A REDOX FLOW BATTERY SYSTEM BACKGROUND 5Hi gh energy density batteries are
desired for applications in consuner electronics and for storage of
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15  converted from chemical energy, which is stored in active electrode species dissolved in

electrolyte. During the operation of the batteries, the active species are oxidized or
reduced. These batteries in general suffer from a low energy density, e.g., 25 Wh/kg.
There is a need to develop a safe battery system that has a high energy density and
can be refueled instantly.
20
SUMMARY
This disclosure is based on the unexpected discovery of a safe redox flow battery
system that has a high energy density and can be refueled instantly.
Accordingly, the redox flow battery system contains an energy reservoir and one or
25 more electrochemical cells, each of which includes a cathodic compartment, an anodic
compartment, and a sepérator. The cathodic compartment has a cathodic electrode
connected to one or more other cells or to an external load. The anodic compartment has
an anodic electrode also connected to one or more other cells or to an external load. These
two compartments are divided by the separator. The energy reservoir contains an electro-
30  active material that stores electro-active ions, an electrolyte that contains the electro-active
- ions, and a redox mediator in the electrolyte. The reservoir is connected to either the
cathodic compartment or the anodic compartment via an outlet for delivering the
electrolyte from the energy reservoir to the cathodic compartment or the anodic
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ions, and a redox nediator in the electrolyte. The reservoir is connected
to either the cathodic conpartnent or the anodic conpartnent via an outl et
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20 Optionally, the battery system contains two energy reservoirs, i.e., a cathodic
reservoir connected to the cathodic compartment and an anodic reservoir connected to the
anodic compartment.
The cathodic reservoir can contain an electrolyte, a cathodic electro-active material
and a p-type redox mediator. The cathodic electro-active material can be a metal fluoride,
25 ametal oxide, LijxzMi,POs, (Li14Zy)MPO4, LiMO,, LiM;04, Li,MSiOs, LIMPO,F,
LiMSO4F, Li;MnOs, sulfur, oxygen, or a combination thereof. In these formulas, M is Ti,
V, Cr, Mn, Fe, Co, or Ni; Zis Ti, Zr, Nb, Al, or Mg; xis0to 1; yis 0 to 0.1; and z is -0.5
to 0.5. Preferably, the cathodic electro-active material is LiFePO4, LiMnPOy, LiVPO,F,
LiFeSO4F, LiNig sMng 50,, LiCo1sNiisMn 305, LiMn,O4, LiNig sMn; 504, or a
30  combination thereof. The p-type redox mediator can be a metallocene derivative, a
triarylamine derivative, a phenothiazine derivative, a phenoxazine derivative, a carbazole
derivative, a transition metal complex, an aromatic derivative, a nitroxide radical, a
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triaryl am ne derivative, a phenothiazine derivative, a phenoxazi ne
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DETAILED DESCRIPTION
This disclosure provides a rechargéable electrochemical energy storage device, i.c.,
a redox flow battery system that can be conﬁgured for different applications, such as

20  powering portable electronic devices and electrical vehicles, storing energy generated
from remote power systems such as wind turbine generators and photovoltaic arrays, and
providing emergency power as an uninterruptible power source.

In one embodiment, the redox flow battery system includes an energy reservoir and
an electrochemical cell.

25 The electrochemical cell includes a cathodic compartment and an anodic
compartment divided by a separator. The cathodic compartment contains a cathodic
electrode and the anodic compartment contains an anodic electrode. Preferably, these two
electrodes have high surface area, with or without one or more catalysts, to facilitate the
charge collection process. They can be made of a carbon, a metal, or a combination |

30 thereof. Examples of an electrode can be found in Skyllas-Kazacos, et. al., Journal of The
Electrochemical Society, 158, R55-79 (2011) and Weber, et. al., Journal of Applied
Electrochemistry, 41, 1137-64 (2011). :
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charge coll ection process. They can be made of a carbon, a netal, or a
conbi nation 30 thereof Exanples of an electrode can be found in
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20 unsaturated ketone, and a cyclic ketone. Examples include, but are not limited to, acetone,

acetylacetone, acetaphenone, methyl vinyl ketone, gamma-butyrolactone, and
cyclohexanone.
An electro-active ion is an ion that is capable of being embedded (e.g.,

intercalated) in the electro-active material and moves from the anodic electrode to the

25  cathodic electrode through the electrolyte and the separator during discharge of a
rechargeable battery, and conversely during charging. Examples of an electro-active ion
include, but are not limited to, a lithium ion, a sodium ion, a magnesium ion, an aluminum
ion, a silver ion, a copper ion, a proton, a fluoride ion, a hydroxide ion, and a combination
thereof. A lithium ion is preferred for the battery system.

30 An electro-active material is a material that can store and release an electro-active
ion during charging and discharging in a battery. If the electro-active material has a high
potential (e.g., losing electrons during charging), it is referred to as a “cathodic electro-
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30An el ectro-active material is a material that can store and rel ease an

el ectro-active ion during charging and discharging in a battery. |If the
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The cathodic energy reservoir contains electro-active ions, cathodic
el ect r 00%igized engpnartace af the cathadic\glastrodelsnd tham-sxrsredesaediatosiect r ol yt e.

The el eglipy %B'tﬂee?drﬁg? Pf"ﬁ’lg ahB&c %‘8&8 ttlh%t at%hﬁleeg}%sig tdech &?&%%urfﬁéefng Wit h
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oxi de (e.g., I\/h02 5,. V601 i 2 i i MzPO4, (Lil yzy)MWO4, Li MR,
Li M¥04, Li o wpth %e pimgn. 9‘% ﬁ@e% %ﬁ&t@ateﬁyoﬁﬁt?&hawb@e@an cloefrqshemestt and

Li MSOAF o4 £L2 Q& oiel FESOAF) , Li 2Mn03, sul fur, or oxygen. See
t he Surr??ary seca?@onc%rbﬁ%g for’rvmt he definitions of M Z, x, y, and z.

Preferably, Theeleawnhdmmabbtébmnblda&:a ca/thodrat:empaxitmem amdnarmmiimct ured
material with a fl pot entl al . The porosity, particle size, norphology,
and m c?‘BgQ r &fseP?fé O%ol id cathodic el ectro-active material can be

optini zed t OTﬁé@aﬁ@dl@en&g% RGEVYR cOREMS clRABldcANe Wik cathddid M1B&rd-8dR¥%
30nedi ator in the electr A p-type redox mediator, which.
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The cathodic electro-active material can be a metal fluoride (e.g., CuF,, FeF,,
FeF;, BiF3, CoF,, and NiF5), a metal oxide (e.g., MnO;, V,0s, VsOq1, Li202), L1« M.
P04, (LiyZy)MPO4, LiMO,, LiM;04, Li;MSiQOy, a partially fluorinated compound (e.g.,
25  LIMPO4F and LiMSO4F, preferably, LiVPO4F, LiFeSO4F), Li,MnOs, sulfur, or oxygen.
See the Summary section above for the definitions of M, Z, x, y, and z. Preferably, the
cathodic electro-active material is a nanostructured material with a flat potential. The
porosity, particle size, morphology, and microstructure of the solid cathodic electro-active
material can be optimized to ensure an effective redox reaction with a p-type redox
30  mediator in the electrolyte.
A p-type redox mediator, which circulates between the cathodic energy reservoir
and the cathodic compartment, can be a metallocene derivative, a triarylamine derivative,
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a phenot hi azi ne derivative, a phenoxazine derivative, a carbazole
derivative, a transition netal conplex, an aronmatic derivative, a nitroxide
radi cal , wodosulipisgde, or a conbi nation thereof. PreferalplCy/SG20121080239

met al | ocene derivative. The netal | ocene derivative can have the foll ow ng
structure: 5 In the above formula, Mcan be Fe, Co, Ni, C, or V, each of
the cycl opentadi enyl rings, independently, can be substituted with one or
nore of the following groups: F, C, Br, |, 10 NO2, COOR, Cl1.20 alkyl, CF3,
and COR?2 phenathiagine Aedativeed Phegex@inoderivaliye, a crrhazeleidgriyatie AEapEREVat i ve

can hav?n ttil%oIngie 5}% E f;ldgllnlfgtﬁfe a nitfo (#er}‘?dl?agoé/ 815{1 dgl%raa' ?ﬁtﬁﬂatﬁ)fn the

phenyl rings y, can be su d w o’ne nore of the

fol | ow ﬂgar@ifomﬁeraﬁy, Blis a Bietalloce¥@rivaidR, Cl1-20 al kyl , CF3 and COR, in
which R can be FT or C-20 alkyl The phenot hi azi ne derivative and

t he phenoxazi h@n&&li%ﬁdf@%ﬁ %}@Vﬁﬂ?ﬁ)BPWWWCM‘? ucture: R a 20 Ra can
be or C1-20 alkyl, X can be 0 or S, each of the aromatic noieties is
optionally substituted with one or more of the fol | ow ng groups: F, d, Br,
|, NO2, COOR, R, CF3, a@ in which Rcan be Hor C1_20 alkyl. WO
2013/ 012391PCT/ SG2012/ 0 The carbazol e derivative can have one of the
foll owi ng structures: M

<

In the above formula, M can be Fe, Co, Ni, Cr, or V; each of the cyclopentadienyl rings,
. independently, can be substituted with one or more of the following groups: F, Cl, Br, I,
10 NO,, COOR, Cj.yalkyl, CF3, and COR, in which R can be H or C, alkyl.

The triarylamine derivative can have the following structure:

~
ey

In the above formula, each of the phenyl rings, independently, can be substituted with one
15  or more of the following groups: F, Cl, Br, I, NO,, COOR, C;.alkyl, CF3, and COR, in
which R can be H or C;.; alkyl.

The phenothiazine derivative and the phenoxazine derivative can have the

o7

following structure:

20
R, can be H or Cj.ypalkyl, X can be O or S, each of the aromatic moieties is optionally
substituted with one or more of the following groups: F, Cl, Br, I, NO;, COOR, R, CF3,
and COR, in which R can be H or C;. alkyl.



5Rx can be H or Cl-26t alkyl and each of the aromatic noieties is
optionally substituted with one or nore of the follow ng groups: F, C, Br,
I, NO2, GUORN3@I230 al kyl, CF3, and COR, in which R canpb@/Sd2er/08b320

al kyl . The transition nmetal conplex can have one of the follow ng
structures: In the above fornmulas, Mcan Co, Ni, Fe, Mi, Ru, or Gs; each
of the aromatic m)i eties i's optionaIIy substitUted vm'th one or nore of the
fol |l owi ng groups: Br COOR OR, or NRR',

each of R ahBe F@rbu%éqsaﬁaéwryhavsapﬁ@fmeépll@xmgétrawnegﬂ& each of X, Y, and
Z, independently, can be F, A, Br, I, NO2, CN, NCSe, NCS, or NCG 15 and
each of Q and W |ndependently can be In these fornul as, each of
gan be F, d, Br, I, N&, COOR, R,

g m:lepenent"r‘y, can~#e~N or : : A dRT i vative
can have the fol | owi ngFstracture: R R, -

5 Ry canbe H or Cy.50alkyl and each of the aromatic moieties is optionally substituted with
one or more of the following groups: F, Cl, Br, I, NO,, COOR, C;alkyl, CF3, and COR,
in which R can be H or C,.y9 alkyl.

The transition metal complex can have one of the following structures:

10
In the above formulas, M can Co, Ni, Fe, Mn, Ru, or Os; each of the aromatic moieties is
optionally substituted with one or more of the following groups: F, Cl, Br, I, NO,, COOR',
R, CF3, COR', OR’, or NR'R", each of R' and R", independently, being H or C,.5 alkyl;
each of X, Y, and Z, independently, can be F, CI, Br; I, NO,, CN, NCSe, NCS, or NCO;
15  and each of Q and W, independently, can be

~ In these formulas, each of Ry, Ry, R3, R4, Rs, and R, can be F, Cl, Br, I, NO,, COOR/, R/,
20 CF3 COR', OR', or NR'R". Again, each of the aromatic moieties is optionally substituted

7



In these formulas, each of R, R2, R3, R4, R5, and R6, can be Cl-20 al kyl,

F, d, Br, I, N, COOR, CF3, COR, OR, OP(OR)(OR"), or NR R', in which
each of RvOanth/R2391i ndependently, can be H, Cl 20 al kyl PCIGGhe1200¢289xi de
radi cal has the follow ng structure: N0 H2 In these formul as, each

of R1 and R2, independently, can be C1_20 alkyl or aryl. R, R2, and 15N
together can forma heteroaryl, heteroaraal kyl, or heterocycloal kyl ring.
The disulfide has the followi ng structure: R1-S-S-R2. 20l n_these fornul as,

S
each of Wih eng@r pgore phithe felteang igyoupsah PeBol: NOo GPIRR, Cieoakieyl, (dp3, cor |
OR, or RApr | b CE Yo b or Cl1L 20
al kyl . Ind}ﬁéﬁ)}ll ogno hétrlhg’ﬂrr%gcﬁg%}%n I}%ﬂﬁf ggg@@?@%‘g%%é%&g@yﬁ gllrggjll'ncl udes
an anodi ¢ en@hgyroneserdetivitivandn davethe ddllocinggiracturecel | . The
el ectrochem cal cell includes an anodic conpartnent and a cat hodic 25
conpartment divided by a separator. The anodi c energy reservoir
contains el ectro-agtive ions, anodic electro-active materials, an n-type
redox medi atqr, ard an electrolyte. The el ectro-active ions and the
el ectrol yte are-deseri bed above, along with the el ectrochem cal cell.
The anodi c el e(ﬂ{o-

ctive material can be a carbonaceous material (e.g., a
graphite, a hard edrben, a disordered carbon, a doped graphitic carbon
alloy with N, S, gr B, and a disordered carbon alloy with N, S, or B); a
littumtitanate (&.g.,  spinel Li4Ti5012); a netal 5 oxide (e.g., TiO02,
SnO, Sn02, Sb205, Fe203, CoO, Co304, NiQ CuQ and MO preferably a
nanocrystalline netal oxide); a netal, a netal alloy, a netalloid, a

met al | olncthedel foymifles,gach &R, Ba, Ry, R4, 5 anPRe, d@n,beXh 2 Afyl, A CLBr, L&D, B, As,

Sh, Te, , Lnatj an, reof)- g conjugated dicarhgoxylate; and a
it hi un?ﬁalﬁ’?&g 3A% ]_n(g a?)?&{ggl)@ﬁt?o%%gt@ }%Wia‘ﬁﬂa‘?ﬁ’aﬁ?‘% PdBound that has
two or fREsnaaitBoxy B B, @ Qulgyiconj ugated within its 10 nol ecul ar, capable
of binding withelectro-active ions. Exanples of a conjugated di carboxyl ate

i ncloude, but The eitneside|radival dds the followingstrpétuteal at e (Li 2C8H404) and Li
transtrans-nuconate (L12C6H404). Mre exanples of a conjugated

di carboxyl ate can be found in Armand et. al., Nature Materials, 8, 120
(2009). Preferabl W, the anodic electro-active material is a nanostructured
material with a flag tential. The porosity, the particle size, 15 the
nor phol ogy, and the mcrostructure of the negative el ectrode nmaterial can
be optimzed to efgure .an effective redox reaction with an n-type redox
mediator in the electrolyte. An n-type redox mnmediator, which is present in
the electrolyte and circul ates

In these formulas, each of R| and R;, independently, can be C;.9 alkyl or aryl. Ry, Ry, and
15 N together can form a heteroaryl, heteroaraalkyl, or heterocycloalkyl ring.

The disulfide has the following structure:

R{—S—S—R,.

20  Inthese formulas, each of R} and R, independently, can be C; alkyl, COOR’, CF3,
COR’, OR', or NR'R", in which each of R' and R", independently, can be H or C,.5 alkyl.
In still another embodiment, the redox flow battery system includes an anodic
energy reservoir and an electrochemical cell.
- The electrochemical cell includes an anodic compartment and a cathodic
25 compartment divided by a separator.
The anodic energy reservoir contains electro-active ions, anodic electro-active
materials, an n-type redox mecﬁator, and an electrolyte. The electro-active ions and the
8



bet ween the anodi ¢ energy reservoir and the anodi c conpartnent, can be a
transition netal 20derivative, an aryl derivative, a conjugated carboxyl ate
derivati weQ 21yEe®iearth netal cation, or a conbi nati onPChSGeai2/0002h3e
transition nmetal derivative can have the foll ow ng structure: 25In the
above formulas, Mcan Fe, Ru, or Os; each of the aromatic noieties is
optionally substituted wth one or nore of the followng groups: F, d, Br,
I, NO2, COOR , COR , or NR R, each of R and R',

i ndepenglsptrplyte %@ﬂ@ﬁgrlbpcbabm, aégn&w@ﬁhe dewtrochemical cell. and Z, i ndependent I vy,

O 15305 bt 5B e PR B SN RO BB . el

fornul as hateladai’b(mt a RisordR?ed dﬁﬂ)orﬁé ,doﬁﬁi graﬁlﬁithGarbOﬁallds)}ewFth NGIS, oBB, afd a NC2,
gain, each of the_ aromatic noieties

COOR

i s opt i eﬁaﬂegﬁdsc@m.atlm/éﬂtwt% qsrl.?é @tltmtméltaﬂatet(ﬁg afSB}qebWW@Og?r)oﬁﬁ? alp g,
B , 2 whi ch h f
" o MR R, S0Pl o, Pk, B @, OB, B iy ch eaen o

R and . indeperdent !y,
preferably a nanocrystalline metal oxide); a metal, a metal alloy, a metalloid, a metalloid

alloy (e.g., Sn, Ga, In, Sn, Pb, Bi, Zn, Ag, Al, Si, Ge, B, As, Sb, Te, Se, and a combination

thereof); a conjugated dicarboxylate; and a lithium metal. A conjugated dicarboxylate is an
organic compound that has two or more carboxylate groups cbnj ugated within its
10  molecular, capable of binding with electro-active ions. Examples of a conjugated
dicarboxylate include, but are not limited to, Li terephthalate (Li,CgH4O4) and Li trans-
trans-muconate (Li,C¢H4O4). More examples of a conjugated dicarboxylate can be found
in Armand et. al., Nature Materials, 8, 120 (2009). Preferably, the anodic electro-active
material is a nanostructured material with a flat potential. The porosity, the particle size,
15  the morphology, and the microstructure of the negative electrode material can be
optimized to ensure an effective redox reaction with an n-type redox mediator in the
electrolyte.
An n-type redox mediator, which is present in the electrolyte and circulates
between the anodic energy reservoir and the anodic compartment, can be a transition metal
20 derivative, an aryl derivative, a conjugated carboxylate derivative, a rare earth metal |
cation, or a combination thereof.

The transition metal derivative can have the following structure:

25  Inthe above formulas, M can Fe, Ru, or Os; each of the aromatic moieties is optionally
substituted with one or more of the following groups: F, Cl, Br, I, NO;, COOR', R, CF3,
COR', OR', or NR'R", each of R' and R", independently, being H or C,.5o alkyl; each of X,

?, and Z, independently, can be F, Cl, Br, I, NO,, CN, NCée, NCS, or NCO; and each of
9



10 The aryl derivative can have the follow ng structure: 15l n the above
formul a, the phenyl ring can be substituted with one or nore of the

fol | ow ngwvorzowspa239¢, Cl, Br, |, NO2, Cl-20 al kyl, CF3, EODRG201GR0023COR , or
NR R', in which each of R and R', independently, can be Hor Cl1_20 al kyl.
The conjugat ed carboxyl ate derivative can have the follow ng structure: COO

In the above fornmula, Rcan be F, d, Br, I, NO2, Cl1 20 al kyl, CF3, COOR,
OR, COR, or NRR'; the phenyl ring can be substituted with one or more of
the fol QY. grd@nmientty cgnbe Br, |, N2, C120 alkyl, CF3, COOR, OR,

COR, or NRR', in which each of R and R', independently, can be H or C120
al kyl . Note that t he conjugated car boxyl ate derivative described above is
in an anion form ich can be pre A\ in the electrolyte. This derivative
can als| in an|a\tdformor asorm 5A rage earth pgtal is one of
the fiftneep | ant hdlgides in periodhc table, Bcapdium and lyttrium A
rare earth metal cation i S'P&sit I"S]Rg)harged‘l of thé& ¢ earth netal
atom NP NARAt er gatieRal Patent Application Publji cation ‘.@ 116363

as a p-type

pr ovi deS\gny exa s af Wf\}pem’emﬁs medi attdrr’ al SR khlo
redox active conp , a p:

s In these formulas, each of Ry, Ry, R3, R4, Rs, and Rg, can be F, Cl, Br, I, NO,, COOR', R',
CF3;, COR', OR', or NR'R". Again, each of the aromatic moieties is optionally substituted
with one or more of the following groups: F, Cl, Br, [, NO,, COOR’, C, .5 alkyl, CF3,
COR’, OR', or NR'R", in which each of R' and R", independently, can be H or C;_ alkyl.

10

' The aryl derivative can have the following structure:

co.cco &5 88 oo .00

15 In the above formula, the phenyl ring can be substituted with one or more of the following
groups: F, Cl, Br, I, NO,, C,.5 alkyl, CF3, COOR’, OR', COR', or NR'R", in which each of
R'and R", independently, can be H or C;.p¢ alkyl.

The conjugated carboxylate derivative can have the following structure:

COO

00C Ay o
20

In the above formula, R can be F, Cl, Br, [, NO,, C;alkyl, CF;, COOR’, OR', COR’, or
NR'R"; the phenyl ring can be substituted with one or more of the following groups: F, Cl,

10



10 type redox nol ecule, or a p-type shuttle nolecule) and further provides
many exanples of an n-type redox nedi ator (al so known as, an n-type redox
active cowpaorsdi2@m n-type redox nol ecul e, or an n-typePshsGRie/oneBecul e) .
In yet another enbodi nent, the redox flow battery systemincludes a

cat hodi c energy reservoir, an anodic energy reservoir, and an

el ectrochemical cell. 15 Still within the scope of this invention is a
redox flow battery systemthat includes a cathodic energy reservoir, an

anodi ¢ dHek§Ox Eseraligily CFak@ARpOR/.LFTPRY obNRR s it whicheasitef R @ad|K),
ti l. b t hi S1.1 [ . t h
ooty B L SR Ao RSB SR g, e

r eser voidesaiddd abeve0 ol aciion R, Galichchlbe plésentiattie éldelraliteedhion of the
flow on either electrode can be control|ed by adjusting the speed of the
punp.  derivativgesap glsp beyn an agid horat ot sadt foPent i on has a hi gher ener gy

density Lnan 4 Rgs et mbEALIGLORR: EAADIhANIAG LR iERuiCamar od Lo 11thi um

ion batterie I's system does not require a bul conductihg additive and
a vol umscandsuni and ettriusavA rge eadimdetl cameas 2 pekidetlychaged ven ofttherdral s and
thus.-further increasing its energy density. In addition, the battery system
can be F3HR BER AOMel ed by replacing its energy reservoir with a charged

one (in a simkahidey Phnf &bplidatibe PabiidkEbon OK 0091118863 HosidRgmappmbust i on
engine). The energy reservolr Is then recharged externally. The energy

r eser vokxamplas af ap-tyfeaeten kediatar fdseksotn as apitypeoede astivalcompbunda hat t ery

system Duri th eration, there is I nal | 30anount of the redox
Y ot o e ORI - Bt b PPt o R o AR TR s Sinple ] T
thus gr Qﬁ-hlt%pé FeRbRWRMAiatok18lsé RhéWwn a:!s,iﬁ.}rﬂriltyg@ FeRIoR ab@¥eéompdund, & #-dypght or

branched hydrocarbon group, containing 1-20 carbon atons. Exanples of an

al kyl grasiap malequicior apottyps shugtls mplegillebd to, nethyl, ethyl, n-propyl,

P01 Lt A B i FOBA S el o T

aromat i endrgNgesiysirein avdicdnerBaekervoifGindan ei@ocHeniical4edubst i t uent s.
Exanpl es of an ar,eﬂi 5group include, but are naot limted to, phenyl,
napht hyl , andtilifvmthesgope of this inveption ks aiedpx flapRafigry sysiepethat inglugdes

aromati g c:ﬁh@diEf%Hé}g? g%ne RAOGY Ghdde e&}%rreg%ﬁf St PHGYHELY 6f e1Qrotherhitarenber ed

tricyclic ring sy ving one or
cells.

Optionally, the battery system of this invention has a control element such as a

pump for driving the flow of the electrolyte between the energy reservoir and the
20 electrochemical cell. The rate and direction of the flow on either electrode can be
controlled by adjusting the speed of the pump.

The battery system of this invention has a higher energy density than those of
traditional redox flow batteries. Compared to lithium ion batteries, this system does not
require a bulky conducting additive and a voluminous binder, saving room for more

25  electro-active materials and thus further increasing its energy density. In addition, the
battery system can be rapidly refueled by replacing its energy reservoir with a charged one
(in a similar way to refilling a fuel tank for an internal combustion engine). The energy
reservoir is then recharged externally. The energy reservoir contains the bulk of the
electro-active materials of the battery system. During the operation, there is only a small

30  amount of the redox mediator flowing into the electrochemical cell. The safety of the cell
is thus greatly improved.

The term “alkyl” herein refers to a straight or branched hydrocarbon group,
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het eroatons (such as N). Exanpl es of heteroaryl groups include pyridyl,

i m dazol yl, benzi m dazolyl, pyrimdinyl, quinolinyl, and indolyl. The term
"het er oarwaibkyi3oie®iers to 10an al kyl group substituted RCTiSGaohevesvaryl
group. The term "heterocycloal kyl" refers to a nonaromatic 5-8 nenbered
monocyclic, 8- 12 nmenbered bicyclic, or 11-14 nenbered tricyclic ring
system havi ng one or nore het eroatons (such as N). Exanpl es of

het er ocycl oal kyl 8roups i nclude, but are not limted 15to, piperazinyl,

pyr rol i ¢epipininghd0eerben ey | Examples ofiantatieil grqupringlude, dubayg gt ﬁmht,ed e s

bel i eved t e skilled. in.th t. , S o] ™1 eSGrd pLi on herein,
utilize r?%@ﬂp?tggléﬁip@pﬁ)\}’e%fr? b ?%uﬁ{l’s"q%@fqi es§ ex)(d('aml.eq%ﬂ'lflj %g I(?(E:'ati ons cited
her ei n ahnialicOy lefratoes-Barboe hmesatic] 10-tarbor bientlid, @t ytarbdd tRAMELES A

redox flow lithiumhalf-cell battery was assenmbled. In_this bagt ery
gr aphi t @'gnaiicdingsysigabwhersingeagh sag kanhaved) o yubadtuentss Examnles o5en #rbl / L) as

the p-t r J b ic electro-active
mat e?i a?ég)&pi lﬁ ﬂ%%ﬁﬁg%ufétnggll%ggﬁgﬁfﬁﬁwgé%@gégﬁ%@%}é% gl ass ceranmic

menbr ane ( 15Thetern ‘dxterbary®apiersatban,ardr &6 -8 midfidedmohbdycliass-1 he

el ectrolyte, and DMC. EC (1; 1, v/v) as the solvent. . A simlar

hal f - Cep{ﬁﬂ@&fngblqumsoral ls t“ H’é’g\\g’ﬁﬁdéﬂ?y qtl‘€ ring Sygfem havipe qns AW Bne j ust
describ 2 A tdvl as the
T e R e

conpar t emtimidazolyh pytitdidinyl, quin@linld) andandelyl. t Hee tetme Ehetotoptadkyfl Y mafeshie ener gy

reservoir to,the cathodi¢c ¢ artnment and also via an inlet for returning
t he®l e8f p@qyg,gré)up»F%tflﬁ%fgétﬁ%fep% 8MR'ment to the reservoir. The
el ectrolyte was circul ated by a peristaltic punp. The two batteries

were tested at a constant current density of 0.2 mANcnR and threshold
vol t ages of Zheteraxmtheterguyclgalkyl” nefars 1o a nenaseyaatia 3-8 membgsedimenewslig, 8-f or

bot h ba i8S th 709% .l FeP S 0t voi r was
onct oa 11 epfiRred BERLENAN 1 DR Eneb A9 SLIAERRAV AL el R IrREE VDI | URS
f eat ur eheteioatn@s@ach a3 NDiBxanipdesi dfihetkdcyoloatkyl BRupe iMeludedbutaraunyt limited

conbi nation. Each feature disclosed in this specification may be repl aced
by kn af% emsezinyd myeelidingl aad masghalwel.sane, equival ent, or similar purpose.

Thus, unl ess \Kﬁﬁl%ﬁ?ﬁﬁ'éh)ér elaboration, it is believed that one skilled in the art can, based on
the description herein, utilize the present invention to its fullest extent. All publications

cited herein are incorporated by reference in their entirety.

20 EXAMPLES

A redox flow lithium half-cell battery was assembled. In this battery, graphite
plate was used as the cathodic electrode, ferrocene (S0 mmol/L) as the p-type redox
mediator, LiFePO, powder as the cathodic electro-active material, lithium foil as the
anodic electrode, LISCON glass ceramic membrane (150 um) as the separator, LiPFg

25 (1000 mmol/L) as the electrolyte, and DMC:EC (1:1, v/v) as the solvent.

A similar half-cell battery was also assembled. It is identical to the one just
described except that 1,1'-dibromoferrocene (50 mmol/L) was used as the p-type redox
mediator.

The reservoir was connected to the cathodic compartment via an outlet for

30  delivering the electrolyte from the energy reservoir to the cathodic compartment and also
via an inlet for returning the electrolyte from the cathodic compartment to the reservoir.
The electrolyte was circulated by a peristaltic pump.

12



10st ated ot herwi se, each feature disclosed is only an exanple of a generic
series of equivalent or simlar features. From t he above descri ption,
one skil lwoom/mib®iart can easily ascertain the essenti CTScao2OvES St i CS
of the present invention, and w thout departing fromthe spirit and scope
t hereof, can make various changes and nodifications of the invention to
adapt it to various 1l5usages and conditions. Thus, other enbodi nents are

also within the clainms. WHAT IS CLAIMED | S: 1. A redox,flow battery
system haV| n& heriwe betteriasorrsertasted a@ekzpnstarhéu@?gtd@mltymﬁf)rz 5iMem’ gad cat hodi ¢
conpar t EAARYIRReRoF A0 § 815 1YL 2B ARG U LOTBALATERY bbYI N an
anodic € rvo con rarn

el ectr O-baﬁérﬁ%emﬂﬁttﬁﬁn A%t ake BﬂF@P@§ stotediGh rﬂ@é:hféhérvar waBscacrd igkiact rol yte that
contains the electro-active ions, and a redox mediator that is present in

the el e€hargpilisehargeprocess) connected to either the cathodi ¢ conpartment or
the 10 anodic conpartment via an outlet for delivering the electrolyte
fromthe energy reservoir to the cathodic conpartment or the anodic
conpartnent, and also via anOTHER EMBOBIMENTS®) the el ectrolyte fromthe

cat hodi ¢ conp or the anodic conpartnent to the reservoir; and
a separ at or E‘ﬁg‘?fng? %ﬁa%‘és diplosediip His sPcHIFAUPR MavPe SAEDINGE 1B ARY ¢

conpar t geRbindRY Efhdbhqid cp&ksées i IRCLIeRIREfibY ol BOFeriRclBYGnt her ebet neen.
2. The battery systemo aim 1 ereln the electro-active ions are
lithi unalt@'nstjvesfcnthme'r\dmgthersaglne@]mualarm,rm,smilarmumwm dhss, uglesyerpresshs,
copper i0 r ot ons orlde ons, droxid or a.conbination
CherGor SABY orfedlse! Sieh et i BidsS By Sreniie AR BenelissPufyPY ho- ener gy

r eser Vokduil Sl BRERdedt@ret.ne cat hodi ¢ conmpartnent, the el ectro-active
material therein being a cathodic el ectroactive material and the redox
medi at or t heFeinh thgeibaye desgriplprs oneal@idetﬂrﬂdﬁhataﬁrcan eadlyRseertian tl@reyseyyglt em of
claim?2 energy re rv0|r

conpar ¢ HEREREs b e BRSCEpl GT8R fid wtfou RAPEEAL fiahtind SRel A8f e

el ectr omaﬁetolf\tﬁnMemabumﬁng&&nHMﬁmmbﬁmhMﬁbﬂ td&lapgit @ varidugpe

redox nediator.- 5. The battery systemof claim2, wherein the electro-active
i onkS ar BSaEEY qﬂdu:mndltlons Thus, other embodiments are also within the claims.
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30ions. WO 2013/012391PCT/ S&012/ 000239 6. The battery system of claimb5,
wherein the energy reservoir is connected to the cathodic conpartnent, the
el ectro- awoiI2vB/aTR39@r i @l therein being a cathodic el ectreatiSiceer2vae29i al and
the redox nediator therein being a p-type redox nediator. 57.The battery
system of claim®6, wherein the cathodic electro-active material is a
nmetal fluoride, a netal oxide, LilMzPO, (Li i_yZy) MO, LiMR2, LiMO04,

Li 2Msi 4, Li MPO4F, Li MSO4F, Li 2WMh03, sul fur, oxygen, or a conbination

t her eof WHATVS OLAIMEDHAS; v, &, Mh, Fe, Co, or N, Zis Ti, Zr, No, A,

or Mg, x is0tol yisOtoO0.1, and z is -0.5to0 0.5; 10the electrolyte
is a solution in which one or nore lithiumsalts are dissolved in a polar

protic solvent, am a@bRflow keeMesistenPhavinCanéletischemidahesledie system the
p-type redox nediator is a netallocene derivative, a triarylam ne
deri vat CQ@PIgNghenot hi azi ne derivative, a phenoxazine derivative, a

car bazol e der.i i;ve 1 1 . X, an aronmatic derivative, a
nit r%xi de ra iccglﬁhcfogﬁ)ghfn?ﬁ?dﬁeay"%]a @%@dﬁ%glﬁg@%ﬁ 15t hereof; and the

separ at or i s af ahdédibcoriparanert dadingtahgodie tacaode; 8. The battery system of
claim7, wherein the cathodic electro-active. mt eri,all is Li FePO4, Li MhPO4,
Li VPOAF, Li FESEREEY SSETVRIdDSoRtmp an eleetsa-faiyernaicralibestores fipdteonr, LiNi o

5Mi - 504, @r: Lpat i fi L eGId ' IOFhai 0 Whi ch
i Croa, i Rinf, BRERGAGM R AREAR e B FadHe Bl ey b B biopThal
Li N( SO2 FieBent [in GeSCROBBIS, and i(fi N(BO2DAES) ¢ith8ORE)dathoticAbOparthieAl Glthe Li C1,

PRNDUIGURETREDE o N Meee At
conbi natd @B cARbMRcBRApartment or the anodic compartment, and also via an inlet for returning
the electrolyte from the cathodic compartment or the anodic compartment to the reservoir;
and
a separator that divides the cathodic compartment and the anodic compartment

15  while allowing the electro-active ions to move therebetween.

2. The battery system of claim 1, wherein the electro-active ions are lithium
ions, sodium ions, magnesium ions, aluminum ions, silver ions, copper ions, protons,
fluoride ions, hydroxide ions, or a combination thereof.

20

3. The battery system of claim 2, wherein the energy reservoir is connected to

the cathodic compartment, the electro-active material therein being a cathodic electro-

active material and the redox mediator therein being a p-type redox mediator.
25 4. The battery system of claim 2, wherein the energy reservoir is connected to
the anodic compartment, the electro-active material therein being an anodic electro-active

material and the redox mediator therein being an n-type redox mediator.

5. The battery system of claim 2, wherein the electro-active ions are lithium

30 ions.

14



the p-type redox nediator is a netall ocene derivative; and t he
separator is a lithium phosphorus oxynitride glass, a lithiumthiophosphate
gl ass, a WA3DBAR9ype |ithium conducting gl ass ceran c, PATS&ROIRI00423PpE

l'i thi um conducting glass ceramc, a ceram c nanofiltration nenbrane, a

l'i thiumion-exchange 30 nenbrane, or a conbination thereof WO

2013/ 012391PCT/ SG2012/ 000239 9. The battery systemof claimb5, wherein the
energy reservoir is connected to the anodic conpartnent, the electro-active
mat eri al therfein H’eher’egttary sastonti of cldimcy, mdicesin thegnargyareseayoinisgonmestadtdox

medi at or, therein being e redox mnedi 510. T battery system of
claimo, h?/\?f'glﬁoéil%compa H%ﬁ%g FagEdnst rl%ﬁﬁ?r\?]él }?’F‘éq%?f Oqa elgc%%r bonaceous
mat er i alactive mbdeRhldRdtthd &aak Sredtatdthéreinbeiflea paypileadx madiariral alloy, a
nmetalloid, a netalloid alloy, a conjugate dlcarboxylate or a conbi nation

t her eof ; the el ectrolyte is a solution in which one or nore
l'ithum sal ts are Irvesdstle z ﬁapol whgrotl c solvent, an aprotic solvent,
or a” conbi natl on ther ?y YIRS © ?l;ppe €dox mediator is a transition

met al deri vathe/@tholic éedtto-a@ivie\nadtérvaa is @meenflugaded manhaidd, &g Neri vati ve,
arare earth netal cation, or _a conbination thereof; and the separator is a

it hi umPQn EonduiPQg Lty EM04, LipM%iOdeltMIAF MMﬁOﬂﬁaeL%M@@ﬁcsu
el ectroyg %én\’,ﬁ ATﬁr}rﬁlgthtlxonctﬂgxtegf “E“ﬁléh'mg Rty b eﬁ? ‘é'l\ﬁcf (Ohybe is a
e Tt dr $€o

sol ution one or nore I'um sal t's ’aré I'h an aprotic
or gani ¢ Nbo v entMg, Xlis Dhe 1bgats @toy0.$yatdenis od.5¢od QiStn 10, V\,her ein t he
is Li4Ti5012, Sh, a

car Bbnaceous MBUEHEIER & UGB RUHARToHT T BB St afe issolved i a
polar protic solvent, an aprotic solvent, or a combination thereof;
the p-type redox mediator is a metallocene derivative, a triarylamine derivative, a
phenothiazine derivative, a phenoxazine derivative, a carbazole derivative, a transition
metal complex, an aromatic derivative, a nitroxide radical, a disulfide, or a combination
15  thereof; and

the separator is a lithium ion conducting membrane.

8. The battery system of claim 7, wherein
the cathodic electro-active material is LiFePOy, LiMnPQy, LiVPO,F, LiFeSO,F,
20  LiNipsMngsO,, LiCo,/3Ni;sMn; 503, LiMn204, LiNip sMn; sO4, or a combination thereof;
the electrolyte is a solution in which LiClQ4, LiPF¢, LiBF4, LiSbFg, LiCF3SOs3,
LiN(SO,CF3);, LIN(SO,C;Fs),, LIN(SO2F),, LiC(SO;CF3)3, Li[N(SO2C4F9)( SO,F)],
LiAlO4, LiAICly, LiCl, Lil, lithium bis(oxalato)borate, or a combination thereof is
dissolved in water, a carbonate, an ether, an ester, a ketone, a nitrile, or a combination
25  thereof;
the p-type redox mediator is a metallocene derivative; and
the separator is a lithium phosphorus oxynitride glass, a lithium thiophosphate
glass, a NASICON-type lithium conducting glass ceramic, a Garnet-type lithium
conducting glass ceramic, a ceramic nanofiltration membrane, a lithium ion-exchange

30  membrane, or a combination thereof.

15



the electrolyte is a solution in which LiCl04, LiPF6, LiBF4, Li SbF6,

Li CF3S03, Li N(SQ2CF3) 2, LiN(S02C2F5)2, LiN(SOQ2F)2, LiC(SQ2CF3)3,

Li N( SO2CAW0)20138@2#H) ], Li A104, Li A1Cl4, LiCl, Lil, [|ithi @@r/sG2012/000239

bi s(oxal ato) borate, or a conbination thereof is dissolved in water, a
carbonate, an ether, an ester, a ketone, a nitrile, or a conbination

25t her eof ; the n-type redox nediator is a transition netal :
derivative, an aryl derivative, or a conbination thereof; and the separator
is a lithi um%hos&h@rhage@ﬁyﬁﬁmrqf@@uyl Saydieraan thqmﬁmwmhﬁwm%e@oass a

NASICO\I— Lithium co ct.i ass Garn o] um 30
conduct it gr};?f‘és%on&pé’ﬁg}ﬁng%e elE‘gg’égﬁtgeﬁlgﬁ r%?éélpl SWgr?élr’?BPg% e?ecgrole}cbﬁ? um

| on- exc hadiérenl ARATHeABEx MEdidtos eH¥RiA @Eﬂng@ntnh@peeefdox\ﬁﬁdlator

2013/ 012391PCT/ SG2012/ 000239 12. The battery systemof claim1l, wherein the

cathodic electrode is a carbon, a netal, or a conbination thereof and t he

anodgc el ect rBde '%%aﬁ&%%?&s\ﬂ%f@?an%b Weref conbi nati on t hereof. 513 The -

battery system of I'n"t'he énergy reservoir is connected to

t he cat hodi c tigoarpdict diestioractive neke il tsorca:@bonaeecmtn@rtexfi’dl 4 hithieh Mitdnateqa et al
fluoride, a netal oxide, Lii-x-zM-zPat, (Li_i ) MPO4, Li M2, L1IM204,
Li 2NV Ometaljogioq mefqlypnetal aliqys mmall%@nafra?tall%wgen a ganjugatednbi nat i on

thereof dlc'afbog@ia&thlh&nﬂ_fngn%thgeff'vh Fe, Co, or Ni, Zis Ti, Zr, oNb, A,

or My, X 1Is and z is -0.5 to 0.5; t he
el ectrol yte iis ezlecsmll)ut: lmsalmlmnc#hldneneomr muoredithiunhsaltmasadissohaddandi ssol ved
in a pol rotic solvent, .an rotic saqgl.vent, F conbi nati on thereof;
and® po arB otic solvent, an aprotic solv nt, or a combination’ thereo
the n-type redox mediator is a transition metal derivative, an ary! derivative, a
conjugated carboxylate derivative, a rare earth metal cation, or a combination thereof; and
the separator is a lithium ion conducting membrane, _
provided that when the anodic electro-active material contains a lithium metal, the
15  electrolyte is a solution in which one or more lithium salts are dissolved in an aprotic

organic solvent.

11.  The battery system of claim 10, wherein
the anodic electro-active material is LisTi504,, TiO,, Si, Al, Sn, Sb, a carbonaceous
20  material, or a combination thereof;
the electrolyte is a solution in which LiClOq4, LiPFg, LiBF,, LiSbFg, LiCF3S0s3,
LiN(SO;CF3),, LIN(SO,C5Fs),, LIN(SO2F),, LiC(SO2CF3)3, Li[N(SO,C4Fo)( SO2F)],
LiAlO,, LiAICly, LiCl, Lil, lithium bis(oxalato)borate, or a combination thereof is
dissolved in water, a’carbonate, an ether, an ester, a ketone, a nitrile, or a combination

25  thereof;

the n-type redox mediator is a transition metal derivative, an aryl derivative, or a
combination thereof; and
the separator is a lithium phosphorus oxynitride glass, a lithium thiophosphate
glass, a NASICON-type lithium conducting glass ceramic, a Garnet-type lithium
30  conducting glass ceramic, a ceramic nanofiltration membrane, a lithium ion-exchange

membrane, or a combination thereof.
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the redox nediator therein is a p-type redox nediator. 1514. The battery
system of claim 12, wherein the energy reservoir is connected to the anodic
conpar t mew0;2013/012391t he el ectro-active naterial therein PET&GeaRMOATEOUS
material, a lithiumtitanate, a nmetal oxide, a conjugated dicarboxylate, a
netal, a netal alloy, a netalloid, a netalloid alloy, a lithiumnetal, or a
conbi nation thereof; 20the electrolyte is a solution in which one or nore
lithiumsalts dissolved in a polar protic solvent, an aprotic solvent, or a
conbi nation tlBer edihe batterytstisemed slaindd wdiersin theerdiodici edecsiode is 3/¢asbere@ox

medi at or rovi ded .t hat en.the anodic el ectro-active rial contains a
l'ithi um%@a?r,a‘f@m’nlon tﬁ'?rg% Iag(?y}eeanpglcg?eggrpg? fso%calﬂhonwﬁ F%ttﬁbgr)]rea or nore

| it hi umcsmbirgtiah thethoFsol ved in an aprotic 25organic solvent. 15.The battery
systemof claim1, further conprising a second energy reservoir, wherein
one of the two energy reservoirs is connected to 'the cathodi c conpartnent,

I n 30which t el ~activ t ekl ' . cat hodi c el ectro-active

mat egi al andqshe ﬁ%%rggtt%gé?’%&&%icgwgqg’ #’?}%%mr edox nedi ator; and the other
ener gy reser v dnetdy resotasi€ isednhertédie thdedthedic oompartmedt; , i n which the

el ectro-active material is an anodic electro-active material and_the redox
medi at or is #r aledtrppastive duterink thestings a metal ftheridenimagtyl oxydst EmxaMiePQi.m 15,

wherei n the; oL, CaiSy, kb S, 550., LINtPYE, LiMSO,F, LizMnOs, sulfur,
oxygen, or a combination thereof, in which M is Ti, V, Cr, Mn, Fe, Co, or Ni, Zis Ti, Zr,

10 Nb,Al,orMg,xis0to1l,yis0to0.1,and zis -0.5 t0 0.5;

the electrolyte is a solution in which one or more lithium salts are dissolved in a
polar protic solvent, an aprotic solvent, or a combination thereof; and

the redox mediator therein is a p-type redox mediator.

15 14.  The battery system of claim 12, wherein
the energy reservoir is connected to the anodic compartment;
the electro-active material therein is a carbonaceous material, a lithium titanate, a
metal oxide, a conjugated dicarboxylate, a metal, a metal alloy, a metalloid, a metalloid
alloy, a lithium metal, or a combination thereof;
20 the electrolyte is a solution in which one or more lithium salts dissolved in a polar
protic solvent, an aprotic solvent, or a combination thereof; and
the redox mediator therein is an n-type redox mediator,
provided that when the anodic electro-active material contains a lithium metal, the
electrélyte is a solution in which one or more lithium salts are dissolved in an aprotic

25  organic solvent.

15.  The battery system of claim 1, further comprising a second energy
reservoir, wherein
one of the two energy reservoirs is connected to the cathodic compartment, in
30 which the electro-active material is a cathodic electro-active material and the redox
mediator is a p-type redox mediator; and
the other energy reservoir is connected to the anodic compartment, in which the
17



5i ons, sodiumions, magnesiumions, alum numions, silver ions, copper

ions, protons, fluoride ions, hydroxide ions, or a conbination thereof. 17.
The batt ewp 2818atiesm of cl ai m 16, wherein the el ectro-act iPee/SGan/086239 | i t hi um
ions. 10 18. The battery systemof claim 17, wherein t he cat hodic

el ectro-active material is a netal fluoride, a netal oxide, Li iMzPX, (Li
i _yZy) MPO4, Li MR, LiMO04, Li2MVsia4, Li M\POAF, Li MSO4F, Li2Wwn03, sulfur,
oxygen, or a conbination thereof, in which Mis Ti, V, C, M, Fe, Co, or
Ni, Z i sleTiro-agiive mateiial iskp angdidlectro-petivg matenal apdithe @dox mediptordnanp-is - 0.5
to 0.5; th nodi c el ectro-active material is a carbonaceous
nateriapﬁméﬂ#ﬁfﬂPﬁﬁﬁ?itanate, a netal oxide, a conjugated dicarboxylate, a
netal, a netal alloy, a netalloid, a netalloid alloy, or a conbination

t her eof ; the electrolyte is a solution in which one or nore

|'i t hi um sal t $6ar e Thi baliéiry sxstem oi crgpdPawherett the eleetrgregiive igns aggrshium

sol vent ion?,rso iu%?im‘)'[snr%één%rs]iut hl%'ilse,Ofluminumi ng,!}ﬂv rfiBXf %%};p%g%}ls r%'to"%;[sor IS a
nmet al | ocene derivative, a P}larfﬁanlne erivative, phenothiazinhe

der i vat flverideiopfl@iydicxideions] @k b ¢ambitatior tieaddiazol e derivative, a transition
nmetal conplex, an aromatic derivative, a nitroxide radical, a disulfide, or
a conbi nation thereof; 25the n-type redox nediator is a transition netal

derivative, g aryh. ggfdry el n%ﬁofé‘iaﬁf?%“&ﬂér@@ tﬁ@él%%%la@tﬁv% i0RY Ik Hhivfn @ rare
earth metal cation, or a conbination thereof; and the separator 1s a

| i t hi umonen conducting nenbrane, provided that when the anodic

el ectro-active material contains a lithiumnetal, the electrolyte is a
solttion in which one or nmore lithiumsalts are dissolved in an aprotic

30or gani ¢ sokgent The WRetP IRO EBAMRETT SHQA/ 000239 19. The battery system

of claim 18, wherein the cathodic electro-active material is Li FePO4,
Li MiPO4, Li iBe¢htholliclebo@dFactive material is a metal fluoride, a metal oxide, Lij.x..M|.

P04, (LiyZ,)MPO,, LiIMO,, LiM;0s, LioMSiO4, LIMPO,F, LIMSO4F, Li;MnO3, sulfur,
oxygen, or a combination thereof, in which M is T1, V, Cr, Mn, Fe, Co, or Ni, Zis Ti, Zr,
15 Nb,Al,orMg,xis0Oto1,yis0to 0.1, and z is -0.5 to 0.5;
the anodic electro-active material is a carbonaceous material, a lithium titanate, a
metal oxide, a conjugated dicarboxylate, a metal, a metal alloy, a metalloid, a metalloid
alloy, or a combination thereof;
the electrolyte is a solution in which one or more lithium salts are dissolved in a
20  polar protic solvent, an aprotic solvent, or a combination thereof;
the p-type redox mediator is a metallocene derivative, a triarylamine derivative, a
phenothiazine derivative, a phenoxazine derivative, a carbazole derivative, a transition
metal complex, an aromatic derivative, a nitroxide radical, a disulfide, or a combination
thereof;
25 the n-type redox mediator is a transition metal derivative, an aryl derivative, a
conjugated carboxylate derivative, a rare earth metal cation, or a combination thereof; and
the separator is a lithium ion conducting membrane,
provided that when the anodic electro-active material contains a lithium metal, the
electrolyte is a solution in which one or more lithium salts are dissolved in an aprotic

30  organic solvent.
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Li Nl 0O5Mn0502, LiCo 113N 113ML11302, Li Mn204, Li Ni O5Mhl 504, or a

conbi nati on thereof; the anodic electro-active material is

Li 4Ti 5012v0oBo3AM128i1, A, Sn, Sb, a carbonaceous 5materi acr/scror/ooe@bi nati on
t her eof ; the electrolyte is a solution in which LiCl04, LiPF6, LiBF4,
Li SbF6, Li CF3S03, Li N(S02CF3)2, Li N(SQ2C2F5)2, Li N(SO2F)2, Li C(SQCF3) 3,

Li [ N(S02C4AF9) ( SO2F)], LiA104, LiAlCi14, LiCi, Lil, lithium

bi s(oxal at o) borate, or a conbination thereof is dissolved in water, a
carbonat e, ar%et h&rh,e baticrysystem qfcl@emdﬂewharem trile, or a conbi nati on

10t h f d di at t h
n-t ygtrae?edox hl??e‘?ﬁﬂb(%/ elF%etrOgé‘ftP’ngﬁrlé%?ﬁ?% N ﬁrgagﬁ‘chg Mr@f(?“i’ @ gﬁ@ﬁ%der ivativ ©
or a COMPNNRMnQFOS, hwcr:@gi\rmmqﬂogqmg@g iy sVen, 30, ldrlalckiﬁ‘ibﬂ’mlﬁﬁ It

oxynitride glass, a hi um t hi ophosphat e 15 glass, a NASI CON-type [ithium
conduct i ng glt@@oé@rﬁfrﬁt@ -achivematesial islpel k@ rh T SordushiShya ghReBaERYREM ¢, a
ceramc n |Itrat|on a lithiumion-exchange nenbrane, or a
conbf nat 1°on T Here0 bl%lgﬁ[ﬁerg%attery system of claim 17, wherein the

cat hodi c el eﬂier@@tgrdlﬁe@sacanm 1n2£z}ﬁcmEt(ab,4, iPFg maﬁnlmmbmm@}rmo@pf and
the anodic electrode is a or_a conbination thereof. 21.

The bat W@%ﬁﬁbﬂ#‘%s@k%%ﬁ&b‘m&ﬁéﬁ)@l IFECQ@QF n SN S Qredol %l ve

"y vt HRRER HolpbE iR B M O o RIS S ur.
oxygen drssolaecbmndmte:aa|caxrbohdtte,ra&nefther; a ederch kdong aTiitrild/,or @comiimaties, Co, or

Ni , Sn Zr, No, Al, or MJ, xisOtol yisOto0.1, and z is -0.5
to b°5 ereOf the anodic electro-active material is a carbonaceous

material, a kHetﬂji))PQHédotxei‘ﬂaﬁﬁorﬁ ATRb@loR%k g@mva’ﬁv€0nl ugated dicarboxylate, a
netal, a netal oy, a netalloid, a netalloid 30a||oy, or a conbi nation

t her eof ; the n- tyee eddoxtmadigtorisiagransision mdtdricrinative, e ahdemyativerer 4 i t hi um
salts are |ssol }“ng polar protic solvent, an aprotic solvent, or a

conbi naf9'd f‘tﬁ%pr 8’fe°

the separator is a lithium phosphorus oxynitride glass, a lithium thiophosphate
15 glass, a NASICON-type lithium conducting glass ceramic, a Garnet-type lithium
conducting glass ceramic, a ceramic nanofiltration membrane, a lithium ion-exchange

membrane, or a combination thereof.

20.  The battery system of claim 17, wherein the cathodic electrode is a carbon,
20  ametal, or a combination thereof; and the anodic electrode is a carbon, a metal, ora

combination thereof.

21. The battery system of claim 20, wherein
the cathodic electro-active material is a metal fluoride, a metal oxide, Li; .M.
25 POy, (LifyZy)MPOy4, LiMO,, LiM;04, Li;MSi04, LIMPO,F, LIMSO4F, LiMnO;3, sulfur,
oxygen, or a combination thereof, in which M is Ti, V, Cr, Mn, Fe, Co, or Ni, Z is Ti, Zr,
Nb, Al,or Mg, xisOto1,yis0to0.1,and zis -0.5 to0 0.5;
the anodic electro-active material is a carbonaceous material, a lithium titanate, a
metal oxide, a conjugated dicarboxylate, a metal, a metal alloy, a metalloid, a metalloid
30 alloy, or a combination thereof; _
the electrolyte is a solution in which one or more lithium salts are dissolved in a

polar protic solvent, an aprotic solvent, or a combination thereof;
19



19 the p-type redox nediator is a netall ocene derivative, a
triarylam ne derivative, a phenothiazine derivative, a phenoxazine

deri vati WeQ 20a130ae39az0l e derivative, a transition netal eomSsGex2/0a023ar omati Cc
derivative, a nitroxide radical, a disulfide, or a conbination thereof;
5the n-type redox nmediator is a transition netal derivative, an aryl
derivative, a conjugated carboxylate derivative, a rare earth netal cation,
or a conbination thereof; and the separator is a lithiumion conducting
menbr ane, pr akeé pheypet raddx mlaéatotrl‘rseamnmdiboemldedwtbfeaatﬁiarglanﬁm@drmati&qmt ains a

l[ithiumpgetal, the . electrolyte is.a.soluti.on in which one aqr. nore
it hi umpggﬂl‘taélaéﬁné%BW‘%B’FV%H‘@“HX%%“%‘&E‘W@I%C 3srEarele QeBIaENR, 2 r9BSHRR bat t er y

system %etﬁlc%h@leg{lanmﬁ{a@ﬂc raehbaufeaa Hﬁﬂixfﬂe%@i%lr RURGHMENPESHbiRhtidS
Li FePO4, Li MhP Li VPO4F, Li FeS Ni © 5Mho 502, Li Cou3Ni u3Mnhu302,

Li Mn204 thdredd o 5IVh| 504, or a conbl nat| on ther eof ; 15t he anodic
el ectro-acti ve is.Li4Ti 5012, car bonaceous

matetial, or B eirrlﬁ‘i(ﬁ BRAIFINE fspransition metf‘hcgeﬁézla@%ét %Iapflgeflggth %8l ution in

whi ch L'C%Qéate&bﬁﬁ 1tk BEAvatNeSbE@e edrtiGns@Pationl O SEutebidatton theRNoBE@AE2FS) 2,
Li N( SO2F) 2, Li ¢ SO2 3)3 1- 1[ N( S02C4F9) ( SC2F)], LiA104, LiA1C14, LicCl,

Lil, lit h| Uit spmwras@ymtl@ candugtingompinhegneon t her eof i s 20di ssol ved i n
vat er, r0v1<§ett<1.lotﬂgtt en"’}F«Fl gxrio}}ﬁf elegtro -4 }v%rmat%hectogﬁﬂs aalltmuﬁfg he?al L 2

conblna 1 oNn hereo ator 1s oceneé derivative;

t he n-t yRetrs1§ekox akBlikidh of whﬁ:ha)né roaﬁﬁ)lré lithiuriiealed areldiskolaéd inean @potad V|
derivative, or_a conbination thereof; and 25the separator is a lithium

phoé%hopt@n&é&h‘iemfl de glass, a lithiumthiophosphate

22. The battery system of claim 21, wherein
the cathodic electro-active material is LiFePOy, LiMnPQy4, LiVPO4F, LiFeSO4F,
LiNip sMng sO,, LiCosNi;sMn;30,, LiMn,04, LiNig sMn; 504, or a combination thereof;,
15 the anodic electro-active material is LisTi5O12, TiO3, Si, Al, Sn, Sb, a carbonaceous
material, or a combination thereof;
the electrolyte is a solution in which LiClOy, LiPFg, LiBF4, LiSbFs, LiCF380;,
LiN(SO,CF3),, LIN(SO2C;Fs)2, LIN(SO2F),, LIC(SO,CF3)3, LifN(SO2C4Fg)( SO2F)],
LiAlOyq, LiAICl,, LiCl, Lil, lithium bis(oxalato)borate, or a combination thereof is
20 dissolved in water, a carbonate, an ether, an ester, a ketone, a nitrilé, or a combination
thereof;
the p-type redox mediator is a metallocene derivative;
the n-type redox mediator is a transition metal derivative, an aryl derivative, or a
combination thereof; and
25 the separator is a lithium phosphorus oxynitride glass, a lithium thiophosphate
glass, a NASICON-type lithium conducting glass ceramic, a Garnet-type lithium
conducting glass ceramic, a ceramic nanofiltration membrane, a lithium ion-exchange

membrane, or a combination thereof.

30 23.  The battery system of claim 1, wherein the battery system has a plurality of

electrochemical cells, the cathodic electrode is connected to one or more other cells or to

20



gl ass, a NASICON-type lithium conducting glass ceramc, a Garnet-type
l'ithium conducting glass ceramc, a ceramc nanofiltration nenbrane, a

| ithium iwo-2ewahi2svge nmenbrane, or a conbi nation thereof PBOARG2TNMOMRAYt ery
systemof claiml1l, wherein the battery systemhas a plurality of

el ectrochem cal cells, the cathodic electrode is connected to one or nore
other cells or to an external |oad, and the anodic el ectrode is connected

to one or nore other cells or to an external [ oad.
an external load, and the anodic electrode is connected to one or more other cells or to an

external load.

21



