroxylammonium ion is hydroxylammonium (HO-NH3").

Examples of protic oxonium ions include HaO* (hydronium), HTO(ED:, HEIOY, HMe O,
H*O{Me)., protonated THF and protonated Z-methyl-THF.

Exampies of aprotic oxonium ions include *O{Me}s, "C(Et)s and methyiated or ethylated
THF or 2-methyl-THF.

Me is methyl, Et is ethyl, nBu is n-butyl, iBu (or t-butyl) is teri-butyl and THF is
tetrahydrofuran. Without designation, butyl means n-butyl.

Examples of phosphonium ions include methyltriphenyiphosphoniun,
tetraphenyiphosphonium, tetrabutyiphosphonium, ributylmethyiphosphonium,
tristhvimethviphosphonium, frihexyitetradecylphosphonium, triphenyipropyiphosphonium and
tetrakis(hydraxymethyhphosphonium.

Examples of suitable anions are hydroxide, nitrate, perchiorate, biflucride, alkoxides,
halides, phosphates, phosphinates, phosphonates, borates, carboxyiates, sulfiles, sulfates,
sulfonates, carbonates, imides, aluminates, cyanales, methides, arsenates, silicates and
antimonates.

Anions, caticns and ionic compounds may be those disclosed for instance in U.S. Patl. No.
5,254,797 and U.S. Pub. No. 2011/0045358. Bifluoride is HF . Alkoxides are RO where R is

hydrocarbyl, for example methoxide, ethoxide, n-propoxide, i-propoxide, n-buloxide, i-butoxide
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or phenoxide. Alkoxides also include where R is perfluorcalkyl. Halide is chloride, bromide,
iodide or fluoride. Phosphates include dihydrogen phosphate, hydrogen phosphate, alkyl
phosphate, dialkyl phosphate, phosphate, PFy (hexafluorophosphate), HPO.F (fluorohydrogen
phosphate), trisoxalatophosphate (TOP), tetrafluorooxalatophosphate (TFOP) and
fluoro{perflucroalkytiphosphates such as FoP{CaFs), FaP(CaFs)s
{tris(pentafluoroethyhtrifluorophosphate or FAP), F.P(CoFs)a, FoP(CaF7)e, FaP{CaFq)s,
F4P{CsF7)2, FaP(CaFs)a, FaP(CaFe)s and F4P{CaFg):~. Phosphinates are for instance hydrogen
alkyl phosphinate, dialkyl phosphinate, hydrogen aryl phosphinate or diaryl phosphinate. For
instance bis(2 4 4-trimsethyiphenyiphosphinate. Phosphonates are for instance
alkylphosphonate such as methylphosphonate or hydrogenphosphonate {phosphonate).
Borates include orthoborate, tetrahydroxyborate, tetraborate, tetraphenylborate, [B(3,5-
(CF3)2CeHz)a] (BARF), B{C04), (bis(oxalato)borate) (BOB), difluoro{oxalato)borate (dFOB),
di(irifluorcacetato}oxalatoboraie {(D{ACYOR), B(CsFs)a and BF 4~ (letrafiuoroborate}. Carboxylats
anions are of formula RCOO where R is hydrogen or hydrocarbyl and include formate, acetate
(ethanoate), propanoate, n-bulanoate, i-butanoate, n-pentanocate, i-pentancate, octanoate,
decanocate, benzoale, salicylate, thiosalicylate, Z2-, 3- or 4-nitrobenzoate; ciirate, oxalats,
tarirate, glycolats, gluconate, malate, mandelate, a carboxylate of nitrilotriacsetic acid, a
carboxylate of N-(2-hydroxyethyl-ethylenediaminetriacetic acid, a carboxylate of
ethvlenediaminetetraacetic acid, a carboxylate of disthylenelriaminepentaacetic acid and
haloalkylcarboxylates such as fluorcacetate, difluoroacetate, trifluoroacetate, chloroacetate,
dichloroacetate and trichloroacetate. Sulfites include sulfite and hydrogensulfite. Suifates
include hydrogensulfate, sulfate, thiosulfate and alkylsulfates such as methylsuifate and
ethyvisulfate. Sulfonates include alkyl, arvisulfonates and perfluoroalkylsulfonates, for instance
triftuoromethanesulfonate (iriflate), p-ioluenesulfonate (tosylate) or methanesulfonate
(mesylate). Carbonate anions are for instance carbonate, hydrogencarbonate or an
alkylcarbonate such as methylcarbonate, ethvlcarbonate or butylcarbonate. Imids anions
include dicyanamide, N(8C:F)z~ ((bisfluorosulfonyllimide), bis(perfluoroalkyisulfonyhimides such
as [N(SO.CF3)]- (bistriflimide), bis(pentafluoroethylsulfonylimide and

N{CF SO CF{CF23:50:) and (perflucroalkylsulfonyl){perflucroalkyicarboxyliimides.
Aluminates include A{OC{CFa)a)s, di(iriflucroacetatojoxalatoaluminate (d{Ac}OAD,
tetrachioroaluminate, tetrafluorcaluminale, tetraiodoaluminate and tetrabromoaluminats.
Cyanates includs thiocyanate and cyanate. Methides include
tris({perfiuoroalkylsulfonyimethides such as tris{trifiuoromethyisulfonylimethide, C{CF;S80:):™.
Arsenatss include arsenate, hydrogen arsenats, dihydrogen arssnate and AsFy. Silicates
include SiFs2. Antimonates include SbFe and Sb{OH)s™
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For example, the protic ionic compound is HaPO4, NHiSO:CF 3, NHBF,, NH.OH, NH.CI,
NH.Br, NHal, NHF, NHaHPO,, (NHHPO,, methylammonium phosphonate, pyridinium
tosylate, pyridinium chioride, anilinium chioride, hydroxylammonium chionide, (NH. 350,
hydrazinium sulfate (NoHsSO4), (NHOHSO,, NaHSO,, NHiBF,, HaS0,, KHPO,, KoHPO,,
NaHPO,, NaxHPO,, HBF,, H(OEL)BF,, HPF;, HAsFs, HCIO:, HSOCF;, HIN(SOCFa),] or
HIN(SO.CFCFa)2].

The protic ionic compound may alsc be an oxenium ion of a highly non-coordinating ion
such as Brookhart's acid (BARF acid), [H{OEL)L)B[3,5-(CF:).CeHslsl. Other examples include
[H{OELRIB(CF 53] (oxonium acid} and [H{OEL)JAHOC(CF)s)]. In these cases the cation is
profonated diethyl ether (diethyl ether oxonium}. Alternatively, the cation may be other
protonated ethers, for instance protonated tetrahydrofuran (THF).

The protic ionic compound may be a protic ionic liquid such as ethylammonium nitrate,
disthylimethyiammonium triifluoromethanesulfonate (DEMA TIO), triethylammonium
methanesulfonate, 2-methvipyridinium triflucromethanesulfonate, ammeonium fluoride,
methylammonium nifrate, hydroxyethylammonium nitrate, ethylammonium nitrate,
dimethylammonium nitrate, 1-methylimidazolium nitrate, 1-sthylimidazolium nitrate, t-
butylammonium tetrafluorcborate, hydroxyethylammonium tetrafluoroborate,
methyibutylammonium tetrafluoroborate, triethylammonium tetrafluoroborate, imidazolium
tetrafluoroborate, 1-methylimidazolium tetrafluorcborate, 1,2-dimethvlimidazolium
tetrafluoroborate, t-butylammonium triflate, 2-flucropyridinium triflate, hydroxyethylammonium
trifiate, 1,2-dimethylimidazolium triflate, imidazolium triflate, 1-methylimidazolium
hydrogensulfate, 1-methvlimidazolium chioride, 1-methylimidazolium triflate, hydronium triflate,
methylammonium mesylate, ethylammonium mesylate, butylammonium mesylate,
methoxyethylammonium mesylate, dimethylammonium mesylate, dibutylarmmonium mesylate,
triethylammonium mesylate, dimethylethylammonium mesylate, hydronium hydrogensulfate,
ammonium hydrogensulfate, methylammonium hydrogensuifate, sthylammonium
hydrogensulfate, propylammonium hydrogensulfate, n-butylammonium hydrogensulfate, -
butylammonium hydrogensulfate, dimethylammonium hydrogensulfate, diethylammonium
hydrogensulfate, di-n-butylammonium hydrogensulfate, methylbutylammonium hydrogensulfate,
sthylbutylammonium hydrogensulfate, trimsthylammonium hydrogensuifate, triethylammonium
hydrogensulfate, tributylammonium hydrogensulfate, dimsthylethylammonium hydrogensulfate,
dibutylammonium fluorchydrogen phosphate, triethylammonium fluorchydrogen phosphate,
tributylammonium flucrohydrogen phosphate, hydronium dihydrogen phosphate,
methylammonium dihydrogen phosphate, ethylammonium dilydrogen phosphate,

propylammonium dihydrogen phosphate, n-butylammonum dihydrogen phosphate,
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methoxyethylammonium dihydrogen phosphate, dimethylammonium dihydrogen phosphate,
dibutylammonium dihydrogen phosphate, methyvibutylammonium dihydrogen phosphate,
ammonium bifluoride, methylammonium bifiuoride, ethylammonium bifluoride or
dimethylammonium bifiuoride.

Carboxylic acids are protic acids/protic compounds. Carboxylic acids are of formula
RCCOH where R is hydrogen or hydrocarbyl. Carboxylic acids contain carboxylate anions.
Carboxylic acids includs formic acid, acetic acid, acrylic acid, fluoroacetic acid, difluoroacetic
acid, trifluoroacetic acid, chioroacetic acid, dichioroacstic acid, trichloroacetic acid, propanoic
acid, butyric acid, 3-methylbutansic acid, valeric acid, hexanoic acid, hepianoic acid, capnylic
acid, nonanoic acid, benzoic acid, salicylic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid, oxalic
acid, tartaric acid, glycolic acid, gluconic acid, malic acid, mandelic acid, nitrilofriacetic acid, N-
(2-hydroxyethyl)-sthylenediaminetriacetic acid, ethylenediaminetetraacetic acid and
disthylensaminepentaacstic acid.

For example, the aprotic ionic compound is NMe 8O3CFy, NMe,OH, NEL™BF ., NMes*Cl,
NEL*Br, NnBu, I, NnBu F, NELTHPQ., (NMe,)HPO,, methyltriphenyl phosphonium iodide,
tetrakis(hydroxymethyl)phosphonium chicride, tetraphenylphosphonium bromide, 1-
mathyloyridinium chioride, benzalkonium chioride, Me;OBF,, ELOBF,, NELPFs, NMesAsFe,
NMe CiO,, NELSOLCF 3, NMesN(SOCF2),] or NELIN(SO.CFCFa)0]

The aprotic ionic compound may also include a highly non-coordinating anion such as
BARF, for instance sodium BARF, Na*B[3,5-(CF2).CeHsls]~. Other examples include
KrB(CaF 53~ and KFAI{OC{CFa)a)s.

The aprotic ionic compound may be an aprotic ionic liguid such as tri-n-
butyimethylammonium methylsulfate, 1-ethyl-2,3-dimethylimidazolium sthvisulfate, 1-butyl-3-
methvliimidazolium thiocyanate, 1-butyl-3~-methylimidazolium tetrachioroaluminate, 1-butyl-3-
methylimidazolium methylsulfate, 1-butyl-3-methylimidazolium methanssulfonate, 1-bulyl-3-
methyvlimidazolium hydrogencarbonate, 1-butyl-3-methvlimidazolium hydrogensuifate, 1-butyl-3-
methyvlimidazolium chloride, 1,2, 3-trimethylimidazolium methylsulfate, tris-
(hydroxyethylimethylammonium methylsulfate, 1,2 4-trimethylpyrazolium methylsulfate, 1,3~
dimethylimdiazolium hydrogencarbonate, 1-ethyl-3-methylimidazolium hydrogencarbonate, 1-
sthyl-3-methylimidazolium chioride, 1-ethyl-3-methyviimidazolium letrachioroaluminate, 1-ethyl-3-
methyvlimidazolium thiocyanate, 1-ethyl-3-methylimidazolium methanesulfonate, 1-sthyl-3-
methvlimidazolium hydrogensulfaie, 1-ethyl-3-methylimidazolium ethylsulfate, 1-ethyl-3-
methylimidazolium nitrate, 1-butyipyridinium chioride, 1-ethyl-3-methylimidazolium dicyanamide,
1-ethyl-3-mathylimidazolium tetrafluorcborate, 1-ethyl-3-methylimidazoliium

hexafluorophosphate, 1-bulyl-3,5-dimethylpyridinium bromide, 1-ethyl-3-methylimidazolium
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bis(triffuoromethyisulfonyhimide, 1-ethyl-3-methylimidazolium bis(pentaflucroethylsulfonyhimide,
1-ethyl-2,3-dimethylimidazolium methylcarbonate, carboxymethyl-tributyiphosphonium
bis{trifiuoromethyisulfonyhimide, N-carboxyethyi-methylpyrrolidinium
bis(triffucromethyisulfonyhimide, N-carboxymethyi-trimethylammonium
bis(trifiuoromethylsulfonyhimide, N-carboxymethyl-methyipyridinium
bis{trifluoromethylisulfonyhimide, hexyltrimethylammonium bis(friffluromethyisuffonyhimide,
tetrabutyliphosphonium methanesulfonate, triethylmethylammonium methylcarbonate, 1-ethyi-1-
methyvipiperidinium methylcarbonate, 4-sthyl-4-methylmorpholinium methylcarbonate, 1-butyl-1-
meathyloyrrolidinium methvicarbonate, tristhylmethyvlammonium dibutyiphosphate,
fributyimethylphosphonium dibutylphosphate, triethyimethviphosphonium dibutvlphosphate,
tetrabutyiphosphonium tetrafluorcborate, tetrabutylphosphonium p-toluenesulfonate,
tributyimethyiphosphonium methylcarbonate, 1-ethyl-3-methylimidazolium hydrogencarbonate,
tributyimethylammonium methylcarbonate, tribulylmethylammonium dibutyiphosphats, 1-ethyl-3-
methyvlimidazolium dibutviphosphate, 1-butyl-3-methylimidazolium dibutvlphosphate, 1-
(cvanomethyl)-3-methylimidazolium chloride, 1-(G-cyanopropy)-3-methylimidazolium chioride,
1-{3-cyanopropyh-3-methylimidazolium bis(trifluoromethylsuifonyl}imide, 1-{3-cyanopropyl)-3-
meathylimidazolium dicyanamids, 1-(G-cyanopropyhipyridinium chioride, 1-(3-
cyanoprepyhpyridinium bis(triiuoromethylsulfonylimide, 1,3-bis{cyanomsthybimidazolium
chioride, 1,3-bis{cvanomethyhimidazolium bisfiriffuoromethylsulfonybimide, 1,3-
bis(cyanopropyliimidazolium chloride, 1,3-bis{(3-cyanopropyhimidazolium
bis{trifiuoromethyisulfonyhimide, 1-butyl-3-methylimidazolium hexaflucrophosphate, 1-butyl-3-
meathylimidazolium tetraflucoroborate, 1-ethyl-3-methylimidazolium tetrafluorcborate, 1-ethyl-3-
methylimidazolium chloride, 1-ethyl-3-methvlimidazolium bromide, 1-butvl-3-methylimidazolium
bromide, 1-hexyl-3-methvliimidazolium chioride, tributylimethyiphosphonium methylsulfate,
tristhyimethylphosphonium dibutyiphosphate, trihexylietradecyiphosphonium
bis(triffuromethylsulfonybimide, trihexyltetradecyiphosphonium bis(2 4, 4-
trimethylphenyliphosphinate, trihexylietradecylphosphonium bromide,
trinexyltetradecylphosphonium chioride, trihexyltetradecyiphosphonium decanoate,
trihexyltetradecyiphosphonium dicyanamide, 3-(triphenyiphosphonic}propans-1-sulfonate or 3-
(triphenviphosphonioypropane-1-sulfonic acid tosylate.

Examples of carboxylate compounds are tetramethvlammonium benzoats,
tetraethylammonium oxalate, tetrabulvlammonium tartrate, sodium fartrate, potassium formale,
tetramethyvlammonium acetate, 1-methylpyridinium chioride, trimethylammonium citrate tri-basic,
tetramethylammonium 2-, 3- or 4-nitfrobenzoate, ammonium benzoate, ammonium salicylate,

ammonium oxalate, ammonium tartrate, methyliriphenyl phosphonium acetate,
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tetrakis(hydroxymethyhphosphonium benzoate, tetrakisthydroxymethyhphosphonium formate,
mono- or di-potassium tartrate, ammonium citrate mono-, di- or tri-basic;, ammonium 2-
nitrobenzoate, ammonium 3-nifrobenzoate, ammonium 4-nitrobenzoate, potassium
triflucoroacetate and potassium chioroacetate.

in polvbasic carboxylic acids, ammonium and/or atkall metal and/or alkali sarth metal ions
may replace one or any number of the acidic hydrogens to form a present carboxylate
compound. Forinstance included are the mono-, di- and tri-basic ammonium citrates and
mono-, di- and tri-basic sodium citrates.

lonic liquids are ionic compounds that exhibit a melting point of < 100°C.

Otherwise, the ionic compound is “a salt” with a melting point > 100°C.

lonic liquids generally are ammonium or phosphonium compounds, that is containing
antmonium or phosphonium cations.

Salts include halidse salis such as alkali or alkali earth metal halide salts such as NaCl, KCI
or KBr as well as other ionic compounds with melling points above 100°C. Alkali and alkali
earth metal salts include for instance anions selected from the group consisting of nitrate,
perchiorate, bifluoride, halides, phosphates, phosphinates, phosphonates, borates,
carboxylates, sulfites, sulfates, sulfonates, carbonates, imides, aluminatss, cyanates, methides,
arsenaies, silicates and antimonatss.

The present ionic compounds may contain the cation and anion {ogether in the same
molecule. Thus, also included are zwilterionic compounds {inner salis) such as betaines.
included are zwilterions containing ammonium or phosphonium ions and sulfonate or sulfate
ions. Included are hydroxysultaines, 4-(riphenviphosphoniojbutane-1-sulfonate, methyt N-
(triethylammoniosulfonylicarbamate (Burgess reagent) and phosphonium sulfate awilterions as
taught for instance in U.S. Pat. No. 3,471,544, Included is sulfamic acid.

Advantageously, two or more different ionic compounds are empioysd in the slecirolyte
composition. For instance, the two different ionic compounds may be a protic ionic compound
and an aprotic ionic compound or may be an ionic liquid and a sait.

For instance, present electrolyte compositions may comprise at least two different ionic
liquids. The electrolyle composition may comprise one or moere ionic liguids and one or more
salts, for example a protic or aprotic ammonium salt or an alkalt metal salt such as an alkal
metal halide.

The electrolyte composition may contain a mixture of a carboxylate compound and a
carboxylic acid. The elscirolyte composition may contain a mixiure of a carboxylate-containing
ionic Hiquid and a carboxylic acid. The slectrolvie composition may contain two different

carboxylic acids.

17 -



WO 2016/178957 PCT/US2016/029980

The electrolyte composition may contain a protic acid, protic ammonium compound or a
protic oxonium compound and an ionic liguid.

Where at least two different ionic compounds are present, the weight:weight ratic of the two
different ionic compounds is from about 98.9:0.1 to about 0.1:99.9, from about 99.5:0.5 to about
(0.5:99.5, from about 99:1 to about 1:99, from about 95:5 to about 5:95, from about 830:10 to
about 10:90, from about 80:20 10 about 20:80, from about 70:30 to about 30:70 or from about
80:40 to about 40:80.

in the two different ionic compounds, the cations or the anions may be identical.

The slectrolyte compositions advantageocusly contain an ionic liquid. Cations of ionic
liguids include ammonium and phosphonium ions discussed above. lonic liguids may contain a

cation selected from the group consisting of formulae (a)-(h)

N(R)s (&) PR (b)
R R
N R\ /R
=
\? {c) \7 (c)
X X
R K R R
\N/ \P/
+
@) ®
X X
R R R R
Ny \P -
+E (@ ++ ()
A °
N\, N

whera

- 18-



WO 2016/178957 PCT/US2016/029980

each R is independently H, C+Cisalkyl or hydroxyCs-Crsalkyl, for instance methyl, ethyl,
hydroxyethyl or propy! and
Xis CHa, O, 5 or NR where R is H or C-Casalkyl, for instance H, methyl, ethyl or propyl.

For instance, suitable cations of ionic lquids include 1-ethyi-3-methylimidazolium, 1-hexyl-3-
methylimidazolium, 1-bulyl-1-mesthylpyrrolidinium and trihexyl(teiradecyliphosphonium.

Anions of ionic liquids include carboxylates, imides, methides, nitrate, bifluoride, halides,
borates, phosphates, phosphinates, phosphonates, sulfonates, sulfates, carbonates and
aluminates.

The ionic Hquids may contain an anion selscied from the group consisting of
FB(CaFamidedd, [FyP{Caf amiton], [{CmFame)2P(O)OF, [CiF amiiP{O) 02}, [O-C{O)-CriF amsn],
O-S(Q-Canb 2, IN{C{OFCrniF zmea)a], [N(S{O)2-CornF zmen)al, [N(C(OFCinF 2me1}(B(0)2-CrnF 2},
N{C(O)-CanF2me ) {(COF N, INES(O)2-CrrF ame HE(O)F) T, IN{S(O)F )2}, [C{C{O)}-CrFamet)a],
CE(O)-CrFam)al,

O e - o
\X/) \X/Rx
N 7 N\

R o—

- ~
(O\CE)/D | “ TW .
P \/ O Rz
O/E\O ( /|\ ( >|<
O
Rx

and

where

y is an integer of 1 10 8,

m is an integer of 1 1o §, for instance 110 4,

zis anintegerof 110 4,

X is B or Al and

Rw, Ry, Ry and R are independently halogen, C-Cualkyl, C1-Chealkyl which is partly or fully
fluorinated, Cy-Copatkoxy, Ci-Copalkoxy which is partly or fully fuorinated, Ci-Caealkyl-COO or
C1-Croalkyl-COO which is partly or fully fluorinated and

07 O is independently a bidentate group derived from the ~OH groups of a 1,2~ or 1,3-diol, a
1,2- or 1,3-dicarboxylic acid or from a 1,2- or 1,3-hydroxycarboxylic acid and

where any one CF; group may be replaced by O, S(C}z, NR or CHa.
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The anions of ionic liquids may include FP(CaFs), FaP{CoFs)s, FaP(CoFs)r, FoP(CsFne,
FaP(CaF7)a, FaP(CsF )y, FoP(CuFe)a, FaP(CuFo)y, F4P(CiF o), perfluoroalkylcarboxylate,
perflucroalkyisulfonate, bis{perflucroalkyisuifonyl)imide,
(perfluoroalkyisulfonyl)(perflucrcalkylcarboxyilimide, tris{perfluoroalkyisuifonylhimethids,
trifiuoroacetate, trifluoromsthanssulfonate (riflate}, bis(trifluoromethyisulfonyl)imide,
tris(triflucromethyisulfonylmethide, tetrafluoroborate, spiro-oxo borates and spiro-oxo
phosphates, for example bisoxalatoborate (BOB), diflucrooxalatoborate (dFOB),
di(irifiuoroacetaic)oxalatoborate (d(AC)YOB), irisoxalatophosphate, tetrafluorooxalatophosphate
and di(trifluoroaceiato)oxalatoaluminats.

The electrolyvte compaosition may be “non-aqueous”, containing essentially no inadvertent
water, for instance £ 1000 ppm, < 100 ppm or = 10 ppm by weight water, based on the {otal
weight of the electrolyte composition.

The electrolvte compositions may advantageously be “anhydrous”, that is, containing little
or no water. The electrolyte compositions may contain £ 10 ppm water, forinstance £9, €8, <
7,56, £5 0or £ 4 ppm water by weight, based on the iotal weight of the electrolyte composition.

The electrolyte composition may advantageously contain a scivent. Alternatively, the
slectrolvie composition may contain no solvent. For instance, solvents are nol required when
one or more ionic Hquids are employed in the electrolyte composition. *No solvent” means no
organic solvent is present and essentially no inadvertent walter is present.

Where a solvent is present in the electrolyte composition, the weight:weight ratio of ionic
compounds in iotal io solvent may be from about 99.8:0.1 to about 0.1:88.9, from about 88.5:0.5
to about 0.5:89.5, from about 99:1 to about 1,99, from about 85:5 t0 about 5:95, from about
80:10 to about 10:80, from about 80:20 o about 20:80, from about 70:30 to about 30:70 or from
about 80:40 to about 40:60.

The present electrolyte compositions may not be limited by the hydrogen and oxygen
evolution polential of water. Thus, the elecirochemical celis disclosed may exhibit a nominal
open-circuit voliage of » 1.2V (volis). The present cells may supply a nominal open-circuit
voltage up to about 8 V. For instance, present cells may exhibit a nominal open-circuit voltage
of from about 1.2 1o about 6.0 V, from about 1.3 to about 6.0 V, from about 1.4 10 about 6.0 V or
from about 1.5 1o abowt 6.0 V. For instance, present cells may exhibit a nominal open-circuit
voltage of about 1.3, 1.4, 1.5, 1.6, 1.7, 1.8,1.98,20,2.1,2.2,2.3,2.4,25,26,27,28,2.8, 3.0,
3.1,32,33,34, 35, 36,37,38,39,40,41,42 43, 44 45 46,47,48,49,50,51,52,
53,5455 56,57, ,58,590rabout6.0V.

Solvents are waler and organic solvenis.
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The solvent may consist essentially of water or may consist essentially of organic solvent.
The solvent may contain varying ratios of water.organic solvent.

When the solvent consists essentially of organic soivent, waler may only be present at very
fow levels, for example < 1000 ppm, < 100 ppm or < 10 ppm by weight water, based on the total
weight of the elecirolyte composition. When the solvent consists essentially of water, organic
solvents may only be present at the same low levels.

For example the solvent may be a water/organic sclvent mixiure where the weight:weight
ratio of water to organic solvent is from about 88.9.0.1 to about 0.1:89.9, from about 8.5.0.5 {0
about 0.5:99.5, from about 99:1 to about 1:99, from about 85:5 {0 about 5:95, from about 80:10
{0 about 10:90, from about 80:20 to about 20:80, from about 70:30 io about 30:70 or from about
60:40 1o about 40:60.

The elecirolyte composition may contain organic solvent and no water. The elecirolyte
composition may contain water and no organic solvent.

Suitable organic solvents are for instance selected from the group consisting of organic
carbonates, ethers, glvmes, ortho esters, polyalkylene glycols, esters, lactones, glycols,
formates, sulfones, sulfoxides, amides, alcohols, ketones, nifro solvents, nitrile solvents and
combinations thereof.

Organic carbonates are cyclic or acyclic and include sthylens carbonate {(EC), propylene
carbonate (PC), trimethylene carbonate, 1,2-bulylene carbonate (BC), dimethy! carbonate
(DMC), diethy! carbonate (DEC), ethyimethyl carbonate (EMC), vinviene carbonate,
difluorcethyiens carbonate and moncfiucroethylene carbonats.

Ethers and glymes include dimethoxymethane (DMM), disthoxymethane, 1,2-
dimethoxyethane (DME or ethyleneglycol dimethylether or glyme), diglyme, triglyme, tetraglyme,
ethylenegliycol diethylether (DEE), ethyleneglycol dibutylether, diethvieneglycol diethylether,
tetrahydrofuran (THF), 2-methyltetrahydrofuran (2-MeTHF), 1,3-dioxane, 1,3-dioxclans (DIOX),
4-methyl-1,3-dicxclane (4-MeDIOX}, Z-methyl-1, 3-dioxolane (2-MsDIOX}, 1,4-dioxane,
dimethvlether, ethylmethylether, diethylether, di-n-butylether, di-i-butylether, di-isopropylether,
methyl-t-butylether, ethyl-t-butylether and t-amyl-methylether.

Ortho esters include trimethoxymsthane, tristhoxymethane, 1,4-dimethyl-3,5,8-
trioxabicyclof2.2.2Joctans and 4-ethyl-1-methyl-3,5 8-trioxabicycin]2 .2 Zloctane.

Polvalkyiene glycols are homo- or cogligomers or homo- or copolymers of Ci-Caalkyiene
glycols. Forinstance, polyethylene glycol (PEG) or monomethyl, dimethyl or diethy! (end-
capped) polysthylene giycol. Weight average molecular weights (Mw) of polyaikylene glycols
are for example from about 200 to about 1200 g/mol, from about 200 to about 1000 g/mol, from
about 200 {o about 800 g/mel, from about 200 to about 700 g/mol or from about 200 to about
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500 g/mol. Included are cligomers of 4 monomers and more, for instance tefraethylene glycol,
fluorinated tetraethylene glycol and tetrapropylene glveol. For instance PEG 200, PEG 300,
PEG 400, PEG 500, PEG 600, PEG 700, PEG 800, PEG 200 or PEG 1000.

Esters and lactones include v-butvrolactone (GBL), y-valerolactone, d-valerolactone, ethyl
acetate (EA), 2-methoxyethyl acelate, 2-ethoxyethyl acetate, 2-butoxyethy! acetate, 2-(2-
butoxyethoxy)ethyl acetate (diethyvlene giycol bulyl sther acetale, DBA), ethylene glycol
diacetate (EGDA), 3-ethoxy ethyl propionats (EEP), methyl bulyrate (MB), n-amyl acelats
{(NAAC), propyviens glycol msthyl ether acetate {(PMA), ethyl butrvate (EB), disthyl malonate,
dimethy! malonate and dibasic ester mixture (DBE).

Dibasic ester mixture includes for instance methyl esters of adipic, glutaric and succinic
acids.

Glycols include ethylens glycol, propylene glycol, 2-methoxyethanol, 2-sthoxyethanol, 2-
propoxyethanol, 2-isopropoxyethanol, 2-butoxyethanol (ethylene glycol butyl ether, EB}, 2-
phenoxyethanol, 2-benzyloxyethanol, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxyethoxy)ethanol,
2-{2-butoxyethoxy)ethanol (diethylene giycol butyl sther, DB}, propyiens glycol butyl ether (PB),
propylene glycol methyl ether (PM), tiisthylene glycol (TEG), dipropylene glycol methyl sther
(DPM), diethylene glycol methyl ether, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol,
perfluoro-1.4-butanediol, perfluore-1,5-butanediol, fluorinated diethylene glveol meathyl ether,
fluorinated triethylene glycol, fluorinated triethylene glycol methyl ether and fluorinated
disthylens glycol butyi ether.

Formates include methyl formate, sthyl formate, isobutyl formate and tert-butyl formats.

Sulfones and sulfoxides include methyvisulfonyimethane (MSM or dimethyisulfone),
ethylmethvlsulfone, sulfolane and dimethylsulfoxide (DMSO).

Amides include dimethyiformamide (DMF), dimethylacstamide (DMA), N-methylpyrrolidone
(NMP), 2-pyrrolidone, 1, 3-dimethyl-2-imidazolidinons (DM, hexamethyiphosphoramide
{(HMPA) and N ,N-dimethyl-N,N'-trimethyleneurea (1,3-dimethyl-3,4,5 6-tetrahydro-2(1H)-
pyrimidinone (DMPU)).

Alcohols include Tfor example benzylalocohol (BA), ethanol, triflucroethanocl (2,2,2-
triflucroethanol), methanol, isopropancl, t-butanol and n-butanol.

Ketones include for example methylethylketone (MEK) and methyl-iscamylketione (MIAK).

Nitro solvents include nitrobenzene, nitromethane and nitroethane.

Nitrile solvents include acetonitrile, propionitrile, butyronitrile and adiponitrile.

Advantagecusly, a mixture of solvents is employed, for instance & mixture of organic

carbonates or a mixture of one or more organic carbonates and one or more ether or glvyme.
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Other organic solvents may be employed, for instance common non-polar organic solvents
including toluene, hexane, heptane and the like.

The electrolyle composition may advantageously comprise an ionic liquid and a protic acid
and/or an organic solvent.

Preseni elecirolyte compositions are for instance liguid at room temperature (25°C). Liquid
includes syrupy high viscosity liquids. For example, the electrolyte compositions have a
viscosity of from about 0.2 ¢P to about 100 P at 25°C. For examiple the slectrolvie
compositions have a viscosity of 100 ¢cP, <80 ¢k, €80 ¢k, s 70 ¢, £ 50 ¢, < 40 ¢, < 30 ¢P,
S20 P, 10 cP or s 5 ¢l at 25°%C,

Viscosity may be measured for instance with a rotational rheometer or with a
microviscometer employing a rolling steel ball in a glass capillary timed and calibrated against
control liquids. Viscosity may also be measured with a DVi or DVI Brookfield viscometer, a
plate viscomeler or an oscillating type viscometer,

The electrolyte composition may further comprise one or more additives selected from the
group consisting of corrosion inhibitors, solid electrolyie interface (SED improvers, proton
evolution improvers, self-discharge inhibitors, anti-gassing agents, viscosity adjusting agents,
cathode protection agents, salt stabilizers, conductivity improvers and solvating agents.

For instance, the slectrolyie composition may contain one or more additives sslected from
the group consisting of
fluorinated oil, sodium stannate, sodium citrate or polvacrylic acids;

HF or KF, oxides or hydroxides of rare earths such as Y, mstal porphines, for example Nior Fe
porphine, vinylene carbonate, vinylethylene carbonaile, methylene sthylene carbonate or fluoro-
ethvlene carbonate;

polyglycols, polyglycol alkyl ethers, polyglycol alkyl phosphate esters or polysorbates such as
polyethylene glycol (PEG), polypropylens glycol, polysorbate 20, polysorbate 40 or polysorbate
80 or a mixture of PEG 800 and polysorbate 20 or a mixture of PEG 800 and Zn(;

phosphate esler-based surfactanis, propane sultone or fluoropropane sultone; and

DMSO;

for exampile at a level of from about 0.1% {o about 15% by weight, based on the otal weight of
the elscirolyte composition.

Group IV slements, for example silicon with a molecular weight of 28 g/mol, are much
lighter than conventional metal hydride alloys. Typical AB: and AB; alloys have a molecular
weight of about 70 g/mol. The present slectrochemical celis have a higher gravimetric energy

density and/or higher volumetric energy density than conventional mstal hydride batteries.
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Present rechargeable cells may exhibit a gravimetric energy density of > 100 Wh/kg. For
instance, the gravimetric energy density is 2 110 Whikg, = 115, 2 120, 2125, 2130, 2 135, =
140, 2 145, 2 150, 2 155, 2 160, 2 165, 2 170, 2 175, 2 180, 2 185, 2 190, 2 195 or 2 200
Whikg.

Present rechargeable cells may exhibit a volumstric energy density of > 250 WhiL, for
instance, the volumetric energy density is 2 260 Whikg, = 265, 2 270, = 275, 2 280, = 285, =
290, = 295, = 300, 2 305, = 310, 2 315, 2 320, = 325, 2 330, 2 335, 2 340, = 345 or 2 350
Whikg.

Presant anodes may exibit a discharge capacity of = 800 mAh/g over 20 cycles or mors
{over at least 20 cycles), for example 2 810, 2 820, 2 825, 2 B30, 2 835, =2 840, 2 845, 2 850, =
855, 2 860, =2 865, 2 870, 2 875, =2 830 or = 895 mAh/g over 20 cycles or more; based on the
weight of the hydrogen storage material.

“Nagative elecirode for slectrochemical uses”, “slectrochemical cells” and “electrochemical
devices” means as an electrode for solid hydrogen storage media devices, balteries, fuel cells,
air battery systems and the like.

U.S. Patents, U.S. published patent applications and U.S. patent applications discussed
herein are sach hereby incorporated by reference.

The articles "a” and “an” are used herein 1o refer {0 one or to more than one (i.e., to al [sast
one) of the grammatical object of the article. By way of example, “an ionic liquid” means one
ionic liquid or more than one ionic Hguid.

Any ranges cited herein are inclusive.

The terms “substantially” and “about” used throughout this specification are used o
describe and account for small fluctuations. For example, they can refer (o less than or equal to
5%, such as less than or equal 1o £2%, less than or equal fo £1%, less than or squal {o 20.5%,
fess than or equal to 0.2%, less than or equal to £0.1% or less than or equal o £0.05%. All
numeric values harein are modified by the lerm "aboul" whether or not explicitly indicated. A
value modified by the term "about” of course includes the specific value. Forinstance, “about
5.0” must include 5.0.

All measurements herein are performed at ambient conditions, 25°C and 1 atm of pressure,

uniess otherwise indicaied.

Brief Description of the Drawings
Fig. 1 shows electrochemical performance of the call of Example 1 after 25 formation
cycles. The anode contains a 250 nim a-5i film on a nickel subsirate. The cathode is sintered

nickel hydroxide on a nickel mesh substrate. The elecirolyie composition is 2 molar acetic acid
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in 1-ethyl-3-methvlimidazolium acstaie. The cell is cycled at a charge/discharge current density
of 387 mA/g.

Following are some embodiments of the invention.
E1. A stable group IV element-based hydrogen storage negative electrode for elscirochemical
uses,; for example a stable silicon-based or carbon-based hydrogen storage negative electrods
for electrochemical uses; for example where the electrode comprises a hvdrogen storage
materiali comprising > 27 wt% of one or more elements selected from the group consisting of C,
Si, Ge and Sn, based on the total weight of the hydrogen storage material.
E2. An slectrode according to embodiment 1 comprising a hydrogen storage material
comprising > 27 wi% of one or more elements selected from the group consisting of C, 8i, Ge
and Sn; for example comprising > 27 wi% silicon or > 27 wi% carbon, based on the total weight
of the hydrogen storage material.
E3. An electrode according to embodiments 1 or 2 where the hydrogen storage material
comprises amorphous silicon, microcrystalline silicon, nanocrystalline silicon, monocrystalline
silicon, polycrystalline silicon, profocrystalline silicon or porous silicon.
E4. An electrode according to any of the preceding embodiments where the hydrogen storage
material comprises amorphous silicon.
ES. An elscirode according to any of the preceding embodiments where the hydrogen storage
material comprises carbon; for example carbon in the form of natural graphite, artificial graphite,
expanded graphite, graphene, carbon fiber, hard carbon, soft carbon, non-graphitizable carbon,
carbon biack, carbon nanotube, fullerene, activated carbon, crystalline carbon or amorphous
carbon.
E8. An elscirode according to any of the preceding embodiments where the hydrogen storage
material comprises an alloy of silicon and one or more of carbon, germanium and fin, for
example amorphous silicon carbide or an alloy of silicon and germanium or an alloy of silicon
and tin.
E7. An slectrode according to any of the preceding embodiments comprising a hydrogen
storage material which is hydrogenated prior to or after assembly of the electrode (a pre-
hydrogenated negatlive elecirode); for example where the hydrogen storage material is
hydrogenated amorphous silicon (a-8iH) or hydrogenated amorphous silicon carbide (a-S8ii.
LxH, where x is for example from about 0.01 o about 0.89, from about 0.05 to about .85 or
from about 0.1 {0 about 0.9).
E8. An electrode according to any of the preceding embodiments where the hydrogen storage
material, for example amorphous silicon, is comprised in a film, for example a film with a

thickness > 20 nm, 2 50 nm, 2 890 nm, 2 120 nm or 2 180 nm or from about 90 nm to about 10
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um, from about 100 nm to about 5 um, from about 150 nm to about 3 um, from about 150 nm to
about 2 um or from about 150 nm to about 1 um.

E9. An electrode according to any of the preceding embodiments where the hydrogen storage
material is comprised in a film in adherence {0 a substrate, for example a subsirate selected
from metal, glass, inorganics and plastic.

E10. An electrode according to any of the preceding embodiments where the hydrogen storage
material comprises one or more further elements, for example one or more siemsnts sslected
from the group consisting B, Al, Ga, In, As, Sb, Te and transition metals.

E11. An slectrode according o any of the preceding embodimentis where the hydrogen storage
material contains 2 28 wi%, 2 29 wi%, 2 30 wi%, 2 35 wi%, 2 40 wi%, 2 45 wi%, 2 50 wi%, = 55
wit¥, 2 80 wi¥%, = 85 wi%, 2 70 wi%, = 75 wi%, = 80 wi%, 2 85 wi%, 2 90 wit%, = 95 wi%, = 98
wi%, 2 97 wi%, = 98 wi% or 2 89 wi% of one or more slements sslected from the group
consisting of group IV slements, for example Si and/or C, based on the total weight of the
hydrogen slorage material.

E12. An electrode according 1o any of the preceding embodiments comprising = 30% by weight
of the one or more group IV elements; for exampie 2 35%, = 40%, = 45%, = 50%, 2 55%, =
BC0%, = 65%, 2 70%, 2 75% = 80%, =z 85% or 2 30% by weight of the one or more group IV
elements, for example Si and/or C, based on the total weight of the negative electrode.

E13. An electrode according to any of the preceding embodimenis further comprising one or
more components selected from the group consisting of binders, conductive materials and other
additives.

E14. An electrode according o any of the preceding embodiments comprising a solid
electrolvie interface capable of allowing transport of protons.

E15. An elecirode according to any of the preceding embodimenis where the hydrogen storage
material includes one or more further elements seiected from the group consisting of structural
modifiers {slements {0 promote the amorphous phase of a material), hydrogen bond sirength
modifiers and solid electrolyte interface (SE!) modifiers; for exampie one or more further
elements selected from the group consisting of B, alkaline earth metals, fransition metals, rare
earth metals, other metals of groups 1l or V of the periodic table, O, F, P, Cl and the like.

E18. An electrode according o any of the preceding embodiments in contact with an electrolyie
composition which is neutral or acidic, for example having a pH of about 7 or lower; for example
from about 1, from about 2, from about 3, from about 4, from about 5 or from about 6 t0 about 7.
E17. An electrode according to embodiment 186 where the electrolyte composition comprises

one or more ionic compounds selacted from the group consisting of protic acids, protdic
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ammonium compounds, protic oxonium compounds, aprotic ammonium compounds, aprotic
oxonium compounds, aprotic phosphonium compounds and alkali or alkali earth metal salls.
E18. An elecirode according to embodimenis 18 or 17 where the electrolyie composition
comprises an ionic compound containing a cation selected from the group consisting of NH.*
(ammonium), methylammonium, ethylammonium, dimethylammonium, diethylammonium,
trimethylammonium (NMe:HY), triethylammonium, tributylammonium, disthyimethylammonium,
hydroxyethylammonium, methoxymethylammonium, dibutylammonium, methyibutylammonium,
anilinium, pyridinium, 2-methylpyridinium, imidazolium, 1-methylimidazolium, 1,2-
dimethylimidazolium, imidazolinium, 1-ethylimidazolium, 1-(4-sulfobutyl}-3-methylimidazolium,
1-aliviimidazolium, quinolinium, isoguinolinium, pyrrolinium, pyrrolininium or pyrrolidinium;
1-butyl-1-methyipyrrolidinium, tetramethylammonium, tetraethylammeonium, tetra-n-
butylammonium, n-butyl-tri-ethylammonium, benzyl-tri-methylammonium, tri-n-
butylmesthylammonium, benzyl-tri-ethyvlammonium, 1-methylpyridinium, 1-butyl-3,5-
dimethvipyridinium, 1,2 4-trimethylpyrazolium, trimethylhydroxyethylammonium {choline), iri-
(hydroxyethylimethylammonium, dimethyl-di(polyoxyethvlene)ammonium, 1,2,3-
trimethylimidazolium, 1-butyl-3-methylimidazolium, 1-ethyi-2, 3-dimsthylimidazolium, 1-aliyl-3-
meathylimidazolium, 1-hydroxyethyl-3-mesthylimidazolium, 1,3-dimethylimidazolium, 1-sthyl-1-
methyipiperidinium, 4-ethyl-d-methyimorpholinium, 1-{cyanomethyl)-3-methvlimidazolium, 1-(3-
cyanopropyhpyridinium, 1,3-bis{cyanomethyhimidazolium, 1-hexyl-3-methylimidazolium or 1-
ethyl-3-methylimidazolium; and

methyiriphenyiphosphonium, tetraphenyiphosphonium, tetrabutyiphosphonium,
tributyimethyiphosphonium, triethylmethyiphosphonium, trihexylietradecyiphosphonium,
friphenylpropylphosphonium or tetrakis(thydroxymethylphosphonium;

for instance, the cation is 1-ethyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-butyl-1-
methylpyrrolidinium or trihexyl(fetradscylphosphonium.

E19. An elscirode according {0 any of embodiments 168-18 where the elecirolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
carboxylates, imides, methides, nitrate, bifluoride, halides, borates, phosphates, phosphinates,
phosphonates, sulfonates, sulfates, carbonates and aluminates.

E20. An electrode according to any of embodiments 16-18 where the slectroiyte composition
comprises an ionic compound containing an anion selected from the group consisting of
[FB(CaFame o], [FyP(CnF2m ey, H{CrF2m:1)2P(O)OT, [CoFam i P{O)Y02] %, [O-C{O»CrF 21T,
[C-8(0)2-CaFame], [NIC(O)-CrnF 2 )2}, IN(S{O)2-CrnF 22l IN(C(O}-ConF 2 1Y S(O)o-CraF oot )T,
[N(CO»-CrnF 2me ) (CIOYF I, IN(S(O)2-CrnF 2me1 }{(S(O)2F ), IN(S(O)2F o], [CLC(O)-CrmF2mea)sl,
[C{S(O)z-CrFame1)af,
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where

y is an integer of 1 10 8,
m is an integer of 110 §, for instance 1 o 4,
zis aniniegerof 1o 4,
XisBorAland
Rw, Ry, Ry and R are independently halogen, C-Cualkyl, C1-Chealkyl which is partly or fully
fluorinated, Cy-Copatkoxy, Ci-Copalkoxy which is partly or fully fuorinated, Ci-Caealkyl-COO or
C1-Croalkyl-COO which is partly or fully fluorinated and
07 O is independently a bidentate group derived from the ~OH groups of a 1,2~ or 1,3-diol, a
1,2- or 1, 3-dicarboxylic acid or from a 1,2- or 1,3-hydroxycarboxylic acid and
where any one CF, group may be replaced by O, S{OC),, NR or CHa.
E21. An elscirode according o any of embodiments 168-28 where the elecirolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
FoP(CoFs)a, FalP{CoF )y, FaP(CaFs)o, FaP(CaF7)s, FaP(CaF e, FalP(CaFa)y, FoP{CoF o),
FalP{CsFa)a, F4P(CaF o)y, perfluorcalkyicarboxylate, perfiuorcalkylsuifonats,
bis{perfiuoroalkyisulfonylYimide, {perflucroalkylsulfonyh{perfluoroalkyicarboxyhlimide,
tris{perflucroalkylsulfonyhmethide, trifluoroacetate, iriflucromethanesulfonate (triflate),
bis{trifluoromethyisulfonybimide, tristirifluoromethyisulfonylimethide, tetrafluoroborate or a spiro-
0xo borale or spirc-oxo phosphats, for example bisoxalatoborate (BOB), difluorooxalatoborate
(dFORB), diftrifluorcacstatooxalatoborate (d{ACOB), trisoxalatophosphats,
tetrafluorooxalatophosphate and di(triflucroacetatojoxalatoaluminate.
E22. An elecirode according o any of embodiments 18-21 where the elecirolyte composition
comprises an ionic compound containing a carboxylate anion of formula RCOO where R is
hydrogen or hydrocarbyl; such as formate, acetate (sthanoate), acrylate, propanocaie, n-
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butanoate, i-butanoate, n-pentanocate, i-pentanocate, octanocate, decanocate, benzoate, salicylate,
thiosalicylate, 2-, 3- or 4-nitrobenzoate; citrate, oxalate, tarirate, glycolate, gluconate, malate,
mandelate, a carboxylate of nitrilotriacetic acid, a carboxylate of N-{2-hydroxysthyi)-
sthylenediaminetriacetic acid, a carboxylate of ethylenediaminetetraacetic acid, a carboxylate of
disthylenstriaminepentaacetic acid or a haloalkylcarboxylate such as flucroacetats,
difluocroaceiate, trifluoroacetats, chlioroacetale, dichloroacetate or trichioroacetate.

E23. An electrode according o any of embodiments 16-22 where the electrolyte composition
comprises an ionic compound containing

an imide anion such as dicyanamide, N{(SOF ) {(bisfluorosulfonybimide), a
bis(perfluoroalkylsulfonyllimide such as [N(SOCF3),l (bistriflimide),
bis{pentafluoroethylsulfonyhiimide or N{CF3S0{CF(CF):530or a
(perfluoroalkyisulfonyl)(perflucroalkylcarboxyllimide; or

a mathide such as a tris{perflucroalkylsulfonylimethide, for example
tris(triflucromethylsulfonybmethide, C{CF80:):7; or

bifluoride (HF,); or

chioride, bromide, iodide or fluoride; or

a borate such as orthoborate, tetrahydroxyborate, teiraborats, tetraphenyiborate, [B(3,5-
{CF3)2CaHa) ] (BARF), B(C04)2 (bis{oxalaio)borate) (BOB), diflucro{oxalato)borate (dFOB),
ditrifluorcacetato)oxalatoborate (D(ACYOR), B(CsFs)s or BF 4~ (letrafluorcborate); or

a phosphate such as dihydrogen phosphate, hydrogen phosphate, alkyl phosphate, dialkyi
phosphate, phosphate, PFs (hexaflucorophosphate), HPOsF- (flucrohydrogen phosphate),
trisoxalatophosphate (TOP), tetrafluorcoxalatophosphate (TFOPY ora
fluoro(perfluorcalkviiphosphate such as FoP{CoFs), FaP{CoFs)s
{tris{pentafiucroethyhitrifluorophosphate or FAP), F.P(CaFs)a, FoP(CaF7)e, FaP{CaF)s,
FsP{CaFy)em, FaP{CuaFa)a, FalP{CsFa)a or FAP{CuFe)s; or

a suffonate such as an alkylsulfonate, arylsulfonate or perfluoroatkylsulfonate, for instance
trifluoromethanesulfonate (iriflate), p-ioluenesulfonate (tosylate) or methanesulfonate
(mesylate); or

a suifate such as hydrogensulfate, sulfate, thiosulfate or an alkyisulfate such as methylsulfate or
sthylsulfaie; or

a carbonate anion such as carbonaie, hydrogencarbonate or an alkylcarbonate such as
methvicarbonate, ethylcarbonate or butylcarbonate; or

an aluminate such as A{OC(CFa)a)4, di{triflucroacetato)oxalatoaluminate (d{AC)OAD,

tetrachioroaluminate, tetrafluorcaluminale, tetraiodoaluminate or tetrabromoaluminate.
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E24. An slectrode according o any of embodiments 16-23 where the slectrolyie composition
comprises an ionic liquid.

E25. An elecirode according to any of embodiments 16-24 where the elecirolyte compaosition
comprises an ionic fiquid selected from the group consisting of diethyimsthylammonium
trifiuoromethanssulfonate (DEMA TIO), sthyvlammonium nitrate, tristhylammonium
methanesulfonate, 2-methylpyridinium triflucromethanesulfonate, ammonium fluoride,
methylammonium nitrate, hydroxyethylammonium nitrate, ethylammonium nitrate,
dimethylammonium nitrate, 1-methylimidazolium nitrate, 1-sthylimidazolium nitrate, t-
butylammonium tetrafluorcborate, hydroxyethylammonium tetrafluoroborate,
methyibutylammonium tetrafluoroborate, triesthylammonium tetrafluoroborate, imidazolium
tetrafluoroborate, 1-methylimidazolium tetrafluoroborate, 1,2-dimethylimidazolium
tetrafiuoroborate, t-butylammonium triflate, 2-flucropyridinium trifiate, hydroxyethylammonium
trifiate, 1,2-dimethylimidazolium triflate, imidazolium triflate, 1-methylimidazolium
hydrogensulfate, 1-methylimidazolium chloride, 1-methylimidazolium triflate, hydronium triflate,
methylammonium mesylate, ethylammonium mesylate, butylammonium mesylate,
methoxyethylammonium mesylate, dimethylammonium mesylate, dibutylammonium mesyiate,
tristhylammonium mesviats, dimsthylsthylammonium mesylate, hydronium hydrogensulfate,
ammonium hydrogensulfate, methylammonium hydrogensuifate, sthylammonium
hydrogensulfate, propylammonium hydrogensulfate, n-butylammonium hydrogensulfate, -
butylammonium hydrogensulfate, dimethylammonium hydrogensulfate, diethylammonium
hydrogensulfate, di-n-butylammonium hydrogensulfate, methylbutylammonium hydrogensulfate,
sthylbutylammonium hydrogensulfate, trimsthylammonium hydrogensuifate, triethylammonium
hydrogensulfaie, tributvlammonium hydrogensulfate, dimethylethylammonium hydrogensulifate,
dibutylammonium fluorohvdrogen phosphate, triethylammonium fluorchydrogen phosphats,
tributylammonium flucrohydrogen phosphate, hydronium dihydrogen phosphate,
methvlammonium dihydrogen phosphate, ethylammonium dilydrogen phosphate,
propylammonium dihydrogen phosphate, n-butylammonum dihydrogen phosphate,
methoxyethylammonium dihydrogen phosphate, dimethylammonium dihydrogen phosphate,
dibutylammonium dihydrogen phosphate, methylbultylammonium dihydrogen phosphate,
armmonium biftuoride, methylammonium bifluoride, ethvlammonium bifluoride and
dimethylammonium bifluoride.

E28. An electrode according to any of embodiments 16-28 where the electrolyle composition
comprises an ionic liquid selected from the group consisting of 1-ethyl-3-methvlimidazolium
trifiuoromethanssulfonate (EMIM TfO), t-ethyl-3-methylimidazolium tetraflucrcborate (EMIM
BF4), 1-ethyl-3-methylimidazolium bis{trifluoromethylsulfonylimide (EMIM TFSI), 1-ethyl-3-
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methvlimidazolium acetate (EMIM Ac), 1-butvl-3-methvlimidazolium iriflucromethanesulfonate
(BMIM TFO), 1-butyl-3-methylimidazolium acetate (BMIM Ac), 1-butyl-3-methylimidazolium
bis{trifiuoromethyisulfonyhimide (BMIM TFSD, tn-n-bulylmethylammonium methyisuifats, 1-
ethyl-2,3-dimethylimidazolium sthylsulfate, 1-butyl-3-methylimidazolium thiocyanate, 1-butyl-3-
methylimidazolium tetrachloroaluminate, 1-butyl-3-methyliimidazolium methylsulfate, 1-buiyl-3-
methyvlimidazolium methanesulfonate, 1-butyl-3-methylimidazolium hydrogencarbonate, 1-butyl-
3-methylimidazolium hydrogensulfate, 1-butyl-3-methylimidazolium chioride, 1,2,3-
trimethylimidazolium methyisuifate, tris-(hydroxyethyhmethylammonium methylisulfate, 1,2 4-
trimethylpyrazolium methyisulfate, 1,3-dimethylimdiazolium hydrogencarbonate, 1-ethyl-3-
methylimidazolium hydrogencarbonate, 1-ethyl-3-methviimidazolium chloride, 1-sthyl-3-
methvliimidazolium tetrachloroaluminate, 1-ethyl-3-methylimidazolium thiocyanate, 1-ethyl-3-
methylimidazolium methanesulfonate, 1-sthyi-3-methylimidazolium hydrogensulfate, 1-ethyl-3-
methyvlimidazolium sthylsulfate, 1-ethyl-3-methylimidazolium nitrate, 1-butyvlpyridinium chioride,
1-ethyl-3-methvlimidazolium dicyanamide, 1-ethyl-3-methylimidazolium hexaflucrophosphate, 1-
butyl-3,5-dimethylipyridinium bromide, 1-ethyl-3-methylimidazolium
bis{pentafluoroethyisulfonyilimide, 1-ethyl-2,3-dimethylimidazolium methylcarbonate,
carboxymethyl-tributylphosphonium bistriflucromethylsulfonylimide, N-carboxysthyl-
methyioyrrolidinium bis(trifluoromethyisulfonyllimide, N-carboxymethyl-trimethylammonium
bis(triffuoromethyisulfonyhimide, N-carboxymethyl-methylpyridinium
bis(triffuoromethyisulfonyhimide, hexyltrimethylammeonium bis{triffuromethyisulfonyhimide,
tetrabutylphosphonium methanesulfonate, tristhylmethylammonium methylcarbonate, 1-ethyi-1-
meathylpiperidinium methylcarbonate, 4-ethyl-4-methylmorpholinium methylcarbonate, 1-butyl-1-
methyipyrrolidinium methyicarbonate, triethylmethviammonium dibutylphosphate,
tributylmethylphosphonium dibutylphosphate, triethylmethyiphosphonium dibutylphosphate,
tetrabutyiphosphonium tetraflucroborate, tetrabutylphosphonium p-tolusnesulfonate,
tributyimethyiphosphonium methylcarbonate, 1-ethyl-3-mathylimidazolium hydrogencarbonats,
tributyimethyvlammonium methylcarbonate, tributyvimethylammonium dibutylphosphate, 1-ethyl-3-
methylimidazolium dibulylphosphate, 1-butyl-3-methylimidazolium dibutylphosphate, 1-
{cyanomethyl)-3-methylimidazolium chioride, 1-{3-cyanopropyi)-3-methylimidazolium chioride,
1-(B-cyanopropyh)-G-methylimidazolium bis{triflucromethyisulfonyllimide, 1-3-cyanopropyh-3-
methyvlimidazolium dicyanamide, 1-(B-cyanopropyhpyridinium chioride, 1-(3-
cyanopropyhpyridinium bis(trifluoromethylsulfonylimide, 1,3-bis(cvanomethyhimidazolium
chioride, 1,3-bis{cyanomethyDimidazolium bis{trifiuoromethylisulfonybimide, 1,3-
bis{cyanopropyliimidazolium chiorids, 1,3-bis{(G-cyanopropyhimidazolium

bis(triffluoromethyisulfonyhimide, 1-bulyl-3-methylimidazolium hexaflucrophosphate, 1-bubyl-3-
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methvlimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-
methylimidazolium chioride, 1-ethyl-3-methylimidazolium bromide, 1-butyl-3-methylimidazolium
bromide, 1-hexyl-3-methviimidazolium chioride, tributyimsthyiphosphonium methylsulfate,
tristhyimethylphosphonium dibutyiphosphate, trihexylietradecyiphosphonium
bis(triffuromethylsulfonybimide, trihexyltetradecyiphosphonium bis(2 4, 4-
trimethyiphenyliphosphinate, trihexyltetradecylphosphonium bromide,
trinexyletradecyliphosphonium chioride, trihexyitetradecyiphosphonium decanocale,
trihexyltetradecyiphosphonium dicyanamide, 3-(triphenyiphosphonic}propane-1-sulfonate and 3-
(triphenviphosphonio)propane-1-sulfonic acid tosylate.

E27. An elecirode according o any of embodiments 18-28 where the elecirolyte composition
comprises a protic acid; for example a protic acid such as

hydrochioric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid, hydrofiuoric acid,
hydrobromic acid, hydroiodic acid, perchioric acid or periodic acid; or

a bisulfate such as sodium bisulfate, potassium bisulfate or ammonium bisulfate; or

HAsFe, HBF,, H(OEL)BF,, HPFs, HIN(SO.CF3)2) or HIN(SOLCFCFa)].

E28. An elecirode according o any of embodiments 16-27 where the eleciroiyte composition
comprises an organic protic acid such as a carboxylic acid of formula RCOOH whers R is
hydrogen or hydrocarbyl, for example formic acid, acetic acid, acrylic acid, fluoroacetic acid,
diflucroacetic acid, triflucroacetic acid, chioroacstic acid, dichioroacetic acid, trichioroacetic acid,
propancic acid, butyric acid, 3-methyibutanoic acid, valeric acid, hexanoic acid, heptancic acid,
caprylic acid, nonanoic acid, benzoic acid, salicyiic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid,
oxalic acid, tartaric acid, glycolic acid, gluconic acid, malic acid, mandslic acid, nitrilotriacetic
acid, N-(2-hydroxyethyh-ethylenediaminetriacetic acid, ethyienediamineteilraacetic acid or
diethyleneaminepentaacetic acid.

E29. An electrode according to any of embodiments 16-28 where the slectroiyte composition
comprises a protic sulfonic acid of formula RBO:H where R is atkyl or aryl or alkyl or aryl
substituted by one to three halogens, such as p-toluenesulfonic acid, phenylsulfonic acid,
methanesulfonic acid or trifluoromethanesulfonic acid.

E30. An elecirode according to any of embodiments 16-29 where the elecirolyte compaosition
comprises a protic acid which is an oxonium ion associated with a highly non-coordinating ion
such as Brookhart's acid (BARF acid}, [H(OE2):l{B[3,5-(CF:).CeHslal, [H{OEL)IB(CsF5)e]
{oxonium acid) or [H{OEL)JAOC(CF3)s)4].

E31. An electrode according o any of embodiments 16-30 where the electrolyte composition
comprises ai least two different ionic compounds; for example, where the electrolyte

composition comprises
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a protic ionic compound and an aprotic ionic compound;

two different profic ionic compounds;

two different aprotic ionic compounds;

two different salts;

two different ionic liguids;

a salt and an ionic liguid, for example a protic or aprotic ammonium salt or an alkall metal salt
such as an alkai metal halide;

a protic acid, protic ammonium compound or a profic oxonium compound and an ionic liquid, for
example a carboxylic acid and an ionic liquid.

E32. An elecirode according o any of embodiments 18-31 where the elecirolyte composition
comprises two different ionic compounds which contain an identical cation or an identical anion.
E33. An slectrode according 1o any of embodiments 16-32 where elecirolyte composition
comprises two different ionic compounds with a weaightiweight ratio of from about 80.9:.0.1 10
about 0.1:89.9, from about 99.5:0.5 {0 about 8.5:89.5, from about 891 to about 1:89, from about
85:5 to about 5:95, from about 90:10 o about 10:80, from about 80:20 to about 20:30, from
about 70:30 to about 30:70 or from about 6(:40 {o about 40:60.

E34. An eslectrode according o any of embodiments 16-33 where the slectrolvie composition
contains no organic solvent and £ 1000 ppm, £ 180 ppm or £ 10 ppm water by weight, based on
the total weight of the electrolvie composition; or where the electrolyte composition contains £ 9,
<8, £7,56, £5or= 4 ppm water by weight, based on the total weight of the elecirolyte
composition.

E35. An electrode according to any of embodiments 16-33 where the slectroiyte composition
comprises a solvent.

E36. An elecirode according to any of embodiments 16-33 where the elecirolyte compaosition
comprises a solvent consisting essentially of water.

E37. An elscirode according o any of embodiments 168-33 where the elecirolyte composition
comprises a solvent consisting essentially of organic solvent.

E38. An elecirode according o any of embodiments 18-33 where the elecirolyte composition
comprises a solvent comprising water and an organic solvent.

E39. An electrode according to embodiment 38 where the weight:weight ratio of water to
organic sclvent is from about 88.8:0.1 o about ©0.1:98.9, from about €8.5:0.5 to about 0.5:98.5,
from about 99:1 o about 199, from about 95:5 t0 gbout 5:95, from about 80:10 to about 10:80,
from about 80:20 to about 20:80, from about 70:30 to about 30:70 or from about 8640 to about
4:60.
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E40. An slectrode according 1o any of embodiments 37-398 where the organic solvent
comprises one or more solvents selected from the group consisting of organic carbonates,
ethers, giymss, ortho esters, polyalkiene glycols, esters, lactones, giycols, formailes, sulfones,
sulfoxides, amides, alcohols, ketones, nitro solvents and nitrile solvents.

E41. An elscirode according {0 embodiment 40 where the slectrolyie composition comprisss an
organic solvent such as

an organic carbonate, for exampie a cyclic or acyclic organic carbonale such as sthylene
carbonate (EC), propyiene carbonate (PC), trimethylene carbonate, 1,2-butylens carbonate
(BC), dimsthyl carbonate (BMC), diethyl carbonate (DEC), ethyimethyl carbonats (EMC),
vinylene carbonate, difluoroethylene carbonate or monofluorcethylene carbonate; or

an ether or glyme such as dimethoxymethane (DMM}, diethoxymethane, 1,2-dimethoxyethane
(DME or ethyleneglycol dimethyiether or glyme), diglyme, triglyme, tetraglyme, ethylenegiycol
disthylether (DEE), ethylenegiveo! dibuiviether, diethyleneglycol disthylether, tetrahydrofuran
{THF), 2-methyltetrahydrofuran (2-MeTHF), 1,3-dioxane, 1,3-dioxolane (DIOX), 4-methyl-1,3-
dioxolane (4-MeDIOX), 2-methyl-1,3-dioxolane (2-MeDIOX), 1. 4-dioxane, dimethylether,
ethyimethylether, disthylether, di-n-butylether, di-t-butylether, di-isopropylsther, methyi-t-
butylether, sthyl-t-butylether or t-amylb-methylether; or

an ortho ester such as trimethoxymethans, triethoxymethane, 1,4-dimethyl-3,5,8-
trioxabicyclof2.2.2]octane or 4-ethyl-1-methyl-3,5,8-trioxabicyclo[2.2 2loctans; or

a polyalkylene glycol, that is a homo- or cooligomer or homo- or copolymer of Ci-Caalkylene
glycols, such as polyethylene glycol (PEG) or monomethyl, dimethyt or diethyl {(end-capped)
polyethviene glycol with weight average molecular weights {(Mw) for example from about 200 to
about 1200 g/mol, from about 200 to about 1000 g/mol, from about 200 o about 800 g/mol, from
about 200 1o about 700 g/mol or from about 200 to about 500 g/mol, for example oligomers of 4
monomers or more, for instance tetrasthylene glycol, fluorinated tetraethylene glycol or
tetrapropylene glycol, for instance PEG 200, PEG 308, PEG 400, PEG 500, PEG 600, PEG
700, PEG 800, PEG 900 or PEG 1000; or

an ester or lacione such as v-butyrolactone (GBL), wvalerolactone, S-valerclactone, ethyl
acetaie (EA), 2-methoxyethyl acetate, 2-sthoxyethyl acetats, 2-butoxyethy! acsiate, 2-(2-
butoxyethoxy)ethyl acelate (disthylene glycol butyl ether acetate, DBA), ethylene glycol
diacetate (EGDA), 3-ethoxy ethyl propionate (EEP), methy! butyrate (MB), n-amyl acetate
(NAAC), propyiene glycol methyl ether acetate (PMA), ethyl butryate (ER), disthyl malonate or
dimethyl malonate; or

a dibasic ester mixiure such as methvl esters of adipic, glutaric or suceinic acids; or
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a glycol such as ethylene glycol, propylene glycol, 2-methoxyethanol, 2-ethoxyethanol, 2-
propoxyethanol, 2-isopropoxyethanol, 2-butoxysthanol (ethylene glvcol butyl ether, EB), 2-
phenoxyethanol, 2-benzyioxyethanoi, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxysthoxyiethanol,
2-(2-butoxyethoxy)ethanol {(diethylene giycol butyl ether, DB), propyiene glycol butyl ether (PB),
propylene glycol methyl ether (PM), triethylene glyeol (TEG), dipropylens glycol methyl ether
{DPM), diethviene glycol methyl ether, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol,
perflucro-1,.4-butanediol, perfluoro-1,5-butanediol, flucrinated diethylene glycol msthyl ether,
fluorinated triethylene glycol, fluorinated tristhylens giycol methyl ether or fluorinated diethylene
glycol butyl ether; or

a formate such as methyl formate, ethyl formate, isobutyl formate or teri-butyl formate; or

a sulfone or sulfoxide such as methyisulfonyimethane (MSM or dimethylsulfone),
sthyimethyisuifone, suifolane or dimethylsulfoxide (DMSO); or

an amide such as dimsthyiformamide (OMF)}, dimethylacetamids (DMA), N-methyipyrrolidone
{NMP), 2-pyrrolidone, 1,3-dimethyl-2-imidazolidinone (DM, hexamethylphosphoramide
(HMPA) or N,N'-dimethyl-N N'-trimethvleneurea {1,3-dimethyl-3,4,5 6-tetrahydro-2(1H)-
pyrimidinone (DMPU)); or

an alcohol such as benzylalcohol (BA), ethanol, rifluorcethanaol (2,2, 2-triffucrosthanol),
methanol, isopropanol, t-butanst or n-butanol; or

a ketone such as methylethylketone (MEK) or methyl-iscamylketone (MIAK); or

a nitro solvent such as nitrobenzene, nitromethane or nitrosthane; or

a nitrile solvent such as acetonitrile, propionitrile, butyronitrile or adiponitrile.

E42. An electrode according to any of embodiments 16-33 and 35-41 where the elecirolyte
composition comprises a solvent and where the weight:weight ratio of ionic compounds in tolal
to solvent is from about 98.9:0.1 to about 0.1:99.9, from about 99.5:0.5 to about 0.5:89.5, from
about 99:1 to about 1:99, from about 85:5 {0 about 5:95, from about 80:10 to about 10:80, from
about 8G:20 to about 20:80, from about 70:30 to about 30:70 or from about 80:40 to about
40:60.

E43. An elecirode according o any of embodiments 18-42 where the elecirolyte composition
further comprises one or more additives selectad from the group consisting of corrosion
inhibitors, solid elecirolyte interface (SED improvers, proton svolution improvers, sself-discharge
inhibitors, anti-gassing agents, viscosity adjusting agents, cathode protaction agenis, salt
stabilizers, conductivity improvers and solvating agenis.

Ed44. An electrode according o any of embodiments 16-43 where the electrolyte composition
contains one or more additives sslected from the group consisting of

fluorinated oil, sodium stannaie, sodium citrate or polyacrylic acids;
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HF or KF, oxides or hydroxides of rare earths such as Y, metal porphines, for example Ni or Fe
porphine, vinviene carbonate, vinvisthylene carbonate, methylene ethylene carbonate or fluoro-
gthylene carbonats;

polygiveols, polygiveol alicyl ethers, polyglyeot alkyl phosphate esters or polysorbates such as
polyethylene glyeol (PEG), polypropylene glveol, polysorbate 20, polysorbate 40 or polysorbate
30 or a mixture of PEG 800 and polysorbate 20 or a mixture of PEG 800 and ZnO;

phosphate ester-based surfactants, propane sultone or fluoropropane sultone; and

DMSOC;

for example at a level of from about 0.1% {0 about 15% by weight, based on the total weight of
the electrolyte composition.

E45. A rechargeable electrochemical cell comprising a negative elecirode according fo any of
embodiments 1-18, a positive elecirode, a casing having said elecirodes positioned therein and
an elecirolyte composition according to any of embodiments 18-44 in contact with the
electrodes, where the gravimetric energy density of the cell is > 100 Whikg, 2 110 Whikg, 2 115,
2120, 2125, 2 130, 2 135, 2 140, 2 145, 2 150, 2 155, 2 160, 2 1865, 2 170, 2 175, 2 180, 2 185,
2 180, 2 195 or 2 200 Whikg and/or

where the volumetric energy density of the cell is > 250 Wh/L, for instance, 2 260 Whikg, z 265,
2270, 2275, 2 280, 2 285, 2 290, = 295, = 300, = 305, = 310, = 315, = 320, = 325, = 330, = 335,
2 340, = 345 or = 350 Whikg and/or

where the discharge capacity of the hydrogen storage material is 2 800 mAh/g over 20 cycles or
more (over at least 20 cycles), for sxample 2 810, 2 820, 2 825, 2 830, 2 835, 2 840, 2 845, =
850, =z 855, 2 860, 2 865, 2 870, 2 875, 2 880 or 2 895 mANg over 20 cycles or more.

E48. A rechargeable electrochemical cell comprising a negative electrode according to any of
embodiments 1-15, a positive electrode, a casing having said electrodes positioned therein and
an slectrolyte composition according to any of embodiments 16-44 in contact with the
electrodes, where the reversible half cell charge/discharge electrochemical reaction at the

negative electrode is

W+H + e
or

SitH e D SH
where

iV is a group IV element-based hydrogen siorage material and

Siis a silicon-based hydrogen storage material.

E47. A rechargeable electrochemical cell comprising a negative elecirode according fo any of

embodiments 1-18, a positive elecirode, a casing having said elecirodes positioned therein and
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an slectrolyte composition according to any of embodiments 16-44 in contact with the
glectrodes,

the positive electrode comprising one or more cathode active materials selecied from the group
consisting of transition metals, transition metal oxides, transition metal hydroxides, transition
metal oxide/hydroxides and transilion metal fluorides; for example one or more materials
selected from the group consisting of

Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Ly, Hf, Ta, W, Re,
Os, I, Ptor Au;

oxides of 3¢, TL, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf,
Ta, W, Re, Os, Ir, Ptor Ay;

hydroxides of S¢, Ti, V, Cr, Min, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Ly,
Hf, Ta, W, Re, Os, Ir, Pt or Au;

oxide/hydroxides of B¢, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Kb, Mo, T, Ru, Rh, Pd, Ag, Cd,
Lu, Hf, Ta, W, Re, Os, Ir, Ptor Au; and

fluorides Sc, Ti, V, Cr, Min, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta,
W, Re, Os, Ir, Pt or Au.

Following are more embodiments of the invention.
E1. An electrochemical cell comprising a stable group IV elemeni-based hydrogen storage
negative electrode; for example a stable silicon-based or carbon-based hydrogen storage
negative electrode; for example where the negative electrode comprises a hydrogen storage
material comprising > 27 wi% of one or more elements selected from the group consisting of C,
Si, Ge and Sn, based on the total weight of the hydrogen storage material;
the cell also comprising an agueocus or non-agqueocus electrolyte composition in contact with the
electrode.
E2. A cell according to embodiment 1 where the negative elecirode comprises a hydrogsn
storage material comprising > 27 wi% of one or more slements selected from the group
consisting of C, 3i, Ge and Sn; for example comprising > 27 wit% silicon or > 27 wt% carbon,
based on the total weight of the hydrogen storage material.
E3. A cell according to embodiments 1 or 2 where the hydrogen storage material comprises
amorphous silicon, microcrystalling silicon, nanocrysialline silicon, monocrysialline silicon,
polyerystalline silicon, protocrystalline silicon or porous silicon.
E4. A cell according to any of the preceding embodiments where the hydrogen storage material

comprises amorphous silicon.
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E8. A cell according o any of the preceding embodiments where the hydrogen storage material
comprises carbon; for example carbon in the form of natural graphite, artificial graphite,
expanded graphite, graphene, carbon fiber, hard carbon, soft carbon, non-graphitizable carbon,
carbon biack, carbon nanctube, fullerene, activaled carbon, crystalline carbon or amorphous
carbon.

E8. A cell according {o any of the preceding embodiments where the hydrogen siorage malerial
comprises an alloy of silicon and one or more of carbon, germanium and tin, for example
amorphous silicon carbide or an alloy of silicon and germanium or an alloy of silicon and tin.

E7. A cell according o any of the preceding embodiments where the hydrogen storage material
is hydrogenated prior {o assembly of the cell {(a pre-hydrogenated negative electrode), for
example where the hydrogen storage material is hydrogenated amorphous silicon (a-SitH) or
hydrogenated amorphous silicon carbide (a-Si,CxH, where x is for example from about 0.01 to
about 0.98, from about 0.05 to about 0.85 or from about 0.1 {0 about 0.6).

E8. A cell according o any of the preceding embodiments where the hydrogen storage
material, for example amorphous silicon, is comprised in a film, for example a film with a
thickness » 20 nm, 2 50 nm, = 90 nm, =z 120 nm or =2 180 nm or from about 80 nm to about 10
um, from about 100 nm to about 3 um, from about 150 nim to about 3 um, from about 150 nm io
about 2 pm or fromt about 150 nimy to about 1 um.

E9. A cell according o any of the preceding embodiments where the hydrogen siorage malerial
is comprised in a film in adherence to a subsirate, for example a substrale selected from metal,
glass, inorganics and plastic.

E10. A ceil according to any of the preceding embodiments where the hydrogen storage
material comprises one or more further elements, for example one or more elementis selecied
from the group consisting B, Al, Ga, In, As, Sb, Te and transition metals.

E11. A ceil according to any of the preceding embodiments where the hydrogen storage
material comntains 2 28 wi%, 2 29 wi%, 2 30 wi%, 2 35 wi%, 2 40 wi%, 2 45 wi%, 2 50 wi%, 2 55
wt%, = 60 wi%, = 65 wi%, = 70 wi%, = 75 wi%, = 80 wi%, 2 85 wi%, 2 90 wit%, 2 85 wi%, = 96
wit%, = 97 wi%, = 98 wit% or 2 89 wi% of one or more slements selecied from the group
consisting of group IV slements, for exampie Si and/or C, based on the {otal weight of the
hydrogen siorage material.

E12. A cell according to any of the preceding embodiments where the negative slectrode
comprises = 30% by weight of the one or more group IV elemenis; for exampile 2 35%, 2 40%, =
45%, = 50%, = 55%, 2 60%, 2 65%, 2 70%, = 75% =2 80%, = 85% or = 80% by weight of the one
or more group IV elements, for example Si andior C, based on the total weight of the negative

glectrode.
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E13. A csll according to any of the precading embodiments where the negative elecirode
further comprises one or more components selected from the group consisting of binders,
conductive materials and other additives.

E14. A cell according to any of the preceding embodiments where the negative elecirede
comprises a solid electrolvie interface capable of allowing transport of protons.

E15. An cell according to any of the preceding embodiments where the hydrogen siorage
material includes one or more further elements seiected from the group consisting of structural
modifiers {(elements o promote the amorphous phase of a material), hydrogen bond strength
modifiers and solid electroivie interface (SEI) modifiers; for exampie one or mors further
elements selected from the group consisting of B, alkaline sarth metals, fransition metals, rare
earth metals, other metals of groups 1l or V of the periodic table, O, F, P, Cl and the like.

E18. A ceil according to any of the preceding embodiments where the slectrolyte composition
which is neutral or acidic, for example having a pH of about 7 or lower; for example from about
1, from about 2, from about 3, from about 4, from about 5 or from about 6 io about 7.

E17. A cell according to any of the preceding embodiments where the electrolyte composition
comprises one or more ionic compounds selected from the group consisting of protic acids,
protic ammonium compounds, protic oxonium compounds, aprotic ammonium compounds,
aprotic oxonium compounds, aprotic phosphonium compounds and alkali or alkali sarth metal
salts.

E18. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing a cation selected from the group consisting of NH,"
{ammoenium)}, methylammoenium, ethylammonium, dimethylammonium, disthyvlammonium,
frimethylammonium (NMesHY), triethvlammonium, fributylammonium, diethylimethylammonium,
hydroxyethylammonium, methoxymethylammonium, dibutylammonium, methylbutvlammonium,
anilinium, pyridinium, 2-methylpyridinium, imidazolium, 1-methylimidazolium, 1,2-
dimethylimidazolium, imidazolinium, 1-sthylimidazolium, 1-(4-sulfobuiyl-3-methylimidazolium,
1-allylimidazolium, quinolinium, isoquinolinium, pyrrolinium, pyrrolininium or pyrrolidinium;
1-butyl-1-methylpyrrolidinium, tetramethylammonium, tetrasthylammonium, tetra-n-
butylammoenium, n-butyl-tri-ethylammonium, benzyl-tri-methylammonium, tri-n-
butylmethylammonium, benzyl-iri-ethyvlammonium, 1-methylpyridinium, 1-butyl-3,5-
dimethylpyridinium, 1,2, 4-trimethylpyrazolium, trimethythydroxysthylammonium {choline), tri-
{hydroxyethymethylammonium, dimethyl-di{polyoxyethylens)ammonium, 1,2,3-
trimethylimidazolium, 1-bulyl-3-methylimidazolium, 1-ethyl-2,3-dimethylimidazolium, 1-aliyl-3-
methyvlimidazolium, 1-hydroxysthyl-3-methylimidazolium, 1,3-dimethylimidazolium, 1-ethyl-1-

methvipiperidinium, 4-ethyl-4-methyimorpholinium, 1-{cyanomethyl)-3-methylimidazolium, 1-(3-
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cyanopropyhpyridinium, 1,3-bis{cyanomethyhimidazolium, 1-hexyl-3-methylimidazolium or 1-
ethyl-3-methylimidazolium; and

methyiriphenyiphosphonium, tetraphenyiphosphonium, tetrabutyiphosphonium,
tributyimethyiphosphonium, triethylmethyiphosphonium, frihexyitetradecylphosphonium,
triphenyipropylphosphonium or tstrakis(hydroxymethyi phosphonium;

for instance, the cation is 1-ethyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-butyl-1-
methylpyrrolidinium or trihexyl(fetradscylphosphonium.

E19. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
carboxylates, imides, methides, nitrate, bifluoride, halides, borates, phosphates, phosphinates,
phosphonates, sulfonates, sulfates, carbonates and aluminates.

E20. A ceil according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
[FB(CaFame o], [FyP(CnF2m ey, H{CrF2m:1)2P(O)OT, [CoFam i P{O)Y02] %, [O-C{O»CrF 21T,
[O-B{O0)-CornFamet], [IN(C(OFCriF2met)zl, [N(S(O)2-CinF 20132, [N(C{O}-CornF 20 1) {S(Q) o~ CroF 2mm1 3T,
[N(C(O}-CrnF 2me 1 JICOIFY, IN(S{O)2-CrnF 2me 1 }(S(O)2F ), IN(S{O)2F )2, [CC(O-CrnF zmea)al,
[C(S(O)z-CrFame)af,

O -
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where

yis an integer of 110 6,

m is an integer of 1 10 8, for instance 1 to 4,
zis aninteger of 110 4,

XisBorAland
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Rw, Ry, Ry and R;are independently halogen, C-Cualkyl, Ci-Cyealkyl which is parily or fully
fluorinated, C,~-Cyalkoxy, Cq-Cralkoxy which is partly or fully fluorinated, Cy-Cyalkyl-COO or
C1-Cooalkyl-COQO which is partly or fully fluorinated and

O 7 O is independently a bidentate group derived from the —~OH groups of a 1,2- or 1,3-diol, a
1.2- or 1,3-dicarboxylic acid or from a 1,2- or 1,3-hydroxycarboxylic acid and

where any one CF; group may be replaced by O, S(Q)2, NR or CHa.

E21. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
FaP{CoFs)a, FaP(CoF )y, FaP(CaFs)y, FaP(CaFr)a, FaP(CaF )y, FaP{CsFr)y, FaP(CaFo)a,
FsP{CsFo)a, FuaP{CiFq)y, perflucroaliyicarboxylate, perfiuoroalkylsulfonate,
bis(perfiuoroalkylsulfonyllimide, (perfluorcalkylsulfonyh{perfluorcalkyicarboxyhimide,
tris{perfiuoroalkylsulfonyiimethide, trifluoroacetate, tnflucromethanesuifonate (trifiate),
bis(triffuoromethylsulfonyhimide, iris@trifluoromethyisulfonyhmethids, tetrafluoroborate or a spire-
oxo borate or spiro-oxo phosphate, for example bisoxalatoborate (BOB), difluorooxalatoborate
(dFOB), di{trifluorcacetato)oxalatoborate {(d{Ac)OB), irisoxalatophosphate,
tetrafiucrooxalatophosphate and di{triflucroacstatojoxalatoaluminate.

E22. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic compound containing a carboxylate anion of formula RCOO where R is
hydrogen or hydrocarbyl; such as formate, acetale (ethanoate), acrylate, propanoate, n-
butanoate, i-butanoate, n-pentanoate, i-pentancate, octanoale, decanoale, benzoate, salicylate,
thiosalicylale, 2-, 3- or 4-nifrobenzoate; citrate, oxalate, tartrate, glycolate, giuconate, malate,
mandelate, a carboxylale of nitrilotriacetic acid, a carboxylate of N-{2-hydroxysthyi)-
ethvlenediaminetriacetic acid, a carboxylate of ethvlenediaminetetraacetic acid, a carboxylate of
diethylenetriaminepentiaacetic acid or a haloalkylcarboxylate such as fluoroacetate,
difluoroacetate, frifluoroacetate, chioroacstate, dichioroacetate or trichioroacstate.

E23. A cell according to any of the preceding embodiments where the eleclrolyte composition
comprises an ionic compound containing

an imide anion such as dicyanamide, N(SO:F};~ {(bisflucrosulfonybimide}, a
bis{(perfiucroalkyisulfonvilimide such as [N{SOCFs)zf (bistriflimide),
bis(pentafluoroethylsulfonyl}imide or N(CF:SONCF{CF2:802ora
(perfluoroatkyisulfonyl}{perfiucroalkylcarboxyllimide; or

a methide such as a iris{perfluorcalkylsulfonyhimethide, for example
tris(trifluoromethyisulfonybimethide, C{CF:80,):™; or

biflucride (HF),; or

chioride, bromids, iodide or flucride; or
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a borate such as orthoborate, {etrahydroxyborate, telraborate, tetraphenylborate, [B(3,5-
(CF332CeHz)a] (BARF), B(C,O4), (bis(oxalato)borate) (BOB), difluoro{oxalato)borate (dFOB),
difiriflucrcacetato)oxalatocborate (D{AC)OB), B{CsF )4 or BF s~ (tetraflucroborate); or

a phosphate such as dihydrogen phosphate, hydrogen phosphate, alkyl phosphate, diatkyi
phosphate, phosphate, PFs (hexafluorophosphate), HPG:F- (fluorchydrogen phosphate),
trisoxalatophosphate (TOP), tetrafluorcoxalatophosphate (TFOFPY ora
fluoro(perflucroalkyl)phosphate such as FoP{CoF sl FaP(CoFa)s~
{(tris{pentafiuoroethyhitriflucrophosphate or FAP), FAP(CaFs)a, FoP(CaF7)a, FaP{CsFv)s,
FsP{CsF7)om, FaP(CuFg)sm, FaP(CsFa)a or FuP(CaFe)am; or

a sulfonate such as an alkyisulfonate, arvlsulfonate or perfluoroalkylsulfonate, for instance
triftuoromethanesulfonate (iriflate), p-ioluenesulfonate (tosylate) or methanesulfonate
(mesylate); or

a sulfate such as hydrogensulfate, sulfaie, thiosulfate or an alkylsulfate such as methylsulfate or
ethylsulfaie; or

a carbonate anion such as carbonate, hydrogencarbonate or an alkylcarbonate such as
methvicarbonate, sthylcarbonate or butylcarbonate; or

an aluminate such as A{OC({CFa)a)4m, di{iriflucroacetato)oxalatoaluminate (d{ACOAD,
fetrachicroaluminate, tetrafluorcaluminate, tetraiodealuminate or tetrabromoaluminate.

E24. A cell according {o any of the preceding embodiments where the electrolyle composition
comprises an ionic liquid.

E25. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic liquid selected from the group consisting of diethyimsthylammonium
frifluoromethanssulfonate (DEMA TO), ethylammonium nitrate, friethylammonium
methanesulfonate, 2-methylpyridinium triflucromethanesulfonate, ammonium fluoride,
methylammonium nitrate, hydroxyethylammonium nitrate, ethylammonium nitrate,
dimethylammonium nitrate, 1-methylimidazolium nitrate, 1-ethylimidazolium nitrate, t-
butvlammonium tetrafluoroborate, hydroxyethylammonium tetrafluoroborate,
methylbutylammonium tetrafluoroborate, triethylammonium tetraflucroborate, imidazolium
tetrafiuoroborate, 1-methylimidazolium tetrafluoroborats, 1,2-dimethylimidazolium
tetrafiuoroborate, t-bulvlammonium triflate, 2-flucropyridinium triflate, hydroxyethylammonium
trifiate, 1,2-dimethylimidazolium triflate, imidazolium triflate, 1-methylimidazolium
hydrogensulfate, 1-methylimidazolium chloride, 1-methylimidazolium triflate, hydronium triflate,
methylammonium mesylate, ethylammonium mesylate, butylammonium mesylate,
methoxyethylammonium mesyiate, dimethylammonium mesylate, dibutylammonium mesyiate,

tristhvlammonium mesylate, dimethyvlethviammonium mesylate, hydronium hydrogensulfate,
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armmonium hydrogensulfate, methylammonium hydrogensulfale, ethylammonium
hydrogensulfate, propylammonium hydrogensuifate, n-butvlammonium hydrogensulfate, t-
butylammonium hydrogensulfate, dimethylammonium hydrogensuifate, diethylammonium
hydrogensuifate, di-n-butylammonium hydrogensulfate, methylbutylammonium hydrogensulifate,
sthytbutviammonium hydrogensulfate, trimethylammonium hydrogensulfats, triethylammonium
hydrogensulfate, tributylammonium hydrogensulfate, dimethylethylammonium hydrogensulfate,
dibutylammonium fiuorchydrogen phosphate, triethylammonium fluorchydrogen phosphate,
tributylammonium fluorohydrogen phosphate, hydronium dihydrogen phosphate,
meathylammonium dihydrogen phosphats, sthylammonium dihydrogen phosphats,
propylammonium dihvdrogen phosphate, n-butylammonum dihydrogen phosphate,
methoxyethylammonium dihydrogen phosphate, dimethylammonium dihydrogen phosphate,
dibutylammonium dihydrogen phosphate, methylbutylammonium dihydrogen phosphate,
ammonium biftucride, methylammonium bifluoride, sthylammonium bifluoride and
dimethyvlammonium bifluoride.

E28. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic liquid selecled from the group consisting of 1-ethyi-3-methylimidazolium
trifluoromethanesulfonate (EMIM TIO), t-sthyl-3-methylimidazolium letrafluorchorate (EMIM
BF4), 1-ethyl-3-methvlimidazolium bisfiriflucromethyisulfonyl)imide (EMIM TFS1), 1-ethyl-3-
methvlimidazolium acetate (EMIM Ac), 1-butvl-3-methvlimidazolium iriflucromethanesulfonate
(BMIM TFO), 1-butyl-3-methylimidazolium acetate (BMIM Ac), 1-butyl-3-methylimidazolium
bis{trifiuoromethyisulfonyhimide (BMIM TFSD, tn-n-bulylmethylammonium methyisuifats, 1-
sthyl-2 3-dimethylimidazolium sthylsulfate, 1-bubyl-3-methylimidazolium thiocyanate, 1-butyl-3-
methylimidazolium tefrachloroaluminate, 1-butyl-3-methviimidazolium methylsulfate, 1-bulyl-3-
methvlimidazolium methanesulfonate, 1-butyl-3-methylimidazolium hydrogencarbonate, 1-butyl-
3-methylimidazolium hydrogensulfate, 1-butyl-3-methylimidazolium chioride, 1,2,3-
trimethylimidazolium methylsulfate, tris-(hydroxyethyhimethylammonium methylsulfate, 1,2 4-
trimethylpyrazolium methyisulfate, 1,3-dimethylimdiazolium hydrogencarbonate, 1-ethyl-3-
methylimidazolium hydrogencarbonate, 1-ethyl-3-methviimidazolium chioride, 1~-ethyl-3-
methviimidazolium {etrachloroaluminate, 1-ethyl-3-methyliimidazolium thiocyanats, 1-ethyl-3-
methylimidazolium methanesulfonate, 1-sthyl-3-methylimidazolium hydrogensulfate, 1-ethyl-3-
methyvlimidazolium sthylsulfate, 1-ethyl-3-methylimidazolium nitrate, 1-butylpyridinium chioride,
1-ethyl-3-methvlimidazolium dicyanamide, 1-ethyl-3-methylimidazolium hexaflucrophosphate, 1-
butyl-3,5-dimethyipyridinium bromide, 1-ethyl-3-methylimidazolium
bis(pentafluoroethyisulfonyiimide, 1-ethyl-2 S-dimsthylimidazolium methylcarbonate,

carboxymethyl-tributylphosphonium bis{triflucromethylsulfonyDimide, N-carboxyethyl-
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methvipyrrolidinium bis(irifluoromethvisulfonvhlimide, N-carboxymethyl-irimethylammonium
bis(triffuoromethyisulfonyhimide, N-carboxymethyl-methylpyridinium
bis{trifiuoromethyisulfonyhimide, hexyltrimethylammonium bis{triffuromethyisuifonyhimids,
tetrabutyliphosphonium methanesulfonate, triethylmethylammonium methylcarbonate, 1-ethyi-1-
methyisiperidinium methylcarbonate, 4-sthyl-4-methylmorpholinium methylcarbonate, 1-butyl-1-
methvipyrrolidinium methylcarbonate, tristhvimethylammeonium dibutyiphosphate,
tributyimethyiphosphonium dibutyiphosphate, triethyimethyiphosphonium dibutyiphosphate,
tetrabutyiphosphonium tetrafluorcborate, tetrabulylphosphonium p-toluenesulionate,
tributyimethyiphosphonium methylcarbonate, 1-ethyi-3-methylimidazolium hydrogencarbonate,
fributyimethylammonium methyicarbonate, tributyimethvlammonium dibutyiphosphate, 1-ethyl-3-
methvlimidazolium dibutviphosphate, 1-butyl-3-methylimidazolium dibulylphosphate, 1-
(cyanomethyl)-3-methylimidazolium chioride, 1-(3-cyanopropyh)-3-methvlimidazolium chioride,
1-{3-cyanopropyh-3-msathylimidazolium bis(trifluoromethylsulfonyllimide, 1-(3-cyanopropyl)-3-
methvlimidazolium dicyanamide, 1-(S-cyanopropyhpyridinium chloride, 1-(3-
cyanopropyhpyridinium bis(irifluoromethylsulfonylimide, 1,3-bis(cyanomethyhimidazolium
chicride, 1,3-bis(cyanomethyilimidazolium bis(irifiuoromethylsulfonybimide, 1,3-
bis{cyanopropyllimidazolium chioride, 1,3-bis{3-cyanopropyhimidazolium
bis(friffuoromethylsulfonyhimide, 1-butyl-3-methylimidazolium hexafluorophosphate, 1-butyl-3-
methvlimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-
methylimidazolium chioride, 1-ethyl-3-methylimidazolium bromide, 1-butyl-3-methylimidazolium
bromide, 1-hexyl-3-methviimidazolium chioride, tributyimsthyiphosphonium methylsulfate,
tristhyimethviphosphonium dibulyiphosphate, trihexyltetradecyiphosphonium
bis(irifiuromethylsulfonybimide, trihexyltetradecyiphosphonium bis(2.4,4-
trimethyiphenyliphosphinate, trihexyltetradecylphosphonium bromide,
trinexyletradecyliphosphonium chioride, trihexyitetradecyiphosphonium decanocale,
trinexyHietradecylphosphonium dicyanamide, 3-{(triphenviphosphonio}propane-t-sulfonate and 3-
{triphenviphosphonio)propane-1-sulfonic acid tosylate.

E27. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic acid; for example a protic acid such as

hydrochioric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid, hydrofluoric acid,
hydrobromic acid, hydroiodic acid, perchioric acid or periodic acid; or

a bisulfate such as sodium bisulfate, potassium bisulfate or ammonium bisulfate; or

HAsFs, HBF4, H(OEL)BF,, HPFs, HINESOCF3).) or HIN(SOL.CFCF3)al.

E28. A cell according to any of the preceding embodiments where the electrolyte composition

comprises an organic protic acid such as a carboxylic acid of formula RCOOH where R is
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hydrogen or hydrocarbyl, for example formic acid, acetic acid, acrylic acid, fluoroacetic acid,
difluorcacetic acid, trifluoroacetic acid, chioroacetic acid, dichloroacstic acid, trichlioroacetic acid,
propanoic acid, butyric acid, 3-methyibulanocic acid, valeric acid, hexanoic acid, heptanoic acid,
caprylic acid, nonanoic acid, benzoic acid, salicyiic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid,
oxalic acid, tartaric acid, glycolic acid, gluconic acid, malic acid, mandslic acid, nitrilotriacetic
acid, N-(Z-hvdroxyethyh-ethylenediaminetriacetic acid, ethylenediaminetetraacetic acid or
diethyleneaminepentaacetic acid.

E29. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic sulfonic acid of formula RSC;H where R is alkyl or anyl or alkyl or aryl
substituted by one {o three halogens, such as p-toluenesulfonic acid, phenvlsulfonic acid,
methanesulfonic acid or triflucromethanesulfonic acid.

E30. A ceil according to any of the preceding embodiments where the slectrolyte composition
comprises a protic acid which is an oxonium ion associated with a highly non-coordinating ion
such as Brookhart's acid (BARF acid), [H{OEL))[B[3,5-(CF3)2Celals], [HIOEL)B(CeF 5)4]
(oxonium acid) or [HIOEL)LIAIOC(CFa)a)s].

E31. A cell according to any of the preceding embodiments where the electrolyte composition
comprises at least two different ionic compounds; for example, whers the elecirolyte
composition comprises

a protic ionic compound and an aprotic ionic compound;

two different profic ionic compounds;

two different aprotic ionic compounds;

two different salts;

two different ionic liguids;

a salt and an ionic liguid, for example a protic or aprotic ammonium salt or an alkall metal salt
such as an alkai metal halide;

a protic acid, protic ammonium compound or a profic oxonium compound and an ionic liquid, for
example a carboxylic acid and an ionic liquid.

E32. A cell according to any of the preceding embodiments where the electrolyte composition
comprises two different ionic compounds which contain an identical cation or an identical anion.
E33. A cell according to any of the preceding embodiments whers elecirolyte composition
comprises two different ionic compounds with a weaightiweight ratio of from about 80.9:.0.1 10
about 0.1:89.9, from about 99.5:0.5 {0 about 8.5:89.5, from about 891 to about 1:89, from about
895:5 to about 5:95, from about 90:10 o about 10:80, from about 80:20 to about 20:80, from
about 70:30 to about 30:70 or from about 60:40 to aboui 40:60.
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E34. A cell according to any of the preceding embodiments where the slectrolyte composition
contains no organic solvent and < 1000 ppm, < 100 ppm or £ 10 ppm water by weight, based on
the total weight of the electrolyie composition; or where the electrolyte composition contains £ 9,
<8, 7,56, £5or 54 ppm water by weight, based on the total weight of the slecirolyte
composition.

E35. A cell according {o any of embodiments 1-33 where the elecirolyte composition comprises
a solvent.

E36. A cell according to any of embodiments 1-33 where the slecirolyte composition comprises
a solvent consisting essentially of water.

E37. A cell according to any of embodiments 1-33 where the electrolyie composition comprises
a solvent consisting essentially of organic solvent.

E38. A cell according to any of embodiments 1-33 where the electrolyte composition comprises
a solvent comprising water and an organic solvent.

E39. A cell according to embodiment 38 where the weightweight ratio of waler to organic
solvent is from about 88.9:0.1 10 about 0.1:99.9, from about 98.5:0.5 to about 0.5:99.5, from
about 98:1 to about 1.99, from about 85:5 to about 5:85, from about 90:10 to about 10:90, from
about 80:20 to about 20:80, from about 70:30 to about 30:70 or from about 60:40 to about
43:60.

E40. A cell according {o any of embodiments 37-38 where the organic solvent comprises one or
more solvents selected from the group consisting of organic carbonates, ethers, glymes, ortho
esters, polyalkiene glycols, esters, laciones, glycols, formates, sulfones, suifoxides, amides,
alcohols, ketones, nitro solvents and nitrile solvents.

E41. A cell according to embodiment 48 where the elecirolyte composition comprises an
organic solvent such as

an organic carbonate, for exampie a cyclic or acyclic organic carbonale such as sthylene
carbonate (EC), propviens carbonate (FO), rimethylene carbonate, 1,2-butylens carbonaie
{BC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyimethyl carbonate (EMC),
vinylene carbonate, difluoroethylene carbonate or monofluorcethylene carbonate; or

an ether or gliyme such as dimethoxymethane (DMM), diethoxymethane, 1,2-dimethoxyethane
{DME or ethyleneglycol dimethylether or glyme}, diglyme, triglyme, tetraglyme, sthylenegiveol
disthylether (DEE), ethylenegiveo! dibuiviether, diethyleneglycol disthylether, tetrahydrofuran
{THF}, 2-methyltetrahydrofuran (2-MeTHF), 1,3-dioxane, 1,3-dioxolane (DIOX), 4-methyl-1,3-
dioxolane (4-MeDICX), 2-methyl-1,3-dioxclane (2-MeDIOX}, 1 4-dioxane, dimethylether,
sthylmethyvlether, disthylether, di-n-butylether, di-t-butylether, di-isopropylsther, methyl-t-
butvlether, sthyl-t-butvlether or t~amyl-methylether; or
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an ortho ester such as trimethoxymethane, triethoxymethane, 1,4-dimethyl-3,5,8-
trioxabicyclof2.2 2]octane or 4-ethyl-1-methyl-3,5,8-trioxabicyclof2. 2 2loctane; or

a polvalkylene glycel, that is a homo- or cooligomer or homo- or copolymer of Ci-Caalkylens
glycols, such as polyethylene glycol (PEG) or monomethyl, dimethyt or disthyl (end-capped)
polyethylene glycol with weight average molecular weights (Mw) for example from about 200 to
about 1200 g/mol, from about 200 {0 about 1000 g/mol, from about 200 to about 900 g/mol, from
about 200 to about 700 g/mol or from about 200 {o about 500 g/mol, for example oligomers of 4
monomers or more, for instance tetraethylene glycol, flucrinated {etrasthylene glycol or
tetrapropylene glycol, for instance PEG 200, PEG 300, PEG 400, PEG 500, PEG 600, PEG
700, PEG 800, PEG 900 or PEG 1000; or

an ester or lactone such as v-butyrolactone (GBL), v-valerclacione, é-valerolacione, ethyl
acetate (EA), 2-methoxyethyl acstale, 2-ethoxyethyl acetale, 2-buloxyethy! acetate, 2-(2-
butoxyethoxylethyl acetate (diethylene glycol butyl ether acetate, DBA), ethvlene glycol
diacetate (EGDA), 3-ethoxy ethyl propionate (EEP), methyl bulyrate (MB), n-amy! acetate
{NAAC), propytene glycol methyl ether acetate (PMA), ethyl butryate (EB), diethyl malonate or
dimethyl malonate; or

a dibasic ester mixture such as methyl esters of adipic, glutaric or succinic acids; or

a glycol such as ethylene glycol, propylene glycol, 2-methoxyethanol, 2-ethoxyethanol, 2-
propoxyethanol, 2-isopropoxyethanol, 2-butoxysthanol (ethylene glvcol butyl ether, EB), 2-
phenoxyethanol, 2-benzyioxyethanoi, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxysthoxyiethanol,
2-(2-butoyyethoxylethanol {diethylene glycol butyl ether, DB), propylene glycol butyl ether (PB),
propylene glycol methyl ether (PM), triethylene glycol (TEG), dipropylene glycol methy! ether
{DPM), diethviene glycol methyl ether, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol,
perflucro-1,.4-butanediol, perfluoro-1,5-butanediol, flucrinated diethylene glycol msthyl ether,
fluorinated tristhylene glycol, fluorinated tristhylene glycol methyl ether or fluorinated diethylene
glycol butyl ether; or

a formate such as methyl formate, ethyl formate, isobuty! formate or tert-butyl formate; or

a suifone or sulfoxide such as methyisuifonylmethane (MSM or dimethylsulfone),
sthylmethylsulfone, sulfolane or dimethylsulfoxide (DMSO}; or

an amide such as dimethylformamide (DMF), dimethylacetamide (DMA), N-methylpyrrolidone
{NMP), 2-pyrrolidone, 1,3-dimethyl-Z-imidazolidinone (DM, hexamethylphosphoramide
(HMPA} or N N'-dimethyl-N N'-trimethyleneurea (1,3-dimethyl-3,4,5,6-tetrahvydro-2(1H)-
pyrimidinone (DMPUY); or

an alcohol such as benzylalcohol (BA), ethanol, trifluorcethanol (2,2, 2-triflucroethanol),

methanol, isopropanol, t-butanol or n-butanol; or
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a ketone such as methylethylketone (MEK) or methyl-iscamylketone (MIAK); or

a nitro solvent such as nitrobenzene, nitromethane or nitrosthane; or

a nitrile solvent such as acetonitrile, propionitrile, butyronitrile or adiponitrile.

E42. A cell according to any of embodiments 1-33 and 38-41 where the slecirolyte composition
comprises a solvent and where the weight:weight ratio of ionic compounds in total {0 solvent is
from about 99.9:0.1 to about 0.1:89.9, from about 89.5:0.5 to gbout 0.5:98.5, from about 89:1 10
about 1:89, from about 895:5 to about 5:95, from about 80:10 to about 10:80, from about 80:20 1o
about 20:80, from about 70:30 1o about 30:70 or from about 60:40 to about 40:60.

E43. A csll according to any of embodiments 1-42 where the electrolyte composition further
comprises one or more additives selected from the group consisling of corrosion inhibitors, solid
electrolyte interface (SEI improvers, proton evolution improvers, self-discharge inhibitors, anti-
gassing agents, viscosity adjusting agents, cathode protection agents, sait stabilizers,
conductivity improvers and solvating agents.

Ed44. A cell according to any of embodimenis 1-43 where the electrolyte composition contains
one or more additives selected from the group consisting of

fluorinated oil, sodium stannate, sodium citrate or polyacrylic acids;

HF or KF, oxides or hydroxides of rare earths such as Y, metal porphines, for example Nior Fe
porphine, vinvlens carbonate, vinylethylene carbonate, methylene ethylene carbonate or fluore-
ethylene carbonate,

polyglveols, polygiycol alkyi ethers, polyglycol alkyl phosphate esters or polysorbates such as
polyethylene glycol (PEG), polypropylene giycol, polysorbate 20, polysorbate 40 or polysorbate
80 or a mixiure of PEG 600 and polysorbats 20 or a mixture of PEG 800 and Zn(;

phosphate ester-based surfactants, propane sulione or fluoropropane sulione; and

DMSO;

for example at a level of from about 0.1% to about 15% by weight, based on the total weight of
the slectrolyie composition.

E45. A rechargeable slectrochamical cell according to any of the preceding embodiments
comprising a positive elecirode, a casing having the electrodes positioned therein and the
elecirolyte composition in contact with the electrodes, whers the gravimetric energy density of
the cell is > 100 Whikg, 2 110 Whikg, = 115, 2 120, 2 125, 2 130, 2 135, 2 140, 2 145, 2 1580, =
155, 2 160, 2 165, 2 170, 2 175, 2 180, 2 185, 2 190, 2 195 or 2 200 Whikg and/or

where the volumetric energy density of the cell is > 250 Wh/L, for instance, = 260 Whikyg, = 265,
2270, 2 275, 2 280, 2 285, 2 290, 2295, 2 300, 2 305, 2 310, 2 315, 2 320, = 325, 2 330, = 335,
2 340, z 345 or =z 350 Whikg and/or
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where the discharge capacity of the hydrogen storage material is 2 800 mAh/g over 20 cycles or
more (over at least 20 cycles), for example 2 810, 2 820, 2 825, = 830, 2 835, 2 840, = 845, =
850, = 855, 2 860, = 865, 2 870, = 875, 2 880 or 2 895 mAh/g over 20 cycles or more.

E£46. A rechargeable electrochemical cell according to any of the preceding embodiments
comprising a positive elecirode, a casing having the electrodes positioned therein and the
electrolvte composition in contact with the electrodes, where the reversible half cell

charge/discharge elscirochemical reaction at the negative electrode is

V+H +e iVH

or

Sit H + & —— SiH
where
1V is a group IV elemeni-based hydrogen storage material and
Siis a silicon-based hydrogen storage material.
E47. A cell according to any of the preceding embodiments comprising a positive elscirode, the
positive electrode comprising one or more cathode active materials selected from the group
consisting of transition metals, fransition metal oxides, transition metal hydroxides, fransition
metal oxide/hydroxides and transition metal fluorides; for example one or more materials
selected from the group consisting of
Se, TL V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ry, Rh, Pd, Ag, Cd, Lu, Hf, Ta, W, Re,
Os, I, Ptor Au;
oxides of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf,
Ta, W, Re, Os, Ir, Pt or Au;
hydroxides of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Niy, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu,
Hf, Ta, W, Re, Cs, Ir, Plor Ay,
oxide/hydroxides of S¢, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ry, Rh, Pd, Ag, Cd,
Lu, Hf, Ta, W, Re, Os, Ir, Pt or Au; and
fiuorides Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, T¢, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta,
W, Re, Os, Ir, Pt or Au,

Following are some more embodiments of the invention.
E1. Arechargeable electrochemical cell comprising a stable group IV element-based hydrogen
storage negaiive slectrode; for example a stable silicon-based or carbon-based hydrogen
storage negative electrode; for example where the negative electrode comprises a hydrogen
storage material comprising > 27 wi% or one or more elements selected from the group
consisting of C, Si, Ge and Sn, based on the total weight of the hydrogen storage material;
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the cell also comprising a positive elecirode, a casing having the electrodes positioned therein
and an electrolyte composition in contact with the elecircdes, where the reversible half cell

charge/discharge elscirochemical reaction at the negative eleclrode is

iVH
or

SitH + o e — SiH
where
iV is a group IV element-based hydrogen storage material and
Siis a silicon-based hydrogen storage material.
E2. A csll according to embodiment 1 where the negative electrode comprises a hydrogen
storage material comprising > 27 wi% of one or more elementis selected from the group
consisting of C, Si, Ge and Sn; for example comprising > 27 wi% silicon or » 27 wi% carbon,
based on the total weight of the hydrogen storage material.
E3. A cell according to embodiments 1 or 2 where the hydrogen storage material comprises
amorphous silicon, microcrystalline siticon, nanocrystalline silicon, monocrystalline silicon,
polycrystalline silicon, protocrystalline silicon or porous silicon.
E4. A cell according fo any of the preceding embodiments where the hydrogen storage material
comprises amorphous silicon.
ES. A cell according to any of the preceding embodiments where the hydrogen storage material
comprises carbon; for example carbon in the form of natural graphite, artificial graphite,
expanded graphite, graphene, carbon fiber, hard carbon, soft carbon, non-graphitizable carbon,
carbon black, carbon nanotube, fullerene, aclivated carbon, crystalline carbon or amorphous
carbon.
E8. A cell according to any of the preceding embodiments where the hydrogen storage material
comprises an alloy of silicon and one or more of carbon, germanium and tin, for example
amorphous silicon carbide or an alloy of silicon and germanium or an alloy of silicon and iin.
E7. A cell according to any of the preceding embodiments where the hydrogen storage material
is hydrogenated prior to assembly of the cell (a pre-hydrogenated negative elecirode); for
example where the hydrogen storage material is hydrogenated amorphous silicon (a-Si:H) or
hydrogenated amorphous silicon carbide (a-Sih.CxH, where x is for exampie from about 0.01 {o
about 0.99, from about 0.05 to about 8.85 or from about 0.1 {0 abowt 0.8).
E8. A cell according to any of the preceding embodiments where the hydrogen storage
material, for example amorphous silicon, is comprised in a film, for example a film with a
thickness > 20 nm, 2 B0 nmy, 2 86 nmy, 2 120 nm or 2 180 nm or from about 80 nm to about 10
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um, from about 100 nm to about 5 um, from about 150 nm to about 3 um, from about 150 nm to
about 2 um or from about 150 nm to about 1 um.

E9. A cell according {o any of the preceding embodiments where the hydrogen storage material
is comprised in a film in adherence to a substrate, for example a substrate selectsd from mstal,
glass, inorganics and plastic.

E10. A cell according {o any of the preceding embodiments where the hydrogen siorage
material comprises one or more further elements, for example one or more siemsnts sslected
from the group consisting B, Al, Ga, In, As, Sb, Te and transition metals.

E11. A cell according to any of the preceding embodiments where the hydrogen storage
material contains 2 28 wi%, 2 29 wi%, 2 30 wi%, 2 35 wi%, 2 40 wi%, 2 45 wi%, 2 50 wi%, = 55
wit¥, 2 80 wi¥%, = 85 wi%, 2 70 wi%, = 75 wi%, = 80 wi%, 2 85 wi%, 2 90 wit%, = 95 wi%, = 98
wi%, 2 97 wi%, = 98 wi% or 2 89 wi% of one or more slements sslected from the group
consisting of group IV slements, for example Si and/or C, based on the total weight of the
hydrogen slorage material.

E12. A cell according to any of the preceding embodiments where the negative elecirode
comprises 2z 30% by weight of the one or more group IV elements; for example 2 35%, 2 40%, 2
45%, z 50%, 2 55%, 2z 80%, 2 65%, 2 70%, =z 75% 2 80%, = 85% or =z 30% by weight of the ons
or more group IV elements, for example Si and/or C, based on the total weight of the negative
electrode.

E13. A cell according to any of the preceding embodiments where the negative elecirode
further comprises one or more components selected from the group consisting of binders,
conductive materials and other additives.

E14. A cell according to any of the preceding embodiments where the negative slectrode
comprises a solid electrolyte interface capable of allowing transport of profons.

E18. An csll according to any of the preceding emibodiments where the hydrogen storage
material includes one or more further elements selected from the group consisting of structural
modifiers {elements o promote the amorphous phase of a maierial), hydrogen bond strength
modifiers and solid electrolyle interface (SE!) modifiers; for example one or more further
elements selscled from the group consisting of B, alkaline sarth metals, transition metals, rare
sarth metals, other metals of groups Il or V of the periodic table, O, F, P, Cl and the like.

E18. A cell according to any of the preceding embodiments where the eleclrolyte composition
which is neutral or acidic, for example having a pH of aboul 7 or lower; for example from about
1, from about 2, from about 3, from about 4, from about 5 or from about 8 {o about 7.

E17. A cell according to any of the preceding embodiments where the electrolyte composition

comprises one or more ionic compounds selected from the group consisting of protic acids,
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protic ammonium compounds, protic oxonium compounds, aprotic ammonium compounds,
aprotic oxonium compounds, aprotic phosphonium compounds and alkali or alkali earth metal
salts.

E18. A ceil according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic compound containing a cation selected from the group consisting of NH."
{ammonium), methylammonium, ethylammonium, dimethylammonium, diethylammonium,
trimethylammonium (NMe;H™), triethylammonium, tributylammeonium, diethylmethyiammonium,
hydroxyethylammonium, methoxymethylammonium, dibutylammonium, methyibutylammonium,
anilinium, pyridinium, 2-methyipyridinium, imidazolium, 1-msthylimidazolium, 1,2-
dimethylimidazolium, imidazolinium, 1-ethylimidazolium, 1-(4-sulfobuiyD-3-methylimidazolium,
1-allylimidazolium, quinclinium, isoquinolinium, pyrrolinium, pyrrolininium or pyrrolidinium;
1-butyl-1-methyipyrrolidinium, tetramethylammonium, tetraethylammonium, tetra-n-
butylammonium, n-butyl-tri-ethylammonium, benzyl-tri-msthylammonium, tri-n-
butvimethylammonium, benzyl-ri-ethylammonium, 1-methylpyridinium, 1-butyl-3,5-
dimethylpyridinium, 1,2, 4-trimethylpyrazolium, trimethylhydroxyethviammonium {choline), tri-
{hydroxyethyl)methylammonium, dimethyl-di{polyoxyethylenejammonium, 1,2,3-
trimethylimidazolium, 1-butyl-3-methylimidazolium, 1-ethyl-2,3-dimethylimidazolium, 1-aliyl-3-
methyvlimidazolium, 1-hydroxysthyl-3-methylimidazolium, 1,3-dimethylimidazolium, 1-ethyl-1-
methvipiperidinium, 4-ethyl-4-methyimorpholinium, 1-{cyanomethyl)-3-methylimidazolium, 1-(3-
cyanopropyhpyridinium, 1,3-bis{cyanomethyhimidazolium, 1-hexyl-3-methylimidazolium or 1-
ethyl-3-methylimidazoiium; and

mathyltriphenviphosphonium, tetraphenylphosphonium, tetrabutyiphosphonium,
fributyimethylphosphonium, triethylmethviphosphonium, frinexyiteiradecylphosphonium,
triphenvipropylphosphonium or tetrakis{hydroxymethyh phosphonium;

for instance, the cation is 1-ethyi-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-bulyl-1-
methvioyrrolidinium or trihexyl{istradecyliphosphonium.

E19. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
carboxylates, imides, methides, nitrate, bifluoride, halides, borates, phosphates, phosphinates,
phosphonates, sulfonates, sulfates, carbonates and aluminates.

E20. A cell according to any of the preceding embodiments where the eleclrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
[FoB(CaFamst a2, [FyP(CrFamet)on], HCmFom+1)2P(O)0T, [CoF2mn P{CH0OL} 7, [C-C{OWCrF oma T,
[O-8(O)a-CrnFazmet], IN(C{O)-CraF2met)2], [N(E(O)2-CraF 2 )2}, [N(CIO»-CrF 2me 1) (8(0)2-CrF 2 )T,
[N(COFCmF 2me 1 GO, IN(S(O)2-CmF 2m+1 }{(S(O)2F)F, IN(S(O)2F )2, [C{C(O}-CraFame 1)},
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where

yis an integer of 110 6,
m is an integer of 1 10 8, for instance 1 t0 4,
z is aninteger of 1 to 4,
Xis B or Al and
Rw, Ry, Ry and Ry are independently halogen, Ci-Caalkyl, Ci-Caoalkyl which is partly or fully
fluorinated, Cy-Caalkoxy, Ci-Casalkoxy which is parily or fully fluorinated, Cy-Coealtkyl-COO0 or
C1-Croalkyt-COO which is partly or fully fluorinated and
070 is independently a bidentate group derived from the —~OH groups of a 1,2- or 1,3-diol, a
1,2- or 1,3-dicarboxylic acid or from a 1,2- or 1,3-hydroxycarboxylic acid and
where any ons CF; group may be replaced by O, (0}, NR or CHa.
E21. A cell according {o any of the preceding embodiments where the electrolyle composition
comprises an ionic compound containing an anion selected from the group consisting of
FaP{CoF ), FoP(CaFs)s, FaP(CoFs)z, F2P(CaF7)a, FaP(CoF)a, FaP(CaF v, FaP{CaFs)a,
FaP{CiFa)s, FaP{CsFa), perfluoroalkyicarboxylate, perfiuorcalkylsulfonate,
bis(perfluoroalkylsulfonyllimide, (perfluoroalkylsulfonvh{perfluoroaliylcarboxybimide,
tris(perfluoroalkylsulfonyimethide, triflucroacetate, triflucromethanesulfonate (iriflate),
bis(triffucromethyisulfonyhimide, tris{trifiuoromsthyisulfonylymethide, tetrafluoroborate or a spiro-
ox0 borate or spirc-oxo phosphate, for example bisoxalaioborate (BOE}, diflucrooxalatoborate
{(dFOB), difirifluorcacetatooxalatoborate (d(Ac)OR), trisoxalatophosphate,
tetrafluorooxalatophosphate and di(triflucroacetato)oxalatoaluminate.
E22. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing a carboxylate anion of formula RCOC where R is
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hydrogen or hydrocarbyl; such as formate, acetale (ethanoate), acrylate, propanoate, n-
butanoate, i-butanoate, n-pentanoate, i-pentancate, octanoale, decanoale, benzoate, salicylate,
thiosalicylale, 2-, 3- or 4-nifrobenzoate; citrate, oxalate, tartrate, glycolate, giuconate, malate,
mandelate, a carboxylate of nitrilotriacetic acid, a carboxylate of N-{2-hydroxyethyi)-
sthylenediaminetriacetic acid, a carboxylate of ethyvlenadiaminetetraacstic acid, a carboxylate of
diethylenetriaminepentiaacetic acid or a haloalkylcarboxylate such as fluoroacetate,
difluoroacetate, frifluoroacetate, chioroacstate, dichioroacetate or trichioroacstate.

E23. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing

an imide anion such as dicyanamide, N{(SO:F); {{bisflucrosulfonybimide), a
bis(perfiuoroalkyisulfonyllimide such as [N(SO,CF3)z] (bistriflimide),
bis{pentafluorcethylsulfonyilimide or N(CFsSO{CF{CF 23380, or a
(perfluoroatkyisulfonyl}{perfiucroalkylcarboxyllimide; or

a methide such as a iris{perfluorcalkylsulfonyhimethide, for example
tris(triflucromethylsulfonyhmethide, C(CFS0OL; or

biftucride (HF ), or

chloride, bromide, iodide or flucride; or

a borate such as orthoborate, tetrahydroxyborale, tetraborate, tetraphenyiborate, [B(3,5-
{CF3)2CsH3)4] (BARF), B(C:O.): (bis{oxalato)borate) (BOB), difluoro{oxalatolborate (dFOB),
difirifluoroacetato)oxalatoborate (D(ACYOR), B(CeFs)a or BF,~ (tetrafluoroborate); or

a phosphate such as dihydrogen phosphate, hydrogen phosphate, alkyl phosphate, diatkyi
phosphate, phosphaie, PFs (hexafluocrophosphate), HPOsF- (fluorschydrogen phosphate),
frisoxalatophosphate (TOP), tefrafluorcoxalatophosphate (TFOPY ora
fluoro{perfluorcalkyhphosphate such as FoP(CaFs), FaP(CoFs)s
(tris{pentafiuoroethyhtriflucrophosphate or FAP), FiP{CoFs)om, F2P(CsF2)a, FaP(CaF ),
FaP{CaF7)e, FoP(CaFolam, FaP(CuFg)s or FiP{CsFg)s; or

a sulfonate such as an alkvisulfonale, arvlsulfonate or perfluoroalkyisulfonate, for instance
trifluoromethanesuifonate (triflate), p-toluenesulfonate (losylate) or methanesulfonate
{mesviate), or

a sulfate such as hydrogensulfate, sulfate, thicsulfate or an alkyisulfate such as methylsulfate or
ethylsulfate; or

a carbonate anion such as carbonate, hydrogencarbonate or an alkylcarbonate such as
methylcarbonate, ethylcarbonate or butylcarbonate; or

an aluminate such as A{OC(CFak)s, diltriflucroacstato)oxalatoaluminate (d{ACYOAD,

tetrachiorealuminate, tetraflucroaiuminate, tetraicdoaluminats or tetrabromoaluminate.
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E24. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic liquid.

E25. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic fiquid selected from the group consisting of diethyimsthylammonium
trifiuoromethanssulfonate (DEMA TIO), sthyvlammonium nitrate, tristhylammonium
methanesulfonate, 2-methylpyridinium triflucromethanesulfonate, ammonium fluoride,
methylammonium nitrate, hydroxyethylammonium nitrate, ethylammonium nitrate,
dimethylammonium nitrate, 1-methylimidazolium nitrate, 1-sthylimidazolium nitrate, t-
butylammonium tetrafluorcborate, hydroxyethylammonium tetrafluoroborate,
methyibutylammonium tetrafluoroborate, triesthylammonium tetrafluoroborate, imidazolium
tetrafluoroborate, 1-methylimidazolium tetrafluoroborate, 1,2-dimethylimidazolium
tetrafiuoroborate, t-butylammonium triflate, 2-flucropyridinium trifiate, hydroxyethylammonium
trifiate, 1,2-dimethylimidazolium triflate, imidazolium triflate, 1-methylimidazolium
hydrogensulfate, 1-methylimidazolium chloride, 1-methylimidazolium triflate, hydronium triflate,
methylammonium mesylate, ethylammonium mesylate, butylammonium mesylate,
methoxyethylammonium mesylate, dimethylammonium mesylate, dibutylammonium mesyiate,
tristhylammonium mesviats, dimsthylsthylammonium mesylate, hydronium hydrogensulfate,
ammonium hydrogensulfate, methylammonium hydrogensuifate, sthylammonium
hydrogensulfate, propylammonium hydrogensulfate, n-butylammonium hydrogensulfate, -
butylammonium hydrogensulfate, dimethylammonium hydrogensulfate, diethylammonium
hydrogensulfate, di-n-butylammonium hydrogensulfate, methylbutylammonium hydrogensulfate,
sthylbutylammonium hydrogensulfate, trimsthylammonium hydrogensuifate, triethylammonium
hydrogensulfaie, tributvlammonium hydrogensulfate, dimethylethylammonium hydrogensulifate,
dibutylammonium fluorohvdrogen phosphate, triethylammonium fluorchydrogen phosphats,
tributylammonium flucrohydrogen phosphate, hydronium dihydrogen phosphate,
methvlammonium dihydrogen phosphate, ethylammonium dilydrogen phosphate,
propylammonium dihydrogen phosphate, n-butylammonum dihydrogen phosphate,
methoxyethylammonium dihydrogen phosphate, dimethylammonium dihydrogen phosphate,
dibutylammonium dihydrogen phosphate, methylbultylammonium dihydrogen phosphate,
armmonium biftuoride, methylammonium bifluoride, ethvlammonium bifluoride and
dimethylammonium bifluoride.

E28. A cell according {o any of the preceding embodiments where the electrolyle composition
comprises an ionic liquid selected from the group consisting of 1-ethyl-3-methvlimidazolium
trifiuoromethanssulfonate (EMIM TfO), t-ethyl-3-methylimidazolium tetraflucrcborate (EMIM
BF4), 1-ethyl-3-methylimidazolium bis{trifluoromethylsulfonylimide (EMIM TFSI), 1-ethyl-3-
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methvlimidazolium acetate (EMIM Ac), 1-butvl-3-methvlimidazolium iriflucromethanesulfonate
(BMIM TFO), 1-butyl-3-methylimidazolium acetate (BMIM Ac), 1-butyl-3-methylimidazolium
bis{trifiuoromethyisulfonyhimide (BMIM TFSD, tn-n-bulylmethylammonium methyisuifats, 1-
ethyl-2,3-dimethylimidazolium sthylsulfate, 1-butyl-3-methylimidazolium thiocyanate, 1-butyl-3-
methylimidazolium tetrachloroaluminate, 1-butyl-3-methyliimidazolium methylsulfate, 1-buiyl-3-
methyvlimidazolium methanesulfonate, 1-butyl-3-methylimidazolium hydrogencarbonate, 1-butyl-
3-methylimidazolium hydrogensulfate, 1-butyl-3-methylimidazolium chioride, 1,2,3-
trimethylimidazolium methyisuifate, tris-(hydroxyethyhmethylammonium methylisulfate, 1,2 4-
trimethylpyrazolium methyisulfate, 1,3-dimethylimdiazolium hydrogencarbonate, 1-ethyl-3-
methylimidazolium hydrogencarbonate, 1-ethyl-3-methviimidazolium chloride, 1-sthyl-3-
methvliimidazolium tetrachloroaluminate, 1-ethyl-3-methylimidazolium thiocyanate, 1-ethyl-3-
methylimidazolium methanesulfonate, 1-sthyi-3-methylimidazolium hydrogensulfate, 1-ethyl-3-
methyvlimidazolium sthylsulfate, 1-ethyl-3-methylimidazolium nifrate, 1-butyvlpyridinium chioride,
1-ethyl-3-methvlimidazolium dicyanamide, 1-ethyl-3-methylimidazolium hexaflucrophosphate, 1-
butyl-3,5-dimethylipyridinium bromide, 1-ethyl-3-methylimidazolium
bis{pentafluoroethyisulfonyilimide, 1-ethyl-2,3-dimethylimidazolium methylcarbonate,
carboxymethyl-tributylphosphonium bistriflucromethylsulfonylimide, N-carboxysthyl-
methyioyrrolidinium bis(trifluoromethyisulfonyllimide, N-carboxymethyl-trimethylammonium
bis(triffuoromethyisulfonyhimide, N-carboxymethyl-methylpyridinium
bis(triffuoromethyisulfonyhimide, hexyltrimethylammeonium bis{triffuromethyisulfonyhimide,
tetrabutylphosphonium methanesulfonate, tristhylmethylammonium methylcarbonate, 1-ethyi-1-
meathylpiperidinium methylcarbonate, 4-ethyl-4-methylmorpholinium methylcarbonate, 1-butyl-1-
methyipyrrolidinium methyicarbonate, triethylmethviammonium dibutylphosphate,
tributylmethylphosphonium dibutylphosphate, triethylmethyiphosphonium dibutylphosphate,
tetrabutyiphosphonium tetraflucroborate, tetrabutylphosphonium p-tolusnesulfonate,
tributyimethyiphosphonium methylcarbonate, 1-ethyl-3-mathylimidazolium hydrogencarbonats,
tributyimethyvlammonium methylcarbonate, tributyvimethylammonium dibutylphosphate, 1-ethyl-3-
methylimidazolium dibulylphosphate, 1-butyl-3-methylimidazolium dibutylphosphate, 1-
{cyanomethyl)-3-methylimidazolium chioride, 1-{3-cyanopropyi)-3-methylimidazolium chioride,
1-(B-cyanopropyh)-G-methylimidazolium bis{triflucromethyisulfonyllimide, 1-3-cyanopropyh-3-
methyvlimidazolium dicyanamide, 1-(B-cyanopropyhpyridinium chioride, 1-(3-
cyanopropyhpyridinium bis(trifluoromethylsulfonylimide, 1,3-bis(cvanomethyhimidazolium
chioride, 1,3-bis{cyanomethyDimidazolium bis{trifiuoromethylisulfonybimide, 1,3-
bis{cyanopropyliimidazolium chiorids, 1,3-bis{(G-cyanopropyhimidazolium

bis(triffluoromethyisulfonyhimide, 1-bulyl-3-methylimidazolium hexaflucrophosphate, 1-bubyl-3-
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methvlimidazolium tetrafluoroborate, 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-
methylimidazolium chioride, 1-ethyl-3-methylimidazolium bromide, 1-butyl-3-methylimidazolium
bromide, 1-hexyl-3-methviimidazolium chioride, tributyimsthyiphosphonium methylsulfate,
tristhyimethylphosphonium dibutyiphosphate, trihexylietradecyiphosphonium
bis(triffuromethylsulfonybimide, trihexyltetradecyiphosphonium bis(2 4, 4-
trimethyiphenyliphosphinate, trihexyltetradecylphosphonium bromide,
trinexyletradecyliphosphonium chioride, trihexyitetradecyiphosphonium decanocale,
trihexyltetradecyiphosphonium dicyanamide, 3-(triphenyiphosphonic}propane-1-sulfonate and 3-
(triphenviphosphonio)propane-1-sulfonic acid tosylate.

E27. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic acid; for example a protic acid such as

hydrochioric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid, hydrofiuoric acid,
hydrobromic acid, hydroiodic acid, perchioric acid or periodic acid; or

a bisulfate such as sodium bisulfate, potassium bisulfate or ammonium bisulfate; or

HAsFe, HBF,, H(OEL)BF,, HPFs, HIN(SO.CF3)2) or HIN(SOLCFCFa)].

E28. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an organic protic acid such as a carboxylic acid of formula RCOOH whers R is
hydrogen or hydrocarbyl, for example formic acid, acetic acid, acrylic acid, fluoroacetic acid,
diflucroacetic acid, triflucroacetic acid, chioroacstic acid, dichioroacetic acid, trichioroacetic acid,
propancic acid, butyric acid, 3-methyibutanoic acid, valeric acid, hexanoic acid, heptancic acid,
caprylic acid, nonanoic acid, benzoic acid, salicyiic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid,
oxalic acid, tartaric acid, glycolic acid, gluconic acid, malic acid, mandslic acid, nitrilotriacetic
acid, N-(2-hydroxyethyh-ethylenediaminetriacetic acid, ethyienediaminetelraacetic acid or
diethyleneaminepentaacetic acid.

E29. A ceil according to any of the preceding embodiments where the slectrolyte composition
comprises a protic sulfonic acid of formula RBO:H where R is atkyl or aryl or alkyl or aryl
substituted by one to three halogens, such as p-toluenesulfonic acid, phenylsulfonic acid,
methanesulfonic acid or trifluoromethanesulfonic acid.

E30. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic acid which is an oxonium ion associated with a highly non-coordinating ion
such as Brookhart's acid (BARF acid}, [H(OE2):l{B[3,5-(CF:).CeHslal, [H{OEL)IB(CsF5)e]
{oxonium acid) or [H{OEL)JAOC(CF3)s)4].

E31. A cell according to any of the preceding embodiments where the electrolyte composition
comprises ai least two different ionic compounds; for example, where the electrolyte

composition comprises
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a protic ionic compound and an aprotic ionic compound;

two different profic ionic compounds;

two different aprotic ionic compounds;

two different salts;

two different ionic liguids;

a salt and an ionic liguid, for example a protic or aprotic ammonium salt or an alkall metal salt
such as an alkai metal halide;

a protic acid, protic ammonium compound or a profic oxonium compound and an ionic liquid, for
example a carboxylic acid and an ionic liquid.

E32. A cell according to any of the preceding embodiments where the electrolyte composition
comprises two different ionic compounds which contain an identical cation or an identical anion.
E33. A cell according to any of the preceding embodiments whers elecirolyte composition
comprises two different ionic compounds with a weaightiweight ratio of from about 80.9:.0.1 10
about 0.1:89.9, from about 99.5:0.5 {0 about 8.5:89.5, from about 891 to about 1:89, from about
85:5 to about 5:95, from about 90:10 o about 10:80, from about 80:20 to about 20:30, from
about 70:30 to about 30:70 or from about 6(:40 {o about 40:60.

E34. A cell according to any of the preceding embodiments where the slectrolyte composition
contains no organic solvent and £ 1000 ppm, £ 180 ppm or £ 10 ppm water by weight, based on
the total weight of the electrolvie composition; or where the electrolyte composition contains £ 9,
<8, £7,56, £5or= 4 ppm water by weight, based on the total weight of the elecirolyte
composition.

E38. A cell according to any of embodiments 1-33 where the electrolyte composition comprises
a solvent.

E36. A cell according to any of embodiments 1-33 where the elecirolvte composition comprises
a solvent consisting essentially of water.

E37. A cell according to any of embodiments 1-33 where the slectrolyte composition comprises
a solvent consisting essentially of organic solvent.

E38. A cell according to any of embodiments 1-33 where the electrolyie composition comprises
a solvent comprising water and an organic solvent.

E39. A cell according to embodiment 38 where the weightweight ratio of water {0 organic
solvent is from about 89.9:0.1 to about 0.1:92.9, from about 82.5:0.5 to about 0.5:89.5, from
about 98:1 to gbout 1:29, from about 85:5 {0 about 5:95, from about 90:10 {0 about 10:80, from
about 80:20 to about 20:80, from about 70:30 to about 36:70 or from about 60:40 o about
43:60.
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E40. A cell according to any of embodimenis 37-38 where the organic solvent comprises one or
more solvents selected from the group consisting of organic carbonates, ethers, glymes, ortho
esters, polyalkiene glycols, esters, laciones, glycols, formates, sulfones, suifoxides, amides,
alcohols, ketones, nitro solvents and nitrile solvents.

E41. A cell according to embodiment 48 where the elecirolyte composition comprises an
organic solvent such as

an organic carbonate, for exampie a cyclic or acyclic organic carbonale such as sthylene
carbonate (EC), propyiene carbonate (PC), trimethylene carbonate, 1,2-butylens carbonate
(BC), dimesthyl carbonate (DMC), diethyl carbonate (DEC), ethyimethyl carbonats (EMC),
vinylene carbonate, difluoroethylene carbonate or monofluorcethylene carbonate; or

an ether or glyme such as dimethoxymethane (DMM}, diethoxymethane, 1,2-dimethoxyethane
(DME or ethyleneglycol dimethyiether or glyme), diglyme, triglyme, tetraglyme, ethylenegiycol
disthylether (DEE), ethylenegiveo! dibuiviether, diethyleneglycol disthylether, tetrahydrofuran
{THF}, 2-methyltetrahydrofuran (2-MeTHF), 1,3-dioxane, 1,3-dioxolane (DIOX), 4-methyl-1,3-
dioxolane (4-MeDIOX), 2-methyl-1,3-dioxolane (2-MeDIOX), 1. 4-dioxane, dimethylether,
ethyimethylether, disthylether, di-n-butylether, di-t-butylether, di-isopropylsther, methyi-t-
butylether, sthyl-t-butylether or t-amylb-methylether; or

an ortho ester such as trimethoxymethans, triethoxymethane, 1,4-dimethyl-3,5,8-
trioxabicyclof2.2.2]octane or 4-ethyl-1-methyl-3,5,8-trioxabicyclo[2.2 2loctans; or

a polyalkylene glycol, that is a homo- or cooligomer or homo- or copolymer of Ci-Caalkylene
glycols, such as polyethylene glycol (PEG) or monomethyl, dimethyt or diethyl {(end-capped)
polyethviene glycol with weight average molecular weights {(Mw) for example from about 200 to
about 1200 g/mol, from about 200 to about 1000 g/mol, from about 200 o about 800 g/mol, from
about 200 1o about 700 g/mol or from about 200 to about 500 g/mol, for example oligomers of 4
monomers or more, for instance tetrasthylene glycol, fluorinated tetraethylene glycol or
tetrapropylene glycol, for instance PEG 200, PEG 308, PEG 400, PEG 500, PEG 600, PEG
700, PEG 800, PEG 900 or PEG 1000; or

an ester or lacione such as v-butyrolactone (GBL), wvalerolactone, S-valerclactone, ethyl
acetaie (EA), 2-methoxyethyl acetate, 2-sthoxyethyl acetats, 2-butoxyethy! acsiate, 2-(2-
butoxyethoxy)ethyl acelate (disthylene glycol butyl ether acetate, DBA), ethylene glycol
diacetate (EGDA), 3-ethoxy ethyl propionate (EEP), methy! butyrate (MB), n-amyl acetate
(NAAC), propyiene glycol methyl ether acetate (PMA), ethyl butryate (ER), disthyl malonate or
dimethyl malonate; or

a dibasic ester mixiure such as methvl esters of adipic, glutaric or suceinic acids; or
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a glycol such as ethylene glycol, propylene glycol, 2-methoxyethanol, 2-ethoxyethanol, 2-
propoxyethanol, 2-isopropoxyethanol, 2-butoxysthanol (ethylene glvcol butyl ether, EB), 2-
phenoxyethanol, 2-benzyioxyethanoi, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxysthoxyiethanol,
2-(2-butoxyethoxy)ethanol {(diethylene giycol butyl ether, DB), propyiene glycol butyl ether (PB),
propylene glycol methyl ether (PM), triethylene glyeol (TEG), dipropylens glycol methyl ether
{DPM), diethviene glycol methyl ether, 1,3-butanediol, 1,4-butanediol, 1,5-pentanediol,
perflucro-1,.4-butanediol, perfluoro-1,5-butanediol, flucrinated diethylene glycol msthyl ether,
fluorinated triethylene glycol, fluorinated tristhylens giycol methyl ether or fluorinated diethylene
glycol butyl ether; or

a formate such as methyl formate, ethyl formate, isobutyl formate or teri-butyl formate; or

a sulfone or sulfoxide such as methyisulfonyimethane (MSM or dimethylsulfone),
sthyimethyisuifone, suifolane or dimethylsulfoxide (DMSO); or

an amide such as dimsthyiformamide (OMF)}, dimethylacetamids (DMA), N-methyipyrrolidone
{NMP), 2-pyrrolidone, 1,3-dimethyl-2-imidazolidinone (DM, hexamethylphosphoramide
(HMPA) or N,N'-dimethyl-N N'-trimethvleneurea {1,3-dimethyl-3,4,5 6-tetrahydro-2(1H)-
pyrimidinone (DMPU)); or

an alcohol such as benzylalcohol (BA), ethanol, rifluorcethanaol (2,2, 2-triffucrosthanol),
methanol, isopropanol, t-butanst or n-butanol; or

a ketone such as methylethylketone (MEK) or methyl-iscamylketone (MIAK); or

a nitro solvent such as nitrobenzene, nitromethane or nitrosthane; or

a nitrile solvent such as acetonitrile, propionitrile, butyronitrile or adiponitrile.

E42. A cell according to any of embodiments 1-33 and 38-41 where the slecirolyte composition
comprises a solvent and where the weight:weight ratio of ionic compounds in total {o solvent is
from about 99.9:0.1 to about 0.1:89.9, from about 89.5:0.5 to gbout 0.5:98.5, from about 89:1 10
about 1:89, from about 895:5 to about 5:95, from about 80:10 to about 10:80, from about 80:20 1o
about 20:80, from about 70:30 to about 30:70 or from about 60:40 to about 40:60.

E43. A csll according to any of embodiments 1-42 where the electrolyte composition further
comprises one or more additives selected from the group consisting of corrosion inhibitors, solid
elecirolyte interface (SED improvers, proton evolution improvers, self-discharge inhibitors, anti-
gassing agents, viscosity adjusting agents, cathode protection agents, salt stabilizers,
conductivity improvers and solvating agents.

Ed44. A cell according {o any of embodiments 1-43 where the elecirolyvte composition conlains
one or more additives selected from the group consisting of

fluorinated oil, sodium stannate, sodium citrate or polvacrylic acids;
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HF or KF, oxides or hydroxides of rare earths such as Y, melal porphines, for example Nior Fe
porphine, vinviene carbonate, vinylethvlene carbonate, methylene ethylene carbonate or fluoro-
ethylene carbonatse,

polygiycols, polygiycol alkyi ethers, polyglycol alkyl phosphate esters or polysorbates such as
polyethylene glyeol (PEG), polypropylene glycol, polysorbate 20, polysorbate 40 or polysorbate
80 or a mixture of PEG 600 and polysorbate 20 or a mixture of PEG 800 and ZnO;

phosphate ester-bassd surfactants, propane sultone or fluoropropane suitons; and

DMSO;

for example at a level of from about 0.1% to about 15% by weighti, based on the total weight of
the electrolyie composition.

E45. A rechargeable electrochemical cell according to any of the preceding embodiments
comprising a positive elecirode, a casing having the electrodes positionsd therein and the
slectrolyte composition in coniact with the slectrodes, whers the gravimetric energy densily of
the cell is > 100 Whikg, 2 110 Whikg, = 115, 2 120, 2 125, = 130, 2 135, 2 140, 2 145, 2 150, =
185, = 160, = 165, = 170, =2 175, = 180, = 185, = 190, = 195 or = 200 Whikg and/or

where the volumetric energy density of the cell is » 250 Whi/l., for instancs, 2 260 Wivkg, = 263,
2270, 2275, 2 280, 2 285, 2 290, 2 295, 2 300, 2 305, 2 310, 2 315, 2 320, = 325, 2 330, = 335,
2 340, z 345 or =z 350 Whikg and/or

where the discharge capacity of the hydrogen storage material is 2 800 mAh/g over 20 cycles or
more (over at least 20 cycles), for example 2 810, 2 820, = 825, 2 830, 2 835, 2 840, 2 845, 2
850, = 855, 2 860, 2 865, 2 870, 2 875, 2 880 or 2 895 mAh/g over 20 cycles or more.

E48. A cell according to any of the preceding embodiments comprising a positive elecirede, the
positive electrode comprising one or more cathode active materials selected from the group
consisting of transition metals, fransition metal oxides, transition metal hydroxides, transition
metal oxide/hydroxides and transition metal fluorides; for example one or more materials
selected from the group consisting of

B¢, T, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta, W, Re,
Os, Ir, Ptor Au;

oxides of Sc, Ti, V, Cr, Mn, Fg, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hif,
Ta, W, Re, Os, Ir, Pt or Au;

hydroxides of Sc, Ti, V, Cr, Mn, Fe, Co, NI, Cu, Zn, Y, Zr, Nby, Mo, Tc, Ry, Rh, Pd, Ag, Cd, Ly,
Hf, Ta, W, Re, Os, Ir, Pt or Au;

oxide/hydroxides of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc¢, Ru, Rh, Pd, Ag, Cd,
Lu, Hf, Ta, W, Re, Os, Ir, Pt or Au; and
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fluorides Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Te, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta,
W, Re, Os, Ir, Pior Au.

Below are more embodiments of the invention.
E1. A rechargeable electrochemical cell comprising a stable group 1V slement-based hydrogen
storage negative electrode; for example a stable silicon-based or carbon-based hydrogen
storage negative elecirode; for example where the elecirode comprises a hydrogen storage
material comprising » 27 wi% of one or more slements selected from the group consisting of C,
51, Ge and Sn, basad on the iotal weight of the hydrogen storage material,
the cell also comprising a positive electrode, a casing having the electrodes positioned therein
and an electrolyte compaosition in contact with the electrodes,
where the gravimsiric energy densily of the cell is > 100 Wh/kg, = 110 Whikg, = 115, 2120, 2
125, 2 130, 2 135, 2 140, = 145, 2 150, 2 155, 2 180, 2 185, 2170, 2 175, 2 180, 2 185, 2 190, 2
195 or 2 200 Wh/kg and/or
where the volumelric energy densily of the cell is > 250 WhiL, for instance, = 260 Whikg, = 265,
2270, 2275, 2 280, = 285, = 290, = 295, = 300, = 305, = 310, = 315, 2 320, = 325, = 330, = 335,
2 340, z 345 or 2 350 Whikg andior
where the discharge capacity of the hydrogen storage material is 2 800 mAh/g over 20 cycles or
more (over at least 20 cycles), for example = 810, 2 820, 2 825, 2 830, =2 835, 2 840, 2 845, =
850, = 855, = 860, = 865, = 870, = 875, = 880 or = 895 mAh/g over 20 cycles or more.
E2. A cell according to embodiment 1 where the negative elecirode comprises a hydrogsn
storage material comprising > 27 wi% of one or more slements selected from the group
consisting of C, 8i, Ge and Sn; for example comprising > 27 wi% silicon or > 27 wit% carbon,
based on the total weight of the hydrogen storage material.
E3. A cell according to embodiments 1 or 2 where the hydrogen storage material comprises
amorphous silicon, microcrystalling silicon, nanocrysialline silicon, monocrysialline silicon,
polyerystalline silicon, protocrystalline silicon or porous silicon.
E4. A cell according to any of the preceding embodiments where the hydrogen storage material
comprises amorphous silicon.
E8. A cell according to any of the preceding embodiments where the hydrogen storage material
comprises carbon; for sxample carbon in the form of natural graphite, artificial graphite,
expanded graphite, graphene, carbon fiber, hard carbon, soft carbon, non-graphitizable carbon,
carbon biack, carbon nanctube, fullerene, activaled carbon, crystalline carbon or amorphous

carbon.

-B52 -



WO 2016/178957 PCT/US2016/029980

E8. A cell according o any of the preceding embodiments where the hydrogen storage material
comprises an alloy of silicon and one or more of carbon, germanium and tin, for example
amorphous silicon carbide or an alloy of silicon and germanium or an alloy of silicon and tin.

E7. A cell according to any of the preceding embodiments where the hydrogen storage material
is hydrogenated prior {0 assembly of the cell {(a pre-hydrogenated negative slectrode); for
example where the hydrogen storage material is hydrogenated amorphous silicon (a-SitH) or
hydrogenated amorphous silicon carbide (a-Si.CxH, where x is for example from about 0.01 to
about 0.99, from about 0.05 to about 0.95 or from about 0.1 o about 0.9).

E8. A cell according o any of the preceding embodiments where the hydrogen storage
material, for example amorphous silicon, is comprised in a film, for example a film with a
thickness > 20 nm, 2 50 nm, 2 80 nm, 2 120 nim or = 180 nm or from about 90 nm io about 10
pum, from about 160 nm to about 5 pm, from about 150 nm to about 3 um, from about 150 nm o
about 2 pm or fromt about 150 nimy to about 1 um.

ES. A cell according o any of the preceding embodiments where the hydrogen storage material
is comprised in a film in adherence to a subsirate, for example a substrale selected from metal,
glass, inorganics and plastic.

E10. A cell according to any of the preceding embodiments where the hydrogen storage
material comprises one or more further elements, for example one or more elemenis selected
from the group consisting B, Al, Ga, In, As, 8Sb, Te and transition metals.

E11. A cell according to any of the preceding embodiments where the hydrogen storage
material contains = 28 wi%, 2 29 wi%, = 30 wi%, 2 35 wi%, 2 40 wi%, = 45 wi%, 2 50 wi%, 2 55
wi%, 2 60 wi%, = 65 wi%, 2 70 wi%, = 75 wi%, = 80 wi%, = 85 wi%, = 90 wi%, = 85 wi%, = 96
wi%, 2 897 wi%, = 98 wi% or 2 89 wi% of one or more elements selecied from the group
consisting of group IV elements, for example Si and/or C, based on the {otal weight of the
hydrogen storage malerial.

E12. A cell according to any of the preceding embodiments where the negative slectrode
comprises = 30% by weight of the one or more group IV elemenis; for exampile 2 35%, 2 40%, =
45%, = 50%, = 55%, 2 60%, 2 65%, 2 70%, 2 75% =2 80%, = 85% or 2 80% by weight of the one
or more group 1V elements, for example Si and/or C, based on the tolal weight of the negative
electrode.

E13. A cell according to any of the preceding embodiments where the negative slectrode
further comprises one or more components selected from the group consisting of binders,
conductive materials and other additives.

Ei14. A cell according to any of the preceding embodiments where the negalive slectrode

comprises a solid electrolyte interface capable of allowing fransport of profons.
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E18. An cell according fo any of the precading embodiments where the hydrogen siorage
material includes one or more further elements selected from the group consisting of structural
modifiers {(elements o promote the amorphous phase of a material), hydrogen bond strength
modifiers and solid electroiyie interface (SEl) modifiers; for exampie one or more further
slements selected from the group consisting of B, alkaline sarth melals, fransition metals, rare
earth metals, other metals of groups 1l or V of the periodic table, O, F, P, Cl and the like.

E18. A cell according to any of the preceding embodiments where the electrolyte composition is
neutral or acidic, for exampie having a pH of about 7 or lower; for example from about 1, from
about 2, from about 3, from about 4, from about 5 or from about 6 {0 about 7.

E17. A cell according to any of the preceding embodiments where the electrolyte composition
comprises one or more ionic compounds selected from the group consisting of protic acids,
protic ammonium compounds, protic oxonium compounds, aprotic ammonium compounds,
aprotic oxonium compounds, aprotic phosphonium compounds and alkali or alkali sarth metal
salts.

E18. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing a cation selected from the group consisting of NH,"
{ammoenium)}, methylammoenium, ethylammonium, dimethylammonium, disthyvlammonium,
trimethylammonium (NMe;H"), triethyvlammonium, fributylammonium, diethylmethyiammonium,
hydroxyethyvlammonium, methoxymethylammonium, dibutylammonium, methylbuiviammonium,
anilinium, pyridinium, 2-methylpyridinium, imidazolium, 1-methylimidazolium, 1,2-
dimethylimidazolium, imidazolinium, 1-ethylimidazolium, 1-(4-sulfobutyl-3-methylimidazolium,
1-allylimidazolium, quinciinium, isoquinolinium, pyrrolinium, pyrrolininium or pyrrolidinium;
1-butyl-1-methylpyrrolidinium, tetramethylammonium, ietrasthylammonium, tetra-n-
butylammonium, n-butyl-tri-ethylammonium, benzyl-tri-methylammonium, tri-n-
butylmethylammonium, benzyl-iri-ethylammonium, 1-methylpyridinium, 1-butyl-3,5-
dimethylpyridinium, 1,2, 4-trimethylpyrazolium, trimethythydroxysthylammonium {choline), tri-
{hydroxyethymethylammonium, dimethyl-di{polyoxyethylens)ammonium, 1,2,3-
trimethylimidazolium, 1-butyl-3-methylimidazolium, 1-ethyl-2,3-dimethylimidazolium, 1-allyl-3-
methviimidazolium, 1-hydroxysthyl-3-methylimidazolium, 1,3-dimethylimidazolium, 1-ethyil-1-
mathylpiperidinium, 4-ethyl-4-methyvimorpholinium, 1-{cyanomethylh-3-methylimidazolium, 1-(3-
cyanopropyhpyridinium, 1,3-his{cyanomethyl)imidazolium, T-hexyl-3-methylimidazolium or 1-
ethyl-3-methylimidazolium; and

methvitriphenyliphosphonium, tetraphenyiphosphonium, tetrabutylphosphonium,
tributyimethylphosphonium, triethylmethyiphosphonium, trihexyiteiradecyiphosphonium,
trichenylpropyiphosphonium or tetrakis(hydroxymethyhphosphonium;
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for instance, the cation is 1-ethyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-butvl-1-
methylpyrrolidinium or trihexyl{tetradecylphosphonium.

E19. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
carboxylates, imides, mathidss, nitrate, bifluoride, halides, borates, phosphates, phosphinates,
phosphonates, sulfonates, sulfates, carbonates and aluminates.

E20. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
[FB(CaFamt ez, [FyP(CoFameey], {CmFzme1)2P(O)OT, [CanFame 1 P(OY02] 2, [O-C{O»-CrF amnT,
[C-B{O)-CrFamet], IN(C(O-CrFamei)a], [N(S(O)2-CiF2eme 1)z}, [N{C{O»CrnF 2 1) {B(0)2-CriF 2r0}F,
[N(CHOConb 2me SO, IN(S{O)2-CrnF 21 (SO}, [N(S(O)oF o}, [CC{O}-CrnFamen}al,
[C{S(O)-CriF 2me1)a],

O~ o
\X/> \X/Rx
- \0 O/ N

Rw -
(*\E/ (\I/ (O\l/Rz
~ \ P
O\// I O ;qu Ry
' and ,
where

v is aninfeger of 110 6,

m is an integer of 1 1o §, for instance 1 {o 4,

zis aninteger of 1o 4,

Xis BorAland

Rw, Rx, Ry and R;are independently halogen, C-Cxalkyl, Ci-Caealkyl which is parily or fully
fluorinated, C,-Caalkoxy, Ci-Caealkoxy which is partly or fully fiuorinated, Cy-Coealkyl-CO0 or
Cy-Coealkyl-COO which is partly or fully fluorinated and

G 70O is independently a bidentate group derived from the ~OH groups of a 1,2- or 1,3-diol, a
1.2- or 1,3-dicarboxylic acid or from a 1,2- or 1,3-hydroxycarboxylic acid and

where any ong CF; group may be replaced by O, 5(0)., NR or CHa.
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E21. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic compound containing an anion selected from the group consisting of
FeP{CoFs)a, FsP{CeFs)y, FalP{CoFs)y, FoP(CaF e, FaP(CaFa)s, FaP(CsF e, FoP{CaFsla,
FsP{CaFo)a, FaP{CsFa)y, perfluoroalkyicarboxylate, perfiucrcalkylsuifonate,
bis(perfluoroalkyisulfonyllimids, (perfluorcalkylsulfonyh{perfluorcalikyicarboxybiimide,
tris(perfluoroalkylsulfonyimethide, triflucroacetate, triflucromethanesulfonate (iriflate),
bis(triffucromethyisulfonyhimide, tris{trifiuoromsthyisulfonylymethide, tetrafluoroborate or a spiro-
oxo borate or spiro-oxo phosphate, for example bisoxalatoborate (BOB), diflucrooxalatoborate
(dF OB}, diftrifluorcacetatojoxalatoborate (d{AC)OR), trisoxalaiophosphate,
tetrafluorooxalatophosphate and diltriflucroacetaio)oxalatoaluminate.

E22. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing a carboxylate anion of formula RCOO where R is
hydrogen or hydrocarbyl; such as formate, acetate {ethanoats), acrylate, propannats, n-
butanoate, i-butanoate, n-pentanocate, i-pentanocate, octanocate, decanocate, benzoate, salicylate,
thiosalicylate, 2-, 3- or 4-nitrobenzoate; citrate, oxalate, tarirate, glycolate, gluconate, malate,
mandelate, a carboxylate of nitrilotriacetic acid, a carboxylate of N-{2-hydroxysthyi)-
sthylenediaminetriacetic acid, a carboxylats of ethylenediaminetstraacetic acid, a carboxylate of
disthylenstriaminepentaacetic acid or a haloalkylcarboxylate such as flucroacetats,
diflucroacetate, trifluoroacetate, chioroacstale, dichloroacetate or trichioroacetate.

E23. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic compound containing

an imide anion such as dicyanamide, N{(SOF ) {(bisfluorosulfonybimide), a
bis(perfluoroalkylsulfonyllimide such as [N(SOCF3),l (bistriflimide),
bis{pentafluoroethylsulfonyhiimide or N{CF3S0{CF(CF):530or a
(perfluoroalkyisulfonyl)(perflucroalkylcarboxyllimide; or

a mathide such as a tris{perflucroalkylsulfonylimethide, for example
tris(triflucromethylsulfonybmethide, C{CF80:):7; or

bifluoride (HF,); or

chioride, bromide, iodide or fluoride; or

a borate such as orthoborate, tetrahydroxyborate, teiraborats, tetraphenyiborate, [B(3,5-
(CF3)2CsHa)] (BARF), B(C04) (bis{oxalaio)borate) (BOR), difiuorc{oxalatoiborate (dFOB),
ditrifluorcacetato)oxalatoborate (D(ACYOR), B(CsFs)s or BF 4~ (letrafluorcborate); or

a phosphate such as dihydrogen phosphate, hydrogen phosphate, alkyl phosphate, diatkyi
phosphate, phosphate, PFs (hexafluorophosphate), HPG:F- (fluorchydrogen phosphate),
trisoxalatophosphate (TOP), tetrafluorooxalatophosphate (TFOP) ora
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fluoro{perfluorcalkyhphosphate such as FoP{CoF s, FaP{CaFs)a
(tris{pentafiuoroethyDtriflucrophosphate or FAP), F.P(CoFs), F2P(CsF)e, FiP(CaF ),
FaP{CsF7)2m, FaP(CaFe)am, FoP{Calo)a or F4P{CaFg)e; or

a sulfonate such as an alkylsulfonate, aryisuifonate or perfluoroalkyisulfonate, for instance
trifiuoromethanssulfonate (iniflate), p-tolusnesulfonate (tosylate} or methanesulfonats
{mesviate); or

a sulfate such as hydrogensulfate, sulfate, thiosulfate or an alkyisulfate such as methylsulfate or
ethyisuifate; or

a carbonate anion such as carbonate, hydrogencarbonate or an alkylcarbonate such as
methylcarbonate, ethylcarbonate or bulvlcarbonate; or

an aluminate such as AHOC(CFa))4, diltrifluoroacetato)oxalatoaluminate (d{ACYOAD,
teirachioroaluminate, tetraflucroaluminats, tetraicdoaluminate or tetrabromoaluminate.

E24. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic liquid.

E25. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an ionic liquid selected from the group consisting of disthylmethylammonium
trifluoromethanesulfonate (DEMA TO), ethylammonium nitrate, triethylammonium
methanesulfonate, 2-methylpyridinium triflucromethanesulfonate, ammonium fluoride,
methviammonium nitrate, hydroxyethylammonium nitrate, ethylammonium nifrate,
dimethylammonium nitrate, 1-methylimidazolium nitrate, 1-ethylimidazolium nitrate, {-
butylammonium tetraflucroborate, hydroxysthylammonium tetrafiuoroborate,
meathylbuivlammonium tetrafluorcborate, triethylammonium tetraflucroborate, imidazolium
tetrafluoroborate, 1-methylimidazolium tetrafluoroborate, 1,2-dimethylimidazolium
tetrafluoroborate, t-butylammonium iriflate, 2-fluoropyridinium triflate, hydroxyethvliammonium
trifiate, 1,2-dimsthylimidazolium triflate, imidazolium trifiate, 1-msthylimidazolium
hydrogensulfate, 1-methvlimidazolium chioride, 1-methylimidazolium iriflate, hydronium iriflate,
methviammonium mesylate, ethylammonium mesylate, bulylammonium mesylate,
methoxyethylammonium mesylate, dimethylammonium mesylate, dibutylammonium mesylate,
triethylammonium mesylate, dimethylethviammonium mesylale, hydronium hydrogensulifate,
ammoniumn hydrogensulfate, methylammonium hydrogensuifate, ethylammonium
hydrogensulfate, propylammonium hydrogensuifaie, n-buiviammonium hydrogensulfats, t-
butvlammonium hydrogensulfate, dimethylammonium hydrogensuifate, disthylammonium
hydrogensuifate, di-n-butylammonium hydrogensulfate, methylbutylammonium hydrogensulifate,
sthytbutviammonium hydrogensulfate, trimethylammonium hydrogensulfats, triethylammonium

hydrogensulfate, tributylammonium hydrogensulfate, dimethylethylammonium hydrogensulfate,
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dibutylammonium fluorchydrogen phosphate, triethylammonium fluorchydrogen phosphate,
tributylarmmonium fluorohydrogen phosphate, hydronium dihydrogen phosphate,
methviammonium dihydrogen phosphate, ethylammonium dihydrogen phosphate,
propylammonium dihydrogen phosphate, n-bulylammonum dihydrogen phosphate,
methoxyethylammonium dihydrogen phosphats, dimsthylammonium dihydrogen phosphats,
dibutylammonium dihydrogen phosphate, methylbulylammonium dihydrogen phosphate,
ammonium biflucride, methylammonium bifluoride, ethylammonium bifluoride and
dimethylammonium biflucride.

E28. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises an ionic liquid selected from the group consisting of 1-ethyl-3-methvlimidazolium
triftuoromethanesulfonate (EMIM TFO), 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM
BF4), 1-ethyl-3-methylimidazolium bis{iriflucromethyisuifonyl)imide (EMIM TFSH, 1-ethyl-3-
methyvlimidazolium acetate (EMIM Ac), 1-butyl-3-methylimidazolium triflucromethanesulfonate
{(BMIM TFO), 1-bulyl-3-methylimidazolium acetate (BMIM Ac), 1-buiyl-3-methylimidazolium
bis(triffuoromethyisulfonyhimide (BMIM TFSI), tri-n-butylmethylarmmonium methyisulfate, 1-
ethyl-2 3-dimethylimidazolium ethylsulfate, 1-butyl-3-methylimidazolium thiccyanate, 1-butyl-3-
methylimidazolium tetrachloroaluminate, 1-butyl-3-methviimidazolivm methylsulfate, 1-butyl-3-
methyvlimidazolium methanesulfonate, 1-bulyl-3-methylimidazolium hydrogencarbonate, 1-bulyl-
3-methylimidazolium hydrogensulfaie, 1-butyl-3-methylimidazolium chloride, 1,2,3-
trimethylimidazolium methylsulfate, tris-(hydroxyethylymethylammonium methylsulfate, 1,2 4-
trimethyipyrazolium methyisulfate, 1,3-dimethylimdiazolium hydrogencarbonate, 1-ethyi-3-
methylimidazolium hydrogencarbonate, 1-ethyl-3-methviimidazolium chioride, 1-ethyl-3-
methylimidazolium tefrachloroaluminate, 1-ethyl-3-methviimidazolium thiocyanate, 1-ethyl-3-
methvlimidazolium methanesulfonate, 1-ethyl-3-methylimidazolium hydrogensulfate, 1-ethyl-3-
methylimidazolium ethylsulfate, 1-ethyl-3-methylimidazolium nitrate, 1-butylpyridinium chioride,
1-ethyl-3-msthylimidazolium dicyanamide, 1-sthyl-3-methylimidazolium hexaflucrophosphates, 1-
butyl-3 5-dimethyipyridinium bromide, 1-ethyl-3-methylimidazolium
bis(pentafluoroethyisulfonvhimide, 1-sthyl-2,3-dimethylimidazolium methylcarbonate,
carboxymethyi-tributylphosphonium bis(trifflucromethyisulfonyhimide, N-carboxyethyi-
methyloyrrolidinium bis{triflucromesthyisulfonvllimide, N-carboxymethyl-trimethylammonium
bis(trifiuoromethylsulfonyhimide, N-carboxymethyl-methyipyridinium
bis(triffuoromethyisulfonyhimide, hexyltrimethylammonium bis(irifluromethylisulfonyhimide,
tetrabutyliphosphonium methanesulfonate, triethylmethylammonium methylcarbonate, 1-ethyi-1-
methyisiperidinium methylcarbonate, 4-sthyl-4-methylmorpholinium methylcarbonate, 1-butyl-1-

methvipyrrolidinium methyicarbonate, tristhylmethylammonium dibulyiphosphate,
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tributyimethviphosphonium dibulylphosphate, tristhvimethyiphosphonium dibutylphosphate,
tetrabutyiphosphonium tetraflucroborate, tetrabutylphosphonium p-toluenesulfonate,
tributyimethyiphosphonium methylcarbonate, 1-ethyi-3-methylimidazolium hydrogencarbonate,
tributyimethylammonium methylcarbonate, tributylmethylammonium dibutyiphosphate, 1-ethyl-3-
methvlimidazolium dibulyiphosphate, 1-butyl-3-methylimidazolium dibutylphosphate, 1-
{cyanomethyl)-3-methylimidazolium chloride, 1-(3~cyanopropyh-3-methylimidazolium chioride,
1-(G-cyanopropyh-3-methylimidazolium bis(trifflucromethyisulfonyl)imide, 1-(S-cyanopropyh)-3-
methvlimidazolium dicyanamide, 1-(3-cyanopropylipyridinium chioride, 1-(3-
cyanopropyhpyridinium bis(riluoromethyisulfonyhimide, 1,3-bis{(cyanomethyhimidazolum
chioride, 1,3-bis{cyanomethyhimidazolium bis(trifluoromethylsulfonylimide, 1,3-
bis{cyanopropyllimidazolium chioride, 1,3-bis(3-cyanopropyhimidazolium
bis(triffucromethyisulfonyhimide, 1-butyl-3-methylimidazolium hexaflucrophosphate, 1-butyl-3-
methvlimidazolium tetraflucroborate, 1-ethyl-3-methylimidazolium tetrafluorcborats, 1-sthyl-3-
methyvlimidazolium chloride, 1-ethyl-3-methylimidazolium bromide, 1-butyl-3-methylimidazolium
bromide, 1-hexyl-3-methylimidazolium chioride, tributyimethyiphosphonium methylsulfate,
triethyimethyiphosphonium dibutylphosphate, trihexyltetradecyiphosphonium
bis{triffuromethylsulfonyhimide, trihexyltetradecyiphosphonium bis(2 4, 4-
trimethyiphenyliphosphinate, trihexyltetradecyiphosphonium bromide,
trihexylietradecylphosphonium chioride, irihexyltetradecylphosphonium decanocate,
trinexyletradecylphosphonium dicyanamide, 3-(triphenylphosphonio)propane-1-sulfonate and 3-
{triphenyiphosphonioipropane-1-sulfonic acid tosylate.

E27. A cell according to any of the preceding embodiments where the slectrolyte composition
comprises a protic acid; for example a protic acid such as

hydrochloric acid, nitric acid, phosphoric acid, sulfuric acid, boric acid, hydrofluoric acid,
hydrobromic acid, hydroicdic acid, perchioric acid or periodic acid; or

a bisulfats such as sodium bisulfate, potassium bisulfate or ammonium hisulfate; or

HAsFs, HBF4, H{OEL)BF,, HPFs, \HIN{SO,CF3):] or HIN(SOCF.CF3)].

E28. A cell according to any of the preceding embodiments where the electrolyte composition
comprises an organic protic acid such as a carboxylic acid of formula RCOOH where R is
hydrogen or hydrocarbyl, for example formic acid, acstic acid, acrylic acid, fluoroacetic acid,
difluoroacetic acid, trifluoroacetic acid, chlioroacetic acid, dichloroacetic acid, trichloroacstic acid,
propanoic acid, bulyric acid, 3-methyibutanoic acid, valeric acid, hexanoic acid, heptancic acid,
caprylic acid, nonanoic acid, benzoic acid, salicyiic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid,

oxalic acid, tartaric acid, glycolic acid, gluconic acid, malic acid, mandslic acid, nitrilotriacetic
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acid, N-(2-hydroxyethyh-ethvlenediaminetriacetic acid, sthylenediaminetetraacetic acid or
diethyleneaminepentaacetic acid.

E29. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic sulfonic acid of formula RSO3H where R is alkyl or aryl or alkyl or aryl
substituted by one o three halogens, such as p-toluenesulfonic acid, phenylsulfonic acid,
methanesulfonic acid or triflucromethanesulfonic acid.

E30. A cell according to any of the preceding embodiments where the electrolyte composition
comprises a protic acid which is an oxonium ion associated with a highly non-coordinating ion
such as Brookhart's acid (BARF acid), [H{OEL:))[B[3,5-(CF3)2Calals], [HIOEL)B(CsFs)s]
(oxonium acid) or [HIOEL)JAHOC(CFa)a)e].

E31. A cell according to any of the preceding embodiments where the electrolyte composition
comprises at least two different ionic compounds; for example, where the elecirolyte
composition comprises

a protic ionic compound and an aprotic ionic compound;

two different profic ionic compounds;

two different aprotic ionic compounds;

two different salts;

two different ionic liguids;

a salt and an ionic liquid, for example a protic or aprotic ammonium salt or an alkall metal salt
such as an alkai metal halide;

a protic acid, protic ammonium compound or a profic oxonium compound and an ionic liquid, for
example a carboxylic acid and an ionic liquid.

E32. A cell according to any of the preceding embodiments where the eleclrolyte composition
comprises two different ionic compounds which contain an identical cation or an identical anion.
E33. A cell according to any of the preceding embodiments whers elecirolyte composition
comprises two different ionic compounds with a weaightiweight ratio of from about 80.9:.0.1 10
about 0.1:89.9, from about 99.5:0.5 {0 about 8.5:89.5, from about 891 to about 1:89, from about
895:5 to about 5:95, from about 90:10 o about 10:80, from about 30:20 to about 20:80, from
about 70:30 to about 30:70 or from about 63:40 {o about 40:60.

E34. A cell according to any of the preceding embodiments where the slectrolyte composition
contains no organic solvent and £ 1000 ppm, £ 180 ppm or £ 10 ppm water by weight, based on
the total weight of the electrolvie composition; or where the electrolyte composition contains £ 9,
<8, 7,56, £5or 54 ppm water by weight, based on the total weight of the slecirolyte

composition.
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E38. A cell according to any of embodiments 1-33 where the electrolyte composition comprises
a solvent.

E36. A cell according to any of embodiments 1-33 where the elecirolvte composition comprises
a solvent consisting essentially of water.

E37. A cell according to any of embodiments 1-33 where the slectrolyte composition comprises
a solvent consisting essentially of organic solvent.

E38. A cell according to any of embodiments 1-33 where the electrolyle composition comprises
a solvent comprising water and an organic solvent.

E39. A cell according to embodiment 38 where the weightweight ratio of waler to organic
solvent is from about 88.2:0.1 to about 0.1:29.9, from about 88.5:0.5 {0 about .5:98.5, from
about 88:1 to about 1:99, from about 85:5 to about 5:85, from about 90:10 1o about 10:90, from
about 80:20 to about 20:80, from about 70:30 to about 3C:70 or from about 60:40 o about
43:60.

E40. A cell according to any of embodimenis 37-38 where the organic solvent comprises one or
more solvents selected from the group consisting of organic carbonates, ethers, glymes, ortho
esters, polyalkiene glycols, esters, laciones, glycols, formates, sulfones, suifoxides, amides,
alcohols, ketones, nitro solvents and nitrile solvents.

E41. A cell according to embodiment 48 where the elecirolyte composition comprises an
organic solvent such as

an organic carbonate, for example a cyclic or acyclic organic carbonate such as ethylene
carbonate (EC), propyiene carbonate (PC), trimethylene carbonate, 1,2-butylens carbonate
(BC), dimsthyl carbonate (DMC), diethyl carbonate (DEC), ethyimethyl carbonats (EMC),
vinylene carbonate, difluoroethylene carbonate or monofluorcethylene carbonate; or

an ether or glyme such as dimethoxymethane (DMM}, diethoxymethane, 1,2-dimethoxyethane
(DME or ethyleneglycol dimethyiether or glyme), diglyme, triglyme, tetraglyme, ethylenegiycol
disthylether (DEE), ethylenegiveo! dibuiviether, diethyleneglycol disthylether, tetrahydrofuran
{THF}, 2-methyltetrahydrofuran (2-MeTHF), 1,3-dioxane, 1,3-dioxolane (DIOX), 4-methyl-1,3-
dioxolane (4-MeDIOX), 2-methyl-1,3-dioxolane (2-MeDIOX), 1. 4-dioxane, dimethylether,
ethyimethylether, disthylether, di-n-butylether, di-t-butylether, di-isopropylsther, methyi-t-
butylether, sthyl-t-butylether or t-amylb-methylether; or

an ortho ester such as trimethoxymethans, triethoxymethane, 1,4-dimethyl-3,5,8-
trioxabicyclof2.2.2]octane or 4-ethyl-1-methyl-3,5,8-trioxabicyclo[2.2 2loctans; or

a polyalkyiene glycol, that is a homo- or cooligomer or homo- or copolymer of Ci-Cualkylene
glycols, such as polysthylene glycol (PEG) or monomethyl, dimethyt or diethyl (end-cappead)

polvethvlene glycol with weight average molecular weights (Mw) for example from aboul 200 1o
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about 1200 g/mol, from about 200 to about 1000 g/mol, from about 200 to about 900 g/mol, from
about 200 to about 700 g/mol or from about 200 to about 500 g/mol, for example oligomers of 4
monomers or more, for instance tetraethylene glycol, flucrinated {etrasthylene glycol or
tetrapropylene glycol, for instance PEG 200, PEG 300, PEG 400, PEG 500, PEG 600, PEG
700, PEG 800, PEG 900 or PEG 1000; or

an ester or lactone such as v-butyrolactone (GBL), v-valerclacione, é-valerolacione, ethyl
acetate (EA), 2-methoxyethyl acstate, 2-ethoxyethyl acetate, 2-butoxysthyl acetate, 2-(2-
butoxyethoxylethyl acetate (diethvlens giveol bulyl sther acetate, DBA), sthylene glycol
diacetate (EGDA), 3-ethoxy ethyl propionate (EEP), methyl bulyrate (MB), n-amyl acelate
{NAAC), propviene glycol methyl ether acetate (PMA), ethyl butryate (EB), diethyl malonate or
dimethyl malonate; or

a dibasic ester mixiure such as methyl esters of adipic, glutaric or succinic acids; or

a glycol such as ethylene glycol, propylene glycol, 2-methoxyethanol, 2-ethoxyethanol, 2-
propoxyethanol, 2-isopropoxyethanol, 2-butoxysthanol (ethylene glvcol butyl ether, EB), 2-
phenoxyethanol, 2-benzyioxyethanoi, 2-(2-methoxyethoxy)ethanol, 2-(2-ethoxysthoxyiethanol,
2-(2-butoyyethoxylethanol {diethylene glycol butyl ether, DB), propylene glycol butyl ether (PB),
propylene glycol methyl ether (PM), triethylene glycol (TEG), dipropylene glycol methy! ether
{DPM), disthylene glycol methyl ether, 1,3-butanedicl, 1,4-butanediol, 1,5-penianediol,
perfluoro-1,4-butanediol, perfluoro-1,5-butanediol, fluorinated diethylene glycol methyl ether,
fluorinated triethylene glycol, fluorinated tristhylens giycol methyl ether or fluorinated diethylene
glycol butyl ether; or

a formate such as methyl formate, ethyl formate, isobutyl formate or teri-butyl formate; or

a sulfone or sulfoxide such as methyisulfonyimethane (MSM or dimethylsulfone),
sthyimethyisuifone, suifolane or dimethylsulfoxide (DMSO); or

an amide such as dimsthyiformamide (OMF)}, dimethylacetamids (DMA), N-methyipyrrolidone
{NMP), 2-pyrrolidone, 1,3-dimethyl-2-imidazolidinone (DM, hexamethylphosphoramide
(HMPA) or N,N'-dimethyl-N N'-trimethvleneurea {1,3-dimethyl-3,4,5 6-tetrahydro-2(1H)-
pyrimidinone (DMPU)); or

an alcohol such as benzylalcohol (BA), ethanol, rifluorcethanaol (2,2, 2-triffucrosthanol),
methanol, isopropanol, t-butanol or n-butanol; or

a ketone such as methylethylketone (MEK) or methyl-iscamylketone (MIAK); or

a nitro solvent such as nitrobenzene, nitromsthane or nitrosthans; or

a nitrile solvent such as acetonitrile, propionitrile, butyronitrile or adiponitrils.

E42. A cell according to any of embodiments 1-33 and 358-41 where the slectrolyte composition

comprises a solvent and where the weight:weight ratio of ionic compounds in total {o solvent is
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from about 98.9:0.1 to about 0.1:89.9, from about 89.5:0.5 t0 about 0.5:99.5, from about 99:1 o
about 1:99, from about 85:5 {0 about 5:95, from about 80:10 to about 10:90, from about 80:20 {0
about 20:80, from about 70:30 1o about 30:70 or from about 60:40 to about 40:60.

E43. A cell according to any of embodiments 1-42 where the electrolyte composition further
comprises one or more additives selected from the group consisting of corrosion inhibitors, solid
electrolvte interface (SE) improvers, proton evolution improvers, self-discharge inhibitors, anti-
gassing agents, viscosity adjusting agents, cathode protection agents, salt stabilizers,
conductivity improvers and solvating agents.

Ed44. A csll according to any of embodimenis 1-43 where the elecirolyte composition contains
one or more additives selected from the group consisting of

fiuorinated oil, sodium stannate, sodium citrate or polyacrylic acids,

HF or KF, oxides or hydroxides of rare earths such as Y, metal porphines, for example NiorFe
porphine, vinyiene carbonate, vinylethylene carbonate, methylene ethylene carbonate or fluoro-
ethylene carbonate;

polygivcols, polygiycol alkyl ethers, polygiycol alkyl phosphate esters or polysorbates such as
polvsthylens ghyeol (PEG), polypropylene glyeol, polysorbate 20, polysorbate 40 or polysorbate
80 or a mixture of PEG 600 and polysorbate 20 or a mixture of PEG 800 and ZnC;

phosphate ester-based surfactants, propane sulione or fluoropropane sulione; and

DMSO;

for example at a level of from about 0.1% to about 18% by weight, based on the tolal weight of
the slectrolyte composition.

E45. A csll according to any of the praceding embodiments where the reversible half cell

charge/discharge electrochemical reaction at the negative electrode is

V+H+e VH
SitH +e S

where

or

iV is a group IV element-based hydrogen storage material and

Siis a silicon-based hydrogen storage material

E48. A cell according to any of the preceding embodiments comprising a positive electrode, the
positive electrode comprising one or more cathode active materials selected from the group
consisting of iransition metals, fransition metal oxides, transition metal hydroxides, transition
metal oxide/hydroxides and transition metal fluorides; for example one or more materials

selected from the group consisting of
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B¢, T, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hf, Ta, W, Re,
Os, Ir, Ptor Au;

oxides of Sc, Ti, V, Cr, Mn, Fg, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, Lu, Hif,
Ta, W, Re, Os, Ir, Pt or Au;

hydroxides of Sc, Ti, V, Cr, Mn, Fe, Co, NI, Cu, Zn, Y, Zr, Nby, Mo, Tc, Ry, Rh, Pd, Ag, Cd, Ly,
Hf, Ta, W, Re, Os, Ir, Pl or Au;

oxide/hydroxides of Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc¢, Ru, Rh, Pd, Ag, Cd,
Lu, Hf, Ta, W, Re, Os, Ir, Pt or Au; and

fluorides Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Tc, Ry, Rh, Pd, Ag, Cd, Ly, Hf, Ta,
W, Re, Os, Ir, Pior Au.

Exampie 1

A present ancde is employed in a SWAGELOCK cell assembly. A smaller anode is
emploved and therefore limits the capacity.

An anode is prepared via chemical vapor deposition of amorphous silicon on a nickel
substrate. The anode is 0.94 cnm? with an amorphous silicon film thickness of about 250 nm and
a film mass of 531.7 yg. Thickness is measured with a scanning slectron microscops (SEM).
The cathode is sintered nickel hydroxide on a nickel mesh substrate. The slecirolyie
compaosition is 2 molar acetic acid in 1-athyl-3-methylimidazolium acetate.

The cell is cycled at a charge/discharge current density of 387 mA/g. The cell exhibits
stable charge/discharge characteristics after 25 cycles as demonstrated in Fig. 1. The anode
gxhibils a charge plateau at ca. 1.4 V and a discharge plateau at ca. 1.2 V and a spedaific
capacilty of ca. 889 mAh/g at the 20" cycle.

A 100 g anode alloy containing 1 weight percent (wi%) hydrogen (1 g or 1 mol) will have a
capacity of 96500 A~sec (Faraday’s constant) or 26.8 Achour or 268 mAh/g of alloy. As present
film exhibits a capacity of 888 mAh/g, the film charges 880/268 = 3.3 wit% hydrogen. This
equates {o greater than 0.9 M atoms charged per Si atom: 1 g/mol (H) / 28 g/mol (81) = 3.57
wit%; 3.3/3.57 = 0.92 H per Si atom.

Exampie 2

Example 1 is repeated, with the cell charged at a rate of 408 mA/g for 10 hours and
discharged at 510, 1020, 2041 and 4082 mA/g to provide discharge capacities of 2604, 1681,
1080 and 847 mAh/g respectively.

Exampis 3
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Hydrogenated amorphous silicon (a-Si:H) thin films are deposited on nickel foil substrates
in an AMAT P5000 plasma enhanced chemical vapor deposition (PECVD) system. To enhance
the conductivity of the films, n-type doped a-Si:H thin films are obtained in-situ by the addition of
phosphine in the working gas. The gas fiow for PECVD is 60 scom silane, 460 scom helium and
40 scom 5% phosphine in helium. The subsirate temperature is 100°C, radio frequency ()
power is 30W and working pressure is 3 Torr during deposition. The deposition time is 125 s
and the average thickness of the as-deposited a-Si:H thin films is 247 nm. In addition to the
CVD process, amorphous silicon samples are also prepared by an ri-sputtering technique, a
kind of physical vapor deposition (PVD}. Non-hydrogenated a-Si films are deposited on nickel
substrates by rf-spultering, followed by a subsequent ex-situ hydrogenation treatment. The
sputier deposition source is an 800 diameter planar silicon target constructed of segments of
monocrystalline silicon wafers (0.001 O cm, boron-doped) bonded to the sputtering cathode
backing plate. Typical sputter deposition parameters include a gas flow of 3 scom argon, 8
mTorr glow discharge pressure, an if (13.56 MHz) power of 4868 W (1.5 W om?) and a target-
substrate distance of 74 mm, with substrates held close to room femperature. Substrates are
located in fixed positions underneath the farget, and maximum deposition rates of approximately
125 A min™' are oblained in the racetrack region under these conditions. Post-deposition ex-situ
hydrogenation treatments are conducted in a sieel reactor vessel used in the pressurs-
concentration-temperature measurement. Variables of peak pressure (1 MPa and 6 MPa), peak
temperature {(300°C and 500°C), and anneal ime (2 h and 20 min) are employed.

The non-aquecus electrolyte is 2M glacial acetic acid (CH3COOH, »989.7%, Alfa Aesar) in
[EMIM] [AC] (»05%, loLiTec GmbH) (1-ethyl-G-methylimidazolium acetaie). [EMIM] [Ac]is
baked at 115°C in a vacuum oven for 48 h to remove residual water. The water content of the
ionic liquid is determined to be < 1000 ppm using a coulometric Karl Fischer titrator. Then
glacial acetic acid is mixed with [EMIM] [Ac] with a volume ratio of 1.14; 10. The ionic
conductivity at 8 mS crv’! is measured by a conductivity meter (Y51 model 32003, After the
deposition of a-Si:H thin films on Ni substrates (1.25 cm x 1.25 cm), samples are cut into
circular discs (diameter = 1.25 cm). The thickness of a-8i:H films varies between 247 nm and
3.0 mm and the aclive material mass varies between 70 mg and 840 mg. The elecirochemical
performance of the a-StH thin films are tested using a half-cell configuration with P/N ratic
{positive capacity/nagative capacily) » 100. The positive electrode is a piece of sintered
Ni{OH); that is fabricated in-house and used as standard positive electrodes for our Ni/MH
batiery research. Both electrodes are baked at 115°C in a vacuum oven for 12 h before csll
assembly. A 1.25 cm (dia.) Swagsiok-type cell is assembled in an Ar-filled glove box using an

a-3i:H thin film anode and a sintered Ni(OH): cathode, separated by a standard nonwoven
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separator and clamped with two 1.25 cm (dia.) nickel rod current colleclors. Then 1 mb of
electrolvie is injected into the cell before the cell is sealed for testing. The electrochemical
charge/discharge tests are performed using an Arbin BT-2143 batiery test station at constant
currents and a discharge cut-off voltage at 0.6 V. To study the rate capability of a-Si:H anode,
the current densities are varied between 510 and 4082 mA g*. Cyclic voltammetry (CV)
measurements are performed using Gamry's Interface 1000 potentiostat/galvanostat in a three-
slectrode Swagelok cell. The working electrode is an a-SitH thin film on Ni foil and the countsr
elecirode is a sintered Ni{OH); disc. A leak-free reference elecirode (Warner Iinstruments) is
inserted through the top port of the Swagelok cell as referencs, which has a siandard potential
of 0.24 V vs. standard hydrogen elecirode in a 3.4 M KCl solution. Surface morphology and film
thickness is measured using JEOL-JSMB320F SEM. The Raman shift is measured using an k-
Z Raman spectroscopy system with a 532 nm excitation source. The instrument is calibrated
with a signal from a silicon standard at 520 cr'. Fourier transform infrared (FTIR) spectra are
measured using Perkin Elmer Spotlight 400 FTIR Imaging System.

The a-Si:H anode prepared via CVD is charged to 1935 mAh g af a rate of 2041 mA g*
{(~1C rate) and discharged at the same rate (~1C) uniil a cutoff voltage at 0.6 V vs. the Ni(OH):
counter electrode. The initial discharge capacity is 888 mAh g and gradually increases to 1418
mAh g at the 38th cycls, which is more than four imes higher than conventional the ABs alloy
used in NifMH batleries. Converling to the number of hydrogen per Si atom, it corresponds {o
SiHy4e. The capacily increase during initial cycling may be attributed 1o the activation of the a-
SiH anode. For Si thin film anode in LIB (lithium ion battery), a similar phenomenon is reported
and it is suggested that the capacity increase is due {0 the transition of crystaliine Sito
amorphous 8i. As the a-Si:H thin films are already amorphous in this experiment, the cause is
different from the crystalline Si case. In another report for amorphous Si thin film anode in LIB,
it is proposed that the capacity increase is due 1o the enhanced lithium diffusion resulting from
increased densily of micro-crackings/grain boundaries during the initial cycles. Likewise, the
capacity increase in this study may also be altributed to the enhanced hydrogen diffusion as a
result of increased micro-crackings/grain boundaries developed during the first few cycles. The
open circuit voliage after charging is 1.3 V. For the 1st cycle test, charge and discharge vollage
plateaus arse found at 1.37 ¥V and 1.24 V {middie point) respectively, and the charge/dischargs
overpotential did not show dramaiic increass until the specific capacily reached maximum at the
38th cycle. Then the charge/discharge overpotential increased and capacity faded gradually.
Al the 100th cycle, the specific capacity decreases to 917 mAh g and charge voliage plateau

increased o a value above 1.7 V. In the discharge curve two plateaus are present at
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decreased voltages ~1.0 V and 0.85 V, which are suspected to be correlated io the phase or Si-
H bond structure changes in the films during cycling and needs 10 be explicated. The a-Si:H
anode exhibits a long cycle life - 707 mAh g at the end of 500 cycles and a discharge voltage
piateau at around 0.9 V. As commonily found in non-aqueocus LIB, the increased charge and
discharge overpotentials upon cycling may result from the increased internal resistance due fo
the growth of solid electrolyte interface (SEI) between the electrolyle and electrodes, electrolyie
degradation and/or the increased contact resistance arising from the {ose contact of a-Si:H thin
film from the nickel substrate. After 500 cycles, the cell is dismantied and visual inspection

of the anode showed that the a-Si:H thin films remained intact.

The rate capability of the a-Si:H anode is tested. The anode is charged {0 4082 mAh g at
a rate of 2041 mA gt and discharged at four different rates: 510, 1020, 2041 and 4082 mA g
The discharge capacity decreases dramatically with the increase of current density, and the
obtained discharge capacities are 2604, 1681, 1080 and 647 mAh g, corresponding to SiHz 7,
Siky 78, SiMy 13 and SiHy s, respectively. The discharge capacity and coulombic efficiency at a
constant discharge rate of 510 mA g as a function of charge capacity are measured.
With the increase of charge capacily, discharge capacity increases whereas the coulombic
efficiency decreases. The highest discharge capacity oblained is 3635 mAh g when the a-5iH
anode is charged to 5752 maAh g, which is eguivalent to about 3.8 hydrogen atoms stored in
each silicon atom. This capacity is comparable with the highest capacily reporied for &-8i thin
film anode in LIB. The coulombic efficiency is 87% when the anode is charged to 1000 mAh g,
which declines to 63% for a chargs capacily of 53752 mAh g'. Such a coulombic efficiency is
relatively low compared to LIB and the machanism of capacily 1oss needs further investigation.

it | believed that during the charge process for an a-8i:H slectrode, the weakly bonded
protons in the non-agqueous electrolvie are reduced and adsorbed at the surface of the
slectrode, followed by a hydrogen absorption and diffusion in the bulk a-Si:H. During dischargs,
hydrogen diffuses toward the anode/slectrolvte interface, is oxidized and is desorbed.

The anodic peak is observed at near -0.2 V vs. reference elecirode, which resulis from the
oxidation and desorption of absorbed hydrogen atom at the anode-electrolyte interface. With
the increase of scan rate, the anodic peak current increases and the peak potential slightly
shifis in the positive direction. Unlike typical metal hydride elecirode in alkaline solutions, a full
cathodic peak is observad al near -0.8 V vs. reference elecirode, which benefils from the
enlargement in electrochemical window of non-aqueous 1L based elecirolyte. There is about 0.3
V voltage gap between the hydrogen adsorption peak and the edge of the reduction of
slectrolyte, whereas for metal hydride electrode in an aguecous 30% KOH electrolvte the

hydrogen adsorption peak is so close {o the hydrogen evolution threshold that it overlaps with
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hydrogen evolution peak and cannot be differentiated. A plateau instead of a peak is ofien
observed for metal hydride elecirode in 30% KOH electrolyte and self-discharge cannot be
ignored. Owing 1o their widened electrochemical window, nonagqueous 1L {ionic liquid)
slectrolyies snable the use of redox couples with higher standard potential and thus further
increase in energy density of proton conducting Ni/MH batieries are promising.

SEM micrographs are taken for an a-Si:H thin film before electrochemical cycling
experiment and after 500 cycles. The as-dsposited a-Si:H thin film exhibils a smooth surface
and an average film thickness of 247 nm. After 500 cycles, the film surface becomes roughsr
and crackings are observed. However, the films remained aitached to the Ni substrate and did
not peel off. The average film thickness increases to 281 nm after 500 cycles, about 13%
increase than the as-deposited films. As reported for LIB, volumetric expansion occurs
anisotropically during the lithiation process, with the preferred expansion perpendicular to the
film surface. While contraction occurs both in-plane with and perpendicular to the film surface
during delithiation process, film crackings develop as a resull. The findings for Si thin film
anode in LIB can also explain the crackings and increased thickness after cycling found for a-
SiH thin films in this study. Initially micro-crackings formed, which led {o enhanced hydrogen
diffusion and iniial capacily increase. With repetitive volume expansion and contraction,
crackings grow and some active material loses contact with current collectors resulfing
in a gradual capacity fading.

To determine the bond structure change in a-Si:H thin films, Raman and FTIR
spectroscopy are conducted. Raman spectroscopy is sensitive to 3i-Si bond structure while
FTIR spaciroscopy is effective to reveal the Si-H bond configuration. Raman specira of an a-
Si:H thin film before and after 500 cycles is performed. A typical Raman spectrum of a-Si:H thin
film comprises of four Gaussian peaks, corresponding o transverse optic (TO), longitudinal
optic (LO), longitudinal acoustic (LA) and transverse acoustic {TA) modes. The transition of
amorphous to micro-crystalline/crystaliine 8i is differentiated from the peak wavenumber shift.
A broad peak at 460-400 om! results from the TO vibrational mode of amorphous silicon and a
sharp peak at 512-520 cm’ represents the TO mode of crystal grains of different sizes. A third
peak near 500 o is from the bond dilation at the grain boundaries. Only one broad peak
present is in the range of 480-520 o' before and after 500 cycles. The broad peak centers at
480 ¢!, which means that the film is purely amorphous. No noticeable Raman shift is
observed before and afier cycling, indicating that the a-8i:H thin films remain amorphous during

cycling.

-78-



WO 2016/178957 PCT/US2016/029980

FTIR spectra of a-3i:H thin films before and after 500 cycles is performed. The FTIR
spectrometer has a limited range starling from 650 o, which is at the edge of the major
absorption band centered near 830 cm' due fo the wagging vibrational mode of Si
mono-hydride (Si-H). Less intensive absorption bands at 800-1000 cn! and near 2100 cm™* are
observed, which are assigned to the bending vibrational and stretching modes of Si dihydride
{Si-H2) and poly-hydride complexes (Si-Hy), respectively. The absorption band near 2000cm™!
resulting from the streiching mode of Si-H is not observed. The absorption psaks due to Si-H:
and (Si-Hy), shift toward lower wavenumbers and intensity increases slightly after 500 cycles.
The most intensive Si-H peak near 830 o' is often used to estimate the hydrogen content in a-
Si:H thin films.

The electrochemical performance of rf-sputtering deposited Si thin films is performed. Non-
hydrogenated a-Si films exhibit very low discharge specific capacities of less than 200 mAh g,
and the capacily increases significantly after hydrogenation treatment, which may be attributed
to enhanced hydrogen diffusion after hydrogenation. Specifically, a thicker sample NT (nickel
tab) -92, ~3.0 microns, hvdrogenated with 6 MPa hydrogen pressure at 300°C for 2 h, shows a
discharge capacity in excess of 2224 mAh g after 3 cycles. However, capacity faded quickly
afterwards. In contrast, a thinner sampie NT-83, ~1.2 microns, hydrogenated at 500°C and 1
MPa for 2 h exhibits a discharge capacily of 2377 mAh g after 13 cycles and no sign of
capacity fading afier 14 cycles. A 1 mm-thick Si thin film anode in LIB exhibits a capacity of
3000 mAh g for 12 cycles followed by a quick decline. Compared to the large volume change
for a Si thin film ancde during lithiation/deiithiation, it may have much smaller volume
change during hydrogenation/dehydrogenation as hydrogen is much smaller than lithium. And
thus the high capacity can be retained with longer lifetime for thicker (>1 mm) a-Si thin films.
Several reference ex-situ hydrogenated a-Si:H thin films (1 MPa/300°C/2 h) performed poorly in
cycling tests, yielding low capacilies on the order of the non-hydrogenated a-5i films (< 200
mAh g*). It appears hydrogen incorporation into the silicon network requires thermal activation,
whether that process involves permanent microstructural changes of the silicon film or simply a
relaxation-induced diffusion enhancement for the hydrogen species at high temperature. ltis
well knowrn in thin film silicon technoiogy that microcrystalline regrowth of amorphous films
occurs at around 800°C.

To summarize, using both in-situ hydrogenated CVE and ri-sputtering followed by ex-situ
hydrogenation, a-Si:H thin films are prepared and used as anocdes in a proton conducting NifMH
battery with non-aquecus ionic liquid based elscirolyte, which exhibit high specific capacities
and excellent cycle stabilities. In CVD grown thin films, a specific discharge capacily of 1418

mAh ¢ is obtained at a discharge rate of 2041 mA g for the 38th cycle and the capacity

- 79 -



WO 2016/178957 PCT/US2016/029980

retained 707 mAh g after 500 cycles; and a maximum capacity of 3635 mAh g is oblained at
a lower discharge rate. A 1.2 micron thick rf-sputtered a-Si:H thin film anode hydrogenated at
500°C demonstrates a capacity of 2377 mAh g, while another 3.0 micron thick a-Si:H thin film

exhibits a capacity of 2224 mAh g at the 3rd cycle.
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Claims 78472W0

1. A stable silicon-based hydrogen siorage negative electrode for elecirochemical uses; the

elecirode comprising a hydrogen storage material comprising > 27 wit% silicon.

2. An glectrode according to claim 1 where the hydrogen storage material comprises

amorphous silicon.

3. An electrode according to claim 1 where the hydrogen storage material is hydrogenated.

4. An slecirode according to claim 1 where the hydrogen storage material is comprised in a film

in adherence to a substrate selected from metal, glass, inorganics and plastic,

&. An slecirode according to claim 1 where the hydrogen storage material contains 2 50 wit% Si

based on the tolal weight of the hydrogen storage material.

8. An electrode according to claim 1 comprising = 50% by weight 8i, based on the {otal weight

of the negalive electrode.

7. An electrode according to any of claims 1 {0 8 in contact with an electrolyte composition

which is pH neutral or acidic and aliows for transport of protons.

8. An electrode according to claim 7 where the electrolyte composition comprises one or more
ionic compounds selected from the group consisting of protic acids, protic ammonium
compounds, protic oxonium compounds, aprotic ammonium compounds, aprofic oxonium

compounds, aprotic phosphonium compounds and alkali or alkali earth metal saits.

8. An electrode according to claim 7 where the slectrolyte composition comprises an ionic
compound containing a cation selected from the group consisting of NH4, methylammonium,
ethylammonium, dimethylammonium, disthylammonium, trimethylammonium,
tristhylammonium, tributylammonium, diethyimethylammonium, hydroxysthylammonium,
methoxymethylammonium, dibutylammonium, methylbutyvlammonium, anilinium, pyridinium, 2-
methvipyridinium, imidazolium, 1-methylimidazolium, 1,2-dimethvlimidazolium, imidazolinium, 1-
ethylimidazolium, 1-{4-sulfobutyD-3-methylimidazolium, 1-aliylimidazolium, guinolinium,

isoquinclinium, pyrrolinium, pyrrolininium or pyrrolidinium;
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1-butyl-1-methyipyrrolidinium, tetramethylammonium, tetraethylammonium, tetra-n-
butylammonium, n-butyl-tri-ethylarnmonium, benzyl-tri-methylammonium, tri-n-
butylmethylammonium, benzyi-tri-ethylammonium, 1-methylpyridinium, 1-butyl-3,5-
dimethyipyridinium, 1,2, 4-trimethylpyrazolium, trimethylhydroxyethviammonium, iri-
(hydroxysthylimethylammonium, dimsthyl-di{polyoxyethylenelammonium, 1,2,3-
trimethylimidazolium, 1-butyl-3-methylimidazolium, 1-ethyl-2, 3-dimethylimidazolium, 1-allyl-3-
methylimidazolium, 1-hydroxyethyl-3-mesthylimidazolium, 1,3-dimethylimidazolium, 1-sthyl-1-
methyvipiperidinium, 4-ethyl-4-methyimorpholinium, 1-{cyanomethyl)-3-methylimidazolum, 1-(3-
cyanopropyhpyridinium, 1,3-bis{cyanomesthyliimidazolium, t-hexyl-3-methylimidazolium or 1-
ethyl-3-methylimidazolium; and

methyhriphenviphosphonium, tetraphenylphosphonium, tetrabutylphosphonium,
tributyimethyiphosphonium, triethylmethyiphosphonium, frihexyitetradecylphosphonium,
triphenyipropylphosphonium or tstrakis(thydroxymethyhphosphonium; and

containing an anion selected from the group consisting of carboxylates, imides, methides,
nitrate, bifluoride, halides, borates, phosphates, phosphinates, phosphonaies, sulfonates,

sulfates, carbonates and aluminales.

10. An electrode according to claim 7 where the electrolyte composition comprises an ionic
compound containing an anion sslected from the group consisting of FoP(CaFsia, FaP{CoFs)ys,
FsP{CoFs)y, FaP(CaF 7, FiP(CaFr)y, FaP(CaF ), FoP(CaF e, FaP{CaF s}y, FaP(CsF o),
perflucroalkylcarboxylale, perfluoroalkylsulfonate, bis{perfluoroalkylsulfonyhimide,
{perfluoroalkyisulfonyh(perflucroalkylcarboxyllimide, tris{perfluoroalkylsulfonyhimethide,
trifluoroacetate, irifluoromethanesulfonate, bis(trifluoromethyisulfonyhimide,
tris(trifflucromethvisulfonybhmethide, tetrafluorchorate, bisoxalatoborate, difluorooxalatoborate,
ditriflucroacetato)oxalatoborate, trisoxalatophosphate, tetrafluorooxalatophosphate and

diftrifluoroacetato)oxalatoaluminate.
11. An electrode according o claim 7 where the slectrolyle compaosition comprises an ionic
compound containing a carboxylate anion of formula RCOC where R is hydrogen or

hydrocarbyl,

12. An elecirode according 1o claim 7 where the electrolyte composition comprises an ionic

compound containing an anion selected from the group consisting of
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dicyanamide, N{(SC:F)z-, [N(BOCFa):Im, bis(pentafluorcethylsulfonyilimide,

NICF SO CF{CF2:80,) or a (perfluorcalkyvisulfonyh{perfluoroalkylcarboxyhimide;
C{CF:80: ), HF 2, chioride, bromide, iodide or fluoride;

orthoborate, tetrahydroxyborate, tetraborate, tetraphenyiborate, [B(3,5-(CF3)CeHa)a], B(C0u)2
(bis{oxalaioyborate), difluorc{oxalatoiborate, diftrifluorcacsiatn)oxalatoborate, B{CeFs)a or BF.—;
dihydrogen phosphate, hydrogen phosphate, alkyl phosphate, dialkyl phosphate, phosphate,
PFe, HPOsF, trisoxalatophosphale, tetrafluorcoxalatophosphate, FoP(CaFsl, FsP{CoFs)s,
FaP{CoFa)am, FoP(CaF)am, FaP(CaF e, FaP{CaFy)o, FaP({CsFa)a, FaP(CaFo)a or FuP({CuFo)o;
trifluoromethanesulfonate, p-toluenesulfonate or methanesulfonate;

hydrogensulfaie, sulfate, thiosulfate, methylsulfale or ethyisulfate;

carbonate, hydrogencarbonate, methvicarbonate, sthylcarbonate or butylcarbonate; and
AOC(CF)s)q, diftrifluoroacstatojoxalatoaluminate, tetrachlorcaluminate, tetrafluoroaluminate,

tetraiodoaluminale or tetrabromosaluminate.

13. An electrode according to claim 7 where the electrolyte composition comprises an ionic

liquid.

14. An slectrode according to claim 7 where the eleclrolyte composition comprises an ionic
liquid selecled from the group consisting of diethylmethylammonium triflucromethanesulfonate,
ethylammonium nitrate, triethylammonium methanesulfonate, 2-methylpyridinium
trifiuoromethanssulfonate, ammonium flucorids, methylammonium nitrate,
hydroxyethylammonium nitrate, ethylammeonium nifrate, dimethylammonium nitrate, 1-
methylimidazolium nitrate, 1-ethylimidazolium nifrate, t-bulylammonium tetrafluoroborate,
hydroxyethylammonium tetrafluoroborate, methylbutylammonium tetraflucrchborate,
tristhylammonium tetraflucroborate, imidazolium tetraflucroborate, 1-methylimidazolium
tetrafluorchorate, 1,2-dimethylimidazolium tetraflucroborate, t-bulylammonium triflate, 2-
fluoropyridinium triflate, hydroxyethylammonium triflate, 1,2-dimethylimidazolium triflate,
imidazolium triflate, 1-methylimidazolium hydrogensuifate, 1-methylimidazolium chioride, 1-
methviimidazolium friflate, hydronium triflate, methylammonium mesylate, ethylammonium
measylaie, bulylammonium mesylate, methoxyethylammonium mesylate, dimethylammonium
mesylate, dibutviammonium mesylate, iriethylammonium mesylate, dimethylethylammonium
mesvlate, hydronium hydrogensulfate, ammonium hydrogensulfate, methylammonium
hydrogensuifate, ethylammonium hydrogensuifate, propylammonium hydrogensuifate, n-
butylammonium hydrogensulfate, t-butylammonium hydrogensulfaie, dimethylammonium

hydrogensulfate, diethylammonium hydrogensulfate, di-n-butvlammonium hydrogensulfate,
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methvibutvlammonium hydrogensulfate, ethylbutylammonium hydrogensulfate,
trimethylammonium hydrogensulfate, triethylammonium hydrogensulfate, tributylammonium
hydrogensulfate, dimethylsthylammonium hydrogensulfate, dibutylammonium fluorohydrogen
phosphate, triethylammonium flucrohydrogen phosphate, tributylammonium fluorohydrogen
phiosphate, hydronium dihydrogen phosphate, methylamimonium dihydrogen phosphate,
ethylarmmonium dihydrogen phosphate, propyvlammonium dihydrogen phosphate, n-
butylammonum dihydrogen phosphate, methoxyethylammonium dihydrogen phosphate,
dimethylammonium dihydrogen phosphate, dibutylarmmonium dihydrogen phosphate,
meathytbuivlammonium dihydrogen phosphate, ammonium bifluoride, methylammonium

bifluoride, ethylammonium bifluoride and dimethylammonium bifluoride.

18. An electrode according o claim 7 where the slectrolyle compaosition comprises an ionic
liguid sslected from the group consisting of t-sthyl-G-methylimidazolium
trifluoromethanesulfonate, 1-ethyl-3-methylimidazolium tetrafiuoroborate, 1-ethyl-3-
methylimidazolium bis(triflucromethylsulfonybimide, 1-ethyl-3-methvlimidazolium acetats, 1-
butyl-3-methylimidazolium trifluoromsthanesulfonate, 1-bulyl-3-methylimidazolium acetats
(BMIM Ag), 1-buiyl-3-methylimidazolium bis{trifluoromethylsulfonybimide, tri-n-
butylmesthylammonium methyisulfate, 1-sthyl-2 3-dimethylimidazolium sthylsulfate, 1-butyl-3-
methvlimidazolium thiocyanate, 1-butyl-3-methylimidazolium tetrachloroaluminate, 1-butyl-3-
methylimidazolium methylsulfate, 1-butyl-3-methylimidazolium methanesulfonate, 1-butyl-3-
methviimidazolium hydrogencarbonate, 1-butyl-3-methylimidazolium hydrogensuifate, 1-butyl-3-
mathylimidazolium chionide, 1,2,3-trimsthylimidazolium methylisulfaie, tris-
(hydroxyethymethylammonium methylsulfate, 1,2 4-trimethylpyrazolium methylsulfate, 1,3-
dimethylimdiazolium hydrogencarbonate, 1-ethyl-3-methylimidazolium hydrogencarbonate, 1-
ethyl-3-methylimidazolium chioride, 1-ethyl-3-methyiimidazolium tetrachioroaluminate, 1-ethyl-3-
methyvlimidazolium thiocyanate, 1-ethyl-3-methylimidazolium methanesulfonate, 1-sthyl-3-
methvlimidazolium hydrogensulfaie, 1-ethyl-3-methvlimidazolium ethylsulfate, 1-ethyl-3-
methylimidazolium nitrate, 1-butylpyridinium chioride, 1-ethyl-3-methylimidazolium dicyanamide,
1-ethyl-3-methylimidazolium hexafluorophosphate, 1-butyl-3,5-dimethylpyridinium bromide, 1-
sthyl-3-methyiimidazolium bis{pentaflucrosthylsulfonyllimide, 1-athyl-2, 3-dimethylimidazolium
methvicarbonate, carboxymethyl-iributvighosphonium bis{triflucromethyisulfonyllimide, N-
carboxyethyl-methvipyrrolidinium bis(trifluoromethylsulfonyllimide, N-carboxymethyl-
trimethylammonium bis{triflucromethyisulfonyljimide, N-carboxymethyi-methyipyridinium
bis(triffuoromethyisulfonyhimide, hexyltrimethylammonium bis{trifturomethvisulfonyhimids,

tetrabutyiphosphonium methanesulfonate, triethvimethvlammonium methylcarbonate, 1-sthyl-1-
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methvipiperidinium methvicarbonate, 4-ethyl-4-methylmorpholinium methvlcarbonate, 1-butyl-1-
methylpyrrolidinium methyicarbonate, triethylmethylammonium dibutylphosphate,
tributylimethyliphosphonium dibutylphosphate, triethyimsthyiphosphonium dibutyiphosphate,
tetrabutyiphosphonium tetraflucroborate, tetrabutylphosphonium p-tolusnesulfonate,
tributyimethyiphosphonium methylcarbonate, 1-ethyl-3-mathylimidazolium hydrogencarbonats,
tributylmethylammonium methylcarbonate, fributyimethylammonium dibutylphosphate, 1-ethyl-3-
methylimidazolium dibutylphosphate, 1-bulyl-3-methylimidazolium dibutylphosphate, 1-
{cyanomethyl)-3-methylimidazolium chioride, 1-{3-cyanopropyi)-3-methylimidazolium chioride,
1-(B-cyanopropyh)-G-methylimidazolium bis{triflucromethyisulfonyllimide, 1-3-cyanopropyh-3-
methylimidazolium dicyanamide, 1-(3-cyanopropyDpyridinium chloride, 1-(3-
cyanopropyhpyridinium bis(trifluoromethylsulfonyliimide, 1,3-bis{cyanomethyhimidazolium
chioride, 1,3-bis{cyanomethyDimidazolium bis{trifiuoromethylisulfonybimide, 1,3-
bis{cyanopropyliimidazolium chiorids, 1,3-bis{(G-cyanopropyhimidazolium
bis(triffluoromethyisulfonyhimide, 1-bulyl-3-methylimidazolium hexaflucrophosphate, 1-bubyl-3-
methylimidazolium tetrafiuoroborate, 1-ethyl-3-methylimidazolium tetrafluoroborate, 1-ethyl-3-
methviimidazolium chioride, 1-ethyl-3-methylimidazolium bromide, 1-butyl-3-methylimidazolium
bromide, 1-hexyl-3-meathylimidazolium chiornide, tributylmethyiphosphonium methylsulfats,
triethvimethylphosphonium dibutylphosphate, trihexyltetradecyiphosphonium
bis(triffuromethylsulfonybimide, trihexyltetradecyiphosphonium bis(2 4 4-
trimethylphenylphosphinate, trihexyltetradecylphosphonium bromide,
trinexyltetradecyiphosphonium chioride, tihexyltetradecylphosphonium decanoats,
trihexyhetradecylphosphonium dicyanamide, 3-(triphenyiphosphonio}propane-t-sulfonate and 3-

(triphenylphosphonio)propane-1-sulfonic acid tosylate.

16. An electrode according o claim 7 where the slectrolyle compaosition comprises an ionic
compound sslected from the group consisting of hydrochloric acid, nitric acid, phosphuoric acid,
sulfuric acid, boric acid, hydrofluoric acid, hydrobromic acid, hydroiodic acid, perchloric acid,
periodic acid, sodium bisulfate, potassium bisulfate, ammonium bisulfate, HAsF;s, HBF,,
H{OEL)BF., HPFg, \HIN{SC.CF3)2] and HIN{ESOCF.CFa)a].

17. An slectrode according to claim 7 where the elecirolyte composition comprises a carboxylic

acid of formula RCOOH where R is hydrogen or hydrocarbyl or a sulfonic acid of formula

RS0O:H where R is alkyl or aryl or alkyl or aryl substituled by one to three halogens.
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18. An elecirode according o claim 7 where the electrolyte composition comprises formic acid,
acetic acid, acrylic acid, fluoroacetic acid, difluoroacetic acid, trifluoroacetic acid, chioroacetic
acid, dichloroacetic acid, trichloreoacetic acid, propancic acid, bulyric acid, 3-methylbutanoic
acid, valeric acid, hexanoic acid, heptancic add, caprylic acid, nonanoic acid, benzoic acid,
salicylic acid, 2-, 3- or 4-nitrobenzoic acid; citric acid, oxalic acid, tartaric acid, glycolic acid,
gluconic acid, malic acid, mandelic acid, nitrilotriacetic acid, N-(2-hydroxyethyl)-
ethyvlensdiaminetriacetic acid, sthylensdiaminetetraacetic acid, diethyleneaminepsntaacetic
acid, p-tolusnesulfonic acid, phenylsulfonic acid, methanssulfonic acid, triflucromethanssulfonic
acid, [H{OEL)LHIBI3,5-(CFa)CeHsls], [HIOEL)B(CsF 5)d] or [H{OELRIAOC(CF3)s)4l

19. An elecirode according o claim 7 where the electrolyte composition comprises one or more
organic soivents selected from the group consisting of organic carbonates, ethers, glymes, ortho
asters, polyalkiens glycols, esters, lactonas, glvcols, formates, sulfones, sulfoxides, amides,

alcohols, ketones, nifro solvents and nitrile solvents.

20. A rechargeable slectrochemical cell comprising a negative elecirode according to any of
claims 1 to 6, a positive elecirode, a casing having said slectrodes positioned therein and an
electrolyte composition in contact with the electrodes, where

the gravimetric energy density of the cell is > 100 Wh/kg and/or

the volumetric energy density of the cell is > 250 Wh/L and/or

the discharge capacily of the hydrogen storage material is 2 800 mAh/g over 20 cycles or more.

21. Arechargeable electrochemical cell comprising a negative electrode according to any of
claims 1 to 8, a posilive electrode, a casing having said electrodes positioned therein and an
slectrolvte composition in contact with the elecirodes, where the reversible half cell

charge/discharge electrochemical reaction at the negative electrode is

SiH

where Siis a silicon-based hydrogen storage material.

22. Arechargeable slectrochemical cell comprising a negative electrode according to any of

claims 1 to 8, a positive electrode, a casing having said electrodes positioned therein and an

electrolyle composition in contact with the eleclrodes,

- 86 -



WO 2016/178957 PCT/US2016/029980

the positive electrode comprising one or more cathode aclive materials selected from the group
consisting of transition metals, transition metal oxides, fransition metal hydroxides, transition

metal oxide/hydroxides and transition metal fluorides.
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