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Abstract Presented is an in-situ electrochemical STM
study on the structural evolution of Te layer on
Pt(111) whose coverage is higher than 0.25. The irre-
versibly adsorbed oxygenated Te layer was reduced to
a rectangular (2xV3) adlayer of elemental Te
(01.=0.25). As additional Te was deposited underpo-
tentially onto the Te-covered Pt(111) surface in a
TeO,-saturated 0.05 M H,SO, solution, the surface
structure of Te evolved from the rectangular (2xV3)
(0re=0.25) to a rectangular c(2xV3) (6=0.50) via a
rectangular ¢(3x\3) (01.=0.33). The adsorbed ele-
mental Te was mobile enough to compress the super-
lattice structure to denser ones, so that the resulting
Te layer became electrochemically inactive in the po-
tential range below 0.55 V.

Keywords Single crystal - Pt(111) - Tellurium -
Irreversible adsorption - STM

Introduction

Modification of electrode surfaces with foreign metal
monolayers is important in manipulating the chemical
properties of the surfaces. Electrochemical deposition of
a metal monolayer can be achieved in two ways: un-
derpotential deposition [1] and immersion method [2, 3].
In underpotential deposition, metal ions in a solution
are reductively deposited onto an electrode surface and
the deposited elemental atoms are oxidatively stripped
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into the solution phase, in general. However, a few ele-
ments like Te on Au electrodes, as demonstrated by
Stickney [4-8], can be reductively stripped as well. In
immersion method, on the other hand, an oxygenated
metal ion layer is formed via irreversible adsorption
during a contact with a solution containing the metal
ions, and the oxygenated layer is reduced electrochemi-
cally. Stripping of the oxygenated metal layer into a
solution is conducted by oxidation to a soluble species of
higher oxidation state. In addition, a redox process is
generally observed between the irreversibly adsorbed
oxygenated metal ion layer and the corresponding ele-
mental layer as confirmed with an XPS measurement of
Te on Pt(111) [9].

Modification of platinum electrodes with irreversible
deposition have been aimed to the enhancement in the
catalytic activities of modified electrode surfaces toward
small organic molecules like methanol and formic acid
[10-36]. For example, Ru and Os via immersion method
on Pt(111) enhanced greatly the catalytic activity toward
methanol oxidation at 0.4 V vs. RHE [33, 34]. Further-
more, it has been verified that modification of platinum
electrodes with Ru, Os and Ir, i.e. quaternary catalyst,
showed the highest activity in methanol oxidation so far
[37]. The modifying elements have been known to form
nanoislands (2-5 nm in diameter) [33, 34, 38, 39] and to
be surface oxides at the potential where the catalytic
activity is maximum without being stripped [40, 41]. The
roles of the modifying elements in the enhancement of
catalytic activity, however, are not understood clearly at
atomic level.

Another aspect of irreversible adsorption is forma-
tion of metallic layer itself. Recently, our group has
published that the two conceptually different processes
(underpotential deposition and irreversible adsorption)
co-operate to achieve an Sb layer of full coverage on
Au(111) and Au(100) [42]. Specifically, an Sb layer of
0.33 monolayer was obtained via irreversible adsorption,
and an additional amount of Sb, corresponding to 0.11
monolayer, was deposited sequentially and underpo-
tentially from an Sb-containing solution to result in a
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full monolayer of Sb. A similar phenomenon has been
proposed in the case of Te deposition on Au(l11),
studied with ex-situ UHV experiments [43] and in-situ
EQCM work [44], that a preadsorbed layer of HTeO* "
is reduced to show the first under potential deposition
peak, followed by the second underpotential one of
HTeO" from solution.

Here, we are presenting an extended in-situ STM
study on Te on Pt(111), whose coverage is higher than
0.25. Onto the Pt(111) surface saturated with the
oxygenated Te species, whose coverage was 0.25,
additional amounts of Te were deposited underpoten-
tially from a Te-containing solution. The structural
evolution of the resulting Te layers is discussed in
terms of compressed Te layers, concerning their
voltammetric behaviors.

Experimental

The Pt(111) single crystal electrodes used in this work
were made exclusively by the bead method [45]. A Pt
wire (diameter =0.5 mm, Aldrich, 99.99%) was melt in
a hydrogen-oxygen flame to form a platinum single
crystal bead, and the orientation of the bead was con-
firmed with a He-Ne laser. In STM experiments, a
single crystal bead was spot-welded on a platinum foil
(Johnson Matthey Co., 99.9%) for one of the facets of
(111) to be directed to an STM tip. The platinum foil
with a single crystal bead was inserted into a home-
made electrochemical cell for an STM instrument
(Nanoscope III, Digital Instruments). In voltammetric
experiments, however, one of the (111) facets was cut
and polished to be mirror-like, and the meniscus posi-
tion was maintained. Annealing in a hydrogen flame
and quenching in a hydrogen-saturated water led to
well-ordered and clean Pt(111) electrode surfaces in
both experiments.

W tips (diameter=0.25 mm, Aldrich) for STM
experiments was fabricated by electrochemical etching in
1 M KOH solution with 15 V AC and coated with a nail
polish to minimize electrochemical currents. The scanner
used in this work was calibrated with an HOPG crystal
(Structure Probe, Inc., USA).

The solutions used in this work were made with
ultrapure water (>18 MQ cm™!, Barnsted), H,SO,4
(Merck, Suprapur) and TeO, (Aldrich, 99.9995%).
Especially, the Te solution was obtained by saturating
0.05 M H,SO, with TeO, and the Te concentration in
the TeO, solution was measured to be approximately
0.14 mM.

Voltammetric studies were performed using a con-
ventional three-electrode system and the potentials vs.
an Ag|AgCl reference electrode, 1.0 M, CI". An oxi-
dized platinum wire was used as a reference electrode in
the STM experiments and the tip bias voltages were
reported as controlled against the oxidized platinum
reference electrode (—0.7 V against the employed
Ag|AgCl reference electrode).

Results and discussions
Voltammetry of Te on Pt(111)

A well-defined Pt(111) electrode (the thin solid line in
Fig. 1a) was immersed into the TeO,-saturated 0.05 M
H,S0, solution, equilibrated with air, for 15 min with-
out any potential control to induce the irreversible
adsorption of Te (oxygenated Te(IV)(aq) — oxygen-
ated Te(IV)(ad). Upon rinsing the electrode with water
thoroughly to remove any residual Te-containing solu-
tion, the electrode was subjected to a cathodic scan in
0.05 M H,SO4 solution form open circuit potential
(normally —0.68 V) and the voltammogram was ob-
tained as shown in the thick solid line of Fig. la. Our
previous in-situ STM work [46] revealed that the surface
redox couple observed at 0.51 V is due to the following
reaction: TeO? " (ad) + 2H " (aq) + 4e~ 2 Te(ad) +
H,O and that the coverage of Te adsorbed by irrevers-
ible adsorption (the ratio of the number of Te atoms to
that of the surface Pt atoms) is 0.25. An ex-situ XPS
measurement [9] recently verified a change in the valence
state from Te(0) to Te(IV) in the anodic scan and an
involvement of adsorbed oxygen in the surface redox
process. In both independent experiments [9, 46], the
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Fig. 1 a Cyclic voltammograms of Pt(111) in 0.05M H,SOy4
solution after irreversible adsorption in the TeO,-saturated
0.05 M H,SO, solution for 15 min without any potential control
(the thin line represents a voltammogram of a clean and ordered
Pt(111)). b Cyclic voltammograms of Pt(111) in the TeO,-saturated
0.05 M H,SO, solution after irreversible adsorption of Te
(the numbers of voltammetric cycles are presented). Scan rate:
50 mV s~




irreversibly adsorbed Te showed a stable voltammetric
behavior in the studied potential regions.

A Pt(111) electrode saturated with the adsorbed
oxygenated Te showed voltammograms in the TeO,-
saturated 0.05 M H,SO, solution, as in Fig. 1b. The
initial voltammogram was identical to that in Fig. la. In
the subsequent voltammetric cycles, however, the charge
related to the redox process of the Te adlayer decreased,
and the voltammogram converged ultimately to the one
as presented after 30 min voltammetric scan. When the
voltammetric scans were interrupted in the TeO,-satu-
rated 0.05 M H,SO, solution and then resumed in the
0.05 M H,SO, solution, such a decrease of Te charge
ceased immediately. These observations clearly indicate
that the decrease of Te charge is due to the presence of
Te ions in the solution phase. Regardless of voltam-
metric treatment, the Te layer was stripped oxidatively
and irreversibly above 0.55 V. This behavior of the Te
adlayer on Pt(111) in a Te-containing solution has been
reported by Feliu et al. [47], and a similar phenomenon
of the irreversibly adsorbed oxygenous Sb on Pt(111) in
an Sb-containing solution has been reported by us [48].

In-situ STM images of Te in atomic scale

In-situ STM was utilized to observe the Te adlayers on
Pt(111) along with voltammetric scans in the TeO,-sat-
urated 0.05 M H,SO, solution. Typical micrographs of
atomic arrangements of Te on Pt(111) are shown in
Figs. 2, 4 and 5. To obtain the atomic images, a clean
and ordered Pt(111) electrode was treated sequentially as
follows: (1) contacting a Pt(111) electrode with the
TeOs-saturated 0.05 M H,SO, solution for 15 min
without any potential control, (2) rinsing the electrode
thoroughly with water, (3) scanning voltammetrically in
the TeO,-saturated 0.05 M H,SO, solution within the
potential range between 0.40 and 0.55 V, (4) holding the
electrode potential at 0.40 V after voltammetric cycles of
a pre-determined number, (5) transferring immediately
the electrode covered with the solution drop into an in-
situ STM cell and (6) imaging the electrode surface in
0.05 M H,SO4 solution under potential control at
0.40 V.

In Fig. 2, two atomic images of Pt(111) covered with
Te were observed typically after a voltammetric scan
from 0.55 to 0.40 V (a half cycle) in the TeO,-saturated
0.05 M H,SOy4 solution. The periodicities among the
spots in Fig. 2a are 5.6 +0.1 A and 4.8+0.2 A along the
directions of [110]and [112]respectively, which corre-
spond to 2 and \3 times of a Pt-Pt distance (2.77 A =a).
Since the measured angle between the directions of
[110]and [112]was close to 90°, the repeating unit in
Fig. 2a was assigned to a rectangular (2xV3) pattern as
designated at the bottom-middle part in Fig. 2a. Taking
the hexagonal symmetry of the Pt(111) substrate into
consideration, the rectangular (2xV3) unit cell is equiv-
alent to a ¢(2x4) repeating unit (see the bottom-left part
in Fig. 2a). On the other hand, the repeating unit among
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Fig. 2 In-situ STM images of the elemental Te layer of a rectangu-
lar (2xV3) (or c(2x4)) structure and b distorted rectangular (2xv3)
structure. All images were observed at 0.40 V in 0.05 M H,SO,
solution after a voltammetric scan from 0.55 to 0.4 V (a half cycle)
in the TeO,-saturated 0.05 M H,SO, solution. ¢ A schematic model
of the rectangular (2xV3) structure (the open and hatched circles
represent Pt and elemental Te atoms, respectively). Tip bias:
—575 mV (vs. Pt reference); set point: 51.5 nA; image size: 7 nm

the atomic spots in Fig. 2b, shown at the right-middle
part in the image, is not a rectangle but a parallelogram.
The dimensions of the parallelogram, however, are
identical to those of the rectangular (2xV3) structure in
Fig. 2a, so that the Te adlattice as in Fig. 2b was as-
signed to be a distorted rectangular (2xV3) or distorted
c(2x4). Figure 2¢ is a schematic model for the Te su-
perlattice in Fig. 2a, and the coverage of Te arrayed in
the rectangular (2xV3) pattern is 0.25.

It would be interesting to compare this specific rect-
angular (2xV3) structure of elemental Te (the unit cell
drawn with dashed line) with the rectangular (2xV3)
structure of irreversibly adsorbed oxygenated Te
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(TeO?") in Fig. 3 (details in reference [43]). Comparison
of Fig. 2a with Fig. 3a immediately reveals that the spot
density in Fig. 3a is twice higher than that in Fig. 2a.
The additional spots in Fig. 3a come from the oxygen
atoms at the center of the rectangular (2x\3) unit cell of
the oxygenated Te layer (Fig. 3b), while there is no
oxygen atom in the rectangular (2xV3) unit cell of the
elemental Te layer obtained after electrochemical
reduction (Fig. 2¢). This contrast indicates that only the
oxygen atoms in the adsorbed oxygenated Te species
were stripped during reduction. Furthermore, the (8x11)
and (2x2) structures of elemental Te, exclusively ob-
served after reduction of the oxygenated Te layer on
Pt(111) in 0.05 M H,SO4 solution [46], were rarely
found after reduction of the oxygenated Te layer in the
TeO,-saturated 0.05 M H,SO, solution. The reason for
the absence of the (8x11) and (2x2) structures in this
work is not clearly understood.

The micrograph of Fig. 4a was obtained after one
and half voltammetric cycles between 0.55 and 0.40 V in
the TeO,-saturated 0.05 M H,SOy4 solution. Since the
separation between the spots was measured to be
4.7+0.1 A (V3a) and the spots were in a hexagonal
symmetry, the repeating unit in Fig. 4a is clearly
(V3xV3)R30° (Fig. 4b). The Te coverage of the
(\/ 3xV3)R30° structure (0.33) leads quite obviously to the
conclusion that more Te was deposited from the TeO,-
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Fig. 3 a An in-situ STM image of the irreversibly adsorbed
oxygenated Te layer of rectangular (2xV3) (or ¢(2x4)) structure.
The image was observed at 0.55V in 0.05 M H,SO, solution
without any electrochemical treatment. b A schematic model of the
rectangular ¢(2x\3) structure (the open, filled and hatched circles

represent Pt atom, Te*™ and O®" ions, respectively). Tip bias:
770 mV (vs. Pt reference); set point: 26 nA; image size: 7 nm

—
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Fig. 4 An in-situ STM image of the elemental Te layer of
a rectangular c¢(3xV3) (or (¥3xV3)R30°) structure. The image was
observed at 0.40 V in 0.05 M H,SO, solution after one and half
voltammetric cycles between 0.55 and 0.40 V in the TeO,-saturated
0.05 M H,SOy solution. b A schematic model of the rectangular
c(3x\3) structure (the open and hatched circles represent Pt and

elemental Te atoms, respectively). Tip bias: —651 mV (vs. Pt
reference); set point: 67 nA; image size: 7 nm

saturated 0.05 M H,SOy solution during the additional
voltammetric cycle. Fig. 4b shows a schematic of the
(V3x\3)R30° structure as well as its equivalent rectan-
gular c(3x\3) structure of square symmetry.

An image of much higher spot density (Fig. 5a) was
observed after two and half voltammetric cycles in the
TeO,-saturated 0.05 M H,SO, solution. The atomic row
of the highest spot density was found in the[101]
direction (45° clockwise from the [110] direction), and
the periodicity in the atomic row was 3.7+0.1 A (\2a).
The next densest atomic row was observed in the
[112]direction with a frequency of 4.9+0.1 A (V3a).
Based on these values, Te atoms are located on a (1x1)
lattice of Pt(111) in c(2x4) (solid line) of hexagonal
symmetry or equivalently in rectangular c(2xV3) (dashed
line) of square symmetry (Fig. 5b). The Te coverage in
the proposed model is 0.5. The in-situ STM results
presented so far strongly support that the increase in the
coverage of Te on Pt(111) during the voltammetric scans
in the TeO,-saturated 0.05M H,SO, solution is
accompanied with the structural evolution. Another
observation to be emphasized is that the structural
evolution of Te on Pt(111) was not reversible below
0.55 V at all.
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Fig. 5 An in-situ STM image of the elemental Te layer of
a rectangular ¢(2xV3) (or ¢(2x4)) structure. The image was observed
at 0.40 V in 0.05 M H,SO, solution after two and half voltam-
metric cycles between 0.55 and 0.40 V in the TeO,-saturated
0.05 M H,SO, solution. b A schematic model of the rectangular
o(2x\3) structure (the open and hatched circles represent Pt and
elemental Te atoms, respectively). Tip bias: —546 mV (vs. Pt
reference); set point: 57.9 nA; image size: 7 nm

The structural evolution of the Te layer on Pt(111)
during the increase Te coverage would come from the
mobility of the deposited elemental Te layer [46]. It is
important to notice that there is a space at the center of
the rectangular (2xV3) (0. =0.25) unit cell of elemental
Te (Fig. 2c¢), which is occupied by an oxygen atom be-
fore reduction (Fig. 3b). If a Te atom is deposited di-
rectly into the specific space from the TeO,-saturated
solution, the Te layer of (V3xV3)R30° (Fig. 4b) would
not be observed; only the adlattices of the rectangular
(2x¥3)  (A1c=0.25) and the rectangular c(2x\3)
(01.=0.50) would be observed. The presence of the
(V3xV3)R30° structure, therefore, strongly supports that
the rectangular (2xV3) (01, = 0.25) structure of elemental
Te was compressed, probably via distorted rectangular
(2xV3) structure, to the (V3xV3)R30° (61, =0.33) struc-
ture to provide more spaces for the depositing Te from
the solution phase. Further Te deposition induces con-
tinuously such a compression until the Te layer reaches
to the rectangular c¢(2xV3) (01.=0.50) structure
(Fig. 5b), as exampled in Fig. 6. In Fig. 6, there are
three atomically resolved Te domains. A detailed anal-
ysis revealed that the atomically resolved domains had
rectangular c(PX\/3) structures, where p is 2.5a

Fig. 6 An in-situ STM image of the elemental Te layer of
rectangular c(p><\/3) structures: P=a 2.5, b 2.2 and ¢ 2.3. The
image was observed at 0.40 V in 0.05 M H,SO, solution after two
and half voltammetric cycles between 0.55 and 0.40 V in the TeO,-
saturated 0.05 M H,SO4 solution. Tip bias: —509 mV (vs. Pt
reference); set point: 81 nA; image size: 18 nm

(6.8+0.1 A), 2.2a (6.2+0.1 A) and 2.3a (6.4+0.1 A) in
Fig. 6a—c, respectively. These particular values are be-
tween 2 and 3, which indicates that the domains ob-
served in Fig. 6 were transient structures being
compressed along the[110]direction from the rectangu-
lar ¢(3xV3) (Or.=0.33) (or (V3xV3)R30°) structures to
the rectangular ¢(2xV3) (01, =0.50) (or ¢(2x4)) structure.

A comparison of Te/Pt(111) with Te/Au(111)

Interesting is a comparison of the results in this work
with those obtained on Te/Au(111), reported by Stick-
ney and his coworkers [43, 49]. On Au(l11), Te was
underpotentially deposited in two separated steps, al-
though a formation of an oxygenated Te layer prior to
the Te deposition was proposed to account for the
presence of an oxygen Auger signal. A preadsorbed Te
oxide layer [43, 44], probably very weakly, was con-
verted to a elemental Te structure of (V3xV3)R30°
(01.=0.33) with an array of domain walls in (13x13)
periodicity. Further underpotential deposition modified
the (V3xV3)R30° domains sequentially to (V3x317)
(01.=0.36) and (3x3) (01.=0.44) domains. In such
structural changes, a surface roughening (i.e. pit for-
mation) took place and the whole structural transition
was exactly reversed during the corresponding oxidative
stripping processes.

Comparing these observations with the behavior of
Te on Pt(111) as presented in this work, the structural
and voltammetric reversibility of Te layers is contrast-
ing: in Te-containing solution, Te on Au(111) showed
structural and voltammetric reversibility, while Te on
Pt(111) did not at all. On both surfaces, a preadsorbed
layer of an oxygenated Te exists. The only difference
between the oxygenated Te layers on the surfaces is their
adsorption strengths. On Pt(111), the adsorption
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strength of the oxygenated Te is so high that the layer
can survive even after a thorough rinsing with water,
while on Au(111), the oxygenated Te layer is bound so
loosely that the layer desorbs with brief rinsing (we have
confirmed the desorption of the Te layer experimen-
tally). The strong interaction between the Pt(111) sur-
face and the oxygenated Te layer, or a stable oxygenated
Te layer, is attributable to the involvement of adsorbed
oxygen atoms in the redox process of the Te layer on
Pt(111) [9]. Thus, some spaces to accommodate the
incoming oxygen atoms would be needed to form the
stable oxygenated Te layer during the oxidation of Te
domains on Pt(111). In the case of the rectangular
(2><\/3) (01e=0.25) domain, there is such a space in the
middle of the unit cell, so that the Te domain of (2><\/3)
(01.=0.25) shows its oxidation charge below 0.55 V. In
the compressed c¢(3xV3) (Or.=0.33) and rectangular
c(2xV3) (01e=0.50) structures, however, there is no
space for the incoming oxygen atoms. For the com-
pressed domains of Te to provide the spaces, a portion
of the compressed Te domains should desorb at the
potential below 0.55 V. If the Te atoms of the com-
pressed domains were not stripped below 0.55 V, there
would be no oxidation current of the adsorbed Te. In-
deed, the oxidation charge was decreased as the Te layer
was compressed, and the stripping of such Te layer
started above 0.55 V.

Summary

The Te layer on Pt(111), whose coverage is more than
0.25, was verified to be produced by two processes:
irreversible adsorption and underpotential deposition.
In the irreversible adsorption, an oxygenated Te layer
(TeO? ") was formed and reduced to show a rectangular
(2xV3) (or c(2x4)) array of elemental Te in TeO,-satu-
rated 0.05 M H,SO, solution. Further underpotential
deposition of Te onto the Te-covered Pt(111) surface
induced an evolution in the Te superlattice structure
from the rectangular (2xV3) (61.=0.25) to the rectan-
gular ¢(2xV3) (O1.=0.50) via the rectangular c(3xV3)
(61.=0.33). The compressed Te layer would be relevant
to the disappearance of the surface redox peaks of
irreversibly deposited oxygenated Te, presumably due to
an involvement of adsorbed oxygen.
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