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THE BEHAVIOUR 01<' MOLYBDENUM ON CATHODIC POLARISATION 
WITH REFERENCE TO THE El•'FEC'f OF ANIONS ON ITS 

HYDROGEN OVERPUTENTIAL 

Bv H. KHAI.IFA AND I. M. IssA. 

"!he overpotential of hydtogen is measured in pare HCl solutbn of concentratiou ranging fro.n 
5-91 - o.ooJN. \Vithin this concentration range and at current densities = I x xo·~ - t.S X to"t 
amps./cm1 the TafeJ.liae slope amounts to o.o6, which suggests a doni electrochemical-catalytic mecha· 
nism. At lower acid concentrations than o.r N and at higher .urrents than 1.8 X Ia"l, the Tafel·lille 
slope increases ccntinuously up lo o.u6 in o.ooJ N-HCI. Borate and nitrate ions possess a pronounced 
effect on the slope of the Tafel lines, bnt the effect of phthalate is small. 

In a previous investigation involving a study on the behaviour cf chromium in the 
course of cathodic and anodic polarisation (Jssa, Ammar and Khalifa, /~. Pl1ys. Chem., 
1955, 59, 492), we observed that the anions, present in the buffer solutions ~~:cd, possessed 
considerable influence on the Tafel-line slopes. The observed increase was attributed 
to the specific adsorption of Sllch anions whence the evolution of hydrogen took place on 
a surface pa.rtly covered by these anions. In order to fi1Ul out whether this is tme of 
other metals or not, we have carri~d out a detailed study on the hydrogen overvoltage on 
molybdenum ill pure hydrochlonc acid and sodium hydro:s.ide solutions or in a mixture 
of these and alkali phthalate, borate, phosphate or nitrate. 

ExPERIMENTAl. 

The electrodes (Fig. I) used in this investigation were spectroscopically pure rods, 
5 mm. in diameter and 2 em. in length, welded to glass tubings. Electric contact was 

maintained through a spiral copper wire fitted well around the tapering end 
of the rod lyiug inside the tube. 

:· The electrolytic cell was essentially similar to that of Bockris and Potter 
(]. Chem. Phys., 1952, 20, 614). It was constructed from pyrex g"lass aJ,Jd 
cleaned with chromic add. 

The electrolytes were pre-electrolysed (Azzam, Bockris, Conway and 
Rosenberg, T7ans. Fa7aday Soc., 1950, 16, 918) for periods of 5 to 10 hours 
at a platinum gauze cathode, before immersion of the molybdenum· electrode, 
while bubbling a st.ream of hydmgen, purified by the method" of Honigschrnidt 
CZ. ano7g. Chem., 1927, 163, 78). The electrolysis was continued for another 
hour at the molybdenum cathode before the measurements were started. The 
Tafel lines were traced in uustirred solutions from a higher current density of 
1.8 x xo-3 amps./cm2

• to a lower one of x x zo-• amps./cm 2
• The same 

results were obtained for both the periods. 

Measureni nts were made in pure HCI solutions of concentratioJJ.s varying 
from 5.9 to 0.003 N (Pn x.os to 2.55) and in o.x N-NaOH solution (Pu lJ.oJ, 
either alone ar when admixed from the start with phosphate, borate, nitrate 

FIG. r or phthalate ions. .fiCl solutions were prepared from the constant boililJg acid 
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(s.gz N) by appropriate dilution \"<·ittl water (twicerdistilled from alkaline pennangB.Date). 
The sal~. used were ·of the An alai: salnples. The calcul-ated' atnotiots. ,\·ere d:lslolved 
in acid or alkali hydroxide solutions to make thent o.os or o.x molar· wi"th respect 
to the above anions. NaOH -solutions were prepared by diJuting the concenlrated 
carbonate-free solution. Thl'! water used was twice distilled from alkaline permanga.cute, 

The :Pu of the solutiOIJs was measured at the end of each experiment using the 
·hydrogen electrode. 

llelaavioudn PuTe H_yd-roc11loric Acid Solutions 

Fig. 2 sbows representative Tafelliues obtained in pure HCI solutions of .... s:g to 
0._003 .N. qsing. current densi~ies. ranging frotn 1 x 10-5 to 1.8 x 10-• amps./cm" at 25•. 
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·,The 'fafel lines possess two slopes, o·ne co\'eriug the current d~sity range oi 
.J ·)(. 10-s to.i.S x; 10-" and the other within the rapge of 2 x ·xo-• ·.to x.S x 10_.. 

am1Js./cm2
• with the respective slopes .o.os - o.o6 aud o.o6s - o.II6v. In: 1.'ab1e I are 

recorded the values of the slopes b1 within tlle lower cnrrent-densily ;rp.uge toget:hel.! 
with the respecti'~e t01 values, and the valu~s of hydrogen overpo~tial. 'I ot tbl ciurat 
densities s x xo-•, I x xo-• and :1.3 x xo-• antps./cm•. The val\les of b. and_~ •• withiDI 
the higher current-density range· together wil4 •1 at the current densities S x.. io 
. \x. _xo-" aDd r.a x 10-• amps./cUl.,.. are listed in 'l'able Ii; . 



DEHAVJOUR OF MOLYBDE;NOM ON CAT:BOPI€: POLARIBAT:!:ON f'l{)l 

'l'ADI,E .I 

Hydrogen over{iotimUal at molybdenum cclt1iodes fn H'Cl saln.~ 

NormalitY- of HCI ·:f. go so 4·" 3·0 3.0 

i'e --1.os·. -o.g30 -o8q8 -0·59~ -'l.:J05 

"• 0.(1,56 o.os.r 0-051 0.052 o.osr 
/~1 aa:p./ cm2 x m -8 3 r.s r.s 2-5 2-9" .. I.O 1.15 1-15 r.:r z.15 

fc.d. s x tn-• 174 182 x8s 175 r6s 
11 in m'l'. l C.d I XIO-~ 198 199 201 lQI 182 

l C. d. 1.3 X 10-j 205 205 ~07 1 97 IllS 

Normalit.v, of HCl 0.25 O.JO o.os 0 02 D 01 

f'a o.82 I.09 1.38 Io76 2,0!> 

b,. o.osfl 0.06? 0 064 o.o6o o.o6o 
J01 amp./cm'x ro-B 2.5 J.3 55 4·6 4·6 
II I.O o.gs o.gu 0 95 o.gs 

fc.d. ~XIO-~ IJ.6 129 IJ4 x8~ x8~ 
11 .ill mv. c.rl. i:·x w-• 155 147 15' 200 202 

l C.d. I 3 X ro-C 162 155 159 207 2DC} 

.TABLE II 

Hydrogen 07J.eMJo1tage at molybdedum cathodes in HCl solns . 

. -·NOTmality of HCl 5·9 s.o 4·0 3·0 ~0 

i>r< -r:o!i -0.930 -o!48 -o.s98 .-0.303 
b, o.o66 0 064 o.o6s o.o6o o.o66 
i 0, amp./cm' x 10-9 10 7-8 ~-5 IO 2.2 

" o.Bs 090 o.go o.gs o.Ss 

{c.d. s X ro-t 238 236 238. 228 217 
"in mv c.d. r ><zo-t 237 255 .l!57 247 237 

c.il. r.J x ro-1 265 263 ~64 255 2:p 

Normality of HCl 0-25 o.'!o o.os (;.02 o.c: 

f>n 0.82 l.Dg I.J8 r.67 2.00 

b! 0-073 o.o76 l•.og:J D-093 o.roo 
;01 amp./rru2x ro-7 1.7 2-'l! 6.J 2-5 r.6 .. o.8 0 75' o.6s o.6:1 o.6o 

( c.d. s xzo-• rg6 l9t 197 244 248 
'II in mv ~ c.d. 1 X ro-• 218 2II 220 '267 277 

l c.d, 1.3 x 10-• 227 218 228 275 ~:> 
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TJ-Je above data sl1ow that "' numeric-ally decreases between 4N and o.1N-HCl 
with dq/d Pa amounting to :19 mv. At lower acid concentrations (o.r .;..o.oo3 N), 'I 
remains approximately constant at lower currents 'ts x ro-~ - r.S x 10-~) but increases 
numerically by -· .6o mv per unit Pn at higher currents (s ·x ro-' - x.S lC Io-• 

amps./ em~.). Above_'! N-HCllhe values of 'I exhibit slight \'ariations \\'ith f!a· ·· 

Effect of Anions on the Discharge of Hydrogen on Molybdenum. 

As was previously observed (Issa, Ammer and Khalifa, loc. cit.), anions possess a 
considerable effect on tbe -slopes of tbe Tafel.lines and on the values of 'I.On chromium. 
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The same effect was observed in the case of lllolyobdenum, o.s shown in Table III. -The 
anions studied i~:clude phthalate, borate, phosphate and nitrate. 
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NKrate anions produti: a 
pronounced effect on the valiR! 
of '1 and on the Tafel-line slope. 
Curve A in Fig.. 3 shpws that 9 
in o.rN-HCl+nitrate (p; ... ~.o) 
and at low current de:r:isities -is 
very small, amounting to so mv 
but rises rapidly such that the· 
slope of the curve is 0.4 volt: 
On increasing i above 10~ 
amps./cm2

., the curvebecOIDH; 

linear with a slope oi O;~:"o 
approximating thus the beha
viour in ·pure acid solati011, 
b~ = o.o7J. In alkaline solu· 
tions, the effect o.f the nitrate 
ion is much less pronounced 
and above ro-4. amps./cm2

., the 
behaviour is exactly similar to 
that in pure NaOH solu$1. 

A: f'n o.o85 HCI + phosphate. 
B: ,. X.IS +phthalate. 
C_: ., :r.o +nitrate. 

C.D.= 10-&- xo--4 amp./cmt. C.D.=2Xxo-t- x.Sxxo-3amp./m'. 

f_>Ji(. "1· io· liz. i •. 

I.O o.osS 3.0XI0-5 

l.U O.Q6o 3·2 X IO_, . D-~ 7.1:X ro-1 

1·93 0:129 2.4 Xxo---7 o.:a¢ 6.JXIo-6 

B.xz O.IJ~ 2.2 xro---7 0-193 r .8 X 10"' 

-s.,x o:131 2·3 X 10-l' 0.171 I 5 xxo·l 

x.xs o:o54 2.0 x ro-8 o.o,s :o~.8x io-t 

o.oBs 0-053 ::t.o x 10--B 

X-D o.og8 I.oXxo-1 

IJ.O 0-072 3·2 X I0---,8 &92 2.4'luo·~ 

1'1.14 0.082 1 3X ro-J 

~1-90 0.075 3·ll x xo-a 0.092 1.5X 10-i 

u.oo 0.100 6 7 Xxo·7 

13.00 0.076 6.3XX0-1 
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In acid solutions phosphate anions have no effect ou the slope of tbe Tllfel iiDe 
(b amoanting to -o.os:;) or oa. the 
value o£ 'I (cur"e B, Fig 3). Tbe slope 
of the 'l'afel 1iae ~ ia pare 
SnOH solutio:!'!. of t. 13.0 is highu 
than in pttce HCI solutions, ::J.moantiat" 

too.07Z and 0,092 witbio thelower:md 
higher cmrent-dens-ity 1auge k'U~ 
A, Fig. 4). In presence of pbQSPIJ:J!te 
(p,. I;.o} and borate (#.. IZ-I..t-l the 
dopes are higher. amoaotiag to o.:r 
tllld o.oSl throoghont the whol~ 

cnrreo.t -density range. A striEiog 
phenomenon, however. is that tbe 
borate anion bas a p<onoaoced elia:t 
on the Tafel-line slope obtained io 
solutions (HCI + bornte) of t• higbet" 
than 7. 'l'hu"', at P• ;.o:; md S.t~. 
slopes amounting to o.tZ9, 0.13::! are 

FIG. 4 
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-s -4 -3 obtained at lo\\·er currents aod o.::..t-6, 
Log I. 0.193 at higbet ones respedirely (see 

A: /'n 12.14 !'OaOH + bo.-• te. n: , n.4 + pbtbalate. Tabie Ill). Similarly, the respective 
C: , ~3-o + nin-ate. values obtained in o.os X pare borale 

solution of p. 8.71 amount to o.I3I and o.IJ2, as compared to o.o6 and o.OI} io HCl + 
borate solution of Pu I .12. 

DISCUSS! OX 

1'he values of parameters for the hydrogen evolution on molybdenum were cal
culated from the relations 

'II= RT/t~.F In iof.io or b = :2.303 RT!t~.F 

in which io is the exchange current and ic, the current density co&responding to the over
potential '1, and :tis a constant. The pa:tamett:rs as found experimentall)" are listed in 
Tables I and II for the lower and higher currents respectively. The most proliable '\"aloe 
of :z: is "one" which is uot in accordance with the obsenrations previously made by 
Pecherskaya and Stender (/. A.ppl. Cl1em. Ruu., 1946, 19, 1.303) wlao obtained for .:z: the 
value o.s in 2 N-H.SOu and Dockris aud P,usons (Faraday Soc., Disc., 194-i. i, ~25, 
95; TTans. Faraday Soc, 1948, II, S6o) wboobtainedo.s-I·S in tN-HCl. 

The fact that the Tafel-line slope in concentrated and dilltte acid solutions up to a. 
current density of I.S x Io-• amps./cm". amounts to- 6o mv indicates. that the process 
of byclrogen evolution dannot be accounted for by any of the known simple mechanism. 
Thus, thtl slow discharge is characterised by a slop.: of o.up and a vallte of h (the el~hon 
nutnbcr) = :r. i"h~ electrochemical mechanistn has two slopes of o.n6 and o 039 at 
high and· low current densi~ies respectively and a value of lr = 2. The catalytic mech-

J-ISII-4!'-9 
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auism bas at low current densities a slope of o.pJ and a value of h = 2. However, a 
dual mechanisUl, combining· a11 electrochemical and catalytic processes, possesses a slope 
of 0.059 which Hes near our experimental value (Ammar, Ph.D. Thesis, London). The 
mechanism remains the same at higber current densities in solutious more concentrated 
than o.s N-HCI. In more dilute solutions and at higher current densities than 
i.8 x 10-\ the slope mcreases tlp to o.o/.'3 and o.n6 in o.25N- aud o.ooJN-HCl respec
tively lTable II), indicating a change in the mechanism, possibly to pure electrochemical. 
D~al m<!chanisms were suggested for nickel by Frumkin and his co-workers (Frumkin, 
Faraday Soc. Disc., r947, 1, 63) in which the r:action was controlled over a part of 
tlte electrode by a discharge step ·and over the remaining area by a combination oE hydro
gen atoms. Similarly Bockris and Conw::~.y (T,·ans. Faraday Soc., 1949, IS, 989) sugges
ted a dual rate-dtlcnuiuing desorption step involving r~combiuatiou of hydrogen atoms 
and electrochemical desorption. 

Although the effect of Pu ou '7 at low cllrrent densities in the more dilute solutiom 
is in agreement with the dual electrochemical-catalytic mechanism, this is not the case at 
higher currents when tbe average value of drJ/ dfJa amouuts to- 6o mv. 

'I.hc effect of the anions on the ltydrogen overvoltage on molybdenum can be 
explained on the premise that they arc specifically 'ad:;orbed ou the metal." At lower 
currents the nitrate ions, on account of their• oxidising properties, are reduced at the 
electrode surface. This beha\·iour resembles depolarisation of oxygen, when not rigidly 
removed from the solution prior to electrolysis. At higher cLurents, the process of 
adsorption decreases, but instead hydrogen !1cposition occurs and the Tafel line behaves 
normally. Phthalate anions, on the other hand, are IVithout effect on tb.e Tafet.o!ine 
slope, obtained in an acid solution of PH x. r 5 and with but a slight effect in an alkaline 
solution of Po n.g, indicating a slight tendency of being adsorbed. 

Borate ions, on the other hand, bring about a pronounced increase of both band 'i 
values, especially at higher Pn, but the exact reason for this is not ·clear. 
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