CEEALER) FoCERiR WA ERAR A AR

T ] F A RR SEI 5 AL S B BB S AR

H2E PRt
Lo UK, WILAE T, 315100

2 e [R v T RS- EHge o, i T URR, W T, BRI S-NGT7 2RD
HOCHEL: A AR B TR S LA R COp AR HER 51 RS K 42 BR AR AR I 45 10 /8 H 25 51 k2 AT EE
Mro FHREER 224 AR B A AU i3 BR OCHE . RIHIFER. #0055 AT FEAE Be U 4 HY
At DL S AR, A S e AL D T AR SRR RN R A I Re R R BRI T LA A
Resll g COn [ E FBHRALHEAR BT T A RIS, G A R 3R S Ak L s 5 A PT B AR IR} A
Ree b R, B SR TR BRRHE R 2 IR A ASCK ISR R M X i RN H 2, &
SR e e LA 2 T SE I RT AR AR R ) R ORI T AT PRI AR S A R, R EAHER
WA T B A RRE . T AR RRHEE AL s BE (L B ARt Bt ) DU T 308 (1 B ol R SR} ERt =
ANJ5 T
REEW: MER; AL TTEZERORL HORH R, AR
Wi H HH: 20$$-$$-$$. U H HH: 20$$-$$-$$.
*BE RN BRIEL Tel: +86(0574)88180000(9696); E-mail: george.chen@nottingham.ac.uk.
FEGoRUE: K A RREE IS (e 5 21503246); i TRHETH (“3315 117, No. 2014A35001-1)
FIHTLA A SRR %54 (No. LY19B03004) #EH).

High Density Electrochemical Energy Storage via Regenerative Fuels
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English Abstract: The ever-increasing consumption of finite resources of fossil eH-fuels Fesewees—anF

global environmental concerns have accelerated the efforts to develop efficient and affordable

oxides to fuels in molten salts using seme-renewable energy sources Hke-such as solar and wind power is

electrochemical energy storage and electricity preduegeneration devices. Electrochemical reductioni
a

effective way for converting electrical energy to chemical energy in fuel itself; this energy can be converted
back to electricity when the fuel is electrochemically re-oxidized by-in fuel cells. These processes can bF
related with the molten salts enabled electrochemical cycling between oxides and solid fuels. Because solid

fuels is-are_a—fuelof high density and stable in air, itisthey are suitable for long term storage and Ion?
1



distance transportation. Therefore, we anticipate that the realization of eereepts-of“seasonal energy storage”
(SES) and “regional energy storage” (RES). The purpose of SES is to store energy harvested in the sunny
summer and reuse it in cold winter, whilst the RES aims to collect energy from remote desserts (sunlight to
electricity) or mountains (wind to electricity) to urban areas. Preparation and application of the regenerative
fuels using-via electrochemically methed-process in molten salts are discussed.
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2H, +0, - 2H,0(g) 9.9(888) ki-g* (1)
C+0,—CO, 9.0333) ki-g*  (2)

CH,+20, >CO,+2H,0(g) 10.0(50.0) ki-g*  (3)

4Li+0, - 2Li,0 143(308) kI-g*  (4)
4A1+30, - 2A1,0, 125(235) ki-g*  (5)
Si+0, - Si0, 114(24.3) kJ-g*  (6)
4Fe+30, - 2Fe,0, 3.07(438) kl-g*  (7)
2H, +0, - 2H,0(g) 9.988.8) ki-g* (1)
C+0,>CO, 9.0333) ki-g*  (2)

CH,+20, »CO,+2H,0(g) 10.0(50.0) kI-g*  (3)

ALi+0, —>2Li,0 14.3(30.8)kJ gfl (A)
4Al+30, > 2Al,0, 12.5(23.5) kJ-g* (5)
Si+0, - SiO, 11.4(24.3) kJ-g™ (6)
4Fe+30, — 2Fe,0, 3.07(4.38) ki-g™ (7)
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Fig. 1. FFC Cambridge Process
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AQ, +ye” — xA+30% (8)

n0* +C —»CO,+2ne- n=1or 2 (9)
yO* —> 10, +2ye- (10)
AO, - xA+30, (11)
A0, +C — xA+4CO, (12)

Fig. 2. SEM images of some raw oxides and theirs corresponding metals and its alloy.
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co, 0.
2 Principle: Solar energy devices provide
( electricity and heat for electrolysis of

Ao o

molten salt

V& \ bath
\\ conc. solar

at (CSH)

CO; (and H,0) absorbed in molten salt
into O, gas (anode) and solid carbon/CO
(or hydrocarbons) (cathode).

€0, =C+0,

U=1.024 V(673 K)
€O, +2H,0 = CH, + 20,

U= 1037 V (673 K)
2€0,=2C0 +0,

U= 1.162 V (673 K)

Energy storage density:

Carbon powder (Apparent density of packed
carbon powder: 0792 gimL)

25.97 MJIL (7.21 kKWhiL)
Methanol (Density: 0.792 gimL)
16.71 MJIL (4.64 KWhiL)

(PV) solar dish

Si solar panel|
(parabolic)

O

electricity

3 HIHCRA ReJA Eh 4 3k — Ak i
Fig. 3. Capture CO totally using the sun's energy.

19 tHE247, BF 752 01000 A T R A e R 2, (2 AR I B TR T ko ARBIF FL4H4E CO2 8 No+CO2
S5 540~700°C. /LN 3.0~5.0 V [F1## LioCOs-KoCOs I FLAE B, FRMARZR T CO2 (1Lt
R 8, R IR MALEE AN 13~19. 7ERIMK, BRIRIRMIE A3 3 AR A E 1 (R 13),
AR AR T LS AR RS A RIS T (3R 14D FERRML, AERRIEE TR B R T A RES

(R 15), RN, RIS TRERTAM COMES (R 16); FHuamMam=R 17 M= 18. M7~
SRR, BRI 19, B AR B L R A A

COZ +4e” —>C+30" (13)
CO,+0” «<>CO (14)
0* -10, +2e (15)

COZ* —CO0,+10, +2¢” (16)

COf -»0* +0,+C (17)
3C0Z —30% +2C0, +0, +C (18)
CO, »>C+0, (19)



___ Silicone bung seal &
/ support for electrode
<+~ Carbon COZ

dioxide inlet - T
Reference ~ —~
electrode — __ Counter 3 %
Working __ .) _~~  electrode 2 e
clectrode o —Insulation ® ®
Moiten Crucible
salt
— Tube
furnace
Support Retort

Stainless
Open-able steel retort

tube furnﬁé

4 SEE AR AL A R AR SR R B e
Fig. 4. The laboratory-scale conversion of carbon dioxide to solid carbon via molten carbonate

electrolysis.
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40V 30V 25V 20V
“

K5 EARASmmE AN A EAETA0 CCHJE Rl Li2COsH AN R N FI T 3 K 4.0VIRF U H Ak
SEMAITEMIE A 110

Fig. 5. Up: 5.0 mm diameter mild steel rod electrodes coated with deposited carbon after electrolysis in
molten Li.COs3 at 740 °C and 2.0, 2.5, 3.0, and 4.0 V; down: SEM and TEM images of carbon deposited at
4.0 V in molten Li.COs at 740 °C under the CO; atmosphere.
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With a few modifications an intemal combustion engine could run on metal fuel. Unlike a petrol or diesel engine, this design will
produce almost no pollutants

NG

N

Stabilized N\
metal Two-phase products
flame (oxide and gas)

Metal-air
fuel
mixture

COLLECTOR

K6 AR A B s 2

Fig. 6. Concept drawing of metal-fuelled internal-combustion engine.[?2
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800°C. [ LLNL sZ4% Cooper HF7T4H LL 800°C fIMA L 3296Li,COs-68% KoCOs A HARST,
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ANFRAE ., FOBThER N, KSR . R A KOs, RG] S A 56 ) e,

K7 BRI ) R RDCFC (C) I B /R 2 (2327
Fig. 7. (a) A sketch of a DCFC built by William Jacques in 1896. (b) A 1 kW direct carbon fuel cell

apparatus used by William Jacques. (c) A design proposed by CCE of a direct carbon fuel cell based on

SOFC and fluidized bed technologies. 23271

y
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80 4y F TR 1 AR i, 25 SR S A R AR 22 5 S — 0, A0 sk A AR AR A T rBAR TR IR I 450 mA
1E HLIAL TR 600s J&, PR TH VTR LT 58 BB I AR, TIERA T 1S R £k sk 1) B TR - F- 44
SUN LI I BUIR U

a 0 b Electro-oxidation, 450 mA, 574 °C, CO.
ATA —Sean 1 2
50 '.".‘ —---Held at-20 Vfor 10s 0.9 2C0.> =2C0,+ 0, +4e- (Ad)
(AT 06
. J\ 2 AR M o3
< 00 v —
2 y 0.0 20%=0,+4e
€ 0]
o | -0.3
5 60
(8 -0.6
90 Scan rate: 60 mV/s C+2C0#=3C0,+4e (A3)
Working electrode: 0,25 mm dia, Ptwire 09 50 mA. 574 °C
» ct Molten salt temp.: 540 °C 450 mA, 574 °C,
120 Motten sakt comp.: Li,CO;-K,CO; 121 c+202=C0,+4e (A1) Li,CO:K,CO,
-15.0 -15
21 -8 -15 -12 -09 -06 -03 00 03 08 0 200 400 600 800 1000
C Potential vs.Ag/AgCl (V) Time (s)

After electro-deposition

Electro-deposition: -2.77 V.
WE: 5 mm dia. mild steel rod;

R i CE: 10 mm dia. graphite rod;
o LA RE: Ag/AgCl (Al,0; membrane)
MS: Li,CO,-K,CO; (molar ratio: 62:38).
At the end of 2" plateau (A3)

K8 A RBRIR #h DT - 7R
Fig. 8. (a) CVs of a Pt wire in molten Li>COs-K2COs at 540 °C; (b) Chronopotentiometric plots for anodic
oxidation of the electro-deposited carbon in the same molten salt under CO; (c) The photographs show the
working electrode with the carbon deposit and after anodic oxidation.
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BRI, BRIBCEAZAN b [ R 27 B Bl B BT U £ 4258, Cheng Peng 8 3 Vi 17 (29— Fih
Al E R A Sk E F i (Molten Salt Iron-Oxygen Battery, MIB), N AT 24 fior, HIBE R
FIE IR e MR . B 9 il 4 (¥ FT A Eh 4k S e it 1 4 S L LA S R R . IS R (— ) NifFe
Fe3* + O%, molten salts | YSZ | Ag/air (+), FERR IR Bk EL 25 [Li2COs+Li20+Fe O3] FH LA T2 8 B4R
e85 YSZ, LAFIRE Y 800-850°C; fEHI#H Y 1 Acm®, 800°C i, JLjkHiZA &y 240.0 mAh gt
5 720.0 mAh cm™®, 7B 200 AR RIEAASTE, ECMFES.

Fe,0, <> 2Fe+ 340, (24)
c 8
a
- Q &
f - ¥
Ni | Molten sait YSZ Ag

Current (mA)

s & L 6 o 8 F o o

Coulombic efficiency (%)

Cycle number
K19 JARhER R T I B R B S5 K S R L AP R
Fig. 9. (a) Drawing of the MIB in the discharging mode; b) An SEM image showing the interface between

molten salt and YSZ; ¢) An SEM image showing the interface between the silver electrode and YSZ; (d)
CVs of hematite in Li.CO3z at 800 (blue), 825 (olive), 850 (orange), and 875°C (red), respectively, and the
CV of Li.COs at 800°C (black); (e) Variation of specific capacity (black) and coulombic efficiency (red) of
the MIB in the first 50 galvanostatic cycles.

4. RERE

Fsfih b 58 4 < R B T AR R R A B T, AR BRRE R, B D5
m, TR E TR, OGRS T AT R R BT R S AR AR UL AR A
JRNEE) 2R o DU R R PR S SRR T e Ak, I COp A ATk 2 (1] LAl 2
TE3 . [EAEREHE e thar, 5 TR, TREKIEREH. Bk, A2 5O H
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Fig. 10. Schematic illustration of the concepts of (a) seasonal energy storage (SES), and (b) reginal energy

storage (RES) based on electrochemical cycling between carbon and CO2 in molten salts.
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