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Abstract

Two methods have been used for examination of transport of charge in gels soaked with DMF and containing dissolved polyoxometallates.
The first method is based on the analysis of both Cottrellian and steady-state currents and therefore is capable of giving the concentration of the
electroactive redox centres and their transport (diffusion-type) coefficient. The second method provides the real diffusion coefficients, i.e. transport
coefficients free of migrational influence, for both the substrate and the product of the electrode reaction. Several gels based on poly(methyl
methacrylate), with charged (addition of 1-acrylamido-2-methyl-2-propanesulphonic acid to the polymerization mixture) and uncharged chains,
have been used in the investigation. The ratio obtained for the diffusion coefficient (second method) and transport coefficient (first method) was
smaller for the gels containing charged polymer chains than for the gels with uncharged chains. In part these changes could be explained by the
contribution of migration to the transport of polyoxomatallates in the gels. However, the impact of the changes in the polymer-channel capacity
at the electrode surface while the electrode process proceeds was also considered. These structural changes should affect differently the methods
based on different time domains.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In true solid-state voltammetry, there is no contact between
the solid reaction medium and liquid electrolyte solution. Under
such circumstances, a material to be investigated serves as both
electrolyte medium and electroactive species. This is due to the
presence of mobile charge-balancing ions in its structure and
highly concentrated immobile redox centres. Since the redox
centres are macroscopically fixed, the transport of electrons
between them is based on the hopping (self-exchange) process.
In order to maintain electroneutrality at each point in the solid
lattice, electron hopping is accompanied by the displacement of
appropriate counterions, intrinsically present in the redox mate-
rial. “Ionic budgets” of such solid materials may differ much.
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Various aspects of solid-state voltammetry have been discussed
in some reviews [1–4].

The materials investigated by solid-state electrochemistry
can be classified into different categories, according to their
chemical composition, structure, and charge propagation mode.
Mixed-valence inorganic materials are the first important
category of solid-state electroactive systems. They include e.g.
solids of Prussian Blue type, inorganic oxides like WO3 and
single crystals of heteropolyacids like H3PW12O40·29H2O.
The second group includes polymeric systems, in which
the polymer is electroinactive (e.g. polyethylene oxide) and
soaked with a solvent, and plays the role of an inert matrix
containing immobilised or dispersed redox species (e.g.
ferrocene, metalotetraphenyl-porphyrins). The third group
consists of redox polymers, in which electroactive groups
(such as e.g. poly-Ru(vinylbipyridine)) are chemically bound
to polymer chains. These systems comprise mixed-valence
films.
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It often happens that the overall charge propagation within the
solid phase obeys Fick’s law of diffusion. Then, from appropriate
voltammetric investigations, the apparent diffusion coefficient,
Ds app, can be estimated. The rate-determining step in the hop-
ping transport process can be either slow electron hopping or
slow counterion mobility. In the former case, the so-called dif-
fusion coefficient of electron, De, is commonly defined. Another
possibility is that the kinetics of charge transport is controlled by
the flux of charge-compensating ions and then can be described
quantitatively by Dphys (physical diffusion). The extent to which
each of two components contributes to the total charge propaga-
tion is not easy to be determined. However, they are interrelated
according to the Dahms–Ruff relation [2,3]:

Dapp = Dphys + De = Dphys + 1
6kexδ

2C0 (1)

where 1/6 is a geometric factor for the three-dimensional
electron hopping, kex the rate constant for the electron self-
exchange, C0 the concentration of redox sites, and δ denotes
average distance between the redox centres, usually estimated
as (C0NA)−1/3.

Regarding the size of the diffusive space, in solid-state
voltammetry two ultimate cases can be identified: semi-infinite
diffusion and thin-layer behaviour. The concentration profiles
developed within the electrolysed solid material depend on the
parameter Dt/d2, where t is a given experimental time, and d is
the thickness of the investigated material. Semi-infinite diffusion
and bulk behaviour are observed when

√
Dt � d, namely, when

the diffusion layer is much thinner than the investigated mate-
rial. Then, peak-shaped current–potential responses are obtained
and the peak current magnitude depends linearly on the square
root of scan rate, as the appropriately adapted Randles–Sevcik
equation predicts:

Ip = 2.69 × 105n3/2AD1/2
appC0v

1/2 (2)

A linear Ip versus v1/2 dependence is a popular diagnostic
criterion of diffusive mass transport in the system and allows
excluding, e.g. adsorption of the participating species and lim-
ited diffusion space.

A significant improvement in the quality of solid-state
voltammetric responses has been achieved with ultramicroelec-
trodes. Their application in this field opens also new diagnostic
and analytical possibilities. An important feature of micro-
electrodes, of distinct consequences in solid-state voltammetry
and chronoamperometry, is their compact size and utility in
characterisation of small samples. Moreover, they provide low
capacitance currents even at large scan rates and their responses
are much less affected by uncompensated resistance [5–7]. At
microelectrodes, it is easy to switch from long to short time
domains by applying either slow or high potential scan rates
(or either long or short polarisation times), which leads to the
development of either spherical or linear diffusion fields, respec-
tively. In spherical diffusion regime, sigmoidal wave-shaped
voltammograms are formed instead of the peak-shaped ones.
The plateau current obtained at a sufficiently small disc micro-

electrode does not depend on scan rate and is described as

Iss = 4nr0FDappC0 (3)

By performing cyclic voltammetric measurements at a micro-
electrode in two different time regimes, i.e. under conditions of
linear and spherical diffusion, it is possible to determine both
Dapp and C0. An equivalent situation will appear for a com-
bination of long pulse chronoamperometry and high scan rate
cyclic voltammetry, and, optionally, for long pulse chronoam-
perometry and short-pulse chronocoulometry [8]. The system
of Cottrell and Randles–Sevcik equations is rather easy to be
solved analytically and thus has become popular [9–12]. Even
when one of the limiting cases cannot be achieved, very good
results are also obtained by the iterative (successive approxi-
mations) method [13]. The latter approach requires numerical
solving of the combination of two equations in which the first
one describes the current (or charge) in a well-defined diffusional
regime and the second general equation refers to chronoamper-
ometric current under mixed (linear–spherical) conditions.

Yet, the above approaches are not free from some limitations.
For example, possible inhomogeneities of the investigated bulk
material may affect the diffusion process and, as a result, Eqs.
(2) and (3) may be no longer applicable. A relatively low con-
centration of the inert electrolyte, compared to that of the redox
centres (insufficient ionic support), is another challenge. A good
question is whether migration contributes to the charge trans-
port in the examined solid material. The answer to this question
may be obtained by employing a method that can be called the
removal-of-migrational-bias approach. This new method allows
the determination of real diffusion coefficients of both substrate
and product and is based on the analysis of the transient cur-
rents in a double potential step chronoamperometric experiment
(DPSC). Since it eliminates the influence of migration, it can be
used at any level of the ionic support [14]. Diffusivities of the
substrate (Ds) and the product (Dp) are obtained by incorporating
either the slope, a, or the intercept, b, of the appropriate linear
plots: IL(ξ,t)/IL(ξ,tg) versus 1/

√
t for the first-step chronoam-

perometric current and Ir(ξ,t)/IL(ξ,tg) versus 1/
√

t − tg for the
second-step chronoamperometric current, where ξ is the sup-
port ratio, tg is the length of the first pulse, and Ir is the current
measured in the second pulse. The formulas obtained from the
expressions for the slopes of the first- and second-pulse plots
can be written as

Ds = 4r2
0

π3

(
1

a
− 1√

tg

)2

(4)

and

Dp = 1

a2

(
π
√

π

2r2
0

+ 1√
Dstg

)−2

(5)

respectively, where r0 is the microelectrode radius. Please note
that to use Eqs. (4) and (5) we do not need to know the elec-
troactive species concentration. The discussed method can be
used when there is no contribution of electron hopping to the
transport.
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