a9y United States

a2y Patent Application Publication
Chiang et al.

US 20180034090A1

(10) Pub. No.: US 2018/0034090 A1l
43) Pub. Date: Feb. 1, 2018

(54)

(71)

(72)

(73)

(21)

(22)

(63)

(60)

HIGH ENERGY DENSITY REDOX FLOW
DEVICLE

Applicants: Massachusetts Institute of
Technology, Cambridge, MA (US);
24-M Technologies, Inc., Cambridge,
MA (US)

Yet-Ming Chiang, Weston, MA (US);
W. Craig Carter, Jamaica Plain, MA
(US); Bryan Y. Ho, Berkeley, CA (US);
Mihai Duduta, Somerville, MA (US);
Pimpa Limthongkul, Boston, MA (US)

Inventors:

Assignees: Massachusetts Institute of
Technology, Cambridge, MA (US);
24-M Technologies, Inc., Cambridge,
MA (US)

Appl. No.: 15/618,076

Filed: Jun. 8, 2017

Related U.S. Application Data

Continuation of application No. 12/970,753, filed on

Dec. 16, 2010, now Pat. No. 9,786,944, which 1s a
continuation-in-part ol application No. 12/484,113,
filed on Jun. 12, 2009, now abandoned.

Provisional application No. 61/287,180, filed on Dec.
16, 2009, provisional application No. 61/175,741,

r
iiiii

filed on May 5, 2009, provisional application No.
61/060,972, filed on Jun. 12, 2008.

Publication Classification

(51) Int. CL

HOIM 8/18 (2006.01)
HOIM 8/20 (2006.01)
B6OL 11/18 (2006.01)
(52) U.S. CL
CPC ..., HOIM 8/188 (2013.01); YO2T 90/34
(2013.01); YO2T 10/705 (2013.01); YO2E
60/528 (2013.01); HOIM 8/20 (2013.01):
BG6OL 11/1898 (2013.01); B60L 11/1875
(2013.01)
(57) ABSTRACT

Redox tlow devices are described in which at least one of the
positive electrode or negative electrode-active materials 1s a
semi-solid or 1s a condensed 10on-storing electroactive mate-
rial, and in which at least one of the electrode-active
maternals 1s transported to and from an assembly at which
the electrochemical reaction occurs, producing electrical
energy. The electronic conductivity of the semi-solid 1is
increased by the addition of conductive particles to suspen-
sions and/or via the surface modification of the solid 1n
semi-solids (e.g., by coating the solid with a more electron
conductive coating material to increase the power of the
device). High energy density and high power redox tlow
devices are disclosed. The redox tlow devices described
herein can also include one or more inventive design fea-
tures. In addition, inventive chemistries for use in redox flow
devices are also described.
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HIGH ENERGY DENSITY REDOX FLOW
DEVICE

RELATED APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 12/970,733, entitled “High Energy
Density Redox Flow Device,” filed Dec. 16, 2010. U.S.
patent application Ser. No. 12/970,753 1s a continuation-in-
part of U.S. patent application Ser. No. 12/484,113, entitled
“High Energy Density Redox Flow Device,” filed Jun. 12,
2009, which claims prionty under 35 U.S.C. §119(e) to U.S.
Provisional Patent Application Ser. No. 61/060,972, entitled
“High Energy Density Redox Flow Battery,” filed Jun. 12,
2008 and U.S. Provisional Patent Application Ser. No.
61/175,741, filed May 5, 2009, entitled “High Energy Den-
sity Redox Flow Battery.” U.S. patent application Ser. No.
12/9°70,753 also claims priority under 35 U.S.C. §119(e) to
U.S. Provisional Patent Application Ser. No. 61/287,180,
entitled “High Energy Density Redox Flow Device,” filed
Dec. 16, 2009. Each of these applications 1s incorporated
herein by reference in 1ts entirety for all purposes.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under Grant Number DE-FC26-05NT42403 awarded by the
Department of Energy. The government has certain rights 1n
this mnvention.

INCORPORAITION BY REFERENCE

[0003] All patents, patent applications and documents
cited herein are hereby incorporated by reference in their
entirety for all purposes.

BACKGROUND

[0004] A battery stores electrochemical energy by sepa-
rating an 1on source and an 1on sink at differing 10n elec-
trochemical potential. A difference 1n electrochemaical poten-
t1al produces a voltage diflerence between the positive and
negative electrodes; this voltage difference will produce an
clectric current 1f the electrodes are connected by a conduc-
tive element. In a battery, the negative electrode and positive
clectrode are connected by two conductive elements 1n
parallel. The external element conducts electrons only, and
the internal element (electrolyte) conducts ions only.
Because a charge imbalance cannot be sustained between
the negative electrode and positive electrode, these two tlow
streams supply 1ons and electrons at the same rate. In
operation, the electronic current can be used to drive an
external device. A rechargeable battery can be recharged by
application of an opposing voltage difference that drives
clectronic current and i1onic current 1n an opposite direction
as that of a discharging battery in service. Thus, the active
materials of rechargeable batteries need to be able to accept
and provide 1ons. Increased electrochemical potentials pro-
duce larger voltage differences the cathode and anode, and
increased voltage differences increase the electrochemically
stored energy per unit mass of the device. For high-power
devices, the 10onic sources and sinks are connected to the
separator by an element with large 1onic conductivity, and to
the current collectors with high electronic conductivity
clements.
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[0005] Rechargeable batteries can be constructed using
static negative electrode/electrolyte and positive electrode/
clectrolyte media. In this case, non-energy storing elements
of the device comprise a fixed volume or mass fraction of the
device; thereby decreasing the device’s energy and power
density. The rate at which current can be extracted 1s also
limited by the distance over which cations can be conducted.
Thus, power requirements of static cells constrain the total
capacity by limiting device length scales.

[0006] Redox tlow batteries, also known as a flow cells or
redox batteries or reversible fuel cells are energy storage
devices 1n which the positive and negative electrode reac-
tants are soluble metal 1ons 1 liquid solution that are
oxidized or reduced during the operation of the cell. Using
two reversible redox couples, liquid state redox reactions are
carried out at the positive and negative electrodes. A redox
flow cell typically has a power-generating assembly com-
prising at least an 1onically transporting membrane separat-
ing the positive and negative electrode reactants (also called
catholyte and anolyte respectively), and positive and nega-
tive current collectors (also called electrodes) which facili-
tate the transter of electrons to the external circuit but do not
participate in the redox reaction (1.e., the current collector
matenals themselves do not undergo Faradaic activity).
Redox tlow batteries have been discussed by C. Ponce de
[Leon, A. Frias-Ferrer, J. Gonzalez-Garcia, D. A. Szantos and
F. C. Walsh, “Redox Flow Batteries for Energy Conversion,”
I. Power Sources, 160, 716 (2006), M. Bartolozzi, “Devel-
opment of Redox Flow Batteries: A Historical Bibliogra-
phy,” I. Power Sources, 27, 219 (1989), and by M. Skyllas-
Kazacos and F. Grossmith, “Eflicient Vanadium Redox Flow
Cell,” Journal of the FElectrochemical Society, 134, 2950
(1987).

[0007] Diflerences in terminology for the components of a
flow battery and those of conventional primary or secondary
batteries are herein noted. The electrode-active solutions in
a tflow battery are typically referred to as electrolytes, and
specifically as the catholyte and anolyte, 1n contrast to the
practice 1n lithium 1on batteries where the electrolyte 1s
solely the 1on transport medium and does not undergo
Faradaic activity. In a flow battery, the non-electrochemi-
cally active components at which the redox reactions take
place and electrons are transported to or from the external
circuit are known as electrodes, whereas in a conventional
primary or secondary battery they are known as current
collectors.

[0008] While redox flow batteries have many attractive
teatures, including the fact that they can be built to almost
any value of total charge capacity by increasing the size of
the catholyte and anolyte reservoirs, one of their limitations
1s that their energy density, being in large part determined by
the solubility of the metal 1on redox couples 1 liquid
solvents, 1s relatively low. Methods of increasing the energy
density by increasing the solubility of the 1ons are known,
and typically involve increasing the acidity of the electrode
solutions. However, such measures which may be detrimen-
tal to other aspects of the cell operation, such as by increas-
ing corrosion of cell components, storage vessels, and
associated plumbing. Furthermore, the extent to which metal
ion solubilities may be increased 1s limited.

[0009] In the field of aqueous electrolyte batteries, and
specifically batteries that utilize zinc as an electroactive
material, electrolytes that comprise a suspension of metal
particles and i which the suspension 1s flowed past the
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membrane and current collector, have been described. See
for example U.S. Pat. Nos. 4,126,733 and 5,368,952 and
European Patent EP 0330290B1. The stated purpose of such
clectrodes 1s to prevent detrimental Zn metal dendrite for-
mation, to prevent detrimental passivation of the electrodes,
or to 1ncrease the amount of zincate that can be dissolved 1n
the positive electrode as the cell discharges. However, the
energy density of such fluidized bed batteries even when
clectrolytes with a suspension of particles are used remains
relatively low.

[0010] Thus, there remains a need for high energy-density
and high power-density energy storage devices.

SUMMARY

[0011] Redox tlow energy storage devices are described 1n
which at least one of the positive electrode or negative
clectrode-active materials may include a semi-solid or a
condensed 1on-storing liquid reactant, and in which at least
one of the electrode-active materials may be transported to
and from an assembly at which the electrochemical reaction
occurs, producing electrical energy. By “semi-solid” 1t 1s
meant that the matenal 1s a mixture of liquid and solid
phases, for example, such as a slurry, particle suspension,
colloidal suspension, emulsion, gel, or micelle. “Condensed
ion-storing liquid” or “condensed liqud” means that the
liquid 1s not merely a solvent as 1t 1s 1n the case of an
aqueous tlow cell catholyte or anolyte, but rather, that the
liquad 1s 1tself redox-active. Of course, such a liquid form
may also be diluted by or mixed with another, non-redox-
active liquid that 1s a diluent or solvent, including mixing
with such a diluent to form a lower-melting liquid phase,
emulsion, or micelles including the 1on-storing liquid.

[0012] In one aspect, a redox flow energy storage device
1s described. The redox tlow energy storage device includes:

[0013] a positive electrode current collector, a negative
clectrode current collector, and an 1on-permeable membrane
separating the positive and negative current collectors;

[0014] a positive electrode disposed between the positive
clectrode current collector and the 1on-permeable mem-
brane; the positive electrode current collector and the 10n-
permeable membrane defining a positive electroactive zone
accommodating the positive electrode;

[0015] a negative electrode disposed between the negative
clectrode current collector and the ion-permeable mem-
brane; the negative electrode current collector and the 10n-
permeable membrane defining a negative electroactive zone
accommodating the negative electrode;

[0016] where at least one of the positive and negative
clectrode 1includes a tlowable semi-solid or condensed liquid
ion-storing redox composition which 1s capable of taking up
or releasing the 1ons during operation of the cell.

[0017] In some embodiments, both of the positive and
negative electrodes of the redox flow energy storage device
include the flowable semi-solid or condensed liquid 10n-
storing redox compositions.

[0018] In some embodiments, one of the positive and
negative electrodes of the redox flow energy storage device
includes the flowable semi-solid or condensed liquid 10n-
storing redox composition, and the remaining electrode 1s a
conventional stationary electrode.

[0019] In some embodiments, the flowable semi-solid or
condensed liquid 1on-storing redox composition includes a
gel.
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[0020] In some embodiments, the steady state shear vis-
cosity of the tlowable semi-solid or condensed liquid 10n-
storing redox composition of the redox flow energy storage
device 1s between about 1 cP and about 1,500,000 cP or
between about 1 ¢cP and 1,000,000 cP at the temperature of
operation of the redox flow energy storage device.

[0021] In some embodiments, the 1on 1s selected from the
group consisting of Li*, Na™, H.

[0022] In some embodiments, the 10n 1s selected from the
group consisting of Li* and Na*, Mg**, AI°*, and Ca™".
[0023] In some embodiments, the flowable semi-solid
1on-storing redox composition includes a solid including an
ion storage compound.

[0024] In some embodiments, the 1on 1s a proton or
hydroxyl 1on and the 1on storage compound 1ncludes those
used 1n a nickel-cadmium or nickel metal hydride battery.

[0025] In some embodiments, the 1on storage compound
stores 1ons by undergoing a displacement reaction or a
conversion reaction.

[0026] In some embodiments, the 10on 1s lithium and the
ion storage compound 1s selected from the group consisting
of metal fluorides such as CuF,, FeF,, FeF;, BiF,, CoF,, and
NiF,.

[0027] In some embodiments, the 1on 1s lithium and the
ion storage compound 1s selected from the group consisting

of metal oxides such as CoO, Co,0,, N1O, CuO, and MnO.

[0028] In some embodiments, the ion storage compound
comprises an intercalation compound.

[0029] In some embodiments, the 1on 1s lithium and the
ion storage compound comprises an intercalation com-
pound.

[0030] In some embodiments, the 1on 1s sodium and the
ion storage compound comprises an intercalation com-
pound.

[0031] In some embodiments, the 10on 1s lithium and the
ion storage compound includes an intercalation compound
selected from compounds with the formula L1, M, PO,
wherein M 1ncludes at least one first row transition metal
selected from the group consisting of Ti1, V, Cr, Mn, Fe, Co
and N1, wherein x 1s from O to 1 and z can be positive or
negative.

[0032] In some embodiments, the 1on 1s lithium and the
ion storage compound 1ncludes an intercalation compound
selected from compounds with the formula (L1,  7Z )MPO,,
where M 1s one or more of V, Cr, Mn, Fe, Co, and N1, and

7. 1s a non-alkal1 metal dopant such as one or more of 11, Zr,
Nb, Al, or Mg, and x ranges from 0.005 to 0.05.

[0033] In some embodiments, the 10on 1s lithium and the
ion storage compound includes an intercalation compound
selected from compounds with the formula LiMPO_,, where
M 1s one or more of V, Cr, Mn, Fe, Co, and Ni, in which the
compound 1s optionally doped at the Li, M or O-sites.

[0034] In some embodiments, the 10on 1s lithium and the
ion storage compound includes an intercalation compound
selected from the group consisting of A (M', M" ) (XD,)..
AM| M"),OXD,)..  and A M, M",),(X.D,).
wherein x, plus y(1-a) times a formal valence or valences of
M', plus ya times a formal valence or valence of M", 1s equal
to z times a formal valence of the XD,, X,D., or DXD,
group; and A 1s at least one of an alkali metal and hydrogen,
M' 1s a first-row transition metal, X 1s at least one of
phosphorus, sulfur, arsenic, molybdenum, and tungsten, M"

1s any of a Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, IB,
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[1B, IIIB, IVB, VB, and VIB metal, and D 1s at least one of
oxygen, nitrogen, carbon, or a halogen.

[0035] In some embodiments, the 10on 1s lithium and the
ion storage compound includes an intercalation compound
selected from the group consisting of (A, M" ) M' (XD,).,
(A M )M (DXD,)z and (A, M",) M (X,D,),, where
(1-a)x plus the quantity ax times the formal valence or
valences of M" plus y times the formal valence or valences
of M' 1s equal to z times the formal valence of the XD,,
X,D- or DXD, group, and A 1s at least one of an alkal1 metal
and hydrogen, M' 1s a first-row transition metal, X 1s at least
one of phosphorus, sulfur, arsenic, molybdenum, and tung-
sten, M" any of a Group IIA, IIIA, IVA, VA, VIA, VIIA,
VIIIA, IB, 1IB, IIIB, IVB, VB, and VIB metal, and D 1s at
least one of oxygen, nitrogen, carbon, or a halogen.

[0036] In some embodiments, the 10on 1s lithium and the
ion storage compound includes an intercalation compound
selected from the group consisting of ordered rocksalt
compounds LiMQO, including those having the a-NaFeO,
and orthorhombic-LiMnQO, structure type or their deriva-
tives of different crystal symmetry, atomic ordering, or
partial substitution for the metals or oxygen, where M
includes at least one {first-row transition metal but may
include non-transition metals including but not limited to Al,
Ca, Mg, or Zr.

[0037] In some embodiments, the flowable semi-solid
ion-storing redox composition includes a solid including
amorphous carbon, disordered carbon, graphitic carbon, or a
metal-coated or metal-decorated carbon.

[0038] In some embodiments, the flowable semi-solid
ion-storing redox composition includes a solid including a
metal or metal alloy or metalloid or metalloid alloy or
silicon.

[0039] In some embodiments, the flowable semi-solid
ion-storing redox composition includes a solid including
nanostructures including nanoparticles, nanowires, nan-
orods, nanotripods, and nanotetrapods.

[0040] In some embodiments, the flowable semi-solid
ion-storing redox composition mcludes a solid including an
organic redox compound.

[0041] In some embodiments, the positive electrode
includes a flowable semi-solid 10n-storing redox composi-
tion 1including a solid selected from the group consisting of
ordered rocksalt compounds L1iMO,, including those having
the a-NaFeO, and orthorhombic-LiMnQO, structure type or
their derivatives of different crystal symmetry, atomic order-
ing, or partial substitution for the metals or oxygen, wherein
M 1ncludes at least one first-row transition metal but may
include non-transition metals including but not limited to Al,
Ca, Mg, or Zr and the negative electrode includes a flowable
semi-solid 1on-storing redox composition including a solid
selected from the group consisting of amorphous carbon,
disordered carbon, graphitic carbon, or a metal-coated or
metal-decorated carbon.

[0042] In some embodiments, the positive electrode
includes a tflowable semi-solid 10n-storing redox composi-
tion 1ncluding a solid selected from the group consisting of
A M M"a) (XD,)., A,(M', M",)) (DXD,)., and A (M',_
aM",),(X,D,),, and where x, plus y(l-a) times a formal
valence or valences of M, plus ya times a formal valence or
valence of M", 1s equal to z times a formal valence of the
XD,, X,D-, or DXD, group, and A 1s at least one of an alkali
metal and hydrogen, M' 1s a first-row transition metal, X 1s

at least one of phosphorus, sultur, arsenic, molybdenum, and
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tungsten, M" any of a Group IIA, IIIA, IVA, VA, VIA, VIIA,
VIIIA, IB, IIB, IIIB, IVB, VB, and VIB metal, D is at least
one of oxygen, nitrogen, carbon, or a halogen and the
negative electrode includes a tlowable semi-solid 1on-stor-
ing redox composition mcluding a solid selected from the
group consisting ol amorphous carbon, disordered carbon,
graphitic carbon, or a metal-coated or metal-decorated car-
bon.

[0043] In some embodiments, the positive electrode
includes a tlowable semi-solid 10n-storing redox composi-
tion including a compound with a spinel structure.

[0044] In some embodiments, the positive electrode
includes a tlowable semi-solid 10n-storing redox composi-
tion including a compound selected from the group consist-
ing of LiMn,O, and 1ts derivatives; layered-spinel nano-
composites 1 which the structure includes nanoscopic
regions having ordered rocksalt and spinel ordering; so-
called “high voltage spinels” with a potential vs. Li/L1* that
exceeds 4.3V including but not limited to LiN1, -Mn, O,;
olivines L1iMPQO, and their derivatives, 1n which M 1ncludes
one or more of Mn, Fe, Co, or N1, partially fluorinated
compounds such as LiVPO_F, other “polyanion” com-
pounds as described below, and vanadium oxides V, O,
including V,O. and V O, ,.

[0045] In some embodiments, the negative electrode
includes a flowable semi-solid 10n-storing redox composi-
tion including graphite, graphitic boron-carbon alloys, hard
or disordered carbon, lithtum titanate spinel, or a solid metal
or metal alloy or metalloid or metalloid alloy that reacts with
lithium to form intermetallic compounds, including the
metals Sn, B1, Zn, Ag, and Al, and the metalloids S1 and Ge.

[0046] In some embodiments, the redox flow energy stor-
age device further includes a storage tank for storing the
flowable semi-solid or condensed liquid 10on-storing redox
composition, and the storage tank 1s 1n flow communication
with the redox flow energy storage device.

[0047] In some embodiments, the redox flow energy stor-
age device includes an inlet for introduction of the flowable
semi-solid or condensed liquid 1on-storing redox composi-
tion into the positive/negative electroactive zone and an
outlet for the exit of the tlowable semi-solid or condensed
liquid 1on-storing redox composition out of the positive/
negative electroactive zone. In some specific embodiments,
the redox tlow energy storage device further includes a fluid
transport device to enable the flow communication. In
certain specific embodiments, the fluid transport device 1s a
pump. In certain specific embodiments, the pump 1s a
peristaltic pump.

[0048] In some embodiments, the flowable semi-solid or
condensed liqud 1on-storing redox composition further
includes one or more additives. In certain specific embodi-
ments, the additives includes a conductive additive. In
certain other embodiments, the additive includes a thickener.
In yet other specific embodiments, the additive includes a
compound that getters water.

[0049] In some embodiments, the flowable semi-solid
ion-storing redox composition includes an 10n-storing solid
coated with a conductive coating material. In certain specific
embodiments, the conductive coating material has higher
clectron conductivity than the solid. In certain specific
embodiments, the solid 1s graphite and the conductive coat-
ing material 1s a metal, metal carbide, metal nitride, or
carbon. In certain specific embodiments, the metal 1s copper.
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[0050] In some embodiments, the redox flow energy stor-
age device further includes one or more reference electrodes.

[0051] In some embodiments, the flowable semi-solid or
condensed liquid 1on-storing redox composition of the redox
flow energy storage device provides a specific energy of

more than about 150 Wh/kg at a total energy of less than
about 50 kWh.

[0052] In some embodiments, the semi-solid or con-
densed-liquid 10n-storing material of the redox flow energy
storage device provides a specific energy ol more than about
200 Wh/kg at total energy less than about 100 kWh, or more

than about 250 Wh/kg at total energy less than about 300
kWh.

[0053] In some embodiments, the condensed-liquid 10n-
storing material includes a liquid metal or metal alloy.

[0054] In some embodiments, the flowable redox compo-
sition 1s electrically conductive. In some embodiments the
flowable redox composition has an electrical conductivity of
at least about 107° S/cm, at least about 10~ S/cm, at least
about 10~* S/cm, or at least about 10~ S/cm at a temperature
at which the energy storage device 1s operated. In some
embodiments, the semi-solid 10n-storing redox composition
1s electrically conductive 1n 1ts tlowing and/or non-tlowing
state. In some embodiments, said composition has an elec-
trical conductivity of at least about 10™° S/cm, at least about
10~ S/cm, at least about 10~ S/cm, or at least about 10~
S/cm at a temperature at which the energy storage device 1s
operated.

[0055] In some embodiments, the 1on-permeable mem-
brane includes polyethyleneoxide (PEO) polymer sheets or
Nafion™ membranes.

[0056] In some embodiments, a method of operating a

redox flow energy storage device 1s described. The method
includes:

-

[0057] providing a redox flow energy storage device
including;
[0058] a positive electrode current collector, a negative

clectrode current collector, and an 10n-permeable mem-
brane separating the positive and negative current col-
lectors;

[0059] a positive electrode disposed between the posi-
tive electrode current collector and the 1on-permeable
membrane; the positive electrode current collector and
the 10on-permeable membrane defining a positive elec-
troactive zone accommodating the positive electrode;

[0060] a negative electrode disposed between the nega-
tive electrode current collector and the 1on-permeable
membrane; the negative electrode current collector and
the 1on-permeable membrane defining a negative elec-
troactive zone accommodating the negative electrode;

[0061] where at least one of the positive and negative
clectrode 1includes a flowable semi-solid or condensed
liquid 1on-storing redox composition which 1s capable

of taking up or releasing the 1ons during operation of
the cell;

[0062] transporting the flowable semi-solid or condensed
liquid 10n-storing redox composition into the electroactive
zone during operation of the device.

[0063] In some embodiments, 1n the method of operating
a redox flow energy storage device, at least a portion of the
flowable semi-solid or condensed liquid 1on-storing redox
composition in the electroactive zone 1s replenished by
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introducing new semi-solid or condensed liquid 10n-storing
redox composition into the electroactive zone during opera-
tion.

[0064] In some embodiments, the method of operating a
redox flow energy storage device further includes:

[0065] transporting depleted semi-solid or condensed l1g-
uid 1on-storing material to a discharged composition storage
receptacle for recycling or recharging.

[0066] In some embodiments, the method of operating a
redox tlow energy storage device further includes:

[0067] applying an opposing voltage difference to the
flowable redox energy storage device; and transporting
charged semi-solid or condensed liquid ion-storing redox
composition out of the electroactive zone to a charged
composition storage receptacle during charging.

[0068] In some embodiments, the method of operating a
redox flow energy storage device further includes:

[0069] applying an opposing voltage difference to the
flowable redox energy storage device; and

[0070] transporting discharged semi-solid or condensed
liquid 10n-storing redox composition into the electroactive
zone to be charged.

[0071] As used herein, positive electrode and cathode are
used interchangeably. As used herein, negative electrode and
anode are used interchangeably.

[0072] The energy storage systems described herein can
provide a high enough specific energy to permit, for
example, extended driving range for an electric vehicle, or
provide a substantial improvement in specific energy or
energy density over conventional redox batteries for station-
ary energy storage, ncluding for example applications 1n
orid services or storage ol intermittent renewable energy
sources such as wind and solar power.

[0073] Insome embodiments, a redox flow energy storage
device 1s provided. The redox tlow energy storage device
can comprise a first, outer electrode current collector, a
second, mner electrode current collector disposed at least
partially within the first electrode current collector, and an
ion-permeable medium at least partially separating said first
and second electrode current collectors; a first electrode
active material at least partially disposed between said first
clectrode current collector and said 1on-permeable medium;
and a second eclectrode active material at least partially
disposed between said second electrode current collector
and said 1on-permeable medium; wherein at least one of said
first and second electrode active materials comprises a tluid,
and at least one of the first electrode current collector and the
second electrode current collector 1s capable of being rotated
about 1ts longitudinal axis relative to the other electrode
current collector.

[0074] In one set of embodiments, a flowable 10n-storing
redox composition for a redox tlow energy storage device 1s
described. In some embodiments, the redox flow energy
storage device comprises a positive electrode active mate-
rial, a negative electrode active material, and an 1on-perme-
able medium separating said positive and negative electrode
active materials, wherein at least one of said positive and
negative electrode active materials comprises the flowable
1on-storing redox composition which 1s capable of taking up
or releasing said 1ons during operation of the device,
wherein said flowable 1on-storing redox composition com-
prises at least one compound selected from a ketone; a
diketone; a triether; a compound containing 1 nitrogen and
1 oxygen atom; a compound containing 1 mitrogen and 2




US 2018/0034090 Al

oxygen atoms; a compound containing 2 nitrogen atoms and
1 oxygen atom; a phosphorous containing compound, and/or
fluorinated, nitrile, and/or pertluorinated dernivatives of
these.

[0075] In some embodiments, a source of acoustic energy
for a redox flow energy storage device 1s provided. In some
embodiments, the redox flow energy storage device com-
prises a positive electrode active material, a negative elec-
trode active material, and an 10n-permeable medium sepa-
rating said positive and negative electrode active matenals,
wherein at least one of said positive and negative electrode
active materials comprises a tlowable 1on-storing redox
composition which 1s capable of taking up or releasing said
ions during operation of the device, wherein the tlowable
ion-storing redox composition comprises a solid, and said
source of acoustic energy 1s constructed and arranged to
inhibit the accumulation of the solid within the redox tlow
energy storage device and/or to reduce the viscosity of the
flowable 1on-storing redox composition within the redox
flow energy storage device.

[0076] In one set of embodiments, an 1n-line sensor for a
redox flow energy storage device i1s described. In some
embodiments, the redox flow energy storage device com-
prises a positive electrode active material, a negative elec-
trode active material, an 1on-permeable medium separating,
said positive and negative electrode active maternals,
wherein at least one of said positive and negative electrode
active materials comprises a flowable 1on-storing redox
composition which 1s capable of taking up or releasing said
ions during operation of the device, and an in-line sensor
constructed and arranged to determine a property of the
flowable 1on-storing redox composition.

[0077] Insomeembodiments, a flowable 1on-storing redox
composition for a redox tlow energy storage device. The
redox flow energy storage device can comprise a positive
clectrode active matenal, a negative electrode active mate-
rial, and an 1on-permeable medium separating said positive
and negative electrode active materials, wherein at least one
of said positive and negative electrode active matenals
comprises a tlowable 10n-storing redox composition which
1s capable of taking up or releasing said 10ns during opera-
tion of the cell, wherein the flowable 1on-storing redox
composition comprises an aqueous liquid carrier, and the 10n
comprises Li1" or Na™,

[0078] Insome embodiments, a redox flow energy storage
device comprises a positive electrode active matenal, a
negative electrode active material, and an 1on-permeable
medium separating said positive and negative electrode
active materials, wherein at least one of said positive and
negative e¢lectrode active materials comprises a flowable
1on-storing redox composition which 1s capable of taking up
or releasing said 1ons during operation of the device; and a
source of mixing fluid 1n fluid communication with and/or
located within a volume 1n which the flowable 1on-storing
redox composition 1s disposed, wherein the mixing fluid 1s
immiscible with the flowable 1on-storing redox composition.

[0079] In one set of embodiments, a redox flow energy
storage device comprises a first electrode active maternial of
a first polarity; a second electrode active material of a
second, opposite polarity; an 1on-permeable medium sepa-
rating the first and second electrode active matenals,
wherein at least one of the first and second electrode active
materials comprises a flowable 1on-storing redox composi-
tion which 1s capable of taking up or releasing said ions
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during operation of the cell; and a movable surface 1n
contact with the flowable 10on-storing redox composition,
wherein the movable surface 1s constructed and arranged to
at least partially direct the flow of the flowable 10n-storing
redox composition through the redox flow energy storage
device.

[0080] Insomeembodiments, a flowable 1on-storing redox
composition for a redox ftlow energy storage device 1is
described, wherein the redox flow energy storage device
comprises a positive electrode active material, a negative
clectrode active material, and an 1on-permeable medium
separating said positive and negative electrode active mate-
rials, wherein at least one of said positive and negative
clectrode active maternals comprises the flowable semi-solid
or condensed liquid 1on-storing redox composition which 1s
capable of taking up or releasing said ions during operation
of the device, wherein said flowable ion-storing redox
composition comprises at least one of an ether, a ketone, a
diether, diketone, an ester, a triether, a carbonate; an amide,
a sulfur containing compound; a phosphorous containing
compound, an 1onic liquid, and fluorinated, nitrile, and/or
perfluorinated denivatives of these.

BRIEF DESCRIPTION OF THE DRAWINGS

[0081] The subject matter 1s described with reference to
the drawings, which are itended to be 1llustrative 1n nature
and not intended to be limiting of the mvention, the full
scope of which 1s set forth in the claims that follow.
[0082] FIG. 1A 1s a cross-sectional illustration of the
redox flow battery according to one or more embodiments.
[0083] FIG. 1B includes a cross-sectional illustration of a
redox tlow battery according to one set of embodiments.
[0084] FIG. 1C includes a cross-sectional illustration of a
redox tlow battery according to one set of embodiments.
[0085] FIG. 1D includes a schematic illustration of an
energy storage device comprising a plurality of posts,
according to one set ol embodiments.

[0086] FIG. 1E mcludes a schematic illustration of a flow
channel that can be used, 1n some embodiments, within an
energy storage device.

[0087] FIGS. 1F-1G include exemplary schematic 1llus-
trations ol an energy storage device comprising a plurality of
augers.

[0088] FIG. 1H includes an exemplary schematic 1llustra-

tion of an energy storage device.

[0089] FIG. 1J includes a schematic illustration of an
energy storage device mto which a mixing fluid 1s trans-
ported, according to one set of embodiments.

[0090] FIG. 1K includes an exemplary schematic illustra-
tion of an energy storage device in which a mixing fluid such
as a gas 1s generated.

[0091] FIG. 1L includes a schematic illustration of an
energy storage device comprising a plurality of track drives,
according to one set ol embodiments.

[0092] FIG. 1M includes an exemplary schematic 1llustra-
tion ol an energy storage device comprising a plurality of
rotatable axles.

[0093] FIG. 2 1s a schematic illustration of an exemplary
redox tlow cell for a lithium battery system.

[0094] FIG. 3 1s a schematic illustration of an exemplary
redox tlow cell for a nickel battery system.

[0095] FIG. 4 1s a schematic illustration of an exemplary
redox flow battery using reference electrodes to monitor and
optimize cell performance.
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[0096] FIG. 5 illustrates cycling performance of anode
slurries with varying copper plating load.

[0097] FIG. 6 illustrates a representative plot of voltage as
a function of charging capacity for the cathode slurry
half-cell.

[0098] FIG. 7 1llustrates a representative plot of voltage as
a function of charging capacity for the anode slurry halt-cell.
[0099] FIG. 8 illustrates a representative plot of voltage as
a function of time (lower panel) and the corresponding
charge or discharge capacity (upper panel) for a electro-
chemical cell with cathode and anode slurries.

[0100] FIG. 9 illustrates a representative plot of the cath-
ode discharge capacity vs. cycle number.

[0101] FIG. 10 1llustrates the galvanostatic lithium inser-
tion and extraction curves for the suspension at a relatively
high C/1.4 rate.

[0102] FIG. 11 includes a schematic illustration of an
in-line sensor, according to one set of embodiments.
[0103] FIG. 12 includes, according to one set of embodi-
ments, a plot of voltage as a function of time.

[0104] FIGS. 13A-13B include (A) an exemplary plot of
viscosity versus shear rate for suspensions of nanoparticu-
late carbon (Ketjen black) and LiCoO, (LCO) 1n alkyl
carbonate electrolyte and (B) an exemplary Nyquist plot
showing AC impedance of alkyl carbonate electrolyte alone,
and suspensions of particles 1n electrolyte, according to one
set of embodiments.

[0105] FIG. 14 includes, according to some embodiments,

a flow cell configuration for energy storage.

[0106] FIG. 15 includes exemplary plots of the state of
charge, current, and voltage as a function of time for a
semi-solid half-flow-cell test involving a multi-step galva-
nostatic charge/discharge of a LiCoO, suspension flowing
continuously at 20.3 mL/min, separated from stationary L1
metal negative electrode by microporous separator film,
according to one set of embodiments.

[0107] FIG. 16 includes, according to some embodiments,
exemplary plots of voltage, charge storage capacity, and
current as a function of time for a semi-solid anode suspen-
sion measured during continuous flow at 10 mL/min vs. a
lithium metal counterelectrode.

[0108] FIG. 17 includes an exemplary plot of voltage as a
function of capacity for a dual electrolyte lithtum 1on cell
using a semi-solid nanoscale olivine cathode and a semi-
solid lithium titanate spinel anode, according to one set of
embodiments.

[0109] FIG. 18 includes, according to one set of embodi-
ments, an exemplary plot of voltage vs. capacity for a system
comprising a MCMB graphite anode semi-solid suspension
tested 1n a dioxolane based electrolyte vs. a lithium metal
counterelectrode.

[0110] FIG. 19 includes an exemplary plot of voltage as a
function of specific capacity for a LiCoO, cathode semi-
solid suspension tested against a lithium metal counter-
clectrode 1n a [L1(G4)]TFSI 10nic liguid electrolyte at C/11
rate, according to one set of embodiments.

[0111] FIG. 20 shows a comparison of voltage (vs. Li/Li™)
of several Li-ion cathode and anode materials and the
stability ranges of electrolytes, showing systems suitable for
semi-solid flow cells.

DETAILED DESCRIPTION

[0112] An exemplary redox flow energy storage device
100 1s illustrated 1mn FIG. 1A. Redox flow energy storage
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device 100 may include a positive electrode current collector
110 and a negative electrode current collector 120, separated
by an 10on permeable separator 130. Current collectors 110,
120 may be 1n the form of a thin sheet and are spaced apart
from separator 130. Positive electrode current collector 110
and 1on permeable separator 130 define an area, 115, herein
alter referred to as the “positive electroactive zone” that
accommodates the positive flowable electrode active mate-
rial 140. Negative electrode current collector 120 and 10n
permeable separator 130 define an area, 125, herein after
referred to as the “negative electroactive zone” that accom-
modates the negative flowable electrode active material 150.
The electrode-active materials can be flowable redox com-
positions and can be transported to and from the electroac-
tive zone at which the electrochemical reaction occurs. The
flowable redox composition can include a semi-solid or a
condensed liquid 1on-storing electroactive material, and
optionally a fluid for supporting or suspending the solid or
condensed 1on-storing liquid electrolyte. As used herein,
semi-solid refers to a mixture of liquid and solid phases,
such as a slurry, particle suspension, colloidal suspension,
emulsion, or micelle. In some embodiments, the emulsion or
micelle 1n a semi-solid includes a solid 1n at least one of the
liquid-containing phases. As used herein, condensed liquid
or condensed 1on-storing liquid refers to a liquid that 1s not
merely a solvent as 1t 1s 1 the case of an aqueous flow cell
catholyte or anolyte, but rather that the liquid 1s 1itself
redox-active. The liquid form can also be diluted by or
mixed with another, non-redox-active liquid that 1s a diluent
or solvent, including mixing with such a diluents to form a
lower-melting liquid phase, emulsion or micelles including
the 10on-storing liquid.

[0113] The positive electrode flowable material 140 can
enter the positive electroactive zone 115 1n the direction
indicated by arrow 160. Positive electrode material 140 can
flow through the electroactive zone and exit at the upper
location of the electroactive zone 1n the direction indicated
by arrow 1635. Similarly, the negative electrode flowable
material 150 can enter the negative electroactive zone 125 1n
the direction indicated by arrow 170. Negative electrode
material 150 can tlow through the electroactive zone and
exits at the upper location of the electroactive zone in the
direction indicated by arrow 175. The direction of flow can
be reversed, for example, when alternating between charg-
ing and discharging operations. It 1s noted that the 1llustra-
tion of the direction of flow 1s arbitrary in the figure. Flow
can be continuous or intermittent. In some embodiments, the
positive and negative redox tlow materials are stored 1n a
storage zone or tank (not shown) prior to use. In some
embodiments, the flowable redox electrode materials can be
continuously renewed and replaced from the storage zones,
thus generating an energy storage system with very high
energy capacity. In some embodiments, a transporting
device 1s used to mtroduce positive and negative 1on-storing
clectroactive materials into the positive and negative elec-
troactive zones, respectively. In some embodiments, a trans-
porting device 1s used to transport depleted positive and
negative 1on-storing electroactive materials out of the posi-
tive and negative electroactive zones, respectively, and nto
storage tanks for depleted electroactive matenals for
recharging. In some embodiments, the transporting device
can be a pump or any other conventional device for fluid
transport. In some specific embodiments, the transporting
device 1s a peristaltic pump.
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[0114] Duning operation, the positive and negative elec-
troactive materials can undergo reduction and oxidation.
Ions 190 can move across 10n permeable membrane 130 and
clectrons can flow through an external circuit 180 to gen-
erate current. In a typical flow battery, the redox-active 10ons
or 1on complexes undergo oxidation or reduction when they
are 1 close proximity to or i contact with a current
collector that typically does not itself undergo redox activity.
Such a current collector may be made of carbon or nonre-
active metal, for example. Thus, the reaction rate of the
redox active species can be determined by the rate with
which the species are brought close enough to the current
collector to be 1n electrical communication, as well as the
rate of the redox reaction once 1t 1s 1n electrical communi-
cation with the current collector. In some instances, the
transport of 1ons across the 1onically conducting membrane
may rate-limit the cell reaction. Thus the rate of charge or
discharge of the tlow battery, or the power to energy ratio,
may be relatively low. The number of battery cells or total
area of the separators or electroactive zones and composition
and flow rates of the flowable redox compositions can be
varied to provide sullicient power for any given application.

[0115] In some embodiments, the redox flow energy stor-
age device may be constructed and arranged such that a first
clectrode current collector of a first polarity 1s at least
partially surrounded by a second electrode current collector
of a second, opposite polarity. In such an arrangement, a {irst
clectroactive zone of a first polarity may be at least partially
surrounded by a second electroactive zone of a second,
opposite polarity. As used herein, a first electroactive zone 1s
“at least partially surrounded” by a second electroactive
zone 11 a closed loop can be drawn around the first electro-
active zone through only the second electroactive zone, and
does not imply that the first electroactive zone 1s necessarily
completely encapsulated by the second electroactive zone.

[0116] FIGS. 1B and 1C include cross-sectional schematic
illustrations of one such redox flow energy storage device
500. In FIGS. 1B and 1C, device 500 includes a positive
clectrode current collector 510 disposed within a negative
clectrode current collector 520. As illustrated 1n FIGS. 1B
and 1C, the negative electrode current collector 1s substan-
tially cylindrical, comprising a cavity in which the positive
clectrode current collector 1s disposed. In some embodi-
ments, as 1llustrated 1n FIGS. 1B and 1C, a first electrode
current collector can be substantially concentrically dis-
posed within a second electrode current collector such that
their longitudinal axes (indicated by dashed line 505 in FIG.
1C) coincide. It should be understood that, 1n some
instances, the longitudinal axes of the first and second
clectrode current collectors may not coincide. The positive
and negative electrode current collectors can be separated by
an 1on permeable medium 530 to define a positive electro-
active zone 5135 and a negative electroactive zone 525 that
at least partially surrounds the positive electroactive zone.
While the set of embodiments illustrated in FIGS. 1B and 1C
includes a positive electrode current collector and a positive
clectroactive zone at least partially surrounded by a negative
clectrode current collector and a negative electroactive zone,
it should be understood that, in some embodiments, the
polarities of the electrode current collectors and electroac-
tive zones can be reversed such that a negative electrode
current collector and a negative electroactive zone are at
least partially surrounded by a positive electrode current
collector and a positive electroactive zone.
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[0117] Flowable redox material (e.g., an 10nic solution, a
semi-solid, or a condensed 10n-storing electroactive mate-
rial) can flow through the positive electroactive zone and/or
the negative electroactive zone, 1n some cases. Positive
clectrode tflowable material can enter the positive electroac-
tive zone 515 1n the direction indicated by arrows 560 in
FIG. 1C. The positive electrode flowable material can tlow
through the electroactive zone and can exit at the upper
location of the electroactive zone 1n the direction indicated
by arrows 565. Similarly, negative electrode flowable mate-
rial can enter the negative electroactive zone 3525 in the
direction 1indicated by arrows 570. Negative electrode mate-
rial can tlow through the negative electroactive zone and exat
at the upper location of the electroactive zone 1n the direc-
tion 1ndicated by arrow 575. As noted with respect to FIG.
1A, the illustration of the direction of tlow 1s arbitrary 1n
FIG. 1C. Durning operation, the positive and negative elec-
troactive materials can undergo reduction and oxidation.
Ions 590 can move across 10on permeable medium 530 (e.g.,
a membrane) and electrons can flow through an external
circuit 580 to generate current.

[0118] In some embodiments, the positive and/or negative
clectrode current collector may include a plurality of surface
features (e.g., protrusions). In some instances, the surface
features can include protrusions (e.g., posts, fins, baflles,
ctc.) that extend from a surface of the electrode current
collector 1nto an electroactive region. For example, FIG. 1D
includes a schematic illustration of an electrode current
collector 600 comprising a plurality of posts 651 protruding
from surface 620 of the current collector. In some embodi-
ments, the protrusions can be electrically conductive. In
some embodiments, the protrusions can comprise modified
tesla structures as illustrated 1 FIG. 1E and described in
Hong et al., Lab on a chip, 4(2):109-13, 2004, which 1s
incorporated herein by reference 1n 1ts entirety. Such struc-
tures may be useful 1n enhancing mixing, as current collec-
tors that increase half-cell conductivity, and/or 1n providing
mechanical support for the separator. The presence of elec-
trically conductive protrusions can enhance the amount of
clectrically conductive surface area of the current collector,
relative to an amount of electrically conductive surface area

that would be present 1n the absence of the protrusions.

[0119] The protrusions can be, 1n some 1nstances, con-
structed and arranged to enhance the circulation of the
flowable redox composition. In some embodiments, the
protrusions may be constructed and arranged to at least
partially direct the flow of the flowable redox composition
within an electroactive region. In some instances, the surface
features can include features formed into the bulk of the
clectrode current collector (e.g., channels) which may, 1n
some cases, at least partially direct the flow of fluid within
an electroactive region.

[0120] The electrode current collectors can, 1n some cases,
include surface features that force tfluid along the longitu-
dinal axis of the redox flow energy storage device (e.g.,
when the electrode current collector 1s moved, such as when
it 1s rotated). For example, 1n some embodiments, at least
one of the electrode current collectors can comprise a
plurality of undulations formed in the shape of a helix that
forms a threading on at least a portion of a electrode current
collector. One such example 1s illustrated 1n FIGS. 1F-1G.
Such threading can be similar to those that would be
observed along the exterior of a threaded screw or bolt or
along the mterior of a threaded nut. The helical undulations
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in the current collector may transport the flowable 1on-
storing redox composition along the longitudinal axis of the
current collector as the current collector 1s rotated around 1ts
longitudinal axis. In some cases, both the positive and the
negative electrode current collector can include threading
over at least a part of their surfaces proximate an electro-
active region. The threading on the positive and negative
clectrode current collectors may be of the same or different
“handedness.” One of ordinary skill in the art would under-
stand the meaning of handedness 1n this context as being
similar to the concept of handedness as applied to screws
and other threaded materials.

[0121] The surface features outlined above can provide
one or more advantages to the energy storage device. For
example, 1n some embodiments (e.g., when the protrusions
produce a threaded surface on a current collector) the path
over which a flowable 10n-storing redox composition travels
can be relatively long, compared to the path that would be
traveled 1n the absence of the surface features. In addition,
the presence of surface features on a current collector can
increase the surface area of the current collector that is
exposed to a flowable 10n-storing redox composition, thus
enhancing device performance. The presence of the surface
features may also allow the current collectors to be spaced
relatively closely. Especially close spacing between the two
current collectors (and, hence, between each current collec-
tor and the separation medium) can be achieved, for
example, when the first and second current collectors each
include threaded surfaces that are arranged such that they
oppose each other.

[0122] In some embodiments, at least one of the positive
or negative tlowable redox compositions includes a semi-
solid or a condensed 1on-storing liquid electroactive mate-
rial.

[0123] During discharging operation, the difference 1n
clectrochemical potentials of the positive and negative elec-
trode of the redox flow device can produces a voltage
difference between the positive and negative electrodes; this
voltage diflerence would produce an electric current it the
clectrodes were connected 1n a conductive circuit. In some
embodiments, during discharging, a new volume of charged
flowable semi-solid or condensed liquid 1on-storing compo-
sition 1s transported from a charged composition storage
tank into the electroactive zone. In some embodiments,
during discharging, the discharged or depleted flowable
semi-solid or condensed liquid 10n-storing composition can
be transported out of the electroactive zone and stored 1n a
discharged composition storage receptacle until the end of
the discharge.

[0124] During charging operation, the electrode contain-
ing flowable redox composition can be run in reverse, either
clectrochemically and mechanically. In some embodiments,
the depleted flowable semi-solid or condensed liquid 10n-
storing composition can be replenished by transporting the
depleted redox composition out of the electroactive zone and
introducing fully charged flowable semi-solid or condensed
liquid 1on-storing composition into the electroactive zone.
This could be accomplished by using a tfluid transportation
device such as a pump. In some other embodiments, an
opposing voltage diflerence can be applied to the tlowable
redox energy storage device to drive electronic current and
ionic current in a direction opposite to that of discharging, to
reverse the electrochemical reaction of discharging, thus
charging the flowable redox composition of the positive and
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negative electrodes. In some specific embodiments, during
charging, discharged or depleted flowable semi-solid or
condensed liquid 1on-storing composition 1s mechanically
transported into the electroactive zone to be charged under
the opposing voltage difference applied to the electrodes. In
some specific embodiments, the charged flowable semi-solid
or condensed liquid 1on-storing composition 1s transported
out of the electroactive zone and stored 1n a charged com-
position storage receptacle until the end of the charge. The
transportation can be accomplished by using a flmd trans-
portation device such as a pump.

[0125] One distinction between a conventional flow bat-
tery anolyte and catholyte and the 1on-storing solid or liquid
phases as exemplified herein 1s the molar concentration or
molarity of redox species 1n the storage compound. For
example, conventional anolytes or catholytes that have
redox species dissolved 1n aqueous solution may be limited
in molarity to typically 2M to 8M concentration. Highly
acidic solutions may be necessary to reach the higher end of
this concentration range. By contrast, any flowable semi-
solid or condensed liquid 1on-storing redox composition as
described herein may have, when taken in moles per liter or
molarity, at least 10M concentration of redox species, pret-
crably at least 12M, still preferably at least 15M, and still
preferably at least 20M. The electrochemically active mate-
rial can be an 10n storage material or any other compound or
ion complex that 1s capable of undergoing Faradaic reaction
in order to store energy. The electroactive material can also
be a multiphase material including the above-described
redox-active solid or liquid phase mixed with a non-redox-
active phase, mncluding solid-liqud suspensions, or liquid-
liquid multiphase mixtures, including micelles or emulsions
having a liquid 1on-storage material intimately mixed with a
supporting liquid phase. In the case of both semi-solid and
condensed liquid storage compounds for the flowable 10n-
storing redox compositions, systems that utilize various
working 1ons are contemplated, including aqueous systems
in which H™ or OH™ are the working ions, nonaqueous
systems in which Li*, Na*, or other alkali ions are the
working ions, even alkaline earth working ions such as Ca**
and Mg>*, or AI°*. In each of these instances, a negative
clectrode storage material and a positive electrode storage
material may be required, the negative electrode storing the
working 10on of interest at a lower absolute electrical poten-
tial than the positive electrode. The cell voltage can be
determined approximately by the diflerence in 1on-storage
potentials of the two 10n-storage electrode materials.

[0126] In some embodiments, the flowable redox compo-
sition 1s electrically conductive. The flowable redox com-
position can be electrically conductive while 1n 1ts flowing
and/or non-flowing state. In some embodiments the flowable
redox composition (which can be, for example, a semi-solid
or a condensed liquid 10n-storing electroactive material) has
an electrical conductivity of at least about 10~° S/cm, at least
about 10~ S/cm, at least about 10~ S/cm, or at least about
10~ S/cm while it is flowing and while it is at the tempera-
ture at which the energy storage device 1s operated (e.g., at
least one temperature between about —50° C. and about +50°
C.). In some embodiments, said composition has an elec-
tronic conductivity in 1ts non-flowing state of at least about
107° S/cm, at least about 10~ S/cm, at least about 10™* S/cm,
or at least about 107> S/cm at the temperature at which the
energy storage device 1s operated (e.g., at least one tem-
perature between about -50° C. and about +50° C.). As
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specific examples, the flowable redox composition can com-
prise a condensed liquid ion-storing electroactive material
having any of the electrical conductivities described herein
(while flowing and/or while stationary). In some embodi-
ments, the flowable redox composition comprises a semi-
solid, wherein the mixture of the liquid and solid phases,
when measured together, has any of the electrical conduc-
tivities described herein (while flowing and/or while station-
ary).

[0127] Systems employing both negative and positive
ion-storage materials are particularly advantageous because
there are no additional electrochemical byproducts 1n the
cell. Both the positive and negative electrodes materials are
insoluble 1n the tlow electrolyte and the electrolyte does not
become contaminated with electrochemical composition
products that must be removed and regenerated. In addition,
systems employing both negative and positive lithium 1on-
storage materials are particularly advantageous when using
non-aqueous electrochemical compositions.

[0128] In some embodiments, the flowable semi-solid or
condensed liquid 1on-storing redox compositions include
materials proven to work in conventional, solid lithtum-ion
batteries. In some embodiments, the positive flowable elec-
troactive materials contains lithium positive electroactive
materials and the lithium cations are shuttled between the
negative electrode and positive electrode, intercalating into
solid, host particles suspended 1n a liquid electrolyte.

[0129] In some embodiments at least one of the energy
storage electrodes includes a condensed 10n-storing liquid of
a redox-active compound, which may be organic or inor-
ganic, and includes but 1s not limited to lithium metal,
sodium metal, lithium-metal alloys, galllum and indium
alloys with or without dissolved lithtum, molten transition
metal chlorides, thionyl chloride, and the like, or redox
polymers and organics that are liquid under the operating
conditions of the battery. Such a liquid form may also be
diluted by or mixed with another, non-redox-active liquid
that 1s a diluent or solvent, including mixing with such a
diluents to form a lower-melting liquid phase. However,
unlike a conventional flow cell catholyte or anolyte, the
redox active component will comprise by mass at least 10%

of the total mass of the flowable electrolyte, and preferably
at least 25%.

[0130] In some embodiments, the redox-active electrode
material, whether used as a semi-solid or a condensed liquid
format as defined above, comprises an organic redox com-
pound that stores the working 1on of interest at a potential
useful for either the positive or negative electrode of a
battery. Such organic redox-active storage materials include
“p”’-doped conductive polymers such as polyaniline or poly-
acetylene based materials, polynitroxide or organic radical

clectrodes (such as those described in: H. Nishide et al.,
FElectrochim. Acta, 50, 827-831, (2004), and K. Nakahara, et

al., Chem. Phys. Lett., 359, 351-354 (2002)), carbonyl based
organics, and oxocarbons and carboxylate, mncluding com-
pounds such as L1,C.O,, L1,C.;H,O,, and L1,C.H,O, (see
for example M. Armand et al., Nature Materials, DOI:
10.1038/nmat2372).

[0131] In some embodiments the redox-active electrode
material comprises a sol or gel, including for example metal
oxide sols or gels produced by the hydrolysis of metal
alkoxides, amongst other methods generally known as “sol-
gel processing.” Vanadium oxide gels of composition V, O,
are amongst such redox-active sol-gel matenals.
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[0132] Other suitable positive active materials include
solid compounds known to those skilled 1in the art as those
used i NiMH (Nickel-Metal Hydrnide) Nickel Cadmium
(N1Cd) batteries. Still other positive electrode compounds
for L1 storage include those used in carbon monofluoride
batteries, generally reterred to as CF,_, or metal tluoride
compounds having approximate stoichiometry MF, or MF,
where M comprises Fe, Bi, N1, Co, T1, V. Examples include
those described 1n H. L1, P. Balaya, and J. Maier, Li-Storage
via Heterogeneous Reaction 1n Selected Binary Metal Fluo-
rides and Oxides, Journal of The Electrochemical Society,
151 [11] A1878-A1885 (2004), M. Bervas, A. N. Mansour,
W.-S. Woon, J. F. Al-Sharab, F. Badway, F. Cosandey, L. C.
Klein, and G. G. Amatucci, “Investigation of the Lithiation
and Delithiation Conversion Mechamisms 1 a Bismuth
Fluoride Nanocomposites™, J. Electrochem. Soc., 153, A799
(2006), and 1. Plitz, F. Badway, J. Al-Sharab, A. DuPasquier,
F. Cosandey and G. G. Amatucci, “Structure and Electro-
chemistry of Carbon-Metal Fluoride Nanocomposites Fab-

ricated by a Solid State Redox Conversion Reaction™, J.
Flectrochem. Soc., 152, A307 (2005).

[0133] As another example, fullerenic carbon including
single-wall carbon nanotubes (SWNTs), multiwall carbon
nanotubes (MWNTs), or metal or metalloid nanowires may
be used as 1on-storage materials. One example 1s the silicon
nanowires used as a high energy density storage material in
a report by C. K. Chan, H. Peng, G. Liu, K. Mcllwrath, X.
F. Zhang, R. A. Huggins, and Y. Cui, High-performance

lithium battery anodes using silicon nanowires, Nature
Nanotechnology, published online 16 Dec. 2007; doi:10.
1038/nnano.2007.411.

[0134] Exemplary electroactive materials for the positive
clectrode 1n a lithium system include the general family of
ordered rocksalt compounds LiMO,, including those having
the a-NaFeO, (so-called “layered compounds™) or ortho-
rhombic-LiMnO,, structure type or their derivatives of dif-
ferent crystal symmetry, atomic ordering, or partial substi-
tution for the metals or oxygen. M comprises at least one
first-row transition metal but may include non-transition
metals including but not limited to Al, Ca, Mg, or Zr.
Examples of such compounds include Li1CoO,, L1CoQO,
doped with Mg, LiNi1O,, Li(N1i, Co, ADNO, (known as
“NCA”) and Li(N1, Mn, Co0)O, (known as “NMC”). Other
families of exemplary electroactive materials includes those
of spinel structure, such as LiMn,O, and its derivatives,
“high voltage spinels” with a potential vs. Li/Li* that
exceeds 4.3V including but not limited to LiNi, -Mn, O,,
so-called “layered-spinel nanocomposites” 1n which the
structure 1ncludes nanoscopic regions having ordered rock-
salt and spinel ordering, olivines LiMPO, and their deriva-
tives, 1n which M comprises one or more of Mn, Fe, Co, or
N1, partially fluorinated compounds such as LiVPO_F, other
“polyanion” compounds as described below, and vanadium
oxides V, O, including V,0;5 and VO, ;.

[0135] In one or more embodiments the active material
comprises a transition metal polyanion compound, for
example as described 1 U.S. Pat. No. 7,338,734. In one or
more embodiments the active material comprises an alkali
metal transition metal oxide or phosphate, and for example,
the compound has a composition A (M', M" ) (XD,),.
A M) M" ) (DXD,),, or A(M',_ M",)(X,D7)., and have
values such that x, plus y(1-a) times a formal valence or
valences of M', plus ya times a formal valence or valence of
M", 1s equal to z times a formal valence of the XD, X,D-,
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or DXD, group; or a compound comprising a composition
(AL M" )M (XD,),, (A _ M) M (DXD,)z(A, M",)
M (X;5D5), and have values such that (1-a)x plus the
quantity ax times the formal valence or valences of M" plus
y times the formal valence or valences of M' 1s equal to z
times the formal valence of the XD, X,D. or DXD, group.
In the compound, A is at least one of an alkali metal and
hydrogen, M' 1s a first-row transition metal, X 1s at least one
of phosphorus, sulfur, arsenic, molybdenum, and tungsten,
M" any of a Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA,
IB, IIB, IIIB, IVB, VB, and VIB metal, D 1s at least one of
oxygen, nitrogen, carbon, or a halogen. The positive elec-
troactive material can be an olivine structure compound
LiMPQO,, where M 1s one or more of V, Cr, Mn, Fe, Co, and
N1, 1n which the compound 1s optionally doped at the L1, M
or O-sites. Deficiencies at the Li-site are compensated by the
addition of a metal or metalloid, and deficiencies at the
O-site are compensated by the addition of a halogen. In
some embodiments, the positive active material comprises a
thermally stable, transition-metal-doped lithium transition
metal phosphate having the olivine structure and having the
tformula (L1, 7Z YMPO,, where M 1s one or more of V, Cr,
Mn, Fe, Co, and N1, and Z 1s a non-alkali metal dopant such

as one or more of T1, Zr, Nb, Al, or Mg, and X ranges from
0.005 to 0.03.

[0136] In other embodiments, the lithium transition metal
phosphate material has an overall composition of L1,___M,
PO,, where M comprises at least one first row transition
metal selected from the group consisting of Ti1, V, Cr, Mn,
Fe, Co and Ni, where x 1s from 0 to 1 and z can be positive
or negative. M 1ncludes Fe, z 1s between about 0.15 and
—0.15. The material can exhibit a solid solution over a
composition range of 0<x<0.15, or the material can exhibit
a stable solid solution over a composition range of X between
0 and at least about 0.05, or the material can exhibit a stable
solid solution over a composition range of x between 0 and
at least about 0.07 at room temperature (22-25° C.). The
material may also exhibit a solid solution 1n the lithtum-poor
regime, e€.g., where x=0.8, or x=0.9, or x=0.93.

[0137] In some embodiments the redox-active electrode
material comprises a metal salt that stores an alkali 10on by
undergoing a displacement or conversion reaction.
Examples of such compounds include metal oxides such as
Co0, Co,0,, N1O, CuO, MnO, typically used as a negative
clectrode 1n a lithhtum battery, which upon reaction with Li
undergo a displacement or conversion reaction to form a
mixture of L1,0 and the metal constituent 1in the form of a
more reduced oxide or the metallic form. Other examples
include metal fluorides such as CuF,, FeF,, FeF,, BiF;,
CoF,, and NiF,, which undergo a displacement or conver-
s1on reaction to form LiF and the reduced metal constituent.
Such fluorides may be used as the positive electrode 1n a
lithium battery. In other embodiments the redox-active elec-
trode material comprises carbon monotluoride or 1ts deriva-
tives. In some embodiments the material undergoing dis-
placement or conversion reaction 1s in the form of
particulates having on average dimensions of 100 nanome-
ters or less. In some embodiments the material undergoing,
displacement or conversion reaction comprises a nanocoms-
posite of the active material mixed with an inactive host,
including but not limited to conductive and relatively ductile
compounds such as carbon, or a metal, or a metal sulfide.

[0138] Insome embodiments the semi-solid tlow battery 1s
a lithium battery, and the negative electrode active com-
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pound comprises graphite, graphitic boron-carbon alloys,
hard or disordered carbon, lithium titanate spinel, or a solid
metal or metal alloy or metalloid or metalloid alloy that
reacts with lithium to form intermetallic compounds, includ-
ing the metals Sn, B1, Zn, Ag, and Al, and the metalloids Si
and Ge. In some embodiments, L1, 11:O, , can be included as
an electrode active material (e.g., a negative electrode active
material).

[0139] Exemplary electroactive materials for the negative
clectrode 1 the case of a lithium working 10n include
graphitic or non-graphitic carbon, amorphous carbon, or
mesocarbon microbeads; an unlithiated metal or metal alloy,
such as metals including one or more of Ag, Al, Au, B, Ga,
Ge, In, Sb, Sn, S1, or Zn, or a lithiated metal or metal alloy
including such compounds as LiAl, LigAl,, Li;Al LiZn,
LiAg, L,,Ag,, Li.B,, Li-B4, L,,S1,, Li,,S1,, Li1,551,,
L1,,S15, L1.Sn,, L1,3Sn., L1-Sn,, L1,,Sn., L1,Sb, Li;Sbh,
L1B1, or Li1,B1, or amorphous metal alloys of lithiated or
non-lithiated compositions.

[0140] The current collector can be electronically conduc-
tive and should be electrochemically inactive under the
operation conditions of the cell. Typical current collectors
for lithium cells 1include copper, aluminum, or titanium for
the negative current collector and aluminum for the positive
current collector, 1n the form of sheets or mesh, or any
configuration for which the current collector may be dis-
tributed 1n the electrolyte and permit fluid tlow. Selection of
current collector materials 1s well-known to those skilled 1n
the art. In some embodiments, aluminum 1s used as the
current collector for positive electrode. In some embodi-
ments, copper 1s used as the current collector for negative
electrode. In other embodiments, aluminum 1s used as the
current collector for negative electrode.

[0141] In some embodiments, the negative electrode can
be a conventional stationary electrode, while the positive
clectrode includes a flowable redox composition. In other
embodiments, the positive electrode can be a conventional
stationary electrode, while the negative electrode includes a
flowable redox composition.

[0142] In some embodiments, the semi-solid flow cells of
the present invention use Li* or Na™ as the working ion and
comprise an aqueous electrolyte. Although the use of aque-
ous electrolytes can, 1n some cases, require the use of lower
potentials (to avoid the electrolytic decomposition of water)
than can be used with some nonaqueous systems (e.g.,
conventional lithium 1on systems using alkyl carbonate
clectrolyte solvents), the energy density of a semi-solid
aqueous tlow battery can be much greater than that of a
conventional aqueous solution flow cell (e.g., vanadium
redox or zinc-bromine chemistry) due to the much greater
density of 10n storage that 1s possible in the solid phase of
a semi-solid catholyte or anolyte. Aqueous electrolytes are
typically less expensive than nonaqueous electrolytes and
can lower the cost of the flow battery, while typically also
having higher 1onic conductivity. In addition, aqueous elec-
trolyte systems can be less prone to formation of mnsulating
SEIs on the conductive solid phases used 1n the catholyte or
anolyte, or current collectors, which can increase the imped-
ance of the tlow battery.

[0143] The following non-limiting examples of aqueous
systems show that a broad range of cathode-active materials,
anode-materials, current collector materials, electrolytes,




US 2018/0034090 Al

and combinations of such components may be used in the
semi-solid aqueous flow batteries of this set of embodi-
ments.

[0144] In some embodiments, oxides of general formula
A MO, may be used as ion storage compounds in an
aqueous semi-solid tlow cell, wherein A comprises a work-
ing 1on that may be one or more of Na, L1, K, Mg, Ca, and
Al; M comprises a transition metal that changes 1ts formal
valence state as the working 10n 1s intercalated or deinter-
calated from the compound; O corresponds to oxygen; X can
have a value of 0 to 10; y can have a value of 1 to 3; and z
can have a value of 2 to 7.

[0145] The agueous or nonaqueous semi-solid flow cells
may also comprise, as the semi-solid 10n storage electrode,
one or more lithium metal “polyanion” compounds, includ-
ing but not limited to compounds described 1n U.S. Pat. No.
7,338,734, to Chiang et al. which 1s incorporated herein by
reference 1n 1ts entirety for all purposes. Such compounds
include the compositions (A) (M', M"a) (XD,),, A (M',_
M",) (DXD,),. or A, (M, M" ) (X,D,),, wherein A 1s at
least one of an alkali metal or hydrogen, M' 1s a first-row
transition metal, X 1s at least one of phosphorus, sulfur,

arsenic, boron, aluminum, silicon, vanadium, molybdenum
and tungsten, M" 1s any of a Group IIA, IIIA, IVA, VA, VIA,

VIIA, VIIIA, 1B, 1IB, 1IIB, IVB, VB, and VIB metal, D 1s
at least one of oxygen, nitrogen, carbon, or a halogen,
0O=a=<0.1, x 1s equal to or greater than O, y and z are greater
than O and have values such that x, plus y(1-a) times a formal
valence or valences of M, plus ya times a formal valence or
valence of M", 1s equal to z times a formal valence of the
XD,, X,D,, or DXD, group. In some embodiments, the

compound crystallizes 1n an ordered or partially disordered
structure of the olivine (A MXO,), NASICON (A _(M'M")

,(X0O,),), VOPO,, LiFe(P,O,) or Fe,(P,O,); structure-
types, and has a molar concentration of the metals (M'+M")
relative to the concentration of the elements X that exceeds

the i1deal stoichiometric ratio y/z of the prototype com-
pounds by at least 0.0001.

[0146] Other such compounds comprise the compositions
(AL M" )M (XD,),, (A _M" )M (DXD,)., or (A
M" ) M' (X,D,),, wherein A 1s at least one of an alkali
metal or hydrogen; M' 1s a first-row transition metal; X 1s at
least one of phosphorus, sulfur, arsenic, boron, aluminum,
silicon, vanadium, molybdenum and tungsten; M" any of a
Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, IB, IIB, IIIB,
IVB, VB, and VIB metal; D 1s at least one of oxygen,
nitrogen, carbon, or a halogen; 0=a=<0.1; and x, y, and z are
greater than zero and have values such that (1-a)x plus the
quantity ax times the formal valence or valences of M" plus
y times the formal valence or valences of M' 1s equal to z
times the formal valence of the XD, X,D- or DXD, group.
In some of these embodiments, the compound crystallizes 1n
an ordered or partially disordered structure of the olivine
(A MXO,), NASICON (A (M'M"),(X0O,);), VOPO,, LiFe
(P,O,) or Fe,(P,0,), structure-types, and has a molar con-
centration of the metals (M'+M") relative to the concentra-
tion of the elements X that exceeds the 1deal stoichiometric
rat1o y/z of the prototype compounds by at least 0.0001.

[0147] Still other such compounds comprise the compo-
sitions (A, ,M",) M\(XD,)., (A, ,M",) M (DXD,)., or
(Ap M" )M (X,D,),, wherein A 1s at least one of an alkali
metal or hydrogen; M' 1s a first-row transition metal; X 1s at
least one of phosphorus, sulfur, arsenic, boron, aluminum,
silicon, vanadium, molybdenum and tungsten; M" any of a
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Group IIA, IIIA, IVA, VA, VIA, VIIA, VIIIA, IB, I1IB, I1IB,
IVB, VB, and VIB metal; D 1s at least one of oxygen,
nitrogen, carbon, or a halogen; O<a=<0.1; a<b=<1; and x, y, and
7z are greater than zero and have values such that (b-a)x plus
the quantity ax times the formal valence or valences of M"
plus y times the formal valence or valences of M' 1s equal to
7z times the formal valence of the XD, X,D- or DXD, group.
In some of these embodiments, the compound crystallizes 1n
an ordered or partially disordered structure of the olivine
(A MXO,), NASICON (A (M'M"),(X0O,);), VOPO,, LiFe
(P,O,) or Fe,(P,0O,), structure-types, and has a molar con-
centration of the metals (M'+M") relative to the concentra-
tion of the elements X that exceeds the 1deal stoichiometric
ratio y/z of the prototype compounds by at least 0.0001.

[0148] Rechargeable lithium batteries using an aqueous
clectrolyte have been described by W. L1, J. R. Dahn, and D.

S. Waimnwright (Science, vol. 264, p. 1115, 20 May 1994).
They demonstrated a rechargeable system 1n which both the
cathode and anode are lithium intercalation compounds,
being LiMn,O, and VO, (B) respectively, and the electrolyte
1s a solution of 5 M LiNO, and 0.001 M L1OH 1n water, with
a cell voltage of about 1.5V. Other aqueous rechargeable
lithium batteries include the following combinations of
cathode/anode: Li(N1,_ Co )O,/L1V;0,, L1Co0,/L1V, 0,
LiMn,O,/TiP,O,, LiMn,O,/Li1T1,(PO,);, Li(Ni,;;Mn,
33Co, 43)0,/L1,. V,0,, V,0./11V,0,, [LiMn,0O,/11.V,0.,
LiMn,O,/NaT1,(PO,);, LiMn,O,/L1;Fe,(PO,);, LiMn,O,/
LiFeP,O,, LiMn,O /LiFe, (P,O.),, L1Co0O,/C, L1, :Mn,O,/
L1C00,, v-MnO,/7Zn, and Ti0, (anatase)/Zn. The semi-solid
flow batteries described herein can include the use of any
one or more of these cathode-active materials with any one
or more of the anode-active materials. FElectrode conductive
additives and binders, current collector materials, current
collector coatings, and electrolytes that can be used 1n such
non-flow systems (as described herein) can also be used in
the semi-solid flow batteries described herein.

[0149] In some embodiments, the flow cell can include an
aqueous positive electrode active material comprising a
material ot the general formula LiFe P O, (wherein, for
example, x can be between about 0.5 and about 1.5, y can be
between about 0.5 and about 1.5, a can be between about 0.5
and about 1.5, and z can be between about 3 and about 5),
and a negative electrode active material comprising a mate-
rial of the general formula Li, Ti, O, (wherein, for
example, X' can be between about 3 and about 5, y' can be
between about 4 and about 6, and 7' can be between about
9 and about 15 or between about 11 and about 13). As a
specific example, in some embodiments, the negative elec-
trode active material can comprise LiFePO, and the positive
electrode active material can comprise L1,11.0,,. In some
embodiments, the positive and/or negative electrode active
materials can include cation or anion doped derivatives of
these compounds.

[0150] Other specific combinations of electrode active
materials that can be used in aqueous flow cells (listed here
as anode/cathode pairs) include, but are not limited to,
L1V,0.,/L1Co0,; L1V,0,/Li1N10,; L1V,0./LiMn,O,; and
C/Nag .,MnQO,.

[0151] Sodium can be used as the working ion in con-
junction with an aqueous electrolyte and cathode-active or
anode active compounds that intercalate sodium at suitable
potentials, or that store sodium by surface adsorption and the
formation of an electrical double layer as 1n an electrochemi-
cal capacitor or by surface adsorption accompanied by
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charge transier. Materials for such systems have been
described in US Patent Application US 2009/0253025, by .
Whitacre, for use 1n conventional (non-tlow type) secondary
batteries. The semi-solid flow batteries described herein can
use one or more of the cathode-active materials, anode-
active materials, electrode conductive additives and binders,
current collector materials, current collector coatings, and
clectrolytes considered in such non-flow systems. One or
more embodiments described herein can incorporate these
materials 1n semi-solid tlow batteries.

[0152] Cathode active materials that store sodium and can
be used 1n an aqueous electrolyte system 1nclude, but are not
limited to, layered/orthorhombic NaMO, (birnessite), cubic
spinel A-MnQO, based compounds, Na,M.0,, NaMPO,,
NaM,(PO,);, Na,MPO,F, and tunnel-structured Na,
4aMQO,, where M 1s a first-row transition metal. Specific
examples include NaMnQO,, L1, Mn,O,, spinel into which Na
1s exchanged or stored, LiNaMn,0O, NaMn,O,,
Na,Mn,O,, NakFePO,, Na,FePO,F, and Na,_,,MnO.,.
Anode materials can include materials that store sodium
reversibly through surface adsorption and desorption, and
include high surface area carbons such as activated carbons,
graphite, mesoporous carbon, carbon nanotubes, and the
like. They also may comprise high surface area or mesopo-
rous or nanoscale forms of oxides such as titanium oxides,
vanadium oxides, and compounds identified above as cath-
ode materials but which do not intercalate sodium at the
operating potentials of the negative electrode.

[0153] Current collector materials can be selected to be
stable at the operating potentials of the positive and negative
clectrodes of the flow battery. In nonaqueous lithium sys-
tems the positive current collector may comprise aluminum,
or aluminum coated with conductive material that does not
clectrochemically dissolve at operating potentials of 2.5-5V
with respect to Li/Li". Such materials include Pt, Au, Ni,
conductive metal oxides such as vanadium oxide, and car-
bon. The negative current collector may comprise copper or
other metals that do not form alloys or mtermetallic com-
pounds with lithium, carbon, and coatings comprising such
materials on another conductor.

[0154] In aqueous Na™ and L1™ flow batteries the positive
current collector may comprise stainless steel, nickel,
nickel-chromium alloys, aluminum, titanium, copper, lead
and lead alloys, refractory metals, and noble metals. The
negative current collector may comprise stainless steel,
nickel, nickel-chromium alloys, titanium, lead oxides, and
noble metals. In some embodiments, the current collector
comprises a coating that provides electronic conductivity
while passivating against corrosion of the metal. Examples
ol such coatings include, but are not limited to, TiN, CrN, C,
CN, NiZr, NiCr, Mo, T1, Ta, Pt, Pd, Zr, W, FeN, and CoN.
Electrolytes used 1n aqueous semi-solid flow cells may
comprise an alkaline or alkaline earth salt dissolved in water
to a concentration of 0.1M to 10M. The salt used may
comprise alkali or alkaline earth metals other than the 10on
species stored 1n the intercalation electrode. Thus for lithium
and sodium storing electrodes, the electrolyte may contain
A.SO,, ANO,, ACIO,, A,PO,, A,CO,, ACl, ANO,, and
AOH, where A comprises L1, Na, both L1 and Na, or K.
Alkaline earth salts include but are not limited to CaSO,,
Ca(NQ,),, Ca(ClO,),, CaCO,, Ca(OH),, MgSO,, Mg(NO,)
5, Mg(ClO,),, MgCO,, and Mg(OH),. The pH of an aqueous
clectrolyte may be adjusted using methods known to those
of ordimnary skill in the art, for example by adding OH
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containing salts to raise pH, or acids to lower pH, in order
to adjust the voltage stability window of the electrolyte or to
reduce degradation by proton exchange

[0155] In some embodiments the redox-active compound
1s present as a nanoscale, nanoparticle, or nanostructured
form. This can facilitate the formation of stable liquid
suspensions of the storage compound, and improves the rate
ol reaction when such particles are 1n the vicinity of the
current collector. The nanoparticulates may have equiaxed
shapes or have aspect ratios greater than about 3, including
nanotubes, nanorods, nanowires, and nanoplatelets.
Branched nanostructures such as nanotripods and nanotet-
rapods can also be used 1n some embodiments. Nanostruc-
tured 10n storage compounds may be prepared by a variety
of methods including mechanical grinding, chemical pre-
cipitation, vapor phase reaction, laser-assisted reactions, and
bio-assembly. Bio-assembly methods include, for example,
using viruses having DNA programmed to template an
ion-storing morganic compound of interest, as described 1n

K. T. Nam, D. W. Kim, P. I. Yoo, C.-Y. Chiang, N. Mee-
thong, P. T. Hammond, Y.-M. Chiang, A. M. Belcher, “Virus
enabled synthesis and assembly of nanowires for lithium 1on

battery electrodes,” Science, 312[5775], 885-888 (2006).

[0156] In redox cells with a semi-solid flowable redox
composition, too fine a solid phase can 1nhibit the power and
energy of the system by “clogging” the current collectors. In
one or more embodiments, the semi-solid flowable compo-
sition contains very fine primary particle sizes for high redox
rate, but which are aggregated into larger agglomerates.
Thus 1 some embodiments, the particles of solid redox-
active compound 1n the positive or negative tlowable redox
compositions are present 1n a porous aggregate ol 1 microms-
cter to 500 micrometer average diameter.

[0157] The redox energy storage devices can include, 1n
some embodiments, small particles that can comprise a
lubricant such as, for example, fluoropolymers such as
polytetrafluoroethylene (PTFE).

[0158] In some embodiments, acoustic energy 1s applied
to the system to 1nhibit the accumulation of particles of solid
redox-active compound or any other solid within the system.
“Acoustic energy’ 1s given its normal meaning 1n the art, and
1s generally used to refer to an oscillation of pressure
transmitted through a medium. In one embodiment, the
acoustic energy 1s applied to a semi-solid suspension, for
example, used as the positive and/or negative flowable redox
composition 1n the imventive redox flow energy storage
devices. The application of acoustic energy may, for
example, allow one to avoid undesirable states of particle
aggregation in the flowable redox composition (e.g., a
suspension), to avoid particle stratification and settling, to
disrupt or 1nhibit the formation of solid-electrolyte interface
(SEI) layers, to alter the rheology of the suspension in-situ,
among other reasons.

[0159] The acoustic energy can originate from any suit-
able source. In some embodiments, the acoustic energy
source may be a discrete device (e.g., removably attached to
the energy storage device, positioned proximate the energy
storage device) or 1t may be monolithically integrated with
the energy storage device. For example, the acoustic energy
can, 1n some embodiments, originate from a resonator. In
one set of embodiments, acoustic energy can be provided by
a piezoelectric or electrostrictive actuator that 1s, for
example, driven by an AC field.
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[0160] Acoustic energy can be applied at any location
within the flow cell system, imncluding 1n a storage tank, at a
segment of tubing or a channel, or within the redox flow
energy storage device(s). For example, one or more piezo-
clectric actuators may be attached to the walls of a storage
tank to control particle settling, 1n much the same manner
than an ultrasonic cleaning bath i1s constructed with a
piezoelectric element attached to the wall of the vessel. One
Or more acoustic energy sources may be mserted in the tank
itself, analogous to the use of an ultrasonic “horn™ to
disperse particle suspensions n liquid. In some embodi-
ments, at least one acoustic energy source 1s attached to
pipes or tubing or joints between pipes or tubing that carry
the semi-solid suspension between storage tanks and the
flow cell. In some cases, at least one acoustic energy source
1s 1incorporated nto an in-line sensor of the kind discussed
herein. At least one acoustic energy source, 1n some embodi-
ments, 1s attached to the outer surface(s) of the redox flow
energy storage device(s), or may be embedded within the
layers of a stack of redox tflow energy storage devices, where
it/they may be used to control particle dispersion, settling, or
suspension rheology.

[0161] In some embodiments, acoustic energy can be
applied to the energy storage device at a frequency and/or
level of energy selected to inhibit accumulation of a solid 1n
the energy storage device (e.g., within a flowable redox
composition within the energy storage device). In some
embodiments, the frequency and/or power of the acoustic
energy source may be tuned, using methods known to those
of ordinary skill in the art, to, for example, enhance energy
coupling to the suspension and/or maintain low power
consumption by the device. This can be accomplished, for
example, by employing a source ol acoustic energy that
includes a controller that allows for the application of a
selected frequency and/or amplitude of acoustic energy. In
some embodiments, the acoustic energy source may be used
to apply ultrasonic acoustic energy to the energy storage
device or a portion thereof.

[0162] In some embodiments, acoustic energy can be
applied to the energy storage device at a frequency and/or
level of energy selected to reduce the viscosity of a flowable
redox composition within the energy storage device. In some
embodiments, acoustic energy can be applied to the energy
storage device at a frequency and/or level of energy selected
to reduce the viscosity of a flowable redox composition by
at least about 10%, at least about 20%, at least about 30%,
at least about 40%, or at least about 50%.

[0163] The ability to lower the viscosity of the tlowable
redox composition can be particularly usetful 1n small chan-
nels, constrictions, and other areas where transporting the
redox composition can be diflicult. In some embodiments,
acoustic energy can be applied to a portion of a channel
through which the flowable redox composition flows, the
portion of the channel having a smallest cross-sectional
dimension of less than about 1 cm, less than about 5 mm,
less than about 1 mm, less than about 100 micrometers,
between about 10 micrometers and about 1 cm, between
about 10 micrometers and about 5 mm, or between about 10
micrometers and about 1 mm. In some embodiments, the
redox flow energy storage device i1s constructed and
arranged such that the flowable redox composition tlows
through a substantially fluidically continuous channel, and
the acoustic energy 1s applied to a portion of the channel
having a smallest cross-sectional dimension that is less than
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about 0.5 times, less than about 0.25 times, less than about
0.1 times, less than about 0.05 times, or less than about 0.02
times the maximum cross sectional dimension of the chan-
nel. The “maximum cross-sectional dimension” of a chan-
nel, as used herein, refers to the largest cross-sectional
distance between the boundaries of the channel, as measured
perpendicular to the length of the channel (1.e., perpendicu-
lar to the direction of fluid flow). Likewise, the “minimum
cross-sectional dimension” of a channel, as used herein,
refers to the smallest cross-sectional distance between the
boundaries of the channel, as measured perpendicular to the

length of the channel (1.e., perpendicular to the direction of
fluid tlow).

[0164] The 1on-permeable medium through which 10ns are
transported within the redox flow energy storage device can
include any suitable medium capable of allowing 10ns to be
passed through it. In some embodiments, the 10n-permeable
medium can comprise a membrane. The membrane can be
any conventional membrane that 1s capable of 10n transport.
In one or more embodiments, the membrane 1s a liquid-
impermeable membrane that permits the transport of 1ons
therethrough, namely a solid or gel 1onic conductor. In other
embodiments the membrane 1s a porous polymer membrane
infused with a liquid electrolyte that allows for the shuttling
ol 1ons between the anode and cathode electroactive mate-
rials, while preventing the transfer of electrons. In some
embodiments, the membrane 1s a microporous membrane
that prevents particles forming the positive and negative
clectrode flowable compositions from crossing the mem-
brane. Exemplary membrane materials mclude polyethyl-
encoxide (PEO) polymer in which a lithium salt 1s com-
plexed to provide lithium conductivity, or Nafion™
membranes which are proton conductors. For example, PEO
based electrolytes can be used as the membrane, which 1s
pinhole-free and a solid 1onic conductor, optionally stabi-
lized with other membranes such as glass fiber separators as
supporting layers. PEO can also be used as a slurry stabi-
lizer, dispersant, etc. in the positive or negative flowable
redox compositions. PEO 1s stable 1in contact with typical
alkyl carbonate-based electrolytes. This can be especially
usetul in phosphate-based cell chemistries with cell potential
at the positive electrode that 1s less than about 3.6 V with
respect to L1 metal. The operating temperature of the redox
cell can be elevated as necessary to improve the 1onic
conductivity of the membrane.

[0165] In some embodiments, a carrier liquid 1s used to
suspend and transport the solid phase or condensed liquid of
the tlowable redox composition. The carrier liquid can be
any liquid that can suspend and transport the solid phase or
condensed 10n-storing liquid of the flowable redox compo-
sition. By way of example, the carrier liquid can be water,
a polar solvent such as alcohols or aprotic organic solvents.
Numerous organic solvents have been proposed as the
components of Li-1on battery electrolytes, notably a family
of cyclic carbonate esters such as ethylene carbonate, pro-
pylene carbonate, butylene carbonate, and their chlorinated
or fluorinated derivatives, and a family of acyclic dialkyl
carbonate esters, such as dimethyl carbonate, diethyl car-
bonate, ethylmethyl carbonate, dipropyl carbonate, methyl
propyl carbonate, ethyl propyl carbonate, dibutyl carbonate,
butylmethyl carbonate, butylethyl carbonate and butylpro-
pyl carbonate. Other solvents proposed as components of
L1-10n battery electrolyte solutions include y-butyrolactone,
dimethoxyethane, tetrahydrofuran, 2-methyl tetrahydro-
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turan, 1,3-dioxolane, 4-methyl-1,3-dioxolane, diethyl ether,
sulfolane, methylsulfolane, acetonitrile, propiononitrile,
cthyl acetate, methyl propionate, ethyl propionate, dimethyl
carbonate, tetraglyme, and the like. These nonaqueous sol-
vents are typically used as multicomponent mixtures, into
which a salt 1s dissolved to provide ionic conductivity.
Exemplary salts to provide lithium conductivity include
[1C10,, LiPF,, LiBF,, lithium bis(pentatluorosulionyl)im-
ide (also referred to as LiBETI), lithium bis(trifluorometh-
ane)sulfonimide (also referred to as LiTFSI), lithitum bis
(oxalato)borate (also referred to as LiBOB), and the like. As
specific examples, the carrier liquid can comprise 1,3-
dioxolane mixed with lithium bis(pentatluorosulionyl)im-
ide, for example, 1n a mixture of about 70:30 by mass; an
alkyl carbonate mixed with LiPF; LiPF, in dimethyl car-
bonate DMC (e.g., at a molarity ot about 1 M); L1ClO, 1n
1,3-dioxolane (e.g., at a molarity of about 2 M); and/or a
mixture of tratraglyme and lithtum bis(pentafluorosulionyl)
imide (e.g., 1n a molar ratio of about 1:1).

[0166] In some embodiments, the carrier liquid used
within a flowable redox composition (e.g., to suspend and
transport the solid phase within the flowable redox compo-
sition) and/or a salt included in the flowable redox compo-
sition (e.g., in a semi-solid suspension used as a catholyte or
anolyte 1n the semisolid flow cell) 1s selected for 1ts ability
to 1nhibit the formation of a solid-electrolyte interface (SEI).
The formation of SEI i1s a phenomenon known to those of
ordinary skill in the art, and 1s normally present in, for
example, primary and secondary lithium batteries. Forma-
tion of a thin and stable SEI on the electrode can be desirable
in conventional lithium-ion batteries, as 1t can provide
controlled passivation of the electrodes against oxidation
reactions (at the positive electrode) or reduction reactions (at
the negative electrode) that, i1t allowed to continue, can
consume working lithium in the cell, increase the impedance
of the electrodes, mtroduce safety 1ssues, or degrade the
clectrolyte. However, in some embodiments described
herein, formation of SEI can be undesirable. For example,
formation of SEI on conductive particles in the semi-solid
suspension or on the surfaces of the current collectors can
decrease cell performance, as such films are generally elec-
tronically insulating, and can increase the internal resistance
of said flow cell. Thus it can be advantageous to select
carrier liquids and/or salts that minimize SEI formation at
the working potential of the positive and/or negative tlow-
able redox composition (e.g., catholyte and/or anolyte). In
some embodiments, the same composition (e.g., carrier
fluid, salt, and/or electroactive solid material) 1s used 1n both
the positive tlowable redox composition and the negative
flowable redox composition, and 1s selected to have an
clectrochemical stability window that includes the potentials
at both electrodes or current collectors of the flow cell. In
other embodiments, the components of the positive and
negative flowable redox composition (e.g., carrier tluid, salt,
and/or electroactive solid material) are separately chosen
and used to enhance the performance of the positive and/or
negative flowable redox compositions (and their respective
current collectors). In such cases, the electrolyte phase of the
semi-solid cathode and anode may be separated 1n the flow
cell by using a separation medium (e.g., a separator mem-
brane) that 1s partially or completely impermeable to the
carrier liquids, while permitting facile transport of the work-
ing 10n between positive and negative tlowable redox com-
positions. In this way, a first carrier liquid can be used 1n the
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positive electroactive zone (e.g., 1n the positive flowable
redox composition), and a second, different carrier liquid

can be used in the negative electroactive zone (e.g., 1n the
negative tflowable redox composition).

[0167] A variety of carrier liquids can be selected for
advantageous use at the negative and/or positive electrode of
the flow cells described herein. In some embodiments, the
carrter liqmd compound includes 1 oxygen atom. For
example, the carrier liquid may include an ether (e.g., an
acyclic ether, a cyclic ether) or a ketone (e.g., an acyclic
ketone, a cyclic ketone) in some embodiments. In some
cases, the carrier liquid includes a symmetric acyclic ether
such as, for example, dimethyl ether, diethyl ether, di-n-
propyl ether, and diisopropyl ether. In some cases, the carrier
liguid includes an asymmetric acyclic ether such as, for
example, ethyl methyl ether, methyl n-propyl ether, 1sopro-
pyl methyl ether, methyl n-butyl ether, 1sobutyl methyl ether,
methyl s-butyl ether, methyl t-butyl ether, ethyl 1sopropyl
cther, ethyl n-propyl ether, ethyl n-butyl ether, ethyl 1-butyl
cther, ethyl s-butyl ether, and ethyl t-butyl ether. In some
cases, the carrier liquid includes a cyclic ether including
S-membered rings such as, for example, tetrahydrofuran,
2-methyl tetrahydrofuran, 3-methyl tetrahydrofuran. The
carrier liquid can include, 1n some embodiments, a cyclic
cther including 6-membered rings such as, for example,
tetrahydropyran, 2-methyl tetrahydropyran, 3-methyl tetra-
hydropyran, 4-methyl tetrahydropyran.

[0168] In some embodiments, the carrier liquid compound
includes a ketone. Ketones may be advantageous for use 1n
some embodiments due to their relatively large dipole
moments, which may allow for relatively high 1onic con-
ductivity in the electrolyte. In some embodiments, the
carrter liquid includes an acyclic ketone such as, for
example, 2-butanone, 2-pentanone, 3-pentanone, or
3-methyl-2-butanone. The carrier liquid can include, 1n
some cases, a cyclic ketone including cyclic ketones with
S-membered rings (e.g., cyclopentanone, 2-methyl cyclo-
pentanone, and 3-methyl cyclopentanone) or 6-membered
rings (e.g., cyclohexanone, 2-methyl cyclohexanone,
3-methyl cyclohexanone, 4-methyl cyclohexanone).

[0169] The carner liquid compound can contain 2 oxygen
atoms, 1n some embodiments. For example, the carrier liquid
can include a diether, a diketone, or an ester. In some
embodiments, the carrier liquid can include an acyclic
diether (e.g., 1,2-dimethoxyethane, 1,2-diethoxyethane) an
acyclic diketone (e.g., 2,3-butanedione, 2,3-pentanedione,
2.3-hexanedione), or an acyclic ester (e.g., ethyl acetate,
cthyl propionate, methyl propionate). The carrier liquid can
include a cyclic diether, 1n some embodiments. For example,
the carrier liquid can mclude a cyclic diether including
S-membered rings (e.g., 1,3-dioxolane, 2-methyl-1,3-d1oxo-
lane, 4-methyl-1,3-dioxolane), or a cyclic diether including
6-membered rings (e.g., 1,3-dioxane, 2-methyl-1,3-dioxane,
4-methyl-1,3-dioxane, 1.4-dioxane, 2-methyl-1,4-dioxane).
The carrier liqud can include a cyclic diketone, in some
instances. For example, the carrier liquid can include a
cyclic diketone including 5-membered rings (e.g., 1,2-cy-
clopentanedione, 1,3-cyclopentanedione, and 1H-indene-1,
3(2H)-dione), or a cyclic diether including 6-membered
rings (e.g., 1,2-cyclohexane dione, 1,3-cyclohexanedione,
and 1,4-cyclohexanedione). In some embodiments, the car-
rier liquid can include a cyclic ester. For example, the carrier
liquid can include a cyclic ester including S-membered rings
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(e.g., gamma-butyro lactone, gamma-valero lactone), or a
cyclic ester including 6-membered rings (e.g., delta-valero
lactone, delta-hexa lactone).

[0170] Insome cases, carrier liquid compounds containing
3 oxygen atoms may be employed. For example, the carrier
liqguid may include a triether. In some cases, the carrier liquid
may 1include an acyclic triether such as, for example,
1 -methoxy-2-(2-methoxyethoxy)ethane, and 1-ethoxy-2-(2-
cthoxyethoxy)ethane, or trimethoxymethane. In some cases,
the carrier liquid can include a cyclic triether. In some
embodiments, the carrier liquid can include a cyclic triether
with 5S-membered rings (e.g., 2-methoxy-1,3-dioxolane) or a
cyclic triether with 6-membered rings (e.g., 1.3,5-trioxane,
2-methoxy-1,3-dioxane, 2-methoxy-1,4-dioxane).

[0171] The carrier liguid compound includes, in some
embodiments, a carbonate (e.g., unsaturated carbonates).
The carbonates may, 1n some cases, form an SEI at a lower
potential than liguid carbonates conventionally used 1n com-
mercial lithium batteries. In some 1nstances, acyclic carbon-
ates can be used (e.g., methyl vinyl carbonate, methyl
cthynyl carbonate, methyl phenyl carbonate, phenyl vinyl
carbonate, ethynyl phenyl carbonate, divinyl carbonate,
diethynyl carbonate, diphenyl carbonate). In some 1nstances,
cyclic carbonates can be used such as, for example cyclic
carbonates with 6-membered rings (e.g., 1,3-dioxan-2-one).
[0172] In some embodiments, the carrier liguid includes
compounds that include a combination of one or more
ethers, esters, and/or ketones. Such structures can be advan-
tageous for use 1n some embodiments due to their relatively
high dipole moments, allowing for high 1onic conductivity
in the electrolyte. In some embodiments, the carrier liqud
includes an ether-ester (e.g., 2-methoxyethyl acetate), an
ester-ketone (e.g., 3-acetyldihydro-2(3H)-furanone, 2-oxo-
propyl acetate), a diether-ketone (e.g., 2,5-dimethoxy-cyclo-
pentanone, 2,6-dimethoxy-cyclohexanone), or an anhydride
(e.g., acetic anhydride).

[0173] In some cases, the carrier hiquid compound
includes one nitrogen and one oxygen atom such as an
amide. Such compounds can be acyclic (e.g., N,N-dimethyl
formamide) or cyclic (e.g., 1-methyl-2-pyrrolidone,
1 -methyl-2-piperidone, 1-vinyl-2-pyrrolidone).

[0174] Compounds containing 1 nitrogen and 2 oxygen
atoms can be used 1n the carrier liquid, 1n some cases. For
example, 3-methyl-1,3-oxazolidin-2-one can be used as a
carrier liquid, 1n some cases. 3-methyl-1,3-oxazolidin-2-one
may be advantageous for use 1n some embodiments due to
its relatively high dipole moment, which would allow for
high 10onic conductivity in the electrolyte.

[0175] Compounds containing two nitrogen atoms and
one oxygen atom can be used 1n the carrier liquid, 1n some
instances. For example, in some embodiments, the carrier
liquid can include 1,3-dimethyl-2-imidazolidinone, N,N,N',
N'-tetramethylurea, or 1,3-dimethyltetrahydro-2(1H)-py-
rimidinone. These compounds also include a relatively high
dipole moment, which can provide advantages in some
embodiments.

[0176] In some cases, the carrier liquid includes fluori-
nated or mtrile compounds (e.g., fluormnated or nitrile
derivatives of any of the carrier hiquid types mentioned
herein). Such compounds may increase the stability of the
fluid and allow for higher 10nic conductivity of the electro-
lytes. Examples of such fluorinated compounds include, but
are not limited to, 2,2-difluoro-1,3-dioxolane, 2,2,5,5-tetra-
fluorocyclopentaone,  2,2-difluoro-gamma-butyrolactone,
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and 1-(trifluoromethyl)pyrrolidin-2-one. Examples of such
nitrile compounds include, but are not limited to, tetrahy-
drofuran-2-carbonitrile, 1,3-dioxolane-2-carbonitrile, and
1.,4-dioxane-2-carbonitrile.

[0177] In some cases, the carrier liquid includes sulfur
containing compounds. In some cases, the carrier liquid can
include a sulfoxide (e.g., dimethyl sulfoxide, tetrahydroth-
iophene 1-oxide, 1-(methylsulfonyl)ethylene), a sulifone
(e.g., dimethyl sulfone, divinyl sulfone, tetrahydrothiophene
1,1-dioxide), a sulfite (e.g., 1,3,2-dioxathiolane 2-oxide,
dimethyl sulfite, 1,2-propyleneglycol sulfite), or a sulfate
(e.g., dimethyl sulfate, 1,3,2-dioxathiolane 2,2-dioxide). In
some embodiments, the carrier liquud can include a com-
pound with 1 sulfur and 3 oxygen atoms (e.g., methyl
methanesulfonate, 1.2-oxathiolane 2.,2-dioxide, 1,2-oxathi-
ane 2,2-dioxide, methyl trifluoromethanesulfonate).

[0178] The carrier liquid includes, 1n some embodiments,
phosphorous containing compounds such as, for example,
phosphates (e.g., trimethyl phosphate) and phosphites (e.g.,
trimethyl phosphite). In some embodiments, the carrier
liquid can include 1 phosphorus and 3 oxygen atoms (e.g.,
dimethyl methylphosphonate, dimethyl vinylphosphonate).

[0179] In some embodiments, the carrier liquid includes
an 1onic liqmd. The use of 1onic liquids may significantly
reduce or eliminate SEI formation, in some cases. Fxem-
plary anions suitable for use 1n the 1onic liquid include, but
are not limited to tetratluoroborate, hexafluorophosphate,
hexafluoroarsenoate, perchlorate, trifluoromethanesul-
tonate, bis(trifluoromethylsulfonyl)amide, and thiosaccharin
anion. Suitable cations include, but are not limited to,
ammonium, 1midazolium, pyridinium, piperidinium or pyr-
rolidinium denivatives. The 1onic liquid can, 1mn some
embodiments, include a combination of any one of the above
anions and any one of the above cations.

[0180] The carnier liquid 1includes, in some cases, pertluo-
rinated derivates of any of the carrier liquid compounds
mentioned herein. A perfluorinated derivative 1s used to refer
to compounds 1n which at least one hydrogen atom bonded
to carbon atom 1s replaced by a fluorine atom. In some cases,
at least hall or substantially all of the hydrogen atoms
bonded to a carbon atom are replaced with a fluorine atom.
The presence of one or more fluorine atoms 1n the carrier
liguid compound may, in some embodiments, allow for
enhanced control over the viscosity and/or dipole moment of
the molecule.

[0181] In some embodiments, the viscosity of the redox
compositions undergoing tlow can be within a very broad
range, from about 1 centipoise (cP) to about 1.5x10° ¢P or
from about 1 centipoise (cP) to about 10° cP at the operating
temperature ol the battery, which may be between about
-50° C. and +50° C. In some embodiments, the viscosity of
the electrode undergoing flow is less than about 10° cP. In
other embodiments, the viscosity 1s between about 100 cP
and 10° cP. In those embodiments where a semi-solid is
used, the volume percentage of 10n-storing solid phases may
be between 5% and 70%, and the total solids percentage
including other solid phases such as conductive additives
may be between 10% and 75%. In some embodiments, the
cell “stack” where electrochemical reaction occurs operates
at a higher temperature to decrease viscosity or increase
reaction rate, while the storage tanks for the semi-solid may
be at a lower temperature.

[0182] In some embodiments, peristaltic pumps are used
to itroduce a solid-containing electroactive material into an
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clectroactive zone, or multiple electroactive zones in paral-
lel. The complete volume (occupied by the tubing, a slurry
reservolr, and the active cells) of the slurry can be dis-
charged and recharged by slurry cycling. The active positive
clectrode and negative electrode slurries can be indepen-
dently cycled through the cell by means of peristaltic pumps.
The pump can provide independent control of the flow rates
of the positive electrode slurry and the negative electrode
slurry. The independent control permits power balance to be
adjusted to slurry conductivity and capacity properties.

[0183] In some embodiments, the peristaltic pump works
by moving a roller along a length of flexible tubing. This
way the fluid 1inside the tubing never comes into contact with
anything outside of the tubing. In a pump, a drive turns a
shaft which 1s coupled to a pump head. The pump head
secures the tubing 1n place and also use the rotation of the
shaft to move a rolling head across the tubing to create a flow
within the tube. Such pumps are often used 1n situations
where the fluid being transferred needs to be 1solated (as in
blood transtusions and other medical applications). Here the
peristaltic pump can also be used to transier viscous fluids
and particle suspensions. In some embodiments, a closed
circuit of tubing 1s used to run the slurry 1n a cycle, with
power provided by the peristaltic pump. In some embodi-
ments, the closed anolyte and catholyte systems may be
connected to removable reservoirs to collect or supply
anolyte and catholyte; thus enabling the active matenal to be
recycled externally. The pump will require a source of power
which may include that obtained from the cell. In some
embodiments, the tubing may not be a closed cycle, 1n which
case removable reservoirs for charged and of discharged
anolytes and catholytes can be employed; thus enabling the
active material to be recycled externally. In some embodi-
ments, one or more slurries are pumped through the redox
cell at a rate permitting complete charge or discharge during
the residence time of the slurry in the cell, whereas in other
embodiments one or more slurries are circulated repeatedly
through the redox cell at a higher rate, and only partially
charged or discharged during the residence time in the cell.
In some embodiments the pumping direction of one or more
slurries 1s intermittently reversed to improve mixing of the
slurries or to reduce clogging of passages 1n the flow system.

[0184] While peristaltic pumps have been described in
detail, 1t should be understood that other types of pumps can
also be used to transport the flowable redox composition(s)
described herein. For example, in some embodiments, a
piston pump 1s used to transport one or more flowable redox
compositions through the redox tflow energy storage device.
In some embodiments, an auger can be used to transport one
or more tlowable redox compositions.

[0185] The flowable redox compositions can include vari-
ous additives to improve the performance of the flowable
redox cell. The liquid phase of the semi-solid slurry 1n such
instances would comprise a solvent, 1n which 1s dissolved an
clectrolyte salt, and binders, thickeners, or other additives
added to improve stability, reduce gas formation, improve
SEI formation on the negative electrode particles, and the
like. Examples of such additives include vinylene carbonate
(VC), vinylethylene carbonate (VEC), fluoroethylene car-
bonate (FEC), or alkyl cinnamates, to provide a stable
passivation layer on the anode or thin passivation layer on
the oxide cathode; propane sultone (PS), propene sultone
(PrS), or ethylene thiocarbonate as antigassing agents;
biphenyl (BP), cyclohexylbenzene, or partially hydroge-
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nated terphenyls, as gassing/safety/cathode polymerization
agents; or lithium bis(oxatlato)borate as an anode passiva-
tion agent.

[0186] In some embodiments, the nonaqueous positive
and negative electrode flowable redox compositions are
prevented from absorbing impurity water and generating
acid (such as HF 1n the case of LiPF salt) by incorporating
compounds that getter water into the active material sus-
pension or mto the storage tanks or other plumbing of the
system. Optionally, the additives are basic oxides that neu-
tralize the acid. Such compounds include but are not limited
to silica gel, calctum sulfate (for example, the product
known as Drierite), aluminum oxide and aluminum hydrox-
ide.

[0187] In some embodiments, the colloid chemistry and
rheology of the semi-solid flow electrode 1s adjusted to
produce a stable suspension from which the solid particles
settle only slowly or not at all, 1n order to improve flowabil-
ity of the semi-solid and to minimize any stirring or agitation
needed to avoid settling of the active material particles. The
stability of the electroactive matenal particle suspension can
be evaluated by monitoring a static slurry for evidence of
solid-liquid separation due to particle settling. As used
herein, an electroactive material particle suspension 1s
referred to as ““stable” when there 1s no observable particle
settling 1n the suspension. In some embodiments, the elec-
troactive material particle suspension 1s stable for at least 5
days. Usually, the stability of the electroactive material
particle suspension increases with decreased suspended par-
ticle size. In some embodiments, the particle size of the
clectroactive material particle suspension 1s about less than
10 microns. In some embodiments, the particle size of the
clectroactive material particle suspension 1s about less than
5> microns. In some embodiments, the particle size of the
clectroactive material particle suspension 1s about 2.5
microns. In some embodiments, conductive additives are
added to the electroactive material particle suspension to
increase the conductivity of the suspension. Generally,
higher volume {fractions of conductive additives such as
Ketjen carbon particles increase suspension stability and
clectronic conductivity, but excessive amount of conductive
additives may also increase the viscosity of the suspension.
In some embodiments, the flowable redox electrode com-
position includes thickeners or binders to reduce settling and
improve suspension stability. In some embodiments, the
shear flow produced by the pumps provides additional
stabilization of the suspension. In some embodiments, the

flow rate 1s adjusted to eliminate the formation of dendrites
at the electrodes.

[0188] In some embodiments, the active material particles
in the semi-solid are allowed to settle and are collected and
stored separately, then re-mixed with the liquid to form the
flow electrode as needed.

[0189] In some embodiments, the rate of charge or dis-
charge of the redox flow battery 1s increased by increasing
the 1mstant amount of one or both flow electrodes 1n elec-
tronic communication with the current collector.

[0190] In some embodiments, this is accomplished by
making the semi-solid suspension more electronically con-
ductive, so that the reaction zone 1s increased and extends
into the flow electrode. In some embodiments, the conduc-
tivity of the semi-solid suspension i1s increased by the
addition of a conductive material, including but not limited
to metals, metal carbides, metal nitrides, and forms of
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carbon including carbon black, graphitic carbon powder,
carbon fibers, carbon microfibers, vapor-grown carbon fibers
(VGCF), and fullerenes including “buckyballs™, carbon
nanotubes (CNTs), multiwall carbon nanotubes (MWNTs),
single wall carbon nanotubes (SWN'1s), graphene sheets or
agoregates of graphene sheets, and materials comprising
tullerenic fragments that are not predominantly a closed
shell or tube of the graphene sheet. In some embodiments,
nanorod or nanowire or highly expected particulates of
active materials or conductive additives can be included 1n
the electrode suspensions to improve 1on storage capacity or
power or both. As an example, carbon nanofilters such as
VGCF (vapor growth carbon fibers), multiwall carbon nano-
tubes (MWNTs) or single-walled carbon nanotubes
(SWNTs), may be used in the suspension to improve elec-
tronic conductivity, or optionally to store the working ion.

[0191] In some embodiments, the conductivity of the
semi-solid 10n-storing material 1s imcreased by coating the
solid of the semi-solid 10n-storing material with a conduc-
tive coating material which has higher electron conductivity
than the solid. Non-limiting examples of conductive-coating,
material include carbon, a metal, metal carbide, metal
nitride, metal oxide, or conductive polymer. In some
embodiments, the solid of the semi-solid 1on-storing mate-
rial 1s coated with metal that 1s redox-inert at the operating,
conditions of the redox energy storage device. In some
embodiments, the solid of the semi-solid 10n-storing mate-
rial 1s coated with copper to increase the conductivity of the
storage material particle, to increase the net conductivity of
the semi-solid, and/or to facilitate charge transier between
energy storage particles and conductive additives. In some
embodiments, the storage material particle 1s coated with,
about 1.5% by weight, metallic copper. In some embodi-
ments, the storage material particle 1s coated with, about
3.0% by weight, metallic copper. In some embodiments, the
storage material particle 1s coated with, about 8.5% by
weight, metallic copper. In some embodiments, the storage
material particle 1s coated with, about 10.0% by weight,
metallic copper. In some embodiments, the storage material
particle 1s coated with, about 15.0% by weight, metallic
copper. In some embodiments, the storage material particle
1s coated with, about 20.0% by weight, metallic copper. In
general, the cycling performance of the flowable redox
clectrode increases with the increases of the weight percent-
ages ol the conductive coating material. In general, the
capacity of the flowable redox electrode also increases with
the increases of the weight percentages of the conductive
coating material.

[0192] In some embodiments, the rate of charge or dis-
charge of the redox flow battery 1s increased by adjusting the
interparticle interactions or colloid chemistry of the semi-
solid to increase particle contact and the formation of
percolating networks of the 1on-storage material particles. In
some embodiments, the percolating networks are formed 1n
the vicinity of the current collectors. In some embodiments,
the semi-solid 1s shear-thinning so that it flows more easily
where desired. In some embodiments, the semi-solid 1s shear
thickening, for example so that 1t forms percolating net-
works at high shear rates such as those encountered 1n the
vicinity of the current collector.

[0193] The energy density of nonaqueous batteries using
the flowable electrode active maternals according to one or
more embodiments compares favorably to conventional
redox anolyte and catholyte batteries. Redox anolytes and
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catholytes, for example those based on vanadium 1ons 1n
solution, typically have a molar concentration of the vana-
dium 10ns of between 1 and 8 molar, the higher concentra-
tions occurring when high acid concentrations are used. One
may compare the energy density of a semi-solid slurry based
on known lithium 1on battery positive and negative electrode
compounds to these values. The liquid phase of the semi-
solid slurry 1n such instances would comprise a solvent,
including but not limited to an alkyl carbonate or mixture of
alkyl carbonates, 1n which 1s dissolved a lithium salt, includ-
ing but not limited to LiPF ., and binders, thickeners, or other
additives added to improve stability, reduce gas formation,
improve SEI formation on the negative electrode particles,

and the like.

[0194] In a non-aqueous semi-solid redox flow cell, one
useful positive electrode flowable redox composition 1s a
suspension of lithtum transition metal olivine particles 1n the
liguid discussed above. Such olivines include LiMPO,
where M comprises a first row transition metals, or solid
solutions, doped or modified compositions, or nonstoichio-
metric or disordered forms of such olivines. Taking the
compound LiFePO, for illustrative example, the density of
olivine LiFePO, is 3.6 g/cm® and its formula weight is
157.77 g/mole. The concentration of Fe per liter of the solid
olivine is therefore: (3.6/157.77)x1000 cm>/liter=22.82
molar. Even 11 present 1n a suspension diluted substantially
by liquid, the molar concentration far exceeds that of typical
redox electrolytes. For example, a 50% solids slurry has
11.41M concentration, exceeding even highly concentrated
vanadium flow battery electrolytes, and this 1s achieved
without any acid additions.

[0195] In some embodiments, a positive electrode tlow-
able redox composition in which the electrochemically
active solid compound forming the particles 1s LiCoQO,, the
density is 5.01 g/cm” and the formula weight is 97.874
g/mole. The concentration of Co per liter 1s: (5.01/97.874)x
1000 cm?/liter=51.19 molar. The energy density of such
semi-solid slurries 1s clearly a factor of several higher than
that possible with conventional liqud catholyte or anolyte
solutions.

[0196] In some embodiments, a suspension of graphite 1n
the liquid, which may serve as a negative electrode flowable
redox composition, 1s used. In operation, graphite (or other
hard and soit carbons) can intercalate lithium. In graphite the
maximum concentration i1s about LiC,. Since graphite has a
density of about 2.2 g/cm”, and the formula weight of LiC,
1s 102.94 g/mole, the concentration of L1 per liter of Li1C 1s:
(2.2/102.94)x1000=21.37 molar. This 1s again much higher

than conventional redox flow battery anolytes.

[0197] Furthermore, the nonaqueous batteries can have
cell working voltages that are more than twice as high as
some aqueous batteries, where the voltage can be limited to
1.2-1.5V due to the limitation of water hydrolysis at higher
voltage. By contrast, use of LiFePO, with graphite 1n a
semi-solid redox tlow cell provides 3.3V average voltage,
and L1CoO, with graphite provides 3.7V average voltage.
Since the energy of any battery 1s proportional to voltage, the
batteries using solid suspension or condensed 1on-support-
ing liquid redox flow compositions have a further improve-
ment 1 energy over conventional solution-based redox flow
cells.

[0198] Thus a non-aqueous semi-solid redox flow cell can
provide the benefits of both redox tlow batteries and con-
ventional lithium 1on batteries by providing for a higher cell




US 2018/0034090 Al

voltage and for tlow battery electrodes that are much more
energy dense than redox flow batteries by not being limited
to soluble metals, but rather, comprising a suspension of
solid or liquid electrode-active materials, or in the case of
dense liquid reactants such as liquid metals or other liqud
compounds, the tlow battery electrolyte may comprise a
significant fraction or even a majority of the liquid reactant
itself. Unlike a conventional primary or secondary battery,
the total capacity or stored energy may be increased by
simply 1increasing the size of the reservoirs holding the
reactants, without increasing the amount of other compo-
nents such as the separator, current collector foils, packag-
ing, and the like. Unlike a fuel cell, such a semi-solid redox
flow battery 1s rechargeable.

[0199] Amongst many applications, the semi-solid and
condensed 1on-supporting liquid redox flow batteries can be
used to power a plug-in hybrid (PHEV) or all-electric
vehicle (EV). Currently, for markets where the daily dniving
distance 1s long, such as the U.S. where the median daily
driving distance 1s 33 miles, PHEVs are an attractive solu-
tion because with daily charging a battery that supplies 40
miles of electric range (PHEV40) 1s practical. For a car
welghing about 3000 Ib this requires a battery of approxi-
mately 15 kWh of energy and about 100 kW power, which
1s a battery of manageable size, weight, and cost.

[0200] However, an EV of the same size for the same
driving pattern generally will require longer range, such as
a 200 mile driving distance between recharges, or 75 kWh,
in order to provide an adequate reserve of energy and
security to the user. Higher specific energy batteries are
needed to meet the size, weight and cost metrics that waill
enable widespread use of EVs. The semi-solid and con-
densed 1on-supporting liquid redox flow batteries can enable
practical low cost battery solutions for such applications.
The theoretical energy density of the L1CoO,/carbon couple
1s 380.4 Wh/kg. However, high power and high energy
lithium 1on batteries based on such chemistry provide only
about 100-175 Wh/kg at the cell level, due to the dilution
cllects of inactive materials. Providing a 200 mile range,
which 1s equivalent to providing 75 kWh of energy, requires
750-430 kg of current advanced lithtum 10n cells. Additional
mass 1s also required for other components of the battery
system such as packaging, cooling systems, the battery
management system, and the like.

[0201] Considerning the use of conventional lithium 1on
batteries 1n EVs, 1t 1s known that specific energy is more
limiting than power. That 1s, a battery with suflicient energy
tor the desired driving range will typically have more than
enough power. Thus the battery system includes wasted
mass and volume that provides unneeded power. The semi-
solid or condensed 1on-supporting liquid redox tlow battery
can have a smaller power-generating portion (or stack) that
1s s1zed to provide the necessary power, while the remaining,
larger fraction of the total mass can be devoted to the high
energy density positive and negative electrode redox tlow
compositions and their storage system. The mass of the
power-generating stack 1s determined by considering how
much stack 1s needed to provide the approximately 100 kW
needed to operate the car. Lithium 10n batteries are currently
available that have specific power of about 1000-4000 W/kg.
The power generated per unit area of separator 1n such a
battery and 1n the stacks of the flowable redox cell 1s similar.
Theretore, to provide 100 kW of power, about 25-100 kg of

stack 1s needed.
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[0202] The remainder of the battery mass may come
predominantly from the positive and negative electrode
flowable redox compositions. As the theoretical energy
density for the L1CoO,/carbon couple 1s 380.4 Wh/kg, the
total amount of active material required to provide 75 kWh
of energy 1s only 197 kg. In tlow batteries the active material
1s by far the largest mass fraction of the positive and negative
clectrode tlowable redox compositions, the remainder com-
ing from additives and liquid electrolyte phase, which has
lower density than the 10n storage compounds. The mass of
the positive and negative electrode flowable redox compo-

sitions needed to supply the 75 kWh of energy 1s only about
200 kg.

[0203] Thus, including both the stack mass (25-100 kg)
and the positive and negative electrode flowable redox
composition mass (200 kg), a semi-solid redox flow battery
to supply a 200 mile range may weigh 225 to 300 kg mass,
much less than the mass (and volume) of advanced lithium
ion batteries providing the same range. The specific energy
of such a system 1s 75 kWh divided by the battery mass, or
333 to 250 Wh/kg, about twice that of current lithium cells.
As the total energy of the system increases, the specific
energy approaches the theoretical value of 380.4 Whikg
since the stack mass 1s a dimimishing fraction of the total. In
this respect the rechargeable lithium flow battery has dii-
terent scaling behavior than conventional lithtum 101 cells,
where the energy density 1s less than 50% of the theoretical
value regardless of system size, due to the need for a large
percentage ol mnactive materials in order to have a function-
ing battery.

[0204] Thus in one set of embodiments, a rechargeable
lithium 10n flow battery 1s provided. In some embodiments,
such a battery has a relatively high specific energy at a
relatively small total energy for the system, for example a
specific energy of more than about 150 Whi/kg at a total
energy of less than about 50 kWh, or more than about 200
Wh/kg at total energy less than about 100 kWh, or more than
about 250 Wh/kg at total energy less than about 300 kWh.

[0205] In another set of embodiments, a redox flow device
uses one or more reference electrode during operation to
determine the absolute potential at the positive and negative
current collectors, the potentials being used 1n a feedback
loop to determine the appropriate delivery rate of positive
and negative electrode flowable redox compositions. For
example, 1f the cathodic reaction 1s completing faster than
the anodic reaction, the cell will be “cathode-starved” and
greater polarization will occur at the positive electrode. In
such an 1nstance, detection of the cathode potential waill
indicate such a condition or impending condition, and the
rate of delivery of positive electrode flowable redox com-
position can be increased. If the redox tlow cell 1s being used
at high power, and both cathode and anode reactions are
completing and resulting 1n a fully discharged or charged
state at the 1nstant flow rates, this too can be detected using
the current collector potentials, and the rates of both positive
and negative electrode flowable redox compositions are
increased so as to “match” the desired current rate of the cell.

[0206] More than one reference electrode may be used 1n
order to determine the positional variation 1n utilization and
completeness of electrochemical reaction within the tlow
battery. Consider for example a planar stack wherein the
positive and negative electrode tlowable redox compositions
flow parallel to the separator and electrodes, entering the
stack at one end and exiting at the other. Since the cathode-




US 2018/0034090 Al

active and anode-active materials can begin to charge or
discharge as soon as they are 1n electrical communication,
the extent of reaction can differ at the entrance and the exat
to the stack. By placing reference electrodes at more than
one position within the stack and within the cell, the
near-instantaneous state of the cell with respect to state of
charge or discharge and local polarization can be deter-
mined. The operating efliciency, power and utilization of the
cell can be optimized by taking into account the voltage
inputs from the reference electrodes and altering operating
parameters such as total or relative tlow rate of catholyte and
anolyte.

[0207] The reference electrodes may also be placed else-
where within the tlow device system. For example, having
reference electrodes 1n the positive and negative electrode
flowable redox composition storage tanks, or having a
separate electrochemical cell within the storage tanks, the
state of charge and discharge of the positive and negative
clectrode flowable redox compositions 1n the tank can be
monitored. This also can be used as mput to determine the
flow rate of the semi-solid suspensions when operating the
battery in order to provide necessary power and energy. The
position of the reference electrode permits the determination
of the local voltage in either the anolyte, catholyte, or
separator. Multiple reference electrodes permit the spatial
distribution of voltage to be determined. The operating
conditions of the cells, which may include flow rates, can be
adjusted to optimize power density via changes in the
distribution of voltage.

[0208] In some embodiments, the semi-solid redox flow
cell 1s a nonaqueous lithtum rechargeable cell and uses as the
reference electrode a lithium storage compound that 1s
lithiated so as to produce a constant potential (constant
lithium chemical potential) over a range of lithium concen-
trations. In some embodiments the lithium-active material in
the reference electrode 1s lithium titanate spinel or lithium
vanadium oxide or a lithium transition metal phosphate
including but not limited to a lithium transition metal olivine
of general formula L1, M, PO, where M comprises a first row
transition metal. In some embodiments the compound 1s
LiFePO, olivine or LiMnPO, olivine or mixtures or solid
solutions of the two.

[0209] In some cases, a discrete 1n-line sensor, which can
be separate from the flow device system (and therefore,
removable from the system), may be used during operation
of the system. The in-line sensor may contain a reference
clectrode that can be used to determine an absolute potential
at a location within the system such as, for example, a
flowable redox composition storage tank or a conduit that
transports a flowable redox composition within the system.
The use of one or more discrete in-line sensors that can be
removed from the redox flow energy storage system may
reduce the amount of time needed to replace the sensors,
thus reducing system downtime. In addition, the data
obtained from a discrete 1n-line sensor may be compared to
the data obtained from an integrated reference electrode,
which may be useful 1n checking the accuracy of one or
more integrated reference electrodes.

[0210] In some embodiments, the discrete in-line sensor 1s
positioned externally to the electroactive zones of the flow
cell and/or externally to the source(s) of tlowable redox
active matenial (e.g., outside the storage tank(s) containing
the flowable redox active material). The discrete in-line
sensor 1s, 1n some embodiments, external to a conduit used
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to directly fluidically connect the source of flowable redox
active material to an electroactive zone, as described in more
detail below.

[0211] In one set of embodiments, an 1in-line sensor can be
used to determine the condition of a positive and/or negative
flowable redox composition (e.g., catholyte and/or anolyte),
including but not limited to 1ts state-of-charge, electronic or
ionic conductivity, state of aggregation, viscosity and state
of health by measuring the time dependence of such char-
acteristics. In some embodiments, the in-line sensor can
determine certain properties of a positive and/or negative
flowable redox composition by taking measurements from a
flowable redox composition that 1s undergoing flow. In-line
sensors may, 1 some instances, determine properties of a
flowable redox composition by sampling at least a portion of
the flowable redox composition that 1s diverted from the
main flow channels through said sensor. For example, the
in-line sensor may divert a portion of a flowable redox
composition from the redox flow energy storage device to an
independent conduit to determine one or more properties of
the tlowable redox composition. Measurements that can be
performed by the sensor include, but are not limited to the
following properties of the tlowable redox composition: 1ts
clectrochemical potential with respect to a reference elec-
trode contained within said sensor; i1ts DC conductivity,
measured across conductive electrodes contacting the tlow-
able redox composition; 1ts viscosity; its AC conductivity,
from which transport and dielectric properties may be
obtained using impedance spectroscopy methods known to
those of ordinary skill 1n the art; and/or its magnetic prop-
erties. These properties may be measured as a function of
time, temperature, flow rate, and/or amplitude and/or ire-
quency of an applied potential or field. For example, the
clectrochemical potential of a flowable redox composition
may be used to determine 1ts state-of-charge during opera-
tion of the tflow cell, or to provide information on degrada-
tion of the flowable redox composition (e.g., a component
within the flowable redox composition). The DC or AC
conductivity may be used to determine the state of perco-
lation of a conductive solid phase in a semi-solid suspension
flowable redox composition, and/or the rate of SEI accumu-
lation. The variation of these quantities with flow rate may
be used as feedback to determine operating conditions under
which enhanced cell performance 1s observed. For example,
the C-rate at which the flow cell may be charged or dis-
charged may be maximized at a certain flow rate of the
positive and/or negative tlowable redox composition.

[0212] A flowable redox composition can be mixed within
the redox flow energy storage device via a variety of
mechanisms. Mixing the tflowable redox composition can
allow for the concentration of a redox species to be
increased, for example, near a current collector and/or a
ion-permeable medium within the redox flow energy storage
device, thereby enhancing the performance of the device. In
one set of embodiments, heat (e.g., heat generated by an
clectrochemical reaction within the flow cell, heat generated
by an external apparatus such as a resistive heater, etc.) can
be present within or can be applied to a portion of the redox
flow energy storage device to selectively heat one portion of
the device relative to another. This can increase the tem-
perature ol at least a portion of the anodic and/or cathodic
fluids. For example, 1n the set of embodiments 1llustrated 1n
FIG. 1H, region 750 of the energy storage device 1s hotter
than region 752, producing. Natural convection can be
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induced via decreased density within the active regions of
the flow cell, assisting 1n the pumping of the positive and/or
negative flowable redox composition through the tlow cell
with reduced energy consumption. In the set of embodi-
ments 1illustrated in FIG. 1H, each of the positive and
negative tlowable redox compositions abuts an electrically
insulating, 1on-permeable medium 614 (e.g., a membrane).
The mnset of FIG. 1H (located 1n the upper-left-hand corner)
includes a schematic illustration of the device without the
positive and negative flowable redox compositions posi-
tioned within the electroactive zones.

[0213] In some embodiments, a mixing fluid can be used
to 1ncrease the amount of mixing within a flowable redox
composition within the redox tlow energy storage device. In
some embodiments, the redox flow energy storage device
includes a source of mixing fluid i fluid communication
with and/or located within a volume 1n which the flowable
redox composition 1s disposed (e.g., an electroactive region).
In most cases, the mixing fluid 1s 1mmiscible with the
flowable redox composition. As used herein, two fluids are
“immiscible,” or not miscible, with each other when one 1s
not soluble 1n the other to a level of at least 10% by weight
at the temperature and under the conditions at which the
redox tlow energy storage device 1s operated.

[0214] The mixing fluid can be of any suitable type,
including liquids and gases. In some embodiments, the
mixing fluid 1s not substantially chemically reactive with the
flowable redox composition. As used herein, a component 1s
“not substantially chemically reactive” with another com-
ponent 1f, when the two components are contacted with each
other, a chemical reaction does not proceed over the time
scale of use of the device of the mnvention.

[0215] In some embodiments, the source of the mixing
fluid can comprise a volume external to the redox tlow
energy storage device. For example, in some cases, the
redox flow energy storage device comprises a mixing fluid
such as a gas (e.g., an 1nert gas) that originates from a source
independent of the redox flow energy storage device, and 1s
transported (e.g., mjected via a conduit) into a positive
and/or negative flowable redox composition. One such set of
embodiments 1s 1llustrated 1n FIG. 1J. In this set of embodi-
ments, tluid bubbles 910 are injected into the electroactive
regions of the redox tlow energy storage device via channels
912, which are 1in fluid communication with electroactive
regions 115 and 1235 of the redox tlow energy storage device.
In addition to promoting mixing, the injected tluid can assist
in the pumping of the fluids through the flow cell. The
bubbles can rise due to buoyant forces, and induce fluid flow
in each fluid. In the set of embodiments 1llustrated 1n FIG.
1], each flowing fluid abuts an electrically insulating, 1on-
permeable medium (e.g., a membrane). The inset of FIG. 1]
(located 1n the upper-left-hand corner) includes a schematic
illustration of the device without the positive and negative
flowable redox compositions positioned within the electro-
active zones.

[0216] In some embodiments, the source of the mixing
fluid can be a reactant within the redox flow energy storage
device. For example, the mixing fluid (e.g., gas bubbles) can
be produced, in some embodiments, as a side product of a
reaction in the redox flow energy storage device. FIG. 1K
includes a schematic 1llustration of one such set of embodi-
ments. In FIG. 1K, fluid bubbles 910 are produced as a side
product of an electrochemical reaction. The gas can rise due
to buoyant forces, thereby assisting 1n the pumping of the
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catholyte and anolyte, and reducing the amount of energy
needed to transport fluids within the cell. The mixing fluid
bubbles can be created 1n the cathodic fluid, the anodic fluid,
or in each of the positive and negative tlowable redox
composition (as 1illustrated i FIG. 1K). In one set of
embodiments, one or both of the geometry and/or surface
chemistry of the flow-cell vessels can be designed to control
the location and rate of bubble nucleation, for example by
providing indentations or cavities where the energy barrier
to heterogeneous nucleation of a bubble 1s lowered. In the
set of embodiments illustrated in FIG. 1K, each flowing
clectrode fluid abuts an electrically insulating, 10n-perme-
able medium (e.g., a membrane). The inset of FIG. 1K
(located 1n the upper-left-hand comner) includes a schematic
illustration of the device without the positive and negative
flowable redox compositions positioned within the electro-
active zones.

[0217] The redox tlow energy device can include, in some
embodiments, a movable surface in contact with the flow-
able redox composition within the redox tlow energy device.
Generally, a surface 1s a “movable surface” 11 1t 1s capable of
being moved relative to other surfaces within the redox flow
device. For example, in some embodiments, the movable
surface can be movable relative to at least one current
collector within the redox flow device (e.g., the movable
surface can be part of a first current collector that 1s movable
relative to a second current collector in the device). In some
cases, the movable surface can be movable relative to an
ion-permeable medium (e.g., a membrane) within the redox
flow energy storage device. In some embodiments, at least
a portion of the movable surface can be disposed within
and/or be 1n contact with an electroactive zone within the
redox flow energy storage device. For example, in the set of
embodiments 1illustrated 1 FIG. 1C, at least a portion of
internal surface 391 of negative electrode current collector
520 and/or at least a portion of internal surface 592 of
positive electrode current collector 510 can be movable.

[0218] The movable surface can be constructed and
arranged to at least partially direct the flow of the flowable
redox composition through the redox flow energy device.
This can be achieved, for example, by including one or more
protrusions on the movable surface, and moving the surface
such that the flowable redox composition i1s transported
through the redox tlow energy device.

[0219] As one particular example, 1n some embodiments,
the tlow cell can comprise one or both of an internal auger
and an external auger, which may be used, for example, to
transport an anodic and/or a cathodic fluid. Such an arrange-
ment was brietly described 1n relation to the set of embodi-
ments 1llustrated i FIGS. 1B-1C. FIGS. 1F-1G include
schematic illustrations of a set of embodiments 1n which
internal auger 610 and an external auger 612 comprising
threaded, movable surfaces are employed. One or both of the
internal and external augers can be rotated relative to a fixed
ion-permeable medium 614 between the augers and/or each
other, for example 1n the direction of arrow 615. In this way,
the augers can transport fluid through the flow cell. For
example, 1n one set of embodiments, a positive tlowable
redox composition can be transported into the flow cell via
arrows 616 and out of the flow cell via arrows 617. In
addition, the negative flowable redox composition can be
transported into the tlow cell via arrows 618 and out of the
flow cell via arrows 619. Embodiments in which augers are
employed may be advantageous 1n transporting or inducing
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mixing within flmds with relatively high viscosities. In the
set of embodiments, illustrated 1n FIGS. 1F-1G, the anodic
and cathodic fluids can be transported through concentric
cylindrical shells, each of which can abut an electrically
insulating, 1on-permeable medium 614 (e.g., a membrane).
In some embodiments, the augers can be electronically
conductive, which can allow for the augers to act as current
collectors and/or electronically communicate with separate
current collectors 1n the flow cell.

[0220] The moving surface can be of a vanety of other
forms. For example, 1n some instances, the tlow cell can
comprise a moving surface that 1s part of a track drive that
can be used to transport a fluid within an electroactive
region. The track drive can comprise a belt arranged around
one or more rotatable axles, and can be at least partially
disposed within an electroactive zone within the redox tlow
cell. The track can be constructed and arranged such that at
least a portion of the surface exposed to the redox tlow
material (which can be disposed within an electroactive zone
within the redox tlow cell) comprises protrusions that direct
the flow of fluid. For example, FI1G. 1L includes a schematic
illustration of a tlow cell comprising two track drives 710.
The track drives in FIG. 1L can transport an anodic and a
cathodic fluid independently. The belts 712 on the track
drives (which include moving surfaces 714) include protru-
sions 716 that enhance the movement and mixing of fluid
adjacent the drives. While the track drives illustrated 1n FIG.
1L include linear protrusions, any suitable protrusion geom-
etry can be employed. The tluids can be transported through
a thin region with an approximately rectangular cross sec-
tion, in some embodiments. As with the auger embodiments
described above, the use of one or more track drives can be
advantageous for transporting and/or mixing of fluids with
relatively high viscosities. In the set of embodiments illus-
trated 1n FIG. 1L, each flowing fluid abuts an electrically
insulating, 1on-permeable medium 614 (e.g., a membrane).
In some embodiments, one or both of the track drives can be
clectronically conductive, which can allow for the track
drive(s) to act as a current collector and/or allow for the
track drive(s) to electronically communicate with separate
current collectors 1n the flow cell. The mset of FIG. 1L
(located 1n the upper-left-hand corner) includes a schematic
illustration of the device without the positive and negative
flowable redox compositions positioned within the electro-
active zones.

[0221] The flow cell can comprise, in some cases, a
moving surface associated with a rotatable shatt that propels
and/or 1impels an anodic and/or a cathodic fluid through the
flow cell. For example, FIG. 1M includes a schematic
illustration of a flow cell that comprises multiple rotatable
shafts 810. The external surfaces of the rotatable shafts can
be moved by rotating the propellers about their longitudinal
axes. The movable surfaces of the rotatable shaits include a
plurality of protrusions 812 that help transport the fluid
through the redox flow energy storage device. In this set of
embodiments, each of rotatable shatts 810 impels an anodic
and a cathodic fluid independently through the active region
of the flow cell where electrochemical charging and dis-
charging takes place. The fluids can flow through a thin
region with an approximately rectangular cross section. In
the set of embodiments 1llustrated 1n FIG. 1M, each flowing,
fluid abuts an electrically msulating, 1on-permeable medium
614 (e.g., a membrane).
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Example 1: Semi-Solid Lithium Redox Flow
Battery

[0222] An exemplary redox flow cell 200 for a lithium
system 1s shown 1n FIG. 2. In this example, the membrane
210 1s a microporous membrane such as a polymer separator
film (e.g., Celgard™ 2400) that prevents cathode particles
220 and anode particles 230 from crossing the membrane, or
1s a solid nonporous film of a lithtum 1on conductor. The
negative and positive electrode current collectors 240, 250
are made of copper and aluminum, respectively. The nega-
tive electrode composition includes a graphite or hard car-
bon suspension. The positive electrode composition includes
L1C00, or LiFePO, as the redox active component. Carbon
particulates are optionally added to the cathode or anode
suspensions to improve the electronic conductivity of the
suspensions. The solvent 1n which the positive and negative
active material particles are suspended 1s an alkyl carbonate
mixture and includes a dissolved lithium salt such as Li1PF..
The positive electrode composition 1s stored i1n positive
clectrode storage tank 260, and 1s pumped 1into the electro-
active zone using pump 265. The negative electrode com-
position 1s stored 1n negative electrode storage tank 270, and
1s pumped into the electroactive zone using pump 275. For
the carbon and the Li1CoO,, the electrochemical reactions
that occur 1n the cell are as follows:

Charge: xL1+6xC—xL1C Li1Co0O,—=xLi1"+L1,_ CoO,

Discharge: xLiCg—xLi+6xCxLi"+L1,
xCoO5,—=L1Co0,

Example 2: Semi-Solid Nickel Metal Hydride
Redox Flow Battery

[0223] An exemplary redox tlow cell for a nickel system
1s shown 1n FIG. 3. In this example, the membrane 310 1s a
microporous electrolyte-permeable membrane that prevents
cathode particles 320 and anode particles 330 from crossing
the membrane, or i1s a solid nonporous {ilm of a proton 10on
conductor, such as Nafion. The negative and positive elec-
trode current collectors 340, 350 are both made of carbon.
The negative electrode composition includes a suspension of
a hydrogen absorbing metal, M. The positive electrode
composition ncludes N1iOOH as the redox active compo-
nent. Carbon particulates are optionally added to the cathode
or anode suspensions to improve the electronic conductivity
of the suspensions. The solvent in which the positive and
negative active material particles are suspended 1s an aque-
ous solution containing a hydroxyl generating salt such as
KOH. The positive electrode composition 1s stored in posi-
tive electrode storage tank 360, and 1s pumped into the
clectroactive zone using pump 365. The negative electrode
composition 1s stored 1n negative electrode storage tank 370,
and 1s pumped into the electroactive zone using pump 375.
The electrochemical reactions that occur in the cell upon
discharge are as follows (the reactions upon charging being
the reverse of these):

Discharge: xM+yH,0+ye” =M, H +yOH Ni(OH),+
OH —NiOOH+H-0

Example 3: Retference Electrode Monitored Redox
Flow Battery

[0224] An exemplary redox tlow battery using a reference
clectrode to optimize cell performance 1s shown in FIG. 4.
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The cell includes two membranes 410, 415. Reference
clectrodes 420, 425, 430 are positioned between the two
membranes 410, 415 on a face opposite that of the electro-
active zones 440, 445 where positive electrode redox tlow
composition 442 and negative electrode redox flow compo-
sition 447 flow, respectively. The cell also includes negative
and positive current collectors 450, 460, respectively.

[0225] The potential at each reference electrode 420, 425
and 430 can be determined and are assigned a value of @,
¢, and @5, respectively. The potentials at the working
clectrodes (current collectors) 4350, 460 can also be deter-
mined and are assigned a value of W, and W, respectively.
The potential differences of the cell components can be
measured as follows:

(W,—W,)=cell voltage
( W,—;)=potential at cathode
( W,—@;)=potential at anode

(¢p3—-) or (¢p>—)=extent of reaction as redox com-
positions flow along stack.

[0226] In this example, three reference electrodes are used
within the power generating stack (electroactive zone) in
order to determine whether the tflow rates of the positive and
negative electrode redox tlow compositions are at a suitable
rate to obtain a desired power. For example, if the tflow rate
1s too slow during discharge, the positive and negative
clectrode redox tlow compositions fully discharge as the
enter the stack and over most of their residence time 1n the
stack there 1s not a high chemical potential difference for
lithium. A higher flow rate allows greater power to be
obtained. However, 11 the flow rate 1s too high, the active
materials may not be able to fully charge or discharge during,
their residence time in the stack. In this instance the flow rate
of the slurries may be slowed to obtain greater discharge
energy, or one or more slurries may be recirculated to obtain
more complete discharge. In the instance of charging, too
high a flow rate prevents the materials from fully charging
during a single pass, and the stored energy 1s less than the
system 1s capable of, 1n which case the slurry flow rate may
be decreased, or recirculation used, to obtain more complete
charging of the active materials available.

Example 4: Preparing Partially Delithiated,
Jet-Milled Lithium Cobalt Oxide

[0227] Lithium cobalt oxide powder was jet-milled at
15,000 RPM to produce particles with an average diameter
of 2.5 microns. A 20 g sample of jet-milled lithtum cobalt
oxide was chemically delithiated by reacting with 2.5 g of
nitrommum tetratluoroborate 1n acetonitrile over 24 hours.
The delithiated L1,_ CoQO,, having also a higher electronic
conductivity by virtue of being partially delithiated, 1s used
as the active material 1n a cathode semi-solid suspension.

Example 3: Preparing a Copper Plated Graphite
Powder

[0228] Commercial grade mesocarbon  microbead
(MCMB 6-28) graphitic anode powder was partially coated
with, 3.1% by weight, metallic copper via an electroless
plating reaction. MCMB (87.5 g) was stirred successively in
the four aqueous solutions listed 1n Table 1. Between each
step, the powder was collected by filtering and washed with
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reagent grade water. In the final solution, a concentrated
solution of sodium hydroxide was added to maintain a pH of
12. Increasing the concentrations of the species 1n solution
4 would yield more copper rich powders. Powders with
weilght fractions 1.6%, 3.1%, 8.6%, 9.7%, 15%, and 21.4%
copper were characterized by preparing slurries as described
in Example 7, and testing the slurries as described 1n
Example 8. The cycling performance increased and capacity
increased with copper plating weight percents as illustrated

in FIG. S.

TABLE 1

Four agueous solutions used to treat MCMB.

Solution Chemuical Concentration (M)

1 (1 hr) Nitric Acid 4.0

2 (2 hr) Stannous Chloride 0.10
Hydrochloric Acid 0.10

3 (2 hr) Palladium Chloride 0.0058
Hydrochloric Acid 0.10

4 (0.5 hr) Copper Sulfate 0.020
EDTA 0.050
Formaldehyde 0.10
Sodium Sulfate 0.075
Sodium Formate 0.15
Polyethylene Glycol 0.03

Sodium Hydroxide Maintain at pH 12

Example 6: Preparing a Cathode Slurry

[0229] A suspension containing 25% volume fraction of
delithiated, jet-milled lithrum cobalt oxide, 0.8% volume
fraction of Ketjen Black, and 74.2% volume fraction of a
standard lithium 10n battery electrolyte was synthesized. A
stable cathode suspension was prepared by mixing 8.9 g of
delithiated, jet-milled lithium cobalt oxide with 0.116 g of
Ketjen Black carbon filler. The mixed powder was sus-
pended in 5 mL of electrolyte and the suspension was
sonicated for 20 minutes. Such a suspension was stable (1.e.,
there was no observable particle settling) for at least 5 days.
The conductivity of such a suspension was measured to be
0.022 S/cm 1n an AC impedance spectroscopy measurement.
Such slurries were tested in static and flowing cells as
described 1n later Examples. Experimentation with the rela-
tive proportions of the constituents of the slurries showed
that higher volume fractions of lithium cobalt oxide, which
increase the storage capacity of the suspension, can be made.
Increasing the volume fraction of solids 1n the suspension
also 1ncreased the viscosity of the semi-solid suspensions.
Higher volume {fractions of Ketjen carbon particles
increased suspension stability and electronic conductivity,
but also the slurry viscosity. Straightforward experimenta-
tion was used to determine volume {fractions of lithium
cobalt oxide and Ketjen carbon that produce slurries of
suitable viscosity for device operation.

Example 7: Preparing an Anode Slurry

[0230] A suspension containing 40% volume fraction of
graphite 1n 60% volume fraction of a standard lithium 10n
battery electrolyte was synthesized by mixing 2.88 g of
copper plated graphite (3.1 wt % copper) with 2.0 mL of
clectrolyte. The mixture was sonicated for 20 minutes. The
conductivity of the slurry was 0.025 S/cm. Higher copper
loadings on the graphite was observed to increase the
slurries” viscosity.
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Example 8: Static Half Cell Tests on Cathode and
Anode Slurries

[0231] Semi-solid suspension samples, as described 1n
Examples 6 and 7, were charged and dlscharged electro-
chemically against a lithtum metal electrode 1n an electro-
chemical cell where the suspension was static. The cathode
or anode slurry was placed 1n a metallic well which also
acted as the current collector. The well and current collectors
were machined from aluminum and copper for the cathode
and anode, respectively. The wells holding the slurries had
cylindrical shape 6.3 mm in diameter and depths ranging
from 250-800 um. A Celgard 2500 separator film separated
the slurry from a lithium metal counter electrode, and an
excess of electrolyte was added to the gaps in the cell to
ensure that the electrochemically tested materials remained
wetted with electrolyte. Testing was conducted in an argon-
filled glovebox. A representative plot of voltage as a function
of charging capacity for the cathode slurry hali-cell 1s shown
in FIG. 6. A representative plot of the cathode discharge
capacity vs. cycle number 1s shown 1n FIG. 9. A represen-
tative plot of voltage as a function of charging capacity for
the anode slurry half-cell 1s shown 1n FIG. 7. Both anode and
cathode behaved electrochemically 1n a manner similar to
their solid (unsuspended) counterparts. Example capacity
measurements are shown in Table 2.

TABLE 2

Example capacity measurements.

Specific Specific  Volumetric
Capacity Capacity Capacity
in mAh per in mAh in mAh
gram of MCMB per gram per mL
Slurry Material or LiCoO, of Slurry of Slurry
MCMB with O wt % 96 51 85

deposited Cu,! 40

vol % anode powder

in electrolyte

MCMB with 3.1 wt % 344 179 300
Cu,? 40 vol % anode

powder in electrolyte

MCMB with 15 wt % 252 123 219
Cu' 40 vol % anode

powder 1n electrolyte

MCMB with 21.4 420 190 354
wt % Cu,> 40 vol %

anode powder n

electrolyte

26 vol % LiCoO-, 0.8 97 56 127
vol % Ketjen Carbon

Black in electrolyte®

Capaclty calculated from the 2™ cycle discharge in a C/20 galvanostatic cycling
experlment between 0.01 V and 0. 6 V versus L1 metal,

Capaclty calculated from the 2™ cycle discharge mn a C/20 CCCV charge, C/20
galvanc-ﬂtat]c discharge cycling experlmem between 0.01 V and 1.6 V versus L1 metal;
Capacity calculated from the 27 ¢ yele discharge in a C/20 galvanostatic cyclmg
experlment between 0.01 V and 1.6 V versus L1 metal,

Capamty calculated from 27 discharge ina C/3 galvanﬂstatlc cycling experiment between

44V and2 V

Example 9: Static Cell Tests of Full Lithium Ion
Cell Using Cathode and Anode Semi-Solid

Suspensions

[0232] Cathode and anode slurries, as described 1n
Examples 6 and 7, were charged and discharged electro-
chemically against each other in a static, electrochemical
cell. The cathode and anode slurries were each placed 1n
metallic wells/current collectors of the dimensions described
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in Example 8. The wells/current collectors were made of
aluminum and copper for the cathode and anode, respec-
tively. A Celgard 2500 film separated the two slurries 1n the
cell. The cathode and anode suspensions were charged and
discharged relative to each other repeatedly under potentio-
static and galvanostatic conditions, with galvanostatic test-
ing being done at C-rates ranging from C/20 to C/10. A
representative plot of voltage as a function of time 1s shown
in the lower panel in FIG. 8. The corresponding charge or
discharge capacity 1s shown 1n the upper panel 1n FIG. 8. In
this test, the cell was charged under potentiostatic condi-
tions, holding the cell voltage at 4.4V, while the charge
capacity was monitored. The rate of charging 1s mitially
high, then diminishes. The cell was then galvanostatically
discharged at a C/20 rate. The capacity obtained 1n the first
discharge 1s ~3.4 mAh, which 1s 88% of the theoretical
capacity of the anode in the cell. There 1s an excess of
cathode 1n this cell which 1s therefore not fully utilized.

Example 10: Lithium Titanate Spinel Anode
Suspension

[0233] Lithium titanate spinel, which may have a range of
L1:T1:0 ratios and also may be doped with various metals or
nonmetals, and of which a non-limiting composition 1s
L1, 11;0,, intercalates lithium readily at a thermodynamic
voltage near 1.5V with respect to L1/L17, and increases 1n its
clectronic conductivity as L1 1s inserted due to the reduction
of Ti** to Ti°*. A 5 g sample of lithium titanate spinel
powder 1s mixed with 100 mg of Ketjen Black and sus-
pended 1n 10 mL of a standard lithium 1on battery electro-
lyte, and the suspension 1s sonicated for 20 minutes. Such a
suspension does not separate 1nto components for at least 48
hours. This suspension was charged and discharged 1n a
lithium half-cell as described 1n Example 8. FIG. 10 shows
the galvanostatlc lithium 1nsertion and extraction curves for
the suspension at a relatively high C/1.4 rate. During the
lithium 1nsertion step, the average voltage 1s very near the
thermodynamic voltage of 1.55V, while upon extraction the
average voltage 1s somewhat higher.

Example 11: Flowing Haltf Cell Tests on Cathode
and Anode Slurries

[0234] Samples, as described 1n Examples 6 and 7, were
charged and discharged electrochemically against a lithium
metal electrode in a flowing, electrochemical cell. The
cathode or anode slurry was pumped into a metallic channel
of defined geometry, which acted as the current collector.
The current collectors were aluminum and copper for the
cathode and anode, respectively. Channels were 5 mm 1n
diameter, 50 mm 1n length, and had a depth of 500 um. A
porous PVDF sheet (pore size: 250 um), sandwiched
between 2 Celgard 2500 separator films, added mechanical
strength. In between the two separator films, separated from
the slurries, was a lithium metal reference electrode attached
to a copper wire and electrically 1solated from both current
collectors. An excess of liquid electrolyte was added to the
gaps 1n the device to ensure that the electrochemaically active
components remained immersed in liquid electrolyte. Test-
ing was conducted 1n an argon-filled glove box. The slurry
in the channel was charged and discharged at rates ranging
from C/20 to C/5. Durning charging, uncharged slurry was
mechanically pumped 1nto the test cell to replace that which
had been fully charged in the channel. The charged slurry
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was pumped out of the cell and stored until the end of the
charge. For discharging, the cell was run 1n reverse, both
clectrochemically and mechanically. New volume of slurry
was pumped 1nto the test cell as the volume 1n the cell was
tully discharged. The volume of discharged suspension was
pumped out of the cell and stored until the end of the
discharge.

Example 12: Flowing Full Cell Tests on Cathode
and Anode Slurries

[0235] Cathode and anode slurries, as described 1n
Examples 3 and 4, were charged and discharged electro-
chemically 1n concert 1n a flowing, electrochemical cell. The
cathode or anode slurry was pumped into a metallic channel,
the channel material also acting as the current collector. The
current collectors were aluminum and copper for the cathode
and anode, respectively. Channels were 5 mm 1n diameter,
50 mm 1n length, and had a depth of 300 um. A 250 um
perforated PVDF sheet, sandwich between 2 Celgard 2500
films, added mechanical strength and separated one slurry
channel from the other. A piece of lithium foil attached to a
copper wire was also sandwiched between the separator
films and acted as a reference electrode. The slurries 1n the
channel were charged and discharged at rates ranging from
C/20 to C/5. Using peristaltic pumps, to which were attached
clastomer tubing filled with cathode and anode slurries
teeding the respective channels in the electrochemical cells,
the slurries were pumped through the channels. During
charging, uncharged slurry was mechanically pumped nto
the test cell to replace that which was fully charged. For
discharging, the cell was run 1n reverse, both electrochemi-
cally and mechanically. The two slurries were flowed 1nde-
pendent of one another and the state of charge of both anode
and cathode slurries were monitored in real time using the
lithium metal reference electrode. Several different modes of
operation were used. In one instance, one or both slurries
were mtermittently pumped into the channels, the pumping,
stopped, and the slurries 1n the channel were charged or
discharged, following which the slurry 1n the channel was
displaced by fresh slurry and the process repeated. In
another mode of operation, the slurries were pumped con-
tinuously, with the residence time of each slurry in its
respective channel being suflicient for complete charge or
discharge before exiting the channel. In yet another mode of
operation, one or both slurries were pumped through their
respective channels at a rate too high for complete charging
or discharging during the residence time, but the slurry was
continuously circulated so that over time, all of the slurry 1n
the system was either charged or discharged. In yet another
mode of operation, the pumping direction of one or both
slurries was periodically reversed during a charging or
discharging step, causing more slurry than the channel can
accommodate at a given time to be charged or discharged.

Example 13: In-Line Electrochemical Sensor

[0236] FIG. 11 includes a schematic illustration of a
design for an 1n-line electrochemical sensor 1n which a tlow
channel allows the positive and/or negative flowable redox
composition to tlow past a galvanostatic sensor. The sensing
clements include a lithium metal electrode connected to one
terminal of the sensor, and a metal electrode connected to the
other terminal of the sensor. The lithium metal electrode can
be electronically isolated from the positive or negative
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flowable redox composition by a an ionically conducting
separator layer, which may be a solid inorganic or organic
ionic conductor, or a porous separator film infused with
liquid electrolyte. In this particular example the electroni-
cally 1solated metal electrode 1s a layer of microporous
lithium 10n battery polymer separator film. FIG. 12 includes
a plot of potential as a function of time measured for a
flowing semisolid suspension formulated with 20 vol % of
a lithhum ftitanate spinel active material and 5 vol % of
Ketjen black 1n a nonaqueous electrolyte comprising 1M
L1PF . 1n a mixture of alkyl carbonates. This plot demon-
strates that the open circuit voltage of the suspension can be
monitored over time, showing in this instance that the
lithium titanate spinel 1s 1n a highly delithiated condition,
since upon lithium insertion the open circuit voltage of this
material 1s 1.55V with respect to Li/L1™.

Example 14. Electronically Conductive Semi-Solid
Suspensions

[0237] The rheology and electronic conductivity of semi-
solid suspensions contaiming a small percentage of a high
surface area nanoparticulate conductive carbon was mea-
sured, and showed that electronically conductive suspen-
sions that are analogous to “liquid wires” are produced. In
this example, the active materials tested are lithium cobalt
oxide (L1CoQO,, from AGC Seimi1 Chemical Co. Ltd, Kana-
gawa, Japan)), lithum titanate spinel (L1,T1.0,,, from
AltairNano, Reno, Nev.), and Ketjen black (ECP600ID,
Akzo Nobel Polymer Chemicals LLC, Chicago, Ill.). Prior
to use, the L1CoO,, was jet-milled to reduce 1its particle size,
and the L1, 1T1:0,, (LTO) was heated under a gas mixture of
Ar and H, 1n a 93:5 ratio at 800° C. for 20 hours 1n a quartz
tube placed inside a Lindberg/Blue M furnace, in order to
reduce the oxide and increase its electronic conductivity.
After heat treatment, the color of the powder had changed
from white to blue. The active material or carbon or both
were welghed and mixed 1n a 20 mL glass vial and the solid
mixture was suspended by addition of a conventional
lithium-10n battery electrolyte using LiPF  as the lithium salt
in a mixture of alkyl carbonates (Novolyte Technologies,
Independence, Ohio). The resulting suspension was mixed
and sonicated 1n a Branson 1510 ultrasonic bath for between
20 and 60 minutes. The viscosities of the particle suspen-
sions 1n electrolyte were measured inside an argon-filled
glove box using a Brookfield Digital Viscometer, mode
DV-11+Pro Extra. The electrical conductivity of suspensions
with and without flow was measured 1n an apparatus with a
flow channel on either side of which were stainless steel
clectrodes, and an insulating body made of PVdF polymer.
From the channel diameter and tlow velocity, the shear rate
of the fluid can be determined.

[0238] The measurements showed that the dispersed, elec-
tronically conductive carbon forms physically and electroni-
cally percolating networks within the tlowable suspensions
that enable charge and discharge of the semisolid suspen-
sions. FIG. 13A shows wviscosity versus shear rate for
suspensions ol nanoparticulate carbon (Ketjen black) and
L1Co0O, (LCO) 1n alkyl carbonate electrolyte. The suspen-
sions show shear thinning behavior consistent with the
presence of Ketjen networks that are partially disrupted by
shear stress. Thus, even at dilute concentrations of the
carbon additive (1n the case, <1% volume fraction of Ketjen
black), both of the suspensions contaimng Li1CoO, (LCO)
particles and Ketjen exhibit strong shear-thinning behavior
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characteristic of the carbon additive. FIG. 13B shows a
Nyquist plot that shows the 1on1c and electronic conductivity
of the different suspensions and their components. The 1onic
conductivity of suspensions was set by the electrolyte, while
the electronic conductivity was set by the Ketjen black
network. For 0.6% Ketjen black, the conductivity under
non-tlowing conditions was 1.2 mS/cm, while that under a
high shear rate of 257 sec™" was reduced only slightly to 0.67
mS/cm, showing that electronic conductivity was main-
tained. Note that 0.6% Ketjen imparted similar electronic
conductivity to suspensions containing either LCO or LTO.
The conductivity of the LCO and Ketjen mixture was 0.06
mS/cm, and the conductivity of the (L1,11:0,,) LTO and
Ketjen suspension was 0.01 mS/cm. The results show that
while shear (due to flow) can change the electrical conduc-
tivity of the suspension, indicative of carbon networks that
are physically altered by shear, 1t 1s possible to produce
suspension formulations that have very low fractions of
carbon additives and yet which have high electronic con-
ductivities comparable to the i1onic conductivities of the
liquad electrolyte. Such a situation is desirable given that the
semi-solid electrode matenials should, like other battery
clectrodes, exhibit mixed electronic-1onic conductivity.

Example 15. Nonaqueous Flow Cell Using Cathode
Semi-Solid Suspension

[0239] A semi-solid suspension having by mass 51.3%
[1C00,, 0.7% Ketjen black, and 48% of a nonaqueous
electrolyte consisting of L1PF . 1n a mixture of alkyl carbon-
ates (by volume: 22.4% LiCoO,, 0.7% Ketjen black, and
76.9% electrolyte) was prepared according to the method of
Example 14. FIG. 14 shows a schematic of the electrochemi-
cal cell configuration. The negative half was machined from
101 copper alloy and the positive half from 6061 aluminum
alloy. The flow channel has a /16" diameter and a volume of
0.16 ml. A stationary lithium metal fo1l electrode was athixed
to the channel 1n the copper negative haltl of the cell, and
separated from the flowing cathode semi-solid by a layer of
microporous separator (Tonen Chemical Corporation,
Japan). The working surface of the 6061 aluminum alloy cell
components was sputtered with gold to reduce interfacial
impedance. Electrochemical testing was performed using a
Solartron potentiostat operating a 1400 Cell Test System
(AMETEK Inc., Paiol1, Pa., USA). Continuous tlow experi-
ments were performed using a Mastertlex peristaltic pump
(Mastertlex, Vernon Hills, Ill., USA); Chem-Sure™ tubing
(W.L. Gore and Associates, Elktron, Md., USA) was used
inside the pump and was connected to the cell using Mas-
terflex Chem-Durance™ tubing. The semi-solid was con-
tinuously circulated at 20.3 mL/min through the single
channel halt-flow-cell depicted in FIG. 14, while conducting
multi-step galvanostatic charging/discharging between 2
and 4.4V (rate varied between C/8.8 and D/4.4). FIG. 15
includes plots of the state of charge, current, and voltage as
a Tunction of time for the cycled cell. The charge capacity at
4.4V (rest voltage 4.2V) corresponds to a LiCoO, speciiic
capacity ol 146 mAh/g (system-value), while the discharge
capacity corresponds to 127 mAh/g. Compared to the
expected reversible capacity of about 140 mAh/g, these
values demonstrate high utilization of the system’s L1CoQO,.
Note that the 12.5% lower discharge capacity was obtained
at a higher average discharge than charge rate and does not
represent the maximum achievable coulombic efliciency.
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Example 16. Nonaqueous Flow Cell Using Anode
Semi-Solid Suspension

[0240] A semi-solid suspension was prepared, having by
mass 13.1% L1,11.0,, (heat treated in reducing ambient as
in Example 14), 1.7% Ketjen black, and 85.1% of a non-
aqueous electrolyte consisting of 70:30 mass ratio of 1,3-
dioxolane and LiBETI salt (by volume: 5.8% Li1,11.0,,,
1.2% Ketjen black, and 93% electrolyte). The suspension
was flowed through a cell like that in Example 135, with a
16" diameter channel, at a flow rate of 10 mL/min. A lithium
metal foil counterelectrode was used, as 1n Example 15.
However, instead of being charged galvanostatically, the cell
was charged potentiostatically, first at 1.35V and then at
1.0V, as shown i FIG. 16. After being fully charged
potentiostatically, the cell was discharged galvanostatically
at a current density of 17.1 A/m?, the area being that of the
microporous separator (made by Tonen). FIG. 16 shows the
voltage, charge capacity, and current as a function of time.
It 1s seen that the continuously flowing semi-solid suspen-
s1on can be charged with a capacity of about 180 mAh/g and
discharged with a discharge capacity of about 140 mAh/g,
the specific capacity being that for the Li,T1.0,, alone,
indicating substantially complete charging and discharging
of the anode compound.

Example 17. Dual Electrolyte Lithium Ion Cell

[0241] The stability of common solvents found 1n com-
mercial Li-ion battenies 1s directly dependent on the most
polar chemical group found in the molecule. The most stable
molecules are, going from 5 to 0 V vs. a Li/Li" electrode:
carbonates (such as dimethyl carbonate), esters (such as
v-butyrolactone) and ethers (such as 1,2-dimethoxyethane,
tetrahydrofurane or 1,3-dioxolane). At the low insertion
potentials of many anodes, solvent reduction can form
detrimental insulating solid-electrolyte intertace (SEI) films.
This example demonstrates the use of dual fluid electrolytes
in a redox flow energy storage device. A semi-solid anode
suspension was prepared, having by mass 34.0% L1,11.0,,
(reduced as in Example 14), 1.1% Ketjen black, and 64.9%
ol a nonaqueous electrolyte consisting of 70:30 mass ratio of
1,3-dioxolane and LiBETI salt (by wvolume: 17.0%
L1, 11:0,,, 0.9% Ketjen black, and 82.1% electrolyte). The
two suspensions were separated by a layer of microporous
separator 1n a non-tlowing cell. FIG. 17 shows galvanostatic
charge-discharge curves for the cell, measured at a current
density of 9.4 A/m* of separator. The charge and discharge
voltages are as expected for this electrochemical couple,
taking into account cell polarization. Since the cell has an
excess ol cathode capacity to anode capacity, the cell
specific capacity 1s calculated with respect to the mass of
L1, 11.0,, anode, and 1s about 130 mAh/g, showing good
utilization of the active material 1 this semi-solid lithium
ion cell.

Example 18. Ether Based Electrolyte for
Semi-Solid Electrodes

[0242] The stability of common solvents found in com-
mercial Li-1on batteries 1s directly dependent on the most
polar chemical group found in the molecule. The most stable
molecules are, going from 5 to 0 V vs. a Li/Li" electrode:
carbonates (such as dimethyl carbonate), esters (such as
v-butyrolactone) and ethers (such as 1,2-dimethoxyethane,
tetrahydrofurane or 1,3-dioxolane). At the low insertion
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potentials of many anodes, solvent reduction can form
detrimental insulating solid-electrolyte intertace (SEI) films.
This example demonstrates the use of ether based electro-
lytes to provide electrochemical stability under such condi-
tions. A semi-solid anode suspension was prepared, having,
by mass 51.8% MCMB graphite (grade 6-28, Osaka Gas
Co., Osaka, Japan) and 48.2% of an electrolyte consisting of
2M Li1Cl1O, 1n 1,3-dioxolane. By volume, the semi-solid has
40% MCMB and 60% electrolyte. The semi-solid anode was
tested vs. a lithium metal anode 1n an non-flowing cell under
C/8 galvanostatic conditions (current density 18.7 A/m* of
Tonen separator). FIG. 18 shows the voltage vs. capacity
results, which show that despite the low 1nsertion potential,
and absence of conductive additives, reversible cycling is
obtained.

Example 19. Ionmic Liquid Electrolyte for
Semi-Solid Electrod

[0243] In linear ethers with 4 or more oxygen atoms, the
solvent can wrap around the L1 10n to form a more stable
coordinated cation. At 1:1 molar ratios of solvent to salt, the
product of mixing 1s an 1omic liquid of the formula [Li
(ether)](anion). Such 10nic liquids have been proven to be
clectrochemically stable 1n the 0 to 5 V potential range vs.
the L1/L17 electrode, which makes them suitable electrolytes
for 4 V semi-solid tlow cells. FIG. 19 shows the voltage vs.
capacity curve for C/11 galvanostatic cycling (3.4 A/cm® of
Celgard 2500 separator, Celgard LLC, Charlotte, N.C.) of a
cathode semi-solid suspension having by mass 28.1%
L1C00,, 3.4% Ketjen black, and 68.5% of tetraglyme and
lithium bis(tritfluoromethane)sulfommide mm a 1:1 molar
ratio (referred to as [L1(G4)]TFSI), tested against a lithium
metal counterelectrode 1n a non-flowing cell. By volume, the
semi-solid has 10.0% cathode, 3.0% Ketjen, and 87.9%
clectrolyte. The cathode specific capacity with respect to the
[1C00, alone 1s about 120 mAh/g, showing good utilization
of the semi-solid suspension.

Example 20. Cathode-Anode-Electrolyte
Combinations for Semi-Solid Flow Cells

[0244] Seclection of a suitable cathode-anode-electrolyte
depends on the potentials at which the cathode and anode
store 10ns, as well as the stability window of the electrolyte.
FIG. 20 shows several suitable combinations. SSDE refers

to LiPF, 1n a mixture of alkyl carbonates; DMC refers to
L1PF . in dimethyl carbonate; DXL refers to 2M Li1ClO, 1n

1,3-dioxolane; DOL refers to 70:30 mass ratio of 1,3-
dioxolane and LiBETI; and Li(G4)]TFSI refers to

tetraglyme and lithium bis(trifluoromethane)sulfonimide in
a 1:1 molar ratio. For example:

[0245] Olivine cathodes such as lithium 1ron phosphate or
lithium manganese phosphate or their solid solutions, or
doped and nanoscale olivines, can be used with L1,11.0,,
(LTO) in DMC based electrolytes. Such systems will have

an operating voltage of 1.9 V to 2.5V. Power and cycle life
1s expected to be excellent for nanoscale active materials 1n
these systems.

[0246] LiMn,O,—graphite used with DXL has a higher
cell voltage of 2.8 V.

[0247] Li1,MnO,.LiMO,—ILTO used with DMC has a cell
voltage of 2.9 V. This high capacity cathode when used with
the higher voltage LTO anode still has a high cell voltage
and 1s expected to have high anode stability.
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[0248] Li1,MnO,.L.iMO, when used with a high capacity
anode such as that produced by 3M, or Si, or even graphite,
and used with [Li1(G4)]TFSI electrolyte will have a high
energy density due to the high capacity of both cathode and
anode, and the higher cell voltage: o1 3.9-4.3 V. Note that the
cycle life of high capacity anodes such as Si1 and the 3M
alloy, which undergo large volume changes as they are
charged and discharged, 1s likely to be improved in our
semi-solid electrodes since the active matenials particles are
free to expand and contract within the liquid phase without
generating large stresses as they do 1n a conventional elec-
trode.

Example 21. Aqueous Lithium Ion Semi-Solid
Flow Battery Using [.1V,0,—1.1C0o0O, in 5 M
LiNO, Electrolyte

[0249] This example 1s illustrative of a semi-solid tlow
battery that uses lithium metal oxides as the cathode and
anode 1n conjunction with an aqueous lithium-ion conduct-
ing clectrolyte.

[0250] Preparation of Aqueous Lithium Vanadium Oxide
Anode Slurry:
[0251] Lithium vanadium oxide powder with a composi-

tion of L1V,0, 1s synthesized via a solid state reaction
method. L10OH 1s mixed with V,0O. 1n amounts producing the
stoichiometric ratio of L1 to V 1mn L1V,04. The powder
mixture 1s ball milled for 24 hrs 1n methanol and then dried
at 60° C. The dried powder mixture 1s then fired at 600° C.
for 24 hr 1n air resulting 1 the Li1V,0, compound. To
prepare the anode slurry, 15-30% by volume of lithium
vanadate 1s mixed with 0.5-2% by volume of COOH func-
tionalized carbon nanotube as a conductive additive. The dry
powders are first mixed using a vortex mixer for 2 mins. The
balance of the suspension 1s an electrolyte consisting of a 5
M solution of LiNO; 1 water. This electrolyte 1s added to
the powder mixture and the mixture 1s sonicated for 1 hr to
obtain the anode slurry.

[0252] Preparation of Aqueous Lithium Cobalt Oxide
Cathode Slurry:
[0253] Suspensions containing 35% by volume of lithium

cobalt oxide, 0.6-2% by volume of COOH functionalized
carbon nanotubes, and the balance being an electrolyte
consisting of a SM solution of LiNO, 1n water, are prepared.
For example, 3.5 g of lithtum cobalt oxide 1s mixed with
0.0239 g of the carbon using a vortex mixture for 2 mins.
Afterwards, the electrolyte 1s added in the appropnate
amount to make up the balance of the semi-solid suspension,
and mixture 1s sonicated for 1 hr.

[0254] The cathode and anode suspensions are used 1n a
flow cell of the design 1n Example 15, but in which both
current collectors are fabricated from a high chromium
content stainless steel. Optionally, the stainless steel 1n
contact with the semi-solid suspensions 1s coated with gold
by electroplating. The separator membrane 1s selected to be
one with improved wetting by an aqueous electrolyte, such

as Celgard 3501.

Example 22. Lithium Ion Semi-Solid Flow Battery
Using LiFePO,—1.1,T1.0,, 1n Aqueous Electrolyte
Having 1 M L1NO, and 1M [L1OH

[0255] This example 1s illustrative of a semi-solid tlow
battery that uses lithium metal oxides as the cathode and
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anode 1n conjunction with an aqueous lithium-ion conduct-
ing electrolyte, and has a relatively high operating voltage.

[0256] Preparation of an Aqueous Lithium Titanate Spinel
Anode Slurry:
[0257] A suspension containing 30% by volume of lithium

titanium oxide (L1,11.0,,) and 1% by volume of Ketjen
black as the conductive additive 1n 69% by volume of an
aqueous electrolyte containing 1M each of LiNO, and L1OH
1s prepared by first mixing 2.076 g [.1,11.0,, and 0.0432 g
of the Ketjen black 1n the dry state using a vortex mixer for
2 mins. 1.38 ml of the electrolyte 1s then added and the
mixture 1s sonicated for 1 hr.

[0258] Preparation of an Aqueous Lithium Iron Phosphate
Cathode Slurry:

[0259] A suspension containing 20% by volume of a
carbon-coated lithtum 1ron phosphate with 1% by volume of
Ketjen black 1n 69% by volume of an aqueous electrolyte
containing 1M each of LiNO, and L1OH 1s synthesized by
mixing 3.577 g of lithium 1ron phosphate and 0.108 g of
carbon 1n the dry state for 2 min using a vortex mixer. 3.95
ml of the electrolyte 1s then added, and the mixture 1s
sonicated for 1 hr.

[0260] The cathode and anode suspensions are used 1n a
flow cell of the design 1n Example 15, but in which both
current collectors are fabricated from a high chromium
content stainless steel. Optionally, the stainless steel 1n
contact with the semi-solid suspensions 1s coated with gold
by electroplating. The separator membrane 1s selected to be

one with improved wetting by an aqueous electrolyte, such
as Celgard 3501.

Example 23. Aqueous Sodium Ion Semi-Solid Flow
Battery Using Na MnO,—Activated Carbon 1n 1
M Na,SO, Electrolyte

[0261] This example 1s illustrative of an aqueous sodium
ion semi-solid flow battery that uses a sodium metal oxide
as the cathode and activated carbon as the anode. The
cathode stores Na primarily by an intercalation reaction,
while the anode stores Na primarily by surface adsorption.

[0262] Preparing an Aqueous Activated Carbon Anode
Slurry:
[0263] A suspension containing 20% by volume of acti-

vated carbon (Darco, G-60) and 80% by volume of a 5SM
L1INO; aqueous eclectrolyte 1s prepared. 0.65 g of activated

carbon 1s mixed with 1.2 ml of an electrolyte consisting of
1M Na,SO, 1n water. The mixture 1s sonicated for 1 hr.

[0264] Preparing an Aqueous Sodium Manganese Oxide
Cathode Slurry:
[0265] Sodium manganese oxide powder with a compo-

sition of Na, ,..MnQO, 1s synthesized via a solid state reaction
method. NaCO, powder 1s mixed with MnCO, powder 1n a
ratio producing the Na:Mn stoichiometry of the oxide com-
pound. The powder mixture 1s ball milled 1n methanol for 24
hrs and then dried at 60° C. The homogenecously mixed
powder 1s then fired at 300° C. for 8 hr 1n air. After firing at
300° C. the powder 1s ground and 1s re-fired at 800° C. for
another 9 hrs i1n air to obtain Na, .. MnO,. A cathode
suspension containing 20% by volume of the sodium man-
ganese oxide and 2% by volume of COOH functionalized
carbon nanotubes as the conductive additive 1s mixed with
78% by volume of an electrolyte consisting of a 5M solution
of LiNO; 1 water. Specifically, 1.269 g of sodium manga-
nese oxide 1s mixed with 0.0648 g of the COOH function-

alized carbon nanotubes. The dry powders are mixed using
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a vortex mixer for 2 mins. Afterwards, 1.17 ml ofthe 1 M
Na,SQO, electrolyte 1s added to the powder mixture and the
mixture 1s sonicated for 1 hr.

[0266] The cathode and anode suspensions are used 1n a
flow cell of the design 1n Example 15, but in which both
current collectors are fabricated from a high chromium
content stainless steel. Optionally, the stainless steel 1n
contact with the semi-solid suspensions 1s coated with gold
by electroplating. The separator membrane 1s selected to be

one with improved wetting by an aqueous electrolyte, such
as Celgard 3501.

[0267] It 1s recognized, of course, that those skilled 1n the
art may make various modifications and additions to the
processes of the invention without departing from the spirit
and scope of the present contribution to the art. Accordingly,
it 1s to be understood that the protection sought to be
alforded hereby should be deemed to extend to the subject
matter of the claims and all equivalents thereotf fairly within
the scope of the mvention.

[0268] The indefinite articles “a” and *‘an,” as used herein
in the specification and 1n the claims, unless clearly indi-
cated to the contrary, should be understood to mean “at least
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[0269] The phrase “and/or,” as used herein 1n the speci-
fication and 1n the claims, should be understood to mean
“e1ther or both” of the elements so conjoined, 1.¢., elements
that are conjunctively present 1n some cases and disjunc-
tively present in other cases. Other elements may optionally
be present other than the elements specifically 1dentified by
the “and/or” clause, whether related or unrelated to those
clements specifically identified unless clearly indicated to
the contrary. Thus, as a non-limiting example, a reference to
“A and/or B,” when used in conjunction with open-ended
language such as “comprising” can refer, in one embodi-
ment, to A without B (optionally including elements other
than B); in another embodiment, to B without A (optionally
including elements other than A); in yet another embodi-
ment, to both A and B (optionally including other elements);
etc

[0270] As used herein in the specification and in the
claims, “or” should be understood to have the same meaning
as “and/or” as defined above. For example, when separating
items 1n a list, “or” or “and/or” shall be interpreted as being
inclusive, 1.e., the inclusion of at least one, but also including
more than one, of a number or list of elements, and,
optionally, additional unlisted 1tems. Only terms clearly
indicated to the contrary, such as “only one of” or “exactly
one ol,” or, when used in the claims, “consisting of,” will
refer to the inclusion of exactly one element of a number or
list of elements. In general, the term “or” as used herein shall
only be interpreted as indicating exclusive alternatives (1.e.
“one or the other but not both”) when preceded by terms of
exclusivity, such as “‘either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used 1n
the claims, shall have 1ts ordinary meaning as used in the
field of patent law.

[0271] As used herein in the specification and in the
claims, the phrase “at least one,” in reference to a list of one
or more elements, should be understood to mean at least one
clement selected from any one or more of the elements in the
list of elements, but not necessarily including at least one of
cach and every element specifically listed within the list of
clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
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may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically 1dentified. Thus, as a non-limait-
ing example, “at least one of A and B” (or, equivalently, “at
least one of A or B,” or, equivalently *“at least one of A and/or
B”’) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); 1n yet another embodiment, to at least one, option-
ally including more than one, A, and at least one, optionally
including more than one, B (and optionally including other
clements); etc.

[0272] In the claims, as well as 1n the specification above,
all transitional phrases such as “comprising,” “including,”
“carrying,” “having,” “containing,” “involving,” “holding,”
and the like are to be understood to be open-ended, 1.¢., to
mean 1including but not limited to. Only the transitional
phrases “consisting of” and “consisting essentially of”” shall
be closed or semi-closed transitional phrases, respectively,
as set forth 1n the Umted States Patent Oflice Manual of
Patent Examining Procedures, Section 2111.03.

What 1s claimed 1s:

1. (canceled)

2. A composition for an energy storage device, the com-
position comprising:

ion-storing solid phase particles 1n a liquid electrolyte, the

ion-storing solid phase particles (1) are capable of
taking up or releasing said 1ons, and (2) remain sub-
stantially 1nsoluble during operation of the energy
storage device.

3. The composition of claim 2, wherein the ion-storing
solid phase particles remain substantially insoluble 1n all of
its oxidation states.

4. The composition of claim 2, wherein a volume per-
centage ol the 1on-storing solid phase particles 1s between
5% and 70%.

5. The composition of claim 2, further comprising:

a conductive additive 1n the liquid electrolyte.

6. The composition of claim 5, wherein a volume per-
centage of total solids including the conductive additive 1s
between 10% and 75%.

7. The composition of claim 5, wherein the conductive
additive forms a percolative continuously electromically
conductive network in the liquid electrolyte.

8. The composition of claim 5, wheremn the conductive
additive includes at least one of metal carbides, metal
nitrides, carbon black, graphitic carbon powder, carbon
fibers, carbon microfibers, vapor-grown carbon fibers
(VGCE), tullerenes, carbon nanotubes (CNTs), multi-walled
carbon nanotubes (MWNTs), single wall carbon nanotubes
(SWNTs), graphene sheets, and materials comprising tulle-
renic fragments that are not predominantly a closed shell or
tube of the graphene sheet, and mixtures thereof.
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9. The composition of claim 2, wherein the 1on-storing
solid phase particles store at least one of L1, Na, and H.

10. An electrode for use 1n an energy storage device, the
clectrode comprising:

a current collector;

an 10n permeable membrane spaced apart from the current

collector; and

an electrode disposed between the current collector and

the 1on permeable membrane, the electrode includes
ion-storing solid phase particles 1n a liquid electrolyte,
the 1on-storing solid phase particles (1) are capable of
taking up or releasing ions, and (2) remain substantially
insoluble during operation of the energy storage device.

11. The electrode of claim 10, wherein the electrode 1s a
semi-solid.

12. The electrode of claim 11, wherein the semi-solid 1s at
least one of a slurry, a particle suspension, a colloidal
suspension, an emulsion, a gel, and a micelle.

13. The electrode of claim 10, wherein a volume percent-
age of the 1on-storing solid phase particles 1s between 5%
and 70%.

14. The electrode of claim 10, further comprising:

a conductive additive 1n the liquid electrolyte.

15. The electrode of claim 14, wherein a volume percent-
age of total solids including the conductive additive 1is
between 10% and 75%.

16. The electrode of claim 10, wherein the electrode has
a thickness of about 250 um to about 800 um.

17. An energy storage device, comprising:

a positive electrode;

a negative electrode; and

an 1on-permeable membrane separating the positive elec-

trode and the negative electrode,

wherein at least one of the positive electrode and the

negative electrode includes 10n-storing solid phase par-
ticles 1n a liquid electrolyte, the 1on-storing solid phase
particles (1) are capable of taking up or releasing 10omns,

and (2) remain substantially insoluble during operation
of the energy storage device.

18. The energy storage device of claim 17, wherein the
ion-storing solid phase particles remain substantially
insoluble 1n all of its oxidation states.

19. The energy storage device of claam 17, wherein a
volume percentage of the 1on-storing solid phase particles 1s
between 5% and 70%.

20. The energy storage device of claim 17, wherein a
volume percentage of the 1on-storing solid phase particles 1s
greater than 25%.

21. The energy storage device of claam 20, wherein a
volume percentage of the 10n-storing solid phase particles 1s
greater than 40%.

22. The energy storage device of claim 17, wherein the
clectrode containing the mixture of the ion-storing solid
phase particles and the liquid electrolyte has a thickness of
about 250 um to about 800 um.
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