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The importance of energy storage system (ESS)
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Power Stations in Taiwan
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Power Supply in Sep. 19, 2018
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10000 MW means...

Taichung Power Plant
5824 MW
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The Benefits of Eenergy Storage

The time-of-use electricity cost
management is an important issue, which
electricity prices are divided into off-
peak, mid-peak and on-peak with
different prices for different periods.

Load leveling is a good example
of time-of-use cost management.

This application is called peak shaving and
consists of storing electricity during low
demand period and using it during the
peak period to reduce the peak height.
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Sustainable Energy Integrated with
Energy Storage System (ESS)

On-peak period

s A
Energy Stoae " & On-peak period

https://www.vox.com/energy-and-environment/2017/8/30/16224582 /wind-solar-exceed-expectations-again
https://www.fastsalehomes.co.uk/selling-your-home/
http://www.deltaww.com/Products/CategoryListT1.aspx?CID=1805&PID=3396&hl=en-US&Name=Container+20ft%2f40ft
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Rated Power and Module Size of ESS

UPS T&D Grid Support ' Bulk Power Mgt
Power Quality |~ Load Shifting

Flow Batteries: Zn-Cl Zn-Air Zn-Br
VRB PSB New Chemistries

Na$S Battery
Advanced Lead-Acid Battery

Hours

High-Energy

Supercapacitors NaNiCl, Battery

Li-lon Battery
Lead-Acid Battery
NiCd
NiMH

High-Power Flywheels

High-Power Supercapacitors m

1kW 10 kW 100 kW 1 MW 10 MW 100MW 1GW
System Power Ratings, Module Size
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Trend of The Word Largest ESS

The largest planned ESS is
VRFB with 800 MWh in
Dailen, China, installed by
Rongke Power.

In 2017, the world largest
ESS is LiB with 129 MWh in
Australia, installed by Tesla.

Before 2015, the world ‘

largest ESS is VRFB with 60
|

MWh in Hokkaido, Japan,
installed by Sumitomo.
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Small VRFB System

REDT 5 kW x 6hrs system - ENIFY

A total storage capacity of
1.1 MWh system -
Gildemeister




Vanadium Price Going Higher

Vanadium Pentoxide (V,0.) 98% min China USD/Ib — 3 years

AR sponsored by

Prophecy Development Corp.
2099 TSX: PCY, OTC: PRPCF

10.00

5+0{J M

https://www.vanadiumprice.com/
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Vanadium redox flow battery (VRFB)
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Static Battery vs. Flow Battery

©E-ONE Moli Energy Corp.

e Static battery

— Lack of flowing electrolyte

— Electrolyte stored within the
same housing as the electrodes

— Energy content constrained by
the volume of the packaging

* Flow battery ©ENIFY
— Flowing electrolyte =

— Electrolyte stored external to
conversion volume

— Energy content constrained by
the size of external tanks

B s i
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Redox Flow Battery

H, evolution : 0, evolution
rrrrennnsssnnnsnnnnnnnn =  Massssssssssssssssasssssssssss »
RV \ Vo Bra/Br
Zn 2+,Zn : V02+W \ M n3+l M n2+
. VO IVO?* _
Cr3*ICr2* Cu#*/Cu MnO4/MnO;
S \ Cl/Cl-
BrCly/Br Ce?tCed*
2.
T S | Croticrs T
FIOH3*/Ti%
Fe3*/Fe?*
Co*/Co?*

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Standard potential (V) of redox couples

Performance Performance

Redox couples E° (V) vs. SHE E (V) vs. SHE Efficiency
V/V, VRFB V3t > V2*t +e” VO +2H'+e” - V0?*" + H,0 1.26 1.35 (50% SOC) >80%
Fe/Cr Cr?t - Cr3t +e” Fe3t + e~ —» Fe?* 1.18 0.95 (50% SOC) ~86%
V/Fe V3t S5 V2t 4 e” Fe3t + e~ —» Fe?* 1.02 1.02 (Dis. OCV) ~80%
V/Ce V3t 5Vt 4 e” Ce*t + e~ - Ce3* 1.93 1.87 (Dis. OCV) ~68%
V/Mn V3t S5 V2t 4 em Mn3t +e” - Mn?* 1.77 1.66 (Dis. OCV) ~63%

[1] P. Leung, X. Li, C. Ponce De Leon, L. Berlouis, C.T.J. Low, F.C. Walsh, RSC Advances, 2 (2012) 10125-10156.
Sandia National Laboratories, 2013 [2] G. Nikiforidis, L. Berlouis, D. Hall, D. Hodgson, J. Power Sources, 243 (2013) 691-698. 14
[3] C. Tang, D. Zhou, Electrochim. Acta, 65 (2012) 179-184.
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Several Chemical Energy Storage System

Vanadium Redox

Flow Battery Zn-Br Battery Li-ion Battery
Calendar & Cycle life * > 25 yrs > 15 yrs 6 —10yrs
Scalability *1 MWh — 1 GWh 10 kWh =10 MWh 1 MWh - 100 MWh
Cost (USS/kWh) 600 — 800 700 -900 * 500 -1200
LCOE (USS/kWh) * 0.02-0.04 0.08-0.12 0.25-0.70
Application time range * Hrs/days Hrs Hrs
Round trip efficiency 80% 70% * 90%
EOL value * Yes Limited Negative

Needs disposal
Safety * Safe Dangerous Dangerous

Safety, lifetime,

Safety, lifetime
needs scale Y

Constrains Needs scale

LCOE: Overall Levelized Cost of Energy
EOL: End-of-life
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Vanadium Redox Flow Batterv (VRFB)

e
R —

Sink/Source

Pump

Positive electrode (Charging mode)

Vo?t + H,0 »VOS +2H " + e~ > E°=1.00V

Negative electrode (Charging mode)

V3t +e” > V2%t E0=0.255V

Net reaction (Charge Mode)

VO** + H,0 + V3t - V02" + 2HY + V2t E9 =1.255V

Ding.et.al., J. Phys. Chem. Lett., 4 (2013) 1281-1294 . 16
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Advantages of VRFB

1) Long cycle life, cycle stability (> 10,000) VAR VELRVE I Vil
2) Efficiency >75 % is possible 1 H <

3) Avoid cross-contamination

| A
4) Greater design flexibility : “ H ‘.‘

5) Environmental friendly & safety
. V is the only element which
6) Low maintenance cost possesses four adjacent
oxidation states that are all

stable in agueous solutions.

+H VW ZVE)

v éD V(2)

Ki Jae Kim et, al. J. Mater. Chem. A, 3 (2015) 16913-16933
https://www.chemicool.com/elements/vanadium.html
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Energy Density

Calculate the energy density 1 M of V(4)

E=nXCXFXV

Electron- Farada
densrty const.
number

Wh mol C Ah Wh
E|l—|=1X1—x96485——x 1.2V -3600— =32.16—
L mol C L

Positive electrode (Charging mode)

VO** + H,0 > V05 +2H " +e” > E°=1.00V

Negative electrode (Charging mode)

V3t +e” - V2%t E®=0.255V

Net reaction (Charge Mode)

VO?t + H,0 + V3t - V0,2" + 2HY + V2t E9 =1.255V

T

+H V@ ZVE

v % V(2)
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Increasing Energy Density of VRFB

Energy _ Electron- Faraday

density _ transfer X Conc. X . X Voltage
number
Increase the Reduce
solubility of overpotential and
vanadium ion polarization of

electrode




Energy Density of Various RFBs

4 .
e Li/FeCl i(aq)
| R
-w\"'"‘a‘” 3 5 E=nXxCxFxV
m \ ] 1 '
(3] L|IK Fe(CN)6 (aq) . ; -
3 J L R N N N RS S W S S S
[«}]
£
-
S S| e ZniCe Semi-solid
o ' ) ! ! 3
& 2 -fEEE—. Li-S e S E s e S B
= a' oZBB | | |
> -All-organiq': .Soluble Iead-aqld ; :
= 4] :- i 200 Wh L
8 VlPonhahde : > PSB | "
_— i ! \ | V
1 O O~ ’-Y.'.‘A'f” ....... T S S
PN DSIB | | é :'
| RGRuER 50 WhL"
0 L] i L} i L) i k] i L] i L} i L]
0 1 2 3 4 5 6 7

Number of Electrons x Concentration (M)

@ National Taiwan University hnolc




Factors Affecting VRFB Efficiency

Energy efficiency = Coulombic efficiency x Voltage efficiency

—+ Redox kinetics

— The redox kinetics of the VRFB electrolytes at electrode surfaces and the mass
transport processes of the vanadium electrolytes in the porous electrodes
Electrode determine kinetic and transport polarizations, respectively, which affect energy

engineering | efficiency.
e Side reaction
— Side reactions such as hydrogen evolution reaction lower coulombic efficiency.

—* lonic conductivity

— The ionic conductivity of VRFB electrolytes influences ohmic polarization of VRFB
and consequently voltage efficiency.

—¢ Shunt current

— Shunt current via vanadium electrolyte phases in a bipolar stack lowers energy
Stack efficiency

engineering | « \anadium crossover and water crossover

— Vanadium crossover and water crossover lead to a capacity imbalance, resulting in a
- lowered coulombic efficiency and capacity decay with a repeated cycling.

Electrolyte
engineering |

Renewable and Sustainable Energy Reviews, 69 (2017) 263-274 21
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Kinetics of Vanadium Redox Reaction

V3t +e” 212t VO?* + H,0 2V0S +2H" + e~
1.0E-D2 - -
- V(3) to V(2) V(2) to V(3)
V({4) to V(5)
e &
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-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

Potential / V vs. SCE

* The V(II)/V(Ill) reaction is controlled by electron transfer,
whereas a certain chemical step seems to play the dominant
roles during another V(IV)/V(V) reaction.

M. Gattrell et al., Electrochimica Acta 51 (2005) 395-407
G. Oriji et al., Journal of Power Sources 139 (2005) 321-324
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Carbon-based electrode used in VRFB
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Carbon-based Electrodes

They play the role of three major functions in VRFB:
1. Mono/bipolar plates. 2. Liquid-diffusion layer. 3. Catalytic sites.

PAN fiber

Carbon black Carbon nanotube

Modifications of carbon-based electrode include oxidation treatment, nitrogenization
treatment, and introduction of an catalyst.

Hartmann.et.al., J. Phys. Chem. Lett., 4 (2013) 1281-1294 24




Modifications of Carbon-based Electrodes

 Functionalization of carbon-based materials

thermal, acid, plasma, & microwave treatment
(enhance electrochemical activity of electrode)

 Additive

graphene, graphene oxide, & carbon nanotube
(increase surface area & reaction active site of electrode)

* Dopant
N-doped, S-doped process
(introduce other active element)

TAIWAN TECH &) National Taiwan University of Sciefice 2



Historical Flow Chart for Development
on Carbon Based Electrodes

CF: Carbon felt
GF: Graphite felt
CP: Carbon paper

Functionalization of carbon-based materials

Surface treated CF Surface-treated CF Surface-treated CP
] 1993 ) 2006 ) .
(Thermal, Acid) (Electrochemical) (Thermal, Acid, & Electrochemical)
@ @ @ @ @
1992 PAN-based 2001 Surfa.ce treated GF . 2009
GF (Thermal, Acid, & Electrochemical)
2017 Surfac.e treated GF 2014 Surface treated GF 2012
(Microwave) (Fenton)
@ @ @ @ @
Surface treated GF Surface treated GE Surface treated
(Water-activated & CO,-activated) 2015 . 2013 GF
(Plasma jet) ,
Our works (Ammoniated)

K.J. Kim, M.-S. Park, Y.-J. Kim, J.H. Kim, S.X. Dou, M. Skyllas-Kazacos, J. Mater. Chem. A, 3, (2015) 16913-16933
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Functionalized Graphite Felt Electrode

First paper demonstrated surface modification of carbon felt and claimed the
mechanism between V atom and C-O functional groups of vanadium redox reaction.

Elecerackimica dcia, Vol. 11, No. 7, pp. 1253-1269, 1991 0013-4686/92 3500 + 0.00
Privisd in Oreas Beitain. © 1972, Pergasmon Pross Lid.

The C-O functional groups on the electrode surface
T R 1 SO T probably behave as active sites, catalyzing the vanadium

APPLICATION—I. THERMAL TREATMENT

- species reactions. The mechanism of catalysis for

School of Chemical Engineering and Industrial Chemistry, University of New South Wales,
P.O. anlx-d-glnu NSW 2033, Australia

R —— reactions on the electrode surface can be hypothesized.

Abstract—The thermal activation of graphitc felt was investigated at of temperatures and
treatment times so as to ...Mmmd-lrmmhhwmdm
redox cell. Graphite felt troated thermally at 400°C exhibited the grestest in performance
rmmﬂ.wmdwz%mnﬂhﬂmﬁumlmﬁ&
only 78% for the untreated felt. Results from XPS analysis showed that surface functional groups of C—0
and C =0 increased dramatically compared with wmwmmm
.mp-mwum-urwmw redox reactions.

20

Key words: graphite electrode, vanadium redo cell.

INTRODUCTION reported n seris of observations on the adsorpion of 16
acid by sugar charcoals which had been activated at
The surface modification of graphite or carbon elec-  800-1000°C by admittance of a limited supply of

trode materials has recently received a great deal of  air. The anions were adsorbed and cachanged for

12

VOLTAGE (V)

functional ‘the electrokinetic potentials, Kruyt and .
active sites for many electrochemical reactions{3-8]. de Kadt found that the basic or acidic properties of 08
For the vanadium redox cell reactions rhae_ubeqllmpbdepmdndmlhmhu:nf
Vi eyt O acidic surface oxides are
and exposed to oxygen at temperatures between 200 and 01‘
VO +2H* +e=VOH +H0 @ ﬂ-f?&mzmmmmmm
it is likely that the redox couple reaction correspond-  surface oxides by beating in a vacuum or in an inert
ﬁmhmwwhhmmmeﬂk atmosphere, and then brought in contact with oxygen
V™ or equation (2) above, would be strongly only afier cooling to low

by the concentration and nature of the Shilov{19] formulated the acidic surface oxides as
oxygen functional groups on the electrode surface, carboxylic acid anhydrides bound to the edges of the
since oxygen transfer is involved. carbon layers. King{20] found that the acidic surface
‘The first observation of surface oxides on carbon  oxides were formed when carbon was treated with
‘was published by Smith[9] more than 100 years ago. oxygen near its ignition paint temperature and the
He found that oxygen was chemisorbed by maximum amount of acidic groups formed at 420°C.
and could be recovered on heating only as carbon It was found that the reaction of oxygen vmhmkm—
oxi 400-450°C

%;m“m&,“;mm gL o M o B. Sun & M. Skyllas-Kazacos, Electrochim. Acta, 36 (1991) 513-517.
yet known

studied the reaction
al the time. Bartell and Miller{12-14] of oxygen with carbon between 250 and 450°C. From
ir

*Author to whom correspondence should be addressed,  €xposure {0 OXygen.

27
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General Mechanism for Redox
Reactions of VRFB

. + + L]
VO2*/VO,* redox couple in the catholyte V2*/V3* redox couple in the anolyte
(a) | sei ] (b) | S
lon exchange lon exchange
98 o— Yo © n Transport
° H'EOZT‘ra‘ﬂmJO” = “V=0+2H —O-H Yo Gmm B —0-V2* + H*
—O—H\l od—o” \ / V - \
\ )Electron transfer v =
Discharge | /V =0 + H,0 <:> —O0-V=0+2H*+e Charge D'SCha'Qe ] O\ e —0-v* Charge
| ]
/ le) Electron transfer \
§ Oxygen transfer '
lon exchange |
? { \Exchange Diffuse back )\ Diffuse back
S4-0-v=0+H* - —0-H == VO, O-V* +H* P _O-H = V2
A o : \VJ |

e C—OH functional groups behave as active sites for the redox reactions

* The positive electrode involve the transfer of an oxygen atom, which is
likely to be the limiting reaction in the overall mechanism.

* By increasing the concentration of oxygen functional groups can enhance
the oxygen transfer process

[1] K.J. Kim, M.-S. Park, Y.-J. Kim, J.H. Kim, S.X. Dou, M. Skyllas-Kazacos, J. Mater. Chem. A, 3 (2015) 16913-16933.
[2] B. Sun, M. Skyllas-Kazacos, Electrochim. Acta, 37 (1992) 2459-2465.
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Water-activated Graphite Felt

Wang* et al., J. Power Sources, 341 (2017) 270-279

N, w/ water vapor
200 sccm, 1 - 10 min.

OVEN

)
50 sccm ‘

1) C+H,0->CO+H, AH = +131KkJmol™?!
2) C+2H, » CH; AH = -75Kk] mol™!

3) CO+ H,0 - H, + CO, AH = —41 K] mol™1!
4) C+CO, - 2CO0 AH = —393 K] mol!

&) National Taiwan University chnolog




Water-activated Graphite Felt

* Improving the roughness of the fiber surface
e Getting more functional groups on fiber surface
* Increasing hydrophilicity of the fiber

1.6+

_14
=
Un-treated GF = 1.2
B
- £1.04
=] o { —— Pristine GF
2 0.8] — GF-without WA
> »
g | — GF-waA-cvD-5 min
8 0.6+—— : :
£ 0 1500 3000 4500 6000
Time (sec)
280 282 284 286 288 290 292 95 '
Binding Energy (eV) —_ 50mA cm”  60mA cm™ 70 mA cm® ! 80 mA cm®
) e A lor @ 2 904 : 5 5
Water-activated GF |** | = .5 5 ; ;
" g ‘ot ¢ : :A A A
— - o 804, e ®®®oiaaa,t R
=. o .l..z :....:“AA
s £ 75- Saee ® eeee
w ; T T Y o
£ > 701 i meaes
s 2 : 1 5
£ e 651 . Pristine GF
W gol] * GF-without WA
— 4 WA-GF-5min
280 282 284 286 288 290 292 55 T T T r
Binding Energy (eV) 0 5 10 15 20
Cycle number
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CO,-activated Graphite Felt

Wang* et al., J. Power Sources, 364 (2017) 270-279

OVEN

50 sccm, 30 min. ‘ ‘

C+ CO, - 2CO AH = —393 k] mol ™!

& National Taiwan University hnolog



CO,-activated Graphite Felt

1.
Background
3 S 1.
> s
-g g
) 1.2+
E °
- o
: ; . ; @ 0.9 —co_-act.GF
538 536 534 532 530 6528 © YT O
Binding Energy(eV) *
w0 _act.-GF
— P ——UnGF
N,-act.-GF Background . Y Y
o — 0 2000 4000 6000
2 =& Time (s)
& 90
=
(2] E
- =
E T g5 Dmaam’ DmAcn]
> at4a  oomacn’ A
Q - : oA AA 4
T T T T c 4.0.0.““‘ TomAcm Y
638 5% 534 632 50 628 .2 L tedt, as,, wman' "]
Binding Energy(eV 4 . ¢ *
g Energy(eV) e 80qe 2 2, ) Ay anex™?
CO,-act.-GF " e - T ates ER
-act.- T Teacraing > n¥a"y Xx L0
_— ——C-OH 9 * * o
5 — G 751 4 coactor LI
8 & * NadoF = s ;s
%- 1 = O actOF ™
s & UnGF " sasw
E 70 3 \J 1 L) Al
- 0 5 10 15 20 25
Cycle (Number)

s3s 536 s34 532 s s28 1he efficiency enhancement is attributed to
Binding Energy(eV) . . .
the higher number of oxygen-containing
functional groups on the graphite felt. 32




Historical Flow Chart for Development
on Carbon Based Electrodes

CF: Carbon felt
GF: Graphite felt

Carbon-based materials composite
CP: Carbon paper

Direct growth Bamboo-like

Carczor: poosli{g] y 2008 Gra hiteC/erGfl:;te oxide 2013 CNT/GF 2018
P P grap Our works
@ @ @ @ @ @
. Graphite oxide/CNT
1989 Graphite/CNT 2011 2016 Graphene nanoplate/CF
phite/ CF/CNF/CNT P plate/
N-doped carbon materials electrode
N-doped 2011  N-doped Carbon 2013 N-doped GF 2017
Mesoporous carbon
@ O O @ O @,
2010 N-doped CNT/GF 2012 N-doped graphene 2015 Nitrogen-doped
porous graphene
K.J. Kim, M.-S. Park, Y.-J. Kim, J.H. Kim, S.X. Dou, M. Skyllas-Kazacos, J. Mater. Chem. A, 3 (2015), 16913-16933 33
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Mechanism of Redox Reactions of VRFB on N-
doped Carbon-based Materials

The type of nitrogen bonding with carbon in the graphene sheets
determines the catalytic activity of electrode.

The quaternary nitrogen is more stable and serves
as the active site for the [VO]?**/[VO,]* redox couple
reaction.

AR d M“\

o
z V=0 Z.Vs"'—ﬁ
Reduction Process ﬁ 1° " Oxidation Process &g
H0
I o
{mo
1,2,3 quaternary nitrogen; 4,5,6: pyrridinic-like N; CN-C C-N-c
7: pyrrolic-like N; 8: oxidic-N. 2H"
Jutao Jin, Xiaogang Fu, Qiao Liu, Yanru Liu, Zhiyang Wei, Kexing Niu, and Junyan Zhang, et al., ACS Nano 7 (2013) 4764-4773 34

elbay
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CNTs on Functionalized Graphite Felt

1. Edge plane of CNT as the active site
2. Enhance electrical conductivity
3. Reduce inner resistance

[1] RSC Adv,, 6, (2016) 102068-102075
[2] Nir Pour et, al. J. Phys. Chem. C (2015) 119 5311-5318
[3] Ki Jae Kim et, al. Chem A (2015) 3 16913-16933
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Bamboo-like CNTs on Functionalized GF

Wang* et al., RSC Adv., 6 (2016) 102068-102075

B-CNT/TA-GF shows excellent activity and high reversibility. B-
CNT/TA-GF also shows 81.0% energy efficiency, which is superior
to those using untreated GF (68.3%).

1% —— Untreated GF 18
er‘ 1—A<GF |
£ 10{—TAGF 1.6
) |——B-CNTITA-GF 4
<
5 54 1.4-
2 o] g sl
% 0. g 1.2-.
T .54 w 1.04 Untreated GF
] | e A-GF
Qo 1—T1AGF
5 -10- 0.8 { ——B-CNT/TA-GF
O 1 |
-15 v T v T - T v T v T v 0.6 . ' . Y
04 0.6 0.8 1.0 1.2 1.4 1.6 0 2000 4000 6000 8000
E (V vs. NHE) Time (sec)
Samples CE (%) VE (%) EE (%)
Un-GF 89.8 76.1 68.3
A-GF 94.8 81.7 77.5
TA-GF 93.8 81.1 76.1
B-CNT/TA-GF 95.0 85.3 81.0
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Metal oxides/carbon-based Electrode used in VRFB
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Metal Catalyst for VRFB

* Metal catalysts perform the active sites to
enhance the kinetics of the redox reaction.

— Metal-based catalysts: Pt, Pd, Ir, Au, Ru, Bi...

 However, most of them are precious metals,
which easily induce hydrogen evolution reaction
before the redox reaction of V2*/V3*, Besides,
their cost is concerned.

H, evolution :
errrsnssssssansannannns -

E V3+Iv2#
zn®izn vo*
Cr3*l(3§r2+ Cu®(Cu*
S

sis?

3404
Lt J HOQTITW
I |

-1.0 -0.5 0.0

Standard potent

ALY, . Iy o . . .

AV av' B m Nl NAaltiona awan niversity or acience ang

{ L AL A ‘A\... - ns;A N — Ay s 1S = 4 bl A4Sl AL b dd Degdp- wainzed
o = = —— —a - 3 -



Metal Oxide Catalysts for VRFB

* Metal oxide catalysts are considered to be
applied in the VRFB due to their low cost and
high stability in acid environment.

— Metal oxide-based catalysts: MnO,, WO,, PbO,,
Nb,O:...




Early Paper: Mn,0, deposited on CF

Kim et al., Chem. Commun., 48 (2012) 5455.

20— | , :
4 i H T= .86 !

18] Voot y
T 0] le——ndl]
g 107 Fav- 060 |
< 0.5-
O
% 0.0
c 4
S 0.5+ \/J
§-1.o-. ;‘A :
3 -1.5-. ——Bare carbon felt

- —— Carbon felt modified with Mn.O,

-1.0 ' -0[.5 ' OTO ) 0j5 ' 110 ' 1f5

18

1.6 4
144
< R T T e
g 13 Binding Energy (eV)
S

& * Mn;0, acts as the active site catalyzing the

0.8 — Bare Carbon Felt redox reaction of vanadium ions.

——— Carbon Felt modified with Mn,O, . . .
— T 1 1 1 1 .+ * Mn;O,isverystablein the operation of
Time (h) VRFB.
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Pure Metal Oxide as Catalyst

Promoted redox

Electrode Electrolyte Membrane EE (%) Ref
couple
1M VOSO4 in _ - . J. Power Sources,
WO,/SAC 3 M H,50, Nafion 1135 VO*/VO, 76.6 218 (2012) 455
2 M VOSO, in VO2+/VO,* )
Mn,0,/CF * - i 76.0 45 (o12)5ass.
2.5 M H,S0, and V3+/v2+
1 M VOSO, in _ VOZ*/VO,* RSC Adv., 6 (2016)
MoO,/MSU-FC Nafion 212 72.5 757
M H,SO,
Nd.O./CF 1.6 M V3+/4Jr in Nafi 117 V02+/V02+ 77,0 Electrochim. Acta,
205/ 2 M H,50, arion and V3 V2t ' 268 (2018) 59

Advantages: Simple process
Disadvantages: Low conductivity # High iR-loss and low EE!

@ National Taiwan University of Sci



Dopants in Metal Oxides

* Characteristics of dopants in metal oxides for
vanadium ion redox reaction in VRFB

— Producing moderate defect states, creating
structural disorder, and forming oxygen vacancies

— Increasing electrical conductivity
— Improving distribution

— Excellent stability




Heteroatom doping: W-doped Nb,O.

Nb,Og Nanorods

(] OM-Nb(d)
) e 80 ® 0.05 M-Nb(W)
Well-distributed W-doped _:To':,,bm g
Nb,O5 Nanorods N . 005 M-Nb(W) g 60|
B
Li et al., Nano Lett., 14 (2014) 158-165 | \\ " .
Specific Capacity /Ah L™ ; ! ::ycle Nu:::ber . B
Nb,O. nanorod W-doped Nb,O. nanorod
1. Low conductivity 1. Enhanced conductivity
2. Low activity 2. Improved distribution
3. Agglomeration 3. Excellent stability
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Nb-doped hexagonal WO, NW

Undoped h-WO, Wang* et al., J. Mater. Chem. A, 4 (2016) 11472-11480
/ B3 7,_\.. 2 - ; 2 ; “_,{,T.:

40 - ——WO_-GF

J——Nbw = 0.01
—— Nb/W = 0.03
20 4 ——nbrw = 0.06

Current density mA cm2)

: , o
7 S E e _
r~|[’<w:1 Pr— SEI 15.01 mn-.m.. -5—22-‘ _20_
Nb-doped h-WO; (Nb/W=0.03)
& S e e e & -40
o : 0.3 0.6 0.9 1.2 1.5 1.8
Potential (V) vs NHE
1.8- Untreated GF
) Bare heated GF
1.6- _WOS'GF
— | ——Nb/W =0.01
2.1_4_ ———Nb/W =0.03
- ] -Nb/W = 0.06
)
€ 1.2
) |
l:.?_1.{.)-'
0.8-
Nb/W =0.03 |
0.6

2000 4000 6000
Time (sec)

TAIWAN TEECH - " @ National Taiwan University Shodffioy |



Metal Oxide Supported by Graphene

* Characteristics of graphene composite

— Excellent conductivity
— Good Stability
— Large surface area

— Beneficial to the distribution of metal oxide




WO, NW/Graphene Nanosheet

Wang* et al., Sustainable Energy Fuels, 1 (2017) 2091-2100

WO; NWs-ES GS: A bridge between WO, and GF

e S e

B =i WO;: Active sites
IL% GO Nano sheets WO; NWs/GS suspension
Ultrasomcatmg
+ ‘ Stirring

L-ascorbic acid

Free7e-drymg
Annealmg

3D annealed WO, NWs/GS

Current density (mA cm'z)

Potential (V)

20{—50
"o VO*/VO,*
15'—30 WO NWs/GS X
10'—30 annealed WO; NWs/GS r
5.
0.
-5 AE,=0.113V
-104 L
15
et
20] AE=zo0a22v
145 10 05 00 05 1.0
Potential (V) vs Hg/Hg, SO,
2.0 —Pristine GF
) ——GO-GF
1.8- ——Wo,GF
1.6- ~——3D WO, NWs/GS-GF
] 3D annealed WO, NWs/GS-GF|
1'4_ 80 mA cm™
1.2-
1.0-
0.8

0.6
0 2000 4000 6000 8000 10000
Time (sec)



TiNb,O,/rGO

Wang* et al., J. Mater. Chem. A, 6 (2018) 13908-13917

- Filtration, drvin -
(NB(OCH )+ AA Hyvdrothermal = Annea;r’nig at QG(}“C% i =
(€ H 250, Ti) + AA 200 °C/24 b @ dispersed in DI-H -0 E
< <. 4
o0y TiNB,O-
precipitate o .
Mb‘ed xe .uupen.ww'z b
together
. . Sci. Rep., 5 (2015) 17836
Characteristics of TiNb,O.: P 3 (2013)
freeze drying iy < onication 1) Good conductivity, high stability, monoclinic layered
Calcinarion “ SA drothermal H H H
700°C /2 tm A TOGO A o structure for ion diffusion
TIND;0» +GO composite swspension ) Five electron transfers during the redox reaction of
camposite

Ti%*/Ti3*, Nb>*/Nb*, and Nb*/Nb3* per formula unit

{GO-GF 604 TiND.O -GF
0.8

1.8
—~904 4 : 40
1.6- & 2k so» 100
S1.44 5804
—_— 4 Q
® )
51.04—TiNb,0,1GO-GF 5. =
2
w

—— TiNb,0,-GF O
.6 GF T T Ll 50 A4 L) :':l 1) T - L) L Ll T
0 2000 4000 6000 8000 0 5 10 15 20 25 30 35 40
Time (sec)

Cycle number
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Evaluation of Possible Electrodes

Carbon-based Materials Polymer Metal-based Materials
CF GF cP CNT GO Graphite | C2rbon- | Noble |0 | Metal
polymer metal oxides
Activity X X X * * X O * * O
Conductivity * * * * X * O * O O
ECSA O O X * * O * * * O
Stability @ O O * * * X * * *
Electrochemical
) * * * O O * * X X *
window
Cost w * * X X X * X X O
% : Excellent
O: Common
X: Poor

*DSA: Dimensionally stable anode
**The original table was originated from H. Zhang eds., Redox Flow Batteries, CRC Press (2018), p. 132.
***The current table has been revised by the presenter.
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Future Development of Catalyst and
Electrode in VRFB

e Conductivity
— Formation of conductive layer onto catalyst
° Surface area 2::;=g::t?ou:-tri::t:aaly:xride composite
. . o { Il Heteroatom doping
— Avoid agglomeration § 10| Pure metal oxice
. g 8-
 Heteroatom doping g 4
— Defect, vacancy, and structural disorder £ 4;
ege S5 24
e Stability < ol
. . . . 2012 2014 2016 2018
— Highly corrosion-resistant material Year
* Electrode structure :
— Diffusion

© Reactant O Product © Electron sy Electrolyte flow
J. Power Sources, 325 (2016) 329-336 49
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Electrochemical Conversion —Fuel cell
| Poumer Electrolﬁe Fuel Cell | Anode: 2H. »lH ™ 1+ 4e-

Membrane-Electrode-Assembly: MEA e Electrolyte: Nafion® [
Membrane

e Cathode e Catalyst layer: Pt/C

A4
Cathode: 0, +|4H |+ 4e - 2H,0

-

0,/Air

Gas diffusion layer: porous carbon
cloth or carbon paper

s,

525

2

Overall: 2H, + 0, - 2H20

One “full” reaction MUST include:
1. Species: Fuel and oxidants

2. Electrons

3. Protons

| Pt-based Core-Shell Structure CatalEts l

H,0

Chemical energy - Electrical energy

Sy
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Electrochemical Conversion and Storage
| Vanadium Redox Flow Battery |

lon-selective

ACS Sus. Chem. & Eng., 6 (2018) 3019-3028.
RSC Adv., 8 (2018) 8537

Sustainable Energy & Fuels 1 (2017) 2091

J. Power Sources, 341 (2017) 270

J. Power Sources, 364 (2017) 1

RSC Adv., 6 (2016) 102068

J. Mat. Chem. A, 4 (2016) 11472

Positive electrode (Charge mode)
VO** +H,0 - VOF +2Ht +e” > E°=1.00V

Eectrolte Negative electrode (Charge mode)

V3t +e” - V2%t E0=-0.255V
Net reaction (Charge Mode)

VO*t + H,0 + V3t > V0?2t + 2H* + V?* E® =1.255V

LU

*  Decoupling capacity from power
*  Modular design facilitates different
applications
; * Fastresponse time
Charging ~ Discharging} { —yrwaace *  Efficiency >75 % possible
_-‘_ 500 2000 3500 asoo so00 | ¢ Long calendar life, cycle stability (> 10,000)

Time /s

| Supercapacitor ' o9 -
=’ 0.5M Na,S0,

v' ). Mat. Chem. A, 5 (2017) 12569

| Photocatalyst '

v Nano Letters, 14 (2014) 6097

hv
4 Nanoscale, 5 (2013) 262 v" Adv. Powder Tech., 27 (2016) 1387
Reduction reaction l Conduction band e f)wa/“’“'»* v J. Phys. & Chem. Solids, 85 (2015) 62
mwm

v’ ). Power Sources, 249 (2014) 1
v' Diamond & Relat. Mater., 25 (2012) 176

Kincheot helupely miand Oxidation reaction potential

2 (\ Valence band EA T

002 355, 20
—atno,
0,01 — Activated carbon
20 N <
T 0.20 %55 § 0. g
12, GO-2 i £ 51
——under "“CO2 —— under 13co, % 0.16 0.3 - = H £ 10
: 3 ; ——P25 -0.01 >
F z 5 z = =
H s H © 0.124 o]
E £ | S b l E I o O 05
£ B e T s s —as—sq 3 0.08 J;;f - ! 2 0o 02 04 06 08
2 e 2 e K] L
So04] & - —— 0.0+
m/z=32 (2CHZOH) m/z=33 (33CH,OH) | 8 0041 & .~ 0 1000 2000 3000 4000
m/z=44 (12COy,) m/z=45 (}33CO,) 2 000 f Time /s
o 1 2 3 4 5 6 o v
° ! Ritentlon:‘tlme ’ m‘ln N N = 1 2 3 4 5 6

Retention time / min
Reaction time(hr)

2C0o2+ 2HZOL>12CH30H +%O2 B3co7 + 2H20L>13CH30H + goz
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Overpotentials in VRFB

* Cell potential can be expressed as the
equilibrium (open circuit) value minus
potential losses:

Ecell Bl ceu Elnl T 2 lR

* Potential losses are caused by

— n, overpotential: Electrodes, slow kinetics.

— R, internal resistance: Electrolytes, membrane, and
electrodes

/



Statement for High-Performance Electrode in
CV analysis

25 #

\
f lllpa:,r""-.-,
/ Y
X
@ Low peak potential J \ ® High peak current
separation is better i A densities is better

. . . A
® Low electrochemically irreversible | f — — - BiGF{1"cycio)
degree (1.,/1,) is better . j,' — -~ BIGF{100%cycle)
0 020 0.40 060 0.80
E vs Hg/Hg,50, (V)

Z. Gonzalez et al., Electrochemistry Communications, 13 (2011) 1379-1382. 35
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Criteria for High Performance of VRFB

1.8 ;
@ Low barrier time is better
oAl A —m— Cell A
1.8 + o —® CellB
| —&— CellC
sl 4 |
D Low c.harge potential “"‘0‘."‘" @ High discharge potential
is better oy, is better

\olt:
Q
@ .‘.
> »

1.0 - ® oA

e
0 2000 4000 6000 8000 10000 12000 5 14000
Timels

® High charge and discharge

C. Yao et al., Journal of Power Sources, 218 (2012) 455-461. time is better
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Challenges of Carbon-based Electrode

* Low electrochemical activity

— High inner resistance, poor hydrophilicity...
* Chemical stability

— Corrosion, passivation, hydride formation...

 Mechanical stability
— High stresses, poor adhesion of coating
* Poisoning
— Irreversible adsorption and film formation

* Time dependent performance
— All of above!

B it
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Calculations of Three Efficiencies

The definitions of columbic efficiency (CE), voltage
efficiency (VE), and energy efficiency (EE) are:

. . . %
Discharging capacit I;dt
CE(%)=< E8 ~ape y>x100%: f"t 2 | x 100%
Charging capacity [yc1.dt
. . t
EE (%) _ (Dlschar.glng energy) x 100% = (foj IdVddt> % 100%
Charging energy o IcVcdt
EE(%)
VE (%) = x 1009
%) = CE) &

I, is the discharge current, /. is the charge current, t; is the discharge time, t_ is
the charge time, V, is the discharge voltage, and V, is the charge voltage. V, and

V, are functions of time.
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Other Proposed Mechanism

L. Yue, W. Li, F. Sun, L. Zhao, L. Xing, Carbon, 48 (2010) 3079-3090.

X.W. Wu, T. Yamamura, S. Ohta, Q.X. Zhang, F.C. Lv, C.M. Liu, K. Shirasaki, I. Satoh, T. Shikama, D. Lu, S.Q.
Liu, J. Appl. Electrochem., 41 (2011) 1183 1190.

i e 012*<:>E Y=o &
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W. Zhang, J. Xi, Z. Li, H. Zhou, L. Liu, Z. Wu, X. Qiu, Electrochim. Acta, 89 (2013) 429-435.
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Conclusions and Perspective of VRFB
Electrode

Surface treatments for carbon materials increase the
reactivity and the wettability of the electrodes

The incorporation of nitrogen species in the electrode play
the effective active sites.

Hybrid electrode by using 1D (CNT) and 2D (Graphene,
carbon nanowall) in the electrode can not only enlarge
the specific surface area but also increase the catalytic
activity.

The low-cost and high-activity metal oxide-based catalysts
embedded in the electrode can strongly enhance the
performance.

Future research will focus on the use of high electrical
conductivity carbon materials for a-high-power-density
VRFB stack.



