v Lectures through Zoom until mid-term
exam. However, anyone who comes to the

classroom may come.

v' The midterm exam is scheduled for April
18t on Monday.




All Soild State Battery (41 11#| HIE|2])

Main lonic Temp. Production Humid

compounds conductivity  stability stability
Oxide(LLzZO) Li, La, Zr, O 10-4S/cm O A O
Polymer Poly Ethylene 10->S/cm O @) O
Sulfide(LGPS)  Li, P Ge, S 10-3S/cm © © A



Electrolyzer (£Z15})

Different types of commercially available electrolysis technologies.
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Table 1. Characterisation of the four types of water electrolysers.
Alkaline PEM AEM Solid Oxide
Operating temperature 70-90 °C 50-80 °C 40-60 °C 700-850 °C
Operating pressure 1-30 bar <70 bar < 35 bar 1bar
Electrolyte Potassium PFSA membranes  DVB polymer Yttria-stabilized
hydroxide (KOH) support with Zirconia (YSZ)
K 1
57 mol KOH or NaHCO3
Tmoll?
Separator Zr0, stabilized with  Solid electrolyte Solid electrolyte Solid electrolyte

PPS mesh (above) (above) (above)
Electrode / catalyst Nickel coated Iridium oxide High surface area  Perovskite-type
(oxygen side) perforated stainless Nickel or NiFeCo (e.g. LSCF, LSM)
steel alloys
Electrode / catalyst Nickel coated Platinum High surface area Ni/YSZ

(hydrogen side)

perforated stainless

steel

nanoparticles on
carbon black

nickel

Porous transport layer

Nickel mesh (not

Platinum coated

Nickel foam

Coarse Nickel-mesh

anode always present) sintered porous or foam
titanium
Porous transport layer Nickel mesh Sintered porous Nickel foam or None
cathode titanium or carbon  carbon Cloth
cloth
Bipolar plate anode Nickel-coated Platinum-coated Nickel-coated None

stainless steel

titanium

stainless steel

Bipolar plate cathode

Nickel-coated
stainless steel

Gold-coated
titanium

Nickel-coated
Stainless steel

Cobalt-coated
stainless steel

Frames and sealing

PSU, PTFE, EPDM

PTFE, PSU, ETFE

PTFE, Silicon

Ceramic glass



Fuel cell (H=R41X|)

Table 9.1 Types of Fuel Cells

Operating
Fuel-cell type Main application temperature [°C] ~ Comments
Direct methanol Portable power 25-90 - Uses same membrane as PEM FC
Proton-exchange Automotive, buses 60-90 Tolerant to carbon dioxide in air
membrane (PEMFC) portable Requires precious metal catalysts
NEYNFALe FS Rapid start-up and shutdown

Alkaline (AFC) Space 80-100 Requires pure hydrogen and oxygen

Nonprecious metal catalysts possible
Phosphoric acid (PAFC)  Stationary, combined 180-220 Operates on reformed fuels

Ol A heat and power Long life

Some cogeneration possible
Molten carbonate Stationary, combined 600-650 High efficiency
(MCFC) heat and power Good cogeneration
Solid oxide (SOFC) Stationary, combined 650-1000 High efficiency

LS B el oy

heat and power

High temperature limits materials available and makes
thermal cycles challenging

Thomas F. Fuller, John N. Harb, Electrochemical Engineering, Wiley, 2018.



Lecture Note #5 (Spring, 2022)

Electrode structures & configurations

1. Porous electrodes
2. Three-phase electrodes
3. Electrodes with flow

Fuller & Harb (textbook), ch.5



Electrode in electrochemical systems

v 3-D structures (rather than planar electrodes)
- to increase the reaction area per volume

- to provide storage volume for solid reactants

- to support dispersed catalysts

- to establish a so-called three-phase boundary
- to efficiently evolve gases

v' Examples of porous electrode

-electrochemical double-layer capacitors (ch.11): capacitance is
proportional to the surface area

-the positive electrode of the lead-acid battery (ch.7, 8): need a large
Interfacial area

-the cathode of a phosphoric acid fuel cell (ch. 9): three phases (gas,
liquid. Solid) needed



Porous electrode terminology
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Figure 5.16 Porous electrode terminology.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.

-Porosity: the empty or
void portion of the
electrode

-Superficial area: the
area of a plane cutting
through the electrode
normal to the direction
of superficial current
-Specific interfacial
area: the actual
physical surface area
of electrode in contact
with the electrolyte
divided by the volume
of the electrode (m1)

© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.

Companion Website: www.wiley.com/go/tuller/electrochemicalenginecring



Mathematical description of porous electrodes

v' Assume straight cylindrical pores in an electrically conductive matrix
-to increase surface area in a given electrode volume
— assume 10 x 10 cm, 1 mm thick, 10 ym diameter each pore, 2.5 ym

minimum distance between pores
— 64 million pores in 10 x 10 cm, 0.0004 cm? internal surface area of

each pore — 25,000 cm? (= 2.5 m?) total pore surface area
— 250 times greater than the flat area of original electrode

Figure 5.1 Straight pores of an idealized porous electrode.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



v Porous electrode theory

-1-D approach in textbook (3-D is beyond the scope of this lecture)

— X = 0 at the back of the porous electrode (in contact with the current
collector), x = L at the other side of the electrode (L is thickness)

-current density and potential at the electrode (solid phase): i, @,

-current density and potential in the electrolyte (liquid phase): i,, @,

I, =I/Aatx =0, i, =Il/Aat x =L, where I/Ais the specified current density
In between x=0 & x=L, the current is split btwn the solid and liquid phases
(A: superficial area, 10cm x 10cm = 100cm? = 0.01m?), i, +i, = I/A

Volumetric charge generation rate = ai,

I.: the current density normal to actual surface (A/m-?)

a: the surface area per volume or specific interfacial area (m-1)

— volumetric charge generation rate: unit of Am= or C-m3s-

For Fig.5.1, a = combined surface area / superficial volume
=2.5m?/(0.1 mx 0.1 mx0.001 m)=250,000 m1

charge balance for the current in solution(i,) & solid phase(i,):
ain: 'V'i—] - V’lz , V'|1 + V'|2 - O



material balance for the species in solution:

rate of accumulation of species i, accumulation = in-out + generation
ocl/ot=-V-N. + R
c;: concentration in the electrolyte — in porous electrode, ce, where €
IS the volume fraction of the electrolyte (porosity)
the flux, N, is the superficial molar flux (Nernst-Planck equation, J)
R.: the generation rate

material balance for porous electrodes:
oecilot=-V-N, + R,

Ri = ajn
where j, IS the species reaction rate at the surface in moles/(s-m)
From Faraday’s law, Ji = -(Si/nF)i,

where s; Is the stoichiometric coefficient for species i (positive or negative
(negative for anodic reaction))

oec/ot = -V-N. - a(si/nF)i, = -V-N,; - (s/nF)V-i, ,

Nernst-Planck equation, N; = -eD,Vc, - ezuFc,Ve + £cyv;



Characterization of porous electrodes
- Porosity (¢) or void volume fraction : the empty space of the electrode
available to the electrolyte (or gas phase) — most important feature of
any porous media
¢ = (total volume — volume occupied by solid phase) / total volume

- Specific interfacial area (a) : unit, m-

a = interfacial area / superficial volume

Figure 5.2 Typical porous electrode.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



- For a single sphere of radius r, a = 41rr2 / (4/311r3) = 3/r
- Smaller pore — af

a = (number of spheres)4tr? / volume =
{[V(1-¢) / (41313 41r} [V = 3(1 = €)lr

- Characteristic pore size (r,)

r, = Cross section available for transport / wetted perimeter
= volume available for transport / wetted surface

= (volume of voids / bed volume) / (wetted surface / bed volume )
=egla=[e/(1-¢)](r/3)

- smaller void volume — pore diameter|,
larger porosity — pore diameter?



A typical porous electrode has a distribution of pore sizes rather than
the single pore size

Pore size distribution : measured with Hg-intrusion porosimetry

— larger pores are easier to fill than small ones

— Hg volume vs. pressure to pore diameter

Primary pore volume : the volume inside the individual particles
Secondary pore volume : the volume between particles

£ lllustration 5.1
g
IS
c
[}]
£
o
=
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Primary
e oo too0 10000

Pore size, nm

Figure 5.3 Bimodal distribution of pore sizes for a hypothetical
electrode containing metal catalyst on carbon.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



Impact of porous electrode on transport

- Effective transport properties in porous structure
(i) cross-sectional area available for transport is reduced by the

presence of the solid phase,
(1) effective area = (superficial area) x (porosity) — the path length
for transport is increased
- Tortuosity (1) : a tortuous path — 1 : as high as 6~20, typical 2~3 for

many applications

Figure 5.4 Tortuous path through porous media.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



Tortuosity(T), porosity(g), conductivity in pore media & bulk(Kg, Ky

Keft = Kpui(€/T)

Higher tortuosity — lower effective conductivity
Bruggeman relationship

_ 15
Keft = Kpuik€

A similar expression for diffusivity and mobility

lllustration 5.2



Current distribution of porous electrodes

In the porous electrode,

Ko - the conductivity of the electrolyte

O . the conductivity of the solid

K, = klo

v2: the ratio of the ohmic and the kinetic resistances (eq. (5.31))

Current
collector

| Frontof
electrode

Back of
electrode | =~~~

Figure 5.5 One-dimensional porous electrode showing front and
back of the electrode.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



- Conductivity: FI’ Small v2: kinetic resistance controlled —
*  solid>>electrolyte uniform current distribution
K,=0.1 ;‘{

large v2: ohmic resistance controlled —
non-uniform current distribution

Derivative of current density

K, — 0; electrolyte limited
K, — ; solid limited

0 0.2 04 0.6 08 1

Typically o >> k lllustration 5.3

S-Y-"---1---‘\“'1---\'

Dimensionless current density
Derivative of current density

0 0.2 04 06 0.8 1
Dimensionless distance from current collector

Dimensionless distance from current collector

Figure 5.6 Dimensionless current density and its derivative across

the electrode. The back of the electrode is a z =0, the front is at z= 1, Figure 5.7 Current distribution with equal electronic and ionic

adjacent to the electrolyte. Kr=0.1. conductivity.
. . - . et Tolitinn T T Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
Electroch al E , First Edition. Th F. Fuller and John N. Harb. . . .
crrocamicar engmoering, LISt BArion, Thomas b DAer and Jom & e © 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.

@© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc. C ion Website: www wiley com/eoffullerfel hemicalens .
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering -ompanion Website: www.wiley.com/go/luller/electrochemicalengineering



The internal resistance of a porous electrode (eq. (5.42))

k=0.1c
_ _ — ai, =5.0e4

large v2: ohmic resistance ¢ k=0.2 S/m k=0
controlled — non-uniform & ¢l a,=«,
current distribution £
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Figure 5.8 Internal resistance of an electrode assuming linear kinetics.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering
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Gas-liguid interface in porous electrodes

- Porous electrode — capillary action or capillarity
— surface tension(y) causes the fluid to rise in the capillary
- Contact angle : 8 <90" (hydrophilic or wetting, concave meniscus)
© > 90" (hydrophobic or non-wetting, convex meniscus)

h = 2ycosO / pgr
- Capillary pressure (p.), P. = Pnyw — Py = 2YC0SB /1

Figure 5.10 (a) Contact angle associated with capillary rise. (b)

Figure 5.9 Capillary rise in a small tbe. Contact angle for gas bubble attached to solid surface.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb. Electrochemical Engineering, First Edition. Thom‘as F. Fuller and John N Harb.
. . © 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc. . . . . . .
. S . . . . Companion Website: www.wiley.com/go/fuller/electrochemicalengineering
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



£t Capillary rise

- Force balance at the top of the meniscus el
Total wetting force = gravitational force of the water column s
B B capillary capillary
27[ I 04 COS 9 - (p — po) (TE I E h) g - Ap (T[ I E h) g rise depl’eSSion
p = density of the liquid
po = density of the air Ye = V) Ve <Y
h=2ycosO/Apgr
Another view /’é\ﬁP
pressure difference between the points Q and Q, :AP=p,gh 1 ﬂ,‘
pressure difference between the points Pand P, :AP=-2y/R+pgh 8‘_ K,_,’
/«' = ;
The two AP ‘s should be the same. r=R cos 6 '«r—!"\ ~ Pa
&, 27 n
2y/IR=Apgh—->h=2ycosB/Apgr 7 o
More accurately, h’ = h + r/3 S R Vo
vl ////
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&t Capillary rise and depression

_ | 69"4‘10{— /
- Wetting /"Z"*’;‘l o ang Ik
8=0° :complete wetting @ > 7O\
0 =180° :complete dewetting So/id Celid

- Wetting occurs to minimize the total free energy which
includes the surface and interfacial free energies

gas

- Force balance at the interface /ﬂ%
‘ \/(/‘ZMQZ
- Criteria for wetting ik B>\> =
When the interface area is increased by dA, % % s ,,/f/
dG =y, dA+y, cos 6 dA -y, dA Yecos & +%ps = Ts

:(YIS+YICOSG'Ys)dA:XdA

If x < 0 — wetting occurs, and
If x > 0 — dewetting occurs.

There is a certain contact angle for which x = 0 : equilibrium contact angle



- Hydrophilic materials will have a positive capillary pressure and
naturally wick up the fluid — hydrophobic materials will have a
negative capillary pressure and pressure must be applied to wet the
material

- Saturation level (S)) : fluid fill the void volume
(e.g. electrolyte in fuel cell electrode)

S, = volume filled by phase i/ void volume
— S, depends on surface tension, contact angle, pore size distribution

s . lllustration 5.4

Capillary pressure

I [ SR TR T AN TN ST SR SR [N T T SO SR N T S S

0 20 40 60 80 100
Saturation, %

Figure 5.11 Fill as a function of capillary pressure.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering
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Three-phase electrodes

- Example of three-phase electrode : the cathode of low temperature in
fuel cell — gas, liquid, solid in contact

Oxygen reduction reaction : 4H* + 4e- + O, —» 2H,0
— proton in the electrolyte, electron in solid phase, oxygen in gas
phase, water in gas or liquid phase

~ Catalyst
-~ agglomerate

Pores flooded
with electrolyte

Electrolyte Electrode Air

Catalyst .
supported on e
carbon

Figure 5.12 Flooded-agglomerate model.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/tuller/electrochemicalengineering



Proton Carbon Electrically
Conducting Supported Conductive

Media Catalyst Fibers

PEM Catalyst GDL
Layer

Wikipedia



Electrodes with flow

- Porous electrodes + fluid flow
— two basic categories : flow-through and flow-by
—'TL_  collector Jﬂ J1‘L

.| ICurrent
iy — — — —m Current
_ “« B <
Fluid flow —..%
7 | Separator

orgap

|J’| WTF TTF
(a) (b)

Figure 5.14 Electrode configurations for flowing systems.
(a) Flow-through electrode. (b) Flow-by electrode.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



Flow-By vs. Flow-Through CDI

Clean

Porous Electrode

ScienceDirect.com



- example

Fluid flow
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Figure 5.15 Removal of Cu®* from stream.

Electrochemical Engineering, First Edition. Thomas F. Fuller and John N. Harb.
© 2018 Thomas F. Fuller and John N. Harb. Published 2018 by John Wiley & Sons, Inc.
Companion Website: www.wiley.com/go/fuller/electrochemicalengineering



