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14 Abstract

15 To investigate the combined effects of electrode structural parameters and surface properties
16  on the vanadium redox flow battery (VRFB) performance, a comprehensive model of VRFB
17  is developed in this study. One feature of this study is that a practical range of working
18  temperature is fully considered in the numerical simulations. Excellent VRFB performance
19  was achieved by modified fibrous electrodes with 0.5 mm thickness and 0.9 porosity. The
20  electrode with modified fibre of large diameter 20 um shows improved battery performance
21  with a low pressure drop. Without fibre modification, although VRFB with 6=7° aligned fibre
22  electrode reaches the highest limiting current density, it has an evidently high pressure drop.
23 At 323.15 K, the VRFB with 6=45° aligned fibre electrode showed 21% higher limiting current
24 density and 36% lower pressure drop than VRFB with xy-plane isotropic electrode.
25  Noteworthy, after the fibre surface modification, the sufficient specific surface area can be
26  ensured, which leads to the insignificant effects of aligned electrode design. This model
27  provides an insightful understanding of combined effects of electrode structure and surface

28  property on the VRFBs performance at various temperatures.
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30  Vanadium redox flow battery; Numerical modelling; Temperature effects; Optimization;

31  Electrospinning aligned electrode.
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1. Introduction

In recent years, although solar and wind energy were used worldwide, they also created a new
problem, namely, how to store the large amount of green energy collected in a safe and stable
way [1-4]. Among many energy storage technologies, VRFB well meets the requirements with
its long-life cycles, safe and stable operation, and flexibility [5]. The working principle of
VRFB is shown in Fig.1. However, currently the performance of VRFB is strongly constrained
by various voltage losses. Furthermore, as shown in Fig.1, in the VRFB system, pumps must
be applied for pumping the electrolyte liquid. Therefore, the energy consumed by the pump
considerably limits the overall energy efficiency of the VRFB system [6].
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Fig.1 All vanadium flow battery working principle during charging process (a) and discharging
process (b).

To enhance the VRFB performance and reduce the pump consumption, the structural
parameters and surface properties of electrode should be optimized. On the one hand, by
adjusting the structural parameters of electrode, the mass transfer in the porous media can be
enhanced, subsequently reducing the concentration overpotential and pump loss. On the other
hand, surface properties of electrode should be well-controlled, since they determine the
amount of electrochemical active sites, which are crucial to the performance of the battery.
Some experimental studies developed a variety of methods to control the electrode structural
parameters and surface properties [7]. Kim et al. [8] prepared a new type of electrode with

activity gradient carbon felt through a thermal oxidation procedure. Such a method efficiently
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changes the surface properties of electrode, leading to a well-distributed electrochemical active
region. It improves the VRFB discharge capacity and coulombic efficiency compared with
pristine electrode. Hu et al. [9] reported a VRFB electrode with gradient bi-functional oxygen-
containing groups, consisting of graphene oxide, reduced graphene oxide and graphene foam.
Through different combinations of different composition materials to control the electrode
properties, the electrode performance is remarkably enhanced, showing a high electrical
conductivity and a high electrochemical catalytic activity. Their VFRB with this new electrode
shows a high discharge capacity and high energy efficiency. Through a simple one-step etching
method, Wang et al. [10] proposed a gradient-pore-oriented graphite felt electrode containing
pores from nano- to micro-scale. Their electrode enhances the mass transfer within and forms
enough active sites for electrochemical reactions. The VRFB assembled with the treated
electrode exhibits 20% higher energy efficiency than the VRFB with untreated electrode at 200
mA cm?. In addition to using different method to fabricate gradient electrodes, using
electrospinning to adjust electrode fibres properties is also an efficient approach to modify the
electrode structure. Zhang et al. [11] fabricated aligned carbon nanofiber webs as electrode by
electrospinning. The VRFB with the aligned electrode achieves an extremely high voltage
efficiency of 87% at 60 mA cm. The effects of the orientation of aligned fibres in electrode
were studied by Sun et al. [12]. They applied aligned electrode in three different orientations
for the VRFB with serpentine flow field. It is found that when the direction of aligned fibres is
perpendicular to the direction of flow channels in serpentine flow field, the VRFB shows the
highest limiting current density and largest discharge capacity. The model developed by Wan
et al. [13] also demonstrated the promising future of aligned arrangement fibres in the VRFB’s
electrodes. The conversion of spent coffee beans into reduced graphene oxide [14] and tea
waste into highly microporous electrode [15] were developed and tested respectively by Abbas
et al. Both renewable biomass wastes have great potential to be applied as electrodes in VRFB
due to their improved charge transfer, high electrocatalytic activity and excessive active sites.
Although some experimental studies have been done on modifying electrode structure and
surface properties, they can only obtain the overall impacts of modified electrode on the
VRFB’s performance. The effects of individual electrode structural parameters or surface
properties on VRFB performance are difficult to quantify through experimental studies.
Although some numerical studies investigated the effects of individual electrode structural
parameters such as electrode porosity, they could not offer a detailed and comprehensive
understanding of the complex interaction between the electrode structural parameters and

surface properties. Furthermore, the combined effects of electrode structural parameters and

3



87
88
89
90
91
92
93
94
95
96

97

98

99
100
101
102
103
104
105
106

107

108

109
110
111
112
113
114
115
116
117

surface properties on the various overpotentials and pump loss have not been fully studied yet.
To fill these gaps, a 3D model is developed to gain a fundamental understanding on the effects
of electrode structural parameters and surface properties. The complicated interrelationships
between electrode structural parameters and surface properties are fully described numerically.
More importantly, a noteworthy contribution of this work is the consideration of a more
practical temperature range for VRFB operation, which has not been considered in the previous
studies. Therefore, the predictions obtained in this work can be more accurate and general. The
model developed in this work sheds lights on the interactions between the electrode structural
parameters and surface properties and can be applied as a powerful tool for further electrode

optimization and fabrication.

2. Mathematical model

A 3D model is built for a VRFB with interdigitated flow field shown in Fig.2. Flow field is
applied in VRFB to decrease the ohmic loss, save the pump power and improve the uniformity
of the reactants distribution in the electrolyte. The whole battery has a 20 mm x 20 mm active
area with 5 branch inflow/outflow channels on each side, as shown in Fig.2 (a). The channel
width is 1 mm. In the interdigitated flow field cases, since the mass transfer process between
adjacent channel is similar, the unit computational domain can be applied, as shown in Fig.2
(b). The unit battery has a 16 mm x 2 mm active area and a half inflow/outflow channels which
are symmetrical along the centre line on each side. The reactions occurring in electrodes of

VRFB can be expressed as:

Charge
At positive electrode: V02t + H,0 — e~ VO3 +2H
Discharge
Charge
At negative electrode: V3* + e~ vzt
Discharge

The initial concentration settings in simulation refers to the process of configuring the
electrolyte in the experiment [16]. First, 0.75 mol V20s solid powder is added to 1 L of 3.875
mol H2SO4 with following reaction

2H* +V,05 & 2V0S + H,0

The concentration of H,S0, solution is 3.875 mol L™ (M) at the beginning. After dissolution
and reaction, with the assumption that the sulfuric acid is fully dissociated, the solution consists
of 1.5 M VOS, 6.25 M H* and 3.875 M S0z~ . Then, in the pre-step, the following
electrochemical reactions take place:

Oxidation reaction: H,0 < 0.50, + 2H* + 2e~
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Reduction reaction: 2V05 + 3e™ + 6HT & V0Ot + V3* 4+ 3H,0

After the pre-step, the solution in the reduction side can be used as the initial electrolyte [17].
The initial electrolyte comprises 0.75 M V02*,0.75 M V3*,4M H* and 3.875M S0Z~, which
means the initial total vanadium ion concentration, c{,’mal, is 1.5 M. After pre-charge reaction,
1) the electrolyte state of charge (SOC) is 0; 2) the positive electrolyte consists of 1.5 M V0?*,
4.75 M H* and 3.875 M SO2~; 3) the negative electrolyte consists of 1.5 M V3+, 325 M H*
and 3.875 M SO; . After charge reaction, 1) SOC is 1; 2) the positive electrolyte consists of
1.5MVO0S,6.25 M H* and 3.875 M S02~; 3) the negative electrolyte consists of 1.5 M V2+,
4.75 M H* and 3.875 M S0Z~. The inlet species concentration, c/*, is determined by the
SOC;, except SO;~ as constant:

in _ .in _ . A0
CVO;' - Cv2+ - SOCln CVtOtal

Cll;%2+ = C]%ﬁ = (1 - SOCin) | C‘(/)'total
Cll-1n+pos =4M + (SOCLn + 05) ' C‘(/)'total

Ch gy = 4M + (SOCin = 0.5) ¢, .,

in in
Cc

c = -
S05™ ., g

.
SO0F ™ os

=(1M+25x%xc),  _)/2

2.1 Model assumptions

The assumptions and simplifications used in the present work are listed as follows:

1. The VRFB is in steady state operation, considering that the two reservoirs are sufficiently
large.

2. The entire computational domain is assumed to be isothermal.

3. The fluid flow is incompressible.

4. The membrane is set as an ionic conductor with no mass transport or ion diffusion, except
for proton transport which is considered as flux at both membrane surfaces.

5. The possible side reactions such as oxygen and hydrogen evolutions are neglected.
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Fig.2 Schematic diagram of the whole battery computational domain (a), the unit
computational domain of the interdigitated flow field VRFB (b), the computational mesh (c)
and the boundary condition setting (d).

2.2 Fluid flow and mass transport model

The mass and the momentum conservation for electrolyte in both the channel and porous
electrode can be expressed with the continuity equation, Navier-Stokes equation, and Brinkman

equation respectively:

pV -4 =0 @
p(U-V)i=—Vp+V-[u(Vi+ (Vi)")] @)
L@ Vi =—-Vp+V- [Evi+ vD)"|-Lu 3)

where p is fluid density (mol m=2), u is the velocity (m s?), pis the pressure (Pa), u is the
dynamic viscosity of the fluid (Pa s), € is the porosity of the porous electrode, which is defined
as the ratio of the volume of the pores to the total volume of the electrode material, and « is the
permeability of the porous electrode. According to fitting formula of experimental data, the
two temperature-dependent parameters, electrolyte density [18] and dynamic viscosity [19],

are respectively set as follows:

Ppos = 1.3447 g -mi~' — 0.0006 g - (ml - K) ™2 X (T — Tyef) (4)
Preg = 13686 g -ml~1 — 0.0006 g - (nl - K)™t X (T — Tyef) (5)
Hpos = Ppos " Upos = Ppos X 4.5 X exp(=0.06 x (T —T,) + 1.6) (6)

lneg = Preg *Uneg = Pneg X 8 X exp(—0.055 X (T — T,) + 1.4) X (1 — SOC) + ppos * Upos - SOC @)

6
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where v is the kinetic viscosity of the fluid (m? s1), T is the temperature of fluid (K), Trer =

298.15 Kand T, = 273.15 K. The specific surface area of the electrode, a, was determined

by fibre diameter and porosity, which can be calculated by [20]:
a = 4(1-¢)
df

(8)
where d; is the fiber diameter (m). The permeability of the porous electrode is expressed as

[21]:

2.3
= —1— )

T 16k (1—£)2
where k. is the dimensionless Carman-Kozeny constant which depends on the shape and
orientation of the fibrous material. According to Ref. [22], for a flow parallel to the cylinder,
the Carman-Kozeny constant is expressed as:

2e3
ke = (1—5)[2 lni—3+4(1—£)—(1—£)2] (10)
For a flow perpendicular to the cylinder, the Carman-Kozeny constant is found to be:
263
ka,J_ = 1 (1_18_)(1_8)2 (11)

=9 1+(-02
For previous electrode calculations, we generally treated them as isotropic electrodes, so the
k. is set to be 4.28 [23]. For the aligned electrode studies in this paper, the porosity of
electrode issett0 0.9. Thus the k., and k., can be calculated as 0.73 and 11.03, respectively.
Further, we can obtain the permeability tensor of different fibre orientations to the flow field
[24]:

Kyx kxy
(k] = [kyx  kyy =
kZZ
k,cos® 6 + k, sin? 6 ky cos@sin® — k, cos 6 sin 6
k, cosOsin6 — k, cosOsin 6 ky sin? 6 + k, cos? 6 (12)

ki
where 6 is the angle of fibre to the x-axis as shown in Fig.3. Since the arrangement of aligned

electrode only varies on the xy-plane, the flow along the z-axis is always perpendicular to the
fibre.

For isotropic arrangement in xy-plane, [k] = k [(1) (1)] then the permeability tensor can be

1.065 x 10°10 0 0
calculated as 0 1.065 x 10710 0 .
0 0 413 x 10711
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The calculated result shows that the electrode has two same in-plane permeability, which is

higher than the through-plane permeability. This result is consistent with the literature data

[25].
For parallel orientation arrangement, the permeability tensor
6.24 x 10710 0 0
0 413 x 10711 0 .
0 0 4,13 x 107111
For vertical orientation arrangement, the permeability tensor
[4.13 x 10711 0 0
0 6.24 x 10710 0 .
0 0 4,13 x 107111
For 0 = 45° arrangement, the permeability tensor
3.33x1071% 291 x 10710 0
291x 10719 333 x 1071 0 .
0 0 413 x 10711
For 6=17° arrangement, the permeability tensor
6.15x 10719 7.05x 10711 0
7.05 x 10711 5x 1071 0 .
0 0 413 x 10711
The schematic of the above setup can be found in Fig.3.
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Fig.3 Schematic diagrams of the different aligned electrode configurations.
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Nernst-Plank equation [26] is employed to describe the transport of dilute species in the porous

electrode which comprises diffusive, migrative, and convective items:

N,

V'lvl'

zl lD

Fngl + c;

(13)

(14)
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where the index i represents the species, and N; is the flux of the species (mol m2s?). S; is the
species molar source term, which represents the generation rate of species due to the
electrochemical reactions. c; and z; are molar concentration (mol m) and charge number of
species i, respectively. F is Faraday’s constant (= 96485 C mol™?). ¢, is the potential in the
electrolyte (V).
The effective diffusivity (m?st) fo Tis corrected according to the Bruggeman correction [27]:
Dieff — el'SDi (15)
The empirical equation is used based on the linearity of the diffusion coefficients of 1.5 M

electrolytes with the temperature and the SOC of vanadium ions [19]:

InDygze yor = —1.04 X (1+ 1.27 x SOC — 5.87 x SOC?) — 4122.59 () (16)

InDy2+ 3+ = —5.67 x (1= 0.14 X SOC — 0.61 x SOC?) — 2713.09 x () (17)

2.3 Electrochemical reaction model

Electricity produced from electrochemical oxidation and reduction reactions can be described
by the electrochemical reaction model. The general Butler-Volmer equation is used to link the
current density with activation overpotential. Vanadium ions in different valence states
participate in electrochemical reactions as redox couples.

Charge transport in the electrode for positive side is solved as:

V- Ts = _U:ffvz¢s = ipos (18)
V-1, = =0 V¢, = —ips (19)

where Z,is the current density in the electrode (A m™), 7, is the current density in the electrolyte.
asef 7 and alef f represent the effective electronic and ionic conductivity (S m™) derived from
the following expressions. ¢ and ¢, are the electronic potential and ionic potential.
The membrane is set only conductive through proton transport as an electric insulator. The
ionic current density at the membrane, i,,,..,, determines the magnitude of the proton flux on
membrane surfaces. For positive membrane surface, the proton flux is —i,,..,/F. For negative
membrane surface, the proton flux isS i,,¢,, /F. The membrane is modeled by using Ohm’s law.
The o,, is the membrane conductivity.

V-l =—=0,V2¢p; = —ipem (20)
Similar equations for charge transport are applied to the negative electrode. The ionic

conductivity o; is calculated from the empirical equation [28].

V. Zs = _O-:ffvz(ps = ineg (21)
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Vi, =0V, = —ine, (22)

o;"" = (1 - )10, (23)

o'l = ¢15g, (24)

O1pos = (1.8 X (T — Tp) + 93.503) X SOC + (4.6713 x (T — Tp) + 172.07) (25)

Oneg = (0.705 X (T —T,) + 55.042) x SOC + (2.6176 x (T —T,) + 122.37) (26)

where T, = 273.15 K. The unit of conductivity calculated from Eq. (25) and (26) is mS cm™.
The source term S; of different species i is related to the electrochemical reaction rate i, and
ineg - FOr the positive electrode: Sy 2+ = iyo5/F, Syo = —ipos/F, Su+ = —2ipes/F. For the
negative electrode: Syz+ = inoq/F, Sys+ = —ineq/F. The local current density, which is also
termed as transfer current density, i, , is defined as, i,,,5/a in positive electrode and i, /a

in negative electrode. The electrochemical reactions occurring on the surfaces of solid fiber in

the electrode can be expressed by the Butler-Volmer equation [29]:

S s
. _ 0 Acpos Xapos | VO, ( Xc,pos F’?pos) Cyo2+ (aa,pos F”Ipos)
[ =aFk,,.c c exp|— — ex 27
pos posCygz+ Cyox LVO; p o cyore P\ 7 (27)

s s

. 0 a’cneg Qaneg |Cy3+ Acneg Flineg Cy2+ (421 neg nneg

ineg = aFknegC vat Cps+ [C S A RT . OXP (28)
|4 \%4

where kjp,s and kj., is the reaction rate constant of the reactions occurring in positive and
negative sides, respectively. a,,,s and a.,,s are anodic and cathodic charge transfer
coefficient of positive half-reaction, a, .4 and a. ,.4 are anodic and cathodic charge transfer
coefficient of negative half-reaction. ¢ is the concentration at the fiber surface of species i. R

is the ideal gas constant. Overpotentials 7,,,, and 77,,., are defined as follows:

Npos = d)s,pos - ¢e,pos - Eeq,pos (29)
Nneg = ¢s,neg - ¢e,neg - Eeq,neg (30)
Equilibrium potentials are calculated via:
RT Cyot Crrt
Eeqpos = Epos +—7-In <CV27> (31)
RT Cy3+
Eeq,neg = Egeg + ?11’1 (ﬁ) (32)
The standard potentials Ey,, and Ep, are related to the temperature [30].
dE ASpos
Efos = Egosrer + ros (T = Trer) = —0.255 + =22 (T — Trer) (33)

dEO ASneg

(T = Tyer) = 1.004 + -

Er?eg Eoeg ref +— (T - Tref) (34)

neg
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where the E°

vosrer @nd En,, .- are the standard equilibrium potentials at 7., = 298.15 K.

eg,re
The temperature dependent term for the negative or positive electrode is related to the entropy
changes AS,.,= 21.7 J mol™ K and AS,,s== 100 J mol™* K™ during the electrochemical

reactions [31]. n denotes the number of charge transferred in the electrochemical reaction,
which value is 1 in the calculation.

A quasi-equilibrium state assumption is adopted for the ions transport considering that SOC of
electrolyte changes slowly due to relatively small volume of electrolyte in the cell compared
with that in the reservoirs. The vanadium ions concentration at the surface of carbon fibers can
be calculated by balancing the reaction rate and the rate of ion transfer from the bulk to the
interface. Therefore, the local flux at the surface of the positive electrode is [29]:

S _ S — ;
Nyoz+ = km(CV02+ — CVO2+) = —ipos /(aF)
S CS +
Acpos Xapos |Cyo2+ Qapos Fllpos Vo, Acpos Fllpos
= k9, c ex - exp|———— 35
PosTvo**t “voS  |cpoz+ p RT Cyox p RT (35)
s _ s o
voy = km (CV02+ - Cvoz’f) = lpos /(aF)
s
C + s
Acpos Aapos | VO, Acpos Fllpos Cyo2+ Qapos Fllpos
= ko C C —=eX - - exp|—— 36
PosTyort TvoS e, + p RT Cyoz+ p RT (36)
2

Combining Egs. (35) and (36), the concentrations of V0?* and V05 at the carbon fiber surface

are derived as

Blcvo-zf + (1+Bl)CVO2+

s —
Cvox+ = 1+A; +B; (37)
CS _ AlcVO2++(1+A1)CVO-24- (38)
voy — 1+ A1+ B
where
kos «a -1 «a a Fn
_ Rpos c,pos a,pos a,pos llpos
Ay = km vo?t  Cyof exp( RT ) (39)
kos «a @ -1 -a Fn
_ Rpos cpos Xa,pos c,pos I'llpos
B, = km VO2* “voF xp( RT ) (40)
The local flux at the surface of the negative electrode is:
S S .
Nya2+ = K (cpa+ — CV2+) = —ineg /(aF)
S S
10 Acneg QXaneg |Cp2+ (aa,neg F"Tneg) _ Cy3+ (_ Xcneg aneg)
Kegeysie cys10 |2t exp (“anetineg) _ St oy (—Seeslher)| ()
Njss =kp(cpsr —c3e) = iney /(aF)
S S
10 Acneg QXaneg |Cy3+ (_ Acneg F"Tneg) _ Cy2+ (aa,neg aneg)
kneg CV2+ CV3+ LV3+ €xp RT cy2+ €xp RT (42)

11
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Combining Egs. (41) and (42), the concentrations of V2*and V3™ at the carbon fiber surface

are derived as

BZCV3+ + (1+BZ)CV2+

s
Cpo+ = 43
vzt 1+ A4, +B, (43)
Ayxc 2+ + (14+A45)c,,3+
S 2 2
Cya+ = — . (44)
1+ A, + B,
where
k?leg Acneg—1 Aaneg (aa,neg Fr)neg)
AZ - Km CV2+ CV3+ €xp RT (45)
k%eg Acneg Aaneg—1 (_ac,neg F’Ineg)
BZ - Km CV2+ CV3+ €xp RT (46)

Based on Arrhenius law, the reaction rate constants, kj,s and k;., are temperature dependent

and can be written as follows:

0 — 0 _AGpos (1 1)) _ o0 MFEpos (1 _ 1

kpos - kpos,refexp< R (Tref T)) - kpos,refexp< R Tref T (47)
0 _ 10 _AGReg (1 1)) _ o nFEneg (1 _ 1

kneg - kneg,refexp< R Tref T - kneg,refexp R Tref T (48)

where AGY,s = —nFEp,s and AGy,, = —nFEy,, are the standard Gibbs free energy change

for the respective reaction. kp, .., and k., .. are the standard reaction rate constants at

Trer = 298.15 K. The mass trasfer cefficient can be sloved by the measured limiting currents
[20,32]. Thus, the local mass transfer coefficient can be calculated approximately [33,34]:

k,, = 8.85x 107*|1|%? (49)
The parameters of electrochemical reactions, material properties, geometry, and operating
conditions are listed in Table 1 and Table 2. Although a slight increase in the electron transfer
coefficient at room temperature to higher temperature has been reported in the literature [35],
it has been verified that the constants used in most of the literature [29] is feasible with
acceptable accuracy.

Table 1 Electrochemical parameters and material properties.

Symbols  Parameters (Unit) Value
®apos Anodic charge transfer coefficient for the positive side 0.5[29,35,36]
®cpos Cathodic charge transfer coefficient for the positive side 0.5[29,35,36]
Xaneg Anodic charge transfer coefficient for the negative side 0.5[29,35,36]
Q¢ neg Cathodic charge transfer coefficient for the negative side 0.5 [29,35,36]
Os Electrode conductivity (S m™) 5000 [37]
Om Membrane conductivity (S m™) 12 [38]

12
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The standard reaction rate constant of the negative side (m s™)

6.8x107 [39]

pos,ref
kﬁeg,re s The standard reaction rate constant of the negative side (m s™) 1.7x107 [40]
Ez(a)os,ref Standard equilibrium potentials of positive side at 298.15 K (V) 1.004 [41]
Er?eg,ref Standard equilibrium potentials of negative side at 298.15 K (V) -0.255 [41]
D+ Proton diffusion coefficient (m? s™) 9.3x107 [42]
Dgp2- S0z~ diffusion coefficient (m? s™) 1.1x10° [42]

Table 2 Operating and geometric parameters.

Symbols Parameters (Unit) Value
T Operating temperature (K) 273.15 ~323.15
Viork Working voltage (V) Open-circuit voltage (OCV) ~ 0.15
£ Electrode porosity 0.8~0.93
a Specific surface area (m™) Original ~ 5x10°
ds Carbon electrode fiber (um) 5~20
Qin Inlet flow rate (ml min™) 10 ~30
thick, Electrode thickness (mm) 0.5~1.5
thick,, Membrane thickness (um) 50
S0C;, SOC of inlet 0.5
channel, Channel length (mm) 16
channel,, Channel width (mm) 1
channely Channel depth (mm) 1
channel, Inflow channel number 5

2.4 Boundary

conditions and model solving

Fig.2 (d) shows the boundary conditions of the unit computational domain of the VRFB with

interdigitated flow field. It is worth noting that the inflow velocity boundary of the unit

calculational domain is set to be v;,,, which can be converted by using following equation
Qin — Qin

V: =
in channely

X2XAin  channelyx xEhannely

Xchannely

where A;,, is the cross-sectional area of the half inflow channel in calculational domain. Since
the calculated inflow channel domain is only half the actual size, the inflow rate Q;,, also needs
to be divided by two. The inlet species concentration, c/™, is given in details at the beginning

of this section. At the outlet of the outflow channel, the pressure is set to be zero as the reference
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and concentration gradient is assumed to be zero. Zero potential is adopted at the contact
surface of the negative porous electrode and the current collector. Working voltage, V,, o,k 1S
applied to the contact surface of the positive porous electrode and the current collector. The
two ends of the unit in the zx-plane are set as symmetric plane in mass, species, and charge

transfer. All the other boundaries are impermeable to the mass, species, and charge transfer.

2.5 Model validation and mesh independence

The above equations are solved based on the finite element method. The relative tolerance is
set to 1x10*. Based on the experimental data [19], we validated the model at inlet flow rate 20
mL mint, current density 60 mA cm, 1.5 M total vanadium ion concentration, 0.06 ~ 0.94
SOC, and ambient temperatures 273.15 K ~ 323.15 K through discharge curves. As depicted
in Fig.4 (a), the simulation results show good agreement with experimental data [19]. Fig.4 (b)
shows the mesh independence validation. The operating voltage, 0.5V, is applied to VRFB for
checking the dependence of the calculated current density on the number of degrees of freedom
at different temperatures. It can be seen that with the increased number of degrees of freedom,
the current density at 273.15 K gradually approaches at 613 mA cm, while the current density
at 293.15 K gradually stabilizes at 841 mA cm™ and current density at 323.15 K gradually
stabilizes at 1061 mA cm™. Considering the accuracy and computational cost, the number of
414,861 is adopted for the degrees of freedom in the subsequent simulations. The final selected

computational mesh can be found in Fig.2 (c).

(a) (b)
1100
15} 273.15K ¢ exp, == = sim —
293.15K v exp, = = sim N 1000 -
1al 323.15K © exp, sim g
' @ 60 mA cm? < i
S5l %% E o0
=13 ™ — v o]
> R 2 o0}
Y N TGy c 273.15K —o—
2 Ikt K A R 3 700 @ 0.5V 293.15K —o—
T h = I 323.15K
11} i v 3
°°\ v 5 600 | D e _— S
1.0 (Experiment data from Yin, S. et al. 2019) ©
1 1 1 1 500 1 1 1 1 1 1
1.0 0.8 0.6 0.4 0.2 0.0 0 100k 200k 300k 400k 500k 600k 700k
SOC Number of degrees of freedom

Fig.4 (a) Model validation for the VRFBs working at various temperature; (b) Mesh

independence check.
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3. Results and discussion

The main objective of the present work is to study and fully describe the complicated
interrelationships of electrode structural parameters and surface properties. Another objective
is the consideration of a more practical temperature range for VRFB operation, which has not
been considered in the previous studies. Finally, the potential aligned electrodes are evaluated
as a hopeful design. In the subsequent parametric studies, the polarization curves were
calculated with 0.5 inlet SOC, same 1.5 M total ion concentration and same operating
temperatures, compared to validation conditions. Other detailed operating conditions and
electrode parameters are provided in each sub-section respectively.

3.1 Combined effects of electrode thickness and specific surface area

In this sub-section, the inlet flow rate is 30 ml min™, SOC of inlet is set as 0.5, the electrode
porosity is 0.9 and the carbon electrode fibre diameter is set as 10 um. The specific surface area
of original electrode without modification is calculated from Eq. (8). Other detailed operating
conditions and electrode parameters are labelled in each sub-figure respectively. The combined
effects of the electrode thickness and the specific surface area at various temperatures on
polarization curves are shown in Fig.5 (a-c).

At 273.15 K, the VRFB with a 0.5 mm thick original electrode performs worse than VRFB
with a 1.5 mm thick original electrode when the voltage is higher than 0.9 V, due to the
insufficient total reaction site in the thin electrode. In addition, with the decreased working
temperature, the electrochemical activity decreases, also leading to a higher activation loss. To
get sufficient reaction sites and reduce activation loss, the fibre specific surface area is modified
as same value (2.5x10° m? m). After the fibre surface modification, no obvious difference is
observed in the performance of VRFB with different electrode thicknesses when the voltage is
higher than 1.05 V at 273.15 K. At 293.15 K, the VRFB with a thin original electrode performs
worse than VRFB with a thick original electrode when the voltage is higher than 1.0 V. The
mentioned voltage range changes from 0.9 V~OCV at 273.15 K to 1.0 V~OCV at 293.15 K,
because the increasing electrochemical activity leads to less activation loss difference. At
323.15 K, the effects of electrode thickness on battery performance are not obvious when the
operating voltage is higher than 1.15 V with original fibre.

After the fibre surface modification, the VRFB with a thin electrode delivers a larger current
density than VRFB with a thick electrode at the same working voltage at both 293.15 K and
323.15 K. The slope of battery polarization curve with a 1.5 mm thick electrode is steeper than

that of battery with a 0.5 mm thick electrode at all temperatures with original and modified
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electrode fibre. This is due to the larger ohmic loss caused by the thicker electrode, which
decreases the voltage significantly. Moreover, since electrolyte ion conductivity increases with
the increasing temperature, the slope of the polarization curve of VRFB at 273.15 K is sharper
than VRFB at 323.15 K with the same electrode thickness, no matter using original or modified
fibre. With the increasing current density, the VRFB with a 0.5 mm thick original electrode
performs better until the voltage decreases to 0.4 V at 293.15 K or decreases to 0.7 V at 323.15
K. At different temperatures, the VRFB with an original thin electrode shows an evident
concentration overpotential under high current density, especially at high temperatures.
Limited by the insufficient surface area in a 0.5 mm thick electrode, the limiting current
densities of the VRFBs at different temperatures are all around 950 mA cm2. After the fibre
surface modification, the battery performance improves significantly, especially at high
temperatures. Thin electrode can reduce the ohmic overpotential. When the electrode is thin,
the ohmic impedance mainly comes from the electrolyte, and it is necessary to keep the
electrolyte temperature not too low to reduce the ohmic impedance. Meanwhile, the influence
of electrode thickness on battery performance is more obvious. For example, from Fig.5 (a-c),
at working potential of 0.8 V, this more obvious difference is mainly due to the fact that the
modified electrode has a larger specific surface area than the conventional electrode. Even if
the local current density difference is small, the battery current density difference is more
significant due to the effect of large specific surface area. At 273.15 K, 0.8 V, compared with
VRFB with conventional electrode (0.5 mm), the performance of VRFB with a modified
electrode (0.5 mm) increases by 133.79%. This enhancement in the performance decreases
slightly to 133.18% at 323.15 K. The simulation results are consistent with the Ref. [15]. The
modified electrode with highly microporous has sufficient active sites compared to the
conventional electrode, which greatly improves the performance of the battery. Besides, the
modified electrode can be prepared from renewable waste, which has a promising practical

VRFB applications.
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Fig.5 Polarization curves of VRFB with different electrode thickness and electrode
modification at 273.15 K (a), 293.15 K (b) and 323.15 K (c); Pressure drop of VRFB with
temperature effects (d); V°* bulk concentration distribution with velocity component (scale-up
factor 50) in yz-direction (e), V°* surface concentration distribution (f), and local current
density distribution (g) in yz-plane at middle of channel length (x=8 mm).
As shown in Fig.5 (d), due to the different viscosities of the positive and negative electrolyte,

the pressure drop of the negative electrode is larger than that of the positive electrode, leading
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to a higher pump energy consumption. The difference between them increases with the
decreasing temperature. In addition, the VRFB with a 0.5 mm thick shows the highest pressure
drop at different temperatures. When the electrode thickness increases to 1.0 mm, the pressure
drop in the negative electrode decreases by 20%, while the pressure drop in the positive
electrode decreases by 25%. However, when the thickness further increases to 1.5 mm, the
decreases in the pressure drop of negative and positive electrodes are insignificant. Therefore,
the electrochemical performance and the pump energy consumption can be balanced by
controlling the electrode thickness at an optimal value. Due to a larger specific surface area in
the modified electrode, the reactant conversion is higher as demonstrated in Fig.5 (e).
Combining Fig.5 (f) with (g), under the same output, the local current density in the
conventional electrode is larger than that in the modified electrode due to the insufficient
specific surface area. This can lead to a lower surface reactant concentration in the conventional

electrode.

3.2 Combined effects of electrode porosity and specific surface area

The SOC of inlet is set as 0.5 and the carbon electrode fibre diameter is set as 10 pm in this
sub-section. The porosity of 0.8 ~ 0.93 is chosen for calculation because commercial electrodes
generally have a porosity of 0.95. After installation, slight compression is needed for sealing
and long-term stability, thus the porosity is lower than 0.93 according to different compression
ratio. Further compression of the electrode makes the pump consumption rise rapidly and is
possible to crush the membrane in the middle, thus 0.8 is selected as the lower porosity limit
for the study. Other detailed operating conditions and electrode parameters are labelled in each
sub-figure, respectively. The combined effects of electrode porosity and specific surface area
at various temperatures on the VRFB performance at 0.8 V are shown in Fig.6 (a). With the
increasing specific surface, the performance of VRFB is improved at different temperatures
and porosity, but the enhancement of performance becomes gradually smaller. Under relatively
sufficient inlet flow rate 30 ml min® and 1 mm thick electrode, even with the same specific
surface area, the VRFB with low porosity electrode achieves higher current density at 0.8 V.
The difference is also observed in Fig.6 (b). This is because, with the decreased porosity, the
ohmic polarization decreases, which indicates that the increased electronic conductivity is
larger than the decreased ionic conductivity. In addition, as mentioned above, the reaction rate
constant and the electrolyte ion conductivity both increase with the increase of temperature,
decreasing both the activation and ohmic overpotentials. Therefore, VRFB at a higher

temperature can achieve larger current density at same operating and electrode structure
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parameters. If VRFB switches to thinner electrode, as shown in Fig.6 (c), the performance of
VRFB is improved at different temperatures and porosities, as discussed in the previous sub-
section. At 0.8 V, specific surface area 2x10° m? m= and 1 mm thick electrode, the current
density of a VRFB with 0.93 porosity electrode is 1231 mA cm?, while the current density of
VRFB with 0.8 porosity electrode is 1373mA cm. In the same condition but 0.5 mm thick
electrode, the current density of VRFB with 0.93 porosity electrode is 1639 mA cm2, while
the current density of VRFB with 0.8 porosity electrode is 1798 mA cm™.

Noteworthy, the inlet flow rate is reduced from 30 ml min* to 10 ml min to further investigate
the performance of VRFBs with different porosities after fibre modification. In a large-scale
commercial stack, the average flow rate per cm? is normally low, which is only around 1 to 2
mL min2 cm? [43]. In the present model, the battery has a 4 cm? active area. When the flow
rate is operated at an inlet flow rate of 30 mL min‘, the average flow rate per cm? is 7.5 mL
min"2 cm2, which can only reflect the battery performance at different temperatures when the
flow is relatively sufficient. When the flow rate is operated at an inlet flow rate of 10 mL min°
! the average flow rate per cm? is 2.5 mL min? cm, which is closer to the specific flow rate
of the stack.

Moreover, from the Fig. 6 (d), when the total flow rate is 10 mL min, the polarization curves
show obvious concentration losses at all temperatures, and the voltage of the battery decreases
rapidly, which can reflect the similar situation in the VRFB stack. The corresponding result
analysis can also be used as reference for the VRFB stack. As shown in Fig. 6 (d), it is found
that, the VRFB with 0.8 porosity electrode only outperforms the VRFB with 0.93 porosity
electrode when the operating voltage > 0.8 V, which is caused by the reduced ohmic loss in
electrode with low porosity (Fig.6 (f)). However, when the operating voltage < 0.8 V, the
concentration loss becomes dominant, therefore the VRFB with 0.93 porosity electrode
performs better.

From Fig.6 (e), the velocity under rib is slightly higher in the 0.8 porosity electrode than that
in the 0.93 porosity electrode. The reactant conversion is also higher in the 0.8 porosity
electrode at 0.8 V. The surface concentration of reactant is in the range of 17~263 mol m= in
the electrode with 0.8 porosity and is in the range of 33~354 mol m= in the electrode with 0.93
porosity, as illustrated in Fig.6 (g). With a higher surface concentration, the limiting current
density of VRFB with 0.93 porosity electrode is 1439.6 mA cm™ at 0.8V, 323.15 K, while
VRFB with 0.8 porosity electrode only reaches 1361 mA cm2. The high local current density
region is wider in 0.93 porosity than 0.8 porosity as shown in Fig.6 (h). From Fig.6 (i), another

attractive advantage of using modified high porosity electrodes is the reduction of pressure
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drop, especially at low temperature. Due to assembly problems such as sealing and mechanical
strength, carbon-based electrodes are not easy to maintain high porosity in VRFB. Therefore,
the electrode with modified fibre of 0.9 porosity is a more beneficial choice, achieving better

performance at both high and low flow rates and relatively low pressure drop.
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Fig.6 Effect of specific surface area on current density (a) and ohmic loss (b); Polarization
curves of VRFB below 0.8 V (c), below 1.3 V (d); Ohmic loss at 1.3 V (f); V°" bulk
concentration distribution (e), V°* surface concentration distribution (g) with velocity
component (scale-up factor 50) in yz-direction, and local current density distribution (h) in yz-
plane at middle of channel length (x=8 mm); Pressure drop of VRFB with temperature effects
(1); All contours at working potential 0.8 V and same conditions as (d).

3.3 Combined effects of the electrode fibre diameter and specific surface area

As mentioned before, the 0.9 porosity is a good choice for electrode with modified fibre.
Adjusting electrode fibre diameter is also one of the methods to change electrode permeability.
Therefore, the SOC of inlet is set as 0.5 and the electrode porosity is set as 0.9 in this sub-
section. Other detailed operating conditions and electrode parameters are labelled in each sub-
figure, respectively. The combined effect of electrode fibre diameter and specific surface area
at different temperatures on the VRFB performance at 0.8 V are shown in Fig.7 (a). Noteworthy,
different fibre diameters in the modified electrodes do not pose a significant impact on the
conductivity. However, it can change specific surface area considerably. A thinner electrode
with specific surface area of 1x10°m?m-, is chosen for further study, as demonstrated in Fig.7
(b). VRFBs with electrodes using different fibre diameters at 323.15 K show larger
performance differences than those at 273.15 K.

Noteworthy, the inlet flow rate is reduced from 30 ml min* to 10 ml min to further investigate
the performance of batteries with electrodes using different fibre diameters. Fig.7(c) shows the
concentration loss in the electrode with a large fibre diameter is smaller than that in the
electrode with a small fibre diameter, as the mass transfer in an electrode with a large fibre
diameter can be enhanced considerably. Moreover, at different temperatures, the limiting
current density is the same in VRFB with same fibre diameter. From Fig. (d), the modified
electrodes with large diameter fibres decrease the pressure drop, especially at low temperature.
Referring to Fig.7 (e), the velocity distribution under rib is slightly higher in the electrode with
small fibre diameter than that in the electrode with large fibre diameter. The bulk concentration
of reactant near outlet channel is slightly lower in the electrode with large fibre diameter at 0.8
V, compared with the electrode with small fibre diameter case. At 273.15 K, 0.8 V, the battery
with different fibre diameters electrode achieves almost same current density. This leads to: 1)
a small difference in reactant surface concentration distribution with different fibre diameters
in Fig.7 (f); 2) a small difference in local current density distribution with different fibre
diameters in Fig.7 (g). At 323.15 K, 0.8 V, the battery with larger fibre diameter electrode
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achieves a higher current density, leading to a lower surface reactant concentration. The local
current density distribution in a modified electrode with a larger fibre diameter is more uniform.
In addition, the VRFB with the modified electrodes with large diameter fibres shows low
pressure drop, especially at a low temperature.

It is worth noting that in this section, due to the adaption of the Bruggeman’s correlation to
calculate the effective conductivity in Eq. (23), which may lead to error without considering
the correlation of adapted inter fibre contact areas and fibre diameters. However, because the
electrode conductivity is relatively high, the ohmic loss is small compared with the electrolyte.
Therefore, neglecting the dependence of ohmic loss on the fibre diameter does not significantly
influence the battery performance.
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Fig.7 Effect of specific surface area on current density (a); Polarization curves of VRFB below
0.5 V (b), below 1.3 V (c); Pressure drop of VRFB with temperature effects (d); V°* bulk
concentration distribution (e) with velocity component (scale-up factor 50) in yz-direction, VV°*
surface concentration distribution (f) and local current density distribution (g) in yz-plane at
middle of channel length (x=8 mm); All contours at working potential 0.8 V and same
conditions as (c).

3.4 Aligned electrode design with interdigitated flow field

In the previous section, electrodes are simply treated as isotropic. To study the effects of the
aligned electrode design at various temperatures, the permeability of electrode is set to be
anisotropic. Detailed setting can be found in Eq.(9)-(12) and Fig.3. Unmodified electrode is
selected in this sub-section to study the effects of aligned electrode design on the performance
of VRFB. The inlet flow rate is 30 ml min*, SOC of inlet is set as 0.5, the electrode porosity
is 0.9 and the carbon electrode fibre diameter is set as 10 um in this sub-section. Other detailed
operating conditions and electrode parameters are labelled in each sub-figure, respectively. By
changing the orientation between aligned fibres and flow channel, the influences of xy-plane
permeability on the reactant distribution and battery performance are investigated. The effects
of different aligned electrode design on the polarization curves at various temperatures are
shown in Fig.8 (a-c). It is worth noting that the arrangement angle 6 can be controlled by
rotating the aligned electrode during installation in practice. Excess parts can be trimmed for
other purposes.

At different temperatures, when the current density is less than 200 mA cm™2, the effects of
different aligned electrode designs on the activation overpotential are insignificant. With the
increasing current density, the electrode with aligned fibre in 6=7° arrangement outperforms
other electrode designs. Furthermore, the electrode with aligned fibre in 6=7° arrangement
considerably reduces the concentration overpotential, indicating an enhanced mass transfer.
VRFB with vertical aligned fibre electrode performs even worse than the VRFB with xy-plane
isotropic electrode. VRFB with parallel aligned fibre electrode performs same as the battery
with isotropic electrode. The electrode with aligned fibre in 6=45° arrangement also enhances
the battery performance but less than 6=7° arrangement.

However, it is still necessary evaluate the influences of different aligned electrode designs on
the pressure drop. As shown in Fig.8 (d), all pressure drops and their variations at low
temperature are larger than those at high temperature. Even though the 0=7° aligned fibre

electrode improves the battery performance the most, it also produces a very large pressure
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drop. The vertical aligned fibre electrode has the worst performance and the smallest pressure
drop. The parallel aligned fibre electrode has the largest pressure drop without improving the
performance of VRFB. Surprisingly, the battery with 6=45° aligned fibre electrode not only
improves battery performance significantly, but also reduces the pressure drop. At 323.15 K,
the VRFB with 0=45° aligned fibre electrode achieves a limiting current density of 1142 mA
cm2, which is 21% higher than VRFB with xy-plane isotropic electrode. At different
temperatures, the pressure drop of the VRFB with 6=45° aligned fibre electrode is at least 36%
lower than the pressure drop of VRFB with isotropic electrode.

a
(a),, (b),, _
1 isofropic isotropic
121 = = =parallel 121 - - -parallel
S ) \ — - vertical E ) — - vertical
= 10} %\ degree 45 =10l — - =degree 45
=" N, degree 7 ST TR e degree 7
c g, c
% 0.8 \\ % 0.8
o N o
S0.6f NS c06} ...
= ¥ L
004} @273145K 004} @293.15K N
= 0.5mm = 0.5mm \
02k a=4(1-grdf 02} a=4(1-gdf \
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Current density (mA cm'z) Current density (mA cm'z)
c d
()., I
_ isotropic
~ - - -parallel 2500 | ——273.15K
12t “« . T —n—293.15K
> g — = vertical o 123 15K
510 N degree 45 E_"Z[J[J[] B .
2 NN degree 7 <
[ - o
Los X © 1500
= N Y g
' —
206 W\ S 1000
= W o
004} @32315K { N
= 0.5mm { S 500t
" o
02k a=4(1-gudf 1
M 1 1 1 1 1 1 D L 1 1 1 1
0 200 400 600 800 1000 1200 isotropic parallel vertical degree45 degree?
Current density (mA cm'z) Electrode setting

Fig.8 Polarization curves of VRFB with different aligned electrode design at 273.15 K (a),
293.15 K (b) and 323.15 K (c); Pressure drop in negative electrode of different electrode cases
(d).

From Fig.9, compared 273.15 K profile with the 323.15 K profile, the velocity distributions of
different electrode designs are almost the same. The current density becomes larger, and its

distribution becomes less uniform at 323.15 K (noting that the legend scales are different
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between two temperature profiles). In xy-plane isotropic, parallel, and vertical electrode, the
velocity component directions are similar. Specifically, under the rib, the velocity component
direction is oriented perpendicular to the channel (x direction), while under the channel, it is
slightly inclined to the outlet direction. In 8=45° and 6=7° aligned fibre electrodes, the direction
of velocity component is more consistent with the fibre orientation, especially in the middle
section of the battery. The vertical aligned fibre electrode shows the most non-uniform current
density distribution.

From Fig.10, compared with 323.15 K case, the local current density is more uniform at 273.15
K. The velocity components of vertical and 6=45° aligned fibre electrodes are extremely high
in the region under the rib, while are very low in the region near the membrane. However, the
velocity components of isotropic, parallel and 6=7° aligned fibre electrodes are more uniform.
Due to small velocity near the membrane, vertical aligned fibre electrode has a low surface
concentration of reactant, especially at a high temperature. At 273.15 K, the local current
density concentrates near membrane in isotropic, parallel and 6=7° aligned fibre electrodes,
while concentrates in the region under the rib in vertical aligned fibre electrode. At 323.15 K,
the local current density concentrates in the region under the rib except 6=7° aligned fibre
electrode case. Noteworthy, the 8=7° aligned fibre electrode exhibits the most uniform local

current distribution.
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Fig.9 Current density distribution at the middle cross section of membrane in xy-plane with
velocity component (scale-up factor 150) in xy-direction at 0.05 mm from the membrane xy-
plane of positive electrode at 273.15 K (a) and 323.15 K (b) at working potential 0.8 V.
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Fig.10 V°* bulk concentration distribution (left in each sub-figure with colour legend at left-
bottom) with velocity component (scale-up factor 50) in yz-direction, V°* surface
concentration distribution (right-up in each sub-figure with colour legend at right-top) and local
current density distribution (right-down in each sub-figure with colour legend at right-down)
on yz-plane at middle of channel length (x=8mm) at 273.15 K (a) and 323.15 K (b) at working
potential 0.8 V.

3.5 Combined effects of aligned electrode design and specific surface area

The fibre modification can be used in aligned electrodes to further improve the battery
performance in this sub-section. The inlet flow rate is 30 ml min, SOC of inlet is set as 0.5,

the electrode porosity is 0.9 and the carbon electrode fibre diameter is set as 10 um in this sub-
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section. Other detailed operating conditions and electrode parameters are labelled in each sub-
figure, respectively. The combined effect of different aligned electrode designs and specific
surface area at various temperatures on the VRFB performance are shown in Fig.11. After fibre
modification, only 6=7° aligned fibre electrode can further improve battery performance at
different temperatures. The 0=45° aligned fibre electrode is only able to increase battery
performance with specific surface area 1x10° m? m at 323.15 K. The changes of permeability
in xy-plane induced by different aligned electrode designs only have enormous effects on
concentration polarization. In electrodes with large specific surface area, the positive impact of
the aligned electrode design on battery performance becomes smaller than in the case of low
specific surface area electrodes. Under this condition, activation and ohmic overpotentials are
the main factors limiting the battery performance.

In general, the practical application of aligned electrode requires full and comprehensive
consideration of the battery operating conditions and flow pattern. The fabrication of aligned
electrode by electrospinning technology has been successfully applied in the laboratory level
batteries since minimal sophisticated equipment or tooling is required by this technique [44].
Electrospinning can easily produce continuous fibres with diameters ranging from tens of
nanometres to several microns and several methods for aligning the nanofibers were developed
[45]. According to the published experimental data [12], compared with the conventional
electrode, the aligned electrode achieves better battery performance and is potentially stable
over long battery cycles. Therefore, the design of different orientation of aligned electrode has
a certain practical basis. Although the simulation results show that the aligned electrode has
advantage under certain conditions, different aligned electrode designs can greatly affect the
battery performance, especially the pump consumption, which has potential reference value in
the engineering design of large-scale VRFB. In the future, multi-parameter optimization can
be performed at the system level to further balance the effects of aligning electrodes and other

parameters on battery performance and pump consumption.
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Fig.11 Polarization curves of VRFB with high specific surface area 1x10° m? m= at 273.15 K

(a), 293.15 K (c) and 323.15 K (e) and higher specific surface area 2x10° m? m= at 273.15 K
(b), 293.15 K (d) and 323.15 K (f) of different aligned electrode design.
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4. Conclusion

In this work, in order to elucidate the combined effects of electrode structural parameters and
surface properties the VRFB performance, a 3D model is developed for a VRFB with
interdigitated flow field. The fluid flow, species transport, charge transport, and
electrochemical reactions behaviour at different temperature are fully considered. The model
shows a good agreement with the experimental data from literature. The effects of different
aligned electrode designs on battery performance are also discussed in detail.

After fibre modification, 0.5 mm thick electrode has 3 advantages: 1) sufficient total reaction
sites reduce activation loss, 2) lower ohmic loss due to thin electrode, 3) lower concentration
loss due to enhanced mass transfer. The electrode with modified fibre of 0.9 porosity is a
beneficial choice, showing good performance under different inlet flow rates and relatively
lower pressure drop. With the increasing fibre diameter in the electrode, although the battery
performance can be increased, the pressure drop also increases. Without fibre modification, the
VRFB with 6=7° aligned fibre electrode reaches limiting current density of 1270 mA cm 2 at
323.15 K, which is 35% higher than VRFB with xy-plane isotropic electrode. However, the
0=7¢ aligned fibre electrode also produces a very large pressure drop. Remarkably, at 323.15
K, the VRFB with 6=45° aligned fibre electrode achieves limiting current density of 1142 mA
cm 2, which is 21% higher than VRFB with xy-plane isotropic electrode. The pressure drop of
0=45° case is 228 Pa, which is 36% lower than that in the VRFB with isotropic electrode. After
fibre modification, the positive effects of aligned electrode design on battery performance
becomes insignificant, if the specific surface area in the electrode becomes sufficient for
electrochemical reactions.

Overall, this model can provide insights into the combined effects of electrode structures and
surface properties on VRFB performance and pressure drop at various temperatures. This
model also offers a detailed and comprehensive understanding of the complex interaction

between the electrode structural parameters and surface properties.
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