wo 2012/162393 A1 [N 000 OO O O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date
29 November 2012 (29.11.2012)

(10) International Publication Number

WO 2012/162393 Al

WIPOIPCT

(51) International Patent Classification:
HOIM 8/18 (2006.01) HOIM 8/20 (2006.01)

(21) International Application Number:

PCT/US2012/039144

(22) International Filing Date:

23 May 2012 (23.05.2012)
English
English

(25)
(26)
(30)

Filing Language:
Publication Language:

Priority Data:
61/489,072 23 May 2011 (23.05.2011) Us

Applicant (for all designated States except US): UNIVER-
SITY OF KENTUCKY RESEARCH FOUNDATION
[US/US]; A144 ASTeCC Building, Univesity Of Ken-
tucky, Lexington, KY 40506-0286 (US).

1

Inventors; and

Inventors/Applicants (for US only): LIPKA, Stephen, M.
[US/US]; 189 Hawk Circle, Richmond, KY 40475 (US).
SWARTZ, Christopher, R. [US/US]; 1101 Beaumont
Centre Lane, Apt. 30205, Lexington, KY 40513 (US).

Agents: SCHICKLI, Warren, D. et al.; King & Schickli,
PLLC, 247 N. Broadway, Lexington, KY 40507 (US).

(72)
(73)

74

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

Published:
with international search report (Art. 21(3))

(54) Title: HYBRID FLOW BATTERY AND Mn/Mn ELECTROLYTE SYSTEM

140

FIG. 1 . Power Source / Load }
i ‘ ; 100
i / *
| ,,,fﬁ*f,,'} |
180 . [’FI! {
/ - ]
e 128
JNe Y R S S—— [ et Catholyte 178
440 RS
s o - ]
>
/i“\
A
184 i
\\7\,,/
’_ﬁ 1
Anolyte / Catholyte i_\,wg
Tank

(57) Abstract: An electrolyte system for a hybrid flow battery has a manganese based anolyte and a manganese based catholyte.



WO 2012/162393 PCT/US2012/039144

HYBRID FLOW BATTERY AND Mn/Ma ELECTROLYTE SYSTEM

[0001}]  This application clais the benefit of U.S. Provisional Patent Application Serial
No. 61/489,072 filed on 23 May 201 [, the full disclosure of which is incorporated herein by

reference.

GOVERNMENT LICENSE RIGHTS

{0002} This invention was made with government support under Phase | Small Business
Innovation Grant awarded by the Department of Energy under contract

no, . The government has certain rights in the invention.

BACKGROUND

(0003 The present invention relates to {low batteries and particularly to hybrid redox
Gow batteries. Flow batteries are efectrochemical devices in which the chemical energy
stored in electro-active materials is converted to electrical energy. The electro-active
materials include those for the negative electrode reaction and those for the positive electrode
reaction. In flow batteries, the electro-active materials are typically stored externally to the
powermconversion device and are introduced into the power-conversion device when the

device 1s operated.

[0004] Unlike traditional batteries, where active materials, electrolyte, and separator are
stored within the casing of the electrochemical cell, redox tlow batteries feature electrolytes
which are stored in external tanks, and are pumped into the cell during each charge/discharge
cycle. One feature of redox flow batteries is that the energy is stored in the soluble
oxidized/reduced species which exist in the electrolyte, unlike traditional batteries, where

energy is stored in the bulk electrode materials, and which are thus subjected to mechanical

=¥y

[y

and thermal stresses during cycling, thereby contributing to reduced battery cycle life.

{0005} Some advantages of redox {low batteries may include: rapid response times,
moderate cost, modularity, transportability, low maintenance, and flexible operation. Redox
flow batteries may also be capable of extended cycle life. as systems with greater than 10,000

charge/discharge cycles have been reported. Hybrid flow batteries have an additional
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advantage over standard flow battery designs in that no ion-exchange membrane is required.
Such membranes are very expensive. They also often require repair or maintenance which
takes the battery offline. Thus, hvbrid flow batteries without such ion-exchange membranes

allow for cost savings and reduced down time for mainienance.
SUMMARY

[0006] In accordance with the purposes and advantages disclosed herein, an electrolyte
system is provided for a hybrid flow battery. That electrolyte system rnay be broadly
described as comprising an anolyte including Mn®" and Mn®" and a catholyte including Mn®"
and Min". The electrolyte system may also inclade a first supporting electrolyte. That first
supporting electrolyte is selected from a group consisting of (NHs»SOu4, NHHSO, and
mixtures thereof. The clectrolyie system may also include a second supporting electrolyte
wherein the second supporting electrolyte is H;SQ4. The anolyte has a concentration of

between about 1M and about 2M and the electrolyte systen has a pH of about 2 to about 6.

[0007] In one useful embodiment the electrolyte systemn inclades about 1M to about ZM
{(NH,)-SO; in about 1M H,SOy. Further the electrolvte ineludes about 1.18M manganese salt

and about 1.13M diammonium salt.

{0008] A hybrid redox flow battery with an anolyte including M and Mo’ and a
catholyte including Mn®" and Mn® is provided. That battery includes a plurality of ceils.

~

Further, in some embodiments the battery does not include an ion-exchange membrane.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

[0009] The accompanying drawing figures incorporaied in and forming a part of the
specification, iHustrate several aspects of the present electrolyte system and hybrid redox
flow battery and together with the description serve to explain certain principles thereof. In

the drawing figures:
10010} FIG. 1 shows a schematic of a single hybrid redox flow ceil.

(6011} FIG. 2 shows a schematic of a stack including four individual hybrid redox flow

cefls.

3]
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[0012] F1G. 3 shows a schematic representation of a Mn/Mn hybrid redox flow battery.

[0013] FIG. 4 shows a schematic representation of how flow batteries can be used in an

BES system.
[0014] FI1G. 5 is a schematic illustration of electrochemical half-cell testing.

[0015] FIG. 6 illustrates cyclic voltammograms showing redox behavior of 1.183M
MuSQs¥H,0 dissolved in 1.135M {(NH S04/ 1M HaSO4. Working electrode (WE) =

graphite disc, counter ¢lectrode (CE) = graphite rod and reference electrode (RE) = Ag/AgCL

[0016] Reference will now be made in detail to the present embodiments, examples of

which are iltustrated in the accompanying drawing {igures.

DETALED DESCRIPTION

[0617] Embodiments diselosed herein provide hyvbrid redox flow battery devices and
related methods wherein both the anolyte and the catholyte include a manganese redox
couple. Embodiments of individual hybrid redox flow cells and redox flow cells connected
in series using bipolar plates are disclosed. The hybrid redox flow cells can melude
electrodes including carbon nanospheres prepared from renewable sources. Also provided

are electrical energy storage systems compiising hybrid redox flow battery devices.
Fybrid Redox Flow Batieries

[0018] Figure 3 illustrates a redox flow battery system based on aqueous Mn/Mn
electrochemistry. A hybrid redox flow battery inchsding a manganese redox couple at both
positive and negative electrodes is provided. The hybrid redox flow battery can include an

anolvte and a catholyte, where the anolyte includes a first manganese redox couple and the

catholyie includes a second manganese redox couple.

[0019] Reversible charge/discharge reactions for one embodiment of a Ma®™ /Mn’™*

positive electrode are shown in Equations | and 2:

2Mn - 2¢ ~—s 2Ma’ £'= 4127V vs. SCE (Fg. I

charge)

[
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~ 3+ - 24 : :
ZMinT + 2¢ s 2Mn {Eq. 2; discharge)

[0020] In some embodiments, the first manganese redox couple can include a M /Mn’"
redox couple. The anolyie may be prepared by addition of stoichiometric amounts of
manganese salts, including manganese sulfate monohydrate, and manganese acetate, to
deionized water, with stirring, followed by addition of appropriate amounts of concentrated
sutfuric acid to the solution to produce electrolyte compaositions with the desired molarities
of both manganese salt and suifuric acid supporting electrolyte. For example, {o prepare a
M MnSO*HLO solution in SM Hi804, 55 mb. of concentrated sulfuric acid were added
sfowly, with stirring, to 200 mL of deionized water, followed by the addition of 43.1001
grams of MaSO*H,0. In some embodiments, the anolyte may include about 1M to about

2M manganese ion. in some embodiments, the anolyte nmay have a pH of about 2 to about 6.

- N ~ v N 73 . ~ ' ~ RS {O
00211 Reversible charge/discharge reactions for one embodiment of a Mn™ /Mn
2 < foe)

negative electrode are shown in Equations 3 and 4:

(o83

Mp' + 2e- ——sMn’ (s); E= 118V vs. SCE (Ea.

charge)

discharge)

(00223 In some embodiments, the second manganese redox couple can include a M
/Mn” redox couple. In some embodiments, a manganese plating bath can serve as both
anolyte and catholyte. The manganese plating bath may be prepared by the addition, with
stirring at 25 °C, of 28.5075 grams of (NH4)1:50; to 190 mL of 1M H,SO,, followed by the
addition of 37.99 grams of MnSO,*H,0 to the mixture, The solution concentration of the
manganese salt is 1.183M, and the drammeonium salt concentration is 1.135M. (See Wei, P.
et al. Surface and Coatings Technology. 2887, 201, 7739.) In some embodiments, the
catholyvte may include about 1M to about 2M manganese ion. In some embodiments, the

catholyte may have a pH of about 2 to about 6. In some embodiments, the catholyte may

4
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include a supporting electrolyte, such as, for example, (NH, 1250, or ammonium bisulfate
{(“NH4HSOL™). In some embodiments, the catholyte may include about 1M to about 2M
(NH):804 in 1M H:804 In some embodiments, the electrolyte may comprise an aqueous

manganese plating bath.

[0023] In some embodiments, the volumeltric energy density for the hvbrid systemn may

be about 29 Wi/, In some embodiments, the cell voltage may be about 1 V.

[0024] In another aspect, hybrid redox flow cells are provided. FIG. 1 illastrates an
individual hybrid redox flow cell. Referring to FIG. 1, the hybrid redox flow cell 100
includes a flow cell chamber 110. The chamber 110 is in contact with both a negative
electrode 120, and a positive electrode 130. The negative electrode 120 and the positive
electrode 130 are connected to a device 140 that can function as a power source and/or a load.
An electrolyte or anolyte/catholvte is pumped by a pump 150 from an electrolyte reservoir
160 through the first compartment [ 10. The catholyte passes through the porous negative
electrode 120 and is coliected in the reservoir 170, The anolyte passes through the porous

positive electrode 130 and is collected in the reservoir 180.

=

{0025] n operation, the uncharged electrolyte is held in a common vessel or tank 160. |
is then moved by the pump 150 through the two porous electrodes 120, 130, The valence of
the reaction species on the positive electrode 130 is charged to the respective valence (Mn*"
— Mn’"}. The charged catholyte is then held in its respective vessel or tank 170. The
negative clectrode 120 operates on the reversible dissolution/plating of the Mo metal. The
charged anolyie is held in its respective tank or vessel 180. The porous carbon used for the
negative electrode 120 should be more open to accomnmodate the plating of the metal on its

surface and not restrict or block the flow of electrolyte through the structure.

{0026} FIG. 2 iHustrates a hybrid redox flow battery 200 including four separate {low
cells 220 of the type described above and generally Hllustrated in FIG. 1. The combined
anolyte/catholyte is delivered from the tank 230 to the inlet 240 of each flow cell 220 by
means of the pump 250. Each flow cell 220 includes a porous positive electrode 260 and a
porous negative electrode 280. The anolyte passes through the porous positive electrodes and

is collected in the anolyte tank 300. The catholyte passes through the porous negative



WO 2012/162393 PCT/US2012/039144

electrodes and is collected in the catholyte tank 310. As iHustrated, a device 320 that may

function as a power source and/or load is connected to the electrodes 26(,280.

[0027] Electrodes suitable for use as the positive end plate elecirode and the negative end
plate electrode in redox flow batteries of the present disclosure may be, for example, inert.
conductive carbon electrodes. In some embodiments, the carbon electrodes may include
carbon nanoparticies prepared from renewable biopolymers using hydrothermal synthesis
(“HTS”) methods, such as those described in PCT Patent Application No.

PCT/US12/029247, which is hereby incorporated by reference in its entirety.

[0028] In some embodiments, the electrodes may include activated carbon nanospheres
prepared using HTS. In some embodiments, activated carbon nanospheres may be derived
from biopolymers such as, for example, bamboo and other lignocellulosics. in some
embodiments, the electrodes may include graphitized carbon nanospheres, graphitized carbon
nanotubes, and combinations thereof. In some embodiments, the carbon nanospheres and/or
carbon nanotubes may be air brush sprayed or pressed onto a current collector. In some

embaodiments, the current collector may include, for example, stainless steel or nickel mesh.

[0029] In some embodiments, the electrodes may inclade graphite plate and particulate.
in some embodiments, the electrode may include a binder such as, for example,
polytetrafluoroethylene ("PTFE™) or polyvinylidenediftuoride ("PVDE™). In some
embodiments, the electrode may mclude about 3 wit% 1o about 5 wite of a binder. In some
embodiments, the electrode may also include an electrically-conductive additive sach as, for
example, graphite particulate. In some embodiments, the electrode may include about 5 wi%

to about 10 wit% of the graphite particulate.

[0030] Various carbon felts may be used in redox flow batteries as electrode materials,
and include, for example, graphitic, polyacryloniirile, and rayon-based carbon felts. In some
embodiments, the carbon elecirode may be coated with a transition metal such as, for
example Pt*, Pa®", Au®', Ir'", and Ru™. (See Wang, W. H. er af. Electrochim. Acta. 2007,
32,6755; Sun, B. er af. Electrochim. Acra. 1991, 36, 513; and Rycheik, M. et ol. J. Power
Sources. 1987, 19,45} In some embodiments, the carbon electrodes may include carbon
nanotabe or graphite/carbon nanotube composite electrodes, which may lead to higher
conductivity, better electrochemical reversibility, and enhanced electron transfer kinetics.

6
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{0031 Flow celf chambers can be made from, for example, polyvinyi chloride (“"PVC™),
or DELRIN (polvoxymethylene), or other plastic materials that are inert to the electrolyte.
In some embodiments, the flow celi chambers may have a volume of about 0.05L to about
0.5L. in some embodiments, the anolyte and the catholyte may flow through the flow cell

P ~ . X . .
chambers at rates of about 10 mLmin™ to about 80 mLmin’

[06032] Hybrid redox flow batteries are particularly suited for utility grid energy storage,
in the 100 kW to 10 MW size range. Various applications for redox flow batteries can
include, for example, load-leveling, peak shaving, spinning reserve, and wind farm
stabilization and dispatch. Flow batteries can be vsed for backup power; S KW units are
currently available for backup power applications in telecom, substation, and UPS
applications. Wind farms ean serve as “power sources” for flow batteries, which store energy
while the wind is blowing, and can release the stored energy to the electrical grid during peak

times.

-’

[0633] Pumps suitable for use in embodiments of the present invention can include
pumps capable of maintaining anolyie and catholyte flow at a rate of about 10 mLmin™ to
about 80 mLmin~. In some embodiments, the pump may be, for example a Cole-Parmer

Masterflex L/S Economy Drive Pump {(Cole-Parmer, Vernon Hills, IL).

{0034} A reservoir suitable for use in embodiments of the present invention can be inert
o the anolyte and catholyte solutions they contain. In some embodiments, the reservoir can
include, for example, polyethylene, coated fiberglass, or polyvinyl chioride (“"PVC™). In

some embodiments, the reservoir may have a volume of about 6.05 L 1o about 1 L.

Applications for Hybrid Redox Flow Baiteries

100357 Because renewahle energy sources such as solar and wind are intermittent,
substantial penctration of such intermittent generation may place considerable stress on the
U.S. electricity grid. Large-scale, efficient, electrical energy storage ("EES™) systems can
compensate for intermittent generation, and ensure that electricity is reliably available at all
times. Embodiments of hybrid redox flow battery systems presented herein may fall into the
category of EES systems and have uses in off-grid energy storage in, for example, load

leveling, peak shaving, spinning reserve, uninterruptible power supply (“UPS”), wind farm

o

7
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stabilization, and dispatch. FIG. 4 shows a schematic diagram of how {low batteries can he
used in an EES system. More specifically, electrical power generated by wind turbines,
power generators and solar arrays is transmitted to a smart substation. When excess power is
generated, it is stored in flow battery systems for industrial, commercial and residential use.
in contrast, during other times when power is needed by users additional power is provided

from the flow battery systems. Efficient building systems complete the EES system.

{0036] Embodiments of the presently-disclosed flow batteries can be used as backup
power supplies for a variety of operations, including, for example, telecommunications,
hospzta;s and other large factlities that require uninterrupted power supplies. Some of these
cifities are currently equipped with either solid oxide fuel cells (“SOFCs™) or other forms of
distributed energy, but also need EES svstems to meet peak load demand, as well as loads
that fall below the minimum practical turndown of the fuel cell. In addition, redox flow
battery EES systems can act to maintain line voltage during step changes in load, thereby
reducing any deleterious impact of load transients on SOFC system components, and on-
board redox flow battery energy storage systems can allow for the controlled shutdown of

powered systems and loads in the event of a SOFC system casualty.
EXAMPLES

[0037] The following Example is illustrative, but not limiting of the compositions and
methods of the present disclosure. Other suitable modifications and adaptations of a variety
of conditions and parameters normally encountered which are obvious to those skilled in the

v

art are within the spirit and scope of this disclosure.

Example 1 Hvbrid Redox Flow Battery Svystem Based on an Mn/Mn Redox Couple at Both

Electrodes

{0038] The hybrid redox flow battery sytem is based on an agueous manganese plating
bath, which features manganese/manganese electrochemistry. The manganese anolyie is
based on the Mn® /Mn® " redox couple, while the manganese catholyte is based upon the
M /Min” redox cou ple. The electrolyte is a mixture of 1.18M MnSO4*H,0 dissolved in
1.135M (NH4):504/1M HaSG4. The hybnid flow battery system is a membranceless system,

preciuding the use of a proton exchange membrane (i.e. Nafion®) as a separator, even though

8
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the cell will charge and discharge in the presence of a separator. The cel charge and
discharge reactions for the anolyte are shown below in Eq. 1-4, and Figure 3 is a schematic of

the hybrid Mn/Mn flow battery system.

Negative electrode: Mn? + 2¢ ——s Mn® (s} E¥'=-1.18V vs. SCE( Eq. {; charge)
Discharge: Mn’ (s) —8 Mn" + 2" (Eq. 2; discharge)

.. ; 2 . 34, =0 ; e
Positive electrode: 2Mp™ - 2¢° —— 2Mn™; E'=+1.27V vs. SCE (Eq. 3; charge)

+

Discharge: 2Mn®" + 2¢” — 2Mn” (Eq. 4; discharge)

[6039] Synthesis of manganese electrofyte (plating bath): 1.18M MaSO H,0 in
LA3SM (NH SO/ IM HoSO4. The manganese plating bath may be prepared by the
addition, with stirring at 25 °C, of 28.5675 grams of (NHy 180, to 190 mbL of 1M H,S80,,
followed by the addition of 37.99 grams of MnSQO,*H>O to the mixture. The solution

1
3

concentration of the manganese salt is 1.183M, and the diammonium salt concentration is
T135M. (See Wel, P. er of. Surface and Coatings Technology. 2867, 201, 7739.) In some
embadiments, the catholyte may include about 1M to about 2M manganese ion. In some
embodiments, the catholyte may have a pH of about 2 to about 6. In some embodiments, the
catholyte may inchude a supporting electrolyte, such as, for example, (NH RS0, or
ammonium bisulfate (“NHHSOL™). In some embodiments, the catholyte may include about
IM to about 2M (NH %S0, in 1M HaSO, In some embodiments, the electrolyte may

comprise an aqueous manganese plating bath.

60461 Cyclic voltammetry data. The clectrolvte was tested for electrochemical activity
in a three-clectrode cell, using a graphite disk working electrode (diameter =2.54 cm), a
graphite rod counter electrode, and a Ag/AgCl reference electrode (schematic shown in
Figure 5). Cycling was performed in an unstirred, quiescent solution (total electrolyte
vohume = 150 mL). No nitrogen purge was used while testing occurred. The cyclic
voltammogram for the electrolyte, at positive potentials, and various sweep rates, is shown in

Figure 6. The reversible potential for the Mn2+/Mn3+ redox couple is 1.19V vs Ag/AgCl,

and shows a peak separation (AE;) of 0.510V.

{0041} The foregoing has been presented for purposes of illustration and description. Itis
not intended to be exhaustive or to Himit the embodiments to the precise form disclosed.

9



WO 2012/162393 PCT/US2012/039144

Obvious modifications and variations are possible in light of the above teachings. Al such
modifications and variations are within the scope of the appended claims when interpreted in

accordance with the breadth to which they are fairly, legally and equitably entitled.
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WHAT IS CLAIMED:

i. An electrolyte system for a hybnid tlow battery, comprising:
: : 2+ 1 3+
an anolyte including Mn™ and Mn™; and

a catholyte including Mn™" and Mn".

2. The clectrolyte system of claim 1, further including a first supporting clectrolyte.
3. The electrolyte system of claim 2, wherein said first supporting electrolyte is selected

from a group consisting of (NH 504, NH4HSO, and mixtures thereof.

4. The electrobyte system of claim 3, further including a second supporting electrolyte.
5. The electrolyte system of claim 4, wherein said second supporting electrolyte is
HaSO,.

6. The electrolyte system of claim 1, wherein said anolyte has a concentration of

between about 1M and about 2M.

-
7
‘

The electrolyte system of claim 6, wherein said electrolyte system has a pH of about 2

to about 6.

8. The electrolvte system of claim 1, wherein said electrolyte system forther includes

about 1M to about 2M (NH. 80y in about 1M H,SO..

9. The electrolyte system of elaim 1, wherein said electrolyte includes aboot 1.18M

manganese salt.

16, The electrolyte systen of claim 9, wherein said electrolyte includes about |.13M

diammonium salt.

il The electrolyte svstem of claim 10, wherein said electrolyte includes about 1M
H.80,.
12, The electrolvie system of claim 1, wherein said electrolyvte includes about 1.13M

diammonium salt.

1
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The electrolyte system of claim 1, wherein said electrolvie includes about 1M H;SO,.

)
j

¥ o . . : . 2+ 3+
14, A hybrid redox flow battery using an anolyte including Mn™" and Mn™ and a

catholyte including M and Mn®

15, The flow battery of clatm 14 wherein said battery includes a plurality of cells.
16.  The flow batiery of claim 14 wherein said battery does not include an ion-exchange

membrane.

b
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