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A B S T R A C T

Concentrated solutions of Keggin-type silicotungstic acid, as well as the system’s single crystals
(H4SiW12O40*31H2O) and their colloidal suspensions have been tested using the microelectrode methodology
to determine mass-transport, electron self-exchange and apparent (effective) diffusion-type coefficients for
charge propagation and homogeneous (electron self-exchange) rates of electron transfers. Silicotungstic acid
facilitates proton conductivity, and undergoes fast, reversible, multi-electron transfers leading to the formation
of highly conducting, mixed-valence (tungsten(VI,V) heteropoly blue) compounds. To develop useful electro-
analytical diagnostic criteria, electroanalytical approaches utilizing microdisk electrodes have been adapted to
characterize redox transitions of the system and to determine kinetic parameters. Combination of microelec-
trode-based experiments performed in two distinct diffusional regimes: radial (long-term experiment; e.g., slow
scan rate voltammetry or long-pulse chronoamperometry) and linear (short-term experiment; e.g., fast scan
rate voltammetry or short-pulse chronocoulometry) permits absolute determination of such parameters as
effective concentration of redox centers (C0) and apparent transport (diffusion) coefficient (Dapp). The knowl-
edge of these parameters, in particular of [Dapp

1/2 C0] seems to be of importance to the evaluation of utility of
redox electrolytes for charge storage. For the colloidal suspension of silicotungstic acid (H4SiW12O40) crystals
in the saturated solution, the following values have been obtained: Dapp = 1.8*10-6 cm2 s−1 and
C0 = 1.1 mol dm−3, as well as the [Dapp

1/2 C0] diagnostic parameter has reached the value as high as 6*10-3

mol/dm−3 cm s−1/2, provided that four electrons are involved in the H4SiW12O40 redox transitions. In this
respect, the fact that crystals (dispersed solids) are characterized by high electron self-exchange rate
(kex = 1.1*108 dm3 mol−1 s−1) and low activation energy (EA = 18.7 kJ mol−1) facilitating electron transfers
between immobilized WVI and WV redox sites is also advantageous.
1. Introduction

Among stationary storage technologies, including grid-scale energy
storage, which could be considered to overcome temporal deviations
in energy production and consumption, redox flow batteries are
important [1] thanks to their high power performance, flexible design,
and ease of scaling-up. Flow batteries are rechargeable (secondary)
cells, and they utilize one or more electroactive species dissolved in
externally flowing electrolytes which are ready to accumulate all (or
part) of the charge. The fundamental difference between conventional
batteries and flow cells is that, in the previous case, energy is deposited
the electrode material, whereas, in flow systems, it is accumulated in
the redox electrolyte. Electrolytes are typically stored externally in
tanks to be pumped through the cell but gravity-feed-type systems
are also known. Recharging of flow batteries can be readily achieved
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Fig. 1. (A) Schematic diagram of the microelectrode-based three-electrode
electrochemical cell for characterization of redox electrolytes. (B) Cross-
sectional view of the three-electrode assembly (utilizing microdisk working
electrode and Ag/Ag2O pseudoreference) for solid-state-type electrochemical
experiments in absence of external liquid electrolyte.
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by refilling tanks with the redox electrolyte, while the used material
can be simultaneously recovered for future recharging.

The actual redox processes, which are responsible for the reversible
conversion of chemical energy directly to electricity, occur at surfaces
of the oppositely polarized electrodes, and they proceed within the
redox electrolyte phases [2–4]. The present state of the art is repre-
sented by the all-vanadium redox flow batteries, even though they
are still relatively expensive [5] and are characterized by a limited vol-
umetric energy density. Many inorganic and organic electroactive sys-
tems have been proposed as alternatives [6–11] to the vanadium redox
species for flow batteries. There is a need to search and characterize
appropriate electroactive compounds that could function as robust
reversible redox species in a rechargeable battery under flow condi-
tions. In this respect, the appropriate methodology for preliminary
testing and understanding of operation ought to be developed, as well
as the relevant diagnostic criteria for evaluation of potential usefulness
of redox electrolytes should be identified.

As the choice of redox-active charge-storage material has a signifi-
cant impact on performance of the flow battery, care must be exercised
to develop systems characterized by fast charge propagation and fast
electron-transfers at the interfaces formed with electrode materials
[12–18]. Provided that redox centers are fairly concentrated (certainly
above 0.2 mol dm−3), the electron self-exchange (hopping) mecha-
nism should also be operative, in addition to physical mass transport
(effectively diffusional or convective-diffusional), to influence the sys-
tems’ current densities. The interplay between the kinetics of electron
transfers and the viscosity-dependent mass transport dynamics would
become even more important and affect over-all dynamics of electro-
chemical charging in highly concentrated solutions (greater than 2
mol dm−3). Finally, to minimize ohmic drops, and to support unim-
peded charge compensation, the redox electrolytes should be charac-
terized by high ionic conductivity. Long-stability of components,
including electrodes, is of importance as well.

From the viewpoint of potential applicability of concentrated solu-
tions of redox electrolytes in flow batteries, the important parameters
to be considered include physical diffusion (mass transport) coeffi-
cients, rates of electron transfers and electrochemical potentials at
which reactions proceed [19–26]. For all-liquid systems, the mass
transport parameter would play a crucial role in the electrochemical
charging/discharging. Electron hopping (self-exchange), when is suffi-
ciently high, may contribute to the overall charge propagation dynam-
ics in redox electrolytes having electroactive species at concentrations
higher than 0.2 mol dm−3. Effectiveness of electron transfers would
also be dependent on physicochemical parameters of redox molecules,
such as ionic strength, total concentration, and viscosity.

To address the issues mentioned above, we consider a series of con-
centrated solutions of Keggin-type polyoxomettalate, silicodode-
catungstic acid (H4SiW12O40) [26], as model redox electrolytes
permitting fundamental considerations. To our best knowledge, this
particular heteropolytungstic acid has so far been neither considered
not fully characterized as redox system of potential importance to flow
batteries. Polyoxometallates, are polynuclear inorganic materials with
well-defined multi-electron reversible electrochemistry and electrocat-
alytic properties [27]. Among other important characteristics of
heteropolyacids are that they exhibit very strong Brønsted acidity,
act as proton conductors, and undergo fast, reversible, multi-electron
transfers leading to the formation of highly conducting, mixed-valence
tungsten(VI,V) heteropoly-blue centers [28]. Consequently, polyox-
ometallates are attractive components of redox catalysts or mediators
in electrochemical processes [29–31].

To examine electrochemical properties and comment about poten-
tial utility of a redox electrolyte for the flow-battery-type systems, we
explore here microelectrodes. Their use could lead to improvement in
electrochemical data and should provide new diagnostic and analytical
possibilities. Microelectrodes have been widely studied not only
because of their compact size and utility in characterization of small
2

samples but also because of such physical characteristics as the small
electrode surface area and the related small double layer capacitance.
Microelectrodes should be very useful in situations where macroelec-
trodes would give very large current densities in highly concentrated
redox electrolytes. Indeed, small currents flowing through microelec-
trodes make ohmic drops negligible; consequently, the results obtained
may be far more reliable and precise than those obtained with larger
electrodes. Furthermore, because higher mas transport rates appear at
microelectrodes, they should be useful in the study of electrode kinetics
and chemical processes associated with charge-transfer step. Finally,
electrochemical experiments utilizing microdisk electrodes should per-
mit estimation of the effective diffusion coefficient and the concentra-
tion of redox sites in the concentrated redox electrolyte. This benefit
arises because the electroanalytical experiment can be performed in
two time regimes described in terms of two distinct mass-transfer pat-
terns (linear and spherical) leading to two different equations that can
be solved simultaneously for two unknowns, the concentration and
the diffusion coefficient. The physicochemical meaning of these param-
eters, as well as the reliability of such determinations and their potential
utility to other redox electrolytes will also be addressed here. In other
words, we propose the unique microelectrode-based methodology per-
mitting the preliminary examination of potential performance of highly
concentrated redox solutions or suspensions.
2. Experimental

All chemicals were analytical grade materials and were used as
received. Solutions were prepared from the deionized (Millipore
Milli-Q) water. They were deoxygenated by bubbling with ultrahigh
purified argon. Experiments were carried out at room temperature
(22 ± 2 °C).

Chemical reagents were analytical grade materials. Silicotungstic
acid hydrate was obtained from Sigma-Aldrich and sulfuric acid from
POCh (Gliwice, Poland).

All electrochemical measurements were performed using a CH
Instruments (Austin, TX, USA) Model 660 workstation in three elec-
trodes configuration.

The microelectrode-based three-electrode cell (Fig. 1A) used for
electrochemical investigations of concentrated redox electrolytes is
analogous to that described earlier for solid-state voltammetry of “re-



Fig. 1 (continued)
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dox conducting” materials [26], except that solutions of silicotungstic
acid (H4SiW12O40), instead of electroactive crystals, have been intro-
duced to the well-sealed cell chamber made up of a 10-μm diameter
carbon fiber microdisk (Bioanalytical Systems) working electrode posi-
tioned opposite the gel-type reference electrode, which itself is sur-
rounded by a relatively large graphite ring, as a counter electrode.
The reference electrode (Bioanalytical Systems) was manufactured
with a conducting gel (3 mol dm−3 NaCl/agar) electrolyte. A contact
with the silicotungstic acid solution has been provided through the
ion-permeable ceramic tip. This type of reference electrode works
reproducibly and is virtually noncontaminating, and its small size sim-
plifies construction of the measurement device. Furthermore, it acts as
a potential standard, 0.20 V vs RHE. As a rule, between measurements,
the reference electrode is stored in aqueous 3 mol dm−3 NaCl. For
30 min before each use, it is dipped into a gel prepared by heating
5 g of agar in 100 cm3 of 3 mol dm−3 NaCl solution.

Comparative measurements with single crystals of silicotungstic
acid (H4SiW12O40*31H2O) [26] have been performed using the
three-electrode solid-state-type cell [32], in which the microdisk work-
ing electrode (10-μm diameter carbon fiber) is positioned opposite the
planar probe comprising Ag/Ag2O pseudoreference (∼0.22 vs RHE),
surrounded by glassy-carbon-ring counter electrode (Fig. 1B). Unless
otherwise stated, all potentials reported here were recalculated and
expressed vs the KCl-saturated Ag/AgCl (0.197 V vs RHE).

Single crystals of silicotungstic acid were grown at ambient temper-
ature by slow evaporation of a saturated solution prepared by dissolu-
tion of 10 g of the commercially available 12-tungstosilicic acid
(Sigma-Aldrich) in 5 cm3 of Millipore deionized water. Typically crys-
tals appeared after two days of growth.

Conventional cyclic voltammetric measurements were performed
with use of a glassy carbon working electrode (geometric area,
0.071 cm2). A glassy carbon rod and a KCl-saturated Ag/AgCl
(Metroohm) served as counter and reference electrodes, respectively.
The surface of glassy carbon was polished with aqueous alumina slur-
ries on a Buehler polishing cloth and rinsed with distilled water.
3. Results and discussion

3.1. Silicotungstic acid concentrated solutions

The polyoxometallate-based redox electrolytes could be considered
as anolytes or catholytes, depending on their redox potentials, but in
3

many cases, their use would require formation of an asymmetric sys-
tem with different-type redox species. Among representative systems,
highly concentrated solutions of Keggin-type polyoxometallates of
molybdenum (H4SiMo12O40 or H3PMo12O40) and tungsten (H4SiW12-
O40 or H3PW12O40) could serve as model examples of multi-electron
systems for all-liquid redox flow batteries and related fundamental
investigations. Among the polytungstates mentioned above, silico-
tungstic acid (H4SiW12O40) is characterized by well-defined redox pro-
cesses appearing at the relatively most negative potentials as well as by
high over-all physicochemical stability. It is apparent from Fig. 2 that
redox transitions (reversible reductions) characteristic of silicotungstic
acid (Fig. 2A) start to appear at potentials almost 200 mV more nega-
tive relative to the analogous performance of phosphotungstic acid
(Fig. 2B). The voltammetric peaks of silicotungstic acid (Fig. 2A) have
height ratios 1:1:2, as expected from the literature [26] for Keggin-
type heteropoly 12-tungstates. This behavior is consistent with the
view that, depending on the applied potential, one, two, or four elec-
trons are added and delocalized over the silicotungstate anion and, sta-
tistically, one, two, or four out of the 12 hexavalent tungsten atoms in
the lattice are transformed into the pentavalent state, and the material
becomes truly mixed-valence. The redox processes taking place in the
polyanion are reversible and can generally be described as follows:

SiW12O4�
40 þ xe� þ xHþ $ HxSiW12O4�

40 ð1Þ
where× can have values equal to 1, 2, and 4. It can be rationalized that
the concentrated solutions of silicotungstic acid can be potentially used
in a compartment of the negative electrode in a redox flow battery.

Microelectrodes are suitable for investigations of highly concen-
trated redox electrolytes where macroelectrodes would give very large
current densities leading to significant ohmic drops. Electrochemical
experiments utilizing microdisk electrodes permit estimation of the
effective diffusion coefficient and the concentration of redox sites in
the concentrated redox electrolyte. To perform diagnostic experiments
and characterize concentrated silicotungstic acid solutions, we have
utilized a measurement cell with a carbon fiber microdisk working
electrode (Fig. 1A).

Results of the microelectrode based voltammetric measurements,
which permit characterization of 0.6 mol dm−3 solution of the Keg-
gin-type silicotungstic acid redox electrolyte, are illustrated in Figs. 3
and 4. The voltammetric experiments can be performed in two diffu-
sional regimes: linear (Fig. 3) and radial (Fig. 4) executed at slow
(5 mV s−1) and fast (5 V s−1) scan rates, respectively. Provided that
the system is well-behaved (electrochemically reversible), a conven-
tional Randles-Sevcik eqation is applicable under conditions of linear
diffusion:

ip ¼ 2:69 � 105n
3
2πr2D1=2

appC0v1=2 ð2Þ
On the other hand, the steady state plateau currents can be

described using a typical equation known for microdisk electrodes:

iss ¼ 4nFDappC0r ð3Þ
It is noteworthy that redox transitions of H4SiW12O40 involve three

consecutive fast and reversible redox processes involving one, one and
two-electrons, respectively. The data implies not only the well-
behaved character of the system but also permits absolute electroana-
lytical determination of the concentration of redox centers and effec-
tive (apparent) diffusion coefficient in a manner described earlier
[18,26]. By combining two Eqs. (2) and (3), they can be resolved
(see Eqs. (4) and (5) below for two unknowns: effective concentration
of redox centers, C0, and apparent (effective) diffusion (transport)
coefficient, Dapp.

C0 ¼ 4Fi2p=issvn
2ð2:69 � 105Þ2π2r3 ð4Þ

Dapp ¼ nvð2:69 � 105Þ2π2r2i2ss=16F
2i2p ð5Þ



Fig. 2. Cyclic voltammetric responses recorded at 100 mV s−1 for (A) silicotungstic acid, and (B) phosphotungstic acid at 50 mmol dm−3 level. Working electrode:
conventional glassy carbon (geometric surface area, 0.071 cm2). The data are expressed vs the RHE reference electrode.

Fig. 3. Microelectrode-based voltammetry of 0.6 mol dm−3 silicotungstic acid
redox electrolyte. Scan rate: 5 V s−1. Reference electrode: Ag/AgCl gel-type
system.

Fig. 4. Microelectrode-based voltammetry of 0.6 mol dm−3 solution of
silicotungstic acid redox electrolyte. Scan rate: 5 mV s−1. Reference electrode:
Ag/AgCl gel-type system.

Fig. 5. Dependence of transport (diffusion) coefficient for charge propagation
in redox electrolytes on concentration of H4SiW12O40.
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The analytical solution of these two equations results in C0 = 0.59
(±0.01) mol dm−3 (which is not surprising and close to the nominal
value of 0.6 mol dm−3) and Dapp = 1.2 (±0.01)*10-6 cm2 s−1. The lat-
ter value is consistent with the relatively fast transport coefficient
characteristic of the 0.5 mol dm−3 H4SiW12O40 solution. Here, the
transport (diffusion) coefficient, Dapp, can also be simply estimated
using Eq. (3) from steady state current, iss, for the first (most positive)
one-electron reduction plateau (Fig. 4) because the concentration (C0)
is known.

Using the simplified approach mentioned above, we have also
observed that the Dapp’s values tend to somewhat decrease upon
4

increasing the concentration of H4SiW12O40 (Fig. 5). It is reasonable
to expect that viscosity becomes higher in more concentrated solutions
and somewhat hinders the overall physical mass transport. On practi-
cal grounds, the effectiveness of the operation of redox electrolyte in
battery type system will depend on both effective diffusion coefficient
and the concentration of redox centers. It is noteworthy that current
responses in such common electrochemical techniques as voltammetry
(Eq. (2)) or chronoamperometry,
i ¼ nFA½Dapp
1=2C0�= πtð Þ1=2 ð6Þ

are dependent on [Dapp
1/2 C0] parameter. For the series of concentra-

tions, 0.1; 0.2; 0.4; 0.6; and 0.8 mol dm−3, the [Dapp
1/2 C0] parameter

becomes equal to 1.8*10-4; 3.2*10-4; 5.4*10-4; 6.6*10-4; and 7.0*10-4

mol dm−3 cm s−1/2. The [Dapp
1/2 C0] parameter can be viewed as the

measure of the effectiveness of charge propagation that is, obviously,
crucial during the effective operation of battery type charge storage
systems. It is apparent form the results calculated above for the series
of silicotungstic acid concentrated solutions that the [Dapp

1/2 C0] param-
eter does not increase significantly at concentrations above
0.5 mol dm−3. At higher concentrations, the mobility of ions, particu-
larly of sizeable (ca. 1.2 nm [26]) heteropolytungstates, decreases due
to increasing viscosity, and it starts to limit the physical mass trans-
port. On the other hand, electron self-exchange (hopping) mechanism
may become operative at higher concentrations to support the overall
charge propagation.



Fig. 6. The Arrhenius-type logarithmic dependence of ln De on 1000/T.
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3.2. Mixed charge propagation mechanism: Fundamental considerations

The overall charge propagation process can be controlled by vari-
ety of phenomena such as physical mass transport, electron hopping
rate, counterion displacement, coupling of physical diffusion and elec-
tron hopping [15,18]. Regardless the actual mechanism, the situation
is advantageous when the overall rate of charge transport can be char-
acterized in diffusional terms, i.e. using the apparent diffusion coeffi-
cient, Dapp. In the case of solid-state-type systems, e.g. silicotungstic
acid single crystals where the electron self-exchange rate, rather than
the mobility of charge-compensation protons, is kinetically limiting
factor, it is plausible to describe currents arising from electron hopping
in term of a Fickian model with equivalent electron diffusion coeffi-
cient, De. Several theoretical treatments have related such a macro-
scopic property as De to site-to-site electron exchange rate constant
(kex);

De ¼ θkexδ2C0 ð7Þ
where C0 is the total concentration of redox sites, θ stands for a geomet-
ric factor that in the case of three-dimensional electron hopping
becomes equal to 1/6, and δ is the distance between the redox sites
at the time of electron transfer (that is usually estimated as the average
intersite distance, (C0NA)-1/3, with NA as Avogadro’s number). It comes
from Eq. (7) that both the population of the redox centers (C0) and the
rate constant for electron self-exchange (kex) must be large enough to
develop a diffusion-controlled current. For concentrated redox elec-
trolytes (between 0.5 and 4.5 mol dm−3), the average site spacings
(δ’s) are from 0.4 to 1.8 nm. These facts can be kept in mind when
redox systems are evaluated in terms of fast charge propagation.

The coupling of physical diffusion and electron self-exchange was
initially developed to describe electron self-exchange reactions in solu-
tions of redox ions [15,18]. The experimental diffusion rate, Dapp, was
found to be dependent on the physical diffusion rate, Dphys. When the
kex electron self-exchange values are higher than 106 mol−1 dm3 s−1,
they may contribute to the effective (apparent) charge transport coef-
ficients [16]. Though separating electron and diffusion rates is not
generally straightforward, useful information can be obtained from
the so-called Dahms-Ruff relation, which in its corrected form
[15,18] is as follows:

Dapp ¼ Dphys þ De ¼ Dphys þ kexδ2C0=6 ð8Þ
To preserve electroneutrality, the electron transport (hopping or

self-exchange) must be accompanied by the unimpeded motion of
charge-compensating, structural, or interstitial counterions. Indeed,
population of mobile protons in silicotungstic acid single crystal (H4-
SiW12O40*31H2O) is high, and their diffusive mobility does not limit
electron transfers [26]. The ideal systems are the highly concentrated
redox electrolytes in which Dphys and kex are maximized.

3.3. Electron self-exchange in H4SiW12O40*31H2O single crystals

Single crystals of H4SiW12O40*31H2O can be viewed as model sys-
tems with immobilized redox sites. The microelectrode-based solid-
state electroanalysis of silicotungstic acid single crystals, which per-
mitted the determination of the concentration of mixed-valence redox
sites (that are electrochemically accessible in the system) and the
effective diffusion coefficient for electron transfers (De), was described
earlier [26]. It is noteworthy that silicotungstic acid single crystals are
characterized by well-defined redox transitions appearing at potentials
analogous to those characteristic of concentrated redox solutions. For
simplicity and to avoid repetitions of the data published before [26],
we provide here (Supplementary material) only voltammetric responses
recorded at the microdisk electrode in two time regimes, related to the
radial and linear diffusional charge propagation (Figs S1 and S2). The
experiments have been performed here with use of a special measure-
ment cell for solid-state voltammetry (Fig. 1A) which utilized the Ag/
5

Ag2O pseudoreference, rather than the gel-type reference Ag/AgCl sys-
tem [26].

For the well-defined tetragonal H4SiW12O40*31H2O, the obtained
values were as follows: C0 = 1.5(±0.1) mol dm−3 or 1.5(±0.1)*10-3

mol cm−3, and De = 2.8 ± 0.3*10-7 cm2 s−1 where the error bars
are standard deviations. The measurement approach was based on
important characteristics of the potential step chronocoulometric and
chronoamperometric experiments utilizing microdisk electrodes: the
nature of mass transport depends on the time domain which in a case
of the short-pulse experiment leads to the effectively linear flux of
redox species perpendicular to the electrode, whereas spherical (non-
linear) diffusion becomes predominant during the long-pulse
experiment.

When using the above values of C0 = 1.5*10-3 mol cm−3 and
De = 2.8*10-7 cm2 s−1 parameters, as well as by referring to Eq. (7)
and to the already mentioned concept of the estimation of intersite dis-
tance (δ), we have estimated δ= 1.03*10-7 cm and kex = 1.1*108 dm3

mol−1 s−1. The latter electron self-exchange (kex) value is high, and it
is approximately-two order of magnitude higher than that reported for
the outer-sphere electron transfers in the model hexacyanoferrate(III,
II) redox couple [16].

To get further insight into the nature and dynamics of electron
transfers between W(VI) and W(V) in silicotungstic acid single crystals,
we have determined De parameters at different temperatures 20, 15,
10, 5, and 0 °C (293, 288, 283, 278, and 273 K), respectively. Here
the temperature ranges was restricted by the stability of H4SiW12-
O40*31H2O single crystals. Provided that C0 concentration is constant
and equal to 1.5*10-3 mol cm−3, the actual De values have been esti-
mated from equation (7) upon consideration of the temperature-
dependent steady-state current (iss) values characteristic of the first
(most positive) one-electron plateau current (Fig. S1).

The Arrhenius-type logarithmic dependence of ln De on 1000/T
[temperature T is in K] is shown in Fig. 6. Remembering that kex is
strictly related to De, and by referring to the previous studies
[33,34], the dependence can be understood as follows:

ln kex ¼ ln k0ex � EA=RT ð9Þ

where kex0 stands for the electron self-exchange rate extrapolated toward
infinitely high temperature and other parameters have usual signifi-
cance. Here, the activation energy EA can be determined from a slope
of the dependence (Fig. 6). For the H4SiW12O40*31H2O single crystal,
the following values have been obtained: EA = 18.7 kJ mol−1,
De
0 = 6.1*10-4 cm2 s−1 (i.e., De extrapolated to the infinitely high tem-

perature), and kex0 = 2.3*1011 dm3 mol−1 s−1. On the basis of the
results obtained, it can be concluded as follows. The linear dependence
in Fig. 6 is consistent with the view that electron transfers within in H4-



Fig. 8. Chronoculometric responses recorded using microdisk electrode of the
colloidal suspension of H4SiW12O40*31H2O single crystals dispersed in
0.8 mol dm−3 H4SiW12O40 aqueous solution. Short-pulse potential-step
(25 ms) from 0.2 to −0.35 V. Reference electrode: Ag/AgCl gel-type system.

Fig. 9. Chronoamperometric responses recorded using microdisk electrode of
the colloidal suspension of H4SiW12O40*31H2O single crystals dispersed in
0.8 mol dm−3 H4SiW12O40 aqueous solution. Long-pulse potential-step (30 s)
from 0.2 to −0.35 V. Reference electrode: Ag/AgCl gel-type system.
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SiW12O40*31H2O single crystals with immobilized redox sites are ther-
mally activated. Both the low value of the activation energy (EA) and
the high value of kex0 are consistent with the existence of very fast elec-
tron transfers between the immobilized redox sites in H4SiW12O40*31-
H2O single crystals. In view of previous studies [16,33,34], the high
value of kex0 parameter exceeding 1010 dm3 mol−1 s−1 of the fast adia-
batic process. Thus, it can be hypothesized that the electron self-
exchange (hopping) mechanism can facilitate redox transitions in con-
centrated silicotungtic acid redox electrolytes.

3.4. Colloidal suspension of single crystals in concentrated solution

The 0.8 mol dm−3 silicotungstic acid solution is close to the level of
saturation. To increase effectively the concentration of tungstate redox
centers, we have considered the colloidal suspension of H4SiW12-
O40*31H2O single crystals (5 g) dispersed (under magnetic stirring
for 10 min) in 5 cm3 of 0.8 mol dm−3 H4SiW12O40 aqueous solution.
It is apparent from Fig. 7 illustrating the system’s cyclic voltammetric
response recorded at the 10 V s−1 scan rate with use of the microdisk
electrode (measurement cell of Fig. 1A) that the polytungstate redox
transitions are still well-defined in the colloidal suspension of single
crystals in concentrated solution despite application of high polariza-
tion rates leading to the linear diffusional patterns. We have also real-
ized that application of microelectrodes produces – as in a case of
single crystals [26] - concentration gradients that, upon application
of a sufficiently short pulse (chronocoulometry) or a long pulse
(chronoamperometry) either linear or spherical diffusional charge
propagation is operative. To address calculations and interpretations,
we performed the short-pulse (25 ms) and long-pulse (30 s) experi-
ments in the chronocoulometric (Fig. 8) and chronoamperometric
(Fig. 9) modes, respectively. In both cases, the step potential was to
−0.440 V, i.e., to the potential that is approximately 80 mV more neg-
ative than the first reduction peak in Fig. 7.

Chronocoulometry gives the cumulative charge Q passed in reduc-
ing silicotungstatesites that are effectively transported to the microdisk
electrode by linear diffusion along the concentration gradients devel-
oped within the colloidal suspension. As the experimental time scale
increases, spherical diffusion predominates and a steady-state plateau
currents are produced, as expected for chronoamperometry at micro-
electrodes [15–18,35,36]. As before [26], the approach has been based
on the system of two equations describing two diffusional regimes: lin-
ear under chronocoulometric conditions,
Fig. 7. Cyclic voltammetric response recorded at the 10 V s−1 scan rate (with
use of the microdisk electrode) of the colloidal suspension of H4SiW12O40*31-
H2O single crystals dispersed in 0.8 mol dm−3 H4SiW12O40 aqueous solution.
Reference electrode: Ag/AgCl gel-type system.
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Q=t1=2 ¼ 2nFπ1=2r2C0D1=2
app ð10Þ

and radial using chronoamperometry (equation). They can be
solved for two variables: C0 and De:
C0 ¼ Q=t1=2
� �2

=nFπr3iss ð11Þ
Dapp ¼ i2ssπr
2=4 Q=t1=2

� �2 ð12Þ
The dependency of Q versus t1/2 (Anson plot) is shown in Fig. 8. As

expected for a process controlled by linear diffusion, the plot is linear,
and the slope is 119 (±2.2) nC s−1/2. Further, the dependence showed
effectively a zero intercept. The error bars are standard deviations
based on the data from 10 independent experiments. The long-pulse
chronoamperometry experiment (30 s pulse width) has featured a
steady-state current response (Fig. 9), as expected from the predomi-
nantly nonlinear mass-transport mechanism. The response has been
unchanged during at least 20 consecutive measurements. The mean
value of the steady-state current, based on 10 independent experi-
ments, has been equal to 183 ± 10nA. Finally, during the reverse
pulse, the current decayed to zero, thus implying that the time scale
of the measurement is long enough for the electrolysis products to dif-
fuse away from the surface of the microdisk electrode.



Fig. 10. Microelectrode-based voltammetry of the colloidal suspension of
H4SiW12O40*31H2O single crystals dispersed in 0.8 mol dm−3 H4SiW12O40

recorded in the extended potential range down to more negative potential
values. Scan rate: 5 mV s−1. Reference electrode: Ag/AgCl gel-type system.
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Eqs. (11) and (12) yield Dapp = 1.8(±0.3)*10-6 cm2 s−1 and
C0 = 1.1(±0.1) mol dm−3 where the error bars are standard devia-
tions, as discussed above. The concentration of redox sites (C0) is large
enough to define the colloidal suspension as the over-saturated silico-
tungstic acid solution. The high value of Dapp is consistent with the
effectively fast diffusional charge propagation that may result from
the possibility of mutual compensation between the physical mass
transport and unimpeded electron hopping in the colloidal suspension
of H4SiW12O40. Thus the [Dapp

1/2 C0] parameter, which can be viewed as
the measure of the effectiveness of charge propagation permitting
effective charge storage, becomes fairly high and equals to 1.5*10-3

mol dm−3 cm s−1/2. The present value has been estimated upon
assumption that one electron is involved in the reduction of H4SiW12-
O40. In reality, silicotungstates can accept reversibly up to 4 electrons
during three reversible redox transitions and, under such conditions,
the [Dapp

1/2 C0] parameter may reach the value of 6*10-3 mol dm−3 cm
s−1/2 which is close to the optimum values on the level of 10-2 mol
dm−3 cm s−1/2 characteristic of highly concentrated solutions
(∼10 mol dm−3) characterized by high diffusion coefficients (larger
than 10-6 cm2 s−1).

Finally, a microelectrode-based cyclic voltammetric experiment
(Fig. 10) can provide useful information about applicable potential
limits within which the colloidal suspension of H4SiW12O40 can be
practically considered as well-behaved redox electrolyte. In general,
fundamental electrochemical studies are complicated in highly con-
centrated redox electrolytes in which population of supporting ions
is comparable (rather than higher) to concentration of electroactive
species. Although the migration effects also exist at microelectrodes
[36], the problem is less severe upon application of microelectrodes
[15–18]. It is apparent from Fig. 10 that, at potentials lower than ca.
−0.65 V (i.e., following the first three well-known reversible silico-
tungstate redox transitions), the system is subject to irreversible reduc-
tions and possible reorganization [26]. Indeed, instead the well-
defined plateau currents observed at microelectrodes at slow scan
rates, the distorted waves and peaks are observed at potentials lower
than −0.65 V. In other words, the present experiment implies that
application of silicotungstic acid should be limited to the potentials
not lower than −0.65 V.
4. Conclusions

Having in mind that current densities, which reflect dynamics of
electrochemical processes, have an influence on the systems’ perfor-
mance, the viscosity of the electrolyte and the mass transport dynam-
ics are also affected by the nature of the redox-active material and its
7

concentration. Trying to develop useful electroanalytical diagnostic
approaches, we have successfully utilized microelectrode-based
probes, as well as the historical concepts of charge propagation in
semi-solid or semi-liquid systems developed for mixed-valence polynu-
clear materials in order to characterize concentrated redox elec-
trolytes. Among important parameters are concentration of redox
centers (C0) and apparent transport (diffusion) coefficient (Dapp). The
knowledge of these parameters and, in particular of [Dapp

1/2 C0], are cru-
cial when it comes to evaluation of the diffusional-type charge propa-
gation dynamics in the concentrated electrolyte which may reflect
both physical mass transport and electron self-exchange (electron-hop-
ping) contributions. Both potential-step (chronocoulometry,
chronoamperometry) and cyclic voltammetric experiments utilizing
microdisk electrodes have been adapted to characterization (identifi-
cation of redox transitions and determination of kinetic parameters)
of model inorganic redox electrolytes, namely highly-concentrated
solutions or colloidal suspensions of Keggin-type polyoxometallates.
For the colloidal suspension of silicotungstic acid (H4SiW12O40) crys-
tals in the saturated solution, the following values have been obtained:
Dapp = 1.8*10-6 cm2 s−1 and C0 = 1.1 mol dm−3, as well as the [Dapp

1/2

C0] diagnostic parameter has reached the value as high as 6*10-3 mol/
dm−3 cm s−1/2, provided that four electrons are involved in the H4-
SiW12O40 redox transitions. In this respect, the fact that crystals (dis-
persed solids) are characterized by high electron self-exchange rate
(kex = 1.1*108 dm3 mol−1 s−1) and low activation energy (EA = 18.7-
kJ mol−1) facilitating electron transfers between immobilized WVI and
WV redox sites is also advantageous. Our research parallel recent
attempt to utilize the microelectrode-type systems to monitoring of
charging/discharging processes and concentration changes during
operation of redox flow batteries [37–39].
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