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- ON THE APPEARANCE OF FREE ATOMIC IIYDROGEN
ON THE MERCURY CATIIODE AND THE MECHANISM
OF THE CATIIODIC REDUCTION OF WO,

By V. S. BAGOTSKY and S. A. JOFA
(Communicated by A. N. Frumkin, Member of the Academy, 27. VI. 1946)

The conception of frec atomic hydrogen participating as an intermediate
product in reactions of cathodic reduction of dissolved substances is one fre-
quently encountered in electrochemical literature. According to this view,
it was considered that the evolution of liydrogen in the atomic or some other
active state (in statu nascendi) constitutes the first stage which precedes
its chemical interaction with the reducible substance. Molecular-kinetic
considerations, howerer, lead to the conclusion that at least for those reac-
tions that occur at potentials which are not very negative, the role of the
frec atomic hydrogen as an intermediate substance must be extremely in-
significant. For instance, it is possible to calculate its equilibrium pressurc
according to the Nernst formula. Assuming the free energy of dissociation
of the hydrogen molecules into atoms to be equal to 96700 cal./mole ('),
we obtain for an eclectrode in equilibrium with the atomic hydrogen ab
pressure of one atmosphere thevalueof the potential equal 10—2.096 V with
respect to the potential of. the standard hydrogen electrode in the same
solution. For potentials of —0.6 and —0.8 'V the equilibrium pressure of t-.he
atomic hydrogen is, consequently, equal toonly5- 10 -2% and 10- 2% atmospheres
(at 25°C). Only in the event of considerable adsorption of the hydrogen
atoms on the surface, is their participation in the reduction process conceiv-
able. There is also, however, the possibility of a direct electrochemical
mechanism of reduction by means of immediate interaction of the reducible
substance with the electrons supplied by the surface, and—when this is
necessitated by the stoichiometry of the reaction—with the hydrogen ions
from the solution. Direct contact between the reducible molccules or ions
and the surface of the clectrode is a condition essential for the reaction {o take
place, whether electrochemically or ‘through the agency of the adsorbed
hydrogen atoms. The possibility of tunnel effccts during eclectrochemical
reactions will not be entered into here. »

In 1930 Kobosew and Nekrassow (%) 'published a paper on Lthe appearance
of free atomic hydrogen during the cathodic polarization of metals in a solu-
tion of ‘H,SO,. The reduction of the yellow anhydride of tungstic acid WO
into the blue compound of lower valency was evidence of the existence
of atomic hydrogen near the cathode. The change in coloration affords a con-
venient means of following the process of the cathodic reduction of W?)n
" The reaction imparts an uniform blue colour to the separate grai £ b

powdered substance, not merely to their points of contact with L% 11113 o
Hence it follows that the WO, molecules which dire \¢ clectrode,
by the electrode surface and the hydro are not directly .affeoted

ydrogen atoms adsorbed. on it, also undergo
[l*

439



1

reduction.. To explain this phenomenon Kobosew and Nekrassow assumed
the partial evaporation of the hydrogen atoms from the surface into the solu-
tion, where they retain their activity for some time. This supposition was
subsequently adopted by Ilickling and Salt (°) as the basis for a modified
recombination theory of hydrogen overvoltage.

~ However, an attempt to give such an assumption a molecular-Kinetic
interpretation encounters serious difficulties. Thus, for example, in calculat-
ing therate of evaporation of the hydrogen atoms from the electrode surface
into vacuum, according to the formula for the number of collisions of the
molecules of an ideal gas with the walls Z =p(2=mkT) ="/ and assuming the

pressure p Lo be equal to the equilibrium pressure of the atomic hydrogen
d with the fundamental

for potentials of —0.5 and —0.8V, which is in accor a
assumptions of the recombination theory that the above-mentioned authors
adopted as a basis, we obtain the values of 0.08 and 200 atoms/cm?-second
for the rate of evaporation. Even smaller values arc obtained w}xen we ca}-
culate the rates of the hydrogen atoms’ diffusion into the solution to a di-
stance of the order of the thickness of the Nernst diffusion layer, beyond
which, transfer by convection begins. Assuming the thickness o{' this layer
to be equal to 10~*cm, the diffusion coefficient of the hydrogen aioms 1n the
solution to be equal to 107® cm?-sec. and the solubility coefficient of the

‘ d potentials

atomic hydrogen to be unity, we obtain for two above-me}’lh'wﬂe
rates of diffusion of the order of 10-7 and.10-*% atoms/cm? - sCC. Naturally,

such insignificant rates, calculated moreover.' under the most i:}vourablo
assumptions (absence of influence of recombination of atoms, etc.), (_?‘\olud,e the
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e - : . actually taking part in the process of
possibility of the atomic hydrogen acbufal y ] :

the cath}odic reduction - of WO'_,,, \_vhmh, ) accqrdmg to _thc d.at_d 0!
Kobosew and Nekrassow, proceeds quite rapidly in the specified region of

potentials. '

_The difficultics which®are enkc)'ounbered in
tion of t n trioxide can be overcome, rat
LheAf:;)(SttL'anagt,Stt%is substance posscsses an appreci.able clectron conducvtlvEty_
The electron conductivity of WO, has been studied by a number Qf W orl‘\ers
both in this country and abroad (*). According to the data of Meyer and
Friederich, the clectronic conduictivity sharply increases with the gradual
reduction of this substance. _ :

The simple, experiments described below w
purpose of eclucidating the mechanism of
of WQ,. . :

1. An individual grain of W
surface of the electrode at lcas )
of 1 mm in size, were fixed in the neig
Inereury electrode with the help of gauze so that par

explaining the cathodic reduc-
if we take into consideration

ore undertaken with the
the cathodic reduction

0, is reduced only when in contact with the

¢ in one point. Several grains, of the order
hbourhood of the surface of the
t of them were in con-
t){flc(t) With the mercury, while the rest were approximately at a dnsl;bm_mo,
of 0-12~0.2 mm from the surface (sec figure). The clectrolyte was a )so lxtxf)xl
overs N H,80,. During the cathodic polarization of the mercury Lo an
Crvoltage value of the order ¢f —0.8 V the entire visible surface of the

particles in contact with mercury became blue after 10—20 scc., whereas
ith the electrode did

:ll(l)t c(;f;};sr Particles which were not in contact Wi |
experi ge their colour ab all, even after 15 min. It can be seen from this
Xperiment that the reduction of WO, is caused by a process taking place
along the surface or in the bulk of the grains, but not by diffusion into the
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solution of the intermecdiate producs of reduction formed at the surface
of the cathode (¢. g. hydrogen atoms, reduced soluble admixhufes, etc.).

9. The reduction of an individual grain begins around the point of ts
contact with the surface of the electrode, but rapidly spreads over the entire
surface of the grain. After a short cathodic polarization of the mercury
(lasting from 2 to 4 sec.) 1t is possible to observe how the lower part of the
grain acquires a pronounced bluish tint, while the yellow coloration of the
upper part does not alter.

After the cathodic polarization was switched off, it could be seen how
the blue tint spread to those parts of the moist grain’s surface which were
not yet reduced. During the space of 20—30 min. the grain acquired a uni-
form blue-green colour.

3. The spreading of the reaction of reduction in yellow tungsten trioxide
without the participation of the pol arized metallic electrode can also be observ-
ed if a glass tube 1s filled with the yellow and blue tungsten oxides in layers

_with a sharply defined boundary, the oxides then being slightly wetted with
the electrolyte solution. After a certain time we observe the formation and
spreading of a green zone in the yellow layer, the colour of the blue layer
simultancously growing lighter.

These experiments indicate that between the unchanged and the reduced
parts of the surface there occur reactions as a result of which the former are
partly reduced, whereas the latter are partly oxidized. At low temperatures
these processes do not take place with perfcctly dry specimens.

4. The oxidation-reduction reactions, mentioned in § 3, are accompanied
by a transition of electrons from"the reduced to the oxidized scctions. This
can be demonstrated, if the yellow and blue tungsten oxides, pressed into
tablets, are partly submerged in an clectrolyte solution (an acidified
solution of KCl or a solution of H,80,). Immediatély after the dry parts
of the tablets arcconnected by means of ametal wire, the yellow Lablet begins
to acquire a bluish tint. A galvanomecter inserted in the circuit shows the
existence of a rather strong current (under the conditions of our experiment,
of the order of 10-*A).

This current in-the external eircuit serves as an indication of electrode
reacbions which take place on the boundaries of the oxide tablets and the
solution and which are responsible for the observed changes in colour and
composition. These reactions can proceed according to the following scheme,
for instance:

2WO, ++ 2H" 420 2 W,0, + H,0

The mechanism of the propagation of the reaction along the surface
is thus determined by the movement of the electrons inside the WO, particles
and by the movement of the hydrogen dons in the solution ™.

‘Many authors believe in amore complicated composition of the blue tung-
sten: oxide, for example W,0,,(°). However, this cannot have any effect on the
conclusions arrived at here. : .

When a tablet of pressed yellow WO,, partly submerged in the solution,
is subjected to cathodic polarization by means of an external source of elec-
tric current, we observe an instantaneous change of colour of the wetted part
of the tablet which becomes blue.

The conclusion to be drawn from these experiments is that the reduction
of the tungsten trioxide powder is a specific electrode reaction, made possible
owing to the electron conductivity of the WO, and does not require ti /
pa}éttic(;pfatxon of }free atomic 1hydrogen. The reaction of reduction is tranlqe )
mitted from each grain to those in act with i . L
of 1ocal clements. s¢m contact with 1t by means of the action

* A rough determination of the sutials S .
that {he vaTué of the first pottgllfiglot;;lsl 18‘1_15_(1:0%1210%@11&32% \;t)dsxbtlv\;z 0:;!};}1(, lablets showed
0.4—-0.2 V more negative than the potential of the normal calomel (elec?rfoglel? second,
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In all probability thereaction of the reduction of WO, occurs with conside-
rable kinetic hindrance which can partly be ascribed to purely physical causes
(high resistance to electron transitions between the separate microcrystals
forming aggregate-grains, poor contact between the grains and the gyrface
of the electrode, etc.) and can partly be associated with the element ary mecha-
nism. of the electrode process itself which has not been studied up to the
present. This accounts for the fact that, despite the comparatively posijtive
value of the equilibrium potential, a marked cathodic polarization is required
for the noticeable reduction of the powder. The relation between theintensity
of reduction and the cathode potential was discussed already by Kobosew
and Nekrassow, but these authors explained it by an increase of the
emission of atomic hydrogen with the growth of the negative potential.

The experiments described and considerations put forward in the present
paper do not as yet solve the problem of the mechanism of .the Propagation
of the reduction reaction into the lattice of the separate microcrystals.,

By simple grinding of the reduced grains into a powder it can be shown
that the reaction of reduction is not confined to the surface of the individual-
particles. The necessity of explaining this phenomenon 1s not removed by any
interpretation of the mechanism of the propagation of the zone of reduction

over the surface. : j .

A number of properties of WO, point to the comparatively easy mobility
of the atoms (or ions) of oxygen inside the lattice: .

a) reduction by molecular hydrogen mobhe gascous ?lxasg begins at a com-
paratively low temperature (about 120°C); the oxidation of the pow-
der slightly reduced on the cathode and dried in hydrogen begins at u gt
lower temperature (85°C); .

b) when pure WO, is heated in vacuo !
ed to the powder, this colour” growing 1
oxygen content.

This mobility of the oxyg

to0 200—250°, a blue colour is impart-
n intensity with the decrease of the
e

en leads to the assumption that in the micro-
crystal being reduced from the surface there is a diffusion of the oxygen
from the middle to the surface. Owing to the small dimensions of the
microcrystals (of theorder of 10-*mm), this diffusion can proceced at a
considerable rate and lead to a noticeable change in the composition of the

lattice. It must also be taken into account that as r_eductlon proceeds, there
is a possibility of the loosening of the surface SLI’UCiil:lI'O of the separate
crystallites facilitating the penetration of the solution through micro-
pores and cven into the crystal lattice. This in turn increascs the surface
of contact hetween the powder and the solution and facilitates further

reduction. ) .
All observations on the reduclion of Lungstic lrlOX}de WQR near @h.e pola-

rized electrode with high overvoltage can thus be explained without difficulty,
it due consideration is given to the électron conductivity qf WO, and especially
of its reduction products.The explanation of these observations dges not involve
the assumption about the appearance of free atomic hydrogen in the solution
hear the cathode. ’ .

. In conclusion the authors desire Lo express their gratitude to A. N. Frum-
kin, Member of the Academy, for his attention and advice.

~Fhe M. V. LomonoSov : , Reeeived
MOSCO\V St’dl’,(} UniVeI'Sity- . 21, ‘\’I. 1946.
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