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The electrocatalytic reduction of nitrogen compounds
Part I: The electrochemical reduction of nitrite at a rotating platinum ring-dise

electrode

J.F. van der Plas and E. Barendrecht

Laboratory. of Electrochemistry, University of Technology, P.O. Box 513, Eindhoven ( Netherlands)

( Received July 5th, 1976)

Abstract. The mechanism of the electrochemical reduction of nitrite has been studied at a rotating
ring-disc electrode. It is found that the reduction of nitrite to nitric oxide is a reversible process. The
reduction of nitric oxide to hydroxylamine involves the intermediate HNO, from which dinitrogen
oxide can be formed in a side reaction to the reduction process.

List of symbols:

E potential

Ep potential of disc electrode

E; potential of ring electrode

1 current

i current density

I current at disc electrode

I(E) current at disc electrode, when disc potential is
E volts

L current at ring electrode

I(E)  current at ring electrode, when ring potential is
E volts

I(E)  value of I(E) when I, = 0

N, collection efficiency

r, radius of disc electrode

Ty internal radius of ring electrode

rs external radius of ring electrode

S shielding factor

B (rs/r1)® — (r4/r1)?, geometrical parameter for
the ring

® rotation speed

Introduction

The mechanism of the electrochemical reduction of nitrite
has been investigated by different electrochemical tech-
niques ‘such as polarography’ and (cyclic) voltammetry
with and without rotation of the electrode® >. These inves-
tigations have proved insufficiently decisive to attribute the
intermediate products of the reduction of nitrite to hydroxyl-
amine to separate reduction steps. For instance, the reduc-
tion at mercury and platinum electrodes is found to occur
with three reduction steps, while at a geld electrode only
two steps can be distinguished. The stable intermediate
products of the different reduction steps of nitrite to hydro-
xylamine are, as verified by most authors, nitric oxide and
dinitrogen oxide.

In the majority of cases further reduction to ammonia has
not been observed>. Special attention has been paid to the
electrochemical reduction of nitrite to nitric oxide and
Schmidt et al.? especially have investigated the influence of
added nitrate during the reduction of nitrite. They found
that nitrate gives a catalytic wave in the presence of nitrite
as a result of the autocatalytic reduction of nitrate by nitric
oxide to nitrite. Therefore, we studied the reduction of
nitrite instead of nitrate. The reduction steps of nitrite from
nitric oxide to dinitrogen oxide and to hydroxylamine have
been studied only partially. Some studies®’ started from
nitric oxide, but the reduction of nitric oxide to dinitrogen

oxide (which is found as a possible reduction step only at
mercury and platinum electrodes) especially, has not been
investigated thoroughly.

As part of our research, on the influence of electrode
materials on the selectivity and reactivity of the nitrite
(nitrate) reduction, it was imperative to study the different
steps of the reduction process. We chose the voltammetric
technique with a rotating ring-disc electrode in order to
detect, and to study the mechanism and the kinetics of, the
formation of intermediate reaction products. With this
technique a steady state mass transport is maintained to and
across the surface of the electrode, so that a homogeneous
convective diffusion regime is maintained over the whole
disc and ring. Moreover, a characteristic feature of this
technique is, that if the potentials of disc and ring are
chosen so that products formed at the disc electrode are
reversibly converted to the original substrate at the ring
electrode, the ring current divided by the disc current gives
a constant, called the collection efficiency, N,8, dependent
only on the electrode geometry and not on the speed of
rotation. Because experimentally measured currents can be
compared with theoretically calculated currents, information
can be obtained about the reversibility of the electrode
reactions and the stability of intermediates and reaction
products. Hence a chemical reaction following an electron
transfer results in a decreasing value of No.

Experimental

To obtain I-E and I-® relations with the rotating ring-disc electrode,
a Tacussel bipotentiostat, type BI-PAD, was used in combination
with a Wenking linear voltage scangenerator, type VSG 72; the
curves were recorded with a Hewlett Packard X (t) ~ Y-Y"-recorder,
type 7046 A, and the ring and disc potentials were measured with
Philips DC-microvoltmeters, PM 2435, The rotation speed of the
electrode could be varied between 100 and 5000 rpm and was kept
constant at a desired value by means of a tachogenerator, type
Motomatic, see Figure 1.
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Fig. 1. Scheme of the instrumentation.

The experiments were carried out in a glass cell with an anode
compartment, separated from the cathode compartment by means
of a frit glass diaphragm. The cell was thermostatted at 25°. The Pt
ring and the Pt disc electrode were separated by Kell-F as insulating
material and were imbedded in a cylindrical jacket of the same
material (see Figure 2).

D
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Fig. 2. Side- and bottom-view of the ring-disc electrode. The
value for ry, 7, and r3 are 4.0525 mm, 4.1875 mm, 4.3350 mm,

respectively.

The whole configuration was held in place by a stainless steel
mantle. The reference electrode was a Hg/Hg,S0,/sat.K,50, -
half cell, S.S.E. (Saturated Sulfate Electrode) with a reference
potential of +0.70 V vs. R H E; all potentials are referred to it. This
electrode was placed at a few mm distance from the working elec-
trodes by means of a Luggin capillary. The counter electrode was a
Pt wire, area about 6.3 cm?.

The base electrolyte, 7.5 M sulfuric acid solution, was prepared by -
diluting concentrated sulfuric acid (Merck p.a.) with distilled water,
and was made oxygen-free by leading oxygen-free nitrogen through = |
it for 30 minutes. The nitrite was introduced into the solution to 3=~
concentration of 1.2 x 1073 M KNO, just before starting the
experiments, by injecting a small and known amount of oxygen- ‘"
free, concentrated KNO, solution into the base electrolyte. B
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Fig. 3. Current-potential curve for a potential scan with a
Pt disc electrode, curve A (—); ® = 105 rad|sec, scanrate .
10 mV/sec, conc. 5 mM KNO, in 7.5 M H,SO,.
The current response of the Pt ring electrode is recorded for
the following constant potentials of the ring electrode
curve B (...), Ex = +035 V; curve C (-—-), Eg =
+0.12 V; curve D (——), Eg = —0.25 V. :

Results

To study the nature and reactivity of the intermediate pro-
ducts of the reduction of nitrite to hydroxylamine, we used -
linear potential scans over the disc or the ring electrode;
keeping respectively the ring or the disc electrode at a fixed
potential. By scanning the disc electrode from +0.35Vtoa
more cathodic potential of —0.60 V, the possible reduction
products of nitrite can be detected at the ring electrode;
fixed at constant potential values. ]
Figure 3 gives the results of a potential sweep at the disc
electrode (curve A). -
The current response of the Pt ring electrode is recorded
for the following constant potentials of the ring electrode:
+0.35 V (curve B), +0.12'V (curve-C) and —0.25 V (curve
D). When the ring potential was kept at +0.80 V, another
reoxidation process was distinguished, if the disc potential
was scanned between —0.30 V and —0.60 V. Sweeping the
disc potential between +0.12 V and —0.30 V gave no
indication of any reoxidation process at the ring electrode,
not even when the ring potential was kept near the potential
where oxygen must be formed at the electrode.

Conversely, the reduction process at the disc electrode, kept
at a constant potential, was followed by scanning the ring
electrode. In this case too, the coupling between the reduc-
tion processes at the ring and the disc electrode was studied-
Figure 4 gives the result of linear potential scans at the ring
electrode, keeping the disc-potential at respectively +035V
(curve A), +0.12 V (curve B), —0.25 V (curve C) and
—0.55 (curve D). The curves C and D are exactly the same;
although the disc potentials are different. :
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Fig. 4. Current density-potential curves for a potential scan
at the Pt ring electrode with the following fixed Pt disc
electrode potentials: curve A (— ), Ep = +0.35V,ip =0,
curve B (...), Ep = +0.12V, i, = 0.36 md/jcm?; curve C
(-—=), By = —0.25V,ip = 0.72mAJcm?; curve D (—-——),
Ep = —0.55V,ip = 1.74mA[cm®. Experimental conditions :
© = 105 rad/sec, scanrate 10 mV]sec, conc. 5 mM KNO, in
7.5 M H,S0,.

Discussion

In the acid solutions used, nitrite is completely dissociated
in water and the electroactive nitrosonium ion, NO*,
according to:

HNO, + H* =NO* + H,0

So, when in the text the reduction of nitrite is spoken of, the
species actually reducible is NO*, reduced according to:

NO* + e~ =NO [1]
This reaction is followed by the overall reduction steps?:

2NO + 2H* + 2~ —» N,0 + H,0 [2]
N,O + H,O + 6H" +4e™ — 2NH;0H" [3]

As already mentioned, these three steps are found to appear
separately only at platinum and mercury electrodes. On
other metals the half-wave potentials of steps [2] and [3]
merge so that only one 3-electron reduction step appears.
Figure 3, curve B, gives the ring current due to the disc
current when the potential of the ring electrode is kept at
+0.35 V. From this curve it is possible to calculate the ex-
perimental collection efficiency, Ny, of the ring disc electrode
for the three plateaus in curve A of Figure 3 — respectively
0.140, 0.0 and 0.0 — and to compare these values with the
collection efficiency calculated from the electrode geometrys,
viz. 0.136.

A reaction is reversible, when the experimentally found N,
is equal to the theoretical value, provided the ring potential
is set at a value, where I, = 0 and 8(Ip)/8(E) > 0. The
measured values confirm, that the first reduction step,
because of the chosen potentials, is a reversible one, cor-
responding to the reduction of nitrite to nitric oxide. Almost
no ring current can be measured when the disc potential
becomes less than —0.25 V, indicating that the products
formed at the disc electrode, at these potentials, are not,

or almost not, oxidizable at the ring electrode. The small

‘residual current may be attributed to NO, escaped from the

disc. Moreover, from Figure 3, curve C and D; it can be
seen that at disc potentials less than +0.12 Vand —0.25V,
respectively the ring current no longer changes. In other
words, when the ring potential is fixed at such a value that
no oxidation of nitric oxide can occur, no other products are
oxidized at the ring electrode. The decrease of the cathodic
ring current in Figure 3, curve C and D, when the disc
potential is scanned in the cathodic direction up to the
corresponding fixed ring potential, respectively, is a result
of the increase of the so-called shielding effect on the ring
electrode.

This is due to the increasing reduction rate of nitrite at the
disc electrode. Hence, the concentration of reducible species
in the fluid passing the ring electrode is lowered.

At ring potentials more anodic than +0.35 V, another
reduction product of nitrite is oxidized. It is found when the
disc potential is scanned between —0.30 V and —0.60 Vv,
indicating, that this is hydroxylamine being partly reoxi-
dized. The collection efficiency of this process is, however,
less than 0.01, which indicates that the oxidation process
is a very slow one. No oxidation of dinitrogen oxide formed
in the second wave (Figure 3, curve A) is found, so that the
reduction from nitric oxide to dinitrogen oxide is completely
irreversible.

Figure 4 shows the current at the ring electrode as a function
of its potential when the disc potential is kept constant.
These curves can be calculated theoretically from the elec-
trode geometry and the disc current, keeping the model, as
pictured above, in mind. The current measured in curve A
(Figure 4), coincides with the calculated current according
to a formula derived by Albery et al.” (see list of symbols):

R(E) = B*PIn(E) [4]
For a reversible electrode reaction at fixed disc potential,
Ep, Albery et al.® derived the expression:

L(E) = R(E) — NoIp(Ep) [5]
Substituting [4] into [5]:
R(E) = Ig(E) - NOB—ZB'IIQ(ED) [6]

The curve B, found experimentally, agrees with [6]. This
implies that the first reduction step is a reversible electrode
reaction, as has been concluded already. Curves C and D do
not obey formula [6], because dinitrogen oxide and hydro-
xylamine, generated at the disc electrode, cannot be oxidized
reversibly at the ring electrode. When no oxidation takes
place at the ring electrode, the ring current is determined
by the amount of reducible species at the ring electrode and
by its potential. As long as the fixed disc potential is more
cathodic than the ring potential, the disc electrode intercepts
reducible species and so reduces the ring current. The
decrease of the ring current due to this already mentioned
shi;alding effect can be described, for an irreversible reaction,
by®:

L(BE) = RB)[1 - NoB™2P), if g > Ep [7]

where: (1 — NoB~%?) = S = shielding factor (always posi-
tive). Curve C fits [7] for Eg > —0.25 V, indicating that
dinitrogen oxide formed at the disc electrode at —0.25Vis
not oxidizable at the ring electrode.
When E, = +0.12 V, I3(E) is I3(+0.12 V), which implies
that, according to [4], [6] and [7]:

I(+0.12) (curve C) = I3(+0.12) — R(+0.12)N,p™** =
= 2(+0.12) — Nolp(+0.12) = Ig(+0.12) (curve B)

9 W.J. Albery, S. Bruckenstein and D. T. Napp, Trans. Faraday
Soc. 62, 1932-1937 (1966).
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The experimental results confirm this, as shown in Figure 4.
When the ring potential is more cathodic than the disc
potential shielding no longer takes place. The ring electrode
is now able to reduce the species coming from the more
anodic disc electrode. Indeed I(E) will increase in the same
manner as I3(E): '

Ig(E) = R(Ep)[1 ~ Nop™*°] + R(E) — I(Ep),
for Ey < Ep;

= R(E) — R(Ep)Nop~*? (6]

an equation already derived.

It is possible that the products formed at the disc electrode
are too stable to be reduced at the ring electrode. The con-
centration of reducible species arriving at the ring electrode
then is still influenced by the reduction process at the disc
electrode. In this case [7] remains still valid, even for
E, < Ep; see curves C and D (Figure 4). Curve C is identical
to curve D, described by [7], for Ex > —0.55 V. It can be
concluded by comparing these curves, that the intermediate
product formed at the disc electrode at a potential of
—0.25V is neither oxidizable nor reducible. Because curve D
is described too by [7], this confirms our earlier conclusion
that the oxidation of hydroxylamine is not a reversible
process.

In Figure 5, equation [6], written as:
L(BRE) = [1 — Nop™*1R(Ep)/ R(E) [6a]

is plotted as a function of Eg for Ep = +0.12V (curve A)
and = —0.25 V (curve B). Also equation [7], written as:

R(B)/IR(E) = 1 — Nop~2? [7a]

is plotted as a function of Eg (curve C).

From Figure 4, the experimental values of Ig(E)/IR(E) are
calculated at different potentials, Ey, both for curves B and
C (D is identical with C). These values are also plotted in
Figure 5, and confirm the above-mentioned conclusions.
From the stability of the product formed from the reduction
of nitric oxide (dinitrogen oxide; second step of Figure 3,
curve A), it can be concluded that the further reduction to
hydroxylamine does not involve the N,O species as a reac-
tion intermediate, but that an unstable reaction interme-
diate exists, from which dinitrogen oxide is formed. HNO
has been proposed as the intermediate product™!® and is
also found in the catalytic hydrogenation of nitric oxide!"*2.
This intermediate is probably only stable as a surface
complex on the electrode and can be reduced further to
hydroxylamine (see [8], [9]); or dinitrogen oxide can be
formed by dimerisation, dehydration and desorption [10]:

NO + H* +e” = HNO [8]
HNO + 2H"* + 2¢~ — H,NOH 9]
2 HNO - N,0 + H,0 [10]

10 | Kinza, Z. Phys. Chemie (Leipzig) 255, 180-192 (1974).
11 4 Lamb and E. L. Tollefson, Can. J. Chem. Eng. 53, 68-73
(1975).
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Fig.5. Theoretical /I — E curves for the ring electrode
according to equation [6a]: curve A (— ), Ep = +0.12 V;
curve B (...), Ep = —0.25 V; and according to equation
[7a]: curve C (———).

x X % experimental points derived from Figure 4, curve B.

000 experimental points derived from Figure 4, curve C.

It might be possible to interpret the above results by as-
suming that dinitrogen oxide is formed directly from nitric
oxide:

2NO + 2H* + 2¢~ » N,0 + H,0 [11]

by a parallel reaction to [8], but, because the formation of
N,O involves a dimerisation step of two nitrogen species,
this, with reason, can take place only by dimerisation of
HNO to the (especially in basic media) moderately stable
intermediate H,N,0O,. The formation of a dimer of nitric
oxide is highly improbable, because there is loss of energy
when dimerisation occurs'®. We therefore believe that the
reduction of nitric oxide occurs solely through the HNO -
surface complex and, moreover, that dinitrogen oxide is
formed as a side reaction product of the HNO surface
complex.

Knowledge about the occurrence and manner of adsorption
of such an electrode surface complex (as is deduced from the
work presented in this paper) is important for understanding
the influence of electrode materials on the reduction of
nitrite.
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