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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)
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Visual Representations of Mass Transfer

Diffusion
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Occurs near electrodes

Migration

Occurs in bulk and near electrodes

Carries charge/current through bulk
solution

Convection
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Forces Driving Mass Transfer

* Diffusion and migration arise from a gradient in
electrochemical potential:

+ J;(0) = =K 2 (1-D)
o]] — —KV,Ll] (3 D) ; Recall:

af = u} + RTIn(af) + zF ¢~

 Convection arises from local imbalances of mechanical
forces within the solution (e.g., stirring, density gradients)

 Ji(x) = —K + Civ(x) (1-D)
°]]——KV,LLJ+CV (3-D)
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Assumed Constants:
0 0
,u] ’ T; V]; le

Nernst-Plank Equation (Flux)

Ol
Ji(x) = _Ka_x] + Cju(x)
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How Does the Flux relate to Current?

¢ SpeCIGS Flux 9 SpeCIGS Current NOTE: In determining the sign on z,
careful attention needs to paid to the
° ] — iZ FA] . electrochemical convention being
J 3¢ :(x) D;C; x) 5 ( ) used and sign of the ion being
] X jx QD X reduced. Here, it is assumed that a
]] (X) — _D Z]F RT + C (X)U(X) positive ion is being reduced, and
IUPAC convention is used.




How Does the Flux relate to Current?

» Species Flux = Species Current
¢ I] — Id,j + I‘m,] + IC,j

2¢;(x) DC;(x) 3gp(x) | o
_ J 202 J~] % NOTE: A stagnant solution is
‘ I] - _Z]FAD] dx o Zj F<A RT Ox assumed and I ; = 0

* Total Flux = Total Current

- - dCj(x) F2A9¢p(x)
=0l =—FALZD — = — T,




Questions

* What are the three forms of mass transport in
electrochemical cells?

e Where do each of these forms dominate?
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Diffusion near Electrode Surface

* Near the electrode with supporting electrolyte (stagnant)

6Cj(x)
¢ I] — Id,j — —Tl]FAD] 9x

* What is diffusivity (D;)?

. (Ax)2 cm?

 Stokes-Einstein Equation

KT (10_23%)(1021[{) ~ 109 m? (1026m)2 ~ 10-5 cm?

([ D f— ~ ~ R
J 6mnr;  (10)(1073 Pax*s)(10~1%m) S m
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Conversion between Fick’s Laws:

Fi Ck, S LaWS Accumulation = Generation + In — Out

Accumulation + (Out — In) = Generation

e First Law -
aC;(x,t I V) (xt) =0
 J;(x,0) = —D; 742 (1.p) TR
* J; (x) = —D;V(; (3-D) acfa(f’t) = —V];(x,t)
e Second Law Planar X
aCi(x,t) 94Ci(x,t)
° a ]6 + — j 6] (1 D) Cylindrical T
C;
3 tj D VZC (3 D) Spherical r




Boundary and Initial Conditions

BOUNDARY CONDITIONS INITIAL CONDITIONS
e Semi-Infinite e Uniform Concentration
‘ ;I_)rgo Cox(x,t) = Cpy * Cox(x,0) = Coy
* lim Creq(x,t) = Crey * Crea(%,0) = Cpeq
X—00
: At EleCtrOde SurfaC’e NOT]_EI: These initial and boundary
. Cox@ _ E(E-EY peq) o eten Diferant anany
Crea(0,1) eoliple edced speces.

az COX(O)t)

dx? -

dx?2
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Limiting Current

* The mass-transfer limited current occurs when the surface
concentration is practically zero

° I} = thoxA(%_ ng)
° I} = thredA(C;"ked - %

¢ | = —nFADg, %50 = —nFAD,,
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Questions

* For two electrodes with the same area, would you expect to
have more current from diffusion with linear diffusion or
radial diffusion?

* Why?




Questions

* For two electrodes with the same area, would you expect to
have more current from diffusion with linear diffusion or
radial diffusion?

adiy |

* Why?
Electwde

b
=

A

mmm

ele (,MJL/




CONVECTION




Boundary Layers + the No-Slip Condition
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https://commons.wikimedia.org/wiki/File:Laminar_boundary_layer_scheme.svg



Rotating Electrodes

il,c = 0. 62nFADgi3w1/2v—1/6C*0x

il}c - nFAhOxC*Ox

l
Do 2/3 _
hOx,rotating—disk — 5 = 0'62D0/x wl/2y—1/6
Ox

8ox = 1.61 Dy w~1/2y1/6




Bubble-Driven Flow and Its Inverse

'x
e

/v N

DENSITY INDUCED

O ENNNNNANAN

BupBLE-DRIveN




Natural Convection in Molten Salts

hOx

=60x 10~4m s

equivalent to 1 rom rotation
(~4 cm IDcpycipre @ ~ 500 °C)

ACSPublications

R ihost Trusted. Most Cited, Most Read.

The Journal of Physical Chemistry B > Vol 127/Issue 40 > Article

B: LIQUIDS; CHEMICAL AND DYNAMICAL PROCESSES IN SOLUTION | October 2, 2023

Natural Convection in Molten Salt Electrochemistry

Jianbang Ge, Biwu Cai, Fei Zhu, Yang Gao, XinruiWang, Qianjin Chen*, Mingyong Wang, and Shugiang Jiac*

‘ DO oOpen PDF ‘ ‘ © Supporting Information (1)

Abstract

Molten salt electrochemistry has been widely used in many fields,
especially for metal extraction/refinement. The understanding of mass
transfer in molten salts under harsh operation conditions is of great
importance to reveal reaction mechanisms and advance fine
technologies. It has been generally assumed that natural convection is
negligible in stagnant molten salt electrochemistry. Herein, we report
an abnormal natural convection in molten LiCI-KCI, with the arising
time from 2.37 s at 873 K to 10.13 s at 673 K. Using the concentration
correction factor, the derived thickness of the natural convection—
diffusion layer (6conv,) Was found to be ranging from 128 to 163 pm,
much thinner than those in aqueous solutions (~200 pm). The
simulations showed that the notable natural convection resulted from
convection-diffusion layer (CDL) convection dominated over the
density-driven convection even at high redox concentrations, implying
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the severe vibration of molten salt systems. To suppress the intense natural convection, we predicted that the use of
microelectrodes (with radii less than 23.2 pm for 8¢gn, = 150 pm) would be a promising tool, regardless of their inferior stabilities
in high-temperature molten salts at this stage. These innovative findings offer insights into the impact of natural convection on

mass transfer in molten salts that have not been previously revealed.

Note: This is specific to soluble-soluble reactions. Natural convection can be more
intense for soluble-insoluble reactions due to greater density gradients.
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Questions?

* When should you consider convection as being significant?




Questions?

* When should you consider convection as being significant?
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MIGRATION




Migration in Bulk Solution

* In Bulk Solution (stagnant, no convection)

L _ 2124 DiCix) dg(x)
Ij — Im;f_ —Zj kA RT 0x

* [onic Mobility (1) and Equivalent Ionic Conductivities (A)

|z;|F _
o }\] = Fu]

"y =Dy

* Transference (t)
29 ()

. f. = I_]_ —|Zj|FA jCj(X) I - |Zj|ujCj(x) B |Zj|}\jcj(x)
T —pa22B5 0z uicio Zlziluicitd Xlzilacieo




Balance Sheets

* Flow of 10e” per unit time

2HY + 2e™ & H, (cathode)
Cl, + 2e~ & 2C1™ (anode)

* Equivalent Ionic
Conductivity
* Ay+ = 350 cm? Q!
* Aci- = 75 cm? Q1
* Transference

. ¢ = 1EIACE)
7 Xzj[Aici 0o
* |zy+| = |zg-|, Cy+ = Cgi-

- +
L Power Supply )

10 e
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Effects of Migration on Measurements
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Figure 4.16 Simulations of migration without complexationat the Figure 4.17 Simulations of migration with complexation (i.at the

extremes of scan rate and concentration evaluated. extremes of scan rate and concentration evaluated.
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Supporting Electrolyte (SE)
* High solubility

* SE carries almost all the migration current
* Mass transfer of electroactive species occurs almost exclusively
by diffusion
* Electrochemically inactive at electrode surface
* No reduction or oxidations

Qed\OO\f\GW‘;‘-U l

* Examples
W ndow

* LiCl, NaCl, CaCl,
* High solubility, inactive
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Supporting Electrolyte (SE)

ADVANTAGES DISADVANTAGES

* Decrease ohmic resistance ¢ Impurities can interfere

» Simplification of cell and * Adsorption/desorption
analysis (i.e., diffusion only) * Redox reaction

» Reduce double layer * Properties of medium differ

thickness from pure state




Questions

* When do you need to consider migration?

* If your analyte is positively charged and you're reducing it,
would you expect enhanced or diminished currents?




Questions

* When do you need to consider migration?
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* If your analyte is positively charged and you're reducing it,
would you expect enhanced or diminished currents?
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. R "o+ Supply N
Fill-in Blanks [ R

1M NaCland 0.015 M HCI 4
with 100 e’ B

2H' + 2e~ & H, (cathode)
Cl, + 2e” & 2C1™ (anode)

* Jonic Conductivity
* Ayg+r = 50 cm? Q!
* Ay+ = 350 cm? Q!
* Aci- = 75 cm? Q1

* Transference
. p = 1IN

7 Zlzhci0

e tI_I+z

100 e

* te- & B Diffusion Layer Bulk Diffusion Layer
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Fill-in Blanks he

» 1M NaCland 0.015 M HCI , @
with 100 e B

2H' + 2e~ & H, (cathode)
Cl, + 2e” & 2C1™ (anode) =
* Jonic Conductivity
* Ayg+ = 50 cm? Q!
* Ay+ = 350 cm? Q!
* Aci- = 75 cm? Q1

* Transference

|zi|A;Ci(x)

"= z|;j|xjjéj(x) \
© ty+ ~0.04
* top- ~0-§d Diffusion Layer Bulk Diffusion Layer

© tygt ~0.98 ‘_° - e_'
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