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The electrochemical behavior of the Pt - Au alloys in the whole composition range has
been studied by cyclic voltammetry. The alloys were prepared by electrochemical depo-
sition and the bulk compositions were determined by EDAX analysis. The surface areas
of the electrodes were calculated from charges needed for oxidation of hydrogen ad-
sorbed on platinum and reduction of gold or platinum oxide monolayer. These data were
used for the estimation of the surface composition. The results were compared with data
obtained from double layer capacity measurements. The surface area and platinum con-
centration on the surface, calculated from charges needed for platinum and gold oxides
reduction, are overestimated, because the charge needed for platinum oxide reduction
corresponds to more than a one monolayer.
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The electrochemical properties of noble metals and their alloys are still subjects
of modern research. This can be attributed to search for new materials for elec-
trocatalysis, electrosynthesis and, in particular, for fuel cell applications. The know-
ledge of electrochemical behavior allows a better understanding of the surface pro-
cesses occurring on the electrode surface during electroanalysis. Metals of group 10—
Ni, Pd, Pt—possess the highest catalytic activity in hydrogenation reactions. The met-
als of neighbouring group—Cu, Ag, Au—are much less active in the same reactions.

Pt - Au alloy can be considered as a model system to study the mechanism of hy-
drogen adsorption on transition metals, because the ability of metals to adsorb hydro-
gen is closely linked to the electronic structure of their d-band. The valence d-orbitals
of gold are filled, whereas platinum’s are not. Therefore, varying the content of gold
in the Pt - Au alloy we can obtain a metal substrate with a controlled d-band occupa-
tion. Lapteva et al. [1], studying Pt - Au alloys, attempted to explain the differences in
adsorption properties of metals by their electronic structure. These studies were fur-
ther carried on [2—5]. It was shown that there is no simple correlation between the
number of vacancies in the d-band and hydrogen adsorption properties of the alloy or
metal. Alloys with both very small and very large gold content have properties of a
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single phase (homogeneous alloys). The rest of the alloys are two-phase systems,
containing a platinum-rich a; phase and a gold-rich o, phase. The o, phase has elec-
trochemical properties almost identical with those of pure platinum and the o, phase
acts like pure gold. From the X-ray analysis of the heterogeneous alloys [6] it was ob-
tained that o, consists of 85% Pt and 15% Au, while o, consists of 25% Pt and 75%
Au. The above conclusions are summarized on the Pt - Au phase diagram [7]. Woods
[8] has studied the electrochemical behavior of Pt - Au alloys deposited electrochemi-
cally on platinum foil. The change of the electrocatalytic properties of the alloy
electrode was studied for the acetate oxidation reaction. Lamy et a!/. studied the electro-
chemical behavior of Pt - Au alloys, modified by underpotential deposition of Pb
adatoms [9], and in the presence of 2,2'-dipyridine complexes of ruthenium(Il) and
rhodium(III) and 2,2'-dipyridine itself [10]. These compounds were chosen as mod-
els of the bifunctional catalysts for water decomposition.

In most cases the Pt - Au alloys studied were prepared by co-electrodeposition of
both metals on polycrystalline platinum [8-10], by volume melting of the metals
[1-6,11] or by underpotential deposition of gold on platinum [12]. The results pre-
sented in this paper were obtained for the composition range of Pt and Au, in which Pt
- Au alloys exhibit heterogeneous behavior. We also present the results for platinum —
gold alloys before and after cycling in the full potential range for platinum and gold
(0.06-1.57 V), i.e. between hydrogen evolution and surface oxides generation.

EXPERIMENTAL

The experiments were performed in 0.5 mol dm™ H,SO, solutions at room temperature. The solu-
tions were deoxygenated by an argon stream for 15 min. A platinum gauze and an SSE (a sulfuric elec-
trode saturated with K,SO,4) were used as the auxiliary and the reference electrodes, respectively. All
potentials presented are referred to the RHE. Solutions were prepared on triply distilled water using ana-
lytical grade reagents. The Pt - Au alloys were deposited on a gold wire at ambient temperature with a cur-
rent density from0.2to 8 A dm2 from a bath containing HAuCl, and H,PtClg in various concentrations in
concentrated HC1[8-10,13]. The composition of the alloys was altered in a wide range by employing dif-
ferent electrolyte compositions and electrolysis parameters. The alloys obtained were kept 2—3 days in an
argon atmosphere for ageing. The composition of the bulk of the alloy was obtained from the EDAX anal-
ysis (Rontec M1 analyzer coupled with LEO 435VP scanning electron microscope). The surface compo-
sition of the alloys was analyzed by electrochemical methods described in the literature for pure gold,
platinum and alloy electrodes [8—11,14—18]. The results obtained with all methods have been compared.
For comparison, pure (99.99%) platinum and gold wires of diameter 0.5 mm were also employed.

RESULTS AND DISCUSSION

After electrodeposition of the Pt - Au alloy, the electrode was cycled continuously
from 0.06 V to 1.57 V at 0.5 V s ' in 0.5 mol dm> H,SO,.
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Figure 1. Voltammograms of freshly deposited Pt - Au alloy in 0.5 mol dm ™ H,SO, recorded during cy-
cling between 0.06 V and 1.57 V at scan rate 0.5 V s ' 1% scan (a) and 850" scan (b).

Figure 1 shows cyclic voltammograms of freshly deposited Pt - Au alloy (51.5%
at Pt) recorded in 0.5 mol dm > H,SO,4 with a scan rate of 0.5 Vs ' It gives an illustra-

tion of the surface rearrangement of the alloy after long term electrochemical treat-

ment (ca. 850 scans). Initially overlapping reduction signals and broad oxidation
peaks for freshly prepared alloy gradually separate during cycling into signals typical

for polycrystalline platinum and gold. The decrease of currents during electrode cy-

cling gives also evidence for smoothening of the surface of the alloy during cycling.
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Figure 2. Superposition of voltammograms for pure polycrystalline gold (solid line) and platinum (dot-
ted line) in 0.5 mol dm™ H,S0,, scan rate 0.025 V s\,



610 K. Kusmierczyk et al.

The peaks are placed at potentials identical or very close to the potentials of peaks re-
corded for the pure metals. This is an evidence for the existence of two surface phases
[14]. In Figure 2 there is a superposition of voltammograms for pure polycrystalline
gold and platinum in 0.5 mol dm > H,SO, recorded at 0.025 Vs'.

The reorganization of the surface is also illustrated on electron microscope im-
ages taken before and after electrochemical treatment (Fig. 3). A significant change
of the particle size after cycling strongly supports the conclusion on the smoothing of
the electrode surface during electrochemical pretreatment.

(®)

Figure 3. Electron microscope images of the alloy’s surface: before (a) and after (b) electrochemical
treatment (long cycling between 0.06 V and 1.57 V, scan rate 0.5 Vs ™).
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Figure 4 presents typical I - E curves recorded for a heterogeneous Pt - Au alloy in
0.5 mol dm* H,SO, with various scan rates (alloy after electrochemical treatment).
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Figure 4. Voltammograms of Pt - Au alloy in 0.5 mol dm™ H,SO,, scan rate 0.050 V s~ (1), 0.040 V 5!
(2),0.025 Vs (3), 0.020 Vs~' (4).

The curves’ shape is basically the same as the one obtained for volume melted al-
loys of Pt and Au. The I - E curve for the alloy is a superposition of the curves for the
pure metals. There are two regions of Pt - Au alloy electrooxidation, the first due to Pt
oxide and the second to the Au oxide formation. On the cathodic scan there are respec-
tively two reduction peaks, related to reduction of oxides formed during the anodic
scan. One can also distinguish the hydrogen adsorption and desorption signals, due to
the presence of platinum. Gold in this alloy is inactive in these processes. The oxide
reduction peaks are well separated. It was established that increasing the gold content
in the alloy from 0 to 90% results in a shift of the platinum oxide reduction peak by
0.055-0.060 V in the cathodic direction. Correspondingly, increasing the platinum
content from 0 to 95% causes the gold oxide reduction peak to move 0.015-0.030 V in
the anodic direction. The shift is most pronounced for homogeneous alloys, i.e. at
0-10% gold content. Nevertheless, such small potential changes cannot be correlated
with the surface composition of the alloy [6]. Due to the above considerations, hydro-
gen adsorption for heterogeneous Pt - Au alloys should be limited by the amount of
the platinum-rich o, phase. The shape of the hydrogen desorption peaks is character-
istic of Pt - Au alloys. It was found [2] that at least two almost equal peaks, observed
for the polycrystalline platinum electrode in acidic media, attributed to weaker and
stronger adsorbed hydrogen, are also observed for alloys with Au content up to 30%.
When the gold content is above 30%, the hydrogen desorption signal becomes broad.
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The surface composition changes during repeated potential cycling, because of
easier platinum dissolution with respect to gold. It was established that this change is
bigger when the anodic vertex potential is more positive. Figure Sa presents the modi-
fication of the surface of the alloy upon cycling between 0.06 V and 1.77 V in 0.5 mol
dm™ H,SO, with the scan rate of 0.5 V s In subsequent cycles the signals related to
the a, phase increase, whereas those related to the o, phase decrease.
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Figure 5a. Cyclic voltammograms of the Pt - Au alloy recorded during cycling between 0.06 V and 1.77
Vin 0.5 mol dm™ H,S0Oy, scan rate 0.5 V st
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Figure 5b. Cyclic voltammograms of the Pt - Au alloy recorded during cycling between 0.06 V and 1.57
V in 0.5 mol dm™ H,SOy after cycling between 0.06 V and 1.77 V, scan rate 0.5 V s
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Platinum atoms, taking part in the process of surface oxide formation, can either
return to their original place or become adatoms in another place or even leave to the
solution. The platinum ions from solution can discharge on the electrode to form
adatoms. If a platinum atom leaves the electrode, exposing another platinum atom
underneath and then deposits itself on the gold part of the surface, the platinum sur-
face content increases. The latter process should increase the electrode roughness
[18]. It is interesting to note that the increase of roughness should be observed mainly
on the “platinum” part of the electrode. The “gold” part is more stable. Such a rough-
ening is observed when the electrode is cycled in a wide range of potentials, which is
in support for the above interpretation of increasing surface platinum content upon
cycling. The effect of roughening of the alloy’s surface, observed during electrode
polarization between 0.06—1.77 V, is contrary to the smoothening observed after the
alloy is cycled in the range of potentials 0.06—1.57 V (Figs. 1 and 3). The modified
surface is not stable and during cycling in a narrower potential window the electrode
returns to its favored initial state. Figure 5a presents the behavior of the Pt - Au alloy
during electrode scanning in a wide potential range (0.06 V-1.77 V) and the same
electrode’s behavior after changing the high vertex potential to 1.57 V (Fig. 5b).

One of the main tasks of our work was to compare and establish the right ways of
real surface and composition determination for the Pt - Au electrode. Both these pa-
rameters can be estimated from charges needed for reduction of surface oxides of
platinum and gold. The main problem with this method is the great difference in po-
tential ranges of surface oxide formation for Pt and Au, which starts at 0.8 V for Ptand
1.35 V for Au[11,14]. This means that at the completion of surface oxide formation
on gold platinum is already fully oxidized and oxygen evolution probably takes place.
At high anodic potentials the structure of platinum oxide is also different than that at
less positive potentials [ 14]. Both facts can be the source of a positive error in the esti-
mation of real area and surface concentration of platinum atoms. This error can be
avoided by measurement of the charge needed for surface oxide reduction before gold
(phase a,) is fully covered with the oxide monolayer, i.e. after attaining the potential
at which only platinum (phase o), but not gold, is fully covered by surface oxide.
Breiter [3] and Woods [8,11] used the value 300 pC cm ™ for the estimation of the area
of a, from the cathodic oxide reduction peak, due to the a, phase (mainly gold), after
polarization of the alloy electrode to 1.5 V. The surface covered with platinum parti-
cles was found from the charge needed for adsorbed hydrogen oxidation (on gold
there is practically no hydrogen sorption). When using the full range of potentials
(0.06-1.57 V), i.e. reaching a full coverage of the gold phase (a,) with surface oxide,
reliable results can be obtained if the platinum atoms concentration is calculated from
the amount of hydrogen adsorbed on the Pt - Au electrode and at the same time gold is
determined from the respective oxide monolayer reduction.
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Figure 6a. Effect of the anodic limit of a potential sweep on the voltammograms of the heterogeneous
Pt - Au alloy in 0.5 mol dm™ H,SO,.
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Figure 6b. Depedence of the gold oxide reduction charge on the anodic vertex potential for the Pt - Au
alloy, scan rate 0.04 Vs,
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Figure 6a presents cyclic voltammograms of the Pt - Au alloy (16% at Pt, scan rate
0.040 V s™') with different anodic vertex potentials. From the relationship between
the gold oxide reduction charge and the anodic vertex potential (Fig. 6b) it follows
that the monolayer of oxide formation is indeed completed at 1.57 V (the curve has a
typical bend) [19]. For scan rates in the range 0.020—-0.050 V s, employed in our ex-
periments, this potential is practically constant. From the gold oxide monolayer re-
duction charge, obtained for the Pt - Au surface, one can calculate the real area
occupied by gold assuming that it takes 400 uC to reduce the oxide on 1 cm? of the
electrode, i.e. the same value as for the polycrystalline gold electrode [14,16,19]. It
differs from the value used by Woods [8] for Pt - Au area estimation after the electrode
was polarized to 1.5 V. The amount of platinum (o; phase) on the surface was esti-
mated from the hydrogen desorption charge, assuming that 210 pC corresponds to 1
cm” (the charge was calculated at a 0.77 coverage of the electrode by hydrogen to the
current minimum that follows the second platinum cathodic hydrogen peak) [14].
When is not possible to establish the real electrode area from the well known surface
processes (like hydrogen or oxygen monolayers formation/removal), the region of
potentials, which is free from faradaic processes under linear potential sweep condi-
tions, can be used. There, the double layer charging current is proportional to the dif-
ferential capacity of the electrode. Figure 7 shows double layer charging curves for
the Pt- Aualloy (58.1% at Pt) in 0.5 mol dm ° H,SOy in the potential range 0.37-0.67 V.
The double layer capacity is calculated from the slope of the relationship between the
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Figure 7. Double layer charging curves for the Pt - Au alloy in 0.5 mol dm™ H,SO,, potential window
0.37-0.67 V, scan rate 0.5 Vs~ (-=-==), 0.4 V s™' (mmm), 0.3 Vs~ (000), 0.2 Vs (+++),
0.1Vs' (.
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double layer charging current at a given potential and the scan rate. The dependence
was linear for all alloys studied and the correlation coefficients were in the range
0.90-0.98. From the capacity we can calculate the area of the electrode, assuming af-
ter [20], that the capacity of 1 cm?® of pure platinum and gold equals 28 uF. This
method gives good results in the absence of electroactive impurities in solution. Ta-
ble 1 summarizes the real surface area and the surface composition for the same alloy
estimated using the above methods. The alloy electrodes were cycled between 0.06 V
to 1.57 V. The calculations were based on a voltammogram recorded after 850 scans.
From charges needed for gold and platinum surface oxides reduction and hydrogen
deposition on platinum, we calculated both the surface area and the surface composi-
tion. For comparison we have demonstrated also the data obtained from the double
layer capacity. One can see that there is a difference between the real surface area esti-
mated from charges needed for oxides reduction on gold and hydrogen oxidation on
platinum (method I) in comparison with the real surface area estimated from charges
needed for oxides reduction on platinum and hydrogen oxidation on platinum
(method I1). In spite of different surface compositions of the Pt - Au alloys, the differ-
ence between the two methods is rather constant and has an average value of about
10%. From our experimental data the charge needed for platinum oxide reduction af-
ter the pure platinum electrode polarization to 1.57 V (at this potential the Pt - Au
electrode is covered with a monolayer of gold oxide) is ca.12% higher than the charge
needed for platinum oxide monolayer reduction. It partially supports our results ob-
tained with the Pt - Au alloys, but, at this moment, there is no answer why this differ-
ence is rather constant in the whole range of surface composition. It should increase
with platinum concentration. Probably, it is one of the effects of interaction between
Pt and Au atoms in the lattice. Both methods gave also information on the surface
composition of the Pt - Au alloys. It is difficult to state at which anodic vertex poten-
tial the platinum oxide monolayer is completely formed. On the plot of the platinum
oxide reduction charge vs the anodic vertex potential there is no characteristic bend,
which can be found for gold. The platinum oxide reduction signal, therefore, can be
used for surface estimation in the case when the hydrogen signal is not well devel-
oped, i.e. when the gold content is above 30% [2,5]. The true area of the Pt - Au elec-
trode can be also judged from the double layer capacity. Those results are also
included in Table 1. The method was used for real surface estimation of silver and
copper electrodes [21,22] and Pt - Au alloys [17]. It has to be noted that in the same
conditions this method was working only for the alloy studied. The results, obtained
under the same laboratory conditions for the real surface estimates of pure gold and
platinum, using the same capacity, which was taken for the alloy, are higher than
those found from surface reactions (i.e. hydrogen or surface oxide adsorp-
tion/desorption).
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