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The structure of Tl adlayers deposited at underpotentials on Pt(111) has been investigated in four different
electrolyte solutions (HCIQ NaClQ,, NaOH, and HSQ,) with surface X-ray scattering (SXS) techniques.

In all solutions investigated, Tl forms an incommensurate, aligned-hexagonal phase at the most negative
potentials prior to its bulk deposition or hydrogen evolution. With decreasing potential the monolayer
compresses and thus the Tl coverage increases. Under hydrogen evolution, the close-packed hexagonal Tl
monolayer also exists and this reaction causes a slight lowering of the Tl coverage and a significant decrease
of the in-plane ordering of the monolayer. In sulfuric acid solution, besides the close-packed hexagonal

phase, a commensuratéi X \/§)R30° phase with a Tl coverage & monolayer is formed in coadsorption
with bisulfates over a 0.22 V wide potential range.

I. Introduction coadsorption with a copper adlayer on platinum using radiotracer
. . techniques$. In electrochemicatUHV studies of copper ad-
Electrochemical formation of metal monolayers by so-called gorption on 3-prepared Pt(111) several €ustructures have
underpotential deposition (UPD) involves deposition of up to peen found. The effects of anions on the structure of copper
1 or 2 monolayers of a metal onto a different substrate at 5qjayers on Au low index surfacdd! and on Pt(112} and
potentials more positive than the deposition potential of the bulk gjlyer adlayers on Au(1133 have been studied bin situ
metal. It has been the subject of numerous redensitu scanning probes and SXS techniques. Besides copper, sulfate
structural studies. Most of these studies involved Ag and Au chemisorption was reported for the cadmium adlayer 8 Pt
as the substrate metals, such as for UPD df flPlatinum, 8 ang hydroxide ion coadsorption with Tl on Au(1BL)n a recent
a transition metal element, is chemically more active than Au pote, pronounced effects of specifically adsorbed anions on the
and Ag and its modification by UPD adlayers has rather unique ypp of Tl on Pt(111) were reportéd. In this paper, the

electrpcataly_tic_ properties, which have attracted considerableingilium and anion coadsorbed adlayer structure observed in
attention® Distinct adlayer structures have been observed on g furic acid solution are reported.

Pt(111) compared to that on the silver and gold (111) surfaces.
Lead, for instance, forms commensurate monolayers on P§(111) ||. Experimental Section
while it forms an incommensurate hexagonal monolayer on
Ag(111) and Au(111y. In this work, the structure of TI

monolayers on Pt(111) is determined and compared to those

on Au(111) and Ag(111). . ) . S . . )
, . ) ) diamond paste with a final polishing using 1 micron particles.
Of particular interest is that the large TI UPD potential range 1o crystal was annealed in a propane flame, cooled in a
overlaps with the potential region for hydrogen adsorption/ pyyroqen stream, and subsequently transferred to the electro-

e;olutlo? 03 Ptb'” acid anhd (rjweutral S%'“t'on,s' In thel past, thed chemical X-ray scattering cell protected by a drop of the
effect of adsorbates on hydrogen adsorption, evolution, and qq,tion, The cell was constructed from KeéiéFand sealed

absorption at metal electrodes has been extensively studied V'absing a 4um thick Prolene (Chemplex Inc.) X-ray window.

a variety .of elec'grochemical and spectroscopic techniques. tpa sojutions were prepared from,T0; (Aldrich), NaCIQ,,
However, in most instances the adlayer structure and coveragey;on HCIQ: (Merck, Suprapur), and Milli-Q water (Millipore
h?“’? not begn (;Ieterml_ned under reaction conqmons, althoughInc.). Ultrapure nitrogen was used to deoxygenate the solutions.
this information is very important for understanding the adlayer 4 counter electrode was platinum, while a reversible hydrogen

effectls. We reﬁc)ort here fthe strgcltyre "’.‘Qd coverlage dOfllih?' Tl electrode served as the reference. All potentials are given with
monolayer as a function of potential in acid, neutral, and alkaline 1o cect to normal hydrogen electrode (NHE).

solutions. The results not only provide accurate structural  gyg measurements were carried out at the National Syn-
information but also reveal th(_a solution pH effects on the . . ion Light Source (NSLS) at beam line X22B and X22A
coverage and the phase behavior of the Tl adlayers. with 1 = 1.54 and 1.20 A, respectively. A full description of
Another interesting aspect of TI/Pt(111) is anion coadsorption. the electrochemical SXS technique has been presented else-
The first observation of anion coadsorption in an UPD system wherel¢ For in-plane diffraction measurements, the resolution
was reported by Horanyi et al. for sulfate and chloride \as determined primarily by a 3 mrad Soller slit on the detector
arm. This arrangement provides @ &solution of 0.1 half-
€ Abstract published irAdvance ACS Abstractéyugust 1, 1996. width at half-maximum (hwhm). For specular reflectivity

A platinum single crystal, obtained from Metal Crystals and
Oxides Ltd., Cambridge, England, was oriented withir® @2
the (11100 crystallographic direction and polished by using

S0022-3654(96)00030-5 CCC: $12.00 © 1996 American Chemical Society
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Figure 2. Voltammetry curve for TI monolayer deposition at under-
potentials on Pt(111) in 0.05 M430Q, solution containing 5 mM Ti.
200 Sweep rate 20 mV/s. Dashed line is the curve for Pt(111) obtained in
| | | | ] | the absence of Tlin solution.
0 0.2 04 0.6 0.8 1.0
B V) sulfate/bisulfate in solution causes a 0.14 V shift of the UPD

peak at 0.83 V to a more negative potential and a disappearance
potentials on Pt(111) in 0.1 M HClGsolution containing 1 mM Ti of the pair of peaks at 0.57 V. A new pair of broad peaks occur
with two different positive potential limits. Sweep rate 20 mv/s. at 0.42'V which merge with the sharp, reversible peaks at 0.48
Dashed line is the curve for Pt(111) obtained in the absencetahTl V. The similarity of this pair of peaks and the peaks observed
solution. for sulfate adsorption on Pt(111)is noteworthy. Clavilier et
al.!® ascribed these peaks to the reaction of ot H". We
measurements, a 2 mm wide slit was used in the scattering planepropose the Hbisulfate coadsorption to be associated with
which has an acceptance of 3 mrad. The transverse in-planethese peaks on the basis of the above-mentioned similarity and
resolution was limited by the mosaic spread of the platinum the fact that these features do not exist in HC#0lution (cf.
single crystal which is about 0.0’ hwhm. For Pt(111), it is Figure 1). Most recently, the coadsorption of bisulfate and Tl
convenient to use a hexagonal coordinate system in wQich in this potential region was shown bysitu FTIR.X® The charge
= (a*,b*,c*)+(H,K,L), wherea* = b* = 4ny/3a=2.614 A1, from —0.03 to 0.93 V is 153:C cn12, significantly smaller
¢ = 27/v/6a = 0.924 A1, anda = 2.775 A. The in-plane  thanthe charge in HCIO The determination of the charge tor
diffraction measurements were carried out in theK) plane Tl in this solution is particularly difficult due to anion

with L = 0.2 corresponding to a grazing incident angle of .25 ~ €oadsorption in a wide potential region and to the uncertainty
in subtracting the double layer charging current for Pt. The

positive potential limit of the Tl desorption is not clearly seen
which may be the source of error in calculating the charge. A

A. Voltammetry of the UPD of Tl on Pt(111). Figure 1 more detailed discussion on the voltammetry of the TI UPD in
displays the voltammetry curve for the UPD of Tl on Pt(111) acid solutions was previously report&d.
in 0.1 M perchloric acid solution (solid line) and the curve for Figure 3 shows the voltammetry curves obtained in 0.1 M
Pt(111) in perchloric acid without Tl(dashed line). Complete  sodium hydroxide solutions in the presence and in the absence
desorption of Tl takes place at 0.86 V, before the PtOH of Tl. The potential region of the TI UPD in this alkaline
formation of 0.97 V. This is inferred from a negligible solution is smaller than in the other acid solutions investigated
difference between the anodic peaks at 0.97 V in the absencebecause of the limits determined by the bulk Tl deposition at
and in the presence of Tl. The UPD commences with the negative potentials and the Pt oxide formation at positive
cathodic peak at 0.83 V. The pair of peaks at 0.57 V is due to potentials. Since hydrogen adsorption and hydrogen evolution
a surface process, which can be inferred from their reversibility. in this solution are shifted to potentials negative of the bulk Tl
At more negative potentials, a small UPD current is seen up to deposition potential, there is no overlap of these reactions with
the onset of hydrogen evolution. The charge fre.03 to the UPD of Tl. Consequently, the voltammetry of the UPD of
0.9 V, after subtracting the double layer charge current for Tlis not affected by hydrogen adsorption/evolution. The major
Pt(111) in the absence of Tl, amounts of 286 cn 2. This is Tl UPD peak, however, occurs at more negative potential
about 60uC cnr? larger than the charge required for a (around—0.1 V) than in acid solutions and probably involves
deposition of a hexagonal close-packed monolayer of Tl the adsorption/desorption of OH The PtOH formation peak
assuming one electron per Tl adatom. The excess charge mays shifted to more positive potentials in comparison with the
be caused by the difference in the double layer charging currentpeak in the absence of Tl Note the difference in the sweep
in the solutions with and without TI. rates for the two curves in Figure 3.

Figure 2 shows the UPD of Tl in 0.05 M0, solution B. Structure of Tl Adlayers. 1. Perchloric Acid, Sodium
(solid line) and the curve without Tl(dashed line) is given for ~ Perchlorate, and Sodium Hydroxide Solutions. Grazing
comparison. In comparison with the curve in the presence of incident X-ray diffraction measurements were used to determine
nonadsorbing perchlorate anions (Figure 1), the presence ofthe structure of close-packed TlI monolayers, the potential, and

Figure 1. Voltammetry curve for TI monolayer deposition at under-

Il. Results and Discussion
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Figure 3. Voltammetry curve for TI monolayer deposition at under-
potentials on Pt(111) in 0.1 M NaOH solution containing 5 mM.TI
Sweep rate 2 mV/s. Dashed line is the curve for Pt(111) obtained in
the absence of Tlin solution at the sweep rate of 20 mV/s.
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Figure 4. (a) In-plane diffraction patterns for TI/Pt(111) aD.23 V

in 0.1 M NaCIQ, containing 5 mM Tt. The solid and open circles
represent the diffraction pattern for Pt(111) and from the aligned-
hexagonal TI monolayers, respectively. (b) Real space model of Tl
monolayer on Pt(111) derived from (a). (c and d) Azimuthal scans
through the low-order diffraction peaks of the TI monolayer in the
aligned-hexagonal phase, whefe= 0 corresponds to thE)1axis.
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Figure 5. Diffraction scans along thK direction through one of the
lowest-order diffraction peakdH(= 0) of the aligned-hexagonal TI
monolayer in 0.1 M NaCl@with 5 mM TI* as a function of potential.
Solid lines are the fits to the Lorentzian line shape.

two peaks indicate that the adlayer is aligned hexagonal rather
than rectangular.

In order to determine the phase behavior of the aligned
hexagonal TI monolayer, the diffraction intensity profile at the
lowest-order position was monitored as a function of potential
starting at—0.28 V, which is prior to hydrogen evolution.
Diffraction scans along th& direction atH = 0 were taken
before each 0.05 V potential increment. Several scans shown
in Figure 5 illustrate how the diffraction peak position and
intensity vary with potential. At all potentials, the diffraction
peaks are well described by Lorentzian profiles, shown as the
solid lines. The peak, whose center is defined by the reciprocal
lattice constantza*, shifts to smalleiK as the potential increases.
Since the coverage, relative to the substrate, equats, time
coverage decreases with increasing potential. At potentials
negative of 0.07 V, the peak width has a constant value of 0.010
A-1hwhm. This width corresponds to a coherence length (i.e.,
the average domain size) of 100 A. The diffracted intensity
decreases with decreasing coverage. It completely vanishes
above 0.17 V. In the whole potential range, the Tl adlayer
remains aligned with the substrate.

In 0.1 M NaOH and HCIQ electrolytes, the same aligned-
hexagonal diffraction pattern was observed. However, the Tl
coverages, diffracted intensities, and phase transition potential
are different in the three solutions. Figure 6 shows the TI
coverage and lattice constardr( = a/t) as a function of
potential obtained from the three solutions. Since perchlorate
coadsorption with Tl on Pt(111) does not occur below 0.8V,
the observed differences at potentials below 0.2 V are attributed
to the effect of solution pH. To avoid the uncertainties in pH
within the thin solution layer due to hydrogen evolution, the
measurements in acid and neutral solutions were limited to the

solution pH dependent phase behavior. The results obtainegPotentials prior to hydrogen evolution. A continuous decrease

from the 0.1 M NaClQ solution containing 5 mM Tl are

of coverage or increase of the Tl lattice spacing with increasing

described first since the ordered Tl monolayer exists over the potential occurs in all the solutions_,. I_:its of a quadratic function
largest potential region in neutral solutions. Subsequently, the t0 the data are shown by the solid lines.

effects of OH coadsorption, solution pH, and hydrogen

In alkaline solution, a maximum coverage of 0.67 is reached

evolution are demonstrated by the data obtained from the NaOHat the most negative potential prior to Tl bulk deposition. With

and HCIQ solutions containing the same amount of Tl

increasing potential, the Tl coverage decreases as the hexagonal

Figure 4a shows the in-plane diffraction pattern observed at lattice expands. The hexagonal structure vanishes are0riti

—0.23 V in 0.1 M NaClIQ solution. Besides the reflections
from the Pt(111) substrate, which are given by solid dots,

V corresponding to the major current peak in the voltammogram
(cf. Figure 3). This is probably related to the Oldhemisorp-

additional reflections (open circles) are observed which have ation.

hexagonal symmetry and are aligned with the substrate. The

In neutral and acid solutions the hexagonal phase vanishes

real space model deduced from this diffraction pattern is shown at about 0.2 and 0.1 V, respectively. Since the Gidsorption
in Figure 4b. Figure 4c,d shows azimuthal scans through the shifts by about 0.4 V from-0.1 to 0.3 V for the pH change
(0, 0.7967) and the (0.7967, 0.7967) positions which have a from 13 to 6, the loss of order is not related to Oatdsorption.

hwhm peak width of 0.5 This is significantly broader than
the peak width of 0.1found for the (01) substrate peak. These

In both solutions, the diffraction intensity from the adlayer
decreases considerably with increasing potential above 0 V. This
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Figure 6. Tl Coverage (a) and hexagonal lattice constant (b) as a Eyae V)
function of potential. All the solutions contains 5 mM*Tand 0.1 M

NaOH (squares), NaClQcircles), HCIQ (plus signs), respectively. ; o ]
The solid lines are the quadratic fits to the data. All the data were 0.05 M H:SQ; solution containing 5 mM Ti. The solid and open

taken in positive potential increments except for the 1 M HOlata circles represent the diffraction pattern from .Pt(lll) and from the (
(solid circles) which were taken in negative potential increments to V3 x V/3)R30° adlayer, respectively. (b) Azimuthal scans through

minimize the accumulation of hydrogen gas in the cell from hydrogen the (1/3, 1/3) position. The solid line is the fit to the Lorentzian line

evolution. The Tl lattice spacing on Au(111) in 0.1 M HGI@ith 5 shape. (c) Tl coverages of the aligned-hexagonal as@ (x

mM TI* is shown by the triangles in (b) for comparison. The bak v/3)R30° phases as a function of potential and the voltammogram in
is the in-plane lattice constant of a hcp-TI crystal. 0.05 M H;SQO, solution with 5 mM TI. Sweep rate 5 mV/s.

Figure 7. (a) In-plane diffraction patterns for TI/Pt(111) at 0.7 V in

can be attributed to the decrease of long-range order as the Tlcurrents of hydrogen evolution by at leash.4 V to potentials
lattice constant (see Figure 6b), i.e., the nearest-neighbor-negative of bulk Tl deposition. It appears that for this reason
separation, becomes significantly larger than that for bulk Tl. the Tl lattice spacing (Figure 6b) and the diffraction intensity
The diffraction intensity also decreases with increasing the are independent of solution pH. Further studies are required
acidity of the solution (from pH= 6 to pH = 0) at potentials for a complete understanding of the solution pH effect on the
around 0 V. This appears to be the reason for the loss of the coverage of TI monolayer on Pt(111).
diffraction signal at a less positive potential in acid solution 5 = gyifuric Acid Solution. An incommensurate, aligned-
than that in neutral solution. The Tl coverage is essentially the hexagonal Tl phase has also been observed in sulfuric acid
same at nt_agative potentials _but is slightly different at positive ¢ tion from—0.1 to 0.14 V with the coverage ranging from
potentials in these two solutions. o _ ~0.6351t0 0.590 (see Figure 7c) similar to that in perchloric acid
For neutral and alkaline solutions, significant differences in gojytion. In both solutions, the positive potential limit corre-

coverage apear at potentials negative-@f.1 V. Adsorption  gponds to a very small peak in voltammetry (cf. Figures 1 and

of OH™ in alkaline solution in this potential region cannot be 2) showing that only a small discontinuous decrease in Tl
the cause of this difference since the difference increases, Wh”ecoverage is associated with the phase transition. A search for

the OH" adsorption should decrease, with decreasing potential. g _order commensurate structures with medium coverage was
Besides this, the coverages in alkaline solution are higher than 4 ried out above 0.14 V in sulfuric acid solution. Weak

that in neutral solu.tion at the same potentials. It is unlikely it o tion peaks were observed around 0.2 V at the (4/7, 2/7)
that OH" coadsorgtlon can make a close-packed Tl monolayer 5,4 (777 8/7) positions in one of the three experiments. The
more compressed. . . corresponding 4TI-(7 X ﬁ) structure gives a coverage of
In order to further elucidate the effect of solution pH on the 0.57 £4/7). The difficulty in observing this phase may be due
TI'monolayer and determine the structure and coverage of theto the small domain sizes. Further studies with other techniques

Tl adlayer during hyqlrogen gvolutlon, X-ray.dlffractlon Me3 " that can detect the structures of small domain sizes are required
surements were carried out in 1 M HCJ®olution containing . ) ) i
in this potential region.

5 mM TIT. At about 0.0 V, the Tl coverage is considerably .
lower (as shown in Figure 6a) and the scattered intensity is APOve 0.48 V, where a sharp peak in the voltammetry curve
weaker in this solution compared to those in 0.1 M HglO  occurs (Figure 7c), diffraction peaks were observed at (1/3, 1/3)
Consequently, the positive potential limit for the hexagonal and (2/3, 2/3) positions. From these observations /& %
phase is decreased from 0.12 to 0.03 V. Bele@.05 V, the \/§)R30° diffraction pattern, as shown in Figure 7a, was
hydrogen evolution current rises quickly with decreasing deduced. Figure 7b shows the azimuthal scan through the (1/
potential. Under the reaction condition, the hexagonal Tl 3, 1/3) peak which has a hwhm of 054The hwhm in the
monolayer structure is stable but its compressibility decreases.radial scan is 0.012 A. Both are slightly wider than those
The measurements at potentials belew.15 V are difficult for the hexagonal Tl monolayer. The diffraction intensity at
because hydrogen bubbles form in the thin layer cell. the (1/3, 1/3) position was monitored in a positive potential
The behavior of the hexagonal TI monolayer in solutions of sweep. It exists between 0.50 and 0.72 V (both potentials
various pH is distinctly different from the behavior of the Tl/ correspond to the diffraction intensity at the half of the
Au(111) system. For the latter system, Tl shifts the measurable maximum value). This potential range corresponds to the



Tl Adlayers on the Pt(111) Electrode Surface

Figure 8. Proposed real space model for the/:_{ X \/:_%)R30° Tl —
HSQO, coadsorbed adlayer on Pt(111).

potential between the two major anodic peaks in the voltam-
mogram as shown in Figure 7c.

The involvement of both Tl and anion species in th@(x
\/é)R30° lattice structure can be inferred from the absence of
the (1/3, 1/3) signal in the solutions without eithet B sulfate/
bisulfate. In addition, the bisulfate coadsorption with Tl on
Pt(111) was clearly demonstrated by situ FTIR measure-
ments!® The large size of Tl rules out the honeycomb lattice
of Tl adatoms with &5 monolayer coverage. (As presented in
the previous subsectionZa monolayer is in fact the maximum
Tl coverage found in the close-packed hexagonal phase.) From
analysis of the specular reflectivity profile (not presented here),
the TI—Pt layer spacing was found to be 2.420.05 A. This
gives a THPt bond length of 2.90 A for Tl in the threefold
hollow sites. This bond length is very close to the sum of the
Pt and TI covalent radii (2.84 A) which suggests a strong

J. Phys. Chem., Vol. 100, No. 35, 19964725

coverage and a significant decrease of the in-plane ordering of
the monolayer. The cause of the coverage decrease of the
hexagonal TI monolayer on Pt(111) in solutions of increased
acidity is difficult to identify from the existing data. Itis likely
that it may be a consequence of several effects. Specifically
adsorbed anions have profound effects on the structure of low-
coverage Tl adlayers. In sulfuric acid solution, besides the
close-packed hexagonal phase, a commensuraf@ k
\/§)R30° phase with a Tl coverage &f; monolayer is formed

in coadsorption with bisulfates over a 0.22 V wide potential
range.
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