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DEPENDENCE OF THE POTENTIAL OF THE HYDROGEN ELECTRODE
UPON THE pH AND COMPOSITION OF THE SOLUTION
UNDER ISOELECTRIC CONDITIONS

A. N. Frumkin, O. A. Petrii, UDC $41,13
“and R. V, Marvet

The thermodynamic functions permitting the change in the potential of the platinum hydrogen elec-
wrode with changing pH and composition of the solution under isoelectric conditions to be related to
the dependence of the absorption of cations and anions upon the electrode potential are considered,
A physical interpretation of the quantities-entering into the thermodynamic functions is proposed on
the basis of a definite model of the double layer at the hydrogen electrode/solution interface, It is
shown to what changes in the functions derived a consideration of the presence of dissolved hydrogen
leads.

while the application of Gibbs thermodynamics of surface phenomena to the mercury and other electrodes of
liquid metals has been confirmed experimentally, and is now generally recognized, the question of the possibility of
an analogous weatment of electrocapillary phenomena at the surface of a platinum electrode has been little treated
in the literawre, The first attempts along this line were made by Frumkin and Shlygin {1]; however, the function
that he obtained was presented in a form inconvenient for experimental verification, and the latter can be performed
only semiquantitatively. A series of thermodynamic functions were considered by Frumkin, Balashova,and Kazarinov
[2]. Frumkin [3] derived an equation for the dependence of the hydrogen potential upon the pH of the solution under
isoelecuic conditions, In this work we should like to turn once again to some of these functions, paying special at-
tention to the physical interpretation of the quantities that enter into the thermodynamic functions,

We assume that the platinum hydrogen electrode may be considered as reversible with respect to the reaction
of ionization of absorbed hydrogen and discharging of hydrogen ions, and we shall limit ourselves to the case of 2
solution of a binary electrolyte, The assumption of reversibility is fulfilled in practice for the platinized platinum
elecurode if the solution contains no ions exhibiting pronounced specific adsorption {2] (1, T1*) within the interval
of potentials bonded on the positive side by the appearance of adsorbed oxygen on the surface, Let us also assume
at first that the amount of hydrogen dissolved in the volume of the solution and in the metal can be neglected in
comparison with the amount of hydrogen on the surface of the electrode and that the concentration of hydrogen ions
in the solution is small in comparison with the concentration of other cations, so that the chemical potential of the
other cations and the C* and A~ ions remains practically constant when the hydrogen ion concentration is varied,

- The state of the system under consideration can be determined by the chemical potentials of atomic hydrogen
My the hydrogen fon pp* and ions of the electrolyte pg. As the components from which we shall construct the
boundary layer, let us select H atoms, H*, C*, and A~ ions, and water molecules H,0.* Let us denote as I'y, T’ H+'

Ict, s~ the surface densities of the components of the system in the Gibbs sense, i.e., the amount of the substance ‘

that must be added to the system in order for the composition of the volume phase to remain constant when the sur=
face is increased by a unit. The position of the sutface of separation will be defined by the conditions I'yy 5= 0.

We shall express the quantities T and p in elecurical units, It is important that the value of I'y includes both the
amount of hydrogen that is adsorbed in the form of atoms on the surface of platinum and the amount that is consumed

as a result of ionization in the formation of a unit surface, This is precisely the amount that we would find in ex-

periments, if we directly determined the adsorption of hydrogen on an electrode immersed in the solution
experimentally at set py and pp+, : : .

*The system could also be constructed from H* ions and electrons (instead of H*ions and H atoms). The same results
are ultimately obtained in this case, '

Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow; M. V. Lomonosov MOsCOW State
University. Translated from Elektrokhimiya, Vol, 3, No. 11, pp. 1311-1317, November, 1967, Original article sub
mitted July 20, 1966, T e : : R

1176 -




The quantity —~I'y reflects the reserve of electricity per unit surface of the electrode (the minus sign is due to
the fact that the ionization of the H atom leads to the appearance of a negative charge), Similarly, the total
amount of negative electricity, stored on the negative electrode of a lead accumulator, is determined by the amount
of lead deposited, corrected for the negative chargeof the metallic lining of the double layer, In this sense the’
quantity —I'H can be called the total charge of a unit surface of the electrode. T'y remains constant when the cir-
cuit is opened if there is no delivery of electrochemically active substance to the electrode. Then let us denote as
o the surface density of the free energy, as ¢ the electrode poteéntial, measured with respect to the hydrogen elec-
trode in the same solution, existing in equilibrium with H, at atmospheric pressure, as ¢ the electrode potential,
measured with respect to the normal hydrogen electrode, and as Q the amount of electricity that must be communi~
cated to the electrode in order to shift its potential at constant y* and pg from some initial value ¢ to the set
value, A number of relationships exist among the quantities cited, namely: '

(d(Pr)un+.u,=,_(dPH)uK+.u,- ) | (1)
(d5)n, = (dums) n,~ (dua)u, = (dhxe) s+ (dor)n, e

't = 'y~ — I'¢t, c
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Equations (1) and (2) express the condition of equilibrium between the electrode and solutioh, while equatioﬁ g
(3) expresses the condition of conservation of electrical neutrality of the solution during the process of adsorption.: - * .

Equation (95) is the Gibbs expression for the total differential of the surface free energy as applied to the case under - - -

consideration. Equation (4) follows from what was said above and the value of the quantity T’ e
Using the properties of the total differential, we obtain from Egs. (5), (1),.‘and (3), b'y' elemé'mary:u'ansfo'r- Av '

mations:
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*The correctness of function (4) can also be shown with the aid of the following hypothetical circular process, ‘Let
the electrode move along the charging curve at constant composition of the solution from state [ to state II, to which
the values (pp); and (pp)qp correspond. In this case an amount of electricity (Qp;~Q)S=4AQS is consumed (5 is the
electrode surface), The back transition from state II to state I will be performed in a different way, namely, the
surface of the electrode in state II is reduced to an infinitesimally small quantity in comparison with S. In this case,
by definition, an amount of hydrogen equivalent to (Iy)yyS is liberated. Let the electrode with reduced surface

pass into state I along the charging curve. The expenditure of elecuicity in this case can be neglected. Let us close S

the cycle by bringing the surface of the electrode up to S. In this case an amount of hydrogen equivalent to (FH)I\SI,;, . .;:‘

is consumed. Thus,

(Ts)xS — (TS = AQ

or

AT = —AQ.




A derivation of Eq, (6) has already been given in [3].* From Egs, (5) and (1) it follows that
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From (7) and (8) we obtain
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Equation (9) is analogous to the equation
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(where g is the charge of the metallic lining of the double layer), known from the thermodynamic theory of electro-
capillarity [4, 5]. However, while the change in ¢ with Hs at constant & is considered in (10), in (9a) the quantity
I’y should be assumed to be constant, In the thermodynamic theory of electrocapillarity, in the case of a platinum
hydrogen electrode, the latter thus plays the same role as the quantity ¢ in the theory of electrocapillarity of an
ideally polarized mercury electrodest In particular, the maximum of the g versus ¢ curve in the case of a platinum
hydrogen electrode corresponds not to & = 0, but to T'y=0[2]% The quantities 3 I‘H/ 0¢, and arH+/ d¢r, contained
in Eq. (6), can be found experimentally, the first quantity from the equilibrium charging curves, the second from the
dependence of the change in the pH of the solution, observed when it is in contact with the electrode, upon the po-
tential [1, 4]. The state of the system for which I'y=0 or I'* =0 can also be fixed, and consequently, the absolute
values of I'y and I'y* can be found for any ¢ [1]. '

The correctness of the thermodynamic functions derived above does not depend upon the interpretation of the
physical meaning of these quantities, However, if we wish 1o relate these quantities to model representations of the
structure of the interface, we should inevitably go beyond the framework of purely thermodynamic concepts,

*For a Eyarogen electrode immersed in a solution of acid HA without addition of extraneous cations, we can obtain
analogously _ : . ) . R

where p, is the average chemical potendal of the ions of the acid, _ :
TThe hydrogen electrode is not ideally polarized in the sense in which this term is usually taken in the modern elec-

rochemical literawre, since an electrochemical reaction may occur on its surface, However, it is completely po-

larizable (Vollkommen polarisierbar) in the sense that Planck invests in this term [6], namely, its state is entirely
determined by the amount of electricity communicated begin'ning with some initial state. Nothing is changed in
this if we also consider the presence of some amount of hydrogen, dissolved in the electrolyte and in the metal,

under the condition that the volume of the solution is limited, and that equilibrium is maintained between the dis- - . -

solved hydrogen and the hydrogen adsorbed on the surface in the presence of all changes of state of the system, -
$The method of determining the potential corresponding to I'y = 0 is indicated in (1l
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Let us consider first the quantity I'y*t=T'p-—Ic*t. Changes in the concentration of H* ions when the solution
is in contact with the electrode may arise both as a result of transition of the H* ion of the solution to the state of
an adsorbed atom, with the appearance of a positive charge in the surface, and as a result of transition of a H* ion
to the ionic lining of the double layer (and the corresponding reverse processes), * Furthermore, the adsorbed H*
ions may be attracted by the negative charges of the surface or may be adsorbed "specifically,” retaining their fonic
character, The latter is rather improbable, since in the case of mercury, the H¥ ion behaves like a Lit ion, ie.,
does not exhibit any signs of “specific® adsorbability [9]. Nevertheless, we shall not consider the possibility of the .
appearance of formations intermediate between H,g4s and electrostatically attracted H' ions in the electrical double -
layer, and if there are still specifically adsorbed H* ions in the surface layer, we shall consider them as adsorbed
atoms, and add their charge to the charge of the metal surface,

Furthermore, we assume that the relative concentrations of H* ions and other cations in the volume of the sol-.
ution were selected in such a way as to be able to neglect electrostatic adsorption of H* ions, together with the °
quantity I'ct. We shall also assume that all the remaining ions of the solution, being adsorbed, retain their charges;
in other words, we shall not add that portion of the charge of these ions that is transferred to the metal during é;d -
sorption to the charge of the metal surface, In this respect, our method of calculation is arbitrary, and undoulitedly :
does not correspond to the real physical picture of the process, since the bond between Pt and ions with pronounced . -
specific adsorbability, such as 1™ or TI*, approaches the covalent.} However, judging by the measurements of .° ~
Lorenz [12], 2 partial transfer of charge also occurs in the specific adsorption of ions on mercury; and yet, the charge .
wransferred in this case also is not included in the charge of the metal surface in a consideration of the structure of L
the electrical double layer. If we make the enumerated assumptions, then the quantity I'y* becomes identical with -~
¢ —the charge of the lining of the double layer turned toward the metal, at the electrode/solution interphase;

FH+=FA‘—PC+=é.' S » v(;_ll)

In contrast to I'y, the quantity I'y* should have been called the free charge of the surface. . Under these as~ ..
sumptions, the quantity I'y can be broken down into two components; one component is determined by the adsorp- BT
tion of hydrogen in the form of H atoms, while the other is determined by the transfer of hydrogen in the form of -

HY ions to the volume of the solution: - B ' ‘

la=dg—Tgt=dg—e,  (y..

where Ay denotes the amount of atomic hydrogen adsorbed per cm? of surface, expressed in elecwical units, The =
increase in I'y* evidently corresponds to a decrease in 'yt ‘ o ’

*we here encounter the same difficulty as in a consideration of the double layer at the interface between zinc
amalgam and a solution containing Zn*? ions [8]. ‘
tAnother weatment of systems of this kind is also possible. Thus, the platinum electrode in a solution containing,
for example, Nat, Cd* 2, and 5O, "% ions, may be considered as a platinum-cadmium electrode, adding the charges
of the adsorbed Cd*? ions to the charges of the metal surface (as we did in the case of H* ions), and considering
that the ionic lining of the double layer is formed only by Na* and SO, ~® ions, Such a weatment leads to formulas:
differing qualitatively from those used in the text. While according to the latter, the adsorption of Cd*? ions shifts
the point of zero charge of Pt in the positive direction [1], assuming that cadmium is adsorbed in the form of atoms,
we should arrive at the conclusion that the zero charge is shifted in the negative direction as a result of the forma-
tion of a Pt-Cd surface alloy. An analogous formulation of the question has already arisen in a consideration of the e
adsorption of iodine on iron and its influence upon the adsorption of organic cations [10]. Also to s?me degree an?-
logous is a comparison of the adsorption of T1 ions from a solution on mercury, shifting the zero point to more posi- "'
tive ¢, and the adsorption of T1 atoms from Tl amalgam, causing the opposite effect {11}, In tl.leblatte't case, how- o
ever, we can set the chemical potential of the atomic form independent of the electrode potential, which cann:fn o

be done in the case of the formation of a surface alloy through the adsorption of fons from solution, - .+ -, s
+The function I'y=Ay—e can also be obtained directly from the cycle consideredkin the note to funcq_on (4): "




eously in [14] gave a new method for determining the point of zero charge, |

“the shape of the charging curves[13,1], and the changein the concentation of OH ~fons can with equaljusuﬁcauon
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In the case of adsorption from alkalinized solutions, we assume similarly that OH™ fons are not contained in
the ionic lining of the double layer, being displaced by other anions, and that the change in the OH~ ion concentra-
tion is determined by the change in the charge of the surface, and consequently, by the process of ionization of ad-

sorbed hydrogen, *
From Egs. (6) and (12) it follows that [4]

), )
\ dpm+ ola+ Bae B,

op [ 0An [( aAn) ]
= - —1].
(apn}yra.ps \Ol‘m) uﬂvp‘/ arn-;- (14)

Equation (6) and Eqs. (13) and (14), equivalent to it, are accessible to experimental verification, since all the quan-
tities that enter into these equations can be determined experimentally.t In this sense, a platinized platinum elec- i
trode is favorably distinguished from a mercury electrode, in the case of which a verification of Eq. (10), mono-
typically with Eq. (6), can be performed only using data calculated for measurements of the interfacial tension of
differental capacitance, For a comparison with the experimental data, Eq. (6) is more conveniently represented in

the form
(5

An experimental verification of Eq. (15) for a platinized platinum electrode was conducted in [14]. In the
case of a solution of 1 N KC1+ 0.01 N KCl found according to Eq. (15), using the experimental value of I'y+ at ¢;=0,
the dependence of T'yy* upon ¢, proved to agree with the experimental value, which shows the applicability of the
Gibbs thermodynamics to a platinum-hydrogen electrode, The calculations and measurements performed simultan- i

= 1]' (13)
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The functions derived in this work and the experimental determination of the quantities (3¢py/3p ¥ )T Hs Bs
and (3¢,/dpg)Ty, pg permit us to obtain supplementary information on the structure of the interface between the {
platinum electrode and the solution. Thus, the use of Eq. (15) evidently permits a determination of dI'y+/d¢; with ‘
an aecuracy exceeding the accuracy permissible in direct measurements. In conjunction with measurements of |
I'y+ at ¢ =0, this makes it possible to increase the accuracy of the determination of I'yt at ¢, which would be ex-
wemely desirable for finding the quantity (3Ty+/dp ghuy. The latter is essential for a calculation of the quantities
X=(3¢/0A)Ty* and Y= (0¢/dT'y*)Ay, which are of interest since they determine to what degree the potential at
the interface of the platinum hydrogen electrode/solution depends upon the adsorbed atoms and to what degree it
depends upon the electrical double layer. Frumkin and Shlygin [1] gave expressions for the quantities X and Y [Eqs.
(10) and (10a) of the cited work], which after some transformation, can be represemed in the form ' :

¢ r{dTus r/arm TP T T
X=__[( , )]z _ . (16)
oo b aun)um +\0ux_1f B /’ o R

*The situation in the case of alkalme soluuons is more complex than in the case of ac1d soluuons. since within a
definite range of potentials in alkaline solutions, adsorbed hydrogen and oxygen can coexist, which is clear from

berelated to the appearance of Oy4s0rOHags on the surface. This, however, has no effect upon the formal aspect of
the calculation, since the simultaneous presence of H,yg and 0,44 (or OHags) denoted chemisorption of water, and,
consequently, when the condition I'y ,0=0 is fulfilled, an increase in I, isformally equivalent to a decrease inI'y.
tFor a hydrogen electrode in acid soluuon without the addition of extraneous cations, the quantity 'y +canno .
longer be set equal to &, since the H* fons may be contained in the 1omc lmmg of the double layer. The funcnons
pertaining to this case will be consndered in another commumcauon. I
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Finding the remaining quantities that enter into Egs. (16)-(18), in addition to (arﬂ+/ duyt)uy, presents no difficul- =~ ...
ties. .

Equation (9) has not yet been subjected to experimental verification; it is extremely probable that it can be -
used in practice only in the case of not 100 strong specific adsorption of ions of the neutral electrolyte, A compari= °
son of the results of measurement of the quantities (aq:r/apH*)rH, ps and (a¢r/aps)rH’,, H* considering Egs, (6) o
and (9), would permit a determination of the dependence of the quantities I'ct and I'p - upon I'y, and consequently, >
upon ¢, as well, and a comparison of the results obtained with the results of a measurement of the adsorption of C*. ‘
and A~ by the method of labeled atoms [15], s

An expression analogous to Eq. (6) also is not difficult to derive for the oxygen portion of the charging curve © ..
of the platinum electrode. It may be that at not too positive potentials, ionization of the adsorbed oxygen proceeds: -
sufficiently reversibly for these functions to be able to be used at least in the form of a first approximation, Inthis. = 7
respect, certain other metals of the platinum group, such as, for example, iridium, may have advantages over p(lat-”)
inum.

We should consider separately to what changes in the functions derived a consideration of the hydrogen dis- "~
solved in the metal and in the layers of solution adjoining the electrode leads. Let us consider the behavior of the
hydrogen electrode under conditions of constancy of the total reserve of electricity, in the form of the electrochem~ -
ically active substance —hydrogen and the free charges of the surface, discarding the assumption that the amount of - -
dissolved hydrogen is small in comparison with the amount of adsorbed hydrogen, but assuming the presence of equi-
librium between dissolved and adsorbed hydrogen, Let us denote the volume concentration of hydrogen dissolved in . .
the metal, expressed in electrical units, of Cpy; the volume of the electrode, calculated per unit surface, as vg (the. ..
same consideration is also applicable to hydrogen dissolved in the electrolyte, if vg denotes the volume of the solu-"
tion per unit surface of the electrode). We shall consider the concenrration of the neutral electrolyte as constant e
(ug=const), Let us introduce the function

Tl = T + vsc. as

The state of the system is determined by two of the three variables ¢ = const—pyy, Iy, pH+. Consequently,
/ 00, ) . _( ollu ) : I(@Hﬂ) (20)
\.auH'l' nH al.].H+ lq_\r aq),- . “H*‘ .

But since Cyy depends only upon gy and not upon py+, from (19), (4), and (1) it follows that
(6[13) _ 61‘3) . (61‘,{*)
apln-i- [ \ap.n+ [ - aw" " H':‘ (21)
From (20) and (21) it follows that
(22), (), [, .
- \Opn+ Oy Opr Jor Bye
- Considering Eqs, (19) and (12), Eq. (22) can still be writter in the form

9 94 dc RS
aq>,\) =1/( HH) =1/[( N +”‘(arn ) —1]‘ (28)
_ (?pm- IIH arH Pprs 0F5+ Hoe H+/ ; : , s

BH.'

llH,,.

» : 1181 :



Furthermore, evidently

(ann) _(61‘n> +vacn__<ag—> (24)
b 8 5 = A ’
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where Q, just as in Eq. (4), is the amount of electricity communicated to the electrode to reach the potential ¢,

calculated per unit surface of the electrode, From (22) and (23) it follows that

(o), == (=), [

r’ Mg,
Equation (25) differs from Eq. (15), derived without considering the presence of dissolved hydrogen, only in the fact
that the dependence of ¢ upon pp+ is considered not at constantI'y, but at constant Iy, Thus, the presence of
hydrogen dissolved in the metal or electrolyte should not have any effect upon the results of testing of Eq. (15), if
only conservation of equilibrium between the dissolved and adsorbed hydrogen is ensured in the case of all changes
in the state of the system. However, it follows from Eq. (23) that with increasing v, the quantity (a<pr/ oy H+)HH
should approach zero, i.e., the dependence of the electrode potential upon the pH should approach the dependence
observed for the usual hydrogen electrode,

(25)

H+
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