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Abstract

Platinized platinum catalysts were modified “in situ” by copper (sub)monolayers deposited under controlled conditions by
electrochemical methods. They were characterized “in situ” by linear potential sweep cyclic voltammetry. Various Cuads/Pt cat-
alysts with different copper coverages (θCu) were obtained and tested for the reduction of nitrate and nitrite in aqueous solutions.

The intrinsic catalytic activity (att = 0) and the selectivity in ammonia of Cuads/Pt depend on the platinum surface fraction
occupied by copper adatoms (θCu). The highest activities and selectivities in ammonia are obtained withθCu ≈ 0.4–0.6.
Moreover, higher activities were obtained in the reduction of nitrate than in the reduction of nitrite.

The change of catalysts potential, measured during the reaction, arises from the change of the solution pH, which is due
to the generation of OH− according to the global reduction reactions. The spontaneously established catalyst potential is a
mixed potential corresponding to the different oxidoreduction reactions involved. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Nowadays, the increasing contamination of ground
waters by nitrates, due to overfertilization and to waste
waters, becomes an important problem for health
and environment and their removal gains renewed
attention.

One decontamination method, largely studied dur-
ing the last decade, is the selective catalytic (or
electrocatalytic) reduction of nitrate and nitrite into
nitrogen [1–14].

Bimetallic catalysts composed generally of a no-
ble metal (from the group VIII) and of a second less
noble metal were widely investigated [1–7,9–11,13].
Most of these catalysts are quite active, the only prob-
lem, still existing, being the inadequate selectivity into
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nitrogen. Indeed, during this reaction ammonia is also
obtained as an undesired by-product, which should not
exceed 0.5 mg l−1 according to the European Commu-
nity Directive (1980).

At present, the most efficient catalysts are some
palladium-based bimetallic catalysts such as Pd–Cu,
Pd–Sn and Pd–In [1–7,10,13].

However, very few works related to platinum-based
catalysts (or electrocatalysts) are reported in the
literature [1,8,9,11–14] although this metal displays
an excellent stability and good reduction properties
in aqueous solutions.

In electrocatalysis the reduction of nitrates and
nitrites with platinum electrodes in acid and basic so-
lutions was studied by different authors [8,9,12–14]
and an inhibition of platinum activity in the presence
of high hydrogen coverages (at about 0< E < 0.1 V/
RHE) was found [8,9]. The effect of different adatoms
(such as Cu, Ge, Pd) on Pt or Pd was also reported
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[9,10,13]. In most of works, concerning the electro-
catalytic reduction of nitrate and nitrite, ammonia
seems to be the principal product obtained although
no a systematic study of reaction products was gener-
ally undertaken. Nevertheless, in some recent studies
[10,12–14] the use of on line mass spectroscopy com-
bined with cyclic voltammetry allowed to analyse the
volatile products obtained during the electroreduction
of nitrate and nitrite as a function of potential.

In catalysis the performance of supported Pt–Cu
bimetallic catalysts prepared by controlled deposition
of copper on platinum surface was recently studied in
our laboratory [11].

However, the surface composition and the adsorp-
tion properties of bimetallic catalysts are generally dif-
ficult to characterize “in situ”, especially for reactions
carried out in aqueous solutions. Yet, electrochemical
methods can be easily used for the “in situ” charac-
terization of metal catalysts [15].

In addition, it is possible to modify the surface of
platinum (or other noble metals) by controlled de-
position of (sub)monolayers of a second metal ac-
cording to the property of “underpotential deposition”
(u.p.d.) [18] and to characterize the obtained bimetal-
lic catalyst (amount and coverage by the second metal,
modification of the geometrical and electronic proper-
ties) by electrochemical methods [9,10,13,15,18]. This
property was largely applied in aqueous phase cat-
alytic hydrogenations in previous works in our labora-
tory (summarized in [15]) and allowed to explain the
modification of the catalytic and adsorption properties
of platinum induced by deposition of (sub)monolayers
of different metals or additives.

The results presented in this work concern the
performance of a model platinized platinum catalyst,
modified by copper adatoms (or (submonolayers) and
tested in the reduction of nitrate and nitrite in an
aqueous solution. Electrochemical techniques were
used “in situ” for the controlled surface modification
(by u.p.d.) and characterization of platinized platinum
catalysts.

2. Experimental

2.1. Experimental conditions

It should be underlined that the same cell was
used for the electrochemical characterization and

modification of the catalyst and also for the hydro-
genation experiments. It is made of Pyrex and allows
the passage of three electrodes, the introduction and
the evacuation of solutions and the inlet and outlet
of gases. In this way the preparation and the char-
acterization of the bimetallic catalyst and also the
catalytic hydrogenation experiments were carried out
“in situ” [15,16]. The electronic equipment includes a
potentiostat (Wenking LB 81 M), a function generator
(Wenking LSG 72) and a XY recorder (ABB).

The hydrogenation of nitrate or nitrite salts (KNO3,
KNO2 (Merck pro analysis)) was carried out in 60 ml
of aqueous solutions (C = 10−3 M) in the presence
of gaseous hydrogen (Air Liquide I, purity: 99.95%)
dissolved in the solution under controlled stirring
(flow rate: 190 ml/min). Ultra pure water of a resis-
tivity equal to 18 M� cm (produced by a Millipore
Milli-Q device) was used for the preparation of solu-
tions.

The evolution of concentrations of nitrate, nitrite
and ammonia, during the reaction, was followed by
HPLC analysis. The spontaneously established poten-
tial of the catalyst and the solution pH were measured
during the reduction reactions.

The platinized platinum catalyst was prepared
by electrolytic deposition of platinum on a Pt wire
(Johnson Matthey, 99.95%) at a controlled potential
equal to−0.05 V/SCE (versus a saturated calomel
electrode) in a solution of 3% chloroplatinic acid in
1 M HCl. The roughness factor of the platinum sur-
face, defined as the ratio of the real (or effective) area,
obtained after the electrolytic deposition, to the geo-
metric area, (calculated on the basis of the dimensions
of the wire),r = Sr/Sg, was equal to 90.

2.2. Characterization and modification
of platinum

Before each experiment the platinum surface was
cleaned by electrochemical potential cycling between
0 and 1.5 V/RHE in a solution of 0.25 M HClO4
(Merck, 70% suprapure). Then the effective surface
area of platinum was evaluated “in situ” by linear
potential sweep cyclic voltammetry (LPSCV) [15–17].

This method, first developed by Woods [17], is
based on the measure of the quantity of electricity,Q0

H,
exchanged during the underpotential adsorption or
desorption of a monolayer of hydrogen (between
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Fig. 1. Voltammogram of platinum (in the potential range of hydrogen adsorption and desorption) in the absence (full line) and in the
presence (dotted line) of adsorbed copper previously deposited (0.25 M HClO4, v = 50 mV/s).

0 and 0.35 V/RHE) (see Fig. 1), following the
reaction:

H+ + e− � Hads (1)

Indeed, through integration of the anodic or
cathodic part relative to the hydrogen region of the
voltammogram (after correction of the current of the
double layer) (Fig. 1, full line) it is possible to obtain
the quantity of electricity,Q0

H, associated with the hy-
drogen monolayer [15–17] and to calculate the initial
number,N0

H, of surface platinum atoms (Fig. 1, full
line), with the general accepted assumption: H/Pt = 1
and withN0

H = Q0
H(�C)/1.6 × 10−13 (assuming that

one platinum atom occupies an average area close to
7.6 Å2, i.e. 1.31× 1015 atoms/cm2).

The platinum surface, after the measurement of its
initial area, was modified by adsorption of copper.

The copper adatoms deposition was carried out by
electrolysis of a Cu(ClO4)2·6H2O solution at a po-
tential (E = 0.5 V/RHE) fixed in the double layer
region where no undesirable electrochemical reaction
occurs. Furthermore, in this region of potential it is
possible to cover only a fraction of the surface by cop-

per adatoms without any bulk deposition, the potential
being more positive than the thermodynamic potential
of bulk deposition, following the property of u.p.d.
[15,18].

The copper adatoms deposited on platinized plat-
inum modify the cyclic voltammetry curves character-
istic of this metal (Fig. 1, dotted line).

In the adsorption region of hydrogen, the observed
decrease of the height of the corresponding adsorption
and desorption peaks indicates that a fraction of the
surface area has been occupied by copper adatoms,
which are not able to adsorb hydrogen, thus decreasing
the quantity of initial adsorbed hydrogen on platinum
(Fig. 1).

The difference between the curves corresponding to
the desorption or the adsorption of hydrogen in the
absence (full line) and in the presence (dotted line) of
copper adatoms, allows to measure the fraction,θCu,
of platinum surface which is occupied by copper (or
“coverage degree”):

θCu = Q0
H − QCu

H

Q0
H
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with Q0
H and QCu

H the quantities of electricity asso-
ciated with the oxidation of adsorbed hydrogen in
the absence and in the presence of copper adatoms,
respectively. Taking into account the atomic radii
of Pt (1.38 Å) and of Cu (1.28 Å) one copper atom
is adsorbed on one platinum atom, as it has been
found in previous works [15] and in the literature
[18].

By varying the concentration of Cu(ClO4)2·6H2O
in the solution different quantities of copper were de-
posited leading to variousθCu.

After the preparation and characterization of each
Pt–Cuads catalyst the copper containing acid solution
was evacuated under nitrogen flow, in order to avoid
the oxidation and dissolution of copper adatoms. Then,
the cell was washed several times with ultrapure water,
previously deoxygenated by nitrogen bubbling, until
a neutral pH was obtained.

The bimetallic Pt–Cuads catalysts prepared were
tested in the reduction of nitrate and nitrite.

It should be underlined that the deposited copper
remained adsorbed on the platinum surface as it was
checked by LPSCV at the end of the reduction exper-
iments.

Fig. 2. Evolution of concentrations of nitrate, nitrite, ammonia and of pH as a function of reaction time during the reduction of nitrate
(catalyst: Cuads/Pt with θCu = 0.3, Cnitrate = 10−3 M, P(H2) = 1 atm,T = 298 K).

3. Results and discussion

3.1. Reduction of nitrate

The evolution of the reduction of nitrate as a func-
tion of reaction time, over a Pt–Cuads catalyst with a
copper coverageθCu = 0.3, is shown, as an example,
in Fig. 2 (with Cnitrate = 10−3 M, P(H2) = 1 atm,
T = 298 K). The evolution of nitrite formed as a re-
action intermediate, and of ammonia, a final reaction
product, is also presented in this figure.

The intrinsic initial catalytic activity (att = 0), ex-
pressed in mol/min cm2 (reported to the total platinum
surface), was measured by tracing the tangent on the
C = f (t) graph att = 0. This parameter was deter-
mined for various copper coverages,θCu.

It can be remarked that the nitrite is more slowly
reduced than the nitrate even after the complete con-
version of nitrate (Fig. 2).

The presence of copper adatoms induces a promo-
tion of the catalytic activity and a maximum of activ-
ity at aboutθCu ≈ 0.5 can be remarked on the graph
a = f (θCu) (Fig. 3). This result suggests that a kind
of synergetic effect between copper and platinum is
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involved in the reaction mechanism. A volcano-type
dependence of the specific activity versus the over-
all Cu atomic weight percentage was also observed
in the case of Pt–Cu/alumina [11]. Furthermore, a
similar evolution of the intrinsic activity (TOF) of
Pd–Cu/pumice catalysts was found [5]. However, in
the case of the electrocatalytic reduction of nitrate (in
solutions of pH 13.7) with Pd/Cu electrodes a different
evolution of the current density versus copper cover-
age was reported [10].

Moreover, a pure platinized platinum catalyst is not
active for this reaction (Fig. 3) in agreement with the
literature concerning supported catalysts [1,11]. In the
electrocatalytic reduction of nitrate also very low cur-
rent densities are obtained with platinum electrodes
[8–10].

The selectivity in ammonia (dissolved in the so-
lution), expressed in percentage (%) as the ratio of
the quantity of ammonia produced to the quantity of
nitrate converted: ((ammonia/nitrate)×100), was also
determined (at a conversion of 40%) for various copper

Fig. 3. Evolution of the intrinsic catalytic activity and of ammonia selectivity (for a 40% initial conversion) of Cuads/Pt catalysts as a function
of copper surface coverage for the reduction of nitrate (circle) and for the reduction of nitrite (triangle). Solid symbol: catalytic activity,
open symbol: selectivity of ammonia. Open squares: ammonia selectivity of nitrate reduction after correction for the presence of nitrite.

coverages (Fig. 3). This parameter also depends on
the coverage degree of copper and becomes maximum
for aboutθCu ≈ 0.4–0.6 (Fig. 3) and minimum with
a low copper coverage(θCu ≈ 0.11). These remarks
indicate that the promotion effect induced by copper,
found previously, is beneficial for the reaction path-
way leading to the formation of ammonia (see farther
on the global reactions 2, 3, 6, 7 and 10).

3.2. Reduction of nitrite

The catalytic reduction of nitrite was also investi-
gated with Pt–Cuadscatalysts of a similar surface com-
position and in the same experimental conditions as
those used for the reduction of nitrate in order to com-
pare the reduction rates of these two compounds.

The evolution ofCnitrite = f (t) and ofCammonia=
f (t) graphs allowed to calculated the intrinsic initial
catalytic activity and the selectivity in ammonia of
different Pt–Cuads catalysts studied, corresponding to
variousθCu (as explained previously).
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The obtained evolution of the intrinsic activity and
that of ammonia selectivity as a function ofθCu, pre-
sented in Fig. 3, is qualitatively similar to that obtained
in the case of nitrate.

Nevertheless, the quantitative comparison of each
of these two parameters (activity and selectivity) with
those obtained in the case of nitrate reduction allows
to point out some important remarks (Fig. 3):

• Pure platinum is active for the reduction of nitrite
whereas it is inactive for the reduction of nitrate.
This result confirms those found in the literature
[1,11].

• Equal activities for the reduction of nitrate and the
reduction of nitrite are obtained with a platinum
surface completely covered by copper.

• The activity of Pt–Cuadscatalysts, for 0.05 < θCu <

1, is higher in the reduction of nitrate than in the
reduction of nitrite (by a parameter of 2–3 forθCu ≈
0.5–0.6).

• At first sight the selectivity in ammonia of Pt–Cuads
catalysts, for 0.1 < θCu < 0.9, seems to be higher
(by a parameter of 2–3) in the reduction of nitrite
than in the reduction of nitrate.

However, taking into account the presence of
nitrite intermediate and the high selectivity in ammo-
nia obtained by reduction of this compound (Fig. 3),
the actual selectivity in ammonia for the nitrate re-
duction (calculated with the assumption that, in the
reduction of nitrite, equal selectivities in ammonia
are obtained with or without a competitive reduction
of nitrate) becomes approximately as high as that of
nitrite (see corrected curve in Fig. 3).

These results suggest that, in the case of nitrate
reduction, the rate determining step should not be the
first reduction step of nitrate to nitrite (otherwise lower
reaction rates than in the reduction of nitrite would
be obtained) but rather the consecutive reduction of
nitrite, which is a common step in the two reduction
reactions studied.

3.3. Evolution of solution pH and of catalyst
potential

During the reduction experiments the solution pH
and the spontaneously established potential of the cat-
alyst were measured. The pH of the solution increases
steeply in the beginning of the reaction (during the

first 20–40 min) and then it increases very slowly and
tends to a value equal to about 9–10.5 (Fig. 2).

This evolution of pH is due to the global reactions
involved in these reduction processes leading to the
formation of OH−:

NO3
− + 4Cu+ 2H2O → NH3 + 4CuO+ OH− (2)

and/or

NO3
−+8Cu+ 2H2O → NH3 + 4Cu2O + OH− (3)

2NO3
− + 5Cu+ H2O → N2 + 5CuO+ 2OH− (4)

and/or

2NO3
−+10Cu+H2O → N2 + 5Cu2O + 2OH− (5)

NO2
− + 3Cu+ 2H2O → NH3 + 3CuO+ OH− (6)

and/or

NO2
−+6Cu+ 2H2O → NH3 + 3Cu2O + OH− (7)

2NO2
− + 3Cu+ H2O → N2 + 3CuO+ 2OH− (8)

and/or

2NO2
− + 6Cu+ H2O → N2 + 3Cu2O + 2OH− (9)

2NO2
− + 6H2

Pt→2NH3 + 2H2O + 2OH− (10)

and/or

2NO2
− + 3H2

Pt→2N2 + 2H2O + 2OH− (11)

2CuO+ H2
Pt→Cu2O + H2O (12)

and/or

Cu2O + H2
Pt→2Cu+ H2O (13)

Simultaneously the catalyst potential decreases in con-
sequence of this change of pH as it is shown in Fig. 4.
Indeed, the catalyst potential decreases proportionally
to the pH increase yielding a straight line with a slope
of −60 mV for one pH unit (Fig. 4). This straight line
is located at potential values more positive (by about
+100 mV) than the straight line corresponding to the
hydrogen reaction (Fig. 4)

H2 + 2OH− � 2H2O + 2e− (14)

Generally, during hydrogenation reactions in aqueous
acid solutions the spontaneously set potential is deter-
mined mainly by the fast hydrogen reaction [19,20]:

H2 � 2H+ + 2e− (15)
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Fig. 4. Evolution of catalyst potential as a function of solution pH during the reduction of nitrate in the presence of Cuads/Pt catalysts
with variousθCu ((�) 0.11; (–) 0.3; (�) 0.45; (
) 0.52; (+) 0.65; (�) 1).

However, in the case of the reduction of nitrate and
nitrite in neutral and slightly alkaline solutions, the
catalyst potential is much more positive than that as-
sociated to reaction 14. In this case, a mixed potential,
determined by the different oxidoreduction reactions
involved (as e.g., those concerning the reduction of
copper oxides (reactions 12 and 13 ) by hydrogen ad-
sorbed on adjacent platinum sites (Pt–Hads), produced
as an intermediate during the oxidation of hydrogen
(reaction 14), should be established. Indeed, the cop-
per adatoms, after their oxidation by nitrate or nitrite,
are supposed to be again reduced by the hydrogen ad-
sorbed on platinum neighbouring sites.

Furthermore, the values of mixed potentials, mea-
sured in reaction conditions used in this work and their
evolution as a function of pH (Fig. 4), suggest that
copper adatoms should be on average in the metal-
lic state and, in addition, the oxidoreduction reactions
12–14 should be in equilibrium [21].

However, in the case of supported Pd–Cu cata-
lysts, investigated by “in situ” X-ray absorption spec-
troscopy, copper was found to be partially oxidized
[22].

4. Conclusion

The obtained results allow to conclude that:

• Platinized platinum catalysts modified by electro-
chemical deposition of (sub)monolayers of copper
(Pt–Cuads) are active catalysts for the reduction of
nitrate and nitrite whereas pure platinized platinum
is active only for the reduction of nitrite but not of
nitrate.

• Copper reduces nitrate and nitrite by a direct oxi-
doreduction reaction.

• The catalytic activity of Pt–Cuads for the reduction
of both nitrate and nitrite depends on the surface
composition of the catalyst and becomes maximum
when about 50% of platinum surface is occupied by
copper(θCu ≈ 0.5).

• Higher activities are obtained for the reduction
of nitrate than for the reduction of nitrite at
0.05 < θCu < 1 (by a parameter of 2–3 atθCu
≈ 0.5).

• The selectivity in ammonia of Pt–Cuads depends
also on the surface composition of the catalyst and
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a maximum is obtained at 0.35 < θCu < 0.65 for
the reduction of nitrate and of nitrite.

• The promotion effect induced by copper for the
reduction of nitrate and nitrite, found in this work,
can be ascribed to an oxidoreduction mechanism
induced by metallic copper adatoms which, after
being oxidized by nitrates and nitrites, are again
regenerated by the hydrogen adsorbed on neigh-
bouring platinum atoms.

• The change of the spontaneously established poten-
tial of the catalyst during the reaction arises from
the change of the solution pH which, itself, results
from the reaction pathway generating OH−.

• The catalyst potential can be considered as a mixed
potential associated to the different oxidoreduction
reactions involved (Cu0/CuI , CuI /CuII , H2O/H2).

References

[1] S. Hörold, T. Tacke, K.D. Vorlop, Environ. Technol. 14 (1993)
931.

[2] A. Pintar, J. Batista, J. Levec, T. Kajiuchi, Appl. Catal. B 11
(1996) 81.

[3] J. Wärna, I. Turunen, T. Salmi, T. Maunula, Chem. Eng. Sci.
49 (1994) 5763.

[4] G. Strukul, R. Gawagnin, F. Pinna, E. Modoferri, S.
Perathoner, G. Centi, Marella, M. Tomaselli, Catal. Today 55
(2000) 139.

[5] F. Deganello, L.F. Liotta, A. Macaluso, A.M. Venezia, G.
Deganello, Appl. Catal. B 24 (2000) 265.

[6] U. Prüsse, M. Hähnlein, J. Daum, K.D. Vorlop, Catal. Today
55 (2000) 79.

[7] U. Prüsse, J. Daum, C. Bock, K.-D. Vorlop, in: A. Corma
et al. (Eds.), Studies in Surface Science and Catalysis, Vol.
130, Elsevier, Amsterdam, 2000, p. 2237.

[8] G. Horanyi, E.M. Rizmayer, J. Electroanal. Chem. 188 (1985)
265.

[9] O.A. Petrii, T.Y. Safonova, J. Electroanal. Chem. 331 (1992)
892.

[10] A.C.A. de Vooys, R.A. Van Santen, J.A.R. Van Veen, J. Mol.
Catal. A 154 (2000) 203.

[11] E. Epron, F. Gauthard, C. Pineda, J. Barbier, J. Catal. 198
(2001) 309.

[12] K. Nishimura, K. Machida, M. Enyo, Electrochim. Acta 36
(1991) 877.

[13] J.F.E. Gootzen, P.G.J.M. Peters, J.M.B. Dukers, L. Lefferts,
W. Visscher, J.A.R. Van Veen, J. Electroanal. Chem. 434
(1997) 171.

[14] S. Wasmus, E.J. Vasini, M. Krausa, H.T. Mishima, W.
Wielstich, Electrochim. Acta 39 (1994) 23.

[15] E. Lamy-Pitara, J. Barbier, Appl. Catal. A 149 (1997) 49.
[16] E. Lamy-Pitara, L. Bencharif, J. Barbier, Appl. Catal. 18

(1985) 117.
[17] R. Woods, in: A.J. Bard (Ed.), Electroanalytical Chemistry,

Vol. 9, Marcel Dekker, New York, 1976, pp. 1–16.
[18] D.M. Kolb, in: H. Gerischer, C.W. Tobias (Eds.), Advances

in Electrochemistry End Electrochemical Engineering, Vol.
11, Wiley, New York, 1978, pp. 125–171.

[19] F. Beck, Int. Chem. Eng. 19 (1979) 1.
[20] E. Lamy-Pitara, I. Belegridi, L. El Ouazzani-Benhima, J.

Barbier, Catal. Lett. 19 (1993) 87.
[21] M. Pourbaix, N. de Zoubov, Atlas d’équilibres électro-

chimiques à 25◦C, Gauthier-Villars, Paris, 1963.
[22] A. Edelmann, W. Schießer, H. Vinek, A. Jentys, Catal. Lett.

69 (2000) 11.


	Copper-platinum catalysts prepared and characterized by electrochemical methods for the reduction of nitrate and nitrite
	Introduction
	Experimental
	Experimental conditions
	Characterization and modification of platinum

	Results and discussion
	Reduction of nitrate
	Reduction of nitrite
	Evolution of solution pH and of catalyst potential

	Conclusion
	References


