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ZERO CHARGE POTENTIALS OF ELECTRODES*

A.N. FRUMKIN

Institute of Electrochemistry, Academy of Sciences, Moscow, USSR

It is shown how the question as to the relation between the potential difference at the
ends of a galvanic circuit and the Volta potential between metals in a vacuum could be
sol\_red by the introduction of the concept of the zero charge potentials of electrodes. Ex-
perimental methods for the determination of zero charge potentials in aqueous solution
and in molten salts are reviewed. The influence of the zero charge potential on the elec-
trochemical behaviour of metals is discussed.

The notion of the potential of zero charge

If a galvanic cell is to be considered as a reversible system, the potential
difference set up at the ends of the circuit, as has been well known since the
time of Gibbs and Helmholtz, can be determined from the free energy of the
chemical reaction occurring when the current is passing. The importance of this
thermodynamic approach cannot be overestimated. It has, however, essential
shortcomings; it is confined to reversible systems, whereas reversibility is
seldom encountered in practice, the deviation from it being the greater the
higher the rate of processes occurring in the system. Moreover, the determina-
tion of the overall value of the potential difference at the ends of the circuit
gives no indication as to the distribution of this potential difference between
various interfaces, in particular, at the interphase between metal and solution
which is of greatest interest from the point of view of electrochemistry. :

‘Let us consider the evolution of the views on the setting up of a‘potential
difference at the metal/solution interface. A definite hypothesis on this problem
was advanced in 1896 by Nernst.! To each metal he ascribed a certain solution
tension P. If the osmotic pressure of ions in solution, p, is greater than P, the
metal is positively charged upon contact with the solution, the ions frorr; the
solution being deposited on the metal. In the opposite case, ions of the metal
pass into solution and the metal is negatively charged. In both cases, an electric
double layer is formed at the metal/solution interface, since the charged surface
attracts ions of the solution; at p > P anions and at p < P cations. According
to Nernst, the potential difference between metal and solution, @, is equal to
(RT/nF)In(p/P), which in the case of dilute solutions is in agreement with
thermodynamics.

Nerr}st’s osmotic theory leads to an important conclusion: the setting up of a
potential difference should involve a change in the composition of the solution
propo.rtional to the area of the metal/solution interface. This conclusion was’
experimentally confirmed in 1898 by the Swedish electrochemist W. Palmer.?
Palmer constructed an effective dropping mercury electrode : under a pressure
of 5 at.m. mercury ran into dilute Hgy,(NO;s),. The mercury jet disinte-
grated into firoplets, on whose surface mercury ions were deposited, since
w in Hg,(NO,), p > P. Palmer actually found that during the ope-
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ration of the dropping electrode the concentration of Hg2+ ions in the solution
decreased by 39 per cent.

In Nernst’s view, the potential difference at the interface between two metals
could be neglected, i.e. in a galvanic circuit potential differences appear at the
metal-electrolyte interfaces only. Hence it followed that by measuring the
potential of the electrode for which p = P, it would be possible to determine the
position of the absolute zero of the potential scale. Palmer’s early work in
Stockholm3 was devoted to this problem. It is evident that for the condition
p =P to be fulfilled, the concentration of mercury ions in the solution should
be greatly lowered. This was accomplished, e.g. by adding the complexing
agent KCN. By varying the Hg(CN), content in a 0.1 M KCl1+0.01 M KCN +
0.0008 M KOH +Hg(CN), solution, Palmeer determined the conditions under
which the decrease of the mercury concentration in the solution during the
operation of the dropping electrode changed to an increase. The solution in
which the dropping electrode caused no change of concentration was called a
null solution. The potential of a decinormal calomel electrode (D.C.E.) mea-
sured against the dropping mercury electrode in a null solution was equal to
40.5735 V. According to Palmer, this should be the absolute value of the
potential difference between metal and solution in a D.C.E. In other words, the
absolute zero potential should lie at -0.5735 V relative to the D.C.E. corres-
ponding to -0.52 V relative to the normal calomel electrode (N.C.E.).

The experimental technique used by Palmer was excellent, but the inter-
pretation of the result, based as it was on Nernst’s assumptions, was incorrect.
In fact, the quantity which changes to zero in Palmer’s null solution is the
charge of the electrode surface. Therefore, the value -0.5735 relative to the
D.C.E. determines the position of the potential of zero charge or of the null
point of mercury in the solution used in Palmear’s experiment, practically 0.1
M KCl. Another question is, however, whether the potential difference at that
point is zero. This must be answered in the negative. It is not possible to give
here all the details of the historical development of this problem, important
steps in it being the works of Paschen? and Rothmund?, also on dropping mer-
cury electrodes, that of Gouy on electrocapillarity,®? and of Smith and Moss on
null solutions.® Some experiments carried out by myself? at the very beginning
of my scientific activity showed that in general no direct relationship exists
between the value of the surface charge and the metal/solution potential
ditference. That not only the processes of ions transfer from one phase to
another, but that also those of adsorption of molecules and ions contribute to
the occurrence of potential differences, could have been concluded earlier, in
the first instance on the basis of electrocapillary measurements made by the
French physicist Gouy.®? According to the thermodynamic Lippmann-Helm-
holtz equation

Jo|dp= —¢ 1)
the maximum of the electrocapillary curve, showing the dependence of the
interfacial tension ¢ on the electrode potential ¢ should correspond to the zero

value of the surface charge density, &*.
The data of Gouy and other investigators clearly showed that, depending on

* The meaning ascribed to the term “charge” in thermodynamic relations and in the electric
double layer theory are somewhat different. I shall not dwell on this difference, however, as it
is of no importance in most cases considered in this paper.
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the composition of the solution, the maxima of the electrocapillary curves lie
at different potentials and, in particular, shift in the direction of more negative
values in the presence of surface-active anions. Many scientists, as for instance
van Laar!®?, however, believed that eq. (1), although deduced from thermo-
dynamics, required corrections. When I began to work in this direction it
seemed to me that in the first place it was essential to prove the validity of eq.
(1) in all cases, regardless of the nature of the adsorption phenomena occurring
in the solution. This was accomplished by analysis of the thermodynamic
deduction of eq. (1) in some detail, as well as experimentally by comparison
of values of do/dp determined from electrocapillary measurements with those
obtained directly by means of a dropping electrode.? The results showed that
the measurements by means of a dropping electrode on the one hand, and by a
capillary electrometer on the other, should necessarily give the same value
of the potential of zero charge, as was earlier established empirically for the
particular case of inorganic electrolytes.%#8 Consequently, in addition to the
double layer due to the charging of the metal surface in the sense of Nernst, the
double layers resulting from the adsorption of anions and from the adsorption
and orientation of molecules should be taken into account as well.

The value found by Palmer for the zero charge potential of mercury is some-
what shifted by the adsorption of chloride ions. In the absence of adsorption
of anions and surface active molecules, the potential of zero charge of mercury
in aqueous solutions, according to the most accurate data,» 33 lies at -0.472 V
relative to the N.C.E. or at -0.191 V relative to the normal hydrogen electrode
(N.H.E.). It was natural to suppose that the orientation of solvent molecules
should also be taken into consideration. This possibility was considered already
by Gouy!? and confirmed in experiments carried out by myself with non-
aqueous solutions.’® The complexity of the problem is not due solely to adsorp-
tion phenomena, however. In fact, a null solution can be obtained by a method
different from that used by Palmer. For, instead of lowering the concentration
of mercury ions it is possible to substitute for mercury an amalgam of a metal
with a more pronounced ionization tendency. In this case, the null solution can
be obtained at a much higher concentration of the potential-determining ions.
This possibility was considered by Palmer, but he did not succeed in realizing
it, which saved him from a disappointment. In fact, when I and my co-workers
investigated the electrocapillary behaviour of thallium amalgams 14 and the
properties of dropping electrodes from these amalgams,'® a 0.5 M Na,SO, -
0.00006 M T1,SO, solution proved to be the null solution for a 10 per cent Tl
amalgam. But the zero charge potential in that case was equal not to -0.19 V
as for mercury, but to -0.51 V vs. the N.H.E. For a 41.5 per cent Tl amalgam
the value is -0.65 V. Some years later we determined the zero charge potential
also for a platinum hydrogen electrode.l® In that case the charging of the elec-
trode occurs through the ionization of the adsorbed hydrogen atoms, which
results in the acidification of the solution, or through the discharge of hydrogen
ions, changing to atoms, this process leading to an alkalization. If the surface
of a platinized electrode is large enough, the changes in the acidity caused by
the formation of the electric double layer can be measured, and by altering
the surface concentration of adsorbed hydrogen it is possible to determine the
point of zero charge. We found that in 0.5 M Na,S0,+0.005 M H,SO, it is
located at +0.11 V vs. the N.H.E., i.e. 0.3 V more positive than in the case of
mercury and ca 0.8 V more positive than for the 41.5 per cent Tl amalgam.
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Zero charge potentials and galvanic cells

The dependence of the zero charge potential on the nature of the metal
leads to important conclusions. Let us consider an electrochemical cell

1 2 3 4
Hg | null solution | null solution | TI/Hg | Hg

in which the null solutions contain no foreign ions or molecules adsorbed on
uncharged mercury and amalgam surfaces. The sulphate solution mentioned
above approximately meets this condition. As follows from the above, the
potential difference at the ends of the circuit amounts to 0.46 V for a 41.5 per
cent or 0.32 V for a 10 per cent amalgam. However, no ionic double layers or
layers of oriented dipoles of adsorbed foreign molecules are present either at
interface 1 or at interface 3; the potential difference at interface 2, as is well
known, can be neglected or eliminated. If it is assumed, in addition, that the
potential differences due to the orientation of water molecules at the interface
with mercury and at that with the amalgam differ but little from each other —
some arguments in favour of this assumption will be given below—the poten-
tial difference at the ends of our circuit proves to be quite similar to the Volta
potential, or, as it is sometimes still said, to the contact potential between
metals in a vacuum*. In fact, in the case of null solutions with non-adsorbed
components, the principal difference between the metal-vacuum and the metal-
electrolyte interfaces, consisting in the formation of double layers as a result of
interaction of the metal with the solution components, has been eliminated
(with the above reservation concerning the role of the solvent molecules). A
direct measurement of the Volta potential between mercury and thallium
amalgam confirms this conclusion (0.38 V for a 12 per cent amalgam).l? Let us
consider now a cell made up of a mercury electrode and an electrode from a
41.5 per cent thallium amalgam in normal solutions of corresponding salts. The
potential difference at the ends of this circuit is 1.13 V. As follows from the
above, 1.13—0.46 = 0.67 V is the algebraic sum of the potential differences
localized in the ionic double layers, the remaining part being of the same nature
as the Volta potential between metals in a vacuum.

Thus, the determination of the positions of the points of zero charge gives
an answer to the question as to the relationship between e.m.f. of a galvanic cell
and the Volta or contact potentials set up between metals in the absence of
chemical interaction. This question is known to have arisen just after Volta’s
discovery at the end of the 18th century, and during the course of the whole
19th century the opinions of physicists and physical chemists on this question
differed. Pfaff and Davy were in favour of the contact theory, Ritter, de la Rive
and Faraday supported the chemical one. The great success of the thermodyna-
mical theory of electromotive forces of reversible cells, which showed that the
overall value of the potential difference at the ends of the circuit is completely
determined by the nature of the chemical reaction occurring when the current
is passing, made it natural to suppose that individual potential differences as
well are set up only at metal-electrolyte interfaces at which a chemical inter-
action is possible. This point of view was embodied in Nernst’s osmotic theory
referred to above. How deeply the German physico-chemical school believed in
the complete erroneousness of Volta’s contact theory is shown by the words of

* The Volta (or contact) potential is the so-called outer electric potential.
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W. Ostwald used in reference to itin Elektrochemie, ihre Geschichte und Lehre,
"”Wir stehen hier an einem Punkte (1797), wo der folgenreichste Irrtum der
Elektrochemie beginnt, dessen Bekédmpfung weiterhin fast den grossten Tei] der

But not all physicists shared that opinion. Somewhat later, due to improve-
ments in the vacuum technique, reliable data on the electron work functions

l l
Me, Me,
As follows from thermodynamics, this Volta potential is equal to the difference

in the electron work functions of both metals, The Volta potential can also be
defined as the potential difference between the ends of the circuit:

vacuum ' Me,

Me; | vacuum | Me, | Me,

if the potential drop in the vacuum is eliminated. On the other hand the Volta
potential between metals Me, and Me, is evidently equal to the difference in the
surface potentials of metals Me, and Me,, increased by the potential difference
at the interface between the two metals or, to use a more modern term, the
Galvani potential at the Mey/Me, interface. The question naturally arises: what

concept of the potential of zero charge; the difference between the potentials of
zero charge of two metals determines that part of the total potential difference
which can be compared with the Volta potential under vacuum. This part is

potential, it is impossible to determine these separate potential differences
directly by experiment. I shall not dwell here on the problem of the determina-
tion of the separate or absolute, as they are sometimes called, potential differen-

05
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i i ifference, we have to measure the work
E determlcfn‘fhiuti};nasfist)efn;;ailncflilrflfiiesima:l amount of elfactricity from one
Ok duré}ri:r V\;hereas in reality we have to deal only w1tp the transfer of
et o of ’ions In this case the work performed during the transfer
L oin vt o ly on ;Lhe difference of electrical potentials3 b.ut .also. on‘th‘e
dependS. o foilhz article with the material medium. This limitation is elimi-
i '0 th Ease of two dilute solutions in the same solvent. However,
b eIues of separate potential differences cannot be measured
H attempt to evaluate them on the basis of moc'1e1 concepts of
dire'Ctly’ o r’?a{:ture Langmuir!® supposed that the potential difference in the
et I'1fl meta.ls at the interface with the vacuum could be. neglected,
sur‘face e (:15 to use more modern terms, that the Volta potentlal.and. tllle
i Ot'her Wm:c'al, between two metals were equal. Such an assump;c;on is in
B lment with Volta’s concepts. Gurney? and Butler' h(‘ald‘ a
c.orerlete. agreli can be readily shown, however, that this assumpthn is in-
b Vl(ilv‘it'hat the potential difference in the surface layer of metals is not to
liorreecgtljcr’led In fact, the electron work functions on differen;c faces tof.;x r‘r;sicta;
o ; 5 ly there must exist a certai
e dlf'fer. 'Conseqllllilrlrtl located in the vicinity of these faces.
pOt'entiall bflii‘:ee:tzrvlvt?ﬁ(;;n;s;r;ﬁ:&?; determined by the potential difference ‘a’i
glzl(rir?:ttaivacuﬁm interfaces for both the crystal faces, Sifnfﬁ the ;nﬁe;agn E;t(()afn:lhae
at all points inside the crystal is constan't. Tl;e cavlize; é)onSigesrzd T Baial
potential difference at the metal-va}cuum lnt‘erhace g e 0 i
According to Frenkel the electronic .gas whic poss‘ L8 & W dn Sy
tends to expand and leave the confines f’f the lattice of po Mgt n
reaches the limit where the potential dlfferenc.e §et u% comgtential ity
tendency of the electronic gas to expand. In.prmc'lple' t esep oy e
ces could be evaluated, and some attempts in this direction w = d. 4!
i that the electronic theory of metals has not yet ‘at aine
nglgtréZ ?fergzvelopment at which the results of th.ese calculatlonls Zozlfdtﬁz
considered sufficiently reliable to solve the question ofzothe value
individual components of the Volta potentials (see also ref.29).

Experimental determination of zero charge potentials

Liquid electrodes in aqueous solutions

I have already mentioned the basic methods for the determination oiti];?e
points of zero charge of liquid metals — the measurements of electrochapd ar}é
curves, the use of dropping electrodes and of null solutions. Thes.e rr}et ou§ m
applicable in aqueous solutions to mercury, :itma.lgams and hlqutldocgaa ihua r};
Examples of electrocapillary curves are given in fig. 1 From elec rf P a
curves the value of the charge can be calculated with the help of eq. s 5
dropping electrodes give the position of the point of zero charge and,t un ‘eI_‘
definite conditions, directly the value of the charge. If the charge was de. elrmlnd
ed at some particular potential value, the charges at any other potential, alrll
hence the position of the potential of zero charge, can be found by liIleaSL;I‘:)n%
and integrating over the differential capacity of the.electrode. If fol'ows frthe
the thermodynamic eq. (1) that the results of the direct determination %Olﬂd
charge and those of its calculation from the dependence of ¢ on ¢ s o
coincide within experimental errors. It should be noted that sometimes eq.
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is con'sidered to be inapplicable in the case of electrodes which are not "’ideall

Polarlzable”.% In Palmer’s experiments, however, the Hg electrode was ol
ldeall‘y polarizable due to the presence of mercury in the form of Hg (CN), in rtl}(:t
solution. Nevertheless, the potential of zero charge, determined by Palniaer f .
0.1 M KCl viz. — 0.52 V vs. N.C.E. is in excellent agreement with the results ?)It:
electrocapill:'iry measurements. Similarly, experiments with thallium amal

gams show?!® that the determination of the potential of zero charge by t;-
method of electrocapillary curves on the one hand, and using null solutione
on the other, yield very similar values of the potentials of zero charge in s its
of the fgct that in the vicinity of the zero charge an amalgam electrode canI;w:
be ct?nSIdered to be ideally polarizable since it is in equilibrium with the
solution containing TI* ions in a measurable concentration (ca 2 X 1076 M in
the case of a 41.5 per cent thallium amalgam!¥). This result is in complete
agreement with the deduction of eq. (1) from Gibbs’s adsorption equation,?®

which is a more general one than those based
. on the concept of i
polarizable electrode (see also ref.27). phat el
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Fig. 1. Electrocapillary curves of mercury and of a

Fig. 2. Diff ial i -
41.5 % Tl amalgam in 0.5 M Na,SO,; N.C.E. (Frum- ! e ae

cury electrode in K,Fe(CN)s solutions.
N.C.E. (Damaskin,Swarz and Frum-
kin*). 1—N; 2—0.1 N; 3—0.01 N;
4—0.001 N. 25° C.
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Another independent and non—the‘rmodynamic method ‘is .based on the

rements of the differential capacity of the double layer in dilute solu’flons.
measud.n to the double layer theory the effective thickness of the diffuse
Accgll‘ 1lag er reaches its maximum value in the vicinity of the potential of zero
2}?:1-;, T};ﬁs corresponds to a minimum on the differential capacity curve.28
The thickness of the diffuse double layer in the vicir}ity of‘ ‘th(.’, Zero charg’e
potential is often called the Debye thickness, although. in reality it was G9uy S
theory of the diffuse layer which was'taken as a basis for the Debye-Hiickel
theory of strong electrolytes and not vice versa. :

The results obtained by the determination of the potential of zero charge
from electrocapillary curves and from the differential capacity minim.um in
dilute solutions agree well. This is the case not only with a practically ideally
polarizable mercury electrode, but also with amalgam electrodes, for which the
condition of ideal polarizability is not fulfilled. Thus the differential capacity
minimum of the double layer for a 40 per cent T1 amalgam in0.01 M NaFis
located at —0.645 'V (N.H.E.),?® which is very close to —0.65 V, the potential of
zero charge of a 41.5 per cent T1 amalgam in 0.5 M Na,SO, determined from the
electrocapillary measurements.’» 1> The data obtained in 0.01 M NaF and
0.5 M Na,SO, are quite comparable as the adsorption of anions may be neg-
lected in both cases.

These results, as well as the coincidence of the data obtained by the method
of null solutions with those of electrocapillary measurements, lead to the
conclusion that in contrast to assertions made in the literature,3%: 3! there are
no fundamental differences between the zero charge potentials of ideally
polarizable electrodes and of electrodes in solutions containing potential-
determining ions in a measurable concentration (see also ref.32).

The differential capacity curves with a minimum were {first obtained
with a mercury electrode in a 0.001 M KCl solution.28 Fig. 2 gives an example of
the relation between the differential capacity C and the electrode potential and
shows the disappearance of the minimum at the point of zero charge with
increasing concentration. The very sharp rise of the differential capacity
observed in dilute K,Fe(CN), solutions, when the potential is shifted from the
zero charge potential towards more positive values, is due to the high negative
charge of the Fe(CN)3~ anion.

Solid elecirodes in aqueous solutions

Among the methods mentioned for liquid electrodes, only the determination
of the potential of the differential capacity minimum can be directly applied to
solid metals.3® A number of such measurements were made at the Institute of
Electrochemistry in Moscow with satisfactory results, e.g. in the case of Pb and
Ag.36 This method was also used by Randles in Birmingham.3? Examples of
differential capacity vs. potential curves obtained with solid electrodes are
given in fig. 3 and 4.* The dependence of the differential capacity on the potential
a'nd on the concentration of the solution observed with some solid electrodes is
similar to that observed with mercury. However, the interpretation of the
double layer capacity measurements in the case of solid electrodes is hampered

*
My thanks are due to Prof. J. B. Randles for the permission to present here the results of his
measurements.
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Fig. 3. Differential capacity of a silver
electrode in Na,SO, solutions; N.H.E.
(Leikis®®).

Fig. 4. Differential capacity of a tin electrode
in KCI1O, solutions (Randles®*?) — 0.1 M; —.—.,
0.01 M; — — — 0.001 M; pH ~ 3. N.C.E.

by the often observed dependence of the capacity upon frequency, the cause of
which has not yet been completely ascertained.

There are no methods available which would permit us to make direct
measurements of the interfacial tension between a solid metal and electrolyte
and we cannot, therefore, determine an electrocapillary curve of a solid. Some
measurable properties of solid metals, however, such as hardness, external
friction and wetting, change with the potential in such a way as to make
possible the determination of the potential of zero charge. Thus, the zero charge
potential corresponds to the maximum hardness,3%; 9 to the maximum external
friction2?: 40 (fig. 5) and to the minimum of wetting by electrolyte solutions.®
The dependence of the wettability of a solid metal upon polarization was de-
scribed as early as 1908 by Maller,*? but incorrectly interpreted by him. It is
of great importance for a number of problems of applied electrochemistry.

Just as the change in the composition of the solution in the case of the
double layer formation on drops may be used for the determination of the
potential of zero charge of mercury, the change in the composition when the
double layer is formed on a solid with a highly developed surface, as I have
already mentioned, may be successfully used for the determination of the zero
charge potentials of activated carbon®? or of platinized platinum.'® These
methods have lately been applied in our laboratory using radioactive tracers.**
A direct measurement of the potential of a solid electrode with a developed
surface under the conditions when the formation of the double layer is hindered
or impossible, as in the case of an outgassed activated carbon electrode in an

Fig. 6. Relationship between the potential
and the force F, which must be applied in
order to establish a contact between two pla-
tinum wires in KCI solutions. The minimum
of F observed in dilute solutions corresponds
to the point of zero charge (Voropaeva, De-
ryaguin and Kabanov??).

Fig. 5. Dependence of the hardness H
and the external friction f of lead in
0.1 N NaCl on the potential; N.H.E.
(Rehbinder, Wenstrom and Likht-
man?®).

acid solution, is an analogue of the potential measurements with the help of an
effective dropping electrode.4>

Recently Jakuszewski suggested a method for the determination of the
potential of zero charge based on the measurement of the shift of the potential
of a polarized electrode upon its immersion in an electrolyte solution.*® This
shift, caused by the expenditure of electricity for the charging of the double
layer, changes its sign at the potential of zero charge. The technique of these
measurements is very simple, but the preliminary cleansing of the electrode
surface should present considerable difficulties.

In addition to the determination of the position of the differential capacity
minimum in dilute solutions, there are other methods, applicable to solids, in
which the properties of the diffuse double layer are used, i.e. the potential
distribution at some distance from the electrode surface. Among them the
method of crossed wirest? based on the measurement of the force necessary to
overcome the repulsion of the electric double layers when two metal wires are
brought together until they are in contact, should be mentioned (fig. 6), as
well as the determination of the displacement of metal particles in an electric
field (the electrokinetic or {-potential of colloid chemistry). The latter method
was used a number of times for the determination of the sign of the surface
charge of metals, often with contradictory results. It should be borne in mind
that all forms of specific adsorption disturbing the potential distribution in
the electric double layer will much more affect the {-potential than the value
of the total charge . But, as exemplified by platinized platinum,*® with certain
Precautions taken, the electrokinetic methods yield results in good agreement
Wl'fh those of adsorption methods. Conclusions regarding the position of the
Point of zero charge may also be drawn from the dependence of adsorption of
Organic compounds upon the potential*®> 50 and from the kinetics of electro-
C_hemical processes. Some data on the points of zero charge in aqueous solu-
tions are listed in table 1.
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TasLE 1. Potentials of zero charge in aqueous solutions referred to the standard hydrogen
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electrode. Starred (*) values are less reliable.

Electrode pe=0 Electrolyte Method

PbO, 1.8 0.005 M H,SO, Capacity minimum?¢

PbO, 1.8 0.005 M H,SO, Hardness®®

Te 0.6* 0.5 M H,SO, Hardness?®

Au 0.3* M NaClO, + 0.001 M HCIO, Adsorption of organics®®

C (act. carb.) 0.07 0.5 M Na,SO, 4 0.005 M H,SO, Adsorption of ions%

C 0.16 0.005 M H,SO, Potential outgassed elec-
trode#®

Pt(H) 0.11-0.17 0.5 M Na,SO, + 0.005 M H,SO,; Adsorption of ions?®. 44

0.025 M Cs,SO,4 + 0.005 M H,SO,

Pt(H) 0.2 0.001 M KCI Crossed wires*?

Pt(H) 0.12 0.000025 M H,SO, Electrokinetic®

Cu 0.05* 0.1 M NaOH Contact angle’?

Cu 0.07* 0.01 M KCl Dipping*¢

Hg -0.19 0,01 M NaF Electrocapillarity,
dropping electrode*

Hg -0.19 0.01 M NaF Capacity minimum?3?

Bi -0.36* 0.01 M KC1 Dipping*¢

Fe -0.37* 0.005 M H,SO, Capacity minimum5*

Fe -0.4%* 0.003 M HC1 Crossed wires#?

Sn -0.46 0.001 M KCI1O, Capacity minimum??

Sn -0.38* 0.01 M KC1 Dipping*®

Ga -0.61 1 M NaClO; + 0.1 M HCIO, Electrocapillarity”®

T1/Hg -0.65 0.5 M Na,SO, Electrocapillarity*4

41.5 9,

In/Hg -0.65 0.5 M Na,SO, + 0.005 M H,SO,  Electrocapillaritys*

58 %,

Pb -0.64 -0.67 0.0005 M K,SO,; Capacity mini-

0.0005 M H,SO, MMy 39: 87

Pb -0.62 0.1 M NaCl Hardness?®

Ag -0.7 0.0005 M Na,SO, Capacity minimum?®

Tl -0.82 0.001 M KC1 Capacity minimums35

Tl -0.69* 0.5 M Na,SO, Hardness?8

Cd -0.9* 0.001 M KC1 Capacity minimum?3s

Na/Hg -1.85% 0.1 M N(CHj),.1/2S0, + 0.1 M Dropping electrode®?

0.3 9, NaOH

The solutions used contained no foreign surface-active components and the
composition of the electrolyte was chosen in such a way as to eliminate as far as
possible the risk of a specific adsorption of anions.

At the present time, the zero charge potentials of solid metals can be deter-
mined within some hundredths of a volt, whereas the error in the determination
of the zero charge potential of mercury does not exceed a millivolt. The princi-
pal difficulties encountered for many solid metals are due to the inhomogeneity
of their surface, to the occurrence of various electrochemical processes and in
many cases to the presence of adsorbed hydrogen and oxygen.

Liquid electrodes in molten salts

Of great importance for the expansion of our knowledge about the points of
zero charge was the investigation of the electrocapillary properties® (fig. 7)
and of the differential capacity®® 57 of liquid metals (fig. 8) in molten electro-
lytes. Such investigations have been carried out for some years in the USSR at
Sverdlovsk and Berezniaki as well as at the Institute of Electrochemistry in
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Fig. 8. Differential capacity of lead in
KCl + LiCl melt 1—450°; 2—600° 3—
700° 4—800°. Reference electrode Pb,
2.5 M PbCl,, KCl + LiCl (Ukshe, Bukun
and Leikis®®).

Fig. 7. Electrocapillary curve of molten indium
in a LiCl + KCI melt at 450°. Reference electrode
Pb, LiCl + KCI (Kusnetsov et al.?®).

Moscow. The technique of these measurements can now be considered to be
thoroughly mastered, as shown by the agreement between the results of direct
measurements of electrocapillary curves with the data obtained by double
integration over differential capacity (fig. 9). The dependence of the interfacial
tension and differential capacity on the potential in molten halides of alkaline
metals proved in a sense to be simpler than in aqueous solutions, as the curves
obtained are often approximately symmetrical with respect to the point of zero
charge. At the potential of zero charge there is a minimum on the differential
capacity curve, the nature of which, however, is essentially different from the
capacity minimum in dilute electrolyte solutions. At 800° the capacity at the
minimum is ca. 30 uF/cm?in K and Cs salt melts, and from 45 to 75, depending
on the anion nature, in Li and Na salts. The minimum capacity increases with
temperature by 3.3 uF/cm? per 100° in the case of K and Cs salts and by 11
pF/cm? in the case of Li and Na salts. The usual model of the double layer, in
which the excessive charges are assumed to be localized in the Helmholtz
layer, seems to be inapplicable for molten electrolytes. It may be supposed that
the departure from uniformity in the distribution of charges under the action of
the electric field penetrates into the melt at the depth of some atomic layers
with the regions of opposite charge signs alternating.5?> 58, 59 Such a model was
recently suggested for concentrated ionic systems by Stillinger and Kirkwood.%°

4*—516107 Sep.
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Flg.. 9. Electrocapillary curves of lead in NaCl (1) and KCI (2) at 820° obtained by double inte
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gration of the differential capacity curves. Various kinds of dots correspond to experimental data
(Ukshe, Bukun, Leikis and Frumkins?).

‘We can get an idea of the double layer structure if we suppose that the normal
short—‘range order in the ionic melt is disturbed in a definite manner by the
elec‘trlc field of the metal surface charges.6! In addition, while the behaZiour
of inorganic electrolytes at the interface with metals in aqueous solutions
;l_iper;fis qn tl'le nature of the more weakly hydrated anions, in the melts the
t;l:i? sllc;nalllsérd;fafs?fnt, the principal role being played by the cations owing to

The molecular theory of the double layer structure in molten electrolytes is
far from complete, but this is no obstacle to the use of the results of measure-
mfznts. of electrocapillary curves and of differential capacity for the deter-
mlpatlon of the points of zero charge. Often, dependence of the position of the
p01n? of zero charge on the nature of the metal is very pronounced. Some data
obtained by these methods5s 56, 57 are compared in table 2.

TABLE 2. Potentials of zero charge in molten sal 5
ts (Pb, 2.5 9 mol PbCl,, KCl
NaCl, KC1 + LiCl). - ’ Sl

Electrode Pe=0 t Capacity minimum t
gt(;, 84218 550° 0.40 550°
-0. 750° - 700°

Hg -0.23 400° - i
lS?’Il -0.39 450° -0.32 700°
A1 -0.118 420° -0.32 700°
Gg —O.?O 1,050° -0.62 1,000°
Ga »O.eO 700° -0.60 ’700"
Pﬁ -0.57 450° -0.65 450°
o —O.éS 750° -0.55 700°
X —0.19 450° -0.72 450°
o »O.(i/ 450° -0.82 700°
’I:; -0.82 450° -0.80 700°
-0.85 420° -0.87 700°

Mg
= -1.76 600°

ZERO CHARGE POTENTIALS OF ELECTRODES 313

TaBLE 3. Potentials of zero charge referred to potential of zero charge of Pb.

Aqueous solutions Molten salts
Te 1.25 1.06
Hg 0.46 0.47
Bi 0.29 0.23
Sn 0.19 0.31
Ga 0.04 0.13
Ag -0.05 0.01
Tl -0.17 -0.15
Cd -0.25 -0.12

‘Where a comparison is possible, an important conclusion may be drawn from
these results: the potential difference of the zero charges in melts, as shown by
table 3, proves to be close to that of zero charges in aqueous solutions. The
comparison of the points of zero charge was made at as uniform a temperature as

possible.

Contribution of zero charge potential differences to the galvanic cells

As we have now at our disposal some sufficiently reliable data on the points
of zero charge, we can determine the contribution of different components to
the total potential difference for some cells. In the case of a cell composed of
Hg and a 41.5 per cent Tl amalgam in normal solutions of their respective salts,
as was discussed above, 0.46 V of the total potential difference of 1.13 V con-
sists of the difference in the potentials of zero charge. In the classical Weston
cell the contribution of the difference in the zero charge potentials of mercury
and Cd amalgam to the potential difference 1.018 V is ca 0.2 V. An interesting
result is obtained in the case of a lead storage cell (the data refer, however, to
0.5 M H,SO,). The potential difference of the points of zero charge, 2.45 V, is
not only comparable to that at the ends of the circuit, 2.03 V, but exceeds it. In
fact, the potential of the negative Pb electrode, -0.35 vs N.H.E., is ca 0.3 V
more positive than the point of zero charge, whereas the potential of the positive
electrode 1.68 V is ca 0.1 V more negative than the point of zero charge of PbO,.
The lead surface is therefore charged positively and that of PbO, negatively.
The determination of the dependence of the adsorption of cations and anions on
the potential permits us to form an idea of the nature of the potential difference
in the hydrogen-oxygen cell.’®; 4 In the case of a cell with platinum electro-
des in 0,01 M CsOH the potential difference in the electric double layer practi-
cally does not contribute to the total potential difference since the adsorption
of the cation but slightly depends on the electrode potential. The change in
the latter, when the electrode is polarized, is primarily determined by the
substitution of oxygen atoms for adsorbed hydrogen atoms and by the diffe-
rence in the polarity of their bonds with Pt. In the case of the acid solution
0,005 M H,SO, + 0,005 M Cs,SO, until the potential of the positive electrode
has attained the values at which the platinum surface starts to be covered
with adsorbed oxygen, the major part of the total potential difference is loc-
alized in ionic double layers. However, a further shift of the potential in the
direction of more positive values is accompanied not by an increase, but by
a decrease in the positive surface charge and in the adsorption of the SO2—
anion. This is a result of the change in the potential of zero charge of platinum,
caused by the appearance on the surface of adsorbed oxygen.
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TasLE 4. Comparison of contact potentials and differences between points of zero charge,
according to Kusnetsov et al.®®

Difference of the

Concentration Volta
of the 2nd potential potentials of zero
component in between charge of the me-
the alloy in metal and tal and the alloy
atomic 9, alloy in KCl 4 NaCl
Sn Sn + Te 0.15 -0.15 -0.18
Sn Sn + TI1 23.8 0.17 0.24
Sn Sn + Cd 53.0 0.25 0.27
Bi Bi + Te 3.6 -0.30 -0.25
Bi Bi + Te 9.0 -0.35 -0.33
TR Tl + Te 50.5 -0.65 -0.67

Table 4 shows that there is good agreement between the two sets of values.
As the conclusion concerning the relationship between the potential of zero
charge @._g and the electron work function was recently discussed in the litera-
ture®7-70 T would like to emphasize that it is only of a semi-quantitative cha-
racter. This limitation has no bearing on the experimental difficulties mentioned
above, but is of fundamental significance. Let us first consider the case of
aqueous solutions, although a similar conclusion holds in the case of molten
salts. The limitation is connected with the necessity of taking into consideration
the possible role of the solvent, water in our case, in the setting up of the
potential difference at the metal-solution interface at the point of zero charge.
There is no doubt about the existence of a certain potential difference in the
surface layer of water at the interface with the gas phase. I shall not dwell here
on the controversial question of its absolute value,”™ since this is not essential
for the subsequent reasoning. It is important in our case that upon contact
between water and mercury under conditions which preclude the formation of
ionic double layers, the potential difference set up between water and mercury
is not equal to the sum of potential differences at the water-gas and the vacuum-
mercury interfaces. In fact the Volta potential in the system

mercury | indifferent gas | water | mercury

under conditions when the water-mercury interface is not charged, according
to the most reliable measurements of Randles,?? is equal not to zero but to 0.26
V. In other words, in addition to those already discussed, other processes
occur upon contact between water and mercury, such as a reorientation of
water dipoles, some of which become oriented with their negative ends towards
the mercury surface,'® 20, 73 or some change in the distribution of electronic
density in the mercury surface layer under the influence of adsorbed water
molecules.? The fulfillment of the relationship under consideration will evident-
ly depend on the extent to which these effects may be assumed to be indepen-
dent of the nature of the metal. This condition is probably fulfilled in the case of
thallium amalgams, since the decrease in the interfacial tension upon transition
from the metal-vacuum interface to the uncharged metal-water interface in the
case of thallium amalgams is but little influenced by the concentration
of the amalgam.’ A more pronounced interaction between the water mole-
cule and the metal surface than in the case of mercury is observed on
the unchz%rgefi surface of liquid gallium,? which apparently leads to an add-
itional shift in the point of zero charge towards more negative values. Thus
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it will be correct to say that the difference of potentials of the zero charge
expresses a certain Volta potential between two metals in a material medium,
similar to the Volta potential in a vacuum, but not necessarily identical with
it. However, judging from the fact that the potential differences of the points
of zero charge in aqueous solutions and in molten salts differ but little, the
effects of the nature of the medium and of the temperature are not large.

The influence of the potential of zero charge on the elecirochemical behaviour
of metals

In conclusion, I would like to consider the influence of the potential of the
zero charge @._o on the electrochemical behaviour of metals. At a definite
value of the electrode potential ¢ the value of the charge and, hence, the poten-
tial distribution in the electric double layer, are determined by the quantity
@—@.—0, i.e. by the potential read from the point of zero charge. This potential
was called the rational electrode potential by Grahame?’. Antropov, who
discussed this problem in detail,”® suggests the term “@-scale’” for a scale
based on the points of zero charge. The rational potential pr was for the first
time introduced in electrochemical kinetics when treating the problem of
hydrogen overvoltage.”® It is evident that the rational electrode potential ¢r
or the potential on the ”g-scale’” determines primarily the adsorption properties
of the electrode. At positive gr the electrode adsorbs mainly anions, at negative
@r cations; for adsorption of neutral molecules not too large absolute values of
@r are most favourable.”®> 80* Since the adsorption of substances is a necessary
condition for their action on electrochemical processes, we must know the
value of the g potential in order to understand the effect of anions and sur-
face-active additives on the processes of electrodeposition as well as on that
of corrosion inhibitors.?? Since the wetting of the electrode by water depends
on the charge ¢, the value of g also largely determines the penetration of the
solution into electrode pores®! and the size of gas bubbles evolved during
electrolysis.82 I will confine myself here to consideration of the question of
the form in which the potential of zero charge enters into the equations of elec-
trochemical kinetics. For the sake of simplicity, let us suppose that we have
to deal with an irreversible process of electroreduction of the first order with
respect to the reacting particle, the electron transfer being the rate-determining
step, that the coverage of the electrode surface both with the reacting particles
and reaction products is small and that only coulombic forces are to be taken
into account in the interaction between the reacting particles and the electrode
surface. In this case, the current density 7, expressing the process rate, in the
absence of concentration polarization is determined by the equation:78; 83-85

Ini =a(-¢p+9) F/RT + («-n) w; F/RT + In ¢ + const 3)

Here ¢ is the electrode potential measured against a constant reference elec-
trode, « the so-called transfer coefficient (0 < o < 1), ¢ the non-coulombic
part of the standard free energy of desorption of the reaction product from the

* This conclusion, however, is subject to essential limitations in the case of metals which app-
reciably chemisorb hydrogen and oxygen in contact with aqueous solutions. In this case the
range of maximum adsorption of neutral molecules is determined not so much by the position
of the point of zero charge, as by the minimum surface coverage with hydrogen and oxygen.’

ZERO CHARGE POTENTIALS OF ELECTRODES 317,
> 8 . h
electrode surface, ¢ the concentration of the rea?tmg partlcl.e in thihbeull;t(;itiael
solution and n its charge. Of special importance is the quantity wl,f thepreactintj
at the point in the double layer in which the centre ?f thte (clhz}rrigl;asoequation Wabs
i i i is located.
article in the transition state of the reaction 1s 4 : s
grst suggested for the particular case of the .hydrogen ion dlsclfuglgee;)élc t1;‘noede
cury.”® According to eq. (3), at a given potential, ¢, the nature of the dectrode
affects in the first instance the quantities ¢ and 1/)tl. ;I;,hee;;iltiz Ii)wori o
i it, at any rate the
seems to be but slightly dependent onit, P
f the hydrogen overvoltage on
does not enter.8¢> 8 The dependence 0 :
of the metal is primarily determined by the quantity g and the effect of 1, plays
iti ial factor.
ole of an additional, although essentia : . .
thelb)ruring the past fifteen years we have studied a number of reactions fo;f“ Tcl}
the quantity g may be neglected over a wide potential range, .and tl;;} 9;35 escs—(;o
the nature of the metal is determined primarily by the ter2rr_1 v;r\:lthoyi,. ﬁere ot
These are electroreductions of anions, e.g. szotg—, Fe((gll\i)ize,ly Slai-éed ro bou
i i tion product are nega d
the reacting particle and the reac ; . e
if its charge is negative enough. in y
not adsorbed on the metal surface if i g : S e
i i ici before the term with %, is In this € g
as n is negative, the coefficient ] s r e
compared with that before ¢, e.g. 2+, as against x at. n = -2. Th;zlxi'z;oz;ows
term with v, greatly affects the shape of the polarlzatlor}t(':ur\ge, I\: e
i ity in the region of the transition iro :
a decrease in the current density in it ' R e
i to the repulsion of the anion by the '
negative surface charges due ] : L
i v at still more negative p
face, this decrease being followed by a rise : o
! i i i d in the charge of the cation
/ith an increase in the concentration an
;\eg:’tive value of the vy potential decreases and the current-voltage curves
imiti ity (fig. 11).
approach the usual limiting current densi : .
dp’ﬁ)‘he location of the current decrease on the potential axis and 1‘1te'z)11c1e ;;ee;};agrel
izati lution of a given compoOsItL
of the whole polarization curve for a so : egeene 2
i i . Fig. 12 shows the polarizati
the location of the point of zero charge ‘ . e o
= i i i tating disk electrodes of gold,
he S,0%2— reduction obtained with ro
(()irrtalegar;aied copper), ,1ead and cadmium.® ® It can beseenthat the expected

cm?2

i-104 A

_ ~13
-0.1 -05 09 1
0 $

K,S:0s with Na,SOs addi-

; jal in 0.0005 M d
Fig. 11. Dependence of the current density on the potential in 0.5 M; 2—0.05 M;

ati +1
tions. Amalgamated rotating disc electrode; 3.8 rps.. Conccn‘tra.tlon 0.1' i\lsaazsoa
3 0.004 M; 4—0 (NCE) (Frumkin and Florianovich®?).



318 A. N. FRUMKIN
1.0 F1-103
A {Ha |Pb | Cd
0.5
Au | Hg Pb\ Cd
1 l | ~Pince)
04 08 12 16 20

Fig. 12. Current-voltage curves of the 5202; reduction on different metals, 0.0005 M K,S,0 -+
0.001 M KCI -+ 0.0002 M KOH. Rotating disc electrode. The arrows denote the potentials of zero
charge (Nikolaeva-Fedorovich and Rybakov?®).

relationship between the decrease in the current density and the position of
the point of zero charge is observed.*

It follows from eq. (3) that the relationship between the values of (In i+
ny, F/RT) and (p—1,) for a given reaction when g=0 should not depend on
the electrode material (corrected Tafel plots according to Delahay?®?). Examples
of such corrected Tafel plots are given in fig. 13. The curves obtained for the
reduction of S,0%~ on Hg and a 40 per cent Tl amalgam coincide; but in the
case of Pb a marked difference is observed. This difference is probably due to
the difficulty in determination of reliable values of ¢, for solid electrodes. The
results obtained lately in the investigation of the electrocapillary properties of
gallium?® show, however, that this problem requires further study.

As already pointed out, the quantity ¢ in eq. (3) expresses the potential
measured against a constant reference electrode. The presence of this term in
the kinetic equation is the result of the increase in the gain of energy which
occurs on electron transfer from the electrode to the reacting particle, with the
potential shifting to more negative values, other conditions being equal. How
m of neutral melecules or large organic ions whose adsorption changes the electric
double layer capacity the position of the point of zero charge also affects the c.v. curve since
it determines the surface concentration of the substance adsorbed. -3¢ This effect depends,
however, not on ny, F, but on (C—C’) (¢—¢ max)*/2 RT I'cc, where ¢ 14 is the potential of

maximum adsorption, C- the Helmholtz double layer capacity and C’ the Helmholtz double

layer capacity upon coverage of the surface with the adsorbed substance, I'cc — the maxi-
mum adsorption.*

9
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