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Abstract Nanofilm deposits of a porous Sn(IV) oxide
are formed by anodic electrodeposition on a polished
boron-doped diamond electrode immersed in an aque-
ous Sn’" solution. Mechanically and electrochemically
stable deposits of 10-15 nm thickness are formed irre-
spective of the Sn’>" concentration and mass-transport
enhancement by power ultrasound. Atomic force
microscopy images indicate the presence of a smooth
and noncrystalline film, which is stable under ambient
conditions. n-type semiconducting characteristics are
observed for the aqueous solution redox couples
Fe(CN)s®> * and Ru(NH3)s* ">, However, prelimi-
nary results from voltammetric experiments indicate
that the small and neutral organic molecule N,N,N’,N’-
tetramethylphenylenediamine is able to diffuse through
the porous film to undergo oxidation directly at the
surface of the boron-doped diamond electrode.
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Introduction

Thin film deposits containing Sn(IV) with tailored elec-
tronic properties are of considerable interest in various
types of applications, such as gas sensors [1, 2, 3, 4],
photovoltaic cells [5, 6], light-emitting devices [7], super
capacitors [8], energy storage devices [9], electrocatalysis
[10], and in corrosion protection [11]. Thin films
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containing Sn(IV) with indium as a conductivity en-
hancing dopant are in widespread use as transparent and
highly conducting electrodes [12]. For the formation of
thin film deposits starting from sols, spin-coating and
casting is the procedure usually employed [13]; however,
electrochemically formed thin films generated directly on
metal surfaces by anodising [14] are also of considerable
interest. Tin surface films formed during anodisation
have been studied with respect to their photoelectro-
chemical properties [15, 16, 17]. Tin oxide films grown
on foreign substrates, for example, by anodic precipi-
tation from a solution phase, have received comparably
little attention.

Sn(IV) oxide exhibits wide-band-gap n-type semi-
conducting behaviour [18] owing, for example, to
oxygen vacancies [19, 20], and has been extensively
characterised as electrode material in the past [21, 22].
Many studies addressing the behaviour of so-called
“nanocrystalline” films of SnO, report similar charac-
teristics, although the state of hydration and the solution
pH may be anticipated to considerably influence the
electrical characteristics. In a recent study [20] it was
shown that a film of nanocrystalline tin oxide cast on a
gold electrode effectively blocks the electrode for pro-
cesses such as the reduction of Fe(CN)q>", although,
indications for ion and electron transport in the film
were reported. Furthermore, the surface of SnO, is
negatively charged over a wide pH range and this
property has been exploited, for example, for the
adsorption of cationic cyanine dye sensitisers on the
surface.

Many types of metals exist in different redox states
and allow anodic deposition on a conducting substrate
during oxidation of an aqueous solution. Chemically
reversible metal oxide deposition and stripping processes
are very useful for applications in electroanalysis based
on cathodic stripping voltammetry; recent examples in-
cluding lead [23], manganese [24], and silver oxide [25].
For these three metals the deposition of oxides on
boron-doped diamond materials results in well-defined
and analytically useful voltammetric signals. In all three
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cases nucleation and growth of a particulate deposit was
observed and characterised by atomic force microscopy
(AFM). In contrast to oxidic deposits of Mn, Pb, and
Ag, studies on Sn(IV) oxide indicate that the deposit
formed anodically is exceptionally electrochemically
inert over a wide potential range [11] as well as being
mechanically stable without showing any cathodic
stripping characteristics.

In this study the type of deposit formed during the
oxidation of aqueous Sn(II) at a boron-doped diamond
substrate was investigated by voltammetric and AFM
techniques. It is demonstrated that polished boron-
doped diamond is an ideal substrate for the study of thin
film deposits of nanometre dimensions owing to the
electrochemical and mechanical properties of diamond,
which allow the film to be deposited homogeneously,
partially removed mechanically, and then detected easily
on the basis of the morphology difference between de-
posit and bare diamond. Further, the type of deposit
formed is shown to be very different compared to oxides
of Pb or Ag deposited anodically on boron-doped
diamond. The extremely thin Sn(IV)-containing film
(10-15 nm thickness) is demonstrated to exhibit n-type
semiconducting properties for charged redox reagents in
aqueous solution, whereas small neutral organic mole-
cules such as N,N,N’,N’-tetramethylphenylenediamine
(TMPD) may diffuse through the porous material
formed during the anodic deposition process to undergo
electrolysis directly at the boron-doped diamond sub-
strate.

Experimental

Reagents

Chemical reagents HNO;, KCl, K4Fe(CN)g, K3Fe(CN)s, TMPD,
Ru(NH3)¢Cl3, and SnSOy (all Aldrich) were obtained in the highest
commercially available purity and were used without further
purification. Filtered and demineralised water was taken from an
ELGASTAT water purification system (Elga, High Wycombe,
Bucks) with a resistivity of not less than 18 MQcm.

Instrumentation

For electrochemical measurements an Autolab PGSTAT 20 system
(Eco Chemie, Netherlands) was employed. A three-electrode elec-
trochemical cell equipped with a platinum gauze counterelectrode,
a saturated calomel reference electrode (SCE, Radiometer,
Copenhagen), and a polished 5 mmx5 mm boron-doped diamond
working electrode [26] (De Beers Industrial Diamond, UK, or
Windsor Scientific, Slough, UK) were employed. For sonoelectro-
chemical experiments an ultrasound horn transducer system
(Sonics & Materials, VCX400) with a 3-mm diameter horn
(titanium alloy) was employed. The horn probe was electrically
insulated and positioned “face-on’’ towards the working electrode
[27] at a distance of about 10 mm unless stated otherwise. A con-
stant ultrasound power of 150 Wem 2 was applied. All the exper-
iments were conducted under an inert atmosphere of argon (BOC)
and at a temperature of 22+2 °C.

AFM images were obtained with a Topometrix 2010 Discov-
erer system (Thermo Microscopes, Bicester, UK) in z-topography
mode and with 4-Hz scan rate.

Results and discussion

The deposition of metal oxides from a solution of the
metal cation in a reduced redox state is often possible by
immersion of an electrode and by applying a sufficiently
positive potential to convert the soluble material into
insoluble material. This kind of process is facile and
clean, especially on boron-doped diamond electrodes,
which provide a wide potential window, thereby sup-
pressing unwanted side reactions such as substrate sur-
face oxidation and oxygen evolution. The formation of
metal oxide deposits on boron-doped diamond sub-
strates has been studied for Pb, Mn, and Ag oxides and
is often governed by nucleation at active sites [28] and
formation of a particulate deposit.

A Sn(IV) oxide containing material may be deposited
by anodic polarisation of an electrode immersed in
a Sn(II)-containing aqueous solution. Voltammetric
responses for the oxidation of 0.1, 1, and 10 mM Sn*"
solutions in aqueous 0.1 M HNO; at a 0.25-cm? boron-
doped diamond electrode obtained under silent and
under ultrasound conditions are shown in Fig. la and b,
respectively. At high concentrations of Sn’?" the
voltammetric responses obtained in the presence and in
the absence of ultrasound are virtually identical; there-
fore, no mass-transport effect occurs and the peak shape
as well as the amount of Sn(IV) deposited are limited by
the growth process rather than by transport in solution.
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Fig. 1 Cyclic (staircase) voltammograms for the oxidation of 10, 1,
and 0.1 mM Sn(Il) sulfate in aqueous 0.1 M HNO; at a
5 mmx5 mm polished boron-doped diamond electrode a under
silent conditions and b in the presence of ultrasound (150 Wem 2,
10-mm electrode-to-horn distance) obtained with a 1-mV step
potential and a scan rate of 0.1 Vs !



In agreement with this, the magnitude of the current
response is considerably smaller than that expected for a
mass-transport-controlled process and integration over
the current response allows the charge consumed in the
deposition process to be determined. Assuming a two-
electron oxidation, a total of 2 nmol of Sn(IV) was
formed in the oxidation process and may be assumed to
be present in form of a deposit.

At a concentration of 1 mM Sn®>* the deposition
process occurs at a slightly more positive potential of
E,=1.25V versus SCE. A different peak shape can be
observed on comparing the voltammetric signals for the
deposition with and without ultrasound. At an even
lower concentration of 0.1 mM Sn>" the enhanced mass
transport in the presence of ultrasound clearly has a
dramatic effect in increasing the rate of deposition as
shown in Fig. 1b compared to Fig. la. However, the
amount of deposit formed during an exhaustive deposi-
tion process is essentially constant and independent of
the Sn>" concentration and mass-transport conditions.
Experiments at concentrations of 10 and 1 uM Sn(II) also
gave results consistent with Sn(I'V) nanofilm deposition.
Stripping of the Sn(IV) deposit was not observed even
when the scan range for the reverse potential scan was
extended to negative potentials. Only at a potential of
about —1.5 V versus SCE was a cathodic current response
detected (not shown); this was associated with the re-
duction and delamination of the film deposit; therefore,
consistent with literature reports [11] and in contrast to
the behaviour of many other metal oxide deposits, Sn(IV)
film deposits formed in aqueous acidified solution are not
suitable for cathodic stripping processes.

An AFM image of the film deposit formed under
ultrasound conditions in a solution of 1 mM Sn** in
0.1 M HNOs is shown in Fig. 2. A very smooth and
homogeneous film deposit is formed, which becomes
apparent only after scratching the surface of the

Fig. 2 Atomic force
microscopy image of a polished
boron-doped diamond
electrode after deposition of a
tin oxide film [1 mM Sn(I1I)
sulfate in 0.1 M HNO3,

150 Wem 2 ultrasound] and
after partial removal of the
deposit with a razor blade
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electrode with a razor blade. In Fig. 2 areas cleaned by
the razor blade and areas with deposit can be clearly
distinguished. The average thickness of the film varies
between 10 and 15 nm (measured from the cross-section
at several points). From the morphology of the film
deposit and from the structure of the edges where ma-
terial had been removed it is apparent that a predomi-
nantly amorphous material was formed.

It is interesting to evaluate the approximate density of
the film deposit on the basis of the charge under the
voltammetric peak and the volume of the deposit. By
assuming the formation of SnO, (2 nmol) and a film
volume of approximately 3.7x107'° m® (from AFM
measurements) a density of 0.8 gem > is calculated. This
value is much lower than the literature value of 6.9 gem >;
therefore, the deposited material must be porous or of
different composition. The calculation for a hypothetical
deposit of a strongly hydrated oxide [29] containing
Sn(1V), SnO,(H,0), with x=6, gives a more reasonable
result of 1.4 gem > and perhaps an even higher water
content is a more realistic representation of the com-
position of the deposit formed electrochemically.

Film deposits formed under silent conditions show
very similar properties, although they seem to be even
more difficult to detect by AFM techniques, presumably
because of a softer, less dense structure. Depending on
the magnitude of the force applied during the AFM
measurement, the AFM tip appears to partially pene-
trate the softer film deposit formed in the absence of
ultrasound. Sn(IV) oxide films deposited sonoelectro-
chemically onto boron-doped diamond and left for
several days in air at room temperature did not suffer
disintegration or loss of homogeneity; therefore, the film
deposit appears to be stable with respect to dehydration
and crystallisation under ambient conditions.

The adhesion and homogeneity of the Sn(IV) film
formed on the boron-doped diamond substrate is very
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good and even under extreme conditions with very high
ultrasound power (I-mm electrode-to-horn distance,
150-Wem? ultrasound intensity) applied during deposi-
tion in a I mM Sn(II) solution in 0.1 M HNOj; no loss
of deposit was detected voltammetrically. This obser-
vation suggests that cavitational erosion has only a little
effect on Sn(IV) oxide nanometre film deposits, whereas
it has been shown recently that particulate deposits of
PbO, are much more sensitive to the effects of power
ultrasound [28]. Therefore, the Sn(IV) oxide deposit
formed on boron-doped diamond could in future be em-
ployed in processes, for example, photoelectrochemical or
electrocatalytic reactions, in the presence of power ultra-
sound [30].

The electronic properties of the Sn(IV) film deposited
are closely related to those observed for other types of
Sn(IV) containing deposits with n-type semiconducting
characteristics. By depositing a Sn(IV) film onto the
boron-doped diamond electrode (about 2 nmol), re-
moving, rinsing the electrode surface with water, and
reimmersing it in aqueous 0.1 M KCI containing | mM
Ru(NH;)s® " it is possible to study the effect of the film
on the reversible Ru(NH3)¢> "/>" redox system (Eq. 1).

(1)

Superimposed cyclic voltammograms obtained for the
reduction of 1 mM Ru(NH3)s> " in 0.1 M KClI at a bare
boron-doped diamond electrode and after deposition of
the tin oxide film are shown in Fig. 3a. A dramatic
change occurs from the reversible voltammogram de-
tected at £, =-0.15 V versus SCE in the absence of the
film to an irreversible response detected at E,=-0.49 V
versus SCE in the presence of the film. No sign of a
corresponding oxidation process after reversal of the
scan direction is observed, which is in agreement with a
semiconducting film becoming negatively conducting at
a flat band potential of approximately Ep=-04V
versus SCE. This value is in agreement with flat band
potentials for Sn(IV) oxide at pH 7 reported in the
literature [31, 32].

Cyclic voltammograms obtained for the reduction of
1 mM Fe(CN)g* in aqueous 0.1 M KCl at a bare bo-
ron-doped diamond electrode and at a tin oxide film are
shown in Fig. 3b (Eq. 2).

Ru(NH;);"(aq) + ¢~ = Ru(NH;); " (aq)

Fe(CN)5 (aq) + ¢ = Fe(CN)§ ™ (aq) (2)

Consistent with the results for Ru(NH;)¢” © and with
the observations by Wang and Wang [20] a reversible
voltammetric response with £}, =0.22 V versus SCE is
transformed into an irreversible wave at E,=-0.40 V
versus SCE in the presence of the tin oxide film. The
voltammetric response for the reduction of ferricyanide
occurs at a potential about 0.5 V more negative.

In contrast to the results observed for charged redox
systems such as aqueous Ru(NH;3)’" and Fe(CN)g>,
neutral redox reagents of sufficiently small molecular
dimension may be expected to penetrate into the porous
tin oxide deposit. This can be demonstrated for the

3+
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Fig. 3 Cyclic (staircase) voltammograms a for the reduction of
I mM Ru(NH;)¢>" in aqueous 0.1 M KCI and b for the
reduction of 1 mM Fe(CN)s* in aqueous 0.1 M KCI at a
5 mmx5 mm polished boron-doped diamond electrode before and
after deposition of a tin oxide nanofilm deposit [deposition in
I mM Sn(II) sulfate in 0.1 M HNOj]; step potential 1 mV and
scan rate 0.1 Vs™!

oxidation of TMPD, which is known to undergo two
reversible one-electron oxidation processes (Egs. 3, 4) in
aqueous 0.1 M KCI [33].

TMPD(aq) = TMPD" (aq) + ¢~ (3)

TMPD"(aq) & TMPD?*(aq) + e~ (4)

Cyclic voltammograms for the oxidation of 1 mM
TMPD in 0.1 M KCI at a bare boron-doped diamond
electrode and in the presence of the tin oxide layer are
shown superimposed in Fig. 4. At a bare boron-doped
diamond electrode two well-defined oxidation processes
at Ey»;=0.02V versus SCE and at E,;;=0.46V
versus SCE are detected. More complex voltammetric
characteristics have been observed only for a boron-
doped diamond electrode material with lower doping level
[33]. In the presence of the tin oxide film two oxidation
waves, at approximately 0.34 and 0.59 V versus SCE, are
detected in the first cycle of the cyclic voltammogram. No
reduction response associated with the oxidation is
detected down to potentials of —0.5 V versus SCE and the
oxidation response diminishes in subsequent cycles. Only
at a potential of £,=-0.83 V versus SCE can the reduc-
tion of the oxidised form of TMPD be detected and after
passing through this cathodic response the oxidation
process can be detected again.

These results obtained by cyclic voltammetry may be
interpreted in terms of the initially neutral TMPD
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Fig. 4 Cyclic (staircase) voltammograms for the oxidation of
1 mM N, N, N’, N’-tetramethylphenylenediamine in aqueous 0.1 M
KCl at a 5 mmx5 mm polished boron-doped diamond electrode
before and after deposition of a nanofilm deposit of tin oxide
[deposition in 1 mM Sn(II) sulfate in 0.1 M HNOs]; second cycle
shown, step potential | mV and scan rate 0.1 Vs~'

diffusing into the porous tin oxide film and reaching
the boron-doped diamond electrode surface. Within the
pores of the film the neutral TMPD is oxidised to
the mono- and dicationic forms, which can be assumed
to strongly adsorb to the tin oxide. After reversal of the
scan direction it is necessary to go beyond the flat-band
potential to reduce the TMPD” " back into the neutral
state, which then can be detected again during oxida-
tion. This surprisingly complex interpretation of the
voltammetric characteristics of the nanofilm Sn(IV)
oxide deposit is consistent with reports [20] of ion
conductivity and with the observation of a relatively
low film density.

Conclusions

It has been shown that a mechanically stable Sn(IV)
oxide nanofilm is formed by oxidation of Sn’>* in
aqueous solution at a boron-doped diamond electrode
substrate. This nanofilm deposit was characterised by
AFM and voltammetric experiments. The voltammetric
responses observed in the presence of aqueous redox
systems suggest semiconducting behaviour and complete
blocking for charged redox systems such as Fe(CN)g>~
and Ru(NH;)s’>". However, for the case of TMPD
oxidation in aqueous solution it was shown that neutral
organic molecules may penetrate the porous nanofilm
and can be detected undergoing redox processes directly
at the boron-doped diamond substrate. Further inter-
esting electrochemical characteristics may be expected
for the case when a neutral organic reagent is oxidised
within the film to form a neutral product, which may
then be predicted to escape by diffusion through the
nanofilm deposit.
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