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Fig. 1. Overvoltage curves in solutions of: 1) 2 N HCl +
+2 NKCL; 2)2 NHCl + 2 NKL; 3) 2 NHCl + 2 NKCl +
+ 4,510 * moles/liter of N(C,Hg),Br; 4) 2 NHCl + 2 N
K1+ 4,5 +10™ moles/liter of N(C,Hg),Br.

S

KI+

Fig. 2. Schematic representation
of an electrical double layer at
wr=—06v.

KCl+

Fig. 3. Schematic representation
of an electrical double layer at
e, =—12v.

where T is the average current measured with a well-damped mirror
galvanometer; S is the maximum area of a drop, calculated from the
formula § = 0.850 (r ym) /3 ot (t g4 = dropping period, m = rate of
mercury flow), Experiments were conducted at 20 + 1*. An equili-
brium hydrogen electrode in 2 N HCl + 2 N KCl was used as reference,

One can see from curve 1 in Fig, 1 that in the range of potentials
where it was possible to measure hydrogen overvoltage on a dropping-
mercury electrode the adsorption of C1™ ions was small, and one could
not detect any effects on the overvoltage. Addition of some N(CH g)f
cations incieased the overvoltage considerably (curve 3). Iodide ions,
which were strongly adsorbed over a wide range of potentials at low
current densities, decreased the overvoltage (curve 2). The introduc-
tion of N(C4Hg) cations in this case produced an additional decrease
in the overvoltage in the region of low overvoltages (compare curves
2 and 4). With increasing current density the overvoltage increased
sharply and attained a value greater than that in a solution of 2 N HCl +
+ 2 NKCl + N(C‘,‘H‘ﬁ. When the current density was increased some
more the excessive overvoltage decreased and the 1 vs. log i curve
coincided with the same curve for solutions free of organic cations
(curve 4). The reduced action of organic cations in regions of high
negative potentials has already been described [4].

It is obvious that the section of decreased 0 in the region of low
polarizations is associated with a predominant adsorption of iodide
anions; the section of increased n corresponds to predominant adsorp-
tion of organic cations, and finally the decreased effect of cations ad-
sorption at higher polarizations corresponds to desorption of these cations,

The observed mutual reinforcement in the action of the adsorbed
ions can be explained by some “secondary adsorption™ of oppositely
charged surface=-active ions on the neutral surface of the electrode.
Secondary adsorption enhances the adsorption of those same ions,which

are already predominantly adsorbed in the given range of potentials, and thus produces a greater change in

potential ¥ (see Fig. 2 and 3).
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uF/emd This description of the combined fonic action is con~
m firmed by the differential capacitance of an electrical double
layer determined on a dropping-mercury electrode in those
same solutions. The impedance bridge used in this work did
SoF not differ in its basic design from those described in papers
[5=T). The time interval between the detachment of a drop
and the subsequent achievement of bridge balance was de=
I termined accurately with an electronic relay and an electric
timer,
“ar As one can see from Fig. 4 (where differential capaci-
tance was plotted as a function of electrode potential ?h
> ot at potentials more negative than—0.63 v, curve 4, obtained
with a solution containing quaternary salt cations, fell above
1 the one with just HCl + K1 in solution (curve 2). This means
21 that with increasing potential at ¢, > —0.63 v, the electrode
surface becomes charged more rapidly under the influence of
‘ quaternary cations, It is quite obvious that if only anions had
nr any effect on the structure of the double layer at low polariza-
tions then the left portions of curve 2 and 4 would have to
PO e ‘:\1?_ coincide.
. e S, ﬂr;ﬂ " lodide anions act similarly at high polarizations, Com-
paring curve 3 and 4 one can see that at potentials more nega-
Fig. 4. Differential capacitance curves tive than—1.13 v, the adsorption of quaternary cations in the
as a function of potential. The solutions presence of iodide anions decreases the capacitance more
are labeled just as in Fig. 1. Curves 1 abruptly (with increasing potential), whereas the desorption
and 2 were recorded at a frequency of of the organic cation begins at more negative potentials,

b et It is interesting to note that the potentials at the inter-

sections of curves 2 and 4 and curves 3 and 4 (points a’ and b’
in Fig. 4) practically coincide with the potentials at the intersections of the corresponding polarization curves
(points a and b in Fig. 1). It seems that to the first approximation this coincidence can be used to support the
propm.e_d hypothesis on the mutual reinforcement of adsorbed ions, although it would be more appropriate tocom-
pare the locations of a and b at the intersections of (1, log i) curves with the intersections of curves reptesent-
ing not the differential cap;cll:am:e,hut the electrode charge-u a function of potential.,

We wish to thank Academician A. N. Frumkin for his interest in this work and valuable advice.
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THE EFFECTS OF ABSORBED ANIONS ON HYDROGEN OVERVOLTAGE

Tza Chyuan-Sin and Z, A, Tofa
(Presented by Academician A. N. Frumkin, March 20, 1959)
The M. V. Lomonosov Moscow State University

According to the theory of retarded discharge [1], the equation for the overvoltage for the liberation of
hydrogen from acid solutions has the form:

R {—aRkT

= &%I"'_T + In[Hs0"] 4

= 2 10 - cONS, m

where o Is the mean value of the potential at a distance of one fonlc radius from the surface of the electrode
(the potential of "the external Helmholtz layer®),

In [2] anexperimental comparison was made of the overvoltage curves with the electrocapillary curves for
the same solutlon. It was found that, in qualitative agreement with the above equation (1), the halide ions
Cl", Br- and I" reduced the hydrogen overvoltage at mercury in the low polarization regions, and that, in
approximately the same potential regions, they lowered the Interfacial tension at the mercury-solution boundary.
But, deviations from linearity in the y - log i curve, and an initlal reduction in overvoltage, were observed at
considerably more negative potentials than those corresponding to the beginning of divergences between the
electrocapillary curves for the given soltulon and for solutions not containing surface active anions, It was
therefore, considered that the lack of agreement between the desorption potentlals of these anions, as determined
by the two methods, might be explained on the assumption that small amounts of adsorbed material did not
affect the electrocapillary curve, but, had a considerable influence on the overvoltage.

As the result of improvements in the technique of measurement, we now have available a more sensitive
method of investigating the structure of the double layer, namely, the differential capacity method. It was

therefore, of interest to carry out more precise measurements on the effects of adsorbed anions on the hydrogen
overvoltage, using this method.

Figure 1 shows curves for the hydrogen overvoltage in acid solutions containing KCI, KBr and KI. These
curves were obtained, using a dropping electrode at 20°, by the method described in [3]. Fig. 2 shows differen-
tial capacity curves, obtained with the same solutions at a dropping mercury electrode, by the method of [4).
Since, at sufficlently negative potentials, hydrogen evolution began in these acid solutions, and the system showed
conductivity with alternating current, the true value of the capacity of the double layer, in these regions of
potentlal, was calculated from the formula

Cu .

C  e——
true {4 dntect (R, R’

where Cyy and Ry, were the values of capacity and resistance, obtained directly by means of a bridge, in which
the standard resistance and capacitor boxes were connected in series; f was the frequency of the alternating
current used; R.P was the total resistance of capillary and solution.

8317
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Fig. 1. Overvoltage curves in solutions: 1) N HCI +
+ 2N KCI, 2) N HC1 + 2N KBr, 3) NHC] + 2N KI,

g

L i i i L J
Goulombs/cm? . 10¢ %@ 'mw ¥ 9w @y
II'ar Fig. 2. Differentidl capacity curves,
s for the same solutions as in Fig. 1, at
“ [ a frequency of 5000 cps.
f;l-
Comparison of the overvoltage and capacity
0 curves showed that the differentlal capacity was
sl more sensitive to the absorption of anlons than were
the interfacial tension or the overvoltage, Diver-
61 gences between the differential capacity curves
al were observed at considerably more negative po-
/ tentials than divergences between the overvoltage
d J aurves. As will be shown below, in order to
£ il ] Y S ey elucidate the effect of the double layer structure
04 05 O0F 07 48 Q8 7§ f2v on the kinetics of electrochemical processes, it is
i ———— convenient to use the value of the discharge density,
Fig. 3. Relation between discharge density, €, rather than the interfacial tension or the differ-
¢, and potential for the same solutions. entlal capacity.

To calculate ¢, we first used the values of
@¢ =, found from the electrocapillary curves for
the same solutions. But the values of ¢, obtained in this way, for the three solutions differed from each other
by about 1-29% at n = 1.2 v, where the capacity curves converged. This difference showed a lack of precision
in the determination of L T by the electrocapillary curve method, so we took the mean value of ¢ at gy =
= 1.2 vasan integration constant for all three solutlons, and integrated in the reverse order, starting with g =
= 1.2 v. The relation between ¢ and potential is shown in Fig. 3.

There was satisfactory agreement between the curves for e, n and n-log i. In the potential regions where
the ¢ -p curves were practically straight lines, the q -log i curves were also straight. With KCI solutions, the
curve remained a straight line over the range of potential Investigated. The potentials at which deviations from
linearity began for KBr and KI were of the same order (-0,95 v for KBr and -1.05 v for KI).

For the range of potential in which the absorption of anions was still not very great, the following
empirical relation was found:

(3 =05, @
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where A log i and A¢ were the deviations of log | and e from the corresponding values determined for KC1
solutions at the same potentlal, and ¢ was expressed in y coulombs/cm® (see Fig. 1 and 3). Fig. 1 shows both

the experimental polnts (continuous curves) and the values of log i calculated from the relation A log i = 0.54 €
(dotted curves). It is clear  that the calculated and experimental curves agreed satisfactorily upto < 0.70 v
for KBr and n < v.45 v fou K1

It is not difficult to derive Relation(2) from Equation (1) and some elementary considerations on the
structure of the double layer.

From Equation (1) we obtain:

dlgiy __(1—a)F
( ;.ILI_ 23RT ~ ®)

So long as the adsorption of anions is small, we can reckon, without serious error, that the electric field
in the close part of the double layer is determined only by the value of ¢ at the electrode surface, and we
obtain:

€ = Cr (p— o, @

where C, is the capacity of the outer Helmholtz layer in*the presence of adsorbed anlons. It follows from (4)
that:

( 1
C&h=—¢ )

Since, in the presence of adsorbed anions, the capacity alters little with potential over the range of
potential considered, the value of C, can be put equal to the differential capacity of the outer Helmholtz layer.
The latter, with solutions of the concentration considered, hardly differs from the capacity of the double layer
as a whole. From (3) and (5) it follows that:

(ﬂ_ﬂlg‘]n %) (1?_:1?1{); (%)1 & {%?Jfﬁﬂ':"‘_(z : (6)

Putting C, = 18 uf/cm® and & = 0.5 in (6), we obmin:

algiy
?). =0,5. (M

Wwhen the adsorption of anions became greater, gy was determined, not only by the value of ¢ at the
electrode surface, but, also by the charge of the adsorbed anions, so that Equation (3) was no longer correct.
But, according to Grahame"s latest data for KI [5), when |¢| > 10 pcoulombs/cm® (y > 0.85 v), the adsorbed
ions were still at some distance from the electrode surface, so that our assumption was evidently still applicable
as a first approximation.

It is clear from the above that the effect of adsorption of halide anions on the hydrogen overvoltage can
be related quantitatively to the change in surface charge, ¢. Measurements of overvoltage should therefore,
be compared with the values of €, and not with the interfacial tension or differential capacity, The interfacial

tension — the result of integrating the charge density (:I = s qu:} » = is not sensitive enough to small changes

in the structure of the double layer. The differential capacity, which is a derivative of €, is too sensitive to
small changes In structure which are not reflected in the polarization curves,
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Using the same solutions, 5 — log i curves were recorded at a large stationary mercury cathode. The
absence of hysteresis loops in the curves for direct and reverse polarization indicated that the adsorption of 1”
lons proceeded rapidly. The hysteresis loops observed previously [2], were possibly due to traces of iodine or of
mercury lons in the solution,

We would like to thank Academician A, N, Frumkin for his interest and advice during the progress of the
work and the interpretation of the results,
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The differential capacity of the double layer was first used by T. 1. Borisova, B, V, ili‘.llel. and A. N.
Frumkin [1] in determining the potential of zero charge ¢¢ - on electrodes and solid metals (Pb, T1, Cd).
They showed that the capacity vs potential curves for these metals were similar to the well-known C, g curves
for the mercury electrode. C, g curves have been used for determining ¥¢ = values and for adsorption studies
on Fe [2], PbOy [3], Zn [4], and on other metals [5].

On solid metals the capacity varies with the frequency of the applied alternating current (capacity disper-
sion). Based on the fact that capacity dispersion is less on a smooth metal surface, for example a molten metal
[1] or a single crystal [6], it was suggested [2] that the numerous microcracks in the surface of a polycrystalline
metal screen part of the surface as the frequeney is increased. This decrease in effective surface of the elec-
trode explains the decrease in capacity at high frequencies. On the other hand, Bockris and Conway [7] explain
capacity dispersion as being due to slow relaxation of water molecules on the surface of a solid electrode.

The object of the present work was to study the structure of the double layer at the zinc electrode by
measuring the differential capacity.

B. 5. Krasikov and V. V. Sysoeva [4] measured the capacity at the zinc electrode to determine @¢ = 4.
However, we were unable to obtain a potential close to the value ¢, _ = - 0.63 v found by thase authors (the
normal potential of the zinc electrode Pzn= - 0.76 v) because, when the negative potential was decreased,
dissolution of zinc occurred and an anodic current was observed even at -0.85 v. Therefore, the accuracy of
?¢ = p values for zinc are questionable where the measurements were made in aqueous solutions, Electrocapil-
lary measurements on molten salts at high temperatures [8] offer an independent method of finding ¢¢ = 4.
assuming a constant potential difference between the maxima of the electrocapillary curves for a given metal
in a melt and in an aqueous solution. For zinc this method gave @, -y ~ - 0.65 v.

We used an ordinary impedance bridge to measure the capacity. The electrode was prepared by growing
a single crystal of spectrally pure zinc in a hard glass tube (i.d. 0,4-0.5 mm) so that the plate of the base was

parallel® tothe axis of the resulting fine wire. The area of the electrode immersed in the solution was measured
with a microscope.

Figure 1 (curves 1 and 2) shows that the variation of differential capacity at a zinc single crystal in
0.2-1.0 N KC1 was only 5-8% over the frequency range 0.4-1.0 ke/sec. Indilute solutions the variation was much
greater, but in this case it was due to a parasitic bridge to ground, because the capacity—frequency curve for
0,01 N KCl at ¢ = - 1,22 v was completely compensated when a compensating capacitor was inserted into the
bridge circuit, as described by B, B. Damaskin [9). Such a correction, however, can only be applied when the

* As in the Russian original.

1
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Fig. 1. Dependence of double-layer capacity

on frequency at ¢ = - 1.22 v. 1) Zinc single
crystal in 1.0 N KCl; 2) same in 0.2 N KCL;
3) polycrystalline zinc in 1.0 N KCL.
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Fig. 2. Differential capacity of the double
layer at different metals in 0.1 N KCl1 (fre-
quency 10 ke/sec). 1) Zn; 2)Ga; 3)Hg.
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Fig. 3. Differential capacity at zinc single
crystal (frequency 10 ke/sec). A:1)0.5NKCI1
2) 0.5 N KI; 3) 0.5 N KC1 + 0.00024 N i
N(CHg)gi 4) 0.5 N KI + 0.00024 N N(C Hy), -
B:1) 1.ONKCI; 2) 1.0 NKCl+ 0,001 N
N(CHy); .

cell resistance is less than 100 chms. In 0.001 N KC1

(R = 5000 ohms) this method of compensation is not
satisfactory. The effect of the state of the metal surface
on capacity variation with frequency can be seen by com-
paring Curve 3 for polycrystalline zinc with Curve 1

(Fig. 1).

Figure 2, Curve 1 shows the variation of C with
¥ at a zinc single crystal in 0.1 N KC1. The curves for
Hg and Ga in the same solution, based on the data of
Grahame [10], are given for comparison. It is seen that
the three curves are similar in form, especially if they
are moved along the abscissa until the minima coincide.
The branches of the curves rise more steeply from the
minima, however, for Ga and Zn than for Hg. It was
suggested that the rise of the C, ¢ curve for zinc when
the cathodic potential was decreased might be due to
pseudocapacity as the normal potential of the metal was
approached. However, a simple calculation showed that
pseudocapacity was insignificant in the region of the rise
of the curve.» It is evident therefore that the positive
branch of Curve 1 in Fig. 2 is due to adsorption of chlorine
ions.

Figure 3A shows C, ¢ curves for the zinc electrode
in solutions containing surface-active ions. The general
form of these curves resembles that of the corresponding
curves for mercury, which indicates a similar structure
of the double layer on zinc and mercury. However, the
difference between the C, @ curves 1 and 2 in Fig. 3A
is much less than that between the corresponding curve
on mercury [12], which is obviously related to the smaller
adsorption of I” on zinc, It should be noted that the
instability constant of the halide complexes with mercury
is much less than that for zinc, and also that the differ-
ence between these constants for C1~ and I” is much less
in the case of zinc than for mercury [13).

N(CqHg); ions are strongly adsorbed on zinc (Fig.
3 A). These ions are desorbed from the mercury electrode
when the potential becomes sufficiently negative (¢ =
= - 1.58 v), but no desorption peak was observed in the
zinc electrode curves (Fig. 3 B). This fact indicates that
adsorption equilibrium is reached very slowly on zinc as
compared with mercury. The desorption potential for
N(C,Hy)§ fons on zine in a solution of 1 N KC1+ 0,001 N
N(C4Hy); (Fig. 3 B) and the desorption peak for mercury
in the same solution [14] are almost identical when

* The pseudocapacity was calculated using the formula

[11] cp.?r.i'_‘i_ 'p.mliw..l_umﬂ

R=8.3 Joules 105 em/sec, w=10000" 2. PFor

, assuming n = 2

E=-0.78v, ¢ =10 mole/em®, C = 2 10° yf/cm®; for E = - D88 v, ¢ = 10°7 mole/em®, C = 20 uf/ cm’; for

E=-0.91v,c = 10" mole/cm®, C =2 uf/

. Since all the potentials were more negative than - 0,91 v,

therefore the pseudocapacity in our experiments was less than 2 yf/em®,

232
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3 referred to the ¢ - o of the respective metals. Thus,
@ 4 the desorption peak for mercury in 1 N KC1 + 0,001 N
/ N(C4Hy); was observed at - 1.28 v, @ = = - 0.28 v,
1# z giving a difference of - 1.0 v. For zinc the potential of
= : complete desorption was - 1.58 v, ¢¢ = g = - 0.65 v, the
¥; 0 - difference being - 0.93 v.
' Figure 4 shows the relationship between the hydrogen
Fig. 4. Hydrogen overvoltage at zinc single overvoltage at a zinc single crystal and the logarithm of
crystal. 1) 0.5 N HC1+ 0.5 N KCI; 2) 0.5 the current density in a solution containing surface-active
NHCl1+0.5NKI; 3)0.5 NHC1+ 0.5 N fons. These curves, like the capacity curves, resemble
KCI1 + 0.0004 N N(C Hg){; 4) 0.5 N HCL+ the corresponding ones for mercury. The adsorption of
+ 0.5 NKI + 0,0004 N N(CHy)g. iodine fons lowered the overvoltage, but as in the case

of the C, @ curves the effect was less at the zinc elec-
trode than at the mercury electrode [15]. Lowering of the hydrogen overvoltage owing to adsorption of C1” and
Br™ ions at a zinc amalgam electrode was observed by Ya. V. Durdin and E. G. Tsventarnyi [16). The curves
1I1P13.4l!luwdutasintemd’muﬂryﬂcmlomlncreueddnhydmgenmnnluganﬂncmmidu-
ably. Unfortunately, we did not reach the desorption potential for these ions while measuring the overvoltage.
When the N(C4Hy); and I” ions were present simultaneously the 1, log i curves lay between Curves 2 and 3 in
Fig. 4. As the negative potential is decreased, the adsorption of iodine ions increases, and the overvoltage de-
creases. This effect, which is due to a mutual increase in adsorption, was observed at the mercury cathode [15]
but not at the zinc electrode over the potential range studied.

We thank Academician A.N. Frumkin for his interest and advice throughout this work.
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Ya Yyanv-cun

Monorpadun A, Il. @pyuknua u ero corpyuukos ¢Rnnertuka
JACKTPOJMBIX npoueccos» Obia onybankopana nociae ockobosnenns
Kurtas, Korna TepMuT «AEKTPOJHAA KHRETHKa» OHA elle HORMUKOR
e TOJALKO JIfA KNTARMCKMN YHYeHnnIX, no u Ui SOJLINNCTBA YYeHBIX
pcero mupa. llospienue 370l KHUrN Ha DpPUIABKAN KIIGKHBIN Mara-
3MNOB NeMeJUIeNTo NPURICKIO BIHNMaHHe WeCKOJLKNX Tpynmn  yue-
NEIX B Pasiamunpx payunuix yupemjenusx Kuran. [pynna mononwix
npenofasaTesieil XMMHUeCKoro (GakyanTera Y XaHLCKOrO yluBepeuTe-
ta, cpequ Kotopex Obut 1 s (Boamomkuno, s OB wanbosnumy auTy-
3NACTOM), OPralM30Basa CEMUnap, ocnontoi 3ajaveii Kotoporo OblIO
punMaTearnoe mayyenne monmorpadmu A, H. @pymkuna. Tax Geina
co3lana Yxanbckas rpyvina 2eKTpPONHMUKOB, OJHA 13 MHOrOMNC/IeH-
JNIBIX B HACTOSNEE BpPEMA BJIerTpoxumuueckux rpynn B8 Knrae.

B 19571959 rr. # nomyuna sO3MO;ENOCTH MOpaloTaTh B KavecT-
pe npuraamiennoro yuenoro na wadenpe saextpoxumun MI'V, koro-
pyio sosraasana A. H. ®pyusnn. Hecmorpa wa «ctpammnie Genct-

BHS» BpOJA€ NPOJNTOM PTYTH WIN CJAOMANHOr0 TOHROCTEHNMOrO Ka-
muaApa NYKHOTO JHAMETpa, A OMYIAaJ, 4TO BCC CHJIbHee W CHJIb-
Hee «ajcopOMpylocLy Ha rpannie pasjesa 3AeKTPoaa W IeKTPOoJNTA.
Iloxanyii, camoe wnewumnoe, uYemy s nayumics B Mockse vy
A. H. Opymsuna w 3. A. Hoda,— a0 MMeTh cobCTBEHHOE MHENHE,
e COATLCH CKA3aThL «HET» M BEPHTH, YTO f MOry CeJaTh 4To-T0 ue
xyae apyrux. Moir oten pacckasupan Miue, 4t0, Korjla on GsL1 CTy-
JenToM mocaeanero Kypca VYumpepenrera Munpecors: (CIIA),
npodeccop Mmramken nompocsn ero o6MeHATLCS PYKONOMKATHEM C
3ommepdensiom u notom samermn: «lloskap pyky seamkomy yueno-
My. Thl Haunmaemnb OBICTPEe MOHNMATL €ro KHHrN»,

Moit coGcTBennBli ONMBIT MOKA3LIBACT, YTO YBEPENUNOCTL B CBOMX
CHJIAX ne Mellee BRKua, YeM TajlanT H ycepjue. Taxkas yBepemiocTn
B uay-luoi't JEATENLIHOCTH MOMKET Ghl'l'b Jiyulle BCero JlIoCTUruyTa B 1o-
JUIHHHO TBOPHECKOI axajieMm¥eckoii obcranopke, B KOTOpOil s Ha-
xojpuics wa kagenpe Anexcamapa Haymonnua.

1 OGepemwno xpanw M HeHK Te pyKonucH csomx paboT, KoTopsle
AJT@KC&IIJIP Hayuonuq THATEJALIIO WCHPaBJdfAJ, OTKA3BIBAACHL BRIIK-
s cefs B uncao amtopos. [Sro uma cessanmo ¢ padoramMm 1o
DACKTPOXHMIN M TPaJIMIHAMI JIEKTPONUMHUKOB scero Mupa, a Hn-
Tail — YacTh HTOro Mmpa.

Yzxans, 1988 e.
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