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Electrochemical Detection of High Oxidation States of Chromium(1v and v) in
Chromium-Doped Cassiterite and Tin-Sphene Ceramic Pigmenting Systems
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Keywords: Chromium / High oxidation states / Voltammetry / Cassiterite / Tin-sphene

Solid-state electrochemistry is applied to detect the presence
of chromium centres with high oxidation states in chromium-
doped cassiterite and tin-sphene ceramic pigmenting sys-
tems. Voltammetric data indicate that Cr¥ and Cr'V centres
with different coordinative arrangements exist in the studied
materials, and yield proton-assisted reduction processes at
+0.95, +0.42 AgCl/Ag in contact with 0.50 M H,SO,. Electro-

chemical measurements are correlated with spectroscopic
data. The Cr'V and CrY metal ions display a significant light-
driven electrocatalytic effect on the oxidation of 1,4-dihy-
drobenzoquinone and Fe(CN)g*~ ions that involves the for-
mation of surface-confined adducts.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Ceramic pigments are formed by crystalline phases con-
taining cromophore cations. These materials are dispersed
in particulate form in the bulk ceramic body or in the outer
glassy layer on the ceramic support. During the thermal
processing of ceramic materials, these particulate compo-
nents must be stable at the high temperatures reached and
must be inert to the chemical action of other components of
the ceramic body, i.e. other crystalline phases and/or glassy
phases.

Purple and pink chromium-containing, tin-based ce-
ramic pigments have been widely used in the industry for
years. Two of the main crystalline structures included in this
group of ceramic pigments are cassiterite (SnO,) and
sphene or malayaite (CaSnSiOs), which produce the purple
and pink colours, respectively. As is well known, cassiterite
has a rutile-type structure, while sphene possesses a titanite-
type structure.

The preparation and characterisation of these two types
of chromium-containing pigments have been widely studied
by different authors for the past decades.['-?! Different prep-
aration procedures have been used in order to facilitate the
kinetics of the reaction, which lead to the Cr-doped cas-
siterite or sphene particulate materials.*~> Microstructural
features such as morphology, shape and size of the crystals,
as well as important characteristics of particulate materials,
have also been investigated extensively.[®7]
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The crystallochemistry of cassiterite and sphene struc-
tures indicates that the chromium cations in both structures
are in octahedral sites, replacing the Sn'v centres. There is
agreement amongst various authors on this point. However,
the controversy on the chemical states of the doped chro-
mium cation exists for some time now.[° ! Thus, Ren et
al.,'® on the basis of electron spin resonance spectroscopy,
reflectance spectroscopy and magnetic susceptibility mea-
surements, claimed that the violet colour of the Cr-SnO,
pigment is caused by the simultaneous presence of Cr!V and
Cr' jons, the former as a Cr™V-SnO, solid solution and the
latter as Cr,Os. Lopez-Navarrete et al.l %! reached the same
conclusion from X-ray photoelectron, diffuse reflectance
and magnetic susceptibility data. More recently, these au-
thors concluded that in Cr-doped sphene structures most
of the tetravalent chromium cations form a solid solution
with the sphene lattice by mostly substituting the Sn'V cat-
ions in the isolated octahedral positions, while a very small
amount of Cr!V also substitutes the tetrahedral Si' ions. In
contrast, Pavlov et al.,['% from electronic absorption spec-
troscopy studies, concluded that the chromium cation is in
the oxidation state +3 in Cr-SnO,, while in the Cr-doped
sphene there is an additional band in the near-IR part of
the spectrum (around 1200 nm), which can be attributed to
Ccrv,

Recently, Julidn et al.,l''l using a wet synthetic route,
indicated that the violet colour in the Cr-SnO, pigmenting
system is mainly produced by Cr'"" and/or Cr'V ions incor-
porated in the cassiterite structure. On the basis of electron
spin resonance spectroscopy data, these authors concluded
that different amounts of CrY, Cr'Y and Cr' ions are pres-
ent in chromium-doped cassiterite.

From the above reports it seems possible that in both
ceramic-pigmenting systems, the chromium cation can be
present in several oxidation states. However, it can also be
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concluded that it is quite difficult to establish unambigu-
ously the presence of these oxidation states of chromium in
both host lattices from spectroscopic and magnetic tech-
niques. Furthermore, the small amount of chromium in
such materials makes it even more difficult to check the
presence of Cr!V or even CrY cations. Therefore, it would be
interesting to use an experimental technique with enough
sensitivity to distinguish between the different oxidation
states of chromium in the Cr-doped cassiterite and Cr-
doped sphene ceramic pigments. The coexistence of metal
ions in different oxidation states is of interest in a wide vari-
ety of contexts. In particular, the simultaneous presence of
Cr" and Cr'" in porous chromium-containing a-tin phos-
phatel'?! and silica optical fibres!'*! has been reported re-
cently.

Over the last years the voltammetry of microparticles has
emerged as a powerful technique to obtain chemical infor-
mation on doped materials. Therefore, in this paper the pos-
sible presence of high oxidation states of chromium in the
studied materials will be investigated by square wave vol-
tammetry upon attachment of solid samples to paraffin-
impregnated graphite electrodes (PIGEs). This follows the
methodology of the voltammetry of microparticles ap-
proach, an increasingly growing research field for which ex-
tensive reviews are available.l'+!3] The voltammetry of tin
oxide microparticles and related compounds has not been
described in detail in spite of the wide range of applications
of tin oxide electrodes.['®! Recently, Scholz et al. described
the electrochemistry of natural and synthetic tin sulfosalts
using the voltammetry of microparticles methodology.!'”!
This scheme has previously been applied for studying the
electrochemistry of SnO, and Sn-rich glazed ceramics.['®!
Studies on nanosized SnO, particles dispersed on graphite
electrodes,'”! nanocrystalline tin oxide electrodesi?®! and
modification of the film of SnO, nanocrystallites with or-
ganic reagents,>'l all devoted to the detection of selected
analytes, have also been reported. The electrochemical dis-
solution of chromium oxides, spinels, and chromites has
been studied by Blesa et al.?> 24l and Grygar et al.l> 27
Other reports on the solid-state electrochemistry of chro-
mium concern chromium(ir), hexacyanochromate(i),%!
some organic Cr complexes®®” and chromium oxide films
deposited on stainless steel.?%7 However, no detailed studies
on the presence of high oxidation states of chromium have
been reported.

The electrochemical reduction of chromate and dichro-
mate in solution is complicated by adsorption processes.[>!1
Three reduction waves appear at acidic pH values for the
electrochemical pathway involving any Cr'V intermediate
species.??) However, intermediate CrV species have been
electrochemically characterised in the oxidation of oxalic
acid by chromic acid at pH 1.133

We report here on a solid-state electrochemical study de-
voted to the determination of the possible presence of high
oxidation states of chromium in chromium-doped cassiter-
ite and chromium-doped tin-sphene. For this purpose, solid
samples were attached to paraffin-impregnated graphite
electrodes in contact with electrolytic solutions of aqueous
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H,SO, or HCIO,, and NaClQ,. Cyclic and square wave vol-
tammetry were used as detection modes. The latter tech-
nique is of particular interest because of its high sensitivity
and immunity to capacitive effects.** In an attempt to cor-
relate voltammetric and spectroscopic data, the electrocata-
lytic effect of chromium-doped materials on the oxidation
of hexacyanoferrate(ir) ions and 1,4-dihydrobenzoquinone
in aqueous solution has been studied. Apart from its appli-
cations in chemical sensing and electrosynthesis, such cata-
lytic processes can be used as amplifiers of the electrochemi-
cal properties of the catalytic centres, as illustrated by prior
data on vanadium-doped zirconias and cobalt-containing
cordierite materials,3>-37)

Results and Discussion

Characterisation of Chromium-containing Cassiterite and
Sphene

X-ray diffraction patterns of the ceramic pigmenting sys-
tems, based on cassiterite and sphene structures, are sup-
plied in the Supporting Information. The formation of a
crystalline phase with a sphene structure is displayed in
samples M-1 to M-4, after thermal treatment at 1300 °C
and a 2-h holding time. In accordance with the JCPD card
number 70-0437, all peaks can be associated with the main
crystalline phase. It is worth noting that a small amount of
SnO, is still present in the sample of M-2. For samples M-
5 and M-6, the only crystalline phase detected is that of the
cassiterite structure (JCPD card number 41-1445).

The diffuse reflectance spectra of both types of samples,
i.e. cassiterite- and sphene-based structures, are shown in
Figure 1. For the Cr-sphene specimens, two bands around
540 nm and 1200 nm are detected. The first one is attrib-
uted to the *A,,—*T», spin-allowed transition of the Cr'!
ion with octahedral coordination,!'?! as well as to the Cr'V
centres.”>38] The band in the near-infrared part of the spec-
trum, centred at 1200 nm, is assigned to *A,—T, transitions
of Cr'V in tetrahedral surroundings.[®-3*! The sphene struc-
ture can be described as composed of chains of corner-shar-
ing SnOg¢ octahedra running parallel to the cell edges that
are cross-linked by silicate tetrahedra to form a SnOSiO4
framework that accommodates Ca* in irregular hepta-co-
ordinated polyhedra. Here, Lépez-Navarrete et al.’l re-
cently suggested that Cr'V replaced the partially octahedral
Sn'Y and tetrahedral Si'V sites.

The spectra of the chromium-containing cassiterite con-
sist of a strong band at 560 nm and a weak band at 740 nm,
which are attributed to Cr'"" with octahedral coordination.
However, the first band has also been ascribed to Cr'V ions
with octahedral symmetry.”’] In contrast to the Cr-sphene-
based materials, in the cassiterite-derived materials there is
no band around 1200 nm. The reason for the absence of the
band associated with the Cr' ions with tetrahedral coordi-
nation is that there are no available tetrahedral sites in this
structure.

The investigation by FESEM of the final ceramic pig-
ments indicates that the particles that have formed have a
639
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Figure 1. UV/Vis spectra of specimens thermally treated at final
temperatures for 2 h: M-1 at 1400 °C and M-5 and M-6 at 1300 °C.

well-defined morphology. Micrographs of samples of M-4
and M-6 are shown in the Supporting Information. The
discrete particles are prismatic and their sizes are smaller
than 2 pm long and 0.5 pm wide.

Electrochemical Study of Prepared Materials

The electrochemistry of the studied materials is, in prin-
ciple, dominated by tin-centred processes. This can be seen
in Figure 2, in which the cyclic voltammograms (CVs) of:
(a) M-2 and (b) M-5 in 0.50 M H,SO, are shown. Such vol-
tammograms are essentially identical to those recorded for
sphene and cassiterite, respectively. For M-2 a reduction
peak at —0.55 V vs. AgCl/Ag appears, followed by a promi-
nent reduction current increasing from —0.70 V. In the re-
verse scan, a weak anodic peak near —0.50 V appears. The
response of M-5 was similar, but here a prominent cathodic
current appears at —0.55 V, while in the subsequent anodic
scan a well-defined tall peak at —0.50 V is recorded. This
corresponds, as described in detail elsewhere,!'®! to the strip-
ping oxidation of Sn to Sn”* in solution, thus denoting that
the prior cathodic step results in the formation of a deposit
of Sn metal. In the positive region of potentials, a weak
anodic peak near +0.5 V is also recorded.
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Figure 2. CVs of PIGEs modified by: (a) M-2, and (b) M-5, im-
mersed in 0.50 m H,SO,. Potential scan rate 50 mVs'.

Sn-centred electrochemical processes can be described in
terms of the reduction of Sn'V via the stepwise formation
of solid Sn" to Sn metal. These electrochemical processes
can be represented for cassiterite as:

SnOy(s) + 2 H* + 2e — x SnO(s) + (1 — x) Sn2*(aq) + H,0 (1)
SnO(s) + 2 H* + 2¢- — Sn(s) + H,0 ?)
Sn?*(aq) + 2 € — Sn(s) (3)

(s) denotes the solid phases.

On scanning the potential in the positive direction, after
a reductive step, the metal deposits generated electrochemi-
cally are oxidized to Sn** ions and SnO?* in the solution
phase:

Sn(s) — Sn**(aq) + 2 & 4)
Sn?*(aq) + H,O — SnO?*(aq) + 2 H* + 2 e~ 5)

this last step is responsible for the oxidation signal at
+0.5V.

Chromium-centred processes were studied for sample-
modified PIGEs upon immersion into an electrolytic solu-
tion of H,SO,4 or HCIO,, and NaClO,. To prevent the ap-
pearance of tin-centred electrochemical processes, poten-
tials between 0.0 and +1450 mV were routinely used. The
response of Cr,0O;, taken as a reference in this potential
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range, is illustrated by the square wave voltammograms
(SQWYVs) in Figure 3. On scanning the potential in the posi-
tive direction, a prominent oxidation wave (I) is recorded at
+1340 mV (Figure 3, a). This peak shows well-defined an-
odic and cathodic components of the square wave current,
thus suggesting a quasi-reversible behaviour.’* Following
Grygar et al.,>>27] this wave corresponds to the oxidative
dissolution process:

Cr,04(s) + 4 H,0 — Cr,0,> + 8 H* + 6 ¢ (6)

a)

1 20 pA

+15 +10 +05 00 05 -1.0
Potential / V

Figure 3. SQWYV of Cr,0; in contact with 0.10 M HCIO4 and 0.15 m
NaClO,. (a) potential scan initiated at —0.25 V in the positive direc-
tion; (b) potential scan initiated at +1.45V in the negative direc-
tion; (c) id. with separate plots for the forward, backward and cur-
rent increment vs. potential. Potential step increment 4 mV; square
wave amplitude 25 mV; frequency 15 Hz.

On scanning the potential from +1450 mV in the nega-
tive direction, a peak near +1240 mV appears (I), followed
by overlapping peaks at +700, +430, +250 and 0 mV (lab-
elled as II, III, IV and V, respectively), as depicted in Fig-
ure 3 (b). The peak at +1240 mV corresponds to the oxi-
dation of Cr,0Os, as represented by Equation (6), and also
appears when the potential is scanned in the positive direc-
tion because square wave voltammetry provides simulta-
neous inspection of both oxidation and reduction processes.
Peaks I1-V decrease rapidly until they disappear altogether
when the potential scan is initiated at potentials below
+950 mV, a potential for which no significant oxidative dis-
solution of Cr,O; takes place; thus this denotes that such
electrochemical processes are due to chromium species in
solution generated during the electrochemical oxidation of
chromium oxide.

The peak potential of I shifts positively on increasing the
square wave frequency, f, while peaks II, III and IV remain
essentially independent of f'in the frequency range between
5 and 200 Hz [E,(I) = +1140£20 + (68+2)log /(N =9, r
=0.994)]. In this frequency range, peak V shifts to negative
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potentials on increasing the square wave frequency [E,(V)
= +145x5 - (65 5)log f(N =9, r = 0.991)]. Interestingly,
separate plots of the anodic and cathodic contributions to
the square wave current, measured at the start and end of
potential pulses, provided well-defined anodic and cathodic
components for the peak at +1215 mV. However, peaks 11—
V exhibit only cathodic contributions as can be seen in Fig-
ure 3 (c): this denotes that these are essentially irreversible
reduction processes.l** These processes can be attributed to
the stepwise reduction of Cr,O5> ions in solution generated
in the oxidative dissolution of Cr,0Os. Electrochemical re-
duction of dichromate to Cr''" and Cr" involves the forma-
tion of CrY and Cr'Y intermediates by processes 11 and III,
but Cr'V is thermodynamically unstable in solution and dis-
proportionates into Cr''' and CrV%:22!

6 Cr'Y — 4 Cr** + Cr,0> (7)

Peak II is therefore enhanced with respect to peak III.

SQWYVs of the studied materials exhibited some signifi-
cant differences compared with those of Cr,0O3. To clearly
discriminate from the chromium-centred processes, in all
cases, the SQWYV of cassiterite and sphene was subtracted
from that of the corresponding chromium-doped material.
Thus, as shown in Figure 4 for: (a) M-2, and (b) M-5, the
peak I appears at potentials that are more positive than that
for Cr,O3 (+1290 mV) and is lowered. For samples M-2,
M-3 and M-4 (Figure 4, a), an additional well-defined peak
at +970 mV (VI) appears that precedes the separated peaks
at +420 (VII), =30 (VIII) and —420 mV (IX). The peak VII
exhibits a tall profile, suggesting that it corresponds to dif-
ferent electrochemical processes from those recorded for
Cr,05 at similar potentials. For samples M-5 and M-6 (see
Figure 4, b), the peak VI is well developed and enhanced
with respect to peaks VII, VIII and IX. Remarkably, peaks
VI, VII, VIII and IX are enhanced on decreasing the fre-
quency, a property typical of electrochemical processes in-
volving solid phases.

Peaks VIII and IX shift to negative potentials on increas-
ing the frequency [E,(VIIl) = 40+ 5 — (60%3)log f (N =7,
r=0.997); E,(IX) = 2755 - (99t6)log /(N =9, r =
0.992)], while peaks VI and VII remain essentially indepen-
dent of frequency. On initiating the potential scan at
+1050 mV, i.e. at a potential at which no significant oxidat-
ive dissolution of chromium centres occurs, peaks VI-IX
appear with no significant decrease when compared with
voltammograms initiated at +1450 mV. The above features
are in contrast with those of the SQWYV of Cr,03 — peaks
II1-V decrease significantly on lowering the starting poten-
tial below +1250 mV.

The differences between Cr,O5 and the studied materials
can be seen in Figure 5 in which the charge passed through
processes 111 and VII (g1, gvir), calculated as the area un-
der the voltammetric peak, is plotted as a function of the
starting potential of the SQWYVs, E;. For chromium oxide,
a fast decrease of ¢;; with decreasing E; is obtained,
whereas for the studied materials ¢;;; becomes insensitive to
changes in E; at starting potentials below +950 mV.

www.eurjic.org 641
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Figure 4. Semi-derivative convolution of SQWVs of : (a) M-2, and
(b) M-5 immersed into 0.10 M HCIO4 and 0.15 M NaClOy, after sub-
tracting the SQWYV of sphene and cassiterite, respectively. Potential
scan initiated at +1.45V in the negative direction. Potential step
increment 4 mV; square wave amplitude 25 mV; frequency 5 Hz.
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Figure 5. Variation of the charge passed during the electrochemical
process I1I/VII with the starting potential of the SQWVs for dia-
monds: Cr,03; squares: M-3; solid squares: M-6. Electrolyte:
0.10 M HCIO4 and 0.15 M NaClO,. Potential step increment 4 mV;
square wave amplitude 25 mV; frequency 5 Hz.

In the pH range between 1.5 and 4.0, peaks VII and IX
shift to negative potentials on increasing the pH. For M-5,
SQWVs with a potential step increment of 4 mV, a square
wave amplitude of 25 mV and a frequency of 15 Hz pro-
duced: E,(VII) = 5855 — (97£6)pH (N = 7; r = 0.993);
E,(IX) =-255£5 - (78 £ 6)pH (N =7, r = 0.992). Peaks VI
and VIII are essentially pH independent.

The voltammetric profile of peaks VI and VII is signifi-
cantly different from that of peaks II-V recorded for Cr,Os.
Remarkably, the peaks VI and VII exhibit well-developed
anodic and cathodic components of the square wave cur-
rent, as can be seen in Figure 6 for M-5. Here, peaks VIII
and IX behave irreversibly.
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Figure 6. Separate forward, backward and current increment vs.
potential graphs for the SQWVs of M-3 immersed in 0.10 M HCIO,
and 0.15 M NaClO,. Potential scan initiated at +1.45 V in the nega-
tive direction. Potential step increment 4 mV; square wave ampli-
tude 25 mV; frequency 15 Hz.

On comparing the SQWVs in Figure 6 with those de-
picted in Figure 3 (c), corresponding to Cr,Os3, one can ap-
preciate a notable increase in the reversibility of the electro-
chemical processes of VI and VII of the studied materials
in contrast with the processes II-1V recorded for chromium
oxide.

Additionally, peak VII is significantly enhanced in chro-
mium-doped materials relative to peak I, while peaks II and
IV disappear. Since it is not possible to control the exact
amount of material transferred to the electrode, the quo-
tients between the peak currents were used for comparing
the voltammetric response of the studied materials with that
of Cr,03. Thus, the quotient between the peak currents of
VII and I for chromium-doped materials, i,(VIL)/i,(I), is
larger than the i,(Il1)/i,(I) ratio determined for chromi-
um(ur) oxide. Interestingly, the i,(VII)/i,(I) ratio for M-3
increases abruptly at low frequencies, as can be seen in Fig-
ure 5. This behaviour is in contrast with that observed for
Cr,0;. Here, as shown in Figure 7, the i,(I11)/i,(I) ratio in-
creases slowly on decreasing the frequency. For all chro-
mium-doped cassiterites and chromium-doped sphenes, the
i,(VID/i (1) ratio increases on increasing the chromium con-
tent. Pertinent peak potential data are summarised in
Table 1.

All these data suggest that an amount of high oxidation
states of chromium exists in the studied materials. Accord-
ingly, the response of such materials results from the super-
imposition of solution processes initiated in the oxidative
dissolution of Cr™!, which is similar to those described for
Cr,0;, and a solid-state pathway starting from the re-
duction of chromium centres that exist in high oxidation
states of the solids. Then, peak VI can be attributed to the
reduction of CrV centres mainly existing in chromium-
doped cassiterite, while the peak VII, which prevails in
chromium-doped sphenes, is attributable to the reduction
of pristine Cr'V centres. In view of the possible presence of
Cr!V centres in two different coordinations, peaks VII and
VIII can be associated with the reduction of differently co-
ordinated Cr!V units. This assignment is consistent with
prior data showing the existence of site-characteristic vol-
tammetric responses in vanadium-doped zircon,’’! zirco-
nial*®! and cobalt cordierites®”) and appears to be in agree-
ment with spectral data (vide infra). In this scheme, pro-
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Table 1. Peak potential and peak current data for Cr,O; and chromium-doped materials from SQWYVs recorded at sample-modified
PIGE:s in contact with H,SO,4 and 0.15 M NaClO,, pH = 1.7. Potential step increment 4 mV; square wave amplitude 25 mV; frequency

15 Hz.
Modifier E, (I) Ey(VI) E,(IT) E(IIl)  E,(VII)  E4IV) i (VI iy(T) i (I i(T) (I )i (1)
[mV] [mV] [mV] [mV] [mV] [mV]
Cr,0; +1215 - +700 +480 - +230 - 0.39 -
M-2 +1300 +970 - - +420 - 0.25 - 0.44
M-3 +1305 +970 - - +410 - 0.64 - 0.56
M-4 +1305 +995 - - +405 - 0.26 - 0.48
M-5 +1320 +990 - - +420 - 0.22 - 0.40
M-6 +1305 +985 - - +400 - 0.23 - 0.42
14 complexes of Cr,* metallocenes®! and organic com-
pounds.[6]
= 1.2 Subsequent reduction of the Cr'V centres to Cr'' centres
& involves two irreversible proton-assisted reduction processes
§ T that probably result in the formation of Cr'! centres in the
~= solid phase (peak VII) and in solution through the pro-
T 08 cesses VIII-IX.
It should be noted that in this solid-state pathway the
= 081 Cr'V oxidation state is stabilised with respect to dispropor-
SN— . .
<& tionation, as denoted by the appearance of the well-re-
= 0.4 1 solved, separated peak III'.
= Following a scheme similar to that previously postulated
0.2 - for vanadium-doped zirconias,?”! formation of CrY centres
may be described in terms of a process involving the inser-
0 T 1 tion of OH groups and lattice distortion. Formally this can
0 20 40 60 be represented as:
flHz

Figure 7. Variation with the square wave frequency of: i,(VI)/i,(I)
ratio for M-6 (squares) and the i,(IID)/i,(I) ratio for Cr,Os
(rhombs). (From SQWVs of sample-modified PIGEs immersed in
0.10 M HCIO4 and 0.15 M NaClO,). Potential step increment 4 mV;
square wave amplitude 25 mV.

cesses VI-VIII can be described in terms of solid-state re-
dox reactions yielding Cr'Y and Cr'™ centres. Under the
experimental conditions employed here, both processes be-
have reversibly in such a way that proton transfer does not
affect the overall reaction rate.

Electrochemical Pathway

This reaction scheme can, in principle, be related to the
model of Lovric, Scholz, Oldham and co-workers for de-
scribing the electrochemistry of insulating solids.*#3 Re-
dox conductivity occurs by electron hopping between adja-
cent redox centres and by the exchange of ions or protons
with the electrolyte, as a consequence of the gradient of the
electrochemical potential in the particle.

In the studied cases, the propagation of the redox reac-
tion through the solid microparticle requires the presence
of appropriate redox-active centres on the surface of the
particles and free access of protons or electrolyte ions from
the supporting electrolyte. The foregoing considerations
also apply for the fast charge transfer observed for organic

FEur. J. Inorg. Chem. 2006, 638-648
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Sn1 XCI'HIXOZ 2t 2y OH —
Snl—xcrnIx—ycrvyOZ—x/Z(OH)Zy + 2y ¢ (8)

This picture is, in principle, consistent with the reaction
schemes proposed for the oxidative dissolution of chro-
mium oxides by oxometallates. According to Blesa et al.,
the reaction with oxometallates proceeds by oxygen transfer
from the oxidant to surface Cr'™" sites and is mediated by
the oxo bridge Cr-O-M.[21-231 Then, peak VI at +970 mV
can be attributed to the reduction of CrY surface centres to
CrV centres. To describe this kind of electrode process, it is
assumed that a fraction of the total CrY centres is reduced
to Cr'V ones with concomitant loss of OH™ groups to en-
sure charge conservation and provide minor lattice distor-
tion. Tentatively, this process can be represented by the re-
dox reaction:

Snl—xcrnI.\'—ycrvyol—x/Z(OH)Zy + ye —
SnI xcrIHx yCrIVyOZ ,\'IZ(OH)y + y OH" (9)

Cr'V centres are subsequently reduced to Cr'!' centres.

Following the above criteria, this reduction process (peak
VII at +420 mV) can be formulated for cassiterite as:

Sn1—xCrIn.\'—yCIIVyOZ—x/Z(OH)y + ye —

Sl’l] V\-CI‘HI'X» yCI'lVyOZ 2 T y OH~ (10)

Reduction of the Cr!V centres in sphene probably in-
volves two different processes that correspond to the octa-
hedral Cr'V centres substituting for Sn'V and tetrahedral
Cr'V centres substituting for Si'V. Such electrode processes
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Figure 8. Energy/redox potential diagram for correlating spectrophotometric and electrochemical data in Cr-doped cassiterite and Cr-

doped sphene.

can correspond to peak VIII and eventually can form Cr3*
ions in solution:

CaSn, .Cr'",_,CrY,Si0s o(OH), + y H* + y e —
CaSn] xCrIHXSiOS 2ty Hzo (11)

Finally, the peak IX can be attributed to the reduction
of Cr** to Cr?* in the solution phase.

Correlation Between Spectral and Electrochemical Data

Correlation between electrochemical and spectroscopic
data in solids usually focuses on the determination of the
bandgap energy and the electrochemical HOMO and
LUMO energies (EHOMO_ FLUMO) " corresponding to the es-
timated position of the upper edge of the valence band
(HOMO) and the lower edge of the conduction band
(LUMO).* In our case, spectral properties of chromium
centres can be correlated with formal electrode potentials
on the basis of energy diagrams of the 3d energy states of
Cr'"' Cr'Y, and CrY proposed by Sakai et al.,*®! and Mor-
etti and Michel-Calendini*! with respect to the cluster val-
ence edge of chromium-doped BaTiO5 and to those recently
calculated by Long et al.’% for describing the spectra of
Cr™M-doped LaSc;(BOs)4, by Torchia et al.b! for Cr™ ions
in LiINbO3, by Kammoun®?! for Cr!V ions in LiAlO, and
by Herren et al.l>31 for Cr¥ in chromium-doped SiO, glass.

From this one can attribute energies of 2.06, 0.98 and
0.36 eV to the Cr'' (*A, state), Cr'V (°Ty) and CrV (°T,)
centres in octahedral coordination, respectively, relative to
the valence band edge corresponding to the O 2p t,, level
relevant to the MOg cluster. Term energies for crystal field
644
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transitions are: Cr'! (*A, — *Ty, *T») 2.10 eV; Cr'V Ty —
IT,) 1.26 eV; Cr¥ (°T, — 2E,) 2.60 eV.’331 Formal elec-
trode potentials are correlated with the vacuum level by as-
suming that the normal hydrogen electrode is 4.4 eV below
the vacuum level.’*>3 Accordingly, the AgCl/Ag electrode
will be 4.6 eV below the vacuum level. The corresponding
energy diagram is shown in Figure 8. The upper edge of the
valence band can in principle be approached by the voltam-
metric onset potential obtained from the intersection of the
two tangents drawn at the rising current and the baseline
charging current of the curves for the oxidation pro-
cess.’%37] The onset potential taken from the rising back-
ground current in Figure 4 was +1.43 V. Examination of the
energy diagram in Figure 8 reveals that formal electrode po-
tentials for the Cr¥/Cr'V and Cr'V/Cr™ couples are close to
the vacuum energy levels for Cr¥ and Cr'V ions, respec-
tively.

Electrocatalytic Processes

As already reported,?®37 inorganic materials doped with
electroactive species can exert a significant catalytic effect
on selected electrochemical processes. Thus, Figure 9 shows
a comparison of the CVs recorded in a 0.50 mm K4Fe(CN)g
and a 0.50 m H,SO, solution at: (a) bare PIGE, (b) M-3
under dark conditions and (c) M-3 under Vis-IR illumina-
tion. As can be seen in Figure 9 (a), at the unmodified
PIGE, the CVs of Fe(CN)¢* solutions exhibit a well-de-
fined reversible couple at peak potentials of +445 (anodic)
and +335mV (cathodic). For electrodes modified with
chromium-doped materials under “dark™ conditions, the
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anodic portion of the CV becomes significantly modified.
As can be seen in Figure 9 (b), an additional peak at
+620 mV appears coupled with a weak cathodic signal near
+580 mV and the overall peak current is enhanced. For
samples M-2, M-3 and M-4, this response changes upon
illumination. As can be seen in Figure 9 (c) for M-3, the
current is depleted, while the peak at +620 mV vanishes.
However, for samples M-5 and M-6 the catalytic effect re-
mains insensitive to illumination with visible light.

NN NN FEWE ENUR SR NUWE FRU N NUNE NREN Aa

a)

/
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Figure 9. CVs recorded in a 0.50 mm K4Fe(CN)g and 0.50 m H,SO,4
solution at: a) bare PIGE; b) M-3-modified electrode under dark
conditions, and ¢) M-3-modified electrode under illumination. Po-
tential scan rate 50 mVs .

The anodic peak at +620 mV can be attributed to the
modifier-mediated oxidation of Fe(CN)¢*. In view of the
close proximity of the potentials for the Fe(CN)¢>/Fe-
(CN)¢*, CrV/Cr'V and Cr'V/Cr'™ couples, the catalytic ef-
fect can, in principle, be attributed to both Cr¥ and Cr'v
centres, in agreement with the theory for mediated electro-
catalysis.[’®] The observed voltammetric profile can be inter-
preted in terms of the formation of a surface (chromium
centre)-Fe(CN)g* adduct and the superimposition of the
currents for the nonmediated (peak at +440 mV) and medi-
ated (peak at +620 mV) oxidation of Fe(CN)g* .

This is consistent with the variation with the frequency
of the SQWVs illustrated in Figure 10 for M-4 in contact
with 0.50 mm K4Fe(CN)g and 0.50 m H,SO,4. The peak at
+620 mV is enhanced as the frequency decreases, in agree-
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ment with the assignment of this peak to the oxidation of
a surface-confined species.
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Figure 10. SQWYV of a 0.50 mm K4Fe(CN)s and 0.50 m H,SO, solu-
tion at an M-4-modified electrode under dark conditions. Potential
step increment 4 mV; square wave amplitude 25 mV; frequency
25 Hz.

The decrease in the catalytic ability of samples M-2,
M-3 and M-4 under illumination can be rationalised on the
basis of previously discussed spectroscopic data assuming
that Cr'V centres act as catalytic sites, as suggested by the
close vicinity of its redox potential (+420 mV) and that of
the Fe(CN)g> /Fe(CN)g* couple (+390 mV). Upon illumi-
nation, there is excitation of Cr'Y centres that is equivalent,
in agreement with literature data,’>>% to a negative poten-
tial shift of 1.03 V of the Cr'™V/Cr'™ couple, as schematised
in Figure 8. These features result in a significant decrease
in the catalytic ability of chromium centres, which is re-
flected in the lowering of the peak current.

Comparable features were obtained for the electrocata-
lyis of 1,4-dihydrobenzoquinone (H,Q) oxidation, illus-
trated in Figure 11 for a 0.40 mm solution of H>Q in 0.50 m
H,SO,. As depicted in Figure 11 (a), at a bare graphite elec-
trode, two overlapping anodic peaks appear at +700 and
+850 mV, corresponding, in agreement with extensive lit-
erature on the electrochemistry of H,Q, to the stepwise oxi-
dation of hydroquinone to quinone:[>%:6%

H,Q > Q+2H +2¢ (12)

As shown in Figure 11 (b) for M-6, the current for H,Q
oxidation is enhanced at electrodes modified with Cr-doped
cassiterite under dark conditions. Again, the catalytic effect
decreases upon illumination with visible light, as can be
seen in Figure 11 (c¢). Remarkably, the catalytic effect is al-
most entirely absent for Cr-doped sphene samples. Such
electrochemical data can again be interpreted with the help
of the energy/redox potential diagram in Figure 8. Here, the
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Figure 11. LSVs of a 0.40 mM solution of 1,4-dihydrobenzoquinone
in 0.50 m H,SO, at: a) bare PIGE; b) M-6 under dark conditions;
and c¢) M-6 under illumination. Potential scan rate 20 mVs .

formal potential of the CrV/Cr!V couple (+970 mV) is close
to the redox potential for H,Q oxidation (+850 mV), thus
suggesting that the CrY species in Cr-doped cassiterite are
now catalytically active. Excitation of CrV centres upon illu-
mination involves a gain in energy of 2.60 eV,[*8-33 equiva-
lent to a significant negative shift of the potential of the
CrV/Cr!. Accordingly, illumination produces a significant
decrease in the catalytic ability of CrY centres in chromium-
doped cassiterite.

Final Considerations

Solid-state electrochemical data suggest that Cr¥ and
Cr"V' centres exist in chromium-doped cassiterite and
sphene materials. The well-defined reduction of CrY centres
to Cr'Y ones occurs at +0.97 mV for Cr-doped SnO,. The
oxidation state Cr' prevails in Cr-doped sphene, where the
solid-state Cr!'V to Cr'!! reduction takes place at +420 mV.

Cr'V centres produce a significant catalytic effect on the
electrochemical oxidation of Fe(CN)¢* ions in acidic aque-
ous media. For chromium-doped sphenes the electrocata-
lytic effect decreases upon visible light irradiation. Electro-
chemical and spectroscopic data are consistent with an elec-
trocatalytic pathway involving the formation of a surface-
confined Cr'V-hexacyanoferrate(mr) adduct. Similarly, the
oxidation of 1,4-dihydrobenzoquinone is catalysed by Cr-
doped sphene, but the catalytic effect decreases upon illumi-
nation. This electrocatalytic effect can be associated with
the presence of CrV in such materials.
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All these results illustrate the capabilities of the voltam-
metry of microparticles for providing chemical information
on doped materials.

Experimental Section

Preparation and Characterisation of Specimens

We have used two methods of synthesis in order to show the indus-
trial preparation of these ceramic pigmenting systems. The un-
doped and Cr-doped sphene were prepared by a sol-gel technique
used previously.’] The prepared samples contain an amount of
chromium that replace the Sn cations, and in order to preserve the
electroneutrality the divalent calcium cation was replaced
by neodymium or ytrium trivalent cations. The prepared samples
of the undoped CaSnSiOs, Ca(osNdg5Sn(95CrgsSi0s and
Cagos5Y 055N 95Crg 55105, are referred to as M-1, M-2 and M-3,
respectively. An additional sample was prepared by replacing
some of the silicium cations by aluminium cations,
Cag.90Y0.109N0.05Cr 05S10.05Al0.0505, and is referred to as M-4. Tet-
raethylorthosilicate (TEOS), CaCl,-2H,0, CrCl;:6H,0, and Y™
acetate (from Merck), SnCl, (from Aldrich) and Nd(NO3);6H,O
(from Rhone-Poulenc) were used as reagents. Gels were prepared
by refluxing an ethanolic solution containing the required amounts
of cation salts and TEOS at 70 °C. The TEOS/H,O/ethanol molar
ratio in the final solution was 1:12:20. The obtained gel was further
dried at 120 °C.

The Cr-doped SnO, samples were prepared by a wet method that is
similar to that described previously.”) Samples with stoichiometry
Cr,Sn;_ O, (x = 0.05 and 0.1, referred to as M-5 and M-6) were
prepared from Cr(NO;);-6H,O and SnO, (from Merck). First, the
required amount of chromium nitrate was dissolved in distilled
water. SnO, was then added to the above, and the final concentra-
tion of the solution was 0.05 mol-dm3. The obtained dispersion
was heated whilst stirring until the water was removed. Further
drying of the powdered sample was performed at 120 °C. Dried
gels were thermally treated at several temperatures from 800 to
1300 °C with 2 h holding time.

H,SO4, HCIO,4 (Panreac) and NaClO,4 (Merck) were used for elec-
trolyte preparation. SnO, (Fluka) and Cr,O3 (Fluka) were used as
reference materials. Electrocatalytic experiments were performed in
solutions of K4Fe(CN)s (Carlo Erba) and 1,4-dihydrobenzoqui-
none (Fluka).

Characterisation Techniques

The structural and microstructural features of the final pigmenting
systems were examined using different techniques. X-ray diffraction
analysis (Model D-500, Siemens, Karlsruhe, Germany) was per-
formed using a graphite-monochromated Cu-K, radiation. The dif-
fractometer had two 1° divergence slits, the scatter and receiving
slits were 1° and 0.05°, respectively.

UV/Vis spectra of the specimens (Model Lambda 9, Perkin—Elmer,
Norwalk, Connecticut, U.S.A.) were obtained using the diffuse re-
flectance technique in the range of 200 to 1000 nm using a BaSOy,
plate as the reflectance standard. The absorbance was represented
by the emission function, F(R) = (1 — R)*/2R, where R is reflec-
tance.

The microstructure of the final powdered samples was observed by
field emission scanning electron microscopy at 30 kV (Model S-
4100, Hitachi Ltd., Tokyo, Japan). To check the quality of the ob-
servation, some of the samples were etched with a diluted HF solu-
tion for 10 s and subsequently washed with distilled water.
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Modified Electrode Preparation and Electrochemical Techniques

Paraffin-impregnated graphite electrodes (PIGEs) consist of cylin-
drical rods of graphite, with a diameter of 5 mm, which are impreg-
nated under vacuum by paraffin. Preparation details are described
in ref.l!]

To prepare sample-modified PIGEs, 0.1-1 mg of the material was
powdered in an agate mortar and pestle, and placed on a glazed
porcelain tile to form a spot of finely distributed material and then
abrasively transferred to the surface of a PIGE by rubbing the elec-
trode over that spot of sample.

Electrochemical experiments were performed at 298 K in a three-
electrode cell under argon using a AgCl (3 m NaCl)/Ag reference
electrode and a platinum-wire auxiliary electrode. Linear potential
scan, cyclic and square wave voltammograms were obtained with
BAS CV 50 W and CH 1420 instruments. Unless stated, SQWVs
were recorded by initiating the potential scan either at +0.85 and —
0.85V using a potential step increment of 4 mV and varying the
square wave amplitude between 20 and 200 mV and the frequency
between 2 and 200 Hz. Eventually semi-derivative convolution of
data was performed in order to increase peak resolution.

Electrocatalytic experiments were performed in K4Fe(CN)g solu-
tions in two ways: (a) under dark conditions, confining the cell
within the BAS CE-2 box, and (b) upon exposing the cell to direct
illumination with conventional VIS and IR lamps located in azi-
muthal positions with respect to the electrochemical cell.

Supporting Information: (see footnote on the first page of this arti-
cle). X-ray diffraction patterns of specimens thermally treated at
final temperatures for 2 h: M1 at 1400 °C and M-5 and M-6 at
1300 °C; and field emission scanning electron microscopy micro-
graphs of specimens thermally heated at 1300 °C.
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