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The corrosion resistance of titanium and its alloys is a desirable property for many applications in
materials science. In this report, the properties of the passive oxide film (TiO2) were examined by scanning
electrochemical microscopy (SECM). A homemade closed-loop scanning electrochemical microscope
was used to study these properties at the micrometer scale using ferrocenemethanol (Fc) as the redox
mediator. The experimental results showed that the passive properties of a well-polished ASTM Grade-2
titanium (Ti-2) sample differed from region to region as indicated by the different current responses of
the ultramicroelectrode (UME) on the SECM images. Selected spots with high feedback tip current were
examined more closely by additional scanning. It was concluded that active spots with high positive
feedback current were indicative of reactive structures located along crystalline grain boundaries, especially
at the triple points. This observation is confirmed by comparing SECM results with optical micrographs
reported in the literature. Previous metallographic investigations show these are the sites where the impurity
iron content of the alloy congregates. This is confirmed by our experiments on scanning electron
microscopy and energy dispersive X-ray analysis. For the first time, grain microstructure maps have
been constructed on the SECM images, based on the above active sites. The properties of TiO2 films on
Ti-2 were also assessed at various applied potentials. The reactivity of the oxide-covered Ti-2 surface
increased and more active spots appeared when the Ti-2 bias potential was made more negative. This
was attributed to oxide reduction (Ti(IV) to Ti(III)) and the onset of the absorption of hydrogen. The
potential at which this change occurred varied at different sites on the scale of the grain structure (20-
100µm). These results demonstrate that SECM is a noninvasive analytical methodology that can provide
insights into the structures and reactivities of Ti-2.

Introduction

As the rate of worldwide electricity consumption increases,
nuclear power becomes an increasingly attractive energy
source. As a result, nuclear waste disposal is a rapidly
growing challenge for those countries that consume nuclear
power. Methods of disposal of nuclear wastes have been
under study for more than 20 years, and various geologic
formations, supplemented by a series of engineered barriers,
to impede radionuclide release to the biosphere1 have been
studied. Within this sequence of barriers, the performance
of the metallic container, within which the waste would be
sealed prior to emplacement, is extremely important. It would
be the only absolute barrier in the system, and its perfor-
mance can be, at least partially, controlled by choice of
fabrication material and design and engineering. Regulatory
release limits make it necessary to achieve containment for
thousands to tens of thousands of years.

Because of their excellent corrosion resistance,2-4 titan-
ium alloys are well-studied candidates for the fabrication of
engineered barriers under both anodic and cathodic con-

ditions.5-16 The chemical compositions and mechanical
properties of a wide range of titanium alloys are well-
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known,17 and the properties of the alloys relevant to waste
management applications have been summarized.16 Titanium
spontaneously reacts in air and aqueous solutions to form a
chemically inert and tightly adherent oxide, which confers
passivity on the metal (or alloy). This oxide may be
amorphous or crystalline, depending on the conditions of
growth. Thus, Raman spectroscopy has indicated amorphicity
over a wide range of applied potentials,18 although the results
of electron diffraction and photoelectrochemical measure-
ments have been interpreted to indicate the presence of a
rutile structure.19 Films grown at higher temperatures (e.g.,
60 °C) commonly contain anatase, the slightly less stable
form of TiO2.19,20

Ti ions in TiO2 have a Ti4+(3d0) electron configuration,
making the oxide an insulator, or a wide band semiconductor
with a band gap of 3.05 eV. Deviations from stoichiometry
(TiO2-x) give the thin oxide film n-type semiconductor
characteristics,21 due to the presence of a combination of
oxygen vacancies and interstitial Ti3+ ions, which lead to
the trapping of electrons in a band just below the conduction
band edge.22 The presence of defects in the native oxide
(grown on natural exposure, first to the air, then to an aque-
ous environment) is clearly demonstrated by the higher den-
sity of states at energies corresponding to what would be
the band gap in crystalline rutile or anodically grown films.23

On the basis of micro-ellipsometry and photocurrent
scanning techniques, Schultze and co-workers24,25 showed
that the properties of the passive oxide depend on crystal-
lographic texture, that is, the thickness and electronic
properties of the film change from grain to grain depending
on its orientation. Given these changes, structural mismatches
in grain boundaries are inevitable. In addition, the grain size
of commercial Ti-2 is known to be controlled by the
unavoidable impurity, Fe. When the Fe content is low, Fe
accumulates in the grain boundaries but does not impede
grain growth, andR-phase grain sizes in excess of 1 mm in
dimension are possible. When the Fe content is higher, Fe-
containingâ-phase is stabilized along theR grain boundaries,
blocking their growth and resulting in a finer grained
material.10 For sufficiently high Fe content, Watanabe et al.26

have shown that the formation of TixFe intermetallic

precipitates can occur, particularly at the triple points. That
the presence of Fe may destabilize the oxide at/over grain
boundaries is suggested by the potentiostatic experiments of
Curty and Virtanen in NaCl and NaBr solutions.27 They
observed small current transients, associated with film
breakdown/repair events, on commercially pure Ti (Ti-2) but
not on high purity titanium (99.99%).

The role of Fe impurities leading to the accumulation of
corrosion damage on Ti-2, by crevice corrosion (CC) and
hydrogen absorption leading to hydrogen-induced cracking
(HIC), is known but generally unexplained.10 It has been
shown that oxide film breakdown leading to initiation of CC
occurs more rapidly at higher Fe content,2 but studies of the
influence of Fe on hydrogen absorption yielded conflicting
results.10

Because Fe is associated with the grain boundaries in these
materials, an investigation of grain boundary properties is
important in determining the quality of the passive film on
Ti alloys. If Fe is associated with flaws in the film, then
these are likely locations for the onset of corrosion processes
known to lead to failure of Ti engineered structures.2

Figure 1a illustrates the grain boundaries and triple points
in Ti-2 based on the optical micrograph of the material used
in this work, shown in Figure S3 of Supporting Information.
The grain size varies over the wide range of 20-100 µm.
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Figure 1. (a) Illustration of the surface structures of Grade-2 titanium (Ti-
2). Ti-2 is made of crystallineR-grains (blue), with grain boundaries between
them (black lines). Points where three grains meet are termed triple points
(light blue). The oxide film (yellow) always covers the Ti-2 surface.
Impurities are possibly accumulated at the boundaries and/or triple points.
(b) Typical image of Ti-2 by SEM.
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The presence of Fe in Ti is known to inhibit grain growth,
and grain sizes in excess of iron are commonly observed
for Fe contents in the range of 0.04 wt % compared to the
0.078 wt % present in our material.2 The smaller grain size
and the wide distribution of grain sizes in our material are
consistent with the inhomogeneous presence of Fe in the
grain boundaries. That Fe is present at these locations is
demonstrated by scanning electron microscopy (SEM)/energy
dispersive X-ray (EDX) analyses. Figure 1b shows a typical
SEM image of a polished specimen, and EDX analyses at
grain boundary locations indicate Fe contents in the range
∼5-17% (Table S1 in Supporting Information).

Scanning electrochemical microscopy (SECM) is useful
in the investigation of grain boundary properties, because it
can supply in situ electrochemical information at high spatial
resolution (micrometer scale). SECM28 can determine the
chemical and biochemical kinetics,29-32 image local chemical
activities,33-43 and fabricate micrometer scale structures.44-46

The most significant advantage of SECM is its capability to
probe chemical information concerning electron and ion
transfer processes at the interfaces between substrates and
their contacting electrolyte solutions. Normally, an ultrami-
croelectrode (UME), a microscale disk-shaped platinum, gold
or carbon electrode insulated in a glass sheath, is used as
the SECM probe (tip). A constant potential is applied to the
SECM probe to run a fast electrochemical reaction of one
redox species (the mediator). The electrochemical current is
determined by hemispherical diffusion of the reactant to the
electrode surface from the bulk solution. When the biased
probe approaches a substrate, this current is perturbed by
the substrate at close proximity through either blockage of
the diffusion (on an insulator, negative feedback) or dominant
regeneration of the reacted species from the substrate (on a
conductor, positive feedback).28 It is possible to image the
surface topography and/or chemical reactions on the surface

by detecting the current perturbation when the tip is rastered
in a plane close to the substrate.

Casillas et al.47,48 used SECM to study the breakdown of
native and anodically grown oxide films on commercially
pure Ti electrodes in bromide solution. Basame and White49

studied these highly localized electrochemical activities on
pure Ti with different redox media (iodide, bromide, and
ferrocyanide) using SECM and other electrochemical meth-
ods. The surface density of the electroactive sites for their
Ti sample was found to be about 20( 5 sites/cm2, with
sites having a diameter of about 50µm. The same authors
measured the current density at microscopic redox-active sites
on pure Ti.50 Other research in this area50-57 has focused on
the corrosion of Ti biased to positive potentials. Although
these authors used Ti samples covered by a native oxide film,
the oxide film thickness changed with the applied positive
bias potential at a rate of 2.5 nm/V.49,58While instructive in
defining potential pitting breakdown sites at positive applied
potentials (>1 V vs SCE), these studies did not probe the
properties of passive Ti at the micrometer scale necessary
to determine grain boundary properties.

In this work, the surface structures and interfacial elec-
trochemical reactions of Ti-2 were studied by SECM and
other related electrochemical methods. Ferrocenemethanol
(Fc) was used as the redox mediator. Because the electro-
chemical reaction of Fc on the SECM probe is very fast,
interactions of this mediator with the Ti-2 substrate (feed-
back) are the determinant reaction step. The SECM feedback
current yields, therefore, chemical information concerning
the surface of Ti-2, in terms of Ti composition, structure,
formation, dissolution, and reactivity. In this way, active and
passive spots were determined. For the first time, grain
structure maps were constructed based on SECM images.
The spatial- and potential-dependent structures and behaviors
were assessed.

Experimental Section

Chemicals.Fc (97%, Aldrich, Mississauga, Canada) was pre-
pared at a concentration of 0.9 mmol/L with 0.1 mol/L sodium
chloride (NaCl, ACS reagent,>99%, Aldrich) or potassium chloride
(KCl, ACS reagent, 99+%, Aldrich) as supporting electrolyte.
Deionized water (Milli-Q, Millipore, 18.2 MΩ‚cm resistivity) was
used to prepare all aqueous solutions.
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UME Fabrication. The fabrication of the carbon fiber UME
(CUME) has been previously reported.59 We have modified the
procedure as we described for making Pt UMEs elsewhere.42,43Our
fabrication procedure is described in the Supporting Information.

Characterization of CUMEs for SECM Probes. Normally,
three methods were used to characterize the CUMEs as shown in
Supporting Information: microscopic videograph; cyclic voltam-
metry; and probe approach curves (PACs) to a glass substrate.

SECM Instrumentation. The detailed information about our
custom-built SECM instrument has been published elsewhere.42 As
illustrated by Figure 2, it consisted of three major components: the
electrochemical system (electrochemical analyzer, CH 832A, CH
Instruments, Austin, TX); the closed-loop positioning system
(FREEDOM 1500-3 Nano Robot system, EXFO Burleigh Products
Group, Inc., Canada); and the active data acquisition system
consisting of a computer loaded with homemade virtual instruments
(VIs) programmed in LabVIEW (Version 7, National Instruments,
Austin, TX), a general purpose interface bus (GPIB) board (PCI-
GPIB, National Instruments) to communicate with the 8200
controller, and a 16-bit DAQ card (PCI-6052E, National Instru-
ments) with a connection board (BNC-2090, National Instruments).
The electrochemical and positioning systems were built together
in a Faraday cage to isolate external electrical noise. The constant-
height mode was used for imaging where the CUME current was
recorded versus lateral coordinates at a fixed height in the vicinity
of the Ti-2 sample. All the experiments were performed at room
temperature. In general, it took 5 min to finish each 128× 128
pixel image. The data were displayedin real time. A spreadsheet
file was saved after each experiment for further analysis.

Ti-2 Sample Preparation and SECM Experiments.Prior to
each experiment, the Ti-2 surface was mechanically polished with
wet silicon carbide paper (Buehler, Ltd.) in the sequence of 320,
500, 800, 1000, and 1200 grit and then rinsed with copious
deionized water. The surface was then polished with 0.3µm and

0.005µm alumina powder suspensions, respectively, rinsed with
excess amounts of deionized water, and left to air-dry. Thus, the
surface of the Ti-2 sample was covered with a thin native layer of
titanium oxide film.60 This sample was clamped between two pieces
of Teflon in the electrochemical cell specifically designed for our
homemade SECM.42 The area of the Ti-2 sample exposed to the
solution was about 0.50 cm2. The whole electrochemical cell was
mounted on the platform of our SECM setup. Potentials could be
applied to both the CUME and the Ti-2 sample (Figure 2) using
the electrochemical analyzer (CHI-832A).

SEM and EDX Analysis. SEM imaging, EDX analysis, and
EDX mapping were carried on an electron microscope (Leo 1540
FIB/SEM with CrossBeam, Zeiss Nano Technology Systems
Division, Germany)

Results and Discussion

CVs of the Ti-2 Sample.A well-polished Ti-2 sample
was clamped into the SECM cell containing only 0.1 M
NaCl, and a cyclic voltammogram (CV) was recorded at
100 mV/s (Figure 3) using a KCl-saturated Ag/AgCl refer-
ence electrode and a Pt counter electrode. On the first scan,
the current increased substantially beyond 0.2 V as electric
field-assisted growth of an anodic oxide occurred. The
increase in current with potential is consistent with previous
observations with oxide growth occurring at a rate of 2-
2.5 nm/V.49,58,61,62At the scan rate used, it is likely that the
oxide was amorphous and highly defective.62 On the reverse
scan, the anodic current immediately fell as the field in the
oxide was reduced to a value too low to sustain field-assisted
oxide growth. For potentialse 0.00 V versus Ag/AgCl,
cathodic processes were observed. The decreasing current
(an increase of the absolute current value) at more negative
potentials is attributed to the reduction of TiIV to TiIII within
the insoluble oxide (at the neutral pH used) and the
co-absorption of hydrogen. On the basis of capacitance
measurements and charge calculations, Ohtsuka et al.63

calculated that one atom of H was absorbed for each TiIV

atom reduced, indicating the overall film conversion reaction:
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2406.

Figure 2. Schematic illustration of the SECM experiments. The Ti-2 sample
was clamped between two blocks of Teflon to compose the SECM cell. A
bipotentiostat was used in our experiments to bias the potentials of both
the CUME and Ti-2 sample simultaneously. Fc, the redox mediator, was
oxidized on the CUME tip to generate Fc+, and the Fc+ diffused to the
Ti-2 surface. If Fc+ was reduced to Fc at some spots on the substrate surface,
the tip current increased so that a positive feedback current was detected
by the CUME. These spots were called “active spots”. In contrast, the
insulating TiO2 film blocked the Fc diffusion to the UME so that a negative
feedback current was observed. The TiO2 film showed properties of an
insulator; such spots were called “nonactive spots”.

Figure 3. Consecutive CVs of a Ti-2 sample with a surface area of
0.50 cm2 in 0.1 mol/L NaCl solution. The initial potential was 0.00 V, and
the potential range was-1.20 to 2.60 V. The potential sweep rate was
100 mV/s.
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It is this process which is thought to render the oxide
permeable to H, thereby allowing the H absorption into the
underlying Ti (the first step toward HIC) observed in long-
term potentiostatic experiments.64,65 For polarizations to
potentials in the region of-1 V, the increase in current is
attributable to H2 evolution21 and the rate of H absorption
into the metal is markedly increased.65 For polarizations of
sufficient duration a TiHx layer is formed on the Ti
surface.65,66

On the second scan (starting from-1.20 V), some of the
H absorbed in the oxide was anodically reoxidized, com-
mencing around-0.50 V.63 For potentials up to∼1.50 V,
no significant anodic current was observed because the field
in the existing oxide was insufficient to drive oxide growth.
The current increase at higher potentials is attributed to
chloride oxidation,

occurring at the conductive defects in the TiO2 detected by
Casillas et al.,47,48Basame and White49-53,67and others,54-57

which leads to pitting in Br- solutions. Some anodic
oxidation of water,

may also be possible. Additional scans were identical to the
second scan.

PACs to the Ti-2 Sample.Because Ti-2 is covered with
an oxide with a band gap of about 3.0 eV,62,63 it should be
nonconductive. Negative feedback is expected when the
SECM probe is approached to the Ti-2 surface. Figure 4
shows a typical PAC for a CUME, with an RG (the ratio of
the total radius of the tip to the radius of the carbon fiber)
value of 5.0. The experimental curve fits well to the
theoretical curve for negative feedback (RG of 5.1),68

demonstrating the expected insulating properties of the oxide-
covered surface.

From such PACs, the distance between the tip and the
Ti-2 sample can be determined from the normalized current
superimposed onto the theoretical PAC; for example, in
Figure 4 the approach distance was 2.7µm when the
normalized current reached 0.5. Note that it is important to
keep similar RG values for SECM UMEs, especially in the
negative feedback case.28 On the other hand, the distance
between the tip and the substrate cannot be too small, in
case the substrate is tilted. With too small a distance or too
large an RG, UME tips can easily scratch the Ti-2 surface,
leading to breakage of the tip or substrate surface damage.
From our experience, for a CUME with 3.4-µm radius and
RG ) 5.0, the tip-to-substrate distance should be kept at

2.7 µm. At this distance, the scanning lateral range reaches
200 µm × 200 µm without any problem.

Surface Reactivity Detected by SECM Imaging.At a
constant height of 2.7µm, the SECM UME was rastered in
theX, Y plane above the Ti-2 surface without bias potential
using the closed-loop positioning system, and the tip currents
versus the lateral tip positions were recorded to obtain SECM
images. Figure 5 shows a typical SECM image of an
unpolarized Ti-2 surface. The tip current range for this image
is 0.53-0.66 nA. The gap distance range, 3.8-5.6µm, was
read from a theoretical negative feedback PAC (Figure 4),
assuming that the Ti-2 specimen was covered by an oxide
layer. Therefore, the roughness of the Ti-2 surface was
estimated to be a maximum of 1.8µm according to the
SECM image.69 Actually, the surface roughness was less than
this because the sample surface was slightly tilted. Some
spots with a higher current than their surroundings can be
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TiO2 + xH+ + xe- f TiO2-x(OH)x (1)

2Cl- f Cl2 + 2e (ECl2/Cl-
0 ) 1.360 V)61 (2)

H2O f O2 + 4H+ + 4e (EO2/H2O
0 ) 1.226)61 (3)

Figure 4. Representative SECM approach curve at the Ti-2 sample surface
(triangles) at 1.0µm/s in 0.9 mmol/L Fc solution with 0.1 mol/L NaCl as
the supporting electrolyte. The Ti-2 sample was at its open circuit potential.
The CUME had a radius of 3.4µm with a RG of 5. The potential bias on
the CUME was 0.40 V vs Ag/AgCl. The experimental curve fits well with
the simulated curve (red line, RG) 5.09), which means that the reverse
reaction, the reduction of ferroceniummethanol (Fc+) to Fc on the Ti-2,
did not happen (shown in the inset).

Figure 5. Typical SECM image of the Ti-2 sample without bias potential
in 0.9 mol/L Fc solution with 0.1 mol/L NaCl as the supporting electrolyte.
The image area is 150µm × 150 µm with 128× 128 pixels. The current
range was 0.53-0.66 nA. The spots labeled by arrows yielded higher
currents than their surroundings.
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observed in this image as labeled with the arrows shown in
Figure 5. On approach of the CUME toward these spots a
typical negative feedback PAC was observed. These results
demonstrate that the current differences in Figure 5 can be
attributed to topography changes and not changes in reactivity
on the sample surface. From the theoretical curve shown in
Figure 4, the depth of the three holes was estimated to be
about 0.4µm (the current difference was about 0.029 nA)
lower than their surroundings.

When a potential of 0.00 V versus Ag/AgCl was applied
to the Ti-2 sample, a total area of 600µm × 600 µm was
surveyed to search for current changes on the surface. To
avoid damaging the CUME, nine images, each with a surface
area of 200µm × 200 µm, were recorded consecutively
instead of one large area image (Figure 6). These images
were clearly different from that in Figure 5, with many high
current spots (blue spots, termed as active spots), up to
0.84 nA, visible in the images. These spots were not visible
with no applied potential on the Ti-2 sample. A PAC toward
the blue spotted areas (Figure S2 in Supporting Information)
showed that the high current was caused by positive feed-
back from the surface; that is, Fc+ generated at the SECM
tip was reduced back to Fc on diffusing to these active
spots:

This recycling reaction is shown in the inset of Figure 6.
Clearly, the Ti-2 surface covered with the native oxide film

was not homogeneous, and the reactivity on the surface
varied from region to region.

We zoomed in on some of the high current spots to
determine their size, as shown in Figure 6i. The current
difference between the most reactive spot and its surround-
ings was about 0.21 nA. This difference was much higher
than that for the spots labeled in Figure 5 and was not only
due to a topographical difference but also due to partial
positive feedback from the Ti-2 surface. Comparison of
PACs taken at these active spots and those from the
background confirms this conclusion (Figure S2, Supporting
Information). The number, density, and fractional coverage
of the high current spots on the scanned area were estimated
and are shown in Table 1.

These active spots can be distinguished from those
observed by the groups of White and Smyrl47-49,51,55,56by a
number of features: (1) White’s and Smyrl’s active spots
were observed in bromide solutions and only at positive
potentials in the range of 1 V or greater; (2) their active
spot density of 30 sites/cm2 was much less than what we
observed (Table 1); and (3) the diameter of their active spots
was between 10 and 50µm, making them considerably larger
than the ones observed in this work. They attributed the(69) Wei, C.; Bard, A. J.J. Electrochem. Soc.1995, 142, 2523.

Figure 6. Typical SECM images of the Ti-2 sample surface in 0.9 mmol/L Fc solution with 0.1 mmol/L NaCl as the supporting electrolyte. The total scan
area is 600µm × 600 µm, which was divided into nine images, of which eight images are shown (a-h). The current scale bar (from 0.42 to 0.84 nA) for
each image is displayed on the right. The tip current in bulk solution was 0.90 nA. Image i is the magnified image of an active spot in image f. The potential
on the substrate was held at 0.00 V vs Ag/AgCl. Other experimental conditions were the same as those described in Figure 5.

Fc+ + e- f Fc (on the substrate) (4)

Table 1. Characteristics of Active Spots on the Ti-2

scan area
(µm2) number

diameter
range (µm)

density
(spots/mm2)

area
coverage

(%)

1 600× 600 141 2-17 392 10
2 100× 100 5 4-14 500 12
3 200× 200 13 3-17 325 10

average 388 10
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observation of active spots to the presence of impurities but
did not succeed in identifying their nature or composition.

The primary impurity in our Ti-2 is Fe, which, as
discussed, resides primarily in the grain boundaries of the
sample (Table S1 and Figure S5 in Supporting Information).
Inspection of the photomicrograph of the metallographically
etched surface, Figure S3 (Supporting Information), clearly
showed the grain boundaries and the large number of triple
points.2 Because the grain boundary volume is greatest at
these latter locations, we expect the highest accumulation
of defects and the highest concentrations of Fe impurity at
these sites. Hence, we propose that the most active spots
observed on the SECM images were the triple points and,
to a slightly lesser degree, the grain boundaries. Thus, the
images shown in Figure 6 appear to directly map the grain
boundary structure of the substrate Ti-2.

Grain Boundary and Grain Structures. To further
demonstrate our point we have joined, by black lines, the
high current blue spots observed in two SECM images
(200µm × 200µm) of the Ti-2 specimen, Figure 7, mapped
at a potential of 0.00 V in such a way that two neighboring
spots with high current were connected to each other. If we
are correct, these lines delineate the grain boundaries and
triple points. Comparison of these patterns to our metallo-
graph (Figure S3, Supporting Information)2 and other
published metallographs65 shows the enclosed areas in the
SECM images are on the same size scale as the grains in
the micrograph, and the frequency of proposed triple points,
defined by the high current blue spots, is very close to that
observed in the micrograph. The enclosed areas would be
the TiO2-covered Ti grains.

Of particular interest to us is the behavior of the passive
film under cathodic polarization, particularly in the range
0.00 V to-0.50 V, Figure 3. As discussed above, the oxide-
covered surface eventually becomes permeable to hydrogen
allowing H absorption into the underlying Ti. To date, it
has been presumed that this can only happen when oxide
reduction (TiIV to TiIII ), accompanied by H absorption into
the oxide, occurs. However, the question has been raised as
to whether impurities such as Fe, present as intermetallic
precipitates and/or Fe-containingâ-phase, could act as
“windows” in the oxide, thereby allowing H absorption to
“bypass” the oxide.70 Our ability to detect sites in the oxide
with enhanced reactivity and to correlate locations with triple
points and grain boundaries suggests such “windows” may
exist.

The discovery of grain structures on the SECM images
can then be further facilitated by varying the applied potential
on the Ti-2. Figure 8 shows a series of images taken on
the same area of Ti-2 as its potential was changed from
-0.05 V to-0.40 V. Figure 8a shows only one active spot
(indicated by the arrow) at an applied potential of-0.05 V.
That this spot was active was confirmed by a PAC, which
showed partial positive feedback (Figure S2, Supporting
Information). When the potential was decreased to
-0.10 V, two new active spots appeared, Figure 8b,

connected by a line, suggesting they were associated with a
grain boundary. From the general color of the image, it is
clear that the current is generally larger at-0.10 V compared
to -0.05 V. A further decrease in potential to-0.15 V,
Figure 8c, activated additional spots, and their connection
suggests that the original active spot in Figure 8a was located
at a triple point. Further decreases in potential to-0.40 V
led to enhanced activation of the triple point and grain
boundaries and also to a general increase in current on the
surface of the grains. One complete grain appears to have
been outlined once the potential was decreased to the range
-0.35 V to -0.40 V.

At potentials below-0.40 V, the oxide film became
successively more conductive as a result of reduction reaction
1. The grains shown in Figure 8g,h appear to signify the Ti
grain structure under the oxide film.

To illustrate the difference in the influence of the potential
on the reactivity of the oxide on the grains and on the grain
boundaries and triple points, Figure 9 shows the tip current
along a line atY ) 121.26µm at various substrate potentials
shown in Figure 8. In reference to Figure 8, Figure 9 shows
that point A is located over an oxide-covered grain, point B
at the active spot believed to be a triple point, and point C,
a new active area, possibly a grain boundary, which emerged
as the potential applied to the Ti sample was made more

(70) Hua, F.; Mon, K.; Pasupathi, P.; Gordon, G.; Shoesmith, D.Corrosion
2005, 61, 987.

Figure 7. SECM images with possible grain boundary structures on the
Ti-2 surface. All the experimental parameters were the same as those
described in Figure 6. The current scale in these two images is 0.42-
0.84 nA. The tip current in bulk solution was 0.90 nA. The blue spots are
the active spots that appeared at the grain boundaries and triple points.
The black lines were drawn by connecting the active spots, which represent
the grain boundaries on the Ti-2 surface.
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negative. These lines show that the current at all three
locations increased with an increase in cathodic polarization,
Figure 9b. However, the current at locations C and, espe-
cially, B increased more rapidly with decreasing potential
than did the current at location A over the range-0.05 V to
-0.20 V.

If the current at point A is attributed to the increased
conductivity of the oxide due to its reduction and the
absorption of H and the current at point B is attributed to
the activity at a triple point, then it is clear that the triple
point conductivity increased, independently of that of the
oxide on the grain, at more positive potentials. The peak in
the current difference (i(B) - i(A) in Figure 9b) indicates
that the triple point became fully activated before the
conversion of the oxide on the grain (via reaction 1) was
complete. A similar, but less marked difference, between the
current at point C and the current at point A was observed
(i(C) - i(A) in Figure 9b), suggesting C may have been
located at a grain boundary. This last suggestion is by no
means certain, and it is possible that C was located on a
grain covered by a thinner oxide than that at point A.24,25

It can be concluded from these results that the reductive
transformation of the oxide on Ti begins at potentials much

lower than previously claimed or calculated. Also, the oxides
at the grain boundary structures and triple points are signifi-
cantly less stable than the oxide on the grains. It is possible,
therefore, that these locations could act as preferential entry
windows for H absorption into the underlying Ti substrate.

PACs toward Different Spots on the Ti-2 Sample at
Various Bias Potentials. Figure 10 shows the PACs
recorded above two typical points on the Ti-2 surface at
various bias potentials: one is an active spot (Figure 10a)
and the other a nonactive spot (Figure 10b). When the bias
potential on the Ti-2 sample was larger than 0.1 V, the
surface was completely insulating, even at the active spot.
Therefore, no positive feedback could be observed at this
potential. The PACs for both the active and the nonactive
sites overlapped with the theoretical curve for negative
feedback very well. At this potential, the Ti oxide film is
insulating, and electron transfer to Fc+ does not occur.

When the potential was lower than 0.00 V, partial positive
feedback was observed from the active spot (Figure 10a).
As the potential was decreased further, positive feedback
became more evident. The semiconducting TiO2 energy
barrier to charge transfer was lowered as the bands were
bent in a favorable way to enrich the electrons at the

Figure 8. SECM images for the same Ti-2 area at various bias potentials. The imaged area was 60µm × 60 µm, and one of the electrochemical reactive
spots was centered. All the images have the same current scale, which is shown by the color bar (0.59-1.53 nA). The bias potentials on Ti-2 were (a)
-0.05 V; (b) -0.10 V; (c) -0.15 V; (d) -0.20 V; (e)-0.25 V; (f) -0.30 V; (g) -0.35 V, and (h)-0.40 V. The distance between the tip and the Ti-2
sample was 3.0µm. The active spot was labeled by the black arrow in image a. New active spots appeared on images b-h. These active spots can be
connected by black lines to indicate grain boundaries. Other experimental conditions were the same as those described in Figure 6.
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interface, thereby allowing Fc+ reduction to Fc. This caused
an increase in tip current, with positive feedback observed
in the PACs.

Over the potential range of 0.20 V to-0.10 V, the PACs
taken on the nonactive spots were all very similar and showed
negative feedback. The negative feedback approach curves
overlapped well with the theoretical curve for negative
feedback (Figure 10b). While it is expected that partial
positive feedback would be observed below-0.10 V, as
mentioned above, we can conclude that, in the potential range
0.10 V to-0.10 V, the oxide film on the Ti-2 surface was
very compact and stable. The oxide film does not favor the
electron transfer to the ferrocenium, and the film is not
reduced at potentials above-0.10 V.

CVs on the Tip at a Short Tip-to-Substrate Distance.
The SECM tip was approached to the Ti-2 surface and
stopped at a tip-to-substrate distance of 2.70µm. Subse-
quently, the tip could be moved to either a nonactive spot
or to an active site at the same height, respectively. At these
two spots, CVs of the SECM probe were recorded while
the bias potential on the Ti-2 was held at 0.0 and-0.10 V,
respectively (Figure 11). This is the substrate generation-tip
collection mode of SECM. The coordinates of the SECM
probe are also shown in the inset images.

In bulk solution, where the tip was far away from the Ti-2
surface, the steady-state tip current was about 0.95 nA (CVs
in red shown in Figure 11). At a height of 2.70µm above
the nonactive spot, the steady-state tip current was 0.47 nA
when the bias potential on the Ti-2 was 0.00 V (CV in black,
Figure 11a). This corresponds to 49% of the steady-state
current in bulk solution and agrees very well with the
theoretical PAC. With the same applied potential on the Ti-
2, the steady-state current at a height of 2.70µm above the
active spot was 0.78 nA (CV in black, Figure 11b), 0.31 nA

Figure 9. (a) Cross-section lines extracted from all the images in Figure
8 at Y ) 121.26µm (Y represents the vertical axis in the images). (b) Tip
current changes versus the applied potential on the Ti-2 at the three spots
where the coordinates are labeled in part a. The current difference between
the triple point B and the nonactive point A (curve i1) and that between the
newly appearing active point C and the nonactive point A (curve i2) are
also plotted versus the bias potential on Ti-2 in (b).

Figure 10. PACs recorded at an electroactive spot on Ti-2 at various applied
potentials (a) and PACs recorded at a nonactive spot on Ti-2 at various
applied potentials (b). The coordinates of both spots are labeled on the
inserted SECM images (black cross). A potential of 0.4 V was applied to
the CUME. The approach speed was 1.0µm/s.
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higher than the steady-state current obtained above the
nonactive spot. This increased current value is a consequence
of the partial positive feedback from this active spot.
When the substrate potential was changed to-0.1 V, the
steady-state current from the tip located above the active spot
was 1.14 nA (CV in green, Figure 11b). This was 0.20 nA
higher than when the tip was polarized in bulk solution and
0.43 nA higher than when the tip was located above the
nonactive spot (0.71 nA as shown by CV in green,
Figure 11a). Positive feedback was observed clearly at this
potential. A more thorough investigation of such CVs on
the Ti substrate is underway.

The quartile potential differences (∆E1/4 and ∆E3/4)
extracted from these CVs are listed in Table 2. At the same
potential on Ti-2, the quartile potential differences of the
tip from the active and nonactive spots are very similar. The
feedback from the substrate did not affect the reaction
property of the Fc redox reaction on the UME surface.

Therefore, when the potential on the Ti-2 substrate was
changed, the quartile potential differences were kept at a
similar value. All these CVs showed that the Fc redox
reaction on the CUME was reversible.71

Conclusions

SECM was used to determine the surface reactivity and
grain boundary structures of a Ti-2 sample in 0.9 mM Fc
solution. Because there were various microscale regions on
the Ti-2 surface, a variety of different current feedback
signals were obtained on the SECM tip. Therefore, the high
current spots found on the SECM images, which we called
“active spots”, were related to the grain boundary and triple
point structures in the material surface. Using these data,
we constructed a grain boundary structure map on SECM
images. This was further facilitated by imaging the Ti-2 at
various applied potentials.

The surface reactivity was also assessed. The Ti-2 surface
reactivity increased as the applied potential became more
negative. As a result, more active spots were observed on
the SECM images along the boundary structure at lower
applied potentials.

Our claim that these spots are caused by the presence of
Fe in the grain boundaries is supported by SEM/EDX
analyses. Additional experiments with specimens containing
various amounts of Fe are underway.

Further reactivity of the Ti substrate can be investigated
by tip/substrate cyclic voltammetry at a short distance.

This noninvasive analytical method is by no means limited
to Ti-2 and will find wide applications in materials science.
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Figure 11. CVs recorded with the tip positioned above an electrochemically
nonactive spot (a) and above an active spot (b). Both spots are labeled on
the inserted SECM images (black crosses). The Ti-2 was biased at different
potentials (0.00 V, the black line;-0.10 V, the green line;-0.20 V, the
blue line). The tip-to-substrate distance was 3.2µm. The potential limits
on the tip were-0.05 to 0.50 V. The potential scan rate on the tip was
20 mV/s. The red CVs in both graphs were obtained when the tip was far
away from the Ti-2 surface.

Table 2. Quartile Potentials and Their Differences Obtained from
the CUME in Figure 11, Positioned above the Active and Nonactive

Spotsa

active spot non-active spot

potential
(V)

E1/2

(mV)
∆E1/4

(mV)
∆E3/4

(mV)
E1/2

(mV)
∆E1/4

(mV)
∆E3/4

(mV)

0.0 235 23 21 234 22 22
-0.1 228 23 22 232 21 22
bulk 225 28 29 225 28 29

a ∆E1/4 ) E1/4 - E1/2 and∆E3/4 ) E1/2 - E3/4, whereE1/4 is the potential
at the first fourth of the plateau current,E1/2 is the potential at the second
fourth of the plateau current, and so on.

2542 Chem. Mater., Vol. 19, No. 10, 2007 Zhu et al.



Misk, Jon Aukema, Sherrie McPhee, Mary Lou Hart, and Marty
Scheiring are gratefully acknowledged for their technical
support. We would like to thank Dr. Todd Simpson and Ms.
Nancy Bell of Nanofabrication Laboratory at UWO for their
assistance in SEM.

Supporting Information Available: Detailed experimental
procedures for CUME fabrication and characterization, PACs taken

at active and nonactive spots on Ti-2 biased at 0.00 V versus
Ag/AgCl, optical metallograph of the etched Ti-2, additional curves
for the dependence on the substrate potential of the tip current
difference between the active spot and the reference spot, additional
SEM images, and EDX analysis (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

CM070023D

Grain Structures and ReactiVity on Ti-2 Surfaces Chem. Mater., Vol. 19, No. 10, 20072543


