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_CHARGE TRANSFER IN CﬁEMISORPTION PROCESSES
PHYSICAL SIGNIFICANCE AND TERMINOLOGY

A. N. Frumkin, B. B. Damaskin, UDC 541.13-183 o
and O. A. Petrii o N | ;

The concept of charge transfer and its interpretation in the current literature are ana-

lyzed in the present work. The problem of partial charge transfer in adsorption phe-

nomena is thermodynamically analyzed in the instance of the simplest reaction, of the v _
type O + e~ == R, which takes place via the two adsorption steps O + nye” = A and , e
A +nye” == R. The physical significance of the quantities ny and n, and their connection : :
with the partial charge transfer coefficient A in the theory of Lorenz and with the "elec-
trosorption valence" in the theory of Vetter and Schultze are discussed. Expressions
are obtained for the formal charge transfer coefficients during adsorption of a solution
ion at a reversible electrode. " " -

The problem of charge transfer during chemisorption processes at the electrode/solution interface .
has been discussed in [1-13]. A consistent, general phenomenological treatment of charge transfer was 7,
given by Grafov [7, 10] on the basis of the generalized electrode-charge concept of [14] and of the ideas de- "’
veloped previously with reference to the platinum-group metals [15-20]. The different approach to the -
problem of charge transfer in adsorption phenomena as well as the different terminology employed by the - '
authors of the papers listed above makes it necessary to summarize the results obtained in discussing the .
problem of charge transfer, and especially the physical significance of the charge transfer coefficients .
during chemisorption which can be calculated from experimental data. In the present work we shall limit ° o
ourselves to an analysis of equilibrium adsorption phenomena. e o . G gD Al

We shall discuss the sim'plest case of a redox system which is described by the overall équ:ition S L |

0 o#e=R, i as

but which actually takes place via some intermediate adsorption staf:e A, i.e.,‘l invélQes ét‘ieéét two aclisorp‘-"j g
tion steps: - : : . e

- Atng=R, . I o ab)

where quantities ny and n,, for reasons presented below, will be named by us the formal charge-transfer
coefficients. It is obvious that ny + n, = 1. In the chemisorption of ions or molecules, the process can end
with step (1a), for example. In this particular case one usually does not talk about a redox system, but as"
will be shown in the following, the relationships reported below will nevertheless prove to be correct.

We shall designate the Gibbs adsox?ption‘of OandR as 'gand 'y, respectively. By this we under-
stand the amounts of the corresponding components which must be introduced into the system if the chemi- o
cal potentials of these components in the bulk phase are to remain unchanged when, without external supply -
of charge, the electrode surface area is increased byl cm?; these quantitites are open to a direct experi-
mental determination. It is obvious that the electrode potential in this case also retains its constant value. o
By definition the Gibbs adsorption of the solvent I's = 0.  The presence of two values of Gibbs adsorption, N
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- Ty and I'p» in one adsorbe

. (1b)]. In the case where substance A is formed

‘ from component R {according to Eq. ( :
ing t(; Egn ::lc;szggzu Oor onlI;fofrom component R, the corresponding quantities of positive or negative
glliyrg:o(which we call total surface charge [14]) must be supplied to the electrode surface.

. . al processes, at least one of the components of the re dox ;

troneutrality condition during establishment of ad-
st be a charged particle. To satisfy the elec ‘ .

:iitiril;nn’;:uilibrium it is necessary, therefore, that other cations and anions partic %patmg. in the formation
of tge electric double layer be present in the bulk of the solution. For the sake of simplicity we shall
assume at first that there is no charge transfer for these ions. It has been shown in [7, 10, 11] that under
these conditions, the formal charge transfer coefficients and n, in steps (1a) and (1b) are determined by

the relationships

. In the case of one-electron electrochemic

meT (—Z%) . (%I%)o' (a)
= (58 (), o

where Q' and Q" designate total surface charge [14]; T'g = I‘O +TR, i.e., the surface excess of substance A
which is obtained by adsorption of both O and R; and ¢ is the electrode potential (here and in the following,
all quantities are expressed in electrical units).

" To explain the physical significance of relationships (2a) and (2b) we shall first of all consider the
{dealized case where the adsorption of O and R at the electrode does not alter the double-layer parameters.
The quantity dQ' = —dlg represents the amount of charge which must be supplied to the system in order to
maintain constancy of ¢ when the increase in the adsorption of a given substance by the amount dI'yy occurs
at the expense of the oxidized form. Inthe case where the adsorption is not accompanied by external
supply of charge, the oxidized form changes into the reduced form by way of donation of an amount of
charge dI'R to the electrode. In the case where adsorption equilibrium can be realized, without external
supply of charge, by the adsorption of material wholly in the oxidized form, we have dI'p = 0 and ny = 0, but
n, =1, Incases where dry is different from zero, the ratio SI‘R/ oIy can be regarded as a measure of
charge transfer. In the case where dI'g = dI}, i.e., where only substance in the reduced form is needed to
realize adsorption equilibrium but substance in the oxidized form is supplied, we have ny = 1butn =0,

_ During adsorption at the expense of the reduced form, the adsorbed substance donates to the electrode
an amount of charge —dI'p, and the charge-transfer coefficient of the desorption process (1b) must be
equated to 8Tg/dly. In the case where the material is entirely in the reduced form when it goes over into
the adsorbed state, we have dlg =0, 0, = 0, and ny = 1. And likewise, in the case where the material is
entirely in the oxidized form when it goes over into the adsorbed state but is supplied in the reduced form,
we have dTg = dly, n, =1, and ny = 0, which corresponds to full consumption of the charge required for the
transition from R to O.

For a calculation of the quantities ny and n, it is more convenient, sometimes'. to start from relation:
ships referring to givenpgand pup (the chemical potentials of the O and R form) rather than to a particular
value qf @. It had been shown for a particular case in {17] and in general form in (7, 10)* that

: B0

. *o ¥R

In the case where the electrochemical prdcesé isan n-electron rather than a l—helect}on pfoéess, e

the quantities n, and n, must be replaced by ny/n and n,/n.

In deducing relationships (3) one employs the equality of the dertvatives (Tg/ ¥ Rlug = @TR/%Oug - '}

which follows from the properties of the complete differential of the reversible surface work in the Gi bs- -

equation or frozg the O-nsager..revclprocgl relations in the thexfmodynamics of Irreversible processes 105 - =

d state implies that substance A can be obtained both from component O [accord~ -

A R -
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The above exposition explains why the quantities ny and n, can be called "charge transfer coefficients.”
It must be noted that the idea of partial charge transfer during adsorption at electrodes had been introduced
by Lorenz [1-3]. In contrast to the interpretation reported above, Lorenz discusses the interface between
metal and solution from a microphysical point of view. In this case, charge transfer in the adsorption
process means that the electron shells of the ions or molecules which are in contact with the metal partly
penetrate beyond this interface. All charge on the metal side which is beyond this microphysical boundary
is regarded as true electrode charge, but the fraction of charge which has been transferred across the in-
terface is characterized by the elementary (or microscopic, true) transfer coefficient A, In the case where
the adsorbed particles have no effect on double-layer structure, the quantities ny and n, are identical with
the values of the charge transfer coefficients A according to Lorenz * S e

¢

The above interpretation does not take into account that, generally speaking, the quantities nj and n,
will not become zero when the charge of the adsorbing particle remains unchanged in the adsorption process.
In fact, in cases where the adsorbing particle possesses its own dipole moment, displaces oriented water '
dipoles, changes the double-layer capacity, in short, somehow influences the charge distribution in the
double layer, a certain quantity of charge must be expended in order to maintain constancy of ¢ during its
adsorption, so that the thermodynamic quantities ny and n, cannot serve as a quantitative measure of charge
transfer in Lorenz's sense. As a matter of fact, quantities ny and n, in the general case do not supply in-
formation about the state of the material in the adsorbed layer but indicate instead which solutfon com- -
ponents are required for forming the adsorbed layer. It will be correct, therefore, to call quantities nj and
n, the "formal charge transfer coefficients" [11] (in [7], the terms "macroscopic" or reffective charge
transfer coefficient" have been suggested).t T

Let us introduce a surface-layer model according to which the adsorbed material consists partlyof .. °
substance O and partly of substance R. Let quantities Ag and Ap represent the contributions of components .
O and R to the surface excess of adsorbed material. It had been shown in [14] that Ty = Ag+eandIp =~
Ap—¢€, where € is the free surface charge of electrode. The values of A, AR, and€, in contrast to those
of the Gibbs adsorption ' and I'y, cannot be determined experimentally unless one introduces certain -
model-type assumptions. Thus, in work concerned with adsorption phenomena at the platinum metals [15-

19] it has been suggested that the free charge € is determined by the ionization reaction of adsorbed hydro- =~
gen Hygg—€ = Ht, and that in presence of an excess of surface-inactive base electrolyte, all hydrogen-jons **
(as ions lacking specific adsorbability) are removed from the surface layer, so that A0 =0andTg=¢. _The IR
charge € thus defined not only fails to account for charge transfer during the adsorption of other solution . - -
ions but also neglects the polarity of the Pt—Hy 44 bond. In other words, the above definition of free charge ...
¢ does not coincide with the definition of free charge in the work of Lorenz, but it corresponds to the usual .
understanding of this term in the theory of the double layer and of zero-charge potentials. o

From the connection between the values of Gibbs adsorption I'oand I'g and the surface excesses Ag
and AR one can obtain the following equations:

?f‘f(*a-d%—nr)’.%(ﬂ%‘f?%)ﬁ"*f(%).r I

which characterize the correlation between components O and R in the adsorbed state. Expressions (4)
formally are equivalent to the equations of Lorenz [1-3] linking coefficients I and A. However, the dif-
ferences in the definition of free charge between our work and the work of Lorenz which we pointed out
above give rise to a different physical significance of coefficients ¥ and A. These coefficients are equiva-
lent only in the case where there are no changes whatsoever in electric double-layer structure with chang-
ing overall adsorption Ty, i.e., where (3¢ /ar:;)(p =0, Inthiscasev=A =n=1. .

Let us consider in more _‘detall the system where the adsorbate is present in the s_urfacé iayer in the
R form exclusively, i.e., where Ag = 0. In this case, according to relationships (4), vy =1 and , = 0, but

¥ There is the possibility, strictly speaking, that those discrepancies remain which are due to the diffefént S
definition of the position of the interface; these disappear, however, in dilute solutions. R S
1 Quantities equivalent to n; and n, are designated with the letters ! and f by Lorenz.




the .fo’rx;xal‘ ‘ciiafge?iranféfér coefficients 1y
“adopted, one has I'p = - + AR and Iy = Az

free charge € arises only as a result of reactions (1a) or (1b).” Charge having its origin in the polarity of

- adsorption process (cf. Eq. (1b)). : s
$We have — (% /3Ap) = (0¢/0AR)e / (99/0Ty#)5 1y; therefore, as had already been shown in [15], quantly |

#1andny# 0* Infact, from the condition I'y = & which was
= Ap, and therefore,f

de =1—(—-‘29—) '
m=t-(5z) =1~ \ax) o)

: d

‘ i d platinum electrode in the presence of an exces
ntioned above, hydrogen adsorption at the platinize : . q
:fs fglreeign electrolyte gan serve as an example, provided that the H* ion does not exhibit specific adsorba-
bility at the platinum surface and is readily displaced from the jonic side of the electric double layer by
foreign, surface-inactive cations (21, 22}. Thus, Ag+ = 0, I =Ap, ko “Hygh and pR = By, whepce accord-

ing to Egs. (3) and (5),

mi= () (2, 5, ) ) "

de aAn 3AH 6‘4,{
cne () - () NG, ) )
0An /e Opne /uy O/ wg N\ Opue/ ug (6b)

In this éase quéntity ng expresses the formal charge-transfer coefficient during transition of an H* fonto
an adsorbed H atom, while —n, expresses the same coefficient for the transition of a dissolved H atom to
an adsorbed one.f This last process cannot be realized experimentally, but quantity n, is of interest to us

inasmuch as it gives an idea about the degree of polarity of the Pt—H bond and about the effect of Hagg on

electric double-layer capacity. vValues of ny and n, for gt jon and H atom adsorption at platinized platinum
in different media and at different pH have been calculated and discussed in (7, 11].

; Processes have been considered above which occurred via a single adsorbed state, in particular, via
Hags: It is not difficult to extend the results to the case where one must give attention to two adsorbed
states, e.g., Hags and Hags. It is obvious that in this case one more formal charge transfer coefficient
must be introduced, which in the example will characterize the transition of a dissolved hydrogen ion Haiss
to Higg. Within the limits of the model being proposed by us, this coefficient is close to zero.

_ In the case where the adsorbate in the surface layer is present wholly in the O form, we have Ag =0,
To=¢ +Aq, I'g = —¢, and Iy =AO. In this case ‘ . y p

e (). (25)
s To/ 4 ] 0A;x .' (7a)
de de
=1+ (EFO)= i+ (aA,). '

Let us now introduce the additional assumption that the material in the bulk of the solution exists
practically wholly in the form in which it becomes adsorbed (as the R form in the case being described by
Eq. (5b), and as the O form in the case where Eq. (72) applies), i.e., let us pass from the general case ofa ]
redox system to the process of adsorption from a solution which contains only one of the components of the
redox system, and where, moreover, it does not matter which one. Equations (5b) and (7a) can now be g
brought into a single form by dropping suffixes 1 and 2, and referring with nj to the adsorption rather than !
to the desorption process: . . o s R

@

* One must not be surprised about the re,suli; thaxt_vz = 0 when n, # O,Ibecausé under the"assilumptibns .nvlad‘e,j g

the bond of O or R with the electrode surface is not included in it. o : v
f Minus is written in front of n, in Eq. (5b) because positive n, refers to the desorption rather than to the 1

gezngssesatl;e 1;atlo of contributions of the hydrogen atom (X) and of Its fonization product (¥) (.e-s of
, irge and of the fon compensation it) to the generation of the potential difference. ©




= ( _Oe_ ) : . SEE
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According to what has been said above, Eq. (8) expresses the degree of charge exchange between the bulk
of the solution and the electrode surface which will guarantee that the condition ¢ = const s fulfilled during

the adsorption process.

Vetter and Schultze [8, 9] have suggested the name "electrosorption valence" for a quantity which is.
analogous to nj and which they have labeled 7, in the chemisorption of any particle i. According to Vetter .
and Schultze, this quantity is defined by the relation s ' v

(9

in the simplest case where there is an excess of foreign electrolyte present which is not specifically ad-

sorbing. The quantity I'j which, in Vetter and Schultze's terminology, stands for the Gibbs adsorption of the

i-th component, does not, however, correspond to our I} but, rather, to our A; [11, 12, 14], which in the ;o
case of systems being described by Eqs. (5b) and (7a) is identical with Ay, while the quantity q corresponds . -
to our definition of free charge €. A positive value of ¥; characterizes a partial oxidation of substance 1 ... . L
when it passes into the adsorbed state. Thus, there is complete analogy between the definitions of nj in Eq.

(8) and of i in Eq. (9). Vetter and Schultze have found "electrosorption valences" for a large number gif’af_lﬁ s
sorption processes, and have also shown into which form Eq. (9) must be cast in order to be applicable to - -~
systems not containing an excess of foreign electrolyte. The results obtained are of interest, but as has’, .’
been pointed out by Vetter and Schultze themselves, and as follows from the above presentation, the quan- -

tity v; is not identical with Lorenz's quantity A, inasmuch as the influence of adsorption on € will depend -

not only on charge transfer but also on the effective dipole moment of the adsorbed particle, its location

within the compact layer while in the adsorbed state, and on the change in compact-layer capacity caused

by the adsorption. We believe,therefore, that the term "formal charge transfer coefficient" is more

correct than the term "electrosorption valence." * : o : e S

In conclusion let us consider the case where charge transfer takes place not only during the ‘adsorp-
tion of O and R but also during the adsorption of other solution fons. It must be noted that it appears, with
the platinum metals for instance, that charge transfer can be disregarded only in the adsorption of Lit and
F~, and in somewhat poorer approximation in the adsorption of Natand SO%’. Let us assume that charge
transfer is observed for a single solution ion (j) only, in addition to components O and R. Using the Gibbs
equation : . S L ) . o

d0=‘—r'oduo—l‘nduﬁ-"—l‘;dp.., '..- e S : : = (lvo)

and the Nernst equation _ L ' ' o ‘ 7 :
) ' dp=dpo—dpr, S Ay

one can obtain the folloWing relationships: _' o : s ) . , \‘ ‘ .‘ E B :
: n.’=(arn/ar,)..;,=(apo/a<p);z’,,.,, o s o S (12a)
7 n:’ =(6Fo/al‘x)ou,=="(aun/3¢)r, .B,' N } | . ;' : | s .' ‘ (12b)

(o is the reversible work of surface formation, T} is the Gibbs adsorption of the j-th component, and I’y = '
T +TR). Schultze and Vetter [13] have noted, however, that the quantities ml and n; as calculated by Eqgs.
(12) actually refer not only to the adsorption process of components O and R but also to the change in the
adsorption of component j at pj = const which accompanies these processes. Precisely for this reason

quantities ny and n, in Egs. (12) are labeled with an index j. We note that the values of ny and n, calculated

* The term "electrosorption valence" appears to us to be especially inappropriate for quantity y; when it
is used in cases where practically all the influence of adsorption on electrode charge is governed by
changes in electric double-layer structure, such as, e.g., in the adsorption of saturated organic compounds
at the mergury/ solution interface. The incorrect understanding of our interpretation of charge transfer in
[9] was remedied later in [12]. Ina paper just published [23], still another symbol and name, "charge
coverage coefficient Zp," is proposed for a quant(ity \'vhic‘h is egqivalent: to nj and v;. Conspicuous is the -
complete absence of references to the Soviet literature in [23]. -




in chloride and bromide solutions of constant concentra-
one cannot neglect the charge transfer connected with
metals. This had been correctly pointed out by Vetter

‘ previously ‘[7, 11] for the reaction HY +e7 = Hads

tion actually are the coefficients ny and n;, because

the adsorption of cl™ and Br~ jons on the platinum

and Schultze [12, 13].
It must be stressed, however that even in the absence of specific adsorption of a component j con-

: hich are calculated by Egs. @) at i = const still
' i base electrolyte, the quantities ng and n, W : j
ziiﬁefegeﬁeme variation iﬁt I owing to the change in diffuse-layer structure during the adsorption of O an

R, if only to a smaller extent than in the presence of specific adsorption. v

Making use of the properties of the complete differential one can show that

-+ ()
' Tz / o, 5/ rp 0 lz/ 0 {13a)
m(ER) () (2R,
‘: Oz / or, L5/ ey 0T nye (13b)

The &erivative (BI‘j/ ay) (IR characterizes the interaction between componexft j and components O and R

during adsorption, and may be called the interaction coefficient. The derivatives (dI'g / ) ry,e and

(8I‘O/ arj)rz @ are charge-transfer coefficients during the adsorption of the j-th component under condi-
the constancy of Iy is sustained by the introduction of dI'g or dI'g, respectively. Thus, the

tions where the
chemisorption of the j-th component when it occurs simultaneously with reaction (1) is characterized, not

by one but by two formal charge transfer coefficients:
' n}’ = (3T8/0Ts)e o (142)

n,” w= (3To/0T) s, o o (L4b)

Thé’relationships uncovered may prove useful in the analysis of joint chemisorption phenomena in
redox systems, and in particular, of the joint adsorption of hydrogen and anions on platinum metals,
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