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bstract

An approach for in situ preparation of bimetallic Pd–Cu catalysts active in nitrate electroreduction is described. The catalysts are prepared by
odification of the surface of Pd carbon-supported nanoparticles by monolayer of Cu. The morphology of Pd/C nanoparticles is characterized by

R-TEM and by their electrochemical properties in the adsorption of hydrogen and Cu adatoms. Modification of Pd surface by Cu adlayer results

n significant increase of the activity in nitrate electroreduction. Dependencies of the reaction rate for Cu/Pd/C catalysts on the electrode potential,
itrate concentration and anion of supporting electrolyte are discussed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the pioneering work of Tacke and Vorlop [1,2]
iquid phase catalytic reduction has been recognized as a
romising method for purification of industrial and domestic
ater supplies from nitrate/nitrite contaminations. Contrary to
ther techniques, as reverse osmosis, dialysis or ion-exchange,
atalytic reduction offers the means of selective conversion of
azardous nitrate/nitrite toward harmless nitrogen. Investiga-
ions of the nitrate reduction by reducing agents (hydrogen,
ormic acid) on the surface of metal catalysts in aqueous
olutions [2–5] have resulted in the general reaction scheme
epresented in Fig. 1. It is believed that the role of reductants is
o impart negative charge on metal catalysts. The latter adsorb
ydrogen through the discharge of solvent molecules and act
s microelectrodes reducing nitrate ions. On many metals
including Pt, Pd, Cu and Rh) the rate determining step (rds)
s supposed to be the reduction of the adsorbed nitrate into
itrite, II [3,5]. Further reduction of nitrite can yield several

ossible products: nitrogen, which may be formed directly from
ntermediate NOads or via formation of N2O, ammonia and
ydroxylamine [2,4]. For water purification the target product
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s N2, since the other products are relatively toxic. For example,
he maximal permitted concentration of ammonia in drinking
ater according to EU regulations is 50 times lower than that of
itrate.

Pd shows outstanding selectivity in nitrite and NO reduction
o N2. However, its activity in step (II) is low and promoting addi-
ives are required to accelerate the overall process. Bimetallic
d-based catalysts (Pd–Cu [1,2,4–9], Pd–Sn [2,4,8,10], Pd–In
2,4]) have been recognized as having the highest activity and
electivity in nitrate reduction to N2. Despite several attempts,
he structure and composition of catalysts for the nitrate reduc-
ion has not yet been optimized due to a number of reasons,
mong which:

The reaction rate and selectivity result from a complex inter-
play of the structure of the active component, the support
nature [7,10], and the reaction conditions: pH, concentrations,
etc. [2,10].
Little is known about the catalyst structure in situ, even less
(if any) about its surface composition.
The role of promoters in nitrate reduction has not yet been
established. Some authors proposed formation of mixed

bimetallic active sites [4], while the other assumed parallel
redox reactions on electrically connected Pd and promoter
sites (“local cell” mechanism), [11] or even independent pro-
cesses on the two components [7].

mailto:sprn@catalysis.ru
dx.doi.org/10.1016/j.molcata.2006.10.007
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Fig. 1. General scheme of liquid-phase catalytic reduction of nitrate [2,4,5].

Electrocatalytic reduction of nitrate on Pd and Pd-M elec-
rodes, on the one hand, may significantly advance understand-
ng of the catalytic reaction mechanism [11,12], and on the other
and offers a promising approach towards water purification. If
ndeed the role of a reductant is restricted to charging the metal
urface, so that it does not directly interact with nitrate as claimed
.g. in Ref. [13], heterogeneous catalytic and electrocatalytic
rocesses are likely to follow similar reaction schemes. Electro-
hemical approach offers several advantages in comparison to
he conventional liquid phase catalysis.

The interfacial potential drop at the metal|liquid interface can
be finely tuned and controlled by the electrode potential, and
the reaction rate is proportional to the current and easy to
measure.
Electrons act as a convenient and easy-to-handle reductant
producing adsorbed hydrogen on the catalyst surface by the
discharge of water (protons).
Bimetallic surfaces can be created in situ under reaction con-
ditions by (a) adsorption of metal adatoms [3,14–17], (b)
co-electrodeposition [18] or (c) electroreduction of sponta-
neously adsorbed precursors [19].
The surface composition of bimetallic electrodes can be char-
acterized in situ by their electrochemical response which gives
an unprecedented opportunity to link the catalyst structure,
composition with its catalytic activity.

Electroreduction of nitrate has been studied on various metal
lectrodes including Pt [13–15], Rh [20], Pd [14] and Cu [21].
omparative study on various transition and coinage metals
as performed by Koper et al. [12]. The results of electrocat-

lytic studies of nitrate reduction on Pd and Pd-M, combined
ith DEMS analysis of reduction products, allowed to clarify

ome details of the reaction mechanism and provided a bet-
er understanding of the function of bulk bimetallic catalysts
3,12]. It was demonstrated that selectivity toward N2 forma-
ion increases with Pd content and is governed by the ratio
f surface coverages of nitrogen-containing (formed prefer-
ntially on Cu sites) and hydrogen-containing (formed on Pd
ites) adsorbates. Nitrite formed in step II is reduced rapidly to
Oads, the latter on pure Pd being selectively reduced to N2.
n contrary, NO and N2O desorb from bulk Cu as the reaction
roducts [12].
So far, studies of electrocatalytic reduction of nitrate have
een restricted to bulk polycrystalline electrodes. This work is
o our knowledge the first attempt to perform electrocatalytic
itrate reduction on supported bimetallic nanoparticles. The goal
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as to establish a method for the preparation of well defined
d–Cu nanoparticle catalysts and to explore their interfacial and
lectrocatalytic properties in nitrate reduction.

. Experimental details

.1. Catalyst preparation and characterization

Pd/C catalysts were synthesized by the deposition method
22]. Low surface area (∼6 m2 g−1 BET specific surface area)
on-activated carbon of the Sibunit family (see Ref. [23] for
he preparation and properties of carbon materials of the Sibunit
amily), was used as a catalyst support in order to avoid prob-
ems associated with the mass transport in the pores. The
upport was impregnated with a concentrated H2PdCl4 solu-
ion and after dilution with water the resulting mixture was
igorously stirred for 20 min in air. Pd hydroxide was then
eposited on carbon by the drop-wise addition of Na2CO3 solu-
ion upon continuous stirring. The slurry was aged for 30 min
t room temperature, washed with water until neutral and dried
t 110 ◦C. Finally the catalyst was reduced with H2 in a flow
eactor at 100 ◦C for 20 min and then at 150 ◦C for another
0 min.

The size of Pd particles was adjusted by varying the concen-
ration and the amount of H2PdCl4 and Na2CO3 solutions. For
he present study, two Pd/C samples were prepared with 5 wt.%
d (S1) and 3 wt.% Pd (S2). The size and structure of carbon-
upported Pd particles were characterized by high resolution
lectron microscopy (HR-TEM) with microscope JEM-2010
JEOL, Japan) with a lattice-fringe resolution of 0.14 nm at
n accelerating voltage of 200 kV. Samples to be examined by
RTEM were prepared on a perforated carbon film mounted on
copper grid.

.2. Electrochemical measurements

Electrochemical measurements were carried out with Autolab
GSTAT 30 potentiostat in a three-compartment electrochemical
ell comprising a working electrode, a counter electrode (Pt foil)
ompartment separated by a glass frit and a reference electrode
mercury sulfate or trapped hydrogen electrode) compartment
onnected via Luggin capillary. Potentials are quoted against
eversible hydrogen electrode in the same solution. Solutions
ere purged with high purity Ar (99.998%) before measure-
ents. All experiments were performed in thermostatic condi-

ions at 25 ± 0.1 ◦C.
Electrochemical properties of powder catalysts were studied

sing a slightly modified thin layer method introduced by
chmidt et al. [24]. A glassy carbon (GC) cylinder was used as
substrate for the working electrode preparation. The cylinder
as placed into a Teflon holder (with a brass current collector)

nd sealed with the Teflon tape so that only the flat bottom
art of the cylinder (S = 0.20 cm2) was exposed to electrolyte.

he absence of a leakage through the sealing was checked by
easuring capacitive currents in supporting electrolytes. After

lectrochemical characterization of bare GC electrode it was
insed with water and dried under the stream of Ar. About
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Fig. 2. HRTEM images and typical size di

0 �l of freshly agitated catalyst suspension (3 mg ml−1 (S1) or
.5 mg ml−1 (S2) in water sonicated for 40 min) were pipetted
n the flat part of GC cylinder and dried under Ar at room
emperature for 60 min. After this the electrode was again rinsed
horoughly with water and immersed in the electrochemical cell
t controlled potential in the double layer region of Pd. This pro-
edure ensured high reproducibility and stability of the catalyst
ayer without the addition of Nafion® ionomer. The resulting
atalyst loading was 7.5–15 �g cm−2 (per GC geometric
rea).

.3. Glassware and solutions

Solutions were prepared with MilliQ water (18 M� cm−1).

uprapure concentrated acids were used for the preparation of
2SO4 and HClO4 supporting electrolytes. Analytical grade

alts were recrystallized from water twice and then used for
he preparation of CuSO4 and NaNO3 solutions.

P

a
4

tions for Pd/C samples S1 (A) and S2 (B).

The glassware was cleaned by soaking in fresh H2SO4:H2O2
1:1 vol) mixture and thoroughly washing with MilliQ water
efore the experiments.

. Results and discussions

.1. Electron microscopy

TEM images of Pd/C(S1) and Pd/C(S2) samples are repre-
ented in Fig. 2A and B correspondingly. Particle size distribu-
ions were constructed for at least 100 particles in each image.
he distributions for different parts of large-scale images were
ell reproducible. The mean particle size d = ∑

inidi/
∑

ini

alculated from the size distributions was 4.0 and 2.6 nm for

d/C(S1) and Pd/C(S2), respectively.

For particles with d ≥ 2 nm the metal lattice is clearly resolved
t high magnifications (inset of Fig. 2A). Particles larger than
nm are facetted, while the smaller ones have spherical shapes.



144 S.N. Pronkin et al. / Journal of Molecular Catalysis A: Chemical 265 (2007) 141–147

F
u
c
H

3

t
c
t
(
t
t
s
a
A
a
a
r
“
b

a
c
r
i
h
f
N
i
o
r
d
v
t
P
d
w
v
m

a

F
H

t
m
f
r
n
a
p
i
t
o

d
6
d
d
m
l
t
t

m
p
a
w
n
0
T
c
i
m
a
p
o
f
e

ig. 3. CVs for Pd/C(S1) in 0.1 M H2SO4 at 10 mV s−1 obtained for different
pper potential limits. CV for bare GC electrode is shown as a dotted line for
omparison. In the inset CVs for Pd/C(S1) in 0.1 M H2SO4 (dashed) and 0.1 M
ClO4 (solid) are compared.

.2. Electrochemical properties of Pd/C samples

A typical cyclic voltammetry (CV) curve for Pd/C(S1) elec-
rode in 0.1 M H2SO4 is represented in Fig. 3. The solid trace
orresponds to the steady-state response, which is recorded after
he first potential excursion down to 0.05 V. During the first scan
not shown) the charge transferred in the cathodic sweep exceeds
hat of the anodic indicating reduction of Pd oxide formed on
he surface of nanoparticles in contact with the ambient atmo-
phere. The increase of the current below 0.06 V (P1/P1′) is
ttributed to the absorption of hydrogen in the Pd bulk [25,26].
bove 0.06 V three potential ranges typical of Pt group met-

ls are distinguished: the “hydrogen” range (E < 0.32 V) where
dsorbed hydrogen is formed on the surface, the double-layer
ange (0.32 < E < 0.70 V on the positive-going sweep) and the
oxygen” range (above 0.70 V) where oxygen-containg adsor-
ates are formed through water dissociative adsorption.

In the inset of Fig. 3 CVs in 0.1 M H2SO4 and 0.1 M HClO4
re compared. The absence of peaks P2/P2′ in HClO4 indi-
ates that sulfate adsorption/desorption is involved in the process
esponsible for these peaks in H2SO4. This has been confirmed
n studies on vicinal Pd single crystal electrodes [27–29] which
ave clearly demonstrated that peaks P2/P2′ are related to sul-
ate adsorption on ordered (1 1 1) and (1 0 0) surface domains.
o such peaks were detected for Pd(1 1 0) electrodes. Compar-

ng the sharpness of the peaks for Pd/C nanoparticles with those
bserved for high index Pd(h k l) surfaces with various (1 1 1) ter-
ace width, one may roughly estimate the average size of ordered
omains on nanoparticles as ∼1.5 nm. Similarly to what has pre-
iously been observed for single crystals [30], an excursion to
he “oxygen” potential range results in a significant depression of
2/P2′ peaks and in the irreversible change of the CV response
ue to Pd anodic dissolution (dashed curve in Fig. 3). Mean-
hile, when the upper potential limit does not exceed 0.7 V, the

oltammetric response does not change within several hours of
easurements confirming the stability of Pd/C(S1).
Fig. 4 compares the CVs for Pd/C samples with two different

verage particle sizes. For smaller particles of Pd/C(S2) P2/P2′

o
o
C
C

ig. 4. CVs for Pd/C electrodes in 0.1 M H2SO4 (S1 solid, S2 dashed) and 0.1 M

2SO4 + 5 mM CuSO4 (S1 solid, S2 dashed), 10 mV s−1.

he CV peaks are much weaker or even absent, being in agree-
ent with HRTEM data which give evidence of the absence of

acets on smaller particles. The origin of higher cathodic cur-
ents at E < 0.15 V for small particles compared to large ones is
ot fully understood yet. It cannot be attributed to the hydrogen
bsorption, since an anodic counterpart is absent on the reverse
otential sweep. We tentatively attribute the cathodic current
ncrease at E < 0.15 V either to the onset of the hydrogen evolu-
ion reaction (due to the positive size effect) or to the reduction
f surface oxide by adsorbed hydrogen.

In contrast with Pd/C(S1), the CVs for Pd/C(S2) are unstable
emonstrating continious current decrease (ca. 8–12% during
00–700 s of potential cycling) even if the upper potential limit
oes not exceed 0.7 V. We tentatively impute this to slow Pd
issolution. Due to higher stability of S1 sample, we perfomed
ost of electrochemical and electrocatalytic measurements with

arger particles, while for selected conditions the properties of
hese electrodes were compared with S2 to detect possible struc-
ural effects.

Underpotential (upd) metal deposition (i.e. deposition of
etal adatoms on foreign metal surfaces above their reversible

otential) is known to be very sensitive to the surface structure
nd crystallography. In this work adsorption of Cu adatoms
as used to obtain in situ information on the structure of Pd
anoparticles. In Fig. 4 CV responses of Pd/C electrodes in
.1 M H2SO4 and 0.1 M H2SO4 + 5 mM CuSO4 are represented.
he deposition of bulk metallic Cu occurs below 0.29 V (which
orresponds to Cu2+/Cu0 reversible potential estimated neglect-
ng activity coefficients). The Cu upd region where adsorbed

onolayer of Cu on Pd surface is stable due to Cu–Pd inter-
ction extends ca. 0.35 V positive of the reversible Cu2+/Cu0

otential. Three pairs of anodic/cathodic peaks of Cu upd are
bserved on Pd/C samples in agreement with the literature data
or electrodeposited Pd [16,17]. Comparison of the CVs for
lectrodeposited Pd possessing no preferential orientation with
nes for basal Pd single crystals allows tentative assignment

f these peaks [31]. A1/A1′ and A3/A3′ may be assigned to
u upd on Pd(1 0 0) and A2/A2′—on Pd(1 1 1). LEED study of
u upd on Pd(1 0 0) demonstrated that peaks A3/A3′ are due to



r Catalysis A: Chemical 265 (2007) 141–147 145

f
t
o

P
m
d
i
f
s
o
s
i
0
a
a
i
P
o
a
t
b
s
(
S
P
c
c
c
a
[
o
b
T
s
c
c
a
s
P
t

3

f
u
a
d
w
a
t
a
t
n

o

Fig. 5. CV responses of Cu-modified Pd/C (S1) electrode in 0.1 M H2SO4,
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ormation/dissolution of ordered c(2 × 2) Cu adlayer [32], while
o the best of our knowledge no information on the structure of
rdered Cu adlayers on Pd(1 1 1) has been published.

The CV peaks of Cu upd observed in the present work for
d nanoparticles are much broader and less intense than those
easured on single crystal Pd electrodes and decrease with the

ecrease of the particle size (cf. CVs for Pd/C(S1) and Pd/C(S2)
n Fig. 4). From this we conclude that Pd(1 1 1) and Pd(1 0 0)
acets are present on Pd/C(S1) nanoparticles, but their dimen-
ions decrease with the decreasing particle size. Measurements
f the charge of Cu upd is one of the most suitable ways of in
itu determination of Pd surface area [16,33]. The charge pass-
ng during Cu monolayer deposition (QCu) was estimated as
.42 mC cm−2 for Pd with no preferential surface orientation
nd as 0.48 mC cm−2 for Pd(1 1 1) [34], the difference being
ttributed to the contribution of sulfate adsorption. Consider-
ng small dimensions of the ordered crystalline domains on
d nanoparticles, we used the value of the monolayer charge
f Cu for polycrystalline Pd when estimating their surface
rea. The ratio of Cu adsorption (QCu) and hydrogen sorp-
ion (QHA) charges for samples S1 and S2 was calculated to
e 1.90 ± 0.03 and 2.00 ± 0.05, respectively. This ratio is con-
iderably higher than that observed for Pd electrolytic deposits
0.06–0.17 depending on the conditions of Pd deposition [16]).
ince the adsorption of hydrogen monolayer on polycrystalline
d surface requires 0.21 mC cm-2, the value QCu/QHA ≈ 2 indi-
ates that hydrogen absorption is negligible for Pd nanoparti-
les in the potential interval explored. The hydrogen absorption
apacity of nanoparticles with dm ≈ 4 nm has been estimated
s being only ca. 15% smaller than that for bulk Pd in Ref.
35]. The combined electrochemical and in situ EXAFS study
f Rose et al. [26] supports a H/Pd ratio of 1 at potentials
etween 0.05 and 0.028 V for 40% Pd/C catalyst from E-Tek.
hus, negligible contribution of hydrogen absorption for Pd/C
amples observed in this work in the potential interval explored
an be attributed to the negative shift of the onset of this pro-
ess due to the particle size effect. Suppression of hydrogen
bsorption has been previously observed for Pd nanoparticles
upported on glassy carbon by vapor deposition [36] and mixed
d–Pt nanoparticles prepared by water-in-oil microemulsion

echnique [37].

.3. Preparation of bimetallic Pd–Cu surface

Podlovchenko et al. [16,17,25] developed a convenient tool
or an in situ preparation of Pd–Cu bimetallic surfaces by Cu
pd on electrodeposited Pd. De Vooys et al. [3] have used this
pproach to prepare active Pd–Cu catalysts for nitrate electrore-
uction. Since the amount of Pd in electrodes utilized in this
ork was very small (1.5–3 �g), even a short contact with the

mbient atmosphere upon transfer from the Cu deposition into
he reaction cell resulted in irreversible loss of Cu adlayer. Thus,
different approach has been developed in this work for forma-
ion of Cu adlayers with controllable surface coverage on Pd
anoparticles.

First, Pd nanoparticles were covered with excessive amounts
f Cu (more than three monolayers was necessary to ensure

t
s
r
d

0 mV s−1. Solid: CV after the transfer (Cu/Cu/Pd/C); dashed: after multilayer
u oxidation (Cu/Pd/C); dotted: after complete Cu dissolution (bare Pd/C), see

ext for details.

onservation of Cu deposit during the transfer). The samples
roduced are addressed as Cu/Cu/Pd/C. Then, the electrode was
ransferred into the reaction cell filled with supporting elec-
rolyte. In order to remove multilayer Cu from the particle
urfaces, the electrodes were subjected to 0.35 V for 120 s under
igorous solution agitation. The current during the dissolution
as monitored in order to ensure multilayer Cu removal. Thus
repared samples with (sub)monolayer Cu coverage were des-
gnated as Cu/Pd/C. Concentration of Cu ions in the reaction
ell resulting from partial dissolution of Cu was estimated as
10−7 M and was neglected in the further analysis. The absence
f Cu deposition from the supporting electrolyte during the activ-
ty measurements is supported by the experimental results as
urther discussed in the text.

CV response of Cu/Cu/Pd/C(S1) is shown as the solid trace
n Fig. 5. The currents of hydrogen adsorption/absorption on
d are completely suppressed. The currents in the range above
.25 V can be attributed to the dissolution of the multilayer Cu.
he CV of Cu/Pd/C(S1) electrode obtained after the dissolution
f Cu exceeding one monolayer is shown as a dashed trace in
ig. 5. If the upper potential limit is kept below 0.35 V, this curve

s steady-state, indicating stability of the surface towards Cu
issolution in the electrolyte or in the Pd particle bulk, at least on
he time scale of the measurements (few hours). A potential scan
o the higher values results in the oxidation of Cu adlayer and in
he irreversible change of CV curve, which becomes identical to
he CV of the bare Pd surface (dotted trace). We conclude that
y dissolution of multilayer Cu at 0.35 V, a Cu adlayer is formed
n the surface of Pd nanoparticles, which can be removed only
t potentials above ca. 0.4 V. From the charge passing during the
issolution of (sub)monolayer Cu, we estimated the Cu coverage
s θCu ≈ 0.85. Smaller Cu coverages can be obtained by partial
xidation of the Cu adlayer, e.g. by controlling the upper limit of
he potential scan. Thus, by the suggested technique we are able

o create in situ bimetallic Pd–Cu catalysts with well defined
tructure and surface composition which can be varied in a wide
ange. This approach was successfully applied for studying the
ependence of electrocatalytic properties of Cu/Pd/C electrodes
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ig. 6. Stationary polarization curves for nitrate reduction on Pd/C (S1) (dashed)
nd the same sample covered with 0.85 ML of Cu (solid) in 0.1 M H2SO4 + 0.1 M
aNO3 (1 mV s−1). The inset shows Tafel plot of the latter.

n their surface composition, which will be the topic of the future
ublication [38].

.4. Nitrate reduction on Pd–Cu/C

To explore electrocatalytic properties of Cu/Pd/C electrodes,
e performed the study of nitrate electroreduction on a bimetal-

ic electrode with θCu = 0.85. In order to ensure the stability of Cu
dlayer, NaNO3 was added to the cell containing 0.1 M H2SO4
t E = 0.25 V under continuous Ar purging after the preparation
f Cu/Pd/C sample as discussed in Section 3.3. The activity was
haracterized by linear sweep voltammetry at a slow (1 mV s−1)
can rate (Fig. 6). Stationary character of measured currents was
nsured by their independence on the scan rate below 2 mV s−1.
he latter fact and the reproducibility of polarization curves in

he first and subsequent scans confirm the assumption made in
ection 3.3 on the absence of slow Cu redeposition from the
olution during the electrocatalytic tests.

The currents were insensitive to the solution stirring indicat-
ng kinetic control. Comparison of the nitrate reduction currents
n “bare” and Cu-modified Pd/C electrodes (Fig. 6) shows ca.
2 times increase of the catalytic activity in the presence of Cu
n 0.1 M H2SO4 + 0.1 M NaNO3 solution, thus confirming the
romoting effect of Cu in agreement with the previous elec-
rochemical and catalytic studies [3,15]. Comparison of our
esults with the literature data suggests that the electrocatalytic
ctivity of Cu-modified Pd nanoparticles is comparable with
hat reported for electrodeposited Pd in Ref. [3]. Tafel plot
f the polarization curve shows rather wide linear range with
he slope b = (∂E/∂ log i)C ≈ 105 mV (Fig. 6, inset) at constant
itrate concentration. This value is indicative of one-electron
lectrochemical rds in agreement with the literature data [12,13].
t corresponds very well to the value reported for Cu adlayers on
lectrodeposited Pd (110 mV dec−1 [3]) and is somewhat lower
han the value reported for bulk Cu (130 mV dec−1 [12]). From

he polarization curves measured at different C(NO3

−) (Fig. 7)
e determine the reaction order versus nitrate at various elec-

rode potentials. It was found that (∂ log i/∂ log C)E ≈ 0.60 in the
otential interval from ∼0.05 to 0.12 V and decreases with the

r
d

ig. 7. Nitrate reduction polarization curves for PdCu/C S1 at various concen-
rations of NaNO3 in HClO4 and H2SO4. The inset shows log j vs. log C plot
or 0.1 M H2SO4 + x mM NaNO3 at E = 0.05 V.

lectrode potential reaching ca. 0.3 at 0.25 V. Measured reac-
ion order is well below 1, similarly to what has previously been
eported for Pd–Cu catalysts [11] and electrocatalysts [3,11]
0.7), as well as for Pt (0.51) and Rh (0.34) electrodes [12], and
oints out that adsorbed species is involved in the rds. The poten-
ial dependence of the reaction order strongly suggests that this
ntermediate is negatively charged.

To explore the anion effect on the reaction rate of nitrate
eduction, currents observed in HClO4 and H2SO4 solutions
ere compared (Fig. 7, dotted and dashed). Remarkably higher

urrents were detected in HClO4, indicating strong suppression
f nitrate reduction by sulfate. This is in agreement with elec-
rochemical studies on Pt, Rh and Pd–Cu electrodes [3,12]. The
ensitivity of nitrate reduction to the specific anion adsorption
as neglected in some liquid-phase catalytic studies where solu-

ion buffering was attained by an addition of HCl. Meanwhile,
he specific adsorption of Cl− anions is known to be remarkably
tronger than the one of SO4

2−.
On smaller particles (S2) very similar polarization curves and

inetic parameters (b and (∂ log i/∂ log C)�) have been obtained,
xcept for systematically higher (by ca. 50%) reduction current
ensities. This difference is too high to be explained by pos-
ible underestimation of the surface area of smaller particles
nd, most probably, indicates particle size dependence of nitrate
lectroreduction.

Although the data obtained so far are not sufficient for the
lucidation of the detailed mechanism of nitrate electroreduc-
ion, they allow to suggest that one-electron charge transfer to
dsorbed nitrate ion is the rds on Cu-modified Pd nanoparticles.
bviously, determination of the detailed mechanism of nitrate

lectroreduction requires studying adsorption isotherms of pos-
ible surface intermediates, which was outside the scope of the
resent study.

. Conclusions and outlook
In this work we demonstrated an approach to the in situ prepa-
ation of bimetallic Pd–Cu catalysts active in nitrate electrore-
uction by the electrochemical copper deposition on pre-formed
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arbon-supported Pd nanoparticles. Electrochemical properties
f Pristine Pd/C samples were studied. Hydrogen and Cu adsorp-
ion on Pd nanoparticles shows that the surface of bigger particles
d ≈ 4 nm) contain small, but noticeable, contribution of ordered
1 1 1) and (1 0 0) facets, in agreement with HR-TEM data. This
ontribution decreases with the decrease of the particles size.
omparing with bulk Pd, even for bigger particles the contribu-

ion of hydrogen absorption at E ≥ 0.06 V is small and further
ecreases for smaller particles. In the further studies we plan to
nvestigate the influence of the particle size on the electrochem-
cal properties of Pd in a wider size range.

Preparation of Pd nanoparticles modified by submonolayer
mounts of Cu was performed in two steps. In the first step
a. 3 monolayers of Cu are deposited. Taking the advantage
f ca. 0.15 V positive shift of monolayer versus multilayer Cu
issolution, we performed selective dissolution of the excessive
mount of Cu deposited on Pd and formed bimetallic Pd–Cu
urface with θCu ≈ 0.85. This Cu adlayer can be further partially
r completely dissolved by choosing appropriate potential thus
llowing to tune Cu coverage. In a further study we will apply
his approach to explore the effect of Pd–Cu surface composition
n electrocatalytic properties of this bimetallic system.

Modification of metal nanoparticles by foreign metal adatoms
as proven to be an efficient method to obtain well defined
anoparticulate bimetallic electrocatalysts for various processes,
ncluding CO and methanol oxidation (see e.g. [39] and refs.
herein; [40]), oxygen reduction and hydrogen oxidation ([41]).
n this work the modification of the surface of Pd nanoparticles
ith Cu adlayer resulted in pronounced increase in the nitrate

lectroreduction rate similar to that has previously been observed
pon deposition of Cu on bulk and electrodeposited Pd. Kinetic
arameters of nitrate electroreduction on Cu/Pd/C nanoparticles
re similar to those observed on rough Cu-modified Pd elec-
rodes [3,14]. In comparison to the latter the advantages of the
atalysts described in this work are their well defined structure
nd the possibility to control and in situ characterize their surface
omposition. Armed with the procedure developed, in future
tudies we will focus on the structural, particle size and compo-
itional dependencies of nitrate electroreduction on bimetallic
d–Cu catalysts.
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