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Abstract We demonstrate the electrochemical characteris-
tics of the, poorly described in the literature, mixed-valence
proton conducting solid borotungstic acid single crystal,
HsBW;,0409 xH,0, in the absence of liquid electrolyte
phase. We performed electrochemical measurements in an
all-solid cell with a gold fiber ultramicrodisk (diameter 10,
25, and 40 um) working electrode, a silver semi-reference
disk electrode, and a glassy carbon ring counter electrode.
Diagnostic experiments at different scan rates aimed at
probing the model of mass transport and potential kinetic
limitations. Such bulk parameters as the effective diffusion
coefficient of charge propagation and the concentration of
mixed-valence redox centers were determined by two meth-
ods. The first method is based on the analysis of both
Cottrellian and steady-state currents (the mixed-regimes
method), and the second method provides the true diffusion
coefficient (transport coefficient free of the migration influ-
ence) for both the substrate and the product of the electrode
reaction. Together, these methods constitute a double poten-
tial step chronoamperometry experiment. The data obtained
with these electrochemical experiments (effective diffusion
coefficients, concentration of mixed-valence redox centers,
etc.) can support the results obtained with other techniques
(XRD, FTIR, and TGA).
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Introduction

Electrochemistry in the absence of external electrolyte is
important because of its potential applications in different
fields, including catalysis, materials science, and medicine
[1, 2]. The materials used for solid-state voltammetry should
contain not only reactive redox species, through which fast
reversible electron transfer is possible, but also fairly large
amounts of mobile counter cations to keep the electroneutral-
ity. Such materials can have potential application as charge
storage in batteries and supercapacitors [3], electrochromic
devices [4], corrosion protection [5, 6], medicine [7], and fuel
cell research [7-15]. The important physicochemical parame-
ters, such as porosity, degree and type of solvation, effective
diffusion coefficient of charge propagation, concentration of
redox species, should be taken into account during evaluation
and selection of solid electrolytes.

Among the important requirements for a material to
reveal electroactivity in solid, rigid, or semirigid state, in
the absence of external liquid electrolyte, essential is the
existence of mixed-valence redox centers and mobile
charge-compensating ions [16—-20]. Moreover, to minimize
such parameters as ohmic resistance and migration effect,
the concentration of charged species, like mobile ions and
electrons, should be fairly large in the system. Examples of
the mixed-valence inorganic bulk redox systems utilized in
solid-state voltammetry are Keggin-type polyoxometalates
(POMs), such as heteropolyacids of tungsten or molybde-
num [21-26]. Generally, Keggin-type polyoxometalates
have a central XO4 (X = B, Si, Ge, P, As) tetrahedron
surrounded by 12 MOg octahedrons arranged in four groups
of three-octahedral subunits, M30;3. These four groups are
linked by their corresponding edges to each other and to the
central XO, tetrahedron [1, 2, 27]. The overall POMs charge
depends on its heteroatoms and the nature of transition
metals. Although the overall charge of the compound is
negative, the oxidized metallic centers are generally external
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electrons acceptors, which does not cause major changes in
the geometric structure, and take part in a wide variety of
redox reactions. The coordination of metallic centers with
large amount of O~ species leads to formation of extremely
ionic structures. From electrochemical point of view, in this
type of system, 4 of the 12 tungsten (VI) or molybdenum
(VI) atoms can be reversibly reduced to tungsten (V) or
molybdenum (V), respectively.

Up to now, the electrochemical behavior of POMs has
been studied in many environments, such as aqueous solu-
tion [28, 29] or ionic liquid [30-33]. POMs have been
studied as monolayers or organic—inorganic hybrids in con-
tact with different supporting electrolytes [34, 35], and as
single crystals in the absence of external liquid phase
[21-26]. The electrochemical analysis of the most popular
Keggin-type POMs (phosphotungstate and tungstosilicate)
in the presence of acidic solution revealed three reversible
reduction peaks originating from two one-electron processes
followed by one two-electron process [17, 21, 22, 36].
Similar electrochemical behavior was described when these
compounds were introduced into organic polymers or a
silica matrix [6, 23, 24, 37-41]. Kulesza et al. [21, 22, 25]
studied solid-state electrochemistry of these heteropolyacids
and showed that the electrochemical behavior of both acids
was almost the same as the behavior observed in solutions,
namely: well-separated and reversible reduction peaks.
Moreover, by combining various electroanalytical techni-
ques, they found that these single crystals are characterized
by high effective diffusion coefficients and large concentra-
tions of mixed-valence redox centers (W or Mo) [21, 36].

In the present work, we performed a very limited, solely
electrochemical characterization of a single crystal of bor-
otungstate polyoxoanions in the absence of external liquid
electrolyte. Investigation of boron-centered tungsten—oxy-
gen heteropolyanions is necessary and very interesting con-
sidering their potential values. Boron is an electron-deficient
element, which can form either trigonal or tetrahedral coor-
dinations. Structure analysis of the o-[BW,040]° Keggin
anion reveals a central, regular {BO4} unit, in agreement
with 11B solid-state NMR data [42—44]. According to our
previous work [25, 26, 45], application of electroanalytical
approaches allow us to determine both the concentration
(Cy) of redox centers and the apparent diffusion coefficient
(Dgpp) for a single crystal of silicotungstic, phosphotungstic
acids, or Prussian Blue in a sol-gel matrix, by solving a
system of two equations with two unknowns (D, and Cy).
Moreover, the obtained apparent diffusion coefficients were
compared with the values of the real diffusion coefficient
(transport coefficient free of migration influence) calculated
by using the analysis of transient currents in the double
potential step chronoamperometric experiment (DPSC)
[46, 47]. The great advantage of this method is that deter-
mination of the electroreactant’s diffusion coefficient and
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concentration can be performed independently. The results
that we obtained for borotungstic acid allow us to tell more
about the mechanism of charge propagation.

Experimental

HsBW,040 xH,0 (BW;) was synthesized according to the
reference [48] and characterized by FTIR, powder X-ray
diffraction and TGA. A single crystal of borotungstic acid
(BW,) was prepared as follows: a known amount of BW,
(3 g) was dissolved in 5 ml of water in a beaker to obtain a
highly concentrated solution. Next, the clear, concentrated
solution of BW, was put aside for a week at room temper-
ature in a closed beaker to allow slow crystallization. The
crystallization process for each single crystal of BW |, was
repeated three times. Each time before use, gold ultramicro-
disk electrodes (diameter of 10, 25, and 40 wm) were acti-
vated by briefly polishing with alumina powder on a
wet pad (grain size 0.05 pm, Buehler, Chicago, IL).
After polishing, the electrodes were thoroughly rinsed
with deionized water. Solutions were prepared using
double distilled water that was further purified with a
Millipore Milli-Q system. All measurements were per-
formed at ambient temperature, 20+2 °C.

Electrochemical measurements were performed using
an electrochemical analyzer, model 750 (CH Instru-
ments, Austin, TX) in three electrode configurations,
almost identical to those proposed previously by
Kulesza [16]. The electrochemical cells were kept in a
Faraday cage during the measurements to minimize the
electric noise. In the cell that we used, the single crystal
of BW;, was placed in the center of the cell, between
the surface composed of two electrodes (reference/semi-
reference system [silver/silver oxide electrode]), the
counter (glassy carbon ring), and the working electrode
(gold ultramicrodisk). In order to provide good repeat-
ability (within 5 %), the results were based on eight
electrochemical experiments with independently pre-
pared samples. To avoid partial dehydration of the sin-
gle crystal of BW;, glass tubing was used to protect it.
X-ray diffraction (XRD) patterns of the BW;, powder
were recorded using a Bruker D8 Discover system op-
erated with a Cu lamp (1.54 A), and a Vantec (linear)
detector (k=1.5406 A). Infrared spectrometry was per-
formed on the sample powder compressed with KBr
into pellets with a Shimadzu 8400 FTIR spectrometer
over the range of 400-4,000 cm '. Potassium bromide
was chosen because it shows no infrared absorption in
that wavelength range (the observed peaks belong solely
to the borotungstic acid sample). Thermogravimetric
analyses (TGA) were carried out in the flow of N, on
a Calvet TG-DSC 111 SETARAM instrument with heat-
ing rate of 10 °Cmin", in the range 20-650 °C.
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Result and discussion
FTIR experiment

To elucidate the structure and identify the synthesized bor-
otungstic acid, FTIR spectra were performed (Fig. 1). Four
characteristic bands of the Kegging-type structure of boro-
tungstic acid were observed in the range 700—1,000 cm .
The peaks at 960, 917, 810, and 747 cm ! are attributed to
(W=0y), (W-0,), (W-0y), and (W-0,) stretching vibra-
tions, respectively. These results indicate that the synthe-
sized borotungstic acid has a basic Keggin-type structure,
which is consistent with previous literature data [49-52].
Furthermore, the FTIR spectra showed three additional
bands at 504, 1,004, and 1,410 cm™ ! that can originate from
the vibrations of the central tetrahedral BO, group [53]. The
peaks at 504 and 1,004 cm ' are assigned to the maximum
of the W—O-B stretching mode for BW,, and the peaks at
1,410 cm ™' can be attributed to the asymmetric B—O stretch-
ing vibration.

Thermogravimetric analyses

The TG plot (Fig. 2) of borotungstic acid shows a three-step
weight loss in the temperature range 20—650 °C and gives a
total weight loss of 17.5 %. The first region of the thermal
dehydration of BW,, from 20 to 175 °C, results from the
loss of non-coordinated water molecules (13.7 %). The
second region (175-345 °C) is likely to relate to the loss
of the coordinated water molecule (2.9 %). The weight loss
of 0.9 % observed in the last step (in the range of 345 to
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Fig. 1 Infrared (FTIR) spectra of HsBW;,049 xH,0
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Fig. 2 Thermogravimetric curve for HsBW;,0,40 xH,O under nitrogen

650 °C) is attributed to the release of the remains of the
crystalline water molecule and the decomposition of poly-
oxometallate [53—55].

XRD analysis
Figure 3 illustrates X-ray powder diffraction patterns of

borotungstic acid and shows only one phase. The strongest
signals are clearly seen at 23-24 26. The diffraction peaks
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Fig. 3 XRD pattern of HsBW,049 xH,O powders
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located at the values of 20-60° are ascribed to the
borotungstic acid hydrates (BW,) with a Keggin struc-
ture. No other reflection signals coming from any other
crystal phases were observed. It is evident, upon com-
parison with the data obtained by FTIR that BW, has a
Keggin structure.

Diagnostic cyclic voltammetric experiments

A typically shaped response of a single crystal of borotungs-
tic acid (HsBW,04¢ xH,0), recorded at two extreme time
regimes at a slow, (a) 4 mVs ', and at a fast, (b) 50 Vs ',
scan rates is shown in Fig. 4. In order to limit the amount of
our data, we decided to concentrate on the first two, most
positive redox sites of BW,. In view of the previous work
on a similar class of compounds [22], it seems plausible that
these well-defined peaks of comparable size refer to two
one-electron reversible redox processes. The wave-shaped
response obtained at the slowest scan rate used, (4 mVs ),
as seen in Fig. 4a, indicated that the spherical mass transport
prevailed, and the area of the sphere was much larger than
the electrode surface. The current appearing in the reverse
scan has retraced almost identically the spectrum recorded
in the forward scan.

The solid-state voltammetric response of a single
crystal of BW;, was significantly different when the
fastest scan rate, 50 Vs ' (i.e., a short-time experiment),
was used, as shown in Fig. 4b. It is apparent from the
cyclic voltammetric analysis that the system is charac-
terized by a typical peak-shaped response. Such charac-
teristic behavior is related to the dimensionless time
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Fig. 4 Solid-state voltammetric responses of BW, single crystal at (a)
4mVs ' and (b) 50 Vs~'. Au microelectrode radius: 5 pm
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parameter 7 that represents the square of the ratio of
the apparent or effective diffusion coefficient to the
radius of the electrode (4 Dppt/r?) [56, 57]. Small
values of the parameter, 7«1, correspond to short times
in the experiment (fast scan rate), in which the diffusion
field is small compared to the electrode radius (planar
diffusion). On the other hand, large values of 7 (7»1)
correspond to long times in the experiment (slow scan
rate), when the spherical diffusion field has had time to
expand well beyond the electrode dimension (radial
diffusion). In the latter case, the limiting steady-state
current, I, is given by:

]ss = 4I’lFDeffCOI"

where D¢ is the effective diffusion coefficient (a com-
bination of physical diffusion, electron self-exchange,
and counterion mobility), C, is the concentration of
redox centers, » is the electrode radius, and the rest of
the symbols have their usual meaning [16].

In order to translate the above model of charge
propagation into the case of borotungstic anions, it is
important to perform diagnostic experiments that present
the influence of the scan rate, v, on the current. The
dependence of the voltammetric peak currents on the
square root of the scan rate over the full range of scan
rates was plotted in Fig. 5. In the scan rate range of 5—
50 Vs ', the plot of the voltammetric peak currents
versus the square root of the scan rate is linear with
an x-intercept, whereas at a fast scan rate (no Kkinetic
limitations) a negative deviation from linearity was ob-
served (Fig. 5). This behavior is a clear indication of a
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Fig. 5 Dependence of voltammetric peak current on square root of
scan rate (plotted for the reduction peak located at ca. —0.4 V in Fig. 4)
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linear diffusion regime (perpendicular to the electrode)
and can be characterized using the classic Randles—Sev-
cik equation:

I, =2.69 10°n’/4D, '?C '/

where v, C,, A, and n denote the scan rate, concentration of
redox sites, electrode surface area, and the number of electrons
involved, respectively. Moreover, the difference between the
position of anodic and cathodic peaks was almost equal to the
value predicted by theory (0.060 V/electron) in accordance
with the definition of a reversible process in classic voltam-
metry. Moreover, the ratio of the anodic/cathodic peak cur-
rents for the first reduction step was 1. If the scan rate is
decreased, purely spherical transport modes (steady-state cur-
rents) are recorded, rather than linear diffusion (peaks)
(Fig. 4). In consequence, this is reflected in the shape of the
recorded voltammogram, which becomes sigmoidal and
wave-shaped, as shown in Fig. 4a. In other words, the spher-
ical diffusion field is smaller than the size of the ultramicroe-
lectrode. Moreover, when a low value of the scan rate (below
20 mVs ') is used, some deviations are observed where the
steady-state plateau currents become independent of the
square root of the scan rate (Fig. 5). The results indicated that
the uncompensated ohmic drop in the measurement cell is
small, and that a fast electron transfer between the electrode
and the surface of BW;, single crystal, as well as high dy-
namics of charge propagation can be observed. This behavior
is due to the existence, in the crystallographic structure of
BW,,, of large amounts of protons (mobile and hydrated) that
are promoting fast electron transfer (hopping) between the W
(VI, V) redox sites.

Determination of transport coefficients

To determine the concentration of redox sites and the diffu-
sion coefficient (C, and D,p) from voltammetric data, we
used a previously described method [17, 23, 24, 58]. On the
basis of two appropriately different scan rates of 50 Vs
and 4 mVs ™' (short-time and long-time regimes), a system
of two equations with two variables (the concentration of
redox sites and the transport coefficient) were obtained for
the results shown in Fig. 4 [22, 25]. Consequently, this
allowed us to estimate both parameters: C, and D,,. The
following parameters were obtained for 10, 25, and 40 pum:
Dapp=4.9 10 7cm’*s™" and C,=0.46 moldm >, D,,,=3.4
10 "em’s™" and C,=0.58 moldm >, and D,,,=7.7 10~
em®s ' and C,=0.43 moldm°, respectively. In an analo-
gous manner, we combined long-pulse chronoamperometry
(spherical diffusion) and short-pulse chronocoulometry (lin-
ear diffusion) to determine C, and D,,;, [36]. In the double-
step chronoamperometry experiments the initial potential
(Ep=0 V) was changed instantancously to the first step

potential (£;=-0.5 V) and after first defined time period
(30 s), in the second step, the potential was returned to £,=
0 V and is held for the second defined time period. The
electrolysis potential of —0.5 V is approximately 50 mV
more negative than the first reduction peak and 50 mV more
positive than the second reduction peak, so a one-electron
transfer to BW, is assumed. Figure 6 shows a typical,
double-step chronoamperogram obtained for BW,. It
should be explained here that the steady-state (plateau)
currents (/) obtained at a slow scan rate (below 4 mVs ),
in cyclic voltammetry, is approximately the same, as /g
obtained in a long-pulse (30 s) chronoamperometry experi-
ment (Fig. 6). In other words, the steady-state currents
obtained by cyclic voltammetry were confirmed by chro-
noamperometry, and it means that in both cases, spherical
transport modes are reached. An alternative method to
analyze electrochemical data is to plot the cumulative
charge (Q) versus times (r''?) (not show here). In a
short-pulse experiment (16 ms), the plot mentioned
above shows a linear dependence according to the inte-
grated formula of the Cottrell equation [56, 57]:

0= 2nFr27rl/2Dappl/2Cotl/2

These results imply that the planar diffusion (the diffu-
sion field is small, compared to the electrode radius)
becomes predominant in the charge transport mechanism.
Moreover, the linearity of the plot could indicate a small or
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Fig. 6 Double potential step chronoamperometry of BW,. Pulse length,
30 s. The first potential step was from £,=0.0 V to £;=—-0.5 V and the
second step from £;=—-0.5 V to £,=0.0 V vs. the Ag/Ag,O pseudo-
reference electrode. The selected potentials correspond to the first redox
system in Fig. 4
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absent ohmic drop, migration, or slow interfacial electron
transfer during the measurement [17, 58]. The following
parameters were obtained using this methodology: 10 um
Dopp=8.3 10" ecm?s™" and C,=0.23 moldm >, 25 um D=
7.8 10 "cm?s ! and C,=0.32 moldm >, and 40 um Dipp=
8.8 10 "ecm?s™! and C,=0.16 moldm™>. The results
obtained by using a two-regime method (cyclic voltammet-
ric experiments) were compared to the transport coefficient
(free of the migration influence) of BW;, by applying a
DPSC [46, 47]. This method gives a unique opportunity to
estimate the diffusion coefficient of the electrode reaction
product generated in the first chronoamperometric step. We
have limited our calculations to the potential range from 0
to —0.5 V, where the first, most positive voltammetric re-
duction/oxidation process of BW;, occurs (Fig. 4). The
obtained data was used to determine the linearized chro-
noamperometric responses normalized with respect to the
current measured at 7,=30 s in the generating step (Fig. 7).
The time range used for linearization was 0.1-1 s for both
potential steps. We observed some more or less significant
deviations from linearity in the whole range of potential
pulses (30 s). The calculated diffusion coefficient of the
substrate and the product are obtained based on the plots
of the normalized current of generating and reverse steps,
respectively, through incorporating, either the value of the
slope, a, or the intercept, b, of the plots. Values of the
diffusion coefficient of the considered BW,, determined
using DPSC method were obtained for: 10 um D,=1.8
10 %cm?s ! and Dy=1.7 10 %cm?s !, 25 um D=2.9 10°¢
em?s ! and D,=2.5 10 °cm?s ™!, and 40 um D=3.0 10°°
ecm’s ' and D,=2.1 10 °cm?s ', The results obtained with
DPSC method show that the diffusion coefficient of the
product is lower than that of the substrate. This result is in
a good agreement with the results reported for different
heteropolytungstates and materials containing heteropolyan-
ions [25, 47].

Conclusions

This study seems to provide reliable information about
the dynamics of bulk charge propagation in BW,, sin-
gle crystals and the heterogeneous kinetics of interfacial
electron transfer. The obtained values of transport coef-
ficients (mixed regimes method) and diffusion coeffi-
cients (DPSC) are similar. Neither of the two methods
used in this paper can be called superior. They are
complimentary. Our study shows that BWj, crystals
are characterized by a large population of redox sites,
a high effective diffusion coefficient for mass transfer,
and a fairly high-standard heterogeneous rate constant
for electron transfer at the electrode/crystal interface. It
is noteworthy that BW;, shows two reversible, one-
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Normalizing factor: limiting current measured at £,=30 s in the gener-
ating step

electron reactions occurring at relatively negative poten-
tials, and the mechanism of charge transport in the
single crystal closely resembles the model of electron
hopping promoted by mobile protons, rather than classic
diffusion. These parameters are critical to the success of
solid-state electrochemical measurements.
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