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The literature data on the electroreduction of nitric acid to hydroxylamine on
various metals is analyzed as regards the electrocatalytic trends. In general moder-
ate values of M-H and M-O bond energies, between the metal M and the anchor-
ing group -H or -0 (of ~NO,), herald higher electrocatalytic activity; too low
M-H interaction energy or too high M-O bond energy is associated with lower
activity. Some volcano-type correlations between the M-H or M-O interaction
energies and the electrocatalytic activities are observed for the transition metals
whereas the sp metals do not show such relationships. It is further observed that
the ability of the metal to electrocatalyze nitric acid reduction is roughly related
to its exchange current density for the hydrogen evolution reaction. These corre-
lations are interpreted on the basis of previous kinetic theory and some mechanistic

proposals are put forward.

INTRODUCTION

Khumotov and Stamkulov () have re-
cently reported on the electroreduction of ni-
trie acid by a large number of metals. The
electrode reaction rate data were related
to the atomic numbers of the electrodes,
within a given period, and some perio-
dicities were noticed. No detailed electro-
catalytic analyses of the data, as for the
case of the hydrogen evolution reaction
(h.er.) (2-6), oxygen reduction reaction
(o.d.r.) (6, 7) and oxygen evolution reac-
tion (o.er.) (6, 8), were, however, pre-
sented. The purpose of the present paper
is to attempt a detailed interpretation of
these data, especially in relation to the
M-X interaction energy where X repre-
sents the anchoring atom of the adsorbed
intermediates likely to be formed during
the reduction of nitric acid. Mechanistic
ramification of the proposed interpretations
would also be pointed out.

Tae REpuctioN oF NITRIC ACID

The reduction of nitric acid proceeds in
two overall stages—the formation of hy-
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droxylamine and its subsequent conversion
to ammonia. Whereas the first overall re-
action occurs on all electrodes, the second
reduction takes place on some electrodes
only, e.g,, Zn, Ga, Cd, In, Pt, Au, and Hg
(Cu) amalgam. A comparative examina-
tion of the reduction of nitric acid on all
the metals investigated (33 in number) is
thus concerned with the consideration of
the electrocatalysis of nitric acid reduc-
tion to hydroxylamine. In the acidic
medium investigated (I}, the overall re-
action may be represented by one of the
following reactions:

HNO; 4+ 7TH;0* 4 6e —» NHOH-H* 4 9H,0, (1)
NO;~ + 8H3;0* 4+ 6e » NH,OH-H* + 10H,0. (2)

Each of the above two reactions would,
of course, involve a number of elementary
steps which are kinetically distinguishable.
Considering reaction (1), for example, as
the overall reaction, one could formulate
a scheme of which the following two ele-
mentary steps form an integral part:

M + H;0* + e — M-N + H,0, @)
2M + HNO; —» M-H + M-NO;.  (4)
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The steps (3) and (4) simply indicate
the discharge of the reactants onto the
electrode; it is understood that reaction
(4) could, e.g., be written in an alternative
form in which the discharge occurs from
the NO;~. Here M refers to the metal
cathode. The important point to note here
is that the reducing agent H,0*+ gets dis-
charged at the electrode giving the ad-
sorbed H, and that the group to be re-
duced (i.e., NO;) has also to get adsorbed
on the electrode. Subsequent reactions be-
tween several M-H and one M-NO; (or
its reduction produects) entities, occurring
on the electrode surface, would give rise
to the NH,OH. The NO; group, it should
be noted, would be adsorbed on the M by
forming M-O bonds, and not the M-N
bond because the latter are mostly un-
stable as shown by the positive hearts of
formation of the nitrides of a large num-
ber of metals (9, 10). One is thus going to
examine the influence of the magnitude of
the M—H and the M-O bonds, and related
matters, on the relative rates of nitric acid
reduction on various metals.

Khumotov and Stamkulov () carried
out their work under -conditions (e.g,
rotating disk electrodes and subsequent
analysis) which clearly separated the con-
centration polarization effects from the ac-
tivation polarization, the latter being, of
course, the true measure of the electro-
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catalytic activity of the metal. Three sets of
data were regarded as diagnostic of the rel-
ative activity: (i) “half-wave potentials”;
(i1) electrode potential at 7. = 50 mA cm™2,
where ¢, is the cathodic reduction current
density, i.e., the reaction rate; (iii) elec-
trode potential at 7, = 90 mA em2. These
three measures of the electrocatalytic ac-
tivity follow the same relative trend so
that any of them may be taken as the
index of activity in the comparative ex-
amination of various metals. In the vari-
ous graphs presented here we have chosen
the electrode potential at 7, = 50 mA cem2
as the quantity characteristic of the elec-
trocatalytic behavior of metals.

CORRELATION OF KLECTROCATALYTIC
AcTivity TO VARIOUS QUANTITIES

In Fig. 1, the electrode potentials (at
ic = 50 mA em?) for the reduction of
nitric acid to hydroxylamine on various
metals have been plotted against the hearts
of atomization per equivalent, AH,;nm/€q,
of the corresponding oxides. The AH,iom/
eq is the average value of the M—Q bond
energy in the bulk metal oxide and is the
enthalpy change, per equivalent, corre-
sponding to the reaction:

M-0O(8) — M(G) + O(G). (5)

Here S and G refer to the solid and gas,
respectively. The AH,iom/eq values have
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Fia. 1. A plot of the electrode potentials, E; (SCE),

at 50 mA cm™2, for the electroreduction of nitric acid

(1) againgt the heats of atomization per equivalent for the oxides (1) of the shown metals.
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F16. 2. A plot of E; (as in Fig. 1) against the —log 4, where 7, is the exchange current density for the

h.er. (4, 8), for the shown metals.

been taken from Sanderson (1I1) and their
detailed significance has been discussed
previously (11-13). Although no clear-cut
correlation is observed in Fig. 1, an im-
portant general classification is indicated:
the poor catalysts, designated as group
(A), either have very high AH,iom/eq
values for the oxides (e.g., Ti, Ta, Hf, Zr)
or, on the basis of previous work (2-5),
very low M-H bond energies; the good
catalysts, labeled as group (B), on the
other hand, have moderately high M-H
bond energies (2-5) and not-too-high
AH i .m/eq values. This classification must
be regarded as merely indicative of a
general trend rather than a rigorous divi-
sion of the electrocatalytic activity into
two categories; this is because some ex-
ceptions such as Te and Mn being situated
in class (B) militate against the deduc-
tions made from Fig. 1. Also, generally
speaking, metals exhibiting low overvoltage
for the h.er. (2-5) also appear to be as-
sociated with low overvoltage for the nitric
acid reduction. This is indeed directly
verified in Fig. 2, in which, higher ex-
change current densities for the h.er. are
related to higher activities of the metals
towards nitric acid reduction in general,
notwithstanding the noticeable departure
of Mn, Te, Pd, Pt and Au from the shown
trend.

To explore some of these matters fur-

ther, one may plot the experimental
AH 4. values, the heats of adsorption of
atomic hydrogen (which are also the mea-
sure of the M-H interaction energies),
against the potentials (at ¢ = 50 mA cm™2)
for the nitric acid reduction for the metals
for which the data (I, 14) are available
(Fig. 3). A volecano-type correlation is ob-
tained. To extend this correlation to many
more metals for which the experimental
AH 45w values are not available, one may
attempt to calculate these values by means
of the Stevenson equation (15) and con-
struct Fig. 4. Generally, for the transition
and the near-transition (e.g., Ag, Cu, Au)
metals, a volcano-type curve is again
obtained whereas for the sp metals (shown
in the box, plus mercury) no correlation
is indicated. It should be emphasized that
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Fi1a. 3. A plot of E; (as in Fig. 1) against the
experimental AH.qs. 1 values (14).
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Fic. 4. A plot of E; (as in Fig. 1) against the calculated (5, 15) AHqgs.5 values.

the correlation in Fig. 4 has only a rough
validity, because of the well-known limita-
tions (16) of the Stevenson equation in
estimating the M-H interaction energies
of metals that adsorb H, poorly. Similar
comments also apply, of course, to the
Pauling or the Eley equation (2, 3, 7, 8).

In electrode reactions (6) as well as in
heterogeneous catalysts (13, 17) by oxides,
it has been suggested that the appropriate
M-O is not the enthalpy change in reac-
tion (5) but instead the enthalpy change
involved in the transformation:

M-0O(S) — M(S) 4+ O(G). (6)

In Eq. (6) the metal stays as the solid
after the bond rupture, as indeed is the
case in all catalytic reactions including
the electrocatalytic, in contrast to Eq. (5)
in which the metal assumes the gaseous
form. The enthalpy change, per equivalent,
in reaction (6) is given by:

(AHe)G = — (AHf)e + %AHdiss. (7)

where (AH;). is the heat of formation
(standard state) per equivalent of the
oxide and AHg;.. is the bond dissociation
energy of the oxygen molecule to give two
O atoms. In other words the M-O bond
energies as corresponding to the bond
rupture (or formation) in Eq. (6), for
various metals are essentially — (AH/),
values since 14 AHg,,. is constant for all

metals. Since the ~NO; group is adsorbed
on M through M-O bonds, it is of interest
to examine the plot of — (AHy), of oxides
vs the electrode potentials for nitrie acid
reaction at a given current (Fig. 5). It is
observed that, in general, the sp metals
(shown in the box) show no correlation
whereas a volcano plot is obtained for the
rest of the metals, although some metals
like Ru and Te show noticeable excep-
tions. It is thus clear that there are some
interesting trends not only between the
M-H interaction energy and the electro-
activity (Figs. 3 and 4) but also between
the latter and an appropriate index of the
M-O interaction energy (Fig. 5).

Since the electrocatalysis of the nitric
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F:6. 6. A plot of E; (as in Fig. 1) against the metal-metal bond energy, b6(M-M), values (5).

acid reduction appears to be intimately
related to that of the h.er. (Figs. 2-4),
it is of interest to examine the possible
correlation between the former and the
M-M bond energy, b(M-M), following
similar previous correlations (3, 4) for the
h.er. No clear-cut correlation is obtained
although some rough voleanic trends are
obvious (Fig. 6). The left arm of the
voleano shows three branches, the main
one and the two auxiliary ones, whereas
the right arm does not show such multi-
plicity. The significance of b(M-M) is
roughly similar to the significance of the
M-X interaction energies since the former
constitutes an important constituent of the
latter (2-5, 15).

DiscussioNn

The main thrust of the preceding corre-
lations is that some volcanic trends are
observed between the electroactivity and
the M—X interaction energy [or a quantity
related thereto, e.g., b(M-M)] where X
represents the anchoring group in the ad-
sorbed intermediate, and is either H or O
in the present case. Such volcano-type re-
lationships have been theoretically pre-
dicted by Parsons (18) and Gerischer (19)
for the case of the h.er. and are presum-
ably applicable to all electrode reactions
proceeding by formation of adsorbed in-
termediates. For example, for the he.r.,
these authors (18, 19) derive the following
expression:

gl -1
1y = k,a0™ <1 + P'?exp (— 3}%%))
(oo (- 28)

- exp (—aAGrzi - (1- a)AGV1> ®

RT

Here 4, is the exchange current density;
k, and a are the electrochemical rate con-
stant and the transfer coefficient, respec-
tively; a is the activity of (H,O*) in the
Helmholtz d.l.; AG, is the equilibrium free
energy of adsorption; AGv* and AGv* are,
respectively, the electrochemical free en-
ergies of activation for the forward and
the backward reactions at equilibrium. In
this expression, Langmuir conditions of
adsorption have been assumed although
an essentially similar expression may also
be derived under the Temkin conditions of
electrode coverage (18).

Equation (8) predicts a voleano-type
correlation between Log 4, (or any other
measure of the electroactivity) and AG,,
the ideal representation of the M-H in-
teraction energy. This prediction is roughly
verified by the correlations presented here
although the situation is much more com-
plex probably because of the presence of
both M-H and M-O bonds. Several other
features of the preceding correlations may
be summarized as follows.

1. In the electrocatalytic reactions, too
low or too high values of the M-X inter-
action energies lead to low activity as for
the (A) group in Fig. 1; a moderate value
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of the M-X interaction en
reaction intermediates 1is conductive to
high reaction rates [Fig. 1, group (B)].

2. In a typical electroreduction, the cat-
alytic activity of the metal towards the
h.er. may perhaps also be taken as an
index of its activity towards the reduction
under discussion (Fig. 2)

3. It appears that the rates of electro-
reduction on sp metals are relatively un-
affected by the magnitudes of the M-X
interaction energies (Figs. 4 and 5); on
the transition and near-transition metals,

ergy for all the

however piOtS hetween o]nni‘vnanhvva and
’

the M-X interaction energies (or quan-
tities related thereto) show some rough
voleanic trends (Figs. 3-6).

It is interesting to note that the volcanie
plots in Figs. 4 and 5 indiecate that, in
general, the same metals tend to lie on the
left or the right arm of the voleano in both
figures, 1i.e., irrespectively of the fact
whether one considers the M-H or M-O
interaction energy. For example, Au, Ag,
Pt, Pd, Cu, Rh, Re, and Cr lie on the left
arm, i.e., higher activity with higher M-H

3 anangos thi abawa

Triis

Tt ann o

or M-O interaction
that an initial discharge step (involving
formation of an M-H or M-O bond) is
perhaps the rate-determining step on these
metals. The opposite would appear to be
true for Tq Nh VV Mo and Ti which lie

on the right arm of the voleano, ie., de-
creasing rate with the inereasing M-X
interaction energy. This would follow from
the Horiuti-Polanyi (20) treatment of the
hydrogen evolution reaction. It is fair to
add, however, that these mechanistic con-
clusions are rather tentative since several
metals in rlg,b o ‘t and 5 tend to lie on
either arm of the volcano. Rough correla-
tions of this type (Figs. 1-6) do not pinpoint
the mechanism for every individual metal,
although they do constitute a starting

point for estabhshlnﬁ trends in a
geries of metals (21).

It is perhaps relevant to comment here
on the complexity of the electroreduction
of nitrie acid and therefore on the some-
what approximate nature of the viewpoint
presented here in which reduction is as-
sumed to occur all the way up to NH,OH

Although the
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evidence (1) supports this assumption, the
possibility of other parallel or parasitic
reactions must be mentioned, however.
Depending on the electrode potential, the
reduction may only yield NO which then
may be oxidized by the oxygen in the air
to NO,. This would be particularly likely
on the sp metals on which steady state
concentration of adsorbed hydrogen is
usually low. It appears, however, that the
results quoted here are for highly cathodic
potentials so that the more extensive re-
duction of hydroxylamine and ammonia is

the ]ﬂzn]v nrocess. That reduction does in-

AAAAAAAAAA pr €5 in-
deed lead up to hydroxylamine on all
metals was established by Khumotov and
Stamkulov (1) in the following way: they
examined the effect of addition of NO,-
and NH.OH, separately, on the main re-
duction wave and found that the NO,~ had
no effect whereas NH,OH addition in-
creased the wave height. Also, a negative
pH effect was observed so that reactions
such as (1), (2) and (3) here are strongly
indicated. Despite the foregoing, it is clear
that formation of NO (and then NQ,) as

e ove A
a side peruut cannot be excluded.

ml. o
1 1iC
formation of NO would also take place, on
several of the baser metals, by means of
their spontaneous reaction with HNQ;-aq,
as in the open-circuit corrosion situation.
At the high cathodie potentials at which

nigi [=18810100 L% FLCIvIals 213011

the data quoted here were obtained (1),
this reaction would oceur only as a par-
asitic side reaction whose rate, at least in
most of the cases, never becomes quite as
high as that of the electrochemical reac-
tion driven by the externally applied
potential The foregoing complications in
the reaction of nitrie acid reduction are
perhaps not serious enough to change sub-
stantially the general catalytic trends pre-
sented in the Figs. 1-6 here, although it is
realized that the position of some individ-
ual points in these graphs might undergo
modification when detailed mechanistic
studies on all metals become available.

CONCLUSIONS

An analysis of the data on the electro-
reduction of nitric acid on various metals
shows the volcanic relationship of the elec-

+1~0nnt“71+v to thc M-BH and }v{—O inter-
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action energies on transition metals; on
the sp metals such correlations do not
exist.
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