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Abstract Indium tin-oxide (ITO) and polycrystalline bo-
ron-doped diamond (BDD) have been examined in detail
using the scanning electrochemical microscopy technique
in feedback mode. For the interrogation of electrodes made
from these materials, the choice of mediator has been
varied. Using Ru(CN)g_(aq), ferrocene methanol (FeMeOH),
Fe(CN)z_(aq) and Ru(NH3)Z+<aq>7 approach curve experi-
ments have been performed, and for purposes of compar-
ison, calculations of the apparent heterogeneous electron
transfer rates (k,p,) have been made using these data. In
general, it would appear that values of k,,, are affected
mainly by the position of the mediator reversible potential
relative to the relevant semiconductor band edge (associat-
ed with majority carriers). For both the ITO (n type) and
BDD (p type) electrodes, charge transfer is impeded and
values are very low when using FcMeOH and F e(CN)g_(aq)
as mediators, and the use of Ru(NH3)2+<aq> results in the
largest value of k,p,,. With ITO, the surface is chemically
homogeneous and no variation is observed for any given
mediator. Data is also presented where the potential of the
ITO electrode is fixed using a ratio of the mediators
Fe(CN)z(;q) and Fe(CN)Z(aq). In stark contrast, the BDD
electrode is quite the opposite and a range of k,,, values are
observed for all mediators depending on the position on the
surface. Both electrode surfaces are very flat and very
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smooth, and hence, for BDD, variations in feedback current
imply a variation in the electrochemical activity. A
comparison of the feedback current where the substrate is
biased and unbiased shows a surprising degree of
proportionality.

Keywords Scanning electrochemical microscope -
Indium tin-oxide - Boron-doped diamond - Mediator -
Feedback mode

Introduction

Use of the scanning electrochemical microscope (SECM) is
becoming more commonplace in the disciplines of biology,
chemistry and materials [1-18]. Both feedback mode and
substrate generation—tip collection mode and theory are
well developed for many electroanalytical applications [19—
24]. Central to all SECM experiments is the appropriate
choice of a suitable mediator. In many instances it is
desirable that the mediator remains innocent; however, in
some cases a highly localised and controlled modification
of a material’s surface is possible [18, 25-28].

New electrode materials like boron-doped diamond (BDD)
[26, 29-36] and indium tin-oxide (ITO) [37-39] are of
considerable interest in the fields of electroanalytical chem-
istry, electrochemical technology and solid state electronics.
Perhaps one of the most important uses of ITO is in the
construction of flexible organic light emitting diodes [39, 40].
BDD on the other hand has received much attention because
of its wide operating potential, stability in a wide range of
solvent and electrolyte conditions and overall robustness [32].
Details not observed by conventional voltammetry have been
uncovered by the specific chemical treatment of ITO and
BDD surfaces [31]. Specifically for BDD, it has been shown
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that chemical treatments affect the voltammetry response of
certain analytes and surface-adsorbed species [26, 41].
H-terminated surfaces show much higher values of the
heterogeneous electron transfer rate constant for ferri/ferro-
cyanide in comparison to O-terminated surfaces [42].
Characterisation of ITO and BDD electrodes has been
performed with conventional cyclic voltammetry (CV) by
many groups; however, uncompensated resistance makes the
interpretation of data for a heterogeneous rate transfer
constant difficult. In addition, the CV technique poorly
resolves the effects that heterogeneity may play in the vol-
tammetric response. For both electrode materials, the elec-
tronic and physical structure and the chemistry of the
semiconductor’s surface have an important influence on
electron transfer kinetics [37, 38, 43-45]. Hence, the
opportunity exists to understand these materials by the use
of the SECM method, which is ideally suited to probe the
localised surface electrochemical activity of these materials.

In this paper, special attention is given to exploring the
effect of different mediators in the feedback mode of
SECM-based interrogation of ITO and BDD electrodes. To
be specific, we have almost exclusively used feedback
mode under the conditions where no potential control of the
substrate is implemented to enhance the subtleties of
surface-controlled charge transfer kinetics. In feedback
mode SECM, a mediator species O that normally undergoes
a highly reversible electrochemical reaction is reduced at
the ultra-microelectrode (UME) at a diffusion-controlled
rate according to the following equation:

O+ne 2R (1)

The rate of regeneration of the mediator O at the
substrate via the reverse reaction of Eq. 1 governs the
extent of the positive or negative feedback and provides
information on the electron transfer kinetics at the substrate.
This rate can be controlled by the potential of the substrate,
which can be done either by connection to a potentiostat or
by controlling the concentration ratio of redox species (O
and R) in solution. Feedback mode may also be conducted
where the oxidised form of the mediator is generated at the
UME, and the same type of response is observed. An
illustration in Fig. 1 shows how the feedback effect is
achieved for both an oxidation and reduction process at the
substrate. We have used the mediators Ru(CN)g(aq)7
FcMeOH, Fe(CN)é(aq) and Ru(NH;)éZlq> in aqueous
electrolyte in an attempt to probe the influence of the
semiconductor electronic structure on charge transfer
behaviour between the electrode’s surface and the mediator.
Unless explicitly stated, the ITO and BDD electrodes are
interrogated at their open circuit potential (OCP). At OCP,
it is anticipated that the broad range of mediator reversible
potential (see Table 1) will have an effect on the re-
generation of the mediator because of effects on the space
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Fig. 1 Diagram depicting the interaction of a mediator (O/R) with a
semiconductor surface in feedback mode SECM. Within the semi-

conductor surface, the lightly shaded region represents the space
charge layer. For the n (p) type semiconductor, electrons (¢ ) [holes
(h")] will be the majority charge carrier and migrate as shown to
maintain charge neutrality. ng represents the concentration of charge
carriers at the surface and n, represents those in the bulk of the
semiconductor material. N (Np) is the density of states in the
conduction (valence) band

charge layer. To more subtly vary the potential at the
ITO-electrolyte interface, mixtures of Fe(CN)z(_aq) and
Fe(CN)g(_aq) have been systematically varied. Specific
attention has also been given to data relating to the
chemical heterogeneity of the BDD electrode and exploring
the relationship between data collected at open circuit and

biased conditions.

Experimental

Materials and chemicals

Analytical-grade potassium ferricyanide Ks;Fe(CN),,

hexaamineruthenium (IIT) chloride Ru(NHj;),Cls, potassium
hexacyanoruthenate (II) hydrate K4Ru(CN),, KNO;, ferro-

Table 1 Reactions describing the interaction of electrogenerated
species with the ITO and BDD electrode surface and their standard
reversible potential [35, 48]

Reaction Standard potential
[V vs NHE]

Ru( CN)z@q) +e 2 Ru( CN)g(;q) 0.860

FecMeOH|, +e~ 2 FeMeOH y) 0.400

Fe(CN)g 2 Fe(CN)gq + €™ 0.358

Ru(NH:%)é?;q): Ru(NH)ng;q) +e 0.045
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cenemethanol (FcMeOH), acetone, propan-2-ol and acetoni-
trile were used as received from Aldrich. All aqueous
solutions were prepared from water (resistivity 18.2 MS)
cm) purified by a Milli-Q reagent deioniser (Millipore).
Degassing of solutions was performed using Argon. BDD
electrodes where obtained from Windsor Scientific and ITO-
coated glass (10  sq ') from Precision Glass and Optik.
Prior to SECM inspection, the electrodes were rinsed in
deionised (DI) water, isopropanol, DI water again and then
dried under a stream of nitrogen. For experiments on ITO,
new electrodes were used for each of the different mediators.
When performing feedback approach curve experiments
under potential control, the electrodes were mounted in a
home constructed cell. Electrical connection was made with
the aid of silver-loaded epoxy (ITO) or indium gallium
eutectic (BDD).

Procedures and instrumentation

SECM measurements were carried out with a CH Instruments
model CHI 900 electrochemical analyser. The two-electrode
configuration consisted of a 2-, 10- or 25-um-diameter Pt
UME and a silver wire quasi-reference electrode (AgQRE).
However, for OCP and potential control experiments, a three-
electrode configuration was employed, which consisted of a
Pt UME working electrode, a Pt wire auxiliary electrode and
an Ag|AgCl (3 M KCl) reference electrode. The mediators
selected for this study were ferrocenemethanol (FcMeOH),
Ru(NH;),Cls, K4Ru(CN), and K3Ru(CN),, all in aqueous
0.1 M KNO; supporting electrolyte. All approach curve
experiments were carried out at an approach rate of
1 um s '. Feedback mode imaging was performed by
rastering the UME at a constant height above the substrate.
Electron microscopy images were obtained with a Philips
XL30 field emission gun scanning electron microscope,
while energy-dispersive X-ray spectra were collected using
an Oxford Link energy dispersive spectroscopy system.
Surfaces were imaged using accelerating voltages between 2
and 12 keV, using both backscatter and secondary electron
detectors. In most instances, images were obtained on
uncoated specimens using a 3-keV accelerating voltage and
the smallest spot size available on this model of instrument.
Atomic force microscopy (AFM) was performed in tapping
mode using a Digital Instruments Multimode AFM with
Extender electronics and a Nanoscope Illa controller.

Approximation of k,,, by analysis of approach curve data

It is intended in this paper to compare approach curve data
obtained from each mediator. For each of the mediators in
this study, the apparent heterogeneous electron transfer rate
constant (k,pp) may be calculated by fitting the experimen-
tal SECM approach curves to the theory developed by Bard

@ Springer

[22, 35, 46-48]. Even though this analysis is not intended
for electrodes of the type used in this study, it seems
reasonable in the present study to use this analysis to semi-
quantitatively compare the results.

In Bard’s theory [46], approach curves are described by
the finite current /X, which is derived via the expression in
Eq. 2:

18y = 1s(1 =1 [15) + 1 )

where Ig is the substrate current, and /& and 7™ represent
terms associated with the tip current for diffusion controlled
regeneration of the mediator and insulating behaviour,
respectively. These terms can be described by the following
analytical expressions

Iy = 0.78377/L(1 + 1/A)
+[0.68 + 0.3315 exp (—1.0672/L)] /[1 + F(L, A)]
(3)

I§ = 0.68 4 0.78377/L + 0.3315exp (—1.0672/L)  (4)

¥ = 1/[0.292 + 1.5151/L + 0.6553 exp (—2.4035/L)]
(5)

where L=d/a (d is the UME—substrate separation, a
is the UME radius), F(L,A)=(11/A+7.3)/(110-40L) and
A=ky,pal/D, and D is the diffusion coefficient of the
mediator. In this study, values of D for each mediator have
been determined experimentally using the steady state
current at the UME. The values obtained are as follows:
FcMeOH 7.0x107° em? s, Ru(NH3); ", 9.6x10°° ecm? s,
Fe(CN)g ,0-0%10 %cm” s and Ru(CN)g~ 5.7x10°° em® ™.

Results and discussion
Variation of the mediator on ITO

If the substrate is at a potential moderately more positive
than the mediator standard potential (E °), the generation of
the original form of the mediator O should be diffusion
controlled and give rise to a pure positive feedback current
at the tip described by Eq. 4. It is immediately apparent that
at OCP conditions a feedback effect like that for a
conductor was not achieved. Data from approach curve
experiments performed on ITO and BDD (at OCP) using
different mediators are shown by Figs. 2 and 3, respective-
ly, and Table 2 summarises the values of &, obtained from
fitting the curves to Eq. 2 (modelled approach curves are
also shown in each figure). Figure 2 shows approach curves
to ITO for each of the mediators. Very little variation in the
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Fig. 2 Approach curve data on 3.0 3.0
ITO using the mediators 1 1 b
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approach curve data was observed for repeated approaches
to different locations, and values of k,p, typically varied

Fig. 3 Approach curve data on
BBD using the mediators
FcMeOH (a), Fe(CN)g ) (b),
Ru(CN)¢™ (¢) and Ru(NH3); "
(d) at a concentration of 1 mM.
Obtained using a 10-um Pt
UME at an approach rate of

l yms_; in 0.1 M KNO;,
Modelled approach curves are
shown in solid line
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Table 2 Values of the apparent heterogeneous electron rate transfer
values (kpp) on ITO and BDD electrodes for different mediator
species

Mediator species Electrode material

in the bulk

ITO kypp (cm s™') BDD kqpp (cm s7')
RU(CN)‘é(aq) 0.073 0.012-0.036
FcMeOH 0.004 0.004-0.013
Fe(CN)3aq) 0.021 0.001-0.006
Ru(NH;3 )3 0.125 0.079-0.140

order of the most positive standard potential to the least.
Probing different regions on the ITO surface, either by the
approach curve method or by performing a linescan at a
constant height, resulted in indistinguishable data for each
mediator. Hence, it was deduced for ITO that its physical
structure was highly uniform and our simple cleaning
procedure did not chemically alter the surface.

Use of mixed mediators on ITO

Approach curve experiments were carried out at
ITO electrodes using mixtures of Fe(CN)z(_aq) and
Fe(CN)g(_aq) mediators, and hence, the potential of the
ITO electrode was then controlled indirectly by varying
their concentration ratio. Illustrated in Fig. 4 is a plot
of the OCP recorded at an ITO electrode vs log
([Fe(CN)é(;q>]/[Fe(CN)z(ZW]). It can be seen quite clearly
that there is a near-Nernstian response for this system.
Illustrated in Fig. 5 are approach curves using Fe(CN)Z(;q)

and Fe(CN)g(;q) mediators at different concentration
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Fig. 4 Graph of the OCP of ITO vs AglAgCl when exposed to
deaerated solutions of 1 mM ferricyanide, 1 mM ferrocyanide, and
100:1, 10:1 and 1:1 mixtures
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Fig. 5 Approach curve graphs obtained in feedback mode using the
mediator ferricyanide, ferrocyanide at a concentration of 1 mM and
mixtures of both (100:1, 10:1 and 1:1) on an ITO electrode. kup,
values for ferrocyanide additions to ferricyanide (fop) range from
0.003 to 0.021 cm s ', and for ferricyanide additions to ferrocyanide
(bottom), from 0.003 to 0.010 cm s '. Comparison of pure
ferrocyanide to ferricyanide: 0.007 to 0.021 cm s~

ratios. Taking the Fe(CN)é(a case, it is quite clear that
the extent of feedback recorded is highly inhibited by the
presence of Fe(CN)g(_aq) in solution. As can be seen from
Fig. 4, the presence of Fe(CN)g(_aq) lowers the OCP at
ITO and the driving force for the re-oxidation of the
electrogenerated mediator at the ITO electrode. A similar
trend is found for Fe(CN)g(;q) containing additions of
Fe(CN)g(;CD; however, the extent of inhibition is not as
dramatic when compared to the latter case, particularly
when low levels (1%) of Fe(CN)g(;q) are present. It is
noteworthy that a higher k,,, value was observed (0.021
compared to 0.007 cm s~ ') when Fe(CN)é(_aq) is used as a
mediator that probes an electron injection process into
ITO, compared to Fe(CN)é@q), which probes electron
withdrawal (as illustrated generally in Fig. 1).
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Variation of the mediator on BDD

On BDD, quite a different result was obtained in comparison
to the uniform ITO surface. For each mediator, although near
identical approach curves were obtained at a single location on
the substrate, when moving to a new region quite different
approach curve data were obtained and, hence, a range of
values for k,,,. Figure 3 shows experimental and modelled
approach curves for each of the mediators, with multiple
experimental approach curves and modelled data only shown
for the mediator Ru(CN)g(_aq). In the same order of mediators
as listed above for ITO (most to least positive reversible
potential), the range of k,p, values for BDD are 0.012-0.36,
0.004-0.13, <0.001-0.006 and 0.079-0.140 cm s '. Varia-
tion in the feedback response observed spatially over the
BDD surface was further confirmed by performing a linescan
(Fig. 6). In this experiment, the UME is traversed at a
constant distance from the surface, and the feedback current
at the tip is recorded. It should be noted that the BDD
material used in our study was highly polished and had a
roughness less than one third that of the ITO surface. Using
data obtained from contact mode AFM, for ITO the
roughness measure (Ra) was 6.7 nm, and for BDD,
2.2 nm. To complete the data set, the surface was mapped
in feedback mode (Fig. 7). In this figure, a colour platelet has
been used to emphasise the regions of significant positive
feedback (red and yellow), regions of near unity feedback
(green) and slightly less (blue) on a normalised scale. A
region similar in size (100 by 100 microns) was inspected
using AFM, and the greatest change in height in the image
was about 35 nm. The combination of approach curve data
(height independent) and the topographic data obtained by

1.8
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1.0 1 8 g 4 ééi 1
i f ;s ]
@ (3
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0 25 50 75 100 125 150 175 200

Lateral Position [um]
Fig. 6 Data collected in feedback mode with the mediator
Ru(NHg)z(tq) at a concentration of 1 mM by traversing at Pt UME
(2 um in diameter) at 5 um s ' above the surface of BDD at a height
of approximately 2 pm

Fig. 7 Images of the surface of a BDD electrode generated using
(top) feedback mode SECM and (bottom) secondary electron detector

on an scanning electron microscope. SECM map (100x100 pm)
obtained with the mediator Ru(NH3)2?;q) at a concentration of 1 mM

using a Pt UME (2 pm in diameter) at a tip—substrate separation of
approximately 2 pm. Lateral scan rate 5 pm s '

AFM quite strongly confirms that the variations observed in
the SECM-generated data in Figs. 6 and 7 are not due to
topographic effects. Hence, these changes in feedback signal
are most likely due to variations in the electronic conductiv-
ity between grains that are highly doped in boron and grains
that are not. Supporting this is the micrograph of the BDD
electrode surface obtained by SEM. Being that the electrode
is entirely composed of carbon, it is well known that darker
areas in the image are formed by more conductive regions
and the white areas by more insulating regions. By
comparison, it is plainly clear that there is a striking variation
in the electrochemical activity of the surface (SECM map)
that corresponds to small regions or grains that compose the
surface of varying electronic properties [43] (SEM image).
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Fig. 8 Constant height data L 1

65 —

using 1 mM of the mediator 4404
Ru(NH;)z(tq) in feedback mode
over BDD celectrode. Solid line 4 .00 -

traces are from experiments
where the substrate voltage was
varied from 0.20 to —0.015 V;
the dashed line was obtained at
OCP in feedback mode. Inset:
comparison of data obtained at

w
(o)}
o
|
Probe Tip Current [A] x107°

0.20 V and at OCP with expan-
sion of each axis. Solid traces
from top to bottom are 0.20,
0.10, 0.05, 0, —0.01 and —0.15 V
vs Ag|AgCl. Obtained using a Pt
UME (2 pm diameter) at a tip—
substrate separation of 2.1 um
and a latgrlal scan rate of

2.5 um s

i/ Ibulk

Lateral Position [:m]

T T
80 100

Performing feedback mode with biased BDD

With the striking variations observed spatially on BDD at
OCP, we found it intriguing to perform a linescan
experiment using the mediator Ru(NH3)2aq> and varying
the potential of this heterogeneous material. Figure 8 show
traces from experiments conducted at a range of potentials,
including at OCP (see figure caption for values). Not
surprising is the variation in the magnitude of the feedback
current measured at the UME tip with BDD under potential
control; however, it does appear, by closer inspection of the
trace obtained at OCP with that obtained at 0.2 V (see
Fig. 8 inset), that the variations in feedback observed are
nearly identical. These data imply that when using

Fig. 9 Electronic energy band (a)
diagrams for the interaction of
ITO and charge carriers with
mediators a Ru(CN)g(_aq) within
the bandgap and b near the
conduction band edge (Ecp) and
with Ru(NH;); ) The

process in b is very

efficient

oo
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Ru(NH3)g(+aq) as a mediator on BDD, there is no apparent
effect of the thermodynamic driving force on the rate of
charge transfer, i.e. new electrochemically active states are
not accessed under potential control.

Further considerations

The properties of a semiconductor substrate at OCP that
will influence the feedback response are the concentration
of charge carriers in the bulk and their mobility, the
existence of surface states and the chemical nature of the
surface. The concentration of charge carriers and their
mobility will govern the nature of the space charge layer, as
will the position of the Fermi energy relative to the band

Enne | EY (b)

. RU(NHQ?M.
&
045 Eca < .
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Fig. 10 Electronic energy (a)
band diagrams for the
interaction of BDD w1th
mediators a Ru(CN)j,, 6(aq) EQT
the valence band edge (Eyp)
and b Ru(NH3)? | 6(aq)-
Oxidation of Ru(NH3)6(aq)
unexpectedly occurs by

h' transfer from the valence
band via surface states (SS)

edges. By changing the mediator, the potential at which the
density of states of the redox species relative to the majority
carrier band edge changes; therefore, we change the degree
of band bending and, in some cases, significantly alter the
nature of the space charge layer [49]. Figure 9 depicts an
energy band diagram for char%e transfer between ITO and
the redox species Ru(NH3 >+ and Ru(CN)4< é) in the
immediate vicinity of the UME For the Ru(NH3)3zr/ §+7
which is positioned energetically [50] near the conduction
band edge (for ITO the fermi level may actually reside
within the conduction band), charge transfer is relatively
facile compared to Fe(CN)z(;é 4)‘7 and FcMeOH((ZJg, which
most hkel/y are positioned within the band gap. For
Ru(CN , we hypothesise that electron tunneling
occurs w1th such severe band bending [50]. On BDD,
similar simple energy band diagrams [45] may be drawn
(Fig. 10); however, the explanation of the variation in k,p,
is twofold. Firstly, differences in k,p,, values obtained for
different mediators are similar as for ITO; however, the
charge carriers are holes instead of electrons. Nevertheless,
we anticipate the effect of positioning of the mediators’
reversible potential within the band gap of the BDD will be
similar. The measurement of a relatively high degree of
feedback using the mediator Ru(NH;)gaq) is unexpected.
Depicted in Fig. 10 is the interaction of this mediator with a
surface state, most likely some manifestation of boron
doping of the diamond material [45].

Conclusions

ITO and BDD have been examined in detail using the SECM
technique in feedback mode. For interrogation of these
electrodes, the use of the mediators Ru(CN)é(aq ferrocene
methanol (FcMeOH), Fe(CN)é(aq) and Ru(NH3) aq) has
been successful in gaining insights into the nature of charge
transfer at these electrode surfaces. Calculations of the
apparent heterogeneous electron transfer rates (k,pp) using
data from approach curve experiments assist in understand-
ing the possible effect that the semiconductor energy band

. 0 —
Ru(CN)§ .y
Ewa A= Cﬂ 3-
h W(CN gy 1055

(b)

Enre | Y

e @ . U(NH3:'6 {aq)

RU«(NH3 )5 {aq)

|UJ

—4.5

|
£

T Eva

structure may have on charge transfer. For ITO, the feedback
responses in terms of k,,, are 0.073, 0.004, 0.021 and
0.125 cm s ' for the mediators in the order of the most
positive standard potential to the least. For BDD, the ranges
of kypp values are 0.012-0.36, 0.004-0.13, <0.001-0.006
and 0.079-0.140 cm s '. The variation in the feedback
response observed spatially over the extremely flat BDD
surface was further confirmed by performing a linescan and
a map. On the BDD electrode, the use of the mediator
Ru(CN) (ag) Tesults in positive feedback as expected; it is,
however, with the mediator Ru(NH3) ) that the highest
kapp Value is observed. This is desplte the fact that
Ru(NH;) 6(aq) has a reversible potential more negative than
the equivalent energy level of the anticipated valence band
edge and is most likely due to electron transfer through
surface states of the BDD.
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