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Study on the Polyamine Thin Film Composite Membrane for Vanadium Battery
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Abstract Vanadium redox flow battery (VRB) exhibits the advantages of independent capacity and power, easy modulari-
zation, long lifespan and high safety, which make it particularly suitable for use in large-scale energy storage systems. The
separator is one of the key components of VRB, which has a significant impact on the overall performance and cost of the
battery. Perfluorosulfonic acid membranes such as Nafion (DuPont) possesses the advantages of high chemical stability, high
conductivity and good mechanical properties, therefore it has been widely used as commercial membrane in VRB. However,
Nafion has the two main drawbacks of high vanadium ion permeability and high cost when used in VRB, which seriously
restricts the commercialization process of VRB. Thin film composite (TFC) membranes have the advantages of easy regula-
tion of the skin layer and substrate layer, simple preparation process and high ion selectivity, which make them particularly
suitable for VRB system. However, traditional polyamide TFC membranes have potential problems of hydrolysis and de-
composition in VRB strong acid electrolytes. In order to obtain a high stable TFC membrane for VRB application, polyeth-
ylenimine (PEI) and cyanuric chloride (CC) were used as monomers to prepare polyamine TFC membrane via interfacial
polymerization (IP) method. Detailed physico-chemical and electrochemical performances of the membranes including vana-
dium permeability, single cell charge-discharge performances, chemical stability and long-term charge-discharge have been
measured. The results showed that the vanadium permeability of Mt is 3.17X 1077 cm?smin”!, which is dramatically lower
than that of Mo (30.89 X 1077 cm?smin') and commercial N 115 (Nafion 115, 10.91 X 1077 cm?smin') membranes. The en-
ergy efficiency (EE) of Mt membrane at 40 mA<cm ™2 reached up to 86.2%, which was much higher than that of Mo (74.9%)
and N 115 (80.0%) membranes. Chemical stability test proved that the permeability loss rate of Mr was 4.42%, which is
smaller than that of Mo (8.93%) and N 115 (4.86%). At the current density of 80 mAscm 2, the prepared TFC membrane has
shown stable coulombic efficiency, voltage efficiency and energy efficiency. The TFC membrane is the ideal substitutes for
commercial Nafion membrane and has great promise of application in VRB.
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B2 MM M SEM E: (a) M, ZIHE(100X); (b) My %Ifi K
(100X); (c) My KT E(1000 X); (d) My Z i FEI(1000X); (e) M, Wit &
(500); () My Wi TH (500 X)

Figure 2 SEM images of M, and M membranes: (a) surface image of
M, (100 X); (b) surface image of Mz (100X); (c) surface image of M,
(1000 X); (d) surface image of Mt (1000X); (e) cross sectional image of
M, (500 X); (f) cross sectional image of My (500 X)
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Figure3 ATR-FTIR spectra of the M, and Mt
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Figure 6 Comparison of stress-strain curves of Mr and N 115 mem-
branes under dry and wet condition
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K, RIS EE 2 5% K.

2 ARUHIFE AR CE. VE Rl EE 534 SCHRSS Tt bt

° - P o——0
;ﬁ 2(5) : R A @ Table 2 Comparison of CE, VE and EE of the as prepared membrane
§ 8s [ .//./-—’—‘—‘""4_:_,% with partial reported literature
4 80| +:l‘115 b/ \"_'.J:: N
Foy S . ' . Bt i RS gy vEme BEM i
40 50 60 70 80 (mAecm °)
s 2r ®) LRRIAT S 60 ~93 ~8 ~79 [51]
B ssr LI
W SHERR I 100 96 85 8 [19]
[l s . . EZiN
=t 30 &0 0 80 BRI R Z, 100 9926 7415 7479  [52]
Sup ‘\’\,\‘\' © Kl
Eoof ::Ek.\‘ it Ao SR T/ 5 20 95 71 67.5  [49]
ug ;g ] LI 6 A
I 1 1 I I Bict B ~ ~ ~
m = o " " Naf}oﬁnﬁiﬁ%ﬁgm 80 93 73 68  [53]
V75 R fiF Lom-2
R/ (mA-om™) — 4 MFI 80 97.5 772 752 [54]
B 10 40~80 mA-cm HLIRZE T Mo M F1N 115 fiii[¥)(a) CE, (b) T
e " ’ ’ W e v 80 992 928 921 34
VE fli(c) EE B il AL R & Eﬁg‘ﬂjgg [34]
Figure 10 Variation of (a) CE, (b) VE and (c) EE with current density - D‘ —
of the My, Mt and N 115 membranes at 40~80 mAe+cm™> Hﬁkﬁijﬂggﬁ}? 80 95.7 86.8 83.1 (48]
bt [ = =P
E— e by S i I B 80 98 89.8 88 [27]
el 10(a) /2 R IR CE Bt AR L £, 74 i
BRI E R, Mo LR CE /)y, B Mo 5 1) B e A e A 80 97.9 798 781 A%

%, RHBEEREE MrJER CE B35, HAESEE
TEE T MR CE & N 115 5. fEHRmREEN
40 mAscm 2 I5, My ) CE HH Mo B[ 81.8% 2T+ &
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B 11(a) A FIER BT VRB B LT ZR. Mo.
N 115 F1 My = 4E 28 b H R 4B 37 7E 0.75 V DL
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(R 1E] 39504 12.7 h, 49.2 h 1 167.0 h. LAl I, FEfS
Mo 7E VRB IS B e ) B FsCE M RE, A
FLIZE = T N 115 B, (HIE T SR A RIS, B M E i
LK1 30 T AR HN . 3 B R Rk 3 2 X L S AN
A RIS RO, BT DO e d ik s &
BB, 3k — 5 3 B P 46 1R 72 52 6 B LA A S PR B
PLrERE. B 11(b) N M1 7E 80 mAecm 2 [FJHL R EE T
100 XAEH L FEH K] CE. VE M1 EE FEAEFF CEAS 1k 56
. ATLAUEH, M) CE. VE Al EE ¥ HME 7S
JHCHEL B S8 I R I K Uk B, RS E TFC JEEAE
PRt R A R R AR M, &S TR,

06 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
A 1E] /h
100
(b)
80 | ————
60
¥ = CE
= 40 . VE
20 | 4 EE
0 1 1 " 1 1 1
0 20 40 60 80 100

TNV

Bl 11 (a) Mo. My RIN 115 JE ¥ E 7R th 28 FiI(b) My B RO FR 1 e
Figure 11 (a) Self-discharge curves of the My, Mt and N 115 membranes
and (b) long cycling performance of Mt membrane

DNRE— B IGE BT 45 52 A AR E P, SREG TR K
TG A AT T A ERER N TR A X S48
Rem AEOEIE(EDS) /i, SR WE 12 12(c) .
HHE 12(a) ] DU, KAEFR G B RREIE S 8 AT L
T R, RIE A TR 22 20 AN S5 M AE IR R
A G 3A K AE R A, B 12(b)3 B RAEHR J5 R m A
RNECERES, FEALEA N T 120008 N TR (E 12(c)
BIe) o An TR, UEE G R AA IR mit A s g
faE k. 1 TFC S& MM s vl 3 T AR &
Tk R e R AR R R I T P R 45 ) B A ELAE L .
WHLRMAE TFC B & EAE “ Sl 8N, BRI =
(5 A WAE S A IR A A 8 3o A v 2 DR RS ALK 4 1
(] 5 E FE BB A h Fr LA 55501 [FR, BBE R 2 R AR
HEHE, M E SR R A AT DU e 7 R R,
F—I7 T, AR IEE S E AU 05T SPEEK, SPEEK H
THEE WBEEREE, R nT DUR R 2 5 R A T S B
AERAER, W] DU S G 5 e 2 AN L (] BAA R R A2
S8 PEUTSSO01 TRAV ikt Rz 2 A0 266 B [ 0, ] B 22 A7 TE ML
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=
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Bl12  (a) My EKAEH AT S LALLM, (b)) KIEH G My IR
i SEM [&], () L T [El(b) i) N T 2 At itk 43 A7 1]

Figure 12 (a) FTIR spectra of Mt membrane before and after long
cycling, (b) SEM image of My after long cycling, (¢) EDS mapping of N
element corresponding to (b)

3 4R

ASCLL PEL A CC N HAk, RS A5G & T
SR H B e e [ SR % TRC i, SEM.. XPS Al FT-IR il
IE R ZERINE & T 2 fLEBERH. 8% T TFC B
MURF SR, SRR R AE KRB 2 LIRS 208
PERE RIS CR¥E TR T2 . 76 40 mAsem 2 (1)
HLUL % T, ZB% TFC Y EE N 86.2%, LN 115 Ji
) EE 1 6.2%. £ 80 mAecm 2 [{J LR E K, K% TFC
JESH EE N 78.1%, Lb N 115 I/ EE 5 4.3%. F&IR I
AHKABFRE RES2 62 B TFC AE VRB 1 BA 1R = 14k
R ENE. AR RIS A4 . SEM RAT N JeRfE
T A R — IR T AR m g i e vk, F
I, M TFC B2 —Ma BRI N 115 BT
VRB (1357 {15 35 o .

4 SERSY

4.1 fEFIE
4.1.1 REEA % LI &

PES ZFLEEME Mo i b 12 U0 e A i A ) 4% 102),
HAGB IR frid:

(1) PES [l ab#E: FREL—E &1 PES, Jef4 HAE %
B KHIRIE 24 h, JEHIAE 0.5 moleL ™! 1 EhER I
R 1 h, IR RS KGR M, BRI
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FRLHEAD G TEZSTERHEFHTES C T F/E24h

(2) SPEEK [l #%: #RHL— & & PEEK ¥y R B T i
KF-HRsE, 60 CFHE 2 h, SR HEE N B AT 140G
100 ‘CT# 12 h, JiiBR PEEK HF4#B/K5r. %M1 g
PEEK 1 20 mL H,SOs (98%)H Eb ] & Bk iR, 7E
60 CIKIBIIAT, 8K TH/51 PEEK MR
BRER T, [FI HUBR R 1 PEEK KA, [N 6 h.
RN EEF G, AR MO EERA N E =R, R
WA SPGB N VKR &P DLEE R AL N, 15
P22k SPEEK. ¥ SPEEK B T £ 1/Kh R EE
JBIEYELL LB SPEEK R LM, HEEMELHEE
FANHFE. KSR SPEEK B T 8 X T 546
60 CT/EZTCIHEAKS, FENRT TR S, 80 C
TFE 24 h. TS SPEEK FH/AS — FFYV 3 TV BRA ik
TR IR, Frfs "H NMR #4011 13 fizs. SPEEK
HABEEEMRITTE 12 MEET, Hb H BERE
A E SR T A RS TE 7.5 i, AR T
TR L AL, @ Hy MR RS HE i T Ha, He,
Ha, He, He A1 H BT R 06 THI AR 8] 1 9% 2 R AT 43 1) SPEEK
(PR AL L0304 by T SRR 49 S50 H il % SPEEK. [T
LR 82.7%.

H, H, Hq He
_OQOO
Hy Hy  H

SOH

o

I
C

H; Hy
H H,

H, H;
1

8.0 6.8

B 13 SPEEK ffJ '"HNMR
Figure 13 'H NMR spectra of SPEEK

(3) MFAER % ZFLEEE: DL DMAc (V,N-—H
B 2B VR, FEH] SPEEK 78 5 A i EL 7y 25%
TC ) 4 JEE g 140-41.651 - 80 °C T, iR VAR AE IK IS 5
HROIN#R 12 h DLAE I AR, 25 e FH 35 o 1 A 5 T
TRA YIS o BRI, SR PR )R B 25 5
TESE SR BB b, B 5 IR B AOR N L B T
KA, RSB AR RIS, BHR AR E A T
K, BRI LR, a4 Mo.
4.12 F e TFC 69 %] &

AHFFE LA PEL A CC Ay F 1 56 1R AH S A4 1) %
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R OH
N)\lN (\”/\/NHZH N)\lN
R)\\NJ\N N\/;N/\/N N)\\NJ\R
\\HQN/\/N\/\NHZ J

n
i

Bl 14 IR A N & SR TRC iR 37 2
Figure 14 Reaction equation for preparing polyamine by interfacial
polymerization

KA R A EH & TFC P8, Hk &R e fiid
WIR: SEGFT IR KARVETRCN PEL KVET, THARE N
CC/n-Hexane &, 170k LR RIGMIZ LB M, 17E
0.05% (w) [ = Jt F25 it B2 1 (SDS) /K ¥ i iR L 10
min. SDS & HER7K 187 e i 2 A (1) )2 0 FH 21 K 1) &
AIRER M S K, 7T DA AR KA 5 A 2 (8] 1)
Girmak 71, Mok IR TE R, SR Mo A SDS %
W R LR IR ARG, BANKRE N 4.5 gL' 1)
PEL KV H 10 min, B2EK LI G =R AT 20 H
EREEE, RN 4.0 goL™' #) CC/n-Hexane ¥&
W IELREE 5 min DUAT AR A RS, RN 5E R
ToK SRR L BT oKk, BRI 80 C LR
rREAL 5 min, 53158 TFC K, w48 M. il 451
PEARAFAE B KR AR .

4.2 ZILEEYCMERERNER (LM REMI
421 APt R AT RS R TS

XPS MR AT A 35 A3 [E Thermo Scientific 24 7] 7
K-Alpha Be#E4%; SEM BT A 38 AHE 5= TESCAN
MIRA LMS 37k S 44 7 B, FT-IR o
Bruker 23 7] £ 77 ) 45 24 TENSORII {8 B iHH 245 4 21 4
FEREA; FEHLE RE FH R = SR RE R A5 PR A 7]
7= UTM2203 B4 5 RE R SLIR LIS, WA &5
TRHRZULS RS, FifdiE 2 2 mmemin ! 'H 5
SRS DU AT F A3 B [ A5 78 A 1= ADVANCE
111400 MHz FZ R FEHRIEAL, VA MEAE i B 7R AR =
FEWEH; EDS BN #5 4 Oxford Xplore 30. 46T
TP F B+ b AR ER AN (AR) W [ R T 1 a4k T oA
IRAT, ZBFEE(MW. 600, 99%)HIEE 4% W (99%)
T B BT b TR (A R A F]). REE(A-301)7 H
% B 75 B |, TRk Tk B (450PF) 77 95 [ A B,
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Nafion 115 ;= H 3 E AL A F.
422 AR EFEHKENE
FRF 5 7K (WU R K %6 (SR I T 3 75 2 3R L.
FE IR SRR £ B KT 24 h, BUH RIS
T A 2K 43 R L B AR S LT i, R DL R . B S
Rl RS T 2 TE B R K oy, AR5 N L2 T A
80 CFHE 12 h, HUH & FRURRE B ) ot & IR I = T
JEELRE. /KR IR T = (D) AR) Frrleel,
wu=" 4% 100% )
my

Dw_Dd

SR= x100% )

d

T my NIRIE T 5 (); ma T M & (g); Dw AR JE
J& (um); Dg 9T B8 JE B (um).
423 HHTHENK

18 FH SEEB6 5 E 102 772 E R A B AT L T
BEMR. WGBS M 2 18], B A 2 AR OA
6.2 cm? EFEMPMIER S A2 20 mL 1.5 moleL™' [
VOSO4+2.5 molsL™ ] H,SO4 ¥AWF 1.5 moleL™! A
MgSO,4+2.5 molsL™" ] HoSO4 . FEKa 6 h WA
1 mL BN NRFDE S, FFFEIFFNE 1 mL 1.5
moleL™! 1] MgSO4 . KW UV 25 B8 1 /K Mok
% 3 mL, RN OLETHE 762 nm 3K N lE
VO B T E. 3Bk Fick @ RIGRE N 125
2H, HEA X G) R.

ol s P e~ ®

o D ORI E B (cm); S BRI AR (em?); Ca N
A VO [IRTEEHR B (molsL™); Co()A t B ZI45
WA VO M (moleL ™), Vr A B R AR AR
(mL); P B 1557 R4 (cmPmin ).
424 ABTFHEN KB TFRFNTH

AB T BE A 5P E T2 im0 R 2
#H, AFEPZBER—MHIA 20 mL 2.5 moleL ™' i
BRI, 73— AR SRR L5 K. Bia—E
B[] pH THIN & 25 85 /K — IV pHAE, 285 HR A
pH HAT LR A TSR E. HIRENEE T
WREEXTI AR B, JE I B 2R R AT DU LA T8
IR,

Z AL B R B (Suy) B TR AR TIBEE
SR EFBER WA, VAR TFBEMELNRIRS
PLE BB ML AR LE. BB E AR
=4 BT R631,

Ve

N
Sy =S 1000 4
H/V 2+ X 0 ( )

slope
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s Hie WA T8 1% M 26 3 (molsL'sh "),
VOZ . LB 5% MR 2 (moleL+h ).
425 AT M

i B AR MU LE 1.5 molsL ™! VO2*+2.5 molsL ™! H,SO,4
T 30 d, 20 BN e IR VLR R TR R ALIBIE R
. THE R IR TS R 0 R ER (o) FIALIZE R AL
3K R (Pros) K VPN BB B (1) 40 22 e M. 115 =0 =0
(5)F(6)FT7m.

x100% %)

0
B R s 100% 6)

P =

lost
0

S mo ARIRIHT TR 2 (g); my AR IR G TR = (g);
Po ;BRI AT E Fi51E R 5 (cm?emin ), P RRIEEH
131 #Z4(cm?omin ).
42.6 %L @ & [Aw L § 0K,

TR FT S B2 HAE 2.5 moleL™! () HoSO4 ¥
12 h PLsn oL, R4 R I i S /e fe St ),
BRI A A 5 em? PN KEE = TP
2.5 moleL ™" Y] HoSO4 ¥, PR INVE R HH 3504 N A7 55 FELAR
5 CHI660e LAk TAESL (L R MR, AT
FN10°~10° Hz, $aIHERN 10 mV, 55175 21746 FERS
FI BB (R FITE BB B B BT (R,), 8L 2 (7) A (8) 5
H S 14 T PR LA i 52 2R 167-681

AR=S(R—R,) (7
d
O-:RXS ®

K R REHEN FIFEPUQ); Ry &I FRIFEHL(Q); S
AR A R (cm?).
427 A R

fE S H CT2001C  HE A3t Hi b 320 47 4K,
TR A R A R E N 1.70 V AT 0.75 Y, R
AL %5 Y5 L 40~80 mAecm™2. Hih[¥) CE. VE Al
EE 73 5@ R(9). (10)M(11)iHE 1A H.

cE=2i% 1009 )
Qs
Vit

VE=—2x100% (10)
View

EE=CExXVE (11)

A O e N HEFE(mAh); O x« NTTHE E(mAsh);
Vo NI HE B R (V); V se AR HEBEV).
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