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BRIEF COMMUNICATIONS

IMPEDANCE OF THE SYSTEM:
METAL IN THE SOLUTION OF ITS OWN IONS

E. A. Ukshe and B. M. Grafov | | UDC 541.13

The system "metal in the solution of its own ions" occupies a special place in the theory of electro-
chemical impedance. On the one hand, this system lacks the processes of adsorption and diffusion of the
reduced form of the electrochemically active substance, which substantially simplifies the calculations, On
the other hand, the tonization and discharge of metals In aqueous solutions and molten salts usually occur
at high rates, and the impedance method is of prime importance in kinetic studles of these processes,

We shall consider the reaction
M**+ne=M o ) (1)

under the following simplifying assumptions: 1) we shall assume that the probability of reaction (1) to occur
is the same at any point of the electrode surface, while the incorporation of an atom of M into the crystal
lattice and the escape from it occur without any hindrance; 2) we shall assume that as reaction (1) proceeds,
the acquisition and loss of all n electrons occur simultaneously, i.e., that long-lived metal lons having an
intermediate degree of oxidation do not exist; 3) we shall assume that the currentinthe electrolyte is carried
by the ions of an indifferent base electrolyte.

The electrode impedance can be calculated by the method of multiterminal equivalent networks using
the Onsager theorem as proposed in [1, 2]. In the following we shall use the graphical presentation of pro-
cesses on the electrode which is shown in Fig. 1. Symbol v here denotes the state of the ion in the bulk of
the electrolyte; symbol S denotes its state in the bulk of the electrolyte near the electrode surface; symbol
a denotes the state of the adsorbed ion; symbol m denotes the state of the atom in the crystal lé.ttioe of the
metal (or in a liquid metallic phase). Accordingly, line vS corresponds to the diffusion of M2* ions; line
Sm corresponds to the discharge of fons existing in the "bulk" state; am corresponds to the discharge of
adsorbed ions, and Sa corresponds to the process of adsorption. Thus, it is assumed here that in the gen-
eral case (Fig. 1a), reaction (1) can proceed via two pathways: through the adsorbed state, and through the’
"bulk" state near the electrode surface. In the followmg, processes Sm, am, and Sa will- be denoted by the
indices 1, 2, and 3, respectively

The total discharge flow j must be composed of the dlscharge flow along pathway Sm 01) and of that
along pathway am (j,), i.e.

j=icth, 7 B @
The total amount of adsorbed metal ions can in this case be presented in the form ’ e
A=B+B, . 3

where B, is the amount of ions having passed into the adsorbed state via the pathway am, i.e., at the ex-
pense of ionization of metal atoms, while By is the amount of ions having passed into the adsorbed state
from the electrolyte (1 e. via the pathway Sa) The ﬂows of the correspondmg processes are . .
: NS . , @
: 7,=dB,/dt j.=-dB,/dt
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Fig. 1. Graphical presentation of the electrochemical
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reaction

M =MD+ A double line signifies that there is equilibrium with

respect to the process involved.

Fig. 2. Equivalent circuits for the short-circuited six-terminal
network. Cy=[(§ =1)/£]Cy C,=[(¢ —1)%/¢ 1Cy; Cy=—(¢ —1) Cos Zi=

(/8 Zy; Zy=[( =1 /£12w; Zg=—[(¢ —1) /£ 2Z,,.

where t is the time, while the direction of flow from the metal to the electr
one. It follows from (3) and (4) that

dA/dt=j,~j,.

olyte is taken as the positive

(5)

The current flowing across the metal/electrolyte interface can be presented in the form

I=], 4

——

dt

-(6)

where I; =nFj, is the current corresponding to flow j;, while Q is the total electrode charge [3]. Assuming
that deviations from equilibrium are small and writing the total charge in the form of the function

Q=Q(9, By, B:),
we obtain

’ do dB, . dB,
I=nFj+0Q,— + —_— —
nFj+Q, o Qs ai Qs a’

NG

8

where Qp, Qp,, and QB3 are partial derivatives of the form (9Q/ 3¢)B2, By €tc. Equation (8) corresponds

to presenting éxe total current in the form of the sum '

I=Ic+1‘+13+l,,
where
‘ Icéoo(d¢/dl) .Ix=anl

L=0s:(dB/dt) =},Qss
,3=Q,;(dB;/’dt) ‘?—faon- o

Current IC represents the charging current of the electric double l:ﬁyer, élnd‘lé lndependént of the other
currents. Currents I,, I,, and I are mutually connected. The electrical equivalent circuit of the electrode:

being studied must contain, therefore, the double-layer capacitance Cq=C

()

(10)

and, in parallel with this, the

Impedance of the electrochemical process, the determination of which is tﬁe aim of the present work. In

order to calculate this imped:mg:e we shall write

o AI|=j|(¢|C)
fz=l'z((P, A)
Te=i(0, 6, ).

S 5j,4—-f:.6tp+]'.¢6c' |
C6f 2=] u6<p+l 2464 . .
‘ Gjbajhaw'*'j;cﬁc"‘ig‘GA, A
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down the flows corresponding to processes 1,2,and 3as..
functions of potential, bulk conoentrgt{on of Mn"lions (c), and their adsorbed quantity (A). Evidently," =




where Mp » Jies €tC. are the corresponding partial derlvatives.

Since the total amount of charge being transferred across the electrode /electrolyte interface must
equal nF, independently of the reaction pathway, one can write, with due regard to signs,

Qu."QB;=nF- g - (13)
Thus, if we designate
Qs/nF=-%, ‘ : : (14)
we obtain 7
QBI/nF=— (g_i)- (15)
Moreover, the following relations will hold for the harmonic perturbations [4]:
i+ bA=B8j,~6f, . (16)
and ‘ ( .
YioD 6.=8j+6s, - . ' an

where i =V —1. Putting (14)—(17) into (12) and using Eq. (10) we obtain

Sp= [ ! “__} It ——1 1,
th, nFj YioD nFEjGYioD

-1 . Jaa jaa con R
6q>=[ : + Y 8l o
e (&—1). i0janF (E=1) fojnFE \ a8
8= —— e 81+ —— 4 5], +[ RN S . Jer
nFjsgYioD iwjsenF (E—1) nFjwt  iwjnFt  nFjGtVieD

The corresponding ac circuit represents {1, 2] the short-circuited six-terminal network described by the
transmission equations:
6(P=Z||6I£+Zu§[z+znala
6(P=Zz|615+Z22513+Z13613 . T : (19)
5¢p=zut$11+zs«6[z+z:aéls ) - v

By comparing the systems of equations (18) and (19) one can readily obtaln expressions for the dxagona.l
(214, Zyy, Z33) and crossed (Zyy, Zy3, Zy3 etc.) impedance coefftments*

1 o Ile »' o
Zyy= - —
nFiw nFj..Yiﬁ)D ) v
0= _—! t— fua V - }- . L :: ~.v(20)~,
‘nFjn(E—1) iwjwnF(E—1) e <V
o Zoy= 1. + Jsa _ ]Sc———
nFiwt  iojwnFE  nFjwntVieD
' Z‘2=Z3‘=0 3 o o .‘ . : . T N
Zy= _]“_.. =Zu="'———"—hc_... : o co-o(21)
”FftoEVimD' ) nFj,.Yiml_)
J2a N 7Y

Zu=

=2
. o . zm],,an l ijwnF (5 —1)° .
The last three equations have been written while taking into account the Onsager theorem conoernlng equa.l-
ity of the crossed coefficients.

~ The equivalent circuit for the six- termlnal network being discussed is shown in Fig. 2a. The ele -
ments of this circuit are expressed through the impedance coefficients in the following manner:

X =23,—~Z,y=0,+tZJ/ (£—1)?

Xy=Zy=ZJt .

X,=Z,,-Z,,—-Z,,==6,—(§f1)ZJ§'—ZJ(§—1) ‘ (22)
X=Z—Zy=0,+(;—1)2./¢.
Xy=Zps=tZ./ (£—-1).

In writing down Egs. (22) the equalities
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Falfra=(E—1) oo/ Eisa
Isd im=ire/ &
following from the Onsager relations (21) were taken into account, and the notation
ZemjsaliojsnF;  Co=tnFiu/jsa,
Z,=—j,/nFj ViaD, o
Oi=(nFji0)™"; Bu=[—nFjn(E~1)1""; Oy=(nFjst)~" (29)

was introduced. The input impedance of the circuit shown in Fig. 2b can be calculated by using the tri-
angle-star conversion known from the theory of linear circuits [5]. It is

008,401, [9,4. _§'_°_’..] 0.2, [% +e,]v+.zcz.. [ ( Eg‘ it ot (§§:()1’)"]

E-1)*
E-1)*

0 £*6, 0

00:+0,8,+0,0,42, o ) +z.[?+——£,—e,+e,]

" Equation (25) and the circuit of Fig. 25 provide the analytical and symbolic description, respectively, of
the impedance of a metallic electrode in the most general case. A whole series of simpler circuits can
be derived from these representations; some of these have already been described in the literature, and
some have not been discussed so far. We shall consider these circuits

(25)

1. The case where discharge of an ion can only occur from the "hulk" state, i.e., 6, =« (Fig. 1b).
According to (25), ' C o ’
0,0,+0.2.+2.7, +Z,(8,£-*+0,)
in ei+9‘+zc+.(§__1)x§-zzw . (26)

The corresponding equivalent circuit is show1_1 in Fig. 3a, where

Ca=(E-1)Cu - )
E(6,4+80,) 8, 8, )
R=—— R 3 Ay : :
(G L R t—t

2. The case where discharge can only occur from the adsorbed state, i.e., 6= (Fig. 1c). Then,
according to (25), : ' I

7, = SO 2L (1) 0.2, 42, [0, 40,5 (~1) ] | (29)
l.n o . ez+es+(§—1)-lze+§-zzl )

The cori‘esponding equivalent circuit is th same as in the pi‘eceding case (Fig. 3a), but with other values
t_‘or the parameters: I BREEI L :

Rty 7'13,.=§(g—1)(g?+-§_fTe,);_ Rom—(t—1)6, | 60

We see here that different mechanisms ofan electrode feaction lead to the same equivalent circuit, the dif- -~

ference being confined to the character of the 1lnk between the active resistances.

easy to verify that the schematic of Fig. 3a will be retained under the conditions 92=w,’935° L

3. Itis
(Fig. 1d) or 6;=w, §;=0 (Fig. 1e), i.e., at an infinitely large rate of the elementary act of adsorption. This

means, in fact, that adsorption equilibrium is retained (the adsorption isotherm holds) when alternating .

current is passed through the electrode. When 0y=w and 64=0,
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—@E}& ‘.‘ It is easy to verify that Egs. (31) and (33), apart from the circuit
2y A,

Za, A1 e of Fig. 3a, can also describe the circuits of Fig. 3b and 3c. One then has,
B L ) In the case 6,=» and ;=0, .
@‘B"ﬁ‘ Ay . O R=O/(-0Y Z=ZJE, - @9)
Zsz 7, 8 p=—(t—1)Co; C,=—(£—1)Co/E; C,=(t—1)Ci/t o
A 2 —\W— g and |
Z ”’ ¢ 'éza/ﬁ) 8; - . i Rf=ely Cs==Co; . e L L .
y 13 S WHH=— 1 st—(ﬁ-i)z,/g’ Z=(t-1)ZJ%; Z,=ZJt. - (36)
Fig. 3. Equivalent circuits In the case 91‘“’ and 03=0 one has, similarly, 4 -
of the processes pictured in Re=0y; Z,=Zu/E", _
Fig. 1.
€ Cr=—(6-1)Cs; Cr=—(6~1)"Cv/k; Cy=(E—1)Cu/g 6D

Re=(t-1)0: Cu=Cy RO
Ze=—(E—0ZJE; Z=(E—1)ZJ% Z.=Z.J% L @y

It is typical that the corresponding pairs of circuits for 6=« and 92='oo' only differ in the coefficienté de-
termining the active resistances. The situation that the same equation, (31) or_(33), can be expressed by -

_several equivalent circuits is typical for the theory of linear circuits [5], and should pot lead to misunder-

standings, inasmuch as from the links which are provided by Eqgs. (32), (34), and (35)-(38), one can find from
the circuit parameters the same kinetic and thermodynamic coefficients, which unambiguously belong to
the given electrochemical system. The choice of one system or another is governed by considerations : -
about the convenience of the calculations or about the construction of analog devices. o o

4. Further simplification of the equivalent circuit is attained under the condition fg=c0, 01 0 (Fig. .
1f), or 6,=0, 8= (Fig. lg) but at finite values of 65, i.e., with a fimte adsorption rate In the first case . )

(82—°° 91—0),

22402, S
042 152 (39
the corresponding equivalent circuit is given in Fig. 3d. Its elements are Zv}: CA,‘and -
| RI=EOJGE-D% a0
In the second case (0,=0 and 6 ;=) o ' R B o e : o
| - | zzAwez. @

(- —1)%0s+Z.+(§—1)%Z,

The equivalent circuit is shown in Fig 3e and includes the elements Zw, Ca, and ‘ SRR »
RI=tO. , | (42)

In contrast to the earlier cases, one now can distinguish the discharge mechanisms via the "bulk" and ad-
sorbed state. We note that for the circuit of Fig. 3e, the adsorption effect only becomes manifest in the -
appearance of the capacitance Cp, which in the measurements appears added to the double-layer capaci-
tance. In this case the resistance Rp' characterizes the adsorption kinetics rather than the discharge ki-
netics. . . o . e ; I . :

5. Ifboththe discharge rate and the adsorption rateare infimtely Iarge i e. o if Bz*w and 9,~ 93—0 (Fig.
lh) or Gi—eoand 02—63—0 (Fig. 1i) thenone has inboth cases - - - a _
7= ) ZZ. . . . . : (43) i
, , it Z A+ (t-1)%2,’ ‘ v
while the equivalent circuit has the form shown in Fig. 3f.  The two discharge mechanisms become again
indistinguishable here. The role of adsorption reduces to that of raising the total measured capaciumce
Ca "'Cd relative to the capacitance that can be measured in the pure base electrolyte

6. We shall, at last, consider two cases Ieading to generally known results. With 92— 6,-oo and fi-; . 2
nite 64, i.e., in the absence of adsorption (Fig. 1k), : '



I TR
which corresponds to Ershler's circuit [6] (Fig. 3g). With 01=0y=c and finite 64, i.e., for the ideally po.
larizable electrode in the presence of adsorption, _

Zl n=9|+Z,, )

1 ‘
Zin= 0,+Z + -? Ze, {45)

which corresponds to the circult of Fig. 3i, and coincides with the impedance found by Frumkin and Melik.
Gaikazyan [7] for the adsorption of substances not involved in the electrochemical reaction,

The authors thank Academician A. N, Frumkin and D. I. Leikis for discussing the results of the pres-
ent work.
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