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1. Introduction and Research Objectives

1.1 Introduction
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2. Literature Review

2.1. Mechanism of Redox Flow Battery
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Figure 2-1z Schematic representation of vanadium redox flow battery [7]
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2.3. Material and Role of Electrode
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Figure 2-3 - Structure of fibrous electrode in vanadium redox flow battery [48]

2.4. Porous Electrode
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Figure 2-5 7 SEM images of electrospun fibres with different wt% of PAN in the mixture.
The scale bar on each image is 10 H .

2.4.2. Sabilization and Carbonization
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Figure 2-7 z Electrospun polyacrylonitrile (PAN) material before and after carbonization
[24]

2.5. Properties of porous electrode
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Figure 2-81 Porescale mechanisms resulting in macroscopic dispersion coefficients

2.6. Electrode characterization methods

2.6.1. Permeability
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Figure 2-9 z Experimental set-up for a) in -plane, and b) through -plane permeability
measurements

2.6.2. Porosity
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2.6.3. SpecificQurface area
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2.7. Polarization behavior
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Figure 2-12 z Polarization behavior from general redox flow cell [69]
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2.8. Flow channel

2.8.1. Types of Flow Channel Design
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Figure 2-1371 Designs of flow channel in the Vanadium Redox Flow Batt¢r]
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2.9. Past Works
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assumed for analysis.

- Electrode sizec® Al ¢®A T (6.25 0 a)

- Permeability of electrodep p m @

- +Aaldzarlte 2F t$PEOUNRERGSY nodnp
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Figure 2-14 z Change of net power density in terms of inlet concentration of reactant and
flow rate of electrolyte with a) flow -through mode (without flow field) and b) interdigitated
flow field
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3. Improvement of Vanadium Redox Flow Battery Performance
Obtained by Compression and Laser Perforation of Electrospun

Electrodes

3.1. Introduction
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3.2. Experimental Methods

3.2.1. Electrospinning
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3.2.2. Stabilization and Carbonization
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3.2.3. In-Plane and ThroughPlane Permeability
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3.2.4. Porosity
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3.2.6. Laser Perforation
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3.2.7.1. Sample Preparation and Image Acquisition

7 A

bl ya20F NB& - O2YLJzi SR (2Y23INFLKe 2F (K St SO
alidzRe IyR @AradzftAl S GKS o5 aiadNHzOGdz2NBE 2F (KS
dza Ay 3 | %IOL{{MNF AN RAYLIgzmSR! & Z1XN2 AN LIKEYIYAOQR & O
N} & o0SkFY SySNHe 2F pon (1S+d ¢KAa G§SOKYAI dzS
AYUSNYLFE &a0dNHzOGdzNB 2F GKS @I NA2dza LR NRdza YU
OHVE HZ w08 ITNRXK2 f dzi A2y 61 w9{ U0 W%SNYAméE «IKI Z5§SORY

GAS60 6AGK | @G2ESt &A1 S 2F mc yY FYR | NBazft

44



GKAES NRGOGFGAY3I GKS &I wpafcS (120 ddpin cl 6@ A 1 S EIL

Qx

LISNI H5 LINRP2SOGA2yd t NA2NJ (2 | O dZANRY3I | {2
GSNBE I OljdZANBR ¢6KAOK @gSNB I GANREdzaSRY®2{ OD¥ NINS
FTAESR 2ymbiS&til Ay SazAiyd SLIEe WRASAKAS RSN
FARAzZOALFf YINJSNBR 6SNB LI OSR 2y (GKS NBIA2y 2
Al YL S EfEAIAYYSYiod | TEENIKSNE ORNNROODA B Qi dzk & NI
GKS H5 LINRP2SOiA2ya oSNB | FFSOGSR dzaAaAy3d GKS

YIN] SN 05 NBO2yaiduNHzOOA2y 2F (KS NIYRAZ2INF LKA

a2F061 NB oD

3.2.7.2. Image Processing
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3.3. Results and Discussion
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Figure 3-1i SEM images of pristine (a and c) and compressed (b and d) carbonized
samples at low and high magnification
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Figure 3-27 a) Porosities of samples with different prand portprocessing conditions
applied, and b) volumetric renderings of the segmented images with the uncompressed
sample on the left, and compressed sample on the right. Axis values indicate voxels, which

were = O in length.
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Figure 3-371 a) Pore size distributions for compressed and uncompressed samples, and b)
Fiber size distributions for pristine and compressed samples
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Table 3-1 - Specific surface area of electrospun fibrous samples
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x  SSA: Specific surface area
x Compressed/laser (x): Compressed and laser perforated sample with x distance between

holes

3.3.1.2. Effect on Transport Properties
Gasdiffusivity
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Table 3-2 - Transport and physical properties of pristine and sintered samples
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1 : Sample thickness

U : Throughplane permeability

t ht : Tortuosity of void phase at-plane and througplane direction

t bt At : Tortuosity of solid phase at x, y, and z direction

Thevalueof t for the pristine sample is anomalously high to the presence of an air gap in
the middle of the imaged domain
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Permeability
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Figure 3-4 - In-plane permeabilities at different degree of compression
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Electrical Conductivity
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Figure 3-571 Voltage gradients obtained with direct numerical simulations of electron
conduction in the solid phase. Top row: Uncompressed, bottom row: Compressed. Color
represents the voltage gradient ranging from 1 (red) to O (blue)

3.3.2. Impact of Laser Perforation
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Figure 3-617 SEM images of laser perforated sintered sample (14&J) with the distance
of a) 1000 H O and b) 2000H O between holes, laser perforated hole with the
magnification of ¢) x1600 and d) x2700

3.3.3. Cell Performance Assessment by Polarization Curves
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Figure 3-7 - Polarization and power density curves at 50% state of charge

3.4. Conclusion
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4. Multiphysics Simulation of Multi  -layered Fibrous Electrodes for

Vanadium Redox Flow Battery

4.1. Introduction
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4.2. Modeling Approach
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Figure 4-1 z Domain of cathode containing a) single, and b) multi -layer with boundary
conditions applied on Multiphysics simulation
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4.2.3. Electrochemical Reaction
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4.2.4. Dissociation of Sulfuric Acid
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4.2.6. Model Parameters
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Table 4-2 - Transport related parameters used in each study
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4.2.7. Model Validation
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Figure 4-2 z Polarization and power density curves at different flow rate of electrolyte
across the SGL39AA domain

4.3. Results and Discussion

4.3.1. BaselineCase Electrospun Electrodes with Same Properties in All Layers
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Figure 4-3 - Polarization curves for the baseline case. Panel (a) shows the performance as a
function of fluid flow rate for a constant inlet concentration of O« M . Panel (b)
shows the case for different inlet concentrations at a constant flow rate of 047 & = The
black lines represent the SGL3RA material at the highest and lowest value of the varied
parameter to indicate the performance range.
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and lowest value of the varied parameter to indicate the performance range.

4.3.2. Varying Properties Between Layers
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Figure 4-5 z Complete set of polarization curves for all 5 electrode materials studied here
as a function of electrolyte flowrate for a constant inlet concentration of 0o 0
Panels (a-e) show the standard polarization curve while panels (f -j) show the
electrochemical conversion defined by Eq.4-29.
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Figure 4-6 - Polarization curves for all electrodes studied here as a function of inlet
concentration at a constant flow rate of 041 ... »Panels (ae) shows the standard
polarization curves while panels (f -j) show the electrochemical conversion defined by

Eq4-29.
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Figure 4-7 z Maximum electrochemical conversion factor as a function of limiting current
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Figure 4-8 z Pumping efficiency vs current density for all the multilayered structures .
Panels (a-d) show the efficiency as a function of flow rate for a constant inlet concentration
of O M0 . Panels (eh) show the pumping efficient as a function of inlet

concentration for a constant inlet flow rate of O 470
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4.3.4. Optimization
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Figure 4-10 z a) Polarization curve, b) the data with the current density expressed as
electrochemical conversion factor, ¢) maximum electrochemical conversion factor as a
function of peak current density., and d) peak values of net efficiency values vs the net

power density obtained at that con dition for multi -layered electrodes built with optimal
conditions. All cases were using a flow rate of O 4m . =and an inlet concentration of
Oe A0 .
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5. Multi -layered Structure Built with  Compressed and Laser
Perforated Electrospun Fibrous Electrode for Vanadium Redox

Flow Battery

5.1. Introduction
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5.3. Results and Discussion

5.3.1. Characterization of samples
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Figure 5-1 - SEM images of a) pristine and tgintered electrospun fibrous sample at the
magnification of X20000, c) laser perforated hole with the magnification of x1600

5.3.2. Cyclic Voltammetry
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Table 5-1 - Specific surface area of electrospun fibrous samples
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x  SSA: Specific surface area
x  Sintered/laser (x): Sintered and laser perforated sample with x distance between holes
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Figure 5-21 Cyclic voltammogram oSGL25AA, pristine,and compressedlectrospun
fibrous electrodes in terms of areal current density in 0.05M Ef 8 45 | E
electrolyte at a scan rate of 10mV/s

5.3.3. Application of interdigitated flow design

5.3.3.1. Cell performance test
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Table 5-2 7 List of fibrous samples used at each layer type

[ F@SNJ (e&L)S

[F@SNJ m

! {D[ Hp!!

{D[ Hp!!

INAAGAY

INKAAGAY

Current density (mA/cm?)

/ /2 YLINEG a a /2 YLINB a a
5 /| 2YLINBaasS /2YLINBaas
9 (D[ Hp!! / 2YLINB A &
C / 2YLINB A & (D[ Hp!!
D /2 YLINB & a t NARAGAY
| / 2YLINBaa /2YLINB&aasSH
[ F@SNI MY [@8SN)f20FGSR 0SaARS | Ft2g FTASER
[F@8SNIJ HY [F8@8NJt20FGSR 08aARS | yITAaz2y YSYoN
1.5 300
14}
250
13
—o— Cell voltage (SGL25AA)
—e— Cell voltage (Pristine)
1.2} + 200 —e— Cell voltage (Compressed)
g —e— Cell voltage (Laser)
g = Cell voltage (SGL25AA/Compressed)
o = Cell voltage (Compressed/SGL25AA)
E 11 E —— Cell voltage (Compressed/Pristine)
(7] a —»— Cell voltage (Compressed/Laser)
g [1%0 2 -e- Power density (SGL25AA)
§ 10+ 3 -@- Power density (Pristine)
< -@- Power density (Compressed)
I -@- Power density (Laser)
3 -»=- Power density (SGL25AA/Compressed)
09 r 100 =¥~ Power density (Compressed/SGL25AA)
=¥~ Power density (Compressed/Pristine)
-~ Power density (Compressed/laser)
08
50
0.7
0‘60 5l0 160 150 260 250 3000
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interdigitated flow channel
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Figure 5-417 Maximum gross power density approached via interdigitated flow channel
with different layer types of fibrous electro®e SGL25AA.P: Pristine electrospun
sample,C: Compressed electrospun sample,L: Compressed and laser perforated
electrospun sample,X/Y: Double layer consist of X sample beside flow field and Y sample
beside membrane.
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Figure 5-5 7 Distribution of |= ion in a) sample #1 and b) dual-layered fibrous
electrodes built with layer 3 beside a rib and layer 2 beside a membrane in sample #3 on
Table 4-2. Q is the case of dual layer which two layers are reversed

5.3.3.2. Pumping cost
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Figure 5-6 z Inlet pressure and pumping power density required with each layer type of
fibrous electrode to provide electrolyte flow rates when assembled with interdigitated flow
channel
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5.3.3.3. Net performance
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Figure 5-7 z Net power density approached via interdigitated flow channel with different
layer types of fibrous electrodes. S: SGL25AA, P: Pristine electrospun sample, C: Compressed
electrospun sample, L: Compressed and laser perforated electrospun sample, X/Y: Double
layer consist of X sample beside flow field and Y sample beside membrane
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Figure 5-8 z Net operating efficiency of redox flow cell with different layer types of fibrous
electrode when assembled with interdigitated flow channel
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5.3.4. Application of parallel channel design
5.3.4.1. Cell performance
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Figure 5-9- a) Polarization andb) grosspower density curves dt00% state of chargevith
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Figure 5-10 - Maximum gross power density approached via parallel flow channel with
different layer types of fibrous electrode at the overall thicknesses of a) 340 H O and b)
170 HO

5.3.4.2. Pumping cost
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Figure 5-11 z Inlet pressure and pumping power density required with each layer type of
fibrous electrode at the overall thicknesses of a) 340 HO and b) 170 H O to provide
electrolyte flow rates when assembled with parallel flow channel

5.3.4.3. Net performance
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Figure 5-12 - Net power density approached via parallel flow channel with different layer
types of fibrous electrodes at the overall thicknesses of a) 340 HO and b) 170 HO
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Figure 5-13 - Net operating efficiency of redox flow cell with different layer types of fibrous
electrode at the overall thicknesses of a) 340 HO and b) 170 H O when assembled with
parallel flow channel

5.3.4.4, Electrode thickness
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