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ABSTRACT

The processes of adsorption/desorption of copper adatoms on the basal Pt(100) face and stepped Pt(610),
Pt(410) surfaces have been studied in perchloric acid solution by cyclic voltammetry. It has been shown that the
positions of the Cu stripping peaks are determined by perfection of the adlayer. The "island™ model is suggested
to describe electrochemical behavior of the Pt(hkl)+Cuag System. Obtained results are important for target
modification of shape-controlled nanoparticles that are used in electrocatalysis.
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INTRODUCTION

It is known that modification of noble metal surfaces by adatoms is an effective method of increasing the
catalytic activity of electrode substrates [1, 2]. Kinetics and mechanism of nitrate reduction in electrochemical
systems were studied in detail on different polycrystalline electrodes modified by adatoms of copper, lead, tin,
germanium etc. [3-16]. Bimetallic catalysts, e.g., Pt-Ge, Pt—Cu, Pd—Ge, Pd—Cu etc. are often used to enhance
the reduction rate of nitrate ions [4-7, 12-16]. It was found that nitrate ions are not reduced by dissolved
hydrogen on pure platinum (6c,=0), but maximal high catalytic activity is observed at medium surface coverage
of copper adatoms (0.5-0.6 monolayer) [16].

On the other hand, using single crystal electrodes (bulk crystals and shape-controlled nanoparticles) is of
greatest interest as most of electrocatalytic reactions are structure-sensitive. Consequently, there is a possibility
to establish a correlation between the structure of adsorption sites and their catalytic activity [17-29]. Our
previous studies of nitrate reduction on Pt(111) and Pt(111) + Cu electrodes [22] have shown that sulfate anions
block the adsorption sites on the surface of the modified electrode, thus hindering the adsorption of nitrate
anions and their reduction. The extent of inhibition slightly depends on the copper adatom coverage. Nitrate
reduction on Cu-modified Pt(111) electrodes in perchloric acid solutions occurs much faster as compared with
pure platinum, the steady state currents are higher by several orders of magnitude. The catalytic effect of copper
adatoms is largely caused by the facilitation of nitrate adsorption (induced nitrate adsorption) as the copper
adatoms have a partial positive charge [23] due to a shift of electron density from Cu to Pt atoms (formation of
Cu adatom from Cu?* ion really takes of 2-electron transfer). Hydrogen adatoms block the adsorption sites on
platinum for nitrate adsorption and inhibit nitrate reduction even at moderate surface coverage.

The results of a detailed study of the nitrate reduction mechanism at the Pt(100) and Pt(100)+Cu electrodes
were reported in [24, 25]. It was shown that modification of Pt(100) with Cu adatoms also produces a
significant effect on the kinetics of nitrate and nitrite electroreduction as compared with unmodified electrodes.
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Methodological aspects of modification of platinum single crystals by Cu adatoms and crystallites were
discussed in [29].

The results of Cu UPD studies on stepped surfaces of platinum single crystals Pt[n(100)x(110)] and
Pt[n(100)x(111)] ((100) terraces of various width separated by parallel monoatomic height steps with (110) or
(111) orientation, respectively) in solutions with strongly adsorbed anions, sulfate or chloride, were given in
Refs. [30, 31]. Analysis of the changes in the shape of CVs in the hydrogen region in the course of copper
adatoms accumulation from diluted solutions has shown that at the initial stages of Cu deposition (low surface
coverage Ocy) copper adsorption occurs simultaneously on the (100) terraces and (110) steps [30]. It was
concluded [31] that on the stepped surfaces with (111) steps deposition of Cu adatoms occurs preferably on the
(100) terraces but not on the steps. The peak of copper desorption from the steps is located at less positive
potentials than that from the terraces. One can assume that (111) steps are blocked by strongly adsorbed anions
in a considerable extent.

Our previous studies of Cu UPD on stepped faces of single crystals Pt(554) and Pt(775) with (111) terraces
and (110) steps, using electrochemical measurements [32] and quantum-chemical calculations [33], have shown
that the peak of Cu desorption from the steps is located at more positive potentials than that from the terraces.
The energy of Cuag interaction with the surface depends on the amount of Pt atoms contacting the Cu atom. On
hexagonal (111) terraces Cu atom contacts with three Pt near neighbor atoms but on the (110) steps — with five
Pt atoms. It means that Cu adatoms are more strongly adsorbed at the steps and thus the peak of Cu desorption
from the steps is located at more positive potentials.

In this paper, the processes of copper adsorption/desorption on Pt(100), Pt(610) and Pt(410) faces in
perchloric acid solution (weakly adsorbed anion) with addition of 0.01 mM copper ions are considered. It is
shown that at the initial stages of the process the positions of the Cu desorption peaks are determined by

perfection of the adlayer to a great extent.

EXPERIMENTAL

The electrodes, with a working surface area of 0.03—0.04 cm? were prepared in University of Alicante
(Spain) using the technique developed by Clavilier et al. [34-36]. Prior to the experiments, the electrodes were
annealed for 20-40 s in the flame of a Bunsen burner to remove impurities and to order the surface structure.
After that, the electrodes were cooled in an argon—hydrogen gas mixture (3:1), rinsed with Milli-Q water
saturated by this mixture andtransferred into a cell, filled with 0.1 M HCIO4 solution degassed by argon,
protected with a drop of water. Then a hanging electrode/solution meniscus (this configuration provides a
contact of only a working face of a single crystal with the solution) was formed at 0.05 V, and blank cyclic
voltammograms (CVs) were recorded to control the system purity and the quality of the electrode
annealing/cooling treatment. All the CVs were recorded at the sweep rate of 50 mV/s.

Measurements were performed in glass cells with separate compartments for an auxiliary Pt electrode and
reversible hydrogen electrode (RHE). The solutions were prepared on the basis of CuO (“p.a.” grade, Merck),

HCIO4 (“suprapure” grade, Merck) and Milli-Q water (Millipore) with specific resistance of 18 MOhm cm and
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content of organic impurities of less than 5 ppb. Only this water was used for cell cleaning, electrode rinsing,
etc. High-purity argon was used to deaerate the solution; the inert gas was blown over the solution in the course
of the experiments. To introduce an copper perchlorate additive, the meniscus was broken and the electrode was
left above the solution in the argon atmosphere. After adding an aliquot of the solution, argon was bubbled
through the electrolyte for 2-3 minutes to level the additive bulk concentration and remove oxygen traces from
the system. Then, a meniscus was formed again at 0.8 V, potential cycling was resumed, and CVs were
recorded.

A computer-controlled potentiostat and software developed at IPCE RAS were used for data recording and

processing.

RESULTS AND DISCUSSION
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Fig. 1. (a) Blank CVs of Pt(100), Pt(610) and Pt(410) in 0.1 M HCIOa. (b) Surface structure of the stepped
faces. Location of Hag Or Cuag: 1 - on the terraces, 2 - on the terrace borders, 3 - at the steps (primary step

decoration), 4 - secondary decoration of the steps.

Blank CVs of studied electrodes in the perchloric acid test solution are presented in Fig. 1a. The surface
structure of the ideal stepped surfaces is schematically shown in Fig. 1b. The terrace width of real electrodes is
n+1 atom. In previous contributions [31, 37], it was found that hydrogen adsorption/desorption occurs at the
steps at potentials below 0.2 V, on the terrace borders at 0.2-0.3 V, and in the middle of (100) terraces at 0.3-0.5
V (Fig. 1b). One can see a small peak in the CV of Pt(100) at 0.3 V, it is always observed even for high-quality
single crystals. It was shown in Ref. [38] that after annealing/cooling of Pt(100) there are few square islands
and holes of monoatomic height on the wide terraces of the surface. Consequently, there is a certain amount of
adsorption sites at the steps, which are coming from defects of the surface structure.

Comparison of CVs in Fig. 1a shows that the currents at E<0.3 V grow with a decrease of the terrace width
(increase of the step density) and fall in the region 0.3-0.5 V. The potential region of 0.5-0.7 V corresponds to
adsorption/desorption of intermediate products of water oxidation (OHag-species on the terraces), and at more
positive potentials adsorbed oxygen is present on the surface of the electrodes. With an increase in the step
concentration, the amount of Ogq rises and the currents at E>0.7 V grow. One can conclude that Oaq is present
mainly at the steps or on the terrace borders.



Use of diluted solutions (concentration is lower than 0.1 mM Cu?*) allows smoothly increasing the surface
coverage of copper adatoms as the UPD process is controlled by mass transfer (diffusion) in the whole potential
range. The results of the potentiodynamic experiments on slow accumulation of Cuag on Pt(610) (6-atomic
terraces) are presented in Fig. 2. The meniscus was formed at 0.85 V, then 3 cycles of 850-600 mV were
applied at 50 mV/s, and further the potential was cycled between 600 and 50 mV (30 cycles correspond to a
total time interval of copper deposition of 660 s). After a fixed number of the Cuas accumulation cycles, again 3
cycles of 850-600 mV were applied to control the amount of adsorbate and to remove the excess of copper ions
from the near-electrode layer of the solution. Integration of the final first positive going sweep from 50 to 600
mV and the following sweep from 600 to 850 mV with subtracting of the blank CV (Fig. 2c, account of double
layer capacity charging and currents of oxygen adsorption) allows estimating the number of adsorption sites
blocked by Cuad (AQ1, AQ2, AQ3) and the surface coverage Ocu (Q=AQa+AQs, Figs. 2¢, 2d). The measured
charges amount to 408-420 uC/cm? and correspond to the desorption of a complete copper monolayer (6cu=1
ML) from the surfaces of Pt(410), Pt(610) and Pt(100) (one Cu adatom on each surface Pt atom taking into
account secondary decoration of the steps [32], Figs. 1b, 2e, positions 4).

The changes in the shape of the CVs in the hydrogen region (E<0.5 V, Figs. 2a, 2c) allow concluding that
deposited copper atoms block adsorption sites for hydrogen adatoms both at the steps and on the terraces. One
can see that the double peak of copper desorption from the steps and terraces (Figs. 2b, 2c) is observed only for
0cu<0.4 ML (5-8 cycles of copper accumulation, deposition time up to 3 min). Analysis of the charge balance
shows that 2AQ1 ~ AQ4 and 2(AQ2 + AQs) =~ AQs (Fig. 2¢). Although the estimation is very rough, it means
nevertheless that the sharp peak at 0.68 V (Figs. 2b, 2c) corresponds to the copper desorption from the steps and
the peak at 0.72 V is due to the copper desorption from the terraces. This correlates with the results reported in
previous studies [30, 31].

In the case of the Pt(554) and Pt(775) electrodes, double peaks of copper desorption from (110) steps and
(111) terraces were observed even for 6cy=1 ML, but copper desorption from the steps took place at more
positive potential than that from the terraces [32].

It is worth to note the positive shift of Cu desorption peaks with the increase of 6cy (Fig. 2b). It is expected
that removing isolated adatoms (Fig. 2e, positions 1, 2) is simpler than destroying the islands on the terraces
(with the anions on the surface of the islands that stabilize the adatoms inside the islands, Fig. 2e, positions 2a)
or a continuous row of the adatoms on the steps (Fig. 2e, positions 1a, on the terrace borders the anions could
be adsorbed as well). Most probably, this positive shift of the desorption peaks with the increase in 6¢y is due to
the growth of the island size and the decrease in number of the islands of Cuaqd , as a result of their coalescence.
If the island on the terrace contacts a row of adatoms on the step (Fig. 2e, stage C, high surface coverage), only
a single peak of copper desorptive stripping is observed at potentials of 0.75-0.8 V: it corresponds to the
removal of the whole complex set of adatoms from the terrace and step. Most probably, desorption of such
complexes begins at the perimeter of the islands on the terrace (Fig. 2e, stage C, positions 3, 4). The anodic
peak of Cu desorption at E<0.72 V could be attributed to the removal of isolated adatoms from the steps (Fig.



2e, stages A, B, positions 1). The positive shift of these peaks with the increase of 6¢y, is probably due to
formation of the sections of continuous rows of Cuag at the steps and islands on the terraces (Fig. 2e, stage B).

It is worth to note that after long-term Cu accumulation (15-30 cycles, Fig. 2b) the desorption peak shifts in
the positive direction and decreases in height with the increase of 6¢y. In addition, an increase in currents at
640-740 mV is observed (Fig. 2b) due to elimination of the secondary step decoration (Fig. 2e, stage C, position
4).

Our quantum-chemical calculations and modeling of the process of Cu adlayer formation have shown [33]
that interaction Pt-Cu is energetically favorable, but as the adatoms have a partial positive charge [23], at the
initial stages of the adsorption only isolated copper adatoms are located on the surface of the terraces and steps
(Fig. 2e, stage A, positions 1,2). In this case their mutual electrostatic repulsion gives a minimal contribution to
the increase in the surface energy of the system. For high 6cy and presence of many Cuag islands it is necessary
to take into account the stabilizing role of anions adsorbed on these islands. Although perchlorate anions are

weakly adsorbed on platinum, their eventual adsorption on the partly positive charged copper adlayer could be
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Fig. 2. CVs of Pt(610) after 5-30 cycles of Cuas accumulation in solution of 0.1 M HCIO4 + 0.01 mM
Cu(ClOs)2 in the range of 50-600 mV. (a) Final cycles of 50-600 mV. 0 — blank CV of Pt(610) in the solution of
0.1 M HCIOas. (b) First cycles of 600-850 mV. Number of accumulation cycles is pointed out in the plots. (c)
Blank CV (0), 5" cycle of 50-600 mV and 1% cycle of 600-850 mV (5). (d) Charges Q of Cu desorption at 600-
850 mV (with subtracting the blank CV). (e) The sketch of the adlayer formation. The explanations are in the
text.
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In another series of the experiments the accumulation of Cuag on all studied electrodes was carried out in the
potential range of 50-350 mV at 50 mV/s, using the polarization program shown in Fig. 3, which ensured
obtaining the reproducible data. After desorption of accumulated copper at 650-850 mV, the concentration of
Cu?* in the near-electrode layer is higher than in the bulk of the solution and this effect can be observed in the
CVs of the second and third cycles of 600-850 mV (not shown, an enhanced amount of Cu is
adsorbed/desorbed in this potential range as compared with the case of the potential cycling without previous
accumulation of Cuad). To level the copper concentration in the upper layer of the solution, the meniscus was
broken at 850 mV, argon was bubbled into the solution for 1 min, the meniscus was formed again at 800 mV
several times (removing the drop of solution with enhanced concentration of Cu?* from the electrode surface)
and then the standard pretreatment was performed (10 cycles 800-600 mV). At this stage, formation of some
amount of copper oxides is possible (coadsorption of Cuag and Oag), Which are the active centers for copper
deposition [32, 39]. The next accumulation of copper adatoms was started only after this pretreatment (Fig. 3).
During the potential cycling between 50 and 350 mV partial or complete reduction of copper oxides could

occur as a result of oxygen desorption.
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Fig. 3. The sketch of polarization program of the electrodes.

Detailed data on the initial stages of copper accumulation on Pt(610) are presented in Fig. 4. Similar to the
CVs in Fig. 2, double peaks of Cuag desorption from the terraces and steps are observed. Mentioned above
explanations are also suitable in this case. It is worth to note that 10 cycles in the range of 50-350 mV

correspond to 2 min of copper deposition and a desorption charge of ca. 160 pC/cm? (6cy=0.4 ML).
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Fig. 4. Fragments of positive-going CV sweeps of Pt(610) after 2-10 cycles of copper accumulation in solution
of 0.1 M HCIO4 + 0.01 mM Cu(ClO4)2 in the range of 50-350 mV. (a) Changes in hydrogen region (b) The
curves of copper desorption. The number of copper accumulation cycles is pointed out at the plots. 0 — blank
CV of Pt(610) in solution of 0.1 M HCIOa.

At the voltammograms of Cu desorption from Pt(410) (4-atomic terraces, Fig. 5) the double peak is
observed after accumulation up to 0.2 ML of adatoms (after 5 cycles 50-350 mV only a shoulder at 0.72 V is
observed in the curve of copper desorption). Apparently, the islands of copper adatoms on narrow terraces are
formed at very early stages of the deposition process (Fig. 5¢). Similar to the CVs from Pt(610), the peak of
copper desorption from Pt(410) shifts in the positive direction with the increase in 6cy and the corresponding
increase in the extent of the adlayer ordering.

It is worth to note the enhanced anodic currents at 650-750 mV after long-term copper accumulation (Figs.
5a, 5b). Previously we observed the processes of secondary decoration of the steps for the electrodes with (111)
terraces [32]. Apparently, a similar process takes place at stepped surfaces with (100) terraces (position 3 in

sketch 5c).
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Fig. 5. CVs of Pt(410) after 2-100 cycles of copper accumulation in solution of 0.1 M HCIO4 + 0.01 MM
Cu(ClOa4): in the range of 50-350 mV. (a) Positive-going sweeps 50-850 mV. (b) Fragments of these sweeps in
enlarged scale. The number of copper accumulation cycles is pointed out at the plots. 0 — blank CV of Pt(410)
in solution of 0.1 M HCIOa. (c) The sketch of the adlayer formation. Location of Cuag: 1 - at the steps (primary

step decoration), 2 - on the terraces, 3 - secondary decoration of the steps.

The presence of double peaks of copper desorptive stripping in the CVs of stepped surfaces of platinum
single crystals is quite regular. However, we have observed for the first time distinct double peaks for this
process from the most uniform surface of Pt(100) at 6c,>0.5 ML (30 cycles of 50-350 mV). At the initial stages
of copper accumulation, a single desorption peak is observed at 0.73 V (10 cycles, Fig. 6a). After 25 cycles of
copper accumulation, this peak is lower and shifts slightly (0.74 V). However, a shoulder at 0.8 V appears (the
desorption charge is higher than 200 pC/cm?, 8cu=0.5 ML, Fig. 7d). Further accumulation of Cu,q leads to a
decrease in currents of hydrogen adsorption/desorption (Fig. 7a), an increase in the desorption peak at 0.8-0.83
V and a decrease in the shoulder at less positive potentials (Fig.6).

The explanation of this effect is also possible on the basis of the "island” model of the adlayer formation
(Fig. 6b). At the initial stages of copper accumulation on the Pt(100) surface, mainly isolated adatoms are
present, their desorption taking place at E<0.75 V. With the increase in 6cy up to 0.5 ML (30 cycles of copper
accumulation), the islands of the adlayer begin to form, the remaining isolated adatoms and adatoms at the
perimeter of the islands desorb at different potentials. At high Ocy, islands are mainly present on the surface, the

potential of Cuag desorption shifts in the positive direction with increase in the extent of the adlayer ordering.
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Fig. 6. (a) Fragments of CV positive-going sweeps of Pt(100) after 10-100 cycles of copper accumulation in
solution of 0.1 M HCIO4 + 0.01 MM Cu(ClOg4)2 in the range of 50-350 mV. The number of copper accumulation
cycles is pointed out at the plot. (b) The sketch of the adlayer formation.

The comparison of the positive-going sweeps of CVs after 10-100 cycles of Cu accumulation in the range
of 50-350 mV for all studied electrodes is shown in Fig. 7. One can see (Fig. 7a), that the maximal blocking of
the surface for hydrogen adsorption is observed for Pt(100), and the minimal one is found for Pt(410), with
contains narrow 4-atomic terraces, for the same duration of Cu deposition. This fact is confirmed by integration
of the desorption curves (Fig. 7d). The desorption peak in Fig. 7b for 10 cycles of Cu accumulation on Pt(100)
is located at less positive potentials than on other electrodes and corresponds to removing the isolated copper
adatoms. For these conditions, the adlayer on Pt(410) evidently contains islands (see also Fig. 5). After 30
cycles of copper accumulation (Fig. 7b) on Pt(100) there are both isolated adatoms and islands of Cuaq ladayer,
but on Pt(610) and Pt(410) — only the islands. After more long-term Cu deposition (Fig. 7c), mainly the islands
of Cu adlayer are present on the electrode surfaces and their removal occurs at more positive potentials from
Pt(100) (curves 1) than that for stepped surfaces (curves 2,3). This is due to a higher ordering of the Cu adlayer
on Pt(100), as compared with the Pt(610) and Pt(410) stepped surfaces.
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Fig. 7. (a-c) Fragments of CV positive-going sweeps of Pt(100), Pt(610) and Pt(410) after 10-100 cycles of
copper accumulation in solution of 0.1 M HCIO4 + 0.01 MM Cu(ClO4): in the range of 50-350 mV. The number
of copper accumulation cycles is pointed out at the plots. Polarization program is shown in Fig. 3. (a) Hydrogen
region. (b,c) The peaks of Cu desorption. (d) The dependences of amount of desorbed copper from the number
of the 50-350 mV cycles of copper accumulation (the charges of Cu desorption were calculated after
subtraction of the blank CVs).

Special explanations are necessary for the data in Fig. 7d and it is important to understand why:

(1) the Q(N) curves have a plateau, which corresponds to 6cy< 1 ML;

(2) the rate of Cu deposition decreases with increase in the step site concentration?
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The answer to the first question is almost evident: considerable depletion of near-electrode layer of the solution.
According to Cottrell equation the thickness of diffusion layer grows with time and the rate of an
electrochemical process decreases. One should also take into account that the steps could be blocked partly by
adsorbed oxygen or copper oxides.

However, the second question is more complicated. The depletion of the near-electrode layer of the solution
for Pt(410) is lower than that for Pt(100) and Pt(610) as the rate of Cu deposition on Pt(410) is the lowest (Fig.
7d, differential coefficients dQ/dt or dQ/dN are proportional to the Cu deposition rate). Thus in this case this
factor is not decisive. It should be taken into account that for the stepped surfaces Pt[n(100)x(110)] the potential
of zero total charge decreases with an increase in the of step density [40]. Consequently, the adsorption of
copper ions is hindered on Pt(410) and Pt(610) as compared with Pt(100) and the rate of charge transfer for
these stepped surfaces is lower for the same potentials. It is also important to consider the fact of positively
charged copper adlayer [23] due to a shift of electron density from Cu to Pt atoms. In the limited space of
narrow terraces the mutual repulsion of Cu atoms could be a decisive factor for the adsorption sequence
(compare the sketches in Figs. 5¢ and 6b). This could be one of the causes for the decrease in copper

accumulation rate with time.

CONCLUSIONS

The performed studies of the initial stages of Cu UPD on the basal Pt(100) face and stepped Pt(610),
Pt(410) faces in diluted Cu?* solution allows concluding that the positions of Cu desorption peaks are
determined to a great extent by the perfectness of the the adlayer structure. At low surface coverages 6cu copper
desorption from the steps (110) occurs at lower potentials than that from the (100) terraces. Double peaks of
copper desorption are observed even for the energetically uniform surface of Pt(100) electrode — the desorption
of isolated Cu adatoms occurs at less positive potentials than that of the Cuaq islands. The “island” model of the

adlayer formation allows explaining all the observed effects in the studied system Pt(hkl)+Cuag.
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