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Concentrated electrolytes: a less explored regime

Dilute electrolyte

/ ’\ ‘,’. solvent >| ¢ i T
A YA
\ , / P 4 \ \ ........ Li*4 'g
\ \ / S .
freeanlon I I= 2 Z

 Solvent outhnumbers ions
« Weak ion-ion interactions

* lons fully separated by solvent

l ionic streng'jth

Regular electrolyte

Maximal conductivity
Default choice for most
applications

For example,
 1-2M LiPFg in EC-DMC

Y. Yamada, Bull. Chem. Soc. Jpn. 2020, 93, 109.

Concentrated electrolyte

(CIP)

aggregate
(AGG)

Not enough solvents to screen charge

Solvent-in-salt: solvent < ions
Molten salt: solvent—0

Strong ion-ion interactions
lon pair, aggregate, clusters and network
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Concentrated electrolytes: application gaps

Lithium and alkali battery = Concentrated Other applications
: - A" electrolyte
\
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Time (h)
4M. LiFSI—DME .
S « Concentrated electrolytes enables unprecedented
T performance
1M LiFSI-DME . . .
7 o « They may offer new opportunities for other applications
'g 60 % ::?f mA cm .
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g 40| B C. Wang, K. Xu, Science (80-. ). 2015, 350, 938.
§ 20l ',I/"’-"i- O. Borodin, C. Wang, K. Xu, Joule 2020, 4, 69.
g | MHRFC . | X. Ji, Chem. Commun. 2018, 54, 14097.
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F. Pan, Funct. Mater. Lett. 2017, 10, 1.



Concentrated electrolytes: fundamental gaps

 How do the strong ion-ion interaction affect electrolyte structure and properties?
« How do we model and predict such effects?

Concentrated electrolyte

Classical model (Nernst Equation)
RT

' E=E — =1 ?
Thermodynamics — @ ¢
A = i G
Vehicle mechanism Hopping/structural
o — 2 Z 22 Ci D, mechanism
—~ ' RT L
Transport ’ Kinetic Monte Carlo,

Nernst-Einstein relation

Debye—Huckel-Onsager theory,
Fuoss—Onsager, Pitzer equation

Continuous-Time Random
Walk, Molecular Dynamics



Outline

Theory

Applications Mechanistic Picture

electrolyte electrod

Iron

26 Fe2+ AG,;, Fe(s)-2e(:
3
Fe o
55.845 / v
Fe**(l) _ =

How do concentrated
electrolytes solve the
problems in applications?

How do we model and predict
the electrochemical behavior?

Why the unprecedented
performance?



Fe metal battery: low-cost energy storage

Intercalation
Fe?* + 2e"+ H=FeH

Conversion

2Fe3* + 2e= 2Fe?*
Br, + 2e= 2Br

Fe metal battery

cathode electrolyte

Fe2*

Fe2*

Fe
2e

N

|

—-

X. Ji et al, Adv. Funct. Mater. 2019, 29, 1.,
P. Liu, et al. J. Power Sources 2021.,
R. F. Savinell, J. Electrochem. Soc. 2019, 166, A1725.

In acidic environment
Fe < Fe?* + 2e
(discharge)
Fe’*+2e — Fe
(charge)



Challenge of Fe metal battery

06 Potential lost electric charge  coylombic efficiency

"~ 10.5 M FecCl, | /1001
_04] - |
> | Fe-2e =Fe?* 80 -
o 024 | discharge capacity | /' ] Average CE=81.8%
LL | < PP )
oS _ | A 2 60- i . .
& | | = Coulombic efficiency (CE)
@ 00 -F-----------mm - 8 | = discharge capacity /charge [capacity
= charge capacity 40 -
024 I ‘
2 I Fe’*+2e =Fe i 204 A long-cycle battery (>1000 cycles)
044 ; | ->CE>99.9%

!l ' 1 ' I i : I 0 T T T T T T T T T T T
0.0 0.5 1.0 1.5 0 10 20 30 40 50
Capacity (mAh) Cycle number

Cu|Fecell, 1 mA/cm2, 1 hour, 0.5V

J. Liu, D. Bedrov*, T. Gao*, et. al., ACS Cent. Sci. 2022

Very low coulombic efficiency of the
Fe metal anode in regular electrolytes



Fe electrowinning: sustainable ironmaking

Traditional route Electrowinning

l

Basic Oxygen
Furnace

Iron Ore
Iron Ore Carbon (Coal) Iron Carbon Dioxide
Fe, O, + C = Fe + CO,

Fe** +2e — Fe

 Iron and steel industry accounts for 8% of industry CO, emission .
Electro-deposition

* Blast furnace route produces 71% of global crude iron

Rauwerdink, A. Steel Production through Electrolysis: Impacts for Electricity Consumption. 2019.



Challenge of Fe electrowinning

Faradaic Efficiency of Fe electrowinning

100

80 -

efficiency < 55%

®))
)
N 1 N

AN
o
I

Efficiency (%)

20 -

0 200 400 600 800 1000
Current density (mA/cm?)

Very low faradaic efficiency ( < 55%) at
practical currents (>50 mA/cm?)

J. Liu, T. Gao*, ChemRxiv 2024, DOI 10.26434/chemrxiv-2024-stwdn.
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Fe electro-deposition: regular vs concentrated electrolytes

Regular vs concentrated e|ECtrO|YtES ionic strength dependence
100+ vz pIH=1 i 100 - 99.1 98 6
1 [ JpH=2 ; 926 ) 97.7 '
90 - | i 204 | baseline+
J ! E 835 954 xVi MgCIZ 94.8
;? 80 - 179.4 580-1r— | :\5
vau s % i %0
0 1
70 - :
: % 85.9
' | 8541  84.0
60 - ! %
: / b 181.8
01-2 - A % ' 1 got—1 L I 11
05M ! 30M ! Baseline + 0 05 15 25 35 45 48 53
FeCl, : FeCl, : 2.5M MgCl, concentration (mol/L)
Baseline | | CaCl,
' With » With support salts e Concentrated electrolytes show
 more . oo . .
\ "\ Fez* | I significantly improved coulombic
| | efficiency than regular electrolytes

regular concentrated electrolytes
J. Liu, D. Bedrov*, T. Gao*, et. al., ACS Cent. Sci. 2022
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Fe battery in concentrated electrolytes

All-Fe flow battery (Fe3*/Fe)

27 -l .
soall! voltage profiles Cycle life
2.0 16
Regular electrolyte =
<C
1.6—\ . E12.
< S— TR 2
2,1 9 - N — N E E concentrated
> " concentrated TE § 8- : electrolytes
= electrolytes Ea ¢
= 0.8+ ST o |
- O g 4 \ Regular electrolyte
0.4- 5
|' 10th 10th
0 100 200 300 400 500 %0 100 150 200 250 300
Time (s) Cycle number
Cathode: 2Fe*" + 2e” -> 2Fe*  Significantly better cycle life with concentrated
. - - 2+

Unpublished results



Fe electrowinning in concentrated electrolytes

Fe electrowinning cell Thick and compact
100- —o— T
concentrated Faradaic
_ 80+ electrolytes efficiency > 95%
X ] 50 mA/cm?
> 607 @/ _______________
_5 Faradaic
g 40- efficiency < 55%
LL] ‘ 2
204 mA/cm
. Regular
0- 6 electrolyte el e
0 200 400 600 800 1000 Thin and loose
Cathode: Fe** + 2e - Fe Current density (mA/cm?)

* Significantly improved efficiency and deposit quality in
concentrated electrolytes

J. Liu, T. Gao*, ChemRxiv 2024, DOI 10.26434/chemrxiv-2024-stwdn. 12



Outline

Theory

Applications Mechanistic Picture

Fe electrowinning efficiency

electrolyte electrod
100- *—
concentrated Faradaic
80+ electrolytes efficiency > 95%
S @50 mA/cm? Fe2+ A Gsolv Fe(s)-2e(:
> 60 A
_5 Faradaic
é 40+ efficiency < 55% AG
L 2
04 mA/cm / v dep
Regular
0- electrolyte F82+ (I)

0 200 400 600 800 1000
Current density (mA/cm?)

How do we model and predict
the electrochemical behavior?

Why the unprecedented
performance?

J. Liu, D. Bedrov*, T. Gao*, et. al., ACS Cent. Sci. 2022
J. Liu, T. Gao*, ChemRxiv 2024, DOI 10.26434/chemrxiv-2024-stwdn.



Competing reduction reactions

Desired reactions .
1. Reduction of Fe?*

Fe** + 2e"-» Fe

Inorganic anions: ClO,’, NO;"
Organic anions: OTF-, TFSI-
Halides: can not be further reduced

2. Reduction of anion

Parasitic reactions

0
2
4+ e
é
H

2

3. Reduction of solvent (water)
2H,0+ 2e" - H,+20H

FeZ*
Their relative reactivity determines

e Selectivity of reduction reaction (Faradaic efficiency)
* The quality of Fe deposits (morphology, purity, etc.)

14



Strong HER in regular electrolytes

Constant current electrolysis
Thermodynamics

~ HER 0,118V vs SHE at
pH=2

320 mV at eq

-0.44V vs SHE at
Fe deposition standard condition

Equilibrium potential

Lots of bubbles

J. Liu, D. Bedrov*, T. Gao¥*, et. al., ACS Cent. Sci. 2022
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Concentrated electrolytes reduce water reactivity*

Current density (mA/cm?)

Linear scanning voltammetry

baseline+
xM MgCl,

0.0

Fe?*+ 2e =Fe
-0.1 -

Increasing
ionic strength

-0.2- baseline

2H*+2e'=H,
-1.0

-0.5
Potential vs Fe RE (V)

J. Liu, D. Bedrov*, T. Gao*, et. al.,
ACS Cent. Sci. 2022

Potential window / V

3.0

2.0

1.5

2.5

Less water - reduced water

activity
. Electrochemical |
\1\ stability window |
~ ~ -1
i \\\ESW (Cwater) i
e
~
i \\% > i
| m Nacio, SO 1
A PDsS ~
[ W NaNO, q\'
L ¢ LiNO, -
| 4 LiTFSA .
% H,SO, <. .
S oo Increasing ionic
[ O HPO, strength
- A NaOH ~ -I
. I ] 1 | 1 . 1 . 1 ."2"_
0 10 20 30 40 50

Water concentration / mol dm™

T. Fukutsuka, K. Miyazaki, T. Abe, J.
Electrochem. Soc. 2018, 165, A3299.

*also see: X. Ji, eScience 2021, 1, 99. O. Borodin, Joule 2020, 4, 69.

Intensity (cts)

less H-bond =
stronger O-H bond

FERMI-4.5
FERMI-5.3

DA
3600

3200
Raman shift (1/cm)

2800 400

J. Liu, D. Bedrov*, T. Gao*, et. al.,
ACS Cent. Sci. 2022
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Concentrated electrolytes enhance Fe?* reactivity

E

Fe?*+ 2e «— Fe

n
Fe?*+2e - Fe

1 Open CirCl.Ji.t relaxation Current applied

after depositing a fresh Fe o
o >
o metal c
— —
® X
= 3
o A S
v f n 5 o
< O o
w E -
x o
m €q 2 w’

1 mA/cm
0 : ;
time

Concentrated electrolytes =
promote Fe deposition both
thermodynamically and
kinetically

Thermodynamics (E)

Increasing ionic strength

250 ' ' ' ' ' : ‘
E.,of Fe**/Fe o iodide
200
°
150 ®
chloride, pH=3
100/
6
50 ¢ . w
0b 0 0 Ichlo‘ride, .pH:Z.
4 8 12 16 20 24 28

Cl/Fe molar ratio
E increases by
* >90mVin chloride

e >220 mV iniodide
|

benchmark (mV)

|nl=1nl

Kinetics (n)

Increasing ionic strength

| chloride, pH=3 ¢

overpotential © B

12 16 20 24 28
Cl/Fe molar ratio

4 8

n decreases by > 100
mV in chloride

Y
Promote Fe?* reactivity by > 190-320 mV

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 17



Holistic mechanism underlying enhanced efficiency of Fe deposition

Fe deposition

Fe2* ’\+(i'
Fe*
/

anion

HER

éﬂe-
H

2

Fe*

Potential

Increasing ionic strength

Dilute

HER

320 mV at eq

Fe deposition

water reactivityJd,

Potential

A

Concentrated

HER

I + ~90 mV thermo
+ ~100 mV Kinetics

Fe deposition

Fe deposition reactivity

Selectivity toward Fe deposition, faradaic efficiency

<55%

> 99%

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 18



TM deposition potential (E) in aqueous chloride electrolyte

 Examined Period 4 TM metals for their deposition potential in chloride electrolytes

* 5 TM metals that can be electro-deposited in aqueous solutions
* Including Fe?*/Fe, Cr?*/Cr (-0.9V vs SHE), Co?*/Co(-0.28V vs SHE), Ni%*/Ni(-0.257V vs SHE), Zn?*/Zn(-0.76V vs SHE)

0.5m FeCl;+ CaCl, 100 0.5m CoCl,+CacCl,

— 150 0/
1001 Exp-Stationary 100 e Exp
o Exp-Rotating + 801 e
801 i» f 801 “ 100 ~ —201
- ~ S 60/ = >
% 60 $ T 60 E ’ g £
: = | 53]
< 40! | 2 40/ 40 o R 2 40
_ 201 o 1
00y Fe| 2 Cr Co . Ni| -,
or b 0 0} , ‘ . ' ' ‘ 0 2 4 6
0 2 4 6 2 4 : 0 2 4 6 0 2 4 6
CaCl, molality (mol/kg) 0 CaCl, (mol/kg) ° CaCl; (mol/kg) CaCl, (mol/kg) Cacl, (mol/kg)
FeCl, 120
120 =
100 sosaioen o Deposition potential highly dependent on electrolyte ™
: 80
%8" | * E increases with ionic strength by ~80-150 mV e
E 60 !
3. | * Except for ZnCl,+support salt 5
' . 20
2ol Fe * But include concentrated ZnCl, )
2 4 9]
0 Zn molality (mol/kg)

1 2 3 4 5 6 7
FeCl, molality (mol/kg) J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 .,



Outline

Theory

Applications Mechanistic Picture

Fe electrowinning efficiency

electrolyte electrod
100- *—
concentrated Faradaic
80+ electrolytes efficiency > 95%
S @50 mA/cm? Fe2+ A Gsolv Fe(s)-2e(:
> 60 A
_5 Faradaic
é 40+ efficiency < 55% AG
L 2
04 mA/cm / v dep
Regular
0- electrolyte F82+ (I)

0 200 400 600 800 1000
Current density (mA/cm?)

How do we model and predict
the electrochemical behavior?

Why the unprecedented
performance?

J. Liu, D. Bedrov*, T. Gao*, et. al., ACS Cent. Sci. 2022
J. Liu, T. Gao*, ChemRxiv 2024, DOI 10.26434/chemrxiv-2024-stwdn.



Thermodynamics of electro-deposition: classical model
Classical model
Fe*"(l) + 2e” < Fe(s)

electrolyte  electrode
Deposition energy

Adpoy = A0 + RTlnz(ZFeH)
A = — = —nFA L

Ggep =G5~ G nFA¢ Fe(s)-2e(; Nernst Equation
Interfacial potential drop ‘AG FA¢p

2+ dep —

Ap = - P, G, st il — .
Measured deposition . ‘ RTIn ag,2+
potential at equilibrium Rpezt = = = = -0 lid
Eeq= Apeq Acpeq™ L

Fe’* <> Fe — 2e”
G, = u;ez++ RTlnaFez{r Ge=Upe—2U,

Only this term depends on electrolyte

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 2



Prediction of Nernst Equation

FeCl,

Exp-Stationary

1 2 3 4 5 6
FeCl, molality (mol/kg)

7

0.5m FeCl,+ CaCl,

Nernst equation works well at low ionic

strength

But fails at high ionic strength
* Big gap between experiment and

prediction

Exp-Stationary
o Exp-Rotating +
! 2
]
¢ 2
;4,
0 1 2 3 4 5 6 7
CaCl; molality (mol/kg)
>
E
[
<

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026

ch12
1001 ‘A(/
EXp
801 _05@
S
3
60 o)
401
20 o
0 | T
2 4 6
Zn molality (mol/Kg)
/n
0 -\ : /
Nernst-Mode]
\4
—60- Exp
0 2 4 6

CaCl, (mol/kg)




Why? strong Fe-Cl interactions leads to complex formation

X-ray absorption spectroscopy (XAS)

Fe K-edge Near Edge Structure

9)}
1

BN
1

Normalised absorption

I\
I/

FeCl, aq. sol i\
4M, RT 1
8 Wi . 022 /]
i

3M. RT

Octahedral /

| coordination P
i

/|

/

FeSO,7H,0 S

 2M,RT

a-Ad AL

m80°c_ /|

| me0’c _//
1M, 50°C
| 1M.40°C_

1M, 30°C

™ FeCI3 aq. sol

| I
7140 7160

E (eV)

1 I
7100 7120

71®ilute electrolyte

Extended Fine Structure

Experiment
Best fit EXAFS model

[FeCI(H,0);]*

Oxygen

[ L
[ I | [

FT magnitude (arb. units)

N
PN Y

< 0.5 m FeCl, °
Water/cation >100

M. V. Luin. Uros, Iztok. Arcon, Molecules 2022, 27, 1.

Absorbance

UV-vis spectroscopy

5 10°C

[Fe<*]=0.103m Total absorbance
4 [C[=5.77m y,

d
3 —
2 |
T Fe2*  _
0{—=———""" " T 77 Fec,” ~
I | I |
36000 39000 42000 45000

Wavenumber (cm'1)
Fe-Cl complex at RT
* Octahedral coordination
* FeCl*, FeCl,, No FeCI3
e Tetrahedral FeCl, only at high T

Concentrated electrolyte
water/cation - 5-6
e.g., 0.5m FeCl, + 8 m CaCl,

R. Zhao, P. Pan, Can. J. Chem 2001, 79, 131.
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Complex formation equilibria in Fe?* chloride solution

Increasing ionic strength, water/Fe {,, Cl/Fe
Fe?* - FeCl* - FeCl, - FeCl;>  Average ClI" number

Dilute: 0.5 m FeCl, 75.4% 23.8% ~0 %

Concentrated: 5.1% 45.2% 48.8 %
0.5 m FeCl, + 6.5m CaCl,

100
0.5 m FeCl,+ x m CaCl,

801
601

20/ Fe

0 S — & FeGli= S
0 2 4 6
CaCl; molality (mol/kg)

0% x=0.25
<1 % x=1.42 (water not shown)

Chemical equilibria (with complex stability constant)

dFeC]2—
ape2+ (ag-)*

KFeCl)Z(_X =

Mass balance

mFe == mFeZ+ + mFecl+ + mFeClz + mFeClgT + mFeClZ_

Thermodynamics of ions (Pitzer model)

2V,U,
Inyy = |zgz:|fY + y mBY

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 24



Thermodynamics: model considering complex

Classical model (not consider complex) Consider complex
Fe’" (1) + 2e«> Fe(s) Fe(H,0)q_,Cl27*(1) + 2e~ <> Fe(s) + (6 — x)H,0(1) + xCL (1)
electrolyte electrod electrolyte electrod
Fe(s)-2e(
Fe? G FeZ
, ‘ AGgep = —nFAD
F62+ (I) 1Achomplex
G —p—————m m—_—_—_ 4 e e e =
. I RTIn Arpe2+ . I RTIn Ape2+
Hpg2+ mm — = = - Upo2+ = =
liquid | solid liquid | solid
Fe’" <> Fe — 2e~
o erentede Fe(H,0)5.CE , Fe— 26
Gl = ,LlFez++ RTlnaFez+ Gs= ‘uFe—Z,ue —(6 _ X)HZO — xCl™

G = 'u;ez++ RTInag.z+ + Achomplex Gs= Upe—2Ue
Complex formation
Fe?*() + (6 — x)H,0(1) + xCl~ - Fe(H,0)¢_,CI27%(D) Apeog = Ap° +
AchomplexzdfGocomplex + RTInQ

RTln(aFez"') + A.Gcomplex Eeq= A¢eq'
2F 2F Adpe,®

Activity of Complex
Fe2+  formation energy 25

No fitting parameters



Model prediction: Fe

120 FGCIQ >
' Exp-Stationary éé‘
100+ o°
</
Q\}.I:
1 2 3 4 5 6 7

Fe molality (mol/kg)

0.5m FeCl,+ CaCl,

O

Exp-Stationary

Exp-Rotating

2 4 6
CaCl, molality (mol/kg)

Our theoretical model is consistent with experimental results in all ionic strength

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 26



Model generalizability

120

100+

80

60

AE (mV)

401

201

Zn3*

Zn2+

2 4
Zn molality (mol/kg)

AE (mV)

4
3
Zn2+ 2
1
. : : 0
2 4 6
CaCl, molality (mol/kg)
Electrod
Zn(s)-2e"
(9266 .
AG,

Zn2+

AE (mV)

150

1257

100

751

50

251

coz+

2 4
Co molality (mol/kg)

6

0 2 4 6
CaCl, molality (mol/kg)

Our theoretical model is
generalizable to other TM metals

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 27



Conclusion * Concentrated electrolytes offer new opportunities for
electrochemical technologies

* Fe battery and electrowinning

Fe metal O,

Anode

. * cem - * Mechanistic studies discover concentrated electrolytes

2 -1 0 1 2 3 4 5 6 7

* Enhance Fe?*reactivity
I  TM deposition potential depends on electrolyte composition

I "‘?gomv\;r:(?"mt? * Nernst model unable to predict because the strong ion-ion
mV xinetics interaction results in complex formation

Fe deposition

* Thermodynamic model considering complex formation

A, = AG° + RTin(a,2+) o A Geomptex * No fitting parameters, chemistry agonistic
“a 2F 2F * Accurately predicts deposition potential in
Activity of ~ Complex concentrated electrolytes

Fe2*  formation energy

J. Liu, T. Gao*, et al., J. Phys. Chem. C, 2026 )8
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Why Fe?

GLOBAL PRIMARY METAL AND ORE PRODUCTION

ALL METAL & ORES ‘INDUSTRIAL' METAL
- i & ORES
| e I Iﬂmlm
: HamMT
I
I
! :nloitermdlmdau
: 1200.8 MT
I
i .
, |
, |
" ]
, |
i |
, |
l l
" |
l l
" |
, I
I '
I '
I l
: I
' I
. 1
1 frl MT = Milion tonnes

Gilobal production of primary metals and ores. Source: British Geological Survey 2019.

REEs- Au PGMs
20 KT] 3KT l ‘ 05KT
v i

‘TECHNOLOGY' &
PRECIOUS METALS

—Ag
28KT

77KT

The second abundant metal in
earth crust

« 800 billion tons reserve

* a massive resource

The most produced metal
* Fe: $600/ton
« Zn: $3000/ton
- Li: $100,000/ton

abundant
mass produced
cheap
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Lithium deposition potential (E) in non-aqueous electrolytes

E vs. LILI* in 1 mol dm™ LITFSA/G3 /V

E vs. Li/lLi* in 1 mol dm™ LiTFSA/G3 / V

-01F

04

03+
-0.4

03F
0.2F
0.1}
00F
-0.1+F
0.2+

Solvent dependence

T

04

0.3+

0.2+

0.1¢

0.0r

0.5 00

-1.0
log (¢, / mol dm™)

-0.1
!

E,; (V versus Li/Li" in 1 M LiFSI/DME)

e — — — — — — — _ _ l‘ Increasing E, increasing efficiency
— - E,, (V versus Fc/Fc”)
C.
’ :' THE 650 mV -3.5 -3.4 -3.3 32 31 -3.0 -2.9
st o@® ' '
GBL 100 DME: IULLIEI"F& 1. 4-Dioxane THF doluene DMM
8 oo © o SR LMD ’
THF
Tgp v ;@ 1A
L KAl A immrsmne
SDOMS - O DM E.HFE ssiP  CIP AGG
LilLi* potentual in 1 mol dm™ LiTFSA solution E 80 - " [ ] ¥ Sulfolane Solvation
A 1 " 1 A I M 1 L _g_ 0.6 -2.8
0 5 10 15 20 25 30 35 E . g d d T.HP
Donor number of solvent o o . =} epen ence o
e ~7O /0 . @ 0.4 DMM.. M 130 o
- —_— 34 = ~
Concentration dependence S so- @ . .{HF e s
= o
- E 2 1 ‘ 1,4-Dioxane k= @
—@— THF-LITFSA mixture ﬁ S DME g
G1-LITFSA madure e _A- o § lolue¢ DME:HFE Py
G2-LiTFSA mixture m o 0 34 =
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'd: w
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500 mv INncraase 710 7:;0 730 7:110 7§0 1 760
~500 mV Raman peak position (cm™) |
?0 K 'l L L L > I
0 01 0.2 0.3 0.4 0.5

K. Dokko, Phys. Chem. Chem. Phys. 2021, 23, 21419.
Y. Yamada, Nat. Energy 2022, 7, 1217.
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Thermodynamics of Fe chemistry in aqueous environment

Pourbaix diagram of Fe*

1.6 + - e
2. FeZ* can only exist in
1.2 + F 3:'\92\* 9N+ 4 ) y_ +
e e S = 24 acid solutions
Water reduction . ~ 2%

-0.118V vs SHE at
pH=2 4 -

>
Fe2*reduction ~&_ 7
(electro-deposition) -0.4 -
-0.44V vs SHE at 08
standard condition '
-1.2
2

Water reduction: thermodynamically more favorable — hydrogen evolution reaction (HER)

*https://chem.libretexts.org/, calculated under standard conditions and Fe concentration of 1 uM



Prediction of Nernst Equation

Thermodynamics of electrodeposition

Mixed electrolyte

Nernst model
Fe** +2e~ - Fe
RTln(aFez+)

2F
Ape2+= Mpg2+ VFez"'

Eeq: 0

by
®
_Q

A

14

Pitzer model

A

I1>1M

* Debye-Huckel model
* Davies model
e Pitzer model

Thermodynamics of electrolyte

solutions

Nernst Model works well at low ionic strength
But fails at high ionic strength

J. Liu, T. Gao*, in prep, 2025
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Model sensitivity to Pitzer parameter

a (0.5m FeCl2+ CaCl2 b 0.5m ZnCI2+ CaCl2
I 20
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| : 0
B0 _
- EU: —— Our model —20 |
m 19 y —40
201 _ /
0 =" [
-20/ —B0
4 8 12 16 20 24 28 T4 8 12 16 20 24 28
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C d
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]I:Iﬂ- 1 [ ]
| | i
B ]
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= G I
: 4
- 4 1
3 ™~
20 L +—3
.
Q¥
-2 — B0
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CliFe molar ratio CliEn molar atio

Different Pitzer parameter sets from different literature won't affect the prediction accuracy
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Concentrated electrolyte: w/ different support salt

CE%

100 ~
| 90.3

80

60

40

91.82

0.5M FeCl,+ 5M MCI
948 039

89.1 g7

88.5

27

— 1

base

! ' l ' ' I ' | ' | : | : |
NH4 Li+ Na+ K+ Mg2+ Ca2+ Zn2+ Al3+

Cation (5M CI-)

Unpublished results

ine

» Typical Fe inorganic salt has limited
solubility
* FeCl,: 3.57M; FeSO,: 3.0M

* Co-cations have higher solubility
* Alkali metal: Li, Na, K
* Alkali earth metal: Mg, Ca
* Other: Al,NH,* ..

* Anion-rich electrolytes
* anion/Fe ratio >2 by adding co-salt
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Less H-bond due to ion-water interaction in concentrated electrolytes

FERMI-4.5
FERMI-5.3

Intensity (cts)

2800 3200 3600  400C
Raman shift (1/cm)

Sun, Q. (2009), Vibrational Spectroscopy, 51(2), pp. 213-217.

0.5M FeCl, R 0.5M FeCl,+4.5M MgCl,

4 B 4 o
3 ’ " 3 R
<2 o R
z e z .
o ] !
ine b
0 0
0 1 2 3 " , 0 1 2 3 4 ;
N N,

 Less DDAA and DDA water

* H-bond per water reduces from 3.2 to 2.2
 H-bond length increases (from 2.02 A to 2.085 A)
e Shorter and stiffer O-H covalent bond

J. Liu, D. Bedrov*, T. Gao*, et. al., ACS Cent. Sci. 2022
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