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ABSTRACT 

Surface x-ray scattering has been used to determine the structure of TI 
adlayers on the Au(ll1) electrode surface during the course of 0, reduction. 0, 
reduction is considerably catalyzed by TI adlayers on Au(ll1). The  half-wave 
potential i s  shifted to more positive values in the presence of the TI adlayer. In both, 
acid and alkaline solutions TI causes a change in the reaction mechanism from a 2e- 
reduction to a 4e-reduction in a limited potential range. The in-plane X-ray 
diffraction measurements revealed that  the close-packed rotated-hexagonal TI phase, 
which exists in the potential range between -0.4V and the bulk TI deposition at - - 
0.7V, has a lower activity for 0, reduction than the low-coverage phases in both 
solutions. It supports a 2e-reduction. 0, reduction does not change the TI coverage 
in this phase but causes a significant decrease of the in-plane diffracted intensity. 
The lower coverage phases which exist a t  more positive potentials, vk., aligned 
hexagonal in alkaline solution and patches of the (2 x 2)TI phase in acid solution, are 
conducive to a 4e-reduction. The diffraction intensity from these two phases, 
however, vanishes quickly during 0, reduction. It appears that the TI coverage 
remains on the surface unchanged. These observations indicate that the 0, molecules 
interact directly with the TI adatoms prior to the charge transfer. This provides the 
most direct evidence that the outer sphere charge transfer mechanism in 0, 
reduction is not operative for some surfaces. H,O, reduction is facile on the surface 
covered with the low-coverage TI phases, while it is almost completely suppressed 
by the rotated-hexagonal phase. 

INTRODUCTION 

The atomic structure of reaction sites is of exceptional importance for a 
complete understanding of the structure-activity relationship in the areas of catalysis 
and electrocatalysis. 0, reduction is considerably catalyzed by TI adlayers on 
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Au(ll1).  The half-wave potential is shifted to more positive values in the presence 
of TI. In both, acid and alkaline solutions TI causes a change in the reaction 
mechanism from a 2e-reduction to a 4e-reduction in a limited potential range. 
Surprisingly, at more negative potentials the reaction reverts back to a 2e-process 
(1). Reliable information on the structure of the TI adlayers causing a 4e- and 2e- 
reductions have to be obtained by in situ application of structure-sensitive techniques 
Le., during the course of the reaction. Recent advances in the in situ applications of 
surface x-ray scattering (SXS) (2,3), scanning tunneling microscopy (STM) (43) and 
atomic force microscopy (AFM) (6) have provided detailed information on the 
structures and phase transition behaviors of metal adlayers obtained by 
underpotential deposition (UPD). Each of these techniques has, however, some 
limitations for the in situ studies imposed, either by the nature of the technique, o r  
by the cell construction. In the case of SXS they originate from the construction of 
the cell which only has a 10-20pm thick solution layer in contact with the surface of 
interest. A depletion of a reactant from solution layer, because of an insufficient 
supply of the reactant by diffusion from the bulk solution, can complicate the 
structure determination during the course of the reaction. This is not a limitation for 
0, reduction, however, since it diffuses through a thin Prolene film covering the cell 
perpendicular to the whole surface investigated. 

Catalytic effects of foreign metal adatoms deposited at  underpotentials a re  of 
fundamental interest in developing an understanding of the relationship between the 
surface structure and its catalytic activity. A change in the mechanism from a 2e- 
reduction to a 4e-reduction was found with adlayers of Pb, TI and Bi atoms (1). 
Kinetic and mechanistic information, for polycrystalline surface modified by a TI 
adlayer in alkaline solution, have been obtained from rotating disk-ring 
measurements (7). These same effects have been confirmed with single crystal 
electrodes (8). The electrochemical data, however, do not provide information on the 
structures of the foreign metal adlayers which cause catalytic effects. 

Metal adlayer structures have been related to electrocatalytic activity for H,O, 
reduction on Au(ll1) with Bi(6) and Pb(9) adlayers using AFM in the absence of the 
electrocatalytic reaction. For the reaction on Au(ll1) in the presence of Bi adlayer, 
the active phase was identified as a primitive (2x2) Bi adlattice, while in the case of 
Pb, it was concluded that the adlayer of lead islands with high coverage is active for 
H,O, reduction. 

Gold is a good catalyst for 0, reduction in alkaline, but poor in acid solution. 
In both solutions the reaction proceeds only with the exchange of two electrons, with 
H,O, as the reaction product (10). In this work, x-ray scattering techniques were 
used to determine structural characteristics of TI adlayers during the course of 0, 
reduction on Au( 11 1). i t  is shown that the structures which facilitate a 4e-reduction 
of 0, and reduction of HzO, originate from the low-coverage TI phases. The close- 
packed rotated-hexagonal phase is the structure causing the inhibition of H,O, 
reduction and a reversal of the 0, reduction mechanism to a 2e- reduction. TI 
adatoms, however, appear to be involved in a 2e-reduction since the diffracted 



intensity from the hexagonal monolayer decreases dramatically in the presence of 0, 
reduction. The intensity decrease is a consequence of the 0,-TI interaction during the 
course of 0, reduction. This shows that the adsorption of 0, takes place before the 
charge transfer and resolves a longstanding question whether the reaction involves 
the outer sphere charge transfer mechanism, see e.g. ref. (10) and references therein. 

EXPERIMENTAL 

A gold disk (2 mm by 10 mm diameter) was aligned and polished as 
previously reported (3). After flame annealing, the sample was protected by pure 
water and transferred through air into an electrochemical x-ray scattering cell 
constructed from Kel-F (3). The cell was sealed using a 4pm-thick Prolene 
(Chemplex Inc.) x-ray window. An outer cell could be filled with flowing high purity 
nitrogen gas to prevent oxygen diffusing through the Prolene film. In the 
measurements of 0, reduction the outer cell was open to air. The  solutions were 
prepared from TINO, (Aldrich) dissolved in HCIO,, HCIO, (Merck) and Milipore 
QC water (Milipore Inc.). At a potential slightly positive of the bulk TI deposition 
potential, the cell was deflated which leaves a thin l0pm-thick capillary electrolyte 
film between the Au(ll1) face and the Prolene x-ray window. A reversible hydrogen 
electrode in TI-free solutions was used as a reference electrode. The  potentials are 
given with respect to saturated calomel electrode (S.C.E.). 

Rotating hanging meniscus electrode measurements were carried out with a 
crystal 6mm in diameter, 6mm long, prepared by the flame annealing method. The 
rotator (Pine Instrument Co.) was fitted with a collet crystal holder which is similar 
to the one described earlier (11). 

Surface x-ray scattering can be used to probe surface structure within the 
surface plane or  along the surface normal direction by controlling the direction of 
the scattering vector Q, which is the difference between the incident and scattered 
x-ray wave vectors (1,2). At the grazing incident angle geometry Q is almost entirely 
within the surface plane which increases the surface sensitivity of the measurement. 
SXS measurements were carried out a t  the National Synchrotron Light Source 
(NSLS) at beam line X22B with h = 1.54W. A full description of the electrochemical 
SXS technique has been presented elsewhere (3). For Au(ll1) it is convenient to use 
a hexagonal coordinate system in which Q = (a*,b*,c*)- (H,K,L), where a* = b* = 4x 
I d3a = 2.52A-I, c* = 2x I d6a = 0.89A-', and a = 2.885 A. The in-plane diffraction 
measurements were carried out in the (H,K) plane with L=0.2 corresponding to a 
grazing angle of 1.25 degree. 



RESULTS AND DISCUSSION 

Voltammetry of UPD of TI on Au(111) in NaOH d H C I O ,  Solutions 

Fig. 1 shows a linear potential voltammetry curve for the UPD of TI on 
Au(ll1) in 0.1M HCIO, containing 5mM TI'. Two pronounced peaks in the anodic 
sweep occur at -0.43V and -0.35V. Besides these well defined peaks, the TI adsorption 
occurs over a wide potential region between the bulk TI deposition and the large 
anodic peak a t  0.92V. Therefore, TI is present on the gold surface in the whole 
potential range in Fig. 1. This makes it difficult to determine the charge associated 
with the UPD and relate it to the coverage. The actual TI coverage, determined by 
SXS, in the potential range between -0.45V and -0.7V changes from 0.70 to 0.75 
monolayer with decreasing potential. The  bulk TI deposition occurs at -0.73V in this 
solution. The unusual peak at 0.92V appears to be associated with the surface 
process involving the TI+i"13+ redox reaction which is outside the scope of this 
discussion. The curve in alkaline solution is even more complex. The most notable 
feature on the curve is a pair of exceptionally sharp peaks at - -0.2V which are due 
to the phase transformation phenomena (12). They depend on the TI+ concentration 
and the solution pH. The large double layer current in the potential range between - 
0.35 and 0.OV is indicative of a surface reaction involving partially charged species, 
while the small current at potentials negative to -0.4V indicates that the neutral 
species is present a t  the surface. The peaks at 0.05V have been ascribed to the TI,O 
formation/reduction (12). The redox reaction T13+/TI+ occurs at more positive 
potentials. 

Oxygen Reduction 

It has been shown previously that TI adlayers cause considerable catalytic 
effects on 0, reduction on gold surfaces (1,7,8). The  reduction of 0 ,on  gold in acid 
solutions proceeds with the exchange of two electrons (10,13,14), Le., 

111 0, + 2H+.+ 2e ---> H,O, 

The corresponding reaction in alkaline solutions is, 

0, + H,O + 2e ---> HO, + OH' 121 

This reaction on Au(ll1) in acid solution is kinetically hindered and, due to very 
slow kinetics, the diffusion limiting current density is not reached before hydrogen 



evolution commences (1344). The presence of adsorbed thallium causes pronounced 
catalytic effects. The reaction is shifted to more positive potentials in the presence 
of TI adsorbates, and, in acid solutions, in the potential region from about -0.15V to 
0.2V it proceeds with the exchange of two electrons. At more negative potentials, as 
the TI coverage increases, the reaction proceeds with the exchange of four electrons 
( Fig. 3). The overall reaction can be written in the following way: 

131 0, + 4H' 3- 4e----> 2H,O 

The corresponding reaction in alkaline solutions involves water as the reactant and 
OH- ions as product. At still more negative potentials, below the peak at -0.45V, the 
reaction reverts back to a 2e-reduction. In alkaline solutions, a 4e-reduction occurs 
in the potential region between 0.0 and -0.4V, while a 2e-reduction occurs between - 
0.4V and bulk TI deposition at -0.7V. This has been verified by using rotating disk 
and rotating disc hanging meniscus measurements. Stationary electrode 
measurements were used to obtain Fig. 3 in order to compare it with the features of 
the UPD of TI shown in the upper panel. 

Additional information on the effects of TI on 0, kinetics, especially on the 
question of the change from a 2e- to 4e-reduction, can be obtained from the 
measurements of H,O, reduction. Fig.4 shows a comparison of 0, and H,O,reduction 
on Au(ll1) in the presence of TI. The reduction of H,O, coincides with the potential 
region of a le-reduction of 0,. At potentials negative to the principal UPD peak for 
TI, the reaction seems to be almost completely blocked. In the same potential region 
0, reduction reverts back to a 2e-reduction. The  coincidence of a 4e-reduction of 0, 
and the reduction of H,O, suggests a series mechanism of 0, reduction on TI- 
modified Au(ll1) Le., the reaction path probably involves H,O, as the intermediate. 
The mechanistic aspects of this reaction are outside the scope of this paper. 

- SXS Measurements 

Grazing incident angle x-ray diffraction measurements were performed in 
order to determine the surface structure of electrodeposited thallium adlayers during 
the course of 0, reduction. In the absence of 0, reduction, the in-plane diffraction 
pattern from the TI adlayer gives rise to a rotated hexagonal diffraction pattern 
in the potential region from -0.7V to -0.45V in 0.1M HCIO, with 5mM TI+ (Fig. 5a). 
This rotated-hexagonal phase has also been observed in alkaline solution (12). The 
angle R represents the angle by which the diffraction pattern is rotated from the 
low-index gold reflections given by solid dots. The magnitude of the lowest order in- 
plane wave vector gives the TI reciprocal lattice constant, T. Both z and S2 vary with 
potential. The TI coverage equals 0.743 monolayer just prior to bulk deposition. The 
real space lattice constant aT,= 4 7 d 3  arid the TI coverage, 8, in relation to the gold 



surface density is equal to ( a A U  / aTJ1 = (5: / a*Au)’.  At all potentials tlie TI lattice 
is incommensurate with the gold substrate and the rotation angle, Q ranges from 5 
to 6.5 degrees. Fig. 5 b  shows the real-space model of this rotated-hexagonal TI phase 
on Au(ll1). 

The  low-order TI diffraction peak position and intensity were monitored as 
a function of potential in the range from -0.70V to -0.46V. Radial scans, shown in 
Fig. 6a, illustrate how the diffraction peak position (defined as r) and intensity vary 
with potential. At all potentials, the diffraction ‘peaks are well described by 
Lorenzian profiles, shown as solid lines. The integrated x-ray intensity starts to 
decrease at the potential of the first anodic current peak (-0.45V) and drops sharply 
over the second anodic peak (-0.37V). The diffraction from the rotated-hexagonal 
phase completely vanishes above -0.35V. 

In the presence of O,, during the course of its reduction, the rotated- 
hexagonal phase is preserved. Fig. 6b shows radial scans similar to those shown in 
Fig. 6a, but  taken with the x-ray window exposed to air. Oxygen penetrates the thin 
film and is reduced a t  the sample surface giving rise to a significant cathodic 
current. Despite a large decrease of the scattered intensity (note there is a factor of 
ten decrease of the intensity scale from Fig. 6a to 6b), the rotated-hexagonal TI 
monolayer structure remains. The TI coverage, calculated from 7, is practically 
unchanged, however, the integrated intensity decreases by - 80%. This effect can be 
interpreted in terms of an increase in the lateral disorder of the monolayer when TI 
adatoms are activly involved in O2 reduction. The intensity completely recovers 
within several minutes after the oxygen in the outer cell is replaced by nitrogen. 
These results show that  oxygen interacts directly with the TI adatoms and provides 
direct evidence that  the outer sphere charge transfer mechanism is not operative. 

The  turnover number, T,, for 0, reduction under these conditions calculated 
from the current density, i, using the expression, 

T, = i/(N n e) 141 

where N is number of surface atoms, n is number of electrons and e is electronic 
charge. For  the current density of 1mA/cme2, which is usually observed in 0, 
reduction, T, = 3s-’. This means that three cycles of the reactant adsorption, charge 
transfer and products desorption occur per second. This can be viewed as the origin 
of a low frequency vibration in the adlayer which reduces a two dimensional order 
and, consequently the diffraction .intensity. 

The TI phases present in both acid and alkaline solutions a t  more positive 
potential facilitate a 4e-reduction. The in-plane x-ray diffraction measurements shows 
that aligned-hexagonal adlayer exists on the surface in tlie potential range -0.35 to - 
0.2V in alkaline solutions. The coverage of this phase is in the range 0.50 - 0.55. This 



is considerably lower coverage tliari that of the rotated hexagonal phase which 
supports a 2e-reduction. The real space niodel of this phase is given in Fig. 7. The 
three-fold symmetry hole formed by TI atoms has a radius of 0.85A which is larger 
than 0.66& the covalent radius of oxygen atom. This suggests that 0, molecule can 
enter the hole and form a bridging interaction with Au and TI atoms. Such a 
possibility does not exist with the rotated hexagonal phase since the three-fold 
symmetry hole is smaller than oxygen atom. 111 the course of 0, reduction, the 
diffraction intensity from the aligned hexagonal phase quickly vanishes. 

In acid solutions another lower-coverage TI phase is active for a 4e-reduction. 
SXS measurements in the absence of 0, show a very weak, irreproducible broad 
peaks wich appear to be due to the presence of the (2 x 2)TI phase. STM technique, 
being a local probe, can easily identify the low-coverage phases. These measurements 
indeed clearly show the patches of the (2 x 2) phase (Fig. 8). The STM 
measurements are not affected by 0, reduction probably because the 0, molecules 
in the solution volume under the tip during imaging get rapidly consumed and can 
not be replenished by diffusion in such a thin solution layer. Specular reflectivity 
measurements (15) and voltammetry (cf. Fig. 3) indicate that the TI adlayer is on the 
surface during 0, reduction. The peak a t  -0.45V is identical to the peak in the 
absence of 0, reduction. This could not be possible unless the same TI coverage is 
present on the Au surface in the two solutions at potentials positive to the peak. The  
size of the three-fold symmetry site formed by this TI phase is much larger (its 
radius is 2A) than the 0, molecule. 

Although the exact coverage and structure of the TI adlayer at potentials 
between - 0.35V and -0.15V cannot be determined in the course of 0, reduction, the 
SXS data and voltammetry indicate the existence of the low-coverage phases. The 
finding that the low-coverage TI phases catalyze a 4e-reduction of 0, is significant. 
The  fact that  the 4e-reduction of 0, occurs in both alkaline and acid solutions on two 
different phases indicates that the reaction is not particularly dependent on the 
structural details. In the rotated-hexagonal phase, the TI adatoms are close-packed 
(12). Therefore, the close-packing of TI is not conducive to a 4e-reduction. The 
catalytic effect of the low coverage TI phase can be attributed to, either the effect of 
the interaction of 0, with a partial T1 adlayer, o r  some partial charge remaining on 
the TI adsorbate. The former allows 0, o r  H,02 to bond in bridging configuration 
between Au and TI atoms which can facilitate the break of the 0-0 bond. The latter 
increases the possibility of TI adsorbates to interact with the intermediates in oxygen 
reduction. 
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CONCLUSIONS 

The structure of active sites for 0, reduction on the Au(l l1)  in acid and 
alkaline solutions were inferred from the SXS, STM and voltammetricl 
measurements. 0, reduction on Au(ll1) is considerably catalyzed by TI adlayers. The  
onset of the reaction is shifted to more positive potential. In the potential region from 
about -0.15V to 0.20V the reaction proceeds as a 2e-process on the surface covered 
by a low coverage of TI adsorbate. In the potential range from about -0.4V to -0.18V 
(-0.35 to -.1V in alkaline solutions) the reaction mechanism changes from a 2e- 
reduction to a 4e-reduction. In these potential regions the surface is covered by a low 
coverage TI phases whose ordering is gradually vanishes 'during the course of 
reaction, as revealed from the by x-ray diffraction measurements. The  TI coverage 
appears, however to remain on the surface unchanged. The  aligned hexagonal TI 
phase with the coverage of -0.5 is active for a 4e-reduction in alkaline and the (2 x 
2)Tl phase is active in acid solution. The rotated-hexagonal TI phase, which exists in 
the potential range between -0.4V (-0.38V in alkaline solutions) and the bulk TI 
deposition, has a lower activity for 0, reduction than the low-coverage phases, 

' facilitating a 2e-process. 0, reduction causes an order of magnitude decrease of the 
diffracted intensity at a low-order hexagonal diffraction peak. 

Hydrogen peroxide reduction is facile on the surface covered with the low 
coverage TI phase, while it is almost completely suppressed by the rotated-hexagonal 
phase. No reduction was observed at potentials positive to the existence of the low 
coverage TI phase. 

The model describing the 0, - TI / Au interaction can be only speculative at 
this moment. The decrease of the diffracted intensity for the close-packed rotated- 
hexagonal phase during 0, reduction shows that O2 interacts directly with TI adlayer 
prior to the charge transfer. This means that the outer-sphere charge transfer 
mechanism is not operative in this reaction on some surfaces. 

The data presented above illustrate the unique possibility of the SXS 
technique for determining the structure of electrode surfaces during the course of 
electrochemical reactions. Some limitations of the mass transport, caused by a thin 
layer cell geometry, may, for fast reactions, make the identification of the surface 
structure more difficult. It appears, however, that these limitations can be overcome 
with an adequate design of the experiment and reliable structure-activity correlations 
can be established. 
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Fig.6 (a) Radial  scans through 
one  of the diffraction peaks of 
TI rotated-hexagonal phase on 
Aa(111) as  a function of 
potential. (b) as in (a) brit 
in presence of 0, reduction. 



I 

Fig. 9 Real-space niodel of the 
(2 x 2)Tl phase on Pt(ll1) in 
0.1M HCIO, in the potential 
range between -0.4 and 0.OV. 

Fig.7 Real-space model of the 
aligned hexagonal TI phase in 
0.1RI NaOH at -0.3V. 
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Fig.8 Unfiltered atomic resolution STM image (8 x 8nm) 
of the (2 x 2)Tl phase at -0.2V i n  0.1M HCIO, + 51t1hI 
TI'. The An rows are oriented within lo of the sc:inner 
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