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Mesoscopic Analysis of Mass Transfer in Porous
Positive Electrode of Vanadium Redox Flow Battery

SUN Hong ,QU Zegiang ,LI Qiang ,FU Xiaodi

(School of Mechanical Engineering, Shenyang Jianzhu University , Shenyang , China, 110168 )

Abstract; The mesoscopic mechanism of mass transfer in the positive electrode of all-vanadium
liquid flow battery is studied to provide theoretical guidance for improving mass transfer efficiency
of porous electrode and overall performance of all-vanadium liquid flow battery. Coarse-grained
molecular dynamics simulation method is used to analyze the mesoscopic transfer characteristics of
particles in the positive electrode reaction of all-vanadium liquid-flow battery. The effects of charge
state (SOC) , temperature ,carbon nanotube length and carbon nanotube content on diffusion coeffi-
cient and ordering of particles in positive electrolyte are analyzed. The results show that the particle
diffusion coefficient increases with the increase of temperature,but decreases with the increase of
carbon nanotube length. When the SOC of battery is 50% , the species of ions are the most in the
solution. The interaction between ions hinders the diffusion of individual ions, thus reducing the
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diffusion coefficient of particles in the electrolyte. When the mass ratio of carbon nanotubes is 1/4

to 1/2,the concentration of cathode electrolyte is lower, which reduces the association between

VO’* and VO, and decreases the solution viscosity, which is beneficial to diffusion. The mass

transfer process of positive electrode is studied in depth to reduce the concentration polarization

caused by mass transfer and increase the reaction rate of all vanadium liquid flow battery.

Key words : Flow battery ; graphite felt;diffusion coefficient; mass transfer
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Fig.1 Beads division and optimized model of carbon nanotubes

1E MS B E vO* T VO, il SO;-

(495> F 45 ¥4, Fl CASTEP A% B itk 47 LA 1t

(a) VO™

5K vO*T VO, il SO 4y F 4
FLRL AL 4b B, T2 X6 R VO*T L VO, Al
SO; ™ BkF. /KEKF K FH Martini ZK B R 4
AT FHUBAL — AN K BR T TR I 38 75 B A
BEAS A B R K5, AR 2 B 1k 7K Bk ¥
PR B 25 . 7 MS 41 Mesocite
P FEERSE KA 15 nm (4 IS
BT, WERR WP GEE R 0.35 g/cm’.
PRI S PR 91K A KR T (W) LBl
¥ (P,) . VO** VO, .SO*~ MMA B &
T R AR (LA 3).

(b)vo,’
B2 VO VO, FlSO;” B FIEAL/ErLIEsH
Fig.2 Optimized structure of VO**,VO," and SO; " ion

k.2 vO** VO, F1SO;" B F I
5 0 o451

(¢)S0.”

A B A 3 58 B , PEATHE— 2 1 2
AL RN Bl 124 k. S5 A 1L 1% 5 Quasi -
Newton 5, S AR B Ky 500. 2544 11k
Ja BRI E TP PR NPT R 25, R4 R S5 &
R WERKAIERN 1 FRERAE(L 0D x
10° Pa) , I [E] 25K 10fs, B4 A5 500k 30
T35 AAUBTTE A 3 ns, 45 77 75 ] Berends-
en P AL , #2518 777235 H Andersen 5 HL
il , AT 3 AL Bh A A e B R,
FAUNTE 4 FEm  BERY H (R Bk 9 KA S — 22
B, 5 S PR LR AHAT.

B3 Hada s

Fig.3 Construction of the mesoscopic model

4 iR B AR Y

Fig.4 Mesoscopic modeloptimizedby kinetic



CAR Ul

P 204 LR HL T R AR A R A A A 155

VO, fEiRJE# T 315 K KT 283 K
I, ANREREAFTE, B 4 i i iR R IR
JEE 43 5 5 Bl 288 K293 K298 K 303 K,
308 K 313 K 318 K. & T W5 ANl B AN KA
KB R [R B 9 K 45 & /X VO VO,
SO; ™ AGIBRFIE A 52 3 3 LB A KA <
A48 nm .9 nm . 10 nm A1 11 nm, B9 KE 5
VRUTRE LA 101 12 123 3 RAEUR R 4%
F N Bk B .
2 USRI
2.1 RESHEH

5 Ay fer HCRZS SOC M 50% B 4h
KAFKPE R 8 mm, Bk 48 KA 5V R i
121, R R 298 K B, &b Z 8] 1 42 1] 43
A L A2 1) 3 A oR SO0 (B H s BMIRAR
VO, - VO, .VO,; - VO*" VO*" - VO’" |
VO** -S0;” \W - W SO, -SO; .VO, -
SO, . HTHEFAZ RN d B, prl
BTG T 5 HA AL & i BT
Z AR B 4 . LB Z IR B 4 G 7 A i
A EAE ] T , 045 L2 Z TRl 4% 1] 4345 bR
B W 2 e . B I IE AR LR T VO,
VO™ T HE v e 42, DL X Vo, i
VO TR IR s 45 3R W] VO I
AR5 80;™ 5 HSO, JE ALtk A .
JEH VO, 5 S0; ZRIAE R EA LAY,
e AR Y 09I XAFTE 2+ 8] 00 A 1
AR NI VO** - SO~ 1 VO, - S0O;~ Xt
I AR ] 53 A BRI ( L 55 . A LT VO, -
SO;,VO** - SO;~ FI #1942 1) 43 A
PRAIEAE, T VO™ il SO;~ = [b] HLA %
IZEAEIR S| ). Z WS | Ve, VO, -
SO;” M VO** -SO}” WA FIEH KT
b W - W sz ERHERF I EH
fSO; ™ - SO; .

351

30+ —— VO,-VO,"
— VO0,-VOo*
—— VO™-80,"
25} — VO*-vO*
—— V0,"-80,”
—— 80,7-80,”
20 — W-W

g()

15

10

(1] 0.5 1.0 1.5 20 25 3.0 35
r/nm

B 5 RirARm oA
Fig. 5 Radial distribution of particles

2.2 FHEREH

A WAL SE B BN, VO, il VO* fE 41
Sl AR TP RS TR B i D 0,955
107°~1.073 x10 *cm’®-s ™" 0. 674 x 10~ ~
0.799 x10 °cm?+s~". E. Sum""* iE Y VO,
TEP e W By B R B 1.4 x
10 ®cm®-s ™', LA M S. Zhong''"") 45 3@ 1t 52 4
MFSH VO * FEA SR AR BUR O 2. 14
x10 cm?®-s ™. W XT H, 25 AR UEE
B 1 SCHR B T [F]— D 9, R
PR S
2.2.1 BB SR EX BT 9 R A

Y552 ]

AR AL HL Y AR FE I H B S AR v IR AR
B VO, VO™ B T I Uk i R a2 AR
fi. 35 FH A HIR S SOC Sk #ER VO, |
VO B FZ MR EE R HOCRAH

Cvoy
Cyoy + Cyons

Kl 6 IR /W BT E LR 121, B
YA E 8 nm, SOC 43514 100% 0% .
50% B, SO, FIK 4> T 1l 2 B b IR 1

2.

SOC = x 100% . (10)



156 WHERKESMARBFR)

o535 3%

—_
—_
1

—a— 50C=100%

——S0C=0%
—&— SOC=50%

—
=3
T

=4
=]
T

D/10(cm’® * s7')
e
o0

o
<

T/IK
(a) SO.”

285 290 295 300 305 310 315 320

121
1.1r

~1.0¢
N. .l ‘/‘///‘
g —=— 50C=100%

~ 0.8 —e— 50C=50%

—a— SOC=0%
0.7 + ‘/‘—__"__A___A/A/A
0.6 -

0'%85 290 295 300 305 310 315 320

Bl 6 AIF SOC i SO;~ /K4 U Z Kb B ) 22 Ak

Fig. 6 Variation of SO;~ ,water diffusion coefficient with temperature at different SOCs

g5 LR B B A IR A T, SO LK
PEARBIER. hFRETE BRI NGE
B Bk Z 8] A AH AR 0900, g 1 2k
Tz g, INITA R TRy 8. h T
VO, ML VO 7 i H far /0, i VO,
55 S0; " ZIMEEAEM S| 1555, Rtk SO~ 1
IR A SOC h 100% W B 3 % & % 1
SOC 1 0% I EEK. i HARZS SOC hy 50%
B, HL AR IR 2H A3 e o 2% TS h Rl AEE 2
Feg . BFoR 3 W 22 il 25 5 109 W] o 47 76 BEL A
THABE TR HC . R fr B RS
SOC } 50% I}, 7K £ SO~ Bk 1199 B & 5L
INTHAE T AR R TP B R AL
2.2.2  MFEPRE T &£ T Z P 8 R 50

HeAs

7 SRTE s fr RS SOC R 50% |, ik
YKEKE R 8 nm B, VO®* VO, SO~ Al
IKERF-H TR A LB 1 A8 A 4R 45
LKL R TR, VO™ VO, SO, M
TRERF I HR B AR K. H AR AR [ B 4%
T KERF Y 8RB K. KR+ 2
FL P AN 32 HC Al R 1) R R EEVE . If
VO** VO, 1 SO; ™ Z [AIfF1EH R I I A8
510, AFF VO*T VO, Fl SO;” Bk TP
BT LAY R B /. VO©T VO, 2 [a) 4
B ERSRAE BEAE 1, BT L VO*© VO,
B4 B R B /N T SO IkAh R VO A
LT VO, WM EE £, VO*T 5 SO; -
ZRFEARIR G T K R Fia S 548 ir LA
VO T R ER /.

0.70 -
—a—W
0.68F —e—8S0,"
| ——VO,’
0.66 VOZ*
0.64

0.62
0.60
0.58
0.56

0.54 1
052}
0.50
0.48 : : : : : !

285 290 295 300 305 310 315 320

D/10™(cm’ - s7")

/K
B 7 VO, \VO’* SO JK¥ R Hhii B 1A ik
Fig. 7 The variation of VO, ,VO** SO, and water
diffusion coefficient with temperature

RS KX BTV B R
A

Pl 8 Ay HiL it fuf HUIRES SOC h 50% iR
7288 K i}, VO, VO’ . SO;~ FI/KEEFH"
R BB O A 2 A Hh 22

2.2.3

—e—S0,”
—— VO,
0.57 Vo
~ 0.54
o, 0.51
g
2
‘é 0.48
=~
_ 0.45
0.42
0.39 . . . . . )
8.0 8.5 9.0 9.5 10.0 10.5 11.0

BRYUKRE K B /nm
B8 k¥ BAREMERIKE RN

Fig.8 Variation of bead diffusion coefficient with
length of carbon nanotubes



CAR Ul

P LL5 A PUROR H T IE AR AL A A WA BT 157

SERF W] BE A TR AR B Y, 2R
TP HOR B8N BEE BRI BRI,
BRAFDK A AT BEHE R A 8 R B
AT Z Al S 2 N

De

D, =" (11)

KD IR A ST BRED hAY
RS e IALBR 7 i .
MR (11) A28 R B 5 ih 37 B
R NP A NS I €3 R R P S
USERORYIITE 2N
2.2.4 BRAKEEESHETFVBAREMN
K9 & VO, VO** SO~ HIK7E ik &
1288 K, BRANKAE KA 8 mm, H i a7 FE
ARAS SOC 1 50% Bt , e N AAE T (i B 7Y
it ol 174 ~ 172 N, 3B R Bt g oK 4
Fr AR 2R,

0.60
—a— VO,
—e—VO*
—— S0,
—— W

0.55
0.50

1/4 1}3 12
BRARAT BT o LAl

B9 BRYCKE S R R AR R
Fig. 9 Effect of carbon nanotube content on diffusion
coefficient

SERF I B BRI S R HE o, AL
BRI ERT R R B K. i T ah oKk
T o B RSN S ) T e )
T AP R ) o 2 AR B S 1 2 [ A ) 7™
Al VRO P IR, 45 AN AN
Ty e A, I B R TR B AR
K g G AL A W IR BAR K, 76—
FRTELIE N 5 5 77 AR DUTE I RG 70 B 40 K A8 3R
T, TSI . A0, Bl VR BE AR

R RE FE L 2l N A A T B AT, B
DAY HCRBOE R, BARBRINKAS SR, 2
AL B 328 /0N | LS 1 iR 94 KA o o L
1/4 ~ 172 3P AR 19 9 103 BOE 3 ik
GORAE SR BT

3 45

(DABE T2 FAESGER, X
VL A8 [0 43 A R B4 W (B, R 0 AT 1Y)
B .

(2) Bl & R T i, kLT 04 ik 4 A GE
S, P> T 2R 2 R EAE R T,
A T AR i P AR R T RE RGOk
ARG I, LR A B Rl 3, OTREAR T
W P A IR T HUR B

(3) Y H b HIR S SOC N 50% KT,
TN AAAE 2P, 2R B[R] 1 4 B
VEFHBEAS T 230N B 7 9 80, TR T F
RG-S AR OE &Y

(4) TE AR FEL A A o TR B 45 1, ANAY
VTR EEAR K, M L&A L 1 2 () AR
o G Ay, T B0 A FE AR R P A5 R Y
PO R AR, BRGNK A T 7 T A L A9 38
B, 1Bt o L e R AR 1) R AL, DA T A
TR B R T

S 3k

(1] BFFRBEXR,5F 5. PRI R HoAR
KSEBUIR[T]. S RERL = 5HK ,2013,2(2)
140 —145.
(YANG Linlin,LTAO Wenjun, SU Qing, et al.
The research & development status of vanadium
redox flow battery[ J]. Energy storage science
and technology,2013,2(2) :140 —145. )

(2] SRAERL WA ER [ M]. dEat e Tolk
A, 2015.
(ZHANG Huamin. Flow battery technology
[ M]. Beijing : Chemical Industry Press,2015. )

[3] XU Q,ZHAO T S. Determination of the mass-
transport properties of vanadium ions through
the porous electrodes of vanadium redox flow
batteries [ J ]. Physical chemistry chemical
physics,2013,15(26) :10841 — 10848.

(4] Pher, ST, B &5, A PUR0R i i % i
A [T]. TR #223], 2017, 38



158

Tk B B OR E eE R (A SRR )

o535 3%

[11]

[12]

[13]

(3):568 —574.

(SUN Hong,ZHUANG Kaiming, YU Mingfu,
et al. The mass transfer and current distribution
of vanadium redox flow battery[ J ]. Journal of
engineering thermophysics, 2017, 38 (3 ).
568 —574.)

LIU R,LIAO X Y, YANG C, et al. Different
treatments of graphite electrode materials for
vanadium redox flow battery[ J . Chemical in-
dustry & engineering progress, 2011 (30 ) :
763 -766.

CHENJ Y,HSIEHC L,HSUN Y, et al. Deter-
mining the limiting current density of vanadium
redox flow batteries[ J]. Energies,2014,7(9) .
5863 —5873.

YOU D J,ZHANG H M, CHEN J. A simple
model for the vanadium redox battery [ J ]. Elec-
trochimica acta,2009,54(27) :6827 —6836.
MILSHTEIN J D, TENNY K,BARTON J L,
et al. Quantifying and understanding mass
transfer in redox flow batteries|[ J ]. Journal of
the electrochemical society, 2017, 164 (11) .
E3265 - E3275.

MARQUES L K,MARSCHEWSKI J,EBEJER
N, et al. Mass transport enhancement in redox
flow batteries with corrugated fluidic networks
[ J]. Journal of power sources, 2017
(359) .322 -331.

TRA BTE I WRERR A5 LB TR X 24
W R A A A R [ 1] m e
FE2£412,2015,29(4) 1920 - 931.

(ZHANG You, YU Junbo,PAN Jianxin,et al.
Effects of vanadium concentration on the distri-
bution of polarization in all vanadium redox
flow battery [ J]. Journal of chemical engineer-
ing of chinese universities, 2015, 29 (4 ).
920 -931.)

GUPTA S,WAIN,LIM T M, et al. Force-field
parameters for vanadium ions( +2, +3, +4,
+5)to investigate their interactions within the
vanadium redox flow battery electrolyte solu-
tion[ J]. Journal of molecular liquids, 2016,
215:596 - 602.

IBRAHIM D S,VEERABAHU C,PALANIR,
et al. Flow dynamics and mass transfer studies
in a tubular electrochemical reactor with a
mesh electrode[ J]. Computers & fluids, 2013,
73(6) :97 —103.

SU K,MONROE C W. Increasing the rate ca-

[14]

[15]

[16]

[17]

[18]

[21]

pability of batteries with electrolyte flow [ J].
Applied energy,2013,103(1) ;207 - 211.
ORII G,KATAYAMA Y,MIURA T. Investi-
gation on V(IV)/V(V)species in a vanadium
redox flow battery [ J ]. Electrochimicaacta,
2004,49(19) :3091 -3095.

KE X,ALEXANDER J D,PRAHL J M, et al.
Flow distribution and maximum current density
studies in redox flow batteries with a single pas-
sage of the serpentine flow channel[ J |. Journal
of power sources,2014,270(4) :646 —657.
SUM E,RYCHCIK M, SKYLLAS-KAZACOS
M. Investigation of the V(V)/V (IV) system
for use in the positive half-cell of a redox bat-
tery [ J ]. Journal of power sources, 1985, 16
(2):85-95.

ZHONGS, SKYLLAS-KAZACOS M. Electro-
chemical behaviour of vanadium ( V') /vanadi-
um ( IV ) redox couple at graphite electrodes
[T]. Journal of power sources, 1992,39(1) .
1-9.

X2 e MR, KRR 23 775 B
BRERYHOS FE o PR ], 8 S5 AL
fb2F2E 47 ,2009,30(3) 1568 —572.

(LIU Qingzhi, YANG Dengfeng, HU Yang-
dong. Water and salts molecular simulation of
diffusion process in reverse osmosis membrane
[J]. Chemical journal of chinese universities,
2009,30(3) ;568 —572. )
i, fd 05, A5 AU i 5 BT A8
e EERRE 1t v AT 45 ) AL PR B F ST [T ]
BARAE T ,2017(3) 67 - 71.

(XU Qian, YANG Jian, QIAO Fen,et al. Con-
trollable heat and mass transfer in all vanadium
redox flow battery and proton exchange mem-
brane fuel cell[ J]. Modern chemical industry,
2017(3) :67 -71.)

SRORSC, T, A A A PR A il A
TR T]. TR AR 3R 24 4, 2014,35(9)
1767 - 1770.

(ZHANG Baowen, LEI Yuan, BAI Bofeng,
et al. Non-isothermal model for vanadium red-
ox flow batteries [ J]. Journal of engineering
thermophysics,2014,35(9) :1767 - 1770. )
VIJAYAKUMAR M,BURTON S D, HUANG
C, et al. Nuclear magnetic resonance studies on
vanadium ( IV) electrolyte solutions for vanadi-
um redox flow battery [ J ]. Journal of power
sources,2010,195(22) ;7709 - 7717.



