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Preface

This volume contains five chapters covering four topics of current
research interest: splitting of water, lithium batteries, intercalation,
and fundamental aspects of electirode processes.

Two chapters are devoted to splitting of water. The first
chapter, by Gutmann and Murphy, presents a comprehensive
review of the classical methods of splitting water by electrolysis-
‘and also presents some fovel techniques for splitting water.
Chapter 2, by Griitzel, surveys the current reséarch being done -
on water splitting using visible light.

Two chapters are included that deal with the timely topics of
- lithium batteries and intércalation. The first, Chapter 3 by Marincic,
presents a practical guide to the recent development of lithium
batteries, while the second, Chapter 4 by McKinnon and Haering,
presents and discusses various theoretical approaches to inter-
calation.

The last chapter in the book, Chapter 5 by Khan, presents a
surveéy of many of the fundamental concepts and misconceptions
of electrode kinetics as applied to semiconductors in particular.

Texas A&M University R. E. White
Texas A&M University. J. O'M. Bockris
University of Ottawa B. E. Conway



Contents

Chapter 1

THE ELECTROCHEMICAL SPLITTING
OF WATER

F. Gutmann and Oliver J. Mutphy

) la IntrodUCtion R Vissheeidaarbdisia

I GRS “oiovasiasevascinvins painain
III. Electrochemistry ............:.. ETE LIS I
IV. Improvements Achieved in Water Electrolysis .:...:

1. Oxygen Evolution Electrocatalysts .:...:...i....
2. Hydrogen Evolution Reaction ..:.....ic'i0..:
3. Cell Membrane Developments ......i..... Fiiis
V. Novel Ways to Reduce Activation Ovetvoltage ... :.
1. Photoelectrochemiceal Decomposition .......:...
2. Electrolysis at Elevated Temperatures (150~
300°C) R Chvsasis bbseviinnia IR EE RN
3. Improving the Mass Transport viieiiebasessine
4. Pulse Electiolysis .......cccoeninstiviacisiose
5. UNrasonics .......c.vvveivineunnnneneensaninns.
6. Alternative Anodic Reactions in Water Spllttmg
VI. Magneto-Electrolysis ...........cccniiviveennnnn.
VII. Steam Electrolysis ...............c.ooiviviinnan.
VIIL. Series or Parallel Electrolyzers ............ TIT I
IX. Economical Electrolyzers ..............oviivinan.
X. Advanced Electrolyzers ...............c0o0v0einis.



olit
X1. Super Electrolyzers .......... Gveirs cEitisiviang
XII. State-of-the-Art Electrolyzefs .©......oiv iviiiaii
1. Brown-Boveri and Cie Electrolyzers . . . .. ViVt
2. DeNora SPA Electrolyzers . .... LRI P i
3.‘ LurgiGmbHElectl‘OlytefS basrdrebetsiennia Le s
4. Norsk Hydro-Electrolyzers ........iciiiciiioii
5. Electrolyzer Corporation Electrolyzers ......:.: :
6. Teledyne Energy Systein’s Electrolyzers ........
7. General Electric's Solid Polymer Electroly(e
Blectrolyzer i ii.icoeievasinioriiisiiainisg,g by
XIII. Applications of Electrolytic Hydrogen Generator’ :
Technology . .....cooiiiiiiiininineiniinees Vi
1. Markets for Oxygen Gas ........ Feviiesideia i
2. ChlormeProductnon....;.;.;.,...;.,..f._..,......v
3. Other Applications .. ... iiiivisiciling
XIV. Cost of Hydrogen Production .? id5ispad baadfiniy

1. Cost Comparison of Hydrogen Derived from g
Virious Sources md between Hydrogen and Other
Fuels .............. Gieads b’ A...ao.i)»at.o."-

.HydroelectncResources....a..;.»..,....,...z.....i.‘

. Hydrogen Storage . pod i ab ot é s 0Eigg i

1, BulkHydrogenStorage.......‘;....a.u.iv;._‘..;-;

2 CW[GHWW LtaAi. ioan.-'.lnac‘.a.-i-.i
3. Metal Hydrideés . .....i:::0ai00. Saveeieaidenid
4. Mlcm“tystor“‘smm |h.6.;..-l‘4.lnl¢0_v
5. Hydrogen EncapeuhtionnnZeéhm‘...;;;.....;
6. Liqmdotmlcuym ihalesdnetaniiidebediy
7. Metal-Aromatics and Transition Metal Complexes
.as Hydrogen Storers .......:i..... Fidnisianies

8. Storage by Conversion to Ammonin and Memanol .

RCECYOHQI ------------ drsiasdiiedibadaan ‘llbb LR



Contents-

Chapter 2

INTERFACIAL CHARGE TRANSFER REACTIONS

IN COLLOIDAL DISPERSIONS AND

THEIR APPLICATION TO WATER CLEAVAGE |

IIL

VL

BY VISIBLE LIGHT
Michael Gritzel

INtrOGUEtION ........c. vvivivoesasisosionneneions

. Dynamics of Photoinduced Electron-Transfer Reac-

tions in Simple Micellar Assemblies ................
1. General Kinetic Features of Light-Induced Redox
REACHONS ¢ <o civvonvnisiqnessoissnsscosoinsss
2. Specific Features of Light-Induced Redox Reac-
tions in Micellar Assemblies ....................
3. Functional Micelles, Electron and Holé Storage
Devices ........c.iviiiiiiiiiiiiii i
Interfacial Electron- and Hole-Transfer Reactlons in
Colloidal Semiconductor Dispersions ..............
1. Colloidal TiO, Particles .......... <48 a b
2. Interfacial Charge Transfer in Colloidal CdS Solu-
HOME «iiivesanicecsocasaionerboniaeseiobesass

. The Principles of Redox Catalysis .................
. Light-Induced Water Cleavage in Microheterogeneous

SOIHOM e v uvevinsnsesamss osasos bisdns s osasee
1. Choice of Light-Harvesting Unit ................
2. Selection of Highly Active Redox Catalysts ......
3. Visible Light-Induced Water Cleavage in Systems

Containing Sensitizer, Relay, and Redox Catalyst .
4. Water Cleavage through Sensitization of Colloidal

Semiconductors with a Large Band Gap .........
5. Water Splitting through Direct Band-Gap Excita-

tion of Colloidal Semiconductor Dispersions ......
Splitting of Hydrogen Sulfide and Reduction of
Carbon-Dioxide as Alternative Light-Energy-Storing
Reactions ............covvenivinnnneeneivennnnns

143

145

146



VIL

1. Visible Light:Induced Cleavage of HaS .....:....

2. Light-Induced Reduction of Cafbon Didxnde

Conclusions .......... , ‘

References .............. PRy Pk - ST

Chapter 3

IIL.

IV.

LITHIUM BATTERIES
WITH LIQUID DEPOLARIZERS

Nikola Marincic

 INtroduetion ... ... euii it
. Discharge Reaction Méchanism ..................

1. Cathodic Reduction of SO; and 8Os ............
2. Cathodic Reduction of Oxyhllldes o a s o BALE b
3. Anodic Oxidation of Lithium ... :0..0 ...
4. Lithium Passivation ..... Seeadiibiaiaiesas Vies
Battery Design Procedures . .i......0......
1. Concentric Electrode Structureé ................
2. Wound Electrode Structure: .......c.io.uia0is
3. Parallel Plate Structure ........c....co00iiives.
Materials of Construction ...:.ic.iviiuiiviiiinsi,
. Cell Hardware . ..... Steath _.;'.1 ..... iiindiFsest
. Current Collectors .........:. Ceteiein Praty
. Catalytic Cathode Materials ............:i000.
. Separators and Insulators ..,..........ciiihe,
. Electrolyte Materials .........c.000iiiiviiiads
.- Lithium ................... il.’v.v;v.‘...‘.‘-”i....

DA W

. Processing and Assembling .........iiv0iia i

. Environmental Requirements enee 230 iiiTies s
. Anode Subassemblies ........ pertiiiaiiiiii
. Cathode Subassemblies ......0....ci0 i iiiie.
. Electrolytes ...... Leceebbvianed s Vivaei i, by
Ptoce"conﬁ'ol...........i.;;..a-f....a;;‘a'i..
. Typical Flow Charts ......... Fhhawrrg s biavesd
7. Prospects for Automation ........iv.iuiaiaiiin

[ S

159
159

167
170
170
175
177
180
183
185
189
202
203

203

204
206
207

210
210

210

211

212

214
215
217
217



V1. Testing and Evaluation ..........ioooeiiiiiniis 219
1. Capacity vs. Dischargé Rate .........0 ... 219
2. Internal Impedance ..... cili ettty 290
3. Self-Discharge ........ b S IR ISR A |
(. 4 Voltage Delay ............c.coiiiiiiianiiin. 222
VIL Applications .......c..c.ooouininins i 323
1. Long-Term Applications .......... he ;_; s 223
2. Maximized Power Réquirements ..........0.00.. 224 -
3. Intermittent and Pulse Apphcations RESTRRREED 225
4. Applications at Extreme Temperatures . .:.... oo 226
s ResnstancetoAbuse....................va;‘.’“., 227
6. Hazard Analysis ..... S ivadaTn oY 208
VIII Deactivation, Disposal, and Reclamation . i 229
“ 1. Destructive Deactivation and Disposal .::....... 229
2. Reprocessing and Reclamation ......... ... 230
REFETONCES .. ovnenreareenninnn. TRRTEE T s 2m
Chapter 4
PHYSICAL MECHANISMS
OF INTERCALATION
W. R. McKinné6n and R. R. Haering
L Introduction . .ii.cidsnivsvasiiiicivatisiondiioy 235
1. Intercalation Batteries ........c.oovuivin i, 236
II. Review of Intercalation Systemis ........... s b .. 237
1. Layered Transition Metal Dichalcogenides ....... 238
2. Metal Dioxides with Rutile-Related Structures ... 243
3. Intercalation of Graphite ........icoivvinin..i. 247
4. Hydrogen in Metals . .... Wi ed ok 3 i o 2 B 248
III. Thermodynamics of Inteércalation and Lattice Gas
Models ...iiviiiivinninioneiicioiininnnnanianns 250
1: Lattice Gas Models Apphed to Intercalation
Systems i i i e . 251
2. Lattice Gas Models with Interactions ik it eemin 255

3. Mean-Field Solution of the Problem of Ordering .. 257
4, Other Techmques for Solving Lattnce Gas Problems 263



5. Breaking the x =} Symmetry .................. 266

... 6. Large Changes in the Host ......... eesressenie . 269

IV. Interactions between Intercalated Atoms ......, IR 1 ) |

. 1. Electronic Interactions ............ciieeevinen, 271

" 2. Elastic Interactions .......:.......... ey iibey ol i

V Kinetics of Intercalation Cells ......... Shabeadie e 280

1. Motion of the Intercalate i in the Host .......... .o 281

2. Behavior of D(X) «oovvvvinivinsenivssnnsnni e 283

' 3. Diffusion Overvoltages for Constant D s b e 284

. 4, Diffusion Overvoltages for Phase-Boundary Motion 289

s Vi One-Dimensional Lattice Gas ..................... 293

‘1. Exact and Mean-Field Solutions ..... Vimentetare (20B

.-+ 2. Model Calculations of Diffusion ................ 294

AL Conclubions t....iisivspessineisuinsasininis voos 297

References ....... S i bk kA b S AT ees 301
Chapter 5

SOME FUNDAMENTAL ASPECTS
OF ELECTRODE PROCESSES

* Shahed U. M. Khan

i L Introduction «...veitiiii it 305
:II. The Meaning of Absolute Scale Potennal in Elec-
£ trode Kinetics .. ovvvnvverveinniionnnatonansinass 306
~1II: The Effect of Applied Potentlal on the Fermx Level
: in Metal and Semiconductors .. .................. . 309
-IV. Fermi Energiés in Solution ............ Viw b v eiad . 318

V. Distribution of Electron States in Ions in Solution ... 320
VI. The Calculation of Electronic Energy States of Ions in

oo Solution L.l v 323

VIIL. Applications of the Born-Landau Equation ........ 326

< 1. Neglect of Electrostatic Interaction with the First
Layer in the Solvent Shell ..................... 326

e .2, Absence of Correlation between Expenmental and -
- Bornian ‘Theoretical Values of the Free Energy
ofAchvanon........» ........................ 327




Contents il

3, Volume of Activation .......... reesesin T 328
4. SOVENt EECtS ...coovvvvrnveernnerrensceenes 328
5. Measurements in D,O Solution ,,....,....,.... 329
6, The Tafel Linearity ..........ocoveenenens veus 329
7. Are Outer-Shell-Dominated Reactions Rare? ... 331
VIII, Nonadiabaticity ................... o s G 6 O T 331
1, Theoretical WOrk ...........cceevvercennnenne , 331
2. Experimental Work . .............0000e ISR . 5
IX. The Mechanism of Proton Transfer at Interfaces .... 334
1. Activation of the H,O—H*Bond .............. 33§
2, Equal AF” for CH;CNH" and H;0" Ions........ 336
3, Isotope Effect in Proton-Transfer Reactions ... .., 337
4, The Dependence of Reaction Rates on M—H
BondStrength ..........ovviiiiiiininneannnn, 338
5, Harmonic Oscillator Model to Proton-Transfer
Reactions .......vvvereviineninennnenereesens 339
X. The Semiconductor/Solution Interface ......... . 341
XI. Auger Neutralization .............cocovvuenenn, 343
NBOEION <55 nie pawivsormsmgondamemgmmedion e sirs smene e 345

References .......covvveeeivrennrenanss B T, 347



'l'he Electrochemical Splitting of Water -

F Gutmannf and Oliver J. Murphy

Dm-mm of Qﬂnm Texas A&M University
College Station, Texas 77843

I. INTRODUCTION

The electrochemical production of hydrogen as an energy medium
is becoming economically feasible. The technology is established;
it is clean and requires no extra separation or purification of
products; it generates suitable pressures for storage and can be
used in @ modular mode.

The present market for hydrogen is limited to ammonia, fats,
oils, metallurgical processes, and chemicals. However, the future
holds two markets that may dwarf the present one. Hydrogen is
necessary as: (i) an additive in the liquefaction of coal, or (i) a
medium of energy from gravitational, atomic, and solar sources.

II. UNITS

1 British thermal unit (Btu) = 1054 joules (J) = 0, 293 watt-hours
(Whr)

1 kilogram-meter (kgm) = 9.3 X 10™° Btu = 2.34 calories (cal) =
9.8J

1 mega joule (MJ) = 10° J = 948 Btu

t Permanent Address: School of Chemhtry. Macquarie University, North Ryde,
NSW 2113, Australia.

1



2 F. Gutmann and Oliver J. Murphy

1 erg (erg) =9.48x 107" Btu=10"" J =6.24 x 10" electron
volts (eV)

1 kilowatt-hour (kWhr) = 3.6 x 10° J

1 ampere per square meter (A m™>) = 0.093 ampere per square
foot (ASF)

1 cubic foot per day (ft*/day) = 2. 83 x 10* cubic centimeters per
day (cm’/day) = 2.83 X 1072 cubic meters per day (m’/day)

1 liter (1) = 3.5 10" cubic feet (ft)) .

1 newton (N) = 10° dynes (dyne) = 0. 225 pounds (Ibs)

1 bar = 0.987 atmos?heres (At) = 1.02 kilograms per square cen-
timeter (kg cm™) ='14,5 pounds per square inch (Ibs inch™%;
.PSI) = 750 mlllxmeters of mercury at zero degrees centngrade
(mmHg)

1 micron (um)=10"° meters (m)=10"* centimeters (cm) =
10,000 angstroms (A)

1tesla (T) =10 lulogauss (KG) = 1 newton per ampere per meter
(N A™' m™") = 1 weber per meter squared (Weber m ™)

1 degree absolute (K) = 1 degree centigrade (°C)

o = conductivity = 1/p in siemens (S) 1S = (0 cm)™!

1L ELECTROCHEMI_STRY
The reactions that take place at the electrodes in acid and alkaline
solutions are as follows:

A. Acid Medium
(i) Cathode or hydrogen electrode reaction:

4H* +4¢™ - 2H, 1)

(ii) Anode or oxygen electrode reaction:
2H;0»>0,+4H" +4e” )
B. Alkaline Medium ‘ '
(i) Cathode reaction: _
4H;0 +4¢~ » 2H, + 40OH™ 3)

(ii) Anode reaction:
40H™ » 0, +2H,;0 + 4¢~ ‘ 4)
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There are no side reactions in water electrolysis that could yield
undesired. prOducts

“The minimum necessary cell voltage, E.... is given under
standard conditions by:

E rev " F . (5)
where AG° is the change in the Gibbs free energy under standard
conditions, F is the Faraday constant, and n 'is the nunber of
electrons transferred.

The voltage for driving an electrolysis cell at a praettcal rate
or current, I, is given by:

E=Ew+In+IR (6

~ where Zn = fcan + Nan + Mme, 8nd is a function of i, the current
density. The subscripts cath, :an, and mt refer respectively to the
activation overvoltages at thecathode and anode, and the polariz-
ation overvoltage due to mass transportof gaseous products away
from the electrode surfaces. The tarms add arithmetically.
The activation ovavah.esm gwnn by expressions of the

form": BT i*
Xl in ; 4 ]

where i is the current density, i, is the exchange current density,
and « is the transfer coefficient.

The activation overvoltages depend on the lectrocatalytically
sensitive exchange current densities, iq, viz.:

o= —ka (8)
v

where ko is the standard rate constant of the electrode reaction
amd incorporates E..,. v is the stoichiometric number, a function
of the rate-determining step.

Thus, the higher the o, the lower will be the potential needed
to get electrolysis at a certain rate.

The @vervoltage arising from screening of part of the electrode
surfaces from the electrolyte by gas films (gas bubble effect) is:

!
Mo _AF(Z+“+C++,Z‘.-“"-C’)_I i
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where | is the interelectrode spacing, A is the clectrode area, z.,
vy and c. represent the charge, mobility, and concentration
(mol-1"*) of the cation in the electrolyte, and z_, By and c-
denote the charge, moblllty, and concentration (mol-17") of the
anion in the electrolyte. I is the cell current and F the Faraday
constant,

R in Eq, (6) is the total ohmic series resistance in the cell and
includes separator resistance and external circuit resistances, e.g.,
busbar contacts, as well as that of the solution. In some designs,
it may include the resistance within pores and clectrode resistance.

Utilizing the resistivities of 25% KOH at 75°C and asbestos, -
a widely used membrane material (~1.00cm and ~3.0 Qcm,
respectively),”™ variation of the IR drop with membrane thickness,
lmembs @and a fixed electrolyte path length between electrodes and
membrane, Lo, fOr various current densities is given in Table 1.

Table 1
Variation of IR DroplcouCcIMenbr-endElodmlyu
between Electrodes and Membrane for Various Membrane
Thicknesses at a Number of Current Densities®

Cell current Membrane Electrolyte Total
density,” thickness, IR drop, thickness, IR drop, IR drop,
Am™ l-.-b, m v lm. m A% v
3,000 0.001 0.9 0.002 0.060  0.150
3000 © 0.002 0.180 0.002 0.060 0,240
3,000 0.003 0.270 0.002 0.060  0.330
3,000 0.004 0.360 0.002 0.060  0.420
5,000 0.001 0.150 0.002 0.100  0.250
5,000 0.002 0300 °  0.002 0.100  0.400
5,000 0.003 0.450 0.002 0.100  0.550
5,000 0.004 0.600- 0.002 0.100  0.700
7,000 0.001 0.210 0.002 0.140  0.350
7,000 0.002 0.420 0.002 0.140  0.560
7,000 0.003 0.630 0.002 0.140  0.770
7,000 0.004 0.840 0.002 0.140  0.980
10,000 0.001 0.300 0.002 0.200  0.500
10,000 0.002 0.600 0.002 0.200  0.800
10,000 0.003 0.900 0.002 0.200  1.100
10,000 0.004 1.200 0002 ° 0200 1.400

* Canductivity of 25% KOH at 75°C ~ 1.0 (chm cm)™' and asbestos membrane
~0.33 (ohm cm) ™' .

® Electrode area nken as 0.093 m”.
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It is apparent that considerable ohmic losses occur across the cell
membranc, particularly at high-current densities. What is needed
is a thinner membrane of high conductnvnty combined with a

reduced anode—cathode gap.
The efﬁcnency. e, of an clectrolys:s cellis gnven by:
AH
"~ AG + losses (10)
: AH
" nF(Ep,+Xn +IR) ()

For water electrolysis, the value of AH is 68,3 kcal mole™* and
AG is 56,69 kcal mole™'. Hence, under ideal conditions, & = 1.20,
This means that, under ideal reversible conditions, the production
of hydrogen would take place with 120% efficiency in respect to
the electrical energy source. Thus, heat would have to flow into
the cell from the surroundings.

When the value of the denominator in Eq. (11) is 1.48 nF, i.e,,
electrolysis is performed at an overpotential of 0,25 V, a hydrogen
electrolyzer would perform at 100% efficiency with respect to the
electricity being used. Under these conditions, the cell neither
heats nor cools.

Hence:
En = % (12)
where E,, is denoted as the thermoneutral potential.>*
In practice, the /R drop may itself be around 0.25 V. Typical
values for older electrolyzers would be 0.25 V for the IR drop and
0.6 V for ncam plus nan. Then:

__68,300x4.18
2.08 x 2 x 96,484

=0.71 (13)

This efficiency is with respect to the electricity, assuming that the
temperature is constant, The cell gives out heat at potentials above
1.48 V and takes it in at potentials below this value. _

If the manufacture of the electricity, with which the cell is
being driven, accurs at, say, 39% efficiency, then the efficiency



6 F. Gutmann and Oltver J. Morply

with respect to the energy source, perhaps coal, would be 0,71 x .
0,39 = 28%.
It follows from the above that a simple expression for the
efficiency of an electrolyzer is given by:
_ 1.48 ‘
total cell potential at a given current density

(14)

V. IMPROVEMENTS ACHIEVED IN
‘WATER ELECTROLYSIS

As energy losses in electrolysis cells are governed by the anodic,
cathodic, and ohmic overpotentials, research to make cells more
efficient is devoted to unproved electrocatalysis and fess resistant
membrane - materials.” Higher operating temperatures and
increased real electrode surface areas, brought about by novel
preparation techmigues and unusual electrode geometsies, are:
applied. Synthesis of cempounds with' higher lattice energies to
withstand corrosion and fermation of materials with mixed cation
valence states, which sometimes are better electrocatalysts, ismade.
Apart from these factors, the following represent some trends of
development in cell membranes: (i) attainment of mechanical sta-
bility to erosion, due to gas penetration and corrosive liquid flow
at high temperatures; (ii) manufacture of pores of small cross
section to prevent gases from mixing; (iii) achievement of high
wettability; and (iv) redyction of thickness to attain a low IR drop.

1. Oxygen Evolution Electrocatalysts

The oxygen electrode that gives rise to the greatest energy loss*
(high overpotential, poor electrocatalysis) has received the most
attention.

Many metal surfaces will, in practice, present a metal oxide
surface to the electrolyte, and metal oxide (solid) catalysts will do
80 a fortiori. It is interesting to note that the adsorption of water
at the oxide mterface does not only result in a lowering of the
dipole moment® from its bulk value of 1.87 D to values as low as
0.01 to 0.1 D, but it also leads to an increase in the work function



