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Introduction

Organic electrochemistry can be a very powerful

synthetic tool [1–3]. Anodic oxidation as well as

cathodic reduction processes are utilized [4]. If

one wants to carry out a synthesis based on an

anodic oxidation, the cathodic process is nor-

mally not of synthetic interest and vice versa.

Nevertheless in some cases the counter-electrode

process can be used also. An example is the

cathodic evolution of hydrogen in protic solvents

like water or methanol, while the anodic process

renders the desired product. The evolving hydro-

gen can be utilized as fuel material. In these cases

the counter-electrode reaction is of economical

and not of synthetic use. But electrochemists

dream of a paired electrosynthesis using cathodic

and anodic process for synthesis to achieve the

ultimate goal: a 200 % electrosynthesis.

There are several ways possible to perform

such a paired electrosynthesis, e.g., in a parallel,

convergent, divergent, or linear assembly [5, 6]

(Fig. 1).

In a parallel electrosynthesis the products gen-

erated at anode and cathode do not interfere or

react. In contrast stands the convergent paired

electrosynthesis where the generated products

react to one final product or where by anodic
G. Kreysa et al. (eds.), Encyclopedia of Applied Electrochem
# Springer Science+Business Media New York 2014
and cathodic process the same product is synthe-

sized. Using one substrate and creating an

oxidized and a reduced product is the main fea-

ture of a divergent paired electrosynthesis. The

linear assembly has in common that also only one

substrate is employed. But in the linear paired

electrosynthesis, one product is synthesized

from the substrate by one- or two-mediated

electrode processes sometimes in a cascade-like

path. All different forms of a paired

electrosynthesis have in common that they are

highly efficient and therefore resources preserv-

ing and waste/emissions minimizing. This is also

summarized under the term “green synthesis” [6].

The benefit is high, but it is obvious that to

conduct a successful paired electrosynthesis is

not an easy task. Both electrode processes have

to be compatible. Yield losses at the counter-

electrode or a high effort to separate the electrode

processes stand against a paired electrolysis.

Product separation and isolation is an important

factor especially in a parallel or divergent

electrosynthesis [7]. The following electrolyses

shall illustrate the important features of a paired

electrosynthesis and show the broad range of

application.
Example of a Parallel Paired
Electrosynthesis

A successful industrial example of a parallel

paired electrosynthesis is BASF’s electrolysis of

4-tert-butylbenzaldehyde dimethylacetal and
istry, DOI 10.1007/978-1-4419-6996-5,



Paired Electrosynthesis, Fig. 1 Different forms of

a paired electrosynthesis (A, B ¼ substrate;

C, D ¼ product; E, F ¼ mediator)
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phthalide simultaneously in an undivided cell [8]

(Fig. 2).

Already in the 1980s the electrosynthesis of

acetals of aromatic aldehydes has been

established at BASF. Employing the anodic sub-

stitution with methanol as nucleophile on methyl-

substituted aromatic compounds, one generates

by double methoxylation first the intermediate
ether and then the corresponding acetal [9, 10].

At the cathode hydrogen is generated (Fig. 3).

After the electrolysis the acetals can be

hydrolyzed to their aldehydes and methanol

is recovered. By this elegant way to avoid

overoxidation to the acids, aromatic aldehydes

are synthesized from toluene derivatives [11].

The electrosynthesis takes place in good yields

for toluene derivatives with electron pushing

para-substituents like the tert-butyl group. It is

carried out in an undivided cell developed by

BASF: the capillary gap cell which contains

a stack of bipolar round graphite electrodes.

The electrodes are separated by spacers and

connected in series [12].

More than 10 years after the establishment of

the acetalization process, electrochemists at

BASF have searched for a compatible reductive

process that can be run instead of the hydrogen

evolution. What they have found is the reduction

of phthalic acid dimethylester to phthalide [8]

(Fig. 2). Phthalide is a compound that was up

till then generated by classical catalytic hydroge-

nation from phthalic acid anhydride [7]. Part of

the process development has been to fit the paired

electrosynthesis in the same capillary gap cell

like the acetalization of the toluene derivatives.

The methanol balance as well as the proton

balance is remarkable: two moles of methanol

that get released in the cathodic process are used

for the acetalization at the anode and four protons

used for the cathodic reduction are generated in

the anodic acetalization. The electric energy con-

sumption of the paired electrosynthesis is not

increased compared to the non-paired process.

Because hydrogen is avoided completely, the

energy/fossil fuel to generate the hydrogen for

the reduction step is economized [7].

But without the development of a skillful

work-up, the paired electrosynthesis would not

have become a successful industrial process up

till now. In the non-paired electrosynthesis,

4-tert-butylbenzaldehyde dimethylacetal gets

distilled for purification and this procedure

has been retained. The main challenge has

been to purify the rest of the electrolysis solu-

tion containing the phthalide. The BASF

electrochemists have found a way to isolate
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and to purify phthalide with a skillful layer

crystallization process [7].
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Paired Electrosynthesis, Fig. 4 Convergent

electrosynthesis of glyoxylic acid
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Example of a Convergent Paired
Electrosynthesis

The anodic and cathodic production of glyoxylic

acid in aqueous solution is an interesting example

of a convergent paired electrosynthesis [13, 14]

(Fig. 4).

Industrially the main chemical route to glyoxylic

acid is the oxidation of glyoxal with nitric acid [15].

A challenge in this synthesis is to prevent

overoxidation to oxalic acid and CO2. Electrochem-

ically the anodic oxidation of glyoxal is possible as

well as the cathodic reduction of oxalic acid. Both

electrolyses have been investigated thoroughly.

An important aspect in the anodic oxidation of

glyoxal that has been discovered is the clear

improvement of the oxidation by hydrochloric

acid as mediator [16] (Fig. 5).

First reports about the reduction of oxalic acid

have already been published around 1900. In an

acidic electrolyte the reduction of oxalic acid at
a mercury or lead cathode is described [17].

Decades later, the reduction has been studied

intensively [18, 19]. Preferred cathodes are still

high overpotential cathodes like lead electrodes

[18]. The reduction at graphite electrodes has

also been of interest. To improve the reduction

at graphite, the addition of metal salts which

have a high hydrogen overpotential has been

found [20]. This emphasizes the obvious: in

aqueous solution it is crucial to oppress the
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evolution of hydrogen as reductive process in

order to be able to reduce the oxalic acid.

The combination of both processes to a paired

synthesis bears the next improvement in the elec-

trochemical synthesis of glyoxylic acid first in an

undivided cell [13] and later in a divided cell [14].

In the example of the divided cell, the compart-

ments are separated by a cationic exchange mem-

brane. The use of hydrochloric acid renders also in

the paired process a good selectivity for the anodic

glyoxylic acid generation and guarantees

a sufficient conductivity of the aqueous glyoxal

solution. The cathodic reduction of oxalic acid

takes place as well in an aqueous solution

containing hydrochloric acid as supporting electro-

lyte. Graphite is used as anode and lead as cathode.

The choice of temperature and pH is decisive. But

also under optimized parameter, overoxidation of

glyoxylic acid to oxalic acid and CO2 is found. By

precipitation of the glyoxylic acid, a pure product

in good yields is obtained [14].
Example of a Divergent Paired
Electrosynthesis

An established divergent paired electrosynthesis

is the production of gluconic acid and sorbitol

from glucose [21] (Fig. 6).
For the oxidation of glucose to gluconic acid,

it is obviously important to avoid overoxidation

to glucaric acid. The oxidation is halogenide

mediated. In this case bromide is the mediator

of choice. To control the selectivity to gluconic

acid by the applied charge is an advantage of

organic electrochemistry that is used in this

case. pH and temperature are also crucial param-

eters for a sufficient selectivity. The sensitivity of

a carbohydrate oxidation in general to these

parameters is also shown later by Marsais [22]

and Sch€afer [23] who have investigated the

(TEMPO)-mediated oxidation of carbohydrates

(in non-paired processes). The cathodic reduction

is improved by the choice of a Raney Nickel

powder catalyst instead of a Zn(Hg) cathode.

The paired process is carried out in aqueous

solution in an undivided flow reactor that was

adapted for this electrosynthesis [21].
Example of a Linear Paired
Electrosynthesis

The synthesis of methyl ethyl ketone from

2,3-butanediol is a remarkable example of

a linear paired electrosynthesis [24] (Fig. 7).

In a bromide-mediated reaction, acetoin is gen-

erated from 2,3-butanediol. Afterwards acetoin
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is reduced at a Hg/Zn cathode to methyl

ethyl ketone. The use of an undivided cell is

inevitable in this case. The reaction control is

very important because the oxidation of

2,3-butanediol with the oxidized mediator is

slow. To avoid a reduction of this species,

a special flow cell has been developed.

A reaction tube after the graphite anode renders

sufficient time to oxidize 2,3-butanediol. This

example emphasizes how crucial electrolysis

conditions and setup is to avoid the undesired

reaction at the counter-electrode. In this case

the oxidized mediator has to be protected from

reduction, and of course the formed methyl ethyl

ketone should not be mediated oxidized at the

anode to acetoin.
P

Summary and Future Directions

The examples illustrate the diversity as well as

the common features of a paired electrosynthesis.

One can start with one or two substrates to

generate one or two products. Electrode pro-

cesses can be mediated or direct. Undivided

and divided cells are employed in paired

electrosyntheses. But as in the BASF phthalide

example, it is crucial for the synthesis of

glyoxylic acid, sorbitol, and methyl ethyl ketone

that the cathodic process is the reduction of the

substrate and not the reduction of protons because

in these cases protons are generated at the anode

and the electrolysis takes place in a protic solvent.

Therefore effects that minimize the overpotential

of hydrogen have to be omitted. Reaction control

is important in all described examples, and

consequently the cell and the setup have to fit

for each case. Work-up and product isolation

are significant for a successful synthesis and can

be even more challenging in a paired synthesis.
A skillful solution is demonstrated by the BASF

process.

Future directions, respectively, particular pro-

cesses, are hard to foresee though the develop-

ment of more paired electrosynthesis examples is

being expected because the essence of such an

electrolysis is very attractive: it uses the mole of

charge moved in the cell in the most efficient

way. The work can be based on the knowledge

about successful paired electrosyntheses that is

generated for decades as it is partly reflected by

the presented examples.
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Introduction

Electrochemical Promotion of Catalysis (EPOC),

or Non-Faradaic Electrochemical Modification

of Catalytic Activity (NEMCA) effect, is

a promising concept for boosting catalytic pro-

cesses and advancing the frontiers of catalysis.

This innovative field aims to modify both the

activity and the selectivity of catalysts in

a controlled manner. EPOC utilizes solid electro-

lyte materials as catalytic carriers. Ions contained

in these electrolytes are electrochemically sup-

plied to the catalyst surface and act as promoting

agents to modify the catalyst electronic proper-

ties in order to achieve optimal catalytic perfor-

mance. EPOC can be considered as an

electrically controlled catalyst-support interac-

tion in which promoting ionic agents are accu-

rately supplied onto the catalytic surface by

electrical potential control. The main advantage

of EPOC is that the electrochemical activation

magnitude is much higher than that predicted by

Faraday’s law. Therefore, EPOC requires low

currents or potentials. Moreover, promoting spe-

cies such as O2� and H+ cannot be formed via

gaseous adsorption and cannot be easily dosed by

chemical means. EPOC has been investigated

thoroughly for more than 70 catalytic reactions

[1, 2] and is reversible, since the catalyst restores

its initial activity, typically within a few minutes

after current interruption. Recently, however,

some studies have shown that, for specific oper-

ating conditions and catalyst-electrodes, the

reversibility of this phenomenon strongly

depends on the duration of the polarization.
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For prolonged polarization times, the catalytic

reaction rate after current interruption can

remain higher than the value before current appli-

cation [3]. This behavior has been reported as

“permanent-electrochemical promotion of catal-

ysis” (P-EPOC). This phenomenon was mainly

observed over catalysts which have multiple

valence states and the ability to form oxides,

i.e., Pt/PtOx or Rh/Rh2O3.
0
0 30 60

t / min
90 120

Permanent Electrochemical Promotion for Environ-
mental Applications, Fig. 1 Polarization and relaxa-

tion transients of the rate of C2H4 combustion on

IrO2/YSZ catalyst due to an anodic current application

(300 mA) for two different times: (a) short polarization
to give reversible EPOC and (b) long polarization time to

give P-EPOC. T ¼ 380 �C, PO2 ¼ 17 kPa, PC2H4 ¼ 0.14

kPa (Reprint ref 3)
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State-of-the-Art

The phenomenon of P-EPOC has been mainly

observed on yttria-stabilized zirconia (YSZ), an

O2� conducting electrolyte, interfaced with dif-

ferent catalysts: IrO2 [4], RuO2 [5], Rh [6–9], Pt

[3, 10–12], and Pd [13]. Two recent studies have

reported P-EPOC on Pt films interfaced with

K�b00Al2O3, a K+ conducting ceramic [14], or

Ba3Ca1.18Nb1.82O9-a, a H+ conductor [15]. Two

parameters are commonly used to quantify the

magnitude of the EPOC effect [2]: the rate

enhancement ratio, r, defined as r ¼ r/r0, where
r is the electropromoted catalytic rate and r0 the

open-circuit, i.e. non-promoted, catalytic rate;

and the apparent Faradaic efficiency, L, defined
as L ¼ (r � r0)/(I/nF). P-EPOC effect is quanti-

fied using a “permanent” rate enhancement ratio

[3], y, which has been defined as y ¼ rP-EPOC/r0,
where rP-EPOC is the catalytic rate in an open-

circuit state after current interruption.

A typical EPOC experiment setup consists of

an electrochemical cell based on a dense pellet or

tube of a solid electrolyte (YSZ, K�b00Al2O3,

etc.). The pellet or tube is covered on both sides

by three electrodes: working, counter and refer-

ence [2]. The catalytic activity of catalyst layers,

used as working electrodes, can be modified by

applying small potentials or currents between the

working and the counter electrodes. Figure 1

shows two typical transients, i.e. variation of the

catalytic rate versus time, for two different polar-

ization times. At t ¼ 0, a small positive current

(300 mA) is applied across the IrO2/YSZ interface

exposed to a C2H4/O2 atmosphere. Upon current

application, the rate of ethylene catalytic
combustion on IrO2, expressed in moles of

O consumed per second, drastically increases by

around a factor of 3.5 and reaches a plateau

after a few minutes. This enhancement is

non-Faradaic, with a Faradaic efficiency larger

than 100. The reversibility of this NEMCA effect

depends on the polarization time. For short cur-

rent applications (a few minutes), the catalytic

rate gradually decreases down to its initial value

after the current interruption. For prolonged

polarizations (1 h), the catalytic rate also slowly

decreases when the current stops, but more than

1 h after this interruption, it reaches a stable

value, called the P-EPOC state, higher that its

initial one.

Table 1 lists all reactions and catalysts where

the P-EPOC phenomenon was observed, along

with operating conditions. The P-EPOC phenom-

enon was mainly observed (Fig. 1 and Table 1)

when long anodic polarizations, i.e. high anodic

charges, were applied at the catalyst/electrolyte

interfaces. In addition, most of these studies,

especially those using Pt, were performed in oxy-

gen excess conditions in the temperature range

where PtOx species are stable. Recent studies

have shown that the y values have a t1/2 depen-
dence in respect to polarization time at constant
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studies

Reactions

Catalyst (preparation

method) Solid electrolyte T/�C Preagent/kPa PO2/kPa

Polarization

time/min gmax Ref

NO

reduction

by C3H6

Rh (paste

calcination)

YSZ 300–380 PC3H6 ¼ 0.1 0.5 60–180 6 6–8

PNO ¼ 0.1

C2H4 deep

oxidation

IrO2 (thermal

decomposition)

YSZ 380 PC2H4 ¼ 0.14 17 120 3 4

RuO2 YSZ 360 PC2H4 ¼ 0.14 12 180 1.3 5

Pt (paste calcination) YSZ 550 PC2H4 ¼ 0.25 1 60–6,600 2 3

Pt (sputtering) YSZ 375 PC2H4 ¼ 0.2 8.5 10–600 2.2 10

Pt/FeOx (pulsed laser

deposition)

YSZ 375-425 PC2H4 ¼ 0.19 8.2 40–60 10 11

Pt (paste calcination) Ba3Ca1.18Nb1.82O9-a 350 PC2H4 ¼ 1 2-8 100 4 15

C3H8 deep

oxidation

Pt (sputtering) YSZ 350 PC3H8 ¼ 0.2 4.5 15 1.3 12

C3H6 deep

oxidation

Pt (wet

impregnation)

K�b00Al2O3 310 PC3H6 ¼ 0.2 1 300 1.35 14

CH4 deep

oxidation

Pd (wet

impregnation)

YSZ 470-600 PCH4 ¼ 0.4 1 150 2 13

CeO2/YSZ

CH4

partial

oxidation

Rh (paste

impregnation)

TiO2/YSZ 550 PCH4 ¼ 0.5–1 0.5 15–55 11 9
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current, indicating a diffusion controlled process

[10, 12]. Besides, the Comninellis research group

has performed different electrochemical investi-

gations (cyclic voltammetry, double step

chronopotentiometry, etc.) for the system O2

(g), Pt/YSZ, which evidences the possible elec-

trochemical formation of PtOx at long polariza-

tion time, with a kinetic dependence of t1/2 [3,

16–18]. All of these facts are indicative of the

importance of the formation of oxide species,

such as PtOx or Rh2O3, in the P-EPOC effect.

Comninellis and collaborators (Fig. 2a) have pro-

posed a mechanism for the P-EPOC phenomenon

as a function of the three different locations of

oxygen species when an anodic polarization is

applied (O2� ions pumped from YSZ to Pt) [3].

When starting anodic polarizations, oxygen spe-

cies first generate a monolayer at the catalyst/

YSZ interface (1) and then rapidly spillover to

the catalyst surface in the form of promoting

ionic species (2), i.e. partially discharged ions

(Od�), which are at the origin of the reversible

EPOC phenomenon. The coverage of these
promoting species is maximal after a few minutes

of polarization when reaching the plateau of cat-

alytic activity. The third type of stored oxygen is

attributed to the growth of an oxide layer starting

at the Pt/YSZ interface (3). After current inter-

ruption, the promoters stored at the gas-exposed

surface are consumed by the reaction, and the

catalytic activity decreases. The oxide layer at

the Pt/YSZ interface could then act as a tank of

promoting ions which can spillover to the catalyst

surface via solid state diffusion and enhance the

catalytic rate (P-EPOC state).

The mechanism proposed by Comninellis and

collaborators is well supported by the transients

shown in Fig. 2b on thick Pt films, where the

P-EPOC state disappears after some hours,

depending on the anodic charge supplied (polar-

ization time). After the release of all stored

oxygen promoting species, the catalytic rate

returns to its initial value. Therefore, the phenom-

enon is more persistent than permanent. How-

ever, long-term stable P-EPOC states were

observed on thin Pt films (sputtering) interfaced
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mental Applications, Fig. 2 (a) Oxygen species pro-

duced electrochemically under anodic polarization.

Storage at three different locations: (1) at the Pt/YSZ

interface, (2) at the gas-exposed catalyst surface via

backspillover and (3) in the bulk platinum at the vicinity

of the Pt/YSZ interface. Leaving (via O2 evolution and/or

chemical reaction) toward the gas phase is indicated (4).

(b) Dependence of the rate transients observed during

open-circuit relaxation on the anodic polarization time:

(a) 1 h, (b) 2 h, (c) 4 h, (d) 11 h. T ¼ 525 �C. Feed
composition: PC2H4 ¼ 0.25 kPa, PO2 ¼ 1 kPa. Reprinted

from reference 3
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on YSZ upon short anodic polarization times

(a few minutes) [10, 12]. This interesting result

can be explained through the electrochemical for-

mation of a thermodynamically stable interfacial

PtOx species at the Pt/YSZ interface, in which it is

not in contact with the reactive gas mixture. The

P-EPOC effect, in this case, was only removed by

applying cathodic currents that decompose PtOx

species. This interfacial PtOx layer increases the

oxygen chemical potential gradient across the

Pt/YSZ interface and then promotes the thermal

migration of Od� promoting species from the elec-

trolyte to the metal/gas interface. This effect can

be analyzed as a self-driven EPOC mechanism as

permanent effects observed in wireless NEMCA

transients [19].
Future Environmental Applications

Air pollution originating from automotive traffic

and industries is an increasing problem, espe-

cially in urban areas. Major challenges are the

treatment of gaseous streams from automobiles

and plants, such as the abatement of NOx, soot,

unburned CO and hydrocarbons, as well as low
temperature catalytic combustion of traces such

as volatile organic compounds (VOCs). VOCs

present in buildings or cars are wide-ranging

classes of chemicals, and currently over 300 com-

pounds are considered as VOCs by the US Envi-

ronmental Protection Agency (EPA). Their

release has widespread environmental implica-

tions. The EPA has validated that indoor air pol-

lution is one of the top human health risks. The

studies on indoor air quality (IAQ) have been

transited gradually to indoor volatile organic

compounds. The removal of formaldehyde is

vital for improving IAQ and human health due

to a carcinogenic risk. The challenge addressed to

the scientific catalysis community is to find

smart, stable, efficient and selective catalysts

with limited loadings of noble metals. EPOC is

one of the ways to improve and control in-situ

catalyst performance and stability. In addition,

P-EPOC is particularly suitable for oxidation

reactions occurring in oxygen excess (Table 1),

for which noble metals are the most effective

catalysts. Short pulse electrical polarizations

could be sufficient to obtain high and long-term

catalytic activity enhancements of noble metal-

based catalysts (Pt, Pd, Rh), allowing use of
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extremely low loadings and electricity. In partic-

ular, P-EPOC is a promising and energy-saving

solution for catalytic oxidation of VOCs and light

hydrocarbon combustion. Nevertheless, addi-

tional fundamental and experimental studies are

necessary to improve the understanding of the

P-EPOC phenomena in order to optimize their

efficiency, most particularly at low temperatures.
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Introduction

Perovskite proton conductors belong to the class

of high temperature proton conductors (HTPCs),
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Perovskite Proton Conductor, Fig. 1 Number of

scientific publications per year that include the words

proton, conduction, and oxides in their title or keywords.

The idea for this graph comes from ref. [3]
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solids that conduct electricity by transporting H+

ions (protons) at temperatures above ambient,

typically 400–1,000 �C. Unlike more common

proton conductors, such as ice or KHSO4, in

which hydrogen is part of the chemical structure,

in HTPCs, it is taken up from traces of water

vapor in the atmosphere via gas-solid

equilibrium. Accordingly, the hydrogen does

not normally appear in the chemical formulae of

the compounds. Typical high temperature proton

conductors are SrCeO3, SrZrO3, BaCeO3,

BaZrO3, KTaO3, LaNbO4, suitably doped, and

La6WO12 without a dopant; of these compounds,

the first five are perovskites. Perovskite proton

conductors are of interest as electrolytes in fuel

cells, water vapor electrolysis cells, electrochem-

ical hydrogen pumps, and hydrogen sensors.

When they display electronic conduction in

addition to the protonic, these materials can func-

tion as hydrogen semipermeable membranes of

very high selectivity. In this article, perovskite

proton conductors are describe with the non-

specialist reader in mind. Detailed discussions

of perovskite proton conductors and their appli-

cations can be found in review articles [1–5].

Since the 1960s, hydrogen has been known to

exist in oxides, but only in trace amounts, and

was not believed to alter the physical properties

of the oxide significantly. In the early 1970s, it

became clear that the role of hydrogen was

important, and sometimes dominant. In the year

1981, in which the first international conference

on Solid State Proton Conductors [6] was held in

Paris, a landmark paper was published by H.

Iwahara and coworkers [7] demonstrating

proton conductivity in Sc-doped SrCeO3 and

operating a prototype water vapor electrolyzer

at 900 �C. During the 30 years that have elapsed

since then, the subject has moved from the

marginal to the mainstream, and features strongly

in the International Conferences on Solid State

Ionics (SSI) and Solid State Proton Conductors

(SSPC). Figure 1 shows the number of publica-

tions per year that include the words proton and

conduction and oxides in their title or keywords.

If the present trend were to continue, by 2020,

the subject would attract about 1,000 publications

per year!
Generation of Protonic Carriers
in Perovskite Proton Conductors

The chemical reaction that describes the incorpo-

ration of water molecules into an oxide is given in

(Eq. 1), using Kröger-Vink notation:
H2O gð Þ þ O �
O þ V

••

O $ 2OH
•

O (1)

This means that a water molecule reacts with an

oxygen ion on a normal site (OO\times) and an

oxygen vacancy (VO
••) to produce two hydroxyl

ions occupying oxygen sites; in other words, the

protonic species. The oxygen vacancies are created

by doping or, less commonly, are part of the struc-

ture. In the case where the host is tetravalent and

the dopant trivalent, the dopant would be denoted

as [M0]. Reaction (1) is characterized by an equi-

librium constant KW defined by the equation:
KW ¼
OH

•

O

� �2
V

• •

O

� �
PH2O

(2)

where

V
• •

O

h i
¼ 1

2
M0½ � � OH

•

O

h i� �
(3)



Perovskite Proton Conductor, Fig. 2 Structure of

SrCeO3, a typical perovskite proton conductor when

doped with a trivalent element on the Ce site. The spheres

represent the A-cation, Sr, while the octahedra have the

B-cation, Ce at the center, and oxygen at the apices.

A strong distortion from the cubic structure is visible the

structure is shown in the Pbnm setting
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Perovskite Proton Conductor, Fig. 3 Correlation

between standard enthalpy of hydration and the electro-

negativity difference of the A- and B-site elements in

the perovskite (Fig. 3). The open points are tabulated

by Norby et al. [8], while the solid points are for

BaCe0.9–xZrxY0.1O3�d (BCZY) [9]
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In its “rest state,” the protonic species resides

on an oxygen ion, to be precise within the oxygen

ion, since the ionic radius of O2� is 1.40 Å, while
that of OH� is 1.37 Å (both values refer to sixfold

coordination of these species). To enable ionic

conduction, the hydrogen must be able to hop

from one oxygen ion to another.

The requirements for a solid to be an HTPC

can be summarized as follows:

• It must be an oxide (all systems known so far

are oxides).

• It must contain oxygen vacancies, by nature or

by doping.

• It must have the right chemical properties to

favor the incorporation of water molecules.

• It must permit the momentary breaking of

O–H bonds, if the protons are going to be

mobile.

• If it is to be used as an electrolyte, it should not

have predominant electronic conductivity.

The requirement for oxygen vacancies is

strong, since without the reaction described by

(Eq. 1), the OH
•

O species cannot form. Usually,

the vacancies are created by doping with an

element of valence lower than that of the host

element. Perovskites (Fig. 2) are a structure type

in which high temperature protonic conduction is

commonly observed. Perovskites have two types

of cation site: a larger 12-coordinated site (A) and

a smaller 6-coordinated site (B). An example of

a perovskite doped on the B-site would be

BaZr1�yYyO�y/2. If the oxygen vacancies can

be hydrated, as described above, the first three

criteria for an HTPC will have been fulfilled.

Perovskites such as BaZrO3 and SrCeO3,

doped as above, are able to absorb a quantity of

water vapor, while others such as CaTiO3 and

SrTiO3, are less able to do so. The difference in

the ease of hydration has been linked to the

basicity of the elements constituting the oxide

[1]. Alternatively, the electronegativity has been

implicated. More specifically, a correlation has

been found between the standard enthalpy of

hydration and the difference in electronegativity

between the A-site and B-site elements in the

perovskite (Fig. 3) [8]. The open points

are from reference [8]; the solid points are

for BaCe0.9–xZrxY0.1O3�d (BCZY) [9].
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A corresponding plot of the standard entropy (not

shown) displays no clear trend, suggesting that

the entropy is determined by the conversion of

the gaseous water molecules to solid species,

rather than by which solid they enter into. The

enthalpy and entropy of hydration, together with

the temperature, determine the equilibrium

constant of the reaction. For wB�wA ¼ 0.2, mid-

way in the plot, values of DH ¼ �100 kJ · mol�1

and DS ¼ �110 J · mol�1 · K�1 are interpolated,
giving an equilibrium constant KW of 1.31 for

873 K. Figure 4 shows the hydration isotherm

for this value of KW.
Perovskite Proton Conductor, Fig. 4 Concentration of

protonic carriers as a function of partial pressure of water

vapor for an oxide with an equilibrium constant KW of

1.31 (Eq. 2). The plot is also called a hydration isotherm

Perovskite Proton
Conductor, Fig. 5 Ionic

conductivity

(predominantly protonic)

of selected HTPCs at

800 �C (various sources)
It is an unfortunate fact of chemistry that

greater basicity implies greater affinity for CO2,

and this is one of the main disadvantages of

the perovskite class of proton conductors.

The problem is particularly acute at lower tem-

peratures, which, ironically, is the range that can

benefit most from perovskite proton conductors

(the temperature range of 700 �C and above is

already well served by oxide ion conductors). For

this reason, researchers, especially at University

of Oslo, believe that alternatives to perovskite

systems are a sine qua non for cells that operate

reliably in the presence of hydrocarbons. Forgo-

ing the highly electropositive elements Sr and Ba

and opting for La, compounds such as LaNbO4

and LaTaO4 are obtained, which are fully stable

to CO2 [10] These compounds require doping

(usually Ca) and have low protonic conductivity

(Fig. 5), while another, La6WO12 does not require

doping and has higher conductivity [11]. On the

downside, the tungstate’s reactivity with NiO

presents problems for the fabrication of fuel cell

anodes in the conventional way.
P

Mechanism of Transport

The transport of protons occurs, as stated earlier,

by a hopping mechanism. This can be modelled

using large collections of atoms and applying



tel = 1

tpr = 1 tox = 1fuel cell electrolyte

hy
dr

og
en

 tr
an

s.
 m

em
br

an
e oxygen trans. m

em
brane

Perovskite Proton Conductor, Fig. 6 Diagram show-

ing the possible ionic transport numbers for oxide ions,

protons, and electron holes in a HTPC, following the

relation: tox + tH + th ¼ 1. The preferred regimes for

three types of function are shown in the figure
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experimentally determined interatomic poten-

tials. Alternatively, the lattice can be modelled

by quantummechanical techniques, which do not

require interatomic potentials as inputs, but are

computationally more demanding. Simulations

of this type demonstrate that the proton hopping

is facilitated by vibrations of the oxygen ions; this

leads to the counterintuitive conclusion that

longer B-cation oxygen bonds lead to lower

activation energies for transport – in line with

experimental results. Molecular dynamics studies

have followed the path of a single proton in the

lattice of BaCeO3 for a duration of ca. 100 ps,

revealing two kinds of motion: fast rotation and

slower transport from one oxygen to another [12].

Density Functional Theory (DFT) methods

allow the ab initio calculation [13] of the energy

of both molecules and lattices. By minimizing the

energy, the positions of all atoms can be obtained

and the paths of ions can be traced. These

methods have opened a new window onto the

process of proton transport in oxides. For exam-

ple, a recent study has shown that, for SrTiO3,

when a proton is introduced into a lattice already

containing another proton, it experiences an

energy minimum at a short distance from the

original species [14]. In other words, an attractive

force arises that leads to defect pairing, despite

the existing electrostatic repulsion between

the two species. The experimental test of this

prediction and its implications for hydration ther-

modynamics and conduction mechanisms would

be promising areas of research.
Minority Conduction Processes

Considering (Eq. 1), it is apparent that the con-

centrations of oxide ion vacancies and hydroxyls

are in competition and that the concentration of

OHO
• cannot exceed that of the dopant. When

other point defects, namely, electrons (e0) and

holes (hi
•), are allowed, the following

electroneutrality condition is obtained:
2 V
• •

O

h i
þ OH

•

O

h i
þ h

•

i

h i
� e0½ � � M0B½ � ¼ 0

(4)
The conductivities due to each of these defects

are determined by their concentrations multiplied

by their mobilities. As a result of the electron–

hole equilibrium, these defects cannot both be

present in high concentration at the same time.

Therefore, perovskite proton conductors

normally display protonic, oxide ion and one

type of electronic conductivity. For an HTPC in

oxidizing conditions the main defects are VO
••,

OHO
•, and hi

•. The situation can be visualized in

the diagram of Fig. 6, which indicates the

domains favorable for applications in fuel cell

electrolytes and hydrogen transport membranes.

The domain for oxygen transport membranes

(i.e., no proton conduction) is included for the

sake of completeness.

Even though perovskite proton conductors

are selected for their protonic conductivity,

possessing a minority electronic conductivity

component is not necessarily a disadvantage.

Figure 7a shows a plot of the total conductivity

versus the oxygen partial pressure (PO2) on a

logarithmic scale. The curve follows an equation

of the type:
stot ¼ si þ s
�
p � PO

n
2 þ s

�
n � PO

n
2 (5)



Perovskite Proton Conductor, Fig. 7 Two transport

properties for a typical HTPC, plotted versus the logarithm

of oxygen partial pressure (PO2). (a) Total conductivity
(b) Ionic transport number
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Perovskite Proton Conductor, Fig. 8 Schematic

diagram of two types of H2/O2 fuel cells: (a) PCFC

based on high temperature proton conductor (b) SOFC,
based on an oxide ion conductor
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In this equation, si is the ionic conductivity,

assumed to be independent of PO2, while sp� and
sn� are parameters describing the other conduc-

tivity components at aPO2 of 1 atm [15]. InFig. 7b,

the ionic transport number si/stot is plotted on the
same logarithmic scale. In a fuel cell, for example,

an H2/O2 cell, the emf is dependent on the mean

ionic transport number. In Fig. 7b, the mean ionic

transport number is the area ratio of the light

colored block to the whole block. As a result,

partial electronic conductivity limited to the high

and low PO2 regions is not a problem. This is also

observed in practice, where H2/O2 or H2/air cells

based on perovskite proton conductors give open

circuit voltages within a few percent of the theo-

retical values [16].
Future Directions

In the above, we have not specified whether the

ionic conduction was via a protonic or an oxide
ion mechanism – both allow the operation of

a fuel cell. There is, however, a crucial difference

between the two types of cell, illustrated in Fig. 8.

In the proton conducting fuel cell (PCFC), the

water vapor is evolved at the cathode, while in the

solid-oxide fuel cell (SOFC) with oxide ion-

conducting electrolyte, it is evolved at the

anode. For a PCFC, the water vapor can be easily

diluted by an excess of air, which also removes

waste heat. In an SOFC, the fuel is recirculated

to condense the water vapor, leading to a more

complex auxiliary plant.

In the first years of work on perovskite proton

conductors, many researchers, including the

author, assumed that PCFCs would be useful

only in connection with hydrogen fuel cells,

while with hydrocarbon fuels, SOFCs would be

the only choice. However, work by Coors and

coworkers has demonstrated that perovskite

proton conductors with minority oxide ion

conduction can sustain stable currents for long
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periods with dry hydrocarbon fuels [17]. It

appears that such cells work by internal

reforming the hydrocarbon, mediated by oxygen

transport. This is an interesting and promising

area for future research, both applied and

theoretical. Another area of interest is the PCFC

cathode, for which there are unanswered

questions concerning reaction mechanisms, for

example, the role – if any – of oxide ion conduc-

tion in the cathode material. Cathodes for PCFCs

also present material challenges in terms of

transport properties and stability to high partial

pressures of water vapor [18, 19].

The range of transport properties and the

applications are likely to keep the subject of

perovskite proton conductors in the spotlight for

many years to come.
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Introduction

The pH value of a solution is a measure of the

activity of hydronium ions (H3O
+ ⇌ H+ + H2O)

in the solution and as such it is a measure of

the acidity or basicity of that medium. On the

one hand pH stands for power of hydrogen (H);

on the other hand, the term pH is derived from

p, the mathematical symbol of the negative

logarithm. The pH value is often simply

referred to as concentration of hydrogen ions.

Acids and bases are connected with free

hydronium and hydroxyl ions, respectively.

The relationship between hydronium and

hydroxyl ions in a given solution is constant

for a given set of conditions and one can be

determined by knowing the other. The usual

range of pH values encountered is between

0 and 14, with 0 being the value for concentrated

acids, 7 being the value for pure water, and

14 being the value for concentrated lyes. It is

possible to get pH values <0 (e.g., 10 M HCl)

and >14 (e.g., 10 M NaOH). In Fig. 1 examples

of pH values of a selection of substances are

given.

There is a wide variety of applications for pH

measurement. For example, pH measurement

and control is the key to the successful purifica-

tion of drinking water, manufacturing of

sugar, sewage treatment, food processing,

electroplating, the effectiveness and safety of

medicines, cosmetics, etc. Plants require the

soil to be within a certain pH range in order to

grow properly; animals or humans can sicken or

die if their blood pH level is not within the

correct limits.
Important Mathematical Correlations
and Calculations

Definitions:

pH ¼ �lg aH3O
þ (1)

aH3Oþ � � � activity of hydronium ions

pOH ¼ pKw � pH (2)

Kw � � � water ion product (10�14mol2 L�2) at
25 �C

For the calculation of pH values, it must be

distinguished between strong and weak acid

[HA(nion)] and base [C(ation)OH] solutions.

Strong acids and bases are almost completely

dissociated in water. Hydrochloric acid (HCl) is

a good example of a strong acid and sodium

hydroxide (NaOH) of a strong base.

For instance, for a 0.01 M solution of HCl, the

activity of hydronium ions can be taken as 0.01M

and according to Eq. 1 the pH ¼ 2.

For weak acids and bases, the situation is more

complicated. Here, the acid and base dissociation

constants (Ka(b) or pKa(b) values) have to be

considered. For such media there is no complete

dissociation, but its degree is given by the equi-

librium, Eq. 3. In the following, for reasons

of simplification H3O
+ is replaced by H+ and

[i] stands for the activity of a component i:

Ka ¼ Hþ½ � A�½ �
HA½ � (3)

Using the nominal concentration of the acid,

Ca, which is equivalent to the amount of acid that

is initially added to a solution
Ca ¼ HA½ � þ A�½ � (4)

for a strong acid which is completely dissociated

the term [HA] can be neglected:
Ca ¼ A�½ � (5)

In the case of a weak acid, HA is not

completely dissociated, and thus the assumption
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Fig. 1 pH values of

different substances at

25 �C [1]
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[A�] >> [HA] is not valid. Therefore the full

mass balance Eq. 4 must be taken.

If the acid is not very diluted and not

extremely weak, ions from water dissociation

can be neglected; Eq. 6 can be formulated:
Hþ½ � � A�½ � (6)

There are three equations with three

unknowns, ([H+], [A�], and [HA]), which need

to be solved for [H+]. The mass balance equation

allows to solve it for [HA] in terms of [H+].

Rearrangements of above equations lead

to Eqs. 7 and 8 resulting finally in Eq. 9

(with the positive square root) giving the

expression for the H+ activity in weak acidic

solutions:
Ka ¼ Hþ½ �2
Ca � Hþ½ � (7)

Hþ½ �2 þ Ka H
þ½ � � KaCa ¼ 0 (8)

Hþ½ � ¼ �Ka þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
a þ 4KaCa

p
2

(9)

pH calculations in real media require a lot of

knowledge of the composition of these systems

and the ambient conditions (temperature, pres-

sure, additional components, etc.). Unfortu-

nately, this task is solvable only with additional

effort in mathematics, where to a lot of literature

is available, e.g., [2]. In most cases, a simple

arithmetic determination of pH values of com-

plex systems is not possible. For this reason it is

necessary to have practicable measuring methods

at one’s disposal.
pH Measurement

In Fig. 2 the current procedures for pH determi-

nation are shown. As to be seen, electrochemical

methods, which following solely will be reported

in greater detail, dominate.

The measurement is executed potentiome-

trically using several pH and reference elec-

trodes. The relation is based on the idealized

Eq. 10:
E � � �E� � RT=Fð Þln Hþ½ � (10)

E�. . . standard electrochemical cell potential

(voltage)

R . . . gas constant

T . . . temperature in Kelvins

F . . . Faraday constant

Depending on the measurement task, indicator

and reference electrode are chosen. For a long

time, the utilization of hydrogen electrodes is

known as a possibility to measure pH values.

A hydrogen electrode can be made by coating

a platinum electrode with a fresh layer of plati-

num black and passing a flow of hydrogen gas

over it. The platinum-black coating allows the

adsorption of hydrogen species onto the elec-

trode. When dipped into a solution containing

hydronium ions, according to Eq. 11 at

pH2 ¼ 101.3 kPa in the hydrogen electrode

turns up a potential which is proportional to the

H+ activity. Hydrogen electrodes are mainly used

under standard conditions as reference electrodes

(see also subchapters Potentiometry and Refer-

ence electrodes) and in combination with these or

with any other reference electrodes as indicator

electrodes for the pH measurement:
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E ¼ E� þ RT=Fð Þln Hþ½ �
� ðRT=2FÞln pH2 (11)

Due to their ungainliness, today hydrogen

electrodes are only seldom in use, e.g., for the

calibration of precision buffers. New concepts

are focused on the use of miniaturized hydrogen

electrodes with internal hydrogen source and gas-

diffusion electrodes consisting of Pd and Pt to be

applied for food quality control and for measure-

ments in fluoride-containing solutions [3].

In most cases, pH glass electrodes serve as pH

selective half-cell. This kind of electrode was

introduced by Cremer [4] and is shown in princi-

ple in Fig. 3.

Main components are electrode glass, internal

electrolytic solution, and internal reference elec-

trode. Electrode glasses normally have a thickness

of about 0.1–0.2 mm and their composition often

is among the best-kept secrets of the manufac-

turers of the electrodes. However, the main com-

ponents, e.g., SiO2, Li2O, Na2O, or CaO, are

known [5]. In most cases and in correspondence

with the pH meter, the internal solution is a buffer

of pH¼ 7 into which a silver/silver chloride elec-

trode is immersed. A special type of pH glass

electrodes uses homogeneous redox systems
instead of electrodes of second kind as internal

reference. Such electrodes deliver a better

response behavior during temperature changes.

As redox system is to be used for this purpose,

I3
�/3I� has been recommended in [6]. At

cI�
3
=c3I� � 5 	 10�5 the potential between 0 and

70 �C changes by a maximum of 1 mV.

While in the past glass electrodes have been

used only in a limited temperature range, an

extensive development work had been done to

enhance the working temperature range of the

electrodes from �25 to 130 �C. However, there
are no such glass electrodes, which cover the

entire range of temperature. The traditional

glass electrode with an internal liquid reference

system, as all other electrodes of this kind,

exhibits some drawbacks: position dependence

when the electrodes are stored or used, pressure

and temperature dependence, mechanical fragil-

ity, and several limitations concerning the

miniaturization.

For these reasons, it is a goal to develop all-

solid-state electrodes for pH measurement.

A main problem to be solved was to connect the

ionically conducting glass with an electronic con-

ductor. Although the current flow is very low due

to the high resistance of the glass, a reversible

electrochemical reaction should take place at the

phase boundary by transferring cations between

the phases. The possibility to fabricate all-

solid-state glass electrodes is in principle already

mentioned by Kratz [7]. According to the elec-

trochemical requirements, it is not sufficient to

use metals instead of buffer solutions as internal

reference electrodes. So, e.g., it was tried to coat

bright platinum wires with pH-electrode glass. In

the resulting system the electrochemical reaction

was blocked. Improved approaches were carried

out by arranging a silver plate on the inside of

glass membranes, by filling of glass electrode

bodies with mercury or several amalgams or by

solidifying melts of alloys with low melting

points within glass electrode bodies. Due to the

solution of sodium or lithium and cadmium in the

mercury or in the metal layer, the electrode reac-

tions can become reversible. It was also practiced

to use materials having both electronic and ionic
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conductivity as an internal reference system

(interlayer of glass with mixed conductivity,

tungsten bronze as a mixed conducting material,

modified carbon fleeces, sandwich of pH-

sensitive glass, and mixed conducting glass).

It has been shown that the measuring behavior

of such electrodes (a summarizing report is given

in [8]), due to an enhanced reversibility, is much

better than that of electrodes with directly metal-

lized pH glass membranes.

Beside the functional optimization of the

electrodes, also a further development of

manufacturing technology for their production is

a continuous challenge. Corresponding to the new

knowledge about all-solid-state electrodes planar

glass electrodes in thick film technology were
pH Electrodes - Industrial, Medical, and Other Appli-
cations, Fig. 4 Thick film pH glass electrode

pH Electrodes -
Industrial, Medical, and
Other Applications,
Fig. 5 All-solid-state

enamel pH combination

electrode

P

developed, which e.g., are applicable as insertion

electrode in meat or other solid foods (see Fig. 4).

Because of the good correlation of the

coefficients of thermal expansion between

pH-electrode glasses and steel, the last mentioned

substance is a predestinated substrate material for

thick film glass electrodes. This fact also causes

the availability of pH enamel electrodes [9],

which among others were developed for use in

the severe, highly corrosive operating environ-

ments of agitated glassed steel reactors. It can

be placed inside the chemical reactor and with-

stands the rigors of heat, pressure, and dynamic

agitation to provide continuous pHmeasurement.

No protective cage is needed or used. The pH

probe is suited to situations where slurries

are encountered, providing years of service with

minimum maintenance. Typical applications

include agitated reactors, pipelines with

high flow rates, erosive and highly corrosive slur-

ries, limestone recirculation lines, pulp and paper

applications, pharmaceutical production, paint

pigment manufacturing, fermentation, and

neutralization processes. Sometimes, a constant

concentration of one ionic component in the ana-

lyzed medium is given (e.g., Na+). Then a second

Na+-sensitive enamel electrode can be used as

external reference electrode as shown in Fig. 5.

There are a lot of other, partly niche applica-

tions where glass electrodes according to the

national and international standards are not

perfectly suited. Planar technologies open up

opportunities for newmultisensor arrays including

pH electrodes. Depending on the special applica-

tion, besides glass membrane electrodes, also

other types of pH electrodes play a role as separate

probe and as well as a part of multisensor systems.

Especially for medical and biotechnological

applications miniaturized planar pH electrodes

are needed. Here metal/metal oxide electrodes

and electrodes based on ion-selective field effect
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transistors (ISFET) are used. An example for the

first mentioned type is Ru/RuO2-electrodes that

can be fabricated in thin as well as in thick film

technology. They can for instance be used for the
pH Electrodes - Industrial, Medical, and Other Appli-
cations, Fig. 6 ISFET pH probes for measurements in

stomatology (a) and gynecology (b)

pH Electrodes -
Industrial, Medical, and
Other Applications,
Fig. 7 Layout of

a multiparametric silicon

sensor chip including pH

ISFETs [11]

pH Electrodes - Industrial, Medical, and Other Applicat
chloride reference electrode for pH measurements in the gas
simultaneous in vitro measurement of metabolic,

morphologic, and electrophysiologic parameters

of living cells and tissue. pH-ISFET electrodes

for the first time were mentioned by Bergveld

[10]. In Fig. 6 an example for the usage of such

type of electrodes as single probe is given.

Figure 7 shows the layout of a multielectrode

array including ISFETs for the pH determination.

For several applications in pH measurement

older electrode concepts are still in use. For rea-

sons of cost probes for the determination of pH

values in gastroenterology (see Fig. 8) often

consist of antimony electrodes with diameters

<3 mm [12]. Their pH function as an electrode

of the second kind is given by Eq. 12 which is

formulated for a temperature of 25 �C:
ions, Fig. 8 Antimony combination electrode with silver

troenterology
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E ¼ E�ðSbÞ þ
0:059

3
ln KLSbðOHÞ3 þ 0:059	14� 0:059 pH

(12)

The equilibrium of redox reactions where

hydronium ions are taking part is dependent on

the pH value. A favored redox system for pH

measurements is the equilibrium between qui-

none and hydroquinone. The quinhydrone elec-

trode based thereon [13] was the most commonly
pH Electrodes - Industrial, Medical, and Other Appli-
cations, Fig. 9 Scheme of the detector cell: A andD poly

(methyl methacrylate) plates, B copper spacer frame, C
pH-sensitive layer, E hole for FIA fitting, F FIA tube

fittings, G hole through the sensitive material [14]

pH Electrodes - Industrial, Medical, and Other Appli-
cations, Fig. 10 pH electrode to be used under extreme

application conditions. 1 . . . electrode head, 2 . . . thread

P

used device for the electrochemical pH determi-

nation in the laboratory until the introduction of

the glass electrode. Here, the redox voltage is

measured with a conventional reference and

a blank platinum electrode. Due to the rapid and

reproducible establishment of its chain voltage,

this electrode possesses importance for several

applications, e.g., for measurements in fluoride-

containing media. They were advanced in recent

years as pH thick film electrodes, too and among

others, qualified for a usage in flow-throughmode

(see Fig. 9).

For measurements in emulsions, alkaline

solutions, and solutions with only moderate

concentrations of oxidizing or reducing

agents, the well-known quinhydrone electrode

was further developed as solid composite

electrode.

An electrode based on this conception is

also available for flow injection

potentiometry [13].

Independent of the kind of the used pH

electrode, especially under extreme operational

conditions, high demands are placed on the stabil-

ity of the selective membranes, reinforcing mate-

rials and tightness of the electrode housing. In

Fig. 10 in this connection, a pressure and

temperature stable antimony electrode is

shown for the use in geothermal applications or

in water steam circle of power stations. In Fig. 11

a glass electrode for precision measurement in the

deep sea is presented establishing a corresponding

internal pressure in the inner core of the pH

electrode.
M 22� 1.5 mm, 3 . . . stainless steel (or titanium) bushing

(inner diameter: 12 mm), 4 . . . antimony electrode
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Fig. 11 Pressure stable pH

glass electrode in the deep

sea
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Future Directions

Because of the higher-than-average importance

of pH electrodes in measurement technology,

R&D in this field will be necessary also in the

future. Major tasks will be improving selectivity

and reducing cross sensitivities, respectively;

further miniaturization while maintaining elec-

trode performance of common electrodes; expan-

sion of the area of application concerning

pressure and temperature; reducing calibration

efforts in connection with increasing the lifetime;

inexpensive production using new fabrication

methods; and further integration in multisensor

systems.
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Definition

Photocatalysts are materials that induce

photocatalytic reaction under photoirradiation. A

general definition of photocatalysis, a conceptual

name of photocatalytic reactions, is a chemical

reaction induced by photoabsorption of a solid

material, or “photocatalyst,” which remains

unchanged during the reaction. Therefore,

“photocatalyst” should act catalytically, i.e., with-

out change, under light. Although molecules or
metal complexes dissolved in solution or in the

gas phase, not solid materials, can drive such

photoinduced reactions without change during

the reactions, they are called “photosensitizer”

but not “photocatalyst.” photoinduced reactions

are, in principle, initiated by photoabsorption,

i.e., excitation of electrons in a material, followed

by electron transfer from/to a reaction substrate.

The photoexcited electrons can reduce a substrate

adsorbed on the surface of a photocatalyst, and

positive holes, electron deficiencies, can oxidize

an adsorbed substrate, if the electronic levels of

photoexcited electrons and positive holes are

higher and lower than the redox levels of sub-

strates, respectively. This is one of the necessary

conditions for photocatalysis and will be

discussed later.

For photocatalysts, there are several modes of

photoexcitation as shown below.
Band-Gap Excitation

For conventional photocatalysts such as titanium

(IV) oxide (TiO2; titania), band-gap excitation

occurs when irradiated. In a schematic represen-

tation of the electronic structures of semiconduct-

ing (or insulating) materials, a band model, an

electron in an electron-filled valence band (VB)

is excited by photoabsorption to a vacant conduc-

tion band (CB), which is separated by a band gap

(a forbidden band), from the VB, leaving

a positive hole in the VB. An important point is

that photoabsorption and electron-positive hole

generation are inextricably linked; a VB electron

is not excited after photoabsorption. These elec-

trons and positive holes can induce reduction and

oxidation, respectively, of chemical species

adsorbed on the surface of a photocatalyst, unless

they recombine with each other so as not to

induce a redox reaction but to produce heat and/

or photoemission. Such a mechanism accounts

for the photocatalytic reactions of semiconduct-

ing (or insulating) materials absorbing photons

by the bulk of materials.

Since light of energy greater than band gap can

excite electrons in VB to CB, light of wavelength

shorter than that corresponds to the band gap,
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i.e., longer-wavelength limit for photoabsorption

(photoexcitation) is fixed by the band structure of a

photocatalyst. For metal oxides, it has been known

that VB is mainly composed of O2p orbitals and

thereby the position (top) of VB is independent of

the kind of metal, i.e., only the CB (bottom) posi-

tion is changed depending on the kind of metal.

Therefore, in order to narrow the band gap, i.e., to

use light of longer wavelength, metal oxides hav-

ing lower CB level should be used. Considering

the VB top level seems enough low to oxidize

most of organic/inorganic compounds, the band-

gap narrowing for metal oxides leads to disadvan-

tageous lowering of the CB bottom level.
Transition Between an Electronic Level
and a Band

Photocatalysts that can use visible light included in

sunlight and indoor light have been looked for

since the conventional photocatalysts such as tita-

nia can absorb, i.e., be excited only by ultraviolet

light. The strategy to utilize visible light in

photocatalysis can be roughly divided into three

categories. The first one is to use the semiconductor

with a narrow band gap. Metal nitride or sulfides

often have colors and are expected to work as

photocatalysts under visible-light irradiation when

used. However, they tend to be oxidized and pos-

sibly lose their photocatalytic activity. Then, it was

proposed to raise the top of VB of stable metal

oxides to reduce the band-gap energy by doping

various elements as the second strategy. Many

papers have reported the band-gap narrowing by

doping nitrogen, carbon or sulfur, etc., to titania

and the introduction of visible-light responsibility.

Actually, shift of the photoabsorption spectrum to

the longer-wavelength side is observed by doing

a variety of elements. It has been suggested in the

recent studies, however, that the electronic struc-

ture of such doped material was not an expected

one; levels of doped elements are separated from

the VB to form an independent sub-bands.

In recent studies, clusters of ions such as copper

or iron and their oxide were deposited (grafted) to

induce photoexcitation of electrons in VB of base

metal oxide such as titania to the electronic level
of these loaded clusters or electrons in the elec-

tronic level to CB, i.e., interfacial charge transfer.

When the electronic states of the grafted clusters

are located between the CB bottom and the VB top

of titania, the interfacial charge transfer can be

driven under visible-light irradiation, and a new

photoabsorption band appears in a wavelength

region longer than that for band-gap excitation.
Excitation Through Surface-Plasmon
Resonance Absorption

Another example of visible light-driven reaction

through non-band-gap excitation is a photocatalytic

reaction that uses surface-plasmon resonance

(SPR) absorption of small metal particles loaded

on base metal oxides. For example, gold particles

of the size of ten to several ten nanometers,

presenting purplish red color by the SPR absorp-

tion, loaded on titania particles have been used for

photocatalytic reactions under visible-light irradia-

tion at the wavelength of ca. 600 nm. Based on the

results that titania or a related material is necessary

for this visible light-driven reaction and that SPR

absorption cannot induce electronic excitation of

electrons, the mechanism of this kind of reaction

seems complicated and is now under discussion.
Thermodynamics

As thermodynamics says, if DG is negative

(DG < 0 as in the case, e.g., in oxidative decom-

position of organic compounds under aerated con-

ditions) and if DG is positive (DG > 0, as in the

case, e.g., in splitting of water into hydrogen and

oxygen), energy is released and stored, respec-

tively. Therefore, if the standard electrode potential

of the compound to be reduced by electrons is

higher, i.e., more negative (cathodic), than that of

the compound to be oxidized by positive holes,DG
is positive, i.e., the reaction stores energy and vice

versa. A notable point is that both situations, energy

release and storage, are possible in photocatalysis,

while thermal catalyses are limited to only reac-

tions of negative DG, i.e., spontaneous reactions.
The reason why photocatalysts can drive even
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a reaction of positive DG, which does not proceed

spontaneously, is that an overall redox reaction can

proceed, even if its DG is positive, in a system in

which reduction and oxidation steps are spatially or

chemically separated; otherwise, the reaction

between reduction and oxidation products proceeds

to give no net products. Under these conditions,

both partial Gibbs energy change for reactions of

photoexcited electrons with oxidant (DGe) and pos-

itive holes with reductant (DGh) are required to be

negative, i.e., reactions by photoexcited electrons

and positive holes proceed spontaneously by pho-

toexcitation. In other words, for the reaction

through band-gap excitation, the CB bottom and

VB top positions must be higher (more cathodic)

and lower (more anodic) than standard electrode

potentials of an electron acceptor (oxidant) and an

electron donor (reductant), respectively, to make

Gibbs energy change of both half reactions nega-

tive, as has often been pointed out as a necessary

condition for photocatalysis.
P

Photocatalytic Activity

The widely used scientific term “activity” often

appears in papers on photocatalysis as

“photocatalytic activity.” Although the author

does not know who first started using this term

in the field of photocatalysis, researchers in the

field of conventional catalysis were using this

term even before the 1980s, when photocatalysis

studies had begun to be promoted by the famous

work of the so-called Honda–Fujishima effect on

photoelectrochemical decomposition of water

into oxygen and hydrogen using a single-crystal

titania electrode, as mentioned above. Most

authors, including the present author, prefer to

use the term “photocatalytic activity,” but in

almost all cases, the meaning seems to be the

same as that of absolute or relative reaction rate.

A possible reason why the term “photocatalytic

activity” is preferably used is that the term may

make readers think of “photocatalytic reaction

rate” as a property or ability of a photocatalyst,

i.e., photocatalysts have their own activity. On

the other hand, “reaction rate” seems to be con-

trolled by given reaction conditions including
a photocatalyst. In the field of conventional catal-

ysis, “catalytic activity” has been used to show

a property or performance of a catalyst, since an

“active site,” substantial or virtual, on a catalyst

accounts for the catalytic reaction. The estimated

reaction rate per active site can be called

“catalytic activity.” In a similar sense, the term

“turnover frequency,” i.e., number of turnovers

per unit time of reaction, is sometimes used to

show how many times one active site produces a

reaction product(s) within unit time. On the con-

trary, it is clear that there are no active sites, as in

the meaning used for conventional catalysis, in

which rate of catalytic reaction is predominantly

governed by the number or density of active sites,

on a photocatalyst. The term “active site” is

sometimes used for a photocatalytic reaction sys-

tem with dispersed chemical species, e.g., metal

complexes and atomically adsorbed species, on

support materials. However, even in these cases,

a photocatalytic reaction occurs only when the

species absorb light, and therefore, species not

irradiated cannot be active sites. A possible

mechanism of photo induced reaction is that

photoirradiation induces production of stable

“active sites” that work as reaction centers of

conventional catalytic reactions, though this is

different from the common mechanism of

photocatalysis by electron–positive hole pairs.

Anyway, photocatalytic reaction rate

strongly depends on various factors such as the

irradiance of irradiated light that initiates

a photocatalytic reaction. Considering that the

dark (nonirradiated) side of a photocatalyst or

suspension does not work for the photocatalytic

reaction, the use of the term “active site” seems

inappropriate.
Design of Active Photocatalysts

Since an ordinary photocatalysis is induced

by photoexcited electrons and positive holes,

rate of photocatalytic reaction must depend

on photoirradiation irradiance (light flux) and

efficiencies of both photoabsorption and

electron–positive hole utilization. The efficiency

of electron–positive hole utilization is called
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quantum efficiency, i.e., the number (or rate) ratio

of product(s) and absorbed photons, and even if

quantum efficiency is high, the overall rate should

be negligible when the photocatalyst does not

absorb incident light. This is schematically

represented as

Rate mol s�1
�� � ¼ Irradiance mol s�1

�� �
� Photoabsorption efficiency½ �
� Quantum efficiency½ �:

Since all of the parameters in this equation

must be functions of light wavelength, the overall

rate can be estimated by integration of a product

of spectra of photoirradiation, photoabsorption,

and quantum efficiencies. When we discuss

activity of a photocatalyst, it seems reasonable

to evaluate a product of photoabsorption and

quantum efficiencies, i.e., apparent quantum

efficiency. Assuming that quantum efficiency

does not depend on the irradiation (absorption)

irradiance, the actual reaction rate can be

estimated by multiplying with the irradiance. On

the basis of these considerations, enhancement

of photocatalytic activity can be achieved

by increase in both efficiencies. For example,

preparing visible-light absorbing photocatalysts,

as a recent trend in the field of photocatalysis, and

depositing noble metal particles onto the surface

of photocatalysts lead to the improvement of these

efficiencies, respectively. In this sense, the

design of active photocatalysts seems simple and

feasible, but we encounter the problem that both

efficiencies are related to each other, and we do

not know how we can improve the quantum

efficiency since correlations between physical/

structural properties and photocatalytic activity

have only partly been clarified.
Future Perspectives

Since most of researchers in the field of

photocatalysis came from different fields of

chemistry, catalysis chemistry, electrochemistry,

materials chemistry, photochemistry, etc., there

seemed no common concepts shared by them.

It is necessary to understand photocatalysis
appropriately considering thermodynamics and

kinetics of photocatalysis introduced in this

section.
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Introduction

Photochromism is the reversible color changes of

a material, one way or both ways of which are

induced by light irradiation. In relation to elec-

trochemistry, photoinduced charge separation

gives positive and negative charges, and the for-

mer and/or the latter cause redox reactions

accompanied by color changes. There are three

types of electrochemical photochromism (i.e.,

photoelectrochromism). (1) A material absorbs

light and gives rise to charge separation. It

reduces (or oxidizes) itself by separated charges,

resulting in a color change. It is electrochemically

or chemically reoxidized (or re-reduced) (single

material systems). (2) Material A absorbs light

and gives charge separation. It reduces (or oxi-

dizes) material B by separated charges and

http://dx.doi.org/10.1007/978-1-4419-6996-5_503
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changes its color. Reduced (or oxidized) material

B is electrochemically or chemically reoxidized

(or re-reduced) (composite material systems).

(3) Material A absorbs light of wavelength l1
and gives charge separation. It reduces (or

oxidizes) material B by separated charges and

changes its color. Reduced (or oxidized) material

B now absorbs light of wavelength l2 and gives

charge separation. It reoxidizes (or re-reduces)

itself to original material B (composite material

systems with reversible photoinduced processes).

Some examples are described in the following

sections.
Photochromizm and Imaging, Fig. 1 Mechanisms of

some typical photochromic materials. (a) Single material
Single Material Systems

MoO3, WO3, and V2O5 films (amorphous in

many cases) irradiated with UV light changes

their color from colorless to blue [1, 2]. Electrons

in the valence band of the metal oxide are

excited to the conduction band and used for

self-reduction of the film (Fig. 1a). The film

is bleached gradually in dark by reoxidation

in the presence of ambient oxygen. Slightly

reduced MoO3 are colored even by visible

light [3].

system. (b) Composite material system. (c) Composite

material systems with reversible photoinduced processes

P
Composite Material Systems

A semiconductor photocatalyst such as TiO2 or

ZnO (Chapter 309535, 310654) is coupled

with an electrochromic system. As electro-

chromic systems, metal ion/metal oxide systems

(Tl+/Tl2O3, Pb2+/PbO2, Mn2+/MnO2, and

Co2+/CoO2) and metal ion/metal systems

(Ag+/Ag) can be used [4]. In the former system,

metal ions are oxidized to colored metal oxides

by holes generated in the valence band of the

photo-irradiated semiconductor and bleached by

electrochemical reduction of the oxide. In the

latter, metal ions are reduced to colored

metal particles by photoexcited electrons in the

conduction band. A system with Prussian white/

Prussian blue is also used. Prussian white on TiO2

is oxidized to Prussian blue by UV irradiation [5].

Redox reactions of conducting polymers such as
polypyrrole derivatives are also employed [6, 7].

Methylene blue can also be combined with

polyaniline as a photocatalyst, and methylene

blue is photoelectrochemically reduced to a col-

orless form [8]. WO3 can be coupled with TiO2,

as a mixed suspension [9, 10], or a photoelec-

trochromic cell with a TiO2 photoanode and a

WO3 electrochromic cathode [11]. A WO3-TiO2

composite film also works not only in an electro-

lyte [12] but also in air [13]. The blue film colored

by photoelectrochemical reduction under UV

irradiation can be bleached due to reoxidation

by dissolved or ambient oxygen (Fig. 1b). In the

coloration process in air, adsorbed water works

as electrolyte so that a photoanodic reaction at

TiO2 and cathodic reaction atWO3 can take place

separately.
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Composite Material Systems with
Reversible Photoinduced Processes

In this type of photochromic materials, reversed

processes are driven by light of different wave-

lengths. When TiO2 with adsorbed Ag+ ions is

irradiated with UV light in air, electrons in

the TiO2 valence band are excited to the

conduction band, and Ag+ ions are reduced by

the electrons to Ag nanoparticles that exhibit

localized surface plasmon resonance (LSPR)

(Fig. 1c) (Chapter 309533). The deposited Ag

nanoparticles are different in size, so that they

exhibit different colors since the LSPR wave-

length redshifts as the particle size increases.

If the Ag nanoparticle ensemble, which has

absorption over the visible range, is irradiated

with a monochromatic green light, for instance,

particles resonant with green light are selectively

excited and oxidized to Ag+ ions due to

plasmon-induced charge separation (Chapter

309533) [14]. After sufficient irradiation, there

are no Ag particles that absorb green light, and

the sample reflects green light [15]. As a result,

the sample shows green color. Likewise, the

material exhibits blue, red, or white color after

irradiation with light of the corresponding color

[16–18].

The multicolor photochromic material can be

initialized by UV irradiation. A drawn image is

gradually bleached under room light on the

basis of its principle. To retain a drawn image,

the Ag nanoparticles may be protected by an

alkylthiol [19].

The multicolor photochromism can be

extended to near-infrared region by using Ag

nanorods so that invisible images, which are

viewable with infrared cameras, can be

drawn and overlaid with a visible image [20].

Polarization-selective imaging is also possible

with nanorods.
Future Directions

Photochromic materials can be applied to smart

windows and sunglasses. In view of thermal

control, photochromism in the infrared region
would be more important. Additional potential

applications of photochromism are simple and

inexpensive display materials for rewritable

papers and book readers. Further development

of multicolor photochromism would therefore

be of significance. In particular, reproducibility

of colors and drawing time for images would be

important issues. It would also be applied to

nanophotonic devices [21] exhibiting reversible

responses.
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Introduction

The development of a photocatalytic system to

produce useful organic chemicals by reducing

CO2 under sunlight is an increasingly important

research area addressing global warming and

fossil fuel shortages. If CO2 can be reduced by

utilizing water as an electron donor, such

a reaction would mimic photosynthesis in

plants. Development of the water oxidation cata-

lysts and CO2 reduction catalysts are important

to achieve it. There are several methods to

achieve CO2 reduction using catalysts such as

electrocatalysts, photoelectro-catalysts, and

photocatalysts.

Electrocatalytic CO2 reduction can be

conducted by metal catalysts, semiconductor cat-

alysts, and molecular catalysts (metal complexes)

under electrical biases. The electrocatalyst

requires a great electrical potential in order to

achieve a catalytic CO2 reduction, which may

be regarded as activation energy for the reaction.

Potentials for CO2 reduction to various products

are given in Table 1. Single-electron reduction of

CO2 to CO2 radical anion occurs at�1.9 V versus

NHE. The unfavorably high negative potential

for the single-electron reduction of CO2 is caused

by the large reorganization energy between the

linear CO2 molecule and bent-bonded CO2 radi-

cal anion. Therefore, it is difficult to reduce CO2

molecule using an electrical energy only. The

electrocatalysts are able to facilitate proton-

coupled multi-electron reactions which require
lower potentials than those for the single-electron

reactions. The potentials for reduction of CO2 to

various organics show that the potentials required

for reactions are lowered with increasing num-

bers of electrons and protons involved in the

reactions. However, many electrocatalysts

require much higher electrical energy

(overpotential) than the theoretical values. Thus,

developing electrocatalysts which can reduce the

overpotential is necessary.
Advantages and Disadvantages of
Photoelectrochemical Reaction

Photoelectrochemical (PEC) reaction is a similar

to electrochemical reaction in regard to an exper-

imental setup. However, PEC reaction uses semi-

conductor electrodes instead of conductor

electrodes used in electrochemistry (Fig. 1).

Semiconductors (electrodes) possess a band gap

where no electron states can exist and generate

pairs of electrons and holes upon absorption of

light whose photon energy is larger than the band

gap energy. Semiconductors have been used to

convert solar photon energy into electrical energy

by photovoltaic devices. Thus, there have been

attempts to utilize semiconductor electrodes for

PEC CO2 reduction.

Advantage of the PEC reaction is the lower

overpotential required for it than that for the

electrochemical reaction, because photoexcita-

tion of the semiconductor improves energy of

electrons up to a level of conduction band from

valence band in the semiconductor (Fig. 2). Here,

reaction rate and catalytic ability depends on light



Photoelectrochemical CO2 Reduction, Fig. 1 Reaction mechanism of electrochemical reaction (a) and PEC

reaction (b)

Photoelectrochemical CO2 Reduction, Fig. 2 Schematic energy diagram of electrochemical reaction (a) and PEC

reaction (b)
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intensity and quality of semiconductor surface as

a catalyst, respectively. When activity at

a semiconductor surface for a specific reaction

is poor, the corresponding PEC reaction rate is

very slow, irrespective of a level of applied
potential. Therefore, controlling surface chemis-

try of the semiconductor appropriate for each

specific reaction is crucial for high-efficiency

PEC reaction. The same is true of electrochemi-

cal reaction.



Photoelectrochemical
CO2 Reduction,
Fig. 3 Schematic

illustration of the tandem-

type CO2 photo-recycling

cellreactor
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PEC CO2 Reduction

In 1972, Honda and Fujishima reported first PEC

hydrogen production reaction by water-splitting

using Pt electrode (cathode) and TiO2 semicon-

ductor photoanode under ultraviolet light irradi-

ation [1]. On the contrary, the first PEC reduction

of CO2 by InP photocathode was reported by

Halmann in 1978 [2]. Then PEC CO2 reduction

was reported in many papers. However, the effi-

ciency of the PEC CO2 reduction was low even

under irradiation, more intense than sunlight, and

with a high electrical bias. Furthermore,most of the

results suffer from low selectivity of products from

CO2 reduction, because semiconductor electrodes

prefer to produce hydrogen, which is due to the

catalytic nature of surface of semiconductors or co-

catalysts deposited on the semiconductors. There-

fore, majority of PEC reaction reported to date

have been the solar hydrogen production [3–6].

Recently, there appeared reports on successful

PEC CO2 reduction reaction, which consists of

combinations of semiconductor electrodes and

molecular catalysts [7–9].

In 2008, Bocarsly et al. developed a CO2

reduction system consisting of a GaP photocath-

ode and a pyridinium ion dissolved in aqueous

solution [7]. They insist that pyridinium ions
which receive electron from visible-light-excited

GaP acts as a catalyst for successive six-electron

reduction of carbon dioxide to methanol in 0.1 M

acetate buffer under an electrical bias. Reduction

product selectivity ranges from 90 % to 51 %

under an electric bias from �0.3 V to �0.7 V

(vs. SCE).

In 2010, Arai et al. have developed

a photocathode for CO2 reduction in water

which consists of a combination of Ru-complex

catalyst and InP [8]. This system produces formic

acid from CO2 and H2O under visible-light irra-

diation with a selectivity of ca. 62 % with an

electrical bias of �0.6 V (vs. SCE). In this

entry, by isotope tracer analyses using 13CO2

and D2O, it was verified that carbon and proton

sources for formate formation were CO2 and

H2O, respectively.
Future Directions

PEC CO2 reduction technique can reduce electri-

cal bias and overpotential compared to electrical

CO2 reduction. Development of semiconductor

electrodes is very important in this research

area, because PEC catalytic ability depends on

the semiconductor electrodes in regard to
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photoabsorption and energy of photoexcited elec-

trons. Development of co-catalysts such as mol-

ecule catalysts which can control selectivity for

CO2 reduction products is also necessary. The

goal of the PEC reaction is to develop PEC-

based system for selective CO2 reduction that

makes use of water molecules as both proton

and electron sources under solar irradiation like

the photosynthetic process in plant. Recently, it

was reported that a tandem-type CO2 photo-

recycling cell was successfully constructed by

combining the Ru-complex/InP photocathode

for CO2 reduction with a TiO2 photoanode cata-

lyst capable of for water oxidation and that the

system utilized H2O as both an electron donor

and a proton source under simulated sunlight with

no electrical bias (Fig. 3) [10]. Selectivity for

formate formation was about 70 % and solar

conversion efficiency for CO2 reduction to for-

mate was about 0.04 %. This is the first report of

photocatalytic CO2 reduction with high selectiv-

ity utilizing H2O as both an electron donor and

a proton source using sunlight as an only energy

input, where the reaction pathway was

completely proven by isotope tracer analyses.

The future trend toward a significant and useful

PEC CO2 reduction would be the conjugation of

the CO2 reduction and the water oxidation.
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Introduction

Maintenance of the microbiological quality and

safety of water systems is imperative, as their

fecal contamination may exact high risks to

human health and result in significant economic

losses. Disinfection of water and wastewater is

important in the control of waterborne diseases,

as it is the final barrier against human exposure to

pathogenic microorganisms [1]. Waterborne

diseases, which are transmitted through the

ingestion of contaminated water that serves as

the passive carrier of the infectious agent, illus-

trate the importance of effective inactivation of

pathogens contained in water and wastewater [2].

Common disinfectants used in the drinking

and wastewater industries include chlorine,

http://dx.doi.org/10.1007/978-1-4419-6996-5_497
http://dx.doi.org/10.1007/978-1-4419-6996-5_38
http://dx.doi.org/10.1007/978-1-4419-6996-5_38
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chlorine dioxide, ozone and ultraviolet light,

which may act by many different means to kill

organisms or prevent their growth (i.e. destruc-

tion of cellular components and inhibition of

nucleic acid replication) [1, 3].

Over the last decades, there have been inten-

sive efforts toward the development of efficient

technologies for microbial inactivation in various

aqueous matrices. In this perspective, advanced

oxidation processes (AOPs) have been recog-

nized as an emerging group of techniques, dem-

onstrating high disinfection efficiency in aqueous

samples [4]. These methods are based primarily

on the in situ generation of highly reactive inter-

mediate chemical species, like hydroxyl radicals,

offering a simple and effective process for

inactivating pathogenic bacteria and destroying

organic compounds [3, 5, 6]. TiO2 photocatalysis

is an important member of AOPs, and its benefits

regarding water and wastewater disinfection have

been demonstrated with respect to Escherichia
coli, Staphylococcus aureus and Enterococcus

faecalis [2, 7–9]. In most photocatalytic applica-

tions, the catalyst is employed as a slurry of fine

particles in a photochemical reactor, resulting in

certain difficulties such as post-reaction catalyst

recovery and low quantum efficiencies [10, 11].

These problems may be addressed by immobili-

zation of TiO2 on a conducting support and appli-

cation of a potential bias, so as to reduce the

recombination of charge carriers, which is the

main limitation of the process photonic efficiency

[12, 13]. These modifications have led to the

development of photoelectrocatalysis (PEC), in

which a small positive potential is applied to

a TiO2-based thin film in the form of

a photoanode. The constant current density or

bias potential applied to the semiconductor elec-

trode promotes the efficient separation of elec-

tron–hole pairs from electron transfer by an

external circuit and accelerates the production

of photogenerated oxidizing chemical species

on the catalyst surface [14].

According to the literature [15], illumination

of a semiconductor-electrolyte interface with

photons having energy greater than its band gap

energy generates electron–hole pairs at the anode

electrode surface. The simultaneous application
of a bias positive to the flat-band potential pro-

duces a bending of the conduction and valence

bands which, in turn, causes a more effective

separation of the photogenerated carriers within

the space charge layer. In other words, the poten-

tial gradient forces the electrons towards the cath-

ode, thus leaving the photogenerated holes to

react at the anode with H2O and/or OH�to yield

hydroxyl radicals, i.e.:

Anode (working electrode):
TiO2 þ hn ! TiO2 � e�cb þ TiO2 � hþvb (1)

TiO2 � hþvb þ H2Os ! TiO2�•
OHs þ Hþ (2)

TiO2 � hþvb þ OH�s ! TiO2�•
OHs (3)

TiO2 � e�cb þ TiO2 � hþvb ! recombination

(4)

Cathode (counter electrode):
2H2Oþ 2e� ! H2 þ 2OH� (5)

where the subscripts cb and vb denote the con-

duction and valence bands, respectively, h+ and

e�denote the photogenerated holes and electrons,
respectively, and the subscript s refers to species

adsorbed onto the photoanode surface.
Microbial Inactivation During PEC

Given the importance of effective inactivation of

pathogens contained in water and wastewater so

as to control waterborne diseases, PEC seems to

be a promising and efficient tool. Inactivation of

microorganisms is a gradual process that involves

a number of physicochemical and biochemical

processes. The bactericidal function of this tech-

nique can be attributed to the oxidation properties

of photocatalytically generated active oxygen

species (AOS), which cause damage to cellular

membranes and further destruction of bacterial

structures [16]. The most commonly accepted

photocatalytic inactivation mechanism is based

on the attack of ROS to the bacterial cell wall,



P 1540 Photoelectrochemical Disinfection
where the bacteria-catalyst contact takes

place [17]. Furthermore, radiation during PEC is

equally important, as it induces DNA lesions,

damaging nucleic acids and making them func-

tionless. The hydroxyl radical (and other AOS),

directly generated by this process, is the main

cause of DNA destruction, which in turn leads

to cell death. Most studies dealing with UV

irradiation of microbial cells have concluded

that the extremely reactive hydroxyl radical,

for which no defense exists, is able to damage

DNA [18].
Factors Affecting Disinfection During
PEC

The studies refer to PEC as means of disinfection,

highlighting the importance of certain parameters

like type of microorganism, applied voltage, bac-

terial concentration, treatment time, and the

aqueous matrix, which are considered determin-

ing factors of microbial inactivation [14].
Type of Microorganism

Generally, most studies dealing with the evalua-

tion of PEC as a disinfection method have mainly

focused on Escherichia coli inactivation with the
application of conventional culture techniques,

while other pathogens have not been considered

[2, 12, 16, 19]. The importance of the tested

bacterial strain should be underlined when disin-

fection occurs, especially considering that the

bactericidal effect of PEC involves loss of

membrane integrity and peroxidation of its

phospholipids. In this sense, bacteria other than

coliforms with different resistance rates should

be taken into account. Gram-negative bacteria

possess an additional outer membrane containing

two lipid bilayers, which provide them higher

complexity. However, since it is strongly

believed that the attack occurs on the bacteria

outer cell wall, certain attention is paid to the

differences of wall structure. In this sense,

Gram-positive bacteria, which possess a thick

peptidoglycan cell wall, have been reported to
be photocatalytically more resistant than

Gram-negative, and according to the literature,

a higher number of ROS are needed for

their complete inactivation [20]. On the other

hand, several authors have suggested different

inactivation mechanisms, showing that Gram-

negative bacteria are more resistant to the

photocatalytic process, due to their more com-

plex structure given by the additional outer mem-

brane [17]. Apart from bacterial species, certain

considerations should be given to other microor-

ganisms like protozoan parasites and viruses,

whose presence in water and wastewater poses

great risks for public health. Although these

microorganisms have been recognized as highly

resistant during disinfection treatments, they

have been merely reported in studies dealing

with PEC.
Applied Voltage

It is presumed that raising the anodic potential

increases the depth of the space charge region and

suppresses the extent of electron–hole recombi-

nation, thus enhancing photocatalytic rates [21].

The beneficial effect of increasing the applied

potential on PEC bacteria killing has already

been reported in studies dealing mainly with the

inactivation of E. coli [12, 19]. However, it

should been pointed out that increasing the

anodic potential above a certain value will not

result in an increased inactivation rate, depending

on the microorganism tested and the experimen-

tal conditions [21].
Bacterial Concentration

PEC disinfection rate is inversely proportional to

bacterial concentration in water samples. Total

inactivation may be achieved in relatively short

treatment time (i.e. within approximately 15 min)

when bacterial inoculum contains 103 –

105 CFU/mL, depending on the bacterial strain.

At higher concentrations, residual bacterial cells

may reach a plateau, implying a threshold, under

which no further inactivation occurs. It is important
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to note here that the overall effect of initial con-

centration on the disinfection process is highly

dependent on the type of microorganism used.

Gram-positive bacteria require longer treatment

time than Gram-negative with equal cellular den-

sity, while even longer times have been recorded

when dealing with protozoan parasites [22].
P

Aqueous Matrix

Disinfection efficiency of treatment methods

should be performed in real conditions, i.e.

using samples of complex composition that con-

tain multiple bacterial populations. Very few

studies have been performed applying PEC for

the inactivation of microorganisms in wastewater

samples. Generally, treatment of wastewater

samples shows a lower degree of disinfection

compared to water. When processing wastewater

samples, the viability and culturability of bacteria

is affected by the presence of other competitive

microorganisms and the interaction amongst

them. According to Hong et al. [23], samples

containing multiple bacterial populations or

biofilms show great resistance against conven-

tional disinfection methods, requiring long treat-

ment time or more stressed conditions [23].

Although PEC is capable of inactivating bacteria

to a certain extent in real wastewater, the residual

cells do not indicate a sample free of microbial

indicators and, therefore, safe for public

health. In addition, another parameter under

consideration is the particulate matter present in

wastewater, which aids in the resistance of

microorganisms to disinfection, as it may inter-

fere by physically shielding bacterial cells and

protecting the integrity of the contained DNA.

Furthermore, part of the photogenerated AOS

may be wasted to attack the organic carbon of

the wastewater (about 8 mg/L, which typically

consists of highly resistant humic-type

compounds and biomass-associated products)

and/or scavenged by bicarbonates, sulfates and

chlorides, rather than inactivate pathogens. This

could be overcome by increasing AOS

concentration through raising the applied

potential [21].
Future Directions

PEC has been acknowledged as an emerging

disinfection technique, as it shows satisfactory

inactivation rates of microorganisms. However,

challenges still remain for further improvement,

considering the extended microbial variety and

the different response of each microorganism

during PEC treatment. Up to now, most studies

have dealt with the common fecal indicator

Escherichia coli, while other microbes/pathogens

have been merely mentioned. Future directions

regarding photoelectrocatalytic disinfection

are referred to thorough study of multiple

microorganisms, including protozoan parasites

and viruses and determination of the disinfection

mechanism which occurs during water and

wastewater treatment. According to the results

obtained, PEC has the potential to be applied for

effective microbial inactivation in aqueous

matrices, with the view of protecting public

health.
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Historical Overview

In the late 1960s, one of the present authors (AF)

began to investigate the photoelectrolysis of

water, using a single crystal TiO2 electrode.

Then, the first report on the efficient production

of hydrogen from water by TiO2 photocatalysis

was published in Nature in 1972, at the time of

the “oil crisis” [1]. Thus, TiO2 photocatalysis

drew the attention of many people as one of the

promising methods to obtain this new energy

source. However, even though the reaction effi-

ciency is very high, TiO2 can absorb only the UV

light contained in solar light, which is only about

3 %. Therefore, from the viewpoint of hydrogen
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production technology, TiO2 photocatalysis is

not very attractive. Instead, research shifted in

the 1980s to the utilization of the strong

photoproduced oxidation power of TiO2 for the

decomposition of various contaminants in both

water and air. In this case, the holes (h+) gener-

ated in TiO2 were highly oxidizing, and most

contaminants were essentially oxidized

completely. In addition, various forms of active

oxygen, such as O2
•�, •OH, HO2

•, and O•, pro-

duced by the following processes, may be respon-

sible for the decomposition reactions:
Photoelectrochemical Disinfection of Air (TiO2),
Fig.1 Schematic illustration of applications of

photocatalysis

P

e� þ O2 ! O2
•�ðadÞ

O2
� adð Þ þ Hþ ! HO2

•
adð Þ

hþ þ H2O ! •
OH adð Þ þ Hþ

hþ þ O2
•� adð Þ ! 2O

•
adð Þ

For the purpose of easy handling of

photocatalysts, the immobilization of TiO2 pow-

ders on supports was carried out in the late 1980s.

Then, the novel concept of light cleaning mate-

rials coated with a TiO2 film photocatalyst under

UV light was investigated. In 1997, the marked

change in water wettability of the TiO2 surface

before and after UV light irradiation was also

reported in Nature as a novel phenomenon of

TiO2 photocatalysis [2]. With the discovery of

this phenomenon, the application range of TiO2

coatings has been largely widened, as mentioned

in Fig. 1 and in the literature [3–5].

Figure 2 shows the market transition of indus-

tries related to photocatalysis, based on a survey

by the Photocatalysis Industry Association of

Japan. This data represents the sales volume for

companies that are members of the

Photocatalysis Industry Association of Japan.

The sales volume greatly increased during the

past decade, especially for the “cleanup” appli-

cation involved in photocatalytic water and/or air

purifiers. This trend indicates the increasing

number of people who are interested in environ-

mental issues such as food poisoning and sick

house syndrome. Moreover, the swine influenza
outbreak of 2009 raised serious fears of a global

pandemic, suddenly increasing the sales volume

of photocatalytic air purifiers. Therefore,

photoelectrochemical disinfection of air is

currently one of the most important applications

of TiO2 photocatalysis.
Mechanism of Photocatalytic
Disinfection

Sunada et al. studied the photocatalytic disinfec-

tion process of Escherichia coli on TiO2 film [6].

A typical experiment involves placing an E. coli

suspension containing 
2 � 105 colony forming

units (CFU)/ml on an illuminated TiO2-coated

glass plate (1.0 mW cm�2 UV light). Under

these conditions, there were no surviving cells

after only 90 min of illumination. In contrast, no

obvious changes in survival were observed when

the TiO2-coated glass plate was stored in the dark

or when a glass plate was used as the substrate

under UV illumination. Figure 3 shows AFM

photographs of E. coli cells on a TiO2-coated

glass plate after different UV illumination times

(Fig. 3a–c), along with a schematic illustration of

the process (Fig. 3d–f). After illumination for 1

day, the outermost layer clearly seen in Fig. 3a

disappeared (Fig. 3b). After illumination for

6 days, the cylindrical shape of the cells

disappeared completely (Fig. 3c), suggesting the
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complete decomposition of dead cells. Taken

together, they concluded that the photokilling of

bacteria on the illuminated TiO2 surface could

occur by a two-step reaction mechanism

(Fig. 3d–f): (1) the disordering of the outer mem-

brane of cells on the illuminated TiO2 surface and

(2) disordering of the inner membrane (the cyto-

plasmic membrane) and killing of the cell. In the

first stage, the outer cell membranes were

decomposed partially by the reactive species

(∙OH, H2O2, O2
∙�) produced by the TiO2

photocatalyst (Fig. 3e). During this stage, cell

viability was not lost very efficiently. However,

the permeability of reactive species will be

increased. Consequently, reactive species easily

reach and attack the inner membrane (Fig. 3f).

The structural and functional disordering of the

cytoplasmic membrane due to lipid peroxidation

led to the loss of cell viability and to cell death.

If the illumination continued for a sufficiently

long time, the dead cells were found to be

decomposed completely (Fig. 3c). Moreover,

Kikuchi et al. reported that the E. coli could be

killed even when the cells were separated

from the TiO2 surface by a 50 mm PTFE spacer

under similar experimental conditions [7]. This

result indicates that photocatalytic disinfection of
bacteria can occur remotely. This results in

important applications in the disinfection of air

with TiO2 photocatalysis and suggests that

a combination of TiO2 photocatalysts with

antibacterial reagents that can permeate the

outer membrane could show a far superior

photokilling activity.
Future Directions

There are many approaches for solving the above

mentioned problems. For the first problem, we

have fabricated the easy-to-handle photocatalytic

filter material, TiO2 nanoparticles impregnated

on titanium mesh (TMiPTM), by collaboration

with involved companies [8]. Figure 4 shows

the overview and the SEM image of TMiP. The

Ti mesh, obtained by controlled chemical etching

of titanium foil of 0.2 mm thickness, was anod-

ized in an acid solution. Then the Ti mesh was

heated to make a TiO2 layer on the surface.

Heated Ti mesh was dip-coated with TiO2 ana-

tase sol and was then heated again to sinter TiO2

nanoparticles onto the anodized Ti mesh surface.

Because of its highly ordered three-dimensional

structure with modified TiO2 nanoparticles,
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TMiP provides excellent air pass through while

maintaining a high level of surface contact.

In addition, TMiP is flexible and lightweight

enough to design various air purification units

with UV sources [9–11]. For solving the second

problem, The Project to Create Photocatalyst

Industry for Recycling-oriented Society (NEDO

project) was conducted from 2007 to 2012 with

an investment of ¥5.1 billion. This has given

particular impetus to the research and develop-

ment of highly sensitive visible light-responsive

photocatalysts. The project team found that the

visible light activity of a WO3 photocatalyst

with co-catalysts such as Pt, Pd, WC, CuO,

or Cu(II) clusters was drastically enhanced

via the efficient oxygen reduction process

[12, 13] – in particular, Cu-modified WO3-based

photocatalyst, with a visible light reactivity

10 times higher than that of existing products

made from N-doped TiO2. This project is

expected to lead to the development of

photocatalyst effects of a magnitude sufficient

for deodorization, VOC elimination, and sterili-

zation and antibacterial scenarios for interior

applications. Lastly, to eliminate “phony

products,” the standardization process in the

photocatalyst industry is proceeding by the

Japanese Industrial Standards Committee. At

the same time, ISO standardization is also being

introduced. Furthermore, the New Energy and

Industrial Technology Development Organiza-

tion (NEDO) has taken the lead in promoting

standardization of performance evaluation

methods for visible light-responsive photo-

catalysts since 2007. In addition, the

Photocatalysis Industry Association of Japan is

formulating standards for photocatalyst products

tested by the standardized methods.

In conclusion, we can expect a large number

of applications in the photoelectrochemical dis-

infection of air by using TiO2 photocatalysts

because of the expansion to new fields of research

and development. In particular, we feel that

achieving a healthy and comfortable living

environment is becoming an important issue,

and TiO2 photocatalysis can fulfill an important

role in the disinfection of air.
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Introduction

Advanced Oxidation Processes (AOPs) are char-

acterized by the generation and use of the •OH

radical species for treating wastewaters, and

among the different AOPs, the Fenton reaction

is probably the most popular approach. The

Fenton reaction was discovered in 1894 by H. J.

Fenton, who reported that low concentrations of

iron ions in H2O2 aqueous solutions could effec-

tively promote the oxidation of tartaric acid.

Later, in 1934, Haber & Weiss suggested that

the ferrous ion was actually promoting the

decomposition of H2O2 and thus the formation

of the •OH radical species, whose presence was,

in fact, the reason for the observed oxidation

power of the Fenton mixture [1, 2].

The •OH radical species has many advantages

over other common chemicals for the elimination

of a wide variety of pollutants in water effluents.

As can be seen in Table 1, its oxidation potential

is very high (2.8 V), larger than ozone (2.42 V)
and than H2O2 (1.78 V) itself. The oxidation

kinetics of the .OH radical species is also large,

and, due to its inherent reactivity and molecular

size, it is conveniently nondiscriminating for

treating complex mixtures of organic pollutants

in water. In addition, the oxidation by-products

are hydroxylated compounds which, as opposed

to the toxic by-products that may result from

halogen-based oxidation processes, make these

water treatment technologies environmentally

friendly [3, 4].

The Fenton Process

The Fenton process involves the reaction of fer-

rous ions with hydrogen peroxide molecules in

aqueous solution to generate a series of oxidizing

species of which the hydroxyl radical is the most

powerful and reactive. In this way, it is widely

accepted that the •OH species is formed as

described by Eq. 1 [5–8]:
Fe2þ þ H2O2 ! Fe3þ þ OH� þ •OH

k1 ¼ 70 M�1s�1
(1)

However, different studies have also

suggested the presence of other oxidizing species

that result from the coupled reactions 2–6 [8, 9]:
Fe3þ þ H2O2 ! Fe� OOH2þ þ Hþ

k2 ¼ 0:001� 0:01 M�1s�1
(2)

Fe� OOH2þ þ Hþ ! HO2
: þ Fe2þ

þ Hþ (3)

•OH þ H2O2 ! HO2
: þ H2O (4)

Fe2þ þ HO2
: þ Hþ ! Fe3þ þ H2O2 (5)

Fe3þ þ HO2
: ! Fe2þ þ O2 þ Hþ (6)

The Fenton process is therefore an attractive

approach to treat a wide variety of contaminated

effluents, in particular those that require fast

kinetics, contain persistent pollutants, or impose

limitations in terms of space requirements.



Photoelectrochemical Processes, Electro-Fenton
Approach for the Treatment of Contaminated
Water, Table 1 Oxidation potential of some chemicals

commonly used in water treatment processes

Oxidant Oxidation potential (V vs NHE)

Fluoride 3.0

•OH radical 2.8

Atomic oxygen 2.42

Ozone 2.42

Hydrogen peroxide 1.78

Permanganate 1.68

Chlorine dioxide 1.57

Hypochlorous acid 1.45

Chlorine 1.36

Bromine 1.09

Iodine 0.54
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The Fenton mixture, however, has rarely been

taken to industrial scale due to some inherent

problems that result in its nonpractical applica-

tion. Since the Fenton mixture requires a fixed

concentration of H2O2, it is necessary to con-

stantly dilute and control the amount of

peroxide that needs to be fed into the reactor.

The commercial H2O2 solutions needed for this

process are expensive and require careful han-

dling due to their reactive nature. The ferrous

ions, on the other hand, need to be removed

from the treated effluent, adding an additional

operation that carries an associated cost. In

order to solve these problems, some variations

on the classical Fenton approach have been

explored.

The Electro-Fenton Approach

Among these variations, the Electro-Fenton

approach has recently gained much attention

due to its potential advantages. As its name sug-

gests, the Electro-Fenton approach is an electro-

chemical methodology in which one or more of

the reagents needed for the Fenton mixture is

formed through electrochemical reactions. The

main advantage consists in the possibility to con-

trol their generation using electrical variables,

i.e., current and potential, which are easily

implemented and controlled [10, 11].

There are two main types of Electro-Fenton

processes [1, 12]:
• Cathodic Electro-Fenton process

• Anodic Electro-Fenton process.

The main difference between these two meth-

odologies is related to the way in which the iron

ions are incorporated into the system. While in

the cathodic Electro-Fenton process an Fe2+ or

Fe3+ electrolyte is added to the reaction mixture,

in the anodic Electro-Fenton system, an iron

anode is employed as the source of the ferrous

ions. In both processes, however, there is

a continuous production of H2O2 which is formed

from the electrochemical reduction of dissolved

oxygen at the cathode surface as described by

Eq. 7 [2, 12]:

O2ðgÞ þ 2Hþ þ 2e� ! H2O2 (7)

As it was previously mentioned, the electro-

generated H2O2 reacts with the ferrous ions to

produce the radical species •OH. As described

in Eq. 8, at the cathode surface, the reduction of

ferric ions to their active ferrous form also takes

place:
Fe3þ þ e� ! Fe2þ (8)

In this way, the Fe2+ species becomes avail-

able for further reaction with more electro-

generated H2O2, thus sustaining the •OH electro-

chemical generation process.

In an anodic Electro-Fenton process, an iron

anode is employed to electrochemically generate

the Fe2+ ions, as described by Eq. 9:
Fe0 ! Fe2þ þ 2e� (9)

In Fig. 1, a simplified scheme of the reactions

that take place in an Electro-Fenton cell is

presented.

As can be inferred by inspection of Fig. 1, the

electrochemical generation of the Fenton mixture

depends on a series of variables that must be

properly defined and controlled. Among these,

the saturation of oxygen must be maintained;

the value of applied current, the conductivity of

the solution, the pH, the material of the
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electrodes, and the proper mixing of the electro-

generated reagents that must react with the

pollutant species after being prepared are all of

paramount importance.
P

Future Directions

As has been discussed in this brief presentation,

the Electro-Fenton approach is characterized by

a high potential for its practical application in

water treatment processes. However, there still

are a series of problems that must be dealt with

before these systems can become widely used

technologies in the field of water treatment.

Among these, there is the need to properly under-

stand and develop heterogeneous processes in

which the iron is supported in the reactor so that

the subsequent separation process can be avoided

[13–16]. In this regard, it is also important to

study and optimize the use of the Fenton mixture

employing other transition metals which, as some

reports suggest, may be more efficient than iron

itself [17–19]. On the other hand, it is important

to explore and incorporate the use of electromag-

netic radiation in photo-assisted processes (in

particular, the use of solar radiation, which

would be a relatively cheap energy input to assist

in the treatment process). It is well known that

light-activated processes foster the regeneration

of the Fe2+ species from its oxidized form and

that the use of semiconductor anodes can trigger

the electrochemical formation of •OH radicals by

hole injection at the anode surface. In this regard,
it is also important to point out that there are

intensive research efforts preparing and studying

semiconductor-doped materials for photo-

assisted Electro-Fenton processes (thus defining

another potentially important area of technology

development called the Photo-Electro-Fenton

approach) [20–22]. Depending on the specific

nature of the technology to be developed for

specific applications, it is also important to

study the combination of the Fenton-based pro-

cesses with traditional technologies such as bio-

logical and physicochemical reactors in order to

fully optimize and take advantage of the full

potential of the Fenton mixture [23].
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Introduction

Light can influence an electrochemical system in

variant ways. The basis for the photoeffect is

photoexcitation either of a molecule located in

the electrolyte phase or of the electrode material

itself. The former constitutes the basis of either
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a photogalvanic cell or a dye-sensitized solar cell
as discussed later. In the latter case of electrode

photoexcitation a metal electrode can absorb

the incident light and if the energy exceeds its

work function threshold, can cause photoemis-

sion of electrons from the metal into the

electrolyte phase where they become solvated

and thus stabilized. On the other hand, if the

electrode material is a semiconductor, photons

can be absorbed in a quantized fashion if their

incident energy is equal to or greater than the

semiconductor band-gap energy. In these cases

we have photoelectrochemical cells. Yet another

situation may be distinguished where colloidal

nanoparticles of an inorganic semiconductor are

suspended in solutions and irradiated with

photons to drivephotocatalytic processes of

interest. Finally a hybrid approach involves

using a nanocrystalline semiconductor film as

an electrode in a photoelectrocatalytic cell.

The field of photoelectrochemistry encompasses

all of the above variant scenarios, each one of

which is examined in turn next. Photosplitting

(photoelectrolysis) and photocatalytic systems

are also discussed in what follows. The impetus

for studies of these systems has been both

fundamental (for example, to test electron

transfer theories) and applied, with the

applications largely directed toward solar energy

conversion (specifically storage) and environ-

mental remediation [1].
Approaches

Photogalvanic Cells

A homogeneous redox component, i.e., one that

is dissolved in an electrolyte phase can be photo-

chemically excited to yield excited state species

that can undergo redox reactions. The prototypi-

cal molecule here is the metal complex, [Ru

(bpy)3]
2+ where bpy ¼2,20-bipyridine ligand.

Thus the excited state of this molecule is a fairly

powerful reductant:
½RuðbpyÞ32þ�
	 þ Fe3þ ! Fe2þ þ RuðbpyÞ33þ
The back reaction constitutes the back-

reaction regenerating the original reactants:
Fe2þ þ RuðbpyÞ33þ ! RuðbpyÞ32þ þ Fe3þ

Thus the light energy simply is thermalized.

However the kinetics of this reaction can be made

slower (e.g., by manipulating local microenvi-

ronments) such that appreciable concentrations

of the photoreaction products can be accumu-

lated. By immersing electrodes into the solution

one can force a Faradaic (photo)current to flow in

response to the second step above with each

electrode being made selective to one of the

half-reactions. Since the original excitation

energy can be harnessed (at least partially),

these devices called photogalvanic cells, are rel-

evant to applications related to solar energy con-

version [2–4].

Much of the interest that was centered on

these devices in the early 1970s have since

largely subsided because of practical difficulties

in designing electrode interfaces that are selec-

tive and have fast kinetics for the desired half-

reaction.

Dye-sensitized Solar Cells (DSSCs)

These are conceptually very similar to the

photogalvanic devices in that the initial photoex-

citation occurs on a dye molecule that is either

anchored or strongly adsorbed on an oxide semi-

conductor support (nominally TiO2). Again using

[Ru(bpy)3]
2+ as an example, the photoexcited

species, [Ru(bpy)3
2+], inject a photoelectron

into (acceptor) states in the oxide support thus

getting oxidized. Regeneration of the oxidized

state of the dye (using a redox shuttle such as

iodide/polyiodide) accompanied by redox

conversion of the resultant species at the

countereelctrode completes the electrical circuit

and results in a photocurrent flow in the external

circuit of the cell. The result is light energy !
electricity conversion in the device.

The breakthrough in the DSSC technology

occurred in 1990 when strategies were developed

(using corresponding developments in nanotech-

nology) to prepare mesoporous TiO2 films so
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that appreciable amounts of dye could be seques-

tered on the oxide support phase thus enhancing

the incident photon-to-electron conversion

efficiency (IPCE) and the photocurrent yields

[5–7]. These developments in turn had a marked

influence on the health and viability of the field of

photoelectrochemistry itself [8], and DSSCs

continue to be an intensely studied research topic.

Recent developments in DSSC have turned

toward adapting these devices to incorporate

a solar energy storage component. Replacement

of the liquid electrolyte with a solid electrolyte or
a gel has also been an important area of research

activity as are efforts directed to improving

the long- term (several years!) stability of the

DSSC components.

Photoelectrochemicalcells

Consider a metal working electrode first. The

ejected electrons from a metal electrode surface

will travel a few A into the electrolyte phase and

then become solvated. These solvated species

display interesting chemistry and electrochemis-

try if suitable electron scavengers are available to

interact with them. The resultant free radical

species can be probed spectroscopically in these

photoelectrochemical or spectrophotoelectro-
chemical experiments. The irradiation can be

either continuous or pulsed and with the advent

of powerful laser sources a whole slew of exper-

imental strategies open up [9, 10]. Of course with

continuous irradiation the spectroscopic probe

will have to be orthogonally placed to avoid

interference with the incoming radiation [11].

On the other hand, solid-state physics

principles teach that semiconductors are

characterized by filled and empty states that are

more appropriately termed as bands, specifically

valence and conduction bands (VB and CB)

respectively [12]. These are the solid states

analogues of the corresponding energy levels in

molecules called highest occupied molecular

orbital (HOMO) and lowest unoccupied molecu-

lar orbital (LUMO) respectively; i.e., the Eg

becomes the solid- state analog of the molecular

HOMO-LUMO energy gap. While in ametal, the

bands are half- filled (giving rise to its electrical

conductivity when an electric field is applied), the
VB and CB in a semiconductor are separated by

an energy gap (Eg) that may range from 
0.1 eV

to 
3.5 eV. In an insulator this gap is usually

much larger. Now when photons are incident

such that their energy, hu > Eg, electron–hole

pairs are excited in the semiconductor, and in

the presence of a built-in field at the interface

(discussed in detail in other chapters in this

encyclopedia), the excitons are dissociated into

electrons and holes. Depending on whether the

semiconductor is n- type or p-type, the minority

carriers (holes for n-type, electrons for p-type)

are driven to the semiconductor/electrolyte inter-

face. Thus photooxidation andphotoreduction

reactions occur respectively between these car-

riers and redox species in the electrolyte phase.

Thus semiconductor working electrode mate-

rials and their interfaces with electrolytes form

the basis for a very important class of photoelec-

trochemical cells [12]. In principle both organic

and inorganic semiconductor materials may be

utilized although we shall mainly focus on inor-

ganic semiconductors for our present discussion.

If either an n-type photoanode or a p-type

photocathode is used in conjunction with

a metal counterelectrode and a reversible redox

electrolyte (e.g., Fe(CN)63�/4�), we have the

basis for a regenerative photoelectrochemical

cell. Alternately both an n-type and a p-type

semiconductor may be used in tandem in a twin-

photoelectrode geometry for the cell, much like

what plants do in photosynthesis (For example

[13]). Note that in these case there is no net
chemistry occurring in the electrolyte phase in

response tophotoexcitation, i.e., what is

photooxized (or photoreduced) at one terminal

is re-reduced (or re-oxidized) back at the other.

The result is conversion or transduction of photon

energy to electrical energy.

One can well argue that there is no real

advantage to be accrued from the use of such an

energy conversion device relative to a solid-state
photovoltaic device that is much more robust and

simpler to implement. Who would want to put

a (potentially toxic) liquid on a roof top, even in

a sealed device with attendant risk of leakage?!

Indeed aside from furnishing important

fundamental insights into charge transfer at
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semiconductor-electrolyte interfaces, liquid
junction regenerative solar cells have drawn little

practical interest. Much more important

(from a solar energy storage perspective) are the

so-called photoelectrolytic cells; these are

discussed next.

Photoelectrolytic Cells

Consider an n-type (oxide) semiconductor in con-

tact with a liquid electrolyte for specificity. If

a reversible redox system is not present, then

the photogenerated holes will attack the electro-

lyte species (or the solid lattice) instead. In an

aqueous electrolyte adsorbed water molecules or

hydroxide ions are always present. Photooxida-

tion of these species will generate dioxygen if the

energetics at the interface are satisfied [14]. At

the counterelectrode the electrons will reduce

protons in the electrolyte, assuming again that

the interfacial energetics are optimal. The net

result is the photosplitting of water into dioxygen

and hydrogen in a photoelectrolytic cell. Note

that unlike in the liquid-junction regenerative

cell discussed above, there is next chemical

change in the electrolyte phase.

As can be imagined, the implications in terms

of solar energy storage are tremendously

important and it is no wonder that the original

paper on this topic [15] continues to be one of the

most widely cited in the chemical literature. It is

worth pointing out that in the original work a pH

gradient was imposed in the electrochemical cell

to serve as an additional “bias” to the insufficient

energy of the conduction band electrons in rutile

to photoreduce protons.

It is somewhat sobering that three decades

have elapsed since the original study on the

feasibility of solar water splitting and we are no

closer to a satisfactory solution to this challenge

[8] that has been aptly termed as the “Holy Grail”

[16]. Issues such as process efficiency,

photoelectrode stability, and potential materials

cost continue to dog efforts aimed at overcoming

this challenge. A detailed discussion of these

issues is prohibited by space constraints here;

instead, the reader is referred to review articles

on this topic [14, 17]. Intense effort also has gone

into the design and development of schemes that
require no external bias voltage (over and above

what is generated by the light) to sustain the water

splitting process. That is, the entire process is

then spontaneous under photoexcitation of the

semiconductor and a photocurrent continues to

flow as long as the light is on. Obviously this

entails an (open-circuit) photovoltage in excess

of 
1.5 V (assuming operation at ambient

temperature) to be generated in the system with

no deleterious consequences in terms of electrode

corrosion etc.!

Figure 1 provides a schematic illustration of

the three types of devices, namely, regenerative,

photoelectrolytic and DSSC.

Photocatalysis

An entirely related field of research, underpinned

by very similar photophysics principles as those

detailed above for photoelectrochemical cells,

evolved around the same time as the first demon-

stration of solar water splitting using TiO2 [18].

This involved the possibility of utilizing the (very

energetic) holes available in a low-lying valence

band in TiO2 to photoxidize (organic) pollutants

confined in the electrolyte phase [1, 19]. In this

instance, unlike with the water photosplitting

reaction above, the photooxidation of organics

in thermodynamically downhill (negative free

energy change) such that the terminology:

photocatalysis is entirely appropriate. That is,

light merely serves to speed up a sluggish elec-

trochemical process in the dark [20]. By contrast

the photogeneration of H2 and O2 from water

represents a photoelectrosynthetic process.

This field of activity has enjoyed exponential

growth since the 1970s spurred by environmental

remediation applications and many semiconduc-

tors beyond TiO2 have been examined as well

as an astounding range of solution substrates

[1, 19, 21]. It is worth noting that unlike advanced

oxidation processes (AOPs) for combating envi-

ronmental pollution, the semiconductor-based

heterogeneous photocatalysis approach is com-

patible with both oxidizable and reducible

solution species or even a combination of both

[22]. For example AOPs clearly cannot be used to

treat a waste stream consisting of phenols and

toxic metal ions (e.g., Cd2+, Hg2+) unlike
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a remediation scheme based on the use of TiO2 or

another semiconductor. This is simply because

both photogenerated holes and electrons can be

utilized to oxidize and reduce the target pollutant

respectively in the latter case. Incidentally many

mechanism-oriented studies have been directed

at the questions surrounding what the interfacial

reactions involve: for example, direct oxidation

by photogenerated holes or one mediated by

hydroxyl radicals (or other reactive oxygen

species, ROS), role of semiconductor surface

states or traps etc. [19].

Finally the heterogeneous photocatalysis

technique has been extended in scope to include

the treatment of contaminated air and gas-phase

pollutants. Photocatalyst suspensions, while they

offer several advantages associated with huge

surface area and consequently large reaction

cross- sections, simplicity of reactor etc., are

also limited in that a bias potential cannot be

applied to further accelerate the photoprocess.

Further, photocatalyst recovery after use is
complicated. In contrast the use of nanocrystal-

line photocatalyst films affords effective

solutions to both these issues in aphotoelectro-

catalysis cell geometry [21].

Note that the slurry-based approach can be

used for water photosplitting purposes as well

and has been a popular configuration by many

researchers in Japan and elsewhere. In this

scenario there is a crucial factor in a suspension-

based vis-a-vis an electrode-based photoelec-

trolytic cell geometry that is worthy of attention.

In the former a potential explosive mixture of H2

and O2 are photoegenrated in close proximity.

Back-reactions involving the photoproducts

(leading to a photostationary state) are also an

issue in the former case. More simply one of the

half-reactions (say the oxygen evolution reaction

or OEC) is substituted with a (sacrificial) redox

half-reaction such that the net reaction is

thermodynamically down-hill and the reaction

now becomes photocatalytic rather thanphoto-

synthetic [20].
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Active Material Aspects

Early in the evolution of the field of photoelec-

trochemistry, the semiconductors were mostly

used in single crystal form. While this configura-

tion furnished a rich library of fundamental data

in the 1970s and 1980s on the nature of semicon-

ductor/electrolyte interfaces in the dark and

under illumination, the use of single crystals is

not compatible with practical deployment of

photoelectrochemical devices. This then paved

the way to the use of semiconductor thin films

(usually polycrystalline but sometimes even

amorphous) supported on metals or transparent

conducting glass. More recently, the advent of

nanotechnology has opened the door to the use

of nanocrystalline semiconductor films.

Currently considerable attention is focused on

the photoelectrochemical behavior of inorganic

semiconductors in the form of quantum (or Q)

dots, either directly in suspended form in solution

or in thin film form [22]. Their unique optical and

electronic properties considerably expand the

scope of photoelectrochemical devices that use

Q- dots as the active material. The other aspect of

the search for new families of semiconductor

materials for photoelectrochemical applications

has been to focus on compounds that contain

earth-abundant and non-toxic elements such as

Cu, Fe, W, Ti etc. instead of precious and toxic

elements such as Ga, In, Se, Cd etc. This in turn

has the added bonus of potentially lowering the

cost associated with the ultimate device. In solar

conversion devices, the active materials compo-

nent(s) (i.e., semiconductors) constitute a healthy

fraction of the overall device cost [23].
Further Application Possibilities

We close this discussion with the note that water

splitting is not the only reaction of interest in

solar energy conversion and environmental reme-

diation. Splitting of CO2 (to a fuel product such as

methanol or methane) constitutes a value-added

approach to combating the accumulation of this

greenhouse gas molecule [24]. However the

kinetic bottlenecks to CO2 splitting pose steep
technical challenges in coming up with solutions

that are being actively pursued in laboraties

worldwide. Combining this value-added

approach with the use of semiconductors such

as CuO and Cu2O are attractive from

a translational perspective [25, 26]. Photoassisted

water splitting to generate hydrogen from p-type

semiconductors such as Cu2O can also be

combined with a (dark) oxidation reaction at

the counterelectrode that is designed to break

down an environmental pollutant (e.g., organic

dye) thus adding value to the hydrogen

photogeneration step [27].
Concluding Remarks

The field of photoelectrochemistry continues to

make strides during its ca. 40 year lifespan.While

our current knowledge of the fundamental

aspects of charge transfer at semiconductor-

electrolyte interfaces can be regarded as fairly

mature, there are still unresolved aspects related

to the specific chemical and electrochemical
nature of traps and surface states at these

interfaces. Much remains to be done in further

development of experimental tools for studying

the dynamic role of these charge transfer-

mediating sites under conditions typical of an

operating solar cell. On the applications side,

the many challenges remaining for the develop-

ment of stable, efficient, and cost-effective

systems for solar water and CO2 splitting will

continue to keep future generations of researchers

busily engaged for years to come. In particular

solar conversion efficiencies routinely exceeding

the 
10 % threshold will be required to trigger

the interest of the chemical engineering commu-

nity and engage it in further concerted efforts

aimed at designs of photoelectrolytic reactors

and the like.
Cross-References

▶ Photocatalyst

▶ Photoelectrochemical CO2 Reduction
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▶ Photoelectrochemical Disinfection

▶ Photoelectrochemical Disinfection of Air

(TiO2)

▶ Photoelectrochemical Processes,

Electro-Fenton Approach for the Treatment of

Contaminated Water
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Introduction

In modern society, it is common knowledge that

the levels of fossil fuels and the stored energy

they provide are rapidly decreasing – as a finite

resource, it is imperative that new methods of

delivering energy to the global population are

sought. Due to the abundance of radiant energy

provided by the Sun – the solar energy falling on

the surface of the Earth in two weeks is equivalent

to the energy contained in the initial global supply

of fossil fuels – and the environmental uncertainty

surrounding nuclear power, much attention has

been paid to the development of different systems

for harnessing solar energy [1]. In particular, this

area of interest has led to numerous investigations

into photoelectrochemical (PEC) cells, due to their

possible rôle as transducers of solar to electrical

energy [2].
Photoelectrochemical Energy
Conversion

A PEC cell can be defined as one in which one or

both half cells exhibit a PEC effect – which can in

turn be described as one in which the irradiation of

an electrode or electrolyte system produces

a change in the electrode potential (on open circuit)

or in the current flowing (on closed circuit) [1].

http://dx.doi.org/10.1007/978-1-4419-6996-5_128
http://dx.doi.org/10.1007/978-1-4419-6996-5_129
http://dx.doi.org/10.1007/978-1-4419-6996-5_129
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http://dx.doi.org/10.1007/978-1-4419-6996-5_130
http://dx.doi.org/10.1007/978-1-4419-6996-5_130
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Becquerel [3, 4] first proposed this theory when,

in 1839, he observed the flow of current between

two unsymmetrical illuminated metal electrodes

in sunlight [5].

PEC effects, and therefore cells, can exist in

two forms – photovoltaic (PV) and photogalvanic

(PG) – the latter of which shall be discussed

extensively within this review. A third type of

PEC cell has been proposed by Tien et al. [6]

which combines the effects of the photogalvanic

and photovoltaic processes and is subsequently

named the photogalvanovoltaic effect. However,

the feasibility of using this process as

a commercial application is questionable, and

research into photogalvanovoltaic cells is

extremely limited [7, 8].

A PV effect can be characterized as an effect

due to photoreduction of electrons and holes,

along with no accompanying chemical change.

The PV cell absorbs photons from solar energy

(sunlight), the energy of which is then transferred

to electrons in the system, which consequently

leave their respective positions to become part of

the electrical current – forming holes [1]. PV cells

are purely solid-state devices and have been

found to have suitable properties for use as indus-

trial and commercial solar cells – however, they

are incredibly complex in terms of production

due to the need for extensive purification of the

silicon used within the semiconductor cells,

which in turn leads to increased manufacturing

costs. In contrast to PV systems, cells that exhibit

a PEC effect such as the PG cells described in

Table 6 further on exhibit a storage capacity and

can consequently achieve in one “stage” what

a combination of a PV cell with a storage battery

achieves in two. This is a fundamental reason

behind the extensive research into modifications

of PG cells to increase their efficiency. While the

abundance of solar radiation received by Earth is

relatively constant over time, the exposure of

a given surface at a given time to solar energy

varies daily and seasonally – consequently, hav-

ing a solar energy conversion device with an

incorporated storage capability is extremely ben-

eficial [1]. The values for mean total solar radia-

tion received by Earth over a 24-h day are given

in Fig. 1.
This review will focus solely on the character-

istics, analysis, and developments of

photogalvanic cells, which in contrast to PV

cells are relatively cheap to construct – however,

current research proves inconclusive as to

whether they can exhibit efficiency and reliability

properties as favorable as those found in PV

devices.
The Photogalvanic Effect

The PG effect is described by Rabinowitch as

“the change in the electrode potential of

a galvanic system, produced by illumination and

traceable to a photochemical process in the body

of the electrolyte” [9, 10]. Cells exhibiting a PG

effect have a higher storage capacity than PV

cells, but a lower conversion efficiency

(theoretically 
18 % but observed values are

much lower) [5, 11]. Consequently, extensive

research has been carried out concerning the

manipulation of substances used in PG cells

(i.e., reductants and photosensitizers) in order to

maximize electrical output [5].

A typical PG cell is made up of two parallel

electrodes (an illuminated and a dark) between

which a thin layer of electrolyte solution is

contained; see Fig. 2. A photochemical reaction

is induced within the electrolyte as a result of

solar energy entering through the semitransparent

or transparent (illuminated) electrode – the

resulting high energy products react, driving

electrons around an external circuit [12, 13].

Two redox couples are dissolved within the elec-

trolyte, and the reaction scheme is given in Eq. 1.

Absorption of solar radiation is undertaken by

component A, a dye. A subsequent electron-

transfer reaction between the excited A* and

Z yields energetic products B and Y [13]:
Aþ Zk

ÐBþ Y
(1)

Photochemistry:
Ahv���!A	
(2)
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Fig. 1 Mean annual intensity of solar radiation on

a horizontal plane at the surface of the Earth. Numbers

represent solar irradiance in W m�2 averaged over a 24 h

day (Reproduced from reference Springer Science+Business

Media, Journal of Applied Electrochemistry, 5, 1975, 17,

Electrochemical aspects of solar energy conversion, M. D.

Archer, Figure.With kind permission from Springer Science

and Business Media)

Photogalvanic Cells, Principles and Perspectives,
Fig. 2 Schematic representation of a thin-layer

photogalvanic cell. The illuminated electrode (left-hand
side) is constructed from a semitransparent/transparent

material (such as SnO2, In2O3, or ZnO), with

a photogalvanic electrode filling the space between the

illuminated and dark (right-hand side) electrodes
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A	 þ ZKq���!Bþ Y
(3)

A back reaction between B and Y yields orig-

inal components A and Z:
Bþ Yk���!Aþ Z
(4)

Discussed in further detail later on, the rapid-

ity of this reaction is of great hindrance to the
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performance of the cell. Component B must

locate the illuminated electrode (where solar

radiation permeates the cell) and react there

before the back reaction occurs [13].

Electrode reactions:
B� e�!A (5)

Y � e�!Z (6)

Following on from Becquerel’s aforemen-

tioned discovery [3], the PG effect was initially

recognized by Rideal and Williams [14] before

Rabinowitch [9, 10] subsequently examined the

photochemical and photogalvanic properties of

a thionine (Th)-iron system. The scheme is

described below, while the mechanism and kinet-

ics are described later.
P

1

2
Thþ Fe2þ

hv

Ðdark

1

2
Leu� Thþ Fe3þ (7)

Rabinowitch discovered this redox equilib-

rium was the most light-sensitive known –

thionine dyes absorb at 500–700 nm, comparable

with values of maximal solar radiation – and as

a result would possess a high level of PG sensi-

tivity. As explained in the later sections, the

thionine-iron (a dye and reductant, respectively)

redox cell yielded a low energy conversion effi-

ciency (<1 %), but the results were somewhat

promising due to the ability to manipulate the dye

and/or reductant – and subsequently established

much research into optimization of the necessary

components within the system [9, 15].
Photogalvanic Cell Overview

The Ideal Photogalvanic Cell

Albery and Archer analyzed the various factors

which affect the ability of a PG cell to deliver the

optimum power conversion efficiency (theoreti-

cally 
18 %) [16, 17]. These authors discovered

that the processes occurring within a PG cell were

dependent on the system’s photochemistry,

homogeneous kinetics, mass transfer, and elec-

trode kinetics – and therefore, the energy
converted depended on species concentration,

hv intensity, the electrode kinetics, and their

spacing and diffusion lengths [17].

Over a series of articles, Albery and Archer

calculated the optimum length characteristics for

an efficient PG cell [1, 12, 13, 16–20]. It should

be noted that while Albery and Archer’s work is

perspicacious and seminal, it is imperative to

realize that their considerations were only under-

taken under the assumption of minimal electrical

migration within the PG cell. Of course this is not

true in many cases, and the generality of their

results in conditions of low supporting electrolyte

concentration must therefore be considered with

caution.

To enhance solar energy conversion, it was

discovered that the following conditions be

obeyed:
10Xe < Xg;Xk;Xl (8)

Although to produce the maximum theoretical

power yield, the following PG cell conditions

have been established – however, in practice

this is unfeasible, as explained later:
10Xe ffi XG ffi 1

2
XG < Xl (9)

Table 1 provides the definitions of these four X
parameters (Fig. 3).

Equation 8 denotes that Xemust be bigger than

the three other length parameters controlling the

efficiency of a PG cell. Initially, the absorbance

length must be smaller than the generating length

in order to ensure there is sufficient amounts of

component A available to absorb the incoming

photons of solar radiation and to inhibit the

bleaching of the solution at the semitransparent

electrode. In order for B to be able to diffuse to

this electrode before it is broken down via

the back reaction, the absorbance length must

also be smaller than the reaction length. Finally,

to ensure B reacts on the electrode interacting

with hv, the absorbance length must be smaller

than the cell length. The value of Xk is known to

be approximately 10�3 cm; therefore by use of

Eq. 8 and the equations described in Table 1,
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(Adapted from reference [12])

Name Symbol and equation Description

Cell length Xl The distance between electrodes

Absorbance length Xe ¼ e½A�ð Þ�1 The distance over which light is absorbed

Generating length Xg ¼ D
fI0e
Þ12

�
The distance A diffuses in light of irradiance I0 before being
converted to B

Reaction length
Xk ¼ D

k½Y�
� �1

2 The distance over which B diffuses before being broken down

in reaction with Y

where D ¼ diffusion coefficient of B, f ¼ quantum efficiency for generation of B and is tantamount to the ratio

of photons absorbed to the amount produced, I¼molar flux of photons, and e¼molar extinction coefficient of A (units

cm2 mol�1)
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Photogalvanic Cells,
Principles
and Perspectives,
Fig. 3 Schematic

definition of the

characteristic lengths for

a PG cell (Reprinted with

permission from

W. John Albery

(1982) Development of

photogalvanic cells for

solar energy conservation.

Accounts of Chemical

Research 15: 142.

Copyright

(1982) American Chemical

Society)
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Albery and Archer were able to calculate the

values of the four parameters for an ideal cell

[12, 13].

Electrode Selectivity and Kinetics

The selectivity of the electrodes and their kinetics

are an essential consideration for the design of

a practical PG cell. The B and Y components of
the PG cell reaction must react at the illuminated

and dark electrodes, respectively, in order to gen-

erate a current. If the illuminated electrode is not

selective, the back reaction (B + Y ! A + Z) is

catalyzed due to Y reacting at the site instead of

B – however, a selective electrode facilitates

diffusion of Y across to the dark electrode,

allowing B to react at the necessary position.
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Table 2 Ideal electrochemical rate constants (Adapted

from reference [12])

Couple Illuminated electrode Dark electrode

A, B
k0B >

D

Xk
�

5� 10�3 cm s�1

k0B½B� << k0Y½Y�

Y, Z k0Y½Y� << k0B½B� k0Y >
D

Xl
�

5� 10�3 cm s�1
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Table 2 gives the electrochemical rate con-

stants for an ideal PG cell. For a species to react

at a specified electrode within an electrochemical

reaction, the ratio D/X (where X is one of the

length parameters outlined in Table 1) must be

smaller than the rate constant k0. The opposite is
true for a species to be lost via reaction in the

electrolyte or diffusion to the opposite electrode.

As B is required at the illuminated electrode, and

as shown by Eq. 8, for an ideal PG cell it is

necessary for reaction length to be smaller than

cell length, B is less likely to diffuse to the dark

electrode than it is to be destroyed by reaction

with Y. Consequently, for component B the char-

acteristic length is Xk. As explained further down,

the concentration of Y and Z is assumed to be

larger due to the diffusion distance, so for com-

ponent Y the characteristic length is Xl [12].

Overall, it can be seen that if the electrode

kinetics of the A,B and Y,Z couples are fast on

the two electrodes (illuminated and dark, respec-

tively) than the potentials of the respective elec-

trodes will be similar to the standard electrode

potentials of the two couples. Thus, the voltage

generated by the PG system can be approximated

by Eq. 10, and relies on differential electrode

kinetics [12, 13].
ED ffi EY
A; B � EY

Y; Z

		 		 (10)

If identical electrodes are selected for use in

a PG cell, or if the A, B couple reacts via the dark

electrode, then the system becomes

a concentration cell – a severely inefficient solar

energy conversion device, as explained later.
Effect of Species Concentration

Along with the optimization of electrode proper-

ties, the other major factor influencing the effi-

ciency of a PG cell is the varying concentrations

of the four components within the basic PEC

reaction – A, B, Y, and Z. For the fundamental

diffusion of components Y and Z across a PG cell

in contrasting directions, the diffusive concentra-

tion gradient of B at the illuminated electrode is

required to be in equality with Y and Z [12]. In

addition, Eq. 8 denotes that the ideal distance

between electrodes must be bigger than the absor-

bance length; thus, the variance in concentration

across the system for components Y and Z must

be greater than that of B [12]. Given that for an

efficient PG cell, the flux of electrons of Y and

Z should approximately equal I0, the aforemen-

tioned variance in concentration (Dc) can be

calculated as follows:
I0 ¼ DDc

Xl
(11)

where Dc ¼ Y½ �0 � Y½ �Xl
¼ Z½ �Xl

� Z½ �0, with [Y]

and [Z] at the midpoint of the cell being equal to

their respective concentrations [Y]D and [Z]D in

the absence of light [12].

For the diffusive transport of components

Y and Z to the desired electrodes (dark and

illuminated, respectively), the concentrations of

the two need to be greater than ½Dc in the

absence of light, which ensures their presence –

and therefore their subsequent reaction – at

the two electrodes. The presence of Y on the

dark electrode ensures minimization of the

back reaction, increases the electrochemical

kinetics via inhibition of the Y, Z couple on

the illuminated electrode, and produces a flow

of current with B reacting on the opposite

electrode [13, 17, 19, 20]. With Z located at the

illuminated electrode, the excited A* component

(the dye) can be trapped, enabling formation

of B. The following set of equations,

established by Albery and Foulds, allow the cal-

culation of optimum concentrations of Z, Y, and

A [12].

For the formation ofB, the quantum efficiency

for production can only be maximized if
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Fig. 4 Graphical

illustration of the

polarization (red) and
power (blue) characteristics
of an ideal photogalvanic

cell. Note that the fill factor

as defined by Eq. 17 is 25 %

for an ideal galvanic cell

under discharge
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kq½Z�0t > 10 (12)

where t ¼ lifetime of excited state A* if Z is not

present.

As mentioned above, the presence of the Y,

Z couple on the illuminated electrode must be as

low as possible – therefore, by increasing [Y] and

minimizing [Z], the potential difference produced

by the cell improves via the resulting effects on the

potential of the Y, Z half cell [17]. Taking into

account these requirements, and the above equa-

tion, the subsequent condition for Z results
½Z�D � Dcþ 10

kqt
(13)

As stated, the concentration of Y must be

increased to a value large enough to produce

a beneficial voltage from the cell and to prevent

concentration polarization, but not so large as to aid

destruction of B via the back reaction [12, 17]:
½Y�D >
1

2
Dc (14)

From Table 1, we can therefore obtain
½Y�D ¼
40

k
� 1

2
Dc (15)
Finally, to shorten the absorbance length, [A]

should be maximized, ensuring photons of solar

energy are retained in close proximity to the

electrode undergoing irradiation of solar light,

facilitating the PEC reaction [12].

Solar Energy Conversion and Practical Power

Output

Following the manipulation of the above param-

eters within a PG cell, the practicality of the

system as a solar energy converter can be

assessed by calculating the values of conversion

efficiency and fill factor (a measure of the device

quality). Conversion efficiency indicates the

amount of incoming solar irradiation converted

to electrical energy, while the fill factor describes

the ratio of the (actual) maximum obtainable

power to the theoretical. Both can be expressed

as percentages. Figure 4 gives a graphical illus-

tration of fill factor.

Conversion efficiency:
� ¼ Vppipp
AE

� 100 (16)

Fill factor:
Ff ¼ Vppipp
Vocisc

(17)



Photogalvanic Cells, Principles and Perspectives 1563 P
where A¼ area of each electrode, E¼ input light

irradiance, Vpp ¼ value of the cell voltage at

power point, ipp ¼ value of the current at power

point, Voc ¼ open circuit voltage, and

isc ¼ current at short circuit.

To determine Z, E is calculated as

E ¼ Wmax

A
(18)

where Wmax is the maximum power produced by

the cell and, for a cell with differential electrode

kinetics (i.e., the ideal cell explained earlier), can

be calculated as follows:
P

Wmax ¼ 0:8AFfI0DE (19)

where DE ¼ difference in standard electrode

potentials for the A, B and Y, Z couples.

For standard solar radiation with Sun eleva-

tion angle of 30� (AM 2.0), I0 can be estimated to

have a value of 
1.6 �10�3 mol photons

m�2 s�1.17 If f ¼ 1 and DE ¼ 1.1 V [1] (the

optimum value), Eq. 19 establishesWmax as hav-

ing a value of 140 W m�2, which corresponds to

a power conversion efficiency of 18 % [12, 17,

19]. Albery and Archer demonstrated however

that this theoretical conversion efficiency is, in

practice, unrealistic due to the impossibility of

optimizing all the available parameters [19].

If typical values of D and e are taken,

10�5 cm2 s�1 and 108 cm2 mol�1, respectively,
the generating length is found to be
Xg 
 10�3 cm (20)

The ideal cell requires the generating length to

be ten times larger than the optical absorbance

length, so
Xe 
 10�4 cm (21)

Therefore it follows that
A½ � 
 10�1 M (22)

Consequently, the dye must prove to be rela-

tively soluble in order to absorb the solar
radiation as close to the illuminated electrode as

possible. Taking the value of Xg above,

along with Eq. 9, the following condition

must be obeyed for the kinetics of the reaction

B with Y:
k Y½ � 
 40s�1 (23)

To ensure the inhibition of concentration

polarization (keeping the dark electrode

unpolarized), [Y] must be twice as large as [B]:
Y½ � > 2 B½ � 
 10�2 A½ � 
 10�3M (24)

From Eqs. 8 and 9 it can be seen that the

absorbance length must be smaller than the dis-

tance between electrodes, and as a result the rate

constant, k0, of the reaction of A and B at the

illuminated electrode must be very fast:
k0 >
D

Xe

 10�1cm s�1 (25)

The required value of this rate constant proves

a major disadvantage in obtaining the maximum

theoretical conversion efficiency from a PG cell,

as it is highly unusual for a redox couple to

exhibit electrode kinetics as fast as the above

value [19, 20].

It can be seen that obtaining maximum effi-

ciency from a cell relies on the solubility of the

dye (A), an extremely rapid rate constant for the

A, B couple, and relatively slow kinetics for

the electron-transfer reaction of B and Y. It is

inconceivable that electron-transfer reactions

obeying the above conditions while at the same

time satisfying the Marcus theory could occur

[16, 21–23].

As explained earlier, a PG system acting as

a concentration cell proves to be severely ineffi-

cient as a solar energy converter, due to DE not

having any bearing on the maximum obtainable

power – both electrodes are identical. Therefore,

Wmax for a concentration cell is calculated as

follows:
Wmax ¼ 0:28ARTfI0 (26)
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Taking the same values of I0 and f as above,

Wmax is 
1.1 W m�2, which corresponds to

a maximum cell conversion efficiency of

0.15 %, i.e., practically useless [19, 20].
Early Developments of Molecular
Systems for Photogalvanic Cells

Early Photogalvanic Systems

Hatchard and Parker [24] further investigated the

kinetics of the initial iron-thionine system discov-

ered by Rabinowitch and derived the following

mechanism for the collection and conversion of

solar energy within this system:
1

2
Thþ Fe2þ

hv

Ðdark

1

2
Leu� Thþ Fe3þ (27)

Forward reactions:
Thþ hvþ Th	 (28)

Th	 þ Fe2þ�!Th
•� (29)

2Th
•��!Thþ Leu� Th (30)

Back reactions:
Leu� Thþ Fe3�!Th
•� þ Fe2þ (31)

2Th
•��!Thþ Leu� Th (32)

Th
•� þ Fe3þ�!Thþ Fe2þ (33)

where Th* ¼ triplet state of thionine dye,

Th•� ¼ semithionine half-reduced form, and

Leu ¼ leucothionine (Fig. 5).
The overall reaction for this type of PG cell

differs from the basic reaction considered earlier,

in that the thionine (photosensitive dye) couple is

a two-electron redox system, and can be given by

the following reaction:
2Z + A Z + B + Y
g

k−1 k−2

k2

k3

C + 2Y
(34)

This two-electron thionine couple (A, C) and

the one-electron outer sphere iron (reductant)

couple (Y, Z) manifests itself as an ability to

obtain the required electrode selectivity of

B and Y on the illuminated and dark electrode,

respectively. However, this mechanism also

complicates the method of establishing the sys-

tem’s homogeneous kinetics, as explained

further on.

Variations in Cell Parameters for an A, B, C

System

Hatchard and Parker [24] and Ferreira and

Harriman [25] established that the leucothionine

product was formed via the disproportionation

reaction of B + B, as opposed to the reaction

with Z as seen earlier for an A, B cell [1]. B is

therefore an intermediary product, the stability of

which is not sufficient to reach the illuminated

electrode. The quantum efficiency of

leucothionine is consequently a deciding factor

in determining ideal conditions for a cell of this

type and is incorporated into efficiency calcula-

tions as follows:
Flux producing C ¼ gfc (35)
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Table 3 Conditions for an ideal PG cell (Adapted from

references [12, 13])

Characteristic length

Approximate value for an ideal

photogalvanic cell

Xl 10�2 cm, giving [Y] 
 10�2 M
Xe 10�4 cm, giving [A] 
 10�1 M
Xk 10�3 cm, giving k[Y] 
 10 s�1

and k < 103 M�1 s�1
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where

fc ¼
1

2þk�1½Y�
k3½B�

� � (36)

g ¼ fIe½A� (37)

In order to realize the optimum value for the

quantum efficiency of C (in this case, ½), B must

be broken down by the aforementioned dispro-

portionation reaction and half of the

photogenerated B must react to form C. Thus, it

follows that k3 B½ � 
 k�1 Y½ � is an essential con-

dition. If k3 B½ � � k�1 Y½ �, an inefficient system

results, as the majority of the photogenerated

B reacts with Y, forming the original reactant

A (the back reaction).

An efficient cell therefore requires

2k3½B�
k�1½Y� >

2k3g

k2�1½Y�2
> 1 (38)

Subsequent substitution with Eq. 37 results in

the conditions for the concentration of Y:

½Y� < 2fI0
Xe
� k3

k2�1


 �1
2

(39)

Referring back to Eq. 8, the above equation

agrees with the requirement of a small absor-

bance length for an efficient cell – in this case, it

increases the likelihood of B to disproportionate.

In addition to this, in a similar fashion to the [Y]D
parameters for the ideal A, B cell denoted earlier,

[Y]D for this A, B, C cell can now be defined as
½Y�D ¼
fI0
5Xe
� k3
k2�1


 �1
2

� 1

2
Dc


 �
(40)

Analysis of practical A, B, C photogalvanic

cells has shown that the concentration of Y and

Z (the inorganic iron couple) helps induce the

required homogeneous kinetics [12, 23, 24]. The

concentrations of the iron redox couple aid

the prevention of concentration polarization at

the dark electrode, while trapping A* at the illu-

minated electrode ([Fe2+)] and inhibiting destruc-

tion of B or C in the electrolyte ([Fe3+)].
As explained in Table 3, for an ideal cell the

absorbance length is approximately 10�4 cm,

which corresponds to dominance of the k�2
parameter. However, thionine dye has a low

solubility – meaning the absorbance length

can be as long as 10�1 cm – and thus the

k2�1/k3 parameter becomes equally important.

This is a considerable factor in the relative inef-

ficiencies of iron-thionine PG cells – a high

absorbance length means B struggles to dispro-

portionate and C fails to reach the illuminated

electrode [12].

Various modifications have been attempted in

order to increase the solar energy conversion

efficiency of the iron-thionine PG cell, including

adding sulfonate groups onto the thionine dye in

order to increase solubility [13] and irreversibly

coating a thionine electrode with up to twenty

thionine monolayers to increase absorbance of

solar radiation and thus decrease e [26]. How-

ever, research has broadened since early innova-

tions by Rabinowitch, Albery, Archer, and

Foulds, and the common approach is now moti-

vated towards improvisations of the dye and

reductant to induce wholesale changes in the

efficiencies of PG cells.
Modern Approaches for Photogalvanic
Cell Advancement

Modification of Photosensitizing Dye

Photosensitizing dyes, which in PG cells

are almost always organometallic or hetero-

compounds, exhibit both the redox characteris-

tics similar to the irreversible inorganic

(Y, Z) couple and the ability to absorb light
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intensity of a certain wavelength. To aid the

conversion of solar energy to electrical energy,

a chosen dye in a PG cell must therefore

absorb light at a wavelength of approximately

500–700 nm – while also having a relatively

soluble structure and a suitable reduction poten-

tial [26–28]. A variety of dye structures have

been used to investigate their suitability for

use in PG cells, several of which are listed in

Table 4 below.

Modification of Reductant

A survey of current literature indicates that the

photosensitizing dye has been the subject of

much modification in investigations to optimize

PG cell efficiency. In a similar fashion, manipu-

lation of the reductant has also received close

attention, following on from the early realization

that the use of sacrificial electron donors such as

triethanolamine (TEA) and ethylenediaminete-

traacetic acid (EDTA) with suitable dyes pro-

duces higher photopotentials and photocurrents

than their early counterparts, e.g., iron and

hydroquinone. Table 5 gives an illustration of

this [2, 28]. However, EDTA and TEA are unable

to produce higher photopotentials and photocur-

rents in cells with proflavin, rhodamine B, and

rose Bengal due to these dyes having high nega-

tive potentials. One method of restricting this

problem is by adding methyl viologen (MV2+)

to the system, which acts as a mediator –

catalyzing the photoredox reduction (MV2+ is

reduced – the process of which oxidizes the

dye – thus forming a cation of the dye which

reacts with the EDTA or TEA) [28].

Literature Results for a Variety of Molecular

Photogalvanic Systems

Table 6 describes a selection of PG systems that

have been investigated within current literature.

The following table, Table 7, depicts the experi-

mental results obtained from the systems listed.

In terms of storage capacity, this is t1/2 and is

calculated by applying light radiation of

a suitable (i.e., solar) wavelength until the poten-

tial reaches a constant value, at which point a load

is applied to the cell to induce a current at

power point. The time taken for the output of
the cell to fall, in the dark, to its half at power

point is t1/2 [15].

Tables 6 and 7 give an illustration of the var-

iance within research to optimize PG cells. Given

are systems with varying groups of dyes –

thiazines (azure B, toluidine blue, methylene

blue, azure A), phenazines (safranine, safranin-

O), a xanthene (rhodamine 6G), and a triphenyl

methyl derivative (malachite green), as well as

differing reductants, including the aforemen-

tioned sacrificial electron donors EDTA and

TEA. Much investigation has been undertaken

concerning thiazine and phenazine dyes due to

their suitable absorption wavelength maxima,

solubility, and the ease in which different sub-

stituents can be modified on the basic structure of

the compound, i.e., adding sulfonate groups to

thiazine compounds to increase solubility [13].

However, the power produced, the fill factor,

and the conversion efficiency of many engineered

PG cells are all somewhat disappointing – a level

has not yet been reached where PG cells could be

considered a feasible replacement for the more

costly PV cell. A number of factors contribute to

this, many of which have been discussed within

this review and can be related back to Eqs. 8 and 9

for an optimum PG cell, originally formulated by

Albery and Archer [17, 18]. Without careful

manipulation of electrode spacing, kinetics, and

diffusion lengths at the electrodes – in conjunc-

tion with mass transfer, the photochemistry, and

the homogeneous kinetics of the system – the

power developed by a PG cell cannot be opti-

mized and may consequently be a crucial deter-

minant for current literature displaying

disappointing results relative to the optimum the-

orized by the pioneering work of Albery and

Archer [1, 12, 13, 16–20].

Effects of System Conditions

Lal [36] and Dube and Sharma [37] have shown it

is possible to use a mixture of two dyes within the

PG system in an attempt tomaximize the use of the

broad solar spectrum. Using EDTA as a reductant,

Lal used a mixture of thionine and Azure B as

a photosensitizing dye, which contributed to

a solar energy conversion efficiency of 0.18 %.

Dube and Sharma witnessed conversion
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reference [2])

Dye Class Structure lmax/nm

Thionine Thiazine

N

S NH2
H2N

+ 596

Toluidine blue Thiazine H2N
+

N

S N(CH3)2

Me

630

Methylene blue Thiazine +

N

S N(CH3)2
(H3C)2N

665

Azure A Thiazine +
S

N

N(CH3)2H2N
635

Azure B Thiazine +
S

N

N(CH3)2
(H3C)HN

647

Azure C Thiazine +
S

N

NH2(H3C)HN
620

Phenosafranine Phenazine

N

N NH2H2N
+

520

Safranin-O Phenazine

N
+

N

NH2H2N

CH3H3C

520

(continued)

Photogalvanic Cells, Principles and Perspectives 1567 P

P



Photogalvanic Cells, Principles and Perspectives, Table 4 (continued)

Dye Class Structure lmax/nm

Fluorescein Xanthene

ONaO O

COONa

490

Rhodamine B Xanthene

O(H5C2)2N NH(C2H5)

COONa

+

551

Rhodamine 6G Xanthene

+
O(H5C2)HN NH(C2H5)

H3C

CO2C2H5

524

Acridine orange Acridine

+

H
N N(CH3)2(H3C)2N

492

Fuchsine Triphenylmethane

+

H2N

NH2
Me

NH2

545
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efficiencies of 0.17 %, 0.18 %, and 0.19 % when

using dye mixtures of Azure A and Azure B,

Azure B and Azure C, and Azure A and Azure

C, respectively, with mannitol as a reductant.

In general, as can be seen by referral to

Tables 6 and 7, the conversion efficiencies seen
by Lal and Dube and Sharma do not correspond

to a particularly efficient system, an analysis

which is supported by the relatively low photocur-

rents and photopotentials also seen for thesemixed

dye systems. This and the additional complexity

issue raised by using more than one dye are
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cells upon variation of the reductant (Adapted from references [2] and [28])

Dye Reductant Photocurrent/mA cm�2 Photopotential/mV

Thionine Fe2+ 3.30 140

Hydroquinone 2.80 20.0

EDTA 12.0 190

TEA 18.0 250

TEA + MV2+ 18.0 210

Riboflavine Hydroquinone 0.830 20.0

EDTA 58.0 720

TEA 35.0 500

TEA + MV2+ 37.0 430

Proflavin Hydroquinone 0.430 1.90

Hydroquinone + MV2+ 0.410 2.40

EDTA 0.790 140

EDTA + MV2+ 25.0 350

TEA 0.250 60.0

TEA + MV2+ 6.25 320

MV2+ 0.038 5.00

Rhodamine B EDTA 0.092 28.0

EDTA + MV2+ 0.092 10.0

Rose bengal EDTA 0.025 19.0

EDTA + MV2+ 0.017 20.0

Photogalvanic Cells, Principles and Perspectives, Table 6 A selection of PG systems that have been investigated.

Research is listed in chronological order

Reference Dye Reductant Surfactant

[29] Azure B Nitrilotriacetic acid (NTA) N/A

[30] Safranine EDTA N/A

Glucose N/A

NTA N/A

[11] Toluidine blue Glucose CTAB

[31] Methylene blue Oxalic acid N/A

[32] Azure A Ascorbic acid NaLS

[33] Bromophenol red EDTA N/A

[5] Rhodamine 6G Oxalic acid DSS

CTAB

TX-100

[15] Safranine O EDTA Tween-80

[34] Toluidine blue Arabinose NaLS

Malachite green Arabinose NaLS

[35] Safranine DTPA Brij 35

Bismarck brown DTPA Brij 35

Methyl orange DTPA Brij 35
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Table 6

Reference Photocurrent/mA Photopotential/mV Fill factor Conversion efficiency/% Storage capacity/min

[29] 60.0 340 0.290 0.180 50.0

[30] 50.0 760 0.580 0.262 19.0

35.0 373 0.180 0.036 85.0

35.0 415 0.370 0.084 8.00

[11] 51.0 268 0.410 0.058 6.00

[31] 110 312 0.280 0.121 35.0

[32] 160 770 0.340 0.546 110

[33] 45.0 581 0.270 0.036 35.0

[5] 425 1936 0.410 0.860 131

215 1145 0.450 0.240 68.0

310 1478 0.380 0.550 96.0

[15] 300 785 0.340 0.977 60.0

[34] 60 813 0.259 0.145 123

36 348 0.024 0.059 32.0

[35] 155 842 0.410 0.644 122

115 786 0.480 0.519 117

95 625 0.400 0.207 94.0
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possible reasons for the relatively small amount

of research into mixed dye PG cells, with

most engineered towards suitable selection

and/or modification of a single photosensitizing

dye [38].

It can be seen from Tables 6 and 7 that, in

general, PG systems containing a surfactant pro-

duced higher relative values for photocurrent,

photopotential, and conversion efficiency than

systems studied in which a surfactant was absent.

Fendler and Fendler [39] and Atwood and Flor-

ence [40] have attributed this to the ability of

a surfactant to solubilize certain molecules (i.e.,

the photosensitizing dye) and the catalytic effect

that carefully chosen surfactants induce on par-

ticular chemical reactions. Furthermore, Rohatgi-

Mukherjee et al. theorized that addition of

a surfactant into a PG system increases conver-

sion efficiency via facilitating the separation of

photogenerated products by hydrophobic-

hydrophilic interaction of the products with the

surfactant interface [27].

Genwa and Genwa provided a thorough

example of the benefit of micellar PG

systems, by analyzing the electrical output and

efficiency of the same cell with three different
surfactants – anionic, cationic, and nonionic

(DSS, CTAB, and TX-100, respectively) [5].

The results are tabulated in Table 7, showing that

the use of an anionic surfactant is more beneficial

than nonionic, followed by cationic. Results for

the same system containing no surfactant resulted

in a photocurrent, photopotential, fill factor, and

conversion efficiency of 152 mA, 985 mV, 0.39,

and 0.22 %, respectively – thus illustrating the

possibility of increasing the electrical output of

a PG cell by more than double via the addition of

a suitable surfactant.

Finally, in terms of pH of the PG system, it has

been found that photopotential and photocurrent

increase with increase in pH up to a certain

maximum, after which it decreases at a similar

rate. Several research articles, including

Gangotri and Gangotri [15], Genwa and Chouhan

[32], and Dube et al. [29], have observed that the

pH for the optimum condition is related to the

pKa of the reductant, with the pH being equal to

or slightly higher than the pKa of the reductant.

The aforementioned authors cite a possible rea-

son for this as the availability of the reductant in

its neutral or anionic form – a superior electron

donor.
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(Reprinted from

Electrochimica Acta, 36(7),
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Dhananjay Kumar, Solar

rechargeable battery–

principle and materials,

1107–1126, Copyright

(1991), with permission

from Elsevier)
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Semiconductor-Based Photogalvanic Cells

In semiconductor photogalvanic cells, the semi-

conductor acts as the light energy harvester,

allowing the formation of either weakly bound

(Wannier) or strongly bound (Frenkel) excitons

provided the incident photon energy is larger than

the bandgap separation. For n-type semiconduc-

tors in contact with a redox electrolyte at open
circuit, the band bending at the interface (tanta-

mount to the formation of a Schottky barrier)

allows for oxidation processes to take place via

the valence band, causing the photoanode to

acquire a negative potential. This in turn causes

a shift in the Fermi level with consequent reduc-

tion in the band bending until the flatband poten-

tial is reached (at high illumination intensities).
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Electrochimica Acta, 36(7), Maheshwar Sharon, P. Veluchamy, C. Natarajan, Dhananjay Kumar, Solar rechargeable

battery–principle and materials, 1107–1126, Copyright (1991), with permission from Elsevier)

System Voc/mV Discharge current/mA

Three-electrode systems

BaTiO3 | Ce
3+,Ce4+ || Fe3+,Fe2+ | Pt 825 38

n-CdSe | S2�,S || C || storage electrode HO� 430 N/A

MoSe2 | Br
�,Br3

� || I3
�,I� | Pt 400 4,000

GaAs | S2�,Se2
2� | Cd 250 8,000

CdSe | S2�,Sx
2� || Se2

2�,Se,Se2� | Pt 50–200 8,000

CdSe | S2�,Sx
2� |Cd 300–400 10,000

n-MoSe2 | HBr,Br2 | Nafion
®-315 | I3

�,HI | Pt 490 15,000

n-MX2 | I
�,I3

� || AQ,AQH2 | C 260 1,000

MX2 ¼WSe2,MoS2; AQ ¼ anthraquinone-2,6-disodium disulfonate

n-Pb3O4 | Fe
2+,Fe3+|| IO3

�,I� | Pt 840 410

n-Cd(Se,Te) | Sx
2� | CoS | membrane | CsOH,CsSH | SnS | Sn 510 1,500

n-CdS | Na2S,S,NaOH || NaOH | SbO2
� | Sb 60 N/A

Four-electrode systems

p-WSe2 | MV2+ || I� | n-WSe2 800 12,000

p-InP | PEO,NaSCN,Na2S,S | n-CdS 540 1

p-InP | porphyrin | Nafion-117 | Ru(bpy)3
2+ | n-CdS 380 1

Without a membrane

n-CdSe | CdSO4 | p-CdTe 100 1

e

e
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e
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Fig. 8 Schematic

illustration of the

requirements of the various

energy levels for the

Sharon-Schottky PG cell

(Reprinted from

Electrochimica Acta, 36(7),

Maheshwar Sharon, P.

Veluchamy, C. Natarajan,

Dhananjay Kumar, Solar

rechargeable battery–

principle and materials,

1107–1126, Copyright

(1991), with permission

from Elsevier)
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This system allows for light to electrical energy

conversion, as illustrated in Fig. 6.

It follows that if a two-electrode configuration

is used with a “storage electrode” acting as a dark

electrode process and the illuminated electrode
allowing for a redox transformation, Fig. 6, then

the system may operate as a PG cell. However,

this configuration holds the disadvantage that the

dark reaction at the semiconductor (the reverse of

the light-driven process) is necessarily sluggish
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Fig. 9 Cell diagram for a liquid | liquid solar cell. The

organic supporting electrolyte is bis(triphenyl-phosphor-

anylidene)ammonium tetrakis(4-chlorophenyl)borate,

BTPPATPBCl (Reprinted from Electrochemistry

Communications, David J Fermı́n, Hong D Duong,

Zhifeng Ding, Pierre F Brevet, Hubert H Girault, Solar

energy conversion using dye-sensitised liquid|liquid inter-

faces, 29–32, Copyright (1999), with permission from

Elsevier)
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Fig. 10 Schematic

representation of the light

energy conversion process

based on the heterogeneous

quenching of a sensitizer

S by an electron acceptor

Q at a liquid|liquid interface

in the presence of

a supersensitizer Oss/Rss

(Reprinted from

Electrochemistry

Communications, David

J Fermı́n, Hong D Duong,

Zhifeng Ding, Pierre

F Brevet, Hubert H Girault,

Solar energy conversion

using dye-sensitised liquid|

liquid interfaces, 29–32,

Copyright (1999), with

permission from Elsevier)
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for efficient photoelectrochemistry; the forma-

tion of a barrier at the semiconductor | electrolyte

interface opposes the dark reaction because of the

depletion layer. This causes the need to use

a semiconductor electrode for light-powered

charging, but a third electrode made from

a metal for the discharge process, Fig. 7

[41–43]. An example of this type of cell is the

CdSe | polysulfide (Sx
2�) system, based on the

cell diagram [42], CdSe | HS�, HO�,
Sx
2� | Membrane | HS�, and HO� | SnS | Sn.

Under illumination, holes (h+) in the n-type

CdSe electrode are able to oxidize HS� to sulfur:

HS� þ HO� � 2hþ�!Sþ H2O (41)

The sulfur engages in further reaction within

the electrolyte to form polysulfide complexes,
Sþ SX
2��!SXþ12� (42)
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so that the bisulfide/sulfur equilibrium occurs (at

open circuit) at the counter electrode,
Sþ H2Oþ 2e� ��!HS� þ HO� (43)

and tin sulfide/sulfur equilibrium occurs (at open

circuit) at the storage electrode,
SnSþ H2Oþ 2e� ��! Snþ HS� þ HO� (44)

Such cells can be readily extended to afford

a four-electrode system containing an n-type

anode and a p-type cathode for light-driven

charging, with two metal electrodes for discharge

[41], with the two compartments separated by

a membrane. Consider the reaction
Fe3þ þ Ce3þ
light

 ��! dark

Ce4þ þ Fe2þ (45)

During charge, light-generated holes in the n-

type semiconductor oxidize Ce3+ to Ce4+ with

electrons passing through Ohmic contact with

the semiconductor from the conduction band to

the conduction band of a p-type semiconductor,

where Fe3+ is reduced to Fe2+, either in the dark

or via a light-driven reaction. Under discharge,

the continuum of electronic energy levels in the

metal allows for the reverse processes
Photogalvanic Cells, Principles and Perspectives,
Fig. 11 Cartoon illustrations of the development of

a photo-Dember voltage (a) and a photogalvanic voltage

(b) at the illuminated electrode. The aqueous subphase

(23.1 Å) is smaller than the lipid bilayer (37.8 Å); the

photoactive dye is indicated by the burgundy bananas, and

redox species from the aqueous subphase are indicated by

green spheres. The arrows representing light have been

purposely drawn out of place to emphasize the photo-

chemical electron-transfer nature of the process; the red
arrows indicate the electron flow pathways (Reproduced

with permission from reference [52]. Copyright

(2012) Royal Society of Chemistry)
Ce4þ þ e��!Ce3þ (46)

Fe2þ � e��!Fe3þ (47)

Several examples of successful cells of this

type have been developed (Table 8), including

all-solid-state devices [41–45].

A particularly exciting cell that has been

developed is the Sharon-Schottky cell, Fig. 8

[41]. Here, the semiconductor light harvester is

employed as a membrane between two redox

electrolytes. One of these forms a Schottky bar-

rier in front of the electrode and a second elec-

trolyte is employed as an Ohmic contact. This

allows complementary processes to occur at



Photogalvanic Cells, Principles and Perspectives, Table 9 Performance of various galvanic cells constructed

using the La phase of Brij 30/H2O under 350 nm light (center band, bandwidth 30 nm, intensity of 1.8 mW cm�2). Data
presented were averaged over at least three different constructed cells (Copyright (2012) Royal Society of Chemistry)

Conditions aEoc/V
bjsc/mA cm�2 cEm/V

dPm/mW cm�2 Fill factor/%

Maximum power

conversion/%

Zn | La (0.7 mmol PMe,

98 mmol ZnCl2, | ITO

1.11 17.2 0.31 2.73 14.2 0.15

Not degassede

Zn | La (0.1 mmol PMe,

0.1 mmol ZnCl2, KCl
f) | ITO

0.99 48.6 0.26 6.90 14.3 0.37

Not degassede

Zn | La (0.7 mmol PMe,

95 mmol ZnCl2, KCl
f) | ITO

0.99 118.7 0.67 20.81 17.6 1.11

Degassedg

Zn | La (0.4 mmol PMe,

0.4 mmol PMeCl,

40 mmol ZnCl2, KCl
f) | ITO

1.19 172.3 0.61 34.4 16.3 1.83

Degassedg

Al | La 0.85 264.8 0.26 18.5 8.21 0.99

(0.5 mmol PMe, 3.0 mmol

AlCl3, KCl
f) | ITO

Degassedg

aCell emf
bCurrent density of cell at short circuit
cCell potential difference at maximum power
dMaximum power density
eNot degassed refers to the non-exclusion of molecular oxygen from the experiment
fKCl refers to the doping of the aqueous subphase with 0.1 M KCl
gDegassed refers to the rigorous exclusion of oxygen from the experiment
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metal electrodes located a short distance from the

semiconductor and essentially reduces the Ohmic

loss within the device, since the semiconductor

acts as an electrode for the majority carriers and

a photoelectrode for the minority carriers. The

advantage here is that the full bandgap of the

semiconductor is used for energy conversion.

An example of this system is [46] the cell dia-

gram, Ag | Ag(CN)2
� | a-Fe2O3 (ECB¼�4.14 eV;

EVB ¼ �6.14 eV) | Fe(CN)64�, Fe(CN)63� | Pt in

which Ohmic contact exits between the a-Fe2O3

and Ag(CN)2
�, with a Schottky junction between

a-Fe2O3 and ferri-/ferrocyanide. This cell gener-

ated 5.8 mA cm�2 at 0.9 V, with light-induced

oxidation of ferrocyanide. It is important that, for

efficient operation, the Fermi level of silver

matches the conduction band energy of the semi-

conductor. The advantage of this system is that it
is easy to fabricate and a large number of cells can

be connected in series without using any

conducting wire [41].
Future Directions

The use of the liquid | liquid interface as a means

for charge separation after photochemically

induced interfacial redox reaction is an exciting

and relatively recent development for exploita-

tion in PG cell systems [47–50], not least as

a result of the similarity between electron transfer

at the liquid | liquid interface and semiconductor |

electrolyte junctions [22].

Fermı́n and Girault [51] developed the PG cell

depicted in Fig. 9, employing Ru(bpy)3
2+ as

a supersensitizer (S) between a nonpolarized



P 1576 Photogalvanic Cells, Principles and Perspectives
water | 1,2-dichloroethane interface, with

a proposed reaction scheme illustrated in Fig. 10.

The cell was found to provide an electron-

to-photon ratio on the order of 0.1 % under green

light (543 nm) and steady-state conditions. Anal-

ysis of the polarization and power characteristics

for the experimental cell gave 0.7 nW cm�2 at

25 mV, which under linear extrapolation permits

solar to electrical energy conversion on the order

of 0.05 % under AM 1.0 illumination.

Our laboratory [52] extended this approach for

the use of lyotropic liquid crystals (“liquid

nanotechnology”) doped with photoredox active

materials in considering the cell Zn | Zn2+(aq)/

N-methylphenothiazine (Brij 30) | ITO, where

the dark reaction involves the use of a sacrificial

electrode to keep the open circuit voltage high.

The concept is illustrated in Fig. 11 and exploits

the nanometric space and thus diffusion lengths

available. Typical cell performance data are given

in Table 9, illustrating that under violet (350 nm)

light, approximately 2 % power conversion effi-

ciency is possible with a 15 % fill factor. The cell

was observed to behave as an electrochemical

capacitor (voltage efficiency 
85 %; power effi-

ciency 
80 %), with estimated maximum energy

density of 
1 W h kg�1 at a power density of


1 kW kg�1, clearly demonstrating this approach

to be of potential pragmatic use.
Conclusion

While it can be seen from Table 7 that the conver-

sion efficiencies for many formulated PG cells are

some way off the 
18 % optimum theorized by

Albery and Archer [17], the ability to vary

a number of parameters within the system, and the

relative ease of doing so, affords a customizable

property that the PV cell cannot compete with.

Providing a compromise can be made regarding

the effects of the system photochemistry, mass

transport and the homogeneous kinetics, illumina-

tion intensity, and species concentration, PG cells

hold promise for a commercially and environmen-

tally viable alternative to the common PV devices

(e.g., solar panels) used today.
Lord Porter said that “I have no doubt that we

will be successful in harnessing the Sun’s

energy. . . If sunbeams were weapons of war, we

would have had solar energy centuries ago” [53].

Although unfortunate, it is perhaps human nature

that matters concerning society are disregarded

until they become distinctly personal – with the

realization in the last five decades that Earth’s

finite energy resources are rapidly diminishing,

the subject of discovering renewable, viable

energy sources has become an increasingly impor-

tant research area, the success of which can only

increase as levels of understanding and modern

technological advancement continue to grow.
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Tadaaki Tani

Society of Photography and Imaging of Japan,

Tokyo, Japan
Introduction and Characteristics

Photography with silver halide (AgX) is based on

the photodecomposition reaction of AgX under

illumination and was invented by L. J. M.

Daguerre in 1839. The sensitivity of

a photographic material with AgX depends on

the absorption spectrum of AgX, which extends

from ultraviolet to blue region. Dye sensitization,

which was invented by H. Vogel in 1873, makes

photographic materials with AgX sensitive to

light that sensitizing dyes on its surface absorb

and thus to light in green, red, and near-infrared

region [1]. Photographic materials are diversified

to meet various uses and include color negative

films, color reversal films, color papers, photo-

graphic films for medical examination, and

printing.

Photographic materials are manufactured by

coating aqueous gelatin suspensions of AgX

grains and additives (i.e., photographic emul-

sions) on substrates and record images of light

and high-energy irradiation through photo-

graphic processes of exposure, development,

and fix. On exposure, an electron appears in the

conduction band of an AgX grain as a result of the

light absorption of the grain or a sensitizing dye

molecule on it. An electron in the conduction

band migrates and is captured by one of shallow

traps on the grain surface (i.e., the electronic

processes for photographic sensitivity). An elec-

tron at a trap attracts an interstitial silver ion and

reacts with it to form an Ag atom (i.e., the ionic

process). The repetition of the electronic and

ionic processes at the same site leads to the for-

mation of an Ag cluster and becomes to be

a latent image center, which is composed of

four or more Ag atoms and can initiate photo-

graphic development [1].



Photography, Silver Halides, Fig. 1 A scanning elec-

tron micrograph of the section of a layered photo-sensor in

a color negative film, where white lines and spots are the

sections of AgX grains. The photo-sensor is composed of

14 layers with different functions and 
20 mm thick in

total
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A latent image center that acts as a deep elec-

tron trap on an AgX grain receives an electron

from a developing agent molecule in a developer

and then attracts and reacts with an interstitial

silver ion to add an Ag atom to a latent image

center during the development process. The rep-

etition of these processes results in the conversion

of an AgX grain with a latent image center on it to

an Ag grain. Silver halide grains that remain after

the development process are dissolved during the

fix process. Since only the AgX grains with latent

image centers on their surfaces are converted to

black Ag grains, a latent image is developed to

give a negative black-and-white image after these

processes. For color photography, a developing

agent molecule gives an electron to a latent image

center and becomes to be an oxidation product,

which then reacts with a coupler molecule in

a photographic material to form a dye molecule

for a color image. Then, Ag and AgX grains are

removed after color development [1].

Reactions associated with photographic devel-

opment are based on electrochemistry [1]. The

redox potential of a developer with respect to its

silver potential is the driving force for photo-

graphic development and used for the examina-

tion of the development process, which it causes.

The oxidation potential of a compound is used to

examine its ability as a developing agent on the

basis of the relationship between oxidation poten-

tials and rates of development among a series of

compounds [2]. Although the oxidation potential

of a developing agent molecule is based on the

oxidation reaction, in which two electrons are

involved in the oxidation of one molecule,

a latent image center is too small to receive two

electrons at the same time. The potentials for one-

electron oxidation of developing agents have

been evaluated by use of their semiquinone for-

mation constants and are in closer relationship

with their development rates than those for two-

electron oxidation as were measured by polarog-

raphy [3].

Since a visible light image can be reproduced

by the combination of three primary lights (i.e.,

blue, green, red), color films and papers are com-

posed of a layered photo-sensor, which is
sensitive to light in blue, green, and red regions

separately owing to the light absorption of AgX

grains and/or sensitizing dyes on the grains.

A color negative film is composed of a layered

photo-sensor coated on a TAC film base with

thickness of 
100 mm. Fig. 1 shows a scanning

electron micrograph of the section of a layered

photo-sensor in a color negative film, where

white lines and spots are the sections of AgX

grains. The photo-sensor in this figure is com-

posed of 14 layers with different functions and


20 mm in total. Major layers are blue-, green-,

and red-sensitive, while each major layer is



Photography, Silver Halides, Fig. 2 A scanning elec-

tron micrograph of tabular AgX grains developed for

highly sensitive layers in a color negative film
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composed of sub-layers with high, medium, and

low sensitivities. Namely, a color negative film is

designed to capture a light image in whole visible

region with wide dynamic range of exposure [1].

As described above, photographic materials as

represented by a color negative film are finely

constructed hybrid systems composed of inor-

ganic materials such as AgX grains that are well

designed in nanoscale and more than 100 kinds of

functional organic compounds. For example,

monodispersed ultrathin tabular AgX grains as

shown in Fig. 2 are designed from viewpoints of

their structure, physical property, and photo-

graphic sensitivity, produced on a large scale

and arranged with their main surfaces in parallel

with the surface of a film base as seen in Fig. 1.

The photo-sensor with 14 different layers in

Fig. 1 is precisely coated all together on a large

scale and at high speed. The coefficient of varia-

tion in thickness among arbitrary points in each

layer is less than 2 %.

For the development of color films, extensive

studies have been made on dye sensitization.

After the electron transfer mechanism and the

energy transfer one were proposed for it and

examined extensively for many years from vari-

ous viewpoints, the former has been accepted.

Namely, a sensitizing dye molecule on an AgX
grain is excited by an incident photon and injects

an excited electron into the conduction band of

the grain. An injected electron takes part in

the formation of a latent image center on the

grain. This model demands that the LUMO

level of a sensitizing dye molecule should be

higher than the bottom of the conduction band

of AgX [1].

Thus, the height of LUMO of a dye with

respect to that of the bottom of the conduction

band of AgX together with the height of HOMO

of a dye with respect to that of the top of the

valence band of AgX is one of the most important

properties for understanding and designing the

dye sensitization of photographic materials and

evaluated by organic electrochemistry in addition

to ultraviolet photoelectron spectroscopy and

molecular orbital method. The reduction and

oxidation potentials (ER and EOX, respectively)

are related to the heights of LUMO and HOMO

(eLU and eHO, respectively), respectively, as

follows [1].
eLU ¼ ER þ C (1)

eHO ¼ EOX þ C0 (2)

where C and C0 are constants. The values of ER

and EOX of dyes could be measured by polarog-

raphy, cyclic voltammetry, and phase-selective

second-harmonic (PSSH) voltammetry. The

values of ER and EOX, which were measured by

means of PSSH voltammetry, could be free from

the errors owing to the secondary reactions of

reduced and oxidized dyes formed as results

of electrode reactions [4]. Tremendous number

of sensitizing dyes have been synthesized and

subjected to the measurement of polarography

and then PSSH voltammetry for precise evalua-

tion of their eLU and eHO.
The electron transfer mechanism has

enhanced the achievement of dye sensitization

with high efficiency and the accumulation of the

knowledge on the electron transfer process. The

efficiency and rate of the electron transfer in dye

sensitization have been analyzed in the frame-

work of Marcus theory with respect to the value
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of ER of a dye that is in linear relationship with

the electronic energy gap between eLU of the dye

and the bottom of the conduction band of AgX

according to Eq. 1 [5]. The degree of the recom-

bination between an injected electron and

a positive hole remaining at HOMO of a dye

has been analyzed with respect to the values of

EOX of the dye that is in linear relationship with

eHO according to Eq. 2 [1]. The electron transfer

mechanism for dye sensitization has been applied

to dye-sensitized solar cells on the basis of elec-

trochemistry [6]. J-aggregates with sharp and

intense absorption bands have been indispensable

for color films and have attracted wide interests

owing to their unique characteristics [1]. The

vacuum level shift as observed for the first time

at interfaces between AgX and sensitizing dyes

has become to be important knowledge for the

electronic structure at interfaces between sub-

strates and organic semiconductors in various

devices [1].

Recently, digital still cameras with solid state

devices (i.e., CCD and CMOS) as photo-sensors

have achieved such sensitivity and image quality

as to meet the demand of most consumers and

overwhelmed color films owing to their conve-

nience. Other photographic films have been sim-

ilarly overwhelmed by electronic imaging

technologies.

However, AgX photographic materials are

characterized by high image quality with large

frame area, natural image reproduction, durabil-

ity for a very long period, and three-dimentional

imaging with high resolution, being used in the

future as color films with natural image reproduc-

tion, black-and-white films with high image

information and durability for achives, and new

nuclear films that are composed of nanoparticles

of AgX and being developed for the detection of

dark matters [1].
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Introduction

Photocatalytic and photoelectrochemical water

splitting are important from the viewpoint of

energy and environmental issues in a global

level because it enables an ideal hydrogen

production from water using a renewable energy

such as a solar energy. Once solar hydrogen is

obtained, carbon dioxide can be converted to

various organic compounds by the reaction with

the hydrogen. Artificial photosynthesis is

achieved through the hydrogenation of carbon

dioxide using the solar hydrogen. The artificial

photosynthesis is an attractive reaction as an

ultimate green sustainable chemistry and will

http://dx.doi.org/10.1007/978-1-4419-6996-5_514
http://dx.doi.org/10.1007/978-1-4419-6996-5_230
http://dx.doi.org/10.1007/978-1-4419-6996-5_522
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contribute to solving energy and environmental

issues resulting in bringing an energy revolution.

The Honda-Fujishima effect of water splitting

using a TiO2 electrode was reported in the early

stage of 1970s. When TiO2 is irradiated with UV

light, electrons and holes are generated as shown

in Fig. 1 [1]. The photogenerated electrons reduce

water to form H2 on a Pt counter electrode while

holes oxidizewater to formO2 on the TiO2 electrode

with some external bias by a power supply or pH

difference between a catholyte and an anolyte. New

photoelectrode and powdered photocatalyst mate-

rials for water splitting have been discovered one

after another since this pioneer work.
Bases of Photocatalytic Water Splitting

Photoelectrochemical Cells and Powdered

Photocatalysts

There are two methods for water splitting using

photon energy as shown in Fig. 2. There are
CB

VB
H2O

H2O
H2

O2

UV

Bias

(l<415 nm)

Electrolyte

Pt counter electrodeTiO2 n-type semiconductor
photoelectrode

h+

e−

e−

Photolysis of Water, Fig. 1 Honda-Fujishima effect for

water splitting using an n-type TiO2 photoelectrode

Electrolyte

Cathode Anode

Photoelectorochemical cell

H2

a

O2

Photolysis of Water,
Fig. 2 Comparison of

photoelectrochemical cell

with powdered

photocatalyst for water

splitting
advantageous and disadvantageous points for

each method. In photoelectrochemical cells

represented by Honda-Fujishima effect shown

in Fig. 1, n- and p-type photoelectrode materials

can be use as an anode and cathode, respectively.

Major advantageous point of this system is that

H2 can be obtained separately from O2. Even if

a material does not possess the suitable potential

that is determined with the electronic band

structure for water splitting, the water splitting

may be possible with assistance of an external

bias. Moreover, charge separation to suppress

recombination between photogenerated electrons

and holes is assisted by the external bias.

However, materials for the photoelectrochemical

cells are limited, because electrodes should be

fabricated and possess an electric conductivity.

In powdered photocatalysts, various kinds of

materials can be used. The system is simple,

because photocatalyst powder is just dispersed

or dipped in water. So, it is advantageous for

applying to a large-scale process.

Processes in Powdered Photocatalysts

Many heterogeneous photocatalysts have semi-

conductor properties. Figure 3 shows main pro-

cesses in a photocatalytic reaction using

a powdered system.

The first step is absorption of photons to form

electron-hole pairs. Semiconductors have the

band structure in which the conduction band is

separated from the valence band by a band gap

with a suitable width. When the energy of

incident light is larger than that of a band

gap, electrons and holes are generated in the

conduction and valence bands, respectively.
Contact

Water

Powdered photocatalyst

Photocatalyst

b

Particle
(μm-nm)

Cocatalyst H2, O2
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Fig. 3 Processes of
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The photogenerated electrons and holes cause

redox reactions similarly to electrolysis. Water

molecules are reduced by the electrons to form

H2 and are oxidized by the holes to form O2

for overall water splitting. Important points in

the semiconductor photocatalyst materials are

a width of the band gap and levels of the conduc-

tion and valence bands. The bottom level of the

conduction band has to be more negative than the

redox potential of H+/H2 (0 V vs. NHE), while

the top level of the valence band be more positive

than the redox potential of O2/H2O (1.23 V).

Therefore, the theoretical minimum band gap

for water splitting is 1.23 eV that corresponds to

light of about 1,100 nm.

The second step consists of charge separation

and migration of photogenerated carriers. Crystal

structure, crystallinity, and particle size strongly

affect the step. The higher the crystalline quality

is, the smaller the amount of defects is. The

defects operate as trapping and recombination

centers between photogenerated electrons and

holes, resulting in a decrease in the photocatalytic

activity.

The final step involves the surface chemical

reactions. The important points for this step are

surface character (active sites) and quantity

(surface area). Even if the photogenerated elec-

trons and holes possess thermodynamically

sufficient potentials for water splitting, they will
have to recombine with each other if the active

sites for redox reactions do not exist on the

surface. Cocatalysts such as Pt, NiO, RuO2, and

Cr-Rh oxide are usually loaded to introduce

active sites for H2 evolution because the conduc-

tion band levels of many oxide photocatalysts are

not high enough to reduce water to produce H2

without catalytic assistance.

Water Splitting and Sacrificial H2 or O2

Evolution Using Powdered Photocatalysts

“Water splitting” means to split H2O simulta-

neously giving H2 and O2 in a 2:1 ratio. On the

other hand, there are sacrificial H2 and O2

evolution reactions as shown in Fig. 4. When

the photocatalytic reaction is carried out in an

aqueous solution including a reducing reagent,

in other words, electron donors or hole scaven-

gers, such as alcohol and a sulfide ion,

photogenerated holes irreversibly oxidize the

reducing reagent instead of water. It enriches

electrons in a photocatalyst, and an H2 evolution

reaction is enhanced. This reaction will be mean-

ingful for realistic hydrogen production if

biomass and abundant compounds in nature and

industries are used as the reducing reagents. On

the other hand, photogenerated electrons in the

conduction band are consumed by oxidizing

reagents (electron acceptors or electron scaven-

gers) such as Ag+ and Fe3+ resulting in that an O2
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evolution reaction is enhanced. These reactions

using sacrificial reagents are studied to evaluate if

a certain photocatalyst satisfies the thermody-

namic and kinetic potentials for H2 and O2

evolution. These reactions are regarded as half

reactions of water splitting and are often

employed as test reactions of photocatalytic H2

or O2 evolution. Even if a photocatalyst is active

for these half reactions, the results do not guar-

antee a photocatalyst to be active for overall

water splitting into H2 and O2 in the absence of

sacrificial reagents.

Water splitting is an uphill reaction in which

a light energy is converted to a chemical

energy as shown in Fig. 5. In contrast, the sacri-

ficial H2 evolution is usually a downhill reaction.

In this sense, the term of “water splitting” in the

absence of sacrificial reagents should be distin-

guishably used toward H2 or O2 evolution from

aqueous solutions in the presence of sacrificial

reagents.
Water Splitting by Powdered
Photocatalysts with Wide Band Gaps

Many metal oxide photocatalysts with wide band

gaps can split water into H2 and O2 efficiently in

a stoichiometric ratio under UV light irradiation
as shown in Table 1 [2, 3]. These photocatalysts

consist of metal cations with d0 or d10 configura-

tion. Representative photocatalysts with wide

band gaps that respond to only UV are TiO2 and

SrTiO3. ZrO2, Ta2O5, and tantalates such as

NaTaO3 are also active for photocatalytic water

splitting. K4Nb6O17 and K2La2Ti3O10 with

layered structures are unique photocatalysts.

Ge3N4and GaN: Zn are non-oxide photocatalysts

[4]. NiO/NaTaO3: La and RhyCr2�yO3/Ga2O3:



Photolysis of Water, Table 1 Wide band gap oxide

photocatalysts consisting of metal cations with d0 or d10

configuration for water splitting

Photocatalyst Band gap/eV Cocatalyst Year

TiO2 3.2 Rh 1985

CaTiO3 3.5 NiOx 2002

SrTiO3 3.2 NiOx 1980

Rb2La2Ti3O10 3.4–3.5 NiOx 1997

La2Ti2O7 3.8 NiOx 1999

La2Ti2O7:Ba NiOx 2005

KLaZr0.3Ti0.7O4 3.91 NiOx 2003

La4CaTi5O17 3.8 NiOx 1999

KTiNbO5 3.6 NiOx 1999

Na2Ti6O13 RuO2 1990

Gd2Ti2O7 3.5 NiOx 2006

Y2Ti2O7 3.5 NiOx 2004

ZrO2 5 None 1993

K4Nb6O17 3.4 NiOx 1986

Ca2Nb2O7 4.3 NiOx 1999

Sr2Nb2O7 4 NiOx 1999

Ba5Nb4O15 3.85 NiOx 2006

ZnNb2O6 4 NiOx 1999

Cs2Nb4O11 3.7 NiOx 2005

La3NbO7 3.9 NiOx 2004

Ta2O5 4 NiOx 1994

K3Ta3Si2O13 4.1 NiO 1997

K3Ta3B2O12 4 None 2006

LiTaO3 4.7 None 1998

NaTaO3 4 NiO 1998

KTaO3 3.6 Ni 1996

AgTaO3 3.4 NiOx 2002

NaTaO3:La 4.1 NiO 2000

SrTa2O6 4.4 NiO 1999

Sr2Ta2O7 4.6 NiO 2000

KBa2Ta3O10 3.5 NiOx 1999

PbWO4 3.9 RuO2 2004

RbWTaO6 3.8 NiOx 2004

CeO2:Sr RuO2 2007

NaInO2 3.9 RuO2 2003

CaIn2O4 RuO2 2001

SrIn2O4 3.6 RuO2 2001

CaSb2O6 3.6 RuO2 2002

Ga2O3:Zn 4.6 Ni 2008
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Zn photocatalysts have recently proven that

highly efficient water splitting is possible using

a powdered photocatalyst under UV light

irradiation.
Water Splitting by Powdered
Photocatalysts with Visible-Light
Response

The goal of this research field is to produce

hydrogen by usage of solar energy, the so-called

solar hydrogen production. In order to utilize

solar energy efficiently, it is indispensable to

develop visible-light-driven photocatalysts [3].

There are two types of photocatalyst systems

accompanied with one photon process and Z-

schematic two-photon process for water splitting

under visible-light irradiation as shown in Fig. 6.

Some oxynitrides are active for water splitting as

photocatalysts accompanied with one photon

process [4]. Two-photon systems, as seen in

photosynthesis by green plants (Z-scheme), are

another way to achieve overall water splitting [5].

The Z-scheme is composed of an H2-evolving

photocatalyst, an O2-evolving photocatalyst, and

an electron mediator as shown in Table 2. Some

Z-scheme photocatalysts work without electron

mediators. Photocatalysts that are active only for

half reactions of water splitting can be employed

for the construction of the Z-scheme, that is, the

merit of the Z-scheme.
Water Splitting by
Photoelectrochemical Cells

It is important to see the stability of photocurrent

and to determine the amounts of evolved H2 and

O2 for photoelectrochemical water splitting,

because we cannot always guarantee that

obtained photocurrent is due to water splitting.

Even if photocurrent is observed, it is sometimes

due to some redox reactions rather than water

reduction and oxidation. As mentioned above,

an external bias can be applied to enhance

photoelectrochemical water splitting. However,

the applied external bias versus not a reference

electrode but a counter electrode must be smaller

than 1.23 V that was a theoretical voltage

required for electrolysis of water, if one thinks

of light energy conversion. Of course, non-bias is

an ideal condition. WO3, Fe2O3, and BiVO4 have

been extensively studied as photoanodes for O2
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Photolysis of Water, Table 2 Z-scheme type photo-

catalyst systems working under VIS irradiation

H2-evolving

photocatalysts

H2-evolving

photocatalysts

Electron

mediator

Pt/SrTiO3:Cr,Ta Pt/WO3 IO3
�/I�

Pt/TaON Pt/WO3 IO3
�/I�

Pt/TaON RuO2/TaON IO3
�/I�

Pt/CaTaO2N Pt/WO3 IO3
�/I�

Pt/BaTaO2N Pt/WO3 IO3
�/I�

Pt/ZrO2/TaON Pt/WO3 IO3
�/I�

Coumarin/

K4Nb6O17

IrO2-Pt/WO3 IO3
�/I�

Pt/ZrO2/TaON Ir/R-TiO2/Ta3N5 IO3
�/I�

Pt/ZrO2/TaON RuO2/TaON IO3
�/I�

Pt/SrTiO3:Rh BiVO4 Fe3+/2+

Pt/SrTiO3:Rh Bi2MoO6 Fe3+/2+

Pt/SrTiO3:Rh WO3 Fe3+/2+

Ru/SrTiO3:Rh BiVO4 Fe3+/2+

Ru/SrTiO3:Rh PbWO4:Cr Fe3+/2+

Ru/SrTiO3:Rh BiVO4 [Co(bpy)3]
3+/2+

Ru/BaTa2O6:Ir,La BiVO4 [Co(bpy)3]
3+/2+

Pt/SrTiO3:Rh BiVO4 None

Ru/SrTiO3:Rh BiVO4 None

Ru/SrTiO3:Rh AgNO3 None

Ru/SrTiO3:Rh Bi2MoO6 None

Ru/SrTiO3:Rh TiO2:Cr,Sb None

Ru/SrTiO3:Rh TiO2:Rh,Sb None

Ru/SrTiO3:Rh WO3 None
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evolution to combine an ordinary metal

electrodes, dye sensitized solar cells, and p-type

semiconductor photoelectrodes for H2 evolution.
Summary

At the present stage, the materials with which

solar water splitting can be carried out are limited

and the efficiencies are not satisfying us. Various

kinds of efficiencies have been reported to eval-

uate the performances of photoelectrochemical

cells and powdered photocatalysts. A quantum

efficiency is scientifically important. Moreover,

energy conversion efficiency of solar to hydrogen

(STH) will be a standard value to evaluate the

efficiency of an artificial photosynthesis system.

It is indicated on roadmaps in the world that the

construction of solar fuel production systems by

artificial photosynthesis is a conclusive solution

for energy and environmental issues. Solar water

splitting is the core reaction of the artificial pho-

tosynthesis. If we can produce abundant hydro-

gen by the artificial photosynthesis, we can use it

for not only a clean energy but also a rawmaterial

in chemical industries. CO2 and N2 can be

converted to useful compounds using the solar

hydrogen. Of course, there are several processes

to utilize solar energy. There are merits and

demerits for each process. Characteristic point

of photocatalytic water splitting is the simplicity.

Therefore, it is advantageous to a large-scale

application harvesting a wide area of sunlight.

The final goal of this research area is to construct

an artificial photosynthesis resulting in revolution

for energy.
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Introduction

All kinds of existing devices for storage and

charge–discharge of electric power (condensers,

capacitor, secondary batteries, etc.) utilize

electrochemical interfaces. On the other hand,

electric power can be produced from light by

photoelectrochemical cells which also use elec-

trochemical interfaces bearing photosensitive

materials (semiconductors and dyes). Combina-

tion of these phenomena into a single hybrid

cell makes it possible to convert light

energy into power and store it in the cell structure

at the same time. Such kind of cell capable of
reversible photo-charge and dark discharge

is called photorechargeable cell, which is

a type of solar cell endowed with power storage

ability. The merit of this cell is its function of

stabilizing and sustaining the output electric

power against variation of light intensity and

cutoff of light.

There have been many trials to combine

a photovoltaic electrode and rechargeable

materials for invention of photorechargeable

cells [1–7]. The methods of power storage so far

proposed are classified into two types. One is the

cell incorporating charge–discharge reactions of

redox materials that have been employed in

the study of secondary batteries. The other is

the cell employing electrostatic capacitance

change for power storage and release.
Materials and Structures for
Rechargeable Half Cell

Photorechargeable cells can be devised by

electrochemical combination of photoelectro-

chemical half cell and rechargeable half cell.

Because photovoltaic power generation, either

by dye-sensitized photocells or conventional

solid-state solar cells (Si, CIS, etc.), is character-

ized to produce low output voltage less than 1 V,

it is desired that the function of power storage can

realize high capacity and energy density within

the low voltage range. Conductive polymer

materials that perform charge–discharge reac-

tions at low voltages with relatively high

coulombic capacity meet the above requirements.

Among these polymers are polypyrrole [4, 5, 7],

polyaniline [6], and polythiophene [7]. In

a typical cell structure, counter electrode of

a dye-sensitized solar cell is loaded with a layer

of polypyrrole [4]. Polypyrrole undergoes

a charge–discharge reaction due to doping and

undoping of anion such as ClO4
� and BF4

� at

a potential around �0.3–0.4 V versus SCE.

This doping reaction is also crucial for endowing

the conductivity to the polymer. To construct

http://dx.doi.org/10.1007/978-1-4419-6996-5_497
http://dx.doi.org/10.1007/978-1-4419-6996-5_38
http://dx.doi.org/10.1007/978-1-4419-6996-5_38
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photoanode of the photovoltaic half cell, metal

oxide or compound semiconductor electrodes or

dye-sensitized semiconductor electrodes have

been employed. It is necessary for practical use

that the photoanode has good sensitivity to visible

light and performs rapid photo-charging with

high photocurrent density. In addition,

photoanode is desired to generate voltage as

high as possible to drive charging of the storage

materials. Dye-sensitized mesoporous semicon-

ductors, sensitive to visible light (wavelengths

up to 800–900 nm), meet these requirements.

Photoexcitation of a dye-sensitized TiO2

photoanode causes electron flow to the

polypyrrole-loaded counter electrode where

electrons are stored by reducing the polymer. In

the optimum conditions for polymer structure and

electrolyte composition, charging capacity can

reach 90 mAh/g. A desired structure of the cell

to operate efficient charge–discharge at high

energy density is a three-electrode construction

in which a middle electrode (inserted) separates

electrolytes compositions for photovoltaic

generation and charge storage. While counter

electrode bears polypyrrole for the storage of

photoexcited electrons, the middle electrode that

is set opposed to the dye-sensitized anode bears

a material for the storage of holes so that it is

positively charged, i.e., oxidized, during light

excitation of the anode. Polythiophene has been

employed for a hole storage material [7].

The polymer-based photorechargeable cells

achieve cyclic charge–discharge in the voltage

range of 0.5–0.7 V [5, 7] with coulombic

densities more than 50mAh g�1 [5]. Besides

polymer materials, inorganic compounds such

as MnO2 and WO3 [3, 8] also work as high-

capacity storage materials to compose the

rechargeable half cell. Carbonaceous materials

are also considered to be useful for power storage

materials. Especially, high energy density is

achieved by lithium ion intercalation at charging

voltages <4.2 V, which is however out of the

range that photovoltaic generation concern. Soft

carbonaceous materials have been successfully

applied to various types of photoelectrochemical

cells [9]. They can also be applied to the

photorechargeable cell in the other way as they
also serve as excellent materials for capacitor

electrodes that work in a wide range of voltage.
Photocapacitor

Besides the use of redox materials, the other type

of photorechargeable cell is devised by using

carbon materials for power storage half cell.

Here, the charge–discharge mechanism differs

from the above method and is based on the

principle of capacitor that electrostatically stores

electric power in terms of electric double layer

capacitance. Activated carbon (AC) of large

surface areas (>100 m g�1) has been adopted for
commercial capacitors of high charge–discharge

capacity. In comparison with redox-type storage

materials, these carbon-based capacitors are

more stable against charge–discharge cycles and

perform rapid charging reactions to photocurrent

change (light variation). The photorechargeable

capacitor is known as photocapacitor [10].

The device has been fabricated as a simple

sandwich-type cell consisting of a dye-sensitized

semiconductor photoanode, a redox-free liquid

electrolyte, and a counter electrode in which

two electrodes bear porous AC layers. In

principle, charging proceeds by dye-sensitized

electron injection to semiconductor (TiO2) and

simultaneous hole injection to the AC layer that is

in junction with dye/TiO2. The injected electron

flows to the counter electrode and charges the

AC layer. Figure 1 shows the structure and

charge–discharge mechanism. The cell, which is

free of redox reactions, is capable of charging up

to 0.45 V [10]. The charging voltage, however, is

lower than the expected range corresponding to

the photovoltage of dye-sensitized solar cell,

>0.7 V, which is due to the absence of redox

system in electrolyte to favor the photovoltaic

generation. Three-electrode type photocapacitor

with a structure of separated electrolytes has been

designed to overcome this subject [11]. Its

structure is basically similar to those used in the

above redox-type cells except for AC layers that

replace polymers. Figure 2 illustrates the cell

structure, in which the middle electrode can be

a thin metal foil. Preparation of dye-sensitized
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photoanode follows the conventional method of

fabricating a mesoporous TiO2 electrode on

a transparent conductive substrate (see keyword,

dye-sensitized photoanode). The electrolyte of

the photovoltaic unit consisting photoanode

and middle electrode is an iodine-/triiodide-

containing organic solution and that of the AC-

coated capacitor unit is 1 M tetraethylamine

BF4-containing propylene carbonate. Various

kinds of sensitizers (dyes, quantum dots) and

semiconductors can be applied to the construc-

tion of photoanode.

To operate the photocapacitor, charging is

done by visible light irradiation to the
photoanode in the condition of short-circuiting

the external circuit, and discharge is done by

connecting the middle and counter electrodes in

the circuit. Rate of charging is fully dependent on

the light intensity and tends to decrease with time

until charging is saturated. In discharge,

current density can be regulated as constant by

galvanostatic circuitry. Figure 3 shows a photo-

charge and dark-discharge characteristics of the

photocapacitor. Illuminated with white light of

100 mW cm�2, charging voltage reaches as high

as 0.8 V. On discharge in the dark, cell voltage

exhibited a constant decrease with time under

constant current. This linear decrease is
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a characteristic of the electric double layer

capacitor, and the cell capacitance is determined

by the reciprocal of the slope, Idt/dV, where I and

t represent current and discharging time, respec-

tively. Using a Ru complex-sensitized TiO2

photoanode, three-electrode photocapacitor fab-

ricated in optimized conditions shows a charging
Photorechargeable Cell, Fig. 2 Three-electrode type

photocapacitor. Photo-charge (solid arrow) and discharge
(dashed arrow) processes are controlled on external cir-

cuit by switching (SW1, SW2)

Photorechargeable Cell,
Fig. 3 Photo-charge (left)
and discharge (right)
characteristics of

photocapacitor in function

of voltage with charge–

discharge time
voltage of 0.85 V yielding a maximum capaci-

tance per the amount of AC of 200 F g�1, specific
capacitance per electrode area of 6 F cm�2,
and energy density per area of 230 mWh cm�2.
This performance corresponds to 4 % as

a global solar energy storage efficiency starting

from the conversion of incident energy and end-

ing with energy storage in the cell. Following

the method of carbon-based photocapacitors,

polythiophene derivatives have been applied to

replace the AC layers as redox active materials.

It gives an energy density of 21.3 m Wh cm�2

with charging voltage of 0.75 V [12]. The

photocapacitors are fairly stable against more

than thousands of repeated charge–discharge

cycles.

Photorechargeable cells work as the solar cell

endowed with power-stabilizing function against

light variation, the function being incorporated at

the material level in a single sandwich-type

device. Figure 3 displays data demonstrating

that the photocapacitor stabilizes the output

power under exposure to random fluctuation of

outdoor sunlight [9] (Fig. 4).
Future Perspectives

Because photorechargeable devices have

a flat shape, similar to solar cells, to receive

light, the amount of charge storage material

loaded on the electrode area is limited.

In a single flat device, storage capacity and

energy density can only be increased by



Photorechargeable Cell, Fig. 4 Output power of the

photocapacitor in comparison with the change of incident

solar irradiation power during a day
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increasing the thickness of the material. For large

power storage, conventional capacitors such as

cylinder types are more useful by way of electri-

cally connecting a solar cell module and a storage

cell. In this case, however, circuitry of stabilizing

the solar cell output is prerequisite to connection.

Replacement of solar cell with photorechargeable

cell may save such load of circuitry. For small

power industry, which is related to consumer

electronic devices, photorechargeable device is

a more useful tool for continuous supply of

photo-generated power to secondary batteries

such as lithium ion batteries. High sensitivity of

dye-sensitized power generation to weak indoor

light is especially advantageous for versatile

applications in power storage and supply to

small power electronic devices such as computers

and other IT equipment.

Cross-References

▶ Photocatalyst

▶ Photoelectrochemistry, Fundamentals and

Applications

▶TiO2 Photocatalyst
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Introduction

Photoelectrochemistry has been applied to

photocatalysis (see the entries ▶ Photocatalyst,
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▶TiO2 Photocatalyst) and redox reaction-based

solar cells such as dye-sensitized solar cells (see

the entries ▶Dye-Sensitized Electrode,

Photoanode). In photoelectrochemistry, semicon-

ductors such as TiO2 or dye molecules such as

Ru-complexes are used for light harvesting ele-

ments. Those elements are often used as thick

deposits so that incident photons are absorbed

extensively. An alternative approach to sufficient

light absorption is the use of plasmonic metal

nanoparticles. Nanoparticles of noble metal

such as Au, Ag, and Cu absorb and scatter light

due to localized surface plasmon resonance

(LSPR), which is collective oscillation of con-

duction electrons at the metal surface by coupling

with an incident electromagnetic field. LSPR is of

interest for the following three aspects:

(1) strong light absorption, which is roughly pro-

portional to particle volume;

(2) tunable optical properties, e.g., resonance

intensity and wavelength dependent on parti-

cle size and shape, interparticle spacing, and

dielectric environment; and

(3) non-propagating, oscillating electric field

(optical near field) strongly localized in

close proximity to the particle surface,

beyond the diffraction limit.

There are two approaches to light harvesting

based on LSPR:

(i) excitation of dye or semiconductor by

plasmonic near field (Fig. 1a) and

(ii) charge separation at the interface between

a plasmonic metal nanoparticle and

a semiconductor (plasmon-induced charge

separation) (Fig. 1b).
Plasmonic Excitation of Dye
and Semiconductor

Plasmonic excitation of dye molecules and semi-

conductors has been used for surface-enhanced

Raman scattering (SERS) and enhancement of

fluorescence. It is also used for photoelectro-

chemistry such as dye-sensitized solar cells

[1, 2] and photocatalysis [3, 4]. The LSPR

band of metal nanoparticle antennae must over-

lap the absorption band of the dye or semicon-

ductor used, so that the plasmonic near field

around the metal nanoparticle can excite the dye

or semiconductor. Since lifetime of LSPR is

much longer than the time for which a photon

passes by the metal nanoparticle, the excitation

by near field can be more efficient than direct

excitation by incident photons. The enhancement

factor is defined by “photocurrent (or reaction

rate) in the presence of the nanoparticles”/“pho-

tocurrent (or reaction rate) in the absence of

the nanoparticles.” Its value is typically from

2 to 20. The optimum spacing between the

metal nanoparticle and the dye molecule or

semiconductor is normally a few nm to a few

tens nm [5, 6]. In the case of too small spacing

or direct contact, energy transfer from the dye

molecule or semiconductor to the metal

nanoparticle may be so high that photoelectro-

chemical processes are suppressed. For the

same reason, the use of plasmonic nanoparticles

could have negative effect on systems with strong

light absorption, whereas it is effective for

enhancement of systems with weak light

absorption.

http://dx.doi.org/10.1007/978-1-4419-6996-5_503
http://dx.doi.org/10.1007/978-1-4419-6996-5_493
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Plasmon-Induced Charge Separation

Visible or near infrared light-induced charge

separation [7] is observed for semiconductors

(TiO2, SrTiO3, ZnO, CeO2) in contact with

plasmonic nanoparticles of Au, Ag, or Cu.

The action spectra of the charge separation are

close to LSPR-based absorption spectra of the

corresponding metal nanoparticles. A possible

mechanism is electron transfer from resonant

metal nanoparticles to semiconductor due to an

external photoelectric effect or hot electron

injection. Actually, TiO2 electrodes modified

with plasmonic metal nanoparticles exhibit

negative photopotential shifts and anodic photo-

currents [8], whereas electrodes with metal

nanoparticles coated with TiO2 exhibit opposite

responses, i.e., positive photopotential shifts and

cathodic photocurrents [9]. On the other hand,

the charge separation takes place preferentially

at sites where the plasmonic electric field is

localized [10].

In the case of Au, nanoparticles are stable both

under light irradiation and in the dark. Therefore,

the charge separation system is applied to

photovoltaic cells and photocatalysis. Photovol-

taic cells may be a wet type or solid state. In

the wet-type cell, a photoanode such as

electrode/nSC/MNP (nSC ¼ n-type semiconduc-

tor; MNP ¼ metal nanoparticle) [8] or

a photocathode such as electrode/MNP/nSC [9]

is used with an electrolyte containing a redox cou-

ple. Structures of solid-state cells are electrode/

nSC/MNP/HTM/electrode (HTM ¼ hole trans-

port material or p-type semiconductor) [11] and

electrode/nSC/MNP/electrode [12].

Photocatalytic systems based on the plasmon-

induced charge separation can be used for oxida-

tion of alcohols, aldehydes, and phenol [8, 13];

mineralization of carboxylic acids [14]; oxidation

of benzene to phenol [15]; release of hydrogen

from alcohols and ammonia [16]; and oxidation

and reduction of water (but not water splitting)

[17]. The photocatalytic system can also be

applied to hydrophilic/hydrophobic patterning

based on photocatalytic removal of

a hydrophobic thiol adsorbed on metal

nanoparticles [18].
In the case of Ag, nanoparticles are oxidized to

Ag+ ions by the charge separation [7, 19, 20].

The Ag+ ions are reduced back to Ag

nanoparticles by photocatalytic effects of

photoexcited semiconductor (e.g., UV-irradiated

TiO2). This pseudo-reversible process is

exploited for photochromism (see entry

▶ Photochromizm and Imaging) including

multicolor photochromism [19], infrared and

polarized photochromism, and fast photochro-

mism. Holographic data storage [21] and

photomorphing gels [20] are additional applica-

tions. Ag nanoparticles can be stabilized by

chemical modification with a hydrophobic thiol.

The electrode/MNP/TiO2 system mentioned

above can also protect Ag nanoparticles from

oxidation so that it can be used for wet-type

photovoltaic cells and photocatalysis.

In the case of Cu, nanoparticles are ready to be

oxidized even in the absence of light. However,

Cu nanoparticles coated with a thin protective

layer (e.g., poly(vinyl alcohol)) are stable even

under resonant light and exhibit plasmon-induced

charge separation [22].
Future Directions

An increased number of papers have been

published in recent years regarding electrochem-

istry based on the plasmonic excitation and the

plasmon-induced charge separation. For further

developments and practical applications, mecha-

nisms and characteristics of those phenomena

must be studied in further detail. These systems

would make photovoltaic devices less expensive

and simpler on the basis of efficient light

absorption.
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Introduction

Fuel cells are expected to be one of major sources

of clean energy given their uniquely high energy
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Platinum Monolayer Electrocatalysts,
Fig. 1 Schematics of the galvanic displacement of a Cu

UPD monolayer by Pt. Blue and gray balls represent Pt
and Cu atoms, respectively. The clouds around balls indi-

cate ions [9]
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conversion efficiency and low or zero emissions.

Particularly important will be the application of

proton exchange membrane fuel cell (PEMFC) in

transportation. It will cause a substantial

decrease of adverse effects of using fossil fuels

on the environment. However, the slow

kinetics of oxygen-reduction reaction (ORR) at

fuel-cell cathodes cause a significant loss of

the cell voltage even with the best Pt-based cata-

lysts, which lowers the energy conversion

efficiency. This drawback and the problem of

Pt dissolution during long-term fuel-cell opera-

tions demand high Pt content at the cathode [1, 2].

The costs associated with high Pt contents

hinder the commercialization of fuel-cell

technology. Platinum monolayer electrocatalysts

[3, 4] were developed to answer the challenges of

slow kinetics of oxygen-reduction reaction

(ORR) at fuel-cell cathodes, insufficient stability

of Pt, and low CO tolerance Pt-based anode

electrocatalysts [5].

Platinum monolayer electrocatalysts have

a core–shell structure with a monolayer of Pt as

the shell supported by various conductive

nanostructures with single or multiple metal com-

ponents as the core. This class of electrocatalysts

possesses the following unique properties:

(1) ultimately low Pt content, containing only

one monolayer amount of Pt; (2) complete utili-

zation of Pt since all Pt atoms are on the surface

and directly participate in the reaction; and

(3) tunable activity and stability from the modi-

fication of the structural and electronic properties

of PtML induced by substrate [3, 4, 6]. Based on

the composition and structure of the substrates,

the PtML electrocatalysts can be divided into the

following categories:

1. PtML on metal or alloys

2. PtML on core–shell cores

From the shape of substrates, in addition to

the traditional 0D nanoparticles, 1D nanowires

and 3D nanocrystals have also been used as

substrates for PtML. The unique features of

PtML electrocatalysts open various possibilities

for designing electrocatalysts with specific

catalytic properties by choosing appropriate

substrates.
Synthesis of PtML Electrocatalysts

A typical PtML electrocatalyst is prepared by

placing a monolayer of Pt atoms on metal

nanoparticles using galvanic displacement of an

underpotentially deposited (UPD) Cu monolayer

by a Pt monolayer [3, 7]. Underpotential deposi-

tion describes the formation of a submonolayer or

monolayer of a metal on a foreign metallic sub-

strate at potentials positive to the reversible

Nernst potential, that is, before bulk deposition

can occur [8]. The experimental setup for PtML

deposition on an electrode consists of a cell with

several compartments; one used for Cu UPD, one

for rinsing the electrode after emersion from

CuSO4 solution, and one for displacement of

a Cu monolayer upon electrode immersion in

Pt2+ solution. The cell is under an inert gas (Ar

or N2) and facilitates all operations in an O2-free

environment.

The deposition of PtML is a two-step process.

First, a Cu UPD layer is deposited in a CuSO4

solution via holding the potential positive to the

bulk deposition for Cu. Then, after removing

potential control, the electrode is transferred in a

Pt2+ solution. Pt replaces the underpotentially

deposited Cu by a simple redox exchange.

A schematic diagram of the entire process is

shown in Fig. 1.
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Scale-up synthesis of these electrocatalysts to

produce kilogram quantities can be carried out

in cells with larger cathode areas and cell

volumes. A convenient cell consists of a Ti cyl-

inder container (more than 10 cm in diameter)

that also serves as the working electrode;

the inside wall is coated with RuO2, which is

corrosion resistant, and the UPD of Cu is not

taking place on this surface. A Pt black sheet

used as counter electrode is in a separate

compartment.
Structural and Electronic
Characterizations of PtML

Electrocatalysts

The morphology and structure of PtML

electrocatalysts were characterized by high-angle

annular dark-field (HAADF) imaging using scan-

ning transmission electron microscopy (STEM).

Figure 2a shows a typical HAADF-STEM

Z-contrast image of PtML/Pd/C nanoparticle,

bright shell and relatively darker core, suggesting
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Platinum Monolayer Electrocatalysts, Fig. 3 (a) In
situ EXAFS (k2-weighted) k-space spectra of Pt L3 edge

obtained from PtML/Pd/C and Pt foil in 1 M HClO4 at

a potential of 0.41 V/RHE. XANES spectra obtained with

PtML/Pd/C (b) and Pt/C (c) electrocatalysts at four differ-
ent potentials in 1 M HClO4. (d) A comparison of the

change of the absorption peak as a function of potential for

PtML/Pd/C and Pt/C
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the formation of a core–shell structure, i.e., a Pt

(Z¼ 78) shell on a Pd (Z¼ 46) nanoparticle [10].

Figure 2b, c illustrates the line profile analysis by

STEM/energy-dispersive X-ray spectrometry

(EDS), showing the distribution of Pt and Pd com-

ponent in a single nanoparticle. The analysis of Pt

and Pd distribution exhibits the following three

marked features:

1. Pt atoms fully cover the Pd nanoparticle

surface,

2. The Pt intensity is fairly constant along the

center of Pd nanoparticle.

3. At the both edges of Pd nanoparticle, the Pt

intensity is approximately doubled compared

with that at center.
These features demonstrate the formation of

a core (Pd)–shell (Pt) structure. The elemental

distribution of the catalysts can also be obtained

from the chemical mapping from the EELS signal

as discussed in ref [11].

The element-specific electronic properties,

e.g., Pt 5d-band state, of PtML electrocatalysts

and the local environment, such as bond distance

and coordination number of individual compo-

nent, were obtained using X-ray absorption near-

edge structure (XANES), and extended X-ray

absorption fine structure (EXAFS) spectros-

copies, respectively.

Figure 3 shows the in situ EXAFS of Pt L3 edge

from the PtML/Pd/C electrocatalyst in 1 M HClO4



P 1598 Platinum Monolayer Electrocatalysts
at various potentials together with those from the

reference foil [10]. Drastic difference between

PtML/Pd and the Pt foil was observed, especially

the oscillatory behavior in k-space (Fig. 3a).

The Pt–Pt and Pt–Pd bond lengths are determined

to be 2.729 � 0.005 Å and 2.724 � 0.007 Å,

respectively, which are smaller than that of

bulk Pt (2.775 Å). The coordination numbers

(CN) of Pt–Pt and Pt–Pd are 5.8 � 0.8 and 2.7 �
0.7, respectively. In the case of a complete

Pt monolayer on a Pd(111), the CN of Pt–Pt is 6,

while for Pt–Pd, it is 3. The slightly different

CN for monolayers on nanoparticles, the CN of

Pt–Pt and Pt–Pd from the fitting results, verify the

Pt monolayer formation on Pd nanoparticle

surfaces.

Strong evidence of delayed oxidation of a Pt

monolayer on Pd nanoparticles in comparison

with the oxidation of Pt nanoparticles was

obtained from in situ XANES measurements as

a function of potential. Figure 3a shows the Pt L3

edge spectra obtained on the PtML/Pd/C

electrocatalysts at four different potentials.

Only at the highest potentials is there an increase

in the intensity of white line as a consequence of

the PtOH formation causing a depletion of Pt’s

d-band. The increase in the intensity of the white

line for the Pt/C electrocatalyst commences at

considerably less positive potentials (Fig. 3b, c).

This indicates that the oxidation of a Pt mono-

layer on palladium substrate requires higher

potentials than that of platinum nanoparticles on

a carbon substrate, which is in accord with the

voltammetry data [3].
Factors Affecting the Activity
of Pt Monolayer

Core–Shell Interaction

Monolayer of Pt atoms on a foreign metal will

undergo compressive or tensile strain, depending

on the difference in atomic radii of Pt and the

other metal [4]. Thus, Pt atoms deposited on a Ru

substrate would have a large compressive strain,

but they would have only a small compressive

strain on Pd and a tensile strain when deposited

on Au. In addition to the strain effect, the
electronic couplings between PtML and its

supporting substrates also affect the electronic

property of surface Pt atoms. Both the surface

strain and electronic modification generate a

d-band center shift of the Pt monolayer [12, 13].

O/OH Binding

The studies of Pt monolayer electrocatalysts con-

firmed and elucidated the role of OH or

O adsorption on the ORR kinetics [3]. This is in

agreement with the density functional theory

(DFT) calculations showing a strong correlation

between the position of d-band center and bind-

ing energies of small adsorbates on strained sur-

faces and metal overlayers; the latter has a direct

impact on the catalytic activity of the reactions

[13]. For PtML electrocatalysts, there is

a volcano-type dependence of the ORR activity

on the position of d-band center [6]. Figure 4

shows the experimentally determined activity

(kinetic current) and the DFT calculation of bind-

ing energy of oxygen as functions of calculated

d-band center (ed–eF) on various single-crystal

substrates. The highest activity was observed on

PtML/Pd(111) which has a slight upshift of d-band

center and a weaker binding of O than that on

Pt(111).

OH Coverage/OH–OH Repulsion Energy

The work on PtML electrocatalysts revealed a new

factor playing a role in determining activity for

the ORR, which involves the OH–OH repulsion

between OHs on Pt and other metals in the sur-

face layer. In addition to the strength of O/OH

binding with Pt, the coverage of OH is another

important factor that affects the activity of PtML

electrocatalysts; the high OH coverage on Pt is

known to inhibit ORR. The data for PtML

electrocatalysts, with an additional metal mixing

with Pt to form a mixed monolayer, shows that

the interaction between the Pt and the other metal

in the shell induces a change of lateral repulsion

energy of adsorbed OH or O and thus change the

OH coverage on Pt [14].

Figure 5 depicts an experiment on a Pt–M

mixed layer [14]. The lateral repulsion energy

between adsorbed OH or between adsorbed OH

and O changes when different M is used. A very
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good linear correlation is found between the mea-

sured kinetic current densities and the effective

repulsion energy between two OH(a)s or an O(a)

and an OH(a) calculated from first principles. The

strong repulsion between these two adsorbates

destabilizes the OH adsorption on Pt and
accordingly reduces the OH coverage. Such

good linear correlation suggests that the destabi-

lization of OH on Pt and the resulted reduced OH

coverage, due to the influence from the second

metal, are responsible for the enhanced ORR

kinetics.
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Rotating Disk Electrode and Fuel-Cell
Measurements

Performance of PtML electrocatalysts has been

determined using single-crystal surfaces [15],

thin-film rotating disk electrode (RDE), and in

fuel-cell membrane electrode assembly (MEA).

Higher activities observed with rotating elec-

trodes are ascribed to a better Pt utilization of

Pt. Figure 6 displays the data on RDE and MEA

prepared from PtML/Pd/C nanoparticles: 0.57 and

0.36 A/mgPt in Pt mass activities at 0.9 V were

obtained from the measurements on RDE and

MEA, respectively.
The Rational Design of PtML

Electrocatalysts

The unique features of PtML electrocatalysts

enable a wide selection of substrates to attain an

electrocatalyst having low noble-metal content

with enhanced catalytic activity and stability.

A desired substrate should be able to affect the

Pt monolayer by causing a weakening of the

Pt–OH bond, a reduction of the OH coverage,

and a delay of PtOH formation to more positive

potentials than on pure Pt. The followings are

some examples of the design of substrates to

achieve the above goals.
Varying the Composition and Structure

Composition of the substrate has a significant

impact on the catalytic activity of PtML, through

strain effect and electronic coupling. Pd has been

found the most active metal as the substrate. To

further reduce the content of noble metal and/or

to enhance the catalytic activity and stability,

non-noble metal, e.g., Co, Ni, and Fe, can be

incorporated into the core as well as the compo-

nents with higher dissolution potential, Au, Ir, for

example. In addition to the random mix,

a core–shell structure, with stable shell, is another

effective way layer to preclude the dissolution of

non-noble-metal core and/or to mediate the activ-

ity over a less reactive core.

For example, the addition of a small content of

Au to Pd, e.g., a Pd9Au1 alloy core achieves

remarkable enhancement of the stability while

retaining the ORR activity as high as that on

PtML/Pd/C [16]. MEA fuel-cell tests showed

that PtML/Pd9Au/C remains active even after

200,000 potential cycles. In addition to alloys,

highly stable, inexpensive intermetallic com-

pounds can also be attractive candidates as

the supports for PtML. PtML electrocatalyst with

intermetallic Pd–Pb core exhibits an ORR activ-

ity superior to Pt/C [17].

Multimetallic alloy nanoparticle cores,

obtained by in situ decomposition of a Prussian

blue analogue, e.g., PtML/AuNi0.5Fe, show

a remarkable Pt mass activity as 1.38 A/mgPt



Platinum Monolayer Electrocatalysts 1601 P

P

and all-noble-metal activity as 0.18 A/mgPt+Au
[18]. The interaction of PtML with the stratified

structure of the core containing 3–5 atomic

layers of Au – plays an essential role in determin-

ing the activity and stability of the catalyst (insig-

nificant loss after 15,000 triangular-potential

cycles) and the high electrochemical stability of

the gold shell that precludes the exposure of the

relatively active inner-core materials to the

electrolyte.

The high-temperature-annealed Pd3Fe(111)

alloy core, i.e., Pd/Pd3Fe, has a top layer with

the structure same as Pd(111) but different elec-

tronic properties (i.e., a �0.25 eV downshift of

the d-band center compared to Pd(111)) [19]. It is

considerably more active than Pd(111), and the

observed enhancement of ORR activity of PtML/

Pd/Pd3Fe originates mainly from the destabiliza-

tion of OH binding, leading to a decreased Pt–OH

coverage on the Pt surface.

The IrNi core–shell nanoparticle core has

a two-layer Ir shell around inner Ni core fabri-

cated via thermally induced segregation [20].

The Ir shell completely protects the Ni atoms in

the core from oxidation or dissolution under ele-

vated potentials after 5,000 potential cycles. It is

evident that Ir shell completely protects Ni

core from oxidation or dissolution in acid elec-

trolyte under elevated potentials. DFT calcula-

tions using a sphere-like model for the

nanoparticle demonstrated that mixing Ni with

Ir (PtML/IrNi/C) induces geometric, electronic,

and segregation effects, thus weakening the

binding energy of oxygen and so resulting in

higher activity than in Pt/C and PtML/Ir/C

electrocatalysts.

Iridium, given its stability, could be a good

candidate as the substrate for PtML. However, Ir

as a core causes the Pt lattice to contract too

much, significantly decreasing the d-band center,

and it thus entails a very weak adsorption of O2

on Pt, resulting in slow ORR kinetics. An addi-

tion of a Pd monolayer (interlayer), placed

between the Pt monolayer and the Ir core, i.e.,

PtML/PdML/Ir/C, lowers the excessive effect of Ir

as corroborated by DFT calculation and conse-

quently ameliorates the ORR kinetics [21]. Xing

et al. used the PdAu alloy as the interlayer to
mediate the PtML catalytic properties [22].

Besides an enhanced activity, this catalyst

showed an excellent stability that may be due to

the stabilizing effect of Au [23].

Induced Lattice Contraction by Hollow Core

The study on Pt hollow nanoparticles shows that

the hollow structure induces a lattice contraction

in the Pt shell and exhibits higher activity and

better stability than solid Pt nanoparticles for

ORR [24]. The lattice contraction not only

enhances the ORR kinetics but also prevents the

instability caused by dissolution of core mate-

rials. Placing a PtML on Pd and Pd–Au hollow

cores, obtained using Ni nanoparticles as sacrifi-

cial templates, improved its properties for the

ORR. The hollow architecture results from the

combination of galvanic replacement and

the Kirkendall effect [25]. The larger ORR-active

surface area and the significant savings of noble

metal brought about by the hollow structure

accordingly enhanced up to 0.57 A/mg of the

total-metal mass activity of the electrocatalyst

for the ORR.

The Effects of Facets and Shapes

Atoms at low-coordination sites, i.e., edges, kinks,

and defects, have been shown to have a stronger

binding with OH than those at 2D terrace sites and

thus inhibit the oxygen reduction [11]. Those non-

registered atoms are also prone to stronger binding

with adsorbates and thus prone to dissolution [26].

On the other hand, it has been shown that

nanoparticles with a higher ratio of (111) facets

have higher activity for the oxygen-reduction reac-

tion [11]. Therefore, a desired nanoparticle core

for PtML should possess a high ratio of atoms at

(111) facets and less atoms at low-coordination

sites. The following paragraphs show three exam-

ples to achieve this goal.

Reduction of Low-Coordination Sites

The removal of low-coordination sites via Br

treatment on Pd/C core engenders nanoparticles

with a smooth surface and increased content of

(111) facets. As a result, 1.5 fold enhancement of

the ORR activity is achieved on PtML catalyst

with such core [27].
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Table 1 Comparison of specific Pt mass and PGM

mass activities of PtML electrocatalysts on different core

nanoparticles for the ORR measured by the kinetic cur-

rents at 0.9 V. The values for conventional Pt/C

electrocatalyst are given for comparison

Cores

Specific

activity

Pt mass

activity

Noble-metal

mass activity
(mA cm�2) (A mg�1) (A mg�1)

Pt/C 0.3 0.2 0.2

Pd 0.7 1.64 0.25

PdHollow 0.9 1.5 0.45

Pd20AuHollow 0.85 1.62 0.61

Pd/Irsublayer 0.94 2.17 0.13

PdNWe 0.85 1.85 0.22

PdAu 1.5 3.5

PdNW 0.77 1.83 0.55

Pdtetrahedral 0.64 0.92 0.14

PdNWe Electrodeposited NW, PdNWwet chemistry synthe-

sis. Other data are given in the graph
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Pd Tetrahedron Core

The production of active facets can also be

achieved by using nanocrystals with well-defined

facets as substrates. The concave Pd tetrahedron

(TH Pd) is a good example, which has a small

number of low-coordination sites and defects and

high content of the shape-determined high-

coordinated facets [28, 29]. The ORR kinetics

of PtML/TH Pd/C is improved significantly.

Pd Nanowire Core

As it is generally observed, Pd nanowires (NW)

have smooth surfaces with fewer low-

coordination sites and edges and less surface

imperfections than nanoparticles. Such surfaces

are suitable for the ORR and make a good support

for a Pt-ML since OH adsorption on them is

shifted positively with reduced coverage. The

power density of this catalyst is close to

1 W/cm2 with only 40 mgPt/cm2 (0.1 mg/cm2

PGM) content, which compares favorably with

reported data for other catalysts [30].

Table 1 displays a comparison of activities of

several PtML electrocatalysts having different

cores from the above rational designs.

A considerable difference between some core–

shell couples indicates a remarkable possibility

for tuning the activity of these catalysts and the

flexibility of this approach.
Pt Submonolayer Anode
Electrocatalysts with High CO Tolerance

The presence of small concentration of CO is

enough to strongly impair the performance of Pt-

based catalysts. To increase CO tolerance, Ru is

introduced to Pt to form a PtRu alloy for the anode.

One of the roles played by Ru is to provide RuOH

species for the oxidation of CO to CO2, leaving Pt

sites free for adsorption and oxidation of H2 or

MeOH (bifunctional mechanism [31]). Electroless

(spontaneous) deposition of Pt submonolayer on

Ru(0001) surface [32] and Ru nanoparticles [33]

was used to synthesize such electrocatalyst with

excellent CO tolerance for the oxidation of refor-

mate H2 [34]. The DFT calculation from Koper

et al. found that CO bindsmostweakly on PtML/Ru

among various PtRu combinations in their study

[35]. The example in Fig. 7a compares the CO

tolerance in an accelerated test of the Pt

submonolayer catalyst PtRu20 with that of one

commercial PtRu alloy catalyst in the oxidation

of H2 containing 1,000 ppm CO: the commercial

PtRu lost almost all the activity after 100 min,

while PtRu20 remains active even after 350 min.

The long-term fuel-cell performance stability test

of the PtRu20 electrocatalyst (Fig. 7b) shows no

detectable loss in performance over 870 h with the

Pt loading approximately 1/10th of the stand

loading.

With the Pt monolayer or submonolayer con-

cept, the DFT calculation from Nilekar et al.

found a promising new category of

electrocatalysts for anode with high CO–CO

repulsion energy which leaves to low CO binding

energy: mixed-metal Pt monolayer

electrocatalysts [36]. Their results suggest that

in addition to Ru, Ir, Os, and Re could also be

good candidates for mixed-metal Pt monolayer.
Activity and Stability of PtML

Electrocatalysts in Fuel-Cell Tests

Figure 8a displays the TEM image of the cross-

section of MEA after 100,000 potential cycles

from 0.6 to 1.0 V, and the corresponding distri-

bution of Pt, Au, and Pd in the catalytic
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Accelerated CO tolerance tests of the PtRu20 and of

a commercial electrocatalyst for the oxidation of H2 with

997 ppm of CO at 60 �C at 0.05 V on a rotating disk

electrode (2,500 rpm) with the loadings indicated in the

graph. The PtRu20 (1 % Pt, 10 % Ru on C) electrocatalyst

exhibits considerably higher CO tolerance. (b) Long-term
performance stability test of the PtRu20 electrocatalyst in

an operating fuel cell. The fuel cell’s voltage at constant

current of 0.4 A/cm2 is given as a function of time for the

electrode of 50 cm2 with an anode containing 180 mg/cm2

of Ru, and 18 mg/cm2 of Pt (or 0.063 g/kW of Pt that is

approximately 1/10 of the standard Pt loading) and

a standard air cathode with a Pt/C electrocatalyst. The

fuel was clean H2 or H2 with 50 ppm of CO and 3 % air;

temperature 80 �C. A change of fuel from the CO + H2

mixture to H2 caused an intermittent spike in the current

trace
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nanoparticles after the stability test is displayed

in Fig. 8b [16]. A Pd band forms in the middle due

to Pd dissolution and Pd2+ reduction by H2 dif-

fusing from the anode; Pt and Au remain in the

cathode. Pd is a slightly more reactive metal than

Pt and so dissolves at slightly lower potentials

(0.92 (Pd) vs. 1.19 (Pt) V). The small dissolution

limits the excursions of potential in an operating

fuel cell, or at least minimizes it. Such partial

dissolution of Pd entails a small contraction of

the PtML shell, giving rise to a more stable struc-

ture with increased dissolution resistance and

specific activity. This is the self-healing effect

observed with this core–shell system as depicted

in the model insert in Fig. 8b: the slow dissolution

of Pd causes the decrease in the particle size,

leading to some contraction of the Pt layer. The

excess of Pt atoms from a monolayer shell can

form a partial bilayered structure, or hollow par-

ticles may be formed due to the Kirkendall effect.

The distribution of Au in PdAu alloy has

a great impact on the stabilization of Pd under

potential cycling in the acid media. Figure 8c

displays the cross-section of MEA and the
posttest distribution of Pt, Au, and Pd in the

PtML/Pd9Au catalyst based on highly uniform

PdAu alloy. Such a uniform alloy causes

a positive shift of Pd oxidation, in accord

with its stabilization potential and reduced

PdOH formation, as evidenced from voltammetry

and in situ EXAFS studies, in particular

confirming the changes in coordination number

of Pd–O. Potential cycling did not entail any

decrease in Pd, Pt, or Au. The Pt mass activity

of the Pt/Pd9Au/C electrocatalyst in a test

involving 200,000 potential cycles decreased

negligibly (Fig. 8d, red circles). The DOE’s tar-

get for 30,000 potential cycles under the same

protocol is a loss of 40 %. For comparison, the

mass activity of a commercial Pt/C catalyst

shows a terminal loss below 50,000 cycles

(Fig. 8d, open triangles). The preparation of

a highly compact Pt-ML, using the combined

processes of H absorption and H adsorption

on Pd to reduce Pt2+, leads to the production of

a new generation of PtML/Pd/C catalysts

with outstanding, unprecedented stability: there

was no loss of activity over 200,000 potential
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Platinum Monolayer Electrocatalysts, Fig. 8 (a)
Cross-section of the MEA of PtML/Pd9Au/C after

100,000 potential cycles from 0.6 to 1.0 V. (b)
Corresponding distribution of Pt, Au, and Pd, vs. distance
after the test. The insert shows the model for the slow

dissolution of Pd and the decrease in the particle’s size,

leading to some contraction of the Pt layer. (c) The cross-
section of the MEA and overlaid posttest distribution of

Pt, Au, and Pd in the PtML/Pd9Au/C catalyst based on

a highly uniform PdAu alloy after 200,000 potential

cycles. (d) Comparison of the Pt mass activity for Pt/

Pd9Au/C (open circles), PtML/Pd9Au catalyst based on

highly uniform PdAu alloy (red circles) PtML/Pd/C

electrocatalyst with highly compact Pt-ML (green
squares) and of a commercial Pt/C catalyst (open trian-
gles) [16]
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cycles (Fig. 8d green squares). Furthermore,

under more severe conditions with a potential

range of 0.6 –1.4 V, there were no significant

losses of Pt and Au, although the dissolution of

Pd was apparent.
Summary and Future Directions

Although Pt monolayer electrocatalysts are at

early stage of development, significant improve-

ments in their activity and stability have been

achieved, and the accelerated stability tests in
fuel cells established them as a viable practical

concept. Moreover the well-established scaled-

up synthesis has made PtML electrocatalysts

ready for applications including the automotive

one. In contrast to the content of platinum in the

cathode catalysts currently being tested in fuel-

cell vehicles, viz., 400 mgPt/cm2, PtML

electrocatalysts require only 40–80 mgPt/cm2

and 60–100 mgPd/cm2. Thus, the requirement

for a 100 KW fuel cell in a medium-sized electric

car, with the catalyst’s performance of 1 W/cm2,

is 4–8 g of Pt and about 10 g of Pd. Currently,

catalytic converters use 5 g of Pt per vehicle.
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Therefore, there would be no need for consider-

able increase of the present rate of supply of Pt.

Owing to the unique features of Pt monolayer

electrocatalysts, there is a broad range of possibil-

ities for further improving the activity and stability

and reducing the costs. The design of future PtML

electrocatalysts includes the change of composi-

tion, shape, and size of cores to optimize the core–

shell interaction. In detail, the research can be

performed from the following aspects: (1) Further

reduction of the noble-metal (e.g., Pd) content by

alloying it with non-noble metals, using its hollow

nanoparticle counterparts, or by designing new

inexpensive supports, such as IrNi described

above. (2) Modification of the properties of the

Pt-ML by selecting the appropriate top atomic

layer of the cores to enable the employment of

a variety of core materials. (3) Design and synthe-

sis of corematerials with defined facets, preferably

(111) facets, like nanowires and nanorods which

have their high resistance to surface oxidation and

possess large fraction of (111) facets. Electrode-

position of nanowires is particularly promising

since by its nature, this technique is capable of

positioning the catalyst optimally in MEA, thus

facilitating its highest utilization. (4) Incorporation

of the synthesis of PtML electrocatalysts with the

fuel-cell setup to further reduce the production

cost and better accommodation of the catalysts

on the electrode. These studies would substantially

reduce the technical barriers to produce durable,

economical fuel cells. Given the limited resources

of Pt, the concepts PtML catalysts will have a broad

impact on future catalysis research and

technology.
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9. Vukmirović MB, Bliznakov ST, Sasaki K, Wang JX,

Adzic RR (2011) Electrodeposition of metals in cat-

alyst synthesis: the case of platinum monolayer

electrocatalysts. Electrochem Soc Int 20:33–40

10. Sasaki K, Wang JX, Naohara H, Marinkovic N, More

K, Inada H, Adzic RR (2010) Recent advances in

platinum monolayer electrocatalysts for oxygen

reduction reaction: scale-up synthesis, structure and

activity of Pt shells on Pd cores. Electrochim Acta

55:2645–2652

11. Wang JX, Inada H,Wu L, Zhu Y, Choi Y, Liu P, Zhou

W-P, Adzic RR (2009) Oxygen reduction on well-

defined core� shell nanocatalysts: particle size, facet,

and Pt shell thickness effects. J Am Chem Soc

131:17298–17302

12. Hammer B, Nørskov JK (2000) Theoretical surface

science and catalysis – calculations and concepts. In:

Bruce CG, Helmut K (eds) Advances in catalysis.

Academic, New York, pp 71–129

http://dx.doi.org/10.1007/978-1-4419-6996-5_400
http://dx.doi.org/10.1007/978-1-4419-6996-5_400
http://dx.doi.org/10.1007/978-1-4419-6996-5_404
http://dx.doi.org/10.1007/978-1-4419-6996-5_404
http://dx.doi.org/10.1007/978-1-4419-6996-5_481
http://dx.doi.org/10.1007/978-1-4419-6996-5_482
http://dx.doi.org/10.1007/978-1-4419-6996-5_482
http://dx.doi.org/10.1007/978-1-4419-6996-5_209
http://dx.doi.org/10.1007/978-1-4419-6996-5_209
http://dx.doi.org/10.1007/978-1-4419-6996-5_210
http://dx.doi.org/10.1007/978-1-4419-6996-5_210
http://dx.doi.org/10.1007/978-1-4419-6996-5_211
http://dx.doi.org/10.1007/978-1-4419-6996-5_211


P 1606 Platinum-Based Anode Catalysts for Polymer Electrolyte Fuel Cells
13. Greeley J, Nørskov JK, Mavrikakis M (2002) Elec-

tronic structure and catalysis on metal surfaces. Annu

Rev Phys Chem 53:319–348

14. Zhang J, Vukmirovic MB, Sasaki K, Nilekar AU,

Mavrikakis M, Adzic RR (2005) Mixed-metal Pt

monolayer electrocatalysts for enhanced oxygen

reduction kinetics. J AmChem Soc 127:12480–12481
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Introduction

Polymer electrolyte fuel cells (PEFCs) are con-

sidered to be a promising electric power source
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Fig. 1 Contribution of

anode-, cathode-, and

electrolyte-related

performance losses in

a DMFC (Modified from

[13, 27])
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for stationary and automotive applications due to

their potentially high energy density combined

with exhaust-free operation. However, before

the effective commercialization, several techni-

cal problems related specifically to durability

issues must be resolved [1, 2]. The oxygen reduc-

tion reaction (ORR) is one of the main causes of

the polarization loss in the cathodes and accounts

for 80 % of the total loss [1–3]. The performance

of a PEFC, hence, is limited by the ORR on the

cathode side. Other significant challenges can be

found on the anode side especially when operated

with impure hydrogen derived from reformation

reactions, which typically contain low levels of

carbon monoxide, i.e., between 10 and 100 ppm

of CO. Carbon monoxide is known to be

a catalyst poison which strongly adsorbs on the

commonly used Pt catalysts and can result in

significant anodic polarization losses [4–8].

When operated with hydrogen feed gas, anode

durability typically is not an issue provided that no

starvation of hydrogen occurs, e.g., due to insuffi-

cient distribution of hydrogen inside the stack (so-

called H2 gross starvation). Under these undesired

conditions, the anode potential is increased from

below typically 0.1 V to values exceeding more

than 1.5 V, resulting in instantaneous corrosion of

the anode catalyst and support [9, 10].

Besides hydrogen as a fuel, also methanol or

other organic liquid energy carriers can be oxi-

dized in so-called direct oxidation fuel cells, e.g.,

direct methanol fuel cells (DMFC) [11–15] or
direct alcohol fuel cells (DAFC) [16–18]. Meth-

anol, however, is volatile and a toxic compound.

As a replacement, other organic fuels, such as

ethanol, ethylene glycol, propanol, and dimethyl

oxalate, are being considered as fuels for DAFC

[16, 17]. The most extensively studied alternative

fuel is ethanol, considering that it is safer and has

a higher energy density compared to methanol

(8.01 kWh kg�1 versus 6.09 kWh kg�1) [19–26].
Considering only the thermodynamics of the

DMFC (used here as a representative of direct

alcohol fuel cells), methanol should be oxidized

spontaneously when the potential of the anode is

above 0.05 V/SHE. Similarly, oxygen should be

reduced spontaneously when the cathode poten-

tial is below 1.23 V/SHE, identical to a H2–O2

fuel cell. However, kinetic losses due to side

reactions cause a deviation of ideal thermody-

namic values and decrease the efficiency of the

DMFC. This is presented in Fig. 1b, which

includes various limiting effects as kinetics,

ohmic resistance, alcohol crossover, and mass

transport. The anode and cathode overpotentials

for alcohol oxidation and oxygen reduction

reduce the cell potential and together are respon-

sible for the decay in efficiency of approximately

50 % in DMFCs [13, 27].

This essay briefly will summarize the different

catalyst approaches for the underlying anode

reactions for the oxidation of pure H2, H2-rich

reformates including CO, and alcohols such as

methanol and ethanol.
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Anode Electrocatalysts for Hydrogen
Oxidation Reaction (HOR)

The most effective catalyst for HOR at the anode

in PEFCs are Pt nanoparticles supported on car-

bon-type supports. Since the HOR on Pt in acidic

environment is very fast with values of the

exchange current density of several hundreds of

mA/cm2
Pt (80

�C, 100 kPa H2 [28]) as compared

to below 10�5 mA/cm2
Pt for the ORR at 80 �C

and 100 kPa O2 [29]. it is possible to reduce

the anodic Pt loading to values of below

0.1 mgPt/cm
2 without increasing the polarization

overpotential [30].

However, as was mentioned above that even

small traces of CO can cause significant decrease

in fuel cell performance. It was reported that only

5 ppm CO in the hydrogen stream leads to a drop

of the maximum power density to less than half

the value obtained for pure hydrogen [31]. The

preparation of an efficient electrocatalyst with

high activity for the HORwith good CO tolerance

is related to the understanding of reaction mech-

anisms on its surface.

Several studies on platinum electrodes showed

that the CO poisoning mechanism occurs because

of strong adsorption of CO on the catalyst sur-

face, which blocks the HOR [6, 32, 33]. Gener-

ally, in order to improve the CO tolerance of fuel

cell anodes, several strategies can be employed

[34]: (1) alloying of platinumwith a second metal

which either helps to reduce the adsorption

energy of CO and therefore may help to reduce

the effective CO coverage through a so-called

ligand or electronic effect or which offers adsorp-

tion sites for oxygenated species in a bifunctional

mechanism [7, 35–40]; (2) the use of catalysts

which do not adsorb CO at all; or (3) the increase

of the temperature in order to reduce the effective

CO coverage (cf. Fig. 2, entry “▶High-

Temperature Polymer Electrolyte Fuel Cells”,

this volume).

Starting with the first approach, bimetallic PtM

(M ¼ Fe, Ru, Mo, Sn, or W) catalysts have been

proposed [4, 7, 37–39, 41–51]. This first class has

a (pseudo-)bifunctional mechanism of action, as in

the case of Pt–Ru, where CO is adsorbed on both

the Pt and Ru sites. The second metal does not
serve exclusively to adsorb OHad. The surface

reaction for Pt–Ru can be formulated as
Pt Ruð Þ�COadþRu�OHad!CO2þHþ þ e�:

(1)

In the bifunctional mechanism, the presence of

a second metal (normally oxophilic) favors the for-

mation of the OH species promoting the early

electrooxidation of the CO. As every oxidized CO

opens up two sites for the hydrogen oxidation, Eq. 2,
H2 ! 2Hþ 2e�; (2)

http://dx.doi.org/10.1007/978-1-4419-6996-5_195
http://dx.doi.org/10.1007/978-1-4419-6996-5_195
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the strategy is clear that shifting the CO oxidation

reaction to potentials as low as possible will

significantly increase the rates for HOR.

The electronic effect claims that the second

metal in the alloy modifies the H2 and CO adsorp-

tion energies, reducing the CO coverage and by

then creating Pt sites available for the H2 oxida-

tion. Quite significant efforts have been carried

out to developing a CO-tolerant anode

electrocatalyst at levels of 50 ppm of CO (with

a noble metal loading lower than 0.1 mgcm�2 or
less). Among the several binary alloy systems,

PtRu and PtSn have shown promising perfor-

mance for the HOR in the presence of CO, but

the origin of this effect (bifunctional or electronic

or both) remains under discussion [4, 37–39,

42–44, 46, 47]. Previous results on carbon-

supported nanocrystalline PtRu and PtSn alloys,

under in situ electrochemical conditions and

using X-ray absorption spectroscopy, have

shown changes in the electronic structure (Pt 5d
band vacancy) but also a short-range atomic order

(Pt–Pt bond distance and coordination number,

the so-called lattice strain). Alloying Pt with Sn

causes lowering of the Pt 5d band center and

increase the Pt–Pt interatomic distance. On the

other hand, the effect when alloying Ru with Pt is

exactly opposite. Both effects induce a change in

the CO poisoning characteristics in their systems,

resulting in different activation energies, surface

coverage, reaction orders, etc.

Figure 2 shows the single-cell polarization

characteristics of CO-tolerant PtRu/C and PtSn/

C relative to Pt/C for the HOR in PEFCs at 85 �C
and different CO concentration.

Based on a simple kinetic model, Springer

et al. [52] suggested that the polarization of the

hydrogen electrode at low current density is lim-

ited essentially by the maximum rate of hydrogen

dissociative chemisorption on a small fraction of

the catalyst surface free of CO. It was also found

that a rate of CO oxidation on Pt as low as

10 nAcm�2 could have a significant effect in

lowering the CO steady-state coverage and thus

in increasing the magnitude of the hydrogen

electrooxidation current.

Other catalysts have shown similar properties,

as it is the case of PtFe and PtMo. Watanabe and
co-workers demonstrate that PtFe shows an

excellent CO tolerance for the H2 oxidation, sim-

ilar to the PtRu catalyst [35, 50]. According to the

authors, this effect is associated to a positive shift

in the binding energy of the Pt 4f or 4d orbitals.

The positive shift of the binding energies indi-

cates an increase of the valence band (5d orbital),

resulting in a lower electron back-donation to the

CO molecules and therefore a decrease in the CO

coverage. Several investigations on PtMo report

a good CO tolerance that it was ascribed to

a bifunctional mechanism where oxygenated spe-

cies on the molybdenum atoms react efficiently

with the CO adsorbed on the Pt [53, 54].

The Pt/WOx system has also been subject of

several studies although catalytic activity is not as

strong as that for ruthenium. In this case, the

catalytic activity was associated to the rapid

change of the oxidation state of W, involving the

redox couples W(VI)/W(IV) or W(VI)/W(V), which

again promote the formation of hydrous oxide and

therefore the oxidation of the CO [55–57].

The catalytic activity of a PtRu alloy catalyst,

which is the most active system for oxidation of

CO-contaminated H2 fuel, can be further

improved by using ternary alloy catalyst. In this

regard, Chen et al. [58] reported a superior per-

formance of a PtRuWO3/C against CO poisoning

in a stream of H2/100 ppmCO at 80 �C at 220 mA

cm�2 after a test period of 6 h. Other studies

performed by Götz et al. demonstrated that

under operation conditions of H2/150 ppm CO

(75 �C), the system PtRuW shows the highest

activity at low current densities, while PtRuSn

is the best catalyst at current densities higher

than 300 mAcm�2 [51]. In addition, the activity

of both catalysts at higher current densities

exceeded the activity of the PtRu (E-TEK) com-

mercial catalyst. Papageorgopoulos et al. [51]

have reported that the addition of 10 at %Mo

showed a significant improve in performance

toward the H2 oxidation in the presence of CO

compared to PtRu/C. On the other hand, addition

of Nb in a PtRu/C catalysts had a negative effect

in PtRu by promoting CO poisoning [51].

As a result of a DFT calculations of a variety of

model ternary PtRuM alloy catalysts yielded

detailed adsorption energies and activation
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barriers and a combinatorial experimental

electrocatalysis performed over 64-element elec-

trode array with composition PtRuM (M¼Co, Ni,

andW), it is reported that PtRuCo ternary catalysts

clearly outperformed the standard PtRu catalyst,

followed by PtRuNi ternary catalysts [59].

In addition to the above mentioned catalyst,

Schmidt et al. [60] reported the superior activity

and CO tolerance of PdAu/C (Vulcan XC-72)

(platinum-free electrocatalysts) at 60 �C com-

pared to PtRu/C. This enhanced CO tolerance

was explained by the significantly reduced CO

adsorption energy on the PdAu surface, resulting

in very low effective CO coverage and therefore

in high HOR rates [60, 61].
Hydrogen Starvation

One of the main challenges for the commerciali-

zation of PEFCs is the long-term stability. As was

explained above, under fuel cell operation,

hydrogen is oxidized at the anode while oxygen

is reduced at cathode catalyst layer.
2Hþ þ 2e� ! H2 E� ¼ 0 V (3)

O2 þ 4Hþ þ 4e� ! 2H2O E� ¼ 1:23 V (4)

In total, electric energy, water, and heat are

produced. However, additional and undesired

reactions can produce catalyst layer degradation

and consequently can limit the lifetime of the fuel

cell. Carbon corrosion and dissolution of the

active metal catalyst are the main undesired side

reactions in PEFCs [62–66].

Localized hydrogen starvation at a PEFCs

anode can lead to the formation of local cells as

presented on the Fig. 3a and takes place mainly

during the start–stop cycling when a H2/O2 front

is moving through the anode compartment of the

cell [65]. In short, due to the presence of both H2

andO2 in the anode of a fuel cell, the cell becomes

internally shorted with the result of a cathodic

potential excursion to approx. 1.5 V [67].
The consequences of carbon corrosion at the

cathode due to local hydrogen starvation have

been confirmed with start–stop experiments and

with experiments involving the deliberate

blocking of hydrogen flow field channels. The

main cause for local hydrogen starvation in real

PEFCs is associated to water droplet formation

inside flow field channels.

Gross hydrogen starvation occurs when the

complete anode compartment of the PEFC is

free of hydrogen. This situation occurs, e.g.,

when individual flow fields inside a fuel cell

stack are not supplied by H2 due to inhomoge-

neous hydrogen distribution when gas inlets of

cells are blocked due to liquid water. Under oper-

ating conditions, i.e., when a current is drawn off

the PEFC in the absence of fuel, the anode poten-

tial is increasing to a value where some other

oxidation reactions can occur, typically to poten-

tials when the carbon support of the anode cata-

lyst is oxidized. In Fig. 3b, the effect of the

hydrogen starvation mechanism on the cell

potential of a PEFC anode is shown under

a constant current of 20 mA/cm2. In this model

experiment, the anode potential increases as

a function of time when the fuel gas is switched

from hydrogen to Argon flow. In the presence of

H2, the potential exhibits a constant value of less

than 0.1 V/ RHE (Eq. 3). However, when the H2

flow is replaced by Ar, the potential gradually

increases, at a rate that depends on the pseudoca-

pacitance of the electrode material, to higher

potentials than 1.6 V/RHE. This potential excur-

sion leads to severe, rapid, and irreversible car-

bon corrosion [65, 66, 68–71].

Besides engineering solutions such as contin-

uous H2 flow in the anode to avoid accumulation

of liquid water and/or nitrogen, different material

mitigation strategies have been proposed in order

to minimize effects of local hydrogen starvation

which include the following: (1) the use of an

oxygen evolution reaction (OER) catalyst in the

cathode catalyst layer opening up an energeti-

cally more favorable reaction pathway during

internal shorting as compared to carbon
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on the half-cell potential at

the anode side (Reproduced

by permission from [10])
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oxidation; (2) the use of non-carbon supports

which cannot be oxidized under local starvation

conditions; and (3) the use of a highly selective

anode catalyst which cannot reduce oxygen in the

anode compartment [72], therefore avoiding the

internal cell shorting.

More information regarding carbon corrosion

and the use of novel support materials can be

found in [3] and references therein.
Anode Electrocatalyst for Alcohol
Oxidation

As in many other systems, the nature and the

structure of the electrode material play an impor-

tant role in the adsorption and electrooxidation of

most organic fuels commonly used in DAFC.

Many groups attempted to develop Pt-free

electrocatalysts as anode materials for alcohol
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Platinum-Based Anode Catalysts for Polymer Elec-
trolyte Fuel Cells, Fig. 4 (a) Reaction mechanism for

the methanol electrochemical oxidation proposed by
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(Reproduced by permission from [16]). (c)

Voltammograms of Pt80Ru20; Pt80Sn20; Pt85W15;

Pt60Ru15Sn25; Pt65Ru20W15 supported nanoparticles elec-

trodes in 0.5 M H2SO4 + 1Mmethanol or ethanol solution

at 30 �C; n ¼ 10 mVs�1 (Reproduced by permission from

[83])
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oxidation, but only platinum seems to be able to

adsorb alcohols and to break the C–H bonds

efficiently. However, the dissociative chemisorp-

tion of an alcohol leads to the formation of

strongly poisoning intermediate species (mainly

adsorbed CO or COH), which block the

electroactive sites of the catalysts, see discussion

of CO tolerance above. During alcohol oxidation,

many other intermediates species are formed, and

different reaction mechanisms and poisoning

species have been proposed. A temptative reac-

tion mechanism proposed by Lamy et al. [16] is

presented in Fig. 4a and is discussed in this

volume, chapter “▶Direct Alcohol Fuel Cells

(DAFCs)”.
As in the development of CO-tolerant

catalysts for PEFC anodes, the main challenge

for the development of catalysts for the

oxidation of alcohols is to reduce or to avoid the

formation of strongly adsorbed poisoning species

(i.e., CO) or to favor their oxidation at low

overpotentials.

As described before, a route to improve the

electrocatalytic properties of platinum, and to

decrease the poisoning of its surface by adsorbed

CO or CO containing species, is to prepare alloys

with a second metal (or third metal). Many dif-

ferent binary and ternary platinum-based anode

catalysts, such as PtRu, PtSn, PtMo, PtRuMo,

PtRh/SnO2, or PtRuW, have been examined

http://dx.doi.org/10.1007/978-1-4419-6996-5_188
http://dx.doi.org/10.1007/978-1-4419-6996-5_188
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Platinum-Based Anode Catalysts for Polymer Elec-
trolyte Fuel Cells, Fig. 5 The performance of

single DAFC with (a) Pt/C; (b) PtRu/C (20–10 %),

1.33 mgPt/cm
2; and (c) PtSn/C, 1.33 mgPt/cm

2 as anode

catalysts. Cathode: 1.0 mgPt/cm
2 (20 wt.% Pt/C,

Johnson Matthey Co.). pO2: 0.2 MPa (abs.); 90 �C;
MeOH (or EtOH): 1 M and 1.0 ml/min. Nafion®-115

was used as electrolyte. () DMFC (♦) DEFC (Reproduced

by permission from [91])
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toward themethanol and ethanol electrooxidation

[19, 20, 73–82].

Among all the alcohols, ethanol has being

subject of extensive studies because it is a green

fuel and can be easily obtained as biofuel. The

schematic of direct ethanol fuel cell is presented

in Fig. 4b, while Fig. 4c shows the onset on the

oxidation potential of methanol and ethanol for

different alloy catalyst.

Regarding the ethanol oxidation mechanism,

adsorbed CO and CHx fragments have been iden-

tified as the main poisoning reaction intermedi-

ates [77, 84–90].

The cell performances reported by Zhou et al.

for DMFCs and DEFCs with Pt/C, PtRu/C, and

PtSn/C employed as anode catalyst are summa-

rized in Fig. 5. The performances of single cells
are significantly different when anode catalyst

composition is the variable parameter to be con-

sidered, keeping the other parameter constant.

In this evaluation, even though the Pt loading

on anode catalyst layer is higher than that of

other bimetallic anode catalysts (2.0 mgPt/cm
2

for Pt/C vs. 1.3 mgPt/cm
2 for PtRu/C and PtSn/

C), the performance of the respective single

cells is still poor. It can also be concluded that

the performance of single DMFC with Pt/C

and PtRu/C as anode catalyst is higher than that

of single DEFC, due to the fact that methanol

is more reactive than ethanol. On the other

hand, PtSn/C catalyst has shown a better perfor-

mance on a single DEFC than on a single cell

of DMFC in the current density range from

0 to 168 mA/cm2 [91].
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Conclusions

Whereas the oxidation of pure hydrogen in

H2-PEFC is not challenging from the

electrocatalytic point of view (the only challenge

actually remaining is howmuch the Pt loading can

be reduced), the oxidation of H2-rich reformates

obtained from hydrocarbon or alcohol reforming

with even ppm levels of CO remains one of

the biggest challenges for reformate-driven

PEFC development. Although some Pt alloys,

e.g., PtRu, show very high CO tolerance, from an

operational system point of view, there is not

a large range of CO levels which can be

tolerated, and fuel processing to the desired level

is a PEFC systems challenge. Although the many

progresses have been made over the last years in

the direct oxidation of hydrocarbons and

alcohols in DAFCs, only hydrogen (both pure or

reformate) fuelled systems offer the high power

densities, e.g., necessary for stationary fuel cell

systems. Direct alcohol systems may find a place

in some applications in the portable electronics

market, where power density requirements are

not as high.
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Introduction

Polymer electrolyte fuel cells (PEFCs) are

electrochemical devices converting chemical

energy of fuels into electrical energy with
relatively high efficiencies and low emissions.

For these reasons they have attracted great

attention as promising power sources for small

stationary, mobile, and portable applications.

The heart of a PEFC is the membrane electrode

assembly (MEA), which is composed of anodic

and cathodic catalytic layers (CLs), where

electrochemical reactions occur, gas diffusion

layers (GDLs), and a proton-conducting mem-

brane. For the CLs in hydrogen driven PEFCs,

Pt has been early recognized and still remains the

catalyst of choice. The development of Pt-based

CLs has gone through a number of different

stages in the last three decades. In the early days

of PEFC development, the CLs relied on vey high

loadings of Pt (about 4 mg cm�2) to achieve

reasonable fuel cell performance [1]. The CLs

were made of unsupported Pt-black powders,

with very low surface areas (10–30 m2 g�1) and
thereby requiring high Pt loadings per unit area in

order to attain reasonable performance. In the late

1980’s and early 1990’s, by developing CLs

based on Pt supported on porous carbon and

incorporating in the CL a proton-conducting

phase, it was possible to achieve the same perfor-

mance for the cathodic and anodic reactions

reducing the noble metal loading down to

0.35 mg cm�2 [2, 3]. The introduction of a pro-

ton-conducting phase such as Nafion led to an

extended reaction zone and, thereby, to a larger

catalyst utilization. Supporting Pt particles on

porous carbon allowed higher Pt dispersion and

hence larger catalyst surface area compared to

unsupported Pt-black. The carbon support not

only provides high dispersion of Pt nanoparticles,

but it also possess high electronic conductivity to

minimize ohmic losses and adequate porosity to

ensure efficient mass transport of reactants and

products from and to the CLs. Table 1 provides

a list of the most widely used carbon supports and

their surface area. After the breakthrough of CLs

based on carbon-supported Pt catalysts, the new

generation of PEFCs emerged and the Pt loading

could be progressively reduced. However, while

at present the Pt anode loading can be as low as

0.05 mg cm�2 without measurable kinetic losses

[5] (in the case of operation with pure H2), the Pt



Platinum-Based Cathode Catalysts for Polymer
Electrolyte Fuel Cells, Table 1 Brunauer–Emmett–

Teller (BET) surface area of the most used carbon sup-

ports in Pt/C catalysts [4]

Carbon BET surface area/m2g�1C
Black pearl 1,600

Ketjenblack 800

Vulcan XC-72C 240

Black pearls graphitized 240

Ketjenblack graphitized 160

Vulcan XC-72C graphitized 80

O2
k2

k1

k3

k4 k5

O2,ad H2O2,ad H2O

H2O2

Platinum-Based Cathode Catalysts for Polymer
Electrolyte Fuel Cells, Fig. 1 Possible reaction scheme

for the ORR on Pt-based catalysts (Ref. [8])
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loading required at the cathode is still about

0.4 mg cm�2 [6]. Besides the large Pt cathode

loading, the slow ORR kinetics at the positive

electrode are responsible for about two thirds of

the overall voltage losses of a PEFC at high

current density, and therefore large efforts are

currently devoted to search for more active

catalysts and reducing the Pt loading.
Performance: ORR Kinetics

As alreadymentioned above, the oxygen reduction

reaction (ORR) at the PEFC cathode suffers from

poor kinetics, resulting in overpotentials of about

0.3–0.4 V. In acidic environment, Pt-based cata-

lysts are still recognized thematerials of choice for

the ORRwhich leads towater formation according

to the following equation:
O2 þ 4Hþ þ 4e� ! 2H2O

E0 ¼ 1:229V vs: SHE at 25 �C in acid
(1)

Besides direct 4e� reduction of adsorbed oxy-

gen to water, ORR can also proceed by 2e�

reduction of O2 to adsorbed H2O2, which then

either desorbs or undergoes a second 2e� reduc-

tion to water [7]:
O2 þ 2Hþ þ 2e� ! H2O2 adsð Þ
E0 ¼ 0:67V vs: SHE at 25 �C in acid

(2)

H2O2 þ 2Hþ þ 2e� ! 2H2O

E0 ¼ 1:77V vs: SHE at 25 �C in acid
(3)
Figure 1 presents a simplified reaction

scheme for the oxygen reduction reaction [8]:

direct 4e� reduction of adsorbed oxygen to

water (k1), 2e� reduction to adsorbed H2O2 as

an intermediate (k2) which can be then further

reduced to water (k3), chemically decompose to

water and O2 (k4), or desorbs from the

surface (k5).

It was firstly reported that in absence of

adsorbed impurities, the ORR on Pt proceeds

principally through the direct pathway, both in

acid and alkaline electrolytes [9]. However, it

was latter suggested that the 2e� + 2e� pathway

more reasonably applies to Pt-based catalysts [8].

Besides a chemical intuition, which would rather

suggest a molecular than dissociative adsorption

of O2 in liquid environment (where strong

adsorbates are generally present), rotating ring-

disk (RRDE) measurements have also given

experimental evidence of this assumption [8].

ORR on Pt-based catalysts involves several

reaction steps, which include both chemical and

electrochemical reactions. Among them, the rate

determining step (rds) is considered the addition

of the first electron to the adsorbed oxygen in

a proton-coupled process [8, 10]. The number of

electrons transferred in the rds can be determined

by the Tafel slope obtained plotting the

IR-corrected potential vs the logarithm of the

kinetic current. In acidic environments, polycrys-

talline Pt catalysts exhibit a Tafel slope of about

60 mV dec�1 at potentials above 
0.85 VRHE,

while at more negative potentials a slope of

120 mV dec�1 is observed [11, 12]. The change

in the Tafel slope has been ascribed to surface



Platinum-Based Cathode
Catalysts for Polymer
Electrolyte Fuel Cells,
Fig. 2 DFT activities as

a function of the oxygen

binding energy derived by

density functional theory

(DFT) calculations. The

volcano is in good

agreement with

experiment, showing that

Pt is the best catalysts

for oxygen reduction

(Ref. [16])
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coverage by irreversible adsorption of HOad,

which starts at 0.8–0.85 V and increases rapidly

at more positive potentials. The Tafel slope of

60 mV dec�1 is consistent with the first electron

charge transfer as the rds under Temkin condi-

tions of adsorption of oxygen-containing species,

while the slope of 120 mV dec�1 is characteristic
for the same rds under Langmuirian conditions

[13]. Adsorbed OH not only blocks active Pt site

for the ORR but also alters the adsorption energy

of ORR intermediates [14]. Given the first

electron transfer to the adsorbed oxygen as rds

and for a first-order dependence of the kinetics of

ORR, the current density (i) has been proposed

[8] to be determined either by the free Pt sites

available for the adsorption of O2, (1 � Yads), or

by the change of Gibbs energy of adsorption of

reactive intermediates (DGads):
i ¼ nFKCo2 1�Yadsð Þx exp �bFE=RTð Þ
� exp �g rYads=RTð Þ (4)

where F, x, b, g, and R are constants, n is the

number of electrons, cO2 is the oxygen concen-

tration in the solution, K is the chemical rate

constant, E is the applied potential, rYads is

a parameter characterizing the rate of change of

DGads with surface coverage, and Yads is the
fraction of electrode surface sites covered by all

the adsorbed species [8]. The sensitivity of the Pt

catalytic activity to other adsorbed species which

block Pt-active sites also meant that great care

must be taken to avoid trace impurities during

measurements [15]. Modification of the Pt sur-

face atomic or electronic structure leading to

a reduced adsorption of hydroxyls (i.e., increas-

ing the (1 � Yads) term in Eq. 4) without

changing the overall mechanism will result in

higher catalyst activity. Besides the influence of

the adsorbated species, the ORR activity of

Pt-based catalysts is also affected by the oxygen

binding energy to the metal surface. Theoreti-

cally calculated oxygen binding energy as

a function of the ORR activity for several metals

shows a volcano plot (Fig. 2) indicating that too

strong and too weak O2 binding energy are both

not favorable for ORR, according to the well-

known Sabatier principle [16]. It has been later

shown that the strength of the oxygen–metal bond

interaction and the interaction of Pt with

adsorbed species both strongly depend on the Pt

d-band center and on the Pt–Pt interatomic

distance [17].

As mentioned above, to minimize the

amount of Pt required for a given level of activity,

Pt catalyst is generally dispersed as small
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Fig. 3 Oxygen reduction

on Pt(hkl) in 0.05 M H2SO4

lower part, disk currents;

upper part, ring currents.

Top view of the surface

structure of Pt(111),

Pt(100), and Pt(110)

(Ref. [8])
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particles on high surface area carbon supports

(Pt/C). It was proposed from the very beginning

a modification of the Pt/C activity with the vari-

ation of the Pt particle size, i.e., for Pt particles in

the range of 1–12 nm, the highest mass activity is

obtained for Pt particles of about 3 nm [18].

Kinoshita [19] suggested that the maximum in

mass activity observed at about 3 nm particle

size is correlated with the large surface fraction

of Pt atoms on the (100) and (110) crystal faces,

while for smaller particles size the (111)

crystal facets start to predominate and correla-

tions to Pt single-crystal ORR activities have

been drawn (Fig. 3). Newer results cannot neces-

sarily confirm the maximum of mass activity at

a specific particle size, showing a constant

increase in mass activity with decreasing particle

size, while the specific activity is constantly

dropping in the same direction. This effect was

correlated to the increase of potential of total zero

charge (pztc) with increasing particle size

towards large particles and bulk and as

a consequence to the higher oxidation probability

of small particles [20, 21].
Recent Advances in Pt-Based Catalyst
Activity

In the last decades the fundamental understand-

ing of the factors controlling the ORR has

dramatically improved and is now guiding

next-generation catalyst development. Although

significant advances have been made in the area

of non-Pt cathode catalysts, Pt-based catalysts are

currently the most promising option to provide

high catalytic activity towards ORR. Most

emerging approaches focus on controlling the

surface structure and composition of catalytic

nanoparticles to achieve higher ORR activity

with less amount of Pt. Improved ORR-specific

activities have been reported alloying Pt with

non-noble metals [22] or producing Pt core–

shell nanoparticles (i.e., Pt layers supported on

non-noble metal nanoparticles) [23, 24]. Typi-

cally, Pt-alloy catalysts consist of either binary

or ternary systems containing different transition

metals such as Co, Fe, or Ni. Compared to pure

Pt, ORR activities of these catalysts are up to

a factor of 4 higher [22], thus allowing the
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Platinum-Based Cathode Catalysts for Polymer
Electrolyte Fuel Cells, Fig. 4 (a) Auger electron spec-

troscopy of as-sputtered and annealed Pt3Ni. (b) Low-
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also shown is a schematic picture. (c) Cyclic voltammetry

of Pt and two Pt3Ni surfaces at 293 K in 0.5 M H2SO4 and

0.1 M HClO4 (Ref. [28])
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reduction of catalyst loading without loss of

PEFC performance. The commercially available

PtCo/C system provides MEA measurement

values of specific and mass activity close to the

targets set by the US Department of Energy

for automotive applications, for example,

1.2 mA cm�2Pt and 0.39 Am g�2Pt at 0.9 VSHE

[25]. Studies on the electrochemical stability of

Pt alloys under PEFC operation show contradic-

tory results. Some groups found an improved

durability [26] whereas others reported acceler-

ated catalyst degradation [27]. Contrasting

results in the literature arise from the strong

influence of several variable parameters
(composition, particle size, and shape), which

make it difficult to draw a definitive conclusion

on the performance of Pt-alloy supported

nanoparticles. As described above, thin-film sin-

gle-crystal electrodes can serve as valuable

model systems to understand the effect of struc-

tural aspects such as single-crystal facet orienta-

tion, size, and composition on the ORR activity.

Studies on model electrodes have shown that

while as-sputtered Pt-alloy catalysts present ran-

domly distributed Pt atoms on the surface,

annealed samples exhibit a coordinated pure “Pt

skin” (see Fig. 4) [28, 29]. On the surface of these

Pt-skin alloys, ORR proceeds via the same



Platinum-Based Cathode Catalysts for Polymer
Electrolyte Fuel Cells, Fig. 5 3D pore structure of the

pristine cathode catalyst layer (a) and after 1,000 start/stop
cycling (b). The colored phase represents the pore struc-
ture (Ref. [32])
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reaction mechanism described above for pure Pt,

but the cyclic voltammetry in acid electrolytes

shows a shift in the onset of oxide formation

towards more positive potentials (up to 50 mV).

This finding indicates that Pt-alloying leads to

a fundamental change in the adsorption coverage

of OH spectator species (i.e., the (1 �Yads) term

in Eq. 4) [28].

Compared to pure Pt, the Pt-skin alloys show

a shift in the d-band center which influences

both the metal bond strength and the adsorption

of the oxygenated spectators [17, 29]. For the

Pt-skin alloys, the increase in the 5d vacancies

results in an increase of the 2p electron donation

from O2 to the catalyst, leading to a weakening of

the O–O bond compared to pure Pt. Given also

the structure sensitivity of Pt to adsorbed anions,

the synergy between the optimum in the surface

crystal structure and electronic properties led to

the highest catalytic activity ever reported to

the best of our knowledge [29]. The ORR

activity at 0.9 VRHE for Pt3Ni(111) skin is

about 1 order of magnitude higher than Pt(111)

single crystal and about 90 times higher than

a standard commercial dispersed Pt/C in compar-

ative RDE measurements [29]. On the basis of

these findings, a breakthrough in catalyst

development would be the development of

nanocatalysts able to reproduce the Pt3Ni(111)

skin structure. Recently, truncated-octahedral

Pt3Ni particles with predominantly (111) facets

were synthesized, showing activity values up to

four times those of commercial Pt/C [30]. New

results from Carpenter et al. demonstrated the

synthesis and also high activity of PtNi-octaeder

catalysts matching the aforementioned DOE

targets by increasing the specific activity by

a factor of 5 [31]. To mimic the Pt-alloy skin

structure, electrochemical surface dealloying

concept has been also proposed. The latter con-

sists in a selective electrodissolution of non-noble

metal atoms from bimetallic precursors in

order to achieve a core–shell structure with a Pt-

rich shell and a poor alloy particle core [24].

Increase in ORR activity (about three to sixfold)

has been reported after Cu or Co dealloying

from PtCu/C and PtCo/C, respectively,

compared to Pt/C.
Corrosion Issues

To reach the requirements of performance and

durability for both automotive and stationary

PEFC applications [20], catalyst durability has

become an important issue both for of academic

and industrial R&D. Cathode degradation in

operating PEFCs mainly occurs under

transient conditions, leading both to Pt dissolu-

tion/degradation and carbon-support corrosion.

At typical operational pH conditions and above


0.9 V, two main mechanisms lead to Pt degra-

dation: (i) diffusion of dissolved Pt species



Platinum-Based Cathode
Catalysts for Polymer
Electrolyte Fuel Cells,
Fig. 6 Standard TEM

images (a, b) and
tomography images (c, d)
of the same catalyst

location after 0 (a, c) and
3,600 (b, d) degradation
cycles between 0.4 and 1.4

VRHE with a scan rate of

1 V s�1 (Ref. [33])
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towards the electrolyte membrane where they are

chemically reduced by crossover hydrogen and

then precipitated, leading to a loss of electrically

connected Pt particles, and (ii) Ostwald ripening

of Pt inside the cathode electrode leading to a loss

of Pt surface area due to nanoparticle growth.

Regarding the durability of carbon support, even

though carbon oxidation reaction can thermody-

namically occur at potential as low as

0.206 VSHE, due the sluggish kinetic of this reac-

tion, carbon corrosion represents only a minor

contribution to the cell degradation under

steady-state operation. However, the corrosion

becomes significantly accelerated during start/

stop cycling due to the propagation of

a hydrogen/air front through the anode compart-

ment which leads to elevated potentials at the

cathode (up to 1.5 V). Carbon-support corrosion

leads to the so-called cathode thinning caused by
loss of carbon void volume, which results in an

increased oxygen diffusion resistance and loss of

Pt surface area. Figure 5 shows morphology

changes visualized by 3D-rendering SEM

micrographs of Pt/C catalyst slices before and

after 1,000 start/stop cycling [32]. The effect of

start/stop cycling (3,600 cycles between 0.4 and

1.4 VSHE) on the surface area of Pt catalyst is

shown in Fig. 6 [33].

To improve the PEFC cathode durability, both

materials and system approaches have been pro-

posed in the last years. From the system point of

view, improvements in cathode durability can be

achieved by minimizing the residence time of the

hydrogen–air front in the anode compartment. On

the materials side, Pt alloys have shown higher

durability compared relative to Pt-based

electrodes [34]. However, since transition metal

reduction potential is below that of hydrogen,



Platinum-Based Cathode Catalysts for Polymer
Electrolyte Fuel Cells, Fig. 7 Scanning electron micro-

graphs of typical NSTF catalysts as fabricated on

a microstructured catalyst transfer substrate, seen (top) in
cross section with original magnification of �10,000, and
(bottom) in plain view with original magnification of

�50,000 (Ref. [38])
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once dissolved they will remain in the electrolyte

membrane, leading to H+ exchange and reduction

of the fuel cell performance. To reduce start/stop

degradation of the catalyst support, graphitized

carbon particles have been proposed as alterna-

tive to carbon-black, showing improved durabil-

ity compared to the latter but also smaller surface

area than carbon-black (Table 1) [4]. Further-

more, since the support is still based on carbon

materials, the oxidation reaction is only delayed

but not completely avoided. A more straightfor-

ward approach to completely prevent carbon

corrosion consists in replacing carbon-based

supports with more stable supports or in using

unsupported Pt catalysts. In the last years,

a growing number of publications report the use

of carbides, nitrides, or conductive oxides as

alternative Pt supports. Improved durability has

been obtained for WC compared to Vulcan

XC-72R over 100 cycles between 0 and 1.4 V

[35]. However, carbides as well as nitrides com-

pounds are still thermodynamically unstable

under the oxidative conditions of a PEFC

cathode. Therefore, their oxidation is expected

after long cycling leading to a loss of their

electronic conductivity and surface area.

Differently, doping binary oxides and using

advanced synthesis methods can lead to stable

materials under the most relevant PEFC cathode

conditions with high electronic conductivity and

high surface area. Pt supported on Mo0.3Ti0.7O2

have shown improved durability as well as activ-

ity towards ORR compared to commercial Pt/C

[36]. After 5,000 potential cycling at room tem-

perature between 0 and 1.1 V, Pt/Mo0.3Ti0.7O2

showed a decrease of activity at 0.9 V of 8 %,

while the activity of Pt/C and PtCo/C decreased

of 50.6 % and 25.8 %, respectively, under in the

same experimental conditions. Under long stabil-

ity test (10,000 potential cycling between 0.3 and

1.3 VRHE), Pt/SnO2 have showed only a slight

decrease of the electrochemical surface area,

while strong degradation was observed for Pt/C

catalyst prepared and tested with the same proce-

dure [37]. Furthermore, under fuel cell tests

Pt/SnO2 showed similar performance than Pt/C

catalyst. A different non-carbon catalyst support

developed by 3M is based on an oriented array of
organic whiskers, with a length below 1 mm,

a diameter of about 50 nm, and a number density

of about 30–40 whiskers mm�2 [25]. The com-

plete catalyst is achieved by coating the whisker

structure with the desired catalyst thin film by

physical vapor deposition or magnetron

sputtering (see Fig. 7) [38]. These nanostructured

thin-film (NSTF) catalysts present for the same

catalyst loading significantly lower electrochem-

ical surface area compared to conventional Pt/C

catalysts; but the high catalyst utilization of

almost 100 % and negligible losses within the

catalyst layer lead to ten times higher area-

specific activity and 50 % higher mass activity
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than conventional Pt/C. Furthermore, NSTF

catalysts are much more resistant to loss of sur-

face area from high voltage cycling than Pt/C. It

was reported that while Pt/C loses 90 % of the

initial surface area in 2,000 cycles between,

a NSTF-Pt catalyst asymptotically approached

a maximum of 33 % surface area loss in 9,000

cycles between [38].
P

Conclusions and Future Directions

In the view of a sustainable energy system, more

and more attention has been directed towards the

development of efficient energy conversion sys-

tems such as PEFCs. However, in order to

achieve a widespread commercialization, still

cost and durability issues must be solved. In the

last decades, system optimization and fundamen-

tal understanding of the ORR mechanism at the

PEFC cathode have led to a drastic reduction of

the Pt loading and thus of the cost system. On the

basis of the findings achieved so far,

a breakthrough in catalyst development would

be the production of nanocatalysts able to repro-

duce the structure and electronic properties of the

Pt3Ni(111) model electrodes. On the durability

side, carbon-support replacement represents an

urgent target to achieve. Promising results have

been obtained using oxide-based supports; in

addition this strategy can open new possibilities

also in the search for more active catalysts

because the establishment of a metal-support

interaction may lead to a further activity

enhancement.
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Polarography

Michael Heyrovsky

J. Heyrovsky Institute of Physical Chemistry of

the ASCR, Prague, Czech Republic
In its primary meaning, polarography is the

method of potential-controlled electrolysis with

dropping mercury electrode, usually of drop time

3–5 s, as working electrode. The physicochemi-

cal properties of mercury are specially advanta-

geous in electrochemistry. As liquid element it

can be prepared in the highest purity by repeated

distillation, its surface is homogeneous and iso-

tropic on atomic scale. The dropping renews

spontaneously the electrode surface irrespective

of processes that could have occurred on it, which

makes the results of measurements highly repro-

ducible. Mercury has a high surface tension, and

in contact with a solution, many dissolved species

have the tendency to adsorb on its surface,

depending on its potential. In electrochemistry

mercury has of all metals the highest hydrogen

overvoltage which gives mercury electrodes wide

potential range for following electrode reactions
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in negative direction. On the other hand, in

a relatively narrow range of positive potentials,

metallic mercury dissolves into ions which may

interact with components of the solution thus

enabling their determination. In general, polarog-

raphy is better suited for following cathodic than

anodic processes. In order to keep the resistance

of the polarographic cell as low as possible, the

electrolyzed solutions should contain

a supporting electrolyte, usually of 0.1–1 M/l

concentration. In the simple “classical” polarog-

raphy the mean current flowing through the cell

with dropping mercury electrode is recorded as

function of direct potential applied to the

dropping electrode with respect to an electrode

maintaining constant potential, the reference

electrode. The presence of an electroactive sub-

stance shows on the polarographic curve usually

in the form of a concentration-dependent current

increase to a limiting value, or “wave,” in

a definite potential range.

Systematic experimental research resulted in

distinction of several basic kinds of polaro-

graphic currents which theoreticians formulated

by quantitative equations for their instantaneous

time course and then for their mean time course

during the drop life:

• Charging current given by charging electrical

double layer of the dropping electrode by ions

from the solution

• Diffusion current given by the rate of diffusion

of the electroactive species from solution to

the surface of the dropping electrode

• Kinetic current given by the rate of a chemical

reaction producing the electroactive species in

the vicinity of the electrode

• Catalytic current given by the rate of

a catalytic process generating the electroactive

species near or at the electrode surface

• Adsorption current given by the rate and

extent of adsorption of electroactive and sur-

face active species from the solution at the

surface of the electrode.

Besides the mentioned basic currents on polar-

ographic curves, current maxima can occur,
according to experimental conditions either “of

the first kind”(tapering shape) or “of the second

kind”(rounded shape). “Classical” polarography
has been used for experimental research in elec-

trochemistry or for qualitative and quantitative

electroanalytical determinations, its advantage

being simple operations and a relatively cheap

apparatus. It allows to analyze electroactive

species down to 10�6 M/l concentration, in case

of catalytic currents even lower. In analytical

practice after recording polarographic curves,

the “polarometric” (or “amperometric”)
titrations can be introduced with dropping mer-

cury electrode maintained at constant potential of

the limiting current, indicating actual concentra-

tion of the electroactive substance.

The “classical” polarography has been fully

developed and internationally widely utilized by

the nineteen forties. The technical progress in the

middle of twentieth century led to various modi-

fications of the primary simple method. In

“alternating current polarography” on the direct

voltage applied to the cell is superimposed alter-

nating voltage of small amplitude, and instead of

direct current the resulting alternating current is

recorded, producing current peaks instead of

“waves” on the current-voltage curves; the

peaks apart of being the measure of concentration

indicate the occurrence of possible adsorption/

desorption processes at the electrode surface. In

“square-wave polarography” the small alternat-

ing voltage superimposed on the polarizing volt-

age is of rectangular shape and the instantaneous

current is measured at the end of each individual

voltage pulse, i.e., with lowered charging current

component – this considerably increases the sen-

sitivity of the method. The fact that the instanta-

neous charging current at the dropping mercury

electrode decreases with time of the drop life has

been also utilized in “tast polarography” where

the total polarographic current is recorded before

the drop falls off, i.e., when the charging current

component of the total current is minimized and

the sensitivity for diffusion current is thus

increased. In “pulse polarography” the individ-

ual drops of the dropping mercury electrode are

polarized by gradually increasing pulses of con-

stant voltage, while the current is measured at the

end of the drop life when the charging current

component is negligible, the result being again

increased sensitivity. “Differential pulse
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polarography” records differences between

instantaneous currents at the ends of subsequent

drops which produces polarographic curves with

current peaks in place of waves, also with high

sensitivity. Besides the abovementioned

methods, many other modifications of polarogra-

phy have been described.

In order to speed up the method of classical

polarography instead of recording current-

voltage curves graphically, the cathode ray oscil-

loscope was used providing their optical display.

Because in the “oscillographic polarography”
the time scale is different than in the classical

method, the shape of the current-voltage curves

is different and hence the theory of classical

polarography cannot be directly applied.

It is more so in the “alternating current

oscillographic polarography,” a method belong-

ing to chronopotentiometry, where the dropping

electrode is polarized by alternating current and

the curves of potential versus time and of the

derivative of potential/time dependence versus

potential are followed; as the experimental con-

ditions are different, the results considerably dif-

fer, qualitatively and quantitatively, from those

of classical polarography.

When the dropping of the mercury electrode is

stopped and the current-potential curve is recorded

with one stable hanging mercury drop, the method

formally belongs to voltammetry – according to

accepted terminology polarography is

voltammetry with dropping mercury electrode.

However, as long as the hanging mercury drop is

maintained as working electrode, that particular

voltammetry can be considered as polarography

in wider sense because of similar background con-

ditions. If the potential scan is applied to the elec-

trode in one direction, it is linear voltammetry,

and if it is applied in one direction and back, it is

cyclic voltammetry. Cyclic voltammetry offers

a simple check of reversibility of an electrode

process – a direct comparison of the cathodic and

anodic reaction. In analytical applications the

voltammetry with hanging mercury drop has the

advantage over classical polarography in that an

active species can be accumulated at the electrode

under constant potential for some time and then

electrochemically determined during a following
voltage scan – by that voltammetric “stripping”
method an electroactive species can be determined

in nanomolar and lower concentrations.

If the cell with hanging mercury drop electrode

is polarized by constant current and the time

changes of the electrode potential are recorded,

the thus introduced chronopotentiometric method

provides effects which can be interpreted on the

basis of experience with polarography and which

extend polarographic results further. That is, for

example, the case with catalytic evolution of

hydrogen. In current-controlled electrolysis the

electrode potential changes at the rate given by

the intensity of the polarizing current – in this way

at mercury electrode the negative potentials are

reached in general faster in chronopotentiometry

than in voltammetry and the catalysis of hydrogen

evolution occurs at less negative potentials.

A particularly well-developed signal of hydrogen

catalysis, called “peak H,” is produced in constant

current derivative stripping chronopotentiometry
(or chronopotentiometric stripping analysis,

CPSA). This “peak H” is used in bioelectro-

chemistry to study and determine biomacro-

molecules such as peptides, proteins, nucleic

acids, or polysaccharides.

After decades of development in science and

technology, polarography is being generally

understood not as a single research method but

rather as a field of electrochemistry based on the

unique properties of mercury electrodes.
Cross-References

▶Mercury Drop Electrodes

▶ Polarography

▶ Potentiometry

▶Voltammetry of Adsorbed Proteins
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4. Heyrovský J, Kůta J (1966) Principles of polarogra-

phy. Academic, New York
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Introduction

Ebonex® is the trade name for an electrically

conductive ceramic suboxide of titanium,

having the approximate composition Ti4O7 and

conductivity comparable to that of carbon.
Early research on Ebonex, including its discovery

in 1981, has been described by Hayfield, who

noted that an impetus for its development was

to find an electrode material that would be

resistant to highly corrosive environments [1].

As a ceramic material, Ebonex powder can be

sintered into a variety of shapes and also

porosities [2].

Ti4O7 is one of a wide range of defined com-

positions TiOx (0.5< �< 2); those between that

of Ebonex (�¼ 1.75) and�¼ 1.9 have a triclinic

crystal structure and are known as Magnéli

phases TinO2n�1. Titanium dioxide cannot be

reduced to the metal with hydrogen, carbon, or

carbon monoxide but is reduced to TiOx

suboxides at 
1,200–1,300 �C, usually with

hydrogen.

To date, the most frequent application of

Ebonex (named for its black color) has been in

cathodic protection, especially of the steel rods

used to reinforce concrete [1]. There is an exten-

sive literature on Ebonex coated with various

other materials (noble metals, carbon, lead diox-

ide), whose deposition is favored by Ebonex’s

high overpotential for hydrogen and oxygen evo-

lution. Applications for coated Ebonex include

batteries, fuel cells, and dechlorination of chlori-

nated pollutants [2], but the focus of this article is

the use of uncoated Ebonex as an electrode mate-

rial for electrolysis of pollutant substances, most

often for electrochemical oxidation.
Concepts

Ebonex has many of the properties of a non-

active anode, at which reactive hydroxyl species

are produced upon oxidation of water. Most non-

active anodes are based on main group elements,

such as PbO2, SnO2, and boron-doped diamond

(BDD), whereas Ebonex is based on titanium,

a first-row transition metal.

The mechanistic distinction between active

and non-active anodes is considered elsewhere

in this encyclopedia [3]. Both types of anodes

act indirectly, by electrochemical oxidation of

water to reactive anode-bound species that can

bring about chemical oxidation of a substrate.
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At an anodeA, the relevant reactions are given by
Eqs. (1) and (2):
Aþ H2O! A
•
OHþ Hþ þ e� (1)

A
•
OH! A ¼ Oþ Hþ þ e� (2)

At a non-active anode, the sorbed hydroxyl

radicals (“physisorbed active oxygen”)

from Reaction (1) can initiate free radical (one-

electron) reactions of oxidizable substrates.

Often, this leads to complete mineralization of

organic materials (also called electrochemical

combustion).

Active anodes are dimensionally stable

anodes based on noble metal oxides such as

RuO2, IrO2, and Pt (¼PtOx under anodic polari-

zation), at which the initially formed A 
•OH is

readily oxidized further to give chemisorbed

active oxygen (Eq. 2). Oxidations at active

anodes rarely give efficient mineralization of the

substrate. At both types of anode, the parasitic

production of molecular O2 lowers the current

efficiency for substrate oxidation.

Ebonex has a wide range of potentials

over which water is stable (approximately �1 V

to + 2.7 V vs. Ag/AgCl in aqueous sulfuric acid)

[2], but shifted significantly in the expected

negative direction in base [4]. Most relevant to

the present perspective is the similarity of the

anodic range to that of boron-doped diamond,

for which values of the overpotential for the

OER are 
1.3 V [3].

Typical evidence that Ebonex functions as

a non-active anode is that when Ebonex was

compared with different anodes for oxidations

of acetaminophen (AP) and p-benzoquinone

(BQ), Ebonex behaved much more like BDD

(non-active) than like Ti/IrO2-Ta2O5 (active) in

terms of the low yield of BQ formed from AP,

and in the rates of transformation versus complete

mineralization [5, 6]. The oxidation of coumarin

to the fluorescent product, 7-hydroxycoumarin, is

also a useful qualitative probe for the presence of

hydroxyl species in these oxidations [7, 8]. The

activity of Ebonex is consistently less than that of

BDD, suggesting a lower concentration of

hydroxyl species. In competition experiments
involving substrates that are resistant to direct

oxidation but susceptible to hydroxyl radical

attack, substrate loss was slower at Ebonex

anodes than at BDD under similar conditions

but with less discrimination between substrates,

suggesting that at Ebonex the hydroxyl radicals

are bound less tightly to the anode [7].

The behavior of Ebonex is more complicated

than that of the conventional non-active anodes

PbO2, SnO2-Sb2O5, and BDD. Passivation

towards oxygen evolution occurs at high current

density, because the surface becomes oxidized to

less conductive Magnéli phases or even to TiO2

[9]. Bejan et al. [6] found that when a pair of

Ebonex electrodes was polarized for a period of

time and then the current was interrupted,

depolarization occurred with evolution of gases,

indicating oxidation or reduction of the Ebonex

surface upon anodic or cathodic polarization,

respectively. This is consistent with the working

paradigm that the non-active behavior of an

Ebonex anode is accompanied by oxidation of

the Magnéli phase towards the composition

TiO2. The gradual loss of anode activity occurs

because the A ¼ O species from Ebonex fails to

oxidize added substrates, making the surface oxi-

dation essentially irreversible, contrasting typical

active anodes such as Ti/RuO2. Recovery of the

anode performance can be achieved by reducing

the inactive deposit back to an active form. This

paradigm may parallel observations by Beck and

Gabriel [10] that Ti/TiO2 ceramic materials can

be made conducting under cathodic polarization,

suggesting the possible electrochemical forma-

tion of the Magnéli phase. The resulting surface

can catalyze the reduction of other substrates.

Consistent with this explanation for anode

passivation, when an Ebonex anode was used

for repeated oxidations of p-nitrosodimethy-

laniline, the rate constant for loss of the substrate

gradually decreased; partial anodic activity was

restored by cathodic polarization of the

deactivated anode [6]. In the oxidation of sulfide

ion, a constituent of geothermal sour brines, the

gradual loss of activity of an Ebonex anode was

overcome by employing periodic polarity rever-

sal in order to reduce the over-oxidized surface

layer back to the Magnéli phase [11]. Sulfide was
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oxidized to sulfate with high chemical yield but

with current efficiency 
50 % compared with

a quantitative current efficiency at BDD.
P

Results

Initial voltammetric studies had seemed to

suggest that Ebonex is inert towards both oxida-

tion and reduction of added substrates. The well-

known ferrocyanide/ferricyanide couple shows

smaller currents at Ebonex than at, e.g., platinum,

with the oxidation and reduction currents shifted

to more positive and more negative potentials,

respectively. This evidence for slow electron

transfer indicates that high overpotentials are

needed to drive electrolysis at Ebonex [9].

Based on voltammetry, Grimm et al. [12]

concluded that Ebonex was inert towards the

oxidation of phenol, because the addition of

5 mM phenol to supporting electrolyte caused

only a small current increase in the potential

range of water stability. Likewise, Scott and

Cheng [13] reported no voltammetric oxidation

current for oxidation of oxalic acid at an Ebonex

anode; however, they did observe an increase in

the cell voltage upon prolonged polarization,

consistent with gradual oxidative inactivation of

the Ebonex anode.

Smith et al. [14] had reported that the porosi-

ties of porous and hardened Ebonex were

12–15 % and <2 %, respectively, and that the

voltammetric behavior of Ebonex in terms, for

example, of the potential range of water stability

is highly dependent on porosity [9]. Recently,

Kitada et al. [15] reported selective preparation

of macroporous monoliths of Magnéli phases

having widely different porosities and bulk

densities.

The idea that porous Ebonex might be used as

a flow-through permeable electrode, originally

suggested by Chen et al. [16], was exploited by

Zaky and Chaplin [17], who used a porous, cylin-

drical Ebonex anode as a reactive electrochemi-

cal membrane for the oxidation of several

model compounds. These included oxalic acid

and p-.methoxyphenol that might have been

expected to be inert to oxidation based on the
previous voltammetry studies [12, 13] – for

example, well-defined oxidation currents were

obtained with p-methoxyphenol at slow sweep

rates [17]. Under electrolysis conditions, contam-

inated influent water was passed through the

cylinder, while a current was passed between

the cylinder (anode) and a central stainless steel

rod (cathode). With oxalic acid as substrate, the

concentration of substrate in the effluent from the

cylinder and in the permeate both decreased with

the applied current, essentially to zero in

the permeate. p-Methoxyphenol could also be

remediated, in terms of both the substrate

concentration and the COD. At low current den-

sities (¼low anode potential), a significant pro-

portion of the COD removed was associated with

material adsorbed to the anode, which is typical

of anode fouling by phenolic compounds upon

electrochemical oxidation. Fouling was

eliminated at an anode potential >2 V versus

SHE, consistent with an indirect oxidation mech-

anism, corresponding to the production of

hydroxyl radicals under these conditions.

Scialdone et al. [18] compared Ebonex with

several other anodes for the mineralization of

1,2-dichloroethane at pH 2. In this application,

Ebonex performed poorly in comparison with

BDD (CE 
12 % vs. 
50 %) and no better than

active anodes such as Pt and Ti/IrO2-Ta2O5.

Whether the current yield could be improved by

periodic polarity reversal was not studied.

Nowack et al. [19] used Magnéli phase TiOx

for the oxidation of cyanide ion to cyanate (which

hydrolyzed to ammonia and carbonate) at pH


13. From initial cyanide concentrations in the

range 0.5–2.0 g L�1, the specific energy ranged

from 12 to 260 kWh per kg cyanide, depending

on the extent of remediation of cyanide.

Chen et al. [16] achieved complete minerali-

zation of trichloroethylene at an Ebonex anode,

the chief products being CO2 (and about 10 %

CO), chloride, and chlorate. The authors deter-

mined the fractions of the anodic current carried

out to form O2, carbon oxides, and ClO3
� and

observed the expected relationship that the

current efficiency for TCE oxidation decreased

at the expense of that for O2 with increasing

anode potential. Spin trapping experiments were
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carried out to search for hydroxyl radical

intermediates, although the identity of the spin

adduct was later challenged as not definitive for

HO• [7].

Considering the activity of Ebonex as

a cathode, it was found [20, 21] that the resistance

of Ebonex was so great towards the reduction of

sulfite ions that sulfite could be oxidized to

sulfate using combinations of Ebonex cathode

with various anodes even in undivided cells.

Chen et al. [22] likewise reported that uncoated

Ebonex was inactive towards the reductive

dechlorination of trichloroethylene.

When Ebonex cathodes were used for the

reduction of aqueous nitrate ion, comparable

amounts of ammonia and elemental nitrogen

were formed, as at many other cathodes [23].

Complete denitrification was achieved by cou-

pling the electrochemical reduction to oxidation

of ammonia in the presence of chloride ion,

which was oxidized to hypochlorite at the

anode. The chemical oxidation of ammonia

to nitrogen by hypochlorite corresponds to

breakpoint chlorination in water treatment. The

advantage of Ebonex in this application is its

ability to undergo periodic polarity reversal, in

order to avoid fouling of the cathode by carbonate

deposits in hard water. The optimum experimen-

tal arrangement comprised a pair of Ebonex

electrodes whose polarity was periodically

reversed, along with a “full time” anode

(e.g., Ti/IrO2-Ta2O5) to optimize the oxidation

of chloride to hypochlorite. This procedure par-

allels an early application of Ebonex electrodes

for swimming pool electrochlorinators, which

also involve electrochemical hypochlorination,

with polarity reversal to avoid the accumulation

of hard water scale [1].
Advantages and Future Directions

Ebonex electrodes have been used for electrolysis

of both organic and inorganic pollutants, as

anodes or as cathodes. Ebonex is produced from

inexpensive starting materials (titania and hydro-

gen) and has excellent corrosion resistance and

the ability, as a conductive ceramic, to be
fabricated into a variety of shapes. Mechanisti-

cally, Ebonex has characteristics of both active

and non-active anodes – it furnishes reactive

hydroxyl radicals but also undergoes surface oxi-

dation. However, the “higher oxides” produced

from Ebonex are more oxidized Magnéli phases

than Ti4O7 and have little or no oxidizing power

towards added substrates. In comparison with

BDD as a non-active anode, Ebonex exhibits sim-

ilar mineralization ability but with lower current

efficiency, and its activity must be maintained by

employing periodic polarity reversal with the

combination Ebonex anode–Ebonex cathode in

order to reduce the over-oxidized Ti4O7 phase

back to its reactive form. Polarity reversal appears

to be a promising application for the remediation

of aqueous wastes that contain hardness cations.

Unlike BDD, which tends to be degraded at high

pH, Ebonex electrodes can be used in both acidic

and alkaline solutions. However, there has been

relatively little comparison of Ebonex with other

non-active anodes, and its full range of applica-

tions is probably yet to be discovered.
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Introduction

This entry addresses specific ion effects in thin

films with thicknesses in the nano- to micrometer

range and focuses on the effect of monovalent

cations and anions on the structure of thin films.

First, thin organic adsorbed films, so-called

polyelectrolyte multilayers (PEMs) which are

prepared by sequential adsorption of polyanions

and polycations on a charged surface [10], are

presented. Second, thin liquid (aqueous) films are

discussed. These are thin layers of a continuous

phase through which the dispersed phase

(bubbles, droplets, solid particles) of colloidal

dispersions such as foams, emulsions, and

suspensions interacts. Both PEMs and liquid

films have one thing in common: The amount as

well as the type of ions plays a central role in

determining the properties of such thin films.
Specific Ion Effects on the Properties
of Polyelectrolyte Multilayers

Polyelectrolyte multilayers (PEMs) are prepared

by layer-by-layer (LbL) technique, where

polycations and polyanions are alternately

adsorbed from aqueous solutions [10]. The

impact of the amount and type of salt on the

structural properties, mobility, and the swelling

behavior of polyelectrolyte multilayers has been

investigated for more than 10 years [11, 12, 15,

18, 22–24, 28–30, 37, 40].

Dubas and Schlenoff [12] reported for the first

time a tendency of increasing PEM thickness with

increasing size of monovalent ions, which has been

confirmed by several other studies in the meanwhile
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[11, 29, 30, 37, 40]. The observed ion-specific

effects were associated with the hydrophobicity of

the ions and the ions’ affinity to the polyelectrolyte.

Later, Klitzing et al. explained this effect by the

difference between cosmotropic and chaotropic

ions [37]. The influence of specific anions on

certain properties of PEMs has been investigated

extensively by Salom€aki et al. [28–30]. The anions

tested within this work followed the famous

Hofmeister series and gave an increasing

storage shear modulus with increasing ion

size. The latter result is in contradiction to the

increase in chain mobility found later by Nazaran

et al. [24].

Wong et al. showed that the specific ion effects

on building up polyelectrolyte multilayers become

important above a certain ionic strength, namely,

0.1 M for anions and 0.25 M for cations [40].

Recently, Liu et al. have broadened the field of

ion-specific effects on polyelectrolyte multi-

layers by investigation of the deposition of PSS/

PDADMAC multilayers in mixed electrolyte

solutions (PDADMAC: poly(diallyldimethy-

lammonium chloride)) [22]. It appeared that the

effects of anions of a mixed electrolyte solution

on the deposition of PEMs are nonadditive.

Moreover, in a mixed electrolyte solution

containing both chaotropic and cosmotropic

anions, the multilayer buildup is dominated by

chaotropic anions.
The PSS/PDADMAC multilayer growth in

a single electrolyte solution containing one type

of chaotropic anions (e.g., Br�, ClO3
�) is

nonlinear (increasing increment with increasing

number of deposited layers). In contrast to this, in

the presence of cosmotropic anions like F�,
CH3COO

�, H2PO
4�, and SO2

4�, a linear growth
is observed: Themultilayer buildup is determined

by the conformation of PDADMAC chains [11,

30, 36, 37, 40]. An overview of the ion-specific

effect is shown in Fig. 1.

The effects of monovalent anions and

cations on the properties can be understood as

following [37]: Cosmotropic ions have a

well-ordered large hydration shell. Chaotropic

ions are large with a significant polarizability,

a weak electric field, and their hydration

water can be easily removed. That makes it easier

for chaotropic ions to adapt to the environment,

e.g., the polyion. This might lead to

a stronger attraction between them, which

could be a kind of “bridging” and/or overlap of

hydration shells of ions and the oppositely

charged groups of the polyions. This leads to

a stronger screening and chain coiling

followed by increase in thickness and rough-

ness [30, 37, 40], comparable to the effect of

increasing ionic strength or decreasing

charge density. The effect of anions is much

larger than the effect of cations, since
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anions have a much larger difference in

polarizability than typical cations due to their

larger variety of their diameter [40]. Also

theoretical calculations predict an effect of

the ion type on their distribution around

a polyelectrolyte [8]. Short-range dispersion

forces have to be added to DLVO forces to

describe this effect.

The stronger attraction between polyion

and oppositely charged chaotropic ions explains

the dominating effect of chaotropic ions in

comparison to cosmotropic ones [22]. A further

consequence is extrinsic compensation of the

polyion charge. In contrast to this, in the presence

of cosmotropic ions, the polyion charge is rather

compensated by oppositely charged polyions,

i.e., intrinsic charge compensation [36]. Since

the mobility of polymer chains in the multilayer

depends on the density of complexation sites

between polyanions and polycations, extrinsic

charge compensation leads to a higher chain

mobility (liquefied system) than intrinsic one

(glassy system) [24]. The degree of chain mobil-

ity determines also the type of growth. More

mobile PEMs show a tendency for a nonlinear

growth, while intrinsically charge compensated

chains show a rather linear growth [11, 30, 36,

37, 40]. PEMs can be also liquefied after prepa-

ration, by adding chaotropic ions [24]. At high

ion concentration, the PEMs can be even erased,

which is more efficient with chaotropic ions

than with cosmotropic ones: chaotropic ions can

easily destroy the complexation sites.

Another consequence of extrinsic charge

compensation is that PEMs which are built up in

the presence of chaotropic ions can swell

stronger in water than PEMs which are formed

in the presence of cosmotropic ions [11, 15, 28].

The lower density of complexation sites

leads to a kind of sponge-like swelling of the

PEM. This explains the higher permeability in

case of chaotropic ions [15]. In contrast to

this, the density of a dry PEM is higher,

when they were prepared with chaotropic ions.

This is due to the higher flexibility of the individ-

ual polymer chains caused by stronger

electrostatic screening along the polyelectrolyte

chains [11].
Specific Ion Effects on Thin Liquid Films

Interactions between the opposing film surfaces

are important for the stability of a liquid film like

foam films, emulsion films, etc. Related to this,

the adsorption of ions at the film interfaces plays

a decisive role.

Many experimental and theoretical results

contradict each other concerning the ion adsorp-

tion at the air/water interface, since they are sen-

sitive for different length scales. Some methods

are only sensitive for the surface layer and not for

subsurface layers, others are sensitive for both.

For the stability of colloidal systems, interfacial

forces over a range of several tens of nanometers

are important and related to an average surface

charge across the complete interfacial region.

This surface interaction causes an excess

pressure normal to the film interfaces, called

disjoining pressure, which is the sum of repulsive

electrostatic (pel), attractive van der Waals

(pvdW), and repulsive steric pressures (pst).
Adapted from these interactions, two different

types of thin films can be distinguished: common

black films (CBFs), stabilized by pel and Newton
black films (NBFs), stabilized by pst.
Wetting Films

Solely, in an asymmetric film (e.g., wetting film),

one can determine the sign and precise value of

the overall charge of the free air/water surface.

This technique has successfully been used by the

authors to probe the existence of negative surface

charges at the air/water interface [9, 16].

A simple system to study ion-specific effects

is a water film on a substrate, e.g., Silicon.

Schelero and Klitzing studied water films at

different ionic strengths and in the presence of

different types of salts [33] (see Fig. 2).

At a fixed concentration of 10�4 M sodium

salts, the film thickness increases in the order of

F� < Cl� < I�, i.e., with increasing ion size

(Fig. 2a). After the addition of iodide salts

(qualitatively the same for other halides) to the

water wetting film, the film thickness increases in

the order of Cs+<K+<Na+, i.e., with decreasing
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ion size (Fig. 2b). Under the assumption that the

air/water interface is negatively charged, this

result clearly shows that with increasing ion

size, i.e., decreasing charge density, ions show

a stronger tendency to adsorb at the surface.

Enhancement of anions at the air/water interface

leads to an increase of stability and film thickness

due to an increase of the surface potential.

The same adsorption effect is found for cations,

but with the reversed effect on the surface poten-

tial and thus on the film thickness and stability.

This is a clear further indication for an excess of

negative charges at the air/water interface. It is

worth to note that anions have such a drastic

effect at the air/water interface although the

surface is negatively charged. This demonstrates

the dominating effect of the hydration shell of

ions over electrostatics on their adsorption at the

air/water interface.
Foam Films

Foams and emulsions are achieved due to adsorption

of foam stabilizing agents like surfactants at the

interface between the dispersed and continuous

phases. The foam stability is often related to the

stability of thin liquid films formed between two

air bubbles. All considered foam films are stabilized

by ionic surfactant.

Independent of the salt type, the addition of salt

leads to several counteracting stabilization
mechanisms in foam films [5–7, 13, 34]: The first

mechanism originates from the electrostatic screen-

ing between the opposing equally charged film

interfaces, leading to thinner films and often to

a lower film stability. The second mechanism is

due to lateral screening of the charges of adjacent

surfactant head groups within the adsorption layer.

This leads to the formation of more condensed films

which promote foam film stability. Another mecha-

nism affecting the stability of foam films is that

electrolyte influences the surface activity of the

surfactant. With the addition of salt, the dielectric

constant of the solvent is reduced [27]. The dielec-

tric properties of the mediumwhere the head groups

are located are directly linked with the degree of

dissociation of the surfactant [5, 14, 19, 34].

Furthermore, the degree of dissociation changes

due to different ion binding to the surfactant. The

concentration of surfactant at the air/water interface

can be either enhanced or reduced by adding elec-

trolytes. For example, the adsorption of SDS at the

air/water interface increases with increasing salt

concentration due to electrostatic screening [20, 35].

Sentenac and Benattar were the first who

observed ion-specific effects in foam films.

They investigated the influence of LiCl and

CsCl on aerosol-OT (AOT) films at a fixed

surfactant concentration close to the cmc [35].

The addition of LiCl leads to about 10-nm thicker

films than in case of CsCl. The disjoining

pressure isotherms of the AOT/CsCl systems

can be described by the classical DLVO approach
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solid line refers to the results from PB calculation
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while it fails in case of LiCl. Apparently, an

additional repulsion arises in the LiCl containing

p(h) isotherm. The authors argue that it is

a consequence of the reduced screening due to

the large hydration shell of Li+. Another expla-

nation could be that the adsorption of Li+ at the

surface is weaker because of its hydrated radius.

Recently, a detailed study of specific ion

effects on SDS foam films showed that

chaotropic anions show a strong adsorption at

the negatively charged surfaces of foam films

[32] in analogy to the negatively charged

air/water interface in wetting films. Again, espe-

cially the pronounced anion effects at a nega-

tively charged surface imply that the adsorption

of ions to the film surfaces is governed rather by

ion-specific than electrostatic interactions. The

order of the effect of halides and alkalis is the

same as that detected for aqueous wetting films

on Si of the pure salt solutions [33].

It is important to realize that the addition of

ions which differ from the original counterion of

the surfactant molecules leads to competitive ion

adsorption. This could result in an exchange of

the native counterion of the surfactant. Generally,

ion-specific effects on foam films can be investi-

gated in two ways: (i) due to the addition of salt as

already discussed before and (ii) by variation of

the counterion of the surfactant. The latter

approach has the advantage of having only one

type of counterion present in the solution.
A lot of work has been published concerning

the effect and nature of counterions on the

properties of surfactants (e.g., cmc, aggregation

number, cloud point and ionization number)

[1–4, 21, 31, 38, 39, 41], but only few publica-

tions deal with the counterion effect on the

properties of foam or foam films. Interestingly,

the counterion size has an opposite effect on

foaming and foam stability. Pandey et al. found

decreasing foamability of dodecyl sulfate surfac-

tants with the order Li+ > Na+ > Cs+ > Mg2+ as

counterion. This has been explained by differ-

ences in micellar stability and diffusion of mono-

mers. Due to the larger hydration shell of Li+, Li+

binds less strongly to the SD� headgroups which

leads to stronger repulsion between the SD�

headgroups than in case of CsDS. This leads to

higher cmc of SDS and higher monomer to

micelle ratio. Obviously, for the highly dynamic

process of foaming, the fast adsorption of

monomers to the film interfaces is much more

efficient than the slow one of micelles followed

by the required breakage of micelles.

While there is no significant ion effect on foam

stability below the surfactant’s cmc, above cmc,

the foam stability in the presence of CsDS and

Mg(DS)2 is much larger than for LiDS and NaDS.

This indicates that the presence of stable micelles

is essential for high foam stability. Surface

viscosity measurements correlated well with the

foam stability trends and gave the following order



P 1638 Polyelectrolytes, Films-Specific Ion Effects in Thin Films
LiDS < NaDS < CsDS, indicating that the

molecules of CsDS are more tightly packed at

the air/water interface, which is also supported

by surface tension measurements [26].

In opposite to macroscopic foams, the type of

counterion affects the thickness and stability of

single foam films, already below the cmc [32].

By keeping the headgroup constant, a decrease in

film thickness and stability with increasing size of

the counterion is found (Fig. 3). This result is

independent of the charge of the headgroup

and is explained by a decreasing surface charge

due to decreasing degree of dissociation. It indi-

cates that below surface saturation concentration,

surface charges play an important role for

stabilization and above the cmc (i.e., surface

saturation), the packing density of the surfactant

is dominating.
Future Directions

So far, for PEMs mainly the effects of monova-

lent ions are reported, which follow more or less

the Hofmeister series. It is still unclear if this

simple image as illustrated in Fig. 1 can be

generalized to other ion types. Another open

question is: If the polarizability [25] or rather

the ion hydrophobicity [17] presents the decisive

parameter.

Ion-specific effects on wetting films and foam

films are mainly dominated by the affinity of ions

to adsorb at the air/solution interface. This has

a pronounced influence on the film thickness and

stability. Additionally, foam film properties are

affected by the propensity of ions to interact with

the headgroups of the foam stabilizer. The open

question is: If these findings can be generalized to

other surfaces.
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Introduction

Polyelectrolytes are polymers with ionizable

groups [1–9]. In polar solvents, such as water,

these groups ionize by either dissociation (e.g.,

carboxyl: �COOH<¼>�COO�+H+), or proton-

association (e.g., amine:�NH2+H
+<¼>�NH3

+),

which also produces counterions in the surround-

ing solution. The ionization in aqueous solution,
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which is pH and ionic strength dependent, confers

unique properties to the polyelectrolytes, domi-

nated by strong long-range electrostatic interac-

tions [10], and by entropic effects of counterions

[6, 11–13]. Both living organisms and human tech-

nologymakemany various uses of the versatility of

polyelectrolyte behavior [8]. Examples of poly-

electrolytes include polyanions (or polyacids),

like DNA, polyacrylic acid [6]; polycations

(or polybases), like chitosan [14, 15], polylysine

[16, 17]; and polyampholytes, i.e., polymers carry-

ing both positive and negative charges [18], like

most proteins.

The presence of charged groups leads to

several important differences in solution

behavior of polyelectrolytes, compared to

uncharged polymers [6]: (i) the crossover con-

centration from dilute to semidilute is much

lower; (ii) a pronounced peak (whose wave-

vector magnitude increases with c1/2) appears in

the scattering function of homogeneous polyelec-

trolyte solutions, not in that of nonionic polymer

solutions; (iii) the osmotic pressure of polyelec-

trolyte solutions in pure water is several orders of

magnitude higher than that of uncharged

polymers (at same concentration), and it

increases almost linearly with polymer concen-

tration, independently of molecular weight.

These facts, along with the strong dependence

of the osmotic pressure of the polyelectrolyte

solutions on added salt, show it is mainly due to

counterion contribution; (iv) the viscosity

of polyelectrolyte solutions varies linearly with

c1/2 (Fuoss’ law [19]), while for uncharged

polymers, it varies linearly with c; (v) compared

to solutions of uncharged polymers, polyelectro-

lytes in semidilute solutions follow unentangled

dynamics over a much wider concentration range

[6]. While the vast majority of the studies on

polyelectrolytes were focused on aqueous

solutions, a few studies considered nonaqueous

polyelectrolyte solutions [20, 21].

The properties of polyelectrolytes in solutions

and at charged surfaces depend on the fraction

of ionized groups, solvent quality for the

polymer, dielectric constant of the medium,

salt concentration, and polymer–substrate

interactions [5–7].
Properties of Polyelectrolytes and Their
Solutions

Structural Properties

Similarly to nonionic polymers, polyelectrolytes

are macromolecules made of covalently linked

repeating units (mers, or monomers), which

may be identical, forming a homopolymer, or

different, forming a heteropolymer or copolymer.

The monomers of different types may be ran-

domly distributed along the chain, grouped into

blocks of same type, forming a block-copolymer

(e.g., an AnBm diblock copolymer is made of two

blocks, one of n A monomers, and the other of

m B monomers), or specifically ordered in

a particular sequence, as in DNA, RNA, and pro-

teins. The linear sequence of monomers of differ-

ent types has dramatic impact on the properties of

the copolymer. In particular, being polyelectro-

lytes, the distribution of positive and negative

charges along the chain defines the charge

distribution and charge density (local and global),

properties which intensely affect chain confor-

mation in solution, and interactions between

molecules of the same polymer, as well as with

other species in solution [22]. Additionally,

polyelectrolytes, like other polymers, may have

various architectural structures. They may be

linear, linear with side groups, branched,

hyperbranched (i.e., with branched-branches),

star-shaped, dendritic (i.e., formed in “genera-

tions” of branching points, from a central point

outward), and more. Polyelectrolytes may also be

cross-linked to form polyelectrolyte gels, notably

polyelectrolyte hydrogels, some of which have

super-absorbent capabilities (e.g., polyacrylic

acid hydrogels used in diapers). The backbone

configuration, which describes the stereochemi-

cal positioning of side groups, or tacticity, may

either be isotactic (all consecutive side groups are

oriented the same way), syndiotactic (alternating

sides), or atactic (random orientations (e.g., as in

polystyrene sulfonate [23]).

Typical anionic groups occurring in

bio-polyelectrolytes include carboxyl (–COO�,
e.g., in pectin, alginate, and proteins), phosphate

(>PO4
�, e.g., in DNA), sulfate (�SO4

�, e.g., in
carrageenan). The typical cationic group in
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bio-polyelectrolytes is amine (�NH3
+, e.g., in

chitosan and in proteins).

Electrochemical Properties

Aqueous polyelectrolyte solutions are electrically

conductive, due to the presence of both the

polyions and the counterions [24]. Strongly acidic

groups (e.g., phosphate and sulfonate) ionize in

solution over a very wide pH range. Strongly

acidic groups have an acid-dissociation constant

(Ka) for which pKa is typically <2, while weakly

acidic groups typically have a pKa >2. Organic

bases (e.g., amines) are weak bases and thus basic

side groups have an association constant for

protonation (Kb) for which pKb is typically <10.

This means that weak acidic and basic groups are

only partially ionized at intermediate pH condi-

tions, and so the fractional ionization and the

consequent charge-related properties of weak

polyelectrolytes are thus strongly pH dependent.

Additionally, according to the theory of

weak polyacids by Katchalsky (1954), due to

interaction between the charged groups along

a polymer chain, the dissociation constant will

depend on both ionic strength in the solution

(degree of shielding) and the distance between

adjacent charged groups on the polymer.

Katchalsky developed the following relationship:

pH¼ pK0� log [(1�a/)a] + 0.4343eC/kT, where

pK0 is the intrinsic pKa, a is the degree of disso-

ciation, e is the elementary charge, and C is the

electrostatic potential around the polyelectrolyte.

The last term is the contribution of the polyelec-

trolyte field to the standard free energy of ioniza-

tion of a single group, above the free energy of

ionization where no such field is acting (pK0).

According to Katchalsky, the dissociation con-

stant, when half of the carboxylic groups are pro-

tonated, pKa(a ¼ 0.5), may be determined by

plotting pH as function of log [(1�a/)a]. By plot-
ting the apparent dissociation constant, pKa(app)

� pH-log[(1�a/)a], as function of a, the intrinsic
dissociation constant (the dissociation constant of

a single acidic group when all neighboring acidic

groups are uncharged) is obtainable by extrapola-

tion to a ¼ 0. For example, the pK0 and

pKa(a¼ 0.5) have been determined [25] by poten-

tiometric titration using NMR spectroscopy
(in D2O) for hyaluronan (a linear polysaccharide

abundant in mammalian tissues consisting of

alternating monosaccharide units, N-acetyl glu-
cosamine, and glucuronic acid, connected by

b-(1-3) and b-(1-4) glycosidic bonds, respec-

tively). As NaCl concentration increased (10, 50,

100 mM) and the consequent Debye-screening

length decreased (3.04, 1.36, 0.96 nm), the

pKa (a ¼ 0.5) remained expectedly unchanged

(3.14, 3.16, 3.15) but the pK0 decreased (3.05,

2.82, 2.81) until the Debye-screening length

approached the length of the repeating disaccha-

ride unit of hyaluronic acid (
1 nm) [25].

The electrostatic attraction between polyelec-

trolyte chains and counterions in solutions can

result in condensation of counterions on

polyelectrolytes. The counterion condensation

[26] appears to be due to a fine interplay between

the electrostatic attraction of a counterion to

a polymer chain and the loss of the translational

entropy by counterions due to their localization in

the vicinity of the polymer chain [6]. The attraction

of added ions to fixed charges on the polyelectro-

lyte chain and the ability to reduce this attraction by

screening of competing small ions is the basis for

ion exchange technologies, including water purifi-

cation and ion exchange chromatography [27].

Another important aspect of the screening

effect is commonly known as the “electric double

layer” (EDL), a concept which simplistically

describes the fact that near a charged surface in

solution, a layer of oppositely charged ions is

formed, to maintain electroneutrality [28]. The

region containing the strongly bound counterions

is often called the Stern Layer, while the adjacent

region where ions move freely influenced by the

electric and thermal forces is called the diffuse

layer, or the Gouy–Chapman layer [28, 29]. The

effective thickness of the EDL in the linearized

Poisson–Boltzmann theory may be described by

the Debye length, k�1 [28, 30], k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffi
ere0kBT
2NAe2I

q
,

where er is the relative permittivity of the elec-

trolyte solution, e0 is the electric permittivity of

vacuum, kB is the Boltzmann constant, T is the

absolute temperature, NA is Avogadro’s number,

e is the elementary charge, and I is the ionic

strength.
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Because the electrical potential at the surface

of a colloidal particle in solution cannot be

directly and unambiguously measured, the poten-

tial at the hydrodynamic slip-plane, called the zeta

potential (z), is commonly studied, based on mea-

surements of electrophoretic mobility, i.e., the

terminal velocity of a colloidal particle, e.g.,

a polyelectrolyte molecule, under a constant elec-

tric field, divided by field intensity [29]. For

polyampholytes, the pHwhere the electrophoretic

mobility is zero is the isoelectric point, i.e., the pH

where the numbers of positive and negative

charges on the particle are equal [29]. There are

several theories relating electrophoretic mobility

to z, each based on specific assumptions; hence,

the choice of a proper theory must be based on

assuring the validity of these assumptions for the

system studied. The most commonly cited in this

respect is the Smoluchowski theory [31].

Smoluchowski’s theory is valid for particles of

any shape, provided the (local) curvature radius,

a, largely exceeds the Debye length k�1, i.e.,
ka>>1. According to Smoluchowski, the elec-

trophoretic mobility, ue, is related to z by

ue ¼ ere0z/�, known as the Helmholtz–

Smoluchowski equation, where Z is the dynamic

viscosity of the liquid [29, 31]. For ka < 1, the

H€uckel–Onsager equation applies: ue ¼ 2ere0z/3�
[29]. Additional situations and the relevant theo-

ries available are detailed by Delgado et al. [29].

Lyotropic Properties (Hofmeister

Series: Ion-Specific Effects)

Ion-specific effects are universal in biology,

biochemistry, chemistry, and chemical engineer-

ing [32]. They were first systematically studied

by Franz Hofmeister [32–34], who observed the

different protein precipitating effects (“salting-

out”) of various salts, and described them in

terms of the “water withdrawing power of

salts.” Hofmeister effects, or series, refer to the

relative effect of anions or cations on a wide

range of phenomena, not only related to proteins

or to polyelectrolytes [35–38]. Advances in

experimental and computational methodologies

have led to insights into the underlying molecular

mechanisms, although a deeper molecular under-

standing still seems to be elusive. The principal
reason appears to be that the Hofmeister series

emerges from a combination of a general effect of

cosolutes (salts, etc.) on solvent structure, and of

specific interactions between the cosolutes and

the solute (protein or other biopolymer) [39].

Originally, it was thought that an ion’s influence

on macromolecular properties was caused at least

in part by “making” or “breaking” bulk water

structure. Recent time-resolved and thermody-

namic studies of water molecules in salt solu-

tions, however, demonstrate that bulk water

structure is not central to the Hofmeister effect.

Instead, models are being developed that depend

upon direct ion–macromolecule interactions as

well as interactions with water molecules in the

first hydration shell of the macromolecule [40],

and in the first couple of hydration layers of the

ion [41, 42]. Small ions of high charge density

(kosmotropes) bind water molecules strongly,

whereas large monovalent ions of low charge

density (chaotropes) bind water molecules

weakly relative to the strength of water–water

interactions in bulk solution [43, 44].

Kosmotropic anions tend to cause “salting-out”

of polyelectrolytes, nonionic polymers, and other

colloids and cosolutes. Chaotropic anions and

kosmotropic cations tend to cause “salting in”

(although at high concentrations most salts

cause salting-out) [38, 45–49]. Positively

charged macromolecular systems may show

inverse Hofmeister behavior only at relatively

low-salt concentrations, but revert to a direct

Hofmeister series as the salt concentration is

increased [50]. The topic of ion-specific effects

is also dealt with in other sections of this

encyclopedia.

Rheological Properties of Polyelectrolyte

Solutions

Dobrynin and coworkers [6, 51] have extended

and generalized the scaling theory of de

Gennes [52] and Pfeuty [53] to both unentangled

and entangled regimes of intrinsically flexible

polyelectrolyte solutions. In semidilute solutions,

the electrostatic persistence length of a polyelec-

trolyte is assumed to be proportional to the

Debye-screening length. If the salt concentration

is low, the unentangled semidilute concentration
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regime spans three to four decades in

polymer concentration. When comparing the

rheological properties of polyelectrolytes to

those of neutral polymers, it can be generalized

that the viscosity of polyelectrolyte solutions is

proportional to the square root of polymer con-

centration �
c1/2(Fuoss’ law [54]), while for

solutions of uncharged polymers at the same con-

centration, the viscosity is proportional to poly-

mer concentration [6]. Moreover, there is no

concentration regime where reduced viscosity

�/c of solutions of neutral polymers decreases

with polymer concentration (�/c
c-1/2for poly-

electrolytes in the Fuoss regime) [6]. Polyelectro-

lytes should form entanglements at the same

relative viscosity as neutral polymer solutions

(��50�(s)) (s=solvent), and in the entangled

regime of salt-free polyelectrolyte solutions

�
c3/2[51]. While the viscosity of a hydrophilic

polyelectrolyte (e.g., poly(acrylic acid) (PAA))

increases smoothly with increasing neutralization

as pH is raised, the viscosity of a hydrophobic

polyelectrolyte (e.g., poly(methacrylic acid)

(PMA) remains almost constant at low pH, and

increases abruptly as pH reaches a critical value,

indicating a globule-to-coil transition upon

charging, because water is a poor solvent for

the uncharged PMA, but good for the charged

polyelectrolyte [6, 55].

Intermolecular and Surface Properties

Intermolecular interactions between different

polyelectrolytes have a plethora of implications

and applications in science and technology. In

principle, different polyelectrolytes may present

either repulsive or attractive intermolecular

interactions [56]. Similar charge sign favors

repulsion, which, at low concentrations, tends to

lead to co-solubility, but at high concentrations,

may lead to segregative phase separation, due to

thermodynamic incompatibility [57]. Opposite

charge signs on polyelectrolytes may lead to

association driven by attractive Coulombic

interactions [58], resulting in electrostatic-

complex formation, and possibly, to associative

phase separation, also termed complex coacerva-

tion [56, 59, 60]. This phenomenon was first

observed for proteins by Kossel in 1896 [61]
and for protein–polysaccharide coacervation in

1911 by Tiebackx [62] who observed the appear-

ance of opacity or precipitation upon mixing

of gelatin and gum arabic in acid conditions.

It was first systematically studied for protein–

polysaccharide complexes by Bungenberg de

Jong and Kruyt [63], and for synthetic

polyelectrolytes by Michaels & Miekka [64].

Protein–polysaccharide interactions have since

been extensively studied and reviewed [59, 60,

65–70], and so were polyelectrolyte complexes in

general [71–75]. Intermolecular polyelectrolyte

interactions are mainly dependent on pH (which

affects ionization), ionic strength (causing

screening), and the stoichiometric ratio of the

macroions involved and the total concentration.

Insoluble complex coacervates become progres-

sively more soluble with increasing salt concen-

tration [75]. Other important factors are the

molecular characteristics of the polyelectrolytes

(molecular weight, charge density, conformation,

etc.), solvent quality (including presence of

cosolvents, and cosolutes, ion-specific effects),

mixing procedures, and conditions (temperature,

pressure, shear, etc.) [56, 59, 65, 67, 70].

Recently, computer simulations are helping in

gaining new insights into polyelectrolyte com-

plexation [74, 76–79]. The net charge of two

macroions might be of same sign, and yet associ-

ation may be favorable, thanks to local “patches”

of high charge density, e.g., as in case of a protein

slightly above its isoelectric pH (but with densely

positive charge patches) associating with an

anionic polyelectrolyte [80, 81]. By carefully

controlling the ratio of the oppositely charged

polyelectrolytes, either precipitated coacervates

(mutual charge neutralization) or soluble com-

plexes (excess charge due to surplus of one of

the polyelectrolytes) may be formed, which

may be applied, e.g., for the formation of

nanocomplexes useful as protective vehicles for

bioactive compounds in clear solutions [82, 83].

An important application of electrostatic

complexation of oppositely charged polyelectro-

lytes is known as the “layer-by-layer deposition”

or electrostatic self-assembly [84–87], which

is the alternating deposition of positively and

negatively charged polyelectrolytes onto



P 1644 Polyelectrolytes, Properties
a charged surface. The surface could be that of

a solid or of another liquid phase, and may have

any shape. Various materials have been used with

this technique, e.g., synthetic polyelectrolytes,

biopolymers (proteins, DNA, polysaccharides)

and more, mainly for delivery and controlled

release applications [88, 89]. A typical example

is the nanocoating of emulsion droplets, emulsi-

fied with a low molecular weight ionic surfactant

(e.g., SDS), by several alternating layers of oppo-

sitely charged polyelectrolytes (e.g., chitosan and

pectin) [90], as a way to form a microcapsule.

Sometimes the core particle is later dissolved to

leave a hollow multilayered shell [91]. From

a fundamental viewpoint, the adsorption of

a polyelectrolyte on a surface is an intriguing

process, which questionably reached equilib-

rium, and whose kinetics has only been scarcely

studied and reviewed [92].

Block-copolymer polyelectrolytes, with at

least one hydrophobic block (in the main chain

or a grafted side chain), may demonstrate self-

assembly behavior in aqueous solution [93], and

may adsorb onto hydrophobic surfaces, which

may be facilitated by increasing ionic strength

[94]. Moreover, such block-copolymeric amphi-

philes typically have a much lower critical

micellization concentration (CMC) [95] and

a much longer micelle life time (by several orders

of magnitude) compared to lowmolecular weight

surfactants [96]. Emulsions stabilized by

block-copolymeric polyelectrolytes are generally

much more stable than their counterparts stabi-

lized by low molecular weight surfactants of sim-

ilar hydrophilic–lipophilic balance (HLB) [97].

Micelle formation and micellar structure depends

on various parameters like block lengths, salt

concentration, pH, and solvent quality, and their

stability depends on electro-steric stabilization

forces [98]. Certain proteins, like b-casein, are
natural examples of such “block-copolymeric

amphiphiles” [99, 100]. These properties of

amphiphilic polyelectrolytes are useful for vari-

ous applications, including encapsulation and

delivery of hydrophobic bioactives [101], like

drugs [102, 103] and nutraceuticals [104, 105],

formation of self-assembled nanoreactors [106],

and more.
Similarly charged polyelectrolytes may inter-

act attractively by bridging action of mediating

counterions. The higher the charge density of the

polyelectrolytes, the higher the required charge

density of the mediating counterion. An example

is the preferred potassium-induced gelation of k-

carrageenan (one sulfate group per disaccharide

repeating unit) vs. the preferred calcium-induced

gelation of i-carrageenan (two sulfate groups per

disaccharide repeating unit) [107]. An important

additional example includes calcium-induced

gelation of alginate, particularly block-wise

guluronic rich type, for which the egg-box

model for cooperative calcium-assisted cross-

link zones was proposed [108]. This type of

quick ion-induced gelation has found important

applications, notably in gel-bead formation by

dripping of alginate solution into calcium-ion

containing solution, e.g., for encapsulation pur-

poses [109].

Osmotic Pressure and Gel Swelling

of Polyelectrolyte Systems

In dilute polyelectrolyte solutions without added

salt, the Poisson–Boltzmann cylindrical cell model

accounts fairly well for thermodynamic and

some transport properties observed [110–112].

Accordingly, the osmotic pressure in such solu-

tions may be expressed in a virial expansion as

commonly used with only two terms [110]:
P ¼ CRTð1=M þ A2CÞ

where M is the molecular weight, C the polymer

concentration (g/mL), and A2, the second virial

coefficient, is:

A2 ¼ 4p3=2rðzÞNARF M2
�

where r(z) is the penetration function, which is

constant (0.21) in good solvents [113], NA is

Avogadro’s number, and RF is the Flory radius (for

a single chain in a good solvent; RF 
M3/5) [110].

Above the overlap-onset concentration, c*,

according to the Scaling Theory of de Gennes

[52], the osmotic pressure (Pos) of a semidilute

neutral polymer solution is principally the

thermal energy kT per correlation volume:
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Pos � kT=x3 c > c 	

where x is the correlation length. In polyelectro-

lyte solutions, there is an important additional

contribution of ions to the total osmotic pressure

(Pos¼Pp +Pi) [51]. Even though ions may pass

through the membrane (used for measuring the

osmotic pressure) which separates the polyelec-

trolyte from the pure solvent, Donnan equilib-

rium requires that charge neutrality would be

maintained on both sides of the membrane

[114–117]. When salt ions concentration is

much lower than polyelectrolyte counterions

concentration (c> > 2Acs; A is the number of

monomers between uncondensed charges, and cs
is the number-density salt concentration, assum-

ing monovalent ions), then Pi � kTc=A (c is the

monomer number-density concentration). On

the other extreme, at high salt concentration, the

counterions are distributed almost uniformly on

both sides of the membrane, and salt redistributes

to maintain charge neutrality, which also

contributes to the osmotic pressure [51, 117]:

Pi � kTc2 4A2cs
�

(c<<2Acs). Combining these

two expressions to extrapolate the two extremes,

one obtains: Pi � kTc2 4A2cs þ Acð Þ�
. Hence,

the total osmotic pressure, which is the sum of

all these polymer and ionic contributions, is [51]:

Pi � kT c2 4A2cs þ Ac
� 
þ 1=x3

�� �
At low-salt concentrations, the ionic (c/A) con-

tribution generally dominates over the semidilute

polymer contribution (1/x3), while at high salt

concentrations, both the ionic (c2/4A2cs) and poly-
mer contributions to the osmotic pressure are

much smaller than in low-salt solutions. For the

vast majority of polyelectrolyte systems studied,

the ionic contribution dominates both at low and

at high salt concentrations, and the polymer con-

tribution term may be negligible [51].

Polyelectrolyte gels are capable of swelling to

much greater extents than their uncharged counter-

parts, because of high osmotic pressure due to

dissociated counterions. Gel swelling, according to

the widely accepted Flory-Rehner [118] conception,

is governed by the additive contributions of the

osmotic pressure, Pos, acting to swell the gel, and
the elastic pressure of the network, which at swelling

equilibrium counteracts and balances the osmotic

pressure, i.e., the swelling pressure Psw (which

equals zero at swelling equilibrium), is:
Psw ¼ Pos �Pnet

Theories of rubber elasticity [119], such as the

“affine network theory” [120] or the “phantom

network theory” [121], provide expressions for

the network pressure, depending on cross-link

functionality and network topology. For

a perfect tetrafunctional network without trapped

entanglements, the elastic network pressure is

given by [120]:

Pnet ¼ kBTA
fR2

NR2
0

where N is the number of statistical segments

between cross-links, and R and R0 are the mean

square end-to-end distances of a network strand

at a concentration F and in its reference state,

respectively. The prefactor, A, according to the

phantom network theory, predicts A ¼ 0.5, while

the affine network theory predicts A ¼ 1 [120,

122]. Additional theoretical treatments of this

intriguing problem may be found, e.g., in [123–

125], and in recent years, computer simulations

[9, 74, 126–129] are contributing significantly to

advance our understanding and gain new insights

of polyelectrolytes and their networks. Polyelec-

trolyte gels have numerous applications, such as

superabsorbents [130, 131] (in diapers, hygienic

and wound dressing products, and in agriculture

[132] – “water-holding” for soil improvement),

in sensor technologies [133], in ion exchange

resins [134, 135], in food technology [136] (gel-

textured products), in biomedical applications

[137, 138] environmentally responsive hydrogels

[139] have applications in implants, in drug

targeting, and many more.
Future Directions

While much progress has been made over the

years in our understanding of polyelectrolytes,
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which enabled numerous important applications,

much work remains to be done, particularly in

terms of the effects of solvent and cosolutes,

including Hofmeister series and water-structure

effects on polyelectrolytes, dynamics of gel

swelling, adsorption on surfaces, formation of

multilayered films, and self-assembly of amphi-

philic macroions. The advancements in computer

capabilities will continue to facilitate simula-

tions, which are becoming progressively more

explicit in the ability to model atomistic structure

and dynamics of macromolecules and surround-

ing solvent components. Improvement of organic

synthesis capabilities, along with better thermo-

dynamic understanding and more powerful com-

puterization tools, will enable design of new

polymeric architectures, including protein-like

sequence-based polyampholytes for programmed

conformational and functional behaviors,

enabling novel nanotechnologies for advanced

applications.
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Introduction

Nature and synthetic chemistry have provided

polyelectrolytes of different shapes: They can

be rod-like as, for example, DNA, or flexible

(chain-like) as are many of the synthetic poly-

electrolytes. Moreover, they can change their

conformation in solution and, under the influence

of external conditions such as nature of the
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solvent, salt content, pH, or temperature, undergo

the transition from globular to extended state. In

the simplest case, the polyelectrolyte solutions

contain long and often highly charged polyions

and the related number of counterions to render

the systems electroneutral. Thermodynamic,

transport, and structural measurements indicate

that their properties are governed by the Coulomb

interaction, as also by the short-range, solvent

mediated, specific ion effects. The role of the

hydrophobic interaction, especially in the sys-

tems containing benzene groups, or in conjugated

polyelectrolytes, is also important. Altogether we

deal with a complicated system where we need to

treat accurately both, the long-range Coulomb

interaction (hundred angstroms), as well as the

short-range (few angstroms only) forces.
P

Cylindrical Cell Model

First computer simulations of simple rod-like

model of polyion were performed in the cell

model approximation [1–4]. In [1] the polyions

were treated as rigid cylinders of finite length.

The counterions were charged hard spheres

embedded in the dielectric continuum within the

cell. The osmotic coefficient was found to

decrease with the decreasing degree of polymer-

ization. The concentration dependence of this

quantity exhibited minimum, shifted toward

lower concentrations when the degree of poly-

merization increased. Later, in [2, 3], the distri-

butions of mono- and divalent counterions

around very long cylindrical polyion were simu-

lated. Important conclusion was that the Poisson-

Boltzmann equation provided semiquantitatively

correct results for the osmotic coefficient.

Inclusion of the ion-ion correlations through the

modified Poisson-Boltzmann theory led to

considerably better agreement between theory

and simulations, especially when divalent coun-

terions were present in solution. The computer

simulations were also used to calculate osmotic

coefficient via the contact theorem [4, 5]. The

latter two studies demonstrated that neglecting

of the interionic correlations by the mean field
approach leads to a partial compensation of the

shortcomings of the Poisson-Boltzmann osmotic

equation. In another contribution, Le Bret and

Zimm [6] used Monte Carlo method to investi-

gate the ion size effects on distribution of ions in

solution of rod-like polyelectrolyte mimicking

DNA. Extensive Monte Carlo simulations and

comparison with the other polyelectrolyte

theories were performed by Mills et al. [7, 8].

The grand canonical simulations of the rod-like

polyelectrolyte were performed in [9, 10].

The mean activity coefficient of simple electro-

lyte in solution was calculated and, very interest-

ingly, the results for divalent counterions

indicated the “charge inversion” [9]. Extensive

simulations of the rod-like polyions in the cell

model and comparisons with the modified PB

theory were performed by Das et al. [11, 12]

and Piñero et al. [13]. In the latter study, the

emphasis was on exploration of the catalytic

effect on ions, caused by presence of rod-like

polyions.
Flexible Polyelectrolytes Interacting
via the Screened Coulomb Potential

Polyions are not fully extended in solution and

those, containing hydrophobic groups, may col-

lapse into the globule under certain conditions.

Valleau simulated flexible polyelectrolyte

(a constrained “necklace” model) in ionic solu-

tion [14]. Average conformations of the polyion

immersed in a primitive-model aqueous electro-

lyte were studied for several model parameters.

Similar studies were performed by Woodward

and Jönsson using a bead-spring polyelectrolyte

model [15]; they found the screened Coulomb

potential between charged species (polyion

monomers or ions) to be an excellent approxima-

tion for systemswith low andmoderate added salt

concentrations of 1:1 electrolyte. For divalent

counterions, this is not true anymore. Seidel

[16] studied the persistence length for the same

model potential and found an evident influence of

the flexibility of the underlying neutral chain on

properties of the charged chain.
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Modeling Flexible Polyelectrolytes with
Explicit Ions

Kremer and coworkers [17–19] performed very

complete molecular dynamics simulations for

multichain polyelectrolyte systems. The Cou-

lomb interaction between the monomers (bead-

spring model polyelectrolyte) and counterions

was treated explicitly. Experimental results for

the osmotic pressure and the structure factor

were reproduced. In addition, the persistence

length and end-to-end distance of polyelectrolyte

chains were calculated. The authors showed that

the chains exhibit significant departures from the

fully extended conformation even at low chain

densities. Furthermore, the chains contracted sig-

nificantly before they overlapped. At high poly-

mer density and poor solvent conditions [18],

equivalent to strongly screened electrostatic

interaction, the chains were found to be

extremely collapsed. The pearl necklace confor-

mations were observed [19] and analyzed in

detail, as was also the position of the first peak

of the structure factor with respect to the mono-

mer density. To study the shift in the apparent

dissociation constant, Monte Carlo simulations of

linear weak polyacids have been performed in the

cell model approximation [20]. Widom’s parti-

cle-insertion method was utilized for the purpose.

Simulation results were compared with experi-

ments. Thermodynamic properties of a model

solution with chain-like polyions and hard sphere

counterions were, for the purpose of comparison

with the integral equation theory, published in

[21]. There were other studies in this direction.

For example, conformational characteristics of

single flexible polyelectrolyte chain of 150 uni-

valent and negatively charged beads, connected

by a harmonic-like potential in the presence of an

equal number of positive counterions, were stud-

ied in molecular dynamics simulations by

Jesudason et al. [22]. Extensive computer simu-

lations of polyelectrolyte solutions were

performed by Dobrynin and coworkers [23–26]

(for review see [24–26]). In [23], they evaluated

osmotic coefficients and counterion distribution

functions of rod-like and flexible polyelectrolyte

chains with explicit counterions by using
molecular dynamics approach. Osmotic pressure

was studied also by Chang and Yethiraj [27], and

very recently by Carrillo and Dobrynin [28]. In

this last paper, the polyelectrolyte solution was

modeled as an ensemble of bead-spring chains of

charged Lennard-Jones particles with explicit

counterions and salt ions. The simulations

showed that in dilute and semidilute polyelectro-

lyte solutions, the electrostatic-induced chain

persistence length scaled with the solution ionic

strength as I–½. This dependence is due to the

counterion condensation on polyions. The simu-

lations confirmed that the peak position in the

polymer scattering function scaled with the poly-

mer concentration cp in dilute polyelectrolyte

solutions as cp
1/3. In semidilute polyelectrolyte

solutions, and for low concentration of added

salt, the position of this peak shifts toward the

large values of the wave number. The paper con-

tains important citations of previous relevant

studies. The rheology of dilute salt-free polyelec-

trolyte solutions was studied by Stoltz and

coworkers [29] using Brownian dynamics simu-

lations and coarse-grained bead-spring polyelec-

trolyte model with explicit counterions. An

overview of the simulation studies and theories

of polyelectrolyte solutions was provided by

Yethiraj [30].
Explicit Water Simulations of
Polyelectrolyte Solutions

All-atom simulations of polyelectrolyte systems

are less frequent and they only became emerging

in last 5 years. Among the first such studies was

the paper of Molnar and Rieger [31]. These

authors studied the “like-charge attraction”

between polyanions observed in the presence of

multivalent cations on a fully atomistic scale. As

a relevant example, they examined the interaction

of negatively charged carboxylic groups of

sodium polyacrylate molecules with divalent cal-

cium ions in explicit water. They showed that Ca2

+ ions initially associate with single chains of

polyacrylates; strongly shielded polyanions

approach each other and eventually precipitate.

Chialvo and Simonson [32] examined the
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solvation behavior of short-chain polystyrene

sulfonate in aqueous electrolyte solutions by

molecular dynamics simulation. The explicit

atomistic picture of all species was used. The

goal was to determine the hydration effects on

the conformation of the polyelectrolyte with

varying degree of sulfonation and varying the

valence of counterions. Chang and Yethiraj [33]

studied dilute salt-free solutions of charged flex-

ible polymer molecules in poor solvents. The

simulations suggest that the presence of explicit

solvent molecules can be an important aspect of

polyelectrolyte behavior in poor solvents. In

another contribution, Ju and coworkers [34]

simulated solution of poly-methacrylic acid in

aqueous solutions at various degrees of charge

density. They observed that water molecules may

act as a bridging agent between two neighboring

carboxylic groups. These bridged water mole-

cules stabilize the rod-like chain conformation

and display different dynamic properties from

the bulk water. A similar study was recently

published by Sulatha and Natarajan [35].

Druchok and coworkers [36–38] presented

a molecular dynamics simulation in explicit

water of a solution of aliphatic 3,3- and 6,6-

ionene oligocations with sodium co-ions and

fluorine, chlorine, bromine, and iodine counter-

ions. The purpose of these studies was to investi-

gate how the increasing number of methylene

groups (increased hydrophobicity) affected the

specific ion interaction between the counterions

in solution and quaternary ammonium group on

the ionene backbone. The results were able to

explain some experimental observations in

ionene solutions and weakly charged polyelec-

trolytes in general.
Simulations of Polyelectrolytes at
Surfaces

The adsorption of polyelectrolytes to surfaces is

a problem of growing interest stimulated bymany

industrial applications. Explicit and implicit sol-

vent models were used in studying this problem

via computer simulation [39, 40]. Using molecu-

lar and Brownian dynamics simulations and
freely jointed models of polyelectrolytes, Reddy

and Yethiraj [39] established that the solvent

plays a dominant role in the adsorption of

polyelectrolytes in poor solvents, and that the

many-body effects qualitatively influence the

adsorption characteristics and mechanism.

The effects of surface charge density, charge

distributions, solvent quality, and short-ranged

interactions were studied by Carillo and

Dobrynin by using the molecular dynamics

simulations [25, 41].
Future Directions

The progress in this area of research is hampered

by uncertainties in the current force fields, mixing

rules, and other details of simulation protocols. In

addition, some thermodynamic properties of

solution like, the enthalpy or heat capacity of

solution, cannot be simulated with sufficient

accuracies to be tested against the experimental

data for polyelectrolyte solutions. Further devel-

opment of the force fields and methods to

calculate solution thermodynamic parameters is

needed to advance this area of science.
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Coulomb correlation between counterions in the

double layer around cylindrical polyions. Acta Chim

Slov 53:316–323

6. Le Bret M, Zimm B (1984) Monte Carlo determina-

tion of the distribution of ions about a cylindrical

polyelectrolyte. Biopolymers 23:271–285

7. Mills P, Anderson CF, Record MT Jr (1985) Monte-

Carlo studies of counterion DNA interactions – com-

parison of the radial-distribution of counterions

with predictions of other poly-electrolyte theories.

J Phys Chem 89:3984–3994. doi:10.1021/

j100265a012

8. Mills P, Paulsen MD, Anderson CF, Record MT Jr

(1986) Monte-Carlo simulations of counterion

accumulation near helical DNA. Chem Phys Lett

129:155–158. doi:10.1016/0009-2614(86)80188-9

9. Vlachy V, Haymet ADJ (1986) A grand canonical

Monte Carlo simulation study of polyelectrolyte

solutions. J Chem Phys 84:5874–5880. doi:10.1063/

1.449898

10. Mills P, Anderson CF, Record MT Jr (1986) Grand

canonical Monte-Carlo calculations of thermody-

namic coefficients for a primitive model of DNA

salt-solutions. J Phys Chem 90:6541–6548. doi:10.1021/

j100282a025

11. Das T, Bratko D, Bhuiyan LB, Outwaite CW

(1995) Modified Poisson-Boltzmann theory applied

to polyelectrolyte solutions. J Phys Chem

99:410–418. doi:10.1021/j100001a061

12. Das T, Bratko D, Bhuiyan LB, Outwaite CW

(1997) Polyelectrolyte solutions containing mixed

valency ions in the cell model: a simulation and

modified Poisson-Boltzmann study. J Chem Phys

107:9197–9207. doi:10.1063/1.475211

13. Piñero J, Bhuiyan LB, Reščič J, Vlachy V (2008)
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Introduction

Novel highly efficient conversion technologies

for mobility (electromobility) and combined

heat and power systems (CHP) with indepen-

dence on fossil fuels, in particular crude oil, are

of utmost interest to face the energy challenges of

the future [1, 2]. Fuel cell technology, based on
the “cold” combustion of a fuel in an electro-

chemical cell, can fulfill these requirements.

Another area of application for fuel cell technol-

ogy is portable electric and electronic devices,

where the argument of potentially higher energy

density as compared to today’s available battery

technologies, hence, longer time of operation, is

of prime interest [3].

The polymer electrolyte fuel cell concept, uti-

lizing a thin ion-conducting polymer film, can

fulfill the specifications of many of these appli-

cations. Typically operating at temperatures

around 100 �C, this technology is the choice for

many of these applications, due to their flexibility

in start at ambient temperature, load following

behavior, flexible power demand, etc. However,

limitations exist for operation temperatures

below 100 �C in the freedom of choice of fuel,

limiting this essentially to hydrogen at high

purity.

In this context, the installation of new supply

infrastructures for alternative fuels, e.g., H2, is an

important additional economical and political

factor, in particular for mobility applications.

Dedicated well-to-wheel energy analysis has

clearly shown that energy conversion in fuel

cells has to be based on fuels derived from

renewable sources, particularly when hydrogen

is the fuel [4].
The Solid Polymer Electrolyte

The characteristics of any fuel cell technology are

determined by specifics of the electrolyte chosen,

e.g., low or high temperature, acidic or alkaline.

However, general statements can be made, which

hold for any electrolyte, due to its universal func-

tion it has to fulfill in an electrochemical cell.

This concerns the transport of charge in ionic

form from one interface to the other within the

cell. The ion conduction should be carried by an

ion, which is produced at one electrode and con-

sumed at the other to avoid losses caused by

concentration gradients, hence minimize losses

in the ionic circuit [5]. This majority ion should

carry as much charge as possible through the



0.5

1000 500 200 90

solid
acids

−6

−5

−4

−3

−2

−1

0

1.0 1.5 2.0

(1000/ T) / K-1

2.5 3.0 3.5

T / �C

La0.9Sr0.1Ga0.9Mg0.1O3-δ

BaY0.2Zr0.8O3-δ

Ce0.9Gd0.1O2-δ

Zr0.9Y0.1O3-δ

oxide ion conductors proton conductors

ceramicslo
g

(s
 /(

S
.c

m
-1

))

NAFION

S-PEK (blend)

PBI · 600 mol% H3PO4

PEFCHT-PEFC

polymers

LT-SOFCSOFC

Polymer Electrolyte Fuel
Cells (PEFCs),
Introduction,
Fig. 1 Specific

conductivity versus

temperature of different

electrolytes interesting

for fuel cell applications

(Adopted from

K. D. Kreuer)

P 1656 Polymer Electrolyte Fuel Cells (PEFCs), Introduction
electrolyte; as a consequence, its transport num-

ber (Hittorf number) should be as high as possi-

ble, ideally one. For high power applications with

an aqueous electrolyte, the concentration of this

respective anion or cation must be high and

exclusively responsible for conduction. Typi-

cally, a specific ionic conductivity in the range

of 100 mS/cm is required, which at a current

density of 1 A/cm2 and an electrolyte gap of

100 mm would yield an ohmic voltage loss in

the range of 100 mV. As seen in Fig. 1, the

conductivities of various electrolytes are strongly

temperature dependent and cover a wide temper-

ature range, depending on the ion-conducting

species in its respective environment (material).

Again, electrolytes are of interest, which offer the

opportunity that the ionic species is participating

in the fuel cell reaction.

Further, the electrolyte material has to act as

separator to (1) avoid crossover and, as

a consequence, “hot” combustion of the fuel and

the oxidant at the respective counter electrode

and (2) to avoid touching of the electrodes by

short circuiting the electronic pathway. Thereby,

the electrolyte/separator gap should be as narrow
as possible to lower the ohmic contribution to the

overall voltage loss. In case of a liquid electro-

lyte, it can be absorbed into an inert matrix,

providing porosity high enough for an ionic con-

duction path with low tortuosity for the ion and at

the same time a high enough bubble pressure to

suppress gas crossover. An ideal concept is the

one of a solid electrolyte, which fulfills the dual

electrolyte and separator function at the same

time, providing a transfer number of one for the

current carrying ionic species, as in the case of

solid polymer electrolytes (ion-exchange mem-

branes), thereby excluding a contribution of elec-

tronic conduction.

One has to emphasize that the electrolyte has

to sustain the potential window of the respective

fuel cell reaction, given by the Gibbs free energy,

at least over the device lifetime, specified for

a certain application.

The idea to utilize a “solid ion-exchangemem-

brane electrolyte” in a secondary cell employing

metal electrodes was first published by Grubb in

1959 [6], reflecting the fact that a solid electrolyte

acts in the dual function of ion conductor and

separator. This concept was extended to H2/O2
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Fig. 2 Generalized structure formula of Nafion®-type

membranes (DuPont) with m ¼ 1, l ¼ 1, k ¼ 5–7
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Fig. 3 Simplified scheme with an acidic solid polymer

electrolyte, e.g., the polymer electrolyte fuel cell (PEFC).
Fuel, H2; Oxidant, O2. Only porous gas diffusion

electrodes and electrolyte are shown; cell housing is not

shown [12]
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fuel cells in 1960 [7]. The solid polymer electro-

lyte consisted of a heterogeneous membrane,

where particles of sulfonated cross-linked poly-

styrene bonded into sheet form with an inert

binder. Actually, the realization of this concept

happened only a few years after the preparation

of a free-standing synthetic polymeric

ion-exchange membrane was described by Juda

et al. for the first time [8].

Many different types of polymer membranes

containing fixed ionic groups have been explored

since. Up to today, the materials of choice are

perfluoro sulfonic acid membranes of the Nafion-

type (Fig. 2), for the first time described by Grot

[9]. These materials, similar products have later

been developed by other companies (Asahi Glass,

Asahi Kasei, Solvay, 3M, Gore, etc.), have been

continuously improved for their application in

fuel cells. A comprehensive overview of

membrane development can be found in [10].
P

The Concept of the Polymer Electrolyte
Fuel Cells

The idea of using a thin ion-conducting polymer

membrane, solid polymer electrolyte, as electro-

lyte and separator can lead to different concepts

of cells. Firstly, when ionic charges, anions or

cations, are chemically bound to the polymer

(ionomer) network, the respective countercharge

can move freely within the polymer volume,

preconditioned a certain volumetric charge

density within the polymer exists, which under

uptake of, e.g., water, leads to phase separation

into a hydrophobic polymer (backbone) and

a hydrophilic, charge-containing phase [11]. As

a consequence, the polymer morphology allows

the continuous transport of this ion from one

electrode interface to the other. One has to
emphasize that ionic conductivity increases with

water content. The optimization of the in situ

water content of the solid electrolyte is of

paramount importance for an optimal perfor-

mance, whereby the visco-mechanical properties

of the polymer sheet have to be balanced.

A simplified scheme of the electrochemical

heart of a PEFC is displayed in Fig. 3, where the

“central solid electrolyte” is contacted by two

porous gas diffusion electrodes (GDLs), which

are in intimate contact to the membrane surface

(see below, three phase boundary). At the inter-

face to the membranes, the GDLs contain

nanoparticles of platinum (black dots) as

electrocatalyst.

Depending on the fuel, H2, MeOH (gas or

liquid), or other, the solid polymer electrolyte

properties have to be tailored, in particular for

their properties towards separation of fuel and

oxidant.

Generally speaking, the ion conduction in

the electrolyte contributes to the losses

(ohmic losses, see Fig. 3) in the cell voltage.
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Hence, one of the major tasks in fuel cell devel-

opment is the reduction of these losses in the

ionic circuit part, because the work available in

the external electronic circuit should be as high as

possible. This concerns the reduction of the

membrane thickness to as low values as possible,

today down to a few microns, and the optimiza-

tion of the specific conductivity at low water

content (see water management).

In aqueous acidic electrolytes the ionic con-

duction is provided by an H+ ion, respectively H

(H2O)n
+. As mentioned above, H+ is created by

the anodic oxidation of H2 as a fuel, and the

conducting species is transported to the cathode,

where it is consumed in the direct (ideally four

electrons) cathodic reduction of molecular oxy-

gen. Hereby, water as the reaction product

appears at the cathode side of the cell.

In an anion exchange membrane (not shown),

the ionic conduction is provided by OH�-ions,
created by the ORR at the cathode. Principally,

OH� ions are carriers for the O2� ions, produced

as intermediate by the cathodic reduction reac-

tion of molecular O2 and the follow-up reaction

with a water molecule. After conduction, OH�

reacts with the H+ created at the anode and yields

water as a product at the anode side.

Solid polymer electrolytes on the basis of

a polymer cation exchange membrane in H+-

form or an anion exchange polymer membrane

in OH�-form can be considered as quasi-aqueous

electrolytes, whereby the water is absorbed in the

phase separated ionic nano morphology of the

respective material. This nano morphology

forms ionic pathways through the polymeric

membrane connecting the two fuel cell

electrodes.

In cells operated at temperatures below

100 �C, liquid water will be the reaction product.
For operation temperatures above the boiling

point of water, a cell with an aqueous or quasi-

aqueous electrolyte can be operated, however, at

the expense of pressurizing it to avoid loss of the

water and, as a consequence, concentration and

conductivity changes in the electrolyte. Hence,

water management of a PEFC operated at tem-

peratures below 100 �C is an engineering issue

and of utmost importance for many high
power applications. Novel methods have been

introduced to detect liquid water in PEFCs and

to help understanding product water removal

water [13].
The Role of Electrocatalysis and the
Electrode/Electrolyte Interface

Next to the voltage losses due to ionic conduc-

tion, voltage losses due to the activation over-

voltages of the respective electrode reactions

arise, as described by the Butler-Volmer, respec-

tively the Tafel equation [14]. At the same value

of current density the overvoltage for the HOR is

much smaller than for the ORR, due to the

simpler electron transfer kinetics. Overvoltage

for an electrochemical reaction shows also

a strong temperature dependency, as does

activation energy, and decreases with increasing

temperature.

Generally, for fuel cells with an acidic elec-

trolyte, platinum is the electrocatalyst of choice

at temperatures at these respective temperatures,

due to stability requirements in this particular

environment. High dispersion of the catalyst is

required, taking into account its nature as

a precious metal, to provide a high surface area

to volume ratio. Platinum nanoparticles in the

diameter range of a few nanometers, typically

2–5 nm, supported on carbon particles are

utilized. Different carbons with different surface

area (up to 800 m2/g) are used. The amount of

platinum in the catalyst powder is specified as

weight % per g of carbon and further as mg

loading per cm2 geometric electrode area.

Platinum is prone to CO adsorption at temper-

atures of around 100 �C and below. For this

reason, care has to be taken with respect to the

purity of hydrogen, in particular for hydrogen

liberated from a C-containing fuel by

a reforming process (steam reforming, partial

oxidation, autothermal reforming).

Alkaline electrolytes promise to allow

cheaper, non-precious metal catalysts like nickel

and its alloys.

There is a common problem to all material

selections for the different fuel cell types,
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Fig. 4 Electrode layer (interphase) with three phase

boundary (schematic) of a polymer electrolyte fuel cell

(cathode side). Blue, polymer electrolyte; black,
carbon particles; grey, platinum nanoparticles (Adopted

from L. Gubler)
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namely, to generate an optimal electrolyte/elec-

trode interface. One has to realize that gaseous

molecular reactants are converted into ionic spe-

cies, solvated/hydrated in their electrolyte

medium, by exchanging electrons with the elec-

trode material. This reaction occurs at the so-

called triple phase boundary (triple point),

where electron conducting, ion conducting, and

gas phase (eventually dissolved in the electrolyte)

join to each other. To allow a high surface area

for current generation, the electrolyte/electrode

interface is extended into a three-dimensional

interphase with a thickness of a few mm. For

a polymer electrolyte fuel cell, this interphase is

drafted in Fig. 4 for the cathode (oxygen) side.
Types of PEFCs

Hydrogen is the preferred fuel for PEFCs. How-

ever, a PEFC can also be fed by liquid or gaseous

methanol, called direct methanol fuel cell,

DMFC. Other fuels based on alcohols, e.g., the

direct ethanol fuel cell, DEFC, are subject to

research.

In the past, most concepts for an alkaline fuel

cell have been described with an aqueous alkaline

electrolyte. Recently, also anion exchange

membranes, alkaline solid polymer electrolytes,

have been considered [15].
H2-Fed PEFC

This type of H2-fed fuel cell, due to its

high achievable specific and volumetric

power density (in the range of 1 kW/kg and

1 kW/l and above), its cold start behavior,

and its fast load following properties, has

found the interest of automotive industry and is

under development by all major automotive

companies.

A thin ion-conducting polymer sheet, typi-

cally in the range of 25 mm, is utilized as

solid electrolyte, i.e., electrolyte and separator,

in the PEFC (Fig. 3). For thermal stability rea-

sons, only cation exchange membranes in the

H+-form have been considered up to today

for technical applications (see also alkaline

fuel cell). In comparison to cells with liquid elec-

trolyte, this PEFC-concept offers the advantage

that the “electrolyte” is chemically bound

within the polymer matrix and only water as

reactant, in addition to the gases, appears in the

peripheral system components. Membranes are

perfluorinated or partially fluorinated polymers,

with side chains ending in pendant acid groups,

e.g., the sulfonic acid group –SO3H.

Under operation, the membrane has to contain

some water, e.g., 15 water molecules per sulfonic

acid group, to provide the necessary specific con-

ductivity. This fact causes consequences for

some of the system auxiliaries, as the gases,

hydrogen and air, have to be humidified before

flowing into the cell to sustain the hydration level

in the membrane.

The acidic electrolyte asks for a precious

metal catalyst; hence platinum supported on car-

bon particles serves as electrocatalyst, with typi-

cal Pt loadings of ca. 0.1 mg/cm2 at the anode side

and ca. 0.4 mg/cm2 at the cathode side. Platinum

nanoparticles, typically a few (3–5) nm in diam-

eter, are deposited on various carbon substrates

(e.g., 20–40 %Pt/C) by wet chemical processes

and then further processed in combination with

solubilized ionomer material and binder(s)

(PTFE) to yield an ink, which then is applied

either to the electrolyte membrane surface

(CCM, catalyst coated membrane) or to the

GDL to form the GDE.
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Extensive characterization of these

electrocatalysts for the fuel cell reactions has

shown that the electrocatalytic activity of

these nanoparticles is by a factor 10 lower

than the activity of a polycrystalline platinum

surface for the respective reactions, HOR or

ORR [16]. This difference is not fully

understood yet.

An interesting proprietary approach has been

followed recently by the 3M Company, creating

a continuous electrode area covered by nanoscale

Pt-whiskers. Reactivity of these electrocatalytic

layers is in the range of polycrystalline platinum

surfaces [17].

Today, pure hydrogen is considered as the

ideal fuel. Due to its CO-content, hydrogen

derived from C-containing fuels (by steam

reforming (SR), partial oxidation (POX), or

autothermal reforming (ATR) followed by pref-

erential oxidation (PROX)) would need

specific measures in terms of electrocatalysis,

e.g., PtRu as bifunctional electrocatalyst, to

allow oxidation of CO. As an alternative, purifi-

cation methods of the anode gas stream prior to

entering the cell down to only a few ppm CO

(depending on operation temperature) are

necessary.

The electrocatalytic layers are contacted by

gas diffusion layers (GDLs), allowing the gases,

H2 and O2, as reactants to be passed to the inter-

face and liquid H2O as product removed from the

interface. These GDLs consist of sheets of carbon

cloth or paper with typically 100 mm thickness

and 50 % porosity (Fig. 2). This arrangement of

membrane, electrocatalytic layers, and gas diffu-

sion layers is colloquially called membrane–

electrode-assembly (MEA).

Most of the applications of this fuel cell type

are developed for air operation, taking advantage

of utilizing one reactant from the ambient

environment. However, there exist also some

applications in which pure oxygen is

employed as oxidant. Due to the higher partial

pressure of oxygen and the absence of electro-

chemically inert nitrogen as the majority

component in the cathodic gas stream,

humidification issues of the cell can be strongly

simplified [18, 19].
Methanol-Fed Fuel Cell (PEFC-Type)

The same concept of combination of an acidic

solid polymer electrolyte and acid stable precious

metal electrocatalysts can also be applied to

a methanol-fed fuel cell (Direct Methanol Fuel

Cell, DMFC). Methanol can be fed in liquid or

vapor form, mixed with water. The methanol

molecule CH3OH is electrochemically converted

at the anode according to
Anodic reaction : CH3OHþH2O ¼ 6 Hþ6e�

þCO2 ðMethanol Oxidation Reaction;MORÞ

Cathodic reaction : O2 þ 4Hþ þ 4e� ¼ 2H2O

ðOxygen Reduction Reaction;ORRÞ

Overall reaction : CH3OHþ H2Oþ O2

¼ CO2 þ 3H2O

As seen from above, the MOR occurs under

the consumption of one molecule of water,

necessary to oxidize carbon in the CH3OH

molecule to CO2, while potentially six protons

are liberated. The ORR can be formulated the

same way as in a hydrogen-fed cell.

The equilibrium potential for the anode

reaction is at 0.02 V versus the Normal Hydrogen

Electrode (NHE); hence, a theoretical cell

voltage close to the H2/O2 fuel cell should be

observed. In practice, the OCV is lower, for

several reasons: Due to the similarity of methanol

and water as solvents (e.g., solubility parameter),

methanol also penetrates into the water-swollen

polymer membrane and passes to the cathode

(methanol crossover), causing a mixed potential

at a lower value than the oxygen potential.

Further, the anode reaction requires a binary or

ternary bifunctional catalyst, containing next to

platinum one metal component (or two) provid-

ing the splitting reaction of the water molecule

involved to liberate oxygen for the carbon oxida-

tion at lower potentials as compared to platinum.

Examples would be Ru, Sn, Mo, others, or even

combinations of two of these together with plat-

inum as the hydrogen liberating catalyst part.
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Intermediate oxidation species of the methanol

molecule, e.g., –COH, may adsorb and poison the

platinum catalyst surface, thereby impeding the

full oxidation reaction.

These kinetic losses at the anode lead to a high

anode overvoltage and, therefore, the cell voltage

in the DMFC is lower at a respective value of

current density as compared to a H2-fed cell, as is

the achievable power density.

Direct methanol fuel cell concepts with liquid

electrolyte have also been considered in the past.

One advantage of circulating liquid electrolytes

is the option to cool the cell without additional

cooling fluid.
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Introduction

Mass transport in electrochemical reactions is

defined as the transport of reactants and products

which does not include the transport of electric or

ionic charges. In the case of polymer electrolyte

fuel cells (PEFCs), mass transport includes the

following phenomena:

1. The transport of gaseous reactants (hydrogen

and oxygen) to the reaction sites

2. The transport of the product water away from

the reaction sites.

Mass transport loss is defined as the loss in

performance of the fuel cell due to limitations in

mass transport processes. This performance loss

is usually attributed to a reduction of the oxygen

activity (associated to its partial pressure) at the

electrode, in comparison to the oxygen partial

pressure at the cell inlet. The accumulation of

water in the transport pathways of the gaseous

reactants can lead to increased mass transport

losses and instability and can result in accelerated

degradation.

The operation of fuel cells depends on mass

transport on a variety of different scales, from the

distribution of gas flow between different cells of
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a stack down to transport on the nanometer scale

inside the electrode.

At high current densities (>1 A/cm2) required

for the automotive application, or high humidity

conditions, the mass transport losses can account

for more than 100 mV of cell voltage losses [1].

Detailed understanding of the processes is there-

fore required to increase the electrochemical cell

efficiency. In order to gain accurate insight into

the complex mass transport processes, specific

experimental methods and modeling approaches

are developed.
Polymer Electrolyte Fuel Cells, Mass Transport,
Fig. 1 Accumulation of water in the flow channels can

disturb the distribution of gas on the cell level (channel to
channel, see top) and on the stack level (cell to cell, see
bottom)
Mass Transport on the Cell and Stack
Level

In most PEFC designs, the reactant gases are

actively supplied to the stack by feeding

a given gas flow. The gas mass flow exceeds the

quantity strictly needed for the electrochemical

reaction, so that a sufficient concentration is

present in the outlet section of the cell. Ideally,

the gas flow should be distributed homoge-

neously to the flow channels of a cell and between

the cells of a stack, but various processes can

lead to inhomogeneous distributions as

described below.

Channel-to-Channel Distribution of Gas Flow

A typical flow field consists of a number of flow

channels running parallel to each other (see

Fig. 1, top). The distribution between the differ-

ent channels is determined by the flow resistance

of each channel, which can vary from channel to

channel due to the following reasons:

• Structural differences of the gas flow channel

sections. Such differences can stem from

manufacturing imprecision or inhomogeneous

distribution of the compression force.

• The presence of liquid water in the flow chan-

nels and/or in the manifolds. As the gas flow

velocity is an important parameter for water

removal (c.f. below), this can lead to

a “latching” effect: the gas flow is reduced in

channels where liquid water appears, which in

turns leads to less water removal in these

sections.
Different channels of the cell can be consid-

ered as placed in parallel, both concerning the gas

flow and the electrical current flow. Thus, the

complete absence of flow in one section of

the cell will not lead to cell reversal, but to the

absence of current production in this section.

Nevertheless, long-term degradation effects can

be expected, in particular in the absence of

hydrogen.

Cell-to-Cell Distribution of Gas Flow

The distribution of gas flow between different

cells of a stack can suffer from the same pertur-

bations as described above between different

channels (see Fig. 1 bottom). Again, both struc-

tural differences and accumulation of liquid

water can be the cause of inhomogeneous distri-

bution of gas flows.

The cells in a stack are connected in parallel

with respect to the gas flow but in series with

respect to the current. The implication is that in

complete absence of gas flow in a cell, cell volt-

age reversal will occur which will induce a rapid

damage (e.g., due to carbon corrosion). As

a consequence, individual cell voltage
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Fig. 2 Mass transport

through the cathode GDL,

interconnecting the channel

of the bipolar plate and the

catalyst layer
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monitoring and effective purging strategies are

essential for the durable operation of a stack.

Water Removal

A limited quantity of water can be removed as

water vapor. This quantity is defined by the mag-

nitude and relative humidity of the incoming gas

flows. Water produced in excess of this quantity

needs to be removed as a liquid. In the flow

channels, water forms droplets which grow as

they are fed by produced water transiting through

the GDL. When the shear force produced by the

gas flow is sufficient to offset the adhesion force

of the droplet, it will detach and be carried away

by the gas flow (or in some cases adhere to the

wall or GDL in a downstream section of the flow

channel). The typical size a droplet can grow until

it detaches depends primarily on the velocity of

the gas flow and on the gas viscosity. If the shear

force is low (typically, for the hydrogen channels

and/or for low flows), the droplets can grow large

enough to form a “slug,” meaning a complete

filling with water of one fraction of the channel.
Transport in the Gas Diffusion Layer

The gas diffusion layer (GDL) connects the

millimeter-scaled gas channels in the bipolar

plate with the catalyst layer, where the electro-

chemical reaction takes place on the surface of

nanometer-sized catalyst particles (see Fig. 2).
Gas diffusion layers are used to collect current

over the channels and to provide access for the

gases under the flow field ribs. Mass, charge, and

heat are transported in and through the GDL in

the respective pressure, concentration, potential,

and temperature fields. The GDLs need to fulfill

two antagonistic tasks: they need to be highly

permeable for the reactant transport and highly

conductive for charge and heat. The porous mate-

rials consist typically of carbon fibers with

a diameter of 6–8 mm, in the form of either carbon

papers or clothes. The maximum of the resulting

pore size distribution usually lies in the range of

tens of micrometers, and due to the orientation of

the fibers, the pore and solid structures are often

anisotropic. Porosities typically range in the

order of 0.75–0.85 and the thickness is typically

between 200 and 300 mm [2].

The main transport mechanism for the gaseous

reactants through the GDL is diffusion in the

concentration gradient between the gas channel

and the surface of the catalyst layer and is

described by Fick’s first law:
Neff ¼ �Deff
@c

@x
(1)

where Neff is the effective flux, Deff the effective

diffusion coefficient, c the species concentration,

and x the distance.

In the porous gas diffusion layer, the effective

diffusion coefficient is different from the intrinsic
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Fig. 3 Effective relative diffusivity e/t as a function of

the porosity of plain Toray 060 GDL (without PTFE) for

different compressions (expressed in porosity). ip
in-plane, tp through-plane. The gray lines indicate

iso-tortuosity levels
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coefficient of the species in a gas mixture in free

volume because (i) the solid structure of the GDL

acts as a resistance which might be increased by

(ii) the presence of liquid water in the pores of

the GDL. The effect of multicomponent diffusion

is described by the Stefan–Maxwell relation,

which can be found in textbooks [3] and is not

specific to fuel cells. This is therefore not

discussed further here.

The effect of the solid obstructing the gas

transport is determined by the porosity e and

tortuosity t of the GDL. Tortuosity describes

the elongation of the direct transport distance x

by the solid structure of the GDL, and definition

of the porosity is obvious. Liquid water may

occupy part of the pore space, decreasing poros-

ity and increasing tortuosity. This effect depends

on the amount of liquid water present in the GDL,

which is given as the saturation s, the fraction of

the pore space occupied. The effective diffusion

coefficient is therefore defined as:
Deff ¼ �D e
t
1� sð Þn (2)

The effect of the saturation is not linear and

described by the factor n in Eq. 2.

In the past years advanced characterization

techniques such as synchrotron-based X-ray

tomography have allowed to accurately deter-

mine the structure of the GDL materials includ-

ing the effects of compression in the cell [4].

In combination with electrochemical methods

[5, 6], this has lead to accurate determination of

the effective diffusion coefficients as defined in

Eq. 2. Deff in dry GDL, depending on the com-

pression and the direction (in- or through-plane),

is in the range between 0.6 and 0.2 times

the diffusion coefficient in the free volume

(see Fig. 3).

Recently, the effect of liquid water has been

quantified using tomographic techniques [7].

With liquid saturation reaching values up to

0.3–0.4 in the cathode, the effective diffusion

coefficient Deff drops considerably below 0.1 of

the free volume value. This illustrates well that

gas transport through the GDL can become

a limiting factor at high current densities.
The transport of liquid water through the GDL

is not well understood at this point in time. Liquid

water is transported by a pressure gradient

between the catalyst layer and the gas channel,

where it is removed from the cell. However, the

buildup of the transportation paths depends on the

local pore sizes and the surface properties (con-

tact angle) of the GDL. Understanding has been

gained in ex situ experiments by determining the

liquid saturation as function of the capillary pres-

sure [8, 9].

However, in operating cells the situation is

more complicated, as the channel/rib structure of

the flow field imposes inhomogeneous tempera-

ture and wetting boundary conditions. Further

the local condensation/evaporation equilibrium

strongly affects the liquid phase. The understand-

ing of the transport of liquid water in the operating

cell therefore also needs advanced in situ methods

such as neutron radiography [10, 11] or X-ray

tomography [12]; see section Experimental

Methods for Mass Transport Analysis.

Transport of charge (as electrons) and heat in

the GDL takes place in the solid part of the gas

diffusion layer. As the fibers in usual materials

are normally oriented in the in-plane direction,
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Fig. 4 Modeled catalyst layer cutout with a side length

of 100 nm. The shown random structure includes 64

carbon particles with a diameter of 28 nm colored in
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is shown in colors from green to red

Polymer Electrolyte Fuel Cells, Mass Transport 1665 P
both heat and electric conduction show a high

anisotropy, with in-plane conductivities up to

ten times higher than the through-plane values.
P
Transport in the Catalyst Layer

The catalyst layer (CL) is also a porous structure.

However, the pore size is much smaller (between

10 and few hundreds of nanometers) as compared

to tens of micrometers in the GDL. Further,

because the electrochemical conversion occurs

here, charge is transported by both protons

and electrons and the electrochemically

interlinked charge transport becomes more com-

plicated than the one in the GDL. Figure 4 shows

a small schematic cutout of the CL showing the

tortuous arrangement of the electronically (car-

bon) and ion-conducting (ionomer) phases. Reac-

tants are predominantly transported in the pore

space (void).

In the catalyst layer educts and water are

transported in the void and the ionomer phases.

Again, because of the porous and tortuous
structure, the effective transport parameters devi-

ate substantially from the properties of the

respective pure phases. However, in the case of

the CL, due to the small scale and the thinness of

the layer, it is experimentally difficult to accu-

rately determine the geometry of the single

phases. Also the compositions and structures of

the CL, when using different preparation

methods, have a higher variation than in the

case of the GDL. Therefore, the effective trans-

port properties are less well known. Generally,

due to the relatively low porosity (typically

0.3–0.5) and high tortuosity of the CL, the effec-

tive transport parameters in all the phases are

considerably lower (typically a factor of

0.05–0.2) than the one in the respective pure

material.

In the catalyst layer, the presence of liquid

water also complicates the mass transport pro-

cesses. On the one hand, the liquid may fill part

of the pore space, affecting the diffusional trans-

port of the reactants in the pores. On the other

hand, the relative humidity also strongly affects

the ionic conductivity of the ionomer phase. As

the humidity and/or presence of liquid water

strongly varies with temperature and current

density, the transport properties for gas and

proton transport change significantly during

operation.
Modeling

It has become obvious from the previous sections

that transport of matter, heat, and charge on all

scales of the cell is complex and interlinked and

has a strong influence on the stationary and

dynamic performance of the cell. As the experi-

mental analysis is difficult and some of the

parameters are poorly known, understanding of

the important transport phenomena has also

strongly relied on modeling of single components

or cells.

Newman et al. [13] and De Levie [14] have

developed the theoretical understanding of porous

electrodes in the 1960s of the last century.

Pioneering work for an entire cell (in 1D and

isothermal conditions) has been done by Springer
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et al. [15] in the 1990s. Thereafter modeling

efforts have seen an exponential growth till today

with more and more sophisticated approaches

being developed. With time models grew from

one-dimensional to full three-dimensional treat-

ment. The energy field and the complexity of

two-phase flow (gaseous and liquid) in the differ-

ent domains have been studied, and models for the

time domain were developed, e.g., [16].

However, even with today’s advanced compu-

tational capabilities, modeling is not able yet to

capture the entire parameter space of a single cell

without extensive experimental parameteriza-

tion. In particular the two-phase transport in the

catalyst layer and the GDL are still poorly under-

stood. It will require a joint experimental and

computational effort to close this important gap

in the future.
Experimental Methods for Mass
Transport Analysis

The most common analysis tool used for

assessing PEFC performance is the recoding of

current–voltage characteristics. However, the

information obtained from such a characteristic

is in most cases not sufficient to draw conclusions

about mass transport processes. Therefore an

insight into different possibilities of advanced

analysis is given here.
Choices of Cell/Stack Design

As presented in the previous paragraphs, mass

transport processes are relevant for different

scales, from the processes inside the electrode

up to the gas flow distribution in a complete

stack. When performing experimental analysis

of mass transport, the choice of cell/stack hard-

ware will determine which transport processes

will be included in the experiment. Some possible

hardware designs (c.f. Fig. 5) are listed here:

• Full-size stack. The relevance for real opera-

tion is obvious, but analysis possibilities are

limited.

• Full-size single cell. Some mass transport

effect (cell-to-cell distribution) is not included

but can be emulated by operating the cell with

a constant differential pressure instead of

a constant gas flow.

• “Long cell” (cell with a single channel or a few

channels with technically relevant lengths).

Channel-to-channel distribution effects may

be reduced. On the contrary, the impact of

a single channel blocking will be emphasized.

• “Differential cell” (cell with a few short par-

allel channels, operated with high stoichiom-

etry to keep technically relevant gas

velocities). The effect of gas consumption

and water accumulation along the channels is

not included.

The degree of understanding of the experi-

mental results will usually increase when going
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from a full technical stack to a differential cell,

but the relevance for real stack operation

becomes less obvious. Even on the scale of

a differential cell, effects such as rib/channel

distribution of reactants and current density

make the interpretation of experimental results

difficult, and experiments on further simplified

cells are sometimes appropriate.

Visualization Methods

Because the occurrence of liquid water is a major

factor for mass transport losses, visualization

methods play an important role in the analysis

of mass transport processes in PEFCs, in particu-

lar for the analysis of liquid water distribution.

• Neutron imaging [11] is used for the in situ

analysis of the water distribution in the flow

channels and GDLs (Fig. 6). Usual fuel cell

construction materials including aluminum

and, to some extent, steel are readily transpar-

ent for neutrons. Spatial resolution is limited,

preventing the observation of single pores

inside GDLs.

• Synchrotron X-ray tomography [12] is used

for the in situ analysis of tridimensional water

distribution in GDLs (Fig. 6). This method

offers high spatial resolution. Limitations

include the requisite of cell constructions

transparent enough to X-rays and the issue of

cell radiation damage. Soft X-ray imaging

[17] has also been reported for the measure-

ment of water in GDLs. Similarly to synchro-

tron X-ray imaging, strong limitations are set

on the cell construction to make it transparent

enough to X-rays.
• Transparent fuel cells [18] can be used to

visualize the water inside flow channels.

They have the advantage of allowing the use

of inexpensive imaging equipment. The major

drawback is the necessity of using transparent

flow field and housing materials, which have

different physical characteristics (contact

angle, thermal properties) than commonly

used materials.

• Magnetic resonance imaging [19] has been

reported for observing the distribution of liq-

uid water, in particular in the membrane. This

method shares with neutron imaging the char-

acteristic of being sensitive to different hydro-

gen isotopes, making labeling experiments

possible. The drawbacks include a limited spa-

tial resolution and the constraint of using

nonconductive housing materials.

The visualization of gas flow or reactant

distribution is scarcely used due to the limited

possibilities of in situ measurements. For cells

having a visual access to the flow channels,

some optical methods have been reported:

• Particle velocimetry measurements for the

analysis of the gas flow distribution [20]

• The use of O2-sensitive dyes for the visualiza-

tion of oxygen concentration distribution [21]

Electrochemical Analysis Methods

A few electrochemical analysis methods which

can be used to characterize the impact of mass

transport limitations on cell operation are listed

here. These methods are sometimes used in

combination with water visualization to draw
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correlations between water accumulation and

mass transport losses.

• Electrochemical Impedance Spectroscopy

(EIS) consists in measuring the voltage

response to sinusoidal current perturbation

with different frequencies. This method can

yield important information about mass

transport limitations, but the interpretation of

the results must be done very carefully. In

particular, it has been shown that the cell

global impedance spectrum is strongly

affected by gas consumption along the chan-

nels [22]. Even on the scale of a differential

cell, local effects on the rib/channel scale can

dominate the resulting spectrum [23].

• The measurement of the limiting current den-

sity [24] can be used to obtain information

about the diffusive structure of the cathode

GDL. In most designs, it is necessary to

use diluted oxygen (typ. 1–5 %) to lower

the limiting current density within the

reachable range.

• Multiple gas analysis consists in comparing

the performance of the cell operated with

different gases. Usually, the cathode gas is

changed from air to pure O2 and/or to helox

(a mixture of helium and oxygen). The

differences in performance can point out

mass transport limitations. The use of different

gases can induce parasitic effects (e.g., dry out

when using helox), but these can be avoided

by using only short periods of operation with

O2/helox [11].
Conclusions and Outlook

Mass transport in PEFC is a multi-scale issue

ranging from the nanometer scale in the catalyst

layer to the meter scale in the flow field channels.

A reasonable understanding of the different

processes exists, mainly based on the insight

from specialized experimental setups. However,

further mitigation of cell voltage and degradation

losses associated with the different transport

phenomena is required. This will need

a combination of even more advanced
experimental tools and model-based comprehen-

sion of the different processes to improve struc-

tures and materials.
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The Electrode Structure and
Electrochemical Reactions of MEAs
(Membrane-Electrode Assemblies)

In general, a polymer electrolyte fuel cell (PEFC)

consists of a polymer electrolyte membrane

(proton exchange membrane) in contact with a

porous anode and a porous cathode. The construc-

tion of a single cell of a PEFC is schematically

shown in Fig. 1. Hydrogen and oxygen gases are

supplied to the anode and cathode compartments,

respectively, at which the hydrogen oxidation reac-

tion (HOR) and oxygen reduction reaction (ORR)

occur, thereby generating an electrical current:
Anode : H2 ! 2Hþ þ 2e�

Cathode : 1=2O2 þ 2Hþ þ 2e� ! H2O

Cell reaction : H2 þ 1=2O2 ! H2O

The MEA is composed of three main parts,

e.g., polymer electrolyte membrane (PEM), gas

diffusion medium, and catalyst layer (CL). The

membrane, with hydrophilic proton-conducting

channels embedded in a hydrophobic structural

matrix, plays a key role in the operation of

PEFCs. The PEMs for PEFCs commonly use

perfluorosulfonic acid (PFSA) electrolytes such

as Nafion®, with the chemical structure shown in

Fig. 2, because of its high proton conductivity as

well as chemical and thermal stability [1]. The

gas diffusion medium (GDM), including both

the microporous layer (MPL) and the gas diffu-

sion layer (GDL), which typically is based on

carbon fibers, is also an important component.

The GDM is designed with three distinct
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functions in mind: to transport reactant gases to

the catalyst layers (CLs), to conduct electrons in

or out of the CLs, and to exhaust product water

from the cathode CL to the gas flow channel

[2–7]. The CL consists of the electrocatalyst

(Pt nanoparticles supported on carbon black,

Pt/C) and a proton-conducting polymer electro-

lyte ionomer as a binder. In particular, the

performance of the cathode CL controls the per-

formance of the cell as a whole. The MEA, which

consists of anode and cathode, each including

their respective GDM and CL, is sandwiched on

both sides of the membrane and placed between

two bipolar plates, both containing gas flow

channels, as well as coolant channels.
A typical transmission electron microscope

image and schematic diagram of a Pt/C

electrocatalyst are shown in Fig. 3a, b. The car-

bonaceous fine powder (carbon black), with

a structure in which the 10–50 nm primary parti-

cles are connected together as in a string of beads,

is generally used for the carbon support. The Pt

nanoparticulates (2–5 nm in diameter) are

supported on the surface of the carbon black.

The Pt/C itself is coated with the PFSA ionomer.

A proton generated by the HOR on the Pt/C in the

anode CL is transported to the membrane through

PFSA ionomer channels. A schematic depiction

of the ORR on the Pt/C with an ideal PFSA film in

the cathode CL is shown in Fig. 4. In the cathode

CL, the proton from the membrane is transported

to the Pt on the carbon support through the PFSA

ionomer channels. The electrons generated

simultaneously by the HOR in the anode are

conducted to the gas diffusion medium connected

with the bipolar plate through the carbon support

network. The electrons in the cathode from the

bipolar plate are conducted to the Pt on the carbon

through the carbon support network and then

react with oxygen (ORR) and the protons medi-

ated via the PFSA. The gas transport, both of the
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hydrogen in the anode and the oxygen in the

cathode, is mediated by the void channels

existing in the carbon black network structure.

If the catalyst layer needs to have more void

volume for gas transport, extractable pore-

forming materials can be used. The water gener-

ated in the cathode is exhausted from the MEA
through the gas channels or is returned to the

membrane side through the PFSA ionomer

channels.

The key point of theMEA development for the

PEFC is how to promote the reactions on the

surface of the platinum catalyst in the CLs, par-

ticularly at the cathode. To increase the reaction

area that can contribute to the catalyst reduction,

the supply channels of oxygen and hydrogen to

the reactive sites, the conductive channels for

protons, and the exit paths for the generated

water all become important. In the present

essay, mainly the development history and the

current design for the reduction of Pt in the CL

will be described.

Microscopic regions in which solid, gas, and

liquid meet at a so-called three-phase boundary

exist within the CL and are the locations at

which the ORR proceeds. The properties and

dimensions of these components control the per-

formance of the fuel cell. In the PEFC, the reac-

tant gases are transported through ionomer films

that cover the electrocatalyst before they react at

the latter. Thus, the film thickness must be small

enough to avoid slowing down the gas diffusion.

On the other hand, the film must be thick enough

to avoid slowing down the ionic conduction

(Fig. 1). Similarly, the support material must

provide sufficient volume for electronic conduc-

tion yet provide enough void volume for effective
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gas mass transport. Thus, it is clear that there will

be dimensions at which gas transport, electronic

conduction, and ionic conduction will be simul-

taneously optimized.

In the early stages of PEFC development,

there was no concept of incorporating the poly-

mer electrolyte in the interior of the CL. Although

the PFSAmembrane is used as the electrolyte, the

membrane cannot make effective ionic contact

deeply within the electrode as a liquid electrolyte

can. The three-phase (gas/electrolyte/electrode)

boundary as the reaction site therefore existed

only at the interface between the membrane and

the CL, with the result that the electrodes

had low catalyst (platinum) utilization. Conse-

quently, they required a high catalyst loading

(4 mg/cm2) [8]. Subsequently, PFSA solutions

in alcoholic solvents were adopted as the most

popular approach; these were soaked into the CLs

to increase the contact area between the Pt parti-

cles and the PFSA. Thereby, the Pt loadings have

so far been decreased to 0.35–0.5 mg/cm2 [9–11].

Since the Pt utilization (UPt) values, defined as

the percentage of possible Pt area that is electro-

chemically active, were still low (15–20 %), in

spite of these approaches [9], many techniques

were investigated to increase the interfacial area

between Pt and PFSA. The PFSA solutions were

impregnated into the CLs, thereby enabling the Pt

loadings to decrease and at the same time UPt

values to increase [12, 13]. It has been reported

that the latter have reached 60
 80 %, calculated

from the electrochemically active surface area

(ECSA) measured by cyclic voltammetry (CV).

These values represent a quite high-utilized Pt

ratio in the CL. However, in the present state,

the performance of the PEFC remains relatively

low due to combined problems in the CL, even

though the UPt shows almost the maximum

possible.

Furthermore, for cost reduction, the amount of

Pt used in the PEFC industry will be required to

be reduced to one-tenth. In more detail,

a conventional, present-day automobile is using

a precious metal catalyst (Pt) in an amount of

about 10 g as an exhaust gas catalyst. On the

other hand, the prototypes of current fuel cell

vehicles, with fuel cell stacks of about 100 kW,
use ca. 100 g Pt per vehicle. Therefore, it is

necessary to achieve a 0.1 g Pt/kW level of one-

tenth, which is also the developmental goal for

industry and the national project in order to

achieve a cost close to the current vehicle level.

However, the cell performance would be

expected to decrease significantly, based on the

reduction of the Pt amount in the CL. Therefore,

the development of high-performance CLs is

necessary to reduce the Pt amount without

performance loss.
Design and Evaluation of Catalyst
Layers with High Pt Effectiveness

An ideal CL requires the composition of the

polymer electrolyte on the Pt/C surface to simul-

taneously optimize the gas diffusion and proton

conductance, as shown in Fig. 4. However, the

realization of an ideal CL is difficult; the polymer

electrolyte in the actual CL does not distribute

uniformly, as shown in Fig. 5. The Pt catalyst

which is not covered by the polymer electrolyte

cannot form a three-phase boundary and

therefore does not contribute to the reaction.

The Pt cannot be used effectively, and the utili-

zation of Pt is low. Consequently, for the purpose

of increasing the contact surface area between the

polymer electrolyte and Pt, many research and

development efforts have been conducted, for

example, the method of using organic solvents

with high boiling point [12] or the use of

a colloidal polymer electrolyte [13]. Watanabe

and coworkers [14, 15] characterized the micro-

structure of the hydrophobic gas diffusion elec-

trode for phosphoric acid fuel cells. In their

works, the CL was claimed to have two distinc-

tive pore distributions, with a boundary of ca.

0.1 mm. The smaller pores (primary pores) were

identified as the spaces between the primary par-

ticles of the carbon support and those connected

together (aggregates) in their agglomerates, and

the larger ones (secondary pores) were identified

as the spaces between the agglomerates. More-

over, the effects of the microstructure on the

carbon support in the CL on the performance of

PEFCs were investigated in detail; the primary
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pores with distributed phosphoric acid mainly

functioned as the reaction sites in the optimized

CL structure due to the location of a large part of

Pt particles (>80 %). The optimization of both

the microstructure of the carbon support and the

dispersion of the polymer electrolyte promoted

the improvement of the effectiveness of Pt.

Extending the design concept of CLs, the original

design for the electrode model of the PEFC, as

distinct from that of a liquid electrolyte system,

was proposed by investigations of M. Uchida

et al., e.g., reference [16]. Subsequently, various

approaches for the optimization of the rheologi-

cal properties of the CL ink by the use of

improved solvent mixtures and associated pro-

cedures were examined. As a result, the UPt

values calculated from the ECSA were improved

to 70–97 % [17]. On the other hand, it has been

shown that it is still necessary to reduce the Pt

loading of MEAs, according to industry require-

ments, to about one-tenth, for cost reduction. It is
clear that there is little opportunity for reducing

the Pt loading based on the results of the UPt

values alone. However, it was realized that there

were no clear indices to evaluate “the practical

utilization” under the various actual operating

conditions for PEFCs.

In recent research, a new evaluation method

for the utilization under actual operating condi-

tions was proposed as an “effectiveness of

platinum (EfPt)” [18], based on the comparison

of ORR mass activities for the MEA with those

measured with the channel flow technique at the

same temperature. The EfPt value indicates

the extent to which Pt particles exist in the CL

in an optimal condition of binder coverage.

A schematic depiction of the variation of PFSA

film thickness with depth within the CL is shown

in Fig. 6. In the case of UPt, the concept of Pt

utilization can be rationalized from Fig. 6,

because the UPt values are not affected by either

proton conductance or the gas diffusion
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resistance of the ionomer binder. The UPt value

could in principle reach 100 %, if ionomer covers

all of the Pt particles, based on the definition of

UPt. In typical, conventional results, however, the

UPt values of the MEA have indicated about

50–70 % under actual operating conditions.

On the other hand, in the case of EfPt values

evaluated for the important situation of air feed,

or at higher current densities with O2 feed, the

optimal ionomer-coated condition was found to

be the most effective for the ORR performance.

Of course, both the thin and thick ionomer films

also affected the ORR, but the contribution was

relatively low, because the ionic path connectiv-

ity, proton conductance, and gas diffusion resis-

tance all affected the cell performance loss. The

values of EfPt were found to be 10 % or less under

actual operating conditions at the state-of-the-art

CL structures. These values show that the ratio of

catalyst existing in an effective reaction environ-

ment might be small during actual operation.

Similar trends have also been observed from var-

ious other research efforts, including modeling

studies [19]. Such results have indicated that we

have much room for improvement for the design

of the CL.
Future Directions

For the commercialization of PEFCs, in order to

reduce the Pt loading without serious loss of cell

performance and durability, it has been proposed

that maximizing the EfPt is necessary. In the rela-

tionship between the Pt catalyst powder and

ionomer in a conventional CL, much of the Pt

existing in mesopores of the carbon agglomerates

cannot connect with the ionomer. Moreover, the

primary particles of the carbon support contain

many nanopores. The Pt in such nanopores also

does not connect with the ionomer [16, 20].

Therefore, we must improve the EfPt by improv-

ing the catalyst loading method, the support

materials, and development of new ionomers. In

addition, we should try to improve the ORR

activity of the catalyst material itself. Of course,

adequate durability of the MEA under practical

conditions must also be secured.
The various challenges of the improvement in

the ORR activity and the durability have been

advancing by means of alloying, formation of Pt

skin layers, and core-shell preparation methods.

Approaches based on non-precious metals are

proceeding as well. In addition, the further opti-

mization of the thin CL structure by use of new,

durable support materials (e.g., graphitized car-

bon blacks and conductive ceramic supports)

should help to improve the effectiveness of Pt

and the durability, as well as specific gas

transport problems in the CL under high current

density operating conditions.
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Introduction

Oxide-based cathode catalysts are entirely new

non-precious metal cathode catalysts for

low-temperature fuel cells such as polymer

electrolyte fuel cells (PEFCs). These catalysts

were developed from a viewpoint that high

chemical stability was essentially required for

the cathode for PEFCs. The cathode catalysts

for PEFCs are exposed to an acidic and oxidative

atmosphere, that is, a strong corrosive environ-

ment, therefore, even platinum nanoparticles

dissolved during a long-time operation. This

instability of electrocatalysts is one of the factors

which hindered the wide commercialization

of PEFCs.

Group 4 and 5 metal oxides, which are well

known as valve metals, are expected to have high

chemical stability even in acid electrolyte.

Table 1 shows the solubility of platinum black

powder and some oxide-based materials prepared

by various methods in 0.1 M H2SO4 at 30 �C
under atmospheric condition [1]. The solubility

of the oxide-based materials was smaller than

that of platinum black. Therefore, these

oxide-based materials were chemically stable in

acid electrolyte under atmospheric condition.

However, these oxides were almost insulators.

In addition, oxygen molecules hardly adsorb on

a surface of the oxides with no defects. Therefore,

the surface of group 4 and 5 metal oxides must be

modified to have definite catalytic activity for

oxygen reduction reaction (ORR). The surface

modifications were classified into four [1]:

(1) formation of complex oxide layer containing

active sites, (2) substitutional doping of nitrogen,

(3) creation of oxygen defects without using

carbon and nitrogen, and (4) partial oxidation of

compounds including carbon and nitrogen.



Polymer Electrolyte Fuel Cells, Oxide-Based
Cathode Catalysts, Table 1 Solubility of platinum

black powder and oxide-based materials prepared by var-

ious methods in 0.1 mol dm�3 H2SO4 at 30 �C under

atmospheric condition

Catalysts

Preparation

method

Solubility/mmol

dm�3

TaOxNy (powder) Nitridation of

Ta2O3 with

NH3

0.33

TaOxNy (thin film) Reactive

sputtering

0.20

ZrOxNy (thin film) Reactive

sputtering

0.041

TiO2�x (plate) Heat treatment 0.36 (50 �C)
Pt black (powder) – 0.56
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Polymer Electrolyte Fuel Cells, Oxide-Based
Cathode Catalysts, Fig. 1 Potential–current curves for

a Ta-added WC and a pure WC under N2 and O2 atmo-

sphere in 0.1 M H2SO4 at 30
�C
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Surface Modifications of Oxides

Formation of Complex Oxide Layer

Containing Active Sites

Tungsten carbide (WC) and molybdenum carbide

have the platinum-like electronic structure.

Therefore, these carbides are expected to be

active for oxygen reduction reaction. However,

tungsten and other carbides were unstable at the

high potential region in an acid electrolyte.

Tantalum (Ta) was added to tungsten carbide to

form thin protective film. The pure WC corroded

to form WO3 and CO2 at high potential region.

However, the tantalum addition to tungsten

carbide catalyst showed high electrochemical

stability even at high potential region. Tungsten

and tantalum formed complex hydroxide films,

which had high corrosion resistance. The surface

of the WC with Ta addition was covered by the

complex hydroxide film. Figure 1 shows the

potential–current curves for a Ta-added WC and

a pure WC in N2 and O2 atmosphere [2]. The

current observed under N2 reflected electrochem-

ical stability of the catalysts. The current

difference under O2 and N2 corresponded to the

ORR. The WC with Ta addition was stable, and

the onset potential for the ORR was observed at

about 0.8 V versus dynamic hydrogen electrode

(DHE). XPS suggested that the surface of theWC

with Ta addition was mainly consisted of

complex hydroxide and there existed WC near

the surface. Because the thin hydroxide film of
W and Ta was formed on the WC, the catalytic

activity was remained and the stability increased.

However, long-term durability should be

investigated.

Substitutional Doping of Nitrogen

In order to obtain a narrower band-gap of these

oxides, the substitutional doping of N might be

ineffective since its p states contribute to the

band-gap narrowing by mixing with O 2p states.

Figure 2a, b show the potential–current curves

of tantalum nitride (Ta3N5) and tantalum

oxynitride (TaO0.92N1.05) under N2 or O2 in 0.1

M H2SO4 [3]. Ta3N5 had poor catalytic activity

for the ORR. On the other hand, the ORR current

with TaO0.92N1.05 started to flow at 0.8 V versus

Reversible Hydrogen Electrode (RHE), indicat-

ing that TaO0.92N1.05 had definite catalytic activ-

ity for the ORR. Other nitrogen-doped oxides

such as TaOxNy, NbOxNy, HfOxNy-C, and

Zr2ON2 also have some catalytic activity for the

ORR [4–7]. Because pure oxynitrides also have

wide band-gap, it is predicted that pure

oxynitrides might have poor catalytic activity

for the ORR. These results indicate that the

surface of these oxynitrides might have some

defects which create the donor levels close to

the edge level of the conduction band, that is,

close to the Fermi level. The electrons in the

donor level due to the surface defects probably

participate in the ORR. Therefore, not only
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tantalum nitride (Ta3N5) and tantalum oxynitride
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substitutional doping of N but also creating

surface defects was required to enhance the

catalytic activity for the ORR. Recently, the

addition of carbon to TaON was found to be

effective to increase the ORR current [4]. The

additive carbon into oxynitride might form the

electron conduction path. This result indicated

that the suitable electron conduction path must

be constructed to obtain larger ORR current.

Creation of Oxygen Defects Without Using

Carbon and Nitrogen

Adsorption of oxygen molecules on the surface

was required as the first step to proceed the ORR.

The presence of the surface defects sites is

required to adsorb the oxygen molecules on the

surface of the oxides.

ZrO2�x prepared by sputtering with ZrO2

target under Ar atmosphere had clear catalytic

activity for the ORR [8]. The onset potential of

the sputtered ZrO2�x for the ORR was observed
below 0.9 V versus RHE in 0.1 mol dm�3 H2SO4

at 30 �C. Other metal oxides such as Co3O4�x,
TiO2�x, SnO2�x, and Nb2O5�x prepared by

sputtering also showed ORR activity to some

extent. In addition, these oxides were inactive

for methanol oxidation. Figure 3 shows the

potential–current curves of ZrO2�x and TiO2�x
in 0.1 M H2SO4 under O2 with or without 0.1

M methanol [8]. The presence of methanol did

not affect the ORR activity of the oxides. There-

fore, these oxides could be a possible candidate

substituting the platinum cathode for direct meth-

anol fuel cells.

TiOx/Ti, Ti0.7Zr0.3Ox/Ti, Ti0.3Ta0.7Ox/Ti,

ZrOx/Ti, and TaOx/Ti prepared by dip-coating

method at 450 �C [9] and highly dispersed

tantalum oxide prepared by electrodeposition in

a nonaqueous solution [10] also showed high

ORR activity. These oxides might have some

oxygen defects on the surface. Therefore, there

are various methods in preparing oxides with

oxygen defects.

Partial Oxidation of Compounds Including

Carbon and Nitrogen

The surface oxidation state would be changed

by the control of a partial oxidation of

non-oxides. Carbonitrides of group 4 and 5

elements were used as precursors for a partial

oxidation. Carbonitrides form a complete solid

solution of carbide and nitride. A partial
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oxidation of carbonitride, that is, the substitution

for O atoms, brings an increase in ionic

components among the chemical bonding,

because the energy difference between the

electron orbital of metal ion and O 2p orbital is

higher than that between electron orbital of metal

ion and C or N 2p. The electronic state might be

controlled by the control of the degree of

the oxidation.

Figure 4 shows the potential–oxygen

reduction current curves of oxidized

tantalum carbonitride and commercial tantalum

oxide [11]. Compared with commercial Ta2O5,

the oxidized tantalum carbonitride had definite

ORR activity. Oxidized tantalum carbonitride

had Ta2O5 structure, and some deposited carbon

was contained. A surface-sensitive conversion-

electron-yield x-ray absorption spectroscopy

analysis revealed that the oxidized tantalum

carbonitride with high ORR activity contained

oxygen-vacancy sites, providing both oxygen

adsorption sites and local electron conduction

paths [12]. The deposited carbon might form

local micro electron conduction path and play

an important role of the formation of the oxygen

vacancies. In addition, it was found that nitrogen

in precursors was essentially required to have

high ORR activity. The nitrogen might concern

the formation of the oxygen vacancies as active

sites. Although it is necessary to clarify the role of
carbon and nitrogen, it is presumed that the

oxygen vacancies act as active sites.
Catalyst Design

The four surface modifications provided the

principle of the catalyst design of oxide-based cath-

odes. In order to increase the ORR current density,

the following three points are required: (1) increase

of density of oxygen defects such as vacancies as

active sites, (2) preparation of highly dispersed fine

particles to increase surface area, and (3) optimiza-

tion of electron conduction path. It is considered

that there are various methods to prepare the cata-

lysts which satisfy these conditions.
Future Directions

Group 4 and 5 oxide-based cathodes have

basically high chemical stability in acid

electrolyte. In order to obtain larger ORR current,

high dispersion of nano-sized oxides is one

solution. The increase in surface area, the

creation of oxygen defects, and the improvement

of electronic conductivity are expected by

becoming the oxides to be nano-sized. However,

the surface energy of nano-sized oxides

increases, indicating that the solubility may

increase. It would be important to investigate

the optimal size of the oxides.

Because carbon deteriorates in high potential,

both carbon support and deposited carbon might

become a key factor of catalyst degradation. In

case of oxide-based cathode, the active sites are

not related to the carbon. Therefore, carbon-free

cathode would be possible in the future.
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Introduction

Polymer electrolyte fuel cells (PEFCs) have

attracted great interest for applications to auto-

motive and residential cogeneration systems,

because of their high power density and low

operational temperature. One of the key materials

for PEFCs is proton exchange membranes, which

are electrolyte assembled between anode and

cathode. The performance and the lifetime of

membrane electrode assemblies (MEAs) for

PEFCs depend on the properties of the mem-

branes, which are chemical or electrochemical

stability, mechanical strength in the form

of membrane, proton conductivity in the range

of operational temperatures, water transport

between electrodes, and gas-barrier property to

avoid fuel/oxidant crossover between electrodes.

In addition, from the viewpoint of fabrication and

commercialization of MEAs, the membranes

should be requested appropriate properties for

manufacture handling in the form thin film, low-

cost, material reliability, and quality control.

Although many types membranes have been

developed to realize the above properties, the

present essay will focus on perfluorinated sul-

fonic acid membrane (PFSAmembrane), because

they are extensively used in MEAs for PEFC

systems due to high chemical stability compared

with hydrocarbon membranes.
Development of Membranes

The concept of the usage of an ion exchange

membrane as electrolyte in fuel cells dates back

to the 1940s [1, 2]. Firstly, the development of ion
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of PFSA polymers.
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exchange membranes was eagerly performed

using sulfonated poly(phenol-formaldehyde)- or

sulfonated poly(styrene-divinylbenzene)-based

polymers [3–6]. However these membranes

were rapidly degraded by the hydroxyl radicals,

which were thought to be by-products of the

reaction on cathodes, oxygen reduction reaction

[7, 8]. From the viewpoint of the chemical stabil-

ity of electrolyte in MEA for a fuel cell, the PFSA

membrane was firstly used by GE in 1966 for

National Aeronautics and Space Administration

(NASA) [9]. Although the stability problems of

the electrolyte were alleviated in some extent by

the use of the perfluorinated chemicals, there still

were concerns about long-term stability of the

electrolytes in electrochemical cells. Especially,

long-term operations of fuel cells often require

stable performance greater than 5,000 h for

automobiles or 60,000 h for residential use

under operating conditions. In the operations,

the membranes are requested to be stable under

severe conditions, simultaneously oxidizing,

reducing and thermally circumstances [10].

Figure 1 describes the chemical structure of

PFSA polymers, which was widely used as

perfluorinated electrolytes for PEFCs. The

structure is based on copolymers of tetrafluor-

oethylene (TFE) and perfluorovinyl ether mono-

mers with a side chain of sulfonic acid group.

While many acid groups have been examined in
ion exchange systems for several decades, the

sulfonic acid group is still dominant due to

high stability and proton conductivity. The

ion exchange capacity of the polymers (IEC

meq/g ¼ 1,000/EW, EW: equivalent weight)

can be controlled by changing the constituents

x and y in the figure. As examples of these

polymers, Nafion® from DuPont, Flemion®

Asahi Glass Co. Ltd., and Aciplex® Asahi Kasei

Chemicals are well known. Dow’s short side

chain monomer structure is also known, even

though this polymer is no longer supplied com-

mercially. As for durability test of these PFSA

membranes in a fuel cell, Nafion (Nafion120

membranes) was demonstrated for approxi-

mately 60,000 h MEA operation at a cell temper-

ature of 60 �C and 100 % RH [11]. However,

under low humidity conditions, it has been clar-

ified that even PFSA membranes significantly

deteriorate in a short period of time [12–14].

The fuel cell operation under low humidity con-

ditions is required especially for automotive

applications to increase energy density of the

PEFC systems.

In order to develop durable membranes under

low humidity conditions, it was of utmost

importance that the degradation mechanism was

understood. It was commonly believed that the

hydrogen peroxide formed in the catalyst layer

diffuses into the membrane and subsequently the
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Fig. 2 Schematic

representation of apparatus

for the accelerated

degradation test.

Polymer Electrolyte Fuel Cells, Perfluorinated Membranes, Fig. 3 Decomposition mechanism of PFSA polymer

under low humidity conditions.
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chemical degradation of the PFSA polymer

proceeded via a peroxide radical attack. There-

fore, to investigate the degradation mechanism of

the PFSA membrane itself under low humidity

conditions, an accelerated test method was devel-

oped, in which the membrane was exposed to

a gas stream containing hydrogen peroxide [15].

The schematic representation of the apparatus for

the accelerated test is shown in Fig. 2. As an

indicator of the decomposition of the PFSAmem-

brane, fluoride ion (F�) in the effluent gas was

trapped in a KOH solution and analyzed. As

a result, membrane degradation was thought to

proceed via the following two steps as shown in
Fig. 3. Hydrogen peroxide or presumably the

hydroxyl radical decomposes the polymer by:

1. An unzipping reaction at the unstable polymer

end groups

2. Scission of the main chains of the PFSA

polymer

An unzipping reaction at the unstable polymer

end groups was initially discussed by Curtin et al.

[16]. Also, the scission of the main chains occurs,

which produces new unstable end groups and

allows for the unzipping reaction to continue

[15].

Based on the analysis of degradation mecha-

nism above, some durable membranes have been

investigated recently in order to protect from
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hydroxyl radical attack. As an example, cross-

linking the polymer with a cationic radical

quencher, which will protect the sulfonic acid

group, was carried out [17]. The ionically cross-

linking polymer membrane (new polymer com-

posite membrane, NPC membrane) showed high

chemical stability resistant to the degradation

caused by the hydroxyl radical and has also

improved mechanical properties at high temper-

atures and low humidity conditions. Figure 4

shows the OCV durability of MEAs with NPC

membrane at 120 �C under low humidity. Open

circuit voltage (OCV) durability tests are often

used as an accelerated test of MEAs. The cell

temperature was kept at 120 �C and the relative

humidity of hydrogen and air was 18 %. The

thickness of the NPC membrane was 40 mm. As

a reference, MEAwith Flemion SH 50membrane

was used. As shown in Fig. 4, the reference MEA

failed within 10 h of operation, releasing a large

amount of fluoride ion. In contrast, the MEAwith

NPC membrane showed excellent stability over

1,000 h, and the fluoride ion release rate was

approximately 2 � 10�8 g (F�) cm�2 h�1,
which was less than 1 % of the reference MEA

and would predict a membrane-based MEA life

of >6,000 h. This result demonstrates the
exceptional chemical stability of the NPC mem-

brane against the degradation caused by the

hydroxyl radicals even at 120 �C and low

humidity.
Future Directions

Although the highly durable PFSA membranes

have been developed as mentioned above, signif-

icant cost reduction of MEA is also required for

the widespread commercialization of PEFC sys-

tems for automotive and residential applications.

Especially, the improvement of the MEA power

density is thought to be indispensable for the

purpose. Recently, in order to attain higher

MEA performance, the PFSA ionomers for cata-

lyst coating have been intensively investigated.

Especially, to reduce overpotential for cathode

reaction (oxygen reduction reaction), the

improvement of conductivity by increasing IEC

in the ionomers, the synthesis of high

oxygen-permeable ionomers, and the control of

hydrophobic properties in cathode layer by

solvent-soluble perfluorinated polymers have

been expected.
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Introduction

Monitoring pH is performed countless times on

a daily basis. This is especially true in clinical
analysis, environmental monitoring, and the food

industry, where potentiometric pH sensors have

become necessary analytically routine. In spite of

the well-established technology, pH sensors still

encounter problems with long-term stability and

poor selectivity from certain reducing agents and

alkaline ions. In general, potentiometric pH sen-

sors can be categorized in three classes: (i) glass,

(ii) metal/metal oxides, and (iii) polymers. In this

entry, we will discuss the fundamentals, demon-

strate the mechanism, and provide advantages

and limitations of each class, including the trends

that recent studies have demonstrated in potenti-

ometric pH sensors.

Glass electrodes were established nearly

100 years ago and have been widely employed

for pH measurement in aqueous solutions.

Typical construction for the pH measurement is

shown in Fig. 1 [1]. The wall of the glass tube is

relatively thick and strong, and the crucial glass

membrane bulb underneath is made as thin as

possible, separating the internal solution and the

external solution (the solution to be determined)

for the pH measurement. The surface of the glass

membrane is protonated by the internal and the

external solution until the equilibrium is reached.

This leads to the potential difference between

both sides of the glass membrane. The Nernst

equation of the potentials on both sides of the

glass membrane is
E1 ¼ E10 þ RT

F
In½Hþ�in

¼ E10 þ 0:0591 log ½Hþ�in

E2 ¼ E20 þ RT

F
In½Hþ�out

¼ E20 þ 0:0591 log ½Hþ�out

The potential inside, E1, and outside, E2, also

depend upon standard reduction potential. E10,

and E20.E1, and, outside, E2 have a logarithmic

relationship to concentration of hydrogen ion

with a scale factor of temperature (T) in Kelvin,

Faraday’s constant (F), and ideal gas constant

(R). At ambient temperature (
298 K), the scale

factor of (RT.F�1). ln 10 can be simplified to

http://dx.doi.org/10.1007/978-1-4419-6996-5_352
http://dx.doi.org/10.1007/978-1-4419-6996-5_3
http://dx.doi.org/10.1007/978-1-4419-6996-5_194
http://dx.doi.org/10.1007/978-1-4419-6996-5_201
http://dx.doi.org/10.1007/978-1-4419-6996-5_201
http://dx.doi.org/10.1007/978-1-4419-6996-5_211
http://dx.doi.org/10.1007/978-1-4419-6996-5_211
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Fig. 1 Typical

construction of the

combination design for the

glass electrode [1]
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0.0591 V/pH. Therefore, the potential difference

across the glass membrane is
E ¼ E0 þ 0:0591 log
½Hþ�in
½Hþ�out

¼ E0 þ 0:0591ðpHout � pHinÞ

Since the concentration of hydrogen ions is

fixed, it can be incorporated in the constant
E ¼ E00 þ 0:0591pHout

Accordingly, a small amount of H+ can pass

through liquid junction denoted by label (5) in

Fig. 1. Consequently, the pH of the external solu-

tion can be determined through the potential dif-

ference. The constants in the above equations,

E10, E20, and E0, will change according to the

composition of the glass membrane. The compo-

sition of the glass today is 21–33 % Li2O, 2–4 %

Cs2O, 3–5 % La2O3 (Nd2O3, Er2O3), 2–4 % CaO

(BaO), and SiO2 (till 100 %) from most glass

electrode manufacturers [2].

The glass electrodes are chosen due to their

high selectivity, reliability, detection limit, long-

term stability, independence of redox interfer-

ences, and ease of use [3]. However, longer

response time is needed for the glass electrodes

to reform a hydrated layer before use. Both acid

error and alkali ion error exist in the glass

electrode. The thickness of the hydrated layer

will become thinner due to the acid stripping,

causing the measured pH to remain higher than
the real value. Alkali ions, especially sodium

ions, can replace proton, subsequently

suppressing the proton activity. As a result, the

pH value decreases. Furthermore, major disad-

vantages of the glass electrode are (i) high cost,

(ii) large size, (iii) inflexibility, and (iv) mechan-

ical fragility. Many factors (e.g., solution temper-

ature, glass composition, glass thickness, and the

shape of the glass tip) contribute to the high

impedance of the glass electrodes. Among these

factors, the temperature is highly considered

since it affects the pH measurement in two

ways. The temperature changes the dissociation

degree of ions in solution; mean while, the resis-

tance across the glass membrane is reduced with

higher temperatures. Consequently, temperature

compensation is required for the pH measure-

ment [4]. In addition to the temperature instabil-

ity, the presence of internal solution limits the use

of glass electrodes in a vertical position [3]. pH

glass microelectrodes are dedicated and fragile

with a limited lifetime. The trade-off between

resistivity and leakage is unpreventable. There-

fore, the glass electrodes are impractical for the

miniaturization of pH-sensing devices. Instead,

an all-solid-state electrode is desirable for many

specialized applications [5–7].
Metal/Metal Oxide Electrode

To determine pH in food and physiological pro-

cesses, a pH electrode must be non-fragile,



Drink pH(RuO2) pH(glass)

Coca-Cola 2.52 ± 0.02 2.49 ± 0.01

Fanta
(12 % of lemon juice)

2.59 ± 0.03 2.63 ± 0.02

3.65 ± 0.10 3.34 ± 0.01

Orange juice

Red wine 

4.30 ± 0.15 3.86 ± 0.02

Milk 6.73 ± 0.03 6.69 ± 0.02
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Potentiometric pH Sensors at Ambient Tempera-
ture, Fig. 2 (Left) Potentiometric calibration curve of

screen-printed RuO2 in universal buffer and (right) com-

parison to a commercial glass electrode in some drink and

beverages [18] (Reprinted from Analytica Chimica Acta,

1997. 351(1–3): p. 143–149 with permission from

Elsevier)
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adequately small, and able to penetrate the tissue

of samples. Due to the intrinsic properties of

glass, pH measurement in microscale in these

specialized systems by conventional glass elec-

trode is impractical. Therefore, a new alternative

for pH measurement uses metal/metal oxide,

classified as one of solid-state pH electrodes.

There are several metal/metal oxides, e.g.,

molybdenum [8], lead [9], iridium [10–12],

cobalt [13], palladium [14], manganese [15], or

ruthenium [16] oxide, exhibiting Nerstian behav-

iors at ambient temperature. In principle,

a reversible metal/metal oxide electrode utilizes

a change of electronic charge at the electrode-

electrolyte interface, describing by an oxygen

intercalation mechanism to hydrogen ion

response as the following [17]:
MOx þ 2yHþ þ 2ye� $ MOx�y þ yH2O

The electrode potential depends on the ion

exchange on metal sites of the OH group on the

surface which can be expressed as [16]

MOxðOHÞz þ yHþ þ ye� $ MOx�yðOHÞyþz
E ¼ E00 þ 0:0591 log
MOxðOHÞz

MOx�yðOHÞyþz

" #

þ 0:0591pHout

The metal oxide must be sparingly soluble in

tested solution and sufficiently resistive to strong

corrosion in acidity or alkalinity. The intercalation

equilibrium reaction must be reach as quickly to

provide electron transfer to the working electrode,

and it is contributed only by H+ ions. As shown in

Fig. 2, Koncki and Mascini demonstrated [18]

a RuO2 screen-printed pH sensor, successfully

fabricated on a plastic platform which is flexible,

sufficiently strong, and safe to test in food

processing. In this work, the pH values of several

beverages such as Coca-Cola and red wine were

examined by RuO2 in comparison to a commercial

glass sensor. Since RuO2 (and other metal oxides)

rely on the proton/ion exchange mechanism, the

potentiometric responses are not necessarily con-

tributed by pH change. Therefore, the linear range

of the sensor is limited (up to pH ¼ 8); ruthenium

encounters dissolution from alkaline ions beyond

this point in potentiometric pH measurement.
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Fig. 3 (Left) Comparison

of IrO2-TiO2-30-70-mol%

and a commercial pH glass

electrode, (right) response
time from pH change

between 4 and 12 (inserts:

acid and basic region from

titration) [19] (Reprinted

from Analytica Chimica

Acta, 2008. 616(1):
p. 36–41 with permission

from Elsevier)
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In clinical analysis, Marzouk and coworkers [12]

also reported the use of metal/metal oxide (IrO2)

pH sensor by monitoring ischemic rabbit heart

muscle. However, the sensor had low sensitivities

in the presence of Na+, K+, Li+, NH4
+, Ca2+, Mg2+,

dissolved oxygen, lactate, ascorbate, and urate. In

2008, Da Silva et al. [19] showed promising results

of IrO2 design, incorporating 30 % mol. IrOx and

70 % mol. TiO2 in a binary system, which shows

performance comparable to a commercial pH

glass membrane electrode in Fig. 3 (linear range

from pH 4 to 12). According to this experiment,

the sensor does not exhibit hysteresis effect and is

highly selective against alkaline ions: Li+, Na+,

and K+. The pH measurement by IrO2 is nearly

similar to the glass electrode; however, it still
suffers interference by strong reducing agents

such as ascorbic acid, H2O2, Fe
2+, I�, or SO3

2�

[1]. Recently, Shim et al. [20] reported an

improvement of Ru oxide pH sensor by using 3D

nanoporous Ru oxide film on gold substrate. Facil-

itated by a reverse micelle nonionic surfactant, L2,

Ru oxide can be electrochemically deposited as

shown by Fig. 4a, b, and the surface roughness is

modified by Triton-X. In Fig. 4c, the potentiomet-

ric response is determined from pH 2 to 11 by

adding NaOH and reversely titrated by HCl in

comparison to the commercial pH glass electrode.

The L2-eRuO shows a reliable near Nerstian

behaviors (sensitivity of �60.5 mV/pH,

r2 ¼ 0.9997) at response time of 6–8 s in the pH

range of 2–11. Controlling the oxide thickness and
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Fig. 4 (a) SEM and

(b) TEM images of

L2-eRuO of 5 % wt. RuCl3;

comparison of pH response

between a glass pH

electrode and an L2-eRuO

toward (c) pH values and

(d) calibration curve of

NaOH and HCl titration in

universal buffer solution

[20] (Reprinted from

Microchimica Acta, 2012.

177(1–2): p. 211–219 with

permission from Springer

Science and Business

Media)
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preventing parasite reactions involved in oxygen

intercalation and ion exchange would overcome

metal dissolution and provide better performance

over the traditional pH glass electrode.

P

Polymeric pH Sensor

Because of the effect of severe interference by

reducing agents and toxicity, metal/metal oxide

pH sensors are less attractive in physiological

measurements. Coexisting alkaline ions and

long monitoring times are growing concerns

for in vivo analysis using metal oxide.

This leads to another class of pH sensor by

selectively modifying pH electrode with poly-

mers. In 1980, polymeric pH sensor, using poly

(1,2-diaminobenzene) thick film coated on plati-

num electrode, was elaborated by Heineman et al.

[21]. The sensor detected good potentiometric

response (sensitivity of 57 mV/pH, r2 ¼ 0.991)

from pH 4 to 10. In general, a pH-sensitive poly-

mer network consists of a backbone polymer,
carrying weak acid or basic groups in order to

obtain charge from ion exchange or protonation

[22]. For example, polypropylenimine (PPI)

[23, 24], polyethylenimine (PEI) [25], poly

(vinyl chloride) (PVC) [26], polypyrrole (PPy),

and polyaniline (PANI) [27, 28] exhibit in gen-

eral Nerstian behaviors toward H+ ions changes.

Lakard et al. [29] reported a comparison of PPy,

PPPD, PEI, and PANI for potentiometric

polymer-based pH sensors. In Fig. 5 (left), sur-

face morphology of each membrane is character-

ized by SEM images. As shown in Fig. 5 (right),

all polymers exhibit near Nerstian response

between pH 2 and 10. Among these polymers,

PEI and PPI show the fastest response time within

15 s, whereas the others take a few minutes to

reach steady state. On the other hand, PANI

exhibits the highest sensitivity of 52 mV/pH

with an acceptable correlation coefficient

(r2 ¼ 0.957). PPPD maintains the optimum r2

value of 0.995, implying a highly correlated

response toward H+ ions change. Furthermore,

flexible thin film PANI coated on a carbon
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Potentiometric pH Sensors at Ambient Tempera-
ture, Fig. 6 Transparent and flexible CNT/PANI pH

sensor (a), pH dependence of open circuit time of

CNT/PANI in comparison to pure CNT network (b), and
reproducibility (n ¼ 3) of the sensor dipping in pH 2! 7

! 13! 4! 10 in sequence [30]
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nanotube (CNT) pH sensor was elaborated by

Kaempgen and Roth [30]. The CNT network

has a high mechanical respect ratio, highly con-

ductive to ions, and chemically stable. Figure 6

illustrates features of a plastic PANI/CNT film
and a simple wire for pH sensors. The novel

electrode can detect from pH 1 to 13 and has

a good linearity with excellent sensitivity of

58 mV/pH. The potential is stabilized within

a few seconds and remains unchanged for a long
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period of time (5 min). Further stability testing

was carried out and drift of 2 mV/pH was

observed after 5 h and in extreme acidity and

alkalinity (pH of 1 and 13, respectively). Never-

theless, PANI/CNT has shown highly reproduc-

ible results by measuring pH of 2! 7! 13! 4

! 10, accordingly in separate trials (Fig. 6,

right). In comparison to pure CNT network,

PANI-coated CNT clearly exhibit both higher

sensitivity and reproducibility, providing

a promising advancement to polymeric solid-

state pH sensors.

Functionalizations of metal/metal oxide or

carbon nanotechnology with polymers are

reported in potentiometric pH designs. Li et al.

[31] demonstrated a simple fabricated

polybisphenol A (PBPA), electropolymerized

on indium thin oxide (ITO) for pH sensing. The

PBPA/ITO exhibits a sensitivity of 58.6 �
1.4 mV/pH, near theoretical value, and can be

stored for up to 12 days. Possible interferents

such as Na+, K+, Cl�, and SO4
2� show no signif-

icant response. Jang and coworkers developed

self-assembly nanobead polystyrene, deposited

on Au/Bi in lab chip sensor. As shown in

Fig. 7, the microfluid chip has two ion-selective

membranes to H+ and NO3
� species.
The potentiometric response of the nanobead

polystyrene is measured as shown Fig. 7a. This

sensor has the sensitivity of 77.031 mV/pH,

exhibiting super Nerstian behavior from pH

range 4–10. However, interference by alkaline

ions and reducing agent interference of pH

electrode have not been reported in this study.

Taouil et al. [33] reported functionalized

polypyrroles, poly(11-N-pyrrolylundecanoic

acid) (PUPA), which shows enhancement in con-

ductivity from PPy. Similar alkyl chain PPy, poly

(N-undecypyrrole) (PUP), was synthesized

containing non-protonatable group. Figure 8

(left) shows the presence of carboxylic acid

group in PUPA and other identical chemical com-

position to PUP film, characterized by XPS spec-

trum. PUPA exhibits near Nerstian behavior in

the range of pH 4–9 shown in Fig. 8 (right). In

comparison, PUPA has an excellent sensitivity of

51 mV/pH (r2 ¼ 0.995), higher than that of PUP

(33 mV/pH, r2 ¼ 0.994) and PPy (48 mV/pH,

r2 ¼ 0.996). After 30 days, the PUPA shows

a slight change in performance (sensitivity of

48 mV/pH, r2 ¼ 0.996), whereas, the sensitivity

of PPy decreases to 33 mV/pH (r2 ¼ 0.992).

Based on the result, the behavior of PUPA can

be explained by the presence of carboxylic acid
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Fig. 8 XPS spectrum and

potentiometric pH response

of PUPA (a) and PPU (b)
[33] (Reprinted from

Synthetic Metals, 2010.

160(9–10): p. 1073–1080
with permission from

Elsevier)
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group that can be reversibly deprotonated

according to the pH value. In contrast, PUP,

which contains nitrogen from pyrrole, confirms

that protonation is limited because these nitrogen

atoms are sterically hindered [33]. For interfer-

ence, a high concentration (
1 M) of several

existing ions – Li+, K+, Na+, Ca2+, Cl�, and

SO4
2� – shows no significant change in both

PUPA and PUP. However, CO3
2� severely

affects the sensor showing an increase of
15 mV/pH on both films, indicating further

improvement of polypyrrole potentiometric

sensors.

This entry reviews the development of various

pH sensors and provides assessment of these pH

sensors for further development in order to meet

the specific need. pH detection by metal/metal

oxide sensors and polymer-based sensors

involves in protonation or oxygen intercalation

mechanism. Therefore, strong reducing agents or
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alkaline ions are a major challenge to improve

selectivity. Long-term stability from the film

deterioration also needs to be addressed for prac-

tical use. Nevertheless, both classes can provide

high mechanical strength, stiffness, and non-

fragile materials, desirable for many practical

uses. In view of replacing glass membrane pH

sensor, hybridization in pH sensor designs of

carbon nanotechnology, protonable group

functionalization, or metal/metal oxide and poly-

mer combination are expected to provide further

improvements for potentiometric pH sensors.
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Introduction

Potentiometry is an electrochemical measure-

ment technique. The term was introduced in con-

nection with potential determinations of

electrochemical measuring chains by W.

Ostwald [1]. Often instead of potentiometric

measurement the measurement of galvanic volt-

ages is spoken about. Mainly, the measuring

setup consists of two electrodes (galvanic cell).

These half cells are called indicator (or measur-

ing) and reference electrode. Additionally,

a high-impedance potential measuring device is

necessary. Figure 1 shows a scheme of such an

arrangement also called potentiometric measur-

ing cell or chain. An important feature of the

method is the fact that it is measured under the

conditions of no current flow. The measurand

may be used to determine the analytical quantity

of interest, i.e., the activity of some components

of an analyte solution or the partial pressure of
gases (see also high-temperature electrochemis-

try). The potential that develops in the electro-

chemical cell is the result of the free energy

change that would occur if the chemical phenom-

ena were to proceed until the equilibrium condi-

tion has been fulfilled.

For the potentiometric measurement,

according to Eq. 1, the potential of the cell can

be expressed in terms of the potential developed

by the indicator electrode (Eind) and the reference

electrode (Eref) under consideration of the junc-

tion potential (Ej):
E ¼ ðEind � ErefÞ þ Ej (1)

An important mathematical basis of the

potentiometry also of high interest for practical

measurements is formed by the Nernst Eq. 2. It

allows the calculation of required analytical

values, e.g., ion activity (ai) as function of con-

centration, from the voltage E produced by any

electrochemical cell (see Eq. 3):
E ¼ E� � ðRT=nFÞlnQ (2)

E�¼ standard electrochemical cell potential

(voltage).

R ¼ gas constant.

T ¼ temperature in Kelvin.

n ¼ number of moles of electrons transferred

in the balanced equation or the charge/valency of

the ion. In the case of the hydrogen ion, n ¼ 1.

F ¼ Faraday constant ¼ 96.485 C mol�1.
Q¼mass-action expression (approximated by

the equilibrium expression).
E ¼ E� � ðRT=nFÞln ai (3)

A distinction is made between direct

potentiometry and potentiometric titration. First

mentioned is the method which makes use of the

single measured electrode potential, for example,

to determine ions using different ion-selective

electrodes (ISE). While the potential of the refer-

ence electrode must be independent on the com-

position of the measurement medium, the

indicator electrode should be fast responding

and highly sensitive and selective for special
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ions in a large concentration range. Figure 2

shows in principle the course of the curves for

direct potentiometric determinations of a cation

(i) and an anion (ii) at T¼ 298 K with pC and pA

as negative logarithms of the cation aC+ and

anion activities aA– which have to be recorded

for the calibration of potentiometric chains

before measuring.
Potentiometry,
Fig. 2 Potentiometric

calibration curves for

cations (a) and anions (b)

Potentiometry, Fig. 1 Scheme of a potentiometric

measuring chain
Potentiometric titrations (neutralization

titrations, oxidation–reduction titrations, precipi-

tation titrations, complex formation titrations, dif-

ferential titrations) provide information different

from a direct potentiometric measurement. The

equivalence point of the reaction (see Fig. 3) will

be revealed by a sudden change in potential in the

plot of potential readings against the volume of the

titrating solution.One electrode has to bemaintained

at a constant (possibly unknown) reference poten-

tial. The other electrodemust serve as an indicator of

the changes in ionic concentration and has to

respond rapidly. The solution should be stirred dur-

ing the titration. Compared to direct potentiometric

measurements, potentiometric titrations generally

offer increased accuracy and precision because

potentials are used to detect rapid changes in activity

that occurs at the equivalence point of the titration.

Furthermore, the influences of liquid junction poten-

tials and activity coefficients are minimized.

In both, direct potentiometry and potentiomet-

ric titration redox reactions as well as equilibrium

adjustments cause the function of the electro-

chemical cells.
P

Electrodes for Potentiometry

There are several possibilities to generate the

reference potential in potentiometric measuring

chains. Based on research results of Le Blanc [2]

at first, the standard hydrogen electrode (SHE)



Potentiometry, Fig. 3 Potentiometric titration curves, (a) typical plot of E versus volume, (b) typical first derivative
titration curve, (c) typical second derivative titration curve
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was established for this purpose. Using the short-

hand notation for electrochemical cells, the SHE

can be described as follows:
Pt;H2ðg; 101:325 kPaÞ=Hþ
ðaq; a ¼ 1:00Þ==2HþðaqÞ þ 2e� Ð H2ðgÞ

The potential of that electrode was defined as

the origin of the electrochemical potential scale and

was arbitrarily declared to be zero for all tempera-

tures. Because of their complicated handling and

some other disadvantages, the standard hydrogen

electrode today is used only for very precise mea-

surements, especially for the calibration and testing

of pH buffer solutions. It is not trivial to realize

exactly the experimental conditions that are neces-

sary. Instead of the standard hydrogen electrode

(SHE) more commonly the normal hydrogen elec-

trode (NHE) is used, which contains an acid solu-

tion of the concentration 1 mol/L.

In practice, the so-called reference electrodes

of the second kind, e.g., the Ag/AgCl,

Cl�electrode or the Hg/Hg2Cl2, Cl�(calomel)

electrode, are preferably applied because they

are more convenient to use. Their potential is

stable and well defined in relation to the potential

of the SHE. Such electrodes are commercially

available in a variety of chemical systems and

embodiments for different applications [3].

A substantial drawback of conventional reference

electrodes is their liquid electrolyte filling. The

performance of such electrodes is position
dependence, and they are mechanically fragile

and suitable to only a limited extend for minia-

turization or for applications at high pressures

and temperatures. In recent years several solu-

tions for all solid-state arrangements were intro-

duced, such as electrodes with solid polymer

electrolyte, reference electrodes based on

bronzes from the transition metals molybdenum

and tungsten, or electrodes containing essentially

an Ag/AgCl-reference element and a solid crys-

talline KCl melt. A current overview is given in

[4].

Concerning the indicator electrodes often it is

distinguished between metallic and membrane elec-

trodes. The potential of a metallic electrode is deter-

mined by a redox reaction at the interphase

electrode/solution. Basically there are three different

kinds of metal-based indicator electrodes (Table 1):

Membranes as location for the potential deter-

mining reaction in indicator electrodes as part of

potentiometric measuring chains can be divided

in crystalline and noncrystalline membranes.
Noncrystalline membranes
Crystalline

membranes
Silicate (i) and chalcogenide

glasses (ii)
Single crystals (v)
Liquid–liquid ion exchanger (iii)
 Separate or mixed

polycrystals (vi)
Immobilized liquid–liquid/PVC

matrix (iv)
(i). Oxidic glasses with special compositions can

be part of potentiometric sensors to
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determine the activity of H+, Na+, K+, NH4
+,

Cs+, Rb+, Li+, Ag+, and several other

cations [5] as well as of the redox

potential [6].
Examples. H+ (more precise H3O
+) activ-

ity 72 wt% SiO2; 22 wt%Na2O; 6 wt% CaO

[7].

Redox potential 50 wt-% SiO2,

39 wt% Fe2O3; 7 wt%Na2O; 4 wt% Li2O [8].
(ii). Using such materials leads to ISE for the

determination of several heavy metals but

also for anions such as F� [9]. Besides com-

pact sensors it is possible to fabricate chal-

cogenide glass electrodes in thin film

technology [10].
Example. Fe3+ activity Fe2Se60Ge28Sb12
[11].
P

(iii). One of the most famous liquid membrane

electrodes has been used for calcium

determination. This electrode works

by an ion-exchange process. The cation

exchanger is an aliphatic diester of

phosphoric acid, (RO)2PO2
�, where each

R group is an aliphatic hydrocarbon chain

containing between 8 and 16 carbons. The

phosphate group can be protonated but has

a strong affinity for Ca2+. The cation

exchanger is dissolved in an organic

solvent and held in a porous compartment

between the analyte solution and an internal

reference calcium chloride solution. The

ion exchanger uptakes Ca2+ into the

membrane.
Example. Ca2þðaqÞ þ 2ðROÞ2PO�2
ðorganicÞ Ð ðROÞ2PO2

� �
2
CaðorganicÞ:
(iv). An alternative to liquid membrane

electrodes is to use a polymer matrix-based

membrane, which is composed of

a polymer such as polyvinylchloride

(PVC), a plasticizer, and the ion carrier or

exchanger. The response of these

electrodes is highly selective and they

have replaced many liquid membrane

electrodes.
Polymer-based electrodes are available,

e.g., for the determination of K+, NH4
+,

Ba2+, Ca2+, Cl�, and NO3
�.
Example.
[12]

(v). It is also known to use membranes consisting

of (doped) single crystals. At the inner phase

boundary, the single crystals are in contact

with other solids (all solid-state electrodes).

In order to get reproducible and long-term

stable potentials in these cases, it is neces-

sary to create non-blocked (reversible)

interfaces.
Example. Fluoride can be analyzed

potentiometrically using the half cell F�/
LaF3 (doped with Eu)/AgF/Ag [13].
(vi). Besides the usage of metals in contact with

one of its hardly soluble salts (electrodes of

the 2nd kind) for the potentiometric ion

determination (Ag/AgCl membrane to mon-

itor chloride, see above), sometimes

mixed compositions are used. As a result,

a lot of electrode properties can be

improved (mechanical and light stability,

lower detection limit).
Example. Potentiometric chloride deter-

mination with heterogeneous membranes

(Fig. 4).
Cross Selectivity

Full selectivity for exactly one type of ion is

never given. ISE have only a particular sensitivity

for a special type of ion but often show interfer-

ence with ions with similar chemical properties

or a similar structure. For this reason the cross

sensitivity to other ions that may be present in the
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Electrodes of the 1st kind Electrodes of the 2nd kind Redox electrodes

Ametal is coated with one of its salt

precipitate

Ametal is in contact with a solution

containing its cation, e.g., Zn/Zn2+,

Ag/Ag+, Cu/Cu2+

An example is the Ag/AgCl

electrode to measure the activity of

chloride ions in a solution

An inert metal is in contact with a solution

containing soluble oxidized and reduced

forms of redox half-reactions

E is a function of the cation activity

in the system metal/metal ion

E is a function of the anion activity Electrode materials are often Au, Pt, or Pd

Example: Example: E is determined by the ratio of reduced and

oxidized species

Agþ þ e� Ð Ag Agþ þ e� Ð Ag

Agþ þ Cl� Ð AgClð+Þ
AgClð+Þ þ e� Ð Agþ Cl�

Example:

Fe3þ þ e� Ð Fe2þ

Potentiometry, Fig. 4 Measuring ranges for two differ-

ent potentiometric chloride electrodes with heterogeneous

membrane

P 1696 Potentiometry
sample solution must always be taken into con-

sideration when selecting an ISE for

a potentiometric determination. One of the best-

known examples of such a cross sensitivity is the

so-called alkali error of pH glass electrodes.

Unfortunately, there are only very few ion-

selective electrodes that have a linear range sim-

ilar to that of pH glass electrodes. The use of an

ISE is normally restricted to a concentration

range of 4–5 powers. If an ISE is used for

a measurement often the Nernst Eq. 3 must be
extended by the contribution made by the

particular interfering ion for the evaluation of

the measured potential. This leads to the

Nikolskij Eq. 4:

E ¼ E� RT=nFð Þ ln ai þ Kj=iaj
� 


(4)

Kj/i is the selectivity coefficient of the ISE for

an interfering ion S. This is a factor that describes

the influence of the interfering ion in relationship

to the ion to be measured (i). These selectivity

coefficients are known for the most important

interfering ions for an ISE, and therefore,

a simple estimation can be made to estimate if

an interfering ion present in the sample solution

will influence the measured value or not.
Future Directions

Until today, there are still no satisfactory elec-

trode membrane materials for the potentiometric

determination of several important ions such as

SO4
2� and PO4

3� so that here remains a need of

research for the future.

For a lot of potentiometric indicator electrodes

solid-state embodiments are available widely

equivalent to the electrolyte containing

systems concerning the electrode performance.

Because this does not apply for all measuring

electrodes (e.g., for pH glass electrodes) and for

reference electrodes to the full extent, there is

also still a need for development in this field.
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Especially for medical applications it is often

necessary to use miniaturized equipment. Due to

this fact the engineers are faced with the task to

develop new potentiometric electrodes by

microtechnological methods, e.g., thin or thick

film technology. This creates the opportunities

to come to a number of miniaturized multi-

sensors as part of lab on chip systems increas-

ingly required in biotechnology and other areas.
Cross-References

▶ Potentiometric pH Sensors at Ambient
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Introduction

In the beginning, electrochemical experiments

were reduced to potential measurements of

systems, which were stationary or in equilibrium.

But with time, scientists became interested in

systems apart from equilibrium [1] or even in

time-dependent reactions. This was realized by

galvanostatic experiments (Potentiostat), which

were by two reasons advantageous: They were

easily realized and guaranteed a constant reaction

rate, which was relevant in some cases. More-

over, time-dependent reactions could be moni-

tored, if the potential was recorded vs. time.

These charging curves were the main technique

to follow electrode kinetics up to the sixties of the

last century.

The potential, however, or more precise, the

potential drop somewhere within the

electrode interface, is said to be the cause of all

electrochemical reactions. Therefore, scientists

tried to control the potential of electrodes or cells.

Less effective was the use of a power supply

and variable resistors, controlled by human

intervention [2] or by slow electromechanical

devices [3, 4]. More effective was the combina-

tion of a controlled power supply with an

electronic control circuit, which worked fast and

unattended. This was realized by Hickling [5],

who called the instrument for the first time

“potentiostat.” The name is nowadays somewhat

misleading as scientists do not want to keep the

http://dx.doi.org/10.1007/978-1-4419-6996-5_445
http://dx.doi.org/10.1007/978-1-4419-6996-5_445
http://dx.doi.org/10.1007/978-1-4419-6996-5_237
10.1007/978-1-4419-6996-5_232
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potential constant but wish to vary it in

a predetermined way in most cases.
Potentiostat, Fig. 1 Fundamental potentiostat circuit

with an operational amplifier
Definition

A potentiostat is a controlled electric power

supply, which adjusts the potential drop across

an active or passive dipole to a desired value. To

do this, the device has to measure the actual

potential drop and to force currents through the

dipole, until actual value and desired value

become equal. In electrochemical systems, the

interest to keep the potential drop across

a complete cell is limited to rare cases, e.g.,

charging or discharging of batteries. More inter-

esting are kinetics of single electrodes, which

means an electric control of the interface

electrode/electrolyte. An additional device is

needed to measure the electrolyte potential, the

so-called reference electrode. As a result, a three-

electrode setup is obtained (working, counter,

and reference electrodes). Reference electrodes

include at least one interface ionic conductor/
electronic conductor with an additional potential

drop which must be taken into account.

The popularity of potentiostats is reflected by

a large number of publications discussing

concepts, function, and applications [6–13].
Basic Circuit

Perfect combinations of control circuit and power

source are operational amplifiers, which were

built from discrete components in the fifties and

become much more popular as integrated circuits

from 1960 onward.

Most potentiostats are based on operational

amplifiers. Figure 1 shows the fundamental

setup. The output voltage Uout of an operational

amplifier depends on the difference of the input

voltages U+ and U� according to
Uout ¼ A � ðUþ � U�Þ (1)

with an open-loop gain A > 106. A difference

U+ – U� causes an increasing output voltage
and, therefore, forces currents through the cell.

This reduces the difference U+ – U� close to zero
due to the negative feedback of the output to U�.

The limits of the output are controlled by the

power supply and the particular circuit design.

Typical values range from � 5 V to � 100 V

and currents up to � 100 mA. This value can be

increased to some 10 A or even more by addi-

tional booster amplifiers. Input resistances from

109 O to 1012 O prevent notable current flow

through the reference electrode.

The open-loop gain A decreases with increas-

ing frequency, typically by a factor of 10 per

decade of frequency and A comes close to

1 (unity gain) in the MHz region. This means

the useful bandwidth is at least one or two orders

of magnitude lower than at unity gain. This is

especially important for pulse experiments or

experiments at higher frequencies.

Another limitation is the slew rate, which

describes the rate of change at the output in response

to a large amplitude input step. Typical values such

as 106 V/s are less informative as electrochemical

cellsmean capacitive loads. A potential stepDU and

an electrode capacitance DU yield a charge
DQ ¼ C � DU (2)

which must be provided by the amplifier. This

means at least a time interval Dt determined by

the amplifier’s maximum current imax:
Dt ¼ DQ
imax

¼ C � DU
imax

(3)
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Fig. 2 Potentiostat system

with main amplifier (MA),
impedance buffer (IB), and
two independent optional

current detection systems:

current-to-voltage

converter (CVC) and
differential amplifier (DA)
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Accordingly, adjustment times of 30–100 ms
have to be expected in real systems for a potential

step of 1 V.
P

Potentiostat Systems

The basic setup controls the potential, but no

information is returned from the experiment.

A potentiostat system allows monitoring the

actual potential, recording the cell current, and

mixing different input signal such as potential

steps, sweeps, sinusoidal signals, and dc levels.

Figure 2 shows some concepts.

Potential Monitor

Reference electrodes are sensitive to current

flow, due to their large source resistance and/or

to small exchange currents of the redox system.

Therefore, reference electrodes are usually

connected via special high-impedance amplifiers

(voltage followers, IB in Fig. 2).

In thermodynamics the electrolyte is thought

to be at zero potential and the electrode potential

is given. In experiments, however, the

working electrode is at ground potential, and

therefore, the sign is inverted. This can cause

some confusion.
Current Monitor

Current-to-Voltage Converter

A current-to-voltage converter (CVC) is

connected to the working electrode in Fig. 2.

The cell current I flows also through RCVC

because the input resistances of the amplifier are

extremely high. The negative feedback, however,

keeps the potential of the inverting input to the

same level as the non-inverting input, i.e., zero

potential (virtual ground). Therefore, the output

voltage of the CVC is given by
UCVC ¼ �RCVC � I (4)

and can be used to record the current. This con-

cept is also used for IR-drop elimination

(▶ iR-Drop Elimination).

This circuit is most often used, but some

disadvantages must be respected. The CVC

must be able to deliver at least the same (large)

currents as the main amplifier, and virtual ground

is not necessarily guaranteed for fast changing or

noisy signals.

Differential Amplifier

The potential drop across a resistor RDA between

counter electrode and main amplifier output

can also be used for current monitoring.

http://dx.doi.org/10.1007/978-1-4419-6996-5_226
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The signal is buffered by a more complex differ-

ential amplifier [14] (preferentially an instrumen-

tation amplifier, DA in Fig. 2). The cell current I
is given by
Potentiostat, Fig. 3 Adder circuit to compose an input

signal from different sources U1 to Un

Potentiostat, Fig. 4 Adder potentiostat with main
I ¼ �UDA

RDA
(5)

The amplifiers maximum output current can

be small as only recording devices must be

supported. Disadvantageous is the limitation of

the main amplifier output current by RDA,

especially if high values of RDA are chosen to

detect small currents.

It was useful in some cases to use both systems

(CVC and DA) in parallel. The resistor RDA was

short-circuited in one direction to allow high

currents, recorded by the current-to-voltage

amplifier, and very small currents in the other

direction, recorded by the differential amplifier.

Moreover, the differential amplifier could be

modified into an auto-ranging system to record

current transients after large potential steps [15].

Alternative Concepts

The current-to-voltage amplifier is replaced in

some concepts by other systems such as simple

resistors between working electrode and ground

potential [16, 17], negative resistances (gyrator

circuits, [18, 19]), logarithmic current amplifiers,

and current-photon-converters [20], often in con-

text with IR-drop elimination (▶ iR-Drop

Elimination).

Composition of Input Signals

An adder circuit is presented in Fig. 3. The output

voltage Uadd is the sum of all input signals

according to
amplifier (MA), impedance buffer (IB), and current-to-

voltage converter (CV)
Uadd ¼ �ðU1 þ U2 þ U3 þ . . .þ UnÞ (6)

if all resistors are equal. The output signal is

connected to the non-inverting input of the main

amplifier (MA) in Fig. 2. The advantage of this

concept is the control of the composed signal at

the adder output.

A modified popular concept is the adder

potentiostat (Fig. 4) which combines summation
and potential control in one amplifier. Due to

resistor network, the circuit would draw currents

from the reference electrode. To avoid this, an

additional impedance buffer as in Fig. 4 must be

added. The composed input signal cannot be

monitored.

http://dx.doi.org/10.1007/978-1-4419-6996-5_226
http://dx.doi.org/10.1007/978-1-4419-6996-5_226
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Potentiostat, Fig. 5 Concept of multipotentiostat with

counter electrode (CE) connected to ground, 2 working

electrodes (WE), 2 reference electrodes (RE), 2 main

amplifiers (MA), and 2 differential amplifiers (Diff)
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Digital Concepts

Modern potentiostats are equipped with computer

interfaces (e.g., USB), at least to transfer experi-

mental data such as potential and current. Optional

is a complete control by the computer, e.g., current

ranges (eventually auto-ranging), potential pro-

grams, and frequency response characteristics.

The main amplifier in Fig. 2 is substituted

in completely digitized concepts by an

analog-to-digital converter, a processor, and

a digital-to-analog converter. The transfer

function, especially the frequency-dependent

amplification A, can be easily modified. Such

concepts are more complex and not applicable

for extremely fast applications.
P

Multi-electrode Concepts

Most electrochemical cells consist of three

electrodes: working electrode, counter electrode,

and reference electrode. In some applications, how-

ever, the working electrode is split into several sep-

arate electrodes, e.g., in rotating disc/ring systems

(Rotating Disc Electrode). This requires an indepen-

dent potential control of the working electrodes.

An early concept of a bipotentiostat was

presented in [21] but suffered from interactions

between the working electrodes. This was over-

come by some modifications shown in [22]. More

popular is a bipotentiostat based on the adder con-

cept [12], which was presented for the first time in

[23]. The circuit is very complex and cannot be

extended to more than two working electrodes.

More flexible concepts are based on a counter

electrode connected to ground (Fig. 5, [24, 25]).

Some can be extended to more than two working

electrodes, and every electrode can be equipped

with an individual ▶ reference electrode to avoid

interactions due to current flow in the electrolyte

and tominimize IR drops (▶ iR-Drop Elimination).
Galvanostats

The introduction of operational amplifiers,

starting after 1950, made galvanostatic setups
much less complex but potentiostats as well.

Potentiostats seemed to be more versatile,

and thus, galvanostatic mode was simply

added as an option in many cases. Every

potentiostat, however, can be changed into

a galvanostat by simple modifications, see entry

▶Galvanostat.
Future Directions

The quality of commercial potentiostat systems is

nowadays almost perfect. The electrical

performance, computer, and software

support allow effective and convenient investiga-

tions of main-stream problems with minor

efforts. But this is a risk, as “. . .most students

and many professional scientists adopt the

“black box” approach to electrochemical
instrumentation, and fail to appreciate the oper-

ation and limitations of various circuits

employed.” [10].

Future challenges result from less common

components, e.g., electrodes (microelectrodes,

porous electrodes, scanning probes, reference

electrodes with extremely high source resis-

tances), cell geometry (thin film cells, capillary

cells, industrial reactors), and special require-

ments such as noise reduction, high frequencies,

high voltages, and extremely small or large

currents.

http://dx.doi.org/10.1007/978-1-4419-6996-5_237
http://dx.doi.org/10.1007/978-1-4419-6996-5_226
http://dx.doi.org/10.1007/978-1-4419-6996-5_224
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Determination of the Thermodynamic
Equilibrium State of a Multicomponent
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The study of processes involving several chemi-

cal species in solution (e.g., electrochemistry,

geochemistry, biochemistry, hydrometallurgy,

chemical analysis, and environmental chemistry)
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generally requires a precise knowledge of the

stability of the different species present in the

system in each phase, as well as their coexistence.

The thermodynamic equilibrium of the com-

ponents of the system provides a useful model to

determine the stability of its species and phases.

The law of mass action allows calculating the

chemical composition of a given system at

equilibrium [1].

For a large number of chemical species or

equilibria, it is necessary to use iterative calcula-

tions in order to determine the thermodynamic

equilibrium of the system, due to the set of

nonlinear equations (e.g., mass or charge balance

of each phase and the law of mass action of each

of the independent equilibria).

Perrin [2] and Ingri et al. [3] proposed compu-

tational programs to calculate the chemical com-

position of a system with a limited number of

components in thermodynamic equilibrium.

Based on these, others have been proposed that

apply different algorithms to solve the nonlinear

set of equations involved in multicomponent and

multi-reacting systems [2–8]. On the other hand,

the algorithms based on Gibbs energy minimiza-

tion of the system have been improved [9–12]. It

has been demonstrated that the two types of

algorithms are equivalent [13].
P

Graphic Representations of Systems
in Thermodynamic Equilibrium

The study of multicomponent and multi-reacting

systems involves many calculations, and it is

common to give excessive importance to the

mathematical problem, disregarding the chemi-

cal problem to be solved. For this reason, the

application of several graphic representations

and methods has been proposed; they help to

consider a given set of thermodynamic equilib-

rium conditions with a better perspective.

The first type of graphic representation is that

of distribution and logarithmic diagrams,

representing species fractions (in linear or

logarithmic form) as a function of composition

variables of the system [14, 15]. The second class

is that of the reaction prediction diagrams, and to
this class belong the Latimer [16, 17], Frost [18,

19], and Ellingham [20–22] diagrams. The third

kind is that of the predominance-zone diagrams

(PZD), and to this type belong Pourbaix [23]

diagrams.

From this point to the end of the article, more

information will be given for the PZD concerning

algorithms, methods of construction, and

applications.
Predominance-Zone Diagrams and their
Construction Algorithms

PZD establish zones in a multidimensional space

where generally one species has higher quantity

or concentration with respect to others of

a previously defined set (the condition of predom-

inance). The mathematical problem is to find the

boundaries from which this predominance is

defined in that multidimensional space. The

dimensions of the space are generally chemical

composition variables, like pH, concentration or

amount of species (in linear or logarithmic form),

and electrode potential.

The Pourbaix diagrams (also known as

potential-pH (Eh-pH) diagrams since this is the

simplest representation proposed by Marcel

Pourbaix) are the more famous PZD in electro-

chemistry. There are many papers in the scientific

literature that describe their construction algo-

rithms (Fig. 1).

The majority of these articles establish equa-

tions involving the Gibbs energy of the systems

or the chemical potentials of species. Some of

those papers have been compiled in recent

works [24, 25] that furthermore describe con-

struction for multicomponent and multi-reacting

systems, where one of the axes of the diagram

represents the potential of one electrode, while

the others represent other chemical composition

variables.

There are also few algorithms that use the law

of mass action for independent equilibria instead

of the chemical potentials of the species [26].

The Pourbaix diagrams are generally achieved

as a final representation that is applied to describe

or interpret several electrochemical problems;
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sulfates in solution is considered
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Predominance-Zone
Diagrams for Chemical
Species, Fig. 3 Different

kinds of PZD for the Mg

(II)-phosphates-ammonia-

water system, constructed

with the MGSE [29].

PO4
00 ¼ PO4

0 ¼ H3PO4 +

H2PO4
� + HPO4

2� +

PO4
3� and NH3

0 ¼ NH3 +

NH4
+. (a) Predominance-

zone diagram for

Mg(II)-soluble species

at �log[NH3
0] ¼ �0.3 and

�log[PO4
00] ¼ 1.0 in the

�log[Mg]Total/pH space.

(b) Condensed phase

diagram (CPD) for Mg(II)-

insoluble species at �log
[NH3

0] ¼ �0.3 in the �log
[PO4

00]Total/pH space. (c)
Predominance-existence

diagram (PED) for all Mg

(II) species at �log
[NH3

0] ¼ �0.3 and �log
[PO4

00] ¼ 1.0 in the �log
[Mg]Total/pH space
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[49, 50] at�log[NH3
00]¼�log[Cl0]¼ 0, constructed with
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+ and
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nevertheless there are some papers that use them

as an intermediate way of obtaining another

graphic representation where there is no axis of

electrode potential. One example of this is the

paper of Osseo-Asare and Brown, used to

describe some extraction processes for systems

in hydrometallurgy [27].

It is true that there are many systems whose

graphic representations do not require an

electrode potential axis because the involved

processes do not exchange electrons. It is thus

unnecessary to use the Pourbaix diagram as an

intermediate step because this type of diagram

may be constructed directly, following construc-

tion algorithms completely analogous to those

used to achieve the Pourbaix diagrams. Some

examples of these algorithms can be found in

the scientific literature [10, 28] (Fig. 2).

Remarkable inside the last kind of algorithms

is the method of generalized species and equi-

libria (MGSE) [26, 29–36]. The MGSE extends

the method of Gaston Charlot for the study of

chemical equilibrium in solution [15, 37] through
a definition of conditional constant (similar

to a former concept proposed by Gerold

Schwarzenbach [38] and developed further by

Anders Ringbom [39, 40]). Its algorithms for

PZD allows for the selection of the graphic rep-

resentation spaces in terms of chemical composi-

tion variables of generalized species in order to

relate the predominance boundaries in these

spaces with conditional constants of generalized

equilibria. The last feature gives the MGSE

a great capability of prediction and interpretation

of multicomponent and multi-reacting systems

in thermodynamic equilibrium (Fig. 3).
Computational Methods for the
Construction of Predominance-Zone
Diagrams

There are many computational programs

available nowadays to construct PZD. Some of

these can be used online by Internet, covering the

costs of services, like the Thermo-Calc [41] or
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CSIRO Thermochemistry System [42]. Others,

like STABCAL, have appeared in scientific liter-

ature references [43]. Nevertheless, possibly the

more powerful computational set of programs

available to construct PZD is the suite MEDUSA

[44] that uses algorithms of the computational

program SOLGASWATER [10].
Some Applications of Predominance-
Zone Diagrams

One of the main applications of PZD is to evalu-

ate the relative importance of species on systems

in thermodynamic equilibrium for a set of given

initial or imposed conditions. For this reason,

some references that have applied PZD in differ-

ent fields of electrochemistry are compiled in the

final paragraphs of this essay.
Corrosion

Pourbaix diagrams have been proposed initially

in order to explain corrosion phenomena, and for

this reason the application of the PZD to study

problems in this field may yet be found in

electrochemical literature [45]. Nevertheless,

other kinds of PZD have also been used to explain

corrosion phenomena [46].

Electrocrystallization and Electrodeposition

There are many references that describe different

applications of PZD to predict and interpret

electrocrystallization and electrodeposition

processes in multicomponent systems [47–65]

(Fig. 4).

Pourbaix diagrams are used in many of these

cases [47, 50, 63], but the application of other

kinds of PZD is also common when the process

requires it [47, 49, 52, 56, 60] (Fig. 5).
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Predominance-Zone Diagrams for Chemical Spe-
cies, Fig. 6 Predominance-zone diagram of uranyl

species for a soil water in the high plains of Mexico,

constructed with MEDUSA software [44] in the �log
[PO4

3�]Total/pH space. The formation equilibrium

constants of all considered species (45 soluble and 26

insoluble, from 6 soluble components) were taken from

the HYDRA database (included with MEDUSA), only

slightly modified for UO2CO3 and (UO2)2CO3(OH)3¯ spe-

cies and substituting UO2(H2PO4)2 for UO2(HPO4)2
2¯ in

the input data file [70]. The selected concentration

conditions for the different species take into account the

experimental measurements as well as the temperature (T)

and the ionic strength (I)
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Environmental Chemistry

and Electrochemistry

PZD have a great application potential to develop

studies related to environmental chemistry and

electrochemistry. In the first place, we want to

illustrate this with some studies for the research

and remediation of Cr(VI) [66–68]. Some other

cases of environmental studies that apply PZD

are metal recovery from wastes [69], mobility of

ionic and neutral species in several systems [70],

chemical and biochemical leaching processes

[71], and characterization of species in natural

systems [72] (Fig. 6).
Coagulation and Flocculation

Coagulation and flocculation processes are used

to separate dissolved and suspended solids from

waters, mainly to purify the waters [73, 74].

Coagulants with opposite electrical charges to

those of the suspended solids are added to the

water to neutralize the negative charges on dis-

persed non-settleable solids such as clay and

color-producing organic substances. Aluminum

and iron ions are commonly used as inorganic

coagulants [74]. These ions are directly added

from sacrificial electrodes for electrocoagulation

and electroflocculation. The PZD should be used
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Predominance-Zone Diagrams for Chemical Spe-
cies, Fig. 7 Predominance-zone diagrams of aluminum

species constructed with MEDUSA software [44], in the

�log[Al3+]Total/pH space. The formation equilibrium

constants of all considered species (13 soluble and 5 insol-

uble, from 4 soluble components) were taken from the

HYDRA database (included with MEDUSA). (a) PZD

obtained considering the mixed Al(III)-Sulfate-OH¯ com-

plexes and the insoluble amorphous hydroxide, Al

(OH)3(am), at specific conditions of total sulfate and chloride

concentrations. It may be that the coexistence zones of

mixed insoluble complexes are overestimated due to the

use of formation equilibrium constants of crystalline phases.

(b) PZD obtained in the absence of sulfates and chlorides
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Predominance-Zone Diagrams for Chemical Spe-
cies, Fig. 8 Predominance-zone diagrams in extraction

(PZDE) [36], constructed with the MGSE [29], in the pr/
pH space. The nonaqueous phase is trichloromethane. pr
¼�logrwhere r represents the nonaqueous volume/aque-

ous volume ratio, the bar over the species takes into

account the species dissolved in nonaqueous phase, HOx

represents oxine, and HDz represents dithizone. (a) PZD
of Cd(II) species at a [oxine noncomplexed] ¼ 0.1 M;

this concentration considers the aqueous phase volume.

(b) PZD of Pb(II) species at a [dithizone

noncomplexed] ¼ 0.1 M; this concentration considers

the aqueous phase volume
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to establish the optimal experimental conditions

(i.e., concentration, pH) for the coagulation

process. Soluble metallic hydroxyl complexes

are required to separate suspended solids;

meanwhile, insoluble metallic hydroxides are

required for the separation of soluble chemical

species (Fig. 7).
Future Directions

Pourbaix diagrams have been extensively used in

corrosion studies, as well as for stability diagrams

in geochemistry.

But the application of these and other PZD has

practically not included other chemistry and

electrochemistry fields (e.g., synthesis, separa-

tions, and characterizations), in spite of their

great power to interpret results and predict

operational conditions for several processes.

Therefore, the application of PZD should be

promoted as the powerful tools that they are.

Some fundamental developments should be

undertaken to construct and interpret PZD in

systems with a distribution of species between

several phases (e.g., ionic exchange, adsorption,

and spreading and growing of species on

surfaces), as has been done for liquid-liquid

extraction systems [36] (Fig. 8).

Finally, these kinds of representations should

be developed to study chemical equilibria for

chemical reactions taking place in soft matter

(pastes, amorphous systems and polymers,

among others).
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A warning for Frost diagrams users. J Chem Educ

71:480–482. doi:10.1021/ed071p480

20. Ellingham HJT (1944) Reducibility of oxides and

sulfides in metallurgical processes. J Soc Chem Ind

63:125–130

21. Gaskell DR (2001) Metal production: Ellingham

diagrams. In: Buschow KHJ, Cahn R, Flemings MC,

Ilschner B, Kramer EJ, Mahajan S, Veyssiere P (eds)

Encyclopedia of materials: science and technology,

vol 10. Elsevier, Oxford, pp 5481–5486. ISBN:0-08-

0431526

22. Kishimoto H, Yamaji K, Brito ME, Horita T,

Yokokawa H (2008) Generalized Ellingham diagrams

for utilization in solid oxide fuel cells. J Min Metall

Sect B 44B:39–48. doi:10.2298/JMMB0801039K

23. Pourbaix M (1966) Atlas of electrochemical equilib-

ria in aqueous solutions (English edition). Pergamon,

Oxford

24. Takeno N (2005) Atlas of Eh-pH diagrams:

intercomparison of thermodynamic databases. Open

File Report No.419. AIST Geological Survey of

Japan, Tokyo. http://www.gsj.jp/GDB/openfile/files/

no0419/openfile419e.pdf. Accessed 1 Jan 2012

25. Winston R (ed) (2000) Uhlig’s corrosion handbook.

2nd edn. Chaps 6 and 7. Wiley, New York

26. Rojas-Hernández A, Ramı́rez MT, Ibáñez JG,
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49. Nila C, González I (1996) Thermodynamics of

Cu-H2SO4-Cl–H2O and Cu-NH4Cl-H2O based on

predominance-existence diagrams and Pourbaix-type

diagrams. Hydrometallurgy 42:63–82. doi:10.1016/

0304-386X(95)00073-P
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Introduction

Primary or non-rechargeable batteries are used to

power several major types of implanted medical

devices such as pacemakers, implanted
cardioverter defibrillators (ICDs), cardiac and

hemodynamic monitors, cardiac resynchro-

nization therapy (CRT) devices, neurostimulators

(electrical stimulation in regions such as spinal

cord, deep brain, sacral nerve, vagal nerve,

cochlea, gastric nerve, phrenic nerve), and drug

pumps. Examples of non-implanted medical

devices that can be powered by primary batteries

include hearing aids, external defibrillators,

infusion pumps, transcutaneous electrical nerve

stimulators (TENs), and monitors such as Holter

monitors, pulse oximeters, heart rate monitors,

blood pressure monitors, and blood glucose

sensors. Batteries for implanted medical applica-

tions are subject to regulations of national

agencies such as FDA in the United States.

Energy and power density (ratio of energy and

power deliverable by a battery to its volume) of

batteries determine their suitability for most

electrical devices. Other important criteria for

use in medical devices are safety and reliability

in operation during lifetime of the device (up to

10 years or longer), predictability of battery

performance characteristics, and provision of

device replacement indicators based on battery

depletion and mechanical design features such as

shape and size to allow efficient packaging in the

device and for patient comfort.

High energy density is an important feature for

primary batteries since this minimizes battery size

andmaximizes service life. Consequently, lithium

metal anode-based batteries, which possess high

energy density due to the high electrochemical

capacity (3,860 mAh/g) and oxidation potential

(3.04 V vs. SHE) of lithium, constitute the vast

majority of primary batteries used in medical

applications, especially implanted medical

devices. Non-implanted medical devices use

commercially available batteries, including non-

lithium-based primary batteries. A prominent

example is the use of Zn/air batteries in hearing

aids. Primary batteries used in implanted medical

devices are often classified in terms of their power

capabilities as low (10–100 mW), medium

(100 mW–10 mW), and high-rate batteries (up to

10 W). Power capability of a battery is a function

of the electrochemical characteristics of electrode

http://iwawaterwiki.org/xwiki/bin/view/Articles/CoagulationandFlocculationinWaterand
http://iwawaterwiki.org/xwiki/bin/view/Articles/CoagulationandFlocculationinWaterand
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SVO,

CSVO¼ combination SVO

(Reprinted from Ref. [8],

Copyright (2006), with

permission from Elsevier)
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and electrolyte materials as well as mechanical

design such as electrode and separator design. In

the past decades, several battery chemistries and

mechanical designs have been developed to meet

the often stringent criteria for medical devices.

This article will highlight the characteristics of

these chemistries and mechanical designs.
Evolution of Primary Battery
Chemistries in Implanted Medical
Applications

The earliest primary battery used in implanted

medical devices based on Zn/HgO [1] suffered

from disadvantages such as hydrogen evolution

during operation, sudden approach to depletion,

and poor longevity due to high self-discharge.

Alternative energy systems such as the recharge-

able nickel-cadmium batteries and nuclear batte-

ries were able to overcome the longevity issue but

posed other challenges. In the case of recharge-

able batteries, patients were faced with the bur-

den of recharging the batteries, while nuclear

batteries came with a regulatory burden to track

the radioisotopes used in the batteries, especially

after explant of the devices. Most of these

challenges were overcome with the introduction

of the lithium metal-based batteries in the

early 1970s. The first lithium anode battery
(Li/I2)-based pacemaker was implanted in 1972

[2–5]; the battery did not evolve gases during

its operation, thus allowing hermetic encapsula-

tion inside a device. As peak power demands

increased in the 1980s and 1990s, due to the

introduction of new medical devices such as

neurostimulators, implanted drug pumps, and

ICDs, new chemistries such as Li/SOCl2,

Li/MnO2, and Li/SVO were developed to meet

the demand [3, 6, 7]. With the introduction of

devices with greater microprocessor power,

memory, and communication systems, complex

therapy algorithms and long-distance telemetry

were introduced in medical devices. In order

to maintain peak power characteristics of the

Li/SVO system, but improve energy density to

minimize device volume, hybrid chemistries

based on CFx-SVO cathode systems have been

introduced recently [8]. Figure 1 showcases the

improvements that are achieved with the hybrid

chemistry in comparison to batteries with a non-

hybrid cathode chemistry such as Li/SVO or Li/I2.
Lithium Primary Battery Characteristics

Chemical Characteristics

Lithium batteries can be classified on the basis of

the chemical identity of electrochemical couples

and separators. Li/I2 battery is based on a cathode
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consisting of a charge-transfer complex of poly

(vinyl pyridine) and iodine; the electrolyte and

separator, LiI is formed in-situ upon contact

between lithium metal and the cathode mixture,

Li/SOCl2 battery is based on a liquid cathode

(containing a lithium salt for ionic conduction)

coupled with a porous carbon support to deposit

the solid discharge reaction products. Other

commonly used battery chemistries consist of

solid cathodes in combination with lithium

anode and liquid electrolyte; anode and cathode

are separated using a porous insulator. Lithium

batteries for implanted medical devices have

a well-defined operating temperature: the body

temperature at 37 �C.
I. Li/I2
P

Li/I2 battery, first introduced as a power

source for pacemakers in 1972, is a solid

electrolyte battery with I2 as the cathode

[2]. To enhance cathode conductivity, I2 is

mixed with poly(vinyl pyridine) (PVP) to

create an electronically conductive charge

transfer complex. A thin layer of PVP is also

applied on the lithium anode to improve cell

resistance. One unique characteristic of Li/

I2 is that the discharge product, LiI, serves as

a separator as well as the electrolyte. When

I2 is in contact with lithium during the con-

struction of the battery, a layer of LiI is

formed and serves as the separator. Being

an ionic conductor, LiI also serves as the

electrolyte. However, as discharge pro-

gresses, more LiI is formed and eventually

leads to a large cell resistance increase and

rapid decrease in cell operating voltage. Li/

I2 has an excellent volumetric energy den-

sity at 1 Wh/cc and has been a reliable

power source for low-power applications

such as implantable pacemakers for the

past 40 years.
II. Li/SOCl2

Li/SOCl2 uses liquid SOCl2 as the cath-

ode; LiAlCl4 which is used as the electrolyte

salt is dissolved in the cathode. A porous

carbon electrode serves as the cathode cur-

rent collector. As discharge proceeds,

nonconductive LiCl and S deposit inside

the porous carbon electrode resulting in
a significant increase in cell resistance and

rapid voltage drop near the end of service.

Li/SOCl2 batteries have been used to power

various implantable neurological devices

such as deep brain stimulators (DBS) for

reducing symptoms associated with

Parkinson’s disease, sacral nerve stimula-

tors for bladder control issues, spinal cord

stimulators for chronic back and leg

pain, and gastric stimulators for relieving

chronic nausea and vomiting symptoms

associated with gastroparesis and for

treating obesity.
III. Li/MnO2
Li/MnO2 uses heat-treated MnO2 as

the cathode and LiClO4 in a mixed solvent

system of propylene carbonate (PC) and

dimethoxyethane (DME) as the electrolyte.

The applicable capacity of MnO2 corre-

sponds to 1 electron equivalent per MnO2.

Li/MnO2 was developed as a power source

in cardio-myostimulators and has also been

developed for use in pacemakers and ICDs

[4].
IV. Li/SVO
Li/SVO was developed for powering

implantable cardioverter defibrillators

(ICDs) in 1980s [3, 7]. The majority of

today’s ICDs are powered by Li/SVO. The

cathode in Li/SVO is a silver vanadium

oxide with a stoichiometry of Ag2V4O11

and the electrolyte is typically 1.0 M

LiAsF6 in PC/DME. The applicable capac-

ity of SVO corresponds to six equivalent

electrons per Ag2V4O11. Two methods

have been used to synthesize SVO: decom-

position method (2AgNO3 +

2V2O5 ¼ Ag2V4O11 + 2 NO2 + ½ O2) and

combination method (Ag2O +

2V2O5 ¼ Ag2V4O11) [9, 10]. The combina-

tion reaction produces a crystalline and

phase pure SVO, which provides

stable power capability in the second por-

tion of the discharge curve over time [11].

Li/SVO has also been adopted to power

implantable neurological devices such as

deep brain, sacral nerve, and spinal cord

stimulators.
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applications in implanted medical devices

Battery

chemistry Overall cell reaction

Operating

voltage range Common electrolyte Common implantable applications

Li/I2 Li + I2 ¼ LiI 2.8–2.2 V LiI (the product) Pacemakers

Li/SOCl2 4Li + 2SOCl2 ¼ 4LiCl

+ S + SO2

3.6–3.0 V SOCl2/LiAlCl4 Neurostimulators

Li/MnO2 Li + MnO2 ¼ LiMnO2 3.0–2.2 V LiClO4/PC/DME Pacemakers, ICDs

Li/SVO 6 Li + Ag2V4O11 ¼ 2Ag

+ Li6V4O11

3.2–2.2 V LiAsF6/PC/DME ICDs, neurostimulators

Li/CFx Li + CF ¼ C + LiF 3.0–2.2 V LiBF4/GBL Pacemakers, drug pump, and

neurostimulatorsLiBF4/GBL/DME

Li/CFx-

SVO

Li + CF ¼ C + LiF 3.2–2.2 V LiBF4/GBL/DME Pacemakers, drug pump, ICDs, and

neurostimulators6 Li + Ag2V4O11 ¼ 2Ag

+ Li6V4O11

LiAsF6/PC/DME
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V. Li/CFx

Li/CFx uses CFx (typically, x 
 1.0) as

the cathode and LiBF4 in GBL-based sol-

vents as the electrolyte. CFx is obtained

through fluorination of carbon at elevated

temperatures with F2 gas diluted with N2.

The morphology of CFx often takes the

shape of its carbon precursor. The deliver-

able capacity of CFx is affected by the

degree of fluorination [12]. The discharge

products of CFx are carbon and LiF. Since

Li/CFx batteries have a rapid decrease in

voltage near the end of service, a second

cathode component with a slightly lower

operating voltage may be added to CFx to

provide a voltage-based end of service indi-

cator [13]. Li/CFx batteries have found uses

in pacemakers, drug pumps, and neurosti-

mulators such as cochlear implants.
VI. Li/CFx-SVO
Li/CFx-SVO uses both CFx and SVO

(Ag2V4O11) as the cathode [8]. The cathode

can be prepared as a mixture of CFx and

SVO or as discrete CFx and SVO layers

bonded to the current collector [13, 14].

The ratio of CFx to SVO can be tailored to

suit specific applications. Electrolytes used

in Li/CFx-SVO are typically LiBF4 in GBL-

based electrolytes or LiAsF6 in PC/DME-

based electrolyte. The choice of electrolyte

depends on the power requirement of the
applications. Li/CFx-SVO combines the

energy density advantage of CFx and the

power capability of SVO to produce

a unique cathode that is suitable for

implanted applications with a wide range

of power requirements. Li/CFx-SVO has

been developed to power pacemakers,

ICDs, implantable drug pump,

neurostimulator for treating chronic back

and leg pain, and deep brain stimulator

(DBS) for reducing symptoms associated

with Parkinson’s disease (Table 1).
Mechanical Design

External shape and size constraints for batteries

are typically dictated by the shape and the allo-

cated internal volume of the medical device.

Design of the internal components of batteries is

guided by energy, power, and safety require-

ments. Energy and power densities of batteries

are inversely correlated. Increased electrode area

minimizes battery resistance and hence maxi-

mizes power density but at the expense of energy

density since large electrode area is achieved

through a larger fraction of inert materials in the

battery such as current collectors, separators,

spacers, and other insulators. Batteries for high-

power applications such as ICDs use stacked or

coiled designs wherein thin layers (100–300 mm)

of electrode materials are applied to current col-

lectors and either stacked or coiled to achieve



Feedthrough
pin

Cathode

Separator

Anode

Primary Batteries for Medical Applications,
Fig. 2 D-shaped monolithic battery with anode,

separator, and cathode. Feedthrough pin connected to

anode; case connected to cathode
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Fig. 3 (a) Cross section view of a coiled electrode con-

figuration used in high-rate designs; (b) assembly view of

a coiled electrode configuration in insulator and battery

case, showing attachment in the headspace (Reprinted

from Ref. [7], Copyright (2001), with permission from

Elsevier)
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high electrode area (40–100 cm2) and low resis-

tance. Conversely, energy density is maximized

by increasing the fraction of active materials rel-

ative to the inerts, by lowering electrode area

(2–15 cm2) and increasing electrode thickness

(up to 8 mm). Low/medium rate batteries use

thicker plate like electrodes and smaller areas

seen in monolithic or single-plate designs. In

general coiled electrodes are enclosed in pris-

matic cases (Fig. 2), while monolithic electrodes

are used most commonly in D-shaped cases

(see Fig. 3). Stacked electrodes are attractive

from the standpoint of being able to provide addi-

tional shape flexibility that is generally

unavailable to coiled electrodes. Cylindrical and

coin shaped batteries are typically not common in

implanted medical devices since they do not

pack efficiently in the devices. However, cylin-

drical miniature batteries have been developed

recently for use in injectable medical devices

(see Fig. 4) [15].

Unlike batteries used in commercial and non-

implanted medical devices, implanted medical

device batteries are hermetically sealed in welded

metal cases with glass-to-metal feedthroughs

based on lithium-resistant glasses such as TA-23
and CABAL-12 to make connections to

electrodes. To guarantee reliable containment of

the electrodes and electrolyte and functionality

of the feedthrough pins, materials for metal cases,

covers, and feedthrough pins are selected by

screening for materials degradation through

pathways such as corrosion and chemical

attack. Battery enclosures are designed to be

compatible with volume changes due to expan-

sion of electrodes and gas generation during ser-

vice; typically gas generation is minimized or

eliminated by design. Furthermore, medical

device batteries are designed to possess high

safety margins, often with redundant safety fea-

tures such as multiple layers of separators that

can shutdown in the event of an internal short

circuit.
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Fig. 4 Photographs of cylindrical, pin-shaped batteries:

(a) lithium-ion rechargeable battery, QL0003I, and (b) the
lithium/CFx primary battery, QC0025B (Reprinted from

Ref. [15], Copyright (2006), with permission from

Elsevier)
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Modeling for Design and Performance

Model-based predictions of battery performance

and longevity are required to provide depletion

indicators for batteries such as RRT

(recommended replacement time), typically

based on discharge voltage or resistance, to

allow patients to schedule a replacement surgery

before batteries reach EOS (end of service). Elec-

trical characteristics of primary batteries used in

medical applications have been modeled in

a variety of ways including empirically or

thermodynamics-based voltage curve models

[16, 17], equivalent circuit models [18, 19], resis-

tance models [11, 20], and more recently physics-

based comprehensive models [17, 21–23] that

can be used to predict pulse performance [24],
resistance characteristics, and, furthermore, med-

ical device performance characteristics such as

capacitor charge time in ICDs [25]. Statistical

models developed by considering the distribu-

tions of the battery model parameters and device

use conditions can be used to develop longevity

predictions, which can be validated using

real-time clinical/field performance data from

the devices.

Design generation occurs early in the

development cycle of batteries when energy/

power requirements and shape/dimensional

constraints are known and can also be based on

models. Sizing of electrodes and consequently of

the battery is guided by a balance of materials

approach [6, 26], various design rules formulated

for safety/reliability considerations (e.g., mini-

mum values of separator thickness), and the

intricacies of the chemistry such as incidence of

parasitic reactions [26, 27] and expectations of

energy/power density based on empirical perfor-

mance data gathered from early prototypes.
Future Directions

Primary battery chemistries and mechanical

designs for medical applications evolved to

meet increasing power demands while attempting

to maintain or exceed the high energy density

achieved in the Li/I2 battery. This trend is likely

to continue due to interest in developing medical

devices with long-range telemetry capabilities

and newer therapy modalities that require higher

currents. Simultaneously, the search for new

cathode chemistries capable of higher energy

density may be expected to continue. Platform

technologies such as the CFx-SVO hybrid cath-

odes [8], which achieve good performance over

a much broader region of the energy-power den-

sity space in comparison to non-hybrid technolo-

gies, may become more common in the future

resulting in reduced development cycle times

and increased performance reliability. Depending

on the use conditions of the devices, other types

of hybrid technologies such as combinations of

primary and rechargeable batteries may be devel-

oped. In the case of implanted medical devices,



Primary Batteries for Medical Applications 1719 P

P

materials selection for battery components may

be guided by the need to make the devices MRI

(magnetic resonance imaging) safe [28, 29].

Development of ultralow power electronics

and advanced packaging technologies such as

wafer-level packaging has begun to enable crea-

tion of leadless miniature devices that can be

implanted near the site of therapy via minimally

invasive procedures such as injection through

a needle or a catheter [30, 31]. Miniature batteries

with high energy densities and yet adequate

power capabilities are required for such applica-

tions in order to achieve parity with the tradi-

tional implanted devices, especially in longevity

and features that require high peak currents such

as telemetry. Miniature batteries are being devel-

oped in new shapes, such as pin style or bobbin

style [15], to enable integration with miniature,

leadless devices. Thin-film solid-state batteries

are attractive from the standpoint of integrating

a minimally packaged battery into the device at

the wafer or board level [32]. However,

current designs of thin-film batteries which are

produced using thin electrode and electrolyte

layers (<5 mm) to minimize internal resistances

are not sufficiently energy dense for many typical

medical devices [33], which has prompted inter-

est in three-dimensional battery electrode archi-

tectures to enhance energy and power density in

solid-state and miniature batteries [34–37]. Since

miniaturization results in increased inert material

relative to the electrochemically active materials,

energy and power density values are smaller in

comparison to traditional medical device

batteries. Therefore, innovations in packaging,

mechanical design of electrodes, and develop-

ment of new chemistries (electrodes and electro-

lyte materials) are required to achieve miniature

batteries that exceed the current standard of

1 Wh/cc.

Use of predictive modeling can be expected to

play an increasing role in the design and devel-

opment phases of batteries for medical applica-

tions. Development of accelerated testing

protocols and use of accelerated degradation

models may become more prevalent to ensure

highest levels of reliability in design and

operation of batteries.
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Introduction

There are many battery types that are in use for

military applications. One of the most common is

http://www.medtronic.com/innovation/smarter-miniaturization.html
http://www.medtronic.com/innovation/smarter-miniaturization.html


Primary Batteries for Military Applications, Table 1 Lithium sulfur dioxide batteries in military applications

Designation Nominal voltage (V) Energy (Wh) Weight (g) Applications

BA-5093/U 23.4 77.3 635 Respirators

BA-5557A/U 16/13 54 410 Digital message devices

BA-5588A/U 13 35 290 Radios, respirators

BA-5590A/U 26/13 185 1,021 SINCGARS radios, chemical

detectors, satellite radios, jammers,

loudspeakers, range finders,

countermeasures

BA-5598A/U 13 87 650 PRC-77 radios, direction finders,

sensors

BA-5599A/U 7.8 50 450 Test sets, sensors
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the standard batteries of commerce often found in

consumer applications. This is an example of

“dual use” which requires designers of military

devices to accommodate batteries already in

commerce to save costs. Since there are no

unique features to the batteries used in this way,

they will not be further discussed. Three other

types of batteries are also used in military appli-

cations. Active batteries are designed for special

military applications, but do not have special

activation requirements. The second type is

reserve batteries that require a physical or chem-

ical step for activation. This type assures the

military of very long shelf life since the activation

usually involves introducing the electrolyte to the

dry cell. Thus, the electrodes are maintained in

a dry state prior to activation, and corrosion of the

active materials does not occur in the shelf

period. The third type of battery for military

applications is thermally activated batteries.

Again, a long shelf life is guaranteed since the

electrolyte is present as a solid until thermal

activation. The high temperature required to

melt the electrolyte also allows very high currents

since the kinetics and mass transport are greatly

reduced at high temperature. These three types of

applications and the battery types used will be

discussed in turn.
Active Batteries

The most prominent among active batteries for

military applications are lithium sulfur dioxide
batteries, lithium manganese dioxide batteries,

and lithium thionyl chloride batteries.

Lithium sulfur dioxide batteries have taken

over from magnesium batteries as the main

power source for communications batteries.

Most of the applications involve multicell battery

packs where the individual cells are larger than

typical consumer cells, often of the F or DD size

and have about 3 Ah capacity and are designed in

a spirally wound configuration. Often a dual volt-

age is required for the application for different

functions, which is accomplished by different

wiring for the cells with concomitant switching.

A list of typical battery sizes and designations is

given in Table 1.

Lithium manganese dioxide batteries have

become very prominent in recent years for mili-

tary applications which are nowwidespread. Like

sulfur dioxide batteries these are usually found in

multicell packs often with dual voltage and cell

sizes. The voltage of the system is similar to

sulfur dioxide, so no major device changes are

required. Typical batteries with their applications

are given in Table 2 [1].

As is clear from Tables 1 and 2, the BA-5590

and BA-5390 batteries are the most widely used

and deployed. All of the designations are from the

US Department of Defense.

Lithium thionyl chloride batteries are not as

numerous in production, but the applications are

very widespread. This is mainly because of the

very high specific energy and energy density of

this battery type. Many different designs and

form factors are used in the cells. The most
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Designation

Nominal

voltage (V)

Energy

(Wh)

Weight

(g) Applications

BA-5312/U 10.8 41 275 PRC-112G survival radios

BA-5347/U 5 40 290 Thermal weapon sights, test sets

BA-5360/U 8.1 65 320 Digital communication devices

BA-5367/U 2.7 3.25 20 Night vision devices

BA-5368/U 10.8 12 140 Memory hold function, decoding devices

BA-5372/U 5.4 2.3 20 Memory hold function, encoding devices

BA-5380/U 5.4 45 230 Ground navigation sets, chemical agent monitors, respirators

BA-5390/U 27/13.5 250 1,350 SINCGARS radios, chemical agent detectors, satellite radios, jammers,

loudspeakers, range finders, countermeasures
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common type is the bobbin type in which the

outer electrode is a thin sheet of lithium pressed

against the stainless steel can. The next layer is

a separator against the lithium foil. Next is the

bobbin of highly porous carbon bonded into

a bobbin by polytetrafluoroethylene fibers and

pressed into a metal collector which is either

a cylinder (for larger cells) or a pin for smaller

cells. This arrangement gives very high energy to

the system (among the highest energy density and

specific energy for any system), although the

current capability is only moderate. For high cur-

rent cells, the electrodes are spirally wound in

a similar fashion to the Li/SO2 or Li/MnO2

cells. The energy of this type is not as high as

for the bobbin construction. A third geometry is

the disc type which resembles a coin-type con-

sumer battery in construction. Finally, a fourth

type of construction is the large box cell, which

holds many stacked electrodes and can have

capacities as high as 16,500 Ah. This latter type

is no longer in use, but was the main power

supply for intercontinental ballistic missile silos

for many years in the USA.
Reserve Batteries

This type of battery is noted for very long shelf

life, often greater than 20 years. In the construc-

tion, the electrolyte is physically separated

from the active materials of the electrodes

until the cell is ready for use and is stored in
a reservoir prior to activation [2]. The battery

type is generally separated by the mode of

activation. One type is activated by a force used

to break a glass ampoule containing the electro-

lyte solution or forcibly breaking a diaphragm.

This force may be handled manually or electri-

cally. Single cells are generally activated by

opening the ampoule, while multiple cells are

usually activated by breaking a diaphragm and

forcing the electrolyte into the cells, often with

a bellows arrangement. This type of reserve cell

is usually has a lithium anode with either a solid

cathode or liquid cathode. The second type of

reserve cell is generally spin activated. The spin

is provided by the rotation of a projectile. The

centripetal force on the spinning cell is used to

open the electrolyte container as well as rapidly

force the electrolyte into the interstices of the

cells to complete the circuit. The chemistry of

the cells may involve zinc alkaline battery chem-

istry, lithium battery chemistry, or in older ver-

sions lead fluoroborate cell chemistry. The latter

involves a chemistry similar to rechargeable lead

acid batteries, but utilizes a different electrolyte,

fluoboric acid, rather than sulfuric acid. This

along with the electrode design allows very high

current capability to the cells. Typical applica-

tions for reserve batteries are fuzing of various

kinds of munitions and projectiles as well as

missile applications and even self-destruct mech-

anisms. The proximity fuze of World War II was

made possible by the development of the lead

fluoboric acid cell.
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Thermal Reserve Batteries

This novel battery type utilizes solid inorganic

salt electrolytes in a design which are present in

the preactivated state as a simple pellet between

electrodes [3]. There are also interspersed

between electrodes a heat pellet which can be

activated in a multielectrode design by a heat

tape or bridge wire. Sometimes the activation is

provided by a mechanical striking device or by an

inertial device similar to the spin-activated reserve

cells above. Thus when activation is called for, the

ignitor is activated which in turn ignites the heat

pellet which then melts the salt electrolyte which

flows into the electrodes to complete the circuit.

Again, they have multiple chemistries and may be

single-cell- or multiple-cell construction. The salt

pellet is usually a eutectic mixture of alkali metal

salts, usually chlorides. The anodes may have

lithium (as an alloy) or calciummetal. The lithium

cells are most common and usually used FeS2
cathodes, while calcium cells usually use calcium

chromate cathodes. Typical applications are in

missiles, bombs (munitions of all types), emer-

gency escape systems, etc. They have very long

shelf life (up to 25 years) and very fast activation.

The activated stand time after activation may be

very short, however, as little as 5 min or as long as

an hour or so.
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Background

An electrochemical cell is a device which con-

verts chemical energy into electrical energy. It

has several requirements, namely, each chemi-

cally active material is confined to a single elec-

trode; each electrode must have a means of

conducting the electrical current generated to an

external circuit, with one electrode acting as the

positive pole and the other as the negative pole;

the electrodes must be separated from each other

by an electronically insulating but ionically con-

ductive phase; and the entire assembly of elec-

trodes, current leads, and insulating phase should

be contained in a body which provides isolation

from deleterious atmospheric effects (in general,

air is harmful to metallic electrodes, and evapo-

ration of liquid conductive phases will inactivate

the cell). Such electrochemical cells are com-

monly called batteries, although strictly speak-

ing, only an assemblage of cells should be

called a battery or battery pack.

The electrochemical cells of interest here are

primary batteries. They differ from rechargeable

batteries in that they may only be used for one

discharge and cannot be recharged (of course

they may be partially discharged in a pulse

mode may times until they are exhausted). They

are of particular interest for applications that are

infrequent or involve very small currents if they

are continuous or frequent. They also must have

adequate shelf life to fit the application, have

reasonable energy content and sufficient power

capability for the application, have a cost which is

acceptable to the consumer, and have high

reliability.

Primary batteries have a long history. The

dominant cell type in use until World War II

was the carbon-zinc cell also called the

http://dx.doi.org/10.1007/978-1-4419-6996-5_377
http://dx.doi.org/10.1007/978-1-4419-6996-5_377
http://dx.doi.org/10.1007/978-1-4419-6996-5_387
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Leclanche cell, with a zinc anode and

a manganese dioxide cathode and a mildly acidic

electrolyte. The chemistry dates back to the nine-

teenth century, but it was not fully developed for

portable power until the dawn of the twentieth

century. The war brought the alkaline battery

onto the scene with a zinc anode, mercuric

oxide cathode, and a concentrated alkaline elec-

trolyte (KOH). In the 1950s the manganese oxide

cathode was developed for the alkaline battery,

and this system, also called the alkaline cell,

began to take over from carbon-zinc cells in

popularity among consumers because of its

greater rate capability as well as its low leakage

characteristics. The next major development in

primary batteries was with lithium anode cells

beginning in the 1970s. Li/CFx cells, Li/MnO2

cells, and Li/FeS2 cells made their appearance at

this time followed by liquid cathode cells starting

with Li/SO2 cells, then by Li/SOCl2 and Li/

SO2Cl2 cells. The development of lithium cells

required the use of nonaqueous electrolytes. This

development of lithium cells relied onmethods of

low moisture exposure and led to the use of dry

rooms for development and manufacturing facil-

ities. They also required a high level of cleanli-

ness because of the sensitivity of the chemistry to

small amounts of impurities. The major gain in

energy density and specific energy were the main

drivers for these advances. This gain was enabled

by the very negative potential of the lithium

anode giving rise to high-voltage cells and the

concomitant increase in energy. Another feature

of lithium cells was the need for tight sealing of

the container to prevent the ingress of oxygen and

moisture, but that was balanced by the low rate of

gassing of the lithium anode in the presence of the

specially chosen organic and inorganic solvents,

in contrast to zinc anode cells in aqueous media.

These details are discussed in depth in the articles

describing the individual cells. Mention should

be made that the use of liquid inorganic cathode

electrolytes is only possible because of the thin,

passivating layer of insoluble product which pro-

tects the lithium from aggressive reaction with

the solvents. This type of protective layer is also

developed on the lithium surface due to reaction

with the organic solvents, such as propylene
carbonate and dimethoxyethane, which are com-

monly used with the solid cathode materials.
Definitions

Convenient ways to compare primary batteries

are the specific energy of the finished cell in

watt hours per kilogram (Wh/kg), the energy

density in watt hours per liter (Wh/l), and the

voltage of the cell under open circuit or during

a low current drain. The voltage is an intensive

property and therefore is independent of the size

of the battery as are theWh/kg andWh/l. In many

batteries, the voltage is defined as sloping; that is,

it declines steadily as the battery is discharged. In

cases like this, the nominal voltage is usually

selected as the starting voltage under low current

drain or at open circuit. Because the voltage may

also be affected by the corrosion/passivation

properties of the anode, it may be most useful to

measure the voltage under a low current drain. In

selecting a battery type for an application, it is

important to consider that if it is especially

weight sensitive, the Wh/kg is most important

and if it is especially volume sensitive, the Wh/l

is most important. If the electronics within the

device can be damaged by too high a voltage,

then this property is most important. Of course,

the rate capability (or current capability) is also

quite important to the particular application. This

is a more subtle property since the voltage behav-

ior of a battery with increasing current is often

highly nonlinear. Furthermore, the behavior of

the voltage with time at a given current is often

highly nonlinear. Therefore, a much more

detailed consideration is usually appropriate in

determining the suitability of a battery for

a higher current application (at low currents,

most batteries have a linear voltage current rela-

tionship defined by the internal resistance of the

cell). Nevertheless, a property called the specific

power (W/kg) and power density (W/l) is gener-

ally tabulated for primary batteries. Unfortu-

nately, these properties are not well defined as

noted above, so they are not of great use except as

a very general guide to power capability. It would

be better if the industry would standardize on
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some definite definitions for these properties so

that comparisons would be consistent, but they

would not in any case be useful for a broad range

of applications. A common designation of pre-

sent-day aqueous batteries is “dry cell batteries.”

This term derives from much earlier technology

in which many batteries were constructed with an

excess quantity of electrolyte and the entire cell

was contained in a box type of container. This

type of battery was called a “wet cell battery.”

Because of the loss of energy density due to

excess electrolyte, wet cells are no longer in

common use as primary batteries.

Many battery sizes and dimensions have been

standardized by electrical multinational organi-

zations. The main organizations in this field are

ANSI (American Standards Institute), IEC (Inter-

national Electrotechnical Commission), and UL

(Underwriters Laboratory). These organizations

have also developed standardized tests for safety

and performance in accordance with the most

common applications for consumer batteries.

For example, heavy and light flashlight tests,

radio tests, and toy tests have been devised and

are generally reported by the battery producers.

For a comprehensive review of standardization of

primary batteries, see [1].
P
Characteristics and Applications
of Different Battery Systems

The common battery systems for consumers

often have overlapping uses due to the design of

the devices. For example, a flashlight with

a tungsten bulb may be powered equally by car-

bon-zinc, alkaline, and in some cases lithium iron

disulfide batteries. The circuit is simply a resistor

(the tungsten filament). The resistance, however,

is temperature dependent and thus it is sensitive

to the voltage which controls the current of the

battery – a higher voltage gives a higher current

due to Ohm’s Law – which results in a higher

temperature of the filament as a quasi steady state

is approached. If the current is too high, the

temperature of the filament may exceed the sta-

bility limit of the filament, and the filament will

separate or even melt if the temperature rise is too
fast. Therefore, if the filament is designed to

accommodate the higher voltage of the lithium

iron disulfide cell, it may also be used. In a LED

flashlight, the color depends on the temperature

which in turn depends on the voltage, while the

light output depends on the power (voltage

x current). For white light, the voltage needed is

about 3.4 V, which may be obtained from almost

any battery source, e.g., 2 alkaline cells, when

a DC to DC converter is installed. It is important

to use the recommended battery with the partic-

ular flashlight. For example, some flashlights rec-

ommend 2 or 3 AA alkaline batteries, while some

recommend 2 or 3 lithium iron disulfide AA

batteries. Some LED flashlights now operate on

lithium manganese dioxide batteries, for exam-

ple, CR123, while many are now designed for

lithium ion or nickel-metal hydride rechargeable

cells.

Many electronic devices such as wrist watches

and clocks, remote controls, and electronic keys

are operated by primary batteries. For small

devices, alkaline or lithium button/coin cells are

often utilized. These common miniature batteries

are also used in very low drain devices such as

electronic scales, clocks, and watches. The larger

carbon-zinc cells are utilized in many clock

devices because of the low drain rate needed for

clock escapements. Children’s toys are common

applications for primary batteries. They are safe

for children to handle, although parental supervi-

sion should be exercised with miniature batteries

so that small children do not swallow them. Car-

bon-zinc and alkaline batteries are most com-

monly used in these applications. Lithium

batteries are commonly used in photo applica-

tions – cameras and separate flash units. Their

portability and easy replacement are advantages

compared to some rechargeable batteries in these

uses. In general, the highest drain devices can

benefit from the use of lithium primaries, inter-

mediate drain devices can benefit from alkaline

batteries, while the lowest drain devices may use

carbon-zinc batteries unless leakage and shelf life

are problematic for the application. Smoke detec-

tors and carbon monoxide detectors commonly

use 9 V or AA batteries, and alkaline batteries are

often the battery of choice because the alarms
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of the most common types of primary batteries

System Characteristics Applications

Carbon-zinc

(Leclanche or

zinc chloride)

Common, low cost, widely available in different

sizes

Flashlights, portable audio devices, toys,

instruments

Alkaline (zinc-

manganese

dioxide – Zn/

MnO2)

Most popular general purpose battery with good

low-temperature performance, medium rate

capability, and low cost. Also found in many

sizes

Many types of electronic instruments as well as

toys and mechanical devices of all types

Mercury

(Zn/HgO)

High capacity, flat discharge, good shelf life, but

disposal problems due to mercury

Limited to devices that have controlled use and

disposal. Has been widely employed in

electronics in the past

Silver zinc

(Zn/Ag2O)

High capacity, flat discharge, good shelf life, but

expensive. Usually made in miniature form

Hearing aids, watches, photography in small

sizes. Military and aerospace in large sizes

Zinc air (Zn/O2) Very high energy density, low cost, very

sensitive to environmental conditions and duty

cycle

Hearing aids, pagers, medical devices, military

electronics, and other special applications

Lithium liquid

cathode

High to very high energy density, long shelf life,

very good performance over wide temperature

range but expensive

Utility meter readers, military electronics,

aerospace uses. Toxic liquids inside require

special protection

Lithium solid

cathode

High to very high energy density, long shelf life,

very good performance over wide temperature

range and duty cycle. Lower cost than liquid

cathode cells

Replacement for alkaline button cells and

cylindrical applications. Different volt cathodes

suit different applications

Lithium solid

electrolyte

Very long shelf life but used only for low power

applications

Medical electronics and implantable devices

Magnesium

(Mg/MnO2)

High capacity with long shelf life unless

activated by discharge. Must be consumed in

short period of time after activation

Formerly used in many military applications

such as communications devices. Now mostly

replaced by lithium batteries

Mercad (Cd/HgO) Long shelf life and stable voltage. Low energy

density and disposal problems

Limited to controlled applications requiring

long shelf life and stable voltage
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require substantial current over a fairly long time

to ensure alerting everyone in the vicinity of the

alarm. It is interesting that hearing aids are often

best served by zinc air batteries because they are

used in a continuous or near-continuous mode

(e.g., for all awake hours) and have very high

energy content for their size, thus giving good

value. A disadvantage for this system is that the

cells have a short shelf life after they are acti-

vated, so intermittent use is not recommended.

Another factor to consider in selecting a battery

type is how much damage to the device would be

sustained if the battery leaks electrolyte. This is

especially important in carbon-zinc cells which

have the greatest tendency to leak, followed by

alkaline cells, which leak very corrosive alkaline

electrolyte when leakage does occur (e.g., when

the device is accidentally left in the on condition
for a long time) and finally for lithium cells which

are nearly hermetically sealed and very seldom

display leakage. In summary, the best use of

a given battery type is the one that best satisfies

the use profile at the least cost and the least

potential for damage [2].

Table 1 gives typical characteristics and appli-

cations of the most common types of primary

batteries.

Carbon-Zinc Battery

This battery system has existed for over 100 years

and still is a major battery particularly in the

consumer market. It is still widely used for flash-

lights and portable radios as well as low drain

devices such as digital clocks. It is widely avail-

able all over the world in most standard cell sizes.

It has been supplanted in many consumer
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electronic applications because of its low rate

capability and leakage/reliability problems; how-

ever, it is still widely used in the developing

world for a great many applications.

Alkaline Zinc-Manganese Dioxide Battery

Most of the industrialized world now uses the

alkaline battery as the battery of choice for con-

sumer electronics as well as many other electrical

devices. The advantage over carbon-zinc cells is

the higher rate capability, low leakage rate, long

shelf life, and better reliability and low-

temperature operation. It is intermediate in cost

between carbon-zinc and lithium battery types.

Like carbon-zinc, it is available in many standard

sizes and types. It is commonly used in 9 V

devices such as smoke detectors and carbon mon-

oxide detectors, wherein six small cells are

arranged in a rectangular metal container and

leakage is minimal. This is important for expen-

sive and safety-related devices because of the

corrosive nature of the leakage liquid (KOH in

most cases) which can ruin the device without the

knowledge of the user. It has been available since

the 1950s.

Mercury Battery

This battery type has been phased out in most

applications because of the problems of disposal.

The product of the reaction is liquid mercury

which has a tendency to pool and can create

a toxic hazard in landfills. Most countries have

banned the use of mercury batteries in consumer

applications for this reason. Other battery sys-

tems such as lithium primary batteries, zinc air,

and alkaline batteries have to a large extent

replaced mercury batteries.

Silver Zinc Battery

This battery is mainly produced in small-size

(button) cells because of the cost of the cathode

material (silver oxide). The battery has been pro-

duced in two forms, one using argentous oxide

and the other argentic oxide or a mixture of

argentous and argentic oxide. It has also been

used in several military applications where the

performance attributes are more important than

the cost factor.
Zinc Air Battery

The fact that the cathode does not carry the

weight of the active material (oxygen from the

air) has given this battery outstanding energy per

unit of weight and volume. It has lifetime issues,

however, due to the difficulty of maintaining the

correct moisture balance (high humidity results in

battery flooding, while low humidity results in

cathode drying) since it must be open to the air

during operation. Schemes have been devised to

limit the access of air during off periods, but these

are cumbersome and are not in general use.

The batteries are generally sealed with a pull-off

tab that is to be removed on activation, and then

the battery is used directly. Generally the lifetime

is only a matter of a few weeks or months

depending on the battery design, but for applica-

tions such as hearing aids, the much higher

energy than other small cells makes this the

battery of choice. The battery was used exten-

sively at one time in railroad signaling applica-

tions but has now generally been replaced by

sealed cells.

Lithium Liquid Cathode Battery

This battery type mainly involves the use of

thionyl chloride or sulfuryl chloride liquid cath-

ode electrolyte system. Because the liquid

cathode electrolyte fills all the space usually

taken up by the electrolyte (in the separator as

well as in the pores of the cathode), the battery

has very high energy density per unit weight and

volume. The liquid cathodes are all toxic, so the

cells are always hermetically sealed to prevent

the escape of the toxic, corrosive vapors or liq-

uids. Because of the construction, the cells are

expensive. The main applications have been in

industrial uses such as meter readers, counters of

all kinds, in aerospace, and medical and military

applications. The combination of high energy,

long shelf life, and wide temperature range has

allowed the field to develop substantially. The

cells were even seen as having a wide service in

downhole drilling rigs, where sensors need to be

battery powered, at temperatures even exceeding

the melting point of lithium. The voltage ranges

from 3.5 to almost 4 V for the different liquid

cathodes.
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Lithium Solid Cathode Battery

This battery type has been designed with several

cathode materials over the years, but the most

common cathodes now are manganese dioxide

(MnO2), carbon monofluoride (CFx), and iron

disulfide (FeS2). The first two operate around

3 V, while the last operates at 1.6 V and can

therefore be used in place of carbon-zinc or alka-

line zinc-manganese dioxide batteries. The first

two types have been widely used in aerospace and

medical and military applications in addition to

consumer batteries. Because of the different volt-

ages of the first two systems from aqueous batte-

ries, they are made in special sizes so they cannot

be used in place of a nominal 1.5 V battery and

damage the electronic device. This is not true of

the iron disulfide cathode cell, so it is made in

conventional AA and AAA sizes. Because of

restrictions on the amount of lithium in a single

cell, larger sizes of iron disulfide batteries are not

made for consumer applications. As in the liquid

cathode batteries, the high energy (and power) as

well as the long shelf life and wide temperature

range of use have allowed many applications for

these batteries. The use of silver vanadium oxide

has seen wide use in medical applications

because of its much higher rate capability and is

widely implanted for cardiac defibrillator

devices.

Lithium Solid Electrolyte Battery

A special lithium cell uses an iodine cathode with

an in situ formed solid electrolyte which is very

stable and used in implantable devices in medi-

cine. These devices have been widely used in

pacemakers.

Magnesium Manganese Dioxide Battery

This battery has seen applications in many mili-

tary devices. Like the zinc air battery, the shelf

life is very long in the unused state, in this case

because magnesium is heavily passivated by the

aqueous electrolyte. When the cell is used, how-

ever, the magnesium metal is exposed to fresh

electrolyte and a strong corrosion reaction is ini-

tiated. This uses up much of the magnesium in

wasteful reaction. For somemilitary applications,

the long shelf life is more important than the
wasteful generation of hydrogen due to corrosion.

Modern weapons generally use a variation of

lithium batteries for most deployments now.

Mercad Battery

This system utilizes two toxic materials, mercuric

oxide and cadmium metal. Because of its low

voltage, however, it is thermodynamically stable,

and if it is well sealed, it has a very long lifetime.

It also has a very stable voltage and can be used as

a voltage reference in electronic circuits. It is

seeing less and less usage because of disposal

issues and the availability of stable lithium cells

with equivalent lifetime and voltage stability.

Other battery types which have been studied in

some detail but are not in common use include

aluminum air cells, magnesium air cells, and iron

air cells.
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The selection of particular batteries for any given

application is a complex decision based on oper-

ating and shelf life, power capability, sensitivity

to hazards, and cost. Battery characteristics are

tabulated in many sources [1]. It is important after

http://dx.doi.org/10.1007/978-1-4419-6996-5_387
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where 1 is best)

System Voltage Wh.kg W/kg Profile flat? Low temp. High temp. Shelf life Cost

Carbon zinc 7 7 5 7 6 7 7 1

Alkaline 6 4 3 6 4 5 6 2

Zinc mercuric oxide 4 3 5 2 5 3 4 5

Zinc silver oxide 2 3 2 2 4 3 4 6

Zinc air 5 2 3 2 5 5 – 3

Lithium liquid cathode 1 1 1 1 1 2 1 5

Lithium solid cathode 1 1 1 2 2 3 2 3
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examining these issues that the user or applica-

tion developer makes measurements of the

selected battery under the conditions of use of

the application. The profile of current and voltage

during operation and rest should be carefully

documented, so the range of these properties dur-

ing use under different conditions can be

ascertained. Among these properties are ambient

temperature and battery/device temperature dur-

ing operation, maximum and minimum currents

likely to be encountered, range of input imped-

ance of the device as a function of frequency, as

well as the frequency dependent impedance of

the selected battery so that the impedance can

bematched for optimum utilization of the battery.

Part of the burden of the utilization of the battery

rests with the application designer, who should be

aware of battery characteristics so that optimum

designs can be arrived at in parallel with battery

selection. The device design often dictates the

volume available for the battery as well as the

voltage requirement. Sometimes the weight of

the battery is very important for portability con-

cerns, for example, with portable, handheld tools.

In some cases, the criteria will favor choosing

a secondary (rechargeable) battery over

a primary one or primary over secondary. This

is one of the most important decisions to be made.

Cost of the battery is an important issue because

cost may affect the acceptance of the ultimate

consumer of the device. Users have much less

freedom in making these selections since the

voltage and current characteristics of the design

greatly affect the suitability of the battery. It is

often, but not always, desirable to accept the

device manufacturer’s recommendation for
battery selection. For example, when a new ver-

sion of a battery appears such as the lithium-iron

sulfide battery or the nickel oxide additive to the

zinc-manganese alkaline battery, it may be better

to switch from a recommended standard alkaline

cell to power the device.

Table 1 gives some general characteristic

rankings of primary battery types that should be

of help in narrowing the selection of a battery.

Obviously, these rankings are only semiquan-

titative and do not imply a linear relationship.

However, for a first look at battery types, these

can be useful. A more detailed study is necessary

to make final selections as discussed above.

Sometimes several battery types are selected

and tested for optimum characteristics for the

particular application under study.

An important area to be considered in battery

selection is safety of the battery in combination

with the device. Part of the safety consideration is

the design of the battery compartment. In some

cases, the battery compartment should be

designed for maximum heat dissipation – in

some cases, they should be designed for maxi-

mum electrical isolation. Electrical isolation can

be important for devices which are not in water-

proof containers and can result in battery short

circuiting if the device is immersed in water.

Small batteries such as miniature alkaline or lith-

ium coin cells should be enclosed in the device in

a way that is difficult for small children to access

the battery. Many of these small cells have been

swallowed by children with the result of serious

medical complications. Considerations of battery

design are complex, and the size, electrode con-

figuration, and format of the cell are critical to the
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energy content and power capability of the cell

and should be part of the overall selection criteria.

Often, the consumer is confronted with the

need to decide which battery is best to replace

an expired battery. It is generally advisable to

follow the device manufacturer’s recommenda-

tion for the chemistry of the battery. For example,

if a carbon zinc battery is chosen rather than an

alkaline cell because of lower cost, the result may

be very poor utilization of the battery if the appli-

cation is not appropriate and opposes the recom-

mendation of the manufacturer of the device. If

a comparison among different battery manufac-

turers for a given type of battery is desired, there

are many independent studies of different batte-

ries available to the consumer.
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Introduction

Effective battery design is a balance between the

intended application, the required operating

voltage, rate requirements, shelf life, operating

temperature range, reliability, safety, and product

costs. Each of these considerations must then

be applied to the anode, cathode, separator, elec-

trolyte, and other features such as pressure vents,
safety devices, and tolerance to abuse. Commer-

cially, a few electrochemical systems have won

out in the competitive field of primary batteries

for general consumer use. These include

Leclanche’(also known as carbon zinc) and its

variant zinc chloride, alkaline zinc manganese

dioxide, zinc nickel oxyhydroxide, zinc air,

lithium iron disulfide, lithium manganese diox-

ide, lithium carbon mono-fluoride, lithium

thionyl chloride, and lithium sulfur dioxide.

Interestingly, in some cases, batteries may be

referred to by the chemistry of the anode and

cathode and in other cases, by the inventor, the

appearance, the choice of electrolyte, or even the

product size.

There are many references which provide

details about the chemistry of each of

these types of batteries [1]. But detail relative to

product design considerations is more limited.

It is the intent of this article to focus on material

properties and how they impact product design,

cell format, and application.
Battery Format

Primary batteries are generally available in two

basic form factors, cylindrical and coin. Within

these form factors, the arrangement of the work-

ing electrodes can vary considerably depending

on the volumetric differences in anode and

cathode materials, changes in the volume of

these materials during electrochemical discharge,

the application current, and the necessary inter-

facial surface area need to support the current.

Additionally, factors such as material electronic

conductivity, electrolyte ionic conductivity,

separator requirements, and safety features of

the battery need to be considered.

The following cross-sectional drawings pro-

vide a quick comparison as to how these consid-

erations influence the final battery design and

electrode configurations. Figures 1, 2, and 3

show the cross sections of the three most common

cylindrical cell designs. Figure 1 is referred to as

a “carbon zinc” construction where the center

carbon electrode, which is used as a cathode cur-

rent collector and gas vent, is most evident, and

http://dx.doi.org/10.1007/978-1-4419-6996-5_377
http://dx.doi.org/10.1007/978-1-4419-6996-5_377
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Fig. 1 (Carbon zinc) Zn

can/anode with MnO2

cathode and a porous

carbon rod current collector

and vent. Low rate – oldest

construction
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Fig. 2 (Alkaline)

Suspended Zn particle

anode gel with a brass

current collector and outer

MnO2 cathode with the

container as current

collector. Moderate rate

Primary Battery Design,
Fig. 3 (Lithium) Wound

layers of cathode coated

onto a metal current

collector with a solid Li foil

anode which also serves as

a current collector. High

rate – newest construction
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the zinc cell container also serves as the anode.

Note that, volumetrically, the center of the cell is

mostly cathode which is manganese dioxide.

Figure 2 is a typical alkaline cell construction

which uses the same electrochemical couple as

the “carbon zinc” cell. However, in this case the

zinc is a powder, in the center of the cell, and the

container is made of an inactive material, such as

steel. Like carbon zinc cells, the cathode is man-

ganese dioxide. The electrolyte is based on potas-

sium hydroxide (or in some coin cells sodium

hydroxide), which explains the use of the term

“alkaline” to describe these cells.

Figure 3 represents a jelly roll construction

most often used for lithium metal anode cells.

The cathode can be made of manganese dioxide,

carbon mono-fluoride, or iron disulfide. The use

of lithium as an anode rather than zinc necessi-

tates that the electrolyte be organic due to the

extreme reactivity of lithium metal with water.

These three constructions represent products

designed for increasing rate capability (Fig. 3 >

Fig. 2 > Fig. 1). They also represent advances
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over time in terms of commercial production,

with Fig. 1 being older than Fig. 2 which is itself

older than Fig. 3.

To better understand the differences in rate

capability, application, and performance, it is

necessary to look at each product in terms of its

key components of anode, cathode, separator,

and electrolyte.
Anode

In Figs. 1 and 2, each cell makes use of zinc metal

as the anode half couple. However, when the

anode also serves as the outer container it must

be solid which limits the reaction surface area.

For a carbon zinc cell, the surface area of the

anode is limited to the interfacial area, creating

a much longer diffusion path through the cathode

than in Fig. 2 or 3. In the alkaline cell construc-

tion shown in Fig. 2, the zinc surface area has

both an interfacial component and a contribution

from particle size. However, limitations to

increasing surface area, based on particle size,

must be considered. These include zinc particle

to particle contact, zinc oxidation, the need for

cathode overbalance to prevent water decompo-

sition and hydrogen gas generation during deep

discharge, and stability of the zinc in this alkaline

environment, which particularly in today’s zero

mercury cell design can contribute to gas gener-

ation and reduced shelf life.

Another means of achieving high interfacial

surface area of the anode is shown in Fig. 3. In

this case the anode is once again a solid metal, but

a high surface area is achieved by winding

together long, thin layers of cathode and anode.

Using this configuration, electrode interfacial

surface areas of approximately 200 cm2 can be

achieved in AA cells, which is at least 20 times

higher than that of the other AA cell

configurations.

These variations in cell and anode designs also

increase the challenge of collecting the current

from each electrode. In the case of carbon zinc

cells shown in Fig. 1, the zinc container serves as

its own current collector. In the case of Fig. 2,

a brass nail often is positioned within the center
of the zinc particle suspension thereby relying

upon particle to particle contact for current col-

lection. In Fig. 3, the lithium metal anode often

serves as its own current collector with the aid of

a small metal tab which connects the lithium

metal foil to the outer cell container.
Anode Alloys

While the anode is referenced relative to its base

metal composition, anodes are seldom pure

metal. In the case of carbon zinc cells, lead is

often added at about 0.5 % to help with the metal

drawing and canmanufacturing process. Alkaline

cells today, with the removal of mercury from the

gel formulations, rely upon a number of different

elements to minimize hydrogen generation

resulting from water decomposition. Common

elements include In, Al, Bi, Sn, and Pb at about

the 500 ppm level. Lithium cells often contain

Al, at about 0.5 % level to increase the tensile

strength and to control the formation

of a passivation layer from the reaction of the

lithium metal with the organic electrolyte

components [2].
Cathode

Interestingly, commercial cells using MnO2 as

the cathode material are available in all three

configurations. However, while the cathode has

the same base composition, changes in purity and

crystal structure are required for each system.

Carbon zinc cells are normally based on raw

ore, while alkaline cells require higher purity

electrolytically plated MnO2. Lithium cells

require even higher purity material based on

thermal treatment of the electrolytic MnO2 in

order to create a crystal structure which is more

stable in organic electrolytes. In addition to

MnO2, lithium can also be coupled with other

cathodes such as iron disulfide, carbon mono-

fluoride, thionyl chloride, and SO2. With the

exception of iron disulfide, which is considered

a 1.5 V system, all others are considered

3 V systems. To avoid damage to devices, these
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3 V systems are not available in standard

1.5 V formats such as AA cells.

Cathode design considerations include the

conductivity of the active material; its stability

relative to various forms of carbon conductors;

volumetric changes of the reaction products; par-

ticle size influenced by electrode thicknesses and

rate requirements; the use of processing aids such

as polymers, surfactants, and rheology aids; and

how the active materials will interface with

a current collector. Additionally, in the case of

lithium cells, it is critical to condition the cathode

components prior to cell assembly to remove

moisture and volatile process aids which can

leach into the organic electrolyte and then react

with lithium metal. Such reactions are almost

always detrimental to cell impedance and product

shelf life.

Figure 4 shows a comparison of storage main-

tenance as a function of product age for common

primary systems. Actual shelf life varies by man-

ufacturer and the cell’s chemistry. Material

purities, passivation additives, seal integrity,

and temperature may further influence shelf life.

When discussing cathodes for primary cells, it

is important to make a distinction between solid

materials, mentioned above, and those in which

the cathode electrochemical component is not in

the physical electrode structure, but rather exist in

a liquid or gas state. Examples include zinc air

cells, lithium thionyl chloride cells, and lithium

sulfur dioxide cells. In each case, the physical

cathode structure serves as a catalytic reaction
site for a gas or liquid which is reduced most

often on a high surface area carbon matrix. The

polymeric binder in these structures is usually

Teflon, and the carbon may be coated with

a catalyst (e.g., MnO2 in an air electrode). An

important design consideration in each case is

the stability of the carbon structure and the mobil-

ity of the cathode gas or liquid within this struc-

ture throughout the life of the battery.
Separators

For the most part, battery separators can be

grouped into two categories: nonwovens and

microporous membranes. The choice of

a separator for each battery system must take

into consideration such factors as cost, thickness,

processibility, formability, pore size, tortuosity

of pores, tensile strength, melt point, range of

operating temperature stability, puncture

resistance, dielectric strength, particle sizes of

the anode and cathode materials, and stresses

developed during product discharge.

Typically, carbon zinc and alkaline cells use

nonwoven separators. In these cases, cost is an

important design consideration, and the high con-

ductivity of the electrolyte enables thicker

separator materials. However, the thickness of

the separator also defines the gap or distance

between electrodes, which can impact the cell’s

ability to support high current densities. Pores are

not well defined and are typically on the order of
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several microns, while the thicknesses are often

several hundreds of microns.

In contrast, lithium cells require thin micropo-

rous separators based on the low conductivity of

organic electrolytes. These microporous separa-

tors more closely resemble membranes with

a thickness of 25 mm or less with pore diameters

in the hundredths of microns. They most often are

polyolefins consisting of polyethylene or poly-

propylene. Despite their thinness, up to three

layers of separately extruded films may be used.

In selecting a separator for a particular cell

design, it is also important to consider its stability

in the electrolyte, ability to wet out quickly by the

electrolyte, ability to maintain electrolyte within

its pore structure throughout the cell’s life, and

the impact it has on ionic mobility of the electro-

lyte salt. Since separator pores are seldom chan-

nels straight through the separator, the difference

in true ion path versus the separator thickness is

referred to as tortuosity. A certain amount of

tortuosity is desired to prevent shorting, due to

particle penetration and soft shorts from dendritic

bridging between electrodes, while maintaining

low tortuosity is often required to achieve the best

high rate performance. Therefore, striking the

right balance of pore size and structure is an

important design consideration [3].
Electrolytes

The selection of the electrolyte formulation for

a cell design is a critical decision, which impacts

a wide range of cell characteristics, including

operating temperature range, shelf life, rate capa-

bility, product safety, product application voltage

range, solubility of impurities, and solubility of

active components and reaction products. Opti-

mized electrolytes are often more than just

a solute in a solvent; they may contain other

additives such as surfactants, voltage control

agents, film formation components, and Le

Chatelier’s principle additives to control chemi-

cal equilibriums and solubility. In many battery

systems, the anode and electrolyte need to form

a stable passivation film on the surface of the

anode. These films are referred to as the SEI or
solid electrolyte interfaces. SEI layers are highly

important to controlling wasteful corrosion reac-

tions while still allowing for unhindered ionic

mobility through these passivation films.

Electrolyte conductivity provides the greatest

impact of electrolyte on product design. As

a reference point, the radically different product

designs shown in Figs. 2 and 3 are, in fact,

driven by the conductivity of the electrolytes.

Alkaline cells have high concentrations of KOH

in water, yielding conductivities of approxi-

mately 500 S/cm [4]. However, lithium cells

must utilize organic solvents with low ionic salt

concentrations because of the incompatibility of

lithium metal with water-based electrolytes.

Such organic electrolytes are more typically

10 S/cm [5], a factor of 50 times less conductive.

To counter this large difference in conductivity,

a lithium cell designer must dramatically increase

the interfacial surface area of the electrodes and

additionally minimize the gap or distance

between the electrodes. As a result, an alkaline

AA size battery typically has an interfacial

electrode area of 10 cm2, while an AA lithium

cell is approximately 200 cm2. Additionally, the

distance between electrodes may be 200 mm in an

alkaline cell but only 20 mm for a lithium cell. By

increasing the interfacial electrode area by

a factor of 20 and decreasing the distance

between electrodes by a factor of 10, the disad-

vantage of lower electrolyte conductivity by

a factor of 50 can be offset such that the lithium

cell significantly outperforms the alkaline cell on

high rate applications.

Figure 5 shows a comparison of service and

operating voltage on a typical application drain of

200 mA for ZnCl2, alkaline, and LiFes2, AA

cells. The differences in both rate capability and

energy delivered are evident for these product

design evolutions.
Total Product Design: Container
and Format

Battery systems are often compared based on

energy per weight or energy per volume. A plot

of these two energy densities is referred to as
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a Ragone plot. Figure 6 is a Ragone plot for

commercial, primary, AA cells based on

a common drain rate of 200 mA, consistent with

many of today’s device requirements. Figure 6

clearly shows the energy differences for the three

products shown in Figs. 1, 2, and 3. While other

systems have been developed, these systems have

not found wide acceptance outside of the military

or niche markets such as photo applications,

high-end flashlights, remote meter sensors, and

the medical industry.
From a battery design standpoint, the chal-

lenge is to maximize active components and

their utilization while minimizing non-active

components such as the cell container, current

collectors, seals, head space, separators, conduc-

tors, and void required for reaction products.

The percent of both volume and weight that

these non-active components contribute to any

given battery system is dependent on format and

size; the larger the battery, the greater the per-

centage of active components. Electrolyte is of
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course needed for any system but can take on

a more important role when it is also involved

in the discharge reaction. This is particularly true

for alkaline cells.

For many consumer applications, the focus is

more on Wh/cc versus Wh/Kg. On a volume

basis, the anode and cathode volumes account

for 18 %, 34 %, and 38 % of the total AA cell

volume for carbon zinc, alkaline, and lithium

iron disulfide, respectively. These values change
Primary Battery Design,
Fig. 8 Cross section of

a silver oxide cell

Plastics:Seal,
Separator

Lithium

Cathode

Electrolyte

Container, collectors

Primary Battery Design, Fig. 7 Contributions of mate-

rials to total weight of a LiFeS2 cell
considerably when electrolyte is included: 56 %,

43 %, and 56 % respectively. In general,

these systems possess less than 40 % active

volume percentages without electrolyte and less

than 60 % with electrolyte. These active

material utilization design limitations still exist

despite having the benefit of more than 100, 50,

and 20 years in product optimization respec-

tively. Thus, when considering the potential

energy of an electrochemical couple, it is impor-

tant to realize that these values need to be reduced

by as much as 60 % for defining the practical

energy.

In addition to volumetric optimization, weight

optimization is also important in today’s ever

decreasing in size portable devices. Figure 7

shows a breakdown of the components in

percentage of total cell weight for one of the

highest gravimetric systems, lithium iron disul-

fide. Note that close to 50 % of the cell’s weight

consist of non-electrochemically active materials

with the majority of this weight associated with

the battery container.
Coin Cells

Most of the above discussion on primary battery

design has focused on cylindrical cells. While the

design considerations are, for the most part,

similar for coin cells, the increase in container
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interfaces, container volume, and decreased

container strength place increased demand on

volumetric or internal void considerations.

Figures 8 and 9 show the cross-sectional profiles

of two common coin cell chemistries.

The zinc air cell design is unique in that the

cathode active material is supplied by oxygen in

the air and, other than a thin reactive electrode

sites for absorption and reduction of oxygen, the

cells internal volume is primarily occupied by

zinc anode. However, void volume must be

reserved to account for the volumetric expansion

of zinc to zinc oxide upon discharge.
Figures 10 and 11 provide a comparison of the

volumetric energy densities in the various com-

mercial coin cell chemistries. While zinc air cells

by far exceed the other systems, on a watt-hour

per cc basis, its application has been mostly

limited to hearing aid applications. This applica-

tion limitation is in part because the path way for

oxygen into the cell also allows moisture in and

out of the cell, as well as carbon dioxide which

may cause wasteful carbonation of the anode

components. As a result, the zinc air chemistry

has been limited to applications with duration of

a month or less.
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Future Direction

Future designs of primary batteries will be

strongly influenced by both shifts in applications

and material science. A review of device

applications by NPD [6] shows the following

growth areas from 2005 to 2010 for primary

batteries: wireless game controllers, wireless sen-

sors, garage door openers, remote controls, and

games/toys, while emerging market segments

include LED lights, remote sensors, 3-D glasses,

medical devices, ultralow power sensors, and

military applications like night vision, GPS, and

laser sights.

Rapid changes in material science such as

nanomaterials, graphene, conductive polymers

(both ionic and electronic), and ionic liquids

will open battery designs to new formats such as

thin printed and battery on board, non-

replaceable primary batteries [7, 8]. These trends,

further coupled with the rise in popularity of low-

power applications, may transition some of

today’s secondary electrochemistries into

primary applications without the added cost of

charge control systems required for secondary

batteries.
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Introduction

Different techniques can be used to study elec-

trochemical phenomena. Classic electrochemical

studies are based on the study of electron

fluxes at the electrode/electrolyte interface [1].

Using different ways of system perturbation

and/or to measure the current-potential response

of electrochemical systems, together with studies

on the effect of electrolyte media (e.g., pH), it

has been possible to obtain some information

about electrochemical mechanisms. However,

it has become clear that purely electrochemical

techniques have significant limitations. To

overcome those deficiencies, a plethora of

in situ spectroscopic techniques has been

developed in recent years. In those techniques,

spectroscopies have been combined with

electrochemical perturbations to help to

understand complex electrochemical phenom-

ena. Most of those techniques have been applied

to study the electrode/electrolyte interface [2], by

measuring changes occurring at the interface

itself [3] or on the whole electrode [4]. On the

other hand, the reaction occurring at the electrode

necessarily created fluxes of solution species

(ions, neutrals, solvent) from/to the electrode/

electrolyte interface. The study of such fluxes

has been less common, inasmuch that

fluxes could control the electrochemical

systems, such as batteries, sensors, fuel cells, or

supercapacitors. One reason is that few

techniques are able to measure concentration

gradients coupled to electrochemical reactions.

The classical technique is optical interferometry.

It has low sensitivity and slow response and both

complex experimental setup and analysis. It has

been mainly used to study electroplating cells and

similar systems [5]. Some other techniques are

able to detect ion fluxes in solution: radiotracer
detectors, pH sensors, fluorescence or absorption

measurement on grid electrodes, scanning elec-

trochemical microscopy, ring-disk voltammetry,

surface plasmon resonance, confocal micros-

copy, and diffraction spectroelectrochemistry.

They have been seldom used to study electro-

chemical systems. Probe beam deflection is

a technique which allows fast monitoring of con-

centration gradients related to electrochemical

phenomena and has been used to study a wide

range of electrochemical phenomena [6].

The mechanism of detection in PBD involves

deflection (refraction) of the probe beam by the

refractive index gradient. While PBD techniques

could be used to measure any electrochemical

phenomena, it is difficult to relate the observed

signal with electrochemical reactions when

there are reactions in solution or several ions are

exchanged. On the other hand, the ion exchange

coupled to electrochemical reactions, between an

electrode surface and a film confined at it, and the

electrolyte solution is quite straightforward to be

studied by PBD techniques.
Basic Principles

The usual scheme of a probe beam deflection

experiment is depicted in Fig. 1. A solid/electro-

lyte is set up and a laser beam is set up to travel

parallel to the surface. The interface is usually

planar; however, spherical or cylindrical solids

can be used. The only difference is the geometry

of the interaction between probe beam and the

interface. The deflection of a probe beam, which

travels close to an electrode along a path length l,
in an electrolyte of refractive index n (Fig. 1)

could be understood as a distortion in the wave

front of the beam. The wave speed increases

according to v ¼ c/n. In conditions of small

deflection, the geometric optic approximation

could be used [6]:

y x; tð Þ ¼ L

n

@n

@C


 �
@C x; tð Þ

@x


 �
(1)

where C is the concentration, l is the interaction
path length, n is the refractive index of the bulk,

and dn/dC is the variation of refractive index with
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concentration. The sign of the deflection depends

on the change of refractive index with concentra-

tion (dn/dc).
The dn/dc constant is positive for liquids or

solids dissolved in a solvent because the refrac-

tive index increases with concentration. There-

fore, an increase of concentration at the electrode

surface will be accompanied by a negative deflec-

tion (Fig. 1). On the other hand, when gases are

dissolved in a liquid phase, the refractive index

decreases; therefore, dn/dc has negative values.

This has to be taken into account when the PBD

data of electrochemical systems with gaseous

reactants/products (e.g., hydrogen fuel cell) is

analyzed. One way to make both signals propor-

tional is to make the beam-electrode distance

close to zero. However, the beam waist cannot

be zero. From laser beam optics [7], it is known

that a beam can be focused to a small spot, but

there is a relationship between the waist (w(x))

and the path length (b) of the beam in front of the

electrode. Since the interaction between the

probe beam and the concentration gradient

assumes that the beam is nearly cylindrical with

a fixed waist, the electrode width has to be

smaller than b. Otherwise, the waist at the

extremes will be very different from the waist at

the center of the electrode and the probe beam

will sample different concentration gradients.

The possible perturbations (controlled poten-

tial or current) used in PBD could be all the

usually used in electrochemistry. To obtain the

equations governing the PBD signal for different
electrochemical techniques, the concentration

gradient has to be obtained. An electrochemical

system could be modelled as a planar electrode of

width w in contact with a semi-infinite fluid layer

where diffusion occurs (being the diffusion layer

several times thinner thanw). The latter condition
implies that border effects could be neglected and

that interaction path length is l ¼ w.

Using the mass transport equations and

the boundary conditions, the variation of

concentration gradient with time and distance

could be obtained. Therefore, the calculation

could use the methods developed previously in

electrochemistry to calculate the concentration

gradients in front of the electrode. In general, to

obtain the equations to simulate the PBD

response, the following steps have to be

carried out: (i) obtain the concentration

profile at distance x, for the technique under

study, C(x, t); (ii) differentiate with respect to x,

to obtain dC(x,t)/dx; (iii) combine with Eq. 1 to

obtain the dependence of deflection with time and

space u(x, t).

One characteristic of the technique, shared

with purely electrochemical techniques where

only electron fluxes are monitored, is its lack of

specificity. That is, not individual concentration

gradients but the sum of all concentration gradi-

ents is detected. This could be an advantage

because it allows measuring all possible ion

exchange not only of some ions (e.g., massive

ions for EQCM) like other techniques. In

the case of surface and film species, only concen-

tration gradients due to ion exchange will be

detected. Moreover, if the measurements are car-

ried out in the presence of binary electrolytes that

is electrolyte containing only one anion and one

cation (e.g., ClNa), the diffusion of ions and its

migration are necessarily coupled [8]. In that

way, the diffusion of one ion is coupled to the

other and a single gradient will be measured.

A different situation exists when redox reactions

in solution are monitored (e.g., Fe(CN)6
�4 oxida-

tion). There, the gradient of reactants, products,

and supporting electrolyte (if present) has to

be considered. Therefore, the interpretation

of the PBD signal in terms of electrode

reactions becomes difficult or impossible.
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Following such procedure, the PBD signal

(q(x, t)) could be calculated, when a potential

pulse (from a potential where no reaction occurs

to a potential where all the reactant is converted)

is applied to the electrode and an electrode reac-

tion occurs during the whole measurement.

The profile follows Eq. 2:
y x; tð Þ ¼ l

n
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where D is the diffusion coefficient and C0 is the

concentration of the redox species. As it can be

seen, the PBD signal depends both on the time (t)
and the beam-electrode distance (x). The PBD

signal is zero at t ¼ 0 (unlike the current which

has an infinite value) and reaches a maximum

value at a finite time (tmax):
P

ffiffiffiffiffiffiffiffi
tmax

p ¼ x� x0ð Þffiffiffiffiffiffi
2D
p (3)

Equation 3 could be used to measure the dif-

fusion coefficient of the species because x could

be set up experimentally. Equation 2 can be used

to simulate the PBD signal of a continuous elec-

trochemical reaction. That is, when the redox

species are transformed during the whole time

span of the measurement. This is the case of

redox reactions in solutions (e.g., Fe+2 electro-

chemically oxidized to Fe+3), but in such cases,

several concentration gradients have to be con-

sidered and interpretation is difficult. A simpler

system involves metal deposition by reduction of

a metal ion (e.g., Ag+) to metal (Ag0), where only

one concentration gradient have to be considered.

A more interesting case deals with discontin-

uous reactions, where the reaction takes place in

a short time span which is negligible compared

with the duration of the measurement. An exam-

ple is a monolayer of metal (e.g., Ag) which

dissolves by oxidation giving short pulse of

metal ions. The PBD signal profile follows Eq. 4:

y x; tð Þ ¼ l

n
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where D is the diffusion coefficient of the mobile

species and Cs is the surface concentration of the

redox species. Equation 4 is similar to Eq. 2 but

the time profiles are sharper and the time for the

maximum PBD signal (tmax) obeys Eq. 5:
ffiffiffiffiffiffiffiffi
tmax

p ¼ x� x0ð Þ=
ffiffiffiffiffiffi
6D
p

(5)

The discontinuous reaction with a binary elec-

trolyte is completely described by Eq. 4. Discon-

tinuous reactions occur in electroactive films,

adsorbed redox monolayers, ion desorption in

double layers, stripping of underpotential metal

deposit, stripping of metals in Hg amalgams, etc.

The experimental setup allows measuring the

PBD signal along with the current and potential;

therefore, the data analysis involves comparison

of both kinds of data, since the absolute value of

beam-electrode distance (x) cannot be set exper-
imentally and could be measured by fitting the

experimental measurement with simulation. In

that sense, experimental PBD data can be post-

processed to extrapolate the data to x ¼ 0 (elec-

trode surface), therefore making it comparable

with current. Another way to perform such com-

parison involves the so-called sampled deflection

voltammetry. If the potential is pulsed between

two oxidation states, C0 (or Cs) will follow a

potential-concentration relationship (e.g., Nernst

equation). Therefore, the PBD signal at each

extreme potential measures the effect of such

relationship on the ion exchange. Since the

related sampled current voltammetry technique

gives the changes of electronic charge with

potential, both data can be compared and the

relationship between electron and ion exchange

ascertained. Analytical equations similar to

Eqs. 2 and 4 have been obtained for different

electrochemical techniques, including constant

current and alternating current or potential.

On the other hand the important case when the

potential is cyclically scanned at constant

rate between different potentials (cyclic

voltadeflectometry, CVD), which is directly

related to cyclic voltammetry, cannot be solved

analytically. Therefore, numerical calculation

techniques have been devised, mainly based
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on finite differences [6]. Additionally, the

semi-integration numerical procedure has been

used both to simulate the CVD signal and to

post-process the experimental data [6].
Experimental Details

The application of PBD techniques to study elec-

trochemical phenomena requires integrating an

optical setup to the electrochemical cell (Fig. 2).

A laser (usually a high pointing stability

He-Ne laser) is loosely collimated by a lens to

pass parallel to planar working electrode. The

electrode is placed inside a rectangular optical

cell where counter and reference electrodes are

placed outside the beam path. The refracted laser

beam impinges onto a lateral position detector,

usually a spliced photodiode. The signal of each

half of the photodiode is fed into a differential

amplifier which ratios the difference of signal to

its sum. In that way, intensity fluctuations in the

laser are cancelled out. The differential signal is

then digitized by an A/D converter and fed into

a computer. The computer, trough a D/A con-

verter, also provides the signal used to control

the potentiostat and input the actual current and
potential signals. The measurement speed is

determined by the amplifier bandwidth, which is

in the tens of kHz range. Therefore, millisecond

time resolution is easily achieved. The cell is

mounted onto an X-Y stage which allows

adjusting the cell tilt to make the electrode sur-

face parallel to the laser beam. The X-Y stage has

an additional micrometric screw which allows

moving the surface in the direction perpendicular

to the beam direction. In that way, the beam-

electrode distance (x) could be adjusted in rela-

tive way with micrometric resolution. The usual

electrode surface is a flat conductive material

(e.g., glassy carbon). An electroactive film can

be deposited onto the surface as a thin film. In the

case of porous electrodes, the powdered materials

can be mixed with a binder (e.g., Nafion) into an

ink and dip coated onto a flat surface.
Applications

The mainstream application of PBD techniques

has been the study of redox coupled ion

exchange of electroactive films [9]. The electro-

active material could be redox polymers (e.g.,

polyvinylferrocene [10]), conductive polymers
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(e.g., polyaniline [11]), redox oxides (e.g., cobalt

oxide [12]), or inorganic solid complexes (e.g.,

Prussian blue [13]). Using binary electrolytes

(e.g., HCl), the observed PBD signal can be

directly related to the actual ion fluxes occurring

between the film and solution. The signal/noise

ratio could be always improved by forming

thicker films (increasing Cs in Eq. 4). The method

was used in aqueous and nonaqueous electrolytes

[9]. The techniques allowed detecting ion

exchange not predicted by simple models of

charge electroneutrality. An interesting film

was built by layer-by-layer self-assembly.

In this case, the film is anisotropic and PBD

gives unique information on the influence of

the outer layer charge on the ion exchange

kinetics [14].

A related system involves thin (one or few

monolayers) of surface species either covalently

bonded or adsorbed onto the solid substrate.

Since the effective surface concentration (Cs) is

quite smaller than for thicker films, the PBD

signal can be too weak to measure. One way to

overcome this problem involves increasing the

active area of the electrode while maintaining

the geometrical area, by using porous electrodes.

In that way, the adsorption of redox intermediates

(e.g., CO) of methanol fuel cells on mesoporous

metal electrodes have been studied successfully

[15]. Double/layer charging of conductive sur-

faces involves the exchange of ions with the

electrolyte solution. Highly porous electrode

materials are applied in supercapacitors and

deionizers. The large active area makes them

easy to study the specific ion adsorption by PBD

[16] and the potential of zero charge to be deter-

mined [17]. PBD techniques have also been

used to study other electrochemical systems,

such as metal deposition/dissolution, hydrogen

adsorption, underpotential deposition, silicon

dissolution, graphite intercalation, and oscillating

oxidation of formic acid [6].
Advantages and Disadvantages

PBD techniques’ biggest advantage is to be a sim-

ple and fast way to ascertain the ion exchange of
surface confined species, including electroactive

films, surface redox species, and double layer on

porous electrodes. Cyclic voltadeflectometry

techniques could be used in an exploratory way,

equivalent to cyclic voltammetry, to study the ion

exchange. Then, chonodeflectometry could be

used to obtain quantitative data on the ion

exchange.

The main disadvantage of PBD techniques is

its lack of specificity. The deflection signal is

related with the sum of all concentration

gradients present in the experiment. Therefore,

the understanding of a PBD measurement of

a soluble redox system, where several concentra-

tion gradients (due to reduced and

oxidized species, summed to those of the

supporting electrolyte) could be present, is quite

difficult.
Future Directions

A future application of PBD techniques would be

the study of ion exchange across liquid/liquid

interfaces like those found in ITIES (interface

between two immiscible electrolyte solutions)

systems. Similarly, the effect of potential on the

ion transfer across artificial or natural membranes

could be studied by PBD.

The PBD techniques’ usefulness could be

significantly extended by making it more specific.

This can be achieved by measuring the

photothermal signal due to the optical absorption

of colored ions. Using modulated laser or LED

sources and phase-sensitive detectors, it is possible

to measure the individual ion concentration

gradients.
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Introduction

Enzymes are molecular machines to sustain life

in organisms through chemical reactions.

Enzymes are by natural design not engineered

to be driven efficiently by electrical current

since redox-active centers, which catalyze chem-

ical reaction, are often deeply buried inside of an

enzyme. The protein shell that surrounds

a catalytic center functions often as an isolator

and prevents “loss of electrons.” The latter would

lead to formation of reactive radical species

which could harm organisms and futile consump-

tion of “energy” by wasting reduction equivalents

such as NADH or NADPH. Enzymes have there-

fore usually sophisticated electron transfer path-

ways and control mechanism for oxidation/

reduction and reduction reactions. Furthermore,

the optimal reaction conditions of enzymes in

their natural environment (low substrate/product

concentrations, neutral pH, viscosity, salt

concentration, ambient temperature) differ from

application conditions in bioelectrocatalysis, for

instance, in diagnostics (e.g., glucose determina-

tion [1]; enzymatic biofuel cells [2]), fine

chemical production [3–5], or applications in

bleaching or biofuel production [6]. Especially

attractive are applications in which cost-effective

electrical current from renewable sources can

directly be used to drive enzymes.

Protein engineers have developed methods for

rational and evolutive protein engineering which

empowers them to design enzymes that are

tailored for electrochemical applications

(“bioelectrozymes”). Bioelectrozymes are

usually optimized in specific properties such as

stability (e.g., oxidative, thermal) and electron

transfer rates (higher activity, mediator

acceptance/specificity). An emphasis is often
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Protein Engineering for Electrochemical Applica-
tions, Fig. 1 Directed evolution scheme. Step I: Diver-

sity generation on DNA level. Step II: Screening for

improved variants on protein level. Step III: Isolating

gene(s) that encode for improved variant(s) and used for

the next round of evolution, starting with Step I [5]
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given to the design of the interface between the

electrode and enzyme to ensure an efficient elec-

trical communication. These design principles

are described in the following two paragraphs:

Protein Engineering Principles and Design of

Bioelectrozymes.
Protein Engineering Principles

Protein engineers can redesign enzymes by ratio-

nal design and/or directed evolution. Rational

design strategies are much less time consuming

compared to directed evolution campaigns which

require the screening of thousands of variants in

iterative round of diversity generation and

screening. Rational design requires however

a deep molecular and structural understanding

based on crystal structures or a reliable homology
model to rationally reengineer properties of

bioelectrozymes. Focused enzyme properties

such as activity, selectivity, thermal resistance,

shift of pH profiles [7, 8]. Modifications for ori-

ented immobilization are more successfully

improved by using rational design strategies and

designed enzyme variants can simply be ordered

as synthetic genes. Rationally not understood

properties are generally tackled by directed evo-

lution which does not require any structural infor-

mation. Enzyme properties improved by directed

evolution comprise stabilities toward pH, tem-

perature, salt, organic solvent, tolerance toward

high concentrations of substrate or product, and

acceptance of alternative cofactor systems like

mediators that shuttle electrons between elec-

trode and enzyme. Figure 1 shows the standard

directed evolution scheme in three steps

(Step I: Diversity generation on the gene level,
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Step II: Screening for improved variants on the

protein level, and Step III: Isolating gene(s) that

encode for improved variant(s) followed by

subsequent iterative rounds to improve enzyme

properties). Iterative rounds are important for the

success of a directed evolution experiments since

enzyme properties are gradually improved, for

instance, activities are usually improved by

a factor of 1.5–2.5 per round of evolution [3].

A standard directed evolution campaign takes

usually 12–24 months and allows within physical

constrains to reengineer all kind of enzyme

properties that can be reflected in a screening

systems. Library sizes of 1,200–2,000 variants

proved often to be sufficient to find improved

variants [9] despite the size of the protein

sequence space. For instance, 64 Mio different

peptides are available with a peptide length of

six amino acids since nature provides 20

amino acid building blocks per amino acid posi-

tion (206 different variants). Limitations in diver-

sity generation and high throughput screening

technologies that arise from the combinatorial

complexity of the protein sequence space are

discussed in recent reviews [3, 10]. Time require-

ments of 12–24 months for tailored enzymes

are often still too long to fit into timelines of

process developments. Notably directed enzyme

evolution and natural evolution (Charles Darwin

in the seventeenth century [11]) are very different

in their nature: (A) Direct evolution selects on

the enzyme level, natural evolution on the

organism level, and (B) Directed evolution

mutates one gene with a mutation rate of 1–5

mutations per gene and selects usually for

improved variants; natural evolution can

exchange and recombine genes or accumulate

mutations which are not beneficial (natural

drift); additionally natural mutation rates are

less than 1 per 106�7 bp.
Recently unifying protein engineering con-

cepts with combined evolutive and rational

design approaches are emerging in which

directed evolution is used to identify hot spots

or regions that are responsible for the targeted

property and subsequent computational studies

are used to identify and direct focus mutagenesis

studies on residues in close proximity [12, 23]
with a high likelihood to target residues that

influence the targeted property.

Prominent oxidoreductases in bioelectro-

catalysis are glucose oxidase and glucose

dehydrogenase (e.g., applications in diabetes

diagnostics), mono-oxygenases (e.g., important

roles in synthesis of steroids and secondary

metabolites), laccases (e.g., applications in

textile bleaching and lignin treatment), bilirubin

oxidase (e.g., biofuel cells), and peroxidases

(e.g., general analytic applications). Applications

of oxidoreductases in enzymatic biofuel cells are

summarized comprehensively in reviews [5, 13].
Design of Bioelectrozymes

The main challenge in bioelectrozymes design is

to ensure an efficient electrical communication

between the electrode and the catalytic redox cen-

ter of an enzyme. The glucosylation shell and/or

amino acids surrounding an active-site can act as

an isolator and effectively prevent an electrical

communication between an electrode and

a catalytic redox center. Strategies for efficient

electrical communication comprise direct wiring

of electrodes to the catalytic redox center through

a conducting polymer [14], employment of medi-

ators (small molecules) as electron shuttles which

can come in close proximity to redox centers or

electron pathways in enzymes [15, 16], and pro-

tein engineering strategies that are governed by the

principle to reduce the distance between an elec-

trode and the catalytic center or an electron trans-

fer pathway within an enzyme [2]. Discovered

engineering principles for efficient electrical com-

munication comprise: I. Truncating enzymes at

the N-, C-terminus or shortening of a loop in

a protein to expose redox-active catalytic sites so

that a conducting support can be positioned in

close proximity (examples are a microperoxidase

and a laccase [5]. II. Amino acid substitutions in

close proximity to the active-site affect interac-

tions that alter specificities (e.g., through sterical

demands) or electrical communication with

a mediator (potentials, charged interactions [23]).

An alternative are specific binding sites that are

generated at the protein surface in close proximity



Protein Engineering for Electrochemical Applica-
tions, Fig. 2 Example of a reaction scheme of an

electrochemical-driven conversion in microtiter plate

format [18] of the model substrate 12-pNCA [21] by

P450 BM3 with CoSep as mediator. Catalytic activity is

monitored through a yellow color development due to

para-nitrophenolate formation at 410 nm
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to electron pathways Mediator [15]. III. Amino

acid exchanges at exposed surface regions by

genetic engineering for oriented immobilization

of enzymes with one or multiple contact points

that are located opposite of a catalytic center [17].

Oriented immobilization on electrodes surface

ensures often an efficient communication resulting

in high power outputs [2, 5]. Especially the

reengineering of the mediator-enzyme interface

ofers promising avenues for identifying in mutant

libraries improved bioelectrozymes and to match

application demands, for instance, in drug metab-

olite detection by using an electrochemical micro-

titer plates ([18, 19]; see Fig. 2) or in fine chemical

production [20].

Structural and molecular understanding of

mediated electron transfer enables a paradigm

shift from a mediator acceptance screening to

a rational mediator design which considers only

stability and electron transfer performance

parameters. The rational mediator design would

employ a subsequent enzyme engineering step to

ensure an efficient electron transfer between

mediator and enzyme which would open novel

and exciting opportunities for enzymes in

bioelectrocatalysis.
Outlook/Future Perspective

Bioelectrozymes will very likely have a bright

future in diagnostics (employed in miniaturized
electrochemical devices), fine chemical produc-

tion using cost-efficient electrochemical reactors

with low down-stream processing costs, and

switchable interactive materials [22]. Fundamental

design principles in reengineering enzymes (see

section Design of Bioelectrozymes) and designing

the interface between electrode and enzyme for

efficient electrical communication have been dis-

covered in the last decade. A molecular under-

standing of the interface between mediator and

enzyme will likely allow in the near future to

develop ideal enzyme/mediator couples and over-

come current strategies in which a variety of medi-

ators are synthesize from a mediator “lead

structure” that was found experimentally to drive

the wild-type enzyme. A combined approach to

rationally construct ideal mediators (from an appli-

cation point of view) and to reengineer efficiently

the interface to the interacting enzyme will ensure

a rapid development of the field due to the eco-

nomic benefit that tailor-made bioelectrozymes

will offer in the above-mentioned application.

The combinatorial complexity of the protein

sequence combined with the sophisticated genetic

engineering methods renders it very likely that

exciting bioelectrozymes wait to be discovered in

the upcoming decade.
Cross-References

▶Biofilms, Electroactive
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▶Electrobioremediation of Organic

Contaminants

▶Environmentally Accepted Processes for

Substitution and Reduction of Cr(VI)
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Introduction

If one physical parameter is suddenly changed in

an electrochemical system, which is stationary or
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Fig. 1 Schematic

representation of a potential

step (left) and the

corresponding current

transient (right). The
increasing part of the

current transient is

dominated by the electronic

setup (typically <<100 ms)
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in equilibrium, the system will respond with

a relaxation process to return to more stable con-

ditions. The physical parameter may be random,

such as pressure, temperature, current density,

magnetic field, light intensity, electrolyte con-

centration, or electrode area, but in most cases

the potential will be stepped because interface

processes are fundamentally controlled by the

potential.

In a double-step experiment the second step is

often of same amplitude but inverse direction and

can compensate, at least in part, effects of the first

one. Such experiments are usually called pulse

experiments. The intention behind step or pulse

experiments will focus on two aspects:

• Analysis of the electrolyte, such as determina-

tion of components and their concentration, of

concentration gradients, and, especially, of

their changes with time [1–4]. Most tech-

niques were developed for and used in

polarography.

• Analysis of material and charge transport

through the interface electrode/electrolyte,

such as dissolution and deposition, especially

adsorption, corrosion, passivation, galvanics,

shaping, and polishing [4].

The response to a potential step is a current

transient, a time-dependent current density

(Fig. 1). These experiments are classified as

chronoamperometry. Potential transient as

a response to current step experiments, formerly

also called charging curves [5], is related to

chronopotentiometry. These transients are

recorded and interpreted. Step experiments are

large signal, time domain experiments and inves-

tigate processes far from equilibrium; they are
not limited to special conditions, e.g., a linear

response as in frequency domain techniques

(impedance spectroscopy). Most restrictions

come from the limits of the experimental setup,

such as maximum output values and slew rates of

potentiostats or galvanostats or dynamics of the

recording systems.
Analysis in the Electrolyte

Chronoamperometry

The current density of a redox reaction will

change, if the potential is changed. Chronoam-

perometry usually starts at potentials without far-

adaic processes. The response to a potential step,

the current transient, contains the re-arrangement

of the electrode interface, mainly double-layer

charging, which is indicated by a current peak

and can be reduced to some 10 ms in a suitable

potentiostatic setup. Assuming a simple reaction
Oþ ne� ! R (1)

no product R in the beginning and a planar elec-

trode with the area A, a time-dependent faradaic

current I will be observed after the peak, which

can be expressed by the Cottrell equation [6]

I ¼ nFAc1
ffiffiffiffiffiffiffi
DO

pffiffiffiffiffiffiffiffi
p � tp (2)

with the initial concentration c1 and the diffusion

coefficient DO of O.

Deviations will occur for long times due to

convection, for especially shaped electrodes



Pulse and Step Methods, Fig. 2 Schematic pulse pro-

gram of normal-pulse voltammetry

Pulse and Step Methods, Fig. 3 Schematic pulse pro-

gram of differential-pulse voltammetry
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(spherical or microelectrodes) and, of course, for

more complex reactions.

The electrode reaction can be inverted by

a second potential step of different sign and

same amplitude at t ¼ t (double potential step

or pulse chronoamperometry). The first transient

follows Eq. 2 and the second one, however, is

given by [7, 8]:

I ¼ nFAc1
ffiffiffiffiffiffiffi
DO

p 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðt� tÞp � 1ffiffiffiffiffiffiffiffi

p � tp
" #

(3)
Pulse Voltammetry

Pulse voltammetry is a subset of chronoam-

perometry with special pulse sequences. Pulse

voltammetry was introduced as square wave

polarography [9] to increase sensitivity in

polarography.

Normal-pulse voltammetry consists of a series

of rectangular pulses with increasing amplitude

(Fig. 2). The potential between the pulses is cho-

sen so that no reaction occurs. The currents are

measured just before the end of the pulses to

suppress effects of interface charging. The anal-

ysis follows the Cottrell equation.

Series of rectangular pulses (typical length

some 10 ms) with constant amplitude DE are

superimposed to linear potential ramp in differ-

ential-pulse voltammetry (Fig. 3). The currents

are detected twice per pulse, just before the

pulse and before the end of the pulse. The differ-

ences are plotted versus potential of the linear
sweep. Current peaks will be observed for revers-

ible systems with heights:

I ¼ nFAc
ffiffiffiffi
D
pffiffiffiffiffiffiffiffi

p � tp 1� exp nFDE
2RT

� 

1þ exp nFDE

2RT

� 

" #

(4)

Staircase voltammetry is similar to linear

sweep techniques. The current is detected at the

end of each step and, thus, suppresses interface

charging effects, just as in the other techniques.

The resulting current-potential curve is similar to

the corresponding sweep but excludes charging

currents.

Chronocoulometry

Chronocoulometry is very similar to chronoam-

perometry. The charge transient is recorded,

which is yielded by electronic integration in ana-

log setups or by numeric integration in digital

systems. Advantages are noise reduction, as inte-

gration suppresses higher frequencies, and amore

obvious separation of double-layer charging and

faradaic current.

Chronopotentiometry

In chronopotentiometry, the potential responses

(potential transient) to current steps are recorded.

If the system is initially stationary or close to

equilibrium, the potential will change rapidly

due to charging of the electrode interface. This

fast step corresponds to the current peak in

chronoamperometry. After electrode charging,

the potential becomes dominated by the reaction

of electroactive species, the faradaic part.



Pulse and Step Methods, Fig. 4 Simplified impedance

between reference electrode and working electrode: elec-

trolyte resistance RO, interface resistance Ri, and interface

capacitance Ci

Pulse and StepMethods, Fig. 5 Measurement of inter-

face capacitance by short pulses. From top: potential,

current density and charge density
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Analysis of the Interface
Electrode/Electrolyte

Diffusion-controlled processes in the electrolyte

were investigated and analyzed by solving Fick’s

laws of diffusion. Effects of the impedance of the

interface, e.g., charging of the electrode interface,

were eliminated.

A simplified equivalent of this impedance is

shown in Fig. 4. Investigations are usually carried

out by impedance spectroscopy [10]. Step experi-

ments, however, are advantageous in some cases:

they are much faster (ms to ms instead of some

100 s) and are not limited to linear response (equi-

libriumor stationary conditions, small amplitudes).

Determination of Electrolyte Resistance

The electrolyte resistance RO (Fig. 4) between

reference and working electrode can be deter-

mined by short current pulses [5]. This is

necessary for some concepts of iR compensation

(▶ iR-Drop Elimination).

Determination of Interface Capacitance

The interface capacitance can be measured by

short pulses [11–13]. The current transient of

a potential step DU is dominated by capacitive

charging of the electrode interface for short

times. The interface capacitance Ciin Fig. 5 has

to be charged via RO with a time constant RO∙Ci.

This charge Dqi and the interface capacitance Ci

are obtained from simultaneous integration of the

current density ii according to
Ci ¼ Dqi
DU
¼

R
ii@t

DU
(5)
Typical time constants and, thus, pulse lengths

are around 20 ms (Fig. 5).
An interpretation of the potential dependent

capacitance (Mott-Schottky analysis [14]) yields

information about semiconducting properties of

the electrode. The corresponding experiment

requires amodified technique innon-stationary sys-

tems, because the complete function must be mea-

sured in extremely short times to avoid fundamental

system changes. This was done by superimposing

small pulse to each step of a potential staircase

(Fig. 6). With this technique, the complete analysis

requires less than 500 ms [15].

Determination of Random Reactions

Surface reactions on the electrode are extremely

complex. The current transient after a potential

step can include:

• Dielectric phenomena (double-layer charging,

dielectric relaxation [16])

• Adsorption (physisorption, chemisorption,

ordered sublayers)

http://dx.doi.org/10.1007/978-1-4419-6996-5_226
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measurements of the potential dependent capacitance for

Mott-Schottky analysis. The electrode was pre-polarized

to Ep
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• Formation of new phases (passivation, gal-

vanic deposition, including kinetic phenom-

ena such as nucleation [17], and charge and

material transport such as solid-state diffu-

sion, migration, tunneling of electrons or

holes)

• Electrode dissolution (corrosion, electro-

polishing, shaping by anodic dissolution [18],

often accompanied by formation of supersat-

urated product films).

The current density i will often follow

a “universal law” [16] (well known as Curie-

von Schweidler law in dielectric systems [19])
i / t�1 (6)

Less common is a current increasing with

time, which is observed in autocatalytic systems,

e.g., if a kinetic hindrance is overcome by the

potential pulse. A description in these cases is

often possible by a modified law
i / tn (7)

An analysis of current transients according to

Eq. 7 becomes easy in a double-logarithmic plot.

The slope of linear parts yields the exponent n, as
@ log i

@ log t
¼ n (8)

The size of n classifies the process:

self-inhibiting processes for n < 0, stationary

processes for n ¼ 0, and autocatalytic processes

for n > 0. Typical examples of n and

corresponding reactions are [20]:
n ¼ �1
 High-field oxide growth; dielectric relaxation
n ¼ �0.5
 Diffusion
n ¼ 0
 Stationary corrosion; 1-dim. growth of nuclei

(whisker) at a constant number of nuclei
n ¼ 1
 1-dim. progressive nucleation (whisker) or

2-dim. at constant number
n ¼ 2
 2-dim. progressive nucleation (hemisphere,

dendrites) or 3-dim. at constant number
n ¼ 3
 3-dim. progressive nucleation
Several mechanisms may be superimposed in

real systems. In this case, Eq. 2 becomes more

complex:
i ¼ Aþ B � tn þ C � tm þ . . . (9)

Identification of single processes according to

Eq. 9 requires data acquisition over one or two

decades in time and current density. Therefore,

the complete transient has to cover many orders of

magnitude, e.g., current densities from 1 A/cm2 to

10 nA/cm2 and a time scale from 1 ms to 103 s. This
requires especially designed electronic devices and

strategies to handle the numerous data [21].
Future Directions

Step and pulse techniques for investigations of

redox reactions in the electrolyte are well devel-

oped for many years. Future research will focus

on faster and more complex reactions.

Investigations of random processes by pulse

experiments, which are not limited by diffusion

in the electrolyte, are much less common. The

increasing interest of industry to introduce pulse

techniques, such as pulse plating [22], formation

of gradient layers, or pulse electrochemical

machining (PECM) [23], will help making these

techniques more popular.
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