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THE BEHAVIOUR OF MOLVBDENUM ON CATHODIC POLARISATION
WITH REFERENCE TO THE EFFECT OF ANIONS ON ITS
HYDROGEN OVERPOTENTIAL

By H. KuaLiFa AND 1. M. Issa

The overpotential of hydrogen is measnred in pure HCl solution of concentration ranging from
5.01 — 0.003N. Within this concentration range and at current densities = 1 x 10™" ~ 1.8 X 1071
amps./cm? the Tafel-line slope amounts to 0.06, which suggests a doal electrochemicat-catalytic mecha-
nism. At lower acid concentraticns than o.r N and at higher suirrents than 1.8 X 1074, the Tafel-line
slope increases centinuously up to 0.116 in 0.003 N-HCl. Borate and nitrate ions possess a pronounced
eilect on the slope of Lthe Tafel lines, but the effect of phthalate is small. :

In a previcus investigation involving a study on the behaviour ¢f chromium in the
course of cathodic and anodic polarisation (Issa, Amnmar and Khalifa, J, Phys, Chem.,
1955, 859, 492), we observed that the anions, present in the buffer solutions uscd, possessed
considerable influence on the Tafel-line slopes. The observed increase was attributed
to the specific adsorption of such anions whence the evolution of hydrogen took place on
a surface partly covered by these anians. In order to find out whether this is true of
other metals or not, we have carried out a detailed study on the hydrogen overvoltage cn
molybdenum in pure hydrochloric acid and sodium hydroside solutions or in a mixture
of these and alkali phthalate, borate, phosphate or nitrate.

EXPERIMENTAL

The electrodes (Fig. 1} used in this investigation were spectroscopically pure rods,
5 mm, in diameter and 2 cm. in length, welded to gluss tubings. Electric contact was
maintained through a spiral copper wire fitted well around the tapering end
of the rod lying inside the tube.

The electroiytic cell was essentially similar to that of Bockris and Potter
(J. Chem. Phys., 1952, 20, 614). It was constructed from pyrex glass apd
cleaned with chromic acid.

The electrolytes were pre-electrolysed (Azzam, Bockris, Conway and
) Rosenberg, Trans. Faraday Soc., 1950, %8, 918) for periods of 5 to 10 hours
at a platinuin gauze cathode, before immersion of the molybdenum ~elcctrode,
while bubbling a stream of hydrogen, purified by the method “of Honigschmidt
(Z. anorg. Chem., 1927, 163, 78). The electrolysis was continued for zmother
hour at the molybdenum cathode before tlie measurements were started. ‘The
Tafel lines were traced in unstirred solutions from a higher current density of
1.8 x 10~ amps./cm®. to a lower one of 1 x 10™® amps./cm®. ‘The same
results were obtained for both the periods.

Measuren¥ nts were made in pure IICI solutions of concentratiohs varying
from 5.9 to 0.003 N (pn 1.05 to 2.55) and in o.r N-NaOH solution (pa 13.0),
either alone or when admixed from the start with pbosphate, borate, nitrate
F1G. I or phthalate ions. HCI solutiéns were prepared from the constant bojling acid
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(5.01 N) by apprepriate dilution witu water (twice distilled from alkaline permangasnate)..
The salis used were of the Analar sainples. The calculated amounts were dissolved
in acid or alkali hydroxide solutions to make them o.o5 or 6,1 molar with respect
to the above anions. NaOH solutions were prepared by diluting the comcentrated
carbonate-free solution. ‘The water used was twice distilled from alkaline permanganate,

The $y of the solutions was measured at the end of each experiment using the
‘hydrogen electrode. '

Behaviourin Pure H ydrochloric Acid Solulions

Fig. 2 shows rcpresentative Tafel lines obiained in pure HCI solutions of -~ 5.9t
0.003 N, using current densities ranging from 1 % 0™ to 1.8 X 10™ gmps./cm” at 25°,
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“The ‘Tafel lines possess two slopes, oue covering the current demsity range of
1'% 107°10.1.8 x 10™° and the other within the range of 2 X 107*to 1.8 x 107"
amps./cm®. with the respective slopes 0.05 — 0.06 and 0.065 — 0,116%. In Table I are
recorded the values of the slopes b; within the lower current-densily range togethet
with the respective #, values, and the values of hydrogen overpofential 7 at' the current
densities 5 ¥ 1075, 1 X 107*and 1.3 X To~*amps./cm®. ‘The values of b, and %, within
the higher current-density range together willl » at the current densities 5 X. 10
ix 10-%and 1.3 X 107" amps,/cm?, are listed in Table II:
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The above data show thbat 3 numerically decreases between 4N and oQ:N—HC]
with dn/d pz amounting to 39 mv. At lower acid concentrations (o.x _—__0.0:93 N), 9
remains approximately constant at lower currents |5 x 10™° ~ 1.8 % 107%) but increases

numerically by -~ 60 mv per unit $n at higher currents (5 % 1o™*

—~ 1.8 % 107°

amps./cm®.). Above 4 N-HCI the values of y exhibit slight variations with pa. -

Effect of Anions on the Discharge of fchlmgcn on Molybdenum

As was previously observed (Tssa, Ammer and Khaiifa, loc. ¢it.), anjons possess a
considerable effect on the =slopes of the Tafel.lines and on the v_alues of 4 on chromium,
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‘The same effect was observed in the case of molybdenum, as shown in Table ITL. - The
anions studied irclude phthalate, borate, phosphate and nitrate.

Fi16. 3 - Nitrate anions produce o
pronounced effect on the values
of 7and on the T'afel-line slope.
Curve A in Fig. 3 shows thaiq

300 | in 0.1N-HCl + nitrate (pz ~1.0)
and at Iow current derisities is
very small, amounting to somv
but rises rapidly such that the’
slope of the curve is 0.4 volt,

g 200 | On increasing i above m“_
L amps./cm®_, the curve becomes
= linear with a slope of o;bé%,‘-
approximating thus the beha-
viour in pure acid solution,
b, = 0.073- In alkaline solu-
00 b tions, the effect of the mitrate
ion is much less pronounced
and above 10™* amps. [cm?., the
behaviour is exactly similar to
: 1 —i— that in pure NaOH solutin.
=5 -4 -3
Log i.
A: pn 0.085 HCl + phosphate.
B:,, 115 , -+ phthalate.
C:,, 1.0 » =+ nilrate.
Tanie III
C.D.=j0"5 — 104 amp./emd. C.D.=2Xr10-§ — 1.8X10-? amp./cm?,
Solgtion. px. by % by i
Prre HCL 1.0 0.058 3.0X107% -
HCl + borate I.I2 0.060 3.2x107? ¢ 0.050 7.aXrot .
n t* o 7.93 o 129 2.4X% 1077 0.246 6.3x10°¢
s * o5 8.1z 0.132 2.2X1077 0.193 1.8% 107
Pure borate ‘8.71 0.131 2.3X 1077 0.172 1 5x10°8
HCl + phthalate 1.15 0.054 2.0X 1078 0.078 2.8Xi071
» -+ phosphate 0.085 .0.053 4.0%1078
s = nitrate 1.0 0.098 r.oxxo8 e
Pare NaOH 13.0 0.072 3.2X 1078 092 2.4%x0T
NaOH + borate 12.14 o0.082 13X 1077 -
»» -+ phthalate 11.90 0.075 3.axr1078 0.092 1.5X107?
» -+ phosphate 12.00 ©0.100 . 67%x1077 e
s+ =+ pitrate 13.00 0.07§ 6.3x 1078
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In acid solutions phosphate anjoms have no effect on the slope of the Tafel line
(b amounpting to _o.053) or tm the
value of n (curve B, Fig 3). The slope
" of the Tafel line obsarved in pure
NaQH solation of px 3.0 5 higher
than in ptire HCI sclutions, amountingd
too.o72 and o002 within the lower and
higher current-demsity 1ange fcuive
A, Fig. 4). Ila presemce of phosphate
{pa 15.0) and borate (px 12.11) the
tlopes are higher, amounting to o.x
aud o.082 thronghont the whal=
corrent-density range. A siriking
phenomenon, however, is that the
borate anion has a pronounced efiect
on the Tafel-line slope obtained im
solutions (HCl + borate) of pax higher
than 7. ’Thus, at e 7.03 and S.72,
» slopes amounting 10 ©.129, 0.13> are
-5 -4 -3 obtained at lower currenis and 0.246,
_ Legi 0.193 at higher opes respectively (see
A Pn Ia14 MM D thafate. Table ITT), Similarly, the respective
C:yp 230,  + nitrate. values obtained in 0.05 N\ pure borate
solution of py 8.71 ammount to 0.131 and o0.172, as campared o 0.06 and o.00 im HCL +
borate solution of fu 1.12.
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DiscussIiox

The values of parameters for the hydrogen evolulion on molybdenum were cal-

culated from the relations
# = RT[aF In ifi, or & = 2,303 RT/=F

in which 4, is the exchange current and ic, the curreut density corresponding to the over-
potential 7, and z is a constant. The parameters as found experimentally are listed in
Tables I and II for the lower and higher currents respectively. ’The most probiable value
of z is ‘‘one”’ which is mot in accordance with the observations préviously made by
Pecherskaya and Stender (J. A4ppl. Cliem. Russ., 1046, 19, 1303) who obtained for z the
value 0.5 in 2 N-H:50,, and Bockris aud Parsoms (Faraday Sec., Disc., 1947, 1, 225,
95; Trans. Faraday Soc , 1948, 34, $60) who obtained o.5—1.5 in 1N-HCL.

The fact that the Tafel-line slope in concentrated and dilute acid solutions up to a
current density of 1.8 x 107 amps./cm?. amounts to ~ 60 mv indicates that the process
of hydrogén evolution dannot be accounted for by any of the known simple mechanism.
Thus, tht slow discharge is characterised by a slope of 0.116 and a value of & (the electron
number} = ». The electrochemical mechanisin has two slopes of o0.116 and o o039 at
high and' low current densities respectively and a value of i = 2, ‘The catalytic mech-

3—igr4P—g
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aunisin has at low current densities a slope of 0.p3 and a value of k = 2. However, a
dual mechanism, comnbining an electrochemical and catalytic processes, possesses a slope
of c.059 which lies near our experimental value (Ammar, Ph.D). Thesis, London}. The
mechanism remains the same at higher current densities in solutions more concentrated
than o.5 N-HCl. In more dilute solutions and at higher current densities than
1.8 x 107, the slope imcreases up to 0.073 and 0.116 in 0.25N- aund o0.003N-HCI respec-
tively (Table II), indicating a change in the mechanism, possibly to pure electrochemical,
Dual mechanisms were suggested for nickel by Frumkin and his co-workers (Frumkin,
Faraday Soc. Disc., 1047, 1.“ 63) in which the rsaction was controlied over a part of
the electrode by a discharge step and over the reinaining area hy a combination of hydro.
gen atoms. Similarly Bockris and Conway (Trans. Faraday Soc., 19049, 45, g8g) sugges
ted a dual rate-determining desorption step involving rzcombination of hydrogen atoms
and electrochemical desorption.

Although the effect of pr on 7 at low current densities in the more dilute solutiomt
is in agreement with the dual electrochemical-catalytic mechanism, this is not the case at
higher currents when the average value of dn/dps amouuts to — 60 mv,

‘The effect of the amions on the hydrogen overvoltage on molybdenum can be
explained on the premise that they arc specifically ‘adsorbed ou the metal’ At lower
currents the nitrate ioms, on account of their'oxidising properlies, are reduced at the
electrode surface. This behaviour resemmbles depolarisation of oxygen, when mnot rigidly
removed from the solution prior to electrolysis. At higher currents, the process of
adsorption decreases, but instead hydrogen deposition occurs and the Tafel line behaves
normally. Phthalate anions, on the other haad, are without effect on the Tafefsine
slope, obtained in an acid solution of pa 1.15 and with but a slight effect in an alkaline
solution of py 11.9, indicating a slight tendency of being adsorbed.

Borate icns, on the other hand, bring about a pronounced increase of both b and 7
values, especially at higher $a, but the exact reason for this is not ‘clear.
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