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Regularities of Nitrate Electroreduction on Pt(S)[r(100)x(110)] Stepped Platinum Single Crystals
Modified by Copper Adatoms
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Frumkin Institute of Physical Chemistry and Electremistry, Moscow, Russia

2 Institute of Electrochemistry, University of Alicte, Alicante, Spain

Abstract

Nitrate electroreduction is studied on Pt(S)-[n(kQD10)] stepped platinum single crystals with 2, 4
and 6 atoms wide terraces modified by copper adatoihe electrodes were modified by
electrodeposition of Gyin a 0.1 M HCIQ + 0.020 M NaN@ + 10° M Cu(CIQO), solution by cycling
the potential in the range of 50-350 mV, simultarstp with nitrate reduction. The peak of dissolotaf
copper adatoms in the nitrate solution is shiftethe positive direction, as compared to the retibe
solution, due to the stabilization of copper adadoy adsorbed NO. This shift is not observed for
Pt(210) with the terrace width of only 2 atoms:iacrease in the terrace width results in the grgwin
peak shift. The rate of nitrate electroreductionnoodified electrodes increases by up to two ordérs
magnitude and grows at low copper coverages ahemease in the terrace width in the sequence of
Pt(210) < Pt(410) < Pt(610). An increase in thdasi@ coverage by copper adatoms causes redistmbuti
of adatoms in the adsorption layer. In this cdse, differences in the nitrate reduction rate desgehut
the sequence of Pt (210) < Pt (410) < Pt (610jiligoseserved. The full surface coverage by &annot
be obtained in this working solution by potentigtiing in the range of 50-350 mV.

Key words. Pt stepped single crystals; electrocatalysis; eoppodified electrodes; nitrate

electroreduction.

Introduction

The process of nitrate electroreduction on differactrodes has for many years
been attracting active attention of researcherss iBhdue both to scientific (study of a
multistage reaction, interest towards intermed)atasd practical (water treatment)
aspects. As found in [1-6], the final product afatie electroreduction on platinum group
metals at potentials close to hydrogen evoluticanmnonia. D. Pletcher et al. [7] showed
that the nitrate ion is also reduced to ammoniaConin acidic media at a high rate.
Gaseous NO was also found in the course of niglatetroreduction on copper electrodes
[8]. This was explained by the weakness of the Hmetdreen NO and the surface; ngON
was detected. Nitrous oxide was found on polyctiyseaPd with a full monolayer of
underpotentially deposited Cu. Let us point out,tha follows from the data of [9, 10],
nitrous oxide is formed when NO is present in thieitson.

Appearance of techniques of manufacturing electoggh well defined single

crystal surfaces of different orientation [11-13yvg new momentum to the understanding



of nitrate electroreduction. Studies on such ebelets allow establishing correlations
between the structure of adsorption sites and thastivity [14-19].

Selectivity, i.e., the reaction rate and produc#s be changed by electrode surface
modification by foreign metals. In situ FTIRS [Zjowed that nitrate electroreduction on
Pt(100) modified by a copper adlayer yielded niraaxide NO in perchloric acid
solution, while the main product in sulfuric acmlgion was ammonia.

Our previous studies on nitrate electroreduction Ri111) and Pt(111)+Cu
electrodes [21] showed that the reaction in perehkacid solutions occurred much faster
on copper—modified Pt(111) surfaces than on pufELRj. The catalytic effect of copper
adatoms is mainly due to the enhancement of niads®rption (induced adsorption), as
copper adatoms have a partial positive charge [22].

The electrode surface composition can be modifigdalforeign metal deposit
formed either at underpotential (upd) or at ovezpbaél (opd). As shown in [23],
deposition of phase copper on polycrystalline plat occurs according to the Stransky—
Krastanow mechanism: first, an upd monolayer isngd and then 3D crystallites grow
on this layer. In the case of Pt(100) and singystet electrodes with (100) terraces, there
is a 2D phase copper layer in addition to the umohatayer [24]; as the overpotential
increases, 3D nuclei are formed on this 2D layer.

The reactivity of platinum substrates modified bpmolayer and submonolayer
amounts of copper adatoms is of great interestillAcbpper monolayer forms a Cu(1x1)
lattice on the Pt surface, i.e. there is a singipper atom per single platinum atom.
Formation of an adlayer on platinum single crystdpends on the support structure.
Previously, adsorption of Cu adatoms at Pt(S)[n(@a0)] and Pt(S)[n(100)x(111)]
stepped single crystal Pt faces ((100) terracediftérent width separated by parallel
monoatomic steps with the (110) or (111) orientgti@spectively) has been studied in
solutions with strongly adsorbed anions: sulfaterdoride. Analysis of the changes in the
shape of the "hydrogen region" in the course opeo@ccumulation from dilute solutions
[25] shows that at the initial stages (at low scef@overages by copper adatorg,)
copper is adsorbed almost simultaneously on th@)(tHdraces and (110) steps. In [26], it
Is concluded that copper adatoms are depositedepped faces with (100) terraces and

(111) steps predominantly on terraces and not @stéps.



In the absence of strongly adsorbing anions [20pper adatoms on Pt(S)-
[N(100)x(110)] at first fill both the steps and therraces. As the surface coverage
increases, islands of adatoms are formed and tak petential of their dissolution is
shifted to higher positive values. This effectspecially pronounced on Pt(100).

The aim of this work is to study the kinetics afraie anion electroreduction on the
Pt(S)-[n(100)x(110)] faces from a solution alsotedming Cd" ions. It will be shown that
modification of these electrodes by copper adatasslts in a significant acceleration of
electroreduction of nitrate anions as comparednimadified electrodes. In addition, the
catalytic activity depends on the platinum surfsizacture (terrace width).

The products obtained in the course of nitratetedeaduction on various faces of
unmodified and modified platinum have already bdetermined in a number of works
[20, 28-31]. The attribution of the correspondirgpks in this paper is performed on the
basis of the data obtained in these works.

EXPERIMENTAL

Electrodes with the working surface area of 0.084@nf were made from single
crystal beads, following the method of Clavilieaét[11, 12, 32, 33].

Before every experiment, the electrodes were aadeal the flame of a Bunsen
burner for 20-40 s to remove impurities and ortwer électrode surface structure. Then
they were cooled in an argon—-hydrogen gas mixtutte the ratio of 3:1 and dipped into
Milli-Q water saturated by this mixture. Then thegre transferred, with a water drop to
protect the surface from impurities, into a celthwD.1 M HCIQ solution purged by
argon. A meniscus was formed at the electrodelsoluinterface (in the "hanging
meniscus configuration”, the solution contacts ahly working single crystal face [34])
and cyclic voltammograms (CVs) were registeredaitiol the purity of the solution and
the quality of the annealing/cooling step on tlex&bde surface.

The measurements were carried out in glass cetls separate compartments for
the auxiliary Pt electrode and the reversible hgdroreference electrode in 0.1 M HGIO
(RHE). The solutions were made of CuO and Nagffa., Merck) and HCIQ(suprapure,
Merck) using Milli-Q water with a specific resis@of 18 MOhm cm and a content of

organic impurities lower than &g/l (ppb). Also, only this water was used for washihe



cells and the electrodes. High—purity argon wasl tigsesolution deaeration; the inert gas
was blown over the solutions in the course of tpeaments.

After testing the purity of the system, nitrate vaasled to the acid solution and the
corresponding reference CVs were registered. Theopper aliquot was added and a
standard CV was recorded in the working solutiat (@ HCIO, + 0.02 mM NaNQ@+ 10
> M Cu(ClQy),). During the addition of nitrate and copper alitucthe electrode was
placed above the solution in the stream of argahthe final solution was additionally
purged by argon. The experimental procedure usestiuty nitrate electroreduction was
as follows: once the electrode was immersed at ¥.85l cycles of accumulation of
copper adatoms were recorded in the range of 3568™\6@nd nitrate reduction currents
were registered. Then, two scans of copper digsalut the range of 350-1000 mV were
recorded and the further two scans in the rangg56+850 mV were registered for the
leveling of the nearelectrode concentration of eppns. This procedure was repeated
several times for different N. When many coppemuaaglation cycles were applied, there
was always an experiment with a small number otedation cycles (usually 2-5,
which allowed time for the leveling of the conceatibns in the nearelectrode layer and
the solution bulk). These curves were also useahick the reproducibility of the
experiment. It should be noted that such a higkmi@l of copper dissolution as 1000 mV
IS a necessary measure, because, as shown bellmweatpotentials Cu adatoms cannot
be removed from the platinum surface in the nitsadkition. No visible changes in the
surface structure occur in the course of the expant.

A computer—controlled potentiostat and software ettgyed in A.N. Frumkin
Institute of Physical Chemistry and ElectrochengisRussian Academy of Sciences, were
used for data registration and processing.

In the figures, all potentials are given vs. theersible hydrogen electrode. The

potential sweep rate in all CVs is 50 mV.s

RESULTS AND DISCUSSION

Standard CVs in perchloric acid solution

In this work, Pt(610), Pt(410), Pt(210) single ¢aylectrodes with (100) terraces

of different width separated by monoatomic stepthwvhe (110) orientation were used.



Standard CVs of the electrodes in perchloric ac@ shown in fig. 1a. The electrode
surface structure is schematically shown in fig. B610) has 6 atoms in the terrace,
Pt(410) has 4 atoms, and Pt(210) has 2 atoms. kggdradsorption/desorption peaks are
described in detail in the literature [25, 35]islshown [35] that the currents below 0.2 V
are related to hydrogen adsorption/desorption @nstieps of monoatomic height; the
currents at 0.2-0.3 V correspond to terrace edgasthe steps and those at 0.3-0.5V are
related to the central portion of the (100) tersace
Currents of oxygen adsorption/desorption are olesem CVs at 0.8 V. They are

maximal for narrow terraces, i.e., in this regidrpotentials, oxygen—containing particles
(OCPs) are predominantly adsorbed on the stepsiandn the terraces and can hinder
adsorption of the other solution components. Pigdanconditioning in the oxygen region
can distort the surface structure. However, brogfditioning in this region is not reflected
on CVs and therefore on the electrode surfacetstieicMoreover, the electrode surface

protected by copper adatoms is more stable towadidsition.

- Pt(210)

P1(610)

i 1|
N O =y = O =
TORON
AL

1 - Pt(610)
2 - Pt(410)
3 - Pt(210) (@) N
02 04 06 08 o o o omCx a

E/V 0. 0-0-0:-0 (b) 0. 0.0.0.0
Fig. 1. (a) CVs of platinum single crystal electesdn the 0.1 M HCI@solution: (1) Pt(610), (2)
Pt(410), (3) Pt(210). The potential scan rate is80s ™. (b) Schematic image of the structure of the
corresponding stepped platinum single crystal faces
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Standard CVs in nitrate solution

Let us consider standard CVs on the above steppete srystal electrodes in a
nitrate solution (fig. 2a). As already mentionedowy the processes related to
electroreduction of nitrate and its products aretteboxidation of these products on the
Pt(100) terraces have already been studied iniesseir prior works [20, 28-31]. Further,
we assume that the characteristic peaks observesiimgiar potentials correspond to

essentially the same species and the same prodadtsyse determined in these works.



When the meniscus is formed at 850 mV and thernpttential is shifted in the
cathodic direction, nitrate is first reduced in pogential range of 850—400 mV to NO that
partially blocks the surface. As the potential igfted further in the negative direction,
NO is reduced to NKH[29]. Nitrate electroreduction products are dispth from the
surface by adsorbed hydrogen. At E<0.1 V, the saria mainly covered by hydrogen
adatoms that prevent nitrate adsorption and itthéurreduction. When the potential
sweep is reversed and potential is scanned froorm¥0up to 850 mV, hydrogen is
desorbed first and then nitrate may adsorb on e $ites where it is reduced to NO,
hydroxylamine and, possibly, ammonia. The curremtthe sharp reduction peak at 330
mV depend on the terrace width: the wider it ig, thore intensive the process. The same
process continues up to 0.7 V, but the rate of amanformation at these potentials is
smaller, the main product being NO [29]. At higlpertentials (0.70-0.85 V), adsorbed
hydroxylamine, or even ammonia, is oxidized to N@e nature of the peak at 780 mV
on Pt(100) is described in detail in [30]. One nu@nt out that nitrate reduction currents
on the narrow terraces of Pt(210), in the rang@06~500 mV of the negative-going scan,
are the lowest, while the nitrate reduction peaR@ mV is the highest in the studied
electrode series: NO is slowly adsorbed on thisaserand its intensive reduction starts
only in the most negative potential region. In p@sitive-going scan, a slight current
decrease is observed at 330 mV instead of the tiedygeak. Also, there is no oxidation
peak at 780 mV, because ammonia formed in the samadlunts is desorbed from the
electrode surface and does not participate in dwidaof ammonia to NO. The overall
charge consumed in the reduction of nitrate is4é®.pC/cnt on Pt(210), while in the
case of Pt(410) it is ca. 4§@C/cnt and it is ca. 53QC/cnt for Pt(610). Hence, though
the nitrate reduction currents in the region of t@uction peak at 0.2 V are the highest
on Pt(210), nitrate electroreduction occurs morevely on the wider (100) terraces, as
shown by comparison of the overall charge consumetkctroreduction on nitrate on the
different stepped surfaces.

One must point out that if the meniscus is forme8tamV and then the potential is
shifted into the positive direction, then the voitaetric currents observed in the nitrate
solution at the beginning of the first scan coiecwdth the currents in the pure supporting

electrolyte, 0.1 M perchloric acid (curves 0 anih fig. 2b), on all the electrodes. Hence,

6



nitrate (at the actual concentration of 20 mM NaN@d at the sweep rate of 50 mV/s)
cannot displace hydrogen from Pt(610), Pt(410), Rrid10) up to 250 mV. The currents
of the second and further cycles at 50 mV/s onlR)@nd Pt(410) in the beginning of the
hydrogen region, approximately up to 180 mV, anaeahat lower than in the first cycle
(curve 2 in fig. 2b). Thus, some products of nératectroreduction partially block the
steps. In the range of 180-250 mV, the voltammettoents coincide in the nitrate
solution and in the pure acid. At higher potentidlere is a small current decrease:
though hydrogen adatoms partly desorb from theaterredges and nitrate adsorption
probably starts, the number of free sites is asiryaifficient for the intensive nitrate
adsorption/reduction process that, as seen in thes@rts at 300 mV. Let us point out
that no such small reduction peak at 270 mV is wofese on Pt(210). This can be
explained by the fact that practically no hydrogetatoms remain on the terrace after
hydrogen desorption from the "terrace edge" (theate width is only 2 atoms) and

nitrate adsorption and reduction are not possible.
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Fig. 2. (a) CVs of platinum single crystal elecesdn the solution of 0.1 M HCIG- 20 mM NaNQ: (1)
Pt(610), (2) Pt(410), (3) Pt(210). (b) The inisaction of CV of Pt(610): (0) the steady—state eunv
0.1 M HCIQ,, (1) the first scan after formation of the mengati50 mV in the nitrate solution, (2) the
second and the further scans in the nitrate solufibe potential scan rate is 50 mV. s

Electrode modification by copper adatoms

As already pointed out above, surface propertias wa changed by means of
electrode composition modification by atoms of fgre metals. Let us first consider
electrode modification in a nitrate—free coppeusonh.

The solution with a low copper concentration {2} Cu(CIQy), and 0.1 M HCIQ)
was used in order to prevent avalanching electsoaace filling by a copper monolayer



and to estimate the effect of the surface struoturéhe copper deposition process [20,
21].

Copper deposition was carried out under potentiadya control by electrode
cycling in the copper adsorption region. The poatelynamic mode proves to be more
descriptive, as it allows constantly assessingtba of the electrode surface that is free of
copper and available for hydrogen. The choice efdycling limits is related to the fact
that hydrogen currents drastically increase aptitentials below 50 mV, while the upper
cycling limit must be more positive than the eduilim copper deposition potential, but
less positive that the potential of removal of thgd layer. Therefore, the upper limit
chosen for the electrode modification was 350 mkfe Surface coverage &U®c,) can
be estimated on the basis of the decrease in thrents in the hydrogen region or by
integration of the copper desorption peak in thg@ihg region (see below in the next
section and in fig. 6b). In these calculations, thenolayer charge is 414C/cnf for
Pt(610), 406uClcnt for Pt(410), and 37Clcnf for Pt(210), as follows from the
packing density of the electrodes.

Fig. 3a shows a series of CVs (the numbers demaentimber of accumulation
cycles) of upd Cu deposition on Pt(610) in the e 50-350 mV. One can see that
deposition of adatoms occurs all over the electsagtace. As a result, peak currents drop
in the whole range of hydrogen adsorption/desonpgtiatentials, which means that copper
is adsorbed both on the steps and on the terrdosgever, during the first few deposition
cycles, this process occurs more intensively orsteps and terrace edges, because in the
first 5 cycles the currents decrease noticeablthenrange of 50-150 mV and 220-320
mV that correspond to hydrogen adsorption/desanptio the steps and terrace edges,
respectively (fig. 3a) [25, 35].

The anodic peak of upd copper dissolution from Hij6is split (fig. 3b), i.e.,
copper dissolution from steps and terraces candaglyg distinguished. Peak splitting is
observed for surface coverages up to 0.4 ML. Taréase coverage is characterized by
the appearance of adatom islands (adatoms locatedeoneighboring adsorption sites)
adjacent to the steps. Then the peak splittingpgsars. As copper is accumulated on the
surface, the peak of adatom desorption grows aifts sh the positive direction. The
adlayer becomes ordered and stabilized (growthcaradkescence of islands). After 100
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accumulation cycles, the CVs still manifest a snialdrogen adsorption/desorption
current. Here, free sites remain predominantlyesrate edges (the currents of desorption
of hydrogen atoms at 270 mV). No peaks correspanttincopper phase dissolution can
be seen in the CVs, whereas the peak of dissolofi@mopper adatoms shifts to the most
positive potentials. At high electrode surface cages by copper adatoms, the area of the
anodic copper stripping peak almost stops growimg) the currents in the range of 500—
750 mV start increasing due to the beginning seagndecoration of steps (the second
layer of copper adatoms covering the steps).

The surface of Pt(410) is covered by copper adatorassimilar way. Fig. 3 shows
the change in CVs in the course of accumulatiog. @ic) and dissolution (fig. 3d) of
copper adatoms. Dissolution of gfrom the steps and terraces can be separatedabnly
very small coverages. One can see clear separdtibe peaks after two cycles of copper
accumulation (0.12 ML), while there is only a smgleak of copper dissolution after 10
cycles (0.27 ML). The decrease in the surface @meby Cyy on Pt(410), at which the
peak splitting disappears, as compared to Pt(64@plite consistent, because the terrace
width decreases.

A somewhat different pattern is observed in thesaaisformation of the adatom
monolayer on Pt(210) (figs. 3e,f). There is notspty of the stripping peak related to
separate step and terrace contributions at anyrageeand there is no shift of this
oxidation peak at the increasing surface coveragey(narrow steps). However, the
currents of secondary decoration start growingaalyeat 30 copper accumulation cycles.

One must point out that at potentials to the nggatf the equilibrium value copper
crystallites can be formed on adatom islands ajelasurface coverages by copper
adatoms. However, these particles are dissolvedeny cycle at potentials more positive
than the equilibrium value, thus making no notideatontribution to the true electrode
surface area. The probability of formation of symrticles grows at a decrease in the
terrace width, as the steps are active sites Bctpper nucleation process. A small peak
corresponding to copper phase dissolution is olskemv CVs only for Pt(210) after 50
accumulation cycles. The mechanism of upd Cu fdaonain stepped surfaces with (100)
terraces and (110) steps on Pt(610) and Pt(4®ssribed in more detail in [27].
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Fig. 3. CVs of copper accumulation (a, ¢, e) arssalution (b, d, f) in the solution of 0.1 M HCJ® 10
> M Cu(CIOQy), on Pt(610) (a,b), Pt(410) (c, d) and Pt(210)XeTte potential scan rate is 50 mV.s

Nitrate electroreduction on copper—modified electrdes
There is a number of difficulties related to thensfer of a formed full (or partial)

upd layer from a copper solution to a cell with ikate solution for studying nitrate
electroreduction under controlled conditions. Oa ¢time hand, the copper adlayer is well
preserved during the transfer if it has been formmed sulfuric acid solution, as sulfate

anions are adsorbed on copper and protect it fagsolition. However, traces of sulfate
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complicate nitrate reduction. On the other handh& monolayer has been formed in a
copper solution in perchloric acid, then the maart of the adlayer can be lost in the
course of the electrode transfer to a differenit délus, it may be practical to modify the
electrode by copper adatoms directly in the nitradataining perchloric acid solution.

Let us first consider steady—state curves of mitelectroreduction in the copper
solution (fig. 4). As we showed earlier, there & peak at 780 mV on Pt(100) in the
presence of the complete copper adlayer [20]. Hewethe contribution of this peak to
the copper stripping on stepped electrodes careoefglected, especially at small copper
surface coverages. While this contribution can dpeoied on Pt(210) (fig. 4a), it is
impossible to estimate the charge contribution wueopper desorption under this peak
for Pt(410) and Pt(610) (fig. 4b,c), as both preessoccur in the same potential range.
Moreover, the copper desorption peak on Pt(6103hited in the positive direction
already after 5 copper accumulation cycles andptrek of the ammonia—NO transition
disappears completely (fig. 4d). This is not simitar Pt(410), but the contribution of the
ammonia—NO transition currents into the copper ge#gm currents is negligible for this
electrode, as the area of this peak is small iro@per—free nitrate solution and this

contribution must be even lower on a surface paxblered by copper (fig. 4e).

0.0549 1 2 0.05.
e 0.004 ~  0.00-
G 5
<. <
£ 005 £ .0.05-
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Fig. 4. Steady-state CVs in the solution of (1)M.HCIO, + 20 mM NaNQ@, (2) 0.1 M HCIQ + 20

mM NaNQ; + 10° M Cu(CIQy),, (2') after 5 copper accumulation cycles in thion of 0.1 M HCIQ
+20 mM NaNQ + 10° M Cu(CIOy); on (a) Pt(210), (b, e) Pt(410), (c, d) Pt(610)e Potential scan rate
is 50 mV s".

Let us now consider the process of nitrate eleethaction during the simultaneous
copper codeposition from the solution. When coppes are added to the solution, even
at a low concentration, the rate of nitrate eleedaction on the (100) terraces starts
growing, as compared to pure nitrate solution assalt of copper accumulation on the
electrode. For Pt(210), there is a certain "incapaperiod” for the growth of nitrate
reduction currents due to the slow removal of oxyg®ntaining particles from the steps.
Fig. 5 shows voltammograms of nitrate reductionirdurcopper deposition from the
solution of 0.1 M HCIQ + 20 mM NaNQ + 10°> M Cu(CIQy), in the range of 50-350 mV
on the different electrodes. The numbers near tinees correspond to cycle numbers. A
characteristic feature of the Pt(210) electrodg 6a) is that the currents in the first cycle
are close to the currents in the hydrogen regiath@fcorresponding CV in a copper—free

solution (curve 3 in fig. 2). Calculation of theffdrence between hydrogen desorption

12



charges in the nitrate solution and in the coppmmaining nitrate solution shows that
there is approximately 0.026 ML of copper on thdee after the first cycle in the range
of 350-50 mV. In the second cycle, nitrate reductarrents in the negative-going scan
are much lower than in the first cycle: though & paadsorption sites is already occupied
by copper adatoms, but their amount is still insight for observing any significant
decrease in the local surface charge density (cdpgmea partial positive charge [22, 36])
to induce adsorption of nitrate anions. Anothersogafor the current decrease in the
second cycle as compared to the first one is eelkatehe history of the cycling: the first
cycle occurs after the electrode conditioning ie tlange of potentials, where NO is
adsorbed on the surface (formation of the menistu850 mV). Let us point out that
copper is first predominantly deposited on the stélpis is confirmed by the decrease in
the currents of hydrogen desorption from cycleyole in the potential range of 50-180
mV in the beginning of the anodic scan.

In the course of cycling, the currents in the cdiboscan on Pt(210) slowly
decrease in the range of 350-180 mV (nitrate @eamtuction on platinum) and slowly
increase in the range of potentials of 180-50 m¥telinitrate reduction occurs not only
on platinum, but also on the copper—covered surfadele adsorption of hydrogen
adatoms only occurs on copper—free sites afterrpgson of products of the nitrate
reduction reaction.

The process of nitrate electroreduction on Pt(440nore active (fig. 5b). Nitrate
reduction currents in the cathodic scan increasieaably with each cycle. The currents
of nitrate reduction to NgHat 330 mV in the anodic scan gradually decreasmpper is
accumulated on the surface. This process corresptmda sharp peak only on the
unmodified platinum surface after partial desonptod hydrogen from the terraces and in
this case nitrate reduction continues all ovemptbstive scan.

On Pt(610), the electroreduction process occurs enae intensively (fig. 5¢). The
currents of nitrate reduction to Nidt 330 mV are observed only in the first scan theg

are already several times lower than on unmodgiatnum.
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numbers, the arrows indicate the direction of theeptial sweep. The potential scan rate is 50 MV s
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Fig. 6a compares the nitrate reduction currentlerfifth copper deposition cycles
on the different electrodes. While the nitrate dun currents in the negative sweep
increase in the range of potentials around 200 m¥ copper—free nitrate solution in the
sequence of Pt(610) < Pt(410) < Pt(210) (fig. 2his dependence is reversed in the
copper—containing nitrate solution: the wider teedces, the higher the currents. Fig. 6b
shows CVs of copper dissolution in the range of-3%0M0 mV. All electrodes manifest
sharp, well defined peaks. There is a slight pasithift in the copper dissolution
potential. To estimate the amount of copper orstiréace, the peak of copper dissolution
was integrated from the potential at which the @oirin the CV passed through zero, to
the beginning of the oxygen region for Pt(210) amdhe beginning of the NO-nitrite
transition for Pt(410) and Pt(610) [30, 31], witbrieection for the background curve.
Here, the background curve was assumed to be tomndeycle in the same range of
potentials (see, e.g., the inset in fig. 6b). Tighér the current of nitrate reduction, the
larger the error in such calculations, becauseodathcurrents of nitrate reduction are
superimposed on the initial section of the anod@mns However, this procedure allows
estimating the amount of copper adatoms on theaseufFive cycles resulted in
accumulation of approximately 0.20—-0.25 monolay&tk) of copper. These values are
very similar for the different electrodes used. I5aoverages most probably correspond to
the simultaneous presence of individual copperamdatand small islands of copper
adatoms on the surface. Thus, the difference imttrate reduction currents cannot be
explained by just the amount of copper on the setfaecause these amounts are almost

similar.
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Fig. 6. (&) CVs of the fifth nitrate electroredwcti cycle in the potential range of 50-350 mV
simultaneously with copper accumulation. (b) CVscopper dissolution after 5 deposition cycles. (1)
Pt(210), (2) Pt(410), (3) Pt(610). The inset (PB2120 accumulation cycles) shows the integration
region for charge estimation. The solution is 0.1H@IO, + 20 mM NaNQ + 10° M Cu(CIlQy),. The
potential scan rate is 50 mV's

It should be pointed out that in our case the \&lhfethe reduction currents in the
meniscus configuration depend on the electrode elanand meniscus height (supply and
removal of products of the nitrate reduction reacti This may also affect the comparison
of different electrodes (though the differenceha turrent values is too high to consider
the effect of this transport-related problem sigaifit), especially in the case of prolonged
copper accumulation, as nitrate electroreductiotuisc very intensively. Moreover, the
same characteristic changes are observed foreadlléttrodes in different experiments.

Let us consider now the evolution of CVs of upddissolution from the electrode
surface after deposition with simultaneous eleetitaction of nitrate anions. As can be
seen from the curves in fig. 7, a pronounced shagk (Al) is observed at first in CVs of
Pt(610) and Pt(410) after 5 cycles of copper acdatian. This peak apparently
corresponds mainly to dissolution of individual pep adatoms. Copper atoms are
preferably adsorbed apart from each other, botthersteps and terraces, as they possess
partial positive charge [22, 36]. As follows froiet surface geometry, this possibility
remains until the surface coverage reaches appat&iyn 0.3 ML, after which island
formation becomes unavoidable. As the number otimctation cycles increases, the
stripping peak charge grows and the peak potastsdlifted in the positive direction. This
reflects the ordering of the structure of the commayer, as adatom islands, i.e., groups

of adatoms occupying neighboring sites, are formedhe surface. Then the charge of
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this peak decreases and stabilizes and yet anatpeer desorption peak (A2) appears in
the potential range of 0.6-0.7 V. For Pt(610), pddk is still observed even after

prolonged copper accumulation, while for Pt(410)practically disappears after 40

accumulation cycles.

As copper is accumulated, the current in peak Athencase of Pt(210) (fig. 7b)
first increases without any peak potential shiftlghen the peak broadens (different
energy states of the desorbing copper) and prégtidesappears for 40—-60 cycles. In
other words, all electrodes manifest a decrea#ieeicharge of peak Al and an increase in
peak A2 starting from a certain copper surface e

This can hardly be related to changes in the @detisurface; prolonged copper
accumulation was always followed by an experimeith yust a few cycles of copper
accumulation, in which the sharp Al peak remaimetthé potential window characteristic
for the corresponding electrode. We relate thessm@és to adlayer redistribution in the
course of copper accumulation under the conditiohsintensive nitrate reduction.
Besides, the adsorption layer can be chemicallieetan this range of potentials in the
presence of nitrate in the solution. In the casa t#rge number of accumulation cycles,
small copper islands can be partially dissolvednftbe terraces due to chemical etching,
while larger islands are preserved. However, thetads cannot be reincorporated into
the already existing islands due to the competiofgpeption of nitrate and its reduction
products. As copper is more strongly adsorbedensteps, the newly adsorbed atom fills
the position of "secondary decoration" when theatar sites are no more available. In this
case, the main dissolution peak Al should decreask broaden. At the same time,
currents corresponding to dissolution of less stalolatoms (peak A2) will appear in the

range of lower potentials.
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Fig. 7. CVs of nitrate reduction in the course ofumulation (a, c, e) and dissolution (b, d, fcopper

adatoms after different numbers of copper accunamlatycles (numbers near the curves) in the rafige o

50—350 mV in the solution of 0.1 M HCJ3 20 mM NaNQ + 10° M Cu(CIOy), on (a, b) Pt(210), (c, d)
Pt(410), (e, f) Pt(610). The potential scan ratdisnV s*.

certain limiting value (see figs. 7a, c, e). The@ancven slightly decrease, which we

Here, nitrate reduction currents grow on all thecebdes and gradually reach a

associate with depletion of the nearelectrode layecopper or by nitrate. The wider the

terraces, the faster the increase in the nitrabecteon currents.

1 - Pt(210)
2 - Pt(410)
3 - Pt(610)
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Fig. 8. Dependence of the nitrate reduction curegnb0 mV on the number of copper accumulation
cycles in the solution of 0.1 M HCIG- 20 mM NaNQ + 10 M Cu(CIOy), on (1) Pt(210), (2) Pt(410),
(3) Pt(610).

Fig. 8 shows the dependence of the nitrate reduatiorent at 50 mV on the
number of copper accumulation cycles for differgettrodes.

One should take into account that there is mord, reot less, copper on narrow
terraces of the Pt(210) electrode, as compared(6d®. For 20 cycle®)c, = 0.56 ML
for Pt(210) and®d¢, = 0.40 ML for Pt(610), while the nitrate reductioarrents at 50 mV
in the latter case are four times higher. Thereftbre presence of copper on the surface is
by itself an insufficient condition for the highteaof nitrate reduction. The difference in
the rates decreases at an increase on the numaecwhulation cycles. At the same time,
the greater the number of cycles, the higher tmer en estimation of®, as copper
desorption currents are superimposed on nitratectexh making impossible the correct
evaluation of®¢, at large numbers of accumulation cycles.

The greatest change both in the rate of nitratetreleeduction and the copper
adlayer structure as dependent on the number gfecagccumulation cycles is observed
for Pt(210) in figs. 8 and 7b. For five copper aoalation cycles, the currents of nitrate
reduction are very low, even lower than in the @pfree solution. Individual copper
adatoms and small copper islands cannot causdiaienif decrease in the local surface
charge that would provide enhanced nitrate adsorpin narrow terraces. The curve of
copper desorption still manifests a pronounced regpgeak even after 20 accumulation
cycles, fig. 7b. However, no stable layer is fornmedthe platinum surface with narrow
terraces, as peak Al is not shifted into the andaiection and keeps broadening. After
20 cycles of copper accumulation, the currents iofate reduction grow drastically,
simultaneously with the attainment of the maximumoant of copper on the surface and,
therefore, the greatest decrease in the surfaggeh@he further increase in the number
of accumulation cycles results in a profound changehe structure of the copper
adsorption layer and peak Al practically disappedisus, one may conclude that
intensive reduction of nitrate on the surface ofgle crystal electrodes requires the
presence of individual Cu adatoms and/or adatoemds on the terraces that promote
adsorption of the nitrate anion. Hence, a certeagtion of platinum sites must remain
free. Such situation is more easily achieved onatiter terraces of Pt(610). The Pt(410)
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electrode occupies the intermediate position betvwk€210) and Pt(610), both in relation
to copper coverage and nitrate reduction currdntshe case of Pt(610), an inflection

appears at the beginning of the anodic copper diesorscan after 40 accumulation

cycles, which can be attributed to dissolution @n@all amount of the copper phase. No
such inflections are observed on Pt(410) and Pj(Zld®avoid the effect of accumulation

of nitrate reduction products in the nearelectragler and diffusion limitations by copper

on nitrate reduction, it is thus advisable to compgust the first 20-30 copper

accumulation cycles on different electrodes.

Another interesting fact observed during nitrat@ucion in the presence of copper
is the shift in the copper desorption potentialhwiespect to the peak in the nitrate—free
solution. Fig. 9 compares the copper dissolutioakpein the range of 50-350 mV in
perchloric acid containing TOM Cu(CIQ,), (curve 1) and in the perchloric acid solution
containing both nitrate and T Cu(CIQy), (curve 2) on Pt(210), Pt(410), Pt(610). The
potential of the peak of the ¢iumonolayer stripping in the nitrate—free perchlaad
solution depends more on the perfection of theyadlghan on the terrace width. The
partial adlayer (except for that on Pt(210)) stditsolving earlier than the full adlayer:
the potential of the copper dissolution peak shiftdhe positive direction at an increase in
®cu. Usually, the copper monolayer is completely reetbfrom the surface at 50 mV's
by 850 mV. However, in the case of a solution aeataining 20 mM NaNg) Cuy is
dissolved at more positive potentials (figs. 9b(@he can see that the peak shift grows
with the increasing terrace width (compare figsh33. At the same time, on Pt(210),
where the terraces are narrow, anodic copper dissolpeaks both in the nitrate—free
solution and in the nitrate—containing solution afeserved at practically the same
potential. This effect can be explained as folloWsesumably, NO stabilizes copper
adatoms in this range of potentials, when it isodusd on platinum terraces along the
perimeter of copper islands and prevents the breakaf the edge atoms from the copper
islands. In the case of narrow terraces coadsaorpifocopper and NO is complicated,

which interferes with such stabilization.
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Fig. 9. Anodic CV scans of copper dissolution aft8raccumulation cycles on (a) Pt(210), (b) Pt(410)
(c) Pt(610). (1) 0.1 M HCIQ+ 10°> M Cu(ClQy) (2) 0.1 M HCIQ + 20 mM NaNQ + 10° M
Cu(CIQy),. The potential scan rate is 50 mV.s

CONCLUSIONS

Correlation of the nitrate reduction currents withe corresponding copper
dissolution currents allows assuming that:

Copper is adsorbed on Pt(210) on the steps and thgoractically no space for
strong adsorption of the flat nitrate anion. Fol@-copper accumulation cycles, the
currents of nitrate reduction are very low. At aicrease in the copper amount on the
surface, the surface charge decreases and moatengénions are discharged, i.e., the
current of nitrate reduction increases.

On Pt(410), individual copper atoms are at firssated predominantly on the
steps; meanwhile, the terraces are occupied bgtaitind NO. The currents of nitrate
reduction for 2-5 copper accumulation cycles ae. 18 separate dissolution peak is
observed at 800 mV with a small shoulder at 850 MNhen considerable amounts of
copper are adsorbed on the terraces, the currenirate reduction drastically increases.

On Pt(610), the current reaches about 1.5 mA/aimeady after two cycles in the
range of 50—-350 mV; the amount of copper on th&asearin this case cannot be estimated
quite correctly. For 5 cycle®¢,=0.22 ML, i.e., copper adatoms or islands are pitaset
only on the steps, but also on the terraces. Thermts in this case are almost an order of
magnitude higher than those on Pt(410).

Hence, one can conclude that:

1. In perchloric acid solution on stepped singlgstal electrodes modified by
copper adatoms, the rate of nitrate reduction as@e by up to two orders of magnitude,
as copper is accumulated on the surface as a odquotential cycling in the range of 50—

350 mV. At low copper surface coverages, therepgsaounced dependence of the nitrate
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reduction rate on the terrace width. The rate gnomiee sequence of Pt(210) < Pt(410) <
Pt(610).

2. At an increase in the duration of nitrate resuctwith simultaneous copper
deposition, the rate of nitrate reduction contingeswing in the sequence of Pt(210) <
Pt(410) < Pt(610), but the difference in the redurctrates on different electrodes
decreases. A change in the reaction products isilgesin case of prolonged nitrate
reduction on modified electrodes.

3. The peak of dissolution of copper adatoms innitrate solution is shifted in the
anodic direction as compared to the nitrate—frdatism due to stabilization of copper
adatoms by adsorbed NO. The extent of the shifeddp on the terrace width: the wider
the terraces, the larger the peak shift. This abably related to formation of ordered
islands of coadsorbed NO and copper. No suchishoibserved for Pt(210) with a terrace

width of only 2 atoms.
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Pt(S)-[n(100)x(110)] electrodes are modified by Cu adatoms with different coverages
Nitrate reduction is strongly promoted on Cu-modified Pt electrodes

Nitrate reduction is the faster on Pt/Cuy, the wider the (100) terraces

The Cu desorption peak in nitrate solutionsis shifted in the anodic direction
Prolonged nitrate reduction with Cu accumul ation causes Cu adlayer restructuring



