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Abbreviations

IEMIon exchange membrane

CEMCation exchange membrane
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ADLAcid doping level
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1.Scope of this work

Due to the increasing concerns of fossil fuel using and environmental issues, the world needs
to develop renewable energy sources and clean energy conversion devices, e.g. fuel cells, flow
batteries and electrolyzer&/anadium redox flow batteries (VRFBB) considered promising

energy storage system for large scale applications due to their long cycle lives, low cost, design

flexibility and safety.

lon exchange membran@EM)is polymeric material composed of ionic head groups as fixed
ions in polymeic backbone and transportable ions. Those types of membranes can be used
in various applications which are energy related devices mentiorsmbve Therefore,
developments of ion exchange membranes are required with improved properties to increase

the efficiency of energy applications.

Aim of this work is to develop ion exchange membranes with improved properties and to
display better performances iVRFBcomparel to commercial reference membranes.
Because currently available IEMs in VRFBs are limitedodizest vanadium ions crossver
or/and low ionic conductivity resulting in low performances in the battery. To overcome those
drawbacks andd be used in vanadium redox flow battery, ion exchange membranes were
developed either by blendingr via new syntheticprocedures Thus novel ion exchange
polymers and/or membranes were developed, analyzed and applied in vanadium redox flow

battery.

In this dissertation, therefore, polymers synthesis, membranes preparation and applications
of ion exchang membranes have been studied. This dissertation is divittlednainlythree

parts. The first part introduces a general background of the subject regarding ion conducting
polymers and applications in vanadium redox flow battery. The second p#re igapers
published during the thesis workhe last part of this dissertation is overall discussion on the

results and summary.
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2.Introduction

2.1 lon exchange membrangf&indamentals ofEM9

lon Exchange MembrasgIEMs) conduct ions through the membrane. IESI generally
classified as a Cation Exchange Membsd&NM) or an Anion Exchange Membrasy@EMs)
depending on the ions whicpermeate through the membrane. For example, a CEM is
composed of negatively charged head groups as fixed ions in the membrane and eation
counter ionsthat are transportable along with a membrane. While an AEMoissising of
cationic head groups and exchandéa anions[1][2]. IEMs are used in variow=nergy
applicatons such as fuel cell8], electrdyzers[4], redox flow batterie$5], actuatorg6] and

solar cell§7].

For CEMs, a most prominent CEM rfluorinated polymer membrane, known as Nafjon
showing excellent performancguch as high thermand chemical sthilities and superior
ionic conductivitydue to the hydrophilienydrophobicphase separated morpholodligurel,
lamellarmicrostructures of Nafion @ere confirmed by SAXS experiments by Kresleywing
wide channels, more separated and good connectij}). Despite of outstanding
performance of Nafiomembranesit is still challengefor large scale commercialization due
to several shortcomings such asomplex production process, disposdlaenvironmental
unfriendly chemicals, high permeability through the membrane and high [@icd-or this
reason,developmentof alternative membranghas been intensively studietbr examplea-
hydrocarbon based CEM, sulfonated arylene main cleiomers by fine tuning, acidase
blends membranes and crefisked cation exchange membranes to be applieclectro-

chemical devices such as fuel calisl electrolyzers[10].
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Figurel. Structure of a perfluorinategolymer and its hydrophilibydrophobic phase

separated microstructure

AEMs can be further defined as natkaline anion exchange membranes and alkaline anion
exchange membranes depending on counter iffigure 2 (a)). AEMs possessing anion such
asBr, Cl, I, S@* and HS® are regarded as nealkaline anion exchange membranes, while
OH, CQ? and HC® are refined as alkaline anion exchange membranes. Applications are
depending on the type of anions for example 4536 HS@ in vanadium redoflow battery

OH form in alkaline fuel cell and HE@rm in CQ pumps.Anion exchange membranes also
can be appliedsproton exchange membranasfuel celsby doping iwith phosphoric acid

The quaternizecammonium head groups of AEM can absorb phosphoric acids via acid base
interactions, phosphoric acids can be doped more than one molecule per quaternized head
group by hydrogen bondsTherefore, the phosphoric acid doping level (ADL, how many
phosphoric airl molecules per anion exchange group) is important for proton transportation.
Along withthe doped phosphoric acidthe AEM transports protons through the membrane

as described ifrigure 2(b) [11][12].

The main challenge of AEMaitow alkaline stability of cationic head groupdostof cationic

head groups are based on quaternary ammonium which are prone to degraded by hydroxide
ions There are possible degradatipathways triggered by hydroxide ions shown kingQre

3). The degradation, nucleophilic substitute induced by hydroxide attack, takes place to a

carbon next to nitrogen and formed alcohol and amirtdofmann eliminatia can be taken

14



place in the presence of-hydrogen forming to alkene and amine. Rearrangements sisch
SommeletHauser rearrangement and Stevens rearrangenagapossible that islkyl groups

shift from nitrogen to carbon formng a trimethylamine To enhance the chemical stability
toward hydroide, polymer designs such as introducing bulky groups providing steric
hindrance and electron donating groups are suggested and showed improved chemical

stabilities[10].

+ Positively charged cationic head groups

(@)

(b)

Figure2. Structure of an anion exchange membrgagand phosphoric acid doped anion

exchange membrane (b)
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Figure 3. Possible degradation pathways of AEMs

General requirements ofEMs to be applied in electrochemical devices are as falla)
sufficient mechanical strength, 2) high ionmnductivity, 3) high chemical and thermal

stabilities, 4) naor little fuel or electrolyte crossver through the membranes.

The typical process to obtain an IEMadslissole a polymeric material in an organic solvent
and casting on a proper platand finally, evaporating the solventhen, IEMs are obtained.
Meanwhile there are new methods for IEMs preparation to improve the performances of
membranes such as(i) blending, (ii) pore filling, (iii) in-situ polymerization and(iv)
electrospinning[13]. Polymer blendindi) isanattractive methodsincethis methodenhances
the chemical and mechanical stabileynd increassthe ionic conductivityf14]. Although this
method issimple forIEMspreparation, superior IEMsan beproducedby choosing two or
more polymerswhich arethermal, chemical and mechanicallystableandin anappropriate
ratio among the polymerdRore filling(ii) isa novel way to prepare IEM#Ms are generally
prepared by fillinga polymeric electrolyteinto a porous substrateThe poroussubstrate,
therefore, is required chemically andechanicallystable.In this method, IEMs with high

selectivity, high ion exchge capacity and low swelling can be prepaf&f]. Conventional
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in-situ polymerization(iii) employs postmodificationprocesswhich will bring additional cost
and toxicityrisks resulting in an obstacte industrial scale commercializatiptherefore, in
situ polymerizationhas been achieved without posimodification [16]. In this study,
brominated poly (2,&imethytl,4-phenylene oxide)(Br-PPO) was dissolved ihquid
monomeis without organic solvents followed by addition d¢értiary amines Then the
crosslinked AEMs were obtaindxy thermal crosslinking during the membrane formation
process. Electrgpinningmethod (iv) for IEM preparationprovidesunique advantagesA
polymer solution inan injector flies to the collector due to the applied electric field-in
betweens, subsequently a mat of nanofibers is formed onto colledtbfls For examplea
reinforced cation exchange membrane was prepared by elesgirm sulfonated poly(ether
ketone) (SPEKnanofiber followed byfilling the fiber mat voidsvith a Nafion dispersionby
inkjet-printing [18]. Thereinforced SPEK membrane exhibited 30% higher peak power density
in fuel cell test than that of a reference membrar@nforcedwith a poly(vinylidene fluoride

co-hexafluoropropylene) (PVEHFHiber mat).

2.2 Membranes for VRFBs

For the VRFB applications, both AEM and CBM be usedas a separatorThe primary
function of the IEM in VRFB is not only conduct ions of supporting electrolytes such as proton
or SQ@% or HS@ but alsoto prevent cross mixing of vanadium ions between two electrolyte
tanks.Nafion membranes, as described in introduction part, are commonly used in VRFBs due
to high chemical stability and its superior ionic conductijigj. In VRFBs Nafion membrane
showed high vanadium ions crossover resulting in a fast capacity decang durcharge
discharge cycling te$20]. Therefore, modification of Nafion membranes has been studied
and applied in VRFBs. Those membranes have shown improved battery performances, for
example, coating wh polyethyleneimine, poly(diallyldimethylammonium chloride) and
poly(styrene sulfonic acid) and composite membranes with inorganic patRIg22][23][9].

In spite of efforts to improve performances in VRFBswever,Nafion membranes are too
expensive to facilitate a large scale commercializath. Alternative aromatic hydrocarbon

main chain polymers have been studied in VRFBs such as sulfonated poly(ether ethe), ketone

17



(SPEEK) and sulfonated Ragelymer indicating better performance than Nafion
membraned25][26]. However, these types of membranasge obviouslydegraded by highly
oxidative vanadium &) speciesforming vanadium radicaksulting in aromatic chain scission
(Figure 4[27]. The V*oxidizes phenyl group through a radical mechanism, which resulted in
a chain scission of phenyl backboiiee\** oxidizesthe hydroxylated backboni@to quinone

through a redox mechanism.

@]
v) V<o>

OH (V)

(v H 0-0-v
(V) i

3 Q
V=0 (V)
V-OH + MQ«M " VOH -+ o

@)

Figure 4. Suggested degradation mechanism via vama(it)

AEMs for VRFBSAEMs have a fixed positively charged catidypi€ally quaternized
ammonium) and a mobile anion which is attached to the polymer chain. Therefore, using
AEMss expectedo reduce the vanadium ions permeation owing to Donnan exclusion effect
[28]. The Donnan exclusion effeistused to explaihowthe charged ions are distributatear

a permeable merorane.The positively charged cationic head groups of AEM will genarate
stable electrostatic field in the membrane matriwhichcreatesthe Donnan potentialThe

Donnan potential significantly affects to the membrapetential, which prevens the

18



crossover of electroactive species with positive chatgshould be noted that the Donnan
potential ishighlyaffected by theimbibed acidsywhen the AEMis speciallyimmersed in the
electrolyte of a strong acid solutionin this case, the distance betere AEM and electrolyte
becomes narrow which will lead to weaken the repel effect among the positive charged
electroactive species and the positive charged cationic head groups. Neverthdiess, t
Donnan effect will be still influence the transport behawidmpositive charged electroactive
species[29]. Excellent chemical stability of anion exchange (blend) membranes was also
reported due to the either Donnan exclusion effect or cross linking via reducing the free
spacesn the membrane, which limstthe oxdative vanadiunmons permeatingthrough the
membranegesulting in less agactsvia reducedrzanadium iongermeationinto membrane

and oxidative vanadium iorasdescribedpreviously[30][31]. Therefae AEMSs in VRFBs are
intensively studied, for example quaternized Dialder poly(phenylene) membrangs
ammonium functionalized Radel membranes and quaternized poly(phthalazinone ether
ketone ketone) membraneshowingimprovedperformances in VRFBs in terms of cycling test
[32][33][34].

A common and commeially available AEM for VRFBs applicatiorolgl@enzimidazole (PBI)
(seeHgure5). Thenitrogengroupsof imidazolein PBlare protonated in an acid mediurand
convert toimidazolium which canontribute the ions conductinfg5]. It is known that PBI can
absorb morethan oneacidmoleculeby hydrogen bonds per positively charged cationic head
group compared to its halide form e.€l, Br or I, therefore improved conductivity is
expected to their halide fornDespite of additional acghbsorption toward functional groug
conductivity of acid dopetheta-PBI was much lower compared to a Nafion membrane (
PBI: 15.8 mS/cm, Nafi®il2: 50.7 mS/cm measured in 1M VQSGIM HSQ) resulting in

lower energy efficiency than that of a Nafion membrane above 50 mAilcidRFBE3Q].
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HSOy .o
N

H H;0, . H

\ HSO, HSO4 s

N N
fl 9 :
N N

/ HSOy 1,0, HSOs Ny .
H;0,

m-PBl doped in sulfuric acid

Figure5. Sructure of m-PBI and when it doped in sulfuric acid

Different backbone structures of PBEdure6) have been studied in VRFBs to improve ionic
conductivity and battery performancés.g.BipPBI, NPBAnd poly[(1,4xylylenediyl)(2(2,4,6
trimethylphenyl)benzimidazolium 1,8yl bromide)[35][36][37]. BpPBI membranes showed
improved conductivity about 2.7 times higher thamata-PBI membrane and this membrane
exhibited lower area resistance tharNafion membrane in 4M sulfuric acid solution resulting

in a better battery performance than that of a Nafion membrane in terms of energy efficiency
[36]. Thin NPBI (15 pum) membrane showed comparable area resistance with a Nafion
membrane exhibiting excellent energy efficiency at a relatively low current density below 100
mA/cn¥ [37]. PBlionene blend membranes have been studied that addition ofiBBéne to
PBlhas showrthe voltage efficiencyncreasng dramatically. However, despite the increased
voltage efficiency, energy efficiency of those blend membranes was sligvigr in

performane than that of a Nafion membrani38].
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poly[2,2’-(2-benzimidazole-p-phenylene)-5,5"-bibenzimidazole] (BIpPBI)

%{H N\

‘\ '

N N
T

poly[2,2’-(1,4-naphthalene)-5,5'-bibenzimidazole] (NPBI)

poly[(1,4-xylylenediyl)(2-(2,4,6-trimethylphenyl)benzimidazo- lium-1,3-diyl bromide)

Figure6. Different structures of PBI used in VRFBs

Acidbase blend membranesvhich comprise blending of a basic polymer with an acidic
polymer forming ionical crodinks by proton transfer between acid and basic grospswed
significantly improved membrane @perties in terms of mechanical, thermal and chemical
stabilities and better performances than that of Nafion membranes in VEBBB#\ccordingly,
blend membranesvith sulfonated poly(ether etheketone) and quaternized poly(ether imide)
has shown improved coulombic and energy efficiencempared topristine sulfonated
poly(ether ether ketone) in VRFBs applicatjdf]. Likely, imidazoliuafunctionalized acie
base blend membranes with sulfonated poly (ether ether ketone) showed better VRFB
performancen terms ofseltdischarging test, coulombic efficiency and energy efficiency than
a Nafion membran@4l]. Thoseacidbase blend membranes have been intensively studied by
the Kerresgroup: these membrane®xhibit improved membrangropertiesin terms of

mechanical, chemical and thermal stabilities compared to their homopolymer membranes

21



(seeFigure7, the concept for aciebase blend membrane preparatiof2][43][44][45]. For
example, foran anion exchange blend membrane (AEBM) preparation, a PBI was used as a
matrix polymer to yieldnechanic#ly stable membrang An anion exchange ionomer was
used to provide anion exchange stey a quaternizatiorreactionwith tertiary amines A

minor amount of sulfonated polymer was used to enhance the chemical and mechanical
stabilities by forming ionic osslinks. Based on this anion exchange blend concept, anion
exchange blend membranes were prepared and applied in vanadium redox flow battery and

more details regarding synthesis and performances on VRFBs digidussed in théollowing

chapters.
Matrix polymer (PBI type) Anion exchange Sulfonated polymer

precursor (Br-PPO)

‘ Tertiary amine

HI@F‘CI&Q{%

4

Covalent cross-link C/Hz\l
Yoo

n— )—0—
- SOzH
- H
Anion-exchange ,R N,«;tlz ;;C\‘z
site [ Re ifill (o9

\ O\
o
A\
le) (o]
lonical cross-link
N‘N/O

Figure?7. Concept for acicbase blend membrane preparation
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Another approach to develop the anion exchange membrane for VRFBss study was
usageof poly(pentafluorostyrenelPPFStPPFStan be modified by nucleophilic substitution
on the para position of pentafluorostyreras illustrated inFigure8. A PPFSt based cation
exchange membrane via either sulfonation or phosphonation has shwetronly higher
conductivity than a Nafion membrarbut also highheat resistancestahlity up to e.g. 350°C
[46][47][48]. The dorementioned advantages @n anion exchange membrane in vanadium
redox flow battery andhigh stability of PPFSt inspired us to prepare anion exchange
membranes based on PPHStthis study, thereforenovel AEMs were synthesidey a three
stepreaction sequencéased on PPFSt as following. 1) grafting-(#-dimethylaminoethyl)
5-mercaptotetrazole by F/S exchange on the para position, 2) methylation of the tertiary
amino groups using iodomethane, 3) the blending of the anigohange polymers with
polybenzimidazole. The properti@s terms of conductivity, thermal stability, dimensional
stabilityand performances in VRFBs of synthesizedVA&®8re investigated. More details will

be described in the following chapters.

SOsH

Figure8. Modification of PPF$0b polyelectrolyte viaeither phosphonatioror sulfonation
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In this dissertation, therefore, AEBMs were prepared&appiedin VRFBs. Three papers
regarding AEBMs for VRFBs have been published in journals and appetidedissertation.
Thesummary of each paper is presented in following chapters and the whole papers for more

details can be found inext chapters

2.3 Vanadium redox flow battery

Due to the increasing consumption of fossil fuels generating carbon dioxide, which is the main
contribution to the global warming, the research for generating electric energy using
renewable energy is getting more and mongerest [49]. Redox flow battery (RFB) is one of
the most promising candidates for energy storage systems due to its unlinafeatity, safety

and flexibility of desigfi50]. Vanadium Redox Flow Batteri@gjich were first proposed by
SkyllasKazacos and eworkers in 1985are electrochemical energy storage devices stored in
separated external tanksontaining vanadiunelectrolytes indifferent oxidations state$51].

The redox reactions of vanadium ions are taking place on electrodes and can be described as

below.
; ; discharge 2
Cathode: VO, +2H +¢ VO~ + H,0
charge
discharge
Anode: \/'2Jr V3t 4 e

charge
discharge

Overall reaction: VOz* +2H" + Vz' —_— VOZ* + V_% +H,0

charge

A VRFB single cell is constructed by placing IEM between two electrodes with vanadium

electrolytescirculation as shown iRigure 9.
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Electrodes in VRFBs are providing active sites for the me@ations of vanadium ions stored

in electrolytes tanks. Therefore, electrodes to be used in VRFBs are reqtorgubssess
propertiesaslistedbelow: a) the electrodes provide only sites for the redox reactions and do
not react itself, b) the electrode should be (electro)chemically stable under higidyca
condition containing strong acid, c) the electrodes have to have superior electrical
conductivity to transfer fast charge reactions d) the electrodes possess good wettability with
electrolytes because it contacts directly with electroly{g§]. Variais electrode materials

have been investigated in VRFBs. As the VRFBs were first proposed byKakgtars and eo
workers, they evaluate a range of carbon and fwambon materials imninitial study[52]. In

this study, norcarbon materials such as k©@oated dimensionally stablenode eleatodes

or other metal electrodes were not suitable on the negativedsalf, and they have concluded
that carbonbased materials are suitable in \B&Fsince they can meet the requiremerdas
discussed above. Therefore, improved performance was achieved by surface treatments of
conventional carbo+based electrodes such as oxygen functional groups formations, chemical
treatments with nitric or sulfuriacid, thermal treatments or combination of thermal and
chemical treatments indicating improved wettability and increasing surface area which are
resulting in improwed performance in VRFBS0]|[53][54][55]. After that, various carbon
materials such as graphene (oxide), graphene oxide nanoplatahet multi walled carbon
nano tubes have been used for VRFBs application. Gragtafghene composite electrodes
showed remarkable improvementd# 30 % higher electrochemical performance in terms of

reversibility and current density compared to pristineaghite electrodes in VRFBS6].
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Graphene oxide nanoplatelet, which was oxidized at °&) have exhibited excellent
electrocatalytic activity on the electrochemical redox reactions due to the large amount of
functional groups such as@H and COOH formed during the oxidatsbep [57]. However, it
turned out that those electrodes have disadvantages due to the low electrical conductivity.
To improve electrical conductivity and increase the functional groups, 8leinal. produced
graphene oxide based electrodes by a thermal reduction method resulting in high electrical

conductivity and enhanced vanadium redox reactifBg59].

As discussed above, carbon materials and various graphite such as carbon felt, carbon paper,
CNTs and graphene have been used and evaluated in VRFBs. lai2@thed mesoporous
carbon electrode ws published for the first time for VRFBs application showing highly
improved redox reactions in terms of cyclic voltammetry test on both electrolytes due to the
nitrogen doping resulting in enhanced electthemical oxidation and reductiaeadionson
electrodesshowingthat N-doped mesoporous carbon electrodes are very promising materials

for VRFBs electrodg60]. Many studies are still being continued to improve electrode
materials or catalysts such @gnium/iridium (IV) oxideand Polyacrylonitrile (PAN) carbon
nanofibesfor use in VRFB61][62].

Evalation of a VRFB performance is determined by the coulombioltage and energy
efficiencies corresponding to charging and discharging pro€esgombic efficiency (CE) is
described as the ratio between charge capacity and discharge capacity. Thes&Ealas
influenced by side reactions, electrode corrosion and diffusion of vanadium ions through the
membranes (vanadium ions permeatidBg]. The voltage efficiency (VE) is affechydbhmic
resistance correspondingp the ionic conductivity[63]. Overall energy efficiency (EE)
determined(calculated)oy multiplication of CE and VEo investigate the chargdischarge
behavior of VRFBs, chardescharge cycles tests of AEBMs wexgied outby measuring the
discharge capacitiest eachcycle. Thaipper limit charge voltage of the single cell was set to
1.6 V to avoid corrosion of the electrodes. All the battery performances tested in this
dissertation were measured under the same conditions to compaenembrane effet on

the VRFBs. The measuremt® details for VRFBs are described in the following chapters.

26



CE (%) =

VE (%) =

EE (%) = CE x VE

2.4 References

1. Hagesteijn, K.F.L.; Jiang,l%dewig B.FA review of the synthesis and characterization of
anion exchange membrane$ Mater. Sci 2018 53, 1113%11150.

2. -dzZ ¢ L2y SEOKIY3IS YSYONIySa Y .dNMdmborS 2F
Sci 2005 263, 1¢29.

3. Yanagj H.;Fukuta, KAnion Exchange Membrane and lonomer for Alkaline Membrane
Fuel Cells (AMFCE&CS Tran2008 16, 257¢262.

4. Leng, Y.; Chen, G.; Mendoza, A.J.; Tighe, T.B.; Hicknen\Mr&y GY.SolidState Water
Electrolysis with an Alkaline MembraneAm. Chem. So2012 134, 90549057.

5. Pezeshki, A.M.; Tang, Z.J.; Fujim@q SunC:N.; Mench, M.M. Full Cell Study of Diels
Alder Poly ( phenylene ) Anion and Cation Exchange Membranéanadium Redox Flow
Batteries.J ElectrochemSoc 2016 163 A5154cA5162.

6. Kwon,T.; Lee, dW.; Cho, H.Henkensmeier, D.; Kang, Y.; Hong, S.M.; Koo, C.M. lonic
polymer actuator based on anieconducting methylated ethelinked polybenzimidazole
SensActuators BChem2015 214, 4349.

7. Lee, J.P.; Yoo, B.; Suresh, T.; Kang, M.S.; Vital, R.; HinNd¥el silansubstituted
benzimidazolium iodide as gel electrolyte for esansitized solar cellElectrochimActa2009

54, 4365%4370.

8. Kreuer. K. D. On the development of proton conducting polymer membranes for hydrogen
and methanol fue cellsl. membr. Sc2001, 185, 29-39.

9. Wang, N.; Peng, S.; Lu, D.; Liu, S.; Liu, Y.; Huang, K. Najfigny@di@ membrane
fabricated via hydrothermal method for vanadium redox battedySolid State Electrochem

27



2012 16, 157€1584.

10. Kerres, J.A. Design Concepts for Aromatic lonomers and lonomer Membranes to be
Applied to Fuel Cells and Electroly&islym Rev 2015 55, 273-306.

11. Yang, J.; Li, Qlensen, J.OPan, C.; Cleemann, L.N.; Bjerrum, N.J.; He, R. Phosphoric acid
doped imidazolium polysulfone membranes for high temperature proton exchange
membrane fuel cellsl Power Source2012 205, 114;121.

12. Cho, H.; Hur, E.; Henkensmeier, D.; Jeong, G.; Cho, E.; Kim, H.J.; Jaeg, K.M.; Hjuler,
H.A.; Li, Q.; Jensen, J.O.; Cleeman, Mdth-PBI/methylated PBDO blend membranes for

acid doped HT PEMHEur. Polym J 2014, 58, 135¢143.

13. Ran, JWu, L.; He, Y.; Yang, Z.; Wang, Y.; Jiang, C.; Ge, L.; Bakangura, E.; Xu, T. lon exchange
membranes: New developments and applicatioh&lemb. Sci 2017, 522, 267¢291.

14. Kerres, J.A.; Krieg, H.M. Poly(Vinylbenzylchlori@ased Anion-Exchange Blend
Membranes (AEBMs): Influence of PAdalitive on Conductivity andSability. Membranes
2017,7,32

15. Lee, M-S; Kim, T.; Park, 81, Kim, GS; Choi, ¥W. A highly durablecrosslinked
hydroxide ion conducting porglling membraneJ. Mater. Chem2012 22, 13928;13931.

16. Pan, Q.; Hossain, M.; Yang, Z.; Wang, Y.; Wu, L.; Xu,-poiGzodventfree synthesis of
crosslinked anion exchange membranes for electrodialy$idembr. Sci 2016 515, 115

124.

17. Sood, R.; Cavaliere, S.; Jones, D.J.; Roziére, J. Electrospiilbr@@omposite polymer
electrolyte fuel cell and electrolysis membranBsino Energ2016 26, 729;745.

18. Klose, C.; Breitwieser, M.; Vierrath, S.; Klingele, M.; Cho, H.; Bichler, A.; Kerres, J.; Thiele,
S. Electrospun sulfonated poly(ether ketone) ofipers as proton conductive reinforcement

for durable Nafion composite membranesPower Source®017, 361, 237242.

19. Schwenzer, B.; Zhang, J.; Kim, S.; Li, L.; Liu, J.; Yang, Z. Meb#welopment for
VanadiumRedoxHow Batteries.ChemSusChef011], 4, 138&;1406.

20.Chen, D.; Wang, S.; Xiao, M.; Meng, Y. Preparation and properties of sulfonated
poly(fluorenyl ether ktone) membrane for vanadium redox flow battery applicatid®ower
Source010 195 208%;2095.

28



21 Luo, Q.; Zhang, H.; Chen, J.; Qian, P.; Zhai, Y. Modification of Nafion membrane using
interfacial polymerization for vanadium redox flow battery apations.J Memb. Sci 2008

311, 98;103.

22. Xi, J.; Wu, Z.; Teng, X.; Zhao, Y.; Chen, L.; Qiu;a&seetibled polyelectrolyte multilayer
modified Nafion membrane with suppressed vanadium ion crossover for vanadium redox flow
batteries.J Mater. Chem 2008 18, 1232;1238.

23. Teng, X.; Zhao, Y.; Xi, J.; Wu, Z.; Qiu, X.; Chen, L. Nafion/organically modified silicate
hybrids membrane for vanadium redox flow battedyPower Source2009, 189, 124Q;1246.

24.Kim, S.; Tighe, T.B.; Schwenzer, Bn, ¥.; Zhang, J.; Liu, J.; Yang, Z.; HickneA. M.
Chemical and mechanical degradation of sulfonated poly(sulfone) membranes in vanadium
redox flow batteriesJ Apd. Electrochem2011, 41, 120%1213.

25. Mai, Z.; Zhang, H.; Li, X.; Bi, C.; Dai, Kbrtawed poly(tetramethydiphenyl ether ether
ketone) membranes for vanadium redox flow battery applicatibRower Source2011, 196,
482¢A87.

26.Kim, S.; Yan, J.; Schwenzer, B.; Zhang, J.; Li, L.; Liu, J.; Yang, Z.; HiBkr@yclMg
performance and efficiency of sulfonated poly(sulfone) membranes in vanadium redox flow
batteries.ElectrochemCommun2010 12, 165Q;1653.

27. Chen, D.; Hickner, M.A>\degradation of sulfonated Radel membranes for vanadium
redox flow batteies.Phys Chem Chem Phys2013 15, 1129%11305.

28. Mohammadi, T.; Kazacos, #Modification of aniorexchange membranes for vanadium
redox flow battery applicationsl Power Sources996 63, 179;186.

29. Zeng, L.; Zhao, T. S.; Wei, L.; Jiang, H. R.; Wu, M. C.; Anion echange membranes for aqueous
acid-based redox flow batires:Current status and challengeésopl. Energy019 233 622

643.

30. Zhou, X.L.; Zhao, T.S.; An, L.; Wei, L.; Zhang, C. The use of polybenzimidazole membranes
in vanadium redox flow batteries leading to increased coulombic efficiency and cycling
performance ElectrochimActa2015 153 492;498.

31. Zeng, L.; Zhao, T.S.e\M_.; Zeng, Y.K.; Zhang, Z.H. Highly stable pyridinietionalized

crosslinked anion exchange membranes for all vanadium redox flow battedieBower

29



Source016 331, 452461.

32. Sun, CN.; Tang, Z.; Belcher, C.; Zawodzinski, T.A.; FujimoEvalliation of Dieldlder
poly(phenylene) anion exchange membranes in-vafladium redox flow batteries.
ElectrochemCommun2014 43, 6366.

33. Chen, D.; Hickner, M.A.; Agar, E.; Kumbur, E.C. Optimized Anion Exchange Membranes for
Vanadium Redox FloRatteries. ACS AppMater. Interfaces2013 5, 7559;7566.

34. Zhang, B.; Zhang, S.; Xing, D.; Han, R.; Yin, C.; Jian, X. Quaternized poly(phthalazinone ether
ketone ketone) anion exchange membrane with low permeability of vanadium ions for
vanadium redox flow battery applicatiod.Power Source®012 217, 296;302.

35.Li, Q.; Jensen, J.O.; Savinell, R.F.; Bjerrum, N.J. High temperature proton exchange
membranes based on polybenzimidazoles for fuel délisg Polym Sci (0xf.)2009 34, 449

477.

36. Jang, JK.; Kim, FH.; Yoon, S.J.; Lee, J.Y.; Le€,;Hon, Y.T. Highly proton conductive,
dense polybenzimidazole membranes with low permeability to vanadium and enhanced
H.SQ absorption capability for use in vanadium redox flow batterieslater. ChemA2016

4, 14342,14355.

37. GengK,;Li, Y.;Xing,Y.;Wang,L.; LiN. A novel polybenzimidazole membrane containing
bulky naphthalene group for vanadium flow battedyMembr Sci 2019, 586, 231¢239.

38.{ U NXzo-Rirénil] Jung, M.; Maljusch, A.; Conradi, O.; Kim, S.; Jang, J.H.:Kjiweh,

Y.; Nam, S.W.; Henkensmeier, D. Imidazole based ionenes, their blends w@® RBid
applicability as membrane in a vanadium Redox flow battEoy. Polym J 2017, 96, 383;

392.

39. Chromik, A.; dos Santos, A.R.; Turek, T.; Kunz, U.; Haring, T.; Kerres, J. Stability of acid
excess acitbase blend membranes in-afanadium redoxlow batteries.J Membr. Sci2015

476, 148155.

40. Liu, S.; Wang, L.; Li, D.; Liu, B.; Wang, J.; Songpvel amphoteric ion exchange
membranes by blending sulfonated poly(ether ether ketone)/quaternized poly(ether imide)

for vanadium redox flow battery applicationsMater. Chem A 2015 3, 1759 17597.

41.Yan, X.; Zhang, C.; Dai, Y.; Zheng, W.; ,RXarHe, G. A novel imidazolitbased

30



amphoteric membrane for higherformance vanadium redox flow battery. Membr. Sci

2017, 544, 98;107.

42. Kerres, J.; Cui, W.U.S. Patent 6,194,£2D01, U.S. Patent 6,300,382001;, EP Patent
10736902004

43. Morandi, C.G.; Peach, R.; Krieg, H.M.; Kerres, J. Novel imidahatictionalized anion
exchange polymer PBI blend membrangslembr. Sci 2015 476, 256;263.

44. Morandi, C.G.; Peach, R.; Krieg, H.M.; Kerres, J. Noyghatiniumfunctionalized anion
exchange PBolymer blendsJ Mater. Chem A 2015 3, 1110;1120.

45. Kerres, J.; Ullrich, A.; Haring, T. EP 1076676,2004, US 6723757, 2004.

46. Atanasov, V.; Kerres, J. HigilyosphonatedPolypentafluorostyrene Macronolecules
2011, 44, 6416;6423.

47. Atanasov, V.; Birger, M.; Lyonnard, S.; Porcar, L.; Kerres, J. Sulfonated
poly(pentafluorostyrene): Synthesis & characterizatiBaolid State lorR013 252, 75;83.

48. Atanasov, V.; Gudat, D.; Ruffmann, B.; Kerres, J. Highly phosphonated
polypentafluorogi @ NSy S Y / KFNF¥ OGSNAT I A2y Erypoymd t Sy RaA
2013 49, 397739845

49.Yang, Z.; Zhang, J.; KinuMeyer, M.C.W.; Lu, X.; Choi, D.; Lemmon, J.P.; Liu, J.
ElectrochemicalthergySorage forGreen Grid. ChemRev 2011, 111, 357%€3613.

50. Kim, K.J.; Park, M&.; Kim, ¥YJ.; Kim, J.H.; Dou, S.X.; Skylagacos, M. A techragy
review of electrodes and reaction mechanisms in vanadium redox flow battdrigkter.
ChemA 2015 3, 16913,16933.

51. Sum,E.; SkyllaKazacos, MA study of the V(I)/V(IIl) redox couple for redox flow cell
applicationsJ Power Source$985 15, 173;190.

52. Rychcik, M.&kyllasKazacos, MEvaluation of electrode materials for vanadium redox cell.

J Power Source®987, 19, 45¢54.

53. Qun, B.; SkyllgKazacosM. Chemical modification of graphite electrode materi&ds
vanadium redoxlow battery applicatiorpart Il. Acid treatmentsElectrochimActal992 37,
24592495.

54. Xiacgang, L.; Kéong, H.; Sigin, L.; L.guan, C. Electrochemical behavior of diverse

31



vanadium ions at modified graphite felt electrode in sulphuric solutborCent. South Univ.
Technol2007, 14, 51¢56.

55. Qun, B; Skyllakazacos, M.Modification of graphite electrode materials for vanadium
redox flow battery applicatio. Thermal treatment. ElectrochinActal99, 37, 1253,1260.

56. Tsai, HM.; Yang, SY; Ma, CG:C.M.; Xie, XPreparation and Electrochemical Properties of
Graphene Modified Electrodes for AWanadium Redox Flow Batteriédectroanalysi2011,
23,213%2143.

57.Han, P.; Wang, H.; Liu, Z.; Chen, X.; Ma, W.; Yao, J.; ZBwj, YG.Graphene oxide
nanoplateles as excellent electrochemical active materials fof*@* and \**/V3* redox

couples for aszanadium redox flow batteryCarbon2011, 49, 693;700.

58. Gonzalez, Z.; Botas, C.; Blanco, C.; Santamaria, R.; Granda, M.; Alvarez, P.; Menéndez, R.
Graphite oxidebased graphene materials as positive electrodes in vanadium redox flow
batteries.J Power Source®013 241, 34 354.

59. Gon&les, Z.Vizireanu, S.; Dinescu, G.; Blanco, C.; Santanfar Carbon nanowalls thin

films as nanostructured electrode materials in vanadium redox flow batteNaso Energy

2012 1, 833¢839.

60. Shao, Y.; Wang, X.; Engelhard, M.; Wang, C.; Dai, S.; Liuy,JZ.Man, Y. Nitrogetoped
mesoporous carbon for energy storage in vanadium redox flow batteli€ower Sources

2010 195, 43754379.

61. Wei, G.; Liu, J.; Zhao, H.; Yan, C. Electrospun carbon nanofibres as electrode materials
toward VG*VO,* redox couple for vanadium flow battery.Power Source2013 241, 70%;

717.

62. Raguu,SC; Ulaganathan, M.Lim, TM.; KazacosM.S. Electrochemical behaviour of
GAGlI YAdzZYK ANARADZYO L0 2EARS Y ¢l yidltdzy LSyidz2
redox flow battery.J Power Source2013 238, 103;108.

63. Chen, D.; Hickner, M.A.; Agar, E.; Kumbur, E.C. Optimizing membrane thickness for
vanadium redox flow batteried. Membr. Sci 2013 437, 108;113.

32



3. Application of Novel AnieExchange Blend Membranes

(AEBMs) to Vanadium Redox Flow Batteries

Hyeongrae Cho, Henning M. Krieg and Jochen A. Kerres

(reprinted with permission of MDPI)

Abstract

Both cationexchange membranes and anieRchange membranes are used as ion
conducting membranes in vanadium redox flow batteries (VRFBS). -Ararange
membranes (AEMSs) are applied in vanadium redox flow batteries due to the high blocking
property of vamdium ions via the Donnan exclusion effect. In this study, novel anion
exchange blend membranes (AEBMs) were prepared, characterized, and applied in VRFBSs.
Bromomethylated poly(2,6dimethyt1,4-phenylene oxide) poly[(1-0 n -Hiphenylether)5-
oxybenzimidaale)}benzimidazole] (PBDO) and sulfonated polyether sulfone polymer were
combined to prepare ®omponent AEBMs with 1,2 4tBtramethylimidazole (TMIm) for
guaternization. 3component AEBMs showed significantly enhanced chemical and mechanical
properties compared with those of 2omponent AEBMs, resulting in an improved
performance in VRFBs. The compositions of the amiamange polymers in-8&omponent
AEBMs were systematically varied to optimize the AEBMs for the +ibaloxbattery
application. While tk 3-component AEBMs showed comparable efficiencies with N&#iba
membranes, they displayed improved vanadium ions em&s as was confirmed by open
circuit voltage tests and capacity fade tests conducted in VRFBs. In addition, one of the
synthesized omponent AEBM had a superior coulombic efficiency and capacity retention
in a chargingdischarging test over 300 cycles at a current density of 40 mA/troan thus

be concluded that omponent AEBMs are promising candidates for itergh operation in
VRFBs
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3.1 Introduction

Vanadium redox flow batteries (VRFBs) provide a promising technology fostzatgeenergy
storage. Vanadium redox flow batteries can be described as electrochemical devices that
store energy in two separated solutiorntaining different redox couples. In VRFBSs,
vanadium ions, which are stored separately*(V* and \#*/V>) in electrolyte reservoirs,
undergo electrochemical redox reactions on the surface of electrodes [1,2]. Since ion
conducting membranes are usedredox flow batteries (RFBs) as a separator between the
two electrolytes, they are an integral component of VRFBs. Their role however is not only to
conduct sempermeable ions such as fér cation-conducting membranes or $0and HSGY

for anionconducting membranes thereby maintaining charge balance, but also to prevent the

crossmixing of the two electrolyte§\?*/V3*and \W/V>).

For such VRFB separators, both cattoschange membranes (CEMs) and aregohange
membranes (AEMs) cdre used. The most widely studied CEMs are based on perfluorinated
polymer membranes known as Nafion® (developed by DuPont), which are commonly used in
VRFBs because of their high proton conductivity and excellent chemical stability [3]. However,
in VRFBs\lafion® displays high vanadium ion permeation, resulting in fast capacity reduction
in cycling tests [4]. To reduce the vanadium ions permeability, Nafion® has been modified
both  externally, for example by coating with polyethyleneimine [5],
poly(diallyldmethylammonium chloride) (cationic layer), and poly(styrenesulfonic acid)
(anionic layer) [6], or internally, for example by manufacturing composite membranes using
inorganic particles [7,8]. However, in spite of these advances, Nafion® remains versgiegpen
limiting the largescale commercialization of this technology [9]. For this reason, the
development of alternative membranes for VRFBs has been intensively studied. For example,
poly(vinylidene fluoride) (PVDF) membranes grafted onto polystyrenelagiesph better
performances than Nafion® membranes [10]. In addition, aromatic-etaam polymers have

been intensively studied due to their high chemical stability which can be traced back to their
aromatic structure. One such polymer, sulfonated poly(etather ketone) (SPEEK), when

applied in VRFBs, has shown only a slight efficiency decrease after 80 atdisgingrging
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cycles at 40 mA/cA{11]. In contrast, sulfonated Radelf@sed polymer membranes suffered
from significant capacity loss after 40 epamgcdischarging cycles at a current density of 50
mA/cn?, probably due to a radical attack of higliyidizing vanadium oxoperoxide species

on the electrophilic arylene ether bond [12,13]. Therefore, partially fluorinated aryl CEMs
have been developed vith possess lower electron density due to pendent strong eleetron
attracting F moieties, which leads to better stability resulting in improved efficiencies of RFBs
[14,15].

Another strategy to improve the performance of VRFBs is usingoasiel blendmembranes
composed of a sulfonated aryl polymer and a basic polymer with aryl ¢vagpd polymers
[16]. These types of blend membranes, developed by the grolfeoks over more than 15
years of research, displayed improved chemical and mechanical itstatdimpared to
membranes consisting of homopolymers §I1B]. In terms of VRFBs, preliminary
investigations of the performance of adidise blend membranes showed higher efficiencies
than Nafion® [16].

Most AEMs possess positively charged functional gsosych as quaternized ammonium
(fixed ions) with accompanying and exchangeable anions as counter ions. Through this
structure, the positively charged vanadium ions are repulsed by the membrane, which is
known as the Donnan exclusion effect, resulting itrezrely low vanadium ions crosser

[20]. Low vanadium permeation is the reason for studying AEMs for VRFBs. For example,
quaternized DielsAlder poly(phenylene) membranes showed slower capacity fade than
Nafion® [21]. Similarly, a quaternized ammoniumchionalized poly(fluorenyl ether) AEM
exhibited very low vanadium permeation and achieved 100% coulombic efficiency [22]. In
another study, quaternized poly (phthalazinone ether ketone ketone) membranes were
prepared and investigated for VRFB suitabaitywing almost 100% coulombic efficiency at

a chargingdischarging test for 80 cycles measured at a current density of 80 ni428h
Recently, polysulfonbased cros$inked AEMs were applied in VRFBs also showing coulombic
efficiencies of 100% after 1@fycles at 50 mA/chindicating excellent blocking of vanadium

ions [24]. Ren et al. [25] investigated blend membranes of quaternized

polysulfone/polyvinylidene fluoride (PVDF) showing improved mechanical properties and
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performance in VRFBs due to blendindgarious studies have investigated the use of
amphoteric membranes via aclwhse blending for VRFBs [26,27]. Again these blend
membranes showed high coulombic efficiencies where the capacity retention foitiloeg
cycling from one of the INPSf/SPEEK dlerembranes was 69% at the 50th cycle measured
at a current density of 80 mA/ctrwhile blend membranes prepared from sulfonated
poly(ether ether ketone) and quaternized poly(ether imide) reached 64% at the 100th cycle

measured at a current density of 50 reAn?.

As mentioned previously, blend membranes according to the literature showed improved
VRFB performance compared to homopolymer membranes. Previously, results obtained from
2-component blend membranes were published indicating improved performance as
aforementioned. In this study, -8omponent polymer containing anieexchange blend
membranes (AEBMs) were prepared and characterized in terms of the physical properties,
chemical stability, and performance in VRFBs. For twe®n3ponent blend membranes,
bromomethylated poly(2,&limethyt1,4-phenylene oxide) (BPPO) was used as an anion
exchange precursor with 1,2 4tétramethylimidazole (TMIm), and polyfdn-X n
diphenylether)5-oxybenzimidazolebenzimidazole] (PBDO) being used as a matrix polymer

to improve the mechanical stability. A small amount of a sulfonated polymer (9 to 15% in
blend membranes) was added as a third polymer component for ionical-tnégsgy. The 3
component aniorexchange blend membranes showed significantly improved VRFB
performance regarding vanadium ion cresger when compared to -2omponent blend
membranes containing only PHED and PBDO. One of the -Bomponent aniorexchange
blend membranes did not show any changes in coulombic efficiency during 300 cycles
maintaining almst 100%. At the 300th cycle performed at the current density of 40 mA/cm
77% of capacity had remained. The anrexthange blend membrane showed significantly
longer stability during the open circuit voltage (OCV) test due to the lower vanadium ions
crossover when compared to commercial membranes. Accordingly, the aexchange
blend membranes would be promising candidates for lergn operation in VRFB

applications.
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3.2 Materials and Methods

Materials

All chemicals were used without further purification. Poly{@igethyl1,4-phenylene oxide)
(PPO) was purchased from Sigma Aldi¢iar(ich, Germany and bromination was conducted

in the same way as described previously [28]. Polg[fi-Hiphenylether)5-
oxybenzimidazolebenzimidazole] (PBDO) was purchased from FuMA&ch GmbH
(BietigheimBissingenGermany. Sulfonated polymer was synthesized as previously reported

in the literature [29]. 1,2,4%etramethylimidazole was purchased from Tg@kmicals N,N-
Dimethylacetamide (DMAc) and methanol were obtained from VWR International GmbH
(Bruchsal Germany. Sulfuric acid, potassium hydroxide, 0.1 N standard hydrochloric acid,
and sodium hydroxide were purchased from Carl Roth GrlaHgruheGermany. Vanadium
electrolyte was provided by RIVA GmbH Batteries. The structures used in this study are

presented in Figure 1.

Er\CH’ X ®
o o +-O-0~-OHCh

Bromomethylated PPO Sulfonated polymer
CH;
H (
\ N——
N ° N
I T~ /%/‘“
H
CH,
PBI-OO 1,2.4,5-tetramethyl-1H-imidazole (TMIm)

Figure 1.Structures of polymers and TMIm used in this study.

Membranes Preparation
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Details of the preparation of the anieexchange blend membranes are shown in Figure

2. Each polymer solution was prepared separately as a 10 wt % solution in DMAc. Polymer
solutions were mixed together, then TMIm was added into the polymer mixture solutio
directly in the desired quantities and homogenized. The blend solution was then casted
onto a glass plate, followed by solvent evaporation in a convection overhgated at

40 °C) at 60 °C for 24 h. After drying, the formed membrane was separatethieaytass

plate by immersion in water. Then membranes were immersed in 1 M sulfuric acid for 1
day at room temperature with one replacement of the sulfuric acid solution during this
period. The membranes were repeatedly washed with deionized water at room
temperature for 1 day to remove all excess sulfuric acid before being stored in plastic

zipper bags before further use.

Matrix polymer (PBI) Anion exchange ionomer precursor Sulfonated polymer

“Hy

H
\
N

Covalent cross-link (:{u, ]
-~
O O —nnns
SO;H
(o]

Anion Exchange Blend
Membrane

Figure 2 Preparation of aniofexchange blend membranes.
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Membrane Characterization

lon Exchange Capacity

The membranes werenmersed in a 1 M KOH solution for 1 day at 90 °C for ion exchange to
hydroxide form. After ion exchange, the membranes were washed with water several times
to remove excess KOH. Subsequently, the membranes were immersed in a 60 mL saturated
sodium chlori@ solution to exchange the ani@xchange groups to chloride and stirred for 1

day. Subsequently, 3 mL of a standard 0.1 N hydrochloric acid was added to the saturated
sodium chloride solution and stored overnight. The next day, the membranes were washed
with 25 mL deionized water and this water was added to the 60 mL saturated sodium chloride
solution. The back titration was conducted with a 0.1 N sodium hydroxide solution. Finally,
the membrane was repeatedly washed with water and dried at 60 °C. The lEtawas

calculated using the following equation.

IEC = (G&1x Micib  NabHX Maol/Mary (1)

where IEC is the ion exchange capacity (OH form, mmol{g)jsChe concentration of a
hydrochloric acid solution,éis the used volume of a hydrochloric acid solutiofsdgis the
concentration of a sodium hydroxide solutionya9H is the added volume of a sodium

hydroxide solution, and &, is the dry weighof the membrane.

Conductivity
A Zahnegelektrik IM6 impedance spectrometekonach Germany was used for measuring

impedance under ambient atmosphere. The impedance was recorded at room temperature
in a 1 M sulfuric acid solution with a frequency range of 200 KHz to 8 MHz in the potentiostatic
mode (amplitude 10 mV). The membrane resistance el#ained from the intercept in the

real xaxis. The conductivity was determined using the follow equation.

[ sp MAHRWK A (2)
GKSNBE °~ Aa GKS O2¥HRdzOKASOANRRA AGY{AKGAYIRE oK OY
YSYONIYS 60Y0ZI w Aa (GKS 2KYAO NBZAalGlFIYyOS oKL
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Water Uptake (WU) and Swelling Ratio (SR)

The water uptake and swelling ratio were determined by comparing the membrane tyveigh
length, width, and thickness of a dry and a wetted membrane. A wet membrane sample was
cut and the weight, length, width, and thickness was measured after removal of residual water
on the surface by blotting with a tissue paper. After drying the meméan90 °C for 1 day,

the weight, length, width, and thickness were again measured. The water uptake and swelling

ratio were calculated using the following equations.
21 20 ' 0280 ¢SAIAKG b S5NEB gSAIKI(Q
SR&>0 ' 028G tSy3adK b 5NB fSy3aidko 4
SR& 20 I 02S0 ARUGK b 5NB gARGKOKS((5)

SR&20 I 6280 GKAOlYySaa b 5NB GKAO(®6)

FourierTransform Infrared Spectrosco@yFIR

FTFIR spectra of thenembranes were recorded comprising 64 scans in the wave number
range from 4000 to 400 crhusing a Nicolet iS5 (Thermofisher Scienti€arlsruhe Germany

and a diamond attenuated total reflectance (ATR) module.

Gel Content by Extraction

To determine tle degree of dissolution of the membrane in an organic solvent, the weight
loss was calculated by measuring the weight difference of the membranes before and after
DMACc extraction. The dry membrane was kept in DMAc for 4 days at 90 °C and the following

3 days in methanol. The weight loss was determined using the following equation.

Gel (%) = (Weight after/Weight before) x 100 (7)
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Thermal Stability

To investigate the thermal stability of the membrane, thermal gravimetric analysis (TGA) was
done using aried membrane (dried at 90 °C in convection oven) at a heating rate of 20 °C

per minute under @N2 atmosphere (66§70% oxygen) with a NETZSCH TGA, model STA 499C
(Selb, Germany

Chemical Stability

The chemical stability of the membrane was determinsthg an electrolyte solution (1.6 M
VOS®@in 30% HSQ). A dry membrane was soaked in this solution at room temperature for
12 days. Subsequently, the membrane was washed repeatedly with water for 1 day before
being dried at 90 °C in an oven. The weighsI@NL) of the membrane was determined using
the following equation.

2 &20 ' w62 SAIKEG 0STF2NB b 2SAIKI(8

~

Vanadium Redox Flow Battery (VRFB) Test

A VRFB single cell was manufactured as shown in Figure 3anidreexchange blend
membrane with an active area of 28 ¢mas placed between two carbon felts. Copper plates
were used as a current collector. The single cell was assembled between two end plates, and
the screws were fastened with a torque of 3.5 NmyRtlylene tubes were utilized to supply

the electrolytes. Twenty mL of 1.6 M VOS©30% HSQ was filled in tubes of both sides as
electrolytes, without pumps and tanks. The cell was first charged to 1.6 V at 40 rhaicm
discharged to 1.0 V at the sancerrrent density, then charged and discharged at different
current densities. The open circuit voltage (OCV) was recorded after charging the cell to 1.6
V. A longerm chargingdischarging cycles test was conducted with a current density of 40
mA/cn?. Thecoulombic efficiency (CE), voltage efficiency (VE), and energy efficiency (EE) for

the process were calculated as follows.
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CE (%) =ttc x 100 9)
VE (%) =V x 100 (10)
EE (%) = CE x VE x 100 (11)

where {is the discharging timec ts the charging time, Ms the average discharging voltage,

if

Figure 3.The configuration of vanadium redox flow battery single cell.

and \{is the average charging voltage.

3.3Results and Discussion

Preparation and Properties of AnieExchange Blend Membranes

Anionexchange blend membranes composed of two or three polymeric components which
had been quaternized with TMIm were prepared. Details of the membranes and their
compositions are listed in Table 1. RBD was used as a matrix polymer since
polybenzimidaales are known to possess high mechanical and thermal stabilities [30]. The
mechanical stability was further enhanced in the blend system by the covalentlorkissg)

with B-PPO [31,32], as shown in Figure 2PBO was used as an aniexchange precurso
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and the aniorexchange polymer was formed by quaternization of the bromomethyl groups
of BFPPO with TMIm. A sulfonated polymer was used as an ionicallarkes (sulfonate

anions with tetramethylimidazolium cations).

Table 1.The compositions of the anieexchange blend membranes.

9YUNE . WtfR oG t HIFFro G {1t 2€ FYFKNGG ¢ aXF F FOFOFlj dzA €

. at alF¥i pH op M O o]
. atal Y p H op M O M
.atalLy cn HC M p M
.atalLy np np MM M
.atalLyY ocC pp (04] M
.atalLy cn nn n M

* Abbreviations BMTMIm : blend membranes with,2,4,5tetramethylimidazole ** Br-
PPO Bromomethylatedpoly(2,6dimethyt1,4-phenylene oxide)*** PBIFOO :poly[(1-

0 n -Hiphenylether)5-oxybenzimidazolepenzimidazole] **** S-Polymer : sulfonated
polymer, ***** TMIm : 1,2,4,5tetramethylimidazole For structures of polymers, see
Figure 1.

Initially the aniorexchange blend membranes were made using an excess of TMIm (BM
TMIm 1), but the membranes showed turbidity after solvent evaporation. Moreover, they
were mechanically unstable when wet due to high water uptake (Figure S1). Thus, thetamo
of TMIm was reduced to the same equivalent offBYO (except for BMIMIm I see Table

1) resulting in transparent membranes after solvent evaporation and mechanical stability of
the waterswollen membranes. Anieexchange blend membranes were preparedthw
different ratios between the PBDO and BPPO. It was subsequently observed that-BMIm

2 (BFPPO:PBDO = 7:3 by wt %) was a turbid membrane when dry and mechanically not very
stable. Transparent and mechanically stable blend membranes were obtayneducing the
anionexchange polymer (i.e., B1#PO amounts). It turned out that blend membranes
containing high amounts (more than 52%) of TMjoaternized PPO yielded turbid
membranes after solvent evaporation, being mechanically instable when wstolild be
noted that the blend membrane composed of-BPO and PEBDO (6:4 by weight percent)

without TMIm showed very low conductivity (0.41 mS/cm in 1 M sulfuric acid) and no
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performance in the VRFBs test, thus, blend membranes in this study, mostlgdiaternized
groups originated from the quaternization reaction of /O with TMIm.

A structural analyses of the three individual polym@sPPO, $olymer, PBOO)used as

well as on one membrane (BWMMIm 1) were performed using R (ATR mode) asgsented

in Figure 4. According to the literature, the peaks of the imidazchbuiaernized PPO were
found at 1573, 752, and 3400 £hj33]. These peaks are found in blend membranes (Figure
S2). However, in the blend membranes these peaks overlap with piblgmer peaks and
were hence not clearly recognizable. The stretching vibration peaks of th@€l Qrbup in
poly(vinylbenzyl chloride) were found at 675, 709, and 126% [34]. Thus, the strong peak

at 1302 critin BFPPO in Figure 4 can be assigned sisetching vibration of the GBr group,
which is not found in the blend membranes, indicating that no bromomethyl groups were left
in the blend membranes after quaternization.

A summary of the properties of the membranes is listed in Table 2. Allesindd anion
exchange blend membranes in this study showed comparable IECs with other published
results [35]. It is known that the conductivity of anierchange membranes is much lower
than proton conductivity of catio@xchange membranes in aqueous s@nt[22]. Both BM
TMIm 1 and BMIMIm 2 showed higher ionic conductivities (149 and 144 mS/cm,
respectively) than Nafidh(98.5 mS/cm) in acidic media (1 M sulfuric acid), which can be
ascribed to the high uptake of sulfuric acid contributing to ionic conductivity. This confirms
that conductivities can be achieved that are comparable to catiwchange membranes.
Therefore,the disadvantage of the low conductivity of AEMs can be overcome by adjusting
the IECs and electrolyte uptakes when applied in VRFBs, since contribution of conductivity in
AEMs is sulfate anions and protons. But in the PEMs, some of the anionic sitesapesd

by low mobility vanadium anions [36]. With increasingPBYO content in the blend
membranes, the conductivity increased while the dimensional stability decreased due to the
increased water uptake. The addition of the sulfonated polymer resultedecreased
conductivities but enhanced dimensional stability and higher gel content (see data-of BM
TMIm 1 and BMTMIm 6 in Table 2). Thus swelling properties of the aexchange blend

membranes can be controlled by varying the amexthange polymer peent and/or
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addition of a sulfonated polymer, where a tradeoff has to be sought between the swelling

degree and the ionic conductivity.

Table 2.The properties of anioexchange blend membranes.

IECs (OH  Conductivit  Gel Dimensional Stability Tonse TNICknESS

Entry Form) ies (ms/cm) %) wu SRL SRw SRr ¢C) (um, Wet in

%) (%) (%) (%) 1 M H2S04)
BM -TMim 1 271 149 95 71 31 29 16 281 89
BM-TMIm 1 -1 3.26 40.9 95 47 19 18 15 314 71
BM -TMim 2 3.04 144 94 105 n.a* na* na* 320 92
BM-TMIm 4 3.41 21.0 94 31 12 12 9 306 57
BM-TMIm 5 293 13.7 92 33 12 11 8 306 66
BM-TMIm 6 3.39 65.2 92 58 21 20 15 303 63
FAP 450* 2.18 35.2 T 9 8 9 304 58
Nafion ®212  0.88 (H form) 98.5 ; 8 7 9 3 299 53

*FAP 450 anionexchange membrane produced by Fuifiech** not applicable due to

mechanical failure,** extremely swelling in DMACc.
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Figure 4 FourierTransform InfraredFFIR)spectrum of bleneforming polymers

and of one aniorexchange blend membrane as an example {B¥Im 1).

45



The thermal stability of the blend membranes as determined using thermal gravimetric
analysis (TGA) is shown in Figure 5. The first weight loss stelb(®0C) is attributed to the
water evaporation absorbed in the membranes. The second step starts 4C30¢hich is due

to the loss of quaternized imidazolium groups and splitifigof the sulfonate groups of the
sulfonated blend component [37]. Thus, thermal stabilities afothponent (BMTMIm 6,

303 °C, loss of quaternized imidazolium) andoBiponent(BM-TMIm :1, 314 °C, loss of
quaternized imidazolium and sulfonated group) blend membranes showed similar thermal
stabilities. It is clear from the TGA traces that all the aragohange blend membranes had
excellent thermal stabilities.

By comparing theveight variation of membranes after immersion in electrolyte solution, the
relative chemical stability can be evaluated [38]. According to the literature, the proposed
degradation pathway for membranes is based on aromatic backbone degradation caused by
vanadium peroxo radicals resulting in chairission and weight loss by leaching out the
degraded polymer chains of the blend components [13]. For the chemical stability test, the
membranes were immersed in an electrolyte solution (1.6 M VA8B80% HSQ) at room
temperature for 12 days. The weight losses before and after the test are shown in Figure 6.
All the blend membranes showed weight losses in the range of 5% to 8% which is higher than
the weight loss of Nafidhwhich had an outstanding chemicalabtlity due to its
perfluorinated alkyl backbone. The weight loss of the commercial aechange membrane

FAP 450 lies in the same range as these of the AEBMs. It can be seen thabthpdhent

blend membranes (e.g., BMMIm 1, 5.2%) showed less waigoss than the Zomponent

blend membrane (BMMIm 6, 7.8%). These two membranes are comparable as they were
prepared with the same amount of BXPO and PEDO, with only the sulfonated polymer
added in BMTMIm %1 confirming that the additional sulfonedl polymer enhanced the

chemical stability and mechanical stability.
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Vanadium Redox Flow Batteriyerformance

The upper limit charge voltage of the single cell was set to 1.6 V to avoid corrosion of the
electrodes [39]. The performance of the different membranes was recorded using a single
VRFB cell. Due to mechanical membrane failure during sintjlpreparation (broken, BM

TMIm 1) and a very fast creeser of electrolyte (BMIMIm 2) in the VRFB caused by high
water uptake and therefore low dimensional stabilities of blend membranes, the performance
of BM-TMIm 1 and BMI'MIm 2 were not further measad in battery tests. Figure €a shows

the respective CE, VE, and EE of the VRFB as a function of the current density. In general, the
CE of VRFBs is influenced by vanadium ions permeation, possible side reactions, and electrode
corrosion [40]. Since theVRFB setup was identical for all single cell performance
measurements in this study, the side reactions and electrode corrosion should be similar for
all battery measurements. Therefore, the main contribution to the CE is the vanadium ions
crossover.

Allanionexchange blend membranes have shown higher CEs than Rafiero the Donnan
exclusion effect mentioned previously. The@nponent AEBMs had a higher CE than the 2
component AEBMs in VRFBs indicating less vanadium ions-om@ssvia enhanced
dimensional stability. These membranes also showed an increased CE as a function of current
density due to the decreased time allowed for vanadium permeation. Hence-toenponent
AEBMSs had improved vanadium ions blocking properties than tt@ndonent AEBMsThe

VE of all membranes decreased with increasing current density due to the increasing over
voltage at the electrodes [41]. The VE is affected by the ohmic resistance which corresponds
to the ionic conductivity [40]. Nafi¢has expected, showed the higst VE of all the tested
membranes in VRFBs due to its high cation conductivity and’Bvh 5 showed lowest VE

due to the lowest conductivity among the tested membranes. However, it can be seen that
the differences of the VEs between BMIm 11 or BMTMIm 4 and Nafiofiwere small
despite the higher conductivity of Nafi6r212, compared to that of most of the blend
membranes. Moreover, VEs of BMMIm 11 and BMTMIm 4 showed almost the same value
despite the higher conductivity of BWMIm 11, compared tathat of BMTMIm 4. These

results suggest that the ionic conductivity in VRFBs is not a critical parameter. The overall
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energy efficiencies (EE) of AEBMs showed higher values than that of FAP 450 and comparable
values to Nafiofiirrespective of the currentiensities. The EE of BMMIm 4 was slightly
higher than that of Nafiofibelow a current density of 50 mA/&ywhich allows the conclusion

that this membrane should be operated in a VRFB at moderate current densities.

Open circuit voltage measurements oRNWBs are often used as an indirect method to
investigate the vanadium ions cresser [27]. Hence, a seffischarge test was run by
measuring the OCV as a function of time (Figure 8). It is clear that completeoursyssf
vanadium ions through the memhnas cannot be avoided because of the diffusion of
vanadium ions through the membranes caused by different concentrations of vanadium ion
oxidation states between the two electrolytes [42]. In all cases, a sudden OCV drop was
observed which can be explainé&y the disappearance of \dOin the positive electrolyte
originating from vanadium ions crosser. Firstly, the single cell was charged to 1.6 V with a
current density of 40 mA/cinfollowed immediately by the sellischarge test. While most
membranes, ioluding the commercial membranes, showed a sudden drop before 40 h, BM
TMIm 4 had a drop off only after 184.3 h correlating with results of coulombic efficiency
originating from the reduced vanadium ions craseer. It seems that setlischarge is
influenced by water uptakes. Higher water uptakes mean higher electrolyte uptake resulting
in faster vanadium ions diffusion through the electrolyte. The water uptakes of blend
membranes are found to be in the order of BNIm 6 (58%) > BNIMIm :1 (47%) > BM
TMIm 4 (31%) and sellischarge times were 5.3, 38.3, 184.3 h, respectively, as shown in
Figure 8. Thus, it can be concluded that the AEMs should possess proper water uptakes for

VRFB application (it should be noted that a low water uptake leads to a low cirit)y).
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To compare the VRFB performance, chargimgrharging cycles tests of the two arion
exchange blend membranes BMMIm 11 and BMTMIm®6 were conducted (Figure 9). These
two were selected to compare the performances of VRFB betweeon$ponent and 3
component blend membranes. Thecemponent blend membrane (BNWIMIm 6) almost
completely lost its capacity (13% remaining at 100th cycle)jlevthe 3component blend
membrane BMTMIm %1 had a residual capacity of 72% after the same number of cycles. This
test is correlating with the sellischarge results depicted in Figure 8. It can be concluded that
3-component blend membranes displayed igrsficantly reduced vanadium ions cresger

in the VRFB when compared to the&e@mponent blend membrane. It is clear that the ionical
crosslinking via the sulfonated polymer not only enhanced the blocking of vanadium ions but

also increased the dimensial stability.

________________________________________ 100
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Figure 9.Chargingdischarging cycles tests of blend membranesB¥Im t1 and BM
TMIm 6.

Because BMTMIm4 possessed the longest seischarge time of all the tested membranes
in this study, a longerm chargingdischarging cycles test was conducted with this blend
membrane (Figure 10). It turned out that treeulombic efficiency remained almost 100%

(99.699.5%) over 300 cycles. According to Figures 9 and 10, théNBM 4 membrane
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showed less capacity decay than BMIIm %1. This result suggests that by adjusting anion
exchange polymer proportion in the blend membrane, improved performance in VRFBs can
be achieved. According to Figure 10, the capacity retention ofTBMm 4 measured at a
current density of 40 mA/cihwas 95, 86, and 77% at the 100th, 200th, and 300th cycle,
respectively. Compared with values from other VRFB studies of membranes in thilgera

it is obvious that the aniomexchange blend membranes in this study showed improved
capacity retention, e.g., when using the imidazbksed amphoteric membrane IMPSf/SPEEK
17% the capacity retention was 69% at the 50th cycle with a current derfs&9 mA/cn?

[26], and the capacity retention of an adidse blend membrane of S/{b was 64% at the
100th cycle at a current density of 50 mA&[27]. The outstanding capacity retention of the
anionexchange blend membrane presented in this study suggemstt this membrane type

is a promising candidate for vanadium redox flow battery application if the proportion of the
components in the blend membrane and the cris&ing density (covalent and/or ionical) is

carefully adjusted.
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Figure 10Longterm chargingdischarging cycles test with BWMMIm 4 membrane.
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3.4 Conclusions

A series of anioexchange blend membranes (AEBMs) having similar thicknesses (wetin 1 M
H.SQ, applied in VRFBs) were fabricated and characterizesiteand insitu in a vanadium
redoxflow battery setup. The -Bomponent AEBMs were composed of bromomethylated
PPO, PBDO, and a sulfonated polyethersulfone polymer, where the bromomethyl groups of
the PPO blend component were quaternized with TMIm. The third component in the blend
membranes, the sulfonated polymer, enhanced the chemical stability and dimensional
stability of the blend membranes and reduced the vanadium ions aress resulting in
improved redox flow battery performance. One of the prepareaodponent blend
membranes (BMI'MIm 4) showed an excellent coulombic efficiency of almost 100% after 300
chargingdischarging cycles with a significant capacity retention of 77% of the iiaé

after 300 cycles at a current density of 40 mAfcrhherefore, it can be concluded that the
investigated 3component AEBMs are promising candidates for {targh operation as an
energy storage system in VRFBs if the proportion and type of the diffeoenponents in the
blend is carefully adjusted. In ongoing research on VRFB membraneBVIBMWS5 is showing
very long seldischarge time as elucidated in our lab and willrbporting soon along with
further types of aniorexchange blend membranes whettee type and/or proportion of the
different components in the anieexchange blend membranes, including the type of the
halomethylated precursor, the type of the tertiary amine for quaternization, the type of the
matrix polymer, and the type of the sulfated or phosphonated ionically cresaking

polymer, will be varied.
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3.5 Supporting Mateials

Figure S1Anion exchange blend membranes tested in this study.
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4. Performances ofAnionExchange Blend membranes (AEBMs)

on Vanadium Redox Flow Batteries (VRFBS)

Hyeongrae Cho, Henning M. Krieg and Jochen A. Kerres

(reprinted with permission of MDPI)

Abstract
Anion exchange blend membranes (AEBMs) were prepared for use in Vanadium Redox Flow
Batteries (VRFBs). These AEBMs consisted of 3 polymer components. Firs@@ PBI
(nonfluorinated PBI) or FBBI (partially fluorinated PBI) were used as a matrix polyfries.
second polymer, a bromomethylated PPO, was quaternized with 1;2,4,5
tetramethylimidazole (TMIm) which provided the anion exchange sites. Thirdly, a partially
fluorinated polyether or a noifluorinated poly(ether sulfone) was used as an ionical eross
linker. While the AEBMs were prepared with different combinations of the blend polymers,
the same weight ratios of the three components were used. The AEBMs showed similar
membrane properties such as ion exchange capacity, dimensional stability and thermal
stability. For the VRFB application, comparable or better energy efficiencies were obtained
when using the AEBMs compared to the commercial membranes included in this study, i.e.
Nafion (cation exchange membrane) and FAP 450 (anion exchange membrane}.tBame o
blend membranes showed no capacity decay during a chaispharge cycles test for 550
cycles run at 40 mA/ctindicating superior performance compared to the commercial

membranes tested.

4.1 Introduction

Due to the environmental impact of using fossil fuels and their resources, producing carbon
dioxide which is considered the main contributor to global warming, the use of renewable

sources for generating electric energy is attracting increasing sciemtferest [1].
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Developing alternative sources however not only entails the development of energy
generating but also energy storage capacity. Among the energy storage systems which are
currently available, the redox flow battery (RFB) is thought of as dtieeomost promising
candidates because of its storage capacity only being dependent on size of the electrolyte
tanks, design flexibility and safety [2]. Among the suggested RFBs currently available, the all
vanadium redox flow battery (VRFB) which wast fproposed and developed by Skyilas
Kazacos and eworkers in 1985 [3], is the most extensively studied, advanced, and only
commercially available and widely distributed RFB to date [4]. In VRFBSs, ions of vanadium (V)
with different oxidation states aresed as both electrolytes (V (+2) / V (+3) as the negative
electrolyte and V (+4) / V (+5) as the positive electrolyte). This avoids the problem of cross
contamination even though crossover can take place resulting kdselharge [5]. In addition

to the general advantages of RFBs, VRFBs have the additional advantages of room
temperature operation, relatively rapid response times and long cycle times [6]. In VRFBs, the
membrane is one of the more important components acting as a separator between the two
electrolytes used, where it not only prevents the crossover of the electrolytes between the
positive and negative half cells, but also allows the permeation of charge balancing ions such
as H, S@* and HS®@ to complete the electrical circuit. Accordinguch membranes should

have high ionic conductivity and chemical stability during operation at an affordable price
especially when considering larger scale commercial applications [7]. Both cation exchange
membranes (CEMs) and anion exchange membranddgA&an be used in VRFBs. For AEMs,
the positively charged cationic fixed ions repel the positively charged vanadium ions, which is
known as the Donnan repelling effect, resulting in a reduction of the vanadium ion crossover
[8]. A general disadvantagetisat AEMs generally have lower conductivities than CEMs [9].
However, upon immersion of AEMs in the electrolyte solutions, additional sulfuric acid can be
absorbed leading to improved conductivities [10]. As a result, AEMs are intensively studied in
termsof their suitability in VRFBs. Recent studies, where for example quaternizedhRiets
poly(phenylene) membranes were developed and tested, showed a higher capacity retention
during a cycling test than Nafion [11]. In another study, a quaternary ammonium

functionalized Radel (QRadel) membrane with an ion exchange capacity of 2.0 mmol/g

62



displayed better coulombic efficiency and capacity retention than Nafion when used in a VRFB
[12]. Similarly, quaternized poly(phthalazinone ether ketone ketone) memisrareen used

in VRFBs showed an almost 100 % coulombic efficiency measured by adisahgege cycle

test for 100 cycles at a current density of 80 mA#cfh3]. Recently, polysulfonbased
crosslinked AEMs with a diamubased crosslinker were developeddapplied in VRFBs [14].
One of those membranes showed a coulombic efficiency of 100 % during 100 charge
discharge cycles measured at a current density of 50 mA/cm

Using aciebase blending to prepare membranes has led to improved membrane properties
such as mechanical, thermal and chemical stability as well as their performances in VRFBs [15].
Accordingly, an amphoteric blend membrane consisting of sulfonated poly(ether ether ketone)
and quaternized poly(ether imide) showed higher coulombic and engffggiencies without
significant declines, compared to a pristine sulfonated poly(ether ether ketone) as well as
Nafion membranes for 100 cycles measured at 50 mA/fd6]. Similarly, acidase blend
membranes from imidazoliuffunctionalized polysulfone bhded with sulfonated poly(ether
ether ketone) exhibited an improved performance than a Nafion membrane in terms of
coulombic and energy efficiencies as well as during adsstharge test [17]. These studies
have clearly shown that aciolse blend membnges have the potential to improve further on
existing VRFB performance. When using -#eise blending, literature has shown that 3
component blend membranes perform better in VRFBs thaonrBponent blend membranes

[18]. Accordingly, in this study, anionaiange blend membranes (AEBMs) composed of 3
blend components were prepared and characterized in a VRFB.

It is known that the binding energy of akbond is higher than that of aklCbond [19]. As a
result, partially fluorinated polymer blend membranas VRFB operation have a higher
chemical stability in terms of molecular weight changes during change/discharge cycles [15].
To confirm this, omponent AEBMs were prepared and applied to VRFBs using different
combinations of blend polymers. In this stydwo polybenzimidazoles (nonfluorinated PBI

OO or patrtially fluorinated BIl) were used as the matrix polymer to provide mechanical
strength. Bromomethylated PPO was used as the apkohange precursor that was

quaternized with 1,2,4fetramethylimidazole (TMIm). Finally, two sulfonated polymers (a
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partially fluorinated polyether or a nefluorinated poly (ether sulfone)) were investigated as
ionic macromolecular crosslinkers. Finally, the efficiency of the partially fluorinated and non

fluorinated AEBIs was determined in a VRFB.

4.2 Materials and Methods

Materials

All chemicals were used as received without further purification. Pohdigy@thytl,4-
phenylene oxide) (PPO) was purchased from Sigma Aldrich, and Bromination of PPO was
conducted as descrilokin literature [20]. Poly[(:0 n -Hiphenylether)5-oxybenzimidazole)
benzimidazole] (PBDO) was obtained from FuMPech GmbH, Germany. Fluorinated PB1 (F6
PBI) was purchased from Yanjin Technology, China. The sulfonated polymers were prepared
as previously described in thigerature [21]. 1,2,4,5Tetramethylimidazole (TMIm) was
purchased from TCI Chemicals,N-Dimethylacetamide (DMAc) and methanol were
purchased from VWR International GmbH, Germany. Potassium carbonate was purchased
from ABCR GmbH, Germany. Sulfuric acid, potassium hydroxide, 0.1 N standard hydrochloric
acid, sodium chloride and sodium hydroxide were purchased from Carl Roth GmbH, Germany.
The vanadium electrolyte solution (1.6 M vanadium in 30% sulfuric acid : 56%and560%

V2, was provided by RIVA GmbH Batteries. The structures of the polymers components used
in this study are presented in Figure Reference membranes Nafion®212 (N212) and
Fumasep®FA#S0 (FAP 450) were supplied bgn Power GmbHand Fumatech Gnih

respectively.
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Figure 1. Structures of polymers and TMIm used in this study.
Membranes preparation

A diagrammatic depiction of how the ani@xchange blend membranes were prepared, is
shown in Figure 2. Initially, each polymer solution except §&?B (F&BI : 5 wt% in DMAC)

was prepared separately as a 10 wt % solution in DMAc. After mixing the polymer solutions in
specific ratios, TMIm (same equivalent to theM?O) was directly added to the polymer
solution and homogenized. When usingHBI diring membrane preparation, additional
DMAc was added due to the high viscosity of the 3%B1 solution. The blend polymer
solution was then cast onto a glass plate, followed by solvent evaporation in a convection
oven (preheated at 40 °C) at 60 °C &4 hours. After solvent evaporation, the membrane
was removed from the glass plate by soaking in water. Subsequently, the membranes were
soaked in 1 M sulfuric acid for 24 hours at an ambient temperature with one replacement of
the 1 M sulfuric acid soluin during this period. The membranes were washed with deionized
water several times at room temperature to remove all excess sulfuric acid and kept in plastic

zipper bags.
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Figure 2. A diagrammatic depiction of the preparation of the am@rchange bled

membranes.

Membranes characterization

lon Exchange Capacity (IEC)

The membranes were immersed in a 1 M KOH solution for 1 day at 90 °C to convert the
bromide to the hydroxide form. After ion exchange, the membranes were washed with water
intensively to remove excess KOH on the membrane surface. Subsequently, the mesnbrane
were soaked in a 60 mL saturated NaCl solution in order to convert the hydroxide to chloride
for 1 day. Subsequently, 3 mL of a standard 0.1 N HCI solution was added to the saturated
sodium chloride solution and kept overnight. Then, the membranes washed with 25 mL
distilled water and this water was transferred to the saturated sodium chloride solution. The
back titration was carried out with a 0.1 N NaOH solution. Finally, the membranes were
thoroughly washed with water and dried at 60 °C. The t¢El was calculated by using

equation (1).
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where IEC is the ion exchange capacity (OH form, mmoklg)is@Ghe concentration of a HCI
solution (mmol/ml), Mciis the used volume of a HCI solution (mNad&is the concentration
of a NaOH solution (mmol/ml),\¥onis the added volume of a NaOH (ml), anghris the

weight of the membrane after drying (g).

Conductivity

Conductivity was determined by impedance spectrometer with A Zajehektrik IM6 under
ambient atmosphere. The impedance was investigated in the frequency range of 200 KHz to
8 MHz at room temperature in a 1 M sulfuric acid solution (ampét@@ mV). The resistance

of membrane was obtained from the intercept of the impedance with the reakiX. The

conductivity was calculated by the following equation.
oA @

GKSNBE =~ Aa GKS O2¥RdzAKAS ANBRA AGYI{AAYIRE oK OY 0
YSYONITYS 060Y0Z w Ad GKS 2KYAO NBZA&AGEYOS 6 KO

Water Uptake (WU) and Swelling Ratio (SR)

The dimensional stability such as water uptake and swelling ratio was charedtdayz
comparing the weight, length, width, and thickness of a dry and a wetted membrane. An
approximately 4 x 1 cfrof wet membrane sample was cut and the weight, length, width, and
thickness was measured using a balance and a digital vernier caliperesfteval of residual
water by wiping out the surface with a tissue paper. After drying the membrane at 90 °C for 1

day, the weight, length, width, and thickness were measured again. The water uptake (WU) and
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swelling ratios (SRlength, width and thicknes were calculated using equations 8. Four

measurements were taken per membrane from which an average value was obtained.

75Pp p T 7(3)
32 b p T T(4)
32 b p T T(5)
32 b p Tt T(6)

FourierTransform Infrared Spectroscopy {IR)

FTFIR spectra of the membranes were recorded by using a Nicolet iS5 and a diattemmted
total reflectance (ATR) module with 64 scans in the wave number range from 4000 to 400 cm

under an ambient atmospheric environment.

Gel Content by Extraction

In order todetermine the gel content of the membrane, the weight loss was calculated by
measuring the weight difference of the dry membranes before and after DMAc extraction. The
dry membrane was stored in DMAc for 4 days at 90 °C and the following 3 days in nhethano
The weight loss was calculated by using the follow equation.

B CHE TRUTHE CH

- A
s Hl’b -;-A,.I '-.a .,Hi THH-,H‘;'H’E‘ “l "H (7)

Thermal Stability

Thermal stability of the membrane was analysed using a NETZSCH TGA, model STA 499C.

Thermal gravimetric analysis (TGA) was performed with a dried membrane (dried at 90 °C in
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convection oven for 1day before TGA measurement) with a heating rate of 20 °C per minute

under an @/ N2 atmosphere (6§70% oxygen).

Weight gain measured in 30 % fsumic acid

To determine the weight gain of AEBMs, the dry membranes (sulphated form) were immersed
in a 30 % sulfuric acid solution at room temperature. The wet weight of the blend membranes
was measured after 120 hours of doping in the 30 % sulfuricHogweight gain was calculated
using the following equation.

"I HT CHE TRPHTS "HE THE

AHE THHE B TR (8)

Vanadium Redox Flow Battery (VRFB) single cell Test

A VRFB single cell was assembled as descried in the litefa8Jr&he anion exchange blend
membrane was sandwiched by two carbon felts with an active area of 28udhcopper
plates as a current collectofhe single cell was assembled between two end plates with the
screws as a torque of 3.5 Nm. 20 ml of electrolytes (1.6 M vana(bofs V&, 50% V) in

30 % HSQ) were fed into polyethylene tubes on both sides and allowed to flow through the
VRFB without using pumps and tanks. The cell was first charged to 1.6 V and discharged to 1.0
V with the current density of 40 mA/cinthen charged at 40 mA/chand dischargedat
different current densities (six charge and discharge cycles at each current density) for
efficiencies evaluation. The open circuit voltage (OCV) was monitored after it was charged to
1.6 V. A longerm chargingdischarging cycling test was performediwa same charging and
discharging current density of 40 mA/énCapacity retention as a function of cycles was
calculated by the remaining capacity percent from the beginning capacity. The coulombic
efficiency (CE), voltage efficiency (VE), and enerfgiesfcy (EE) for the charging and

discharging process were calculated as follows.
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where g and t is the discharging and charging time respectively (s), whilend \ is the

average discharging and charging voltage (V) respectively.

4.3 Results and Discussion

Membranes preparation

Details of the composition of the AEBMs that were prepared as well as the obtained wet
thicknesses are listed in Table 1. PBIs were used as a matrix polymer due to their high thermal
and mechanical stabilitig22] enhancing the mechanical stability by forming covalent bonds
with the halomethylated polymer. The sulfonated polymers were used as ionicatlarkess
between the sulfonated anions and the imidazolium cations which has previouslysheam

to enhance the chemical stability of blend membrarig8,24] Br-PPO was used as the
precursor for the quaternization with TMim. The same weight ratios of different combinations
of the polymes were used. The variation in the thickness of the blend membranes was
probably due to the high viscosity of the fluorinatedHBI polymer solutions resulting in the
addition of extra solvent, thereby decreasing the concentration of the polymer mixture
solution. This resulted in thinner membranes, specifically for td”Bl based partially

fluorinated polymerscontaining blend membranes.
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Table 1.Membranes preparation details.

Mass
Mass (g) |
of Br- Mass (g) and type o Wet thickness
Membrane and type
PPO polymer 0>Y0
of PBI
(9)
BM-TMIm 4 1 (PBI 0.24 (Norfluorinated
1 56 + 0.96
NN 00) polymer)
BM-TMIm 4 1 (PBI .
1 0.24 (Fluorinated polymer) 43 £5.25
NF 00)
BM-TMIm 4 0.24 (Norfluorinated
1 1 (F6PBI) 37+0.82
FN polymer)
BM-TMIm 4 _
- 1 1 (F6PBI) 0.24 (Fluorinated polymer) 34 +£0.58
FAP 450 - - - 58
Nafion 212 - - - 53

To confirm the possible binding of the bromomethyl groups frorPBO to the TMIm or PBI,

a structural analysis was performed by-IRT(Figure 3). The strong peak observed at 1302
cnt! can be assigned to a stretching vibration of the-BHgroups of BPPO, which was not
observed in the polymers of any of the blend membranes indicating that alBE€Broups
have completely reacted either with TMIm for quaternization or PBI for formation of covalent
bonds[18].
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Figure 3. FIR spectrum of anion exchange blend membranes ar@FED.

Membranes properties

Various membrane properties of the synthesized AEBMs are summarized in Table 2. Since
the same amounts of anieexchange groups was present in each blend membrane, all the
synthesized AEBMs had similar IECs ranging from 2.37 to 2.75 mmol/g. All membréees f

also possessed dimensional stabilities that were comparable to those presented in literature
[9]. It is known that the anion exchange sites (positively charged) absorb more acid (as HSO
and S@)when immersed in the electrolytes, which contributes to the ionic conducti2iy,
Therefore higher conductivities of AEMs can bpested than the pure form of AEMs under

the acidic conditions in which VRFBs are operaide conductivities of the AEBMs from this
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study measured in 1 M sulfuric acid were in the range e22InS/cm, which was lower than
that of Nafion. However, according to the literature, comparable conductivities of AEBMs can

be achieved by adjusting the anion exchange polymer {aBh

Table 2.Membrane characterization data

Cond
IECs uctivit Extrac T
Mem WU SR SR SRy _
(mmo y tion onset
brane (%) (%) (%) (%)
1/9) (mS/ (%) °C)
cm)
BM-
21.3 + 22 + 11 + 11 +
TMIm 2.75 62 93 280
0.8 2.0 0.3 0.3
4 NN
BM-
25.4 £ 14 + 9+ 8t 10 +
TMIm 2.55 93 284
0.8 0.9 0.7 0.7 1.0
4 NF
BM-
24.9 + 17 + 9+ 7+ 9+
TMIm 2.58 92 278
0.7 1.1 0.8 0.7 1.1
4 FN
BM-
26.6 + 13 + 8+ 4+ 7+
TMIm 2.37 92 265
1.3 0.8 0.8 1.1 1.2
4 FF
FAP 352+ 14 + 8+ 3+ 8+
2.18 - 305
450 7.3 3.2 0.7 1.4 1.5
Nafio 0.88 98.5 + 13 + 11 + 8+ 13 + 200
n212 (H+) 5.0 1.2 0.6 15 2.2
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To investigate the thermal stability of AEBMs, thermal gravimetric analysis (TGA) was
conducted (Figure 4). The first weight loss step (up to 20D is attributed to water
evaporation. The second weight loss step starting at approximately@G@an be asgned to

the splitting-off of the imidazolium groups as well as sulfonated groups from the sulfonated
blend componen{26]. All AEBMs showed excellent thermal stabilities measured under harsh
oxidative conditions (650% oxygen)The weight loss measured via solvent extraction
showed similar values, compared to our previously published results where more than 90 %
of the initial membrane weight remained after extraction, indicating successful covalent

crosslinking[20].
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Figure 4. Weight loss as a function of temperature measured by TGA.

The acid uptakes measured in 30% sulfuric acid as a function of immersion time for the blend
membranes are shown in Figure 5. All blend membrane showed similar weight gains in a
sulfuric acid solution of around 60 % after 25 hours which then remained cwestant for

the residual doping time (120 hours). Due to the similar IECs of the AEBMSs, the weight gain
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values were expected to be similar for all the investigated AEBMs. From these results

complete doping of all the AEBMs can be concluded.
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Figure 5. 8id uptake of blend membranes doped in a 30% sulfuric acid solution as a

function of time.

For aromatic backbone based cation exchange membranes, sulfonated Radel chemical
degradation was reported via vanadium peroxo radical attack resulting in chasmos27].
However, for crostinked bromomethylated PP@®ased AEMs, high chemical stability in
vanadium electrolyte solution was reportd@8]. Similarly, sulfonic acid doped PBI AEMs
showed remarkable stability over 120 days in a 1 M vanadium solution in sulfuric acid at room
temperaure [29]. The superior chemical stability of AEMs has been attributed to the Donnan
repelling effect, leading to limited permeation of vanadium ions into the memes. In view
thereof, a high chemical stability during operation in VRFBs is in principle expected for AEMs.
However, in the case of RBIO, the electrorrich phenyl ring is prone to sulfonation showing
increased peaks intensity in # spectra in a feways which was doped in 3M sulfuric acid
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[31,32]. As a result, sulfuric acid can be lostiaiaicalcrosslinking as sggested in Figure S1.

Thus, FIR spectra of FBBI membranes was investigated as a function of sulfuric acid doping
time in 30% sulfuric acid solution. P8I membrane was doped in sulfuric acid for specific
time and dedoped in carbonate solution and mbranes were dried. The HR spectra of F6

PBI membranes are shown in Figure S2. No significant changes of spectrum were observed for

9 days doping suggesting that-P8I as a matrix polymer is suitable for VRFB.

Vanadium redox flow battery performance

A single cell was used to determine the performance of the AEBMs in a vanadium redox flow
battery. The single cell was first charged to 1.6 V to avoid electrode corr¢g3gjn
Subsequently it was allowed to discharge. Figure 6 a, b and ¢ show the respective CE, VE and
EE of the AEBMs, Nafion and FAP 450 membranes as a function of the current density. CE
(Figure 6 a) is generally affected by the crossover of vanadium ions, side reactions, electrode
corrosion as well as by membrane thickn¢33]. Since all single cell performances were
measured under the same conditions, sidactions and electrode corrosion should be similar

for all VRFB experiments. Therefore, the vanadium ion crossover should have the biggest
influence on the CE. As expected, all AEBMs showed better CE than Nafion due to the Donnan
exclusion effect discued previously. The CE increased as a function of current density due to
the decreased time required for vanadium permeation during chaligeharge at higher
current densities[10]. Considering the membrane thickness, the thicker membrane-(BM
TMIm 4 NN) showed slightly higher CEs than other AEBMs because of the longer time required

for vanadium permeation.

It is known that the VE (Figure 6 b) is affe@@ o0& GKS YSYONIySQa 2¢
corresponding to its conductivity33]. Nafion showed higher VEs than the AEBMs due to its

high conductivity. It can be seen that the VE decreased with increasing current density due
increasing ohmic losses. For AEBMs, even though they have similar conductivities, the thinner

membranes (BMI'MIm 4 FF) showed a higher VE than the thicker membranes due to the
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higher area resistance of the thicker membranes. The AEBMs possessedcaindlagtivities.

Thus thicker membranes have a higher area resistance resulting in lower VEs as was expected
[34]. The EE (overall efficiene¥igure 6 c) of BMMIm 4 FN, BMMIm 4 FF and BNMIMIm 4

NF was slightly higher than that of the Nafion membrane due to the higher CEs (VEs were
similar) at all current densities. These results confirm that the manufacturedMAEBe

promising candidates for VRFBs.
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Open circuit voltage (OCV) measurements of VRFBs are considered an indirect way to confirm
the rate of the vanadium ion crossov@6]. The OCV of VRFBs was monitored as a function

of time after the cell had been charged to 1.6 V (Figure 7). The OCV values gradually decreased
as a function of time, followed by a sudden OCV drop with the disappearance,tir&@

the positive electrolytedue to vanadium crossov¢B5]. According to Figure 7, the thinner
membrane (BMTMim 4 FF) showed similar sdischarge times (31 hours) as the Nafion
membrane (27 hours). The selischarg time of blend membranes increased with increased
membrane thickness indicating the correlation between the OCV time and the membrane
thickness as would have been expected in view of the influence of membrane thickness on
the transport rate of vanadium . The thicker membrane (BMMIm 4 NN) showed the
longest seldischarge time of 184 hours. All AEBMs showed longedsalharge time than
commercial membranes even though they are thinner, confirming the Donnan exclusion
effect. It should be noted thatot all AEMs show longer sealfscharge times. If a membrane

has poor dimensional stability, the selischarge time of the membranes short¢h8],
confirming that AEMs should be prepared carefully considetheir IECs, water uptake

values and dimensional stabilities.
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Figure 7Open circuit voltage (OCV) measuremengdf{gdischarge time) of AEBMs and

commercial membranes.

To investigate the chargdischarge behavior of VRFBs, chadggeharge cyclesests of
AEBMSs were conducted at a current density of 40 mA/crhe results are shown in Figure 8.
Commercial membranes showed fast capacity decay showing respectively 10 % and 41 %
capacity retention for Nafion 212 and FAP 450 after 100 cycles. WhilBNREMIm 4 NN
membrane, which had a similar thickness to the commercial membranes, showed a 77 %
capacity retention after 300 cycles, confirming a high cycling performanca.\8vh 4 FF was

the most stable membrane with no capacity decay after 550 cycla=ording to literature,
thicker membranes need higher potentials to achieve the same current density than thinner
membranes[34]. This additional potential probably allows vanadium ions to swsphe
interface of the membrane and electrode allowing vanadium ions to enter the membrane,
resulting in a relatively faster vanadium crossover and capacity decay. ThuBMBMW4 FF
showed excellent capacity retention during the chadigcharge cycles s despite its low
thickness. These results once again confirm the suitability of the novel AEBMs presented in

this study for VRFB applications.
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Figure 8. Chargdischarge cycles test run at 40 mA /<m
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4.4 Conclusio

Novel anion exchange blend membranes (AEBMs) were prepared and studied in VRFBs. The
blend membranes were synthesized with bromomethylated PPO which was quaternized with
TMIm. The PBI polymers (ndlnorinated or partially fluorinated) functioned as a miat
polymer for mechanical property enhancement of the AEBMs. The sulfonated polymer (non
fluorinated or partially fluorinated) was used to form ionical crbsks with the 1,2,4,5
tetramethylimidazolium cations of the AEM blend component. All syntheg\EMs showed
similar membrane properties such as IEC, conductivity, thermal stability and dimensional
stability. The partially fluorinated polymeontaining blend membranes were chemically
stable, as was expected. For the vanadium redox flow batteryiGgmn, AEMs are known

for their high chemical stability due to the Donnan exclusion effect hindering the vanadium
ion from entering the membranes thereby limiting the degradation caused by vanadium
radical attack. While one problem seemed to be the sudtmn of PBI, resulting in a loss of
sulfuric acid duringonical crosslinking, however, &PBl as a matrix polymer indicated
suitable for VRFB application in acidic conditions showing no structural changes confirmed by
FFIR spectrum. All AEBMs perforthéetter than the commercial membranes (Nafion (a
CEM) and FAP 450 (an AEM)) in terms of CE, VE and EE as well adistagee cycles test
when used in a VRFB. One of the investigated blend membrane3BM4 FF) had excellent
capacity retention witmo capacity loss during 550 chardischarge cycles performed at 40
mA/cn?. Thusone can conclude that, if the matrix polymer is chosen properly (it has to be
thin and stable in acidic environments), the AEBMs are expected to show excellent
performance in VRFBs specially, in terms of long term cycling tests. Further studies will focus
on the increase of the chemical stabilities of the AEBMs by suitable selection of blend
components, particularly for use of animxchange blend components having increased
chemical stability resulting from both an increase of chemical stability of tHgmmy
backbone and of the cationic group, compared to TMjuaternized PPO. A further focus will

be to investigate the dependence of the VRFB performance on the thickness of the AEBM.
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4.5 Supplementary Materials
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Figure S2.FFIR spectrum of F@Bl membrane as a function of sulfuric acid doping

time (30% sulfuric acid at room temperature).
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S5.Novel Anion Exchange Membrane Based on
Poly(pentafluorostyreng Substituted with
Mercaptotetrazole Pendant Groups and Its Blend with
Polybenzimidazole for Vanadium Redox Flow Battery

Application

Hyeongrae Cho/ladimir Atanasowienning M. Krieg and Jochen A. Kerres

(reprinted with permission of MDPI)

Abstract
In order to evaluate the performance of the anion exchange membranes in a vanadium redox
flow battery, a novel anion exchange polymer was synthesized via a 3 steps process. First, 1
(2-dimethylaminoethyh5-mercaptotetrazole was grafted onto pdpentafluorostyrene) by
nucleophilic F/S exchange. In the second step, the tertiary amino groups were quaternized by
using iodomethane to provide anion exchange sites. Finally, the synthesized polymer was
blended with polybenzimidazole to be applied in adium redox flow battery. The blend
membranes exhibited better single cell battery performance in terms of efficiencies, open
circuit voltage test and charggdischarge cycling test than that of a Nafion 212 membrane.
The battery performance results of symsized blend membranes suggest that those novel

anion exchange membranes are promising candidates for vanadium redox flow battery.

51 Introduction

Vanadium Redox Flow Batteries (VRFBs) are electrochemical energy storage systems
producing electricity from tleemical redox reactions. Significant contributions to the
development of the VRFB technology have been made at the University of New South Wales

by Maria Skyllay I T I O 2 a [@)4VRBBYRrdzathong the most promising energy storage
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systems for renewable power generation due to their highrggeefficiency, flexible design,
unlimited capacity and satisfactory safd¢gj.

As an important component of the VRFBs, an ion exchange membrane separates the two
electrolytes to prevent crossixing of the positive and negative electrolyte, whalkowing

the transport of ion species such aswhen a catiorexchange membrane (CEM) is used as
the separator material, or H§Oor SQ"*when the two electrolyte compartments are
separated by an anieaxchange membrane (AEM) to maintain charge bal@Blcé\s the CEM,
Nafiortype membranes developed by DuPont have been widely employed for VRFBs due to
their high ionic conductivity and superior chemical stability, however, it turned out that
Nafion®type membranes suffer from high vanadium ion crossr resulting in fast capacity

fade when used in VRFBKT).

In the last decade, the interest of using AEMs in various applications, such as alkaline anion
exchange membrane fueelis[6], alkaline anion exchange membrane water electrolf&is

ionic polymer membrane actuatof8], dyesensitized solar cell®], CQ pumps[10] and

redox flow batteried11] has strongly increased. In a recent review paper, the number of
journal articles published in the field of anion exchange membranes has been analyzed by
using Web of Scienc€ESGIEXPENDED) showing a steady growth since 209]7 The
significant advantage of AEMs when applied in a VRFB is that their positively charged fixed ion
groups (commonly quaternary ammonium) exclude positively charged strongly oxidizing
vanadium ions from the nmabrane interior due to the Donnan exclusion effect leading to
extremely low vanadium ions crosser[11].

Additionally, modified poly(pentafluorostyrene) (PPFSt) was applied in proton exchange
membrane fuel cells as sulfonat¢ti3] or phosphonated14] CEMs exhibiting outstanding
oxidative and thermal stabilities which were better than that of their Hlworinated styrene
polymer analogues due to the higher bond strength of tHe kibbnds comparetb those of €

H bondg[15]. The outstanding stability of PPH&tsed CEMSs inspired us to find a route to
prepare a PPF®ased anion exchange polymer along with the advantages of AEMs.
Introducing spacer units between the polymer backbone and the side chains in anvaEM,

thought to lead to an enhanced ieconductivity which might be facilitated by an improved
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phase separation between the hydrophobic polymer backbone and the catiowing side
chaing[16]. Tetrazole tethered polymers showed an improved conductivity compared to that
of tetramethylammoniurmbased quaternizegoly(phenylene oxide) AEMs, which is thought

to be caused by the loagange hydrogen bond network formation by the tetrazole moiety
contributing to the ion conductivity17].

In this study, we synthesized AEMs basegoly(pentafluorostyrene) (PPFSt) by a thetep
process: 1) grafting ofl-(2-dimethylaminoethyh5-mercaptotetrazole, 2) methylation
(quaternization) of the tertiary amino groups, 3) blending of the aregnhange polymer with
polybenzimidazole Due to inability to prepare a freestanding membrane from the
functionalized polymer, it was blended in the third step with the partially fluorinated and
highly stable polybenzimidazole ¢(P®l) for enhancing the film forming properties and
mechanical strength dhe AEMd18,19]. In our earlier study it has already been shown that
polybenzimidazoles as blend components have a positive impabieomechanically stability

and toughness of the catieexchange redofiow battery separator blend membrang20].

The properties of the blend membranesch as conductivity, thermal stability, dimensional
stability and VRFB performance are described. Synthesized blend membranes in this study
showed better VRFBs performances than that of Nafion membrane. To the best of our

knowledge, AEMs based on PPFStehnot been reported yet.

5.2 Materials and Methods

Materials

PPFSt was prepared as described in our earlier §ig8]lyF6PBI was purchased from Yanjin
Technology, Shenzhen, Chisaulfuric acid, methyl ethyl ketone, potassium hydroxide, 0.1 N
standard hydrochloric acid and sodiumlatde were purchased from Carl Roth GmbH,
Karlsruhe, Germany.-Methyt2-pyrrolidone (NMP) and diethyl ether were obtained from
SigmaAldrich, Munich, Germany. N;fmethylacetamide was purchased from Acros

Organics,Darmstadi Germany. Sulfuric acid wgsurchased from VWR International,
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Bruchsal, Germany. 1-(2-dimethylaminoethyh5-mercaptotetrazole (DMAEMTZ) and
triethylamine were purchased from T@hemicals,EschbornGermany. lodomethane was
purchased from MerckDarmstadt, Germany. The vanadium eleclyte solution (1.6 M
vanadium in 30 % sulfuric acid: 50%V4d 50% %) was supplied by RIVA GmbH Batteries,
Backnang, Germanyafiorf212 (Nafion) was purchased from lon Power GmbH, Munich,

Germany.

PPFSt synthesis

PPFSt was obtained via emulsjpolymerization of pentafluorostyrene as described in the
literature as mentioned in the materials section {Mb2 kDa, M: 124 KDa, PDI: 2.4:
determined by GPC in THF at°8with standard polystyreng}3].

19 NMR (400MHz, THE>  -144 ¥, 2F);157 (s, 1F)163 (s, 2F).

1-(2-Dimethylaminoethyl}5-mercaptotetrazole grafting onto PPFSt (PPRSILZ)

A flask, whictwas equipped with magnetic stirrer, condenser, an argeraimd outlet, was
charged with PPFSt (1 g, 5.152 mmol) in 40 mL of methyl ethyl ketone (MEK). After the
complete dissolution of PPFSt, 20 mL of dry NMP were added. Subsequently, triethylamine
(7.82g, 77.28 mmol) andl-(2-dimethylaminoethyh5-mercaptotetrazolg4.55 g, 25.76 mmol)

were added. The mixture was stirred at 95 °C for 3 days. After cooling to room temperature,
the reaction solution was dropwise precipitated in water. The polymer predtgitas filtered

off and washed several times using excess of deionized water. The final polymer was dried

overnight in vacuum at 60 °C and 1.21 g of product was obtained.

'HNMR (400MHz, THEZ + 0Y n®d®no 6ax HIUVLZ HdPcwmM 04X HIUVZ

19 NMR (400Mz, THRIsS 134 ¥);142 (S);156 (S);163 (S).

Quaternization of PPFSUTZ (MPPFSMTZ)
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For the quaterization of PPFBITZ, 0.5 g PPFBITZ was dissolved in 20 mL NMP. A high
excess of iodomethane (0.89 mL, 2000% excess) was added to themeaetilium using a
syringe and stirred at room temperature for 4 days to achieve full conversion. Subsequently,
the reaction solution was added dropwise to diethylether where the polymer precipitated.
The precipitation was filtered and washed twice withtidether and dried overnight under
vacuum at 60 °C. 0.56 g of a yellowish powder were obtained.

'HNMR (400MHz,DMSfz + 0OY podnc é6az HIUVZ nodny 6az HI

Membrane preparation

Fs-PBI was dissolved at 80 °C in NMP as a 5 woldtion. The MPPFSMTZ was dissolved

in NMP, also as a 5 wt. % solution. After complete dissolution of the polymers in the solvent,
the two polymer solutions were mixed at room temperature. Subsequently, the mixed
solution was cast into a petdish oronto a glass plate and placed in an oven at 80 °C for 16 h
to evaporate the solvent. The dried membrane was peeled off from the glass supports by
immersion in deionized water at room temperature. The resulting membrane was soaked in
1 M sulfuric acid for £ h, which was replaced once with fresh sulfuric acid during this period,
before immersing the membranes in DI water for 24 h to remove excess sulfuric acid from the

membrane surfaces.

lon exchange capacity (IEC)

IEC was measured as described in the literafi8¢. IEC was calculated by the bditkation
method. Accordingly, the membrarsample was immersed in a 1 M KOH solution at 90 °C for

1 day to allow full ion exchange to occur. After intense washing with DI water, the membrane
was immersed in a saturated sodium chloride solution for 1 day. Then 3 mL of standard 0.1 N
hydrochloric aid was added and the mixture stirred for 1 day. The resulting solution was
titrated with standard 0.1 N sodium hydroxide solution. The membrane was again washed
intensely with deionized water and dried overnight at 90 °C. The dry weight of the membrane

was then determined. The IEC was calculated using the following equation (eq. 1).

91

L’) s



I %V —Cy =%V
IEC = HCl Hcl ~ LNaoH NaOH (1)

My

where IEC is the ion exchange capacity (OH form, mmolig)isGhe concentration of the
hydrochloric acid solution (mmol/mL)xMis the volume of the hydrochloric acid solution
used (mL), Gonis the concentration of the sodium hydroxide solution (mmol/mlysoMis
the added volume of the sodium hydroxide solution (mL), ang i the dry weight of the

membrane (Q).

Conductivity

Membrane resistances were measured by electrochemical impedance spectroscopy using a
Zahner elektrik IM@levice(Zahnerelektrik GmbH, Kronach, Germany) in 1 M sulfuric acid at
room temperature. The resistance was investigated in a frequency rangeddid@ 8 MHz

by intercepting the impedance with the realaxis. Four samples per membrane were

measured. The conductivity was calculated using the following equation (eq. 2).

o— L —_¢ 2)
R,, RxA
GKSNBE ° Aa (GKS Ry RUOS ANBEIRE O &AOV0 6 v OY 0 X R
00Y0XZ w Ad (KS 2KYAO NBaraldhyOoOS 6KO0X FyR ! A

Swelling ratio (%) and water uptake (%)

The swelling ratio was characterized by dimensional expansions of length, width and
thickness (SRL, SRW and SRT respectively), which was measured by determining the difference
between the wet and dry state of the membrane (eq5R Similarly, the relativerater uptake

(WU) was determined by determining the weight difference of the wet and dry membrane

(eq. 6). In each case five membrane samples were used from which an average was obtained.
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75 b p T TT (6)

Thermal stability

The thermal stability of the polymers was investigated using a Netzsch STA 449 F3 (Netzsch,
Selb, Germany). The temperature was increased with a heating rate of 20 °C/min from 30 °C
to 600 °C under an N> atmosphere (@ 56 mL/min, M: 24 mL/min). Decomposed gases
coming out during the thermal gravimetric analysis (TGA) were analyzedIBydélpled to

TGA.

Vanadium redox flow battery performance

To evaluate the vanadium redox flow battery performance, a single cell was built as described
in literature [21]. The membrane was placed between two electrodes (active area: 28 cm
SIGRACEYEDF 4 EA, SGL Carbon GmbH, Bonn, Germany,) which were thermally treated at
450°C for 5 hours after immersing in 1M sulfuric acid for 1 day. Copper plates were used for
loading and as current collectors. The cell was assembled with screws by applying aoforque
3.5 Nm. 20 mL of a vanadium electrolyte6( M vanadium in 30 % sulfuric acid: 50 %"a@d

50% V*) was used on both the anode and cathode sides. All the measurements were
performed in a stationary mode i.e. without electrolytes flowing through tek d@he cell was
initially charged to 1.6 V and discharged to 1.0 V. The cell was charged with 40 Fa#ttm
discharged with different current densities to obtain the coulombic efficiency (CE), voltage
efficiency (VE) and energy efficiency (EE). The opeuit voltage (OCV, salischarge test)

was monitored as a function of time after charging the cell to 1.6 V. A long term charging

discharging cycling test was performed with a current density of 40 mZ@nboth charging
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and discharging. All experimts of the vanadium redox flow battery were conducted under

ambient temperature. The CE, VE and EE were calculated as follows.
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5.3 Results and Discussion

Synthesis of MPPFSMTZ

The MPPFSMTZ was synthesized according to the reaction scheme described in Figure 1.
First, grafting ofl-(2-dimethylaminoethyh)5-mercaptotetrazole onto PPFSt was conducted
according to the literature where mercaptoalcohols were grafted onto the PPFSt by
nucleophlic displacement of the 4 of the pentafluorophenyl moiety with the thiolafg2].
According to the literature, when using MEK as a solvent for the reaction of PPFSt with
mercaptoalcohols, an almost 100% degree of substitution (@S)achieved at 50Cafter

50 h. Therefore, PPFBITZ was initially synthesized in MEK. However, whef2- 1
dimethylaminoethyh5-mercaptotetrazole was added to the reaction solution, it did not fully
dissolve. Thus, additional 20 mL of dry NMP was addettheé reaction vessel resulting in
complete dissolution. Then the reaction mixture was heated t6®far 3 days (See Table S1

in supporting information for optimization of reaction). As shown in FigutéFZNMR spectra

of the polymers were recorded. The new peakk84 ppm on thé®F NMR spectra, that can

be attributed to the grafting of the -[2-dimethylaminoethyh5-mercaptotetrazole, was used

to calculate the DOS according to the literat{@8]. For this specific synthesis, the calculated

DOS was 41%. For the DOS calculation, see Figure S1 of the supporting information.
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Figurel. Anion exchange polymer preparation.

PPFSt

PPFStMTZ

Figure2. ®°~NMR spectra of PPFSt and PR#SEZ(chemical shift, ppm)

For the quaternization of PPFBTZ, the tertiary amine groups were methylated using
iodomethane (see Figure 1). Methylation of tertiary amines with lageess of iodomethane

for complete quaternization has been widely used for anion exchange membrane preparation
[23¢26]. The'H NMR spectra of both PPR8TZ and MPPFSMTZ are shown in Figure 3. The
CH signal of PPFS4TZ on nitrogen was observed at 2.16 ppm. After methylation, the CH
signal had shifted completely to 3.28 ppm due to thestéelding from the gaternized

nitrogen indicating complete quaternization by iodomethane.
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Figure3. 'H-NMR spectra of PPFBITZ and MPPFSMTZ.

Membranes preparation and characterization

The details of the preparation and thpgoperties of the blend membranes are presented in
Table 1. Firstly, blend membranes were prepared by using 90 wt. % and 80 wt.-RRF 34

MTZ (MPPFSMTZMe 1 and MPPFSMTZMe 2 respectively) and 10, 20 wt. % of Bl
respectively. However, the memdmes were found to be mechanically unstable after solvent
evaporation and broke into pieces (see Figure S2 and Table S2 in the supporting information),
probably due to the strong intermolecular hydrogen bonding and didlgbele associationf

the highlyfunctionalized with charged functional groups PPFSt. In the literature, the similar
polymer bearing tetrazole as a functional group has been reported to form mechanically
stable membranes at low functionalization degrge/]. Therefore it is thought that the
mechanical stability of membranes can be improved by decreasing the degree of
functionalization or increasing the molecular weight of PPR3128. This issue will be
addressed in future work. Another approach to improve mechanical stability ertkals

addition of a polymer with possessing good filonming properties and stability. Thus, blend
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membranes were prepared by blending-RPFSMTZ with polybenzimidazole (FBI)
containing 70 wt. % and 60 wt. % ofRPFSMTZ in the blend membrane APFEMTZMe
3 and MPPFSMTZMe 4 respectively, see Table 1). This gave us access to mechanically stable

blend membranes based on the newly obtainedPRFSMTZ.

Table 1. Properties of blend membranes and Nafion212.

M-PPFSt Dimensional stability (%)
MTZ/ F6- IEC Conducti Water
Membra . Le . .
nes PBI (mm vity uptake nat Wi Thickn
(by olig) (mSicm) (%) r? dth ess
weight)
M -
PPFSt
1
MTZ - o/
Me 1
M -
PPFSt
8/2
MTZ -
Me 2
M-
PPFSt 8+ 5+
713 1.60 19.1+1.64 12+1.9 4+1.2
MTZ - 0.6 0.7
Me 3
M-
PPFSt 6/4 1.15 13.5+0.68 10+2.2 rx & 4+1.2
MTZ - ' D - 0.7 0.7 -
Me 4
11
8+ 13+
N 212 n.a 0.88 98.5 +4.95 13+1.2 +
0.6 15 2.2

“Membranes mechanically unstable after solvent evaporatidmot applicable

The IECs of the blend membranes were relatively lower (up to 1.6 mmol/g) as compared to
other published results due to the low DOZ,B0]. Accordingly, the blend membranes
showed low chloride conductivities of 0.043 and 0.038 mS/cm t®FEMe 3 and MPPFSt

Me 4 respectively measured in 1 M sodium chloride solution. However, when the anion
exchange membranes were acidified using sulfuric acid or phosphoric acid, they absorbed
more sulfate or bisulfate ions per anion exchange group via lggdrdoridges resulting in

higher conductivities than in their pure form. In 1 M sulfuric acid conductivities of 19.1 + 1,64
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mS/cm for MPPFSMTZMe 3 and 13.5 + 0,68 mS/cm for-RPFSMTZMe 4 were
measured. It is known, as shown in Figure 4, that theazote moiety of PBI is protonated in

an acidic medium with hydrogen sulfate counter ions significantly contributing to ion
conductivity[31]. Thus, the conductivity of pure FBI membrane was also investigated,
which was 6.22 + 0.27 mS/cm in 1 M sulfuric acid. It is thus clear that, the conductivity was
increased by blending cgrared to the conductivity of the pure H8BI membrane indicating

that the increase in conductivity originated from the anion exchange groups of the novel
anionexchange polymer synthesized in this study. Water uptake of membranes is one of the
important paameters, as higher water uptake of membranes normally results in excessive
swelling leading to a poor dimensional stability. Water uptake of th€RFSMTZMe 3
membrane was higher than that of MPFSMTZMe 4 membrane due to the somewhat
higher IEC. Thblend membranes in this study showed comparable dimensional stability

compared to literature values being lower than 1{(82].

H y
N N ?Fs

KT T 1)
N N CF, n

H,S0, / H,0
HSO,"
HSO, H3O+ 4
+<<++>>—® @Jr*
H.O* "
Hs H

Figured. Protonation of F&PBI when doped with sulfuric adigil].
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In order to investigate the thermal stability of the synthesized polymer and membranes, the
weight loss was determined as a function of temperature using thermal gravimetric analysis
(TGA). The TGA wasavated with a highly oxidative atmosphere (70% oxygen, 30% nitrogen).
According to Figure 5, PPFSt had a thermal resistance remaining stable up to 340 °C. After
modification of the polymer (PPFBITZ and MPPFSMTZ), its thermal stability decreased.
Thefirst weight loss step at until around 150 °C foRFSMTZ can be attributed to water
evaporation. For PPESITZ the second weight loss step starts at 229 °C and can be ascribed
to the loss of side chains due to the instability of mercaptotetrazolesr(&ge Figure S3 (a) in
supporting information). After methylation, the second weight loss above 189 °C can be
assigned to the loss of iodomethane via nucleophilic attack and mercaptotetrazole side chains
(See Figure S3 (a) in supporting information). Téraperature of polymers main chain
degradation was indicated around 340 °C (See Figure S3 (b) in supporting information).
However, in spite of the decline instability after modification, the synthesized anion exchange
polymer and blend membranes showedfstient thermal stability remaining stable up to 189

°C under harsh oxidative conditions.
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— - — F6PBI (p) ; )
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Figure5. Thermal stabilities of polymers and membranes used in this study.

Vanadium redox flow battery evaluation

In order to evaluate the VRFB performance, a single VRFB cell was constructed as described
in the literature [21]. It is important to note, that all the measements were performed
without electrolyte circulation in a stationary mode. This is allowing for a quick equilibration
of the cell due to the relatively low electrolytes volume used (20 mL on each side). Thus,
coulombic efficiencies (CEs) were investigad various current densities. CE is determined

by the ratio of charging time and discharging time. CE is influenced by theowessf
vanadium ions through the membrane and increases with increasing current density due to
the faster crossover of vandium ions[33]. As seen in Figure 6 (a), the CEs of blend
membranes were higher than that of the Nafion memteadue to the Donnan exclusion
effect as described above, while the Nafion membrane showed a low CE due to increased
vanadium crossver. It should be noted that AEMs do not always show high CEs, as this would
also require a high dimensional stability bietmembrangd?21]. In addition, more dense PBI
membranes have yielded higher CEs due to the low vanadium ion permedBuity
Accordingly, the MPPFSMTZMe 4 membrane with the highest FBBI content also showed

the highest CE of almost 100%.

Voltage efficiencies (VEs) are governed by the ohmic resistances between two electrodes,
which is mainly affected by the membrane resistance corresponding to its ionic conductivity
[35]. As shown in Figure 6 (b), Nafion membrane showed the highest VE irrespective of the
currentdensity correlating with its highest conductivity among the membranes tested in this
study. On the other hand, the MPFSMTZMe 4 showed the lowest VE again in line with its
lowest conductivity of all membranes tested in this study.

The overall energy &tiencies (EEs) of the VRFBs are defined as the CE multiplied by the VE
of which the results are shown in Figure 6 (c). The EERBPNMSMTZMe 3 showed slightly
higher values than that of Nafion212 irrespective of the current density. This composition o
blend membrane (60% MPFSMTZ and 40% HBBI) seemed to provide the best

compromise between vanadium creeser and membrane conductivity. On the other hand,
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the EE of MPPFSMTZMe 4 was the lowest for all measured current densities due to the low
VEin spite of the high CE.
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Figure6. Coulombic efficiency (a), voltage efficiency (b) and energy efficiency (c) of VRFBs as

a function of the current density.

Open circuit voltage (OCV) measurements can be ts@adirectly measure the vanadium

ion crossover[36], as the crossver through the membrane results in séischarge whih
corresponds to a OCV drop in the performance of the IRFB Thus, selflischarge was
monitored as a function of time. As seen in Figure 7, the OCV when usiRF8MTZMe 4
membranes remained nearly stable for over 200 hours indicating a low vanadium ion cross
over, as expected. When using Nafion212 in the VRFB, a fadis#large time of 27 h was
observed due to fast crossver. A VRFB with the MPFSMTZMe 3 membrane Isowed a
slightly longer seltlischarge time of 35 h, compared to that of Nafion. It is clear that the
results of the OCV measurements are in accordance with the results obtained from the CE

test.

102



Figure?7. Open circuit voltage (OCV) of VRFBs with Nafion and blend membranes as a

function of time.

Charginedischarging cycling performance operated at a constant current density of 40
mA/cn? for both charging and discharging of the blend membranes was measured and
compared with Nafion212 (Figure 8). It has to be remembered that some capacity decay is
inevitable during cycling tests due to the different permeabilities of the four vanadium ion
states as well as the water transfer between electrolytes through the membraggq).

While this capacity decay can be restored by simply remixing of the two electrfdeshis

will add to the cost of maintaining the VRFBs. Thus, capacity reterdione of the most
critical parameters in determining the success of a VRFBs application. As seen in Figure 8, the
VRFB with Nafion showed a fast decay in capacity with most of its capacity lost in less than
100 cycles. In contrast, the VRFB wittPRFEMTZMe 3 membrane showed a much better
capacity retention with an 80% loss over 200 cycles, confirming considerably less vanadium
ion crossover. As in the previous experiment (CE and OCV), the VRFB \REFBMTZMe

4 showed the highest capacity retigon again confirming both its chemical and mechanical

stability and consistently low vanadium ion craseer rate.
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