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ROLE OF ELECTRON WORK FUNCTION
IN SETTING-UP OF ELECTRODE POTENTIAL
AND IN ELECTRODE KINETICS

— Basic Concept Developed by Frumkin —

By

Akiya MaTsupa¥®
(Received March 19, 1979)

Abstract

This article concerns the basic concept in electrochemistry developed by A. N. Frumkin
which is focussed on the role of electron work function in the setting up of electrode
potential and in the kinetics of electron transfer processes. The electrode potential in
the absolute scale and also the mechanism of the setting-up of the hydrogen electrode
potential of platinum group metals will be discussed. Some of experimental results ob-

tained in our laboratory will be explained on the basis of above concept.

Irving Langmuir® pointed out in 1916 that the contact potential between two metals
could be converted to electromotive force (E.M.F). As seen from Fig. 1, plates of
two different metals when placed together and then separated acquire electric charges,
and an electric field is produced in the space between the two plates and the contact
potential appears which equals the difference of electron work functions (W.F.), but
there is no difference of the Fermi-levels between the two metals.

If ionized gas is introduced into the space between the two metals, the electric
field disappears, and consequently there appears the difference of the Fermi-levels be-
tween the two metals which is measured as the E. M. F. In this way the contact
potential can be converted to the E. M. F. by introducing ionized gas.

Langmuir suggested that the contact potential would be a major part of the E. M.
F. of a chemical cell, although the charging of the double layer at the metal-solution
interface could not be neglected.

After Langmuir many electrochemists had special interest in the mechanism of
setting-up of the electrode potential in the electrochemical system. But they could get

This article was presented as a plenary lecture in the 3rd Japan-USSR Seminar on
Electrochemistry in Kyoto, Nov. 28~Dec. 1, 1978.
*) Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan.
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Role of Electron Work Function in Setting-Up of Electrode Potential

no success to find any relation between the contact potential and E. M. F. of a chemical
cell until 1928, when Frumkin® pointed out that the Langmuir’s E. M. F. due to con-
tact potential should be compared to the difference of the zero charge potential (Z. C.P.)
of the two electrodes referred to a definite reference electrode.

As seen from Fig. 2, if an electrolyte solution is introduced into the space between
the two metals in place of ionized gas and each electrode potential is maintained at
its zero charge, then it will be found that there is no electric field between the two
metals, but there exists the difference of Fermi-levels between the two metals, just like
the E. M. F. pointed out by Langmuir. Therefore Frumkin® compared the Z. C. P. of
an electrode in the electrochemical system with the electron work function (W) of the
electrode metal measured in vacuum. Fig. 3 shows the relation between the electron
W. F. and Z. C. P., ¢..o, referred to the normal hydrogen electrode (N. H. E.) for various
metals.

As seen from this Figure, the Z. C. P. changes approximately linearly with W. F.
with a gradient of unity and W=4.72eV at ¢..,=0,

e¢¢=o =W-4.72 N

where e is the elementary charge. The deviation from linear relation in this Figure
may be explained by the change of the surface states of the electrodes even at the
zero charge, while W. F. is measured in vacuum.

It may be possible to deduce, based on this linear relation, an important basic concept
in electrochemistry on the absolute potential of an electrode. If we consider a metal
of work function equal to 4.72eV, we will find the Z. C. P. of this electrode equals
zero, in other words, the Fermi-level of this electrode is located at 4.72 eV referred to
the energy level of an electron at rest at infinity. So it can readily be understood
from this fact that the absolute potential of the N. H. E. equals approximately 4.72 'V,
because the Z. C. P. is referred to the N. H. E.

If the absolute potential of an electrode is known, it is possible to build up the
potential energy curves of an electron transfer reaction on the electrode, on which basis
the absolute rate of the electrochemical reaction can be discussed.

Frumkin® has defined the absolute potential of an electrode in modern terminology
as the position of the Fermi-level of the elec-

trode referred to the level of an electron at M Yius e
. €:0level at infinity

rest at infinity, and he has shown that it Wa T -
may be possible to know the absolute poten- /l S Wes
tial when an electrochemical reversible system a7 % s oo or

Fig. 4. The potential distribution of
a reversible electrode with re-
spect to free metal electrons

system both Fermi-levels in metal and solu- and solvated electrons.

with respect to metal electrons, ey, and sol-
vated electrons, €5, is realized, ey=es.
As seen from Fig. 4, in this reversible
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tion are equalized. Therefore the electron W. F. of the solution (W,s) can be identified
numerically with the absolute potential of the electrode. It is not yet possible to meas-
ure W, directly at the present time, but Frumkin has deduced the absolute potential
of the N. H. E. as 4.44V from the thermodynamical cycle

H(g) — H*(g)+e"(g)

.

& Hie==H" (hyd) + <.
Therefore the absolute value, E, of any electrode potential, ¢, referred to the N. H. E.
is given by the relation,

E=¢+4.44V. (1)

When the E-value is determined it is possible to build up the potential energy diagram
of an electrochemical electron transfer reaction in absolute scale. As an example, the
potential energy curves in absolute scale for the proton discharge is shown in Fig. 5,

H*(hyd.)+ey — H{ads.) . (2)

H*q) + €(g)

S 13.61ev)
/7
7
J H(g)l
>
o 1
o !
= !
)
= 11.28+4.44(eV)
"oz—a Ay
s
[0
NA L
; Q
’:H I:H'F

Fig. 5. A schematic representation of the potential energy curves
of the initial and final states of the proton discharge;
444V is used for the normal hydrogen electrode potential
in"the absolute scale.
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The potential energy of the initial state can be expressed as the sum of the real hy-
dration energy of proton, 11.28 ¢V, and the absolute value of potential, 4.44eV. The
potential energy of the final state depends on the energy of the M-H bond.

It can be seen from Fig. 5 that the position of the Fermi-level reflects directly
on the potential energy of the initial state. Frumkin has deduced from this fact an
important conclusion for the kinetics of an electron transfer reaction. It can be said
that when the electrode potential in the absolute scale is fixed at a constant value, the
potential energy curve of the initial state is fixed at a definite position, and any physical
nature characteristic to the electrode material, for instance, the W. F., does not reflect
on the potential energy curve of the initial state. Therefore, it can be expected that
the rate of an electron transfer reaction depends only on the electrode potential, but
not on the electrode material when there is no specific adsorption of the reactants and
products.
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Polarization curves for Sbh, Hg, Bi, Pb, Cd and Sn after the

Frumkin correction for the potential drop in the double layer,®
in which the potential ¢ is referred to the solution inside.

Fig. 6.

Frumkin, Nikolaeva-Fedorovich and their coworkers® have shown that the rate of
the electroreduction of persulfate ion S;0% +2ex—2SOi" does not depend on the elec-
trode material of different work function, as shown in Fig. 6. The polarization curves
in Fig. 6 are shown after the Frumkin correction for the potential drop in the double
layer (D.L.) for Sh, Hg, Bi, Pb, Cd and Sn. It can be seen that there is no effect
of the electrode material on the rate of the electron transfer, as pointed out by Frumkin.

It should be stressed that the basic concept developed by Frumkin on the fun-
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damental role of W. F. in the setting-up of the Z. C.P. gives us a possibility to deter-
mine the electrode potential in the absolute scale, and that the W. F. of the electrode
material has no direct effect on the rate of electron transfer when there is no specific
adsorption on the electrode surface.

However, when a specific adsorption of atoms and ions occurs on the electrode
surface, the circumstances are quite complicated, because surface potential due to specific
adsorption changes seriously the position of Fermi-level of the electrode and consequently
the potential energy curves of the initial and final states of an electron transfer reaction
are changed by specific adsorption.

Frumkin and his school*~* have extended their work on the elucidation of the
mechanism of the setting-up of the electrode potential to the electrochemical reversible
systems in which there occurs a specific adsorption on the electrode surface, the hydrogen
electrode being taken as an example. It is not difficult to realize the reversible electrode
of the proton discharge and the ionization of adsorbed hydrogen atoms for the platinum
group metals. As is known, the electrode potential of this reaction can be expressed
by the Nernst equation in terms of the electrochemical potentials of the hydronium
ion, gu+, and adsorbed hydrogen atom, pum, and it does not depend on the electrode
material,

d¢= '—dﬂe=dﬁn’—d‘uﬂ. (3)

Hereafter the chemical potential will be expressed in volts.

Now the question of our interest is what is the role of the adsorbed hydrogen
atom and the free charge on the electrode surface in the setting-up of the electrode
potential, 7. e., to express the electrode potential in terms of the concentration of the
adsorbed hydrogen atom Ag and the free charge density ¢;

- = (.9 = (99
dp = XdAn+Yde , X_<3AH>5’ Y“<as>AH' (4)
in which Ay and ¢ are taken as the independent variables in place of g+ and a.
Even if the electrode potential is fixed at a constant value, we can expect different
concentration of adsorbed hydrogen atoms

depending on the electrode material and also
different ¢-value depending on the specific Black Box —>¢
adsorption of anions and cations in the solu-
tion. Frumkin and his school have solved
this problem in the case of reversible hy-
drogen electrodes of Pt-group metals H*+ _ .
. en H H
ex=H (ads).
. . Fig. 7. Pt-H electrode compared to
This reversible system can be compared a black box in Gibbs' ther-

to a black box, as shown in Fig. 7. Suppose modynamical treatments.
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that a definite quantity of electrons, or hydronium ions H*, or hydrogen atoms H are
introduced into this black box, and then the corresponding change of the electrode
potential is measured under the equilibrium condition.

Frumkin has shown that the change of the electrode potential with the addition
of these species can be explained on the basis of the Gibbs thermodynamics,

do = — X I';da;, j=en, H*, H and ions, (5)
7

where o is the interfacial tension and I'; is the adsorbed quantity of j-component. In
this treatment the material balance among the adsorbed quantities of the electron, proton
and hydrogen atom should be taken into consideration together with the electric neu-
trality at the metal-solution interface, because there occurs transfer among the reaction
species through the reaction, o+ 'g = An—e¢, I'n+ +I'a=I"y++ An, e =I's— =+, where
T+ is the adsorbed quantity of H* at the solution side of the D. L. which can be
neglected in the presence of excess salt.

Three basic measurements for the determination of ¢ and Ay have been developed
by Frumkin and his school.

1) First it will be shown the change of the electrode potential with the addition
of electron to the black box. Let us start from a reversible electrode of Pt-black under
the atmospheric hydrogen pressure. If the hydrogen gas is displaced by nitrogen gas,

a reversible electrode with respect

to H is obtained and the electrode :h
potential is slightly displaced to- )
ward anodic direction due to | 0

slight change of Apg.

If metal electrons is extracted
from this black box by supplying o8
a small anodic current, and the
change of the electrode potential 06
with time is measured, then a
relation between I's and ¢; is 0-4#

obtained, in which ¢; corresponds

to the electrode potential referred 0.2+ .
to the reversible hydrogen elec- r

(Coul Zcm?)
l_

4 1

0.2 0.4 0.6 0.8
—> -Te
Fig. 8. The potential change of Pt-H electrode

ined in thi . caused by extraction of electrons from
tained in this way by the electri- the electrode) where ¢:r is referred to

city supplied from outside, which the reversible hydrogen electrode.

trode under the atmospheric hy- 0
drogen pressure.

Fig. 8 shows the polarization
of the hydrogen electrode ob-
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is called the charging curve.® It is found that the electricity supplied is stored on the
electrode surface in the form of H(ads) and ¢, and the polarization of an reversible
electrode is quite different from that of an ideally polarized electrode such as Hg.
As is known, in the 1-st gradual slope the electricity is consumed mainly for the
ionization of H(ads) (the hydrogen region), in the 2-nd part for the charging up of
the D. L. (the double layer region) and in the 3-rd part for the formation of adsorbed
oxygen (the oxygen region). Our main interest will be focussed on the establishment
of the electrode potential in the 1-st region. As seen from Fig. 8, the polarization is
different in different solutions, i.e. different concentrations of H (ads) as well as ¢ can
be expected at constant potential.

2} Next it will be shown how to determine the value of e. As shown by Frumkin,
¢ equals I'y+ at the presence of excess salt, so it is sufficient to measure I'g+ in
order to know &. Frumkin, Petrii and
coworkers have developed the potential ‘4’(_NHE)
titration method for the determination (v}
of I'g+ under atmospheric Hy-pressure.

When a reversible electrode of very
small area is used under atmospheric

06

hydrogen pressure, a usual titration 0.5F

curve is obtained as shown by curve 1

in Fig. 9. In this case the change of 0.4+

the solution pH is caused practically by

the alkaline solution added to the cell. 03
If an electrode of large surface

area is introduced into this cell, a titr- 02
ation curve 1’ is obtained and the solu-

tion pH is changed in this case not | . Viml)
only by the added alkali, but also by 0 3 6 9

the proton produced by the ionization Quantity of Alkali

of H(ads). Therefore, the difference Fig. 9. Potential titration curves of Pt-H

of the quantity of alkali at the same electrodes with a small surface
area (1) and a large surface area

electrode potential between the two (1) under 1 atm. pressure of H,
curves gives the proton desorbed from where ¢ is referred to N.H. E1D
the electrode, 7.¢. I'g+. In this way
the free charge density, ¢, on the electrode surface under atmospheric hydrogen pressure
at ¢:=0 can be determined.

3) In order to determine the free charge density ¢ at any electrode potential ¢y,
Frumkin, Petrii and their coworkers®'® have devised a new experimental method which is
called the pH-dependence of ¢: at constant I,. This new parameter will be denoted by 7,
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75(;;21 )re (6)

The experimental condition of constant

I's can be obtained from the charging 14
curve when the supply of the electricity T
is stopped.

When a small amount of alkali
solution is added to the cell at a con-
stant s, the displacement of the elec-
trode potential toward negative side is
observed. In this way 7 is found as
a function of ¢ as seen from Fig. 10.

Frumkin® has derived an expres- - L L V)
0.2 0.4 0.6

—>¢r

sion for y on the basis of Gibbs ther-

modynamics
’ Fig. 10. The pH-dependence of ¢r at

v = (as/asﬁr),.ﬂ»r /(are/a¢r)pH1' isoelectric conditions of Pt-H
(6 a) electrode in 0.01n HCI+KCl
solution.1?
which also equals (0¢/00),- - As seen

from the expression of 7, at y=0, ¢ is maintained at constant with the change of ¢, in
other words, the change of the electrode potential is caused by the adsorbed hydrogen
atom only. It can be seen from Fig. 10 that the electrode potential is established by
H (ads) only at the neighbourhood of the reversible potential under atmospheric hydrogen
pressure.

On the other hand, at y=—1, =1, i.e., in this potential region, the change of
the electrode potential is caused by charging up of the double layer, just like the ideally
polarized electrode. It can be seen from Fig. 7 that at ¢.=0.6 V there appears a double
layer region when the electrode potertial is changed from the hydrogen to the oxygen
region.

It should be emphasized in the potential region where 7 equals zero that the two
components of the electrode potential due to the adsorbed hydrogen atom and free
charge are mutually independent and can be expressed by the following equations on
the basis of Gibbs thermodynamics,?

XdAg = —dﬂn s (7 a)

Yde = dyn - - (7b)
Equation (7 b) shows that the free charge density is kept constant insofar as the pH
of solution is maintained at constant.

The left hand side of Eq. (7a) shows the change of the electrode potential due
to the hydrogen adsorption, i.e., the displacement of the Fermi-level due to the adsorp-
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tion of hydrogen, while on the other hand, the right hand side of Eq. (7 a) duu prac-
tically equals the change of the energy of the Me-H adsorption bond, the entropy term
being neglected. The left hand side of Eq. (7a) may reflect on the potential energy
of the initial state of the proton discharge as the change of the energy of the metal
electron ;

H*+ey— H{ads).

On the other hand Jum may reflect on the potential energy of the final state of the
proton discharge. In this way Eq. (7a) means a compensation effect of the adsorbed
hydrogen atom on the potential energies of the initial and final states of the proton
discharge. Therefore it can be expected that the electrode potential component due to
the adsorbed hydrogen atom does not affect the rate of the proton discharge in the
potential region were y equals zero. :

The compensation effect of an intermediate species produced by an electron transfer
step described above, has recently been verified in our laboratory in the case of the
hydrogen electrode in alkaline solutions", in which the electron transfer step is the
discharge of the alkali metal ion and the intermediate alkali metal atom is produced as
the result, and the electrode potential is established by the alkali intermediate and the

free charge on the electrode surface, as in the case of H(ads) and ¢ of the hydrogen
electrode.
The time constant 7; of the discharge log 7 (sec) Ay

of the alkali metal jon remains constant in 295

1
the range of overvoltage 5 from 0 to a few
hundred millivolts, as exemplified in Fig. 11
in the case of Au' In the overvoltage
region where r; remains constant the over- -30f -
3

voltage is caused by the adsorbed alkali metal

atoms and the free charge density on the
electrode surface is practically kept constant,
i.e., v defined with respect to the alkali metal _35¢ 4 \

ion discharge equals practically zero. The
constancy of the time constant means the

compensation effect of the intermediate alkali 5

atom on the potential energies of the initial _44 . > : (mv)

and final states of the discharge of the alkali ° "200  -400  -600  -800
— 17

metal ion.
Fig. 11. The overvoltage dependence

of the time constant of the
electron transfer step of Au~
Fig. 10. The denominator of y in Eq. (6a) H electrode in aq. NaOH,%
( al, 1-0.007 n, 2-0.02 #, 3-0.001 n+
0pr 0.1 7 NaySOy, 4-0.5#n, 5-1 2.

Now ¢,-dependence of ¢ will be discussed
based on Eq. (6a) and the values of 7 in

) can be estimated from the char-
ryt
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ging curve as a function of ¢;. Therefore the value of ¢ can be obtained from the
graphical intergration of the numerator as,

‘cf O¢ _
Su (a¢r)pH+ d¢r——€ €,

using the integral constant ¢ obtained by the potentiometric titration method under

atmospheric hydrogen pressure. 6w
An example of ¢ determined in this way s 6 '

5] 4
will be shown in Fig. 12 as a function of ¢ 5 \\\
in the case of Rh in 0.1 n KCl with pH in 4
the range from 3-11 (curves from 1 to 9).
9

It can be seen from Fig. 12 that in acidic

solution the increase of ¢ in the H-region is 0.41
rather remarkable due to the specific adsorp-
tion of Cl- ion, and then the charging of

0.2

the double layer appears together with the

adsorption of oxygen, and -the competition ’ /

4 - 2
of the adsorption of oxygen and Cl~ occurs ' ‘ & ! (Coul/cm?)
with the increase of ¢ -20 -10 0 10 20 30

— €

In acidic solution there appears two .
Fig. 12. The relation between the free

charge density and the elec-
which may result from the difference of the trode potential on Rh-H elec-

W.F. between the two adsorption states. trode in KCl solutions of pH
from 3 (curve 1) to 11 (curve 9).

Z.C.P. at the hydrogen and oxygen regions

In alkaline solutions ¢ is always negative and
there appears no Z.C.P. This may be
explained by the oxygen adsorption even in
the hydrogen region.

Comparing Figs. 8 and 12, the relation
between Ayp and ¢, (or ¢) can be obtained, as
shown in Fig. 13."” Using two fundamental
relations Ag~¢ and e~¢, the two com-

ponents of the electrode potential X and Y
which are caused by H(ads) and ¢ can be
determined separately. Frumkin, Petrii and
their coworkers have determined the values

of X and Y in various systems of hydrogen

. lpcoul/em®)
o] 100 200

electrodes of Pt-group metals. Some exam-

h nd Y
ples of the values of X and Y are shown Fig. 13. The ¢r-dependence of

in Fig. 14 in the case of Pt'®. The upper ¢, Au and T'e in 0107
diagram in this Figure shows X and Y in HCi+1#n KCLID
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o 0

0.l 0.2 0.3 0.4 ¢ (V)

Fig. 14. The contribution of adsorbed hydrogen atom (X) and
free charge density ¢ (Y) to Pt-H electrode potential
in sulfate, chloride and bromide solutions.!®

sulfate solution, the middle in chloride solution and the lower in bromide solution.

The quantity X can be compared with the W. F. change by the adsorption of
H-atom in vacuum system, because both quantities mean the change of the position of
the Fermi-level by the adsorption of H-atom.

The negative sign of X in the hydrogen region means the displacement of the
electrode potential toward negative side or the decrease of W. F. by H-atom adsorption,
so that the M~H bond turns its positive end toward the solution side; on the contrary,
when X is positive the negative end toward the solution side.
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On the other hand, in the oxygen region X means —<5a£—>; therefore the nega-
0

tive sign of X means the displacement of the electrode potential toward positive side
or the increase of the W.F., as is expected from oxygen adsorption. It can be seen
from Fig. 14 that the effect of oxygen adsorption appears at the potentials in the range
from 0.2~0.4V and also the M-H bond is affected by the anion adsorption.

Y is the reciprocal of the differential capacity of the D. L. It can be seen from
Fig. 14 that Y-values are decreased by the hydrogen adsorption, but its reason is not

clear at present.
The expression for the electrode potential established by Frumkin and his school as

a function of Ax and ¢,
d¢ = XdAg+ Yde

should be evaluated as the extension of the thermodynamical Nernst Equation into the
molecular interpretation of the electrode potential.
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