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Parting the sea of confusion in molten salt electrochemical measurements
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Field of Cells

If you built it,
they will charge

Al-generated image from Microsoft Co-Pilot
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Data Digitized From: Beesley, B. A., Vece, N. G., & Johnson-Ulrich, Z. (2024). Undergraduate imposter syndrome rates between
gender and field of study. Psi Chi Journal of Psychological Research, 29(2), 86-93. https://doi.org/10.24839/2325-7342.JN29.2.86
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PhD Students

Depression (24%)
Anxiety (17%)

General Population

Depression (5%)
Anxiety (7%)

Satinsky, E. N., Kimura, T., Kiang, M. V., Abebe, R.,
Cunningham, S., Lee, H., Lin, X., Liu, C. H., Rudan,
I., Sen, S., Tomlinson, M., Yaver, M., & Tsai, A. C.
(2021). Systematic review and meta-analysis of
depression, anxiety, and suicidal ideation among
Ph.D. students. Scientific Reports, 11(1), 14370.
https://doi.org/10.1038/s41598-021-93687-7
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Stand up 1t you have ever...

» Received a disappointing grade

* Felt like your work isn’t very good

» Received a harsh review of your manuscript/proposal/report
» Had a paper/proposal rejected

* Tried again after failing or being rejected

* Improved your work after receiving criticism... even if it was
narsh

 Felt proud of your work after working very hard at it
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Guidelines to Foster Connective Conversations

A: Autonomy over Authority

« Speak with “|” statements, let other speak their
experience

C: Curiosity over Criticism
» Seek to understand instead of establishing credibility

T: Trust over Tyranny

« Assume that others are simply stating their experience
and trying to understand your experience

BYU Chemical & .
Biological Engineering

IRA A. FULTON COLLEGE OF ENGINEERING



The Pool of Shared Meaning
A: Autonomy >llence T: Trust
M

Speak with “1” Assume curiosity
statements and belonging

Pool of
Shared
Meaning

C: Curiosity

Seek to understand

Some concepts in image adopted from:
Patterson, K., Grenny, J., McMillan, R., &
Switzler, A. (2012). Crucial Conversations
Tools for Talking When Stakes Are High,
Second Edition. McGraw Hill.
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“I have also tried to show you that it is not in the nature of things for any one man
to make a sudden violent discovery;

science goes step by step,
and every man depends on the work of his predecessors. When you hear of a sudden
unexpected discovery a bolt from the blue, as it were, you can always be sure that
it has grown up by the influence of one man on another, and

it 1s this mutual influence
which makes the enormous possibility of scientific advance. Scientists are not
dependent on the ideas of a single man, but on

the combined wisdom of thousands of men [and women],
all thinking of the same problem, and

each doing his [or her] little bit

to add to the great structure of knowledge which is gradually being erected.”
-Lord Rutherford (emphasis added)

BYU g%ﬁgﬁ:ﬂl%n gineering Quote taken from: Needham, J., & Pagel, W. (Eds.). (2015). Background to Modern Science: Ten Lectures at Cambridge

IRA A. FULTON COLLEGE OF ENGINEERING Arranged by the History of Science Committee. Cambridge University Press.
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MOoSES Priorities

@ Connective exchange of information, ideas, and practices
x Broaden and deepen understanding of molten salt electrochemistry

Q Explore key challenges

= |ldentify best practices
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How 1s MoSES Going to Work? (Part 1)

o'j r.

Live Group Experiment Breaks and On-Site Lunches
Modules

Short (10-15 minute) introductory lectures Visits to Laboratory

with Q&A Informal Discussions

Interactive Demonstration & Discussion (25- Rest and Recovery for Improved Focus
30 minutes)

Wrap-Up (5 minutes)

BYU Chemical & .
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How 1s MoSES Going to Work? (Part 2)

=
i 223 AN
N N
POSTER SESSION PRESENTATION BY MOSES METHOD
(DAY 2) ATTENDEES (DAY 2 & 3) EXCHANGE (DAY 2 & 3)

Email Slide Deck to BYU-PyRO@byu.edu by Today
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Optional Session: Resilience 1n Research

* How do we grow when reality becomes larger than our models?
« Scientific discovery as a map for personal growth
« Exploring the strengths and limits of analytical thinking
« Connecting with values that remain stable amid changing outcomes
» Guided practices for becoming more grounded, open, and resilient

BYU Chemical & .
Biological Engineering

IRA A. FULTON COLLEGE OF ENGINEERING



Notes on

Proceedings ot
MMX Sessions to Be
Publish in RAISE

* Open access
* No charge
 Clarity over novelty

* Other Contributions from
MoSES are welcome

https://scholarsarchive.byu.edu/raise/
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Connect and Share with Community
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Molten Salt Electrochemistry Symposium (MoSES)

Melt Salt, Not Minds. Parting the sea of confusion in molten salt electrochemical measurements.

Research Services - Provo, Utah - 2-10 employees
(wemse ) O
Home About Posts  Jobs People

m Images Videos Articles Documents
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.. Molten Salt Electrochemistry Symposium + Follow
Molten Salt B& (vosks)
Electrochemistry . —G;
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REVIEW OF THE FUNDAMENTALS
OF ELECTROCHEMISTRY

Devin Rappleye
Molten Salt Electrochemistry Symposium (MoSES)
July 21, 2026




The three branches of electrochemistry

* Thermodynamics
* Energy of reactions
* What reactions will go?

e Chemical Reaction Kinetics
 The rate of reactions
* How fast will it go?

e Mass Transfer
 The rate of reactions

» How fast will it go? Electrochemistry



CONVENTIONS AND TERMS



Oxidation and Reduction

* Oxidation = loss of electrons (e.g. Li°>Li*)
 Occurs at ANODE

* Reduction = gain electrons (e.g. Fe3*—>Fe**)
* Occurs at CATHODE

« Some Mnemonic devices:
* LEO says GER
- OIL RIG O o
» RED CAT on AN OX O
o
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Electrochemical Reactions

* An electrochemical reaction involves the passage of current

* Produced by reaction (i.e., battery)
* Generating a reaction (i.e., electrolysis)

* Reaction are usually broken into two half-cell reaction with
reduction written as the forward direction

Oxidant or Reductant or
Oxidizing — . — Reducing
Agent Ox + ne” & Red Agent

* Reaction can proceed in either direction depending upon
potential (i.e. voltage)



General Electrochemical Cell (2 Electrodes)

Zinc anode Copper cathode

L
® ) RC
Electrolyte - PoroUS +
disk
\_/\_/\_/_\/\/\/

Zn Cu

()

. < ow

e -’
ZnSOy (aq) CuSO

Overall Reaction: Zn + Cu?t & Zn?* + Cu
Half Cell Reactions: Zn%t + 2e- & Zn
Cu?*+ 2e o Cu
Shorthand notation: Zn/Zn?**, SO,*||S0,%, Cu?*/Cu

()

4 (aq)




Electroanalytical Cell (3 Electrodes)

* WE: Working Electrode Potentiostat

* CE: Counter Electrode —°
* RE: Reference Electrode 0
-° Ammeter

-“ Voltmeter

‘B High Impedance




Which way is up?

Polarographic Convention IUPAC Convention
20 120
N ay
Used by: E; g Used by:
* Textbook % 3 e Lectures
* Older 1 °] =1 °T * Modern
publications g % publications
2 : * Potentiostat
\%/ \E/ software
-120 -120

1 uelh 0 000 -1000 ] 1000

< anodic sweep cathodic sweep> <c.alhﬂdic sweep anodic sweep >

AKA American (Texas) Convention




What's the Convegtion?
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ELECTRODE POTENTIALS

Thermodynamics



Electrode Potential: Thermodynamics

* A measure of the energy of the electrons at the electrode

Electrode Solution Electrode Solution
Energy
unoccupied
Potential orbital

Energy level
of electron ‘ l ‘ l

@ Energy

occupied
orbital

More negative = more energetic electrons = more reducing power



Electromotive Force Series

 Standard reduction potential is the
equilibrium potential relative to a
reference potential under a special
case of an equilibrium constant of
1 (more on this in the next lesson)

* Potential is related to Gibb’s Free

Energy
AG
E=—— O
AG
* Epen = ——2°

nF

Half-Cell Reaction

E° vs. Cl, /Cl~*

Li*+e™=Li -3.349
Ca®*+2e™=Ca -3.272
Na*+e™=Na -3.216
Ce3*+3e™=Ce -2.717
Pu3*+3e” = Pu -2.473
Mg?*+2e =Mg -2.428
U3++3e=U -2.145
Al3*+3e =Al -1.693
Fe?*+2e™= Fe -1.093
Ag*+e =Ag -0.801
Ni%*+2e™=Ni -0.666
CL(g) + 2e = 2CI 0.000

*Tabulated at 1123K on a mole fraction basis

13



Electromotive Force (EMF) Series

 Potential is related to
Gibb’s Free Energy

° E — — A_G
nF
* More positive =
Reduction is more
favorable

* More negative =
Oxidation is more
favorable

uonoNpay

More Acti

Oxidation m

Half-Cell Reaction

E° vs. Cl, /CI-

Li*+e oLi -3.349
Ca**+2e eCa -3.272
Na*+e"©Na -3.216
Ce3*+3e (e -2.717
Pu*+3e” & Pu -2.473
Mg?*+2e Mg -2.428
U3+ +3e e U -2.145

13*+3e Al -1.693
Fe?*+2e o Fe -1.093

gt +e oAg -0.801
Ni%*+2e < Ni -0.666
Cl,(g) + 2e" o 2CI- 0.000

14



M%* % 5@”6% U
Mg/n 4 1ls & N\:

/

Simple Example Cell

Half-Cell Reaction E°vs. Cl,/CI”
Li*+e™=Li -3.349
Ca**+2e™=Ca -3.272
Na*+e™=Na -3.216
Ce3*+3e =Ce -2.717
Pu**+3e” = Pu -2.473
Mg?*+2e =Mg -2.428
> U3*+3e=U -2.145
: Al**+3e =Al -1.693
* What are the two half-cell reactions? Fe?" 120 = Fo 1093
* What is the overall reaction? Ag*+e =Ag -0.801
« Will this cell produce (spontaneous) or consume electricity? —¥ [Ni2*+2e =Ni -0.666
« Which metal is the anode? cathode? Cly(g) + 2e7= 2CI 0.000

What is the cell potential?
15



Nernst Equation

eq red oxX

E =EO—5—;ln(1{) K =ar’/a’ %

n = number of electrons exchange
F = Faraday’s constant

= 96,486 [C/mol of electrons]
C=Coulomb=1Ampx1s

For asolid: a; = y;x;

. i Ci
For a liquid: a; = y; =0 0T @; =YX,

For a gas: a; = y; p—(i) = 6.2415 x 10!8 electron charges
p x =mole fraction
For pure solid or liquid: a; = 1 C’=1 M or 1 m for dilute solutions

p® =1 bar

16



Formal Potentials (EY’)

Vred
B, =BV — L (Cred +O/R
°q nF C, o -R/O

Activity coefficients and standard states are lumped into E” (formal potential)
Formal Potential = Standard Apparent Reduction Potential

Formal potential will vary between mediums and possibly with compositions

17



ELECTRODE CURRENT

Reaction Kinetics and Mass Transfer



Two Types of Current

Faradaic Non-Faradaic
Current that results from the  Current from processes that
exchange of electrons across do not exchange electrons
the electrode-electrolyte Examples:
interface Adsorption
Current a Reaction Rate Desorption
Faraday’s LC‘E\‘;V Double-layer charging

| = nFA—
A

19



The Electrical Double Layer

* The electrode-electrolyte cotiector [EEI = £l Electrolyte
interface is analogous to a oe ::é: £ Solvated cations
capacitor ‘ég :Sl ! T Separator

- What is a capacitor? = - Sl (+)

* Parallel metal plates gg -4 B ooeet
separated by a dielectric §§ - se? |: moleculartayer
* Q=EC St
- + He','::,?{,,tz—».@ d Diffuse Iayjer
I II plane (IHP) (—=)|<«— Outer Helmholtz plane (OHP)
AL

20



Charging Current Responses

* A charging current will flow in responses to potential changes at an
electrode result from double-layer formation or rebalancing E

e| [ 1/ ey
Pot(eArllglal Step Current Step Voltage Ramp +
_t —
[ = —e /Ra E =I(R, +t/Cy) = vCy[1—e /Rsta]
S
g [
* con E®)
These assume an absence of faradaic current (i.e., electron

exchange reactions), adsorption, and desorptlon

21



Factors Affecting Reaction Rates

e Electron Transfer at the Electrode Surface

e Mass Transfer

* Chemical reaction proceeding or following electron
transfer

e Other surface reactions
e Adsorption
* Desorption
* Nucleation

22



Factors Affecting Reaction Rates

* Electrochemical Example:

e Diffusion to surface
» Absorption to surface @
° A2+ + S* > A2+_S>|<
* Reaction
° A2+_S>l< 9A1+-S*
¢ Al*-S*>A-S*
* Desorption from surface
* A-S*>A + S*
* Diffusion to bulk

<7
-
£
(@)
—
3
Al* 5
s

23



Factors Affecting Reaction Rates

* Electrochemical Example:
* Diffusion to surface
* Adsorption to surface
o A2+ 4 S* > A2+_S>|<
* Reaction
° A2+_S>l< 9A1+-S*
o Al*-S*>A-S*
* Desorption from surface
* A-S*>A + S*
* Diffusion to bulk

Adsorption

Diffusion

Electron <
Transfer

FAUYLIA 11

D>_

Desorption

Diffusion

24



Potential Affects Electron Transfer Rates

Eeclectrode = Eeq + N+ IR

Ecell = L athode ~ Eanode + IR

* Overpotential: n = E-E,, (the potential over equilibrium)

@ Electrode Solution Electrode
Potential ‘
Energy level Energy
of electron unoccupied

@ orbital

Solution

Note: AxQ =V

25




Basic Chemical Kinetics

* Simple One-Step, One-Electron < Electrochemical Reactions:

Reduction Reaction: ) _anF(E-E°)
« Ox + e~ & Red *kr =k%e RT
 Rate Law: * Ef = —anF(E — E°)
(1—a)nF(E-E®°)
°Tr = kfa0xae‘ — kpQreq . kr = k%e RT
* 7 =kpCox — kpCreq « E. =(1— a)nF(E — E°)

e Assumesa = C

e Rate Constants:
Ea,f

¢ kf = Afe_ﬁ

Ea,b

° kb = Abe_ﬁ

26



The transfer coefficient (a)

* The fraction of the
electrons’ energy that
goes toward lowering
the activation barrier for
reduction

- Energy Level rln‘

Mm

* Ranges from 0 to 1,
typically

* [s the value of a in the co

/
plot greater than or less Red
than 0.5? Ealfo = Activation energy at E°

+E Reaction Coordinate (time)

27



Current is related to reaction rate

 Electrochemical reactions take place at the electrode surface
* r" = [mol/area/time]
*I=nFA_r ~° [A=C/s] A, =-electrode surface area {Faraday’s Law}

€ 0X

Ox + ne” & Red

(1- a)nF(E EO)]
C

red

[ omF(E EO)] [
—KiCox + KyCreq = — kCe C,x + LkCe

(1—-a)nF(E—E°) _anF(E-E°)
I =nFAk° [Crede RT — C,€ RT ]

Note: Current is measured in amperes (amps for short). An Amp (A) is defined as 1C per 1s (i.e. C/s)

28



The current-overpotential equation

(1—-a)nF E—Eo—ﬁgh<k§x> anF E—Eo—ﬁgh<??x>
Cred Cox B Cred

| C
— ’;ed e RT ——e RT
Io C}ed Cbx

e RT —
Xk C*
red 0xX

Cre d (1—a)nFn Cox _anFny
I=1, “RT

n = E—Eeq

i =1,/A, = nFk°C:, ' ~“C:,,“




The current-overpotential curve

ili,

Mass transfer

“ . controlled (k.)

Mass transfer

1.0 |-
0.8
0.6 |-
oy Total current
04 — L
2 0_2‘,_."/ Kinetically controlled (k°)
o 100 200 300 400
| I D ey okl e | I, SN !
- 400  -300  -200 - 100 1, mV
‘E-:q 7L‘ -0.2
a'*' E{] ——04
*‘\-fﬂ — 0.6
—-0.8 [, = (mass transfer) limiting current
L<1.0

controlled (k) ~_

{

Where does thermodynamics show up? Kinetics? Mass transfer?

30



IR Drop stretches the I-E curve

Current Density (A/cm?)

()

Example:

Cell Potential =5.5V

Cell Resistance = 0.5 Q

Cell current =10 A

IR=5V

Only 0.5 V drive the reaction!

R=0.5Q
—R=00Q

A

Ecen = Eeq +n + IR

Potential (V)

31



Mass Transfer in Electrochemistry

 Diffusion - Movement of a species as aresult of a
concentration gradient

* Migration - Movement of a charged body under an electric
field

* Convection - Movement of a species due to bulk fluid flow
from natural (thermal or density gradients) or forced
convection (stirring or pumping)

dC;(x) z;F D.C do(x)

dx RT """ dx

Ji(x) = —D; - Civ(x)

32



Visual Representations of Mass Transfer

Diffusion
(+)
Co
)
-
9
IS
-
\5)
O
S
Q
0 >
0 Distance (x) (+)

Occurs near electrodes

Migration

Occurs in bulk and near electrodes

Carries charge/current through bulk
solution

Convection

Occurs in bulk solution

33



The Diffusion Layer

* The diffusion layer (0) is region next to the electrode where
the concentration of a species varies

=

Concentration (C)

o

0 Distance (x)
34



Limiting Current

* The current becomes completely limited by mass transfer
when no more analyte is available to react at the surface
* I, = nFhp A(Cox — Coy)

I} = thredA(C:ed - Cred)

0Coqx(x,
+ | = —nFADg, 2% = _pp,
Doy Doy
*hoy === —

Ax &

35



Butler-Volmer (B-V) Kinetics

a)nFn

I = Iole(l_

RT

— e

_ankn
RT

|

* What simplifying assumption is introduced in transitioning from

the current-overpotential relationship to the Butler-Volmer

equation?

 Well-mixed (C,,, = Coy, Crog =

* Single-electron transfer

:ed)

36



Linear Approximation of B-V Equation

Izlo[e

(1—a)nFn

RT

— €

_ankn
RT

o If |%n| < 0.5 less than 1%

error

* Use Taylor series approximation:

ce*=1+4+x+x%/2+
_ankn nF
e RT zl—aﬁ(n)

nF
e e PrrM ~ 1 4 (1 a)% M)

. ] :10([1+(1—a)%(ﬂ)] - [1—“%(“)]) -

nFr
I:IOE

M)

Assumptions?

37



Linear Approximation

I =—i,f(m)
* Less than 1% errorif |[f ()| < 0.5
* Assuming a = 0.5
*f() = Z—gn
 Window of applicable overpotentials dependson a & T
e Table reports +/- versus equilibrium potential

_

+30 mV +33mV +40 mV +50 mV

38



Tafel Approximation

* One branch of Butler-Volmer approximation dominates

» At large negative values of
anFn

e[ =1I,e RT
ankF

* In(I) =In(I,) - 71

At large positive values of n
(1—a)nFn

e[ =1[,e RT |
(1—a)nF
e In(I) =1In(l.) +
( ) (L ~RT In(|1, ) Il
* What is alpha in the plot?
_ -1.5 -0.5 0.5 1.5
e What is the value of IO? Overpotential, n (V)

(1—-a)nF ,'/
Slope = /
RT

anF

AN

insufficient mixing

In(|I])
N U C U IC RN NS B NN

39



Tatel Approximation

* Cathodic branch is much greater than anodic branch
e Assumea” =aorC” =C
o o~ f(M) 55 p(1-a)f(n)
* Less than 1% error for |f ()| > 4.6
* Assuming a = 0.5
 Window of applicable overpotentials dependson a & T
* Table reports versus equilibrium potential

_

>285mV > 305mV > 365mV > 465 mV

40



Types of Charge Transfers

T} T
- .
T] T3
) )
—] —]
~ ~
o @)
- -
ey ey

Outer Sphere Reaction Inner Sphere Reaction
with Bridging Ligand

e_
[T]
-
T]
)
—]
o)
@)
-
ey

Inner Sphere Reaction
with Adsorbed Species

41



Questions to Prompt Discussion

* True or False: A current will only result from a change
potential if there are favorable faradaic processes

* True or False: The use of a three-electrode setup eliminates
resistance.

* What limiting current will result for a two-electron
exchange reaction where D, = 1x10~ cm?/s,A=0.1 cm?,C, =
1x10° mol/cm? and a diffusion layer thickness of 0.1 mm?

42



ELECTROCHEMICAL CELL SETUP
AND TROUBLESHOOTING

Devin Rappleye
Molten Salt Electrochemistry Symposium (MoSES)
July 21, 2026




Potentlostat W|th RE/CE and S/WE coupled for 2-Electrode Cell

m
T
'r?('ess button in before plugsing into eurler

Red = Working
Electrode (WE) lead

Red = Sensing
(S) lead
O _
Prcss loution in befoce phuns™ it sirler Blue = Reference

Electrode (RE) lead

Black = Counter
Electrode (CE) lead




Electroanalytical Cell (2 Electrodes)

* WE: Working Electrode [zziea Potentiostat

* CE: Counter Electrode _° 0

* RE: Reference Electrode Sensing ()

.° Ammeter CE lead WE lead lead

-“ Voltmeter
‘B High Impedance




Electroanalytical Cell (3 Electrodes)
* WE: Working Electrode Potentiostat  [E¥y

* CE: Counter Electrode —° 0 RE lead

e RE: Reference Electrode
CE lead WE lead S lead
-° Ammeter

-“ Voltmeter
‘B High Impedance




Electroanalytical Cell in a Glovebox

Potentiostat

0 RE lead
Glovebox |
ﬁ CE lead WE lead S lead




B G —

:“\ b Ground lead

Blue = Reference Red = Working
Electrode (RE) lead\ Electrode (WE) lead

Black = Counter Red/ =
Electrode (CE) lead Sensing (S) lead

Potentiostat

RE lead

WE lead

S lead




B -

Stopper e

WE

Alumina
sheath

Ground
cable

e— O-ring

>
X

T e |

<«— Lid

<— Furnace

Melting

Alumina crucible

NaCl-KCI-ZnCl,

solid salt

Faraday cage

Ni-200 plate

>

— NaCI-KCI-ZnCl,
molten salt

Alumina
tube

Troubleshooting and
Enhancing Molten Salt

Experiments” available
at registration desk.

Hardcopies of
“Methodological
Approaches to

Electrochemical

Nickel
wire

NaCl-KClI-
NiCl,
molten salt

Image from: Mejia, C., & Rappleye,
D. (2025). Methodological
Approaches to Troubleshooting
and Enhancing Molten Salt
Electrochemical

Experiments. Journal of The
Electrochemical Society, 172(4),
043502.


https://doi.org/10.1149/1945-7111/adc5a8
https://doi.org/10.1149/1945-7111/adc5a8
https://doi.org/10.1149/1945-7111/adc5a8
https://doi.org/10.1149/1945-7111/adc5a8

Reference Electrodes

Quasi-RE

Ag/AgCl RE

-~ Ceramic
or Glass
tube

Ag wire

—— AgClin base
salt (e.q.,
LiCI-KCl)

Saturated RE

<Ceramic or
Glass tube

phase

Ni Wire

S aturated
NiCl, phase

NiCl,-rich

ClI-/Cl, RE

~Glass
tube

Carbon
Rod

Base Salt

(e.g.,
LiCI-KCI)

Pin hole

Alloy RE

S

Tungsten wire

{&—— PYREX® tube

Pure LiCI-KCI

eutectic

MgO crucible

Li-Bi alloy

Far left image from: Lichtenstein, T., Schvaneveldt, M. H., Gesualdi, J., & Hawthorne, K. L. (2024).
Cathodic Decomposition Electrodes as Standard Reference Electrodes for Molten Salts: Example
of the Lithium Eutectic Electrode for the LiCI-KCl Eutectic. Journal of The Electrochemical Society,

171(9), 096504. https://doi.org/10.1149/1945-7111/ad76df
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https://doi.org/10.1149/1945-7111/ad76df
https://doi.org/10.1149/1945-7111/ad76df
https://doi.org/10.1149/1945-7111/ad76df

IR Drop stretches the i-E curve

Current Density (A/cm?)

()

Example:

Cell Potential =5.5V

Cell Resistance = 0.5 Q

Cell current =10 A

IR=5V

Only 0.5 V drive the reaction!

R=0.5Q
—R=00Q

A

Ecen = Eeq +n + IR

Potential (V)

10



Resistance Minimization

R=—
KA

A high impedance circuit used to measure
potential to minimize current flow

* Place RE as close to WE without shielding

 2x diameter of RE away from WE to avoid
shielding

Potentiostat

Reference B
electrode Auxiliary

ﬁﬁw

11



Other Considerations

* RE Membrane Material
* High-density alumina = high temperature, small ions (e.g., Li*)
* Thin-wall quartz = high temperature
e Mullite = intermediate temperatures
* Thin-wall pyrex = low temperatures

* Cleaning and Polishing Electrodes (Talk to Ashley/Tyler)

* Grounded Faraday Cage

e Minimize noise from furnace coils or other equipment

* Secondary Liner

12



Demonstration—> Group Experiments

 Conversation starters
* Prepared procedures are starting point

* Get curious
* What would you like to explore?

* [nvitation
* Ask questions when unclear
* Fill in gaps with your comments and insights

13





https://www.youtube.com/watch?v=pzB122dTij8

il ) Molten Salt Electrochemistry Symposium
i, July 215t 2026
"' Alex Peroff Ph.D.

.




About Pine Research Instrumentation

Private company, founded in 1966, still in
Grove City, PA (Pine Research moved to NC

in 2006)

- World leader in electrodes, rotators,
potentiostats, accessories,
electrochemistry products
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Feedback

e Potentiostats and thermostats use feedback to maintain the
set potential or temperature

 Feedback is like driving a car

safe
distance




Feedback

« Maintain a safe distance while driving.

Visual

Feedback Brakes and

8 Accelerator

10



Feedback

« Maintain a safe distance while driving.

Visual
Feedback

A Accelerate

11



Feedback

« Maintain a safe distance while driving.

Visual
Feedback

12



Feedback

- Potentiostats use operational amplifiers (op-amps) to create
a feedback loop to maintain a set potential.

Electrical

Feedback 3 Operational

Amplifier

Dotential

13



How is feedback achieved?

- Potentiostats use operational amplifiers (op-amps) to create
a feedback loop to maintain a set potential.

VI VO-

schematic

14



Op-Amp




Op-Amp
The Gain

B ~10°-10°



Vo

Op-Amp

- Input impedance is
very large (102 Q)

« Output impedance
Vo is very small (1-10 Q)

—pBe- —€4) = —BV;

17



Potentiostatic
set point

Potentiostat
Circuit

18



Potentiostatic —I

set point

Time

- Potential is only
referenced to ground or
DC common

Potentiostat
Circuit

19



Potentiostatic

set point ?

High Gain
Op-Amp

Vo

CTR

Potentiostat
Circuit

20



Potentiostat

Vi e Circuit
High Gain Vo
Op-Amp
Potentiostatic gy .
set point —’ — WRKdrive
CTR By —
"‘# ""[ =y ‘.“

— REF %
> "
n 1
' ’ '

A s
'\»“ . R4
l ‘ WRKadrive
WRKsense

21



Potentiostat

Vi e Circuit
High Gain Vo
Op-Amp
Potentiostatic = WRKdrive
set point 5
CTR -
Ragnl IS g CTR
= REF / ! -
> d “yus= REF
1  m—— e
) ’ )

Electrometer

A s
"b‘* . R4
l ‘ WRKadrive
WRKsense
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Potentiostatic
set point

High Gain

Potentiostat
Circuit

Vo

Op-Amp

Electrometer

1
|
Y L ]

N ’
“-. -""
‘ WRKdrive
WRKSsense

- -,
o’ I Ve "
'l . -’-L__-.
REF,

Y™™ WRKdrive

o
“amw= CTR
“oqus= REF
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set point

High Gain

Potentiostat
Circuit

Op-Amp

Electrometer

Vo
— “S*¥" \WRKdrive
: L % t’-‘
CTR H R .- 2
'J"I‘\‘ * : .’_~ — CTR
REF / \ o
I * l ."...s p— RE F
1 ' A
| k - :
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Potential

Current (pA)

+0.5 V vs Ref

Time

Cyclic Voltlammogram of 4-Acetamidophenol

cathodic

peak

anodic
peak

-0.2

| |
0.0 0.2
Potential (V)

1
0.4

|
0.6

1
08

WRKSsense

‘ WRKdrive

Glassy carbon
working
electrode
Platinum wire
counter
Ag/AgCi
reference
electrode

1T mM
acetaminophen,
0.1 MKClin
water
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Electrochemical

+0.5V

Vi e
High Gain Vo
Op-Amp .
Potentiostatic
set point V_feedbuck €.
CTR
'- "'[ ~ °
o’ s
— REF 'r ‘1
o 1
1 I
Electrometer ' ’

A ’
‘ 4
“~ ol I *
WRKarive
WRKsense ,

system

Glassy carbon
working electrode
Platinum wire
counter

Ag/AgCl reference
electrode

1TmM
acetaminophen, 0.1
M KCI in water
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Electrochemical
system

+0.5V

Glassy carbon

Vo working electrode

Platinum wire

counter

Ag/AgCl reference

CTR electrode

',-""'l "'*X 1 mM .

— REF / . acetaminophen, 0.1
> M KCI in water

High Gain
Op-Amp

Potentiostatic
set point V_feedbuck €.

Y-

T
1
1

Electrometer : ¢
‘*.., . Ry
WRKadrive
WRKsense ,
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Electrochemical
—B(05-0499)V system

« Glassy carbon

Vo working electrode

« Platinum wire

counter

- Ag/AgCl reference

CTR electrode
#"‘"l s~ « 1 mM

’ Ky acetaminophen, 0.1
— E M KCI in water
|
'l l

‘ WRKdrive
WRKSsense |

+05V E
Potentiostatic -I_ O . 4 9 9

set point V_feedbuck €.

High Gain
Op-Amp

= REF

Electrometer
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+0.5V

Potentiostatic
set point

Electrochemical

High Gain Vo

Op-Amp

Electrometer

Current (pA)

Cyclic Voltammogram of 4-Acetamidophenol

cathodic
peak

I Ll L] I 1
0.0 0.2 0.4 0.6 0.8

Potential (V)

system

Glassy carbon
working electrode
Platinum wire
counter

Ag/AgCl reference
electrode

1mM
acetaminophen, 0.1
M KCl in water
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Electrochemical
system

« Glassy carbon
Vo working electrode
« Platinum wire
counter
Ag/AgCl reference
electrode
1mM
acetaminophen, 0.1
M KCl in water

+0.5V

High Gain
Op-Amp

Potentiostatic
set point V_feedbuck €.

Cyclic Voltammogram of 4-Acetamidophenol

Current (pA)

2= cathodic
peak

30

Ll I I Ll L] I 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Potential (V)



Electrochemical
system

Glassy carbon
Vo working electrode
Platinum wire
counter
Ag/AgCl reference
CTR electrode

il IR 1mM
’ K acetaminophen, 0.1
M KCI in water

+0.5V

High Gain
Op-Amp

Potentiostatic
set point V_feedbuck €.

4

= REF

7
[
>
[ |
'

A ’
‘ 4
“~ ol I *
WRKarive
WRKsense ,

Y-

Electrometer
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Electrochemical

+05V

Vi e
High Gain Vo
Op-Amp .
Potentiostatic
set point V_feedbuck €.
CTR
'- "'[ ~ °
o’ s
— REF 'r ‘1
o 1
1 I
Electrometer ' ’

A ’
‘ 4
“~ ol I *
WRKarive
WRKsense ,

system

Glassy carbon
working electrode
Platinum wire
counter

Ag/AgCl reference
electrode

1TmM
acetaminophen, 0.1
M KCI in water
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Electrochemical
system

Glassy carbon
Vo working electrode
Platinum wire
counter
Ag/AgCl reference
CTR electrode

il IR 1mM
’ K acetaminophen, 0.1
M KCI in water

A ’
‘ 4
“~ ol I * V
WRKarive
WRKsense ,

li R

+05V

High Gain
Op-Amp

Potentiostatic
set point V_feedbuck €.

4

= REF

7
[
>
[ |
'

Y-

Electrometer
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Electrode Range

Rm




Electrode Range

1V WRKdrive
— = +14
1Q
+1V 10
—  —11ma 1MQ 1 k()
1k "
+1V —
=+1 ua

1 M)
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Electrode Range

Normal Conditions

Range Too Low

&

Post-Duck.  Dr. Reducks
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Electrode Range

Normal Conditions

y

Post-Duck.  Dr. Reducks

Range Too High

37



Echem in a glovebox

* Sometimes
electrochemistry needs
to be performed in a
glovebox.

* As such special
provisions need to be §
made when working in E="S
air-free environments @8

38




_PINE

"k researc

h

Echem in a glovebox

 Gloveboxes can be
sources of noise
(electrical, vibrational,

audible).

* All of which can be
picked up in your echem
experiments

39



Echem in a glovebox

 Your potentiostat cell cable is not a simple wire. But a
special cable with multiple layers of protection against EMF
noise.

Outer plastic insulation =——y

Coaxial shield

Inner plastic insulation , .
Primary drive line

40



Echem in a glovebox

 Your potentiostat cell cable is not a simple wire. But a
special cable with multiple layers of protection against EMF
noise.




Echem in a glovebox

 Using proper electrical feedthroughs for cell cables or usb
ports is critical in minimizing noise

Standard USB feedthrough Cell cable epoxied into KF-flange




Echem in a glovebox

» If feedthroughs aren’t
available or too difficult
to install. A potentiostat
can be placed inside the
glovebox.

« Computer (outside
glovebox) can wirelessly
communicate with the
potentiostat (inside
glovebox).

e

WaveNow
wireless

Power @
ot @
Stats ©
Overioad ©




Q&A

I will have a demo at
the Pine Research table

Cyclic Voltammogram of 4-Acetamidophenol

if anybody wants to : -
check it out 8 o
-0.4 -0.2 DE?Ote““l::: ) D!l l;ﬂ 0?3
A OB C
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IR compensation

Current (uA)

=25 =

-50 =

]

25 =

“Uncompensated”
185 mV

|

“Compensated”
5/ mV

=

=25 -

Current (uA)

'}

|
0 200 400 600 800

Potential (mV)

|
0 250 500 750 1000

Potential (mV)
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Solution Resistance

* Circuits to model chemistry

Y v T
S © @
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Solution Resistance

* Circuits to model chemistry

Y v T
S © @

47



Solution Resistance

* Circuits to model chemistry

48



CITR

ﬂ'ﬂ h I"'!" 'r. f!‘u“ rp,l Vs

lWRK 49



CITR

I/ ﬁ'dlta 1', W
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CTR - ¢ Rcomp = compensated resistance

Qi; * R, - uncompensated resistance
P T ° Rct = charge transfer resistance
comp * (4 - doublelayer capacitance
Ry
Ca —— Rece

51




R omp - compensated resistance
* R,, - uncompensated resistance
R_; - charge transfer resistance

C 41 - doublelayer capacitance

i
S
p——
==
—_——
-—
)
—

WRKSGHSG



CTR ! ¢ Rcomp = compensated resistance

% * R, - uncompensated resistance
R J * R_; - charge transfer resistance
comp * (4 - doublelayer capacitance

= " This is what
R, we want

53




CTR - ° Rcomp = compensated resistance
* R, - uncompensated resistance
* R_; - charge transfer resistance

Rcomp ° Cdl = double layer capacitance

— . '- This is what we
R, want and this too

| b

N A
+

| ol

54




CTR ! ¢ Rcomp = compensated resistance

;;;; ° Ru = uncompensated resistance
T ° Rct = charge transfer resistance
Rcomp ° Cdl = double layer capacitance
Ry,
But this is reality
Potential is measured B
Car Rct
between reference and
working electrode

55




CTR ! ¢ Rcomp = compensated resistance

% * R, - uncompensated resistance
P T ° Rct = charge transfer resistance
comp * (4 - doublelayer capacitance

But this is reality

Potential is measured
between reference and
working electrode

Car —

56




U
CIR *R, =300
i * Eappliea = +1V
*i=1mA

What is the

!

i

]

[

applied | Eapplied =+1V
potential across B :
Rct ]
]
!

the working Car —
electrode
interface?

57




What is the
applied
potential across
the working
electrode
interface?

' R, =300 Q

= * Eappliea = +1V
R, V =1R,

=+03V

é (0.001 4)(300 Q)
— Re¢

lWRK
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CIR "~ + R, =300 Q
* Eqppliea = 1V

REF Reomp ri=1ma
R +U.
What is the ! 0.3V

+1V

the working
electrode
interface?

appliea
potential across . | éRct +0.7V
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U
CTIR * R, =3000Q
° Eapplied =+1V

i =1mA

[
]
What is the :
applied | ! +1V
:
]
[

potential across J_ éR
ct

the working T
electrode
interface?

@ NotGood!!
WRKsense ‘ WRKdrive o




Potentiostatic
set point

High Gain

Op-Amp

Electrometer

Potentiostat
Circuit
« How do we

account for
the iR drop?

Vo
CTR
REF /
—>
|

T s
. . *,'
':l" ‘ WRKGdrive
WRKsense -
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Potentiostatic

set point @

eredback

€,

High Gain
Op-Amp

Electrometer

Vo

CTR
#"-I N
»
I' -
€. REF/
—
|
L |
“\»
* [
E+ ~ -

WRKsense

Rwrk

Multiplier
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Summing

|

point

Potentiostatic

set point @

- A multiplier scales the voltage

@Vf €_

eredback €.

High Gain

Vo

Op-Amp

Electrometer

|

measured at the working electrode

 Voltage from multiplier is routed to a
summing point

WRKsense

Rwrk Multiplier
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- R, =300 Q

Eapplied =+1V Vi

: Eapplied —
Vo cI=1mA

High Gain
Op-Amp

Potentiostatic

set point eredback €.,
S

Electrometer T

€. el

WRKSsense

Rwrk Multiplier




Eqpplieca = +1V Vi

Potentiostatic

High Gain
Op-Amp

set point eredback €.,
S

V =1IR

Electrometer

+0.3V =1mA * 300 ()

Vo

-y

CTR

»
“~

€,

>

A )

L
l,'m,‘.i=1mA

WRKSsense

Rwrk

L

| »
WRKadrive

Multiplier

- R, =300 Q

* Eapplied —
cI=1mA

1V
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Eqpplieca = +1V Vi

Potentiostatic

High Gain
Op-Amp

set point eredback €.,
S

V =1IR

Electrometer

+0.3V =1mA * 300 ()

Vo

-y

CTR

»
“~

€,

>

A )

L
l,'m,‘.i=1mA

WRKSsense

Rwrk

L

| »
WRKadrive

Multiplier

- R, =300 Q

* Eapplied —
ci1=1mA

Lo

1V
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l+0.3v * R, =300 0Q
Eapplied =+1V Vi € ¢ Eapplied — 1 V
High Gain Vo i1 =1mMA
Op-Amp
Potentiostatic
eredback €.,
CTR
€_ REF:'! . 1iﬂr \‘: i = 1mA
Electrometer “‘ 'a'
S —3= 1 WRKarive
WRKsense
Rwrk Multiplier
V =IR
+0.3V =1mAd =300 Q Eqppiica + iRcomp = 1V +03V =+13V
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CIR - R, =300 0

2 * Eapplied =+1V

REF Reomp ri=1mA
R, +03V |
What is the u |

applied T | ! +1V
otential across

IOthe working Car T é R TO.7V :
electrode | :
interface? = -~ -~~~ "~~~ —7—77—7

WRKsense ‘ WRKdrive 68




CIR * R, = 3000
;‘ ° Eapplied =+1V

REF Rcomp ri=1mA
-4 Sty
R, +03V |
What is the “ :

applied | :+1.3 V
potential across J_ +1V !
: Car Rt
the working T |
electrode | :
interface? = . T 7
WRKsense ‘ WRKdrive >
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Positive Feedback




Positive Feedback




Positive Feedback




High Gain
Op-Amp

Potentiostatic

Electrometer

P1

Vo

- -

-
¢

™

P3

CTR

»
“~

’
€_ REF/

A
“

.
s
Y
H > 1lctr: ¢2
L Y "
’

E.|. ~"I-

WRKSsense

Rwrk

[~
WRKdrive
-

uuuuu

Multiplier

- Ringing is a very complicated phenomena when it comes to
potentiostat circuit design.

- Ringing only comes from changes in the phase of different
components in the potentiostat and the electrochemical cell

¢, = Stability Filter
and amplifier
phase

¢, =Phase of
electrochemical
cell

¢; =Phase of iR
comp feedback
loop
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P1

High Gain

Vo

Op-Amp

Potentiostatic

P3

Electrometer

Multiplier

¢4 + ¢, + ¢35 = In Phase = Ringing

¢, = Stability Filter
and amplifier
phase

¢, =Phase of
electrochemical
cell

¢; =Phase of iR
comp feedback
loop
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MEASUREMENT AND
COMPENSATION OF RESISTANCE

Devin Rappleye
Molten Salt Electrochemistry Symposium (MoSES)
July 21, 2026




IR Drop stretches the i-E curve

Example:

Cell Potential =5.5V

Cell Resistance = 0.5 Q

Cell current =10 A

IR=5V

Only 0.5 V drive the reaction!

Current Density (A/cm?)

R=0.5Q
—R=00Q

A

(-) Potential (V)

Ecen = Eeq +n + IR



Effect of Ohmic (IR) Drop on Scan Rate

Potential (V)

-0.8
-0.9

-1.1
-1.2
-1.3
-1.4
-1.5
-1.6
-1.7
-1.8

Time (s)

—Applied Potential = —Applied Potential + IR
-100 mV/s R=0.20Q +100 mV/s
+340to-32 mV/s
E~-1.56
+6to-130 mV/s
0 5 10 15

Current (A)

Ex~-1.56

0.4
0.3
0.2
0.1
0.0

-0.1
-0.2
-0.3

-1.7 -1.5 -1.3

Potential (V)

-1.1

-0.9



Ways to Measure Resistance

* Positive Feedback
* Current Interrupt (I-interrupt)

* Electrochemical Impedance Spectroscopy (EIS)



Positive Feeback

Eappl — Epstat — IRy,
Ecomp — Lpstat — IR, +IfRy

(+)
* f="100%" is not possible due to

Eappl

phase shifts in electronics

* Always a time lag Veomp = —If Ry,

Vo = —IR
Ecomp 0 “

Potential / V

* Increase funtil oscillations

EDStat

appear, then reduce slightly until
stable

1
L —

* Too low of current limits can Time /s
suppress oscillations



Current Interrupt

* Potential applied
. li] >0 li| =0
* Needs to be applied where
. ocvV
appreciable current flows S -
. 1 m A o AV Capacitive . (
* Current interrupted—very AV Ot
- 1
qulely (us) Time of Current
- i Interruption
* Gamry technical note on =
current interrupt v . e oSSR A 0 Bl . Woreon B
* https://www.gamry.com/application- Characerization Techniaues Used on Redos Flow Batterce Jourmal of T,
notes/instrumentation/understanding- Electrochemical Society, 165(5), A970. https://doi.org/10.1149/2.0601805]es

ir-compensation/


https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
https://www.gamry.com/application-notes/instrumentation/understanding-ir-compensation/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/2.0601805jes

EIS Uses Equivalent Circuits

ransfer




EIS Measurement of Resistance

Rotating Vector  X(t) A Sinusoidal waveform N A b
Frequency domain X(t) - Xosin(wt) Time domain B Ru )

90° X, i

A - A'A'A% Zw

- Ret
I . X
I ot . Xrms = 0.707Xo il
T - - £ Kinetic control Mass transfer control
i ¥ - Tt T
oy o i
180° <= i > 0 .

L I“ Time W,...,= 1/RetCal

|

\ 4 45°
270° \/

T=0.5s : T=0.5s AN o
f = 2 HZ \“\ |ncreasmgw
:/ ! }
Ru Ru+ Ret- 202%Cal Ru+ Ret Z'
Images used under from: Lazanas, A. Ch., & Prodromidis, M. I. (2023). Electrochemical Impedance Spectroscopy—A Tutorial.

ACS Measurement Science Au, 3(3), 162—193.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1021/acsmeasuresciau.2c00070

Comparison of Pros and Cons

POSITIVE FEEDBACK

e Pros
e Simple
* Quick
e Cons

e Over- or under-
compensation

* “Cooking” solution

[-INTERRUPT

* Pros
* Uses DC
 Stable w/pstat
* Dynamic w/time or
potential
* Cons
* Inaccuracies (noise)
* Capacitance
e Speed

EIS

* Pros
* Accurate
 Stable w/pstat
* Dynamic w/time or
potential
* Cons
* Requires AC

* Complicated, non-
intuitive models



Demonstration—> Group Experiments

 Conversation starters
* Prepared procedures are starting point

* Get curious
* What would you like to explore?

* [nvitation
* Ask questions when unclear
* Fill in gaps with your comments and insights

10



LIVE GROUP EXPERIMENT

Facilitator: Cameron Vann




Effect of Resistance on CV Curves

. 3 i
2.5 5
2 L —0.14 Q 01Q
4 iw | ——0.13Q < 197 _
o 0.120 ie —MmiR
c 1+ c 1 r compensation
] 010 o
(- -
5 05 S 05 |
O O
0 | -
0 N
-05
At 05 |
_1.5 1 1 L I 1 _1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 -2 1.5 -1 -0.5 0 0.5 1
Potential / V vs. Ni|Ni?* Potential / V vs. Ni|Ni?*

Graphs taken from: Mejia, C., & Rappleye, D. (2025). Methodological Approaches to Troubleshooting and Enhancing Molten Salt
Electrochemical Experiments. Journal of The Electrochemical Society, 172(4), 043502.
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How to Check for Overcompensation

* Ringing or Oscillations in Data
* See Potentiostat Operations by Alex Peroff
* Too Narrow of Peaks
* AE, = lE — E, /Zl < 2. 20— (soluble-soluble CV peaks)

Epa — l < 2. 22 — (soluble soluble CV peaks)

* AE, = lE — E, /Zl < 0. 774— (soluble-insoluble CV peaks)

* Peaks back bending on themselves
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Electrochemical Window

* Also known as “background limits” or “working range”

[

Power Supply —‘

4/55 e
M |

[ AgBr




Effect of Kinetic Overpotential

* Also known as “background limits” or “working range”
/

(q

Power Supply

[ AgBr




1.15 —W Molten CaCl, at 805 °C

0.95 —Pt
—Graphite
Pt-coated Mo

0.75

0.55

0.35

Current Density / (A cm-?)

0.15

-0.05
-0.50 0.00 0.50 1.00 1.50 2.00

Potential / V vs Ag/AgCl (4.9 mol%)

Graph from: Schvaneveldt, M. (2022). In-Situ Chlorine Gas Generation for Chlorination and Purification of
Rare Earth and Actinide Metals (Master's Thesis), Brigham Young University.



Molten Salt Example

e What half-reactions can

occur? i

e What will determine the
electrochemical window?

Power Supply

Cathode

0

Llwa
Ay
E

N

Molten LiCI-KCl

Anode




Molten Salt Example

Half-Cell Reaction E°vs. Cl,/CI”
SLi*t+e =L -3.349
Ca®**+2e =Ca -3.272
Na*+e™=Na -3.216
Ce®**+3e™=Ce -2.717
Pu**+3e” = Pu -2.473
Mg?*+2e =Mg -2.428
U3+t +3e=U -2.145
AlP*+3e"=Al -1.693
Fe?*+2e = Fe -1.093
Ag*+e =Ag -0.801
Ni%*+2e =Ni -0.666
< |CL(g) + 2e= 2CI- 0.000

Vred
ne ared

RT [ a)o*
E., =E°+—ln< -~ )

Power Supply

Cathode

0

Molten LiCI-KCl

Anode




Cyclic Voltammetry (CV)

Half-Cell Reaction E° vs. Cl, /CI”
Li*+e™=Li -3.349
Ca?*+2e7=Ca -3.272 S
Na*+e"=Na -3.216 5
Ce3*+3e =Ce -2.717 s
Pu*+3e” = Pu -2.473
Mg?*+2e =Mg -2.428 \/
U3*+3e=U -2.145 Time
AlP*+3e"=Al -1.693
Fe?*+2e ™= Fe -1.093 M—>MM+ne-
Ag*+e =Ag -0.801 -
Ni2*+2e"=Ni -0.666 5
Cl,(g) + 2e"= 2Cl- 0.000 5

*Tabulated at 1123K on a mole fraction basis

MM*+ne>M

Potential



Molten CaCl,
at 1123K

Graph from submitted
manuscript of published
article: Zhang, C.,
Rappleye, D., Nelson, A,,
Simpson, S., & Simpson,
M. (2021).
Electroanalytical
Measurements of Oxide
lons in Molten CaCl2 on
W electrode. Journal of
The Electrochemical
Society, 168(9), 097502.
https://doi.org/10.1149/
1945-7111/ac208e

Current (A)

1.5

-1.7

-1.2

-0.7

-0.2 0.3 0.8
Potential vs. W (V)

1.3

1.8

-

20V
1.7V
1.5V
1.4V
1.3V



https://doi.org/10.1149/1945-7111/ac208e
https://doi.org/10.1149/1945-7111/ac208e
https://doi.org/10.1149/1945-7111/ac208e
https://doi.org/10.1149/1945-7111/ac208e

Calculating Expected Window

* Molten LiCI-KCI
* LiCl decomposes before KCI

 [f E0 unavailable at conditions
e Calculate/Estimate E° using AG®

e Zhang, W, Pulham, C. R, Mount, A. R,, Brockie, N., & Lewin, R. (2008). Thermodynamic calculation and reference electrode calibration for high
temperature molten salts. Energy Materials, 3(2), 132-136. https://doi.org/10.1179/174892408X394254

* For LiCl
 Cathodic Limit: Li* + e & Li
* Anodic Limit: Cl, + 2e- & 2CI
* Combine Reaction: LiCl & Li + %, Cl,



https://doi.org/10.1179/174892408X394254

Standard Reduction Potential Estimator

AGPn
rxn — nF

Calculate AG

Gibbs Free Energy and Standard Potential Estimator by Devin Rappleye
Download the original source file from hitps://pyro.byu.edu/electrochemistry-tools

https://pyro.byu.edu/electrochemistry-tools
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CHRONOAMPEROMETRY AND
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Chronoamperometry (CA)

* Set potential

e Record Current
e Chrono-=time

Potential

e -amper(e)- = current

* -ometry = measuremet —

Time

* Diffusion-limited response typically

described by the Cotrell Equation:

/Dox
° [d:nFA Fcox

Current

N

Time

Image adapted under CC BY 4.0 from: Williams, T., Shum, R., & Rappleye, D. (2021).
Concentration Measurements In Molten Chloride Salts Using Electrochemical Methods. Journal
of The Electrochemical Society, 168(12), 123510. https://doi.org/10.1149/1945-7111/ac436a



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a

Chronoamperometry (CA)

* Repeat CA at different potentials x
. Verify_applicability of.Cotrell z
Equation by overlapping responses at : Ry
different potential steps © i NP
e Iy = nFA /%Cox ©000
Potential
-1.85
-1.90
S 195 -
S -2.00 4 Step 1
E 205 | —Step2
5 -2.10 A Step 3
-2.15 7 Step 4
-2.20 . |
-2.0 0.0 2.0

Time (s)



Derivation of Cottrell Equation

dC;(x) z;F do(x)

Ji(x) = —D; dx  RrRT2iCi g
* Governing Equations: * Boundary Conditions:
o | — _OCi(x,t) . _  mol
[ = —nFAD; = C;(0,t) =0 ——
L 0Ci(xt)_ 9%C;i(xt)  lim C;(x,t) = C;
ot  0x? X0

e Initial Condition:
. Ci(x, 0) = C;-k

* Independent of product type and concentration

* Does not account for convection, migration,
nucleation, and surface area growth




Concentration Profiles During CA

1.2
Solid lines = reactant, dashed lines = product
1.0 = —
Based on governing equations 0.8 T Time =0ms
and conditions on previous =~ ——Time = 1 ms
slide: S’ 0.6 Time = 10 ms
S~
) X E 0.4 ——Time = 100 ms
Cox(x, t) - Coxerf 2\/D_t O 0.2 ——Time = 400 ms
( ) ( X ) | - —Time = 1000 ms
Creq(x,t) = Cp, 4 erfc 00 focooTtoo T Teeeo L TTTeeeoo. e
re red Zm
-0.2
0 50 100 150

Distance from Electrode (um)

Assuming strongly reducing potential resulting in diffusion-limited
behavior and soluble product 5




What's different for an insoluble product?

* Not outward diffusion of product
* Reduced concentration in solution stays at zero
* Does no outward diffusion impact Cottrell equation?

* Pre-concentration of product at electrode

 All ready to oxidize (or reduce) when potential become more
positive (or negative) than the equilibrium potential

* Diffusion layer next to electrode becomes flooded with reactant
* How does this impact CA measurements?



C(x,t)/C(x,0)

Resetting the Diffusion Layer after CA

 What does the soluble product  What does the soluble reactant
concentration profile look like 0.1s after concentration profile look like 0.1s after
reversing a 1-s CA? reversing a 1-s CA with an insoluble
product?
Z
< Time = 1000 ms
B
&)

Distance from Electrode (um) Distance from Electrode (um)



Resistance

Eappl — Epstat — IRy,
* Compensation needed to

minimize effects in
measurement

e Simulation can account for
effects post-measurement

Current

_

Time

Potential / V

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

] |
I
] I
1 : — Applied Potential
T : Output from PStat
-0.2 00 02 04 06 0.8
Time /ms

1.0



Double-Layer Charging

* At short times (<1 ms),
double-layer charging is

RC time constant (in ms)

Significant Surface Area (cm?)
—t 0.2 0.4 0.6 0.8 1
° I — A_E e /RSCd
R, 0.2 0.2 0.3 0.5 0.6 0.8

0.4 0.3 0.6 1.0 1.3 1.6

0.6 0.5 1.0 1.4 1.9 2.4

0.8 0.6 1.3 1.9 2.6 3.2

T
(5}
—/
=]
=
u
(5
3]
(=9
90
Q
=
(=]
|
e
(S
Q
p—
€3]

1 0.8 1.6 2.4 3.2 4.0

Based on largest literature values of 2 Q/cm and 2.0 mF/cm?. Table taken from:
Rappleye, D. S. (2016). Electrochemical concentration measurements for multianalyte
mixtures in simulated electrorefiner salt [Ph.D., The University of Utah].
https://www.proquest.com/docview/1839262770/abstract/A450A0502B7F4E53PQ/1



https://www.proquest.com/docview/1839262770/abstract/A450A0502B7F4E53PQ/1

- “the determination of diffusion coefficients from the current
Nucleation Effects

after the maximum must be considered with extreme caution.”

Cu Deposition on Pt in 0.1 M CuSO, + 0.5 M H,S0, at 60 °C

Current Density / (mA cm™?)

—-0.225V -0.2V
—-0.175V —-0.150V
- --Cottrell

1 1.5 2 2.5

Time /s

Quote and Data taken from Figure 4 of: Heerman, L., & Tarallo, A. (1999). Theory of the chronoamperometric transient for electrochemical nucleation
with diffusion-controlled growth. Journal of Electroanalytical Chemistry, 470(1), 70-76. https://doi.org/10.1016/5S0022-0728(99)00221-1
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- “the determination of diffusion coefficients from the current
N u Cl e atl O n E ffe CtS after the maximum must be considered with extreme caution.”

-0.025 - 0 -
-0.05
-0.02 A 0.1
-0.15
& 0015 1 T 02
£ -001 - 5 03
- o
(&) -0.35
-0.005 A 0.4
1 1 L L J '0-45 | T 1 ] ] 1
0 0.1 0.2 0.3 0.4 0.5 0 0.5 1 15 2 2.5 3
Time (s) Time (s)
U deposition onto W in U deposition onto Ag in
LiCI-KCl at 773 K LiCI-KCl at 773 K

Plots reused under CC BY 4.0 from: Tylka, M. M., Willit, J. L., & Williamson, M. A. (2017). Electrochemical Nucleation and Growth of Uranium and
Plutonium from Molten Salts. Journal of The Electrochemical Society, 164(8). https://doi.org/10.1149/2.0471708]es
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[ssues at Long Time Scales

e Surface Area Growth * Natural Convection

005 ————————————————
0.1 - =TT

< -0.15 -

g 02 -

= ]

5 -0.25 1 ,' Measured
-0.3 - : - = = = Cottrell
_0.35 I 1 1 1 1

0 1 2 3 4 5
Time (s)

Image taken from: Rappleye, D. S. (2016). Electrochemical concentration measurements for multianalyte mixtures in simulated
electrorefiner salt [Ph.D., The University of Utah].
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[ssues at Long Time Scales
* Radial Diffusion

 wFADC| 2exp(-0.054/4z D1 r0)+ i

7, N4zDi/r, In(5.2945+0.7493/4Dt /1,

1

0.1 -
0.08 -
0.06 -
0.04 -
0.02 -

Planar

- = = Cylindrical

§~
‘_
—-_
_-_—_----

Current (A)

Image taken from: Rappleye, D. S. (2016). Electrochemical concentration measurements for multianalyte mixtures in simulated
electrorefiner salt [Ph.D., The University of Utah].
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CA with polished W WE

0.0 -

_0.5 -

_1.0 -

Current / A

~1.5 |/

—2.0 - T I

0.0 0.1 0.2
Time /s

0.3

0.5
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CA with Annealed W WE

Current / A

0.0 0.1 0.2 0.3 0.4 0.5
Time /s
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CA with polished Ni WE

0.0 -

_05 -

_1.0 -

Current / A

_1.5 -

_20 -
0.0 0.1 0.2 0.3 0.4 0.5

Time /s
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0.5 mol% Fe in NaCI-KCI-Mg(l,

Cotrell Fit - Dataset 12

log(-Current)

7 -6 5 -4 -3 -2 -1 0
log(Time)
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How to Tell if Cottrell Equation is Valid?

* Take the log o4

0.2
Id Dox 0.0
log| [—| ] = log| nFA C —
g(AD g( mt Ox) <02
~_-0.
5-0.4
0.5 0.5 —~
I D 1 =
log(‘—dD = log <nFA ( Ox) Cox> + log <—> S 0.6
A s t —
—-0.8
0o S 10
I, D ' — -1.
log(‘ZD =\log <nFA < ;x> Cox>} — 0.5log(t) 1
! \ -1.4
y-intercept (b) Slope (m) -3 -2 -1 0 1
log(Time / s)
Non-Linear Fit of 100 \2
Cottrell Equation to OR D,, = n( > Which one has lower error?
Identified Region nkACox




Chronoamperometry Takeaways

* One of simplest methods from a procedural perspective
* Log(I) vs. log(t) plot to identify Cottrell region

* Analysis of electrodeposition reactions complicated by

* Nucleation

 Natural Convection
e Surface Area Growth
e Radial Diffusion

* Extreme caution when deciphering suitability of data for
Cottrell analysis
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Cyclic Voltammetry (CV)

e Scan potential

e Record Current
» Volt- = potential

Potential

* -am(pere)- = current

* -metry = measuremet Time

* Reversible peak typically described by
the Randles-Sevcik (soluble-soluble):

B (nF)3Dv .,
+ I, = 0.44634 / 22V G B

* Or Berzins-Delahay (soluble-insoluble):

o (TlF)sDV * Time
+ I, = 0.61054 | 22 G

Image adapted under CC BY 4.0 from: Williams, T., Shum, R., & Rappleye, D. (2021).
Concentration Measurements In Molten Chloride Salts Using Electrochemical Methods. Journal BYU
of The Electrochemical Society, 168(12), 123510. https://doi.org/10.1149/1945-7111/ac436a

Current



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a

I

Current (A)

Image reused from: Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T,,

Soluble Reactant & Soluble Product

Fc = Ferrocene - Fe(CsH;),

I
Fc —>Fc*+e FI
i

1 ™ 1 — T T 1
03 02 01 00 -01 -02 -03

Potential (V vs Fc*/Fc)

©

endd G
o
E D
[
start — A
T
E

Potential

©

& Dempsey, J. L. (2018). A Practical Beginner’s Guide to Cyclic Voltammetry. Journal of Chemical
Education, 95(2), 197-206. https://doi.org/10.1021/acs.jchemed.7b00361

Inward Diffusion

Electron
Transfer

Outward Diffusion

©
©

JAOYLIATH
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O 3
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\‘I
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Potential (V vs Fc*/Fc)

Image reused from: Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T., & Dempsey, J. L. (2018). A Practical Beginner’s Guide to Cyclic

Voltammetry. Journal of Chemical Education, 95(2), 197-206.
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Reversible = Nernst Equation at Surface

_ dCi (x) _ ’ RT Cred (0» t)
Jilx)=-Di—5 E=E _nFm<Cox(0,t)>
* Governing Equations: * Boundary Conditions:
+ [ = —MFAD,, 20 * lim Cox(x,8) = Cjy
. acox(x:t)_ azcox(x,t) ‘ J}l_)rgo Cred (x1 t) =0
ot 0x? nEq . -or
0C,eq(x,t) azcred(x,t) o Creq(0t) — e[RT(E k )]
T o2 Cox(01)
o o .p 0Cex(0D _ o 0Crea(0)
e Initial Conditions: ox 5, . PredT

‘ Cox(x: O) — CZx
‘ Cred(x: O) =0 BYU




Soluble Reactant & Insoluble Product

| Inward Diffusion
=
-
=
S
: . O :
Adsorption
Time
M—>M"+ne- Electron
Transfer
-
=
<))
z
< Peaks are sharper/steeper
frneS>M than soluble-soluble
_ Oxidation peak is larger due
al to preconcentration of
product on electrode




Insoluble = No Outward Diffusion

dCi (x) . / RT Cox(Ol t)
]i(x)z_Di 7 E =E° +Tt_Fln<COared>
* Governing Equations: * Boundary Conditions:
+ [ = —MFAD,, 20 * lim Cox(x,8) = Cjy
2 0 [n—F(E—EO')]
. BCox(x,t)z 0“Cox(x,t) . Cox(O' t) = C" elRT
ot 0x?

e Initial Conditions: * Areq = 1 (pure deposit)

. “the boundary condition... should be modified in order to take

‘ Cox (x; O) — Cox into account the variation of the activity of the deposit with time...
the deposition of an insoluble material onto a solid electrode are
strongly affected by variations of the activity of the deposit”

Berzins and Delahay

Berzins, T, & Delahay, P. (1953). Oscillographic Polarographic Waves for the Reversible Deposition of Metals on
Solid Electrodes. Journal of the American Chemical Society, 75(3), 555-559.
https://doi.org/10.1021/ja01099a013



https://doi.org/10.1021/ja01099a013

B 11 C1 1 D1- E 1-
_ A e | _ [ ¢ D E
) o - O 3) 3)
E - E1 i E = E1;"2 E = Ep,c E = E2 E = E1I2
0 0- : 0 . 04 0 -
d Bulk ¢ d Buk 0 d Buk 0 d Buk 0 d Bulk
1
F | 2
Iy start— A | =
O
) E = E
(= p,a
8 m 0 T
5 E / ¢ E D 0 d Bulk
] 3 —
A G1 No—
D . - G
* o A
Cc end — G E=E,
I | 04
Potential E E; 0 d Bulk
Potential

Image reused from: Elgrishi, N., Rountree, K. J., McCarthy, B. D., Rountree, E. S., Eisenhart, T. T., & Dempsey, J. L. (2018). A Practical Beginner’s Guide to Cyclic
Voltammetry. Journal of Chemical Education, 95(2), 197-206.

7b00361
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Summary of Reversible CV Relations

Reversible (soluble-soluble)

Reversible (soluble-insoluble)

Randles — Sevtik

Berzins — Delahay

. |(nF)3Dyv . |(nF)3Dgv
, = 0.44634C; |~ Ip = 0.6105AC5 |~
RT Dp RT RT
E, = EY —1 — | — 1.109— = EO/ — — _
P + —on Dy = E, = E” + = ln(xo) 0854nF

RT
AEp = |Ep p/2| = ZZOnF

RT
AE, = |E, — Epp| = 0.774——

Table adapted under

Electrochemical Society, 168(12), 123510.

from: Williams, T., Shum, R., & Rappleye, D. (2021). Concentration
Measurements In Molten Chloride Salts Using Electrochemical Methods. Journal of The
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Effect of Capacitance in CV

0.6 - _t/R -
dU/dt=5mM . I — UCd[l_e S d]
0.4 - -
1 Increasing ]
0.2 - capacitance -
dU/dt=5mV-s" —
< 004 B 1T
-0.2 4 -
-0.4 4 -
-0.6 T T T T T T T T T T i
0.4 0.6 0.8 1.0 1.2 1.4 1.6
UnN
Image adapted under from: Ge, Y., Xie, X., Roscher, J., Holze, R., & Qu, Q. (2020). How

to measure and report the capacity of electrochemical double layers, supercapacitors, and their
electrode materials. Journal of Solid State Electrochemistry, 24(11), 3215-3230.
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Effect of Ohmic (IR) Drop on Scan Rate

—Applied Potential = —Applied Potential + IR
-0.8 E=x-1.56
-0.9 -100 mV/s R=0.20Q +100 mV/s
0.4
-1
0.3 A
-1.1 0.2
= .1.2 < -
2-13 +340 to -32 mV/s o
15} 1 4 ;S:: 0.0 n
2 1. =
~ e S 0.1 -
'1'6 x~-1.56 0.2 -
- -0.3 . . .
-17 || +610-130 mV/s 17 15 -13 -11  -09
-1.8 Potential (V)
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Time (s)

BYU




0 1 ~—— 1000.0 mV/s
— o / —— 562.0 mV/s

N —20 A 5, —— 316.0 mV/s
I - 178.0 mV/s
€ _40-
; — 100.0 mV/s
£ 60 4 - 56.0 mV/s
> —— 32.0mV/s
wn
C  _g0- ——— 18.0 mV/s
o — 10.0 mV/s
)
g —100 -
5
“ —120 -

~140 -

—0.200 —-0.175 -0.150 —0.125 -0.100 —0.075 —0.050 —0.025 0.000
Potential/V vs E”

Figure 4.22: Comparison of simulations of 0.5 wt% UCls at a variety of scan rates
(solid lines) to Atek et al.”s quasi-reversible model (dashed lines, a = 0.8, k° =
2.5 x 1077). Resistance is approximately 0.167 Q with no compensation.



Staircase Approximation

—Digital Staircase

Analog Ramp/Scan

Potential

AE
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Data digitized from Figure 1 of: Fatouros, N., Krulic, D., & Groult, H. (2009).
Linear sweep and staircase voltammetries for reversible deposition of metal
ions on the same metal and on foreign substrates. Journal of Electroanalytical

Chemistry, 625(1), 1-6.
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https://doi.org/10.1016/j.jelechem.2008.07.028

Natural Convection, Area Growth, Radial Diffusion
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LIVE GROUP EXPERIMENT

Facilitator: Edward Mercado
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Microstructural Differences on Deposition

2.5

— Annealed
2.0 —— Stock
1.5 1
1.0 —

4]

0.0 - il
0.5 7 0.5 mol % UCl;-LiCIl-KCl1
1o T =550°C
' v=1Vgsl!
1 I I 1 I
-1.5 -1.0 -0.5 0.0 0.5

Potential / V

2 min constant potential deposition
of uranium onto tungsten

Same exposed area, temperature,
and surface roughness

Electrode process history matters
on electrochemical response

% det WD 2\%
X" ETD 9.9807 mm 20.00 k\_{ 3._2 nA 200 x 11 4 | BYU - Apreo

Ny 8 1, -
s det WD HY

Untreated

curr  magd 5/13/2026 HFW 400 pm

curr  mags 5/13/2026 HFW —400 pm | % det WD
ETD 9.9323 mm 20 00 kV 3.2 nA 400x 11: 1.04 mm BYU - Apreo

curr mag & 6/2026 HFW — 20 pn{
ETD 10.0746 mm 20.00 kV 1.6 nA 3 500 x 11:27:59 AM 59.2 ym BYU - Apreo

curr mag s 5/26‘/2026 HFW = = 20 pm - e Y HV
ETD 9.9696 mm 20.00 kV 1.6 nA 3 500 x 11:13:50 AM 59.2 pm BYU - Apreo



Microstructural Differences on Deposition
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Microstructural Differences on Deposition
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Cyclic Voltammetry Takeaways

* Berzins-Delahay equation is simple, but limited

* When analyzing be watchful for effects on electrodeposition
from
* Nucleation (low concentrations, high scan rates)
* Natural Convection (high concentrations, low scan rates)
* Surface Area Growth (high concentrations, low scan rates)
* Radial Diffusion (high concentrations, low scan rates)
* Staircase (large step sizes)




SQUARE WAVE VOLTAMMETRY AND
ELECTRODEPOSITION

Devin Rappleye
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July 22,2026




Square Wave Voltammetry (SWV)

A
= At ‘sAE| 2 & k
= DR | = 2
| - ‘ | I =
£ . AE = hf




SWYV Advantages and Challenges

* High sensitivity for detecting trace species
* Background suppression
* Insights into speciation via number of electrons exchanged

* No mature theory for soluble-insoluble reactions (e.g., metal
deposition/stripping)
* Proper application requires proper tuning of multiple
parameters
* Frequency (f=1/[2xt,])
* Step potential (AE,)
* Amplitude (AE)



SWYV Peak Width at Half Max (w)

 SWV Peak Width provides a connection to number of

electrons exchanged

w = 3.53°% (soluble-solul
nk

* Trend in literature is to multip
relation
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SWV Theory for Metal Deposition

* Fatouros and Krulic published and validated a SWV model
for soluble-insoluble reaction for n = 1 case!l

R = Universal gas constant
Do

RT
e w, = 07—+ 0.3nFAR,c,, [— (complex) T = Temperature
2 F utox |y
n p n = electrons exchanged

e This relation requires too much a priori knowledge | £ = Faraday’s constant

! ! e . R,, = Uncompensated resistance
to be helpful for reaction identification -

* Our research group further validated and simplified the
relation for well-compensated resistance?

* Wy = 0.7-— (simple)

IN. Fatouros, D. Krulic, Analysis of the square wave voltammetry for reversible metal deposition on a foreign substrate — Experimental study of silver deposition on
gold, Journal of Electroanalytical Chemistry. 706 (2013) 76—85. https://doi.org/10.1016/j.jelechem.2013.07.019

2Fuller, R., Williams, T., Schvaneveldt, M., & Rappleye, D. (2022). A comparison of square-wave voltammetry models to determine the number of electrons
exchanged in metal deposition. Electrochimica Acta, 414, 140220. https://doi.org/10.1016/j.electacta.2022.140220



https://doi.org/10.1016/j.jelechem.2013.07.019
https://doi.org/10.1016/j.electacta.2022.140220

Aqueous Silver Deposition (n =1)
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Molten Salt Nickel Deposition (n = 2)

Ni%* + 2e” & Ni
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Surface Area Growth Widens SWYV Peaks

* At high temperature, deposition
occurs more rapidly resulting in
thicker deposits

* The thicker deposits augment the
surface area

* At more negative potentials, the
metal deposits are not stripped
off in the backward step

* This leads to monotonically
increasing current difference
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Molten Salt Lanthanum Deposition (n = 3)
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Comparison of the Models
| sowbleSombie | Comples | Simple

Trial n Error n Error n Error

Ag 99% 2.33 133% 0.93 7% 0.90 10%

Ni 85% 2.89 45% 1.21 40% 1.17 42%

La85% 5.39 80% 2.32 23% 2.17 28%

The simplified model introduced minimal error in the case of well-compensated resistance

10




Adapting for High-Temperatures

* Thermal convection appears to widen back half of peaks
» Empirical relation regressed from data?

Wy = O.91i—£+ 0.32nFAR,c,, IZ—O (complex)

p

W, = 0.91% (stmple)

Trial n

2Fuller, R., Williams, T., Schvaneveldt, M., & Rappleye, D. (2022). A
comparison of square-wave voltammetry models to determine the
Ni 850/0 152 number of electrons exchanged in metal deposition. Electrochimica
Acta, 414, 140220. https://doi.org/10.1016/j.electacta.2022.140220

La85% 2.82

11



https://doi.org/10.1016/j.electacta.2022.140220

LIVE GROUP EXPERIMENT

Facilitator: Bryant Johnson




SWYV Takeaways

* The number of electrons was consistently underpredicted

* A ceiling function accurately predicts the number of electrons exchanged

 Alternatively, an empirical relation was derived from the data:

.« w, = 0.91%
« n=1.1,1.5 and 2.8 for Ag, Ni and La deposition respectively

* The Fatouros and Krulic model assumed 2D nucleation

* Molten salt experiments experienced more rapid surface area growth and may have

experienced 3D nucleation

* The relationship between SWV peak height and concentration needs to be
validated for metal deposition

 For more details:

* Fuller, R.,, Williams, T,, Schvaneveldt, M., & Rappleye, D. (2022). A comparison of square-wave voltammetry models to determine the number
of electrons exchanged in metal deposition. Electrochimica Acta, 414, 140220. https://doi.org/10.1016/j.electacta.2022.140220
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Seeing the Whole Picture

Six blind researchers examine an elephant:

e Side — “It’'s a wall!”

e Tusk — “It's a spear!”

e Trunk — “It’s a snake!”
e Leg - “It's a tree!”

e Ear —» “It's a fan!”
e Tail - “It's arope

1
!

Each is partly right, but none sees the full picture.

Lesson:

In complex systems (like electrochemistry or
biology), multiple perspectives are essential. No
single measurement or viewpoint reveals the
entire truth.

Moral: Everyone was partially right - but also partially wrong. To understand the full reality, we
must combine all viewpoints. Complex systems are more than the sum of their parts. 5



What does it look like?

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

Electrochemical
Impedance
Spectroscopy

2" Edition

2004 International Symposium on Impedance Spectroscopy Logo ;



Famous EIS Analogy

https://www.fayettevillesymphony.org/our-story/

Can you hear
one instrument
at a time?

Only one person can
play at a time during
the deconvolution
process.



EIS can help

deconvolute these Charge
ransfer
processes by frequency. Resistance
Double Layer
. Capacitance

: | | Cable
AC EChem \ -fm Inductance

(EIS) O~
Q/

— W |— Diffusion

5



What is EIS?

Input signal Output signal

(potential or current) (current or potential)

VWY

Frequency: 1000 kHz

Electrochemical

System

Time =)

https://pineresearch.com/support-article/eis-basics/

Purpose:
* Non-destructive characterization
* Probes different electrochemical processes

EIS gives your system a frequency-based stress test.

6



Why Use EIS?

* Reveals multiple interfacial processes:
* Charge transfer resistance
* Double-layer capacitance
* Mass transport/diffusion

Useful in:
Batteries
Sensors (e.g., glucose or gas sensors)
Corrosion studies (e.g., protective coatings)

Fuel cells and electrolyzers
Semiconductor interfaces




How Do We Use EIS? y

* Apply a small AC signal
- Use a potential or current amplitude
that does not perturb the system

* Sweep across a range of frequencies
- Typically from high (100 kHz) to low
(10 mHz)

* Ensure linear response
- Verify with Lissajous plots (sinusoidal
input/output shape)
- Confirm using Kramers-Kronig test

https://www.biologic.net/topics/what-is-eis/

8



Linearity and Stationarity for EIS

How to determine if my EIS data is valid? Current Lissajous
There are three conditions: Plot
1) Stability - no system change over
time, no drifting baseline (Lissajous plot) N
2) Causality - no noise before or after — —. Potential
the signal —
i i : Current .
3) Linearity - output scales with Lissajous
input (Lissajous plot) O Plot
(Out of phase)
Lissajous Plot (nonlinear) Lissajous Plot (nonlinear)
o - C"*
G ] — Potential
5 5 Unstable —
https://pineresearch.com/support-article/eis-basics/

Potential | Potential ?



Linearity and Stationarity for EIS

All three conditions (stability, causality, and linearity) can be verified
through the Kramers-Kronig relations.

"
B— A | | R;] - RM-]_ Y Y gy
Ri G L L
C;; CM-l
Kramers-Kronig analysis is performed by fitting the EIS data to a circuit

composed of Voigt elements, thereby avoiding direct integration and ensuring
the data meet physical criteria such as linearity, causality, and stability.

10



EIS Data

600 | Nyquist Plot 1000 L\ Bode Plot o 20
2 - , o BRI
E ¢ I. o i
.S 408 - ° . ™0 §‘
Q‘; sn' ”,’. ; 100:.'... .O. :-—-10 ~
’0’ .o. L ¢
| 200 _N % ﬁ - : .‘ = .20 e .
¥ I | I } B "-u-"l I I ~-30
200 400 600 800 501 p 100 10000
Zr(Oth) Frequency (Hertz)

Nyquist plots help visualize resistance and capacitance behavior, while Bode plots
show how much and how fast a system responds to different frequencies.

11



EIS Data Interpretation

The Bode plot shows how impedance and phase
change across frequencies

The Nyquist plot shows impedance as imaginary (-Z2")

vs. real (Z') components

[t is read from right to left, starting from high

frequency to low frequency

The shape can be modeled using an equivalent circuit
R, is solution resistance, C, is double-layer capacitance,

R, is charge transfer resistance

-2 / kOhm

1.5

Cl c2
RO

1.0
R1 R2

0.54 ey = ==0

RO RO+R1 \ RO+R1+R2
N
0.0
0 1.0 2.0 3.0 4.0

Z' / kOhm

Blue line: impedance magnitude (|Z|), flattens at R,
Ry+Ry, Ry+Ri+R,
Green line: phase angle peaks where capacitive

behavior dominates
Helps identify different time constants in the system

log(lZ])

20

3.5

3.41

3%

RO+R1+R2

L
e
o

-phase / deg

=10

log(f) / Hz

https://doi.org/10.1021/acsmeasuresciau.2c00070
ACS Meas. Sci. Au 2023, 3, 162-193
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Randles Equivalent Circuit

A Cal

Kinetic control

w,._.= 1/RectCal

]

|

|

I

:

]

:

]

|

:

|

:

]
N\
L

1

:

]

:

Ru 1]
A~
A'A'A% Zw |-
Ret

Mass transfer control

%
- b increasing w
-~ A Mkt
-~ "
p— »-
Ru Ru+ Ret-20°Cdl Ru+ Ret Z’

https://doi.org/10.1021/acsmeasuresciau.2c00070
ACS Meas. Sci. Au 2023, 3, 162-193

Models electrochemical systems with R, R,
C4, and Warburg impedance (Z,,)

Semicircle = kinetic control (charge transfer)
45° tail = mass transfer control (diffusion)

Warburg impedance dominates at low
frequencies

0o =

1 RT 11
Yo AF2n2v2\c}./D, CL./Dp

13



Warburg Impedance

Finite Diffusion

I Transmissive Boundary
i.}‘ Examples: Diffusion layer in a rotating disk electrode
Reflective Lr
boundary Transmissive boundary FE
L
T TL O —.
o=
ZW“,*’ ..:T
',"' =L x=0
increasing w t,-*'
4 Reflective Boundary
rd Examples: Lithium diffusion in thin solid state oxide films
< Tranmissive Reflective boundary FE
boundary
defdx =0
70 TL * Rint
—>»
4

X=

X=L

https://doi.org/10.1021/acsmeasuresciau.2c00070

ACS Meas. Sci. Au 2023, 3, 162-193 14



Open Question for Discussion

* For metal deposition reactions, what is the most
appropriate physical interpretation of Warburg impedance
when the reduced species is a solid phase rather than a
dissolved species?

o

1 RT 1, 1
Yo AF2?2n2v2\ch./D, €% /Dy

15



Electrochemical Cell Set Up For EIS

The WE and SE lead are connected before entering glovebox. EIS Response

0.3
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0.1—

00—

2" (@)

0.1

0.2 -

03—

04—

02 01 00 01 02 03 04 05 06 07 08
Z (@)

! !—so

Z(Q)

PLEASE

— (| T Ty Ty [ | T T —

0.1 100 100000
Frequency (Hz)



Electrochemical Cell Set Up For EIS

The WE and SE leads are separated and clipped directly to the WE. EIS Response

0.30 0.35
Z(Q)




LIVE GROUP EXPERIMENT

Facilitator: Aubrey Simpson




EIS Takeaways

* EIS probes processes at different timescales using AC signals

* Apply around OCP or a specific DC potential to study system behavior
* Lissajous plot checks for linearity (amplitude not too large)

* Nyquist and Bode plots reveal resistance, capacitance, and diffusion

* Equivalent circuit models provide a framework for relating electrical
responses to underlying physical and electrochemical processes

* In molten salts, EIS is useful for analyzing capacitance, electrode
kinetics, mass transfer

* Interpretation of Warburg impendence appears to be more nuanced for
deposition reactions.

19



CHRONOPOTENTIOMETRY AND
OPEN CIRCUIT POTENTIOMETRY

Devin Rappleye
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Chronopotentiometry (CP)

e Set current

Current

* Measure potential
* Chrono- = time
* Potenti(al)- = potential —
* -ometry = measurement

 Sand Equation \
ITY/2  nFAD}/*n1/?

Co 2 e

Time

Potential

Image adapted under CC BY 4.0 from: Williams, T., Shum, R., & Rappleye, D. (2021).

Concentration Measurements In Molten Chloride Salts Using Electrochemical Methods. Journal
of The Electrochemical Society, 168(12), 123510. https://doi.org/10.1149/1945-7111/ac436a



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a
https://doi.org/10.1149/1945-7111/ac436a

Derivation of Sands Equation

dC;(x) B ZiFD - do(x)

Ji(x) = —D; dx r7 Diti— 4
* Governing Equations: * Boundary Conditions:
+ ] = —MFAD,, 220 * lim Cox(x,8) = Cjy
1/2
oC A 0%C A ° — C* 21t
o ";ix )_ a";gx ) Cox(0,t) = Coyx + nFADtl,,/czﬂl/Z

 Initial Conditions:
° Cox(x: O) — CZx

* Does not account for convection, migration,
nucleation, and surface area growth

* Independent of product type and concentration




Chronopotentiometry (CP) Profile

e Sand equation applies when
diffusion limited behavior is
reached

* High current densities

create dendrites resulting in  aenae < |

variable area with time

uniform metal £=0 (a)
deposition
metal < increasing time
deposition nFEy 2
V ] Tsand = D, 24
1t = Tsand
0 012 0j4 OjS 018 1

Normalized distance

Image adapted under CC BY 4.0 from: Wasalathanthri, R. N., &
Akolkar, R. (2022). Perspective—Does the Sand Equation Reliably
Predict the Onset of Morphological Evolution in Lithium
Electrodeposition? Journal of The Electrochemical Society, 169(9),
092519. https://doi.org/10.1149/1945-7111/ac8d73
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http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1149/1945-7111/ac8d73
https://doi.org/10.1149/1945-7111/ac8d73
https://doi.org/10.1149/1945-7111/ac8d73

Double-Layer Capacitance

* Total current
e IT — IF ‘I‘ IC
 Capacitance slants E vs. t

curve

* Graphical correction
* See slide 2

e Other methods

RT  41,Cy

nr (nFCg‘xw/nDox)z

P =

200
150
100

0 1 2 3
y (nondimensionlized time)
Data digitized from: Olmstead, M. L., & Nicholson, R. S. (1968). Influence of

double-layer charging in chronopotentiometry. The Journal of Physical
Chemistry, 72(5), 1650-1656. https://doi.org/10.1021/j100851a045



https://doi.org/10.1021/j100851a045

Multiple Reactions

* First reaction is still occurring du;ing second plateau
FAm1/?
(nlDll/ZCf‘l'nZDZl/ZCZ*)( ) = 1(1y + 1)/

-1.5

1.1 n 17 U<—>U3+
<13 -
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m. _2.5 T 1
o i
< 1.9 13 18 23
=
% 2.1
B
A~ 23

-2.5 T
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Open Circuit Potential

 Metal wire or rod (best) g o_pgo_RT. (aXZif)
: : e Vox
* Deposit onto inert electrode ' nk - \agy O/R
+
* Can use “R/0

* Chronoamperometry (CA)
* Chronopotentiometry (CP)

* Need to ensure complete
coverage (a,oq=1)

—0

E
L
E
C
T
R
0
D
E




Mixed Potentials
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Images taken from: Rappleye, D. S. (2016). Electrochemical concentration measurements for multianalyte mixtures in simulated electrorefiner

salt [Ph.D., The University of Utah].


https://www.proquest.com/docview/1839262770/abstract/A450A0502B7F4E53PQ/1

LIVE GROUP EXPERIMENT

Facilitator: Hunter Manner




CP and OCP Takeaways

* CP is a simple and robust methods

* Determining transition time can be complicated by

* Capacitance
* Multiple reactions

* When determining OCP
* Best to use pure metal as WE
* Ensure complete coverage when using deposit
* Avoid multiple species (mixed potentials), if possible
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