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Abstract

Abstract

The largescale implementation of renable energy technologies, egplar
photovoltaic and windurbing requires effective and stable electric energy
storage systems, due to tmeonstancyof such renewable energieAmong
some potential candidates, the vanadium redox flow battery (VREB)
promisingto play such a rolethanks to itsadvantages: power and energy
capacity can be independently desigrnbe;simple structure of cell and stack;
quick response and longycle life. One of the challengesin VRFB
developmenis to improvethe low solubilityof V(V) speciesn sulfuric acid
The positive electrolyte of the VRFB consists of a mixture of vanadium salts in
oxidation states 4+ (IV) and 5+ (V), dissolved salfuric acid, with a total
vanadium concentriain of typically 1.5i 2 moldm 3. As the battery is charged,
the ratio of V(V) to V(IV) increases. Therefore, the VRFB is generally
operating with the positive electrolyte in a metastable state. Consequiaeitdy,
exists the risk that V(V) ions may condense to forsy/and then followed by
the precipitationat high temperatureswhich is almost irreversible ithe
charged electrolyte. In practice, the kinetics of precipitation is strongly
dependent on temperature and stdteharge (SOC).

By careful control of temperature and stafecharge, VRFB manufacturers
avoid precipitation. However, these measures add to theaodscan reduce
performance. Therefore, much effort has been made to find electrolyte additives
that would allow wider operational temperature windoWse most common
stabilizers to date arezAQ,, (NH4)>.SOy, and HCI.It has been suggested that
halide ims can form complexes such as,Qd¢Cl,.6H,0]," with the hydrate
pentacoordinated [VQH,0)s]* cation in which the chloride hindershe
polymerization to YOs. However, halide in the electrolyte gives the risk of

forming poisonous halogen vapors, whilgP@, and (NH,),SO, are rather
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limited in their effectiveness. A large number of organic stabilizers have also

been suggested, but little has been reported as to theitdongstability.

Therefore, m thisthesis a systematic development stratggyecipitation test,
electrochemical test, material characteristiaad eté ) was conductedfor
finding out an electrolyte formulation (especially new additives) for a
vanadiumbased dctrolyte, which is halidéree and stable to high
temperaturesThe electrolyte is also expected temonstrat the longerterm
stability andsuitability for laboratoryscaleVRFB and eventuallyfor a 1 kW

system.

In this PhD. thesis we summarizethe progress and achievement in the

development of novel electrolytermulation for the VRFBIt is demonstrated
thattherové her mal agdisttiavbd® have been successf
t he VRFB &hedthgb Icyotneb,0 mie@ntoirogna noifcarcd mponent
oner gamponeowhi ch coul-gdt pbiolvii diend hef fceoct t
the precipitation of positive vanadium e
t her mal stability of pristine vanadium el
ti mes by omnohe cadti nhed lamddiatdideew® bopedas
combi ned -oirgmamganiacddi ti ves al so,0scoul d mai
precipitate b-&Doow otth evBwadd.nuten@masfé ,t han 60
mol ofo N (tvhper i stliecdwaaplryetcei wi it 8t ddys at 50
UCSi nce tihkealfiadiiépee ri sk of tfooxrincdthissolnogen v
been compl etelBegseldiemi ndta&cdonhbamdbhhrt s hawe mi
released underoftheewpeltattrolyte formul a.

Sadevel opleafgreendr er mal leyl est abl gt es al so sat
|l onngerm stabilitiynaanpdr a¥RBFBaltkciellilt yat hig
temper althelerleesc.t r @1 yt e formul as wi t h t he [

i norgagiaai c additives coul d!| pbesatroey the
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scaMRFB at 50 UC for oMedr almd oyclsiemrg ed:
perfor mahaegea flsd¢ aBRKFB y stletnhoudiler e was a

mi nidwvadnpt he efficienbg addwlgdnebecedilmi ni shec
varying the addition amount of additive:
membr ane. oMomgoves, high ther mal durabi |l it
operated at relatively high temperatures

cooling sydtheam,heresdlftiicnogsncy and | ower

The innovative vanadi umPleDsacaidsyohytgd !l devel

promisingi n oc dmmearrsceidal VRFB system.
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Fi gbI2Vol tage efcealcli emeyi sdai)vahar gleb)c ursreeln
density (c), and capacity drop (d) of cel
el ectrolyte containing formecltavd afeagdd
el ectrolyte voluméer: 100 mLiermdiotwc:ur 4ent
mA/ Empotenti aill.we5 dw,w:oxi.d®at iPar apfrfeivnent i o
oi |l (10 mm) ; me mbr ane: Fuina®@ebtdbB; FABRMBHBE O ;

of cycle: 10 cycles/temperature point

Fi gbr@The view of posi ti vefrelmectarfotleyrt ec etle
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Fi gbl4Voltage efficiency {da)schaelbk rcesren
density (c), and capacity drop (d) of cel
el ectrolyte containing forfrmcltave afeagdd
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FigbrteThe tenm voltage efficiency (a), c
di scharge current densityeyyg€ct) ngamad dapéaer
constant temperatures usi fqpcbiaaek aeéarct:
el ectrolyte vol-uamee: 190 mL/ mifn;owcurrent

mA/ &mpotenti aill.webndw,w:oxi.dPat iPar apfrfeivnent i o
oi |l (10 mm); membrane: Fumatech FAP 450;

cycle: 100

Figb6reThe 4tenm voltage efficiency (a), c
di scharge current density (c), and capaci
constamperatures using bl #dralkct eV ectarrelayt e
electrolyte vol-uakee: 1950 mL/ mifn;owcurrent
mA/ &mpotenti aill.webndw,w:oxi.dat iPar apfrfeivnent i o

oi |l (10 mm) ; me mbr amree: Na5, om0 1UC; nemper
100

Figbr@The 4tenm voltage efficiency (a), c
di scharge current density (c), and capaci

el ectrolyte for mufaacst iavte 2a5r elhG. eGeelclt:r 020y to
mL; fkhow: 50 mL/ min; cfir reatte dteinasli twi:n ddw
T1.65 V; oxi dati oPrnar pdiew entliCOonmm)gy eme mbr a
Fumatech FAP 450; temperatur e: 25 UC; num

Fi gb6©eThe tenmgm voltage efficiency (a), c
di scharge current density (c), and capaci
el ectrolyte for mufaacst iate 5a0r ethG. eCQeelclt:r 020y ta
mL; +fhow: 50 cmlr/rneinnt defhsipoyent 0@l mivi amow
T1.65 V; oxi dati oPrar pdiev eantlibOo nmm)gy eme mbr a
Fumatech FAP 450; temperature: 50 UC; num
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Figb2@The view offpometcoeplféedwivbt h EDS a
graphite felt for cell running at 50 UC

over 100 cycl es

Figb62®The tenm voltage efficibppelf (a), c
di scharge calandntapeaoasi yyd(opdi(fdf)erodntcel |
el ectrolyte for mufaacst iavte 2a5r elhG. eGeelclt:r 020y to
mL; fhow: 50 mL/ min; cfir reeatte dteinasli twi:n ddw
T1.65 V; oxi dat iPoanr apfrfeivné A 0Oi onm) | aynembr ane:
117; atwmper 25 UC; number of cycl e: 100

Figb22The tenm voltage efficibppelf (a), c
di scharge calandntapeasiyyd(op (d) of <cell
el ectrolyte for mufaacst iate 5a0r elhG. eCQeelclt:r 020y ta
mL; fkhow: 50 mL/ min; cfir reatte dteinasli twi:n ddw
T1. 65 V; oxi dat iPoanr apfrfeivné A 0Oi onm) | aynembr ane:

117; temperature: 50 UC; number of cycl e:

Fi gb2@Thienfl uence of eaomhkinned aidrdartgarei  f o
on the electrolytateempeér atbnde pc&rs set kowec
cycling. %Ceecltli:ve62abrecam el ectrolyte vol ume
80 mA/ cmembr ane:APFurBdt e cbhi pP 1l ar pl at e: PV
PV15; number. of cycle: 200

Figb24The influence oforgambicnaddinovegatif o
on the voltagediesdharngeacgygur(ragnt sedrsity (
(c) sdfack cel CetlyralcBBE ecmr ea; el ectrolyte
current den<;i t me mBrOa nmeA/ chhumat ech FAP 450
PV15; end pl at e: PV15,; number of cycl e: 2
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Figb22The influence oforgambicnaddinovegatif o
on dlhectrol yte tamper athyr,e a(nad)t,pcfé&lsesvet ¢ ( c
cycling. %Teecltli:ve62arecam el ectrolyte vol ume
80 mA/ cmembrane: Fumatech FAP 450; bi pol &
F100 monolpht &i €; caumbear of cycle: 200

Figb2@The influence oforgambicnaddinovegatif o
on the electrolytateemper atbnde pc&rs set kowec
cycling. %Ceecltli:ve62abrecam el ectremntytdensi tuyne
80 mA/ cmembrane: Fumatech FAP 450; bi pol &
F100 monolithic carbon plate; number of <c

Figure 5.27 The performance of 1 kW VRFB system cycling with pristine
and novel vanadium electrolyte. Cell: 625%active area; electrolyte volume:
10 L; current density: 80 mA/cinmembrane: Fumatech FAP 450; bipolar plate:
PV15; electrode: GFD 4.6 graphite felt; number of cycle: 150.

Fi gb628eFBSEEM i mage of original graphite fel
f edltect rdo)d easf t(ebr cycl ing with different ve
for over. 100 cycl es

Fi gb22eFBEM i mage of original graphite fel
felt eledgtnmnddes Clycling with different ve
for over. 100 cycl es

Figu3@SBbBM i mage of original graphite felt
el ect rdo)d easf t(ebr cycling with different wvan

over 100 cycles using the cell assembled

FigurleSBEM3i mage of original graphite felt
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el ect rdo)d essf t(ébr cycling with different van

over 10usicnygc ltehse cel |l assembled with Nafic

Fi gb63eThe view of Fumateicth #APgU4BHOl meombma
after cell cycling with different vanadiu

100 cycl es

Fi gb63eEI S measurement (a) and EDX anal ysi
450 AEM after cell cycling awi tchO dug ffearen:

over 100 cycl es

FigurdeTltbe 3vi ew of Nafion 117 membrane in
cycling with different vanadium el ectrol
cycl es.

Fi gurbeEI5S5S 3measur ement (a) andoBBDX1@nal ysi
CEM after cell cycling with different var
100 cycl es.
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Chapter 1

| ntroducti on

This <chapter aims to describe the
related to the vanadi unm hree dioexc efslsaw y
to conductOnehisi gmriofjieccant pgrhoeebl em e
VRFB is the poor stability of t he
hi gh temperatures, | eadi ng t o a d
eventually damag&uli ®oeqgtuheent d et etnme
projagct al so presentedi flasitohad tc ha
devel op a novel additive formula to
vanadium el ectrolyte. Last but not

the main outcomes of the project.
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1. 1Probl em Statement

Vanadium edoxflow battey (VRFB) is one of thanostpromising candidates

for future largescale energy storage systems. They are particularly suitable for
autonomous energy supply systems, e. g. remote farms or mobile radio
antennas, as well as for the storage of energy generated by photovoltaicsystem
or wind power plants. The unique feature of flow batteries lies in the ability to
independently scale the energy storage capacity and the power output of the
system, thus rendering this technology very versatile with respect to the local
circumstances ahe energy sourc&nergy is stored and released chemically in
the VRFB electrolyte, by means of simple redox processes involving the
vanadium ionsdissolved insupporting electrolyte (typicallgulfuric acid, with

a total vanadium concentration of tyglly 1.57 2 moldm®. The electrolyte is
pumped through an active cell to generate/store the energy, in which the
V() /V(IlT) solution serves as the negative electrolyte (anolyte), while the
V(IV) /V (V) solution is used as the positive electroligatholyte).

However, it is known that V(V) has a relatively low solubility in sulfuric acid
and intends to forna lid precipitate at high temperature. This process starts
by the deprotonation of the hydrapentacoordinated [VQH2O0)s]" cation,
which is the dominant species of V(V) in sulfuracid and following by the
condensation step to form,®s nuclei The reaction of thewhole processs
given below{1]:

Deprotonation: 2[VQH,0)3]" 1 T f2 RVO(OH): + 2HO0

Condensation: 2VO(OR)f V,0s + 3HO0

At this stage, thesmallsizedV,0s nuclei still can be dissolved baakto the
electrolyte solution at lower statd-charge (SOC) when the battery is



Introduction Chapter 1

discharged. However, ithh the increasing temperatures, the precipitatdn
V,0s develops faster, forming bigger precipitate particlewhich is unable to
be redissolved,and damaging the operation systéiocking the electrolyte
flow).

Based on this mechanisof solid V,Os formation many inorganic and organic

additives have beestudied to prevent the precipitation, and thus improving the

thermal stability of vanadium electrolyte. The first priorigyto restrict the

precipitation at early statey inhibiting the deprotonation of the hydrgienta

coordinated [VQ(H,0)3]" structure. This could be achieved by adding the

additive that can form the soluldemplexwith hydratepentacoordinated V(V)

ion. The most effective additive to datehigdrochloric acid KICI), which has

been suggested that halide ions can foswmluble complexes such as

[V ,0sCl..6H,0]*, in which the chloride hinderthe deprotonation process to

form hydratepentacoordinated [VQ(H,0)3]* structure[2, 3]. However halide

in the electrolyte gives the risk sbme safety issues:nt riathme possi bi | ity
to form toxic chlorine gas under certain

celdasyery corrosive atmosphere of hydroge

tank anditghiss l¢amamsal so be a problem in
spialgehe el ectrolyte is generally much mo
el ectrolyte, | atghlde trheaetrerfioales lafmidonstruct i

Other common stabilizers to date argPBy [4, 5] and (NH,).SO, [6], which

are rather limited in theieffectivity. A wi de r angel bdbeaeddi ti ves
taught by -WRaaod d,BsSk[yHd waesv er , t he wvast maj
were not tested and they can, in fact, b e

practice.

Besides, rany other studies focus on the later stgtegvention of the

precipitationof V,0s nuclei to become bigger partisleThis idea is to allow
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the formation bumaintairs the \V,Os nuclei size as small as possible that could
not block the electrolyte flowlt has been claimed that some organic additives
can adsorb via polarized functional groups, such as OH, CHO, C=0, on the
initial V,0s nuclei, hindering further growth and formation of particles large
enough to precipitate. This will help to maintain the afien of the system,

and the small nuclei of D5 can be dissolved back to the electrolyte solution

during the dischargingprocess. Howeverin s ome@& s c a t I's cl ear th
organic aodidives dye V(V) in the positi:)
reducing-ofthar[B¢g aAte ¢ toanteeh a,rtghee positive

electrolyte is more thermally stabl e, bu:
reduced, and therefore this approach i s 1

many pol ymeuls twal dof oexchange membranes

el ectrodes, causing the internal resistan

1. 20bj ecdan®cexspe

As di scussed abovepemgita@mpleirmittuartei ochu eont o

el ectrolyte precipianatigen oif By datefal VIR&jBo r
control of temperature and staiécharge, VRFB manufacturersan avoid
precipitation. However, these measures add to the cost and can reduce
performance. Therefore, much effort has been mad&donew electrolyte

formula that would dow wider operational temperature windows.h er ef or e,
tihBhDp.rohast been coaidmsttea: whi ch

-Develop a novel el ectrolyte formul at

d

Ol

vanaséiawsmd el ectrol ytreee waanada hstablhalt de

temperatures than the conventional N Gen e

-Demonstr at-teert rh es tl aagheiirlt iyt ya nalf stuhd new

ia practicatalaboamad oeyentually in a

1

e |
k



Introduction Chapter 1

By raising the ther mal stability of the ¢
should be possible to reduce the <cooling
cmpromi sing safety. This has the doubl e ¢
and i mproving efficiency.

Al ong with t wo a lma vhegn eov ¢l @ ic taii v@sy e t o
demonstrateand ec omgan@ishtirlioitnygy oxii diatv € vei de)
and reductiveo(deyiatiavd femittte)l iys enot ed t ha
the VRFB exploits two solutions of wvanadi
an ion exchange membrane. During the ope
eltercol yte apddaeddni tihves side to cross thro
another side. Therefore, the novel addi ti
tanks t o hvaama qeortehseit shitee m

The physical property of vanadium el ect
required to be wuncpraegiemi thayt iudr aigViRiIRBI tnoerv

mani psultantoe ext er nal pumps to flow the &ele
The risingl ythe tyvhies ced sictty owi | | cause the
power the pump. Thus, this parameter sholt
new additives, especially for the organi
weight or | ow solubility.

The nsotveebidriezealss o rdeooo mmenidrefdi gildyec e

el ectrochemical property of pristine van
reaction kinetics, reversibility or el e
i mportant factor forVRFbBbRatiteryastylsy egnoveam
the redox reaction kinetics of Vaeadi um
effective additives are desired to i mprov

the kinetics of vanadium redox reaction.
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Mor eotvheer ,neal yetleecftar mul a i s not permitted
ot her cel | ¢ @ mp o nnesnttasn c e , ion exchange m
materi al s. This is an important thing to

i's proposed compul soranlgye tnoe nbber amy vyaenar sc.a

el ectrodes are also quahg séemousal degsead:

wi || necessitate costly replacement

Last but not |l east, the new electrolyte
instal]l i n any p/IREFtBe sWRER msy s tAenlmjoims sgener
especially for | arge capacity systems. Th
remote region, the vanadium el ectrolyte
situation, the novel el ect rsplesctie® he®ehoul d
us-er i epnodpleyr t y of the new electrolyte is &
charging application of a VRFB by repl aci

1. 3Di ssertation Overview

ThBhDO.hesi s tahded rperscsgersess and achi evement i
novel el ectrolyte for mul aftriecestafmber et he VRF
hi ghemper ature. The new electrolyte for mu
vanadium elMcVYnolyNea S@OlLt B e addiOt.ilon of 0.
wt .RPoVP andi 00.a1 &mmoni um phao:p®ate ( NH

( NH#IHP 9 have demonstrated the stability
| aboratory scales of t he VRFB. The new
addi tsanhakfyes all other requiperemeats di s
The thesis includes 6 chapters:

Chaptperovi des a rationale for the research
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Chapt eevi2ews t he | i t dhreatcuurer emad nfcdeervna Inogp m
renewabl e energy storage and conversion
di sadvantage of redox fl ow bathtasreyd, and

electrolyte devel opment .

Chaptdersclibseescope of work of this project

egeri ment wil lt hpei coumplescsi ¢ d ng dfhe synth
vanadiasmd el ectrolyte withahagheftihheamiadbdn .
t her mal stability, el ectrochemical prope
cycling test wi t h temperature control a

including errors.

Chaptedrabdbrates the efffreect aadfdiadwanded mudl
prempties of VRFB electrolyte. The studie
stability 1 mprovement of positive vanadi
t hermal | yddsttalvles , t he activity of adva
precipitation ratuen, oxhealathangesetabhevanadih
additives, the i mpact of additives on t he

el ectrolyte

Chaptmgmres3emmr acti cal performance sof novel
undeyclciomgliof i vranadi um treedygx tfhleow mpatov e me
|l omgrm celplerépcimange at whitlle pempenaturod
thermal $tyalsitlaibzer s i n t;het hea mealdizuc eedlfect r
precipitation inhibdtoesiglonegdteesceel | comp

Chapaparesents our conclusions and summary
which the hypothesis was proven/ di sproven
is adequately addressed. The opportunit.i

al sol ihghgthed t o further enhance the appl i c:
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1.4Findings ah®rOgi oames y

utilizing sever al phevimal saydsis t dibdees drmor t
vanadium redox flow battery el ectrolyte
resear chhiBsiDrraetseegpwsc hd r s mwe oalt noared outcom

findings

1. 4Sttlandard ScreenThgr nMeld hhddt&iftoorves for

Vanadium Redox Flow Battery Electrolyte

It is reported that some organic additive
often oxidized in the positive vanadium e
Additives to

be examined

1

UV-vis Absorbed Unstable
Spectroscopy . ) additives

: S

o

4

’V(V? §

ettt ———
KMnO, volume (mL)

Thermal Unstable' Ineffective
Il stability test additives

Thermal stable additives

o

o

Absorbance (a.u.)

B o

SOC reduced [ ypstable

additives

Voltage (mV)

padueyoun
208
w

Time to precipitate

Additive 1 Additive 2 Additive 3

21qels

Figure 1.1  Standard screening method tbermally stableaddtives for vanadium

redox flow battery
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We have found that the apparent stability
simply an artifact of the test met hod a
or gandidd ti ve with corresyYyowgdi nhg M@t Wv)al Th
actually does not i mprove the stability o
Il n this study, we examined the oxidation
mu Htuincti onal group organic addiniinges in
V(V). ¥hes Wwmeéasurement and titration resul
compounds r e douccheadr gteh e( SOtCgt eo f vanadium e
exampl e, by 27.8, 88. 5, amtd. 8 1 EDBAwWiI t h 1
di sodi um sal tascpyrbdgalalcald,, and respondi ngl
al so indicat éder gahreidisetf feetomwmft he acel | per f
signirfeduaentti on i n the usable charge capac
additives.

It I s known thathermal lsddeeétnibbeg fof vanad
el ectrolyte requires a | &ngxdfie®S i ng t 1 me
preci mitt athieont emp&0@tUuTlkRiss oéf A®rt i s obvic
if the additive is unstable. Therefore, a
unstable additives from | engthy. tlest pr oo-
we proposed a standard scr eesntianbgi | metyhod
additives. The proposed chemical s have
experiments t o demonstrate their c hemi cz¢
propertieswvi Fgispetyrauvan quickly indica
oxi dation stian et lod pirhééd d n toehlwavfe ver , it cou
happgermat the additives have absorption ov
solution. The second test, titration aga
advised I n instanceordvhdrne ctame padadii tdiev es
information to the spectroscopy resul t,
additive is not very rapid with Mn(VIIl).
the oxidation by V(V) Il ons, I teabw can b

10
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This is carried out with fully charged e
thermostated ciom@i AConanatcdm®MparGed agains

free Abl ankodo soluti on.

1. 4PRysi cochemical Il nteraction of l on E
Vanadioms in Acidic Medium

It I's known that vanadium i ons in diff el
e X i ssttirnugct ures in sulfuric acid. The comm
and sulfate (or bisulfate) ions wil/ det e
does behave in vanadiPumpregdecgt f|l wvew exdamir

the perfor manctey poifc atlwoi odni fefxecrheanntge me mbr a
cation exchange membrane (CEM) and Fumat
membr ane ( AEM) .

It I s f osuenlde cttheadt Nesasf i on 117 CEM absorbs &
vanadium ions due toftbhel &l eetgostiptia at
No sulfate was observed in the adsorptio

contrasudi @ad Fumatech FAP 450 AEM absorbs
(or bisul fate)hset cloimigd inn gqn gb evti wduelnf astuel )f at e
ions and V(V) 1ions, a massive amount of V
FAP 450 AEM.

Vanadi um e mteaenbir, agh @itnbger ot o n transport and
increases the Thel |Ii nrce iasti invirgd ya boef i depend
vanadium species absorbed in the membran
resistivity increase wadAEMkaeidvfidvy the Fu
solution because of the strobhgobbedi ng
t hr alhieh membr anmeedl t haes mbeasresistivity of

10 times compared to the initial val ue af

11
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The i nteraction of i on exchange me mbr an.
vanadium electrolyte direct layn d g-osvedrfn s t !
di scharge <current. I n general, the Fumat
sensitive compared to the Nafitwome 117 CEI
vanadiewdmx flow cell. The detailed behavio

chapters.

1. 4A8 Advad@aheed@tlaldadi ti ves for Vanadi um REe
Battery

The most i mpor tRnhtsD.auwtyc o me tihe thindi ng of
formulte&hertoal vanadiabme éltecitsr okn@n t hat H
additive has poor t her mal stabilizing €
el ectrol yter edcliepi W@V) 0 mf & D D we viea t

presence of ammg)niinu md icfafteiroennt ( NeHmmoni um g
compo (NHH&# Q ( NJgHP QD camr event such precipitat
i mpr agavhees t her mal stabi liizomg fcamalbiahiady u

el ectradlnytaadp ntii ©innglsy it has been found t

(PVPhdi eadvast abeomal stabiliziongytfeor van
whiilse not oxidized to a significant degr ec
t hat it does not cause a significant i nc
bat tFeurrt.her mor e, it has also been found t
addmgi of PVP and ammfm®&wViPu mHPoRHo sPpvhPa t 4 s

( Np#fHP®has a greater ther mal stability theé
indepefdthest npvel additive combination i de

the superimad | wpsoadment eloerctiret aydilesm
wi || be a valuable reference for any futu

formul ati on.

It i s suggested that two mechanisms may

12
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tdcaek usi ngorcparhipongddi:ti ves

i) mmMoni um phosphate hinders t he initial
complexing,yWwvgwshhe VO

i iPol yvinyl pyrrolidone (PVP) ,,Osoaal di pl ock
hi ndering further gresthamaged ¢émomouwmgh i oo pif
This type of additive 1is not oxhelized by

posietliewe r ol yt e.

S
o~

Poly-vinyl-pyrrolidone
(PVP)

Fi gur2e Chemi cal structure of polyvinylpyrrolioc

The ul tvii svibdleetspectroscopy andthetration
combi ned daddi tcihvaensge t he oxi dation state ¢
staoatcchnarge of vanadium electrolyte (i.e. t

t he postirtoilvyet ee)l.ec

! Combined additive |

I Ammonium phosphate l PVP
[Ivo,m.0)," |- X >[ voon), |t X > vio. |
| Deprotonation | | Condensation |
Fi gureDekEs@ri ptthtehrersothdbi | i zi ngt hecrmminnedn of

i norgagimaiddist fwe vanadium el ectrolyte

13
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The combined additive had a relatively s
kinetics, el e ctthseb kcioined iCtydcdinsa awmalet a mmet ry
curves showsti hdgrhotx haedrtehaoidd canodi ¢ peak cur
of the positive electroligwe.aVhodue mt o t he

phosphates, while the redox reaction Kkine
coverage pampeseetryi,outsasi nfluence on the C
el ectrolyte. However, the pocistiitvhe ar ed o x
gl assy arakibooghn eM ectrode. Therefore, t he
el iminated when using high porosity el ect
The combi neldaeaddietliatel vel y smal | i nfl uen

perf or mamomenotwhsiicghni fi cantly cBaogll t he e
At room temperature (25 (P@kxtiaelaWeapdonr

mai ntain the voltage efficiency of about

addiftrievee el ectvwalloybeé e c tTrhdlsyt e o nthoinnteadi ni n g
thermalddgdisitéasbdend 78 %. At e50i cadareolye vol
over 100 cycles of sucht hpedoed igrddorwo Icyetl d, i
and about ne8 &2nec80Bl yespéotrmuehyg.

The combimdd additihneredelracsleyt e viscosity an
drop of electrolyte fl| oWwha ncyaml Benpge rvaitti lo ne
stack sWREEBRmM “@@2% vemar ea) Il ndi cates that
rate and pressur e when usi ng combi ned é

compared t o t hfer eper ieslteicnter oaldydtiet ifvoer over 2¢C

The combined additives ar e salfso fforri eurscelrys .
't is known that ammonitmxplkoshlemi esal amade
Therefore, there wil/ be no safety issue

additi ves.

14
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summar tzdeat ap research progress on
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2. 10verview of Energy Storage Systems

With the increasing populations and standards of livenggrgy issues have
become very important for almost every country in the worlie statistics
from The Shift Project in 2014 indicate thabet worldwide electricity
productioncurrently tas reachedmore than22000 terawatt hours (TWh)In
which, in term 6 energy source, ost of themcome from conventional thermal
methods,e.g. relates to the fossil fuel sources (coal, natural gas, oiland
account for about@xb of total electricity production. Theaest includes around
17% from hydroelectric sourc&1% from nuclear poweand the remaining%

from renewable energy and others technologies. [1]

world Electricity Production
from All Energy Sources in 2014 {Twh)

T

Electricity Source T
Cthers 1520 1%
il 1 063 309,
Muclear 247
Hydroelectric 3769
Gaz 4 933
Coal 8726

1%

Total = 22433 TWh

| THE SHIFT PROJECT DATA PORTAL
o Data

Brevwri Energy and Climal

Figure 2.1  The worldwide electric production by energy sources iM201

Last year,a prediction is released by the International Energy Outloolé 201
(IEOQ2016) that the world energy use will increase &6 from 202 to 2040
to satisfythe energydemand of a strong economic growthmany countries
from 21600 terawatthours(TWh) in 2012 to 2580 TWh in 2020 and 36®
TWh in 2040 This prediction also suggests that the fasjestving energy
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sources are renewable energy and nuclear power, each incre8%tnge?.year.
However, the main energy source continues to be fossil fuels, which provide
about59%% of worldwide energy use 2040(29% from coal, 28% from natural
gas, and 2% fromgiroleum and other liquid fuglsWith the increase in the
world energy demand and the consumptiofossil fuels, the global emissions

of carbon dioxide (Cg) are also predicted tmcrease by 46%rém 2010,

reaching the amount of 45 billion metric tons in 20J20.

The rise in CQ emissions is believed to drive global warming, via the
greenhouse effectthe main reason cawsenany serious environmental

problems, for instance, ice meltingrolonged droughtor natural disasters. To

curtailthe dependence of energy production from fossil fuels, and thus reducing

the amount of C®emission, many researchers have been investigatdd
explorednew energy sources and technologies
energy. Solar, wind, tidal, waves and geothermal energy are some current
popular energy technologies, in which solar and wind energy are two most
commonand effectivetechnologies to producec | eand el ectricity.
solar and wind energy cannot supply the power consecutaetly they also

strongly depenan the weather condition. To prevent energy waste and to be

used in case dfigher demand or during fluctuation of the supply, the pced

energyfrom renewable sources needs to be stored efficiently. Therefere,
development of a suitable energy storage sysfemrenewable energy

technology is highly desired

In the last decadea number of energy storage systems have been igatesti

and developed. They can be classified to different types such as mechanical
energy storage systems (Pumpedrb storage (PHS)compressedir energy
storage systems (CAES), flywheels), electrical energy storage systems
(Superconducting magnetic energy storage SCMES, capacitors and

supercapacitojs and electrochemical energy storage systems (l€a#s,

20



Literature Review Chapter2

batteries andhybrid systems). Thenformationaboutlifetime and efficiency of
some different energy storage systezaa be foundn Table 2.1.It should be
noted thatefficiency and liféime of following systemsre very dependent on

the practicalisecase|3 - 7]

Table 2.1 The comparison of some different energy storage systems

Energy Storage Systems Roundtrip efficiency Lifetime
Pumped Hydrdstorage
70-80% >50 years
(PHS)
Compressed Air Energy
70% 30 years
Storage Systems (CAES)
70-80%
Flywheels 100,000 cycles
25W/kWh standby losses
Super Conducting Magnetic
95% 20-30 years
Energy StorageSCMES
Capacitors and Super
_ 95% 100,000cycles
Capacitors
Vanadium Redox Flow
70% 10-15 years

Battery (VRFB)

In practical use,some drawbackshave been realized with respect to each
particular systemPHS and CAES need to be built on a special terrain which
has suitable conditions for their requirements. The SCEM has a small and short
lived energy contents, not capable for long duration applicatidres iywheel

has a low specific energy density oppd to chemical batterieg this casethe
electrochemical energy storadgpgecomes the most promising technology,
which, battery and hybrid technologes are continuously investigated and

devdoped

211 Batteries

Batteries are el ectrgenleamnéleadttt rddecvdlc es n d rhg
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frame chemioanedene(glheest enatl 2o li gthea )c a l

battery cell i ncludes two electrodes, one
Theral ses an electrolyte that all ows i ons
Currently, peopl e classify batteries I Nt

batteries.

a . Pr iamatreyr iBe s

A primary battery, or disposabl g battery,

rechargeabl e. Here the electrochemical en
of electrode materi al and electrolyte wil
electrolyte are degraded. Because of that
battery breerdesplta@ed by a nebnathtlréyer y. I n
el ectrochemical reaction is not reversibl
Tabl2e BZome commercial. primary batteries
Battery Cell reaction Potential
Zn/MnO, Zn+2MnQY ZnO ,®; Mn 1.43V
Zinc/ Car bon Zn+2MnO,+2NH,.C | ¥n,05+ Zn(NHs),Cl,+ H,O 1.5V
Silver oxide/Zinc ZIn+Ag0O+HO Y Zn¢oNg) 1.6V
Lithium/Manganese . P 3
o Li+ Mn*O,Y L i°@n 3.5V
dioxide
Thionyl chloride 4Li+2SOChY 4Li Cl ,+ S + 39V

Primary batteri essuhcaw eass cameg ha devnaernrtgayg edse n s i
cost and conveniequi te eseir slomenmteal ubfr

its disposable property.

b. SecBantdtaerryi e s

Differebhhprfirndmttery, t he el ectrochemical
22
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seconbdaatrtoye r y echargeabl e battery is revers
electrochemi stry of the charge and discha
need to be replaced after every discharge
advantages compwr ebdat t eripersiim environment
i nexpensive compared with a primary batt

applications; for high wutilization applic
bacome commerci al secongdar yisbhmotiane ei es an
Tabl3g82.
Tabl3 Zome commercial .secondary batteries
Battery Cell reaction Potential
Nickel/lron 2NIOOH +2HO + Fe 2z ,+F8OH)OL} 1.2v
Nickel/Cadmium Cd +2NiOOH +2HO 2z 2 Nji+(Ca@H) 1.3V
Nickel/Metal hydride H,+ 2Ni OOH Zz, 2Ni (C 1.3V
Zinc/Bromine Zng+ Bhaagz 2 'Bof+ Zn g 1.8V
Zinc/AgO Zn+AgO ZnO + 2Ag 1.86V
Leadacid Pb + PbQ+ 2H,SO,z 2 P h+268,0 2V
Lithium-ion LixCg+ Li; ;MNn,0O4  Z; + IGXMn,0 3.6V
However, secondary batteries also have a

repl aced aftedi scbargen cghbaege depending
di scharge conditions. Anot her di sadvant a
secondary batteritdse < havgdabdwbgy, kst darnage
e. g. t-onfef tbreatdweeen ener gy density and powe

scalpe technol ogy,. safety I ssues, etc. o0

212 Hybry st &ms

Hybrid systems are energy coamowmesrissitonofand
t wo or moisestde mé groeraty n olhahtetdfeady f u el cel |,
flywhedl bat tHowe.v.er , t hedefiineifhgoni c& cl ea
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systems. The devel opment of swehthyhrid s
chall eege component enermdgy wtdoraandea gey Dtf
hybrsiydt enhsowiesy every i ndi vidual and depen
conf i guSroantei oinnt eresmmanrg hydr i d Ssyst ems:
bi oreacteadrox fwenlctceoelinla) bedox mifXedw baact a
direct liquid redox flow battery. [ 8]

2. 2Devel opment ot Redypyx Fl ow B

2.2Gdnervaelr v ew of Redox Fl ow Battery

Redox flow battery (RFB) i's one type of

the Il imitation oft heresgadmpylyi daaftifteenra rets 1 n
from other secondary batteriesRBEBoring ¢t
can cbheeemenoabffwo aqueous srtadaxwocoupl es
external electrolyte tanks into electrica
t he energyoccouwmivem sitthrese  t wo el ectrolyte
el ectrodearafpempeadetytoamlgst howugh the cell
Thel ectfbbwiweg through t he ctahteh oadneo layntde an
(negative electrolyte) and catholyte (pos
a membrhaane separ et esmsled @ded i ved-ayc talvieows

spectices be transpgortmai ntthariqugdél ectri cal n

electrolyte bal ance.

The geadroegacit n oac®i*Bbe WwoLDiten as

Anode reaction:

A""+x'ez W*)¢ n > x) (1
Cathode reacti on:
Bl ™ Yiylez B (2
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Load/Source

Activie cell

Positive tank Negative tank

Membrane lectrode

Pump Pump

Figure 2.2 General sucture of redox flow battery

Theoweran RFEBBystem is defined by the numb
composing in a stackwaedebabetsiowzagerfgyel e
c apaics tryel avtod du ntem atohdend fr att h @ ndBlee @turse@! y tt e .

is easy to independently design both energ
t reenevagplplld cati on. Anothée sadwmaheageéraoatctR
cel l and stack decsoingvnen iseéntippoehl| taar geat £ s tt ehm
based on modul e tdhesigaun.c kl m easdgdintsieo m,f RFB

seconds) ial sboe cnoarkee siidleiatlyl yaXfpolri cati ons. [ 1

2.20verview of ElRedox| Ftew UBa2Wt e my

Redox fl ow baltdasgiifeise d amys baecuesietde ismp etch e s
el ectrolyte. Since the first demonstratio

been i nvestigated and devel oped.

The name of correspondingcVYRBl esuakdoi nel

el ectr oflapg ®oseme most common types of el
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redox flow battery systems.

Tablde Zomeommon el ectmreodox efsl ww elWlatitnery syste

Redox Flow Cell Reactions Standard
Battery Cell Voltage
Charge Discharge
V)

Iron/ FE'Y Fed Fe*+dY FE'e 118
Chromium cr+dvy ér cry éwnd '

All - VO*+H,0Y V @ +2H+d VO, +2H"+€Y V G+ H,0 126
Vanadium V() + 26 Y V() V@)Y V(I + 26 '
Vanadium/ 2VBr;+2eY 2 VB+2Bf  2VBr,+2BrY 2 V B+ 26 13

Bromide 2Br +CI'YCI| B+ 2d CIBr,' +2dY 2'B-rCl '
Bromide/ 3Br YB§ +26 Bry +26 Y 3iBr
H 21 1 2l 2\ i { 135
Polysulphide S?+2dVY 27 2S7Y & +2é
Vanadium/ 2H,O Y 404+ 4d 4H' +O, + 4dY 2,0 149
Air 4V(I) +4€Y Wl AV Y (N + 4é '
_ _ 3Br Y B +2¢€ Brg +26 Y 3iBr
Zinc/Bromide ST I 1.85
Zn“"+2Y Zn Zn Y 4z2e
_ _ 2Ce'Y 21Ce2d 2C€*+2Y 2TCe
Zinc/Cerium ST P 24
Zn“"+28Y Zn Zn Y28
a . l ron/ Chr omi um
The first pioneered and intensive study

by NASAlY A0k2, TH8]energy stored in an iro
syst eope mpl otyhemgaqueous delruti(R&ofous
redoxpkte as cahhddtyrcoeridddjrae dox acsoupl e
anol yte. The most commbwnpdrsa@liploo nTihcaeg a @il & ¢
redox reactceonanakeonpsyhsoemuime RWBi tten a
[ 10] :

Fé%2? B&® 'e®€ 0.77V vs. RHI (3
cfz é# "e?HO.41V vs. RHE (4
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The i ron/ clraomibemoREB aore dg rwa pthhi tcea rfbeolnt el
andn i on exchange membrane or separator
practice, i henkiredbkccaoropdre feghl el ectr oc
reversibl e; however ,t hiet cheg emdiekratciowell ye . |
Therefore, the catalyst i's generally reql
i ron/ chr oThh eu ms tRaFMBd a rod rcoenl/lc hwoal ngi algne 1RBF B
wi t h t hpeo weyded mza@lOY onfV/ ¢ m

One drawback of t he ihreans/tcahnrdoammidu np oRFeBht i a
CfiCf'couptlosadped bemftydt ogenreackt ibnof HER)
Thicausbasi de r eaicnv olnweasp atdh @ ye |leocstsr od ryd e

i mbal a@adae ni mé zenfpareaxiet iod ,tshoebed i rMmaianct i ons
approach iim trheegud ecshidgounmBb BSh eirosmur r ent |y
sonper ogoms s he troesmiatricdhhat e this side react
ef fi clhad mtncy satge ms  wil tols smisn iema le fofri- ciioenn c y
chr omi unmDRBH

b. Vanadiduem/(BHaolmide)

I n 2001-Kasagodosaankeecse!| oped et &wifodn 2
anadediasmldecttrow!| ymprove the | ow energy de
eneration vanadium el ectrolyte (wi Il
anadi um/ br omi de RtFBe {WEBB R&B )/ WAL e s
oumlsehse nee geateicvt r cl/yB e ClaBrt/dCIfFreupl es i n

he pesteti[vled;Y¥6F4Hhe redox reaction in a V

0O < @@ <

—+

written as:

2VBt 'Ze 2\WLBr 2Br (5
2Br '¢lICl B+ 2e (6
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The standard potentialThef vanadBcuREB i s

concentr atain@adiiumétbbe®mi elepti eveandde val ue ¢
M whishequivalent to t-b@e Wihtekigcye diehnasti toyf
t heonventHFB nay § 2&8 WhThe higher concentr a:
vanadium in the Genernaptliioens p2ah¥Bi t ¢l ¢ Ot rca
down ettleetrol yt er eldoolxs yosetdal @ e d This makes

VBr RFB mor e stfaectoinae y bmppleneatibdbes ener
storlangeaddi ti on, t he VBr RFBidiesurablasno r epor
transapgoron aplplveddtejrens st o Xbiecomi angeo ro f

emi ssi ontsheder otf g oB rTRiFeB .eiftores compul sory
mi ni mihz2e amount of bromine wvapor emi ssi on

brmi ceompl exi A . agent s |

cBr omi/ Pofi yeul

The bromifnal/epoRFBs uwas pat enft&antbhye nRe mi ck
extensivelWal gth®aeci idmMOldtyhe br omiymse/epm| ysul f
t hseoditbmo miNagBrsol ut i @ mped ssiethieealwhlislyd e

t hseodi um pOéNEESuUEErdes as the Mhbagatainvaeel e
and cathode, and tslodiurar ® ossreepsap cant deidn gb ys ad |
exchange Aectmbuwatned cacbmpbpotgolcami nhbe wus
el ectimoders Wi tsty stteen st andard potenti al of

The redox reaction in bromsnébpodblowsul phid

3Be Bg+ 28 1.09 V vs. R (7
S+ 'ze2 g, °HO. 265 V vs. RI (8

The main adwanrstiasgm hedtdsapteiesmeod oyi ng i n two
el ect noewyittees bountiinfexlpeasdvehegplopessess
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hi gh solhufliqluietoy swleil@dnt riorhprtewe t.he energy
However, this system al sloe csthrooMsy tteh ec rcolsasic
resulthegepulbtummintad 6 breins k of Hgo iamngn oBus
emi s.sTihen ot hein sipeolloe nosididdtes @i aen f it
crossed over t heds me mpareamwae os I hii s Icapacit
(requiring complex chemical rebal ancing t

d. Vanadi um/ Air

The concept of vanadWVARBHBIirs rMfedaexX |fyl amtla
by t he rfersoenartchheerni v[ed,sTh®] @adt i Twenspeci e:
VARF®8o mposae soofl ut M&gIN@fl Il B) 3 ,SMMi H t he
negative side anHO/ttheheedbliibeoapikei npati on
oft haer as the seacamaedubasdysxiwechogipt leam d
increapect hec pTohweexry goemenniss eépyr ovi ded by amb

air.

The redox reactiomsi f OMARIFBs i s expressed

2HO 7z "4H® 48£F 1.23 V vs. (9
AV( 14 I'geav (| PEO. 26 V vs. R (11

The repomt s he frreosne atrhcen e rsiTwermdiied iya € d

the VARRBgain the value of 45.7 and 46 % 1
energy aftf i8®dihéAdkcwal ue is much | ower than
with the number of about 81 and 73% for
howevdepecwdiigghtor age capacity is al most 1
VRFBhanks t oonihyga dguneoceudso ik anceotudp lbee st or ed.
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e. Zinc/ Bromine

I n hywbsid redoxydtleom, btahdsxteoyreedyi m sexatl smon
t anokfesl ect r dluytt etrfrea cafe ompe dioes noakenly

plca n haequempluass e . The positive side invol v
br omi @desllr omi ne mol ecul es. Odler armmiimeg t o t
mol eecsan combine with btoimbdeswhkhech om f or
occurs ptiwoaiid oriomi-meo mamdEr.i di RFB system
the catholyte (positive elreeltatoilwdley Iciagh
concentorfat&mnadn $Bor u plyotatd @eme akcitniet i ¢cs and en
density. A potenti al cBncwlwianhk dee¢ dheby or ma
t he additi onagefrRt2do.mpH tewiemmgaf¢ t compl exi ng

agenttshlkeonedfi clsr omi ne rheadsoox rmedea@tnisowve !l vy

guanti fpiaedi cul arcliyiicnssppomwgli wip@eeéectr ol

zinc met al is didsoilvwvgdopaedatriedeposited

3Bz Br 28 1.09 V vs. R (1
ZA'+ '%ezn °HO.76 V vs. RHI (1;

Theegae¢eli eetrode Inst aal cedtlmgpoat@toa e ener gy
densTihe . cel | sepédyatamr iiosn seexrcvoeadh gge me mbr
mi cropor23uys$hdi adivdnt agékbhryobiviinde nRFB de
goordever shibgh i ¢gl(l11. 861 tVAgeahHdwd wari,£ 0st
system al so consists ot hmaetveermiaad slicoomj t at i
hi ghdisedharegidmg.t e ofWo remeeftrfigysmineln short cycl e
| i Tekei demonst zatnicd b e o iR FcBo nwdaliscyt eRe d FI o w

Lt d. (Austral i a)p, tvwatnMiW ¢ rhey cafldaodutteency of
7T4% 241 mechl ori ne RFBeriisvadtiveestziofc/ br omi ne
syswbmch tyspi mal by baobet Ealhese and
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f . Zinc/ Cerium

Ziicer Remsilrggavel oped by Pl uriyoenarlisncof ( UK)
20026 ,] .27l sy dthehre s olCet(ildnd ydefl@eoXxl B)peci es i
used as the positive ekZa¢Cttpl goepleatbxl e
serves asetbleebletpgalbg¢et ezi@acti uonn RFB can be

exprassdéadl | ows

2Céz 2Ce 28 1.61 V vs. F (1.
ZA'+ '%ezn °HO.76 V vs. RHI (1;

Nafion (DuPont) is the typicaderiiounm excha
RFBSi mi | airibctoomaned iechheRFB,e this system i s
classified as &ehbgzbisnecd ifsl oew ebcattrtoeprlyat ed a
el ecduoddmgharpgrogedse reagentseuvnsad in t|
RFBre consicherdgdaritaot hbeef vanadi um fl ow batt e

The wecpenuit €cOCY) vefetragmcsRFBtiIi vely high,
abo2utdBed¥aubsoez honfc and cerium redox reactio
havkei gh rsdd aetda@actrod2ef poOotbenmtcinal supporting
el ectrol yt eceudeadn iRetBhzaineecs il wbhihntc b aand,
di sshwilggle cancemts of both zinc ame& cerium
sol ubimeitthyanefs ud b c2ntalt e 2@ar c@nd M f or
Ce(llup tamdl. 0 ,rMe § pacaddV dIVy

Theer f or mancceer ioufm zhiansc not beemBuitntoennesi vel )
of the main dr awbaicklse -lesitfpbavwgegpeadft REI
cat hode ddireo mdroa Micwme ov er axlpensuigGwee oRt

el ectirsochd s o another di sR&Bysta&agnse compar ed
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2. 3Vanadium Redox Flow Battery

On
t h

ot

of ttyhemanotsdr s okld esrcwesd eidn REB syst ems
incompawbdi bl spteco st @lue t o the cont ami
et he |l fascpteickieeosm t wo opposite sides tral

T S O O

separator and i nteract wi t h eadldt ot her ,

correspbadgedi esecfhfairdgieda hcsygc |d h emiampiash tty

-

and degr ade syt htegeemofveerrmdnce. t 5@ b sceogsutednyt | y
e

electrolytersgsapanati amerpacauiernreedntt o r ecove|

initial operation parameter of @&ahe systen
RFByessmt composed of mostat @aanctl eonteenxs dmsé i o0
highly promising. sprcirbssovaese.onflye i avboll
efficieduwey tloostshe f actr enmoadd dnroe vsepresciibd sy a
consubmegdeir r eraclt.yQweesr dkedklglamadi um system

becomes the most promising candidat e.

The vanadium redowsfelbewVifadtli)¥rya@UYRFBpupl
t he needgaetcitvreo!| yatned WVeleegdehV( V) ra estcdo X coupl ¢
posietlievcetrreoa gyennets M$tehme vanadi um el ectrol yt

on

y associates with the efficiency | oss
vanadi um ehaecrtlergoelnyetreat ed el ectrochemicalll

contaminati on

The first i hhestcihgariisamr yormof vanadium r e
condubcyt eNNJASA researchers duit9ngethkeeenerg
| ate d9980be Uni veowtih yWaolfe sNe&KveMaa d as 0k y | | &

research group invented anWREBEmomstr ated

=]

t hat , t hienrceeietalse aesearch activity of VRFE
Becausa& iptr omiexcihmgpl ogy for continuously

st ornsagney, VRFB systems with higher capacit
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devel oped. [ 10]

2. 3EllectrochwWamadirum oRedox FIl ow Battery

Figu3iel l2Zustrates two concurrent reacti onse
membrane in a VRFB system. During the di
rel eased from t hdeurniengga dtiahtee oaaX @c¢ t rvalnyatde u m
moved tthhreouegxht er niadntcitrc ut he amasi ti ve el e

the reduction of vanatdhehmr pongefhsappeéhe.

electron flow direction is inverted, and
occurs in the negati vehaeplpercthtéreo | yd i tainvde t
si.de

cor R <>

g - v5+ v2+ &
.E:: —>»| reduction oxidation g
T va+ B o
(1) e %’ e (7]
o @ © . o o
> © reduction o
i : §
[ 2+ O
<"
: : F

FigureThe3 vanadi umsirddB&edrlderaicntgi otnhe <charging

di scharging process
TheVRFB chemical equations aas follows

VQ'+2H+enr VG ™+H,0, °£ 1. 000 V (1:
V(IlHelf)V( | PEO. 255 V (1
V(I+VR +2HAr V3 +V( 1410, °E 1. 255 (1!
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The presentof protons H and water HO in the cathodic (positive side)
reaction is to maintain the charge balance of the [G€l]

a . Nernst Equati oneaatd aBqui l i brium P

I n stack composing a numbelUs;.00f 8S8rngke cel
by theernd,anadsestghsd | i br ilugn Ve t agei | i briwu
state is achieved in case of no current
UstaxWe@aNd no intebsngdwiltds ) ba@hitbsneexpr essed
by:

Y O Y O Y ow (11
The equil i bUcjhiusm evgoulatlagteo t he tot al of d
equilibri&m PBytampl wil sg t hdcedNrea exrstt r aetqiuacarn i
of vanadium species and protons, the equi

be written as:

és . - 0 (1

wheRies t he gdiss coms t iraibsp etrlad ualeenser oo f
involved i Fishe¢é heedar@admytcensbaaentratic
E°is the formal podteandan dE°qant ebreaicatsi ecde ,t ot
replace the Et.drPpmal potenti al

It should be noted etdhuaatt itohne oanp pcl oyni cnegn torfa tN
acceptable in the case of dilute concentr
Il n practical high concentration of vanad

shoul d be wi t h acti viihteireesf,or a pbte t oaol ndceesnctrr
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i mportant parameters i n t hstsakpeanetp | awe con
a amtdard conditi®omecilesM cvotameEedmpuemaat wme
25 AC and al |l opecqtuiaslin etyo coefficients

b . Standard Potenti al

I n Merenst @fuathenst{abAarad fEetyemptairalmet er .
ar e t wo ways t o det er mbgtehetrhmo dynamidar d
charactal cedfattstoen c omp o me nthe eaaRdgbdgerds

by esti matthiengs tfaamdna onch mpeodwenti a-tel lof t he

reactions.
AFrom Hédremddynami cs:

To determinggotebythtehead modyentamodve st art
withe Gibbsgfree energy

YO YO "WYY «—. (1

wh e e[ J/ mal ¢thhaenge | angbht h&limpltlhe change i

entropy.

The free efnwmayy ddelanxg aiena csttiaonnd acan condi ti
be expressed by the stand@®Ad Gibbs free e
QU

— (1
aca

K
@)
K
@)
%
<

where  H,Acion iS the standard reaction enthal@nd depenéhg on the
molar  formation enthalpy ofroducts o Hrdation product and  the molar
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formation enthalpy ofeagentsp HfAmﬁon,reager;t

yO YO R
) Q0 (21
YO R — .
aeda

And o Sehionis the standard reaction entropy amiépenéhg on the molar
formation entropy of productS%ormation,produc@nd themolar formation entropy

of reagentsS ormation,reagent

()

A% % :

(2

var € a

Table 2.5 indicatesthe thermodynamic data foall componerd involved in

vanadiunredox reactionsyhich canbeintroduced into equations (20) and J21

Table 25 Thermodynamic data faall components involved imanadiumredox
reactionsat 25 °C

Compound &H *formation a5 %formation Sformation State
[kd/mol] [kd/mol] [J/K.mol]
H+ 0 0 0 aqueous
H,O -285.8 -237.2 69.9 aqueous
V(1) (-266) -218 (-130) agueous
V(I11) (-259) -251.3 (-230) agueous
vo* -486.6 -446.4 -133.9 aqueous
VO," -649.8 -587 -42.3 aqueous

Replacing the thermodynamic data irtguation 20) and @1) for the standard
reaction enthalpyp Hidcion and for the standard reaction entrog/Selion
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gives:

YO pU&JE (2.
ae a

. b ,

T PSR T& 7 a (2.

The relation of free energy changed the potential difference between the cell

electrodes can be written as follows:

YO & 00 Uf4é¢ a (2.

Thus, we can calculate the standard poteifalvhen rewriting the equation

(24) and combining with the equatiap G(19):

o yo YO WY o (2!
) o) '

Now the standardoltageE®° at 25°C is 1.23 V.

A Fr oS$mandardReductionPotential:

From Figure 2.4, we can observe that the standard potentials of two VRFB

electrodes aras follows

w o Q 0 & LU @
w0 ¢cO Qa WU 00 © P81 TT 63

The standard potential of a cell can determinedby subtractingcathode
standard potential to the anode standard potenfiaérefore,the standard

potentialof the VRFB can be calculated as:
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o 0O O P& L W
1.000 0.337 -0.255 -1.130
VOt ——— v — P — ¢ —_— v
0.668
0.361
-0.236
Figu4ePdtenti al dhagwvamadif omhes precsigedsi ci n

sol uti ons

I n compari son wi t h t he t h e rprmotdeymtaima Ic me
calcul ation from standsasd mi ¢ daBdtriecsml poten

c . Concentratioonns of Vanadi um |
I nt he redox reactions, t he i on concentr a
vanadium ionsand anb & orpmaottiicatrsi o H (produce

consumed) . Fort heex smilpe g c\@(glalin)d(gvVa r e
consumed comd enheiat i ons Vhoadd I\HMger ease; |
produced and therefsthhoal.g8keRutrheebgangengr at i

process, this concentration change is rev

Tablee ZT.he variati on of di fferent vanadi um i

charging and discharging process of the VRFB

Concentration
lons Salt i Electrolyte
Charge Discharge
V(i) VSO, g Z Negative
V(i) 0.5 V5(SQy)3 Z g Negative
V(IV) or VO?* VOSQ, yA g Positive
V(V) or VO', 0.5 (VO,),S0O, g Z Positive
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A Electron Exchange Rate:

In general, the reaction rate psoportionalto the concentration changesor
VRFB system, each vanadium red®@action involved witran electron. Thus,
the change inconcentration is also corresponding to the electrical current.

Therefore, the variation rate of thencentration can be estimatesifollow:

0 & Q WQo 6 (21
where Qc is the chargeng is the number of electrong, is the elementary
charge| is the current, andis the time. From equatior2§), we can calculate

the number of electrong; involved for aspecified current:

— DOQo aea 2
T (
whereNa is the Avogadro numbeFrom that,the definition of a molar flow

rate ofelectrondN, ;can be expressed by:

= - 2
QD o ( (

0 O
In a single cell, an electron is produced from the oxidation reaction of a
vanadium ion in this hal€ell, traveling through the electrodes and after that
beingcaught by the reductioreaction of another vanadium iontime opposite
side In a practical gstem, wth a stackcontainedNce cells, the electronvill
transferacross the bipolgslateto the neighboring cell (Figure3). Therefore,
if there is one electron flowing through the exteromtuit, there areNgg
vanadum redox reactions happedence the total molar flowrate of electrons
Ne 7 tfok a stack is easy to calculate by multiplyir®8)( with the number of
cells: [30]
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i * End plate

X AN

i Amolyte

® ""'- Bipolar
| elecirode

o Catholyte
i @ electron

H oxidation
" M reduction

* End plate

Figubel2lustrationrahstbaeerdect hoaough a stac

Membrane

single cells) duriing the discharging process

A Average Concentration of Vanadium |l ons:

During the operation of a VRFB systemthere are four electrolyte
concentrations need to be considered: the tank concent@tignthe input
concentratiorCi,, the cell concentratio@.eand theoutput concentratiooyt.
Normally the input concentratioB, is equal to the tank conceation Cini due

to the big size of the tankn comparison withthe electrolyte flowrate. The
change of thetank concentrationCink is corresponding to the amount of
vanadium electrolyte has been changed the oxidation state in the stack and
equal to the number of electrons involved intheadium redoxeaction.Thus

the value ofCi,nk reliesuponthe initial ion concentrations andthe size

of the tankViank, Which can be expressed as:
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x C o (3
P 2y L5

W O a
Wherethe sign factob is equal to-1 for V(Il) andV(V) ions and 1 fon/(lIl)
andV(IV) ions.

Assumingthe system reactsnmediatelyto the operating conditions, the output
concentrationCy,;can be calculated based on the input concentr&ijgrthe

electrolyte flowrateQ and the electrons molar flevateNe 1 ¢ o ¢

oo . M ™ déa

- 3.
(Vo) O uLvVo o (

d. Concentration of Protons

In the VRFB electrolytes, beside of the vanadium iomstonsH* and sulfate
ions SQ?'also partially present in the redox reactidiese ions are very
importantto keepthe charge balance and fhweservation of mas§32] The full
ionic equations in Figure @.can be used to explain all electrochemical

mechanisms during VRFB operation.

05V,(504)3  a H504 H,0 V0504 ¢ Hy50,
v 15507 2aH*+asol l Vo450l 2cH'+cSOf
l HY + 0% +H*

e + V¥ 450 2bH'+bSO} 0% + v0?*+0550] 2dH*+dso}
b H,S0, d H,50,
1)
@ = ]
VS0, £ 3 0.5(V0;),504 + e
E =
vesol e 3 VO3 +05 507
Yy
%___/voltage source

Figure 26  The full ionic equations of the VRFB during the charging pracess
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In general, lhe proton concentration in the positive electrolyte is proportional to
the amount of#O?* oxidation duringthe chargingprocessDuring discharging
process, theroton concentratiorcan be identified by the quantity of sulfuric
acid dissolved in the electrolytand therefore the protaoncentrationin this
case,can be determinedu+ gischarge NOW the concentration of protons in the

positive electrolytean be expressed EJ):
0 0 0 0 ( 3:

However, it should be noted that in pract
can only becalculatedif we take into acount the concentrations of H$Q

H,SQ;, SQ7, Vx(SQy),™, etc. The concentration of bisidte typical exceeds

that of sulate at these low pH valueslso, the vanadium species can form

complexes with stihte or bisulate. Additionally the V(IV) and V(V) species

complex with each otligmaybe with sudhte includedito form something like

V,0:5*,.

e. The State of Charge

The state of charge represents the percentadIf present in the negative

electrolyte Whichis equal to the percentage V) in the positive electrolyde
Conventionally AO0O% state of chargeo refer
electrolyte 100%v/(111) and 0%V(Il) and in the positive electrolyte 100041V)

and 0%V(V). And for oil@Ch%rgtat et hhas0%means t he
V(III) and 100%V(ll) in the negative electrolyte, and 0¥IV) and 100%

V(V) in the positive electrolyteThe state of charge SOC equation can be

written as:

YO 6 % - - - P ( 3:
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f. Internal L osses

As discussed before, the equilibrium state is terminated if there is a current
through the stack and the internal losslgsoccur. These losses are regarded
as the energy required to supply for the redox reaction to keap tbe given

rate and often called as overpotentials:

Y 6 - 0 - 0 - 0 - oW (3

where d,.t is the activation losses, corresponding to the initiation energy of
charge transfergeonc is concentration lossesaugd by the difference of
concentration between the electrode surface and the bulk soldgigris the

ohmic lossesin the electrodecomponents; andjonic is ionic losses in the
electrolytes and the membranes. But these internal losses are often appropriate
only to specific conditions and rarely found in the literature. Because of that,

the internal losses can be replaced by an equivalent resistance:

Y o] Y h T w0 w ( 3!
where Req,chargelS the charge resistance aRgh dischargde€fers to thedischarge
resistance; these resistanckepend on electrode materiallse electrolyte, the
stack design and can b&perimentdy determined. 30|

g. Efficiency

Efficiency isone of the mosimportant parametsito evaluate the performance
of storage system. In thistudy we consider three different efficiencies of

VRFB: the energy efficiency, theoulombic efficiency, and thevoltage

efficiency.
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The energy efficiencyenergyis identified asthe ratio of the output energhring

the discharging process to the supplied energy during the charging process:

LS 0Qo0
- 5 o (3'
L B 0Qo

The Gulombic efficiencydeouiombiccan be calculated by the ratio Qfiischarge
(the extracted charge from the system during the discharging proc€xsa.¢e
(the supplied charge during the charging process):

. Q 0Qo0 _
- = ” — (3
v L Q o0 Qo

C

The voltage effi@ncy of VRFB,n theacademic view, can be taken as the ratio
of Coulombic to energy efficiencyBesides, theatio of Usiackdischarge (the total
stack voltage during the discharging process)Ut@ckcharge (the total stack
voltage during the charging process)n be also used to express the voltage

efficiency:

- Y 0Qo
= (3
Y

R 0Qo

The voltage efficiencylyorageiS calculated for a charge and discharge cycle at
constant current. It is a measure of the ohmic and polarization losses during the
cycling. However, when considering the voltage efficiency of a VRFB system
with the mechanical lossé%,ech(from the pump lossesloitagelS NOt equal to

the ratio oftenergyt0 deoulombic [30]
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h. Relationship between Open Circuit Voltage (OCV) and Stage @harge

(SOC)

The state of charge can be determined by measuring the open circuit voltage

(OCV) or an electrolytic cell in which the positive and negative electradyte

conveyed.
Tabl7e Z.he estimated value of SOC based
Relation of Open Circuit Voltage and State of Charge
SOC OcCvVv SOC OcCVv SOC OCVv sOC O0OCcv soC ocv
(%) V) (%) V) (%) V) (%) v) (%) V)
1 1.16453 21 1.33719 41 1.3909 61 1.4365 81 1.4917
2 1.20089 22 1.34046 42 1.3932 62 1.4389 82 1.4952
3 1.22248 23 1.34363 43 1.3955 63 1.4412 83 1.499
4 1.23803 24 1.34671 44 1.3978 64 1.4436 84 1.5029
5 1.25027 25 1.34971 45 1.4001 65 1.4461 85 1.507
6 1.26042 26 1.35263 46 1.4023 66 1.4485 86 1.5113
7 1.26913 27 1.35549 47 1.4046 67 1.451 87 1.5159
8 1.27678 28 1.35828 48 1.4069 68 1.4536 88 1.5207
9 1.28363 29 1.36102 49 1.4091 69 1.4561 89 1.526
10 1.28985 30 1.36371 50 1.4114 70 1.4587 90 1.5316
11 1.29555 31 1.36635 51 1.4136 71 1.4614 91 1.5378
12 1.30084 32 1.36894 52 1.4159 72 1.4641 92 1.5445
13 1.30577 33 1.3715 53 1.4181 73 1.4668 93 1.5521
14 1.3104 34 1.37402 54 1.4204 74 1.4697 94 1.5608
15 1.31478 35 1.3765 55 1.4227 75 1.4725 95 1.5708
16 1.31893 36 1.37896 56 1.4249 76 1.4755 96 1.583
17 1.32289 37 1.3814 57 1.4272 77 1.4785 97 1.5985
18 1.32668 38 1.3838 58 1.4295 78 1.4817 98 1.62
19 1.33031 39 1.3862 59 1.4318 79 1.4849 99 1.6563
20 1.33381 40 1.3885 60 14342 80 1.4882

Using the open circuit voltage, the SOC is calculated using the Nernst equation

applied to the completgharging process.
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560 o 2 YY,S & & , 3
00w —Q &€— ~ ") !
€ 8 0 (9] (
We have: 6 6 ,0 o) and also,® @ "YO{ I® 6
p "YU O
Therefore,0 —ando - (SOC is the state of charge

expressed as a fraction).
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Figure 2.7  The relation curve of Open Circuit Voltage (OCV) and State of Charge
(SOC)

Replacing the concentratisermwith the SOC, we have:

vz
€

14 IY!I !‘Yi’)zé
6600 O —.éé S—Y‘

__ - ¢ 4
,‘Ssp avEREa W (

The Nernst equation should always be used with activities rather than

concentrations, and also for a cell, one should include a membrane junction
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correction. Based on some experimental wofkenducted by Gidemeister
energy solution)we obtain the correction of the SOC estimation based on the
OCYV for the solution of 1.6M ¥**in 4.5M H,SOy:

Ué(bp&tpn&np(bYocxo—déS (4.

where 1 SOCH6 = 100% SOC. SDhethisenseare i on of O
showed in Figure 2.@nd Table Z.

2. 3S®2ructure of Vanadi um Redox Fl ow Batt el

The main components of a VRFB system inc

pumps and cell stack.

—[ Load/Source

Positive tank Negative tank

Pump Pump

Figu8eThe schematics of the main components i

A single cell stack includes two end pl at
pl ates, two cawrbotnwo edltesct rtondoe g agankdetone m
29shows the detail of different component s
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1-Bolt and nut: connect the cell component

2-End prhade i ck stainless steel to unifor

stress on the cell

3-Insul ating pol yepnrto psyhl oerntei npgl aotfe :t hper ecve | |

4-Current coll ecting plates: copper plate

andcoamnection to the external <circuitry.

Figu9eThe detail of different. components in ¢

5-Graphite bipel aheplcareenactt®l|l |l ector for
exposure of the copper to the porous gr arg
corrosion of the copper pl ate as it wi |

el ectrolyte.

6-Graphite fadétt agl eberomhén reaction site

which the electrolyte is pumped.
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7-Pol ypropyl ene electrolyte pipe connects
pi pe.

8-Gasket: an intempanébssbbbet pbpl §ne gasket

bet weenftow frame and the membrane.

9-Membrane: commer ci al Nafi oseimembiraee i
membr ane for the cell, and must -be | arge
cell s.

10-Fl ow frame is designed so atsheto all o\

electrolyte flow to minimize dead regions

a . El ectrolytes

I n a VRFB, & (IMallNuls)i aers edf as the negati ve

(anol yte), anuW( W)yhlev3s odsued oms otf he positi v
(cat hdHiSy@ties . t h€e ommoaesm pporting el ectrolyte
concentration iM.Byftoepnt i msssdabghathe5and t
solubility of wa@adi cmnspatirasisomlIbBfo vana
controll edMatltebasthaan2condfi rvi@e80Ot hat

V(NHVy dewheaseéedthe consS@ng rraitaaiiosmg lodwm i n tF
Fi gulr®3 12,]M® 8 eaveemrp,er at ur es tahles os oclaunb ielnihtayn c

VOSSO n,SRBRand t he effectatbeacdmevserstcromcgeart r a
HSQ 3B

In principle, be energy density of VRFB controlled by the vanadium species
concentration: higher concentration will bring out higher energy capacity.
However, as mentioned before, the vanadium concentration is resticeio

the formation of solidvanadium oxide precipitates. For instance, wiies

49



Literature Review Chapter2

vanadiumconcentration increasdmyond 2 M in HSQ, solution, therds the
formation ofV,0Os precipitates in the positive electrolyte at temperathigher
than 40 °C, and the formation of VSO(or VO) precipitates in the negative
electrolyte under 10 °C34, 35]. The vanadium precipitation rate depends on
the temperature, the concentration of vanadium as®iOr and the state of
charge (SOC) of the vanadium electrol\tg4, 36, 37]. To inhibit the
precipitation of both positive and negative electrolytesyeral organic or
inorganicagentshave been added intbe vanadium eletrolyte as stabilizing
agentspften called as the additives.

7
L ]

3 ]
=
2 ]
:: :
@ o« o
- 1 ® »

0 r

0 2 4 6 8
[H.S0,]1/ M

Figure 210 Relationship of V(IV) solubility and k50, concentratiorat 25°C.

The electrochemical properties of vanadium redox couples are strongly
dependent on electrodes and operational conditi(electrode material,
temperature, charge/discharge current,. &igure 211 showsan examplef a

cyclic voltammogramof 1 M VOSQ, in 2 M H,SQO, solution with a glassy
carbon as the working electrode and Ag/AgCl electrode as the reference
electrode B8] Four oxidation/reduction peaks are clearly showed in the CV
curve, including the oxidation peak &f(IV) to V(V) (1.071 1.1 V), the
reduction peak o¥(V) to V(IV) (about 0.7 V), the oxidation peak ¥{ll) to

V(II) (abouti 0.4 V), and the reduction peak frowlll) to V(Il) (abouti0.75
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V). The large value of the peak potential separatiothin such potential
window (the difference between anodic and cathqmieks)indicates the slow
kinetics of the electrochemical reactions bath V(V)/V(IV) and V(lII) /V(I1)
redox couplesTherefore, the electrode modifications are required to optimize

the electrochemical activity of redox couples in vanadium electrolytes. [10]

Current density (mAlcm?)

'l 1 L L

=800 =400 0 400 a00 1200
Potential (mV vs. AglAg/Cl)

Figure 211 Cyclic voltammogram of 1M VOSQ, in 2 M H,SQ, solution at
different scan rateg1) 100, (2) 200, (3) 300, (4) 400, and (5) 500 rV.s

b. Electrode/Bipolar Plates

In a practical systemto reduce the electrical resistance, the VRpd@ous
electrodes are often combined wittigolar plateasone componeritl0]. The
bipolar plate plays a role as a current colleagmiatingthe positive electrolyte
andnegative electrolyte into two different sidédoreover, tohelp to support

the porous electrodeandto guidethe flow of vanadium electrolytes through
the cell, the bipolar plate is oftelesigned with flow channels on both sides. To
fulfill the operational requirements of VRFB, the bipolar plate must have many
excellent properties: low bulk and contact resistarfugh structural and
mechanical stability, and chemically compatible with all chemicals present in
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the electrolytes during operation. Becaukéhat, the material choices are very
limited. There are some materiaigrrently often used in VRFBconductive
carbonpolymer composites, polymerimpregnated graphite plates, and

polymerimpregnated flexible graphite39 - 4§

For the electrodes, to laeve a high performance, the electrodes also must
demonstrate a low electrical resistance, high surface area, chemically
compatible, appropriatporosity, and high electrochemical activity. Currently,
graphité or carbonbasedmaterials are the mogopularly usednaterials for
VRFB electrodes, which often in forms of felt or porous structures. However,
these types of electrode materials often showptia electrochemicadctivity

and reversibility with theedox reaction®f vanadiumspecies To improve the
electrochemical properties stich VRFB porouglectrodes, there are several
methods to modify thelectrode propertyincluding chemical treatmenheat

treatmentglectrochemical oxidatiomnd metal doping.

The heat treatmenis a simplemethodto modify the property of porous
electrodes othe VRFB. It has been reported th#ie presence of functional
groups, such asC=0 or C-O-H groups on the electrode surfacan catalyze
the vanadium redox reactions. In this caseprovementof eledrochemical
activity of porous electrodafter the heat treatment process beattributedto
the surface hydrophilicityenhancemenas well as the formation of functional
groups. #9, 50]

Chemical treatmens also carenhancehe electrochemical properties\WRFB
electrodematerials. Some active agents (NaOCIl, KMn@\H,).S,0g) and
acids (HSOy, HNG;) [51] have been useds the activation agente modify
the surface oporous carbomaterials. The increase in concentratioh€=0
and GOOH surface functional groups will enhance the activity of the VRFB

after chemical treatment. These functional grougnty act as the active sites
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and catalyz for vanadium redox reactions but also incretehydrophilicity
of the graplie felt electrodes. Moreover, they also help to accelerate the

electron and oxygen transfer processes during operation of VBEB. [

Electrochemical oxidations a modification method was recently used to
improve the electrochemical propertyf the VRFB porous electrodesThis
method can create the €@OH functional groups on thsurface ofporous
electrodescausing to the increase ofrface area and the O/C ratio, dmehce
canaccelerate the electrdransfer procesduring the operation of VRFB58,

54]

Another method to modify the electrochemical properties of carbon electrodes
in VRFB is metaldoping. By impregnating graphite fibers in the solution
containing metal ions (M#, Pd*, Ir**, In¥, Pt Au*, T, the
electrochemical performance afarbon andgraphitebased electrodes is
improved. [55, 56 However, the metaldoping should be conducted with
cautionbecausan some cases, hydrogen evolution rates were enhanced more

significantly than vanadium reddsnetics

c. Membranes and &parators

The nembrands an important component in a VRFB that separates the anode
and cathode compartments, and at the same time, keeping the electrical
neutrality of the cell by allowing the transport of charge carriers. To be able to
work in the strong acidic environmentchmlso to reduce the resistance and
power loss, membrane for VRFB has to fulfill some requirements: high and fast
ionic conductivity, high selectivity of charge transport (maximize the charge
carriers transport (H SQ?) but minimize the vanadium catiotsansport),
limited in the water transport across the membrane, high chemical stability,

strong structural and mechanical stability and low cost.
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There are twanost commortypes ofthe membranéhave been investigated for
VRFB applications: cation and i@am exchange membranes. In addiitimere
are also some studies on the traditiomlnse membranemicroporous

membranes.

The Nafion membranes are probably the most commsad membrane in
VRFB applications among widely researched materials. The Nafgonbranes

in general,have ahigh proton conductivity, high chemical stability strong
acidc and oxidatve environmentsEven so, the vanadiumns still can react
with each other byrossing through the Nafion membramausing the cell
capacity loss and theeduction ofenergy efficiency inVRFB systemsMany
factors can affect théransportationrate of the vanadium ionthrough the
membrane the vanadium ions 50O, concentrations, the electrolyte state of
charge, the qoperties of membranes and the temperature.efah reported in

a study that the diffusion coefficients thfe vanadium ions through the Nafion
115 membrane can be arrangedfollows V(1l) > V(V) > V(IV) > V() . [57]

To improve the properties of Nafion membranes, some modification methods
have been investigated. One of thenthis synthesisof Nafion based hybrid
membranes, such as Nafipalyethylenimine (PEI) compositemembrane,
Nafion/sulfonated poly(ether ether kene) (SPEEK) layered composite
membrane Nafion/pyrrole membrane. The hybrid structure of Nafion based
membranes could help to reduce tr@nadium ionpermeabilitythrough the

Nafion membranendimprovethe energyefficiency of the VRFB systems. [10]

Discovery of alternative membraness another solution topromote the
performance of VRFB. In the past few years, some new types of IEM,
including hydrocarborbased proton exchange membrane (PE3-60], anion
exchange membran@&EM) [61-63] and nanofiltation membranesNFs) [64,
65], have beeninvestigated foruse in VRFB application. In which, it is

reported that AEMhas low vanadiumpermeability, which results from the
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Donnan exclusion eft# among the positively chargéahctional groupof the
membraneand vanadium ions6p-68]. Therefore, it isreceived considerable
attention for application in VRFBs. However, one concern relatedlBEM is

the low chemicastability of functional groups ithe strongacidmedium. [69]
2.4  Thermal Stability of Vanadium Based Electrolyte

It is known that the vanadium concentration can deterntieeshergy density
of VRFB: highervanadiumconcentration will bring out higher energy capacity.
However, as mentioneith the part 2.3.2 the vanadium concentratiois
restricted by the formation of sdlvanadium oxide precipitates, with thieOs
formation in the positive electrolyte at temperatsin@more than40 °C and
VOSQ, (or VO) formationin the negative electrolyte under 40 [34, 35]. The
vanadium precipitation rate depends on tieating time,temperature, the
concentration of vanadium and,$0,, and the state of charge (SOC) of the
vanadium electrolyt§34, 36, 37]. In practical operation, the precipitation at the
positive side is moremportantand appears more frequently due to the excess
heat released from the working system and weather condition.

2.4.1 Effect of Temperature on the Positive Vanadium Electrolyte

It is known that the positive vanadium species, particularly is V(V), have
relatively low solubility inH,SQO, supporting electrolyt¢70, 71]. The positive
electrolyte of the VRFB consists of a mixture of vanadium salts in oxidation
states 4+ (IV) and 5+¢V), dissolved in sulfuric acid, with a total vanadium
concentrabn of typically 1.5i 2 mol.dni®. As the battery is charged, the ratio
of V(V) to V(IV) increases. Therefore, the VRFB is generally operating with
the positive electrolyte in a metastablatst Consequently, there exists the risk
that V(V) ions may condense to formy®5 nuclei via a twestep processn

sulfuric acid, at typical electrolyte concentrations, V(V) species exist
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predominantly in the form of the hydramentacoordinated [VQ(H,0)3]"
cation at 2C. At t e mp &0 paetipitatiensoccu®s ndtdbly, e.g. via

the deprotonation and condensation reactions, given béjw [

Deprotonation:  2[VO(H,0)3]" 1 TRV H 2VO€QHO ( 4.
Condensation: 2VO(OH): Y  ,05V+ 3HO ( 4:

At this stage, thesmallsizedV,0s nuclei still can be dissolved badakto the
electrolyte solution at lower statd-charge (SOC) when the battery is
discharged.However, with theincreagd heating time ortemperature, the
precipitation of AOs develops faster, forming bigger precipitate particle,
which almost irreversible inthe charged electrolyte and damaging the
operation system (blocking the electrolyte flovi) practice, the kinetics of
precipitation is very strorlg dependent on temperature and st#teharge
(SOC). The detailed description of the positive vanadium electrolyte

precipitation at high temperatures is illustrated in Figure 2.12.

Molecule scale Particle scale

' MR ® 6 @0¢
> T VY

V,0; Condensation Precipitation V,0;
nuclei T particle
[\/02(1'120)3]+ VO(OH); Dissolvable at lower SOC Indissoluble at lower SOC

Deprotonation

»
L

Increasing heating time/ Temperature

Figure 2.12 Precipitation process of the positive vanadium electrobtehigh

temperatureand long heating time

In the past few years, there are many studies on the thermal stability of the

positive vanadium electrolyteave been conducted various high temperatures.
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Table 28 summarizes several reports on pristioative vanadium electrolytes

and their corresponding times to precipitate

Table 28 Temperature dependence of the positive vanadium electrolyte stability

Electrolyte formula Temperature (°C)  Time to precipitate (h)
3MV(V)/5M H,SO, [72] 45 6
60 1
2M V(V)I3M H,SO, [73] 40 18
50 6
1.81 2.2 M V(V)/5 M H,S0O, [74] 45 12.3
50 5.2
60 1.8
2M V(V)/5M H,S0, [75] 40 95
50 18
1.8 M V(V)/5 M H,SO, [76] 50
1.6 M V(V)/3 M H,SO, [77] 50
2.8 M V(V)/5M H,S0O, [78] 45 18
60 1
3 M V(V)/5 M total SQ* [79] 30 72

By careful control of temperature and statecharge, VRFB manufacturers
avoid precipitation. However, these measures add to the cost and can reduce
performance. Therefore, much effort has been made to find electrolyte additives

that would allowwider operational temperature windows.

2.4.2 Thermally Stable Additives for the Positive Vanadium Electrolyte

To screen an effective additive, researchers usually rely on the thermal
precipitation mechanism of the positive vanadium electrolyte. Howéher,
explanation how the additive stabilizes the positive electrolyte solution at high
temperatures is still complicatetlany research works have been done to

explainthe mechanism of the thermal stability improvement when adding some
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stabilizing agentddere are some most reliable mechanisms have been proposed

after a number of investigations on vanadium additives:

The firstthermal improvemengéxplanation refers to theresece of more H

ions in the vanadium electrolyte when adding the stabilizing ag&htse H

ions enhance the transformed reactiorsafd vanadium intd/(V) ions. This

can be achieved by using acid as an additive ossuporting electrolyte.
However, the increasing corrosion of electrolyte solution is also a serious issue
that needso pay attention [72, §0

V,05(s) +2H Y 2 V'@ H,0 (4.

The secondption is to inhibit the deprotonation bf/dratepentacoordinated
[VO,(H20)]" structure by adding the additive thaancform the soluble
complex with V(V) ions. A typical example of this type of additive can be seen
in the case of HCI, in which the chlorine (Tlon combines with V(V) in form

of soluble complex structure while giving no other negative effe@s81:

[VOz(H20)3]+ + HCI 2®(H2‘®E+ [H30]+ (4!

Lasty, it is possible to usesome organic additives can adsorb via polar
functional groups, such as OH, CHO, C=0, on the initiaDs/nuclei,
hindering further growth and formation of particles large enough to precipitate
In this case, th& ;05 nucleicould be dissolved back to the electrolyte solution

duringthedischargingprocesg73].
Since the first inventions of VRFB, there amsany different organic and

inorganic additives have been investigatednprovethe thermal stability of

vanadium electrolyte tawiderrange of temperature.
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a. Inorganic Additives

The addition of inorganic additives into vanadium electrolyte maamtys to
form the soluble neutral species with hydrptntacoordinated V(V)ion or
enhance the transformed reactiorsolid vanadium intd/(V) ions as discussed
above

The mostommony used ancffectiveinorganicadditive to dateasmentioned
before, is HCI [82, 83]Other common stabilizers to date arg”By [75, 79, 84]
and (NH,).SO, [85], whichare rather limited in thegffectivity.

Gang Wanget al. have investigated the effect of some inorganic acids on the
thermal stability of 3V V(V) in 5 M H,SQO, electrolyte saltion at different
temperaturesThe results show that 0wt.% of HCI, CH;SO;H, CRSGsH,
PTA could enhance the thermal stapiof such positive vanadiuralectrolyte

f r o mMC to B5°C. Besides, the electrochemical actastof vanadium redox
reactionswith these acid additives weadsoincreased compared the pristine

electrolyte solution.q2]

The eport by Jianlu Zhangt al. claimed thathe combination opolyacrylic
acid (PA) and with CEBO;H canstabilizethe positivevanadiumelectrolyteat
high temperaturedn which, the solution of 1.8 M V(V) in 5 M #$0, can be
stable to the temperature up to 40 °C by using[P3

Kausaret al, with a study on the electrolyte solution of 1.8\MV) in 5 M

total SO, have demonstratethe performance of several phosphate salt
compounds (ammonium phosphate, potassiuphosphate, sodium
hexametphosphate, phosphoric acid, ammonium phosphate) in the thermal
stabilizing ofV(V) ionsat 50°C. Thethermal stability test shows that the time

to precipitate for 1.8 Mristine100% SOCV(V) solution is 3days while for
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sodium hexanmtaphosphate, ammonium phosphatel ammoniunsulfateis 5,

6 and 7days for solutions, resgtively. Especiallythe conbination of 1%
phosphoric acid ah2% ammoniunsulfateshowed the best thermal stabilizing
ability for positive vanadium electrolyte, which gave the value d50, 125,
32 and 15laysfor 80, 90, 95 and 188 SOC solutions;orrespondinty. [76]

A recent pape of Roe et al. introduced a high concentrationvanadium
electrolyteup to 3M in 5 M total SQ? . The thermal stability of this electrolyte
formula was maintained by addirsgveralstabilizing agerg In which, the
solution containing 1wt.% H3PO, additive could improve thetime for
predpitation to over 47 days at 3C°compared to the value of 3 days fhet
blank solutionIn addition, d&er 32 days, 3 M V(V) solutionwith the presence
of 1 wt.% sodiumpentapolyphosphaté wt.% K3PO, and 2wt.% (NH,),SO, +

1 wt.% H3PO, indicated the value of (V) concentrations ofabout2.7, 2.7 and
2.6 M, correspondinglycompared to 2.4 M V(V) in theristinesolution [79]

The phosphatesadditives, recently, have been demonstrated twild
effectively suspendhe precipitate time of V(V§olution The results show that
the solution of 1.6 M V(V) in 3 M EB5O, with the addition of 0.1wt.% of
NagPOy, NapHPO,, NaHPO,, and NH4H,PQ, additive signifcantly improved
the thermal stability up to 25, 17, 36 aB@l h, respectively, in comparison with
the value of 2 h for the blank additie=e electrolyte[77]

Another work on the electrolyte solution 8fM V(V) solution in 4 M total
SO indicated that the addition of 0.05 Mdium pyrophosphate tetrabasic
(SPT) could improve the longterm stability ad also electrochemical

performance[86]

Moreowerd,e aange@aii¢ci vesalhbawaghhe dry
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b. Organic Additives

The aganic stabilizing agent also attracts a huge attention thanks to its
capability to hinder the growth of @s nuclei tothe largerprecipitate particle.

In the last decade, many organic compounds have been found to be effective
thermally sableadditives for the positive vanadium electrolyte.

The research of Gang Wamg al. (see above) also reported the improvement
when adding some organic stabilizing agents. Organic additives such as
polyacrylic acid (PAA), oxalic acid ((COOR) methacrylic acid (MAA),5
sulfosalicylic acid dehydrate (SHA) could alstmonglyimprove thestability of

V(V) solution from up to 45 °C compared with theoriginal solution. For
example, at 45 °C, the time to precipitate of the blank electrolyte is 6ille, wh
this value for PPA, oxalic acid, MAA, SHA is 25, 30, 18 and 34 h, respectively
[72].

Zhanget al. reported the benefit of some argc stabilizing agents for2-M
V(V) in 5M H,SO, solution In detail, he stability ofsuch positive vanadium
solution at 40°C was relatively improvettom less than 95 h, up to ~ 15Mf
the addition ofpolyacrylic acid (0.11 wt.%), ~236 h forCH;SO:H (2.1 7
wt.%), 120 h forDarvan®C (0.3wt.%), no precipitation forisopropanol(10
wt.%), dlucose (1.0wt.%), polyethylene glycol (PEGO0.3 wt.%), dimethyl
sulfoxide(DMSO, 10 wt.%), andTween 20 (0.01 mL)75]

Research on 2 M V(V) in 3 M 30, electrolyte showed that the addition of 1
wt.% L-glutamate couldhelp to delay the initiation of precipitation in the
positivevanadiumelectrolyte for 12 h at 48 and for 5 h at 58C [73].

In another work, electrolyte stability tests at 45, 50, an8@@onfirmed that

the presenceof 0.050.1 wt.% coulter dispersant IlIA (containingnainly
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coconut oil amine addugtith 15 ethylene oxide groups) to the ~2 M V(V) in 5
M H,SO, electrolyte couldstrongly increaséhe time of precipitate formation
from 1.812.3 h to 30.3'h19.3 daysT4].

In another work, plyacrylic acid and its mixture with GG30;H were reported
asan effectivestabilizing candidatéor vanadium positive electrolyte solution

at temperatures higher than 4D [75].

Another study of Wangt al. has employedeyeral ionic organiagens asthe
thermally stableadditivesfor positive vanadiunelectrolyteat the temperatuse

up to 60 €. They claimed that theationic organicadditivescould remarkably
increasethe thermalstability of the V(V) electrolyteat hightemperaturest-or
instance, at 60 °C, the pristine solution of 2.8 M V(V) in 5 b6, showed

the precipitation afterh. By adding0.5 wt.% of 3-chloro-2hydroxypropyl
trimethyl ammonium chloride (CHPTAC), methylene blue (M&ionic-type
polyacrylamide (CPAM), this number increased up to 3, 4 and 3 h,
correspondingly. [78]

Another work showed that he addition of 14 wt% of
trishydroxymethylaminomethan@ris) can alsoimprove the thermal stability
of 2 M V(V) in 3 M H,SOy electrolyte at 40C [89).

Another study reported thagome organic compoundsryctose, mannitol,
glucose,and Dsorbito) could be used athermally stableadditivesfor the

positive vanadium electroly{®qQ].

Inositol, phyticacid and sodium oxalate have been claimed to improve the
thermal stability of 1.8 M V(V) in 3 M B5Q, electrolyte at up to 68C [91, 92].
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Some otheradditives, although not tested for thermal stability, but were
proposed to improve the electrochemical properties of vanadium electrolyte
[93].

2.5 Problems of Current Researches offhermally Stable Additives for

Vanadium Redox Flow Battery

Although a plenty ofesearcthas been done to improve the thermal stability of
vanadium electrolyte, especially faéhe positive side, there are still many

challenges need to be solved.
2.5.1 Safety Issues wittHalogen and Acid Based Aditives

The most effective additive to date is H&hd some other halogen agents

which havebeen suggested that halide ions can fsotublecomplexes such as

[V 205X 2.6H,0]%, in which thehalide ionhindersthe deprotonation process to

form V,0s [82, 83]. Howeverhalide in the electrolyte gives the risk sfme

safetyissues: nt r oduces t he pbabkogbaesh iutnyd etro cfeorrtnai
failure conditions ;@aev@gr yowemoclpaieyien go fo f
hydrogen dHloor iHICdi sgpadfddrtmevde )i n t He tank ar
this can also be a probl egmhenet bheteogkent e
generally much more corrosive than the s

|l i mihtes materi al.s of construction
Ot her acid basedP@HdBELt i veasy (hsouchgiarse H he

toxic gas emissi onal aHagdee ivteir o ro fatrmodwnste o f

additives will i ncrease the corrosive | ev

63



Literature Review Chapter2

2.5.2 Performance Demonstration of Tested Additive under Practical

Conditions

Several additives have been tested demonstrated their performance under cell
cycling conditions [73 79, 81, 86, 89], however, many others additives have
only been tested istatic conditions (cyclic voltammetry and/or electrochemical
impedance spectroscopy). It is noted that an additive may be stabkadtic
condition, but not in dynamic flow condition of the cell due to the interaction
with cell components (carbon elemtle, ion exchange membrang In
addition, even a flow cell test was employed to examine the effect of the
additives, there are onla few studies applied the temperatures for the
electrolyte, as showed similarly in static test [76, 77, 79]. Most of thingy
tests were conducted #te lab temperature (22 25 °C) to investigate the
influence on cell efficiency but not the thermal stability. However, it is known
that in practical condition, the electrolyte in a VRFB will be heated by the

system operatioitself and also probably by the impact of ambient temperature.

2.53 The Oxidation of Organic Additives in the Positive Vanadium
Electrolyte

As discussed in the part 2.4rBany organic additives have been investigated to
improve the thermal stability of positive vanadium electrolyte at higher
temperatureswhich contain one or more polar functional grougswever, due

to the strong oxidativebehavior of V(V) ions, some organic chemicals,
especially with the functional groups of OH, CHO, and C=0 amavknto be
unstable in V(V) solutions [7275]. Waterset al. published a comprehensive
study on the oxidation of organic compoundsntaining polar functional
groupsby V (V) i n a series of articles

relevant in light ofthe most recent VRFB developments [D7].
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It is known that V(V) ions can oxidize some organics in acidic solution and
hence be reduced to V(IV), especially over the long testing times typically
employed at 40° 50 °C. However, the effect of organic atides on the
positive vanadium electrolyte and especially on the performance of VRFB has
not been widely reported. In practice, the rate of precipitation s \is
dependent on the SOC of the electrolyte (i.e. the relative concentratioW)of V(

to total vanadium). Therefore, it is clear that the apparent thermal stability
improvement of an additivenay be due to the reduction of V(V) to V(IV) in

the test rather than a genuine hindrance of the condensation and/or

polymerization of V(V).

At lower stateof-charge the positive electrolyte is more thermally stable, but
the usable capacity of the battery is reduced, and therefore this approach is not
advantageous. It is also likely that many polymers would foul the ion exchange
membranes or coat othe electrodes, causing the internal resistance of the

battery to rise.
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Chap3er

Experi ment al Met hodol ogy

This chapter descritbhess tpreojsaxcdpe i nf
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31 Scope of Work

This 3.5 year Ph.D. study will look to develop a new vanaditmased
electrolyte formulation through a series of development steps.

Precipitation tests: Electrochemical Evaluation of
Short-list of effective mmmy testing of stability % additive influence on
stabilizers additives cell performance
| |
|1

Investigation the Testing the
effect of additives on === performanceinal ™= Final report

cell components kW stack

Figure 3.1  Scope ofwork for the study orthermally stablevanadium electrolyte
additive

The final outcome is introducing a novel advanced electrolyte formula with

high thermal stability andafey to users.

3.1.1 Precipitation Test to Screen Effective Additives

Thermally stable additive screening is the first step to develop the novel
electrolyte formula for the vanadium redox flow battddeally, a large array

of samples should be monitored to determine the average time to precipitation
as a function of temperature andmposition. Although precipitation times in
100% charged electrolyte (i.e. all vanadium in the +5 oxidation state) are
easiest to prepare and monitor (due to their low optical absorption), solutions at
lower charged states are more practicatifetiestig (e.g. 80% 90% SOC)

Many techniquescan be employedo detect the onset of precipitation (e.g.
conductivity, viscosity, acoustic absorptifi], ICP of a solution sample, etc.).
Colloid formation (the first stagef precipitation) has also been invgstied by

e.g. zetgpotential measurements (including in an acoustic field) and light
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