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Renewable Energies become more and more important

?/' Annual Additions of Renewable Power Capacity, by Technology and Total, 2016-2021,

and to Achieve Net Zero Scenarios for 2030 and 2050
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between the values from 2050 coming from the IEA's Net Zero scenario
and the World Energy Transitions Outlook scenario from IRENA.
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Energy storage plays a critical role in widespread application of renewable energies!



Energy Storage Application
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Energy storage is the key technology to support the smart grid



Long Duration Energy Storage (LDES)

Cumulative Deployment by Year to Meet Climate Goals

There are 4 kinds of

Mechanical 250 GW
novel LDES Mechanical LDES store potential or kinetic
energy in systems for future use.

E.g., raising a weight with surplus energy and
then dropping it when energy is needed.

All LDES allow energy to be stored
when there is a generation surplus

and released when there is a shortage. * Novel PSH U)
« Gravity based -
« CAES o)
Thermal * LAES 5 X
SR Grid Storage Shot enables
Thermal energy storage systems use thermal 2 = k .
energy to store and release electricity and heat. 6 “Phase 3" in t|me for 2035
E.g.. heating a solid or liquid medium and then oy = s .
using this heat to power generators at a ater Q ’ = grid decarbonization
date. \ (o]
* Sensible heat a
« Latent heat Jod 100 GW
« Thermochemical heat | ’ %
g boni}
A @©
A {11‘ S
Chemical b soaw
Electrochemical Chemical energy storage systems store electricity g
through the creation of chemical bonds.
Electrochemical LDES refers to batteries of (]
different chemistries that store energy. i%;:‘u’:m:;d"‘:“’ sy“fm‘d‘ -
E.g., air-metal batteries or electrochemical S ’
flow batteries.
« Aqueous flow batteries 20 GW /%
« Metal anode batteries I
SIS 1hr 6 hrs 10-12 hrs+ Multi-Day/Seasonal
Duration

O DOE “Energy Earthshots” , Long Duration Energy Storage Progam

O In next 10 years, duration >10 h, Cost reducing by 90%, to meet 100 GW renewables connecting to grid



Flow Battery
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Flow battery is one of the preferred technologies for large-scale energy storage!



Vanadium Flow Battery (VFB)

¢ Aqueous electrolyte, high safety

Working principle

Change of valence states of vanadium

¢ Large scale of output power and capacity

Output power : 10 kWs-100 MWs

Capacity: 10 kWhs-100 MWhs

¢ Quick response, good cycle performance

¢ Long lifespan, high cost performance

charge
. Positive :  VO*+H,0 - ¢ —====VO0,'+2H"
Cycle numbers >16000, lifespan >15 years 0 Sscharge 2
, _ Negative : vy o SNAGE /2
¢ Recyclable electrolyte, environmental friendly  Gischarge
Overall : VO +V* +H,0—229% v 1yo, " 2H

discharge




Global Development of VFB

| . H
| RedT in the UK started the 2MW/5MWh VFB project and cooperated with | 1=-------========----------- UET: 2MW/8MWh Washington DC
i Bushveld in vanadium finance lease D RKP . N
------------------------------------------------------ | 200 MW/00 MWh VFB project 1
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r-—-----

hanghai Electric plans? ild 2 100MW/400MWh large-scale
FB power station demons proj

A<

__________________________________________________________________________

Saudi Arabia plans to build the world‘s X S\, \' hun, Jiangxi
largest VFB manufacturing plant ’ < .

L Ay

itomo Electrician, R :\ ________________________
15MW/60MWh i

1MW/4MWh VFB Energy Storage System from

Enerox Holdings, Austria (South Africa) ~  {  / =%¥-------------------%-- I A N
E Bushveld South Africa plans to E E Guizhou Juneng Century plans to build three | :-‘ -------------------------------- |
| increase  vanadium production | ! production lines of 10MW/40MWh VFB project | 1 __ _Syfj'l@[nf_E_"iC_tf_'ilﬁf[ Japan, 17MWI51MWh |

and fully deploy the VFB market

b o o e e e e = e

The industrialization of VFB has recently received high attention.



Research and Development of Flow batteries at DICP

Deep integration of basic, applied and
translational research

Fundamental
. Novel flow battery research
Frontier systems
Users’ side
based flow
eries Pilot scale-up
eneration side
Demonstration

application




The Research and Development of VFB in DICP

1 kW stack 9 MW system 900 kW module 10 MW system 100 MW system
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Single cell 10 kW stack

32 kW stack New-gen18 kW stack New-gen 30 kW stack

More than 300 patents were filled.

Responsible for the formulation of domestic and international flow battery standards




lon conducting membranes

o © O Function
1 »Conducting H*
Pt °e S o = » Separating V ions
o o o ©
e o o © g Working operation

» Strongly oxidized and acidic electrolytes

. @ O/ Membrane requirements

N - .-~ »High ions selectivity
. ‘Lj ﬁ %/‘ w' > High H* conductivity
= *-;’-—"'/ \* » High chemical stability
. Transport of protons and vanadium ions > Low cost

High-performance and low-cost ion conducting membranes are the key to accelerate

the industrialization of VFBs.



Challenges of ion conducting membranes

Per-fluoride ion exchange membrane Non-fluoride ion exchange membrane
EZ—C C— HO3S o
£, R I
0—C —C5-0—10C—C—8—0 O 0 C
(0—€'"—thro—c'—c"—5—on T O O @
CF3 0
v High ions conductivity v Low cost
v" Good chemical stability
. v" High ions conductivit
X High Cost J Y
X Poor ions selectivity v" High ions selectivity
(~700 $/m?) X Poor chemical stability

The poor chemical stability of non-fluoride ion exchange membrane restricts their

large-scale application in VFBs.



Degradation mechanism of ion conducting membranes
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The existence of ion exchange groups induces the poor stability of non-fluoride ion

exchange membranes.

Phys. Chem. Chem. Phys., 2014, 16, 19841



Porous lon Conducting Membranes
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Schematic diagram of “ion screening" Regulating the structure of porous ion conducting membrane

Energy Environ. Sci. 2011, 4, 1676
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Energy Environ. Sci. 2011, 4, 1676

pore size exclusion".

O The screening of vanadium ions and protons on the molecular scale was realized by using
the



Composite Porous lon Conducting Membranes

Interfacial polymerization Thin-film composite membrane

Functional layer

¥
1
s
g e
{
‘e

L
) ‘)u“""\»*‘

. Ly ,‘
B0t m...»,.:wgm\e’s‘i:s?* fgad

Porous substrate

Proton transfer mechanism The functional layer

Composite membranes with ultrathin functional layers were prepared by interfacial polymerization.

Nat. Commun. 2020, 11, 13



Composite Porous lon Conducting Membranes

The composite membrane prepared by interfacial polymerization has typical "ridge-and-valley”

morphology. The functional layer is about 180 nm thick.



Performance of the Composite Membranes
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VFB with a thin-film composite membrane achieves energy efficiency higher than 80% at a

current density of 260 mA cm-2, which is the highest ever reported.



Highly mechanically stable ultrathin membranes

: > 2 9
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Ultrathin membranes with high selectivity, high conductivity and ultrahigh mechanical strength

were fabricated by a novel reaction-non-diffusion induced phase separation method.



Highly mechanically stable ultrathin membranes
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The VFB assembled with the ultrathin membrane with high selectivity and high conductivity exhibited excellent

performance with an energy efficiency of >80% at 300 mA cm™2,



Optimization of porous membranes for FB

£ 90 - MEE g
; }‘GD
S g5 84 84 =
) 1 o E = ] AB
2 81 g0 £ 40 ZHEFESIERITEN RS

80 -
L 76 @ 160 mA cm?

201 [ = |Coulombic Efficiency
75 - 73 o \oltage Efficiency
I—‘ & Energy Efficiency
D T T T T
70 Nafion 115 DICP DICP 0 5000 10000 15000 20000 25000
200 mA cm2 200 mA cm? 260 mA cm?

Cycle number

Zhang HM* Li XF* et al, Enerqy Environ. Sci, 2011, 4, 1676 Zhang HM* Li XF* et al. Angew. Chem. Int. Ed,, 2016, 55, 3058

Li XF* et al Nat. Commun., 2020, 11, 2609
Li XF* et al Nat Commun., 2018, 9 3737

Zhang HM* Li XF* et al, Energy Environ. Sci, 2012, 5, 6299
Zhang HM* Li XF* et al, Energy Environ. Sci,, 2016, 9, 441
Li XF* et al, Energy Environ. Sci, 2020, 13, 4353-4361

Zhang HM* Li XF* et al, Energy Environ. Sci., 2016, 9, 2319
Li XF* et al, Energy Environ. Sci, 2022, 15, 1594-1600

Hou GJ* Li XF* et al, Adv. Energy Mater. , 2020, 10, 2001382
O The developed non-fluoride porous membranes have high selectivity, high conductivity and low

cost, superior to Nafion 115, and the cost is only 10% of that of Nafion 115.
O Over 20,000 durability test has been completed.
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Mass production of non-fluorinated porous membrane
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Realized the mass production of non-fluoride ion conducting membranes (80000 m?/year).
Signed a sales contract for s membrane materials, and the sales volume of membrane materials exceeded 40,000 square

meters.



High power density stack

Based on modeling and simulation , design and assemble the high power density stack

® Design of flow channel ® Design of seal ® Performance evaluation:
® Design electrode shapes ® Design of anti-corrosion Coulombic efficiency,

® Match compression ratio ® Machine the channel Voltage efficiency and

® Regulate electrolyte flow ® Design of the endplate Energy efficiency,

® Control the shunt current ® | oad mechanic design ® Operating mode

® Minimize flow resistance ® Assemble process ® Operating condition

I
Scale up: From cell to large stack
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Simulation: Polarization regulation and factor analysis

- Effect of flow structure on concentration - Effect of electrode structure on polarizaiton -

. . . . .
p O | ar I Zatl O n d I St r I b tl O n - L_e=0.0035, Xopt1=5.8333E-4, Xopt2=0.0011667, Xopt3=0.0016625, Xopt4=0.0066197, Xopt5=0.0060363, xupt6=0.00g4 L_e=0.0025, Xopt1=4.1667E-4, Xopt2=8.3333E-4, xopt3=0.0011875,Xopt4=o.0047963,ant5=o.0043697,ant6=o.004?1.
I I m T T T T m T T T T T T

0.08f 0.08f
F7 309.35 [ 31251 4 7 299.05 7 302.75
o075 1 301.49 304.49 9:023F 1 200 29171 205.22
300
0.07+ 1 300 293.62 296.46 0.07f 1 284.37 287.7
(a) n, distribution in XY cross-section ooes} 1 20575 [8) 200100 oes} 1R P [ v
c
bioek 1 280 S 277.88 280.41 aisel 1 260.7 272.65
J mV 270.01 272.38 — - 262.36 265.12
m 0.055 - 1 .055 - |
'7(,‘ - 262.15 264.36 260 255:02 257:6
18 9051 1 200 254.28 256.33 9.05¢ 1 247.68 250,07
0.045 - g 246.41 248.3 0.045 1 240 i 240.34 242.54
0.04} g 240 240 238.54 240.28 0.041 1 233 235.02
0.035- J 230.67 | 232.25 0.035}- ] 225.66 | 227.49
220
220 fef 218.32 fef 219.97
16 o) ] 230 ) b 222.81 | 224.22 0.03k i
bl 214.04 ful 216.2 ke 210.98 ju 212.44
g § 0.025} g
0.025} 1
bl 207.07 bl 208,17 ol 1 H 200 oo [ 20305 20492
0.02f 4 200 200 ¥ [ 1 — o b 10631 je{ 197.39
14 0.015 1 el 101,33 ju 192,12 OpAS [ 1 P 188.97 = 189.86
sl 1 - 180 el = et T 0.01f 1 180 180 b 181.63 e 182.34
0.005 - ] = 175.6  pm 176.07 0.005 ] M 17420 i 174.81
. o N | 5| i . . J= 166.05 m 167.29
r 1 160
12 ) ) ) ) 160 Llaeose L segon ) . X " 3 5 = 150.61 | 159.76
o 0007 — e = 0 0001 0002 0003  0.004  0.005m
L_e=SE-4, Xopt1=0, Xopt2=0, Xopt3=0, Xopt4=0.001203, Xopt5=0.001203, Xopt6=0.001203 c_fix(2)=-1990 mol/m® :
L_e=0.0015, Xopt1=0, X0pt2=0, X0pt3=0, Xopt4=0.003203, Xopt5=0.002203, X0pt6=0.003203 c_fix(2)=-1990 molim’ M: R e i G e S, s P Fd2) melim? %0
m T T . T
0.08f F 260.28 [ 268.25
XY-Mem 8 360 [} 3564 3 31101 260
= 254.93 2625
9975 1 346.2 303.06 150
24958 256.74
0.07f 4 340 200 335.9 295.11 S0
244.23 250.98
0.065} 4 325.6 287.16
5o 240 238.88 245.23
6 280 315.3 279.21
0:06 1 240 23354 239.47
305 271.26 s
0.055 g . 228.19 23371
294.7 263.31
aosk ] 260 222.84 227.96
’ 2845 255.36 220
0,005 280 220 217.49 2222
.045 1 74. 47.4
4 274.2 2 1 Loty 212.14 216.44
.04} 1 240 ; E
004 260 4038 99540 206.79 ff 210.69
0.0351 1 N e 200 be{ 201.44 el 204.93
0.03f g 240 220 W i B i 200 b 1061 el 109.17
2 a5k | 2331 21561 190 be{ 100.75 e 193.42
b 220 b 222.8 = 207.66 b 185.4 el 187.66
0.02 1 200
= 212.5 e 199.71 180 160 = 180.05 e 181.9
0.0151 1 200 W= 2022 | 191.76 b 1747 el 176.15
170
0 0.01f 1 180 ({1919 163,81 I 169.35 e 170.39
L i 180 = 181.7 = 175.86 164.01 164.63
0.005 - - h= 164.01 164
" = 1714 e 167.91 W 158.66 Wl 153.88
r 1 160 160
g . . . = 1611 e 159.97

0 0.001 0.002 0.003 m

Electrode thickness: 1.5mm Electrode thickness: 0.5mm



Simulation: Current density regulation and factor analysis

Introduce variance to quantitatively define uniformity of current Sz_zil(xi—i)z
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Simulation: Guide material design and optimization

Temperature distribution in the cell Velocity distribution in the membrane
u(l0*ms
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1.8
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114
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N~

Improve the permeability and thermal conductivity of the membrane by modifying the membrane to obtain
the uniformity of temperature and concentration distribution inside the battery.



New Gen weldable high power density stack

i ma.,mm 2 f* "

* DICP

10kW stack | 30kW stack

O The energy efficiency is up to 80.6%@10kW, the current density is about 195 mA/cm?.

O The energy efficiency is up to 81.8%@30kW, the cost has dropped by 40%.



New Gen Weldable high power density stack

Reduce stack volume and increase stack power
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Previous generation 30kW stack New design 70kW stack

A new 70kW stack was developed for large scale applications. The output power is more than

twice than previous 30kW stack with the same volume. The current density is 160mA/cm?.



Build a production platform with 300MW/ annual

The largest industrial equipment base for vanadium flow batteries in China has
been built. (300MW/annual)




Demonstration projects at Dalian Institute of Chemical Physics
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Dalian 100MW VFB Demonstration Project

The world’s largest 100MW/400MWh flow battery energy storage system was connected to
the grid
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Provide technical and equipment support for energy revolution and energy structure adjustment

to realize low-carbon economy.



License of New Gen VFB

PEAT LI RARAS) S

Kaifeng Contemporary New Energy Co. Ltd to construct 300MW/Year Stack Line
Finished 24MW/96MWh system integration



License of New Gen VFB

Collaboration with EcoSourcen Belgium




Predicate the Cost and Development Direction of VFB by

Machine Learning (ML) Methodology
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Energy Environ. Sci. 2020, 13, 4353-4361



Zinc Based Flow Battery
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O Large zinc reserves and low cost O Dendrite (short life)/low areal capacity

O Low potential and high energy density O Low power density, high cost of stacks



Zinc Based Flow battery
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Nat. Commun., 2021, 12, 3409 Adv. Mater., 2020, 32, 1906803 Energy Environ. Sci., 2020,13, 3527
Angew. Chem. Int. Ed., 2020, 59, 6715 Adv. Mater., 2019, 31, 1904690 Energy Environ. Sci., 2020,13, 135
J. Am. Chem. Soc. 2021, 143, 13135 Adv. Mater., 2019, 31, 1902025 Energy Environ. Sci., 2019, 12, 1834

To solve the challenges of zinc dendrites and improve areal capacity



Structure design: Regulation of charge characteristics
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Based on the mutual repulsion between the negatively charged Zn(OH),%> and the negatively charged membrane

surface, the directed zinc deposition was achieved, solving zinc dendrite/accumulation issues.

Nat. Commun. 2018, 9, 3731



Structure design: Regulation of charge characteristics

— Nanoporous membrane with negatively charges
—— Nanoporous membrane without negatively charges
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The directed zinc deposition prevented the membrane from being broken,

iIncreasing the cycling stability dramatically of batteries.



Structure design: BN composite membrane
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electrode surface temperature distribution, the uniform and dense zinc deposition was achieved.
Angew. Chem. Int. Ed. 2020, 59, 6715



Structure design: BN composite membrane
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Zinc deposition morphology was adjusted by the synergistic effect of thermal distribution and

mechanical strength, obviously increasing the lifespan and power density of batteries.



Structure design: LDH composite membrane
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The fast hydroxide ions transport behavior in LDHs channels was attributed to the mutual effect

between the hydroxyl groups, interlayer anions, and water molecules in the gallery.

Nat. Commun. 2021, 12, 3409



Structure design: Turing membrane with high specific surface area
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Upscaling process on membranes
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Applications of designed membranes in system
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A 100 kWh zinc-bromine flow battery system was successfully installed and operated in Yulin Branch,

affording a DC-DC energy efficiency of 83.25%.



New flow battery system with high energy density
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Chem. Soc. Rev. 2018, 47, 69

The high-energy-density, low-cost flow batteries is of great significance to promote the sustainable

development of FBs



Overall research idea: multi-electron transfer reaction
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Bromine based multi-electron transfer system
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» There is a halogen interaction between Cl and Br to form BrCl,-, thereby realizing the two-electron

transfer reaction of Br/Br*

Angew Chem, 2018, 57, 9141-9145;  Angew Chem, 2020, 59, 5464-5493 ACS Energy Lett. 2022, 7, 1034-1039
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)

lodine based multiple electron transfer system
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Organic Flow batteries
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Advantages:
Scalability, efficient biodegradability
Minimal environmental footprint

Highly tailorable chemical and physical properties by molecular engineering methods
Science, 2021, 372, 836. Science, 2015, 349, 1529. Chem. Soc. Rev., 2018, 47, 69



High voltage-Biphenyl based Catholyte

O Biphenols based derivatives
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Average discharge capacity 24.47 Ah L-1Energy efficiency 84.69%

Angew. Chem. Int. Ed. 2023, DOI: 10.1002/ange.202307796



Develop stable kilowatt-scale AOFBs
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Summary

O Vanadium flow battery needs to further increase power density and optimize

operation mode.

O Zinc-based flow batteries exhibit application prospects for distributed energy
storage, which have been in the stage of pilot scale-up and need to further improve

their reliability.

O Improving the stability, reliability, and energy density of organic aqueous flow
batteries and developing multi-electron transfer aqueous batteries have good

application prospects.



Acknowledgement

The ministry of Science and Technology of PRC (MOST)
National Natural Science Foundation of China (NSF)
Chinese Academy of Science (CAS)

Dalian Institute of Chemical Physics (DICP)

Dalian Rongke Energy Storage
Kaifeng Times New Energy
Belgian Cord Group

Shaanxi Huayin

Shaanxi Huaqin Energy Storage
Yantai Jinsun New Energy
Liaoyang Xinde New Material

Israel Chemical Group

53



Our cause, the future of energy

Thanks!

Contact us
Tel: +86-0411-84379669

E-mail: lixianfeng@dicp.ac.cn

Website: www.energystorage.dicp.ac.cn



	幻灯片 1
	幻灯片 2
	幻灯片 3
	幻灯片 4
	幻灯片 5: Flow Battery
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28
	幻灯片 29
	幻灯片 30
	幻灯片 31
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36
	幻灯片 37
	幻灯片 38
	幻灯片 39
	幻灯片 40
	幻灯片 41
	幻灯片 42
	幻灯片 43
	幻灯片 44
	幻灯片 45: New flow battery system with high energy density
	幻灯片 46
	幻灯片 47
	幻灯片 48
	幻灯片 49
	幻灯片 50
	幻灯片 51
	幻灯片 52
	幻灯片 53
	幻灯片 54

