PREPARATI ON OF BI POLAR MEMBRANES FOR WATE

WATER GENERATI ON

By

Zezhou Yang

Di ssertation
Submitted to the Faculty of
Graduate School of Vanderbilt
in partial fulfill ment of the
for the degree of
DOCTOR OF PHI LOSOPHY
I n
Chemical Engineering
May 10, 2024
Nashvill e

) Tennessee

Approved:

Pet er N . Pintaur o, Ph. D
Kane Jennings, Ph. D
Piran Kidambi , Ph. D

Shihong Lin, Ph. D



Dedicated

t

o

my

DEDICATION

f ami |

A A

y

and

friends

f

or



ACKNOWLEDGEMENTS

I would |i ke to express my sincere gratit
who have provided invaluable guidance, sSupp
of this dissertation. First, | am tdewrpd,y t ha

for giving me the opportunity to study at Ve

constructive guidance and feedback. His dedi
scientific research wil/l keepyei meypicroimmngi trnhee.e
me mber s, Professors Kane Jenning, Shi hong L
insightful comments, and suggestions have be

I extend my appreciation to all/l member s
support. A special thank you goes to Dr. Ry

invaluable advice sustained me throusg.h numer
Abhi shek Mondal, Md Masem Hossain, Nar ae K
guidance in bipolar membr anes and fuel cel |
Xiaomin Xu for her friendship and suggesti on

Dr hihao Shang for his advice on electrospin.

suggestions for fuel cel |l tests.
| am grateful to several members of the Va
which was essenti al to my studies. Dr . Jame

AAA



mi croscopes and was hel pful i n troubl eshoot
Baquer a, l nmon Ldej a, Jenni Chandl er, and

admini strative affairs.

Mo s t I mportantly, my heartfelt thanks go
encour agement, and wunderstanding during thi
Yang, and Xiaolan Zhu have always been there

Finally, I would I i ke to thankEnehregyAdvan

(AREA for funding my worlk AwarAdRDDBEO AL 88B)t at i

AD



TABLE OF CONTENTS

DEDI C AT O N e e e I
ACKNOWL EDGE ME.N.T.S...oiiii ittt Lo
LI ST OF TABLES. . eiiieenn VT
LT STFIODGBURE. ...ttt ettt a e e e e e e e smmme s X0
CHAPTHRTIRODUCTI ON AND RACKGRGUYUNEBée . 1.
1.1 Bipolar Membr.an.eS. e, 1
1. 1. Applicatioans..of....BRMs. ... 2
l1.1.Current probl.ems..of. . .BRPMs....... 8
1.1.CGurrent approaches to addr.es.s9 the pro
1.2 Bipolar Membranes wi t.h..3.D..El.ect4 ospun .
1.3 Water Splitting and Weeekl..Genetla@ation Te
1.4 Project Objectives and..Rat.i.onal& of t he
1. 5 ReE T @il e 21

CHAPTERRERARATI ON OF TRI LAYER 3D JUNCTI ON
| NVESTI GATI ON OF THEI R WATER S.PRLIL.ITTI2ZNG PERFO

2.0 1 ntr 0dlC il 0 27

2.2 Experiment al Ma t.e.r.i.al.s...a.nd.. . Methd ds
2. 2. Mat € dad.l S 28
2.2 .Preparation and .s.t.r.uct.ur.e..af.30onomer s
2.2.CGharacterizati oun..of...AERs...and3CEPs
2.2 .Ph&reparation of the el ect.r.os.pB6 bipol a
2.2 . Poreparation of deuns.e..CEPR..and38EP filn
2. 2.Poreparation of..bi.pol.ar..membr.d2fes
2. 2 .STEM 1 Ma. GueedliGeeeiiiiiiiiieeeiiiiiiiie et e e 39
2. 2.VMater splitt..ng..ex.p.er.i.ment.s..40

2.3 Results and..Di.S.CLU.SSi.0.Niiiiiiiicecinnnn. 42
2. 3.Clomposition and characterizaton of 3
2. 3.2f fect of Dbipolar junctioaon..cdmpositio
2. 3.BBf fect of catalyst..ty.pe..on.BBM perfor
2. 3.8e on | eakage i n..3.D..j.un.c.ut.i.on.58P Ms
2. 3.Gomparison wi t h |l iterature dat a an
resi 6é6adaaééeéeéeéeéecéecéeceéceéeeéeée 61
2. 3.BBPM dur abi.l..t.y.. .t.esi.i.n.g .. 6 6

%)



2.4 CONCI U S Qe e e e 70
2 . 5 R E T B G B 71
CHAPTERENVMERSE AND FORWARD Bl AS MODES OF T
JUNCTI ON.LB.RIMS. . 74
3.1 I ntr odUCt i eeeeeecceeiieeeeeeeeeeee e ] 4
3.2 Experi ment alMeMatodrsi..a.l.s...an.d......... 16
3. 2 . Mat € del .l S 7.6
3.2 .F2abricatfiiomeonfeldeat r os.pun..j.u@ddtion | a
3.2.F3abrication of AEPR..and..CEPR..otdB8er | aye
3. 2.PA&reparation of tri.l.ayer..3D.j.d8ction E
3.2 . Water splitting and..wat.er..geBé&ration
3.3 Results and..Di.S.CL.S.S. 00 Duueiiiiiiiiiiiiecriirninnnn 8 2
3. 3.SIPEEK/ QPPO tril ay.er..3.D.j.unct.Bd8n BPM
3.3.&0catalyzed Nafion/ TP85 3D -naRIMs wi t h
dense ouUl.erd. .. .l 8y . e .S 85

3.3.Bncatalyzed 3D BPMs wvmatdle aemmer ca wtle

/////////////////////////////

S . 4 C O N C U SO e e 100
I T = T A <Y G =Y o O o = OO 103
CHAPTERREYARATI ON AND EVALUATI MBIMBRFANBI| POL A
F UE L  CE L. . M E A e e 105
4 .01 I Nt r O d .ot 0o e 105
4 . Experi ment al Ma t.e.r.i.al.s...,.and.. Metll®D®d s
2 MA T 8 Fod @ L S 109
2.P2r eparation of... a.n.o.de...an.d...c.atlhlo0d e
2.Preparation of MEAs..wi.t.h..3.D.4Jlulncti on
.2 JFAU el el S Tl 113
2.BEM | Ma gl 113
4 Results and..Di.S.Cl.S.S.0..0.0uiieiiiiiiiiaiiiaieen.. 113

2
4
4
4
4
4

. 3
4
4
3
4
4

3.Preliminary fuel 2Jcgl bantePZ MELIGLH3( NEMF C

3.R2valuating the continuity of the Nafi
D duabler | un.ct.g.on.BRM........... 117

3.Ruel cell tests of MEAs...wi.t.h1231D junct
3.MEAs with fpiobewusj duait.i.aon...BRM 23

aA



4. 3. by bri d bi pol aur...j.unc.t.i.an.. MEASsSl1 38
4. 3. Fouel <cell tests of MEAs..WIL.t.h1621D j unct
4. 3.Ccomparison with hybrid BPRM..f1luwe3l cel |
4.4 CONCl USuicdD e 164
O T = 2 =T G = o O oS = PP PPPPPPPPPPPPR 167
CHAPTEREW METHODS OF FABRI CATI NGNTRI QMY ER
Bl POLAR MEMBRANE.S. .. e 171
5.1 1 ntr 0dUC ol 0o 171
5.2 Experiment al Ma t.e.r.i.al.s...and.. Metllvy@d s

5.2 . Mat er.d.al. s 173

5.2 .PZreparation of the 3D junct.iloir4d BPMs w
5.2 .Preparation of thet BePMsmaevntt hmaet hdes em
cat acléyésétésé e ééeeééeeééeeéeecéeeéeé. . 175

5. 2.P&reparation of 3D junction BPMs by
met Bedéeééeééecéécéécééecééeecéeeée. 177

5. 2 . BEM 1.8 S 178

5.2 . Water spl.a.d.t.ing.. .St .S ... 179

3

5.

Results and..Di.S.Cl.S.S.0..0.0.iiiiiiiiiiaaiiiann, 179
3.SIPEEK/ QPPO 3D junction BPMs.1wi9% h el ec

5. 3.2PEEK/ QPPO BPMs wiindatdmdritermaett h @bstf c

catalyst t.o..t.he..j.Uunct.i.on. . ... 187

5. 3.S83PEEK/ QPPO BPMs made wit.h..a.1h93t r ol | e
B 0 4 CON C U SO e e e 207
I T = = T A S PP =T 0 O o = TR 2009
CHAPTEBUWIIMARY AND CONEe&SeONSESeéééeeée.211
CHAPTERWIJAESTI ONS FOR FUTURE..WORK..216
T T = O S Y B SN S = o O o0 = TR 220

DA A



LIST OF TABLES

Tab | e Page

Table Rraperties .0f..AEPRs...and..CEPs....36

Table El2ctrospinning parameters for BPM duc:
( SPEEK, Nafion) and..AEPRs..(.QRPRPO...AemB&8n) .

Tabl eCo2mp3o si thiiccrk neersds of SPEEK/ QRR.Q.BBMs i n t
Table BPM water splitt bvag dpdr a(mee gmisntodd mead
with permission from reference 2.... Chbpyright

Table Water splittoynwgaondsmeémpoaeatirasi gEance
for 3D junction BPMs withK darlleeet eht edat al ybe
for Figure 2.12a, reprinted (adapted) with

Ameri can Chemi.c.a.l.... S.0.Ch. et Y 58
Table Zhé initial and final wvalues of PpH anc
acidic and alkaline compartments separated

experi ment( a(dRepptreedn)t edi th per mi ssion from re

Ameri can Chemi.c.a.l.... S.o.Ch.et Y 61

Table Guimmary of water splitting..pe6fl2or mance
Table £ZaBcul ated areal resi st asnper toifc |BeRsMsa nid
experimentally measured-Fr efsriosnt ahalelseg .03 (MR

(adapted) with permission from reference 2.

Table El®&ctrospinning parameter Naffioon BPrivd du
TP&R éééeééecécécecéeéeéeéeéeéeéeéeceéeceeeée. 18

Tabl eCo3mp2osi ti on and thickness..of..BE8Ms i n t hj
Table @ompositions of BPMFC éocéré éheyébérli @7 fuel c

Tabl eCodmp2osi ti ons of MEAs used..f.or..REMFC and
GAAA



Tabl eCodmp3osi ti ons of MEAs used f.or....NNa®i on an
Tabl eCodmpdosi ti ons of varied . MEAs..wiL.1B23D | un
Table El &ctrospinning parameters for BPM dua
PFSA, SPEEK, TR8.5.,....,.and. TRLOOQ. ., 125

Tabl eCodmp6osi ti ons of MEiIAse rwi jt.thn.@tair.@mlk.6d u a l
Tabl eMaAx.i7mum power density and HFR of di ffer
junction. Test sCwei@atplefrdlolr melu mitéedéeD8ed cond
Table Bependence of maxi mum power density anr
contains a porous 3D junction witHRC,2/iln Naf i
Hy ¢&at fully humi.d.i.f.i.e.d..c.o.nd.i.t...ans....134

Table BPepPpendence of maxi mum power density as
MEA with a 1/1 825 EW PFSA/ TP85 po@fewesdsj unct
without backpressure, .at..f.ul.l.y..humilddiéf i ed co

Tabl eCdmpb6sitions of MEAs with various hybr

Tabl e Malxli mum power density vs. backpressur e
with different humiditi°®@swi tFluel 2 gaemrdl / 500e0s t H ¢
ML/ Mi2M @ @00.S. e 146
Tabl e 4Malx2i mum power density vs. the backpre
100% RH and 40 % bRH ofl carr tj huen.chyi.barni.dME.A 4 8
Tabl e 4Malx3I mum power density vs. the anode fe
bi polar junction MEA, cathode feed gas humid
at °8,0 ¥ ®wiHt h di f f er e.nt...backp.r.essur.ed50
Tabl e 4Malxd mum power density vs. the anode fe
bi pol ar | wradthiodre MEAd gas humi dity was fi xe:f
at °®8,0 ¥ ®wiHt h di f f er e.nt...ba.ckp.r.es.s.ur.ed50
Tabl e 4Relsbul t s of water trappi@©,g P eRH meaot .

AE



anode and cathade, 001228scommOHNO cudrent or
current... | o TV AU 153

Tabl e 4Calécul ated voltage values at rated po\

e R S < T PP P PSP 154

Tabl e 4Ralt7ed power vVvs. backpressure for the
cell operated at 100% RH..f.ar..hot.h..tlh5e5 anode
Tabl e 4d4Malx8 mum power density vs. backpressur e

teste® ai t&#0di fferent feed gas fl ow5r7ates, 1
Tabl e 4Malx9 mum power density vs. feed gas hut
MEA. Tests wer &,p e#idftfy mepado da t HOBOVO0O sccm air fe
psig backpressure . (.dat.a..f.r..om.Ei.g.u.r.el 549 22) .
Tabl e 4d4MaxG mum power density vs. backpressur e
cathode feed gas humidity was fixed at 40%
perfornf€d wittBO0OLAOGA 4606Mm Bc.cm.a.i.r...fleedd s .
Tabl e 4Ma2xli mum power density vs. cathode fee
hybrid bipolar junction MEA when the anode f
were perf®rmevd tdt LB@A 46060M Bc.c.m..a.i.rl 6fleeds.
Tabl eCdmpasition of MEAs with .2D..j.uln6clt i on BP

Tabl eCdmpad8ri son of fuel <cell performance wit

Table Braperties of SPEEKéEEEPRPPRéarndl7UPPO ( AE
Tabl eCobmp2o s i thiiocrk neersds of SP.EEK./.QRP.Q.B&IWMs .

Tabl eCo5mp3o si thiiccrk neersds o f SP.EEK./.QRPQ.B&Ms.
Table Summary of SPEEK (1.7 I1EC) [/ QPPO (1.5
ME T N0 S e 188

Tabl e SuBmaatyerofppl bt magce8 fiom diPfMise #ent el
SOl Ut i G088l 2 B 193



Table Suemary of SPEEK (1.7 I EC) [/ QPPO (1.5

using different sol vent.s..t.o..pl.as.t.i.cli9z8 t he |
Table Summary of SPEEK (1.7 I EC) [/ QBPOe(fl1l. 5

at different..t.empel.al Ul .S . 201

Table SuBmaatyernfpplribtmagce of BPMs made by
in 0. DBOMoNAat i%Cn. .4t .. .25 e 204

EA



LIST OF FIGURES

Figure Page

Figure Sct.hematics of (a) water splitting proc
= S = T Y PSPPI 2

Figure The2 di agcampaftmebbhrbepol ar membrane e
acid/ base generation (Reprinted fr.an referen
Figurie Slc.h3 maticapbbr éhee€O: (a) experiment a
uni t . AESO represents the electrode soluti ot
represents the base solution (Reprinted from
Soci ety oOf. . .Chemi St il Yo ), 4

Figure (la.)4 Di ag-bameofedaoxatl dw battery with
ion transportations during the charging an
permission fr.am.r.ef.er.ence..3.0. . Do 6

Figure DI .amgr apnisotodn (e cltaange membrane fuel ce
exchange membrane fuel cel | (AEMFC), and (c)
................................................................................................................................. 7

Figur.e Dli.abgr am of the preparati o@ @owaxlesrst of
bonded interface (Reprinted from reference ¢
OF G N 8 Mo St d Y e 10

Figure Sct.hematic of the fagbasedtBPM (pReExreisst @
reference 43, with .per.mis.s.i.an. .. f.roam. . ELsevier.
Figure Sk.h& mati c and hoypberriad ifnuge Ip rcoeclels,s wohfi cah
and an AEM electrode (Reprinted with permis
LAY = TV PSPPSR 14

Figure St.h®matics of (a) BPM operating in wat

in water generation process, (c) conventiona
EAA



junction BPM with extended interfacial junct
permi ssion from The R.ay.al...So.c.il.et.y..al5Chemist
Figure (alO0OSchematic of wateéd ,s@lnidt t(ib)g Ty mpo
spl i &/t ipmod airi zati on curve. The insert text b
 ocations..i.n..t.he..cel e 18

Figure FZa.bri cating process of a trilayer 3D
permi ssion from refer enChee n2i.c ade gSgokciigeBtty .20 2 2
Figure S2ractures of (a) SPEEK,Aeni)o.MNafi on, [
Figure A2t3 pi cal Nyquist plot fdqrl.t7Th33ErCgsi st
Figure (&.)4 Schematic and (b) Picture of the ¢
for the 3D bipolar junction mat fabrication
reference 2. Copyright 2022..Amer.i.ccaB8Chemica
Figurie .hbemat-cel ofuusé@ae fHor BPM performance
(Reprinted (adapted) wi t h permission from
Chemi Cal .8 0.0 Y e e 41

Figur:e T@oopgn SEM i mages of el ectrosidn bipol
Al (@Hadnoparti-a) esGOamar t(iccl es . Sigeparddcant a
nGO is evident. Magni fication: 1, 000X for (¢

(adapted) with permission from reference 2.

Figure Qs&@ss$sion SEM images of -e) eAk(OBpuUN
nanopartid)l esGO amadn o pcarti cl es. Magni fied sec
are shown in (b)) and (d). Magni ficati on: 4,
30, 000X for (d). (Reprinted (aopptredghtwi2OR 2
Ameri can Chemi.c.a.l... S.0.CH. Ll Y ), 47
Figure Pho& ographs of: (a) Electrospanhydual
(b) the final dense trilayer BPM with nGO, (

EAAA



cast QPPO film (top right), electrospun 33:6
junction awiatthal Als(tOH)l ower | eft), andstrilaye
(I ower right). (Figures 2.8a and b are repri
2. Copyright 2022 Ame.r.l.c.an..Chemi.cal.480ciety.
Figure CuY@letnage curves for bi paotl aa Imeanbirmg e
0.5 mMmg/wtm I'i zing (a) SPEEK (I EC = 1.6 mmol /g
(b) SPEEK (I EC = 1.9 mmol/g) and QPPO (1 EC
included for comparison (Reprinted (adapted)
2022 Ameriicaln EMeime.l.V... oo, 50

Figure -d®a 1@wrorletrMge cuir ves for water splittineg
with different ratios of Nafion/ Aemion in th
d) dncwurve for the commercial ..Fumas.ég BPM at
Figure Estfilmatwiadrerofspthéting onset vol tage
intersection of the two dashed tangent | ines
anVicurve (Reprinted (adapted) with permiss
Ameri can Chemi.c.a.l.... S.0.C L B Y 54
Figure Quyv@kenage curves of (a) SPEEK (1.9 |IE
containing different catal3nGtO8)(;i n( H)h%1 .ju nge/td
Al (oH) ; (1) zZr . (®WRY.Lcm (JFAD(O) ;g/amd ( K) no ca
t). (b) SPEEK (1.8 I EC) and QPe®t §dly3t s ECh E
junction |l ay®en.(eW)), oq.M3 0gweEmM;g/(cN) 6. 08 g/ c
COOH f ordm annafyod (( OFr @®w Ldmdmpnhd and (P) 0. 04
-OH formimanddd (Figure 2.AQmamissiadmptreadmwi ¢ fh
Copyright 2022 Amer.i.c.a.n...Chemi.c.al...Sa.birety.)
Figure Watl&r -Vspploltatriinzgatii on curves for diffe
The 3D junction BPM was -@G@/mp.os eldE ®&ni QA® Ba (| =&
dry thickness). (a) and (c) sho’w (b))l apol @d)

EAD



are expanded views of the | ow current densit

(adapted) with permission from reference 2.

Figure 2cHlHdmatic diagram of the el ecomodi aly
|l eakage and pH ghiamarcge ont BrPMuglura niID const ant
(Reprinted (adapted) wi t h per mi ssi on from
Chemi Cal .. .8 0.0 Y e 61

Figure Redbltsi mé aonodthnagnt current water sp
mA/ ¢aand °RB.0 ( a) Normali zed membranesV voltage
pol arization curves at O h and 60 h. The BP
| EC QPPO with nGO cat ahmysttotianl tdirey jniennchri aome |
(Reprinted (adapted) wi t h per mission from
Chemi Cal ..S0.C 0 el Y ) 6 7

Figure Cons$tant currenttofdeasBDyjuastianh B8BPE]|
BPM Wi th 2601l CRALAGAP.S. e eeeeee e 68

Figure Ral7Durability test of BPM with 50:
Fumasep BPM at room temperat uvii®orwi2Oh h@ucsr r ¢
Durability test of the BPM with 50:50 Nafi ol
0.5 ZK/00M 1 00 NiQullilSceeeeeeeee e e, 69

Figure Sx.hematics of (a) water spléi82 ng and
Figure Watar y)spdnd twatgez() gteensetrsatafona (SPEEK/ QP
3D junction BPM iLlnOLMGaHM NGB Qth eared cur rent de
plotted versus &V (measm)r ewla)s. mahdee -tvaisti ha ysea |l |

dense SPEEK film, denszx a@QRPQ@ zfeidl i,/ 2a 5P E€K/ A

[ T o T = Y O W o 1 o O T o PSS 84
Figur:e (3a)3 Water splitting and water gener a
commer ci al Fumasep BPM, where current densi't

EQ



constant water generatiorfotuaréentl| dgasi BP Mt &
NaOH and.Sad “@W5Hvher e &V =iVokjeVv Tme atswuirleayer
(4m) e was made with dense TR&Z afliylzre,d Naffii om/
duBl ber ol Gl O e eeeeeed 8 8

Figure Cbhb.nstant water splittifign curB@wtNaens |
The 3D BRM wad madbdennmeirtch ad dense TP85 f il m,
Nafion 211 fiatm)] yaed & af@GCooenr/ Tj.Ru8nbC.tdi.uodnDd.

Figure (&.)5 Water splitting and water generat
versus &V (measured), and (b) constant wat
mA/ éaf a trilayer BPM i BS@at0°’QM WhOHe ased 1. 0|
( measiuMoeyd.) The tridmyewasBpPi dleRddiet MeaaseelTPP85
out er | anadre, de nsel fNafi oncattéyzedy&dafi amdT®&
LT = O W 1 o P o O o 1 o USSP 92

Figure (&.)6 Water splitting and watplrogteeér at
versus &V (measured), (b) constant Water ger
and (c) constant water generatiantciuragat HBHE
1.0 M NaOH 8@at 2,9 wMeHe &V =iVoa&dV. (Thteea sturrielday
BPM ¢ém)5 was made with a commercial dense TPS8
211 film, and an undatbaelry ad.cNa.foinan®9B P85 dua
Figure (&.)7 Water splitting and water generat
versus &V (measured), and (b) constant wat
mA/ éaf a trilayer BPM inS@ato’QWw WhOHeamW . (:
( measiuVoeyd.) The tri¢n)yewasBPa died@wiet il P8 5s eluft er

| ayer-madesBdafi on outer | ayer, afnidbearn juunnccattiad

Figure (&.)8 Water splitting and water generat

versus &V (measured), and (b)) durability tes

EJA



HSQ@at °@2,5 wher e &V =iVpo&V. (Theea sturriehdp)y ns Bmid e 18
with commerci al ultrathin reinfoncedalPened o
Nafion/ THS8b5e rd y.auln.C.t.h..0. D, 100

Figur:®i d4gfam of the MEA with 3D junction BP
Nafd#Pohnh C anode, a 3D | unCtciacens éBdPeEMe, ¢ ahd2 a TP1O0
Figure Pblarization curves of an AEMFC MEA un
(a) without backpressur e, (b) with 14 psig
densities obtained from the pol @ r iwa &thi dm 5c ur
sccpamHd 50 0f 8€dBl...O. e 116

Figur:e Ral3arization curves of a Nafion PEM
humi di ti es: (*) 12000 % RMK @EHn)H4 @D %oRIRHa n d : (a)
backpressur e, (b) with 14 psig backpressure
obtained from the polari zat i°G© nwictuhr vlelss sFaucerh
and 500 sccm.ai.d.. . f.eeds. 117

Figure S4.mdnet ri cal MEAs designed for the 1ion
TP 85  Pia S 120

Figure Pbl&smrization curves of (a) tar iNlady emn 2
membrane in oxygknlpamigiabi €£n/ Rmaalhed dianygn

Naf i «€n/ Rtb) a TP85 membrtarnielmeaymdadrr aame eilmco x VG ¢
Anod@. 4,hmmgn P10/ Ptc a-tOh. o4chkngi P1O0C/. PtFuel cel | t
condi t PComsi:t h8 01 2a5n ds c5comdfHeed s @i t hout Dbackpr ec
RH for anod.e..and..cat.hode.... 121

Figur:e Plol6ari zation (solid symbol) and powe.l
MEAs with differenf)f HNAfjaontTP8B BPMsun¢tion
mg / GO, (6) Nafion/ TP85 3D jpu)nc3d3D ojnu BdPtM owvi t Bl
with commerci al ul traf) hi3m 1 ainrcft o roemeadd BfMi lwm st ,h

Nafion and TP85 outer | a%emws .t hF dedon dsedcdnd® tHe st

EJAA



SR o ol o B © = o OO PP PPPRR 123
Figure S4rlucture of the BPM MEA wubbtBaopor ohe
composed of-C aanNadfei,®xdc Raantgieonme mbr arie ben por ¢
juncti on sxtc,haamgeameonbr a+Ce c ad.thad.de..TRBO00/ Pt
Figure Pobo.l8&rization curves of a BPM MEA with
operating -t0i.memsmgNAhiode/ Rta-tOh aldiengT P1 0-C/ Pt

me mbridNmadé i on 211 membrane, TP85 membrane witdtk
fiber junction. Fuel wiceh | 1Raends coc0dnfHe eciso nGs @ |
without backpressure, 1.00.%...RH..f.ar..an2o8de and
Figure Ciasexs$i onal SEM i mage of a BPM MEA wi't
fuel cell testing. The junctidmnpamxltizd®ies a mpl
Figure PRolL8@rizati onmnwidtur vaespoaofouas MDA cat al yze
di fferent operad.i byemgNiarhe sCn / Rmaot@heodd,écmiy

TP10C€C/, Ptmembesah&st Na feamg n TPB® membrane wi't
Nafi on/ TCP 1(0100+/Plit wei ght r at ifoi boefr ijounnocnteiradnc.arm
test con@i wi ohsla®Bos SOfieedm @it hout backpr e
RH for anode..and..cat.hode..... 132
Figure HBolldri zation curves of porous junctio
ratios in the. jlgangNaifangCn /Atmtileddoaigil P100/ Pt

C, me mibNaafnieon 211 membr ane, TP85 membrane wi
fiber junction. Fu€l wiceh | 1Raensds cSc0dpnfHe @aciso nGs @ |
without backpressur e, 1.0.0.%....R.H...f.a.r....aln304d e and
Figure RBoll&rization curves of a porous junc
temper at uir®.sl kegNaad @ «n / Rtait Oh.odd,&emgT P 1 0-C/ Pt

me mbridNmé i on 211 membrane, TP85 membrane wittf
fiber junction. Fuel cealnld t5 Db f seoamdmd iQuvii oM u t
backpressur e, 100% RMH..f.o.r...ano.de..andl3bat hode.

EJAAA



Figure Boll&ri zation curves of BPM MEAs with
of SPEEK andOTR&&gdaAniodne RtaaDhdgdaghP100/ Pt

C. Fuel cel |l e swi tdo nld2idtn idsocreddnO » feadms @i t ho u't
backpressur e, 100% RMH..f.o.r...ano.de..andl3c7at hode.
Figure Biddgram of the hybrid bipolar juncti
Nafd#Pohn C anode, a CERPmYiofm, hiagh hli/6Ctrayeity § TR1
(1/C ratio of L£OLka)l.hodmed..a..Il.R10.0/.Pt140
Figure PBoll&rization (solid symbol) and powe
bi polar junctionoNMBAerwicthatliystecemposi ti ons
() 10/ 1 1/ &,of( HP UMW /1IPtl / CPp)ofl OT/P1L 010/ Qvi d fh TGROL C
Al (@H)azn)d plure TP100. FuelPC cweiltlh tle2s5 dsccoddfdl iH i o
sccpf eCeds, O backpressure, 100%.RH.143 the a
Figure @s@&6si onal SEM i mage of the hybrid bi
is composed-Coan@adNMafiaoMNaPti on 211 membrane, a
| / C of -P1lOMd PaC TAPatQA. R ... 144
Figure ®ol@rization curves of the hybrid bi
relative humidities and: (a) without backpr
Hi st ogram of the max power densities obtaine
conidoints’© WOt h 1AM ds SdMfieed .0 145
Figure Boll&rization curves of a hybrid bipol
membrane with differCnlipinrtgak p e s RtartGch.adtdenode
mgic MTP10C/ Pme nitkXreargey Aqui emp nwiftih ma (t1®i n AEP
101 i onrobnoeeri/chat r at iCo dfueTPX@0O/N PE ewitt koh2AD t i
sccparHd 50xfeedm, O1L00% RH f or..anadeldéa®d cath
Figure 8cHé®&matic of wat.er..t.r.ap.p.i.ng.lexderi men
Figure ®o2@rization curves of a hybrid bir
backpressures. Fuéd wietlH 1 Qelsltd sclodirOdfi ldsecdcsms O 9 5

EAE



Figure ®oParization curves of the hybrid b
backpr ey$ spiriege 0) (P9 Asdizp,siddl, p(si gs gandru(ed) cz2e8 |
test coni wiohms:108@dse06mMOHscecm air feeds, 1
ANd € al. O B 158

Figure Rol2&2ri zati on curves of tRHeyb{(lpod%r | u
RH, (06) B0 % RW, RA), 4@ RH. Fuel c & lwittehst co
1000 sga@awa HOOO sccm air feeds...and.. 2589 psig b
Figure PBPoR&8rization (solid symbol) and powe
MEAs with differeny) NBfjonécTP8B6 BPMg:wungtior
catal yst-CENMA@QUI BBOR/ P-A B Wi 260rb 2D junction B
without catalyst. PFueMi tchellbA5t dessGdrfotheld h.i @ n s :

Figure (.)1 Pict warsesi sft eadl faduumti on setup to
and (b) Scheasmpataiyc pofocae sgé & ¢oé arvackéeé éB.AMSs/
Figure Pi.czures of (a) Carver press.lm@&chine,
Figure Css.e$i on SEM images of SPEEK (1.7 1EC
BPMs with el ecitpaorstpircalyeesd aAtl (aOHBI) oMalg migf iod at i0o
20, 000X fbo,r0 0(0aX) .;f.oarn.d(.00.) e 180
Figurie GuYlyletnage cur yeat adloyrzerd (DHEEKEQPBPO® 30
BPMs with different amounts of el drtbodpraye
mg/Am( @H) 0. 22Amg/eaf)( 0. 52Arhg /@Hmapn)d 1(. 02 mg/ cm
Al (®@H)Tests AS@sOl 6t MENa@ihe2knesses of the BP]|

Figurie GuYwletmage cur yeat adloyrzeAd (OMHBEEK/ QPPO 30
BPMs with different CEP/ AEP rati os in the
el ectrospnray)cdSRAREEIOHQPPPO with elsegXrdbsprayec



SPEEK/ QPPO with elsgecanmdspriaybd2 ABPPEHKY QPPO v
Al (@H)The catalyst amount J&f Taelslt tieBsGCe.d5 BNP MM
soluti€n @abhe2b6hicknesses of theeBPRPMs84are var
Figurie GuYalemage cA)r vie/s2 fOREEK/ QPPO 3D junct |
el ectrosprayd@d.00) 5 1S9MFE/EKh QPPO 3D junction |
el ectrospr akled@®)aBmdmgd mmer ci al Fumasep BPM.
NaS Q@S ol Ut i%n...at. . .25 e 185

Figurie GuYolenage curves for a 1/ 2 SPEEK/ QPP
el ectrospr a3dTed0 .15 mo/)carhbér tesaki (§C in wat ¢
overnight, and ( *g)e neefrtaetri oan o cefsett aaBt Op PnbaOh smrA / (C
polarization curve of 8Q&nmdnasel BBMNM.&ATelbs i
Figure Gu¥olethage curves -4f:dA)( MEmbrmamdces Wvith
el ectrosprayeBPiamaaloyuausrg i 6t e dB)f iBRM ama doen , by
a soaking pp)r oBRRM sneapdaeaghiyn g cat al ys-t oemegensi c
QPPO fi.belresmast S@s Ol 6t ME&MN.a.at..25. ... 189

Figur:e S5BEM i mages of (a) the surface side o
mg/xTm0 and (b) the bottom side of?TtibGe QPPO |
(d) GCgeostsi on SEM i mages of membr ane 4 with
4, 500X for (c) .and..(.d)....r.es.pe.c.t.l.v.elly9 1

Figure GuYdolenage curves for membr aAls045test
M NRQ , ) 1 8M@QNaand. b QK Tests 5@s Ol &t MoMNaat 2

Figure 6uYdlethage curves for SPEEK/ QPPO 3D |
di fferent wayA) oMembtampe es6si hgom(Table 5. 4,
t he Car ve,r) ptrhees st rannday(er BPM made by cal endar
Tests i naS@s.09 uM iR@an...a.t....2.5 e, 195

Figure BhdRographs for SPEEK/ QPPO 3D junctio

EEA



of hot pressingmade)by healtendaryiemg BWRiM h t he
soaking pS@ah.d5 (M)NaMembr ane #1 from Tabl e 5. 4
(O T S VA I G o T S = T S PP 196

Figure G6Gu¥Ydalenage curves for SPEEK/ QPPO 3D ju
roller and variA)d 4/{F 8¢ OH, s cO/yMe2dpyd,: H( 1

HO/ Me OzH), 1(#02 Mid OH, ¢(O/)MelOH4 HHind (3) pure MeOH
of sol vent ela.s Teisxtesd.S&s oOR 050 i M nN.aa.t......2159 8
Figure ®hb4 ographs of trilayer SPEEK/ QPPO
calendaring with the hot roll er machine usi
soaking pRNQ.A..5 M. N 199

Figure G6GuXYdodlemage curves for SPEEK/ QPPO 3D ju
hortol |l er at diffApr €&8,0)t €GpPpePmd PE.6sTes(ts in 0.
M NRIQS Ol Ut i%N.dl .25 e 201
Figure ®hb@ographs of trilayer SPEEK/ QPPO
calendaring with t hdi fhfoetr ernotl |teermpmearcahti unree su,s i ar
I A 5 O U 202

Figure G6GuXdalethage curves for SPEEK/ QPPO 3D ju
hot roller | AstRRM)ABPA)BeBPM 8C, (and (*) BPM
in 0. BDOQMoNat i%n..at ... 2.5 e 205

Figure ®hb& ographs of trilayer SPEEK/ QPPO
calendaring with t hdei fhfoetr ernatl |pearr anmeect heirnse, wuasfitn

N S oot e eenn e e e e e e 206

EEAA



CHAPTER |

INTRODUCTION AND BACKGROUND

1.1 Bi poMeanrbra ne

|l on exchange membranes are typically fabi
cont aiinkiendg charmebigh®uipenandwhi ch can be easi
with a charge tdife tmodi $ @ame omis o @dcthlalr Iged
oppotshathef membraneds Jixédngeaocpaogear gnesnbr
f oumnudmer ous applications due t o tihoenisr wehbillei t
bl ock-iogscoOit hescmaedpe sign as the membraneods
®Among ion exchange membranes, bipathae membr
that is gaining iIimportance. A convendi{ional B
exchange -asnldancgaet ipponl ymer s WAEPR andi CGEP)f aci
bet ween, usually oahlted fadDwiahgh@agigmmelk ay er
structur e, BPMs are abl etrtanmsexuithiameansbgi ¢
posdées uni que capabil i"dryd d@®oHnssp laitt ttihreg i wma teea rf
the AEP andhe&kE®Ralmeder se bias moded) aMhsadown |
| oavl ectrical-Op8Benwhal e(0oi@dB8entional electro
V ftohdei s sor iwaaftienrH'o OMHy dr ogen Anddli ¢ xyganl vy, W ¢

generation modet lcea np dblea raicthyi eo/fe dt iihdfe red e@H r od e

M



andi Bins move toward the |jfuwmrmtm ovewieearsd do p ercaatmbao |

as shown .dp. Figure 1

It has been reported that the demand f

st eaodvielry t h20ngxtorwiOng t o the worl dwi de

or

nee}

efficient municipal wat é&ihrersicingsmatidanstsclaé me

separation processes. Those needs are drivi

performance and® greater durability.

(a)

4

Interfacial layer Interfacial layer

Figure 1.1: Schematics of (a) water splitting process and (b) water generation process with
a BPM.

111 Applications of BPMs

Consi dérei nigni que property of selective

i o1

employed in electrodial ysésousrecped® ftehceonsr yf o

production @f dbhdi dtédhred bamportant idustri al

suchimmo ni a Y eddodvCecrayp,tBiFé gure @ty pthawse



compart menbei pel &r omembr ane el ecgt rwdBdsdel ysi s (
arset aaowk eadhat i on exchange membomanex ¢IC&EMJe ame mia
( AEM)prtoaauccied aAs $dhsesen in Figure 1.2, the sa
M™and, Nwhich represent catDuon ddgdnBde raanti iomrs,, |
water i s deandcpboys eBllRvMddhmHgr atoi the a@indd c hambe
OHmi gr attihreg btace "€ hambé¢ he K& & nesdoibnmudupm t he

AEMandeawitt h "t penkEr at @f aomdt h® B&I anesdpbmut i on
t hrough wthleerecCdnd¥ttt ht Qelner at e base.

Accumulated  Depleted Accumulated
HnN MN M(OH),,

i

Cathode

BPM AEM CEM BPM

Figure 1.2: The diagram o& threecompartmenbipolar membrane electrodialysis cell for
acid/base generatiqRReprintedirom reference 3, with permission from Elsevier.)

Recently, thease deasbbeemnnterest in the det
CQon climate C€C€Ramagéeicheaneisouhsave been propose
to | ower the carbon di oxi de Acnoonncgandtthrreeotdisqn i r

el ectroc hcearp tlcyBMEOOhIh as nruecahe i @ e tditohne dfuaec tt ot hat

i 61 eexi BEb,al@amd env-Hr o@frd ilgtuadd@h yws t he schemat i
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typi coaxclap€Qr ewiptrbocalksernating anion exchange
me mbr,avhegs ei €£Otrapped in a high pH solution
compartment wh®pecthexaKtgdbc€@OwWt he air in an
sol ubhy oneacti ngndwiprhod@Hdi ng carbonate/ bicar.l
carbonat e/ biacraerlmnedtba bughs amoe aAcEEM wi t h t he
generated by o.BgVeEsDe sr @ dhduesrs é@@ | di ¢ c oampaa t ment

concentration much higher than the original

(a) (b) Celll Cells2-6 Cell7
* I | | l
-BEM AR B, EM BPM AEM BPM AEM CEM
W HCOy O R oo g
o o
e, |12He  [COs2] 20| JSR 5 s
Anode || BRARML) y BV ARM. ) | Cathode Q Q
H' OH:  OH- 2 L
| + @ HCO5 HCO; m _
S ‘,i{,L,A,“L ) <-'— 4-|—
' i S PO OH- |H* OH- |H"
HPO, 4 KH,PO, KHCO, 203 (6) CO.2 CO.2
H,PO; K,CO, 3 3
CO, (2) KOH | oo e |
Acid tank Base tank ) T T T T T T T T

ES BS AS BS ¢°*+ BS AS BS ES

Figure 1.3: Schematics of the GQ@apture test(a) experimental setup, and (b) BPMED

unit. AESO represents the electrode solutior
represents the base solut{®&eprintedrom reference 4, with permission from The Royal

Society of Chemistry.).

Recently, with t hwei nrda paindd dseovlea ro penmeenrtg yo ft e c
for -d@alge reversible energy storage has emer
energy pF¥ForcesbiesSer pg apodff iBABAMs has baeind ex ami |

basedox f | &V bRitp®lraresmembranes have also b



hydr ogen3®¥Reallo xc &l losvrréeagtatrelreidesas a good candi
energy Sstorage systems sinde atdhe iwaoralld fioss sfid
green, sustainabHe panteamtyi ale soluasceeisngd 8 M| o
battlkRaseattracteddaéet ¢ mthitchretiyedentrhayi nt ai n
condiithihcemsnpart ment s AE®) andatC&Fs gtuhree 1. 4 sho
represaaocithes e veedox fdBoPwW,b athteerrey tvhiet MEM si de
fasaehe al kal i(rnfeerealoecotarsd)ldyetng KOHENaNnd t he CEM
BPM ftatkee aci dic electrolyte (SRV. ($hef wabatkor
splitting and wat er ogcecnuerr tadioghr@amngn evac taina@n sl iismkc h
of the redox flow battery, rtehBep Mict s velubhj ebDur
reverse bi asopewadateirors,p | wittHiangh) edip rt chdey g tuinacnt i o
the oxidatd'an ohefeda@bpe reducti onDurfi nSPV at
di scharhBPNMgopmémnatae forward biasambd®Hdt o neut
generate watgli s wkidue ébe @&N)dSRP¥d at the cat!t

respectively.



carbon electrode

e*

b Charge Discharge

reverse bias forward bias

HO
<4— OH H —» — O'jf&?‘_
Figure 1.4: (a) Diagram of an acidase redox flow battery with BPM, (b) Schematics of

ion transportations duringhe chargng and dischangg processes(Reprinted with
permissiorfrom reference0.).

Fuel cells for transporstatdioad afped i many oyne

to their efficient utdriezadignopkerhtebn, eant

compared to inter¥®%Horc oambtuosst iaonnd etrnrguicnkess,. t he
gas. There arefdiefiferénts,t yhhes mofstHcommon be
membr ane fuel cel | ( PEMFC) and the anion e
Recently, bipolar membrane fuel cells (BPMFC

and operation ofgueach.i5s shown in F



(a) Proton (b) Anion
Exchange Exchange
Layer (PEM) Layer (AEM)
| I . om
(c) PEM AEM

OH-

H* [ ‘

Hzo% H,O

Figure 15: Diagrams of (a) a proton exchange membrane fuel cell (PEMFC), (b) an anion
exchange membrane fuel cell (AEMFC), and (c) a bipolar membrane fuel cell (BPMFC).

As hown isd .abidnht evagemer at ed ian a hRBMBChode
athet anmdan ABMECEC. pWomel ceecdt raotd e canofeatshéy di
cellresul ting i nmemér ddleogdhnedrt i eolne cotfr d chee, espe
| ow hymopgetati on. Wheni bhercecooafdatehtel vnietnybirnagn, e
drops and the electrobdeonteaastonduateg tae
BPMFC (shown i n *RingludfHe fjiethe)r ,ahtde e laddcrter od e s
t r anesdpfordugh thel REdranaodfjABM@cMnitoewH earcee t hey
combticmef ormhevaud e .ofsiam BPRMemredbwelitng gener at ed
rat her t han datr itnlge fealled.c tWWaddeersogpenatr adhon i n

wi || help with ion conduction and it wil/ al



humi dAlIts eBPNME@ | ess exydanginompnain catal ysts s
N i or Ag c ano xbyeg euns erde dausc ttihoen r(evdng tcihon s( @RRY) |
cont acatn waetilmmange) iaomndo mehgdraogemncoxi dati on
( HOR) eiwshefnragthe anode is in cont aaotmpvairterd a pr

to thAEMFEG whrere the anode iIs pressed agains:

112 Current problems of BPMs

Traditional BPMs hava ,be&dn jurmepgadroend amidt b ha
from a relatively | ow coinotnacgneaar evae | b e tavge efnr o
poor adhesion of tshbadetowpaoayaosaltwhind mdleinmii tt
of BPMsabout? 0OThe Mdic¢merenti al dehydration c
high chreht swvat er c omesauknepntsi onher aesgtfage i
del amibuwrtiimogn water generation (forward bias
generation and accumul ation at tared iBDRMTr f ac
failThree ef or e, met hods to produce B&Md that

water gpepeefat manmec hadt aaiglhictuy rcewmrtn efggdow ar e

This is especially important in fuapncell s a
the junction is a serious probl em, due to an
dependent on the current density, and water

dependent on the water diffusi omMPdvwefficient



113 Cur raqemrntoacaherstelpmobl emB8PME 2D

Il n recent decadeasv,ess$ ¢ gahn e disaBsPoMhtadwastizegrn s
spl i thtusnagruiwaly sc aotfal y zi ng anidntsetrrfuobti uprioil naga ytetr e
junghaweelxaenmonadnpr ove t he seenapetriagutomn@addur at
denoift BPMs whi Itédterma ms meviobl magangeeu rd rnagp current f
| mproweitme hwat epl i per hgronfan ®éhMebeen typical |l
accomplished through the mYdoirfitchag i wini loifz atthi
different catal®Bdrs e xwarngitiecdilambcitc aned a ser
BPMsy means of sprfdlcyg s acdaoed/ mapthe rj fua cat ra éoan.
Compawi th a f 1l at BPM sampl e, a 250 mV reduc
potenti alab@% cwemlseasr ent dwaaschiye vaetd 1b.y5 av 2.
i ncr etahsert enf aci aAdduunh ictbhhnea al ugt rheolr ssw esahfiomvee d a
onset fvoorl twaagteewi tshp liintctrienagsi ng nor mal i zed junc
1 V when the normalizedXwuardtdealstopaded fHouvml
to fabriBRMs wittah lAsecPk/eGIEP |GG ead sV avli efas t bonds
shown i n .FiQhe ebilndi)nlye sAER/NQE Ms iladgnyiefrisc ama d vy
enhancreesul ting ion teafgled Wadvprarteartti ndg®@/nvé&mty of
Furt hetrhneo r enshtaanbcieldi t ywad e rtihfei eBIPiMoyw manns t aInG O

current ed20@&itm’/ cm



CEL monomer in-situ
growth at C C sites of AEL

CEL monomer

C=C crosslinking
sites
AEL

Radical polymerization
under 254nm UV

BPM interlayer
integrated with C-C
covalent bond

"""

OO0y

Figure 16: Diagram of the preparation process of interlocked BPM wi@ €bvalent
bonded interfac€Reprintedfrom referencetO, with permission from The Royal Society
of Chemistry.)

McDonald 4hduRdeuhdt graphene oxide is an
splitti bh@asiedh®PMbserved decrease in transmem
V. to 1. MmAVeéatddioODonally, thd fd@Dedeposnyesni
met hods, such as the spinacdat hoiat ¢ dafeheavat e e
splitting. plenm fanom@deetssyantchye,si t Bd ( @&in d
i ncor ptohriast edat er i apl iatst itihge @eatBlMy shty an el ec
i nteraction processTh(s hbevs@®P M n e Xh ighuirtee d1 . & ) |
transmembrane voltage for wa? emwhdichs avaisa tlioom
than tlatmmef ciaal Fumasep BPMGidd o#ienwvm at 50

durabil it ysboafs etdmeBERE (i®dd)eidd ur t est 2waitt 5 0a mA/ ¢
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Figure 1.7: Schematic of the fabrication process of a Fe@idsed BPMReprintedrom
referenced3, with permission from Elsevier.)

I n additiowvesdtoofgratteeaon spl i ttioagt aluynsctt i @amd
modi fi cat hbaer Daictisaeel g, ayuecrt ur al / composi tional
mi gihnf | u bveacteer el if Or NMARMMse advex ame BIE I r
exampla@, crossioovner| ecark age ori ginates from th
mi grati omr afhBeRdMnsr esdletceetmeur raant odf ftihei enc
BMED prBlcoemma ecrota ua fihdbov esst iegf af tedcdh st 'sé ze, i on va
pH of t he,amldecturoleynttesdessavwmgeaer i sifhleiyt t i ng.
found that i on crossover can be significant|
i on lIsark ediisi on odvoenni naacti eds/ baat soew gceunrerirearg tw lodnd res i t
iom gr @l agns a mageoossaoVer gh ciuersrienmdt | demse t of

pH in theonreliexrt rlee aplobdgecl ear and further res

MM



understand the mechani sm.

Similarly, scientists are searching for a
in BMbBRIjusting the membrane/junction struct
wat er generafThos basdibteieoinst.he focus of bip
( BPMFC) hwo rtkeaBIPM§ Cofvas fir st reportped by Pr
Teyval uated t hahydreo gpgdn Bftwesle | mpleld amwd conf i
in order to achieve either wotiemhded'saciecat i
They cl aimed that the formation of water at
easyoutryof thewatenbr snpel@donheoayger, to i mprove
performance, they developed a fAihybrid fuel C
AEM alkaline electrode8e(taer shoednaotens IFi gear ke
obtained without houbnsi edai ¥feidc @@ & o Mm&A X ihbranm tphawe r

densi7by mativ e m 552froWl @i e r aTthiiosn )uni que characte

further pr 6ekdctbryocHleSni c al Il mpssdantld spacty
constant i oof cthes Hsttedrcae @ 5 M EyAa) t di fferent
humi d@diaft oodi Tleroenssat & confusi ng, where the pov

|l ower than a PEMFC or an AEMFC, amdd%le powe
RH. Thediadrhebawl elsyi f yr etadma twietiime t i oni ng bi pol ar |
kept thelhi#g Aatt eldowuRHBer more, the authors fo

of the johingolam memlar ane ffuel cel | i's more i



the AEP and &£EP dwgeested | ocat idhign tahneo tjhuenrc t
st uSleyebamg-anbh®vasl uated the posBGMidattyl pdt &>
in the @athodéBNM hglbTritceey |1 mproved the fuel ¢
via a Adirect membrane depositiono method, \
of the al kBhe neesxalt thVidehg I[pfer f or med moder ately
maxi mum powe2rl Od enmt¥ictigh ©o h dfewl | y humi di fied co
whialcehi ewil yg 38athWt smme test condittonawhen ¢
al kealaitrheodeer Howp t o date, tshe ppearfesrpman ad | off
when dongp arhe poaweREMRG pourt ano AEMFC. There i s

go for the practical application of BPMF C,

BPMFGtiast lurgent issue to be addressed.
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Figure 1.8: Schematic and operating process of a hybrid fuel cell, which consists of a PEM
and an AEM electrodéReprintedwith permissionfrom references5. Copyright 2010
Wiley.).

12 Bi pol ar Membranes with 3D Electrospun Junc

ReceBhkepn,%th &rimft.auradsVanoepbi epoddhieder si
a nadesl @B Misbhearhp beolye ct r a sop icnmjreiartogtiifeohnt e r wo v e n
and intRERgoualtegni zed polyphedyIC&de vy Oorit Her (
et her ket omaenof EBEEK) ) foll owed by fiber ma
extended (3D) junction Tlhagimeamlwidme hwadh fialkre
electrospinning a trilayer film: the first |
the cododai leémtct r os@QR@fniibnegr sofand SPEEK fi ber ¢
el ectrospi nmu@&P @ flABlyerrsn.om hygsox inde@opatr ali cl
were intermittently sdebpyoisaglrdadywh atwbgnat t wat
suspeduwriiomg ftibherdedlect r.osTphienntirnd agregoesmd was
ta sol vendi nveatphoyrl offor mami de tahnedt 6pbrir peessed
voi ds, thus creating a BPM with a 3D junct
i nt er penkEEtkr atnidn QPP f i ber s wi tahn dd i osupteerrs el da ycee
of neat/ dense TAREEK tAsbEnRi/a@EP®O . i n t he jJjuncti on
the geometric membwhneh adaraughle. ®slpreisDi c h a
juncti,ont BekaMt er spl it owergeidutbmogmat ias very hi

int earl f amie@ at men e bigzl iimmpge anbr ane damage (e. g. ,
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over Btaisneedr eolni npp nar vyt e3&Dp gruinncetnitosn bi pol ar mem
ef fi csipemiatlieyrt*cantd &@OtH current densi wietsh up to
transmembranasvboewageVdrop a breakthrough
high current and | ow volwaatgeer. sTphbal rpmv@asge nce o

adhesion between the anion and cation exchan

interface, and increased surface area for wa
(A) (B)
% H,0 Y2 H,0 % H,0 % H,0
OH- H OH- H*

(C) ‘ (D)

Figure 1.9: Schematisof (a) BPM operating in water splitting process, (b) BPM operating
in water generation process, (c) conventional 2D junction BPM, arah (electrospun 3D
junction BPMwith extended interfacial junction layéReprintedirom referencé8, with
permission from The Royal Society of Chemistry.)

Since Shends puwbleiec attiher ipmp20 k7 ., detscri bin
membr anes hhbhue tbmemembranes didnodét work as
pap®lin thesel papergfesher et her ekseddnaes tamd
CEPs, whil e commerci-adbusFeums pmt hFeAsAi zerdd ail rk y |

perfluorinated pol yAERS Hwevreesr eetmipdad marbburaan € sh e
M p



i n thoswerppamdrsso ¢ ome o geelde cet fr otsgprudiet lha yae rtsot a l
me mb rtahniec k nes bhe r-a0dnet hoef wadt er spl i tting perf
consistent with the results in Shenb6s paper.
an electrospun 3D wausncatrioounn di n4 %Ve faer elradp a6 ¥ ¢
to ~ 1 V a?i nl0Vhoe nndss/ cpmaper, which most proba

prowatrer sptatyshg.

13 Water Splitting and WaH-@gl IGener ati on Tests

Wh etnheasbc al e wat er sqalrped it fi ovrgroe Gvpodati-#yeen t
pol ari zati on whurcvhe cihsa rgaecnteerraitzeeds Gaeepalk f pr me

those experi ment $s nasaeftassiuelth as t hat shown i

H-cel I has two aotdka nrge fedreecnaeo deelsect rodes, an
the cell with el ect rTohley tceu rsroel nutt hiesn ammeoaast uerref dh €
and the voltage is measured &Acposaribat nembrc

is recorded eitheet tgiangy atnlost atti cahtit yabg mea:
potentiostatically by setting the voltage an

During the waterfi empd imovegf pomcebe, junct.i
compartmeni opnwhmbeeOHo the anode compartment
working electrodes forming hB/RIMvagen apbi bkil

pol ari zation cur ve biQs ipnr ewsheincthe dt hien hFoirgiuzroen tla

MC



transmembrane voltage drop and °©%®HTeh ewreer taircea |

three regions in the plot. For thelfhMyrst reg
the current is transported across the membr :
ion | eakagelihiBhe walode infdi cator of the memb
the plateau, when the voltage is closer to O

at the bipolafheuwnchkti ageiwnaluée awlerer e t he wat
i s calwaederthsepl i tti ngTlhea sgeénwaoddt a@dents ( GV )e

responsible for cumhimmnfheaexnlsdga uesy egtritesa ttiehri st h
di ssociation region represents t htehda oinamrci o es
conductivities of the CEP and AEP components
When the current ishewsstiery tgroaemns paddrotvel i mi tati o
of water diffusion into the junction 1is in:

resulthderyiing of the junction.



(b)

Anode m Cathode
of Y 1@

Reference

T Water transport
-\ limitation

electrodes Water splitting

Current density (mA/cmz)

:/ Co-ion leakage

Voltage (V)

Reaction i n 2tk e—»u R2cOH oaH 0. 83V
Reactt lmen oidre 2 OH—> -0+ 8 + 2e0. 4V
Reactt lweatihm @ #1+ 2 e Ho oV

Figure 1.10: (a) Schematic of water splitting procassan H-cell, and(b) Typical water
splitting i-V polarization curve. Thénsert text box represents the reactions at different
locations in the cell.

Wat er gener adail s exame hiemigeretr! fl g r rhaud itrhea pol
of the electrodes is reversed. I n these expe

Mac(a supPDbgdofhéeél cathode coM@mad kitaaneérne s e rsv diirl

of )@OH The transmembrane voltage drop 1is re:
currents, dur'angd " "ikgetdntt bi méreHbi pol ar junct.i
water diffuses away from the interface.

14 Project Objectives and Rationale of the Di

This Ph.D. project ai m3r.t obmedxntoeorktébryshe ear |

My



fabricating and characterizing BPMwemwe th di
prepared by exploiting an electrospun dual f
commer csieanld dfeirl ms as outer | ayers. wearrda ous ¢
investigated and optimized f,antdovadletraism!| gdd
|l omgomer atiabomadli ty. The foll owmermgamkxpedi méhj
catalyst type, | oadi ng, a(nd) dlegpAeEsk ftainadn CnkePt h o
component s,Spfj uhet B®8M composi tfii direnr (§rwan d toi ori)

(4) morphol ogy oOAER/hGBR enst(oeabaatdbit hiene 98 s

t hAeEP/ CEBR er s, it ag epmdcttih@en over al] Amdckbess
di fferentmedtohoeps essi agt ach outer films and c
Conventional 2D BPMs have some intrinsic

arefa t he pjowrmrctaiddire,si on beatndleéheCERt a(@aain AERy dr
imbal ancsewee ItildAdgPoaand (GgwRikchAyérmsmit their oper
density amembremsidatmi hiaei pnbesasdsks todaddress
Sshort coofmicnognsv e nt iboyn acdr eat iBiPgMsf i | ms wi t h a hi g
composed of interpenetratingxamédaniget-amldo claitr
exchange pol ymer s.

The presesedpraodetferent BPM fabrication t
used by Shentet adlayerwhefeneat andwetemrse (so

prreade and then hot pressed together with a



el ect r osTphuen rfetsbueliftsi ynaégr hhai gthe r f a c ijauln cat E BoAnC E P
for water splitting or water forrapther, whi C
junction during high current densiittyheper at.
junctidam mecldri cally robust interface with
the t-ewochamge. pbDil fffiyepressE Po fando C&Renns swarse d

to balanceot heheswelwdbo npmatme dwsa salmi nmiant a toend . I
addition, the thicknewms/hantgedsmi ni onm zef t Bac
me mbr ane vol teagwer idrrigoopm oN ha akea g e .

The specift hdeissgsoeaaltsatofon (1) fabrBREte unig
with a high interfacial area 3D bipo)Jar junc
(2) optimize the composition and structure
me mbr ane performance and properties, (3) tes
a water spl if erliencgt rnoedmbarlaynsei s ( ED) wat-er r eus:
hydrating membrane in a hydrogen/ oxygen fue
BPMa&anc be fuwudirng-aad agiel eetl ectrospinner and di ff
pressing the outer and junction | ayers.

Chapteri dlilssefr afalg itohrnet leat er spl i tting perfc
3D junction BPMs made with different AEPs ar
AEP/ CEP r ati o$o ni nc rtohses ojvierrc teixgre.r i ment s i n di

vari ed C 0nc erxtarmdamdhtines rweesriest ance of the tril



model @thapt ehel effects of catalyst, outer | a\)
mor phol ogy-v@Int acquer rleenftavi or d U roir nvga rwakartled ra s g e n
i nvestainglatceadiwti t &@as tme mbr ane structurelpropert:.i
ChapV,era Inovel iFiuped MECA Bjbu T catbiramcat ed by addin
exchange | aydri omiotme raa ¢hai igblaPeEYNVCehenea | kK al | ne

bi ndat hode, deneorader wad er bet weé&wmekt heebhod
performance of the bi powiatrdh Hereadt agearsddMEfAe wearst
humi dities andcoanovrepRiEMECaWwand an uAEMIE. aThe

juncBRMaf uel M IVa tthor ous 3 Dwpsesnalison alsagsse
Chaptcairf fVer esotfa dreid ehgpoail y sdfsidluer (diwmcitm@nver su:
aftear fdiuber el ectrospi-mmesgi)ngetree exlameaeelday
membr ane using a,abat eddklergumet mgd BPMs wer

for water splcutientpdlgaerciod dteicdan ngur ves
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CHAPTER Il

PREPARATION OF TRILAYER 3D JUNCTION BPMS AND INVESTIGATION

OF THEIR WATER SPLITTING PERFORMANCE

211l ntroducti on

I n this chapter, new results with freesta
presented, where a new and s$ mpmpr eyedbr bnea
publicationtabytrSHheryeet B®M, with a 3D junctic
el ectrospinning of all three Ilpayersd,ngf dlol cwe
al | i nterfiber voids. A schemati @ dfn tthea sf i
chapter, an identical membrane structure was

| ayer as dwmbiAEer/ CkaPt , f ol |l oweddobmed heens e athl

of anion and cation exchange polymers and va
Figure 2.1). Addi ti onal | genx cthhaen geef Ec@acptasc iotfy |
the relative content of AEP and CEP in the
catalyst in the |junwdlitoang earpeo ldeersiczratbieadn dCautra

| ohgegrm constant current densitgnwanalrysips$ i of

membrane resistance is presented al-iommmg with

|l eakage iend xlotncewmlt wtaitaornesed The rcesurast nanof

BP Ms wi t h 2D junction fil ms and

HT

a pref



composi ti on/smdempThhdeli engpyr Kk cont ained in this ct
appearing in a recently published paper: A
el ectrospun junction for high currert densi
anmew results collected as paugpoorft tthhies gde ns

conclusions from that paper.

Anion-Exchange Polymer &

Cation-Exchange Polymer

Figure 2.1: Fabricating process of a trilayer 3D junction BPReprinted (adapted) with
permission fronreference 2. Copyright 2022 American Chemical Society.)

22 Experi Manhteal aMes hamdd

221 Materials

Al materials to prepare QPPO and SPEEK we
Poly(ether ether ketone) (PEEK)iwad gt ai ne
phenyl ene oxide) (PPO) was obtainegdgradea dry
contcreat ed sul furic aci d, chl orobeMAe)N e, br

di met hy!l f( OrM#fEg mdii dneet h ¥ DMSIO) meti(fiMen@HP r opanol

HY



(prowpolLbwin4gl pyrrol wndod8000P®BIgy fthetlt hyl ene o0Xx
( PEO, Mw = 4@0Q0M gf mmkej) hyl amine (TMA) in et
water were used as r.ec®o0 diedm LI @ ImfasBtdey B@NIEA lu dnr
nitrate) (WerNeD p urFcihsahseerd . Seaifo@m@thil f ime mbr anes (11
EW perfluorosul f oni ce xacchiadn gieo ncoanpearc iviyt ho fa nO .i9c
dry thickmesandfLiPZhdbosolQti on (di EpMersi on ¢
perfluorosul fonic acid i onomer ) were obtai
AemiOdmo !l y( benzi mi dazxlcihuam)g ewictatp aadii diyomdr 2. 5
powdvars obtaineMahopogrbhpheme. oxi de powder ( wi
having a | ateral di nmMemMs0i oomm iam dt hae trha ncgken ecsfs 9
purchased from Graphene SuwpwasmanmlsetendRank oinl
for spraying onto the junction | ayer as des:¢
was purchased as an aqueous suspension and
process. The concentrati oheoksiparpbifcltbas wphat
emi 5emi n | ateersaloadiivhit bknedhicf aguronmm. di sper
al so purchased from Graphene Supermar ket (RO
graphene oxide is denoted as nGO, and the g
identi fiAdd @8 ©GO)B:( 20 ,aamd Za((d@DHMamoparti cl es
were purchased from US Resear tNh nddl amomalt er i &

cat a(l 3G wsm)h di fferent functional groups (rav



f

f

r dmmamas Nanotech no.lFmgnia%BePpi\(I~R@sﬂ)ne)Wagsh , I eNcCe)i ved

rom Fumat ecbBhi s(sBinegteing,heGenmt many) .

222 Preparatri ootieomeb nser s

d

Sul fonated poly(ether ether ketone) (SPEE}
oncentrated sulfuric a®bDdy ®EEHesodi c®dciem
ul furic acid were combliineddi oam. gAfatser jiami t
he jar was rolled for wup to 216 h (9 days]
ol ution became trarmspawiemt c @alnar .t hTeme rsuwldfic
erminated by sl owly pdoeuroinng etdh ewaddedraitt iTdre is
recipitate was washed with DI waft eacindimamau
hen dried at ambient conditions.

Quaternized pol y(phensyylnetnhee sa xiedie )b y( Q@PrPoQY)i n
ubsequent amination of PPCl5ayg o¢sealrdyb &d Oby

i ssolved in 100 mL of chl orobenzene. The s

and upon HBeihliomgpbeazRmemisxé¢ ditwiotnh (80 5mlg Bhl o

was added dropwise to the reaction vessel

roceed for 4.5 h in an argon at moPpBere. Af

was coll ected by pr eectihpaintoat.i nTgh et hdee gproeley noefr b

d

7

et er mtHh eNOMRImy nat i on was per f orARe@ tbo saddk wi m

days i n a mixture of 100 mL aqueous TMA an

on



agitation.
The struct-prepaonédt8RPERBK and QPPO, as wel

purcMNeaedeadd Ae¢émnomers shown2in Figure 2.

@ | @ b

(b) H\CF/CFZJ;CF/C#\

\
CFy_ 0 CF //
F(|3 Z Sorr O /5\ x H20
CF3 HO
—N+ OH
(d) _
Y, CH OH f ’ . ,*—-:;.?
\ N P e 9 . ,»"::\"‘-ﬁ I
¢ ﬂ 1 1y “ 4 P

Figure 2.2: Structures of (a) SPEEK, (b) Nafion, (c) QPPO, and (d) Aemion.

223 Characterization of AEPs and CEPs

In initial experi ments, the ionic conduct

oM



sol uctasoth SPEEK and QPPO. fTrheessul wesr ear cce tseurnmmarr e
Tabl efThz. 1 EC of the Nafion and Aemion pol yme
and the conductivity meds waé e r alhpYRakiEle rviail lute.
andaffohms were preconditioned by soaking fc
HXS@sol ution (to ensuerchdamrmde adilt &buolnkrmmeat en i
foll owed by thorough soaki ng anfiklemufloinli pd e al i
were soaked for 12 h in 0.1 M NaOH and then
foll owed by 1 mmersion in a closed omrnthai ner
eit her fMrr 3 h to rexave ski pgeicvaaud i ©ADs wer e
carbonate anion for mat bromadtns twietnineddb oas ¢, W

l oni c con‘dfuGERWIdt fOMER of -eaiti ¢i brated filn
determined by an ALl ampedandecmevhbyg. waas mea
a membrane sampl-el eatonodeBeé&&g&fTechl ¥ and ther
DI water at rtohoem ctoenmdplerPaithmasey fstur ed i n water
wadegassed). A Nyquist plot was generated fr
extrdbhwemd.c conductivity Was determined usi ng

” U[’)(‘)'Y (21)

whelift 8 cm) is the ionic conductivity, L (cm)
(cm) and t (cm) are the width ang)i shitblkness

measured membrane resistance (i mpedance) t a

OH



frequency i nterceRitgurne tzh.e3 Nsyhqouwss ta ptlypi.c al
QPPO (1.7 1 EC) conductivity test

, where t he
be arouqgqd 35300

, (Ohm)
=

.

Value of the measured membrane
. resistance (~35300 Ohm)
0 ‘/

S000 10000 15000 20000 25000 30000 35000

Zrea (OhM)

Figure 2.3: A typical Nyquist plot for theesistance measurement of QPPO (1.7 IEC).

Gravimetric water wuptake was

determined b
sampl e before and

a f-tt emp eelpumvalt ielrr. at W mptna kien w
determined using the wteondsagmirme sepoumalt iton ,t hveh e
vacudumed mass of the membrane, respectively

Y 0 OEQ WP T T (22)

The gravimetric

C 0 n cxkintttatset ¢ boarh aonfg ef icxaepda c ¢ |

abbrevil&Ced ods SPEEK was

determined wusing ar
protonm SPEEK membr ane

sample of known dry n
for 48 h, during which time protioass.i nThée



soak solution wasitnlgem tsittamataedifzerd W. 01 N
| ECwi t h mmo fusggsofdet er mi ned using tHhHeviftchl | owi
uni tLts soft he volume of titrant rdgwitrhedi ntid sn e
mmol)i § the normalityg¢owfithhgnséi thahtdryamdsss

membr ane sampl e.

008 — 23)

The I EC for QPPO was determined via the Mo
l i t etAatdernes.e QPP O f foir Imm wiars trleee@lt edl y equilib
in 0.2 3sMoNaN®Oure that the zecnotuinrtee rsiaommp Ifeo rwra s
the soak solutions werues ionagmioi. reidtNE i BItOi t r at e
the endpoint indicatom23,] BMh(ewaest WMcl@ins atsh®é d u
vol ume eotfi tArgahildio |)i/ 88 t he nor mazsioi whofaa@lle mMAgNO
is the dry mass of the QPPO fil m.

The volumetric concentrationc,ofwiftihx eudnicthsar
mmo |l Jodmwater in the pol ymer )Y mmasy/faivu nde tbryi cc o

swelling data (g of watdenr hpedegsomt ydmoy weimnlkr

(24)



The degree of sul fonation (D&rSEREEK ot her
pol ymeesrepor tledAs ne dlpdntgeelrd .omead ¢ toinon ti me | e
a greater degree of sul f onaagirem,t ea Ilwiadgler ump
The DSfval tde SPWEKad acluymdresd ac 2&r dwhgreo E

MWpeea nd sMMkepr esent the mol ecul ar weights of

(368 Da, monosul fonat ed) repeat uni t resp
sttuces), and the I EC 184 that of the SPEEK p
oY p T TT (25)

QPPO was preparawngiwnlgd.hdf raam IIEGB mmol / g, W h €
concentration of bromine during PPO brominat
It was al so edleatyeremipmedi rtehdato al MFA was sufficie
the brominated pol gmeifeoQP®PMOarmadtchreisstaire prn cp
21. An increase in |IEC |led to an increase 1in
water uptake. Although the 1.8 |1 EC exhibite
useful materialohobeB8®Msé abhecaol umetric col
sites was high at 2.6 M, -iwhn clhhéakwageaf prevea

pur p,dige sneas ur e dNegfriogprerande sAeonii on fil ms are a

op



Table 21: Properties of AEPs and CEPs.

Gravim Vol ume
[ImEmC( Clofcilt?cn Water|  Fi xed (
/g1 1S/ cr Upt akgConcent
9 2% [ % [c, mmoi
Degr eé¢
SPEEB Sul fon
(%)
1.6 53 0.04 22 7.3
1.9 65 0. 07 25 7.6
Degr eé¢
QP PO Br omi n
[ %]
1. 4 25 0. 02 47 3.0
1. 8 36 0.04 70 2.6
SPEE| 1. 8 0.07 26 6.9
QPPQ 1.7 0. 0345 18 9. 14
QPPQ 1. 5 0.03 10 15
Nafi|] 0.9 0.1 20 4.5
Ae mi 2.5 0.04 25 10
1'n wat€@r at 25
Dataal apwietdh per mi ssion from reference 2. Cor
Soci ety
224 Preparati on ®fi ptphueaceéiyent r os pun
Bi pol ar junctions were prepared by concul
solutions onto a common collector while per
Al ( @H)ndinamond, or graphene oxi de). The el e
schematical Uandncéngiustes 20 f a rotating and
coll ectowpl twgehpgtwer supplies, andER wo syr
el ectrospi swe mmr epalewtdirtast e dy s e a tploil nygme r i n
di met apdeaceDMAQg gsmilov ent at room temperature



carri erTlpesleyf mear .carri beepobhWmen hasaid in th
electroseuahpmee oméFymee x dmplee s.a smal l amou
pyrrolidone) (PVP) <carrier was added to the
electrospinning solution had a 95:5 (wt:wt)
cont it .o%. Similarly, PVP was added to a QPF
where the final QPPO: PVP (wt:wt) ratio was
wt . %. Catalyst par thiralsdrs swerag epgplemind @i d dlel yS P
ma t during dual fiber el ecsti mosnalltferiwhg %udiong
Al (@H)nano gr aapnhde Rdea acoxoindde,, 6. 2 mg/ mL Tloe gr aj
CEP/ AElR®emposi tion of the junction | ayer was
fl ow r atCEsR nifERBtoHast i ons during electrospinni
parameters f orl/02Ed Puinbcetri owp il gahyee r§ @b @® 2 n
(only the solution fl owl aat g eABaBanitdEPE tbeefrge d w

contwarst changed) .

8) QPPO %‘ b) ‘
solution .. g 3

Highvoltage —
power supplies

i” /) \X V. DR Drum collector , &8 &
> ‘

s / \ Py -
T s \ . : -
SEER, s Rotating/oscillating ) 4 N ’
Soumior JESS% drum collector N /4 £ 4
> < o, Y
3 ‘<3’ J 2 . o

L § ~ VSyrinrge pumps ;

Dual fiber SPEEK/QPPO mat



Figure 24: (a) Schematiand (b) Picturef the dual fiber electrospinning setup employed
for the 3Dbipolar junction mat fabricatio(Reprinted (adapted) with permission from

reference 2. Copyright 2022 American Chemical Sogiety.

Table 22: Electrospinning parameters for BPM dual fiber junctions with different CEPs

(SPEEK, Nafion) and AEPs (QPPO, Aemion).

Parameterp] SPEEK QPPO Nafi ¢ Aemi o
Vol tage | 16 16 8 16
FI ow Rat e 0.21 0. 2 021 0.5
Spinn€ol lec g 105 105 105
Di st ance
Solution Co
[ Wt . %] 20 25 20 18. 5
2:1 85: 11}
Sol vent DMAC DMAC br 040 | DMF: Me
|l ono@ar rriaetri 95: 5 96: 4 99: 1 9:1

225 Pr epar detnisoen CoEfPfi 4 ms AEP

Dense CEP and AEP fil ms, abtiop dblea ru sneedmbarsa it eh,e
fabricated by solution casting on a gl ass |
l nstrumenmro CERPUSME.he SPEEK solution concentr

DMAc, and the Nafion 28 owtut % @imn®g@dbSnCtle:mlt rraattii oon
by weight). Regbhmdheg QPIP® ABP Uuti on concentr
DMAc and the Aemion sOwtu.t% obh® cBMPEEKt r QPP ON w
and Admiloms were dried iI°@ averomivelt, ome @lved a
pl aatned used without amNpf sddiudta sotmaf | Ipmocwasiseé r
dried in “€noovetenfioghh 6wWed by an annealing pro
140 for 1 hout heedfifhemsme dlbienghatcé&ness of t he

oy



was | n3 @&@nmhe aln5g e .

226 Prepar btpiocheanrlof anes

Prfeor med -caodtutdemse films ofpr AEP etdhned n C&P
opposi ng asubrifppcleasr ojffunct-poeasdiarygr .t Pei CEPt I
junction | ayea wel e relx ple s gdiMedd®tMAec f or 15
min at room temperature B0 st$bbtbBamébbs &PEEK
film was a8fipoisghitMe OBtMIAe sol vent vapor for 1
temperature. After solwegretr afspiBsibreg, duhke €£nb
juncti on OEaPyielrm) awads Bdni np 5aeds0sBe d2 B®wminn g a
Carver Pues$s®ng hot p-$ @ e IsdiEeiPgi , b etrhse isnoltvheent) un c i
mel t ed, fl owed, and hfeEPR I badr al ndoicds abgstve g
densi fied fiber | umkBn@EMPIidmd tah e oo uwtoenrd/edde nt soe
resultant dense and translucent big®l ar me ml
foB3 olupsior to a water splitting experiment.

chaphad a dry t4hfiSenk nreasnsge.n t he

227 SEMnaging

Sur f ace -saencdt i cornosismagi ng of el ectrospun mat

performed using a Merlin (Carl Zeiss) scanni

o



[ col umn. Prior to sceammitregd, wiheh saa mphliens gw

prevédaeliarging of the specimens and to reduce

228 Watset i expergi ment s

Current density (1) VS. voltage (V) wat er
carried out i nAcoamptahretrmmeaenstt! dgtleads wsti iped wi t h Pt/
working electrodes and Ag/ AgCl ref ersence el e

as shown 5 nAFbigpoleaR . Membanea) (8epdramed t wo
filled with 628@mlwhoefr eO-et fhceMacidgiei osni de of t he
contacted the cathode coepahamget s sacktutwasni I
with the anode compartment solution. The wus
measur ement of transmembrane voltage drop v
associated with the anode and cathode react
chol yte sol uti onesl ebcetarmadedgadmd h a n wieVs kdraht gac ea.t

room tempeCpanud eel(e2vbat ed °C epwmpreer ad alr le e c(t5e0d u
gal vanostaticwheoedetthheowdl 4 vy pa mimer sed i n a

temper aturkormwad egi wert hcurrent the transmembr

aftelmima.(when the voltage stabilized). The
smal | | R drop in the solution between the r
membrane surface (a distance of ~0.01 cm on



Law in sS®IINBIY®DnNn WWhiesx et he sol utDFoins cvoonldtuacgtel v

correctbxon,s anhde tot al di stance between the
me mbr ane) , and a conducti viStQy caf c WOI. Ht6bd Sf/ rc
equival ent Il ontcce |l ¢ o nmdau cetra nscpelsi)t.t ithg exper i me
i nvestd gatd eattage, which reflectsTheisee degr ¢

experi ments werhd gcha rcroirsecdd natiatteS@snOanf§y Na and 1. C
M) ands3(MaMNMO M and 2.0 M). The f iVr turlviemiwtaisn g
identified (the current below the water spl

cation and/ d? anion |l eakage.

Regulated power supply -
~

Cathode

Ag/AgCl
reference

electrodes §

Pt-Nb
electrode

Pt-Nb
electrode

e
—

Bipolar Membrane

Figure 25: Schematic of the Hell used for BPM performance and durability testing
(Reprinted (adapted) with permission from reference 2. Copyright 2022 American
Chemical Society.)

Abi pol ar wvwmetmbr agdglriabt il hngy test°Cwandpear for

nmm



constant current 2wWsinrsg t-tyd mpfd nGem@eInhA MAic mh 0. 5
NaS@sol utions in the anode and catlhdoadser ¢ hamb e

per day, with daily shutdowns 8@elrectghaol pwvinea

solutions. The transmembrane vol thoguerfsdr op w:
current fldwpoparakbbnoni data were coll ectec
test.

Addimal B®tMer dptabitbhhgguresns defmseirtey of 5
performed for the &SPEDKINMEARO ad B FRIAMEsS epoom
t empeusThteurdarr &lbf i ohy Aemi anwd3 D f B® M ast(2bt ur e

°Cor °GWasval uat edleel IHOWiISt HA@Blal ut i on

23 Resul tDesaudsi on

231 Composi thiaornacatnedr i jm a t tbioponedrb3 B n e s

A total of nineteen different 3D junction
with SPEEK (I EC of 1.6, 1.8, and 1.9 mmol / g)
Nafion (I EC of 0.9 mmol/glThaendoMmpmisoni OhECt &
and type/ amount of catalyst in the 23unction
The | EEBOAMEPI bers in the junction was al ways

dense Floagmisa-iKdhse At ot al dry membr a-68mt hi ckne



range, with a junctimon hliacyke r FboeFt, wreeemb r 1808 EasmdA c

ratio of anion and cation exchange i onomer s
type and areal | oadi ngp awetriec | heesl Ya,tc dOuss amhge
volumetric |l oading differed due to changes i

membr adest@®e | EC of SPEEK and QPPO and the
trilayer BPM were held constaththceabigadt t hea t hpe
3D junction were varime@mbrametckimp&¥lewmionhpurp
no catalyst iMenbhrean®B3 jLUmmntdi dvh . wer e prepared
SPEEK anWMe@BPBResed differ edhitarhomrdnsao ft ma njou
l ayer .Mambat g¢éswe®Qe fabricated using Nafion

t AeEP, where thse nCEP/eAER Nrcatiioom were varied.

Table 23: Composition andhickness of SPEEK/QPPO BPMs in this study.

CEP
CEPEQ ARI EQContien Finaj ., gy
BPI [ mmoij | [ mmo/ the [Membra el "Lo
M| Thick|Thick| junct| Thick i

J Vol umet r i
[wt . o [m@]

. Al ( @H)

A" S_PEEZELOK szgn?"‘ 30 51 0.5 g/
! 0.45%¢g/

. Al (@H)

B S_PE;LOK szgn?"‘ 50 50 0.mbg /% m
! 0.50%¢g/

Al (@H)

. 0.5 rfig/

.|sPpEBK|OQPPD.; |

Cl @ | 1sm 70 44 0.36%g/




. Al (@H)

D* S_PEQELOK Q;gﬂ?"‘ 30 50 0.5 g/
’ 0.503%¢g/

. Al ( @H)

E S_PEQESK legn?"‘ 50 45 0.5 rg/
’ 0.333¢g/

. Al ( @H)

F S.PE;LOK QZP(';”?"‘ 70 53 0.5 rag/
’ 0.383¢g/
.|SPEEBRK| QPPD. | nGOD 0. 12
G170 awn | 2em 30 50 0. g0&m
Al ( @H)

o | SPERRIRPEL. 30 50 1.0 thg!
: : 1.90/ ¢ m

. Zr ( QH)

I’ S_PEQELOK szgrf"‘ 30 50 1.0 Mg/
: 1.90/ ¢ m

. |[SPEBRK| QPPD. | AbOs 1. 0%
Y1 @ | 2em 30 50 1.90/ &8 m
.|SPEBRK| QPPD. |

K a0 > &m 30 50 No Cat a
. Al ( @H)

L S_PEQELBK Q;;n?z, 33 62 0.5 rhg/

’ 0.333¢g]/
SPEEK|QPPO; GO; 0. %

M1 am | 2am 33 57 0.08%¢g/
] -COOHomm@an

N S_PEQEBK Q;gn? 33 55 di a mo nOd.

’ mg/ % mO . 03

) raw -daamgd

0 S_PEQEBK szgn?’ 33 56 0.1 rg/
’ 0.g/ ¢m

] -OH f orm

p S_PE&;&K szgn?’ 33 66 di amond

; mg/ % mO0 . 034
Naf i Ae mi . ,

Q 0.19 2 .5 33 61 G%’ 006'3f'/
2 3m 2 Zm ' 9
Naf i Aemi . ,

R 0.19 2 .5 50 65 G%’ 006'3f'/
2 &m 2 Em ' 9
Naf i Aemi ) ,

s| o0.19 2.5 67 62 G%’ 005'3f'/
1 &m 2 3m ' 9




‘Dataalapted with permission from reference 2
Soci ety

Fi gs26(ed) sthodpovwn SEM & mahwgals foif ber junction n
l ayer of spAlaydHd dcE2B@dr elst and $£260c ., ch) .Fi Qhue e
QPPO and SPEEK fi beras arod hi n doiws tainndd whiri sghha brhaeg
the fiber mate sthlmevnaver &geg@ udiea Met5edr nwas est
Therasiigai ficant aggndgaGOonaofihméer hODdghesaspect
graphenckonmaxiindse appear tepherismal | @ggat dv@at & sh ¢

(whichoOabe )in size
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Figure 26: Top-down SEM images of electrospun bipolar junction mats witkb)(a
Al(OH)s nanoparticles, and {@&) nGO patrticles. Significant aggregation of Al(Gldnhd

nGO is evident. Magnification: 1,000X for (a) and (c); 3,000X for (b) andRprinted
(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.)

I n FiQuriSEM>s.ercds ®n I mages a@dndBRMBOavi yt e Al (

junctions are shown. F oarp pbeoatrhs BtPoMsb e tweel |j uand
dense outer fil ms. Hi gh magnificafi avmtanal y:
Al (@dHnd Fi7duwiet 2. nGO) , confirms the £arlier
nanoparticle aggregation, and their high vol
aspect r-ramitohi ckmgdsxe, and alignment parall el

particles and their aggregeatecaanciombagenshowbwe

Figudde 2.



= Signal A = InLens
EHT = 10.00kV Signal A = InLens | | Mag= 450KX
e >

Figure 2.7: Crosssection SEM images of electrospun BPMs with:bfaAl(OH)s
nanoparticles, and{@) nGO nanoparticles. Magnified sections of the respective junctions
are shown in (b) and (d). Magnification: 4,000X (a); 10,000X for (b); 4,500X for (c); and
30,000X for (d).(Reprinted (adapted) with permission from reference 2. Copyright 2022
American Chemical Society.)

Phot ographs of the raw dual fiber junction
shown i n8Fiaihr € r2 membrane G in Table 2.3 (
QPPO BPM wi t?mG®. I nmg/hemjunction). As can be
membr ane, while transparent, i s somewhat di s
NGO paAtdct eFsinga2lBdeys hows photographstwoafe the d
final me membmanB&dile opaque thiaract EPEEKIi QPBO

dual fiber mat is due to void space between



by exposing the dual fiber mat to solvent ve
and QPPO, and then hot pressiadpealld BIPMeeAf &
hot pressi IiB&PWeti Ise t rl onwsepra rFa gth8cje,o fde monstr at i
that the membrane fabrication method effectdi

ar ea.

Vanderbilt U (E)., ty Vander@

nderbilt Un*
Vand

nderbilt Ur.

Vander. Vanderbilt Un
arcitv  \/andarhilt lIniversitv  Vander

Figure 2.8: Photographs of: (a) Electrospun dual fiber junction layer with 1o@@lyst,
(b) the final densgrilayer BPM with nGQ, (c) solution cast SPEEK film (top left), solution
cast QPPO film (top right), electrosp88:67 SPEEK (1.8C):QPPO (1.7EC) dual fiber

ny



junction with Al(OH)s catalyst (lower left), antrilayer 3D junction BPM with Al(OH}
(lower right).(Figures 2.8a and b are reprinted (adapted) with permission from reference
2. Copyright 2022 American Chemical Society.)

232 Eff elmtpojdfactcommosi ti opar oor M& Mc e

Gal vanostatic current density vs. voltage
A-F( Tabl,e wh.e3n) i mmer 3@ iam e0 s BuaMA(Naa,nb )Fi gal ong
with a commerbcipaoll affu nmeesnebpr ane from Fumatech
with a 3D junction made by sequent(fanoml ectr
refer eéArsc ec aln) .be seen, al | of the 3D junction
splitting currentatdeasrid¢gys oialdl Y O0I0owAtY canns me
t hat was simmirleafre.rtebntcteb aln beoconcl uded tt hat &
outside | ayers of AEP andna€CEP atoiabbeefadt mi
membr anat ifabbrscheme to electrospinning the ¢
vol tage drop?(ak. 716, OM0)0 wreAs/ canc hi eved when t he
mmol / g) i onomer was used in both the junctio
no correlation between t hescwdladnettthhe cj Cmoaiciec
| ayaeaird t he transmembr ane woledaRgset idnrgoupi.s hT hteh er

current density regime of 3D nanofiber junct

Fumasep,e whhe voltage drop increased signifi
density. Such a | arge transmembrane voltage
energy consumption for water splitting.

n o
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Figure 2.9: CurrentVoltage curves for bipolar membranes with Al(QHd} a loading of

0.5 mg/cm, utilizing (a) SPEEK (IEC = 1.6 mmol/g) and QPPO (IEC = 1.4 mmol/g), and
(b) SPEEK (IEC = 1.9 mmol/g) and QPPO (IEC = 1.8 mmol/g). A Fumasep BPM is
included for comparisofReprinted (adapted) with permission from reference 2. Copyright
2022 American Chemical Society.).
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Figure 2.10: (a-c) Currentvoltage (V) curves for water splitting measurement of BPMs
with different ratios of Nafion/Aemion in the interfacial layer: a) 33:67; b) 50:50; c) 67:33
d) an +V curve for the commercial Fumasep BPM at room temperature.

3D junction BPMs were further characterized by examining more closely the onset

potential for water splitting and the slope of thé curve during water splitting. Water
dissociation occurs at the bipolar junction where CEP and AEP ionomers are in contact
with one another and with a water splitting catalyst. When a BPM is operated in reverse
bias mode at a low voltage, there is no ion transport (i.e., no current) because cétiens in
solution cannot pass through the AEP layer and anions cannot pagghtthre CEP layer,
except for the possibility of small leakage currents due to defect pores or imperfect
permselectivity of the iomxchange layers. When the voltage is increased sufficiently,
current flows because the initial equilibrium of water dissami@issociation in the

junction is shifted towardthe production of protons and hydroxide ions, which become
pH



the primary current carrierBuring current flow, the potential difference (voltage) across

a BPM is related to three major factors: (i) the pH difference at the junction, (ii) the water
splitting activation overpotential, and (iii) the IR drop due to membrane resistance. The
first contribution can be calculated based on the Nernst equatiwhich for a pH
difference of % (a pH of 14 for the alkaline side and a pHOdfor the acid side) gives
0.828 V. The second contribution depends on the type of ggaliting catalyst, where the
activation overpotential is expected to be high for an uncatalyzed junction. The sum of
these twovoltagecontributionsgives he water splitting onset voltagé&ov), which was
determined from anV polarization plot as the intersection of two straight lines that are
tangents to the low and high current density regi(ees Figure 21). The ion transport
resistance in a BPMuring water splitting, Rs, was taken as the tangent to thégurve

at a high current density (>100 mA/€mAs can be seen by the results in Table 2.4, the
values of by are low for 3D junction BPMs, indicating efficient generation 6faHd OH

in the junctionlayer. A high value of the water splitting potential, as per membrane C in
Table 2.4, indicates a slow water splitting reaction (high activation overpotential). The
values of Rys in Table 2.4 for the catalyzed 3D junction BBEre comparable tdhbse
reported by McDonald and Freund for a 2D junction bipolar membrane composed of
laminated Nafion and Neosepta AHA membranes with graphene oxide citalyst.
resistance of the Fumasep membrane was 3X greater than that of the best 3D junction BPM

due to the overall greater thickness of this commercial film (+20@s. ~50mm for a 3D



junction BPM). The high value of#® for membrane C in Table 2.4 was the result of using
low IEC AEP and CEP ionomerAlso, as expected, the lowest values of batk &nd
Rws were obtained with membranes D and E in Table 2.4, which were made with high IEC

AEP and CEP polymers.

Current Density [mA/cm?]

1:5

Voltage [V]

Figure 2.11. Estimation of the water splitting onset voltage (denoted as Eov) as the
intersection of the two dashed tangent lines at the low current and high current sections of
an +V curve (Reprinted (adapted) with permission from reference 2. Copyright 2022
American Chemical Society.)

Table 24: BPM water splitting parameters of meritofEand Rvs). (Reprinted (adapted)
with permission from reference 2. Copyright 2022 American Chemical Society.)

Me mbr aneg Eov[ V] Rws[q A i
A 0. 68 0.203
B 0.78 0. 458
C 0.91 0.721
D 0.75 0.153
E 0.71 0.097
F 0.72 0.245
Fumasep 0. 83 0. 68

©
a
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Figure 2.12: Currentvoltage curves of (83PEEK (1.9EC) and QPPO (1.8eC) BPMs
containing different catalysts in the junction layer. (G) 0.1 §/@0 @ ); (H) 1.0 g/cm
AI(OH)3 (, ); (1) 1.0 g/cni Zr(OH)s (B); (J) 1.0 g/cri Al2Os (p ); and (K) nocatalyst

(* ). (b) SPEEK (1.8EC) and QPPO (1.I[EC) BPMs containing different catalysts in the
junction layer. (L) B3 g/cm?® AI(OH)s (A); (M) 0.08 g/cn? GO (. ); (N) 0.08 g/cn -
COOH form nanediamond(B ); (O) 0.1g/cn? raw nanediamond(p ); and P) 0.04 g/cnd
-OH form nanediamond(* ). (Figure 2.2a isadapted with permission from reference 2.
Copyright 2022 American Chemical Society.)
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Table 25: Water splitting onset potential ¢) and membrane resistance to teamsport

for 3D junction BPMs with different catalysts (membranei @re identified in the caption

for Figure 2.2a, reprinted (adapted) with permission from reference 2. Copyright 2022
American Chemical Sociely.

Me mbr ane Eov[ V] Rws[qc M
G 0. 75 0.16
H 0. 80 0. 30
I 0. 76 0. 34
J 0. 90 1. 38
K (No cat a 1.82 1.21
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Figure 2.13: Water splitting 4V polarization curves for different external salt solutions.

The 3D junction BPM was composed of 1.8 IEREEK/RGO/ 1. 7 | EC QPPO (58
dry thickness). (a) and (c) show full polarization curves up to 1,100 nfA(band (d)

are expanded views of the low current density portion of the polarization c{iRegsinted

(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.)
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Figure 2.14: Schematic diagram of the electrodialysis cell for the determination-ioinco
leakage and pH changes through a 3D junction BPM during constant current water splitting
(Reprinted (adapted) with permission from reference 2. Copyright 2022 American
Chemical Society.)

Table 26: The initial and final values of pH and sodium/sulfate ion concentrations in the
acidic aml alkaline compartments separated by a 3D junction BPM in a water splitting
experiment(Reprinted (adapted) with permission from reference 2. Copyright 2022
American Chemical Society.)

Aci di ¢ Comp_a Al kal i ne Com
(EBQGener at i (NaOH Gener:
N a sqQ”
pH Concent pH Concent
( mol /| (mol /
l ni t i 5.8 0.97 5. 8 0.50
Af t\Wart e
Splitt
1.1 0. 96 13. 3 0. 47
at 0.2
for 10
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Table 2.7: Summary of water splitting performance of BPMs in the literature.
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in this chapter. Al of the BPMs from publi
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Y z y 2 (26)

The areal resistance of dtulaé jdéuindceRs)roons o8& n ut
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are |listed i n Tadtl &l Y2st8.pdrhtei All d OKHar e known
with a dblanmem,erswmfthre high asptlicel ursateirosngi rof
these particles in the junction, which is qgt
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Table 28: Calculated areal resistance of BPMs in the absence of A}(@a)icles and
experimentally measured resistances, for membranésfidm Table 2.3(Reprinted
(adapted) with permission from reference 2. Copyright 2022 American Chemical Society.)

Calcul ated res Experi men Parti

BPM with uncataly|measured | aspe
(& M (& M? r at U)o

A 0.192 0.203 2. 517
B 0.183 0. 468 13.1
C 0.1514 0.721 24 .6
D 0.099 0.153 7.28
E 0. 086 0.097 4.51
F 0.100 0.245 16.0

'From Table 2. 4
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Figure 2.15: Results of a longime constant current water splitting experiment at 800
mA/cn? and 30°C. (a) Normalized membranes voltage drop vs. time and-{b) i
polarization curves at 0 h and 60 h. The BPM was composed of 1.9 IEC SPEEK and 1.8
IEC QPPO with nGO catalyst in the junction layer (@0 total dry membrane thickness).

(Reprinted (adapted) with permission from reference 2. Copyright 2022 American
Chemical Society.)
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Figure 2.16. Constant current density test at 0.5 Afapha 3D junction SPEEK/QPPO
BPM with 0.1 mg/crAGO catalyst.
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Fumasep BPM at room temperature with a current density of 0.5?Aécr80 hours (b)
Durability test of the BPM with 50:5Nafion:Aemion at 50C with a current density of
0.5 Alcnt for 10 hours
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24 Concl usi on

Bi pol ar membrankasedtdDaj nacobif obewer e fabr
A new and simpler method of prepariny the me
was developed, where electrospinning was o0r
junctioncdsatyedensPa eout er films of ani-on and
pressed to the | un®dtPiMoanb rliacyaetri otno pcroomcpel sest.e Me
prepared with quaterni zeadndwaonmye (et @iy lAsn & hex i
anion exchasmoged pallyfmenrat ed poly(etard et her

commer ci ads Nahfd ooat i on s e xvwdhtafnfgeer em o | yl nEeCrs j

compos | tvaaordi ous junction | ayer catalysts.
The 3D junction membranes were able to spl
mA/ §mand at a |l ow transmembrainke YYyNadnhage dr c

gr aphendnGO)xinde gr aphenat oai der yGOmgw/ §madi ng
worked best as t hs nwattheer jsuphPcBE Koinf @l .aByaetrB CYy 6 QF
(1. 8 3IDEGJunction membranes exhi bhotuwdt excel |l e
splitting experiment at a conwthaht essentenal
chamgpetransmembrane voltage drop over ti me
degradati onANal aomn hAé¢ mowint BDGCBBdatwaldy btet t er
watseprl i tting durability at room temperature \

BPM in a const aaatt cudo?emAd dietnistvwagr | yurabi0it

TN



test at 2@ mAlf E@CMelocwtabl spwateing perf or m:
t he Nafion/ Aeam oel e\Da tB&@/ai tavdnm pl eerraakttadgreee 3 D j unct
BPMgas | ow with crossover curr efftord eenxstietrineasl
salt solutions up to 2.0 M.

The | ow opeobatithge B®I twame td oo cBPaMsed wi t h
water splitting in the junction | ayer (a | ow
i nterfaci al tahree aprjeusnecntcieonof aamdwaherouuwstpdrof tt hi
| ayreermbr anes composed of high | EC ionomers.
durability of the BPMs was due to the inter

mor phol ogy of the 3D junction and good adher

to Gthetijon | ayeabs eBravseedd poenr ftoremance metri cs,
membr anes show great promise for use in el e
and in energy conversion/storage application
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CHAPTER 1lI

REVERSE AND FORWARD BIAS MODES OF TRILAYER 3D JUNCTION

BPMS
31l ntroducti on
Recentl vy, hydrogen/ air fuel cells and red
attention due to the gl obal i nterest 1in ren:i

conversion and storage devices could benefi
operates in forward bias (water generation)
Figure 1.1 for the schentaHdwev eorf, ftolrewaa e raatc
bi pol ar membrane for water genermmdromni ahlas n
BPMs are unable to operate in water generat.
of the bipolar junction, resulting in an in
del ami natDhamha®Bi nkkstalgated the behavior of
during forward and reverse bias modes. Regar
a current den’sithwreé& 80D mMAécmommerci al BP Ms
voltage drops of 1.44 V, 1.12 V, and 0.96 \
respectively), while the other two membr anes
(BMI 9000 and Rma)Jekor dtmecompaai dobias tests

NaOH, t hree of Mshes hooomende rac i ail miBlPa ¥4 WQ | tad g ea

TN



current dens?)tpubftBe wmaAlctmge drop increased
the current densi6tOy mdcTmhec Famaedpt me mOBr ane
better water generation performance when cor
V at 26amd/T.m26 V vs. ?0. 45 ovn atthi6s0 smAwdcym i t
that the Fumasep BPM showed the best water s
among the five commerci al BP Ms. Howe ver, It
in this study were | ow, especially for the w

Shen "£showeéd that a BPM with a dual fiber 3
splitting mode at curré&ftsedeChiapit es uwp )t @nd
generation mode at a ca(rtrheenrte dweanss intoy ctheasntg eo fi
vol tage drop during a 30 minutes constant cu

I n this chaptedepthestadyl b duabdnfiber 3I
presented, in order to better wunderstand ho
bias/ pol arization modes. Tril ayer 3D juncti
tested using the experiment al met hods descri
the CEP and QPPO or TP85 (from Versogen, l nc
chemical stability, than SPEEK andelQPd®&l, | and
or redox fl ow battery (whi ch-coopnecreanttersa taetd haicg
and al kaline environments). The presence and

| ayer were also examined. lin mwawsersdio whi aan (Cu



I that a catalysst ssuelquasedGQOsee EKI gOHE 2.
since watertasiglitOdHi mgt i ate®pdint aneous reaction
H'and ,Othowever, i's a spontaneous process, SO
if a catalyst was beneficial for BPM operat:i

the work in this chapter was to findda 3D ju

and reverse bias modes. The mcoeswdirtasti nrithas
junction BPMs with a commerci al 2D junctio
preferred 3D junction membrane composition/

bias modes.

32 Experimental Materials and Met hods

321 Material s

Naf©&d1l membrane (1100 EW perfluofosul fon
exchange capacity of O0.9lmmmahd ®@Uecadlandry t
solution (dispersion containing 1100 EW per|
from Chemours (Wil miThR&% nme MEr)an ePiagred | iONn o m
(Poly(aryl pipeexdhange)capadi aypy oon2. 4 mmol
of emdP and TP100 i onomer powder fexalhya(harey | [

capacity o’we2eeBpmmoéd ghrom Ver sog@REMWI | mi ng



Aqui 8B3@5 cation exchange membFiamreesmd madaen wd 3
EW perfluorosul fonic acid ionomer and ePTFE
of ¢em) , andO REWMtD B N aex omange me mbr ane (com
poly(norbornene) and ePTFE reinfem)cevetr mat er
purchased from Xergy, l nc. (Harrington, DE
Laboratories I nc. -MeKiitpgy rafol Prdu aininae, (MNAMP.) lwa
from TCl America (Portland, OR). I sowropanol
= 408) kwere purchased from SpgmpaAbdyi mbt [ &b
N-Di met hyl acet ami de vi DMA@)yrranhddpdeBOQOPYP,a) M
were obtained from Fisher Scientific (Walth
powder as an agqueous suspension -Febhh. amgék mL,

with a flake thickness of ~1 nm) was purchas
NY) . FuBRM-2@®Om) was received fr oBi sFsu nmagteenc, h

Ger many) .

322 Fabricavalbefielbér ospun junction | ayer

The junction | ayer fdoualBMsesltaevias s pirremiam g dm:

Some fiber junctions were prepared with SPE
section 2.2.4. Other junctions were made usi
the | atter, a Nafion electdrepprannggNabdl ani

(obtained from dryi ngprtdcpearndlquammnd veatlert i noinx)t

TT



ratio of 2:1. Then, a smal/l amount of PEO po
content of the electrospinning solution was
Nafion: PEO. Similarly, a TP85 eloelcvtirnogs ptimeni |
TP85 i onomer in a mixed solvent with a 1.5:1
fully dissolved, PVP powder was added 1into
TP85: PVP was fixed as 9:1. The tofTalk solid
el ectrospinning par ameatl g udn bfearo nt fa BN afhidovih/ TR
where the ratio of Nafion/ TP85 in the junct]
was O0. 2G@gi/mmthe junction | ayer. For some BI

was prepared with no GO powder.

Table 31: Electrospinning parameters for BPM dual fiber junctions with Nafion and TP85.

Par amet er Nafi on TP85
Vol tage [ V] 8 14

FIl ow Rate [ m 0.15 0.32

Spintn@&ol | ector [ 10.5 10.5

Solution Concen 20 12. 7
Sol vent 2. IprmogO: H L. 5: 1.3
NMP: Me OH:

l onomer : Carri 99: 1 9:1

323 Fabrication ofl A¥Brand CEP outer

SPEEK and QPPO polymers were synthesized a
two ionomers were made by solution casting,

membr anes, -AgiuonrmB3®EM membr anes, aird 5 Pentior



membr anes were commercially purchased and us

to the commercial dense polymer membranes, o
thickness (listed in Table 3. 2) were prepar
foll bygeod wampwxposure and hot pressing, in or

t hickness. Specifically, an el ectrals;pun TPS8E
weight ratio of MeOH: DMAc | iquid misxetdure f or
at 285 AF, 45,000 I bs for 30 min using a Cal
em thick TP85 film was embt Ai n&dNabBi mnl &arl m, w

from an el ectrospun Nafion fiber &8t mbw betn

a Carver press followed by thermal annealing
324 Preparation of trilayer 3D junction BPMs

The preparation of trilayer 3D junction B
described in Chapter 1I1. Asushgwmiien ofi dwarye
was -proetssed with AEP and CEP films to obtain
out er l ayer s, bot h-hcwsnenemadal mémbmanasndweée me
di fferent BPMs were prepared, as |isted in T

For membrane A in Table 3.2, the fabricati
Chapter [ FEOri mme mbb laen e 8. B, the following

commerci-madadercatil édn exchange membr-ammade( Nafi o

ani ohamge membrane (TP85duaadrnfdin@wedi/oh ™MRAES5 /( Nv
T



0.1 nrm&GOcmr in the absence of catalyst) wer
Me OH: DMAc (weight ratio) liquid solution for
together and hot pressed at 285 AF, and 45,0
me mbr ame TR bal ec o3nne,r ci al ani on excha®de membr
film purchased from Xergy, Inc.) was exposed
rati o) solution for 15 minutes. A reinforce
PEMgi v-883®5 fil m) and an wuncatalyzed electro
exposed to vapors from a 1:1 weight rati o Me
films were then stackedAR,o g4e5,h0e0r0 alnbds hfootr p3r0e
CarverAsprselssswn in Table 3.2, the thi#68kness o

em.

Table 32: Composition and thickness of BPMs in this study.

CEP Catal ys

CEM EC| AEM I E[Cont{¢EFijnal Ar eal

BpmMm [ mmol /f [ mmol /| in tfThick Loadi i

Thickn ThicknfJunct [ B] Vol ume

[ wt . Loadi
Sol wta| Sol udasg

Al eH

A SPEEK QPPO 33 6 8 0 5( fig

1.8 | 1.7 11 0'193

2 @m 21me ' g

Commer| Commer GO:

B Naf i on TP85 50 45 0.1 Mg

25me 15me ) g
Commer| Commer
Nafi on TP85

C 0 91 o 4 |1 50 45 No cat
25me 15me




Se-ma*de Se-made GO:

D Naf'i o TP85 50 22 0.1 g
0.91 2.4 || 0. 20°¢
8 me 9 me '
Se-in& d 4 Se-méade
Naf'i o TP85

E 0 91 o 4 |1 50 22 No cat
8 me 9 me
Commer Commer
xion'PPenticyr

F Aqui vi 705 - 50 18 No cat
8 3-05 ; '

8 nme
5em
"Membrane A was prepared following the proce:c

'Se-m@de Nafion and TP85 films as described i1

325 Water splitting and water generation tes’

A typicsapll iwattienrg exper i me rcto mpas t pnemift o rgrheads s
cel | as shown in Chapter | ,% Fivgarel acéf@aben
the anode and cathode chambers. The anion e
with the compartment filled with 1.0 M NaOH
outer |l ayer was inSQeoid a¢c¢t owi t huggiln Oc apiH
compartment, equi pped with Ag/ AgClI referenc:i
me mbr ane measdace tlbe transmembrane voltage
el ectrodes were made from a Pt alloy and we
served as a controlled current source. Galva
t he curvraernitedwaasnd t he resultant difference i
measured by the two reference -vell & cagreo d(eis .

polarization curve, the recorded current det

ym



drop across the BPM (denoted as &V

water generation test

(measur e

, the &V was identified

drop across the membrane subtradeedityomthhihs

eV

| &V {Moeja.s uWheedl t he BPM separated sol uti

(0. 59M Naor example), tbsey omaesn OciOr cVui tWhwem! tt:

separated an acid and a basetspbpeubj
in 1.,.9QavhdH 1. 0 M NaOH, the open circ

calcul ated from the applied curr eretl

ohortherart

ui t vol t e

| amwdhst he

i mmer sedCi nomast2&dnt temperature water bath.

f orward bi as mode and reverse bias

mode by

working electrodes, as shown in Figure 3.1.

a) Anode Cathode b) Cathode Anode

® ©

Ag/AgCl
electrodes

Ag/AgCl
electrodes

Pt alloy
electrode

Pt alloy Ptalloy
electrode electrode

Pt alloy
electrode

Figure 3.1: Schematics of (a) water splitting and (b) water generation Hieeill.

33 Results and Discussion



331 SPEEK/ QPPO tril ayer 3D junction BPM

An Alsxfc@H)al yzed SPEEK/ QPPO trilayer 3D junc
the method described in Chapter I 1. This mel
Two represent atviolv ¢ ¥Qerprod ratr i zeart siothy cur ves f or
in FiZzgurwhere the positive current density o
the water splitting curve and the negative
water s\WYldunvegfriom Figure 3.2 idirscuiytpiwallt ago
(OCV) of 0.77 V, which reflects tRe?ApH diffe
a current dens?)) tyhef ma@durmAd cwol t age drop
increased to 0.91 V, and the overall pol ar i
testing a 3D junctiS@eoBBRPMi whthbhnabothbh #i Nas
no i on ‘Herakwmagteer generation, there was a | ar
from +0i.07703V )o f or a smaltly ifnrcorne?@0® EwA/nctno ur r e
65 mA/ clnhe current d65 smAdiaemn orta nbgee iforno m ela k a g
there was no ion | eakage in the reverse bia
current density probably can be associated w

generation. When threasiedehntr dieers,i 3 fyrtdvms65 nt

change in the transmembrane voltage was only
steep) . Based on dther wadreer atpilorn tti gt sanfdow t
BPM, the membrane resistance was much greate



that during water splitting. There appeared

drop energy penalty) at wat ef ¢gTehniesr aBtPiMo nwocr Lkre

in water splitting mode but failed in water
the goal of finding a membrane that worked
BPM is to be used in a redoxevémswe blaita®r snod

needed during charge and di scmatrge,i nh httlne owa
splitting and water generation portions of
further il nvestigation woul d be to examine
performance (where catalyst fpar twiadleegs ,geinrer @n
't would also be beneficial to determine if

in BPMs with different AEP and CEP materi al s

150
100
50

-50
-100 water splitting

-150 water generation

Current density (mA/cm?)

-200
-250

-300
-0.2 0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure32: Water splitting (y) and water generat.i
3D junction BPM in1.0 M NaOH and 1.0 M 804 at 25°C, where current density is

yn



pl otted versus &V (measured). The -tasti | ayer
dense SPEEK film, dense QPPO film, and an Al($tétalyzed 1/2 SPEEK/QPPO dual
fiber junction.

332 GOcatalyzed Nafion/ TP85 3 DmaBdPeMsd evi & en acwtme

| ayers

Given the high chemical stability and good
the forward bias and reverse bias behaviors
evaluated. This type of BPM was first prepa
me mbane and Nafion 211 membrane with a 1/1
BPM was prepar @GO wiathalOy.slt nmdwvwdrer in the junec
BPM had a thickness of around 45 Om.

The wapietrti mge/neatadri on pol ari zaat @ahy zeuwr v e
Nafion/ TP85 BPM is shown in Figure 3.3a, wit
splitting curve, at & ctuhrer evnot! tdaegnes idtryo po fi nlcOr(
close to the behavior in Figure 3s.p2l.i tTthiinsg r €
catalysis of GO (whi h, ibbutsiimi lalrs a op rtdcvaead otf
preparation procedure describedvaterClkappt eérn il
Nafion/ TP85 BPM. For the water generation eX
catal yst perfor med nicely, wi t h a smal |l er
SPEEK/ QPPO BPM for the same currentsatensity.

at 1002 mAhemaV ( |-y () mods Nadd)n/ TP85 BPM wa
yp



whil e at %225t0hemAMm ncreased slighttando 0. 42
OHin the Nafion/ TP85 trilayer 3D junction
SPEEK/ QPPGBRAM,( OpHer haps due to either: (i) th
junction and/ or (1 1) the choice of pol ymer s
SPEEK and/ or QPPO in removing water from the
are nereedied nheparticular thecanakgsiorobh wat e
junction BPM with Nsxfaitard,y sTP &h,d dmwi fah (3H)j u

SPEEK, QPPO, and GO.

Overall , splhiet twgreeg/ewatt e on performance of t
junction me mbr ane was excell espl iatntdi ntghh ewa & ¢
generation portions of the pol curve is no |
with a commerci al membr ane, the same for ward

carried out with a Fumasep BPM fromaFumheech
transmembrane voltage drop of Fumasep BPM fo
t han that of the 3D junction BPM. Al so, t he
behavior for water splitting and water generit
current densitidesi  neatr dSOOs tmAntcimal |y di ffer
Nafion/ TP85 BPM, it is a poor water generat.
generation currend. density of 150 mA/cm

I n a -droickdw experi ment, the 3D junction

yc



evaluated for durability during constant cu
density of 2MeOnbmA/nempe’Cf warmamoai abr28 over

by recording the transmembrane voltage drop

reference electrodes. A plot of the &V ver st
3.3b. Excell ent stabiliuyiong wheemMPgéhbalanbhtbd
observed. However, when the currenthedeadity

guiyckilncreased to above 1.0 V (within a few r
mi nutes of water §reenveeraalteido nd ealta nsiOn0a tmiAdc mof tF
It was specul ated that the dapmage was fasus &
generation in the junction and sl ow water r €
density wat eaxgeacedttioen watteer di ffusion rat
in a hydraulic pressure inckrewseesinotdtdel amin
When a similar constant current experi ment

~100 nmMA/tchme voltage drop began to rise rapi
experi ments were stoppedcat al gaedbNatooo! U8
3D BPM | ooks promising, with not only good \
resslin Chapter |1, but performed well in wa
can work in both forwarvdalmabrevehae bawaisngqo

BPMs wor k for each mode.
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Figure 3.3: (a) Water splitting and water generation tests of a trilayer BPM and a

commer ci al Fumasep BPM, where current densi:t
constant water generation current density test at 250 ntAdtmtrilayer BPM in 1.0 M
NaOHand 1.0 MbEBQ:at25°C, wher e @&V =1 VotvgEeMe tlilajer BRMU r e d)

(45 em) was made with dens ecatdlyPesl BafigniTP8m, Naf i
dualfiber junction.

Wher eas Figure 3.30Db shows t he stabil it
Nafion/ TP85/ GO BPM during water generation (

t est was performed with the same BPM in wat

yy



e X

co

t h

me

of

peri meand mpar ttnmeont fl ow cel |l M@Isoempli oned

ntinuously circulating through the anode a
e cell (containing a>5&8maweér eamoenur mdd Ntad
ermostated feed tank for acid/ base neutral
e feed tank solution w&®dCweTHe mi xleld awrdr ena
s set tdéarbd Ot hmA/wonl t age drop acrodsesd t he Dbi
er time with AgCl reference electrodes and
nstant current experiment was run for 2114
e shown in Figure 3.4. ExcelbkbewbdDl pagé&dr mac

served with a mean BPM voltage drop of 1.2

.4 was due to the i ntaemdeOigna st hbeu bdd teh ogdeen ea |

mpartments. The small upwardl tageddobdp eo Vv e
e -hduu4 test was estimated to be 15 mV, w
asurement. When the membrane was removed f
del aminati on. The BPM was highlfy teiwol | en
peri ment , which was associ aHée€) wofhthhbhe
ectrodialysis water splitting test. To be

me form of fiber reinforcemeeaxc hmammgeer i al C

cat-exomhange out er | ayers of t he BP M. Such

ma

de/investigated in the present study.

y ¢
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Figure 34: Constant water splitting current density test at 500 mAiorf.5 M NaSQ..
The 3D BPM ( 4 SvitheamgmmercasdemsaTdP&5 film, a commercial dense
Nafion 211 film, and a G&@atalyzed Nafion/TP85 duéiber junction.

Next, cat &Oyzed Nafion/ TP85 BPM (BPM D in
structure to that shown in Figurm, 3i 8 owadema
to increase water transport rates out of the
generation) at high current densities.

Figure 3.5a shows the water splitting an:
me mbr ane, where the outer | ayers were made
pressing process as descr ivwaetde ri ng etoheevsae X poenr i
steeper than those from Figure 3.3a (i .e., |
which can be related to a | ower thickness o

|l eakage can be seen in Figureal3. 5dedainad tihe

dn



pri@erelH experiments. The measur ed?itm atnlseme mbr
water splitting test is 0.88 V, while for tfF
mA/ éand 500°amAR/ comly O0.07 V and 0.10 V, res;g
previous Nafion/ TP85 3D BPM with thicker ou
water splitting performance? wi tamdclthse ra\du(-
of the BPM with thinner outer?® | apefsr war a@7»b]
mode can be ascribed to the thinner AEP and
BPM with thinner outer | ayers shows better
with thicker outer | ayers, but tlge tmedheaeni c
reduced membrane thickness.

The water generat i dwi tsht atbhiilsi tnye mabtr a5n0e0 insA /sc
3.5b. As can be seen, the membrane perfor me
densi ty, after which the &V started to inc
membr ane fail ure. Ther pdernvs e ucsu tBePrM Iwa yt ehr st hfi &
mi nutes at, 50 hmAa/ dmrge increasemadie adVut €rhe
|l ayers survived |l onger at the highhaocednt

water removal from the junction through the

bhm
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Figure 3.5: (a) Water splitting and water generation tests where current density is plotted

versus &V (measured), and (b) constant wat
mA/cn? of a trilayer BPM in 1.0 M NaOH and 1.0 M\b8Qs at 25°C, wher e &V = |
(measured) Vocv] . The tril ayer BPM (-rRade dense TP&8as mad

outer layer, a selinade dense Nafion outer layer, and a-&Gfalyzed Nafion/TP85 dual
fiber junction.

333 Uncatalyzed 3D BPMs-maidteh deeacnmme roawitaelr drays

For the purpose of i nvestigating the eff

G H



uncatalyzed TP85/ Nafion 3D junction BPM was
Figure 3.6a shows the polarization curve for
A significantly high voltage dr aps ionb stehrev enda,t
which is expected, . e., cat al plsitt tpanrgt i(clloewnse
the activation energy barrier for the reacti
voltage drop for water gabhat gstopahaschesnal
the junction |l ayer. For example, confparing F
is reduced from 0.42 V to 0.18 V. The open c
i s substantially different from that 1 n Fi gl
estimate based on the Nernst &qu@aaM ofnr.o nH oOw e4vt
V to 0.76 V (for a BPM separating 1.0 M HCI
i ndicate a chanogfe a nBRM.e functioning

A constant current water generation exper.
Nafion/ TP85 3D junction BPM. Experiments wer
and 5002 mRA/aectms of @&V versus time for the t w
3.6b and 3.6¢. <Ftoabl2&60BRMM/axper ati on was obse
a similar r-cestudlty zaesd theef iGcOh/ TP85 tril ayer BPF
some variation in @&V over a periodwb&n30 min
the current densi tly fwars rfd axsansatn &t0 OwenAl/ cum d.

time. What is clear is that a 3D junction BP



generation currerffodenhbetBEM (BOBi mAfem3. 6b)
GOcatalyst junction BPM in Figurie But3bf giwlhe
after a few miHhut Ad t AbufOO0Ot MASCBPM showed g
behavior, it exhibited bad water splitting
not that di fferent t han -cahtea lpyrzeevdi ojuusn cntei nobnr, a

membr ane showedngwadepropeéeitiesng &red bweastter g

to have that kind of membrane, thus a single
bias modes. Further investigation on the wa
because the membrane i s unsuiG@G\Whbwas falrsowan e
pursued and examined further. The goal of tF
water generation or water splitting in a mem
Further work is needed toeemnambnefbor wamdshbl
60 minutes, for BPMs with different catalys

than 0.1, nmfgdrcma wi der range of constant curr

di fferent acid and base solutions in contac
conclude from the preliminary forward and
necesosrartyhef water splitting reaction, but no
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1.0MNaOHand 1.0MBEXwat25°C, wher e &V =i VosdVlhe(tritagea s ur e d)
BPM (45 em) was made with a commerci al dense
211 film, and an uncatalyzed Nafion/TP85 diitaér junction.

A BPM with an uncatalagzedPB8&bnamidoMawi tom ®
was prepared as well. The water splitting an
3. 7a. The first thing that shoul d be notic
t herdgnamic value (~0.76 V), which i s simila
expected, water splitting without the catal.y
that observed with a catalyzed junctrion (Fi
water generation, with a ¥%ws.t aly.e4 & r\o patofz elr.
A constant current density wa&aed gkeerasiubns
shown in Figure 3. 7Db. The &V was constant f
me mbr ane stability and no delamination. Upon
no membrane damage was found.heHaowewernt idfe nwe
750 mA/ ¢me BPM failed within savéeoak mfnudte

membr ane are needed to be investigated.
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Figure 3.7: (a) Water splitting and water generation tests where current dengiotted

versus &V (measured), and (b) constant wat
mA/cn? of a trilayer BPM in 1.0 M NaOH and 1.0 MoSiQrat 25°C, wher e @&V = | ¢
(measured) Vocv| . The trilayer BPM (-1Ra2le TP8)outeawmas mad

layer, a seimade Nafion outer layer, and an uncatalyzed Nafion/TP85ithealjunction.

Further more, a BPM was fabricated usi ng

described in previous sections, where two ¢

PEMQqQui 8308 and -AEEEMWMBDiI59gn were used as the ouil
PT



junction | ayer contained no cataayleyrs tBP M hwea st ¢
only 18 Om5(vem)susor22 he previous BPMs. The
tested-ciompar taveelnlt where one compar 3@nt was
and the other contained-vlo.l Q& -3\ eNoapd Har iTzhaet icourr r
for this BPM, with water s,pbisthowg andFwague.
Water splitting occurred at positive current
expected, the water splitting curve showed
contained no catalyst.O0T42® VY,pesi miilracruitto vtoh
BPMs shown in Figures 3.6 andwBtfi.aBeaatdl pn
junction al waymathathleeh NNeOO\s tt heagguat i on, whi |l e
did not. The membrane worked well for water

of the water generation por tftihoen a®M wahse opnolly c

Next, a constant current densityfowrat2r ge.]
hours, and then CcZfoort i anetdhart TS5 mmAUrcsn. Subs
base sol utcdeolnls wenr et hreepH aced (without removi
current density test’fwasaocoatdidntednat 3000mA
testing time was 6.5 hours. A plot of the ch
This BPM exhibited remarkabl yagoadhsgabicluir tr

densi ty. Comparing the @&V of 2tahned foipresrta tpioornt i

py



750 mA/ tme @&V during?vahe slisghtalty 750wenA/ cwh i
to either heating of the junction during hig
accumul ation (polymer swelling) that activat
the &V for thewhtehn rtdh et ecsutr rseengtmednetnsi ty was |
mA/ ¢émmay be due to the replacement of the a.

t hat after 20 minutes of ciommstatntl U@t emA/ ovma

membr ane failed, presumably due to the rapid
with the thin outer AEP/ CEP | ayers. It can b
generation stability during theenéstdepsri it 0¢
However, this membrane cannot be used i n wat
membr ane for water generation, in terms of v

oy
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Figure 3.8: (a) Water splitting and water generation tests where current density is plotted
versus @&V (measured), and (b) durability tes
HSOQ;at25°C, wher e @&V =i VosdV. (Tneea sturrielddy er BPM (18
with commercial ultrathin reinforced Pention and Xion outer layers and an uncatalyzed
Nafion/TP85 duafiber junction.

34 Concl usi on

I n this chapter, BPMs were investigated fo

(water generation) modes. The goal was to fi



both, given the potential application in aci
di scharging processes are ,oagedxidon BaPsMst hwa t
exchange membr ane/ polygmePPemnido nQP&#O, t I8 ani
membr ane/ pol ymer were prepared. Graphene oxi
| ayer catalyst in some membranes; other BPMs
(4@m and -2imn BPIMBs were examined via galvano
volet apgol ari zati or icmer vceosn samd ti nculronegnt densit

3D junction BPMs made with GO catalyst and
forward bias (water generati on) and rever se
commercial TP85madé5TP&y aandmserd® Om) were
commeNafabn 211 ( ~ma&dednNafainodn sfeillfm (~8 Om)
CEP. The presence of catal yst in the junct
transmembrane voltage. For fast water gener
necessaer yc aatoalhyasvt particles in the junction.
dense outer |l ayers showedsVgmdd 10&h anvidiheermewi t |

| 8V {Vimela.s uTrheed )excel | ent dur a-batatyzell a

eV
BPM with thicker dense outer | ayer-Boum wate
water spbtta,ngwhserAd ctthere is essentially no
voltage drop for the duration of the experi:

thinner outer | ayers exhibited a | ower &V &

MM



mA/ ¢émwhich can be associated with the improv

| ayer. When compared with a commerci al Fuma
junction showed a | ower &V in both reverse a
bettestantconrrent density durability tests.
the | imiting/critical event during forward |
(which is |Iinearly dependent on théfagppbdbned
rate out of the junction, there is the poss

water presput batbuskegarates the anion and c
del amination phenomenon is the primary fai
operating in forward bias mode and | imits

generation o < 100 mA/ cm

I n the present study, BPMs with wuncatalyz
me mbr ane thicknesses. During water gener at.i
exhibited | ower &V and better durability as
densteo | ayers of AEP and CEP materials, a 3

successfully for 6.5 hours atZ cOntgntatddn$9il
mA/ éwas there 3D junctHiowevemembtaowsef ainlcat al
per f opronmeed y i n r eawvmdhues HWiiasn dmodne,et our goal
wel | in both f or warrd aa mr3dB PjMuvnedrttsiteo mmatdeelsy st , g

term water splitting and water generation p

M H



up to 28350 trhe/rethore can be more useful I n ac]i
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CHAPTER IV

PREPARATION AND EVALUATION OF BIPOLAR MEMBRANE FUEL CELL

MEAS

41 1 ntroducti on

Fuel cells have been recognized as a cl ean
capable of converting chéfiuedl cenémsgpnaivet bee
and developed for decades, among whi%h proto
*and anion exchange mefihranehtuembstekchbsmpAEN
the drastic power |l oss at l ow rel ative hum
PEMFC and AEMFC in practical &%PpHd ciartdlownssi,o s
of an external humi di fier not only increases
fuel cell system. ThepefboemameéehotlsPEMFCman
at | ow humidities or the identification of
that needs to be resolved. Bipolar membrane
potential fuel <celrlatealndinddtoav thlhuati dda dn else daup
inside the membrane during fuel cel l operat.i
cells (PEMFC, AEMFC, and BPMFC) were shown p

Based on recent publications, BPMFCs made

have been !fhlvnesdri et etl o0 i mprove the fuel c

M p



configurations have been propobBend, papeh iams
bet ween the REnvd armnedp ICEEcM,ng t he AEM with a th
al kal i nBicmdlhaord eme mbr ane configurations and |
are summarized in Table 4. 1. 't can be seen

eported to d%btye PiesnyZdrTmpmavVddedmwi t h t he perfo

-

current PEMFC or AEMFC (witHh ,poBWweMF Gdse nrsed ¢ U iel

f uhretr | mprovement s.

I n Chapter [ 1] of this dissertation, 3D
thicknesses were fabricated and investigate
BPMFC, water wil/| be generated at the junct.i
i na@her 111 exwaitbeirt eadp de xinceetlelge ngtener ati on per
current densities at a |l ow transmembrane vol
current densities. The superi orBRME eov@renar g
commerci al 2D junction Fumasep BPM was veri:
BPMs to perform wel/l in both reverse and fo
extended interfacial juncti on [|faiybeerr swi tthh uisr

providing more reaction areas and better AEP
I n this chapter, the resuélt sc-tod e dirubelli ecsel |
( MEAs) containing a bipolar membrane were pr

exami ned. Different forms/ |l ocationshof the |



(1) di fferent amounts of CEP and AEP
|l oadings of catal yst i n the junction.
di fferent thicknesses or with a

MEAs. A new type of hybrid bipolar
where the junction was | ocated

interl ayer

bet ween t

f

pfou elu sc IDI

ber s
Tri |l &

j u

he

junction

Rceoanrt ati ne nal k

cathodepamfdotm&n e od fC

the hybrid bipolar junction MEASs

and Hi mwliatedhe effects of

out put were quantified. A series

RH at the anode and | ow RH at the

Table 41: Compositions of BPMFC or hybrid fuel cells in literature.

temperatur e,

wa Ot est ed

of experim

cat hode)

Me mbr a Re f
AEP CEP _ Max Power |, an
Confi gu o
Hot pr
AEM wi .
~ 8 mWflic B
FUF'VAABPEN Naf®on hsg:z: at °3,0 100{ 16
Pt/ C cat
me mbr an
a CEM
327 mW/ wein
Quater Pt/ C cat 4
ammon i _ Hot pr cathod_e)
polysul Nafion AEM wi| mW/ émwith 17
( QAPS) CEM catal yst
cat hod/fegat
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Sul fonatBPM mad75 mWi amp
thlpoorloym; (et her a |l-aye at °B,0 100¢( 18
sul fone)| |l ayer Pt/ C cat
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Cr'g:'slc 51. 51 %W
quater Sul f ong Hot IorSPEEK) an
ammoni u| poly(etH AEM wi mW/_ Cwi t 19
(ether ketone)‘ CEM Nafion)pat
or Naf | 8 0C, 1009
keton g Pt/ C cat
( CQAPEH
Pol y-( 2
di met hy
phenyl
oxi de CEM wi 490mv?/lnzrfn@
. . at °D00 %
qguater Nafionthin AE 20
benzyl on to Ag catal)
y
. cat hodeé
tri meth)
ium (P
T MA)
Poly ( &]
C o Poly (et
tetrafl | co Monohe( 107 mW/ nc
ne) bagtetraflu bi pol| Hf at °3,5 ( 21
with alle) base membr a RH, Pt/ C
1- sul fonat
vinylim
Spray
\
A mmon | Ao o3 mwiome
poly(arf Nafi on cathod at °®,0 37% 22
Pt/ C cat
et her s press
CEM
Direc|l 210 m¥W/ win|
membraPt/Cécata
2 , deposi | mW/ cMmwi t-h
A e miOo n NaflonPEM on N/ C cat a 23
the al Ho ©at °G,0
cat ho 100% RH
FUMAPEM from Fumatech, I nc.
Nafion from Chemours, | nc.
Aemi on from Il onomr I nnovations, I nc.




42 Experimental Materials and Methods

421 Materi al s

SPEEK was synthesized at Vanderbilt Univer
211 membranes (1100 EW perf | veoxolsail g eo nd a&p accii
of 0.91 mmol /g ansth)aaddyOliGgilée omessuof od5(di s
containing 1100 EW perfluorosul fonic acid i
(Wil mington, EDE85 méemeraod (Poly(aryl pi per
exchange capacity of 2.4 emmodrnd) iammomerdrpowd
well as TP100 ionomer powderexXdodngerodp gpdipte
2.8 mmol/ g) were purchased f Od®mEMVEeUiswigem ( Wi
835 and XAwmui #EM cation exchange membrane
from Xergy, Inc., (Harrington, FfDB)n.oniehese nme
830 EW perfluorosul f adridd paaciodi)s dared | @ePT)FKE w( &>
of e i gmh e(rd® 39) aamd (18090 . OAEIM DB a@mXx omange
membr ane material, composed of poly(norborne
a dry thiemkwas saloso 8purchased from Xergy, I n
Decon Laboratories | nMet 29Kk mrgoloifdi Pronses i(aNMPF
obtained from TClI America (Portland, OR) . | <

(PEOy= MIOO kDa) were pur c(h&ts.e dL o u-poemp pS¥@dria, M |



Met han®li methMmyl acet ami de ( DMAc) , Met hyl ene
vinyl pyrrolw=dolne3)0 PkMlP3) Mver e obtained from
MA) . PEGwWwEPEGODOM) was purchased from Pol ysci
Perfluorosul foni c aci d (PFSA, 825 E W) was
Graphene oxide (GO) catalyst, as an aqueous
i's in-5tmer ®nde and a thickness of ~1 nm) W
Super mar ket ( Ro Adktocnaktoamay,stNywi th 47.1 wt. % P
bought from Tanaka Kikin@okat Kloyyto wiToky 40 \
(HI SPEC 4000) was purchased from Al fa Aesar

(GDLs) designated a&asom2BBLwEnebpaor ¢(vaestdaden

422 Preparation of anode and cathode

All MEAs empl ey epdb wad eNa fainoond/ePtt hat was compc
catal yst and 42 wt. % neat Nafion binder. T
procedur e: First, 0.058 g of Pt/ C catal yst
assiestodmalr of soRi ecndatniuomresamd Mmechanical sti

20 wt. % of Nafion disp@&rmiixend isnollvielnt( wwa s/ wa
above mixture (Nafion powder was dried from
fo2 Mminutes, 0.771 g of MeOH was added to th

for around 1 hour wsttihr rciomg i wmrutoiuls unee.h alhh e atl

MM



the ink (catalyst powder and N@&friuemh) swasayi nw
catalyst powder onto either a gas diffusion
CEP film (to make a hal f°CCCHN) af clohowed i byn o

weight of the carbon paper before/after cata

the Pt Il oaing (in mg/cm
Al l MEAs empl oQepdowdelrP1O®dt/ Padde t hat was n
containing 3.7 wt.% solids (catalyst + 1o0ono

TP100/ carbon (carbon from the catalyst powdeé

was wai ggnd added into a 20 mL vial, t hen
mechanicall- mtnmnoutreswngamdrllhour of sonicatio
the mixture. Then the suspension was mixed w
in EtQHhe ink was sonicated for 1 hour and we
bar) until use. Chrhsesttesgwsepeamadg bwntal yst
or an AEP film, followed Pg, diryifn@r mna agao nd

electrode (GDE) or a half CCM, respectively.

423 Preparation of MEAs with 3D junction BPM

A series of MEAs dvealej pnedrnoerdBRMsh 388i ng
hepressing fabrication method described in C

a Nafi dmATRP&%Mlkeéeir on (in the presence of GO ceé

MMM



the extcih@amge 1 onomer, the outer |l ayer wa s
me mbr ane, -casstolamtdi oasnneal ed Nafion fil m, or
Aqui 8B3@®8 membrane. R eegxacrhdai nngge tihoen oammeiroon t he o
either ca aclonmMnPe8r5 membaahe T P&85sd6l umiopr a com
AEM 205 membrane. The BPMs wE€ranegersa@®dl wing h
on the CEM side of-CthatBPRPMMea’)ndoatt NRHLOHO/ REM o0

|l ayer. iAc sacfthetmaits ki nd of MEA is shown in Fi

H, 0,
Anode Cathode
Pt/C Pt/C
+ +
Nafion TP100

Cation Exchange Layer ——» «— Anion Exchange Layer

T

Dense Dual-fiber Bipolar Junction

Figure 4.1: Diagram of the MEA with 3D junction BPM. The MEA is composed of a
Nafion-Pt/C anode, a 3D junction BPM, and a TP10@Riathode.



424 Fueelltedest i ng

Al MEAs wer éamditl oamded 5i rctnro t he fuel cel |
anode and cathode flow channels (purchased f
were operated wusing a Scribner 850e test s t
humi di ty, baaleprnesasurgeasa fl ow r ates. Pol ari z
sweeping the voltage from 0.2 V to 1 V with
was held for a while to ensurse ganealsiulriearetnitor

current.

425 SEM i maging

SEM i mages were collected in a Zeiss Merl:.
Sampl es -sfeccrt icorncasls SEM testing were prepared 1
the sample in -Rigpgundtaestragdnt hen &racking t
The cracked section of the sample was presse

are subjected to the gold sputtering process

43 Results and Discussion

431 Preliminary fuel Jcggl andePEMFG)( NEMFC (H

To verify that theecial lcalatnhwed ecraathhhoddMEA we'r

M MO



working correctly, preliminary AEM and PEM f
4311 Preparation of the MEAs for AEMFC and PE
PEMFC and AEMFC MEAs wer e prepar-ed and
|l ine/ reference data for fuel cell performanc
catalyst ink on both sides of a Nafion 211 n
0. lpfoy For an AEMFC MEA, a procedure descrict
research group at the Uni vRtr/sCtiynlof( ID/eC amwatr ie
was sprayed onto the two sidesicchiThehMERPS85 f
was soaked in 3.0 M KOH s ollhuet i cooonmpfoosri t3 omau rc
PEMFC and AEMFC MEAs are shown in Table 4. 2.
Table 42: Compositions of MEASs used for PEMFC and AEMFC tests.
Type| Membr 4
MEA| MEA |Morpho| C3tN0l AnodePrereat
Nafi €n Naf i €n
Commer| (47.19% (47. 1%
A PEMF Nafio 58/ 42, 58/ 42, N o
211 (m)5 met cc2m| mget c2m
CCM CCM
Commer TP1O@/| TP1OT@/
TP8s5 (47. 1% (47. 1%Soak i
B AEMF j 1/@&. 4 1/ 4, KOH f ¢
me mb r g 5
(1) e mgegt cm | mgit cm hour g
CCM CCM
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4312 Fuel cel |l tests of the MEAs for AEMFC an

The polarization curves as wel/l as the m
humi di ty prreswinttsedarien Figure 4.2 for an al ka
membr ane and al kaline electrodes consisting
4. 2a and 4J2bushowet hepHIl ari zation curves co
at “@0under different relative humidity condi
backpr estsmaseph&r e absolute pressure), respec
given of the maxi mum power density values ot
MEA showed high power output, t feandakxl PO wer
mw/ éimn the conditions of O backpressure and
i s compahe@eblesulot st P4Howbeerl,itehat pree f or man
dramatically if we decreased the humidities,
the membrane and the ionomer binder in the
MEA dropped about 70%aakpid@®dss RHe ankRe dalr gisn g
of an AEMFC, oxygen reacitms twhd hc avtatt eedaec,& swh iplr ¢
with hydrogen and generates water in the ano
t he ddhydr of the feed gas and the consumpt
reduction reaction (ORR), which most probabl

RH.
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® 06
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0.0 0.0
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Z
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; 418
Z 400 324
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x
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Figure 4.2: Polarization curves of an AEMFC MEA under different relative humidities
and: (a) without backpressure, (b) with 14 psig backpressure. (c) Histogram of the max
power densities obtained from the polarization curves. Fuel cell test conditiGSwaih

125 sccm Hand 500 sccm geeds.

A NaPEMRC MEA was prephaaied aadffi ©@ewitie@ni nn H
to the severeJdfekoadi hgonss®el ani Hati on cur v
RHs are shown in Figures 4.3a and 4. 3b with
respectivel y. Figure 4.3c shows the correl af
relative humi dpstiigesbadckprheslsur e, t he PEMFC

performance from 100% RH to 69209%Epubdt ban

observed when the humidity was further | ower
result, the power | oss at | ow humidities can
as wel |l as the membrane andon.heDirfefseurletnatn tf rcc

M MC



AEMFC process, protons are produced by oxi di
through the PEM to the cathode, finally reac
l't i s possible that the perfor maenrc ef rdorno ptsh eat

cathode to the anode is not able to compensa

0.0 0.0
0 500 1,000 1,500 2,000 0 500 1,000 1,500 2,000 2,500
Current density (mA/cm?) Current density (mA/cm?)

1000 939 946
800 695 722

600

400

Max power density (mW/cm2)

100% 80% 40%

mOpsig m14psig

Figure 43: Polarization curves of a Nafion PEMFC MEA under different relative

humi di ti es: (*) 100% RH (3) 80% RH, (z) 60%
backpressure, (b) with 14 psig backpressure. (c) Histogram of the max power densities
obtained from the patization curves. Fuel cell test conditions:°80with 125 sccm bl

and 500 sccm air feeds.

432 Evaluating the continuity of thdeuaNafi on

fipbemcti on BPM

Il n order to determine whet her there were &

MMT



fi ber "duian jtumnécern on of a BPM to support high
operati on, PEMFC and AEMFC tests were carrie

fiber junction | ayer between the anode and c

4321 Preparation of the MEAs for Nafion and T

When testing ion flow in the Nafion fiber:
was prepared by first electrospinning Nafi o
fiber el ectrospinning, and then ratrdryni ng t

regarding the ion flow test of the TP85 pha

prepared by sequenti al el ectrospinning TP85
then TP85 fibers. The el ectr ospda nt lpearsaaned ea ss
described in Chapter 111. The CEP/ AEP ratio

With respect to the MEAs used for the ion
in a junction | ayer, the procedure was as fo
el ectrospun mat was exposed to MeOH/ DMAcC so
1/ 1 weight fraction MeOH/ DMAC )p raets srionogm (taet mp2e
°k and 45,000 I bs for 30 minutes wusing a Car
obtai ned terliemaynérsgppruen had a t lBm,c kwetso WBiferar ou
|l ayers of neam tNuaifciko nd uaanld fai bder junction | ay

by stacking the mes#bry &negawi tdh ff wei dlafiedbectr
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| oadi ng pfofh OF oLr

mghe i

on

fol

owem etshti

owki t ehl

eTcPt8r50 s

tri mayér ane (-N#f8i5dm PBbal fibers junction/ TP8
em thick) was made by exposing the dual fibe
of 1/1 weight fraction MeOH/ DMAc at room ten
°k and 45,000 I bs for 30 minutes using a Car v
onto the opposing neat TP85 membr aieLODU Pftace
catal ystf ¢dat Dhe aamposition of each MEA is :
MEA structures are shown in Figure 4. 4.

Table 43: Compositions of MEAs used for Nafion and TP85 ion flow tests.

Type

ME A ME A

Me mbr an
Mor phol

Cat hg

Anod

Prter eat

PEMEF (

Hot pr ess
outer |
Naf i onduTa
fibenct.i
Naf i 0]

f on
(12)c¢

Naf i @
-C
(47,
Pt)
58/ 42
mgk ¢
GDE

Naf i @
-C
(47,
Pt )
58/ 42
mgk ¢
GDE

AEMF (

Hot ©pres

outer |
Naf i onduTa
bemcti
8

fi
TP85 out

TP10-0
C

(1m) ¢

TP100
C (471
Pt) 1
0. 4
mgk ¢z
CCM

k
C

>0g
oI~
— —h
(in O




(@) (b)
2H, - 4e O, +4H"+4e"  2H, + 40H - 4e- 0, + 2H,0 + 4e-
v L 4 v v
4H* 2H,0 4H,0 40H

- A

Nafion binder anode Dense 3D Nafion binder cathode TP 100 binder Dense 3D TP 100 binde

Nafion/TP85 dual anode Nafion/TP85 dual cathode

fiber junction fiber junction

Figure 4.4: Symmetrical MEAs designed for the ion flow tests of (a) Nafion phase, and (b)
TP85 phase.

4322 Fuel cel | performance of the MEAs for N a

Fuel cel | test s°Cwevi ¢ hc 42 bd nedl /5nulCn HE 7 BiOn O
under fully humidified conditions.trA lcaoyneprar i
membrane with the Nafi on 211 film is shown

el ectroisimaynér ane showed the expected PEM fue

|l ower than that of Nafion 211 due to the f a

Nafi on. The results also demonstrateéed good
cat hode. Nafion fibers in the densified Nafi
protons are effectively moving into and out

conducting pathways).

AEMFC tests were carried out to evaluate t
fiber junction. Figure 4.5b g/hefwelpaledri zoat
TP85 membrane and haanynmeéerl ercd uwisjpiumd eér on. The MI

made wirtihlmeeymbrr ane showed the expected al kal
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somewhat | ower than that with a TP85 film
composition was only 50% of TP85. The resul

fibers in the densified Nafion/ TP85 juncti on

—_
oo
N
o
—~
o
~—
~

g
=}

o
)

—&— Nafion 211 - oxygen

—&—Tri-layer - oxygen —8—TP85 membrane

Voltage (V)
o
>
Voltage (V)
o
N

=}
=

—o— Nafion 211 - air 0.4 —&—Tri-layer

- Tri-layer - air

o
o

o
o

o

°

0 500 1,000 1,500 2,000 2,500 3,000 0 500 1,000 1,500 2,000 2,500 3,000
Current density (mA/cm?) Current density (mA/cm?)

Figure 45: Polarization curves of (a) a Nafion 211 membrane and an electrogayer
membrane in oxygen and air. Anod8.1 mgy/cn? Nafion/PtC, cathode 0.1 mgdcn?
Nafion/PtC, (b) a TP85 membrane and an electrospiiayer membrane in oxygen.
Anode - 0.4 mgy/cn? TP100/P{C, cathode- 0.4 mgy/cn? TP100/P{C. Fuel cell test
conditions: 8C°C with 125 sccm KHand 500 sccm £feeds without backpressure, 100%
RH for anode and cathode.

433 Fuel <cell tests of MEAs with 3D junction

I n Chapter 111, various 3D junction BPMs &
and wat er generation performance have beer
performance of the 3D junction BPMs was i mpr

|l agerln this chapter, those membranes are f

MEAsHEIi n Tabl e 4. 4.
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Table 44: Compositions of varied MEAs with 3D junction BPMs.

Type Me mbr an Pr-
Cat ho r-e
MEA| MEA Mor phol Anode . o4t
Hopress|TP10C// Naf i €n
ME3ADW Nafion/ Tl (47.1{(40%

E . junction| = 1/ 4| 58/ 42 N o
junct : 2 >
BP M em, wi tH mgtcm| mgt ccm

mg / oGW) CCM CCM
MEA w Hopress TP1O0OLC/Naf i €n
3D Nafion/T<47'1 (40%

F : . . = 1/ 4| 58/ 42 N o
junctgjunction met 2m| mgt c2m
BPM em, nNo C| CCM CCM

Hot pres

junction
MEA w Xi CrE M TP1O0C/Naf i €n
3D Aqui 8i30h (47.11(400%

G : = 1/ 4|, 58/ 42 N o
junct CEM and - | met 2m| mgt c2m
BPM |AEM 205 A CCM CCM

(18, eng

catal y!

Hopr esse
junction |TP10@/|Naf i «n
MEBADW sedde T|(47.1{(40%

H . and Nafi| = 1/ 4| 58/ 42 N o
junct | 2 2
BP M ayer sl mgt ccm| mgt ccm

(22, eno CCM CCM
catal y!

The polarization and poweshdwnsi hyFcguves4
can be seen that all/l of the MEAs $howendd poor
the recorded highest cufr éfte scee m=istuy twa saran In
with the results exhijbuntcetd oinn BOPhMisp tneard el Iwi,t hv
ultrathin reinforced films showed good wat e
750 mA/ §me possible reasons are: ( ZoelTlhe tes

MHH



contains plenty of free ions and water, whil
the gases, and the i1ions originate from the |
canot expand in a fuel cel | begt | endtogeton
shutdown of al | l on transport, d(u3a)l Waitbeerr c
bi polar junction, which probably Iimits the
1.2 45
40
1.0 % 35?\%‘
038 30§
= E
%06 253
5 s 20 g
~ 04 N 15§
:
; 10 2
0.2 .
e 5
0.0 ,r_' 0
0 20 40 60 80 100 120 140
Current density (mA/cm?)
Figure 4.6: Polarization (solid symbol) and power density (hollow symbol) curves of
MEAs withdi f f er ent 3D junction BPMs: (Yy) Nafi on
mg/lcnfGO, (6) Nafion/ TP85 3D |jp)mDjurctomBPBPM wi t h
with commerci al ultrathin reinforewmde fil ms,
Nafion and TP85 outer layers. Fuel cell test condition®®&ith 125 sccm kHand 500
sccm Q feeds.
434 MEAs witdhuployoober on BPM
Based on the previous section, the sl ow wa
insufficient capability of accommodating wat

MHO



results in the | imited fuel cel | performanc
focused on the fabrication and testing of E
interfiber porosity in the junctiednbwothe a-«

current, thus prevent i nighduwmed iproegpsdsanraey eb wiule

4341 Preparation of tdhueal NIHiAd éwiotnh BpPdW o u s

Theual jfuncen ons were prepared using the m
Chapter 111. Typically, CEP fibers of eithet
fibers of either TP85 or TP100 were electros
solutiposidcomn and el ectrospin parameters of
as those in Chapters 11 and I11, only the fI
varied for the purpose of changiTagl ¢ hé. CTEP/
Regarding the electrospin solution of 825 E\
a sol vent nApirxoty.rHS wds guemt | vy, PEO was added
the ratio of PFSA: PEO was fixed at 99:1. Th
content of 20 wt. %. The procedure for prepar
foll ows:C midissperPed in a mixed solvent of 1
mechani cal -2s tmirnruitregs faord 1s o nmni cTaPt1liOnOg ifoonro nie rh o
addaefdt er fully dissolved, P VIFh ep ot vwodt earl wsaosl iadd dc

(P& + TP10O0O + PVP) of the electrospinning sol

MHDN



(wt ./ wt./ wt.)C:rPaMA.0 of TP100: Pt

Table 45: Electrospinning parameters for BPM dual fiber junctions with Nafion, 825 EW
PFSA, SPEEK, TP85, and TP100.

. 825 E TP1wOt
Par amet Naf i PESA SPEEK TP85 PiC (5
Vol t age 8 8 16 14 14

Flow Rég 91| 0.17 o0.2/0.0433 0.29
[ mL/ hr
Spi ntneer

Collec|] 10.1" 10. 5 10. 5 10. 5 10. 5
Di stanc
Solid

Concent | 20 20 20 12.7 17. 4
[ wt . %]

2:12'1prm 1.5:1 1:1: 1

Sol ven npro 'HO DMAc| NMP: MNMP: Me

H.0 i OH: Et| : Et OF

lonomer:l g9.4 99:1 95:5 9:1 10: 1
rati o

Regarding the MEAsawijfumcgowomonss 3Dey were
starting with CEM and AEM half CCMs. The CEI
one side of a -FOE/MC wdrnchd ea a\ta fod imodalde nEMT h &1 fL
CCM was made by spraying o#e¢ /i catdhodan aAENM
l oadi ngriofh 0A Hpomepus duaid@m) bewasj phatednbeét ®e
t wo -G@GM fl ayers in a fuel <cell test fixture.
porous dual fiber Jjunchlieond4 .i6s sshhoowsn tihne Fc ogny

MEAs wi t h vdaualejduipoé&ioarss .
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Anode Cathode
Pt/C Pt/C
+ +
Nafion TP100

Cation Exchange Layer —»

Porous Bipolar Junction
Figure 4.7: Structure of the BPM MEA with a porous 2IDal fiberjunction. The MEA is

composed of a Nafion//E anode, a catieaxchange membrane, a porodisal fiber
junction mat, an anieexchange membrane, and a TP10@Riathode.

Table 46: Compositions of MEAs with porouwsual fiberjunctions.

Pr-i
ME A T'\}I/EpAe Membr ane Mo Catho| Anodltr é
e
. Nafi o
A Nafion 21| TP10C/
MOErAdl\JNE and a TP85 (47.1%Cpt()47
I pfibe physically 1/ 4, 58/42N0
junct por ous Nadfuiagg mgt c°m Mm@t c2m
filpemnc téiobd@m) CCM CCM
A Nafion 21 Nafi o
MEA w| and a TP85 (TAIfD?lOf;O//C (47
; |pordugphysically 1/ a 1 Pt) No
fibel porous Nadfuia m ,{c’m 58/ 42
junct/fi pbeamcti on gCM’ mgf c2m
with BE@m[ ~ CCM

MHC



A NafliGoon K 4 Nafi o
MEA w CCM and a 'ITPlO{O:/ C (47
) (47. 1%

K pordug CCM, physic 1/ 4 Pt) N o
fi with a por ot m ,{c’m 58/ 42
junctldual jUinb 455 cg;cm’ mgt c2m

em) CCM

A NafliGoon K 4 :

WMEA w| CCM and a 1TPio0w '\(':af('4°7
CCM, physic|(47. 1%

por dus , Pt)

L . with a po 1/ 4, N o
fibe . 58/ 42
. NafiondWUL Ol mgt cm 9
junct|. . . mg#t cm

junction i n¢ CCM CCM
PIC 4% &m)
A Na fliGomnh K 4 Nafi o
MEA w CCM and a 'ITPlO@/ C (47
. (47. 1%

M pordug CCM, physic 1/ 4 Pt) N o
fibe Withaporcm'{C’m 58/ 42
junct| PFSA/ @dBasb f gcm’ m@t c2m

j unc t4igomm) ( 1 CCM
. Nafi o
A Nafion 21 TP1O0LL/
MEA Wl "and a TP8s |(47.19%4C (47
por dusé , Pt)

N . physically 1/ 4, N o
fibe 58/ 42
junct porous SPEEd mgi ccm mgl ¢2m

filpemnc téiob@m) CCM CCM
TP10ET/ NCaf('f(
MEA w|Hopressed SH(47.19% Pt)
O 3D unc|3D junct i em, 1/ 4, N o
58/ 42
BP no cataly mgtcm 2
CCM mg#t com
CCM
4342 H) & uel cel |l test sducafl jMENSSe iwont hBRpM r ous

Fi gurséhodws8 t he

BPM. The maxi mum power
power density was much
BPM MEA (<50. mAN/tcem 2

resul tant

M

HT

pol ari zati on

cur v

deinsi wgs a28@rTmW/ssé&mho

hi gher

hour s,

t han

t hat

obse

t he 2poAvfetrerdeT r e



hour s,curmwee plodoked more | i ke the MEA with a

very | ow power output. The observed perfor m:
the slow coll apse of the juncti omrpeoriens, t haes
fuel cell test fixture in conjunction with t

up of water and the absence of strong adhesi

of the MEA may have al so .c,ontthrerbeu twads teov itdheen (

del amination of the 3D junction | ayer with t
1.2
10 m
08 %
— ~
= &

% 0.6 3] —8— after 0.5 hour break-in
E ‘\_\ after 2 hours operation
04 — :

. ‘\‘\\\‘ after 7 hours operation
0.2
0.0
0 200 400 600 800 1,000 1,200 1,400

Current density (mA/cm?)

Figure 4.8: Polarization curves of a BPM MEA withporous 3D junction after different
operating times. Anode0.1 mgy/cn? Nafion/PtC, cathode 0.4 mgJ/cn? TP100/PiC,
membrang Nafion 211 membrane, TP85 membrane with a porous 1/1 NafionAir85
fiber junction. Fuel cell test conditions: 8C with 125 sccm kland 500 sccm £feeds
without backpressure, 100% RH for anode and cathode.

To verify our hypot hesis that the-coll aps

MHY



section SEM i mage of the MEA was made after

be seen that practically all junction pores
test . It therefore appeared tthohata tghea ddiead | il e
the porosity of the dual fiber jJjunction.

Figure 4.9: Crosssectional SEM image of a BPM MEA with a porous 3D junction after
fuel cell testing. The junction part is amplified and is shown on the-higihd side.

After the initial fuel cell test with the
were tested, in an effort to Iimprove the ini
of MEA. One strategy was to addd PE&@r b ol a hge
amounts of electrogenerated water and the PE
and TP85, thus preventing pore collapse duri
PEG was dissolved in Met hyrllesnlee & hd weri daen aenlde «
Naf i onduraPl8 ffaitberAf t er drying the mat overnig
Nafion half CCM and a TP85 habpfeXx CEM ceael t hee §

was perfo€Cmenddantr BWOWI Iy humidified conditions
MH



removal from the junction was to reduce the

For this exmesoOhteansitonNaafliOon f i | menwaNsa feinopnl oy e
thin film was made by diluting thel ktiigan on 1
casting), instead of Nafion 211, for the pre

The results of fuel <cell experiments with

can be seen that the MEA with PEG in the du
out put accompani ed-f bg quwenciyn crresisd tnagn chei glhHF R

poewr decay rate was sl ower than the previous

was still wunsatisfactory. Additionally, from
sl ows the power | oss, which can abwayatftrroinbut e
the junction through the thinner outer | ayer

Table 4.7: Maximum power density and HFR of different BPM MEAs with porous 3D
junction. Tests werperformed at 60C, in H/O> at fully humidified condition.

Ma Po W é r MaPoweér MaXoweér
HFRAf t ed| HFRAf t e?
HFRAf t e
Br e 4k HOU|0$_ HOU|0$_
Operatiji Operat.|
Por ous BB]DO 289 m ¥V 257 m ¥V 47 . 1 m\
Junction MEA 43.3 m 46.1 m 198 mO
Porous BBPo
Junctionwi MEA| 192 mW 114 mW
Impregnated
Junction ( MEA 61.0 m 82.2 m
Porous BBPo| 213 m¥W 197 m¥Ww| 187 mWw
Juncti on ME
Thinner PEM 49mMDhm 49. 9 m 51. 7 m
Porous BBPo| 223 m¥W 175 mWw| 134 mWw
Juncti onwWi MB-&
( MEA L) 45.4 m 55.3 m 64.0 m
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Upon further examination of fuel cel | pol @

very sharp drop in voltage (from 1.0 to 0.6

This portion of the pol curve iIsthessacode¢ ed
and cathode. For the BPMFC MEAs, it i's al s
generation at the junction. Thus, there appe

such MEAs that <can tentativelyebegessoait abaeae
reaction in the junction | ayer. I n order to
into the TP100 electrospinning solution, wh
10/ 1. Similar to the previmafs MWMEfAisgn)a a&Nrad i &
half CCM with t ke (Na&f/ilo nl//TPU D&0l jréRehticre o sopnu nwe r e
stacked in the fuel cel | test i xtwirter. 1Rbel
mL/ micmn# 500 gt/ miaml IO humi dafelcwanti ohe b8hgar
vol tage drop at |l ow current densities is sti
power output di minished during the testing p

address the | ow currepncdudeesity voltage drop
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Figure 4.10: Polarization curves of a MEA with a porous 3D catalyzed junction after

different operation times. Anode 0.1 mgy/cn? Nafion/PtC, cathode- 0.4 mgy/cn?

TP100/P{C, membranei selfc a s t Nafi on (~10 &m), TP85 me
Nafion/TP100+RLC (10/1 weight ratio of ionomer/carbodyal fiberjunction. Fuel cell

test conditions: 60C with 125 sccm Band 500 sccm gfeeds without backpressure, 100%

RH for anode and cathode.

43431 nvestigation of the different effects o

pordual junlbéi ons

I n previous experiments, the ratilo: o.f Nafi
|t is suspected that the CEP/ AEP ratio in t
connectivity and ion condumtdi'vOH y.heSliowetr f ar
junction would i mpede water generation. I n t

CEP/ AEP junction ratios were prepared by ad
soluti ohsaldaefrielmegr ospi nning.dwdll jfomcé¢ihen umaBs

wer e argamundhiXIk. A porous uWnuddithaainyzteidonNawa o

MO H



cl amped bet weCeOM tlhaey etrvgo imalaf fuel cell test
| ayers was made by physical compacti on.

Pol arization curves for these MEAs are sh
that the MEA with a 1/ 2 Nafion/ TP85 ratio sh
the other MEAs, which can probably fbhieonattrib
phase in the junction, due to an excessi Ve
Nafion/ TP85 ratio of 1/ 1, 2/ 1, and 4/ 1 in t
significant difference in power cd@apumaxThe
power) was obtained with a 2/1 Nafion/ TP85 |
measuring the power density as a function o
maxi mum power density increases with increasc
in HFR (suggesting better contact between th

value of the maximum pbwer density was 327 n
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Figure 4.11: Polarization curves of porous junction BPM MEAs with different CEP/AEP
ratios in the junction. Anode0.1 mgd/cn? Nafion/PtC, cathode 0.4 mgy/cm? TP100/Pt
C, membrané Nafion 211 membrane, TP85 membrane with porous Nafion/TiR8b
fiber junction. Fuel cell test conditions: 8C with 125 sccm kEland 500 sccm £feeds

without backpressure, 100% RH for anode and cathode.

Table 48: Dependence of maximum power density and HFR on backpressure. The MEA
contains a porous 3D junction with 2/1 Nafion/TP85. Tests were performed®at &0

H2/O- at fully humidified conditions.

Backpressure O 7 14 21 28
Maowedensity 2 214 236 284 311 327
HFR'\’?&%PSF‘]N%E”“ 55. 51. 45. 42.| 44.
Furthermore, a bipolar membrane was made

component in the junction. l't is expected
woul d enhance proton migration and possibly
MEA aw prepared as described ear ldvueal, fwhbeere

MO n
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junction | ayer was pC@Wednbdbed W CERMBS Bt ihome
| ayers were held together by compreslsi vel If or

tests were carried out at different tempera

experi ments are shown in Figure 4.12 and th
val ues of HFR are |listed in Tabhbadmatdi @al [Fyuyewh
the cell temper afCurteSC vBED3 3 r i mWRAW/MAO mMbad it

then decreased slightly wupon °G&, fiunrdtihceart iinngc r

optimal temfCer Ltompeariesd w5 Q@ h the data in Tabl

PFSA generates ~10% higher power versus a Na
1.2
10
r‘
2
. 0.8
=
18]
W06 Q. —i—40°C
9 50°C
04
55°C
0.2
0.0
0 200 400 600 800 1,000 1,200

Current density (mA/cm?)

Figure 4.12: Polarization curves of a porous junction BPM MEA at different operating
temperatures. Anode 0.1 mgdcn? Nafion/PtC, cathode 0.4 mgycm? TP100/PiC,
membrané Nafion 211 membrane, TP85 membrane with a 1/1 825 EW PFSAQIRSB5
fiber junction. Fuel cell test conditions: 125 sccra &hd 500 sccm Ofeeds without
backpressure, 100% RH for anode and cathode.



Table 49: Dependence of maximum power density as well as HFR on temperature. BPM
MEA with a 1/1 825 EW PFSA/TP85 porous junction. Tests were performed/@ H
feeds without backpressure, at fully humidified conditions.

Temper & )ur e 40 50 55

MaPowedensity 2| 93.] 237 213

HF R MatPowede n s i
( mMOh m)

82. 44. 46.

It was determined that t hdreetiro sg usnu rffidcea s
the hydropaheclBbon€Fgroups of the i1 onomer or
dielectric constant air ,?°duwrhi nag htyhder oeplheodbti rco :
may prevent water generation at a Nafion fil
to check if this was the cause of the moder
repl aced wi tdhuaSHHBHDK eiftnont,hewher e the CEP/ AEP 1
Two types of SPEEK/ TP8®d pamaus oIBRERE/r BP &% ajl w
a densified SPEEK/ TP85 junction, both with n
t wo MEAs is shown in Figure 4.13. For the po
and a TP85 half CCM wesrien gp rseusrsfeadc easg aoifn stth et hSeF
fiber junction, in the fuel cel l test fixtul
3D junction BPM was prepared foll owing the r
11, where a CEP aed wdua &AE@RUHDE& momwer Bhemead sNa
C anode and xaThPbd@/ Pvtere directly sprayed ¢

dense junction. Unfortunately, as shown in F

MO C



performance?wWi4t7h SpaomrWwcsm j uncéwi bh dens&5j anamvy
for max power densities). Codwpal pgdinibeé®ir ohe, ME
for dense junction BPMs, the MEA with SPEEK/
mW/ éms. 3. 4’8, mwégar ding porous junction BPMs
showed significantly | ower?vfsuel28co® I.LmmWFptanr f or |
i mprovements in maximum power density from

junction BPM MEA were 32% and 8200% f or :

respectively, which was probably due to the
of Nafoimmred with the incompatibility of the
Nafion Dbinder in the anode, but more studi ¢

hypot hesi s.

1.2 60
1.0 ® 50 _
‘ ™
: £
£
038 40 =
= E
® 06 30 £
= Z —— porous junction
(8]
= . .
0.4 20 ; dense junction
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&)
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Figure 4.13: Polarization curves of BPM MEAs withorous or dense junctions composed
of SPEEK and TP85. Anodd®.1 mg:/cny Nafion/PtC, cathode 0.4 mgy/cn? TP100/Pt

MOT



C. Fuel cell test conditions: 6 with 125 sccm B and 500 sccm ©feeds without
backpressure, 100% RH for anode and cathode.

435 Hybrid bipolar junction MEAs

Il n order to further i mprove the BPMFC per
bi pol ar membr aneen OCBmMM®awi bh ex2bBangen | ayer b
TP10€/ Bni on exchange | ayeryOfhuaevle cbeeleln pperrefpoarr

was examined at different feed gas humidity

4351Preparation of the hybrid bipolar junct.i

The ink for making the thin AEP |l ayer cont

10/1 (wt./wt.) TP100/carbon (or &Lnciadtmadbmestt/ c

contains ~50 wt. % of Pt). The i n® oatsalpystp al
was added to 0.2 g of water, then the suspen
foll owed by 1 hour of sonication in an 1ice

foll owed by adding 2.8572 g ofmaal3d,5twte. onkP
sonicated until al | components were fully di
stirring until the ink was used.

The MEA with a hybrid bipolar junction w;:
membrane and then spraying €nanvidee tof atchhe e

final | oadeicnhg Arh1tOhilc kmgl ay-@€r (b f CTPA0D0O Pof 1C

MOy



then sprayed onto the opposiCt e nkurafnaode dfl /tCh
of 1/2) was sprayed onto the I/ C 10/1 anion
0. 4pfmmgno compl et e the preparation of this ME
MEA i s shown in Figure 4.14. The compositior
bi polar junction MEAs are |isted in Table 4
Nafi2dld orAqXiuedw3iD®dn membr ane as t het yCgEeP dfi | m
catal yst in the 10/1 1/ C | ayer that separat
catalyst was &IOt her MAlt(TH). For Pt/ C, the I/
carbon conteanhd. GBprt Ae( ODHY ratio refers to
For compari son, an MEA was made by replacin
ionomer, while the thickness of the | ayer re

in Table 4. 10.



0O, or

H, Synthetic air
Anode Cathode
Pt/C Pt/C
+ -
Mafion TP100

Cation Exchange Layer —»

{

Bipolar Junction
Figure 4.14: Diagram of the hybrid bipolar junction MEA. The MEA is composed of a

Nafion-Pt/C anode, a CEP film, a thin layer (mh) of high I/C ratio TP100/P€ catalyst
(I/C ratio of 10/1), and a TP100/et cathode.

Table 410: Compositions of MEAs with various hybrid bipolar junctions in this study.

Pr-e
ME A T'\XEpAe Membr ane Mol Cathol aApnodltrea
t
Nafi o
MEA w Nafion 211 T(F;170'«§/C (47
p bi o TP100 AER _ 1'/4 Pt) N o
.ufct em)( Total m{ 5,058/ 42
J t hi ckn2e& gm)o gCM’ mgf c*m
CCM
Nafion 211 Nafi o
MEA w AEP | dgmr oTPlO@/C (47
. (47.1
0 hybr|{ionomer/ catl “ 17 a Pt) N o
bi po|lratil®@/daf TP] _ >, | 581 42
. mgt c°m 5
junct (Tot al me CCM mg#4 com
t hi cknze& gm)g CCM

Mnn



Nafion 211 Nafio
ME A W_AEP | dgndr oTPlO{O:/C (47
hybr |onome_r/cat(47.1 Pt)
R bi o ratio of | = 1/458/42 N o
Pl POl Tp100/ &0 Tod| mek c2m 2
junct mgf c m
membr ane t | CCM CCM
~2 & 7m)e
Nafion 211 Nafio
ME A W.AEP | dgnar oTPlO@/C (47
hybr |onpmer/cat(47.1 Pt)
P bi o ratio of -G/ = 1/458/42 N o
PUPOITKkK, 47.19 mgicm )
junct mgf c m
membr ane tf CCM CCM
~2 & 7Tm)e
Xi AAgui 8 3-00 ]
with a thil Nafi o
MEA w em) of 1iono TPlO@/C (47
. (47.1
0 hybr weight rat " 17 a Pt) N o
bipo TPlO@/Pﬂ'KPmAsz58/42
junct 47. 1% Pt) gCM’ maf c*m
membr ane t | CCM
~1 11 2m)e
4352 H) €& uel cell tests with the hybrid bipole
The hybrid bipolar junction MEA investigat
a modified version of the MEA proposed by Pr
onto an alkaline cathode and th#n pressed a
Il n the present stanmdy, ea tthheirn AEBP |Ia0y/elr |(/~Q
C catalyst (47.1% Pt), (ii) 10/1 1/ C of TPI1C(
AEP/ Als¢c®Hpl yst was sprayed onto the surface
junction. The presence of catalyst particles
t hat of Kohl 6s group. For reference, a thin

Mn



catalyst was also sprayed onto the PEM | ayer
intended to separate the PEM | ayer from the

contact of the proton conductingismembraneéeowi

occur, then there would be a direct pathway
cathode, which is analogous to a PEMFC). The
the fuel cell performance 1 gashownand Pogere

curves of the above four MEAs are exhibited
junction MEA inQoirpomatedtwanhl®® 3 i mas hi gl
compared to the MEA with a pure TP100 thin |
whenC Pparticles are reyplaadad | wist i nG® heaer tAli (nC
fuel cel | power outoput I's poor. Pl atinum p:;
recombination of hydr ogemg amammfodxi yfg ecna,t i Dime ri
PEMFEThe funceQ iiom tohfe Ptthi n AEP | ayer of the

to be further investigated.
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Figure 4.15: Polarization (solid symbol) and power density (hollsymbol) curves of

bipolar junction MEAs with different ionomer/catalyst compositions in the AEP thin layer:

(y) 10/ 1 14{#{C qfo)TRDOQA/ Rt Cp)de/LI/TBfTRIOOWMIh t h GO,
Al(OH);, and (z) pure TP10O0.° Wwithé&25 sccnedlahd 560e st con
sccm Q feeds, 0 backpressure, 100% RH for the anode and the cathode.

The sraeadss onal SEM test of the-Chybsrisc obsnpol
in Figure 4.16. Three | ayers can be clearly
Nafion 211 membraneCG t1h0i/nl IlayCe ro f( bTiPgtig0eOr/ Psti z €
TP10C€/ ettt hode (smaller size of particles). T
procedure in the above section, a thin | ayel
bet ween the Nafion 211 | ayese@mmdalt IS Ma lf ualtih
proves tRh& tThPilnOOl/aPter can prevent the direct

wi t h t heC TdPaltOOd dPet .
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Nafion 211
membrane

10/11/C of
TP100/Pt-C
thin layer

-> TP100/Pt-C
cathode

EHT = 2.00kV Signal A = InLens 27 Jul 2022 L
WD = 6.1 mm Mag = 30.00 KX 11:02:14 V]‘ NSE

Figure 4.16: Crosssectional SEM image of the hybrid bipolar junction MEA. The MEA
is composed of a Nafion#&@ anode, a Nafion 211 membrane, a thin AEP layer with a 10/1
I/C of TP100/P4C, and a TP100/RE cathode.

To further investigate the fuel cel | per f
witi,Pfpol arization curves areCrendededi f heFEe
RHs and with O or 14 psig backpressure. Fi gu
values obtained at different RHs. As can be
density showed a?aptea%0% fRH 6a8ndnWeasn st il | re
mw/ ém at 40% RH. When the backpressure goes
increases dramatically, as shown in Figures
maxi mum power density at 14 psig was nearly

only ~13% power |l oss was observed when RH

Mnn



power density at?)40%dRldat 258 gmW/dc water di str
the junction to the anode and cathode, which
an AEM or PEM fuel cel | MEA at | ow RHs. The
transport fr orm jtihrec thiydm i adnhduinphadi driecsaitl it am to fs etl
Compared with a PEMFC and an AEMFC, the wat
the membrane rather than in the whéeetrocdae fc
be better retained and diffused through the

electrode probably be swept out by the gas f

(a) 12 (b) 12
. 10 @
o i
08 |
S :
—8— 100% RH B —8— 100% RH
206
—8—80% RH % —o—80% RH
——60% RH > 04 ——60% RH
40% RH 40% RH
0.2
0.0 0.0
0 500 1,000 1,500 2,000 2,500 0 500 1,000 1,500 2,000 2500 3,000 3,500
Current density (mA/cm?) Current density (mA/cm?)

(c) 1000

= B 7
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Figure 4.17: Polarization curves of the hybrid bipolar junction MEA under different
relative humidities and: (a) without backpressure, (b) with 14 psig backpressure. (c)
Histogram of the max power densities obtained from the polarization curves. Fuel cell test
condifons: 80°C with 125 sccm bland 500 sccm £feeds.
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Then t he MEA was further t esmigch fvraomedO

backpressures to investigate the effect of
di fferent RHs . It can be clearly seen from
i mproves the fuel cel l performahhe 28t Ipsi ga x
backpressure is more than 3 times the value

condition. With 28 psig backpressure, the po
achieved as hi d¢gh tahsi sneraersluyl tleaWscare t € monh s f uat
performance of the hybrid bipolar junction

ability of the MEA structure. At 20% RH, t h
backpressure’d (B2t 7i mpw ewmed dr &svi it bal2lly ptsd g5
backpressure. However, when the humidity dec
the power outpufewars winttly tllBe mMhgimoy ment of

Therefore, how to i mprov2e0%hRHd=as.lneel | per f

Table 411: Maximum power density vs. backpressure for the hybrid bipolar junction MEA
with different humidities. Fuel cell test conditions: ® with 125 mL/min H and 500
mL/min O; feeds.

Backpressure 0 7 14 21 28
Ma o weDe n sWittyh 100 ! ; . . ¢
( mW/ % m 53% 687 837 914 9 3¢
Ma o weDe n sWittyh 409 ) ¢
( mW/ % m 311 464 71¢ 89¢ 98¢
Ma Yo weDe n sWittyh 2 09 ! )
( mW/ % m 92. 2384 547
Ma Yo weDe n sWittyh 109 d
( MW/ 3 m 6. ¢ 11. 13
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For the arpéerismentod, to i mprove the back
junction to the anode and decrease the I R dr
Xer-gqui viemnf L Dm was wused as the cation exch:
new BPMs. piTfTheedame was employed as described
a Xergy Aquivion f i |-At /w sa ncooddetire)da Twei HODhD / W& f 1 o
(1'/ C rldtli)o amfi on exchange liaker(,I /a&ndr aad | DP o0 C
sprasyegdientially onto the other side.

Figure 4.18 shows fuel cell pol @& iamdi on c
100% RH at various backpressures. I n Tabl e
maxi mum power density values and compared t
bi polar junction MEA was prepared withea Na
maxi mum power density increased when the bac
thinner Xergy Aquivion CEP | ayer showed higt
tdh MEA with a thicker Nafion 211 fil m. At 1

increased frPfom 702 mWbemce of bgakpPé&psuge

backpressure. while at 40% RH, the?max powe
950 m¥%W/ awvhen the backpressure was increased |
that the performance drop at l ow humidity w
applied, which results probably from better
l't Ishhowme ed that the fuel cell performance di

MnOT



with a thicker Nafion 211 film (13% vs. 39 %,
40% RH), which can be attributed to the high

211 (1100 EW), and the resultant higmiemgamou

properly at | ow RHs.

1.2

10 4

0.8
= .
v —i— Opsig
2 056 .
E 7psig

0.4 14psig

21psig
0.2
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Current density (mA/cm?)

Figure 4.18: Polarization curves of a hybrid bipolar junction MEA with Xergy Aquivion

membrane with different backpressure. Anedel mgy/cn? Nafion/PtC, cathode 0.4

mge/cn? TP100/P4C, membrané Xer gy Aqui vion film (10 e&m) wi
10/1 ionomer/cebonweight ratio of TP100/P€. Fuel cell test conditions: 8C with 125

sccm H and 500 scem gfeeds, 100% RH for anode and cathode.

Table 412 Maximum power density vs. the backpressure at the anode and cathode with
100% RH and 40% RH for the hybrid bipolar junction MEASs.

Backpressure (] O 7 14 21
Hybrid b
junction 535 683 833 947

MaXowde nsi
at 100%
( MW/ 3% m

Nafion 2]
Hybrid b
junction 702 956 119 126
Xergy Aqui

Y Y;




Hybrid b
junction 313 464 71§ 898
Nafion 2]
Hybrid b
junction 33 48(¢ 72€¢ 950
Xergy Aqui

MaXowee nsi
at 40% F
( MW/ 2 m

4353HhAAsymmetric/differenti al humi dityo tests

To further investigate th20 % oRWH foufelt hcee IHy k

bi polar junction MEA with a Nafion 211 f il

experiments were carried out . Given that t he
t h@RR at the cathode consumes water, the wa:
easily diffuse to the cathode and compensate
anode drying is a problem because by tthe el e

proton transportation from the anode to the

humi dity <20% and determine the sensitivity

humi di fication conditions, a serieng iafl )exXpe
gas humidi fication tests were designed. Sp ¢
constant, and the fuel cell tests were opera

and Table 4.14 show the maxamudi poaweentdeasod
gas humidities with varied backpressures, fc
20% or 10%. As can be seen, fuel cel |l power
gas humidity, especial |l yl0wh emH.t hFeorc atthhiosd ec a

performance at 100% anode RH was more than 5
Mnd



Backpressure significantly i mproved power d
psig backpressur e, even when the cathode hul

anode humidity to 100%, a m%zx uplodwesrt ide n shiet yob

which was close to the result tested i n a f
cathode. The results verify the hypothesis t
and watuepr ibnuitlhde jund®riobmbdiye wmotdeirs$ o&s humi

the amount of water <carried out of the anod
el ectroosmotic drag was higher than the bacl

anode.

Table 413: Maximum power density vs. the anode feed gas relative humidity for the
hybrid bipolar junction MEA, cathode feed gas humidity was fixed at 20%. Tests were
performed at 80C, in H/O> with different backpressures.

Anode Feed Gas 20 80 1 0 (

Ma Yo weDe n sWittyh O
BackpressupPe (1
Ma Yo weDe n sWittyh 14
BackpressupPe (1
MaoweDe nsWittyh 21
BackpressupPe (1

92. 32¢ 44(

237 66¢ 79

547 847 89/

Table 414: Maximum powerdensity vs. the anode feed gas relative humidity for the
hybrid bipolar junction MEAcathode feed gas humidity was fixed at 10%. Tests were
performed at 80C, in H/O> with different backpressures.

Anode Feed Gas 10 80| 10(
Ma Yo weDe n sWittyh O 6 d 191 384
Backpressupfe (1
Ma o weDe n sWittyh 14
Backpressupfe (1
Ma¥Yowedensity wit
Backpressupfe (1
Mp N

11. 660 77¢

13| 833 88¢




4354Water trapping experiment of the hybrid

|l order to further investigate the water g
fuel cel | test, water trapping experiments |\
cold traps in series are connectedfuelthe a
cell test fixture. The first trap was | mmer s
in Iiquid nitrogen. The fuel cell was operat
of water was collected. A Blbapkrfnemedg¢ut oet
experiment al procedure and to identify asym
fuel cell experiments were carried out at 40

hour, while thedw®ow fhaxedoht HO. 125 L/ min.
water contemedwerfe tdheet edr mi ned at open circuit
density was f faxnedd -babte r510Wa tneAr/ ccnrapt ure experim
As shown in Table 4.15, t he background we
amounted to 1.693 g, and 1.654 g, respecti ve
streams. These two values are very <c¢l ose, W
val ues for RH anganfdsoOw eraantse s Tfhoer wahteerH col | ec
of operati ofwasst 53@0 gmAkcmhe anode and 2.635
water generated was 0.8 g, verymAl/lébnoe to the
hour ) . The asymmetry i n water coll ection C

el ectroosmotic water drag out of the anode a
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by

t he

sepa

Il ay

con
t he

cat

t

e

S

h

he current density) and the back diffusi

anode (which is controlled by the thickr
rated from the junction by &®ahaRl10bel Bgtri
r adjacent to the anode, It was not wune:
ompared to the anode. Al though the oxyge
umes water, the diffusinon ooft hwatceart hfode
nates the water balance. 't has Dbeen sh
l ine cathode i s Z%semetfhiecivaat efrort riatnss ppoerrtf ol
cel | are acceptable.

rther more, water generation at the bipol
tant current density has been confirmed

water generated at the hybrtHebapbkbhhrne

ode, which may explain the high power de

anode RH (as per Tables 4.13 and 4.14).
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Pt/C + Pt/C +
Nafion TP100
Anode Cathode
Anode outlet Cathode outlet
< p g
Bipolar
Junction  High |/C ratio

layer

lce |~ | Liquid

water 1 No

Figure 4.19: Schematic of water trapping experiment.

Table 415: Results of water trapping experiment. Test conditions?(8040% RH for
anode and cathode, 0.125 sccpald 0.125 sccm£1 hour. No current or with 0.5 A/ém
current flow.

Ano(¢( Cat h
outl outl

We i g hWa t cefrWi (t h)YOuurtr €lndy 1. 6 1.6
We i g hwa t cefrwi (tch) 025 :
TotAmounWaoboB&ener ate( -0.1 0.9

m [d%) [l

MPp O



4355Rated power tests of the hybrid bipolar

I n order to operate the fuel cel |l vehiocl
proposed and has been considered as one of t
cel | system. Based on the DOE (Depattment o
power, assuming a 90 d&W slttaficBk, wo lotsasg ep oawte rr aatn
was dependent on the operating temperature o
the equation 4.1, the calcul atedavel tbeagas a
|l i sted in Table 4.16 as well. Fuel <cell expe
(8C, °©,0 afCd %@nd with varied inlet gas flow r
to achieve rated ppooswse rblveal uTehse aesf fheicgh ods bac

power has al so been investigated.

— (4.1)

Table4l6:. Cal cul ated voltage values at rated po\
= 1.45.

Temper & )ur e ( Vol tage (V)
80 0.76
85 0.725
90 0. 692
95 0. 663
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I n Table 4.17, the raftCedOPo°@branmadl|l atesdiobt a
backpressures are summari zed for the varied
el evated temperature increased t-hhetirmesedato)
| ow and high ba°€kp6C.9 6Auwrdd & ifornoanh 80 f eed f | oV
the rated power val ue, espec%® alalnyd a2t8 hpisg hge
backpressure, the 1000 mL/ mi n 2f0d hh ogthhe ra nroad e
power than that 2antdh500205 mnL AmMhepe& OHed, back
was beneficial for improving rated power. Fi
bi polar juncti 60 aMEA vtaersiteedd baatc kp> essur es wi
and OGiven that the calcul ated?®yolat agd eatenrce
l ine of voltage at 0.663 V is added to Figur
of current density unhdeirncrraetaesde dp obwaecrk pcroensdsi utri
density value obtained with 28 psig backpre:
backpressure. Based on Table 4.17 and Figure

mwW/ émis obs€raed 28 PSig backpressure.

Table 417: Rated power vs. backpressure for the hybrid bipolar junction MEA. The fuel
cell operated at 100% RH for both the anode and cathode.

Backpressure

0 7 14 21 28

RatRodweDensit §C,atl

sccam HO0OO0 26 MWW @

RatRodweDensit §C,atl ] ] [

sccat HHOO 26 MWhHE @ 20¢ 28 374 397 404%
Mpp

60. 47, 97. 46. 89.




RatkodveDensi t §C,atl (
sccu H 00 O0:2(smeW/ M| ng
RatkodveDe nsi t §C,atl (
sccu H 00 O0:2(smeW/ M| ng

187 26¢ 39¢ 48] 48]

257 331 509 627 671
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2 14psig
0.4 .
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Figure 4.20: Polarization curves of a hybrid bipolar junction MEA with different
backpressures. Fuel cell test conditions?’@%vith 1000 sccm bland 1000 sccm Geeds.

4356 HJ/ synthetic air fuel cell test of the hy
I n previous sections, the hybrid bipolar
showed incredible fa1®l Thel Ipepd rofcaramharec e fi ms u
hybrid bipol ar 2 uyrctth etni cME&AI ri nhaks been i nve

synthetic air i2andomhpsebi O B89€ %s Nmi | ar t o t
but eliminateszitnhé hienfali uenmnethf®'@dircn ,eXakan
cel |l tests wer@ wiatrlr i @idf foeurt e mantd f8Oo w, r iam esr o
optimize the testing conditions. Table 4. 18
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obtained at three flow rates of feed gases
maxi mum power density increased with increa
increasing backpresswaned Wheninbeebhbed tat éf¢
the maxi mum densi t2y Thee cfhieadl 4c7€l ImMW aclmar i zat i

80C with this type of MEA and at full humidi

Table 418 Maximum power density vs. backpressure for the hybrid bipolar junction MEA
tested at 80C with different feed gas flow rates, 100% RH for anode and cathode.

Backpressure
0 7 14 21 28
Maaﬁod""d%eo”gsi irstgw;ﬁorﬁ 274 291 311 399 42
Maa)F;]OdeDleOnOiﬁ)l rtsytc c];m(\)//rzm 273 313 374 413 4348
Mafﬁé"d)fg&qi):g(ﬁ;ﬁ;//”m 28¢ 359 40¢ 434 47

1Synthetic airzanmantB®i%niNng 20% O

1.2
1.0
()]
r
[
08 &9
> Sy —— Opsig
3] e .
-%Q 0.6 \‘ 7ps|g
2 14psig
0.4 .
21psig
0.2 28psig
0.0
0 500 1,000 1,500 2,000

Current density (mA/cm?)
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Figure 4.21: Polarization curves of the hybrid bipolar junction MEA with different
backpresspaig eg0) (Ppy)) A&i p,si (g, (z) s8 Fuelxdli g, and
test conditions: 80C with 1000 sccm EKHand 1000 sccm air feeds, 100% RH for anode

and cathode.

I n Figure 4.22, the effect of humidity (s
cel | performance is shown at 28 psiagmdbackpr
synthetic air flow rates. The maxi mum power
be seen that MEA power did not change sign
However, when RH decreased to 40%, & signi f]|
maxi mum power density decreased to 17% of t
i nswefnfti chiydr ati on of the i onomers and the re
t he membrane and/ or electrode binders. The p
a similar MEA, fedudied poréeéh® previous sect
|l osses were observed between 100% RH and 409
of water from the junction to the anode. Now
was gener atoeudhta nod twhaet eamr el eas edt ftriopen hHihgh |

air fl ow rate, this | ower water fl ux was ins

MpYy
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Figure 4.22: Polarization curves of the bipolar junction MEA with differ&Hs : (y) 100 %
RH, (06) PBO% RW, R, and (z) 40% RHCwithuel cel |
1000 sccm KHand 1000 sccm air feeds, and 28 psig backpressure.

Table 419: Maximum power density vs. feed gas humidity for the hybrid bipolar junction
MEA. Tests were performed at 8G, with 1000 sccm Hand 1000 sccm air feeds, at 28
psig backpressure (data from Figure2}.2

Feed Gas RH| 1
MaPowedensity 4

00
72

»| O

» | O

£

40
81

(00
w| o

4357 Asymmetric/differenti al hjuum codtiitoynd ME/As tist

H) synthetic air

To further i nvestigat e t he sensitivity o]
humi di fication conditions and to understand
asymmetric (differential) humi dity experi me
ma X immup ower density results obtained at di f

di fferent backpressur es, when the cathode f

Mp &



seen, the fuel ceswitphowaecreaspoyg Banodeaseed
backpressure sisghef maanmuy pomwgweoveensity. wW
fully humidified, the power output at 28 psi
to that without backpressure. This result is

both the anodwerasmmdatt hleO % thht.d e

Table 420: Maximum power density vs. backpressure for the hybrid bipolar junction MEA,
cathode feed gas humidity was fixed at 40% with different anode humidities. Tests were
performed at 80C, with 1000 sccm kHand 1000 sccm air feeds.

Backpressure (
0 7 14 21 28

Ma o weDe n s\Wh eg/An o d
Hu mi dWatsy 6 0% @m
Ma o weDe n s\Wh eg/An o d
Humi dWat$p % ( mW) «
Ma o weDe n s\Wh eg/An o d
Hu mi dWatdy0 % ( mWy

63.] 83.] 103 124 141

10§ 146 18§ 223 260€¢

201 2594 319 376 437

The =effect of changing cat hode humi di ty
investigated and the results are shown in T
significant water for effective oxygen reduc
f@lestream should result in a significant pow
was oOobserved with the hybrid bipolar junctio
28 psig), confir mi-mgdrneatei ovre rya ped tiielcittioyw ¢ohfe etl |

water generation at the junction.



Table 421: Maximum power density vs. cathode feed gas RH and backpressure for the
hybrid bipolar junction MEA when the anode feed gas humidity was fixed at 100%. Tests
were performed at 8GC, with 1000 sccm KHand 1000 sccm air feeds.

Backpressure (
0 7 14 21 28
Ma o weDe n sWh g@at ho d i p
Humi dWatsy 100% 3 m 2597 393 40§ 434 477
Ma Yo weDe n sWh gg@at h o ] ) .
Hu mi dWatsy 40 % @ mV 201 25 319 376 43/
436 Fuel <cell tests of MEAs with 2D junction
For a final set of experiments, i n order t
3D junction BPM is related to the 3D juncti c
with 2D junct iaosns eBsPsMsd ,waveh earles ot he MEAs wer e
half CCMs together or stacking AEM and CEM
and the compositions are shown in Table 4. 22
Table 422: Composition of MEAs with 2D junction BPMs in this study.
Type Me mbr an
ME A ME A Morpho| Cath Anod|Pr-ter eat
TP85 ha
Nafi on 2TP1°‘NafiangMN3‘vL
MEA | CCM kphdys‘ f7 C (4{soaked
withfstacked JLA7T-1 oty KoH and
R . half CCMPt) 3
JUNCle yel celll 0.4 58/422HZSQS°|U
BPM (401,8nomg>,{c2rmg"{cﬁ/l’m for 3
cataly{ ,CCM respec

M

CM



Xi e CrE M

Aqui8BO8|TP1O(, .. AT ar

CEM phys C Naf il ol cat hod ¢

ME A C (4(soaked

with|_ stackedi (47.1 "5 I'koH sol

S . PentAlEavh 2-( Pt )

junci g5 AEM 0 458/42for 3 h

BPM | 6| cellmg>,{.02rm t c2mwashed

(1#m,end ,cpe| CPE | water

test

catal y

Figure 4.23 shows the polarization and pow
with 2D junction BPMs. The maxXamum omW/ircmden
for MEA R and MEA S, respectively. The s umm:
with varied types of MEAs is |listed in Tabl ¢
MEA showed slightly better fuel cellA,perforn
but the power output was significantly | ower
andhyabri d bipolar junction MEA. It can be ¢
supposed to account for the wundesired power
configuration to rapidly remove water away
achngvhigh fuel cell performance of a BPMFC.

MC
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Figure 423 Polarization (solid symbol) and power density (hollow symbol) curves of

ME A s
catalyst, (0 )

wi t h

di fferent
XAEM-Aquivion-830-05/PentiorAEM-720-05 2D junction BPM

2D

juncti

on

without catalyst. Fuel cell test conditions: ®Dwith 125 sccm BHand 500 sccm £feeds.

BP Ms:

(y) |

Table 423 Comparison of fuel cell performance with different types of MEAs in this

study.

Type

of

2D
Junct i
BP M

Dense

Junct i

BPM

Por ou{
Junct i
BPM

Hy bri
Bi pol
Juncti

Ma x
at

P ®Devie g i

Wi t hout
Backpr es |
( MW/ & m

100%
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PEM | ayer. The MEA was evaluated at differen
mwW/ éwas obt aCned7 %t REPD at mospheric pressure
anhkg®s feeds. For the hybrid bipolar junctic
maxi mum power densi twa so ua cphuite voefd SuBhoe oneW/ ecsnt e d
cell °@t B®O% RH, and atmospheric ptrheessur e.

maxi mum power density indheasedvhta ®Pe¢aCl gat a

to the AEM | ayer between the alkaline cathoc
boost in maxi mum power density, even though
particles, i.e., there is no c aetlheocdtirco neilceacltlr
i sol ated catalyst particles. Although the we
the |l ayer is 10/1, the volume ratio of binde

in density between t lgé & moalnydmetrh e( acpaptraol xyi sma t (ed
12 dgi3cnThe observed increase in power densit
group cannot be explainedCbiyntKehlt @snprpame ur\e
° in the present study). 't must be concl uct

of MEAs with a better hybrid BPM morphol ogy.

44 Concl usi on

I n Chapter I I t he 3D junction BP Ms st

perfor maanelel ithesH s. Her e, MEAs with wvarious

MCn



fabricated and the fuel cel l perf ormance ha
junction BPMs showed different b-edlavi best sn
Based on the i1on flow tests of Natfsi oonf a3hl TI
junction BPMs, the | ow power output was attr
the junction and the idmusufjfluiindcieée notn atboi |a ctcyo non
water being produced during fuel <cell operat

The incorporati odnu ad f j fuinioet ri pponr oBUBSM 3iDn a B PN

investigated, where BPMs with porous 3D junc
Ho Of uel cel | . Our rationale was that the po
bet ween water generation in the junction (a
removal from the junction (which depends on
driinwvg force for diffusion). The power output

t hanmMEaAn with a dense 3D?2visunc+5%mW/ecsm@B8et imweéil.y

Additionall vy, the measured power density sl
voltage hold experi ment, which was found to
The stability of the MEA wiuthi lai zpionrg uas tjhuinrcn
|l ayer with faster water removal from the jui
ratio in the junction, backpressur e, temper
performance have been investigated. 2The high

with a 2/1 Nafion/ TP85 fiber ratio in a por



28 psig backpressure. The important finding

and stabilization of BPM junction porosity
removal and redistribution of watfeairelf rceerhlt h
power output. Additional I nvestigations are
vol tage drop at | ow current densities and fu

Addi tionall vy, a novel hybrid bipolar junci
TP10€/ Payer with a high ionomeC) claetbweaen att h e
Nafion 211 membr &nel&md itnhee cTaR 1hGo0d/ePt Thi s t hi
can effectively prevent t kG cNatfailoyns tf iplam tfircd
al kaline cathode, whi chs eanatsi ovnearli fSEM ttehsrto.u gt
output P~ aw/ dbre obtained with thiss/Hype of
fuel cell tests®weama per fperimge b aaxtk pqEssur e wi
the power out put only dropped by 13% from
performance off) aandAEMREEMHC WHt h the hybrid |
ME A, | ower power | oss at | ow humidity condi
demonstr athydr atthhengs eclafpabi | ity of the hybri
power output as baghbasad¢Bb66vedv/ by irlenpl aci nc
with a thinner Xion CEP |l ayer. AAsymmetric/d
keeping the cathode humidity at 20% RH or 1C

anode, we could generate high powéuoul lowt put



humi di fied condition for both anode and catl
proved that the amount of water diffused fro
compensate for the water transportt fobm th
el ectroosmotic drag. I't i s expected that bet
the anode drying probl em. Considering that f
fuel cell vehicles, rated poewemghaonlmeden oinrs\
be concluded that the rated power val ue I
backpressure, and was affected by the inlet
high as 6c’a/n mbM cac hi eved/ Gras@bBwbonhhal®6eet mLhm
of feeds. I n summary, this part of work esteé

power output of a-hB/RIM aMB A gwifteha ttuhree.s el f
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CHAPTER V

NEW METHODS OF FABRICATING TRILAYER 3D JUNCTION BIPOLAR

MEMBRANES
511 ntroducti on
| €hapltlerst 1 I, and IV of this dissertation,
in terms of composition, structure, and meth
3D junction BPMs over commercial 2D pl anar i

modes has been verified, by data ¥hhdahis di
advantages of el ectrospun 3D junction BPMs
current density and resistamncse tod dealbamicrdt ic
exampl e, 2dCehveenl epgechla way to make 3D BPMs, wh:
by -eclobectrospinning AEP and CEP fibers with cc
oxi de) (GOt al yst s. Whathe rc o laif otnigmagt e wi t h a
catalyzed 2D BPM and ,c actoamhnyezrecdi a3lD 2BOP MB FsMh, 0 wi&C
|l ower transmembrane Y.olTtheegestdarbdapd iaty 50d0 trhke/ ¢
in water splitting -hnooudre cwansstmredvenutbeyshda atl £
mA/ gmwith only a 7.5%Dhudbhaadsa adifhivarbsivec abé d ac
bi pol ar me mbr anes wi t h vari ous junction t

el ectrospinning time. The water dissociation

MT M



when the thickness of the egmundheonutwhser snas.
this observawatoer topttentet d mgaglerAEP/ CEP reacti

I n this chapter, new methods of preparing
fiber junction | ayer are described. Speci al
di fferent ways of adding catatrypdtiterodntebe duc
| aminating the dual fiber junction | ayer to
work was carried out to simplify the overall
mor e amenabslcealteeo oab Il amagneud memeael.r i ng

Il n one series of experiments, electrospray
dual effiecer ospinnizagd -Wh @wevdAelr(sOHer e> empl oye
is attractive for use in a commercial membr a
mor pholwagtyemanglplf ot magce of the BPMs compare
in Chapters 11 andsplrlaly i mhgi cfhore ncpaltoayl eyds t a iard d
el ectrospraying method, it may boes ppg cnsns inkgl e
machine to spin AEP and CEP fibers and si mul
of the 3D junction | ayer.

I n a second set of experiments, a simple i
junction BPMs by: (a) adding catalyst powde
electrospinning and (b) attaching AEP and CE

solvent vapor exposure (to prlaalslitarciczel erhdea rpit

MTH



fuse the three | ayers together while closin
experiments involved identifying the proper

3D junction BPM wiotlht atghee psoa naer i czuartariseomtho s ev e

in Chapter 11 of this dissertation, e.g., fi
hot roller temperature and number of passes
52 Experi mental Materials and Met hods

521 Materi al s

SPEEK and QPPO were synthesized as descr
di ssertation. The QPrPOp earmrtei ssumanfar $REEK i aandrabl
Acet o-DemetNhyl acet ami dwi n(yDMAycr)r,o | pvotloyle()340 0P V P,
kDa) , sodi wIQ s ulafnadt ep o(t Mas C @ m weea reb oonbatt aei n(ekd

Fisher Scientifics(BGWalntmham,anMplar tAlc(l @) wer e

Research Nanomaterials I nc. 20@donsepanti diXes ( s
nm in diametOeX-1)00 asnudr fTarcittaonnt were received f
Loui s, MO) . B thans)e p waBsP Mr efic el wneadt efcrho- ( Bi et i g
Bi ssingen, Ger many) .
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Table 51: Properties of SPEEK (CEP) and QPPO (AEP).

| EC | 1 an|] Gravim¢ Vol umetr.i

[mmo|Conduc Water UCharge Con

[ S/ cn at °Q 5[ 9 [c’,mmol flcm
SPEE| 1.7 0.06¢ 20 8.5
QPPQ 1.7 0. 035 18 9. 4
QPPQO 1.5 0.03 12 12.5

"Defined by equation 2.4 in Chapter 11
522 Preparation of the 3D junction BPMs with

The junction | ayer wasa |l pefleegicanreods phynni mg ¢
described in previous chapters of this di ss:
el ectrospun concurrently onto a rotating col
% Al GOH) 2TiiMO 1: LO)I PemHe deposiubédnfaotbelby t he
el ectrospraying. Fgoaru geel enceterdolsep r apyii mmge r eat 2w2a ¢
catalyst dispersion flow rate was 2.4 mL/ h,
the tip of the needle and theadj nmgctwiacn amag tu sV
by controlling the electrospray) ngf td¢ atealtys t
The junction -d ayterSREEK swé ue i exipoisghlt troatviap o
Me OH: DMAc | iquid mixture for 15 minutes at
exposed to vapor from a 3:1 weight ratio Me
room temperatur e. Al l three | ayers (®0re hot

mi nut e8S8F,atd52850 | bs. ).
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523 Preparation of t het BBPdMsmevnitt hmat Hd ks enft Ppd

BPMs were made by -a&snpil otye chgf ial tvraactuiuom met
catalyst to the dual fi ber j udnucatlijoininid ¢atycernr . A
ma t was prepared wusing the nor mal procedur
particles. The CEP/ AEP fiber weight ratio i
agueous Ssuspwass iporne poafr efTd Owi t h t he aldddti on o
(the surfactant Tritoxxpaassicdteasd ,i fhodi opverds ibn
sonication. A smalduaplinbcteb aoafs StPhEeENK /pQPaPcCe d i n
and the catalyst suspension was poured into

forced the suspension to flow through the

experimental setup i sl lIshofwnt hen IFii qwirde paslsed
the junction | ayer was removed froda flbe funn
sever al hours. This mat was t hverbyc arhwe rntoe dnail

procedure of MeOH/ DMAc s oplrveesnsti nvga poourt eerx ploasyuel
films) of SPEEK and QPPO and the junction |
Section 5.2. 2.

A second type of procedure for addi ng «caea
investigated, wher e a duoralqufeiouesr dmastpewas 00 ¢
uncatalyzed dual fiber mat sample (with a 1

i mmer sed in tidaeggquk.olus wtusP ehis® on for 10 minu

MT D



for 2 hours in a° cofdwnectmhdn waxposad 66 MeOH
solvent vapor and SPEEK -mmas QPd Oo rdtecr sep da d inrs
| ayer surfaces to make a BPM, as depicted in
For a third catal yxsdti slpeadctiiogn meatsh sd,r atylea
QPPO single fiber mat after the electrospinr
Here, a lxiwmt 1%lof( wlO.vews . pr epArdd with 30 min
Then, the catalyst disbphbermeonQRBEO® spngledf ol
catalyzed tQRPPG-omatt i darnse QPPO fcdadsnt, daennds et h

SPEEK film were exposed to MeOH/ DMAcusbhgent

the standard method as described in Section

—

dual-fiber

mat

772,
Aart ctatyred

) =y

Solvent vapor Stack with e e
AEL and CEL PP rber

Solvent vapor
exposure

Hot pressing

cEL
Spray TiO, catalyst
onto preformed
QPPO fiber mat
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Figure 5.1: (a) Picture of a vacuwassisted filtration setup to make a catalyzed junction,
and (b) Schematic of a pespray process to make BPMs.

524 Preparation of 3D junction BPMs by a hot

The gener apr enpeatrhiondg oaf 3D junction dual fib
described in Chapterrosl Ilelr amadc hlilnle, (erxactehpetr a h
was usemr eesos htote junction | ayer with dense i
QPPA.catdlugketinbér on amdsta dseonlsuet iCoENP f i |l m wer
vapors from a 1:1 weight rati o MeOH: DMAc I
temperaturcastA donse i ABP fil m was exposed to
Me OH: DMAcC | ireuifdormi X% umi n at room temperat
calendaring ma#tiRBO C( maden XA@GTmen Aot El ectr
Co. , LTD) was used to press the three | ayer:

Carver press, wlhaey eer st her e hgteaec kBePdM t oget her @

heated met al pl atens. The roller press mach
BPM | ayers were stacked between Tefl on sheet
t he hot rol | egr/sc.o Myu letsisp loen Ipeaastsiers -f weme dus ed
BPM.
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Roller

Figure 5.2: Pictures of (a) Carver press machine, and (b) roller press machine.

525 SEM tests

To-pown antilraceered SEMwiemagedtafi nBEMusi ng
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(Carl Zeiss) scanning electrounomtedowcopea( s

gold | ayer prior to SEM i maging.

526 Water splitting tests

Wat er epxlpiert imegpts were€epér desmed bied t me CH ¢
the same aqueous salt sofcetilomoimparhemeahsede

voltage polarization data were collected for

53 Results and Discussi on

531 SPEEK/ QPPO 3D junction BPMs with electro

Based on SEMrumagespgr agaetdalAy tOHparticl es a
readi |l y, r essiuZe ipnagr tiinclmasrion the dual fiber |
' 1, Figurfer c t/ur &d ereszeedtr iacres cwiotsls ezde dt r ospr
not show any | arge aggl omerated particles
| EC)/ QPPO (1.7 1 EC) 3D judeteicomoBPNMay end t Al
particles was tdeisstpeedr,s evdl dAHc(aGHYeg ywsimlal | part
dual jfuincen on | ayery apmpiefaosmtwi tble dogdhl adhes
| ayers. These results indicate that electros

spraying) breaks up particle aggl omerates at

MT



thereby creating a more uniform distributi o

| ayer.

EHT = 2.00 kv ignal A = HE-SE2 29 Nov 2022 & EHT = 2.00kV Signal A = HE-SE2 29 Nov 2022 &
ol o ViNSE o ViNSE

WD = 4.8mm Mag= 20.00KX 20:15:50 WD = 48mm Mag= 5.00 KX 20:16:33

Figure 5.3: Crosssection SEM images of SPEEK (1.7 IEC)/QPPO (1.7 IEC) 3D junction
BPMs with electrosprayed Al(Okiparticles at a loading of 0.5 mg/énMagnification:
20,000X for (a); and 5,000X for (b).

Four BPMs were fabricated with SPEEK (1.7
catalyst |l oadings in the junction using the
5.2.2. The total membraniemhacdknebes @BER/ AEP d
weight ratio in the junction was fixed at 1/
Tabl eNad e2. pmlliatrtiizrmg i on exper i meretld werad pears

i mmer sefC icronast2abnt temper ati@aqwabamtsr ddlhyethe A

contacted both sides of the membrane. Pol ari
four BPMs with different catalyst | oadings ¢
that there is an i mprovememeri nvowataegre sfpolri ttt
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current densitiydadheg whse Ah(OBRSed fuomherl
increase in cat afryessulltoeadd iimwa taea il prde/adgne o g

presumabl y -Wpmeoft oc aat aluy dtd panmd/i atrr e@Hstphoar tt bolua
of the junction. The bé&Alk ( @d)whaermarndde waod tat
at 1.°waAl ®©® TVhese tests showed that a | ow cze
3D junction is insufficient for high rates

very high result i n a high transmembrane vo

transport

Table 52: Composition andhickness of SPEEK/QPPO BPMs.

cep 1| AEp [ {CEP/A |

[ mmo | [ mmol / Ratl g : Catalys
spM [ mmol mmo | the | Thick(z3ta ¥

Thickn Thi c rJunct [ B]

SPEEK | QPPO 1 Al ( @H
A 1em 1 &m 171 58 0.1 rAg

SPEEK | QPPO 1 Al ( @H
B 2 @m 18m 171 56 0.2 1

SPEEK | QPPO 1 Al ( @H
= 1 &m 18m 171 58 0.5 rhg

SPEEK | QPPO 1 Al ( @H
D 18m 18m 171 60 1.0 rhg
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Figure 54: CurrentVoltage curves for Al(OHy}catalyzed SPEEK/QPPO 3D junction
BPMs with different amounts of electrosprayed catalyst particles in the jun@iiom.1
mg/cn? Al(OH)s, (, ) 0.2 mg/cm Al(OH)3, (B ) 0.5 mg/cn Al(OH)s, and p ) 1.0 mg/cm
Al(OH)az. Tests in 0.5 M N8Oy solution at 25C. The thicknesses of the BPMs are 58+
e m.

Since it is known that the transport rate
t hat of hydroxide anions in an AEP, it is 1| o
fibers in the junction |l ayer shool 8ubtehaear e:

investigadealt husb®moontl| ayers were prepared w
and AEP fibers (CEP/ AEP mass ratios of 1/ 1,1
had the same | oading(06f5ejngtlomoppnayednAw(©
over al l thickness that JvVdarei edmpotsweemnsS8 odn
shown in Table 5.3. The water splitting propg
and compared to a 1/ 1 SPEEK/pQRRA 3IDo5j umgd tcimo

Al (&HBPM H in Table 5.3). As shown in Figure
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Swassi nlg 106 AVyr L& ¢
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cat al y s tf rvewa neb rnaonte ss i ngand ef i ucsainn

brushed spgiayadrAs( o lttheage pgaoalrarinzati on
in Figure 5.5 also show no correlati
given current density.
Table 53: Composition andhickness of SPEEK/QPPO BPMs.
CEP | H AEP |[CREaF;i/iQ Fina
gpM [ mmol /| [ mmol /) "8 "7 BPMjCatalys
Thickn Thi ckr hick|Areal [
Junct
[ &]
SPEEK QPPO 1 Al ( @H
E 1%&m 1&m 171 58 0.5 g
SPEEK QPPO 1 Al ( @H
F 2 Em 18m 172 65 0.5 rhg
SPEEK QPPO 1 Al ( @H
G 1/ 3 6 8
2 @m 1 &m 0.5 rhg
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. | SPEEK | QPPO 1 Al (@H
H 2 %m 2 Zm 172 62 0.5 rhg
SPEEK | QPPO 1 Ti .0
| 2 £m 18m 172 61 1 0.5 rhg
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Figure 55: CurrentVoltage curves for Al(OHy}catalyzed SPEEK/QPPO 3D junction

BPMs with different CEP/AEP ratios in the junctiof:l ) 1/ 1 SPEEK/ QPPO
electrosprayed Al(OH) (, ) 1/2 SPEEK/QPPO with electrosprayed Al(QH}p ) 1/3

SPEEK/QPPO with electrosprayed Al(QHand (*) 1/2 SPEEK/QPPO with asprayed

Al(OH)s. The catalyst amount of all tested BPMs is 0.5 mg/chest in 0.5 M N&SQu
solutionat2C. The thicknesses of the BPMs are var

Foll owi ng t he s ame catal yst el ecbrospray
particles were added t o2caat3ald yjzuerdc tB PoMh waasy eprt
with SPEEK (1.7 1 EC) and QPPO (1.7 |1EC), whe
fixed at 1/ 2 and the cat’alTyhset tlhoiacdkinnegs swaosf kteh

was em.1 The composition and individual | ayer
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BPM I ). Figuwat &r 6pphaiwvszageoncatnaVvVygzed B,
an Alx¢®@Hal yzed BPM, and a commerci al Fumasep
that the BPMs widahndelAdcaQHplspsthyedhdwOsi gni f |
water 9opeprifobrimagce (|l ower voltage for a give
Fumasep, e.y. that vbl ® aylecmrop of the commer

two times greater than the 3D junctthiaotn BP Ms

el ectrosxmay AdwoDIkp equal ly well as junction
1200
— 1000
< 800
z
G 600
o
=1
€ 400
o
5
< 200
0
0.0 0.5 1.0 15 2.0
Voltage (V)

Figure 5.6: CurrentVoltage curves for(A) 1/2 SPEEK/QPPO 3D junction BPM with
electrosprayed 0.5 mg/émTiOz, (| ) 1/2 SPEEK/QPPO 3D junction BPM with
electrosprayed 0.5 mg/é&(OH)s, and 8 ) commercial Fumasep BPM. Tests in 0.5 M
NaSOs solution at25 °C.

Il n another setwaferxppkriamebagi om hkehavi or

catalyzed BPM was evalwuated in acid and bas
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contacted »MQ@amdl. 10 OMMHKOH solutions, respec
curves were recorded before anlC avfatteerr samalk i
before/-amafhetreawd80er generation constant curr
mA/ €mAs shown i A kiugwrees %.f7,t hteheBPiM before a
soaking overlap. aTherctheesobmstanéeé awmdrent ¢
overlap. Those three curves are essentially
be described by a single curve within experi
t hat t he Shnbjames i drmvene very good mechanic
chemical / mechanical stability at an elevate
voltage drops, ¢€&.gwer e 1slli gvhtalty 1hi0OgWhé ct mt han
M N®2@ due tcoh tfreonmswai tsalt el ectrolyte on bot

acid/ base solutions.

1200
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400 /

200 I
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Figure 5.7: CurrentVoltage curves for a 1/2 SPEEK/QPPO 3D junction BPM with
electrosprayed 0.5 mg/énTiOz ( 1 ) i nit)ialer sodkiagsin water(at 6
overnight, and (*) after a constant water generation test at 250 ra#dci®0 mins. )
polarization curve of a Fumasep BPM. Tests in 1 & and 1 M KOH a5 °C.

532 SPEEK/ QPPO BPMs wirteha tdmef rftea deentth godossat at y st

the junction
Si mple ways to add catalysts to the juncti
i nto -tao orld!l Imembrane fabrication process, we

SPEEK with an I EC of 1.7 mmol/ g was wused as
mmol / g was used as the AEP. The preparation
of the membranes made using different method
3D junction BPM wpdat ellyesttg,0o sppgiaryge dti e s a me
in this chapter (Secti ocas Hi. 2t &d )f iFlorr ameimbm aw
catalyst to the junction (as described in S
by soaking a dual fiber ma t i decat i mat abl.y2s.t3
Membr a®r ewerde pr éparsend slpy aggiimng a cabalmegslt di s
QPPO or SPEEK fiber mats (one mat or both m

from 46n.t o 58
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Table 54: Summary of SPEEK (1.7 IEC) /QPPO (1.5 IEC) BPMs made with different
methods.

Fina
# Ol Membr ane Descr | Catal)|Membr g
BPM Loadi| Thi ck
[ B]
1 Electrospray catal| 0.5 rhg 5 7
during dubattfobp Ti20
Vacuagnsi st ed duial i
2 porous mat with 4g0.17 m 53
di spersed catalyst Ti20
with dense CEP and
Soakdudadlembitbemn th
3 suspension for se{Y0.27 m 58
press with dense Ti20
| ayer s.
Spray catalyst sus 0. 073
4 mat, and then hot | /ﬁmé 56
QPPO outer | a M9 2
Spray catalyst sus
& mat, and then hot |0. 12 7m 55
Ne xhto,t press the a Ti20
SPEEK and QPPO ¢
Spray catalyst su
& fiber mat, and th¢g 0. 1 rag 46
mat . Next, hot pr Ti20
with SPEEK and QF
Spray catalyst susg
fiber mat and SF
- respectively. Then/ 0. 08 m 51
catalyzed mats tog Ti20
the above junction
outer | ayer s
Sprcaayt al yst suspen
g fiber mat, and t| 0.1 rhg 5 2
suspension onto tHh Ti20
with SPEEK and QEF

Fi gure 5 .wBatsehro viesp Itibtetviensg o -4 .meMebmmbarnaense 11 s h ¢

a voltage drop %fqguilte Vliaselt® Ahemresult s
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QPPO with a higher IT'EC (1.7 mmol/g) was used
the cothductivity of 1.7 | EC QPPO wedelqghbit &C
close, 0.035 mS/cm vs. 0.03 mS/cm, respecti
a polarization curve essentially i1dentical
showedvapocoar ppltibtmagce with a high transmem

was attributed to poor catalyst distrntihlruti o

juncti on.
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Figure 58: CurrentVoltage curves for membranes-41 (A) BPM made with
electrosprayed catalyst, | BPM made by vacuurassisted filtration,§ ) BPM made by

a soaking process, ang | BPM made byspraying catalyst suspension onto aforened
QPPO fiber matTests in 0.5 M N&8Qq solution at25°C.

SEM i magetsopofantdhebottom surfaces of t he C(

Membrane 4 (where a QPPO m4Tlti;Omeatsa Isyps ta)y eadr ewi st
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in Figures 5.9 (a and b). The surface that

Figure 5. 9a; many particles can be seen on t
(2em in size). On the opposing surface (Figu
fibers, but there is a stremng floirknd lyi hdoi osd rtit

through the QRRO®Ii mat SEGMr osnmges of af tfeurl | 'y pr
catal yst addi tion t o -ptrhees sjinnnitafe nadé myer | ana
shown in Figures 5.9¢c (magnification 20, 000x
particles cannot be seen, but there is adhe:c
i's expected that t he dletn saen &S PfEFHRKve sdsu raign, d ahyoktt
the pores between the QPPO fibers. Based on

the entsierca ioornogss ndi capiagsiamgapgrcepeéeabt e. hot



= 15 Apr 2023 = 2, i 15 Apr 2023
Mag= 2000 KX 14:32:20 5 ! 14:49:41
: o _ - i

N

5 Apr 2023

® 10 pm - 2.00 kv Signal A = InLens 5 Apr 2023 L
18:50:21 ViNSE | F——wo= 45mm Mag= 450KX 18:52:59 ViNSE

|

Figure 59: SEM images of (a) the surface side of the QPPO mat sprayed with 0.073
mg/cnt TiO2, and (b) the bottom side of the QPR@t sprayed with 0.073 mg/éiO..

(c-d) Crosssection SEM images of membrane 4 with magnifications of 20,000X and
4,500X for (c) and (d), respectively.

Bi pol ar Membr ane #4 wasl Ifuwi hker di E6éednti
solutions. The resulting polarization curves
slightly higher wsOueaergeudr @61 M1 2Xa\W vvs .Nal. 05
which can be ascribed to tHha&nd niOHteoa se dmarees i
concentrated solution as well as the | ower w
the proton and hydroxide ion conductbieVviotwi es

the | EC of the AEP and CEP materiad ®nin the
M M



intrusion into the fil m). A polarization t ¢
perfor med, I n order to investigate the pote
capturg®Aofthi@bder voltage drop can be seen whe
M £Q@solution. This finding aspbsbbbéy Ooeme
the CEP surface of the membrane during curr
CQ*with electfogeaneeased Hhe measured voltage
el ectrodes.

Thwat er pelriftotrimgrce o8 memldridfes ettd el ec
summari zed in Table 5.5.wadAt ér odpphoaket megmpriame
M NRQ with a voltage idlr.o0p6 iV adt rTahnég eA hocf mela. s9e

voltage dr o9Q@(iln 010..0Z OM VNa 20@( D. 33 MG K V) ar e

consistent with the data shown in Figure 5.1
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Figure 5.10: CurrentVoltage curves for membranes 4 tested in different solutign:
0.5 M NaSQy, (( ) 1 M N&SQy, and ) 0.5 M KxCOs. Tests in 0.5 M NSOy solution
at25°C.

Table 55: Summary ofwvater splittingperformance for BPMs #8 in different electrolyte
solutions at 28C.

Me mbr ane Me mbr ¥olet § Membr ane
BPM Drop at ?iln Drop at 2idn Drop at ?iln

0.5 MQGNa 1.0 MQAGNa 0.5 MO K
# 4 1. 05 V 1.12 V 1.40 V
#5 1.06 V 1.15 V 1.52 V
# 6 0.93 V 1.07 V 1.28 V
#7 1.03 V 1.29 V 1.57 V
# 8 0.96 V 1.00 V 1.23 V

533 SPEEK/ QPPRQa®®Mwi th a hot roller press ma

Given that <calendaring with hot rollers i
multiple polymer fil ms, a final set of exop:
junction BPMs were made with a roller press

3D tuman | ayer was prepared, with a CEP/ AEP

SPEEK and 1.5 |1 EC for QPP@anamparwicheelcadctat
l oading of O0Oh® mghcmi on -claasyte rS PaEnEdm af ii d arl u(t 1i 7¢
t hi chkvree s )expaoperd ftroom a 1: 1 weight rati o MeC

15 minutes at Trhoeons etlaasttg e)@RP @mei. h mt f2dkness)

M b o



exposwaparo from a M@OH: D&MAght i gat domi xture foc
room tempdhet ppueaction | ayer was then placed
|l ayers. To not damage the final -rBPIM érys ditrheea
three | ayers were sandwiched betweemm,two Tef
wher e t Heayeenrt icroensSt ruct mh.adT lae tthe mkenreastsu rod @ft
was set®Cat(thd0 same temperature as t hat us

height/thickneemn tohfosteh et wjoa pr oblaaht evesd wtalse fn oleld

speed was 1 rpm (where the roller diameter
me mbr ane through the hot roller was 0.314 m/
apparatus, the BPM was r emoveed ifnraolm BoPeM w ehei nc k

was measured at 5 different IemcatnohRsgand §a

the water splitting polarization curve for t
usi ng vtelre pCGeerss, i .e., Membr ane #1 in Tabl e
of Membrane #1 was | ower than the hot roller

photographsolidfert BePMroathd Membrane #1 from Ta
5.12. M hneadBP wi th the hot roller is slightl:?
compared to the membrane made with the Carve
due to-ophée mhaed hot roll er operating condi't
rol lrircsh are related to the compression pres

roll er experiments are needed as will be des
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very encourwgti eg, ywl it atgiangdr op t hat was muc

commer ci al Fumasep. BPM (see Figure 5.6)
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Figure 511: CurrentVoltage curves for SPEEK/QPPO 3D junction BPMs made with
different ways of hot pressingA ) Membrane #1 from Table 5.4, which was made using
the Carver press and { the trilayer BPM made by calendaring with the hot roller machine.
Tests in 0.5 M Ng5Q; solution at 25C.



Figure 5.12: Photographs for SPEEK/QPPO 3D junction BPMs made with different ways
of hot pressing: (ahe trilayer BPM made by calendaring with the hot roller machine after
soaking in 0.5 M N£&5Qs and (b) Membrane #1 from Table 5.4, which was made using the
Carver press.

Il n Figure 5.11, the individual |l ayers of t
to solvent vapors from MeOH/ DMAc | iquid mix"
bef ore | aminattiaohne wBaPsM indaednet i lcyal a Car ver pr e
plasticizing effect further, six BPMs were p
only the jAinlc/t2 o(nwtl.a/ywetr..) SPEEK (1.7 |1 EC)/ QF
junction | ayer was uwaahopwirthceéleegtada@as@rsay ad
mg/THhor each solvent (various ghitfurndeéeguofd mea
atbrrush sprayed onto a catalyzed 3j(urhet itéd mel ay

to spray was <ca. 1 minute). The dense SPEEK
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