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Introduction

The application of radiotracer methods in

electrochemistry dates back to the pioneering

works by György Hevesy in 1914. The aim

of these studies was to demonstrate that

isotopic elements can replace each other in

both electrodeposition and equilibrium pro-

cesses (Nernst law). Nevertheless, Joliot’s fun-

damental work in 1930 is considered by

electrochemists as a landmark in the applica-

tion of radiochemical (nuclear) methods in

electrochemistry.

Radiochemical methods, such as tracer

methods [1–3], Mössbauer spectroscopy [4],

neutron activation [5], thin layer activation

(TLA) [5], ultrathin layer activation (UTLA)

[5], and positron lifetime spectroscopy [6], are

applied for the study of a wide range of

electrochemical surface processes. The most

important areas are as follows: adsorption and

electrosorption occurring on the surface of

electrodes; the role of electrosorption in

electrocatalysis; deposition and dissolution of

metals; corrosion processes; the formation of sur-

face layers, films on electrodes (e.g., polymer

films), and investigation of migration processes
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in these films; study of the dynamics of

electrosorption and electrode processes under

steady-state and equilibrium conditions (exchange

and mobility of surface species); and electroana-

lytical methods (e.g., radiopolarography).
Application of Radiotracers in
Electrochemistry

The main advantages of using radiotracers are as

follows:

• The radiation emitted by radiotracers is

generally easy to detect and measure with

high precision.

• The radiation emitted is independent of

pressure, temperature, and chemical and

physical state.

• Radiotracers do not affect the system and can

be used in nondestructive techniques.

• The radiation intensities measured furnish

direct information concerning the amount of

the labeled species, and no special models are

required to draw quantitative conclusions.

Metal Dissolution

In the case of metal dissolution studies the

principle of the methods used is based on the

labeling of a component of the metal phase

by one of its radioactive isotopes and calculating

the dissolution rate of the metal specimen by

measuring either the increase in radiation coming

from the solution phase or the decrease in

radiation coming from the solid phase.
istry, DOI 10.1007/978-1-4419-6996-5,



R 1760 Radiotracer Methods
The main steps here are as follows:

• Introduction of the radioisotope into the spec-

imen. The task can be achieved at least by

three methods: (a) through melting, (b) by

electrolytic deposition of the radioactive

metal, and (c) by subjecting the metal speci-

men to neutron irradiation in a nuclear reactor.

• Measurement of the changes in radiation

intensity caused by the dissolution process.

• A variation is the application of backscatter-

ing for the study of the electrochemical

formation and dissolution of thin metal

layers.

Electrosorption

Various methods have been developed for in situ

radiotracer adsorption studies depending on the

requirements of the problems to be studied. In

case of in situ studies, the central problem is how

to separate the signal (radiation) to be measured

from the background radiation and how to attain

the optimal ratio of these quantities.

From this point of view methods can be

divided into two main groups:

• Radiation of the solution background is

governed and minimized by self-absorption

of the radiation, i.e., by the attenuation of the

radiation intensity by the radioactive medium

itself (thin-foil method).

• Background radiation intensity is minimized

by mechanical means (thin-gap method, elec-

trode lowering technique).

As to the role of the labeled species in the

radiotracer study of adsorption phenomena, two

different versions of the method may be distin-

guished. In the first, the direct method, the species

to be studied is labeled and the radiation mea-

sured gives direct information on the adsorption

of this species. However, this method cannot be

used in several cases owing to technical restric-

tions related to the very nature of the radiotracer

method (the available concentration range is lim-

ited; no distinction can be made between the

adsorption of the labeled compound studied and

that of a product formed from it; the number of

commercially available labeled compounds is

restricted).
In the case of indirect radiotracer methods,

instead of labeling the species to be studied

another adequately chosen labeled species (the

indicator species) is added to the system, and

the adsorption of this component is followed by

the usual radiotracer measuring technique. The

adsorption of the indicator species should be

related to that of the species studied. The nature

of this link could be different in different systems.

Radiotracer technique offers a unique possibility

of demonstrating the occurrence of specific adsorp-

tion of an ion by labeling it and studying its adsorp-

tion in the presence of a great excess of other ions,

electrolytes (supporting electrolyte). For these stud-

ies at least a difference of one to two orders of

magnitude in concentrations should be considered.

Under such conditions with nonspecific adsorption,

determined by coulombic interactions, no signifi-

cant adsorption of the labeled species, present in

low concentration, could be observed. In contrast

to this, the observation of a measurable adsorption

can be considered as a proof of the occurrence of the

specific adsorption. Using isotopes emitting soft

b--radiation, (e.g., 14C, 35S, 36Cl), the self-absorption
of the radiation in the solution phase is so high that

the thickness of the solution layer effective in the

measured solution background radiation is very low.

In this case the surface concentration, G, can be

easily calculated from the radiation intensity

measured (IT):

G ¼ Ia
Is

:
c

mrg
¼ IT � Is

Is

c

mrg

¼ IT
Is
� 1

� �
c

mrg
(1)

where Is and Ia are the intensities of the radiation

coming from the solution phase and from the

adsorbed layer, respectively, c is the concentration

of the labeled species present in the solution phase,

m is themass absorption coefficient of the radiation,

g is the roughness factor of the electrode, and r is

the density of the solution (Fig. 1).

Various versions of tracer methods were

applied for studies of electrodes with polycrys-

talline smooth or rough surfaces and well-defined

surfaces [3].
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Radiotracer Methods, Fig. 1 Three-electrode cell used

for the radiotracer studies. (A) Is the main compartment

that contains the electrolyte and the labeled compound

(ions). (B and C) Are the compartments of the reference

and counter electrodes, respectively. (D) Is the working

electrode, usually a gold-covered plastic foil (on the

gold other metals and/or films can be deposited in

advance). (E) Is the scintillation detector
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Future Directions

It is a well-established in situ technique in elec-

trochemistry. As described the novel radiochem-

ical methods are continuously built in its arsenal

widening the opportunities of the application of

radiotracer methods.
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4. Kálmán E, Lakatos M, Kármán FH, Nagy F,
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Introduction

Raman Spectroscopy

Raman spectroscopy (named after C. V. Raman)

is a spectroscopic technique used to study vibra-

tional, rotational, and other low-frequency modes

in a system. Generally Raman spectroscopy relies

on inelastic or Raman scattering of monochro-

matic light, usually from a laser in the visible,

near-infrared, or near ultraviolet range. The

Raman effect occurs when light impinges upon

a molecule and interacts with the electron cloud

of the bonds of that molecule. Typically, a sample

is illuminated with a laser beam. Scattered light

from the illuminated spot is collected with a lens

and sent through a monochromator. The laser

light interacts with phonons or other excitations

in the system, resulting in the energy of the laser

photons being shifted up or down. The shift in

energy gives information about the phonon

modes in the system.
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For a molecule it is necessary that the molec-

ular vibration or rotation must cause a change in

a component of molecular polarizability in order

to be Raman active. During the experiment radi-

ation scattered by the sample is detected. Wave-

lengths close to the laser line (due to elastic

Rayleigh scattering) are filtered out, and those

in a certain spectral window away from the laser

line are dispersed onto a CCD detector. The

Raman scattering depends upon the polarizability

(the amount of deformation of electron cloud) of

the molecules. The amount of the polarizability

and its change of the bond will determine the

intensity and frequency of the Raman shift. The

photon excites one of the electrons into a virtual

state. For a molecule it is necessary that the

molecular vibration or rotation must cause

a change in a component of molecular polariz-

ability. During the experiment radiation scattered

by the sample is detected. When the photon is

released the molecule relaxes back into

a vibrational energy state. The molecule will

typically relax into the first vibrational energy

state and this generates Stokes Raman scattering.

If the molecule is excited from an elevated vibra-

tional energy state, it may relax into the vibra-

tional ground energy state and the Raman

scattering is then called anti-Stokes Raman scat-

tering. Since most molecules are in their vibra-

tional ground state at ambient temperature, the
intensities of Stokes lines are higher than those of

the anti-Stokes lines. This is the reason why

only the Stokes lines are recorded as the Raman

spectrum (Fig. 1).

The development of modern Raman

spectrometers has led to a more efficient registra-

tion of weak Raman signals. Spectra that in the old

equipments took several hours to register can often

be recorded within few minutes, using a modern

spectrometer. In the early spectrometers, the

separation of Rayleigh and Raman scattering was

accomplished by double or triple monochromators,

but after this complex process with many

components, only a small amount reaches the

detector. The development of efficient notch filters

allows simple separation of Raman and Rayleigh

light and usually more than 30 % of the scattered

light can be detected. Since the scattered light is

detected more efficiently, low-power lasers (about

20 mW) can be used. The advantages are that these

lasers are relatively cheap, do not require external

cooling, and are less likely to burn the sample.

The wide range of accessible wavelengths

(100–4,000 cm�1), the possible resolution

(1 cm�1or better), fast response of the detection

setup, and the lack of interference by water

(the most commonly employed electrolyte in

electrochemistry) because of its weak Raman

scattering have further added plus points to this

development.
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Raman Spectroelectrochemistry, Fig. 2 In situ Raman

spectra of polyaniline in 0.5 M H2SO4 at different elec-

trode potentials and different excitation wavelengths, as

indicated
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Raman spectroscopy can be coupled with an elec-

trochemical setup, since vibrational information

is very specific for the chemical bonds in mole-

cules and between molecules and electrode

surfaces.

This technique can also be used for the study

of more complex systems such as complicated

carbon nanostructures or electrodes modified

with a film of an intrinsically conducting

polymer. The dependence of the observed

features (in the Raman spectra of polyconjugated

molecules) on the excitation line wavelength is

an intrinsic property of these macromolecular

systems [1]. This phenomenon significantly

complicates vibrational investigations of

conducting polymers based on Raman spectros-

copy. Raman analysis of conducting polymers

requires the registration of the spectra not only

for different oxidation states of the polymer

but also using different excitation wavelengths.

Figure 2a shows development of Raman spectra

during charging of a polyaniline (PANI) film in

0.5M H2SO4, deposited on a gold disk electrode.

Sample was illuminated with 514.5 Ar+-ion laser

Coherent Innova 70. When recorded at different

applied potentials, the Raman spectra of the

conducting polymer film provide useful informa-

tion about the changes occurring in the polymer

structure upon oxidation or reduction. At lower

potential the spectra show only two bands, but as

the potential increases the intensity of the bands

increases and new bands appear showing the

change in the structure of polymer with changing

potential up to ESCE ¼ 0.2 V and then decreases

with further potential increase. Normally the

intensity of a particular band increases with

increasing potential if it is related to the redox

process of the polymer. At potentials more

positive than the formal redox potential, these

bands show a decreasing trend, while bands

corresponding to the reduced form of the poly-

meric material show a decreasing trend with

increasing potential. The appearance of strong

bands around 1,620 cm�1 at lower potentials

corresponds to the benzenoid structure in the

polymer. Appearance of the strong band at

1,169 cm�1 and around 1,510 and 1,579 cm�1 is
caused by modes of the quinoid structure, char-

acteristics of the oxidized form of the polymer.

With red excitation line (l0 ¼ 647.1 nm, Fig. 2b)

the spectra show features different from the one

in Fig. 2. Numerous bands that were not observed

in Fig. 2 can clearly be seen here. Hence, the

combination of recording Raman spectra at

different excitation wavelengths can provide

useful information about the changes in the

structure of the sample upon changing the

potential.

Surface-Enhanced Raman Spectroscopy

(SERS)

A great disadvantage in any application of

Raman spectroscopy is the extremely small

cross-section of Raman scattering, between

10�13 and 10�26 cm2/molecule. The larger value

is obtained under resonance Raman conditions.

With the discovery of a particular enhancement

effect (upto 106) by Fleischmann et al. [2], that

affects only species in close contact with the

metal electrode surface and slightly later by

Jeanmaire et al. [3] demonstrated surprisingly

the feasibility of vibrational studies of electro-

chemical interfaces with Raman spectroscopy
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(for an overview, see [4]). Because of the large

enhancement, small sample volumes can be used

and current detections are in picomole to

femtomole range [5]. Surface-enhanced Raman

spectra can only be obtained if the molecules to

be investigated are adsorbed to the so-called

SERS-active substrate. The most common

SERS-active substrates are coinage metals (i.e.,

copper, silver, and gold), island films consisting

of small metal particles deposited on glass sur-

face, cold-deposited films, lithographically pro-

duced metal spheroids, etc. [6].

If the laser excitation wavelength matches

with the one of the band maxima in the UV–vis

spectra of the sample, the intensity of the

scattered light is strongly increased. This is called

“resonance enhancement” [7]. The problem

with low sensitivity of Raman signals can be

overcome when surface-enhanced resonance

Raman (SERRS) is used. An enhancement factor

of about 1010 and 1011 has been claimed for

a dye molecule in SERRS experiments. In

SERRS it is generally agreed that different

effects must contribute to the enhancement of

the Raman signals.

Preparation of the electrode is a main step in

electrochemical SERS studies. In general, the

surface of the electrode is roughened to provide

the desired enhancement and an artificially

increased surface area. As a common practice,

roughening of the electrode is done by applying

oxidation–reduction electrode potential cycling

in a suitable electrolyte solution. Chloride-

containing electrolyte solutions have frequently

been used for coinage metals. Although chloride

strongly adsorbs on these surfaces, however,

studies have shown that the adsorbed chlorides

can be washed off completely, leaving no

spectroscopic evidence in the subsequently

recorded spectra. Surface roughening can also

be done by keeping the electrode potential at

the upper limit for some time. Further informa-

tion on electrochemical surface treatment

procedure can be found elsewhere [8]. The

enhancement mechanisms can be divided into

electromagnetic field enhancement and chemi-

cal enhancement. In the former mechanism the

electromagnetic field of the light at the surface
is enhanced under conditions of surface

plasmon resonance. If the surface plasmons

are in resonance with the incident light, then

both the resonance laser light and scattered

Raman light are amplified through their

interaction with the surface. Coinage metals

are dominant as SERRS substrate as the

resonance condition is satisfied at the visible

frequencies, commonly used for Raman spec-

troscopy. The chemical enhancement mecha-

nism is related to specific interactions, i.e.,

electronic coupling between metal and mole-

cule. The interaction results in an increased

cross-section of the Raman signal of the

adsorbed molecule in SERRS experiment, com-

pared to the cross-section of the free molecule

in a normal Raman measurement. The chemical

enhancement mechanism is restricted to mole-

cules in the first layer of metal, since electronic

transitions are only possible when the metal and

molecules are in close contact [9, 10]. It has

been known since early SERS observations

that the relative intensities of SERS bands are

different from those of free molecules in solu-

tion, and it has been speculated that this may be

connected with the effect of orientation of the

adsorbed molecule on the surface [11]. The

electromagnetic enhancement theory explains

the dependence of the Raman signal intensity

on molecular orientation by describing how the

electric field at the surface of metal particles

couples with the polarizability tensors [12].

The greatest surface enhancement is observed

for vibration that involves changes in the

molecular polarizability perpendicular to the

metal surface. Comparison of the relative band

intensities in SERS and normal Raman spectra

allow the average orientation and distance from

the surface of the adsorbate functional groups to

be determined [13]. Some other terminologies

related to SERS are as follows:

• Surface-Unenhanced Raman Spectroscopy

(SUERS)

• This terminology is used when non-coinage

metals like platinum, illuminating wave-

lengths that are known not to support surface

enhancement (i.e., 514.5 nm for gold elec-

trode) or smooth surfaces, are used.
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• Deenhanced Surface Raman Spectroscopy

(DESERS)

• Spectroscopy performed with surfaces where

enhancement has been quenched by deposi-

tion/adsorption of foreign metals atoms has

been designated as deenhanced SERS

(DESERS), and for a complete overview and

further details see [14–16].

Applications of Raman

Spectroelectrochemistry

Raman spectroelectrochemistry is the method of

choice to analyze the structure of all kinds of

materials, e.g.:

1. Carbon materials like graphite, graphene,

carbon nanotubes, and fullerenes.

2. Information about crystalline or amorphous

structure and crystallite size can be obtained

from shift and shape of vibration modes.

3. Useful information can be obtained about the

changes occurring in the structure of the

sample material upon charging.

4. The state and quality of nanostructured

materials for battery research as well as

lithium content can be concluded by their

characteristic vibration modes.

5. Worthy information can be obtained for the

orientation of molecules on the surface

of electrode in case of self-assembled

monolayers (SERS).
R
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Introduction

Rare earth metals (REM) include 15 lanthanides

elements (Ln) from atomic number 57–71 located

in the IIIB group of the periodic table and scan-

dium (Sc) and yttrium (Y) elements, as listed in

Table 1. The most common oxidation state for the

rare earth metal elements is RE3+, but some other



Rare Earth Metal Production by Molten Salt Electrol-
ysis, Table 1 Classification of the rare earth metals

Element Symbol

Atomic

number

Melting

point/�C Valence

Scandium Sc 21 1,539 3

Yttrium Y 39 1,509 3

Lanthanum La 57 920 3

Cerium Ce 58 795 3,4

Praseodymium Pr 59 935 3,4

Neodymium Nd 60 1,024 3

Promethium Pm 61 3

Samarium Sm 62 1,072 2,3

Europium Eu 63 826 2,3

Gadolinium Gd 64 1,312 3

Terbium Tb 65 1,356 3,4

Dysprosium Dy 66 1,407 3

Holmium Ho 67 1,470

Erbium Er 68 1,522

Thulium Tm 69 1,545

Ytterbium Yb 70 824

Lutetium Lu 71 1,656
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oxidation states, RE2+ and RE4+, are occasionally

found. For example, cerium (Ce), and to a much

lesser extent Pr and Tb, can form RE4+ ions, and

Sm, Eu, and to a lesser extent Yb can form RE2+

ions. These deviations from “normal” behavior

(formation of only RE3+) are sometimes attrib-

uted to the special stability of empty, half-filled,

or filled shells: Ce4+(4f0), Eu2+(4f7), Yb2+(4f14),

but Pr4+(4f1) and Sm2+ (4f6) do not fully satisfy

this criterion.

The high activity of REMmakes it impossible

to be obtained from an aqueous solution; there-

fore, currently most of the REM have been pro-

duced by molten salt electrolysis and some by

thermal reduction method due to the existence

of multivalent ions in the molten salts as shown

in Table 1. Compared to the thermal reduction

method, molten salt electrolysis is a relatively

economical one because the process is continu-

ous and easy to control. And it has been widely

used in the industry to produce a single rare

earth metal such as La, Ce, Pr, Nd and mixed

rare earth metal alloys.

Usually two types of electrolyte systems in the

industry have been applied, one is chloride

system composing of RECl3–KCI and another is
fluoride–oxide system of RE2O3–REF3–LiF [1].

Currently, in the USA, Japan, and Kazakhstan,

fluoride–oxide system is employed to produce the

mixed rare earth metals with a 20–25 kA capacity.

While Germany applies chloride system to produce

rare earth metals and the current capacity reaches

50 kA. Before 1997most of the rare earth metals in

China were produced from chloride system, only

a small amount of rare earth metals from fluoride–

oxide system. Since 2000, China has completely

employed fluoride–oxide system to produce rare

earth metals. Usually, the current efficiency is

dependent on the electrolyte system, and less than

50 % for chloride system and less than 87 % for

fluoride–oxide system are shown in Table 2. This is

caused by the multiple oxidation states of the rare

earth metal elements in the molten salts.

The most common raw materials for the REM

molten salt electrolysis are in the RE3+ state, such

as RE2O3, RECl3. But RE
2+ still exists to a certain

extent in the molten salts, especially in the chlo-

ride melts, some rare earth metal elements have

presented a higher level of divalent oxidation

states, such as neodymium, samarium, europium,

dysprosium, thulium, and ytterbium, which result

in a lower current efficiency. For Sm and Eu

molten salt electrolysis processes, even no metals

can be obtained at the cathodes due to a cyclic

transformation of Sm2+/Sm3+(Eu2+/Eu3+) and

Sm3+/Sm2+(Eu3+/Eu2+) on the electrodes during

electrolysis. And some of the rare earth metal

elements show tetravalent oxidation states at the

chlorine pressure far in excess of atmospheric

pressure, such as Ce4+. Most of the rare earth

metal elements in oxidation state of +4 are

not stable in chloride melts, because the

reaction occurs according to the following

equation: RE4+ + Cl� ¼ RE3+ + 1/2Cl2.

However, the multiple oxidation states are also

dependent on the electrolyte composition and tem-

perature. In general, the RE2+ is more stable in the

chloride melts than in the fluoride melts.
Electrolyte System

Usually, binary or ternary systems are used as

the supporting electrolyte to satisfy the
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production by molten salt electrolysis

Rare earth metals

Chloride system Fluoride–oxide system

Electrolyte

composition Current efficiency

Electrolyte

composition Current efficiency

La LaCl3–KCI 30–50 % LaF3–LiF–La2O3 Max 87 %

Ce CeCI3–KCI 30–50 % CcF3–LiF–Ce2O3

Pr PrCl3–KCI 35–40 % PrF3–LiF–Pr2O3 Max 80 % � 82 %,

10kA, max 24kA

Nd NdCl3–KCI Very low NdF3–LiF–Nd2O3 80%� 82%,10kA

Gd GaF3–LiF–Ga2O3

Ga–Fe alloy

Dy DY–Fe alloy Max 80 %

Yb YbF3–LiF–Yb2O3

Mixed rare earth

metals

ReCl3–KCl 35–50 % RE203–REF3–LiF 65 %

The current efficiency is obtained from the industrial data

Rare Earth Metal Production by Molten Salt Electrol-
ysis, Table 3 The theoretical decomposition voltages for

chlorides

T/�C
400 600 800 1,000 1,200 1,400E/V

LiCl 3.66 3.49 3.37 3.26 3.16 3.06

NaCl 3.61 3.42 3.24 3.14 3.00 2.89

KCl 3.86 3.66 3.48 3.35 3.23 3.11

RbCl 3.84 3.65 3.48 3.35 3.22 3.10

CsCl 3.90 3.71 3.56 3.43 3.31 3.20

BeCl2 2.04 1.92 1.81 1.72 1.63 1.55

MgCl2 2.77 2.61 2.47 2.36 2.25 2.14

CaCl2 3.59 3.44 3.29 3.17 3.05 2.93

SrCl2 3.74 3.59 3.44 3.31 3.19 3.07

BaCl2 3.90 3.74 3.58 3.43 3.31 3.19

YCl3 2.90 2.75 2.60 2.48 2.36 2.24

LaCl3 3.12 2.96 2.81 2.68 2.57 2.46

CeCl3 3.06 2.90 2.75 2.63 2.51 2.41

PrCl3 3.07 2.91 2.76 2.64 2.52 2.41

NdCl3 3.03 2.87 2.72 2.60 2.49 2.38
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requirements for viscosity, density, conductiv-

ity, and melting point of the molten salts. When

RECl3 is selected as the raw material, according

to the theoretical decomposition voltages of

chlorides in Table 3, Li (Na, KCl, Rb, Cs)Cl or

Be (Mg, Ca)Cl2 are suitable for the supporting

electrolytes, usually KCl–RECl3 is applied in

the industry due to the comprehensive proper-

ties. Most of the rare earth metal fluorides have

presented higher theoretical decomposition

voltages than their chlorides, and some even

are close to the alkaline and alkaline earth fluo-

rides. Only LiF, CaF2, SrF2, and BaF2 can satisfy

the requirements for the supporting electrolyte

for the active rare earth metal oxide components

such as Nd2O3 and La2O3 as given in Table 4.

The electrolyte is generally composed of

Re2O3–LiF–ReF3.
PmCl3 2.90 2.66 2.41 2.14 1.86 1.57

SmCl3 2.98 2.81 2.68 2.55 2.43 2.31

EuCl3 2.63 2.46 2.33 2.19 2.06 1.94

GdCl3 2.90 2.74 2.61 2.50 2.39 2.28

TbCl3 2.88 2.73 2.60 2.49 2.38 2.27

DyCl3 2.80 2.62 2.45 2.30 2.16 2.02

HoCl3 2.91 2.75 2.60 2.47 2.35 2.23

ErCl3 2.84 2.68 2.52 2.38 2.25 2.13
Electrode Reactions

Chloride Melts

The typical electrode reactions for the chlorides

molten salt electrolysis are as follows:

The cathode reaction:

TmCl3 2.81 2.64 2.48 2.33 2.20 2.07

YbCl3 2.75 2.59 2.43 2.29 2.15 2.02

LuCl3 2.81 2.59 2.36 2.12 1.86 1.60
RE3þ þ 3e ¼ RE (1)



Rare Earth Metal Production by Molten Salt Electrol-
ysis, Table 4 The theoretical decomposition voltages for

fluorides

T/�C
400 600 800 1,000 1,200 1,400E/V

LiF 5.72 5.52 5.32 5.16 5.02 4.89

NaF 5.24 5.02 4.80 4.60 4.45 4.31

KF 5.18 4.97 4.76 4.60 4.45 4.31

RbF 5.08 4.88 4.68 4.54 4.40 4.27

CsF 5.10 4.91 4.75 4.63 4.51 4.39

BeF2 4.78 4.62 4.48 4.34 4.20 4.06

MgF2 5.21 5.04 4.86 4.68 4.50 4.35

CaF2 5.76 5.59 5.42 5.25 5.09 4.93

SrF2 5.71 5.54 5.37 5.20 5.04 4.88

BaF2 5.69 5.52 5.36 5.20 5.05 4.90

YF3 5.37 5.21 5.06 4.90 4.77 4.65

LaF3 5.29 5.13 4.96 4.80 4.65 4.49

CeF3 5.25 5.08 4.92 4.75 4.59 4.43

PrF3 5.25 5.09 4.93 4.77 4.61 4.45

NdF3 5.22 5.06 4.90 4.74 4.58 4.42

PmF3

SmF3 5.18 5.01 4.85 4.69 4.53 4.38

EuF3 4.84 4.67 4.50 4.34 4.19 4.04

GdF3 5.28 5.11 4.95 4.79 4.63 4.50

TbF3 5.31 5.14 4.98 4.82 4.67 4.54

DyF3 5.25 5.09 4.93 4.77 4.62 4.50

HoF3 5.27 5.10 4.94 4.78 4.63 4.49

ErF3 5.26 5.10 4.93 4.78 4.63 4.51

TmF3 4.60 4.44 4.27 4.11 3.97 3.85

YbF3 4.86 4.70 4.55 4.40 4.26 4.14

LuF3 5.21 5.04 4.88 4.72 4.57 4.45
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On the anode reaction:
2Cl� ¼ Cl2 gð Þ þ 2e (2)

Therefore, the total reaction is
2RECl3 ¼ 2REþ 3Cl2 gð Þ (3)

Chlorides system is suitable to produce the

rare earth metals or intermediate alloys with low

melting point. The REM including La, Ce, Pr,

and some mixed rare earth metal alloys have

been produced from the chloride system. The

disadvantages for the chlorides electrolysis lie

in high hygroscopicity and volatility of electro-

lyte and low current efficiency.
Fluoride–Oxide Melts

In the fluoride–oxide system, the corresponding

electrode reactions are the following:

The cathode reaction
RE3þ þ 3e ¼ RE (4)

The anode reaction
3O2� þ 2C ¼ COþ CO2 þ 6e (5)

The total reaction

RE2O3 þ 2C ¼ 2REþ COþ CO2 (6)

Fluoride–oxide system is suitable to produce

high melting point rare earth metals and has been

successfully used in production in La, Ce, Pr, Nb,

and mixed rare earth alloys with a higher current

efficiency than chloride system. But the electric-

ity energy consumption is as high as l0 kWh/kg

(REM), while the theoretical value for Nd

electrolysis from Nd2O3–LiF–NdF3 melts is

1.334 kWh/kg-Nd, showing utilization efficiency

of the electricity energy of less than 16 %. Cur-

rently the widely used cell capacity in industry is

5 kA though the highest single cell capacity has

already reached 25 kA.
Chlorides Electrolysis

Current Efficiency

It is reported that the maximum current efficiency

(CE) for chlorides electrolysis is 70 %, usually in

the range of 30–50 % in the industry depending

on the operational conditions such as the water

content of the raw materials, current density,

temperature, and impurities. Especially, the

water in the raw materials greatly reduces the

current efficiency [2]. Under the same operation

conditions, the CE value is mainly related to

RE2+ stability in the melts. The existence of

RE2+ in the melts will make the electrode reac-

tion Eq. 7 occur prior to RE3+ reduction to metal

RE, and the reduction product RE will react with

RE3+ to form RE2+ according to Eq. 8, resulting

in the reduction product RE transfer to RE2+, and
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therefore current efficiency is reduced by reduc-

ing the amount of the RE.
RE3þ þ e! RE2þ (7)

RE3þ þ RE! RE2þ (8)

The higher the stability of RE2+ is, the lower the

current efficiency is. The stability of RE2+ is

dependent on the rare earth metal element itself

and electrolyte composition. For example, Sm, Eu,

and Yb form highly stable RE2+ ions in the chlo-

ride melts and are unable to obtain corresponding

metals bymolten salt electrolysis due to a very low

current efficiency. If Sm, Eu, and/or Yb ions exist

in the chloride system as trace impurities, the

current efficiency will be lowered significantly.

This is explained later by the electrochemical

analysis results. Besides Sm, Eu, and Yb, nearly

all the rare earth metal elements form RE2+

ions in the chloride melts. For example, in

alkaline chloride melts, electrochemical investiga-

tion has showed that Nd3+ is reduced on an inert

cathode through two steps, according to Eqs. 9 and

10. The presence of Nd2+ will cause a lower cur-

rent efficiency. So the chloride electrolytic process

is not subject to Nd production in industry. In

addition to Nd, the other REM also have similar

trends to Nd.
R

Nd3þ þ e ¼ Nd2þ (9)

Nd2þ þ 2e ¼ Nd0 (10)

The possibility of formation and existence of

the different oxidation states in molten chlorides

is confirmed by direct measurements of redox

potentials of lanthanides that were performed by

a potentiometric method. The ratio between their

concentrations ([Ln3+]/[Ln2+]) is related to the

redox potentials through the Eq. 11 [3].
ELn3þ=Ln2þ ¼ELn3þ=Ln2þ �þRT=nF lnLn3þ=Ln2þ

(11)

where ELn3+/Ln2+* is a conditional standard redox

potentials.
Sm3+ Electrochemical Behaviors

in Chloride Melts

Sm3+/Sm2+ Transformation in Chloride Melts

Stability of samarium ions (Sm3+, Sm2+) in the

alkaline chloride melts changes as functions

of the solvent salt cations and temperature [4].

Sm3+ exhibits a higher stability for a larger

solvent salt cation and lower temperature.

Electrochemical reduction of Sm3+ into Sm0 in

KCl–NaCl–CsCl melt at an inert cathode has

been found to occur in two steps as shown in

Eqs. 12 and 13. And the reduction of Sm2+ to

Sm0 takes place at near the decomposition

potential of the supporting electrolyte. In addition,

Sm2+ losing one electron to form Sm3+ takes place

at the anode in terms of reaction Eq. 14, making

Sm2+ ! Sm3+/transformation at the electrodes;

therefore, this process can circulate in the cathode

and anode, and therefore nearly no Sm metal

can be obtained at the cathode, resulting an

extremely low current efficiency. This is the rea-

son why samarium cannot be produced from the

chloride melts by molten salt electrolysis. It is

reported that when the concentration of Sm3+

ions reach 0.1 wt% in the chloride melts, the

current efficiency will be substantially decreased.

Eu3+ behaves in nearly the same manner as Sm3+

in the chloride melts.

Sm3þ þ e ¼ Sm2þ (12)

Sm2þ þ e ¼ Sm0 (13)

Sm2þ � e ¼ Sm3þ (14)
The Redox Potentials of Sm3+/Sm2+

The conditional standard potentials E0
(Ln3+/Ln2+)

on the inert electrode [5] are strongly affected by

the salt solvents. For example, at 1,073 K, these

potentials were �1.880 and �0.742 V in molten

equimolar KCl–CsCl mixture [6], �1.966 and

�0.844 V in molten KCl [7], and �2.087
and �0.981 V in molten CsCl, for samarium

and europium, respectively. The dependence of

the conditional standard potentials Sm3+/Sm2+

changes inversely with the cationic radii of

the solvent.
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While samarium ions are electrochemically

reduced on an active electrode, such as nickel,

silver, and aluminum electrodes, Sm alloy is

formed with the electrode material according to

Eqs. 15 and 16:
Sm2þ þ 2e Alð Þ ¼ SmxAly alloyð Þ (15)

Sm2þ þ 2e Agð Þ ¼ SmxAgy alloyð Þ (16)

For example, electroreduction of samarium

ions in KCl–NaCl–CsCl eutectic melts on Pt

electrode involves reduction of Sm3+ into Sm2+

at the potentials of �1.2 to �1.4 V, and the

reduction at more negative potentials

about �2.3 to �2.4 V corresponds to that of

Sm2+ to Sm0 and formation of PtxSmy

intermetallide confirmed by the voltammetry [4].

The Stability of RE2+ in the Chloride Melts

The stability of the divalent and trivalent rare

earth metals ions may be judged upon by

comparing the standard Gibbs energies of the

RECl2 and RECl3 formation in a given condition.

The relative stability of the two valences in the

molten salts can be expressed by the equilibrium

constant for the disproportionation reaction

according to Eq. 17. Obviously, the more con-

stant the equilibrium of the reaction to the right

hand is, the more instable for the divalence is, and

vice versa. The stability of the ions is dependent

on the temperature, cation, and anion types, for

example, divalence of the rare earth metals is

more stable in the chloride system than in the

fluoride–oxide system:
3RE2þ ¼ 2RE3þ þ RE (17)
Fluoride–Oxide Electrolysis

Current Efficiency

Currently, molten fluoride–oxide electrolysis has

been widely applied to produce a single rare earth

metal such as La, Ce, Pr, and Nd and mixed rare

earth metals such as Gd–Fe, Dy–Fe Ho–Fe, and
Er–Fe alloys in industry. The maximum cell

capacity has reached 25 kA, and the current effi-

ciency is usually above 80 % with an energy

consumption of about 10.6 kWh/kg. Clearly,

fluoride–oxide electrolysis has shown a higher

current efficiency than chloride electrolysis.

This is attributed to the positive effects of F� on

the stability of the higher oxidation state

Nd3+ Cathodic Processes

LiF–NdF3
According to references [8, 9], the reduction

process involves one step Eq. 18 in mixed

chloride–fluoride melts, while two steps in pure

chloride melts as shown in Eqs. 8 and 9.
Nd3þ þ 3e! Nd (18)

The addition of fluoride ions in chloride melts

can stabilize the higher valences of cationic spe-

cies, and thus, the intermediate step Eq. 9 is not

pronounced in the fluoride–chloride melts [8].

Cyclic voltammetry [10] on a molybdenum elec-

trode in LiF–NdF3 melts at 810 �C has proved

that reduction of Nd3+ ions into Nd in a single

step; this is also confirmed by C. Hamela [11]. It

is proved that the electrochemical reduction pro-

cess is controlled by the diffusion of neodymium

ions in the melts.

LiF–NdF3–Nd2O3 System

The voltammetric characteristics of LiF–NdF3
and LiF–NdF3–Nd2O3 on tungsten electrodes

at 900 �C are shown in Figs. 1 and 2 [12].

Due to much higher concentration of [NdF6]
3�

species in the melts, the voltammetric character-

istics for the two melts with or without Nd2O3

are similar.

The structure of the trivalent neodymium

fluoride species in the melt is the octahedral

[NdF6]
3� complex anion identified by Raman

spectroscopy [13]. The dissolution of Nd2O3

results in the formation of neodymium

oxyfluorides in the melts. It also has been found

that the [NdOF5]
4� is present [10]. Actually,

[NdF6]
3� and [NdOF5]

4� coexist in the melt

since the concentration of NdF3 is much
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higher than that of Nd2O3. While at the anode

the oxidation of neodymium oxyfluorides

[NdOF5]
4� generates oxygen according to the

following Eqs. 19 and 20. This has been con-

firmed by the Ref. [14] that oxygen generation

at the anode during the electrolytic production of

neodymium from oxide–fluoride melts. The pro-

duced oxygen subsequently reacts with the
carbon anode and then CO and CO2 gases are

produced.
2 NdF6½ �3� þ 6e ¼ 2Nd sð Þ þ 12 F� (19)

3 NdOF5½ �4�þ3F�¼3=2O2 gð Þþ3 NdF6½ �3�þ6e
(20)

However, in LiF–NdF3–Nd2O3 melts, whether

NdF3 or Nd2O3 is consumed at the electrode is still

controversial. Tamamura et al. [15] claim that

NdF3 is the raw material in the electrolytic pro-

duction of neodymium in oxide–fluoride melts.

According to Kaneko et al. [14], Stefanidaki

[13], and Keller [16], only Nd2O3 is consumed

by controlling the cell voltage in a low region.

More work is needed to prove the above points.
Conclusions

In this chapter, the two electrolyte systems are

introduced to produce rare earth metals by

molten salt electrolysis. The involved electrode

processes, current efficiency, and the oxidation

states of the rare earth metal ions and their sta-

bility have been discussed. The lower current

efficiency for chloride melts is caused by the

higher stability of divalent ions of rare earth

metals in the melts. Fluoride ions have lowered

the stability of divalent ions; therefore a higher

current efficiency is reached in the fluoride–

oxide system. As an example, the electrochem-

ical reduction process for NdF3 and Nd2O3 has

been discussed.
Future Directions

In the last two decades the world production of

rare earth has increased remarkably. However,

compared to the modern aluminium electrolysis

Héroult-Hall cell, the electricity energy con-

sumption for rare earth electrolysis is still very

high due to the low current efficiency (�80%)

and very high cell voltage (�10V). Therefore,
reducing the energy consumption for rare earth
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electrolysis will be the major future direction.

It is also worth to mention that the anode gas

management for the rare earth electrolysis should

be considered to eliminate the emission of

perfluorocarbons (PFCs, CF4 and C2F6).
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Nagaoka, Japan
Definition, Characteristics, and
Advantages

In electrochemistry, a typical reaction cell is

mainly composed of anode, cathode, reference

electrode, and diaphragm. In most of the cathodic

reduction, a diaphragm is required, which some-

times demands continuous electrolysis under

high voltage. Some kinds of metal are used as

an anode to decrease voltage between electrodes

in practical electrochemical synthesis. Such elec-

trodes are called sacrificial electrode, sacrificial

anode, or sacrificial metal anode, and it is a nice

tool in organic electrochemical synthesis [1–4].

Ionization of the metal material at the anode

means the supply of one electron to the anode.

The generated electron is used for passing cur-

rent. Recently, sacrificial metal anode is posi-

tively applied to electrochemical synthesis, and

the metal ion derived from anode sometimes

plays important roles in chemical reaction and

gives remarkable influences to regiochemistry,

stereochemistry, selectivity of the products by

coordination, catalytic effects, formation of

a new reagent in situ, etc. [5, 6]. In these cases,

the electrode is especially called reactive elec-

trode, reactive anode, or reactive metal anode, but

“reactive electrode” may be used as the same

technical term instead of sacrificial electrode.

Magnesium, aluminum, and zinc are generally

available for reactive metal anodes, and an apro-

tic polar solvent such as DMF or NMP is fre-

quently used as the solvent. There are also some

reports on mixed electrode of carbon and sulfur

[7] and on the Reformatsky reaction by behavior

of the anode surface as activated zinc metal [8].

Application of reactive metal electrode gives

several advantages in electrochemical synthesis.

http://dx.doi.org/10.1007/978-1-4419-6996-5_456
http://dx.doi.org/10.1007/978-1-4419-6996-5_456


Ar

C

R

O

Ar

C

R

OH
Ar

C

R

OH

2 + e

Mg or Zn Anode
Yield 81~98%

dl isomers only or excess

Reactive Metal
Electrode,
Scheme 1 Stereoselective

synthesis of pinocols

H

C

Ph

CH2
+ 2e

Zn Anode
Yield 73~85%

CH

Ph

CH2

C R

O

C
R

O

(RCO)2O+
Reactive Metal
Electrode,
Scheme 2 Diacylation of

Styrenes

Reactive Metal Electrode 1773 R
First one is electrolysis under low voltage with-

out diaphragm. Second one is decreasing the

amount of supporting electrolyte because the

generated metal ion will continuously dissolve

in the solvent and help carrying the current.

Third one is appearance of different selectivity

by behavior of the metal ion under electrolysis.

In some cases, good choice of reactive metal

anode material sometimes gets an organic com-

pound with the metal ion to form an organome-

tallic reagent and improves the yield of the

reaction. Furthermore, suppression of oxidizing

organic compounds at the anode is also a

positive effect of reactive metal anode. A suit-

able reactive metal anode has to be chosen with

consideration on redox potential of reagents and

products.
R

Examples and Synthetic Application

In the early years after development of sacrificial

electrode (reactive metal anode), some reviews

were reported [1, 2, 4]. Many experimental

results are also reported in recent years and

typical examples of the reactions are shown

below:

1. Diastereoselective Synthesis of Pinacols [9]

Electrochemical reduction of benzalde-

hydes and aromatic ketones with zinc or

magnesium anode gave the corresponding

homo-coupling compounds, 1,2-diol, with
high diastereoselectivity in high yield.

Stereochemistry of the product is controlled

by oxygen-metal-chelate complex. The metal

ion is derived from the anode material in the

electrochemical reaction.

2. Fixation of Carbon Dioxide [10]

Electrochemical carboxylation of organic

halides with aluminum, zinc, or magnesium

anode brought about the selective formation

of carboxylic acids in high yield. Carboxyla-

tion of organic halides suffered from esterifi-

cation of carboxylate anion with unreacted

organic halide. This method enabled us to

synthesize carboxylic acids by trapping car-

boxylate anion with metal ion.

3. Synthesis of Drugs [11]

Electrochemical carboxylation of

a-halogenated arenes under the carbon dioxide

atmosphere with zinc anode afforded the

effective formation of phenylpropionic acid

derivatives in high yield. This method is

application of carboxylation of aromatic

halides with reactive metal anode to synthesis

of anti-inflammatory pharmaceutical drugs.

4. Nickel-Catalyzed Electroreductive Coupling [12]

Nickel-catalyzed electroreductive homo-

coupling reaction of organic halides and

coupling reaction between organic halide and

activated olefins could be carried out with iron

anode in ionic liquid. With addition of small

amount of DMF, coupling compounds were

obtained at room temperature in good to high
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yield. This method is characterized by use of

aromatic halide and nickel salt.

5. Electrochemical Synthesis of Polysilanes [13]

Electrochemical reduction of 1,1-

dichlorodialkylsilanes and 1,2-

dichlorotetraalkyldisilanes with magnesium

anode in an undivided cell gave the

corresponding polysilanes. Magnesium

electrode was only effective for this synthesis

of polysilanes, and platinum, zinc, nickel, and

copper were less effective. This method is an

application of this reactive metal anode to

attractive polymer synthesis.

6. 1,2-Diacylation of Styrenes and Activated

Olefins [14]

Electroreduction of styrenes or alkyl

methacrylates in the presence of aliphatic

acid anhydrides or N-acylimidazoles with

zinc anode brought about novel one-pot

vicinal double C-acylation to afford the

corresponding 1,4-diketones in good to high

yields. This is an example of cross-coupling

reaction with no use of halogenated

compounds.
Future Directions

It is quite interesting to know what the reactive

metal anode plays a role in, but it is not easy to

analyze the effects because the role of the

reactive metal anode may be different, depending

on a kind of the metal or each reaction. However,

development of reactive metal anode exploited

a new field of electrochemical synthesis in this

30 years. Typical examples are selective synthe-

sis of carboxylated compounds, cross-coupling

reaction of activated halogenated compounds

and carbonyl compounds, and cross-coupling

reaction between non-halogenated compounds.

In recent years, many types of transition metal-

catalyzed reactions have been reported in the

field of organic synthesis, and some professors

received the Nobel Prize on cross-coupling reac-

tions. From the view of electrochemical synthesis

and green sustainable chemistry, novel methods

of reactive metal anode will be developed

with involving application of transition
metal-catalyzed reactions, ionic liquids, recovery

of anode material, elemental strategy, etc.
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Introduction

Many redox proteins contain a cofactor or more

precisely a prosthetic group as a nondiffusible

organic or inorganic compound located at

the enzyme’s active site. The cofactor plays an

essential role for the enzyme’s catalytic activity

[1]. It is linked firmly to the protein backbone, and

the linkage may be of non-covalent or covalent

nature and is often accompanied by additional

interactions between the cofactor and its protein

surrounding (e.g., ionic or hydrophobic). Themost

prominent examples for cofactors of organic

origin are heme and flavin adenine dinucleotide

(FAD) which can be found in myoglobin and

hemoglobin or in case of FAD in glucose oxidase

(Fig. 1). Furthermore, pyrroloquinoline quinone

(PQQ), the cofactor of, e.g., certain alcohol

dehydrogenases, is of interest since it functions

not only as cofactor but also as redox shuttle [1].
Inorganic cofactors like certain metal clusters can

be found, e.g., in nitrogenases and hydrogenases.

A further example is photosystem I, a protein

complex participating in photosynthesis, which

displays both, a quinone cofactor as well as several

iron-sulfur clusters [2].
Extraction of the Prosthetic Group from
the Holoprotein

The prosthetic group can be removed from the

holoprotein, which is the complete functional

protein unit, to yield the cofactor-free apoprotein

(Fig. 2). This can be done in several ways which

include dialysis, extraction with an organic sol-

vent, or chromatographic steps. Most prominent

is the method developed by Teale for the extrac-

tion of non-covalently bound heme [3]. After

acidification of the solution, resulting in partial

denaturation of the protein, the heme cofactor

is extracted with methyl ethyl ketone yielding

an organic heme-containing and an aqueous

apoprotein-containing phase. The method has

been applied, e.g., for myoglobin, hemoglobin,

horseradish peroxidase, and catalase [3]. The

preparation of the apoprotein as well as the recon-

stitution depends strongly on protein structure

and the position of the cofactor in the protein

[1]. For example, the heme of myoglobin is

located close to the surface of the protein, and

preparation of functional myoglobin apoprotein

is well described. In contrast for P450 enzymes,

apoprotein preparation is not easy since the

protein has to be denatured to a high extent to

access the deeply buried heme. Nevertheless,

some interesting approaches have been devel-

oped to overcome these problems like heme

transfer from the P450 to apomyoglobin [4].

When the prosthetic group is linked covalently

to the protein, one option is also the direct

expression of the apoprotein [5].
Apoprotein Reconstitution

The apoprotein can be reconstituted with its

natural cofactor or an artificial one to obtain



Reconstituted Redox Proteins on Surfaces for
Bioelectronic Applications, Fig. 2 Extraction of the

cofactor (red) from the holoprotein (left) yielding the

apoprotein (center). The apoprotein can be reconstituted

with the natural (red) or an artificial cofactor (blue) to
yield again a functional holoprotein (right)

Reconstituted Redox
Proteins on Surfaces for
Bioelectronic
Applications,
Fig. 1 Structures of three

prominent cofactors:

(a) heme b (or iron

protoporphyrin IX),

(b) FAD, and (c) PQQ
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a functional holoenzyme (Fig. 2). The holoen-

zyme often displays a changed catalytic behav-

ior when reconstituted with a nonnatural

cofactor. In this way, it has been possible to

evaluate catalytic mechanisms and gain insight

into enzyme kinetics. The introduction of

a modified cofactor which lacks the covalent
binding site opens up the possibility to get infor-

mation about the nature of the covalent bonding

and if this bonding is necessary for catalysis.

Furthermore, by changing substituents at the

cofactor, the relation between its structure and

electron transfer properties yields important

information [6].
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Reconstituted Redox Proteins at
Electrode Surfaces

Several studies deal with direct electrochemistry

of reconstituted myoglobin at hydrophilic elec-

trode surfaces with nonnatural cofactors where,

for example, substituents at the heme porphyrin

ring or the central metal cation have been

changed [6]. Thereby incorporation of an artifi-

cial heme resulted in shifts of the redox potential,

alteration in electrode transfer kinetics, as

well as different ligand-binding properties. In

bioelectronic applications, redox proteins can

normally not be attenuated directly via the

electrode since they possess an insulating protein

shell. One way to establish an electrical contact

between the electrode and the protein’s active site

is the reconstitution with a cofactor to which an

electroactive group has been bound so that the

accessibility of the active site for electron transfer

is improved. This has been done, for example,

with myoglobin, to whose heme cofactor a

photoactivable ruthenium group has been coupled

[7]. As a result for the ruthenium reconstituted

myoglobin electron transfer could be induced

by light irradiation which is not seen for

native myoglobin [7]. Another example for a

photochemical approach is the reconstitution

of the flavoprotein glucose oxidase at a

photoisomerizable monolayer to which FAD

was bound. In this study, the assembly could be

converted from an insulating to a charge-

transporting state by light irradiation [8]. Fur-

thermore, glucose oxidase and D-amino acid

oxidase have been reconstituted with ferro-

cene-modified FAD [9]. The artificial holoen-

zymes show direct electrical communication

with the electrode and respond well to different

substrate concentrations implying a possible use

for amperometric biosensors. Also coupling of

a ferrocene unit to hemin and reconstitution with

horseradish peroxidase yielded a catalytically

active enzyme which displays electroactivity

[10]. The redox active groups introduced

work as an electron relay or wire and enable

a long-range electron transfer. The attachment

of the cofactor to gold nanoparticles, or other
nanomaterials like carbon nanotubes, facilitates

electron transfer to the active site as it has been

shown for glucose oxidase or PQQ (Fig. 3)

[11, 12]. This is done in combination with immo-

bilization of the nanomaterial-bound cofactor at

an electrode surface where the nanoparticle may

serve as an electron relay to the macroelectrode.

Besides the direct access to the active site, the

advantage of immobilizing the cofactor at an

electrode surfaces is also the short distance

between the electrode and the enzyme and the

defined orientation of the reconstituted protein.

Electrode surface modifications include mainly

self-assembled monolayer systems (Fig. 3)

or functionalized polymers. In addition to

nanoparticles, the immobilization of PQQ at

modified electrodes should be mentioned

since it is used for the production of enzyme

electrodes due to its electron shuttling

function (Fig. 3). For example, apo-glucose

dehydrogenase was reconstituted at a

polyaniline/polyacrylic acid polymer modified

with PQQ [13], and cholesterol oxidase was

reconstituted with FAD which has been

complexed to a PQQ-containing SAM [14].

Other interesting approaches include the recon-

stitution with DNA-modified cofactors, which

are characterized by their good molecular rec-

ognition properties [15]. DNA oligomers were

bound to hemin and reconstitution with

apomyoglobin and apo-horseradish peroxidase

to give catalytically active enzymes. The

reconstituted proteins were immobilized at a

surface by hybridization of the heme-bound

DNA oligomer with its surface-bound counter-

part [15]. Also in vivo reconstitution of

apo-glucose dehydrogenase in E.coli cells was

observed electrochemically at carbon paste elec-

trodes [16].
Future Directions

Reconstituted proteins are of special interest

for applications in biofuel cells, biosensors,

bioelectronics, and nanobiotechnology since

direct electron transfer between an electrode and



Reconstituted Redox Proteins on Surfaces for
Bioelectronic Applications, Fig. 3 Immobilization of

cofactors at gold electrodes (left) modified with self-

assembled monolayers (SAM). (a) Immobilization of

hemin at a SAM. This assembly was subsequently used

for the reconstitution of horseradish peroxidase [17].

(b) Immobilization of the cofactor PQQ at an Au

nanoparticle, which in turn is immobilized at the electrode

via a SAM, for the reconstitution of glucose dehydroge-

nase [12]. (c) Immobilization of the cofactor FAD for

reconstitution of glucose oxidase [18]. As electron relay,

PQQ has been immobilized via a SAM in between the

electrode and the cofactor
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the cofactor at the enzymes active site is

established. The reconstitution method enables a

direct manipulation of the active site and may be

used for production of tailor-made biocatalysts

converting substrates of interest. Due to the

unique orientation of reconstituted proteins at

surfaces, they serve as molecular scaffolds for

nanostructuring of surfaces.
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Introduction

Today, electrochemical capacitors (ECs), often

called “electric double-layer capacitors,”

“supercapacitors,” “ultracapacitors,” and so on,

have attracted worldwide research interest because

of their potential applications as energy storage

devices in many fields. The drawback of ECs is

certainly their limited energy density, which

restricts applications to power density over only

few seconds. According to the situation, many

research efforts have focused on designing

new materials to improve energy and power

density [1].

The energy capacity of ECs arises from either

double-layer capacitance for electric double-

layer capacitors (EDLCs) or pseudocapacitance

for redox capacitors [2, 3]. The energy storage

mechanism of EDLCs is based on non-faradic

phenomena in electric double layer formed at an

electrode/electrolyte interface. In regard to elec-

trode active materials for EDLCs, carbon mate-

rials such as activated carbons have been most

widely used [4] because of their reasonable cost,

good electrical conductivity, and high specific

surface area. However, there is a limitation in

their specific capacitance; the gravimetric capac-

itance of most carbon materials does not linearly

increase with an increase in the specific surface

area above �1,200 m2 g�1 [5].
On the other hand, pseudocapacitance

arises from a faradic reaction at an electrode

surface as an oxidation or reduction process,

which can provide higher capacitance and/or

higher power capability than carbon electrodes

utilized in conventional EDLCs. Electrode

materials that exhibit such pseudocapacitive

storage are typically organic materials such as

conducting polymers and transition metal

oxides [2, 4].
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Organic Materials

Many investigators have reported promising

research on ECs based on polymer electrodes,

because some polymer materials not only are

generally cheap and light and have suitable mor-

phology and fast doping-undoping process but

also can be relatively easily manufactured into

ECs. There are many organic materials such as

polypyrrole, polyaniline, polythiophene, and its

derivatives for redox capacitors as shown in

Scheme 1. These organic molecules can be oper-

ated in nonaqueous or aqueous electrolytes. It has

been reported that polyaniline (Scheme 1b) [6],

poly-3-methylthiophene (Scheme 1d) [7], and

polyfluorophenylthiophene (Scheme 1g) [8] can

be operated in a nonaqueous electrolyte, such as

propylene carbonate containing tetraethy-

lammonium tetrafluoroborate. Among them,

poly-1,5-diaminoanthraquinone (Scheme 1j)

[9] shows a high specific capacitance of

200–300 Fg�1 but only in an acidic aqueous

electrolyte. Generally, conducting polymers do

not have very good cycleability and capacity

retention because swelling and shrinking of

electroactive polymers lead to degradation

during cycling.

To improve cycleability, many researchers

proposed composite electrodes and new organic

materials. The polymer modified by conductive

materials such as carbon materials has been pro-

posed. For example, Xia et al. presented a

poly(2,2,6,6,-tetramethylpiperidinyloxy methac-

rylate)nitroxide polyradical/activated carbon

composite as a negative electrode material [10].

The capacity of the composite electrode was

30 % larger than that of the pure activated carbon

electrode. This composite electrode could be

operated for over 1,000 cycles with only slight

capacity loss. For another material, the network

of cyclic indole trimer (CIT) is one of the most

durable organic for ECs. Naoi et al. reported that

the CIT electrode showed electrochemical redox

activity and excellent cycleability in an aqueous

H2SO4 electrolyte [11] as well as a nonaqueous

electrolyte of LiBF4 dissolved in EC + DMC

[12]. In the aqueous system, the CIT electrode

maintained its high capacity of 52 Ah kg�1
(187 F g�1) after 100,000 cycling, while the

capacity decreased down to 5 Ah kg�1 for

a polyindole electrode. In the case of above

nonaqueous electrolyte system, CIT maintained

70 % (55 Ah kg�1) of its initial capacity after

50,000 cycles (Scheme 1).

Electric energy can be stored and delivered in

conducting polymers as delocalized p-electrons
are accepted and released during electrochemical

doping-undoping, respectively. There are two

types of doping process as follows:
p-doping anion dopingð Þ
polymer½ � þ xA� $ ½ polymerð ÞxþxA�� þ xe�

n-doping cation dopingð Þ
polymer½ � þ yCþ þ ye� $ ½ polymerð Þy�yCþ�

Conducting polymer ECs are classified into

three types (Fig. 1). Type I capacitors utilize

p-doping conducting polymers such as

polypyrrole, polythiophene, and polyaniline for

both positive and negative electrodes. The type

I capacitors show low potential (< 1V), and only

half of the total capacity can be utilized. In the

type II capacitors, two different p-dope polymers

are used and have different potential ranges of

doping and undoing. The proton polymer battery

is a practical application of this type. The type II

capacitors provide higher capacity and higher

working voltage than type I system. Type III

devices utilize p- and n-doping conducting

polymers such as polythiophene derivatives and

polyacene, for both positive and negative

electrodes, respectively. Type III capacitors can

provide the widest operating voltage (2.5–3.0V),

which is about two times higher than type II, and

the highest energy density among these three

types. The type III capacitors have similar

discharge characteristics to batteries, where

operating voltage drops very rapidly at the end

of discharge.
Transition Metal Oxides

Transition metal oxides for ECs can generally

provide higher energy density than conventional
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carbon materials and better electrochemical sta-

bility than polymer materials. Among transition

metal oxides, hydrous ruthenium oxide is the

most promising electrode material because of

its high theoretical specific capacitance

(900–1,400 F g�1) [13–17] depending on the

hydration number, high conductivity, long

cycle life, and good electrochemical reversibility

as well as its high-rate capability. In 1995,
Zheng et al. [13] reported that amorphous hydrous

RuO2 prepared by a sol–gel method exhibited

a specific capacitance of 720 F g�1. Such a high

capacitance is attributed to hydrous surface layers

that enable facile transport of electrons and pro-

tons. However, the capacitance decreased rapidly

at high rates due to proton depletion and

oversaturation in the electrolyte during

charge–discharge cycling. A two-dimensionally
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controlled RuO2 nanosheet was fabricated by

Sugimoto et al. [18] for better electron transport.

Moreover, in order to improve the rate capability,

many researchers have attempted to prepare nano-

sized particles of hydrous RuO2 with carbonmate-

rials such as activated carbons [14–16, 19], carbon

black [17, 20–22], and CNTs [23]. For example,

Hu et al. [16] reported that nano-sized (3 nm)

hydrous RuO2/carbon composites exhibited high

specific capacitance of 800–1,200 F g�1 (per

RuO2). Moreover, Naoi et al. [22] reported that

a superhighly dispersed nano-sized (0.5–2.0 nm)

hydrous RuO2/ketjen black composite could be

prepared by an in situ sol–gel process induced by

ultracentrifugal mechanical agitation. After

annealing at 150 �C, the composite showed

a high specific capacitance of 821 F g�1 (per

composite).

The scarcity and cost of the precious metals

are major disadvantages for massive devices of

ECs. Due to cost consideration, RuO2, MnO2

[24], CoOx [25], VOx [26], Fe3O4 [27, 28], Ni

(OH)2 [29], WC [30], and Mo2C [30] have been

studied as alternative materials. The research

efforts have focused on compounds providing

high-rate capability and capacitance.

Manganese oxides, characterized by low cost,

abundance, and environmental compatibility,

serve as a low cost replacement for precious

metals. The first study reporting the capacitive

behavior of manganese dioxide was published in
Redox Capacitor, Table 1 Summary of the various classe

Electrode material Electrolyte

RuO2·nH2O powder H2SO4

RuO2·nH2O/activated carbon H2SO4

Ruthenic acid nanosheet H2SO4

RuO2·nH2O/activated carbon H2SO4

RuO2·nH2O/ketjen black H2SO4

CoOx·nH2O NaOH

VOx·nH2O KCl

Nanoporous Ni(OH)2 film KOH

Mn3O4 Na2SO4 adding Na2HPO4

MnO2 thin film Na2SO4

MnO2/CNT/carbon paper K2SO4

aMnO2·nH2O/CNT Na2SO4

MnO2/mesoporous carbon KCl
1999 by Lee and Goodenough [24]. This was

followed by many studies that dealt with

the pseudocapacitive properties of manganese

dioxide materials prepared by dip coating, elec-

trodeposition, etc. The capacitive properties of

manganese oxides are sensitive to morphol-

ogies, crystal structures, cation valence, and

defect chemistry. The relationship between the

crystallographic structures and their pseudoca-

pacitive properties has been investigated

exhaustively by Brousse et al. [31] and Devaraj

and Munichandraiah [32]. These and other

groups reported that birnessite-type manganese

oxides could provide the highest capacitance

[33, 34].

Several groups have reported that MnO2 is

formed as an ultrathin film on a planar current

collector, and anomalously high gravimetric

capacitances can be observed [35, 36]. The impli-

cation of this finding has been translated to

3-dimensional electrode designs in which

nanoscopic MnO2 deposits are incorporated

directly onto surface nanostructured carbon such

as carbon nanotubes [36–39], templated

mesoporous carbons [40], and carbon aerogel/

nanoforms [41]. Such materials on the nanostruc-

tured carbon substrates serve a high specific

surface area on a three-dimensional current col-

lector, which facilitates the infiltration and rapid

transport of an electrolyte into the nanoscopic

MnO2 phase (Table 1).
s of transition metal oxides

Working voltage (V) Capacitance (F g�1) References

1.0 720 (n ¼ 0.5) [13]

1.0 720 [14]

1.0 658 [18]

1.0 1,200 [16]

0.8 821 [22]

0.7 230 [25]

1.0 167 [26]

0.65 578 [29]

1.0 230 [33]

0.9 698 [35]

1.0 322 [36]

0.6 277 [38]

1.0 600 [40]
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Novel Concept for Charge Storage
Mechanism Involving “Electrolyte”

Recently, novel striking redox capacitors utilizing

an electrolyte charge storage system have been

attempted by few researchers [42–45]. Before

them, such a system had been considered impos-

sible for an electrochemical capacitor because of

an incidental shuttle reaction or charge migration

of active redox species in an electrolyte between

electrodes. In 2007, Ishikawa et al. reported that

EC containing an aqueous NaBr solution with

a potentiostatic treatment at 70 �C exhibits much

enhanced capacitance when compared to EC

without the treatment [46]. In their later study,

the mechanism of enhanced capacitance was

found to be based on some redox processes

involving bromine species (iodine species is also

possible) in the electrolyte. This mechanism pro-

vides the reversible cycling of ECs, which can be

stabilized especially by a pretreatment of an acti-

vated carbon electrode with bromine species.

Utilizing this strategy, Yamazaki and Ishikawa

et al. attained excellent capacitance and a high

practical cell voltage of 1.8 V in spite of an aque-

ous electrolyte system (Fig. 2a and b).

Furthermore, the aqueous EC utilizing the bro-

mide system shows outstanding performance

(Fig. 3); its energy density at a low power density

corresponding to a current density of 100 mA g�1

is about 1.2 times higher than a 2.7V class

nonaqueous EC [triethylmethylammonium
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Redox Capacitor, Fig. 2 Voltage or potential vs. time

curves during galvanostatic cycles of the EC cell utilizing

bromide redox system (———) and the reference EC cell

(���) containing an aqueous 3.5 mol dm�3 NaBr
tetrafluoroborate (TEMABF4) dissolved in pro-

pylene carbonate (PC)] in spite of an aqueous EC

system. Moreover, the EC system has not only

higher energy density but also much higher

power density than the reference nonaqueous

EC because of its high ionic conductivity (Fig. 3).

To achieve higher energy density and higher

voltage operation than aqueous ECs utilizing the

bromide system, nonaqueous electrolyte systems

have also been proposed such as an ionic liquid

electrolyte-based EC system [47] and lithium-ion

capacitor system [48].
Future Advanced Developments for
Redox Capacitors

Despite high capacitance of redox materials such

as transition metal oxide, the cell voltage of

conventional symmetric devices as introduced

in the above chapter is limited to �1V, and

subsequently both power and energy densities

remain unsatisfactory for industrial applications.

Recently, therefore, asymmetric design often

called a hybrid capacitor and nonaqueous EC

system with the above materials such as polymer

materials and transition metal oxides have been

studied. The term “asymmetric design” means

a capacitor using different materials with differ-

ent operating potentials as negative and positive

electrode materials, which can increase overall

cell potential, resulting in enhanced energy and
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Redox Capacitor, Fig. 3 Ragone plots (relationship

between energy density and power density) for the EC

cell utilizing bromide redox reactions in the aqueous

3.5 mol dm�3 NaBr electrolyte (●) and the conventional

nonaqueousEC containing 1.96mol dm�3 TEMABF4/PC(△)
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power densities. Asymmetric hybrid capacitors

include various combinations of positive and

negative electrode materials: metal oxide/metal

oxide [27], conducting polymer/metal oxide [49],

metal oxide/carbon [50, 51], and conducting

polymer/carbon materials [52].
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Introduction

In this article we describe ideas and experimental

results that are fundamental to electron transfer

between molecules (redox ions) and the surface

of semiconductor (SC) electrodes. We do not

make any attempt here of covering the extensive

literature on electrochemistry at semiconductor

electrodes. Rather, experimental data are shown

to illustrate relevant results. We consider only the

transfer of one electron between a molecular

monomer (redox ion) and the electrode. We

do not consider electron transfer from dimers

and higher aggregates and also not the more

complicated processes like corrosion, etching,

and tunneling through barriers. In the case of

ultrafast injection from an excited dye molecule,

we show results where the system is exposed to

ultrahigh vacuum since the solvent environment

would obscure the most interesting results

obtained from time-resolved measurements of
electron transfer. The effects arising from the

addition of a solvent environment are mentioned.
Electron Transfer Between a SC
Electrode and Redox Ions (Molecules)
in Solution

The free energy of charge carriers in the

semiconductor electrode (SC) is characterized

by the Fermi energy and that of the charge

exchanging molecules (redox ions) in solution

by their redox potential. When the two subsys-

tems are brought into contact with their free

energy levels not too far apart, the two subsys-

tems will exchange charges until a common

electrochemical potential is established through-

out the whole system [1] (Fig. 1).

The corresponding equilibrium situation is

established via setting up a space-charge region

with a corresponding band bending in the near-

surface region of the semiconductor. Figure 2

illustrates the band bending for the lower edge

of the conduction band and the upper edge of the

valence band versus distance. Note that the

applied potential (Z) drops over the space-charge
layer in the semiconductor and only a negligible

fraction of the voltage drop occurs at the

electrode surface. Thus, the rate constant of

electron transfer remains virtually unchanged at

the surface of the semiconductor when the

applied voltage is changed. This is very different

from a metal electrode. The arrow in Fig. 2 indi-

cates the reduction in the electron concentration

at the surface due to applied voltage because the

latter enhances the barrier height for electrons

moving from the bulk of the semiconductor

to the surface.

Gerischer [1, 3] postulates a density of states

function in the form of a Gaussian distribution

for the reduced species in solution and

a corresponding Gaussian distribution shifted

toward the vacuum level for the oxidized species.

The two distributions are labeled occupied and

unoccupied in Fig. 1. Solvent configurations with

the highest probability give rise to the two peaks,

and the Gaussian distribution arises from differ-

ent solvent configurations formed around the
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illustrating equilibrium

between a semiconductor

electrode and a redox

electrolyte. The density of

states D(E) in the valence

band and conduction band

on the left (labeled

occupied and unoccupied,

respectively) and one

Gaussians each for the

density of states D(E) of the

reduced redox ions and

the oxidized redox ions on

the right (labeled occupied

and unoccupied,

respectively). The free

energy is the same

throughout the system, with

the Fermi energy E F,SC at

the same energy as the

redox potential E F, redox

(Reproduced from Fig. 23,

Ref. [1])
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reduced and the oxidized redox ions, respec-

tively. The two peaks and the corresponding

distributions for reduced and oxidized redox

ions are shifted against each other on the energy

axis due to the fact that the system has a slow and

a fast polarization response to a sudden change in

the charge of the redox ion. The polarization

response of the electronic subsystem to a change

in the charge is fast, instantaneous for the time

scales considered here, and the polarization

response from the change in the spatial coordi-

nates of the solvent molecules is slow to a sudden

change in the charge on the redox ion. Removing

an electron from the reduced redox ion has to

overcome the attraction of a more positively

charged environment than is present when the

electron is returned to the oxidized redox ion

after the slow polarization response is already

completed and the system is completely relaxed.

Completing the slow polarization response after

removal of the electron means that the effective

positive charge in the environment has decreased

around the now oxidized redox ion that carries
less negative charge than the reduced redox ion.

Thus, less energy is gained from the return of the

electron to the oxidized redox ion after the envi-

ronment has relaxed in response to the lowered

negative charge than had to be spent in separating

the electron from the reduced redox ion where the

environment forms a higher positive charge

around the redox ion with a higher negative

charge, i.e., the reduced redox ion. Marcus [4]

has presented a quantitative measure for the

change in polarization energy for a system

where the redox ions are conducting spheres car-

rying a different charge and the environment is

a dielectric medium with two different dielectric

constants, one for the fast response and the other

for the slow response. Other authors (e.g., [5])

have added an additional slow polarization

energy that arises from a change in the equilib-

rium coordinates of the atoms making up the

molecule (redox ion) when the charge is changed

on the molecule. The polarization energy has thus

an outer (solvent) and an inner (atoms of the

molecule) contribution. Classical Marcus theory
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space-charge layer near the surface of the semiconductor.

The ordinate is energy and the abscissa distance. The

Fermi level (EF) is downshifted against the redox potential

(EF,el) by the applied potential Z (multiplied by the ele-

mentary charge e). The SC is n-doped (Fermi level lies

close to the conduction band edge in the bulk). The applied

potential enhances the barrier for electrons moving from

the bulk of the semiconductor to the surface and thus

reduces the electron concentration at the surface

(2) (Reproduced from Fig. 2.4, Ref. [2])
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of the rate constant of electron transfer of a redox

ion in a polarizable medium [4] predicts also

a Gaussian energy dependence of the rate

constant. As long as the rate constant of electron

transfer is described with the tools of only classi-

cal physics assuming a fast and a slow polariza-

tion response, the predictions of classical Marcus

theory for the rate constant of electron transfer

are identical with those derived from the assump-

tion of a density of states for the redox ions in the

form of two Gaussian energy distributions, one

for the reduced and the other for the oxidized

species as illustrated in Fig. 1. The peaks of the

two distributions are separated on the energy axis

in Fig 1 by twice the amount of the above

polarization energy. Classical Marcus theory of

electron transfer and the Gerischer scenario

(Fig. 1) both fail when quantum effects become

important. The latter arises in the dynamics of

electron transfer when strong coupling between

the electronic states and high-energy vibrational
modes in the molecules (redox ions) are incorpo-

rated into the model [5, 6]. This strong coupling is

a common feature of different classes of mole-

cules and redox ions [7–9]. The additional qual-

itative effect arising from high-energy (quantum)

vibrational modes in the molecule (redox ion)

is faster electron transfer compared to the

classical model when electron transfer occurs to

a low-lying acceptor, i.e., electron transfer

becomes faster in the downhill high-energy

wing of the energy distribution than is predicted

by the classical calculation of the rate constant,

means the shape deviates here from a Gaussian.

Such quantum effects are automatic ingredients if

quantum theory is employed for calculating rates

of electron transfer [5, 6]. For a long period of

time, quantum theory was used in the form of

perturbation theory, where the maximum permis-

sible strength of electronic interaction had an upper

limit and thus the electron transfer time had a lower

limit. Recently, fully quantummechanical calcula-

tions of electron transfer have been presented with-

out the restrictions of perturbation theory that can

address ultrafast electron transfer at semiconductor

electrodes, as will be described below. Experimen-

tal results will be shown below where the peak of

the distribution curves shown in Fig. 1 corresponds

to electron transfer in the range of a few femtosec-

onds. Conventional experimental measurements in

electrochemistry can only access the time window

of nanoseconds, at the most picoseconds. The

corresponding rate constants correspond to the

tails of the distribution curves, many order of mag-

nitude smaller than at the peak. Rate constants in

the wings can be visualized if a logarithmic plot of

the rate constant versus energy is used instead of

the linear plot shown in Fig. 1. In the wings the rate

constants decrease about exponentially with

increasing energy difference. Therefore, the energy

range with sufficient overlap between electronic

donor and acceptor states making a significant

contribution to charge exchange across the inter-

face is usually comprising only an energy interval

twice the mean thermal energy (2kBT with

T ¼ temperature and kB ¼ Boltzmann’s constant)

above the respective band edge of the

semiconductor.
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A systematic variation in the type of redox

ion and measurements of the corresponding

exchange currents have been performed at metal

electrodes [10] and at insulator electrodes, where

charge can be injected by redox ions only into the

valence band [11]. Electron transfer reactions at

semiconductor/liquid interfaces were studied by

the Marcus group with a Fermi golden rule

approach [12, 13] and agreed reasonable well

with experimental results by the Lewis group

[14, 15]. Such data displays considerable uncer-

tainty in the value of the reorganization energy

for a specific redox ion even if the measurements

were carried out in an identical ionic environ-

ment. Shifts in the redox energy at the electrode

surface compared to the value measured against

a reference electrode can also occur. Using such

compiled data of the reorganization energies of

redox ions, one can arrive at rough qualitative

prediction concerning the value of the rate con-

stant with a logarithmic plot instead of Fig. 1.

Quantum effects arising in the downhill energy

wing can make the prediction even less reliable.

The uncertainty margin for the thus estimated

rate constant should be expected in the range of

a factor of 10–100. Depending on the type of

measurement, the interfacial rate constant can

be obtained with different dimensions, i.e., s�1,
cms�1, cm3s�1, and cm4s�1. Making plausible

assumptions about the reaction distance and

reaction volume such values can be converted

with an uncertainty margin.
R

Photocurrent Transient Due to Light
Absorption in the Bulk of the SC and
Interfacial Electron Transfer

The photocurrent due to the photo-generation of

minority carriers is controlled by the discharge of

the minority carriers from the surface of the elec-

trode into the electrolyte and by competing

recombination reactions of the minority charge

carriers with the majority charge carriers. Of

course, there are also competing side reactions

of the minority carriers at the crystal surface, e.g.,

those leading to the corrosion of the electrode
surface. Several attempts can be found in the

literature of obtaining the rate constant of inter-

facial electron transfer in the SC/redox electro-

lyte system from the time-resolved photocurrent

response to optical bulk excitation of the SC

electrode. This is not possible, however, since

the photocurrent transient contains the influence

of electron transfer to the redox ions in the

electrolyte only indirectly as a reaction channel

competing with recombination between minority

and majority carriers near the surface of the

electrode. Figure 3 illustrates the different

processes in the energy versus distance diagram

along with an equivalent circuit augmented by two

current sources where the relevant physical pro-

cesses can be introduced in the form of appropriate

equations describing transport and reactions of the

charge carriers [16]. Superimposed on the actual

dynamics is the response of the system to a change

in voltage arising from the passive elements like

capacitors and resistors in the circuit as illustrated

on top of Fig. 3.

The electrical photo response to excitation

with a weak laser pulse of 10 ps duration

absorbed in the bulk of Si is measured as time-

dependent voltage drop across the external resis-

tor RM. If the time elapsed after the laser pulse is

short compared to the RC constant of the circuit,

the measured signal can be interpreted as

photovoltage. It can be interpreted as photocur-

rent if the elapsed time is long compared to the

RC constant. Figure 4 shows the response of an

n-Si electrode in the ns time window to the

absorption of a laser pulse of 10 ps duration.

The black shaded area in Fig. 3 illustrates the

generation of electron–hole pairs by the incident

light inside of the Si material.

The apparent instantaneous initial rise of the

signal shown in Fig. 4 arises from the separation

of photo-generated electron–hole pairs that are

generated inside the depletion layer. The ensuing

slower rise is the diffusional flux of screened

minority carriers arriving from the bulk at the

edge of the depletion layer, convoluted with

the RC response of the circuit. At the edge of

the depletion layer, the holes are separated from

the screening charge. This process is described by
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Redox Processes at Semiconductors-Gerischer
Model and Beyond, Fig. 3 Light is impinging from

the left and is absorbed in the SC electrode generating

electron–hole pairs with function g(t). Holes are the

minority carriers in the n-Si electrode. Screened minority

carriers generated in the bulk (right-hand side) diffuse

toward the depletion layer where they are separated from

the screening charge (rate constant kq) and move from

there to the electrode surface driven by the electric field of

the depletion layer. The time-dependent concentration of

holes at the electrode surface is pS(t). Bimolecular

recombination of holes and electrons occurs with rate

constant kr. A reduced redox ion transfers an electron to

the hole at the surface with rate constant kh; an oxidized

redox ion accepts an electron from the surface of the SC

electrode with rate constant ke. The simplest equivalent

circuit with two current sources for the equations

describing reactions and transport of charge carriers is

shown on top of the diagram. The electric response is

measured as time-dependent voltage across the external

resistor RM (Reproduced from Fig. 1, Ref. [16])
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the phenomenological rate constant kq. The sig-

nal is convoluted with the RC response, and the

latter controls in particular the decay. The smooth

solid curve is the total calculated response which

includes the current sources describing transport

and reactions of the charge carriers. The dashed

curves are calculated with the current sources

omitted. They represent the so-called RC

response arising from the passive elements in

the equivalent circuit shown on top of Fig. 3.

The parameter in the inset is the band bending.

Calculations have shown that the measured
photovoltage is due to the displacement current

flowing through the capacitor CS formed by the

depletion layer. The measured photovoltage is

not sensitive to the faradaic current at the inter-

face because the capacitor CH is much larger than

CS making the contribution from the current

source in CH very small [16, 17]. Thus, the mea-

sured signal is not sensitive to interfacial electron

transfer, specifically not to the rate constant kh in

Fig. 3 for electron transfer from reduced redox

ions in solution to the holes at the surface of the

n-Si electrode.
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Redox Processes at
Semiconductors-
Gerischer Model and
Beyond,
Fig. 4 Calculated and

measured photovoltage

across the external resistor

RM. A weak laser pulse (107

photons/mm2) of 10 ps

duration with 590 nm

central wavelength

impinged on the n-Si

electrode. The thin curve is

the calculated response

including the current

sources, whereas the

dashed curve is the

response without the

current sources (so-called

RC response). Time

resolved is the diffusional

flux of screened minority

carriers arriving at the edge

of the depletion layer

convoluted with the RC

response. Holes are

separated from the

screening charge and

driven to the surface by the

electric field in the

depletion layer

(Reproduced from Fig. 3,

Ref. [16])
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Recombination between the photo-generated

holes (minority carriers) and electrons (major-

ity carriers in the n-Si electrode) near the

surface gives rise to a time-dependent dip in

the photocurrent measured in response to

a rectangular illumination of 1 ms duration

(Fig. 5). The shape of the photocurrent signal

in dependence on the bias voltage can be simu-

lated by introducing a corresponding rate for

bimolecular recombination between electrons

and holes into the current source for the deple-

tion layer (upper part of Fig. 3). Negative bias

voltage lowers the band bending depicted in
Fig. 3 and increases the dip, i.e., decreases the

stationary photocurrent. The flat-band situation

is reached at a bias of – 0.95 V as indicated by

the disappearance of the initial photocurrent

peak, labeled peak (filled squares in Fig. 5).

Both the stationary photocurrent, labeled

final (filled circles in Fig. 5), and the

corresponding stationary recombination loss

are linked to the stationary accumulation of

holes at the interface. The stationary photocur-

rent disappears already at finite band bending

of about 0.3 V with respect to the flat-band

potential at – 0.95 V (Fig. 5).
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The concentration of electrons in the depletion

layer increases exponentially with the bias volt-

age going into negative direction. This leads to an

increased recombination and a deeper dip in the

photocurrent transient. Both the rate of electron

transfer from the reduced redox ions to the holes

at the electrode surface and the concentration of

reduced redox ions must have an influence on the
1ms
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Redox Processes at Semiconductors-Gerischer
Model and Beyond, Fig. 5 Peak value ( filled square)
and stationary plateau value ( filled circle) of the photo-

current transient in response to a rectangular illumination

pulse of 1 ms duration in dependence on the voltage bias.

The inbuilt depletion layer voltage is decreased with the

bias shifting in negative direction. The flat-band potential

is at – 0.95 V. The reduced redox ions that can discharge

the holes at the surface are 0.005 M 1,10-
dimethylferrocene (Reproduced from upper part of

Fig. 4, Ref. [16])

Redox Processes at
Semiconductors-
Gerischer Model and
Beyond, Fig. 6
(Reproduced from upper

part of Fig. 5, Ref. [16])
measured photocurrent of the holes since dis-

charge into the electrolyte reduces the concentra-

tion of holes at the surface of the electrode and

competes with recombination. A high concentra-

tion of the reduced redox ions combined with

a reasonably high value of the rate constant kh
will keep the concentration of photo-generated

holes fairly small at the surface of the n-Si

electrode and thus reduce the recombination

loss. On the other hand, the concentration of

holes will increase at the surface if the concen-

tration of the reduced redox ions is made very

small slowing down discharge into the electro-

lyte. With a higher concentration of holes, there

will be enhanced bimolecular recombination with

the electrons. Bimolecular recombination of the

holes with the electrons will dominate once

a sufficient concentration of holes has accumu-

lated at the surface. With only a slow discharge in

the equations for the current source compared to

bimolecular recombination, the photocurrent

transient is predicted to develop an asymmetric

shape with respect to switching on and off the

illumination (Fig. 6). Moreover, the recombina-

tion dip should appear now as S-shaped time

dependence of the initial photocurrent transient.

Both features are very different when the photo-

current transient is measured in the presence of

a high concentration of reduced redox ions with

a fast discharge of the holes (Fig. 5). There is

almost perfect agreement of the experimental

data (noisy curve in Fig. 6) with the predicted
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time dependence of the photocurrent transient

(thin solid curve in Fig. 6). In summary, the

photocurrent transient does not show the rate

constant of electron transfer at the interface.

From its shape one can obtain qualitative infor-

mation on whether recombination or discharge is

dominating the fate of the photo-generated

minority carriers at the surface.

Photocurrent transient (voltage across RM) in

response to a rectangular illumination pulse. The

signal is strongly asymmetric with respect to

beginning and end of the illumination. The con-

centration of reduced redox ions is negligible,

and recombination of the holes with electrons

dominates their fate. The calculated thin curve

virtually merges with the measured noisy curve

except for some deviation at the right-hand side.

The voltage calculated for the Helmholtz layer

UH and for the depletion layer US cannot be

measured.
R

Electron Injection into a SC Electrode
from Photoexcited Adsorbed Molecules

Several interesting effects can arise in dye-

sensitized charge injection, for example, spin-

dependent recombination kinetics that has been

studied with organic insulator crystals function-

ing as electrodes [18]. There are several ways of

light-induced charge injection, e.g., injection

from the locally excited electronic dye molecule

into a semiconductor or direct optical electron

transfer from the ground state of an adsorbed

molecule to states in the empty conduction band

of a semiconductor. Experiments have shown

that the latter process is less efficient than the

first one [19]. The most impressive progress has

been made in this field with the recent feasibility

of measurements on the femtosecond time scale.

The most important tool for studying the latter is

a frequency tunable laser generating pulses of

a few femtosecond duration. The most recent

progress is the direct measurement of the energy

distribution of the injected electron in the

electronic acceptor states of the semiconductor

[20, 21]. The data is collected as femtosecond

two-photon photoemission signal [20–22].
The energy distribution of the corresponding

excited molecular donor state has been obtained

from the stationary absorption spectrum of the

adsorbed molecule [22, 23]. Time-dependent

interfacial electron transfer in the above system

is probed either by femtosecond transient absorp-

tion spectroscopy [24–26], mostly applied in the

case of a nanostructured electrode, or by femto-

second two-photon photoemission (fs-2PPE)

spectroscopy [20, 21] which is more sensitive

and able to time-resolve the reaction on a well-

prepared planar surface in ultrahigh vacuum.

Since the solvent environment of a traditional

electrochemical system has been omitted from

these systems, the investigations focus on the

role of the high-energy (quantum) molecular

vibrations in the dynamics. We note here that

adding a solvent environment would cause

a downward energy shift of the electronic levels

in the adsorbed molecule, introduce additional

inhomogeneous broadening of the electronic

levels, increase the reorganization energy of the

reaction, and would make transient absorption

measurement extremely difficult in the most

relevant time window shorter than 100 fs. The

solvent when excited by an ultrashort laser pulse

generates the so-called coherent artifact which

obscures the actual signal. The ET reaction

would still occur on the same time scale as in

the absence of the solvent if the downshift of the

electronic level due to the solvent environment is

compensated and the molecular donor level still

positioned high enough above the lower

conduction band edge. Vibrational peaks would

be broadened or completely obscured due to

additional inhomogeneous broadening caused

by the solvent environment. To avoid these

difficulties and for employing fs-2PPE, the

experimental data shown below was collected in

ultrahigh vacuum.

The availability of time-resolved [20, 26] and

frequency-resolved experimental data [22, 23]

for the same systems has motivated several dif-

ferent theory groups to model ultrafast heteroge-

neous electron transfer with advanced theoretical

tools [23, 27–34]. Recent quantum mechanical

calculations of the injection dynamics [23, 27–

30, 34] are not any more based on a perturbation



Redox Processes at Semiconductors-Gerischer
Model and Beyond, Fig. 7 Scheme illustrating laser

pulse induced ultrafast nonadiabatic heterogeneous

electron transfer according to fully quantum mechanical

model calculations [27, 28, 30, 31, 34]. The energy

distribution of the excited molecular donor state (upper
red curve) is much narrower than the energy distribution

of the injected electron. The latter spreads from the donor

state to lower energies in the electronic acceptor states and

shows vibrational structure. For details see text

(Reproduced from Fig. 1 Ref. [36])
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approach as was customary for earlier model

calculations but permit an arbitrarily high value

for the electronic interaction energy between

the excited state of the molecular donor and the

electronic acceptor states of the solid. Thus,

the new theoretical calculations can address the

experimentally observed ultrashort electron

transfer times of a few femtoseconds. The

simplest assumption about the electronic cou-

pling is a constant matrix element across the

whole conduction band of the semiconductor.

By choosing perylene as the molecular donor

with its excited donor level located high above

the lower conduction band edge of the wide-gap

semiconductor TiO2 [20], the most general case

of a heterogeneous electron transfer reaction can

be realized. This case is referred to as the

wide-band limit [35], where the complete elec-

tron transfer spectrum is mapped as energy

distribution of the injected electron onto the con-

tinuum of empty electronic states of the electrode

[20]. Another advantage of using perylene as the

donor is vibrational structure in the optical

spectra being dominated by just one high-energy

vibrational mode. Therefore, low-resolution

spectra can be fitted by considering only this

0.17 eV skeletal stretch mode [23]. The injection

dynamics predicted by the fully quantum

mechanical calculations for the perylene/TiO2

system is illustrated in Fig. 7.

The dynamics [27, 28, 37] is characterized by

two different energy distributions, i.e., that of the

donor state and that of the injected electron, as

illustrated in Fig. 7. The corresponding electron

injection from an excited donor state high above

the lower edge of the conduction band occurs in

the wide-band limit [35] and gives rise to an

exponential decay in the population of the donor

state due to electron transfer [37]. This general

case is realized by the perylene dye/TiO2 systems

[20, 26]. Strong coupling of the electronic states

to high-energy vibrational modes [7–9] is

a characteristic feature of all the molecules that

have been used as visible light sensitizers of wide

bandgap semiconductors. This strong coupling

leads to the wide energy spread and vibrational

structure in the energy distribution of the injected

electron. Just one high-energy vibrational mode
is considered in Fig. 7 since this is sufficient for

describing low-resolution spectra of perylene

dye/TiO2 systems [23, 38] used in the experi-

ments. The energetic position of the donor state

with respect to the conduction band of TiO2 is

known from UPS data combined with optical

absorption spectra and independently from two-

photon photoemission experiments [20]. Excita-

tion by an ultrashort laser pulse creates the

excited donor state at the respective photon

energy above the ground state [20, 28]. When

generated by an ultrashort laser pulse, the energy

distribution of the donor state consists firstly of

the width of this laser pulse, secondly of a

Lorentzian which is controlled by the ET time
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of the system [29, 35], and thirdly by any

inhomogeneous distribution of the states

involved in the electronic transition [20]. The

excited donor state shifts with higher photon

energy to a higher vibrationally excited state

(not shown in Fig. 1). Redistribution of

vibrational excitation energy to other modes is

much slower than ultrafast electron injection

from the initially excited vibrational state in this

system [39]. The dynamics in this system is very

different from earlier injection scenarios where it

was assumed that redistribution of vibrational

excitation energy occurs either faster than

electron transfer or at least on a comparable

time scale. Figure 7 shows the energy distribution

of the injected electron to spread from the excited

donor state to acceptor states at much lower ener-

gies. The energy lost by the injected electron is

used for exciting a high-energy (quantum) vibra-

tional mode in the ionized molecule. Specific

advantages of using the perylene/TiO2 system

for testing the theoretical predictions illustrated

in Fig. 7 are firstly the high-lying excited singlet

state which functions as the donor state and

realizes the wide-band limit [35], secondly slow

redistribution of vibrational excitation energy on

the picosecond time scale [39] and much slower

singlet–triplet conversion, and thirdly the fact

that low-resolution spectra [23, 37] are domi-

nated by just one high-energy vibrational mode,

i.e., the 0.17 eV skeletal stretch mode.

The electron transfer spectrum is obtained as

a cross section along the energy axis [20, 22]

through the complete set of the fs-2PPE data

[23, 39], in this case for the perylene/TiO2 system

with the –COOH anchor–bridge group (Fig. 8a).

The injected electron spreads over a wide energy

range reaching electronic acceptor levels more

than 0.5 eV below the donor state. Convoluting

a spectrum structured by the dominant 0.17 eV

stretch mode of perylene with a Gaussian of

80 meV width (FWHM), which accounts for the

instrumental response of the used time-of-

flight (TOF) detector [20], results in the fit to

the data points. Fully quantum mechanical

model calculations have shown that the femto-

second two-photon photoemission (fs-2PPE) sig-

nal preserves both energy spread and vibrational
structure of the energy distribution of the injected

electron [39]. The energetic width of the donor

state has been extracted from the stationary

absorption spectrum of the adsorbed molecules

[22]. The scheme in Fig. 7 considers also

additional broadening due to the short laser

pulse. The energy distribution of the injected

electron covers a much wider range than

the excited donor state. The injected electron

retains its energy distribution unchanged for

a sufficiently long time in this system, here

200 fs [20] allowing for the measurement of the

initial distribution. The electron is injected into

surface states, probably created by the anchor

groups where energy relaxation is much slower

than the 40 fs time scale measured for energy

relaxation in bulk states of TiO2 [40]. By

inserting different anchor–bridge groups between

the perylene chromophore and the surface atoms

of TiO2 the injection time has been varied from

10 fs to one picosecond [20]. With perylene

attached via the anchor–bridge group –CH2–SH

to an Ag electrode electron transfer from the

excited state of the molecule occurs on the same

time scale of a few fs [21] as for perylene attached

via the –COOH group to the TiO2 electrode. At

the metal electrode it would be extremely

difficult, however, to measure the initial energy

distribution of the injected electron. The latter is

immediately distorted by inelastic scattering

processes occurring with the high density of ther-

mal electrons in the metal electrode. From Figs. 7

and 8a, it is clear that strong coupling of the

electronic states to high-energy vibrational

modes controls the dynamics of electron transfer

from a typical molecular donor like perylene to

the semiconductor TiO2. Figure 8b explains the

choice of the delay time td ¼ 40 fs at which the

cross section along the energy axis has been taken

to obtain the data points of Fig. 8a. Figure 8b

shows a cross section along the time axis through

the complete set of fs-2PPE data [20]. The

transient contains an early peak arising from

photoemission from the excited singlet state of

perylene and a second peak due to photoemission

from the injected electrons at the surface of TiO2.

The latter population is generated from the first

population. Thus, the first peak decays with
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Redox Processes at Semiconductors-Gerischer
Model and Beyond, Fig. 8 (a) Experimental data

points are obtained from a cross section along the energy

axis of the complete set of femtosecond two-photon

photoemission data [20]. The data points are collected at

a delay time of 40 fs determined from the data shown in

(b). The energy distribution of the data points can be fitted
using a structured spectrum predicted by a theoretical

model for the perylene/TiO2 system [39] and by convo-

luting with the response function of the used time-of-flight

detector. (b) Experimental data points are obtained from

a cross section along the time axis of the complete set of

femtosecond two-photon photoemission data [20]. The

transient contains two contributions; photoemission from

the excited molecular donor state is followed by

photoemission from the electronic acceptor states filled

via electron transfer from the donor state. The time

constant for the decay of the first peak is identical with

that for the rise of the second peak, i.e., it is the electron

transfer time, here 9 fs (Reproduced from Fig. 2 Ref. [36])
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the same time constant that is controlling the rise

of the second peak; it is the electron transfer time,

i.e., 9 fs for the –COOH anchor–bridge group [20,

26]. The delay time td¼ 40 fs is chosen such that

the peak due to photoemission from the injected

electron is probed after the peak due to photo-

emission from the excited singlet state has

decayed. The ultrafast injection time of 9 fs and

the excitation of the high-energy vibrational

mode in the ionized molecule demonstrate

ultrafast nonadiabatic electron transfer as the

dominant ET mechanism. Recent experimental

results (Fig. 8) and recent quantum mechanical

model calculations are in agreement, but both

differ strongly from early quantum mechanical

perturbation theory models where it was automat-

ically assumed that nonadiabatic electron transfer

is slow. The fully quantum mechanical model of

the injection dynamics illustrated in Fig. 7 has the

virtue of incorporating strong coupling of the

electronic states to high-energy vibrational

modes and allowing at the same time for ultrafast

ET [27, 28, 30, 31, 34]. Theoretical model
calculations of the above type need the input of

parameter values which are taken either from

experimental data or from specific theoretical

calculations.

It is important to note here that the ultrafast

injection dynamics are very different from

Gerischer’s much earlier intuitive injection sce-

nario [41, 42]. The latter assumes strong thermal

broadening of the excited donor state which is not

borne out by the experimental data [22, 26].

Moreover, a thermally relaxed donor state is

assumed in Gerischer’s scenario which would

imply for the perylene/TiO2 system that electron

transfer must be slowed down by a factor of 1,000

compared to the measured electron transfer times

[20, 26] because intermolecular relaxation of

vibrational energy has been measured for

perylene in the time range of several ps [39].

A correspondingly slow electron injection in the

picosecond time domain is realized with an

excited donor state located below the conduction

band edge rendering electron transfer thermally

activated. An experimental example for this case
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has been found with electron injection from

a dye J-aggregate into AgBr [43]. The latter rep-

resents a rather special situation, and the general

case shown in Fig. 7 is not described by the

Gerischer’s scenario for dye-sensitized injection.

The recent fully quantum mechanical model

of dye-sensitized electron injection has addressed

also the specific border case where the excited

donor state lies above but fairly close to the lower

edge of the conduction band. For the latter case

a slowdown in the electron transfer time is

predicted compared to the case of the wide-band

limit. Moreover, if the excited donor state is

generated with a sufficiently short laser pulse,

the population is predicted to show time-

dependent oscillations in this border case.

Time-dependent oscillations are also predicted

for the populations of the injected electron and

of vibrational states in the ionized molecule

[37, 44]. The electronic level of a donor molecule

can be shifted through a chemical modification

of the chromophore; however, the chemical

change might bring about additional changes in

the system. A better defined energy shift of the

donor level can be realized with a semiconductor

quantum dot where the electronic levels shift

with the size of the particle [45]. Recently,

a low-lying excited donor state has been realized

in the form of an exciton in a PbSe nanocrystal

attached to the surface of TiO2, and strong

oscillations have been reported for a second

harmonic signal probing this interface [46]. The

latter signal could indeed indicate that the

theoretically predicted electron transfer dynam-

ics for the border case of a low-lying donor state

[37, 44] has been realized in the system, but this

has to be checked in more detail.
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Introduction

Reference electrodes are necessary to control the

potential of a working electrode (e.g., during

voltammetric measurements) or to measure the

potential of an indicator electrode in potentiomet-

ric measurements, since the Galvani potential
difference of a single electrode is not measurable

[1]. An ideal reference electrode would have the

following characteristics:

(i) It is chemically and electrochemically

reversible, i.e., its potential is governed by the

Nernst equation, (ii) the potential should remain

practically constant, when current flows through

the electrochemical cell (ideally nonpolarizable

electrode), and (iii) the thermal coefficient

should be small. Whereas there is no practical

reference electrode that offers all these proper-

ties to the same extent, a variety of reference

systems very close to that ideal behavior exist

[2, 3]. The choice and construction of the refer-

ence electrode depend on the experimental con-

ditions such as temperature, pressure, size,

nature and composition of the electrolyte, and

the electrochemical method applied in the mea-

surement. With voltammetric or amperometric

techniques, the tolerated uncertainty in the

potential is still relatively large since the analyte

concentration is related primarily to the mea-

sured current, which is quite constant in

a certain potential window. With potentiometric

sensors, however, the zero-current potential is

directly related to the activity of the analyte ion.

The potential change at the reference electrode

as a function of the sample composition must

therefore be kept reliably small. In the two-

electrode configuration in voltammetric mea-

surements, one of the electrodes may also play

the role of a reference electrode. The same metal

can be used for both electrodes (the working and

the counter/reference electrode) if the surface

area of the reference electrode is much higher

than that of the working electrode, since the

electrode potential is varied by the current den-

sity, i.e., in that case the current density of the

working electrode is much higher than that on

the reference electrode and hence the potential

change at the reference electrode is small.

A classical example is the large nonpolarizable

mercury pool electrode in Heyrovský dc polar-

ography. The two-electrode configuration is

also widely used in arrangements with micro-

electrodes as working electrodes. The primary

standard in electrochemistry is the standard

hydrogen electrode, the potential of which is

http://wwwdissfu-berlinde/diss/receive/FUDISS_thesis_000000001801
http://wwwdissfu-berlinde/diss/receive/FUDISS_thesis_000000001801
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zero by definition [4]. Because of the difficulties in

handling with the standard hydrogen electrode,

reference electrodes of the second kind or

quasireference electrodes are widely used. If the

reference electrode consists of compartments

including electrolyte solutions, it has to be sepa-

rated from the test solution. For this purpose,

a diaphragm is used in order to prevent the mixing

of both solutions while providing the conductivity

between them. Common materials are porous like

sintered glass and porcelain. Different arrange-

ments of diaphragms are given in [3]. To prevent

a contact between the analyte solution and the

reference electrolyte, a second salt bridge (double

salt bridge) is recommendable.

In the following, a short overview of the most

widespread and most important reference elec-

trodes will be given.
R

Quasireference Electrodes

Quasireference electrodes are simple noble metal

wires (silver, gold, platinum) or plane layers of

these metals maintaining a given but not

well-defined potential during the course of an elec-

trochemical measurement. They have to be cali-

brated with an inner standard or with respect to

a conventional reference electrode. A reference

redox couple like complexes between large ligands

and a transition metal, e.g., the redox couple

ferrocene/ferrocenium, can be used as an inner

standard, especially in nonaqueous solutions

[5–7]. The calibration with respect to a conven-

tional reference electrode is only reliable when one

can be sure that the potential of the quasireference

electrode is the same in the calibration and in the

application experiment. The main advantage of

a quasireference is that no additional reference

electrolyte solution is necessary, and hence,

a contamination of the test solution by solvent or

ions of a reference electrolyte is excluded.
The Hydrogen Electrode

The hydrogen electrode consists of a platinum

wire or a platinum sheet covered with platinum
black (i.e., platinized) and an acidic aqueous

electrolyte solution. The hydrogen gas is usually

continuously supplied. The reversible electro-

chemical equilibrium can be formulated as

follows:

H2 þ 2H2O
 ! 2H3O

þ þ 2e� (1)

The Galvani potential difference of such elec-

trode is:
Df ¼ Df	 þ RT

2F
ln a2H3O

þ þ RT

2F
ln

1

fH2

¼ Df	 þ RT

F
ln
aH3O

þffiffiffiffiffiffi
fH2

p (2)

By definition, the potential of the standard

hydrogen electrode (SHE) is zero at all tempera-

tures. The standard conditions are defined as:
aH3O
þ ¼ 1

�
i:e:; aH3O

þ ¼ gH3O
þ þmH3O

þ

m	
withgH3O

þ ¼ 1;

mH3O
þ¼ 1molkg�1; andm	 ¼ 1molkg�1

�

and fH2
¼ 1 (i.e., the fugacity of hydrogen

is calculated according to fH2
¼ gH2

pH2

p	

with gH2
¼ 1, pH2

¼ 1 bar ¼105 Pa, and p	 ¼ 1

bar ¼105 Pa). Earlier, p	 ¼ 1 standard

atmosphere ¼ 101.325 kPa was used. It causes

a difference in the potential of SHE of

+0.169 mV, and this value has to be subtracted

from the standard electrode potentials given pre-

viously in different tables. However, because of

the uncertainty of the E	 values of about 1 mV,

this difference can be neglected. As it is difficult

to adjust the activity of hydronium ions to 1, for

practical purpose, relative hydrogen electrodes

(RHE) in acidic solutions are widely used. The

nature and the concentration of the acid is the

same in the reference and in the test solution.

The potential of the electrode can be calculated

by using well-known activity coefficients of the

hydrochloric acid. The standard hydrogen elec-

trode allows very precise measurements to be
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made; however, the demanding handling restricts

its use [8]. For instance, the hydrogen gas must be

of highest purity, esp. with respect to oxygen,

H2S, AsH3, SO2, CO, and HCN because these

gases poison the platinum electrode. In solution,

volatile substances, e. g., HCl, can be purged

from the solution by the hydrogen gas, metals

can be reduced at the electrode, redox systems

may influence the electrode potential, etc.
Practical Reference Electrodes of the
Second Kind

Electrodes of the second kind consist of a metal,

a sparingly soluble salt of this metal (or an oxide

or hydroxide of this metal), and an electrolyte

containing the anions of the sparingly soluble

compound to establish an equilibrium with the

precipitate. The potential of the electrode

depends on the fixed activity of the anion in the

solution.

The silver/silver chloride electrode is an

example of this kind of electrodes, and beside

the calomel electrode most commonly used. The

net reaction can be described by the following

equation:

Ag0 þ Cl�  !AgCl # þe� (3)

The activity of the metal ions in the

solution depends on the solubility equilibrium

and can be described by the solubility product

Ks according to:
aAgþ ¼ Ks

aCl�
(4)

Thus, the electrode potential is proportional to

the logarithm of the activity of the chloride in the

electrolyte solution:
E ¼ E	ðAg; AgþÞ þ RT

F
ln aAgþ

¼ E	ðAg; AgþÞ þ RT

F
lnKs � RT

F
ln aCl�

(5)

or
E ¼ E	0c ðAg; AgClÞ �
RT

F
ln aCl� (6)

E	0c ðAg; AgClÞ is the formal potential of

the silver/silver chloride electrode including the

solubility product.

The common arrangement of the silver/silver

chloride electrode is that a silver wire is covered

with silver chloride, which can be achieved chem-

ically or electrochemically. The electrolyte solu-

tion in these reference systems is normally

a potassium chloride solution (mostly saturated

or 3M) and only seldom sodium or lithium

chloride. Compared to the calomel electrode, the

silver/silver chloride reference system has the

great advantage that measurements at elevated

temperatures are possible. Special devices have

been developed based on the silver/silver chloride

reference systems for measurements in high tem-

perature aqueous solutions [9] and under changing

pressure conditions [10]. Because reference sys-

tems based on silver/silver chloride can be pro-

duced in a very small size and also as planar layers,

they are often used in microsystems.

The calomel electrode consists of mercury and

mercury (I) chloride (calomel Hg2Cl2) in contact

with a potassium chloride solution of constant

activity. In case that the supporting electrolyte in

the cell contains perchlorate anions, it is advisable

to use NaCl instead of KCl since KClO4 is spar-

ingly soluble and could precipitate in the dia-

phragm. In most cases, saturated KCl solution is

used; however, in such solution already at temper-

atures above 35 �C, a disproportion reaction takes
place. The back reaction by cooling down the

electrode is very slow so that a hysteresis of the

electrode potential occurs. This is the reason why

it is recommended that the calomel electrode only

be used at temperatures in maximum up to 70 �C.
In Table 1 electrode potentials of the silver/silver

chloride electrode and for the calomel electrode at

different temperatures and different concentra-

tions of KCl are given. Note that the electrode

potentials differ when other salts than potassium

chloride (e.g., NaCl) are used because of the dif-

ferent solubility products.

The trend in the development of modern elec-

troanalytical techniques is a miniaturization of



Reference Electrodes, Table 1 Electrode potentials of

the calomel electrode and of the silver/silver chloride

electrode at different temperatures and different concen-

trations of KCl (the concentrations are related to 25 �C) [3]

E/mV

Calomel Silver/silver chloride

cKCl cKCl
T/�C 1 mol L�1 Saturated 3 mol L�1 Saturated

0 224.2 220.5

10 285.4 260.2 217.4 211.5

20 283.9 254.1 210.5 201.9

25 281.5 247.7 207.0 197.0

30 280.1 244.4 203.4 191.9

40 278.6 241.1 196.1 181.4

50 275.3 234.3 188.4 170.7

60 271.6 227.2 180.3 159.8

70 267.3 219.9 172.1 148.8

90 262.2 212.4 153.3 126.9
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the measuring devices, including the reference

electrodes. Although the development of new

technological approaches such as the thick film

and thin film techniques supported arrangements

with planar reference electrodes, special prob-

lems with miniaturized reference electrodes still

exist, and there is no general role for the concep-

tion of an integrated micro reference electrode.

The lifetime of miniaturized reference electrodes

is limited because of the non-negligible solubility

of AgCl, the reduced electrolyte volume (rapid

contamination as well as exhaustion and drying

out of the reference electrolyte), the miniaturiza-

tion of the diaphragm (small pores can easily be

blocked), etc.
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General Comments

Certain elements of the middle part of the peri-

odic table (columns IVB, VB, and VIB), devoted

to transition metals, are so-called refractory

metals because of their high fusion temperature

(above 2,000 �C), which have relevant conse-

quences in particular on their thermoelastic prop-

erties, microhardness, and a correlative industrial

use as tools for metal working at high tempera-

ture [1, 2] and formally their use as resistance in

light bulbs. The most relevant elements of this

category are tantalum, niobium (col. IVB), haf-

nium and zirconium (VB), and molybdenum and

tungsten (VIB). Another important common

property of them is the thermodynamic stability

of their oxide coatings which offers them high
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corrosion resistance in oxidizing conditions

comparable to noble metals whereas they are

considered intrinsically among the most reactive

metals [3]. Their particularity of shutting oxida-

tion currents and opening reduction currents puts

them in the category of valve metals, with other

well-known metals such as titanium [4]. These

metals coated with their oxide layer in surface

find a lot of applications: supercapacitors with

Ta or Nb, with high dielectric constant and poten-

tial breakdown [5] for high-tech electronics

(mobile phones, camcorders, and computers);

microhardness for tools and surgery; and super-

conductivity of pure Nb and Nb alloys [5] for

supermagnets. Their relative low abundance in

the earth’s crust makes them strategic substances,

sensitive to the market price, recyclables and

explains the trend to use them, for applications

calling on their surface properties as a thin

coating over usual metals.

The elaboration of refractory metals consists

of reducing their salts or oxide phases by oxidant

compounds. Molten salt electrolysis is appropri-

ate for this application, for various reasons: First

is their extended electrochemical window (more

than 3 V) that allows the ions of most of the

reactive metals to be discharged before the

solvent and then lower cost, lower pollution,

and easiness of processing, compared to

metallothermic processes, are to be noticed [6].

Nevertheless, refractory metals being multivalent

elements, the chemical composition of the

electrolyte is critical for avoiding the formation

of stable intermediate species instead of the metal

during the electroreduction process.

This chapter aims to describe the elaboration

process and refining of refractory metals

by techniques involving molten salt media.

Tungsten and molybdenum preparation will not

be mentioned, as far for these elements, molten

salt electrolysis is little reported and moreover

controversial.
Niobium and Tantalum

These metals have similar properties, and they

are together in one of their natural origins, the
so-called columbite ore, containing columbium

(former name of niobium) and tantalum. Never-

theless, their respective production and use rates

are quite different: 1,000–1,500 t/year for Ta and

about 16,000 t/year for Nb, far more present in

the earth’s crust than Ta, that explain their

respective costs, in inverse ratio of their produc-

tion level.

The main production sites of Ta are Australia

(54 %), Brazil (13 %), Canada, China, South

West Asia, and Europe, while Nb provides almost

exclusively from Brazil (93 %).

Molten salt route is one relevant way for pro-

ducing these metals; extractive metallurgy can

provide the oxides (Nb2O5, Ta2O5) or the fluoride

compounds (K2NbF7; K2TaF7).

Chloride and Fluoride Melts

Niobium oxides, provided by the ore treatment,

are dissolved in chloridemelts (NaCl-KCl or LiCl-

KCl) in the form of NbCl5 [7], and Nb metal is

produced by electroreduction in the molten chlo-

ride solution. A French company, Cezus, devel-

oped this process at the industrial scale in the

1990s [8] for Nb and other refractory metals. Nev-

ertheless, the cathodic process in pure chloride

melts was proved to be too complex to be indus-

trially valid, with a series of intermediate steps [8,

9], and provides nonadherent or powder metal

layers with a low current efficiency. Better results

are obtained in chloride melts containing fluoride

ions because of the complexation of Nb in NbF7
2�

ions which are reduced in only two steps: NbV!
NbIV! Nb [10, 11], with current efficiencies less

than 100 % since NbV reacts readily with Nb

cathodic product (proportionation reaction) for

giving the intermediate species, NbIV.

The complexing role of fluoride ions in the

reduction of refractory metals is now well

known for the metal recovery [12]. The technol-

ogy of extracting tantalum in molten salts is

based on the formation of K2TaF7, obtained by

reaction of HF on the oxide Ta2O5 extracted from

raw materials [14] before the reduction of this

compound by sodium in the liquid phase:
K2TaF7 þ 5 Na! Taþ 5 NaFþ 2 KF
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Electrolysis, Fig. 1 Principle scheme of metalliding of
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Other salt compounds are added in the reactor

for lowering the temperature between 400 �C and

900 �C below the fusion point of pure K2TaF7
[13]. Another reduction mode involves the elec-

trochemical reduction of K2TaF7 in molten fluo-

ride salts [5]. It is well stated now that the

electroreduction of TaV in fluorides proceeds in

a five-electron single step directly leading to Ta

metal [14], and thus current efficiency of the

preparation of Ta by the electrochemical route

is close to 100 %.

Anode Reaction

Classically the anode material is mostly carbon,

cheap, and an appropriate material. In pure fluo-

ride melts, the reaction would be the discharge of

fluoride ions, reacting with carbon to give

perfluorocarbons, highly polluting gas, CF4 or

C2F6, at high overpotentials. For this reason,

pure fluoride melts must be avoided for electro-

winning refractory metals. Chlorides must be

always present in the electrolyte in order to

develop the discharge of Cl� ions in Cl2 at

the anode.

Niobium and Tantalum Coatings

Taking into account on one hand the low

resources of Nb and Ta on the earth and on the

other hand that a great part of their properties

concerns their surface only, it seems to be really

reasonable to use them as surface coatings on

more usual metals or carbon. The anodic metal

is Ta or Nb, and the electrolysis allows the anodic

metal to be transferred from the anode to the

cathode surface, according to an electrorefining

operation. During these last decades, successful

coatings were realized in pure fluoride melts,

with Ta and Nb [15, 16], exhibiting such charac-

teristics (compacity, adherence on the substrate,

and purity) that they are directly available for

applications of the metal coating [16].

Niobium and Tantalum Alloys

and Compounds

Superconducting niobium alloys with nickel,

titanium, and germanium are prepared by

coelectrodeposition in molten salts (Nb-Ge

[17], Ti-Nb [18]); or metalliding: Ni-Nb [19].
This process works as a galvanic cell where the

anodic metal (Nb) dissolves in the bath. Nb ions

react with the cathodic metal (Ni) to give

a defined compound NbNi3 (Fig. 1). Likewise,

tantalum and niobium carbides are also prepared

by coelectrodeposition of Ta and C [20] or

metalliding [21].
Hafnium and Zirconium

Hafnium and zirconium are in the same column

of the classification in the periodic table and have

hence similar properties except in the nuclear

field. Both are associated in the same ore, called

zircon, containing only 2–3 % Hf compared to

Zr. The production of zircon is abundant:

800,000 t/year in Australia (57 %), South Africa

(25 %), and other countries. The treatment of zir-

con leads to the oxide ZrO2, zirconia (with 2–3 %

of HfO2), which has its own andwell-known appli-

cations as refractory ceramics. Electrowinning of

pure Zr and pure Hf needs the dissolution of the

oxides and their exhaustive separation in advance,

Zr being neutron transparent and used as fuel

sheath, while Hf is impervious to neutrons and

involved in the control systems of nuclear reactors.

Carbochlorination in molten chlorides of the

oxides leads to ZrCl4 with 2–3 % of HfCl4.
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Distillation of ZrCl4-HfCl4 Mixtures

This technology is based on the circulation, at

350 �C and under the atmospheric pressure, of

the gaseous ascending ZrCl4-HfCl4 mixture

going in contact with a solution AlCl3-KCl,

descending in the column. The distillation pro-

cess leads to the collection of ZrCl4, more soluble

in the liquid phase in the bottom of the column,

while pure HfCl4 is recovered in the gas phase

from the top of the column. The process, finalized

by Cezus in 1981, offers the advantage of

a significantly lower cost of chemicals than

liquid-liquid extraction and more efficiency and

more productivity than fractionated crystalliza-

tion [22].

Zirconium and Hafnium Electrowinning

Zirconium is prepared from ZrCl4 by the Kroll

process (chemical reduction of the chloride by

liquid magnesium at 900 �C), but the electro-

chemical route in molten salts is considered as

a good alternative. As for Ta and Nb, pure chlo-

ride melts are not appropriate for the electrowin-

ning to yield the metal because of too complex

cathode process. The addition of fluoride ion

source (KF) allows to stabilize Zr ions in the

form of K2ZrF6 which is reduced in one step to

Zr [23].

For hafnium electrowinning, electrolysis

process is readily preferred to Kroll process;

Cezus developed the process in pure chloride

media from HfCl4, reduced in Hf in a one single

step [24]. However, the mechanism is controver-

sial, other authors proposing two steps in pure

chloride and a single step in chloride-fluoride

melts [25].
Electrowinning by Direct Reduction
of Metal Oxides (FFC Process)

Discovered in 1997 at the Cambridge University

by Farthing, Fray, and Chen (FFC) and devel-

oped in the industry from 2001, this recent pro-

cess involves a molten salt electrolyzer with

a cathodic basket containing metal oxides and

a carbon anode [26]. The cell polarization pro-

motes the deoxidation of metal oxides by
a cathode reaction releasing O2� ions in the

bath, the ionic transfer of these ions towards the

anode and the anodic formation of CO2 (Fig. 2).

The process is based on the ability of the solvent

cation to gain oxide ions at the cathode interface.

Calcium and lithium having a high affinity for

oxygen inmolten salts are appropriate for this role.

The solvent and temperature mostly selected are

LiCl-CaCl2 and 850–900 �C, respectively. The
patent of the process claims that a host of metals

such as Ti, Ge, Si, Zr, Hf, Sm, U, Ta, and Nb or

their alloys can be produced with starting mate-

rials as oxides [27]. Themost citedmetal produced

by this technology is now titanium (from TiO2)

but the English company Metalysis developed

a complete device for the production of tantalum

from Ta2O5 [28]. Alloys such as Nb3Sn are also

prepared by mixing the oxides of parent metals in

the appropriate ratio for the alloy.

FFC process exhibits advantages compared to

the other metallothermic processes such as Kroll

process, in particular a lower cost and far less

polluting, but it has major drawbacks:

• The low conductivity of the oxides and of the

insufficient contact with the metal basket at

the origin of low current efficiencies (less than

50 %).

• The anode reaction consumes carbon leading to

the greenhouse gases CO and CO2; moreover
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CO2 is partially soluble in molten solutions to

react with O2� to form carbonate ions which

are reduced at the cathode, which causes further

decrease in the current efficiency. Inert anodes

are now being developed for discharging O2�

directly in the form of O2, but a higher anodic

voltage by 1 V is necessary.
Recycling of Refractory Metals

Recycling of refractory metals from wastes is an

important issue today since they are in relatively

low amount in the earth’s crust and it should really

be a substantial economy of expensive raw mate-

rials and also of energy. Molten salt electrolysis is

proved to be appropriate to this functionwhich can

be assimilated in the case of metallic wastes to

electrorefining. Today, waste treatment of other

transition metals like actinides or lanthanides is

a reality in the nuclear field, while other strategic

elements such as silicon are expected to be recov-

ered with a molten salt technology.
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Regenerative Fuel Cells
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AIST, Ikeda, Japan
Introduction

A regenerative fuel cell (RFC) is an electrochem-

ical device that can store electrical energy using

hydrogen as an energy medium.While in fuel cell

mode, electrical power can be extracted from an

RFC system by reacting stored hydrogen and

oxygen (air). On the other hand, in electrolysis

mode, the storage tank can be refilled with

hydrogen (and oxygen) by operating the RFC as

a water/steam electrolyzer using electric power

and water. Therefore, RFCs are expected to be

useful for electrical energy storage (EES)

especially for medium- to large-scale systems.

As an EES device, a secondary battery can pro-

vide a similar function to RFCs. However, one of

the advantages of RFCs is that they are free from

self-discharge because the active reactants are

stored separately from the reactor. An RFC

consists of two separate subunit: a fuel cell/

electrolyzer subunit and an energy storage

subunit. This separation also enables the indepen-

dent design of the rated output/input power and

energy capacity of the RFC system. Another

advantage of RFCs over secondary batteries is
their higher energy density. The theoretical

energy density of the hydrogen/oxygen reaction
H2 þ 1=2O2 ) H2O (1)

is 237.3 kJ/mol-H2O (25 �C, HHV basis), which

is equal to 3,660 Wh/kg-H2O. While this value is

simply calculated from the weight of a stoichio-

metric reactant, a more realistic value is expected

to be 400–1,000Wh/kg-system [1–3]. This is still

higher than the value for the current Li-ion batte-

ries (C6Li/LiCoO2, 387 Wh/kg) [4].
Materials and Structure of an RFC

The materials and structure of an RFC depend on

the operating temperature (polymer electrolyte

type or solid oxide type), cell design (unitized

or separate fuel cell/electrolyzer units), and

reactants (H2/O2, H2/Cl2, H2/Br2, etc.).

High-temperature RFCs based on solid

oxide electrolyte technology are operated at

700–1,000 �C with H2/O2. The materials used

for high-temperature RFCs are basically similar

to those in solid oxide fuel cells. As an electrolyte

material, 8 mol% Y2O3 stabilized ZrO2 (YSZ) is

typically used because of its relatively high

ionic conductivity and chemical/mechanical

stability. A porous mixture of Ni and YSZ

(Ni/YSZ cermet) and perovskite-type oxides

such as strontium-doped lanthanum manganite

(LSM) are used as hydrogen and oxygen elec-

trode materials, respectively [5]. The advantage

of high-temperature RFCs is higher overall

(round-trip) energy conversion efficiency

(electric) hydrogen) electric). This is mainly

due to electrode kinetic and thermodynamic

factors. Under high-temperature conditions, the

kinetics of the electrode reaction are accelerated

so that electrode polarization, especially for oxy-

gen redox reactions, is significantly mitigated

compared to that in low-temperature RFCs. In

addition, the DG/TDS ratio of the water-splitting

reaction decreases with an increase in tempera-

ture, which means that the demand for electric

energy is reduced and a significant portion of the

required energy can be provided as thermal
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energy [6]. The disadvantages are vulnerability to

heat shock and long-term stability (lifetime),

which limits the number of times the system can

start-up/shutdown.

Low-temperature RFCs based on polymer

electrolyte technology are operated at 60–80 �C
and typically use H2/O2. The materials used in

low-temperature RFCs are also similar to those in

polymer electrolyte fuel cells and polymer

electrolyte water electrolyzers. Perfluorinated

membranes such as Nafion (DuPont) are typically

used as an electrolyte. As catalyst materials, Pt is

used for the hydrogen electrode, and Pt or

a mixture of Pt/Ir/Ru metals or oxides is used

for the oxygen electrode [7]. One of the advan-

tages of low-temperature RFCs is the rapid start-

up/shutdown of the system. The RFC system is

operated alternately as a fuel cell and an

electrolyzer, so that, in low-temperature RFCs,

the restart time and standby power of the subunit

that is not in operation can be reduced. The dis-

advantage is that low-temperature system are less

efficient than high-temperature systems, which is

mainly due to the higher polarization of oxygen

electrode reactions and thermodynamic require-

ments. The overall efficiency of low-temperature

RFCs can be significantly improved through the

use of halogens, such as H2/Cl2 and H2/Br2, due

to the greater reversibility of the redox reactions

of halogens [8, 9]. However, the highly corrosive

nature of halogen compounds is a major draw-

back. The overall efficiency can also be improved
by using the waste heat from an RFC system,

such as to supply hot water, by installing

a cogeneration system, as shown in Fig. 1.
System Design and Potential
Applications of RFC

In the basic design of an RFC, the system

includes a dedicated (separate) fuel cell and

electrolyzer, especially for low-temperature

RFCs. Another possible design is the integration

of the functions of a fuel cell and electrolyzer into

a single electrochemical cell (unitized regenera-

tive fuel cell, URFC). The advantages of a URFC

are lower weight and volume, so that URFCs

have been considered for space or military

applications. In addition, URFCs have the

potential advantage of a lower cost provided

that electrochemical cells account for a signifi-

cant portion of the system cost. On the other

hand, the catalyst materials and electrode

design must be balanced in a URFC. For exam-

ple, the electrode should be flooded (hydrophilic)

during electrolyzer mode but should be dry

(hydrophobic) during fuel cell operation. The

cathode material should be suitable for both

anodic and cathodic reactions. This is an impor-

tant issue especially for the oxygen electrode

because redox reactions of oxygen are highly

irreversible, which causes larger polarizations,

as described above.



R 1808 Role of Separators in Batteries
Examples of potential applications of RFCs

are as follows:

• Energy storage for renewable energy

sources [10]

• Energy storage for remote off-grid power

sources [11]

• Energy storage for spacecraft [12]

• Stratospheric platform airship [13]

• High-altitude, long-endurance, solar-

rechargeable aircraft [1].
Future Directions

RFCs may be able to offer high-density electrical

energy storage. Therefore, in applications inwhich

energy density is the first priority, advanced RFC

system should be considered. However, the effi-

ciency of energy conversion in RFCs is still inad-

equate compared to competing technologies such

as secondary battery systems. To realize the com-

mercialization of RFC energy storage system,

low-cost, durable, and efficient materials for elec-

trochemical cells (electrocatalysts, electrolyte,

bipolar plate) and a lightweight system for hydro-

gen storage should be developed.
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Introduction

Within a battery the active components, that

is, the electrodes, electrolytes, and current collec-

tors, receive the majority of attention in the

http://dx.doi.org/10.1007/978-1-4419-6996-5_211
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http://dx.doi.org/10.1007/978-1-4419-6996-5_175


Role of Separators in Batteries 1809 R
literature. The inert components of a battery, that

is the casing but more importantly the separator,

however, play a critical role what they allow and

what they do not allow. Without binder particu-

late electrodes would not stay together; without

a case the battery would have no protection from

its environment; and without a mechanical sepa-

ration between anode and cathode, there would

be no impetus for current to be created through an

electrochemical reaction as the active material

materials would simply undergo a mutually pas-

sivating redox reaction (Fig. 1).

Unsung players, these materials must prevent

short circuits while maximizing the cross section

for ionic transport [1–5]:

1. Provide reliable and high porosity through its

bulk to transport current in the form of ions

between electrodes

2. Have sufficient, unchanging surface porosity

at electrodes to allow even distribution of ion

and therefore reaction current at the electrode

3. Physically separate the electrodes for the

lifetime of the battery

4. Be an electronic insulator

5. Be wetted by an electrolyte without swelling

6. Be as uniform as possible

7. Prevent sediment (e.g., precipitated electro-

lyte salts, fractured electrode materials) from
Role of Separators in
Batteries, Fig. 1 Basic

schematic of a closed

electrochemical energy

storage cell
migrating across the cell and/or blocking

electrode reaction sites.

The separator must serve this purpose in

a dynamic environment. Electrodes can change

shape and/or volume as a function of age and

cycle number; electrolytes can age triggering

precipitation. The separator must be considered

and matched to its system so that it can

provide the aforementioned functionality for the

design life of the system. Figure 2 indicates the

workhorse design of perhaps the most ubiquitous

battery and separator material, the zinc-alkaline

primary system.

The separator region should be as thin as

possible without risking short circuits in

a practical cell. The minimum electrolyte dis-

tance is limited by the unevenness of the elec-

trode surfaces. Because electrode surfaces will

change and deform over time, the electrolyte

must be engineered to properly accept such

change if the cell is to be safe and maximize its

cycle life.

An electrolyte can be “too thick” as well.

Again, thicker electrolytes are linearly more

resistive, so for high-power cells the electrolyte

resistance can lead to significant heating of a cell.

In older lithium ion cells, this can trigger

“thermal runaway.” Thus, an electrolyte should
R
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MnO2 battery
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be as thin as possible to maximize potential

efficiency and minimize overheating.

This brief chapter will consider some material

challenges across aqueous, aprotic, and high-

temperature systems as a start for the reader’s

consideration of separators. This is by no means

an attempt at an exhaustive approach, and so long

as there are new battery electrodes and electro-

lytes, there will be new challenges for separator

materials to meet. We will begin with a brief

overview of battery separator materials and then

consider design challenges for the lead acid,

alkaline, lithium ion and molten metal battery

systems. Not considered here are in any depth

beyond this sentence are “overloaded” ion-

conducting membranes such as proton exchange

membranes (PEM), as well as O2+ conductors for

high-temperature fuel cells: these systems

combine the mechanical requirements of the

separator with the ion transport requirements of

the electrolyte. These systems typically have pore

sizes on the order of 2 nm [6].
Separator Materials

Separator materials, first and foremost, need to

be completely nonreactive and minimally inter-

active with the electrolyte they host. By

minimally interactive, this is the razor’s edge

of not swelling significantly in the presence of

an electrolyte (swelling indicates eventual

mechanical degradation) while also being

completely wetting within the electrolyte

[4, 5, 7].
Lead acid battery separator materials have

progressed significantly over the history of this

workhorse chemistry and is a good indicator of

the arrow of progress of the entire field. The first

lead acid separators were natural rubbers that had

moderate porosity (�55–65 %) with more sizes

on the order of 1–10 mm. These separators were

on the order of 500 mm thick. These systems

suffered aging and embrittlement problems, and

the separator was often the point of failure for

these batteries. The next generation of separators

for lead acid batteries were engineered cellulosic

materials. These systems were actually worse

mechanically than the original rubber systems,

but had significantly better porosity and lower

thicknesses, effectively halving the ohmic

resistance with an equivalent electrolyte compo-

sition. This system was optimized for higher cur-

rent density at lower cost; the aging disadvantage

was an acceptable trade-off at the time.

The advent of engineered polymer brought

a step change to the lead acid separator. With

polyvinyl chloride systems, pore sizes decreased

slightly compared to the cellulose-based systems,

but the thickness deceased as much, and

the mechanical and chemical stability of these

systems improved markedly as well. As a result

separators were no longer the age-limiting mech-

anisms for lead acid batteries, and conductivity

effectively doubled again. Polyethylene systems

improved the overall porosity to levels previously

realized by natural rubber systems while

maintaining the mechanical advantages of PVC.

The next and final step change to lead acid

separators was a move from engineered polymers
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to engineered glasses. In these systems the

porosity skyrocketed to up to 95 % and the

conductivity of the electrolyte doubled again, all

while maintaining the mechanical advantages of

the engineered polymers. What this meant for the

industry now is that a lead acid separator could be

10 times as thick as the original rubber separators

(a condition which could allow for mass transport

and mixing parallel to the electrode faces, while

still maintaining a lower electrolyte conductivity.

In the current era lithium ion separators have

gone through a similar engineering trajectory,

and most systems now are either PE, PP, PvDF,

polyolefin, or composites thereof with [5, 8, 9],

engineered to be resistant to chemical attack by

aprotic electrolytes. For alkaline systems, PP and

PVA are analogous systems. Additionally, the

low cost and abundance of both cellophane and

cellulose make it an attractive choice of separator

for low-cost zinc-alkaline primary cells.

Finally, high-temperature molten salt

electrolyte batteries (NaS, Zebra) require

completely inorganic separators capable of

withstanding liquid metal temperature and

chemical attack, effectively acidic conditions at

temperatures >200 �C. Beta-Al2O3 has been

significantly engineered to serve this role [10].
R

Structure of Separators

Beyond the materials development, the morphol-

ogy induced by processing a given separator is

a critical aspect of the separators performance.

What follows is a brief summary of separators

structure as enumerate by Arora [5]. Microporous

separators can be manufactured from any of

the above materials. Specifically, nonwoven

separators (colloquially referred to as “nonwo-

vens”) are fibers of a given materials that are

laid and processed in a dry method (perhaps

a sintered mat) or a wet bonding process very

similar to that of paper. The processing of the

fibers can be exploited to provide or enhance

mechanical or wetting properties [8].

Separators can also be made directly from

solution-processed and/or cross-linked methods.

Polyvinylidene difluoride (PVdF) is a popular
choice for this approach because it can, when

processed directly on an electrode containing a

PVdF binder, form an excellent electrode/

electrolyte interface (Fig. 2). These systems can

also be cast and processed with ionic conductors

“built in” in the form of gels or ion-conducting

backbones. Such a system is shown in Fig. 3

[8, 11].

Given the constraints of a given materials sys-

tem, the choice between cast or nonwovens, and

methods of processing within these systems, is

driven by the many, and often diametrically,

opposed needs of a given system.
Design Considerations for Individual
Systems

The devil is the in the details, and the choice of

materials compatibility is insufficient to match

a separator system to a battery chemistry. In this

section we will briefly outline design issues and

their solutions to a few different chemistries. This

is intended to serve as guiding examples for the

reader’s own selection process of a separator

material and system design.

Lead Acid Batteries

Lead acid batteries pose the following challenges

to a separator. Both anode and cathode are subject

to shape change and possible embrittlement, so

the separator must be compliant enough to

accommodate this type of change while also

preventing material crossover. Electrolyte strati-

fication is a significant issue for certain types of

lead acid systems, so the pores must be big

enough to accommodate natural or forced

convection to “refresh” the electrolyte. In other

lead acid systems, the generation and recombina-

tion of gas is critical to the operation of the cell,

so the separator must allow these gases to

recombine if need be.

The astute reader will note that the above

constraints are at cross-purposes: flow must be

maximized but particle transport must be mini-

mized. As a result the following general practices

take place. Depending on the specific lead acid

system, either a PE or microglass separator will
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be used to minimize crossover or maximize flow.

In certain system, composites of the two are

employed where small porosity layers are used

near the electrode to catch embrittled, cracked

electrodes, and larger pores are used to catch

allow for electrolyte convection.

Zinc-Alkaline Batteries

With zinc-alkaline batteries the separator must

accommodate yet suppress the ramification of

zinc upon cycling, while also preventing the for-

mation of thick zinc oxide layers on the zinc

electrode. This has led to the use of cellophane

laminated to something like PE, to achieve

a similar effect to the shape change prevention

in the aforementioned lead acid cells.

Lithium Ion Batteries

As of this writing no commercial separator is

reliable enough to prevent a lithium metal

dendrite or ramification from short circuiting

a cell upon charge. Due to the danger of this

condition, lithium metal is never, or never in the

author’s knowledge, used as a secondary battery.

Within lithium ion cells, however, the effect of

shape change of an electrode is still an issue with

graphitic carbon undergoing volume changes up

to 30 % and silicon electrodes up to 400 % [3].
Beyond shape change, lithium ion cells have

be designed to retard the inherent flammability of

most high-performance aprotic electrolytes as

well as the ignition danger of high-performance

anodes and cathodes in overcharge or over-

current and over-temperature conditions.

Commercial separators [5] have been designed

with a specific melting point (typically just

above 130 �C), which when reached will cause

porosity within the cell to diminish significantly.

This porosity decrease has been shown to very

quickly increase the resistance of a given electro-

lyte up to four orders of magnitude, effectively

stopping any further reaction. This mechanism

has been tested successfully against overcharge,

over-temperature, mechanical intrusion (the “nail

test”), and over-current conditions [5]. While not

a guarantee against all fires, this separator shut-

down design significantly reduces the threat of

explosion in an off condition.
Conclusions and Further Readings

While not a formally required aspect of

electrochemical energy storage devices or fuel

cells, separators are an enabling technology that

has shown above can greatly improve the power



Ruthenium Oxides as Supercapacitor Electrodes 1813 R
performance, cycle lifetime, and safety aspects of

a battery. The students interested in this field

should know that a separator can never be

“too good” and that the industry will always

appreciate further improvements in porosity, sta-

bility, safety, and costs. The reader is directed to

the references following this review for deeper

analysis.
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RutheniumOxides as Supercapacitor
Electrodes
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Faculty of Textile Science and Technology,

Shinshu University, Nagano, Japan
Background

Since the pioneering work by Trasatti and

Buzzanca [1], the first to recognize that the

“rectangular”-shaped cyclic voltammogram of

a RuO2 film (Fig. 1) resembled that of the

carbon-based electric a double-layer capacitor,

RuO2 has attracted interest as a model system

for the fundamental understanding of pseudoca-

pacitive behavior of oxide electrodes as well as

practical application towards high rate, light-

weight, and small energy harvesting devices.

The difference to an ideally polarizable electrode

system is that there is some surface oxidation/

reduction occurring in addition to the non-

Faradaic electrical double-layer charging,

which, in contrast to reactions occurring in batte-

ries, is limited to a monolayer or a few layers on

the electrode surfaces. For these systems, the

electrode potential varies almost linearly with

surface coverage, that is, with the charge passed

during the reaction (similar to an electrical dou-

ble-layer capacitor). The kinetics of such surface

and near surface redox reactions are extremely

fast and exhibits reversible or pseudo-reversible

behavior. Consequently, the device behaves like

an electrochemical double-layer capacitor with

redox contribution, hence the termination and

concept “pseudocapacitor.”

Hydrous ruthenium oxide (RuO2 · xH2O)

nanoparticles represent one of the best-known

electrode materials for aqueous supercapacitors

providing high specific capacitance ranging from

a few hundred to �1,000 F g�1. The high gravi-

metric and volumetric capacitance of RuO2-

based electrodes is appealing, especially where

size and weight is taken more seriously than cost

issues such as low-voltage miniaturized devices

and other high value-added devices [2–4].

http://dx.doi.org/10.1007/978-1-4419-6996-5_385
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Fig. 1 A typical cyclic voltammogram of RuO2 electrode

in 1 M HClO4 at 40 mV s�1 [1]

R 1814 Ruthenium Oxides as Supercapacitor Electrodes
The weakness of RuO2-based electrodes, besides

its lack of abundance and cost, is that these elec-

trodes perform better in aqueous compared to

nonaqueous electrolytes, limiting the voltage

window to about 1.0–1.2 V.

The study of hydrous RuO2 nanoparticles

prepared by a sol–gel method instituted a major

progress in terms of gravimetric capacitance

[5, 6], activating a worldwide surge in the study

of RuO2-based electrodes for electrochemical

capacitor application. Much effort has since

been devoted to research and development

with particular emphasis on structure–property

relations. Higher capacitance and enhanced

power capability has been achieved by material

design, and sophisticated characterization

methods have contributed to the understanding

of the Faradaic behavior of RuO2-based

electrodes. Owing to such extensive studies, the

fundamental charge storage properties of RuO2

are now much better understood.

The theoretical redox capacitance of RuO2 ·

xH2O is often calculated from the equation,
Credox¼
nF

mDV
(1)

where m is the molar mass of RuO2 · xH2O, F is

the Faraday constant 96,485 Cmol�1, and n is the
number of electrons involved in the reaction

within the potential window, DV [5–12].

A Credox value of 1,358 F g�1 can be deduced

for RuO2 · 0.5H2O assuming that all of the Ru
atoms of the material change its oxidation state

from Ru2+ to Ru4+ within a 1.0 V potential

window [7, 13]. The Credox is 970 F g�1 if the

potential range is 1.4 V [5]. If a 4-electron

reaction is assumed within a 1.35 V window,

then the value exceeds 2,000 F g�1 [9, 14]. Note
that in the above calculations, it is assumed that

all of the Ru atoms in the crystallite are involved

in the reaction (bulk reaction) and that Ru can

take a number of oxidation states, which seems to

be an overestimation based on various studies.

It should also be kept in mind that this calculation

neglects the contribution from the electric a

double-layer capacitance Cdl.

The theoretical value of the electric a double-

layer capacitance Cdl of RuO2 is somewhat

a controversial matter. Most of the Cdl values

reported in literature for RuO2-based electrodes

are larger than the value for a mercury electrode

in a diluted aqueous electrolyte solution, which

is Cdl � 20 mF cm�2. It is quite challenging

to experimentally differentiate between the con-

tribution from the electric a double-layer capaci-

tance Cdl and redox-related Faradaic capacitance

Credox, as the (surface) redox-related pseudoca-

pacitance for RuO2 is a fast and reversible

process [15]. The most widely reported value is

80 mF cm�2 [15–18]. Using this value as

a probe, one can deduce the theoretical Cdl for

a 1 nm RuO2 particle as 680 F g�1. In the case of
hydrous RuO2 with gravimetric capacitance

�700 F g�1, area-specific capacitance as high as

1,000 mF cm�2 has been reported using

BET surface area [5, 6]. Such unusually

high area-specific capacitance may be a result

of a mixture of the non-Faradaic electric a

double-layer capacitance and Faradaic redox-

related processes. The surface area of hydrous

oxides may also be underestimated by N2

adsorption measurements depending on the

pretreatment.
Synthesis, Chemical, and Physical
Properties

The specific capacitance, as well as the cycle and

rate performance, is affected by the various
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parameters including particle size and porosity

(electrochemically accessible surface area), crys-

tal structure, water content, etc., which will vary

as a result of the different preparation procedures

and measurement conditions reported by numer-

ous groups [1, 5, 6, 19–33]. Porous RuO2 films

can be prepared by pyrolysis of ruthenium pre-

cursors coated on a conducting substrate by dip

coating or spraying, which are the processes

adopted for the well-known dimensionally stable

electrodes used in industrial electrolysis. The

films are typically heat treated at moderately

high temperature (450–550 �C) to prepare well-

crystalline material that can withstand tortuous

gas evolution with crystallite size in the range of

20–50 nm in diameter. Smaller, high-surface area

RuO2 nanoparticles can be obtained by soft-

solution processing methods including chemical

reduction of RuO4 [34], precipitation from vari-

ous precursors [35], sol–gel reactions [5, 6, 36],

etc. Electrochemical methods such as

electrooxidation of Ru metal [23, 24, 37–48]

and electrodeposition [49–57] have also been

applied. Heat treatment at relatively low temper-

atures (150 � 200 �C) is often necessary to con-

vert all Ru ions to the electrochemically stable

Ru4+ state while maintaining small particle size.

Mesoporous RuO2 via soft and hard template

synthesis has also been conducted [58].

Synthesis of RuO2-MOx composites and

AxRuOy complex oxides is a classical approach

to increase the utilization of RuO2. Binary rutile-

type (Ru,M)O2 (M ¼ Sn4þ, Ti4þ, V4þ, Mo4þ

etc.), pyrochlore-type A2Ru2O7, and perovskite-

type ARuO3 are typical examples [59–67]. Many

studies have focused on preparing composites

with carbonaceous materials, including activated

carbon [7–9], carbon black [10, 11, 68, 69],

carbon nanotubes [11, 70–81], and more recently

reduced graphite oxide [82–87]. Carbon-

supported RuO2 materials can be prepared by

impregnation or colloidal methods [10, 88, 89].

Even a simple physical mixture of acetylene

black and sol–gel-derived hydrous RuO2 can

drastically improve the rate performance,

where the carbon black helps to increase

porosity to supply extra pores for electrolyte

permeation [19].
High capacitance can also be achieved by

using a water-swellable layered structure or by

exfoliation of the layered structure into elemental

nanosheets. Specific capacitance of �400 F g�1

has been accomplished by using layered RuO2 as

the electrode material [90, 91]. The capacitance is

exceptionally large considering the large

micrometer size of the particles, which has been

attributed to the ability of the interlayer to swell

thereby allowing electrolyte permeation into the

two-dimensional structure. RuO2 nanosheet

electrodes provide even higher capacitance,

reaching �700 F g�1. These two-dimensional

materials exhibit unique electrochemical proper-

ties with remarkably large contribution from

pseudocapacitance (as much as 50 %) [90, 91].
Charge Storage Mechanism

The cyclic voltammograms of hydrous RuO2 heat

treated at suitable temperatures are featureless

and principally rectangular in shape in compari-

son to as-prepared or well-annealed material

(Fig. 2). At heat-treatment temperatures below

150 �C, poor i-E response is observed particularly

in the low potential region, which has been

associated to the presence of Ru3þ. Considerable
capacitance fading occurs for such non-

optimized conditions, most likely due to the

presence of soluble Ru species [35].

The fast and slow charges in thermally pre-

pared RuO2/Ti DSA-type electrodes have been

attributed to the utilization of more accessible,

mesoporous surfaces and less accessible, micro-

porous inner surfaces, respectively [92]. Based

on ellipsometry and ac impedance measurements

on anodically and thermally prepared RuO2, the

fast- and slow-charging modes have been

ascribed to the charging of the grain surfaces

and incorporation of protons into the oxide

grains, respectively [93]. Similar conclusions

were derived by CV and CA measurements of

anhydrous RuO2 nanoparticles [15].

Various models have been proposed to

explain the reasoning behind the observed

maximum capacitance and power capability of

sol–gel-derived hydrous RuO2 as a function of
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H2SO4 with n ¼ (a) 0, (b) 0.3, and (c) 0.5 [33]

R 1816 Ruthenium Oxides as Supercapacitor Electrodes
the heat-treatment temperature. The cluster-sized

particles for low-temperature annealed hydrous

RuO2 afford high capacitance due to large surface

area at the expense of power performance.

Zheng et al. studied the interaction between the

structural water and the rutile crystals by measur-

ing the proton dynamics of hydrous RuO2 using

solid-state proton nuclear magnetic resonance

(H-NMR) spectroscopy [28]. A maximum in

proton activation energy was observed when the

hydrous RuO2 exhibited the maximum capaci-

tance revealing the correlation between the pro-

ton mobility and the charge storage (Fig. 3) [28].

An optimum mixed percolation conduction

mechanism has also been proposed to explain

the volcano-plot behavior [31]. In addition to

the relation between the maximum capacitance

and water content in hydrous RuO2, Sugimoto

et al. derived a similar model based on electro-

chemical impedance spectroscopy to explain the
frequency response [33]. It was suggested that the

frequency response (power capability) was dom-

inated by proton conduction within the hydrated

micropores between the RuO2 nanocrystallites.

Kötz et al. reached similar conclusions based on

X-ray photoelectron spectroscopy (XPS) studies

[94] revealing two types of water in hydrous

RuO2: weakly bound physically adsorbed water

and strongly bound chemically bound water. The

chemically bound water was correlated to the

heat-treatment temperature and increase in parti-

cle size. It has also been shown that the initial

hydrous nature is not a prerequisite for the high

capacitance [27]. X-ray absorption near-edge

structure (XANES) and atomic pair-density

function (PDF) analysis of synchrotron X-ray

scattering measurements on a series of hydrous

RuO2 treated at different temperatures have

revealed that hydrous RuO2 is composed of

disordered rutile-like RuO2 nanocrystals
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dispersed by boundaries of structural water, in

contrast to the apparent amorphousness measured

with conventional XRD [22, 31]. A parallel

electron-proton conduction model, where the

rutile-like RuO2 nanocrystals support electronic

conduction and structural water as the boundaries

transport protons, was proposed to account for the

maximum capacitance of RuO2 · xH2O at x� 0.5

(Fig. 4) [31].

In situ techniques have also been exploited to

realize the effect of the heat-treatment tempera-

ture on the charge storage capability of ruthenium

oxide. In situ XPS and XRD data gives evidence
that no bulk reduction of anhydrous RuO2 occurs

until the electrode is polarized at potentials where

hydrogen evolution occurs [95–97]. In situ resis-

tivity measurements of anhydrous RuO2 have

shown that the resistivity is independent of poten-

tial within the hydrogen and oxygen evolution

region, complementing the in situ XPS and

XRD data showing that bulk reduction of Ru4þ

does not take place in the potential region rele-

vant to electrochemical capacitor applications

[98]. Ru4þ reduction to Ru3þ has been shown to

occur only below E < 0.4 V by in situ EXAFS

and XANES [46, 99–101]. The reduction of Ru4þ
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for the case of hydrous RuO2 leads to a prominent

change in resistivity as a function of the potential,

in contrast to the case of anhydrous RuO2 [98].
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