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Electrochemical penetration has been studied at room temperature to determine its mechanism, its con-
tribution to the electrochemistry of aqueous and nonaqueous solutions [1], and as a quantitative means for de-
riving its kinetics [2]. Where rates of penetration into an electrode are diffusion limited, quantitative correla-
tion of theory and experiment is greatly hampered by room temperature boundary diffusion and metastable
phase formation. Comparisons are further complicated by almost complete absence of studies on diffusion in
metallic systems near room temperature.

Electrochemical penetration from the molten state is associated with equilibrium phase formation so that
diffusion rates of the penetrating element become large enough to be readily measured and compared with
literature data. :

We selected an aluminum~— nickel system for study, Notwithstanding its complexity, physical metallur-
gists have devoted much attention to this system. Electrochemists are also quite familiar with nickel alumin-
ides as the source of Raney nickel catalyst, The system is known to have four intermediate phases [4]: NizAl
(homogeneous region at 600°C contains 23 to 27.5 at.% Al), NiAl (40 to 55 at.% Al), NisAly (59.2 to 67.3 at,% Al),
and NiAl; with a very narrow region of homogeneity,

Electrochemical studies were carried out with a KCl—AICly melt (1:1) at 600+1°C in a sealed quartz
cell. The cell was first evacuated and then filled with purified argon, Special purity, nonaqueous salts were
used to prepare the electrolytes. An argon-filled, sealed chamber containing the salts was placed into the
cell, Working electrodes were type NP-2 nickel sheets with a thickness of 0.2 mm and an area of 1 cm?, pre-
viously annealed at 900°C in a hydrogen atmosphere for 8 h, The auxiliary electrode was a hollow cyclinder of
type A-999 aluminum with the working electrode in the center. Chronopotentiometric and chronoamperometric
measurements were made with a P-5848 potentiostat; x-ray phase studies were carried out with a URS-501
apparatus, and electron diffraction patterns were taken with UEMF~100K electron microscope, All potentials
were measured against an aluminum reference electrode placed in the same melt, In our experiments, the
open circuit potential of the nickel electrode was 0,95 V and could be maintained at this value for several
hours. Potentials at which various nickel aluminides are formed were determined through chronopotentio-
metric, x-ray phase, and electron diffraction studies,

Figure 1 displays an anodic chronopotentiogram of a nickel electrode with prior cathodic polarization at
©=0,0 V, The four potential arrests indicate the presence of at least four different phases* that are situated
at the following potentials: 1) 0.1 to 0,2 V; II) 0.40 to 0,45 V; I1I) 0.5 to 0.6 V; and IV) 0.7 V to the open-circuit
potential of nickel, We first polarized the electrodes cathodically at various fixed potentials for 1 to 5 h and
studied the structures of the phases thus formed, As a rule, lines for more than one compound were found in
x~-ray diffraction patterns of electrodes polarized at potentials of 0,05 to 0.48 V. This ig because the x-ray
method provides information on the phase composition of electrode surface layers several microns thick.
These may consist of sequential films, of intermetallic compounds such as are formed through reactive diffu-
sion, Composition of the external intermetallic compound, richest in aluminum, is of interest in the study of
penetration kinetics, We therefore took reflectance electron diffraction patterns of electrodes cathodically
polarized for 1 h. A comparison of the three methods indicates that arrest IV corresponds to decomposition of
a solid solution of Al in Ni; arrest III, to that of NiyAl; arrest II, to that of NiAl; and arrest I, to that of NiAls.
The aluminide NiAly occurs on the electrode only after polarization at potentials 20-30 mV more negative than

4

3.

* Conclusioﬁ should not be drawn on the amount of a particular phase from the length of an anodic arrest.
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Fig, 1. Anodic chronopotentiogram (I-IV)

of anickel electrode with prior cathodic polar-
izationfor 5minat0 V;i, =16 mA/cm?, T =
600°C. Relation of surfacelayer composition
topenetration potential: A)Phase onthe elec-
trode surface (electron diffraction pattern);
B)phase richest in aluminum, as detected
through x-ray diffraction.
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Fig. 2. Relation of penetration current to
time at various ¢ (V): 1) 0,15; 2) 0,13;
3) 0.11;4) 0.09,

that at the beginning of initial arrest I, An arrest corresponding to decomposition of this aluminide was not ob-~
served on our chronopotentiogram because of the thinness of the layer,

Penetration kinetics was studied by cathodic chronoamperometry, After obtaining ani,t curve for the
potential ¢, the electrode was held at a more positive potential v, until the current became very small, We
than applied a potential @,, usually more negative than ¢,, plotted the i,t curve for this potential, again held
the electrode at ¢, etc. We selected a @y to correspond with the initial potential range for the formation of a
particular phase, it was 0.52 V for studying the formation kinetics of NijAl, NiAl, and NiyAl,. '

Current drop curvatures were straightened in ivs t-1/ coordinates, as shown in Fig. 2. Penetration of
aluminum into nickel is thus diffusion limited and obeys the laws

teKt-112 - @)

in which bulk rather than boundary diffusion plays the leading role [5]. Average diffusion coefficients as a func-
tion of phase composition were found to be 1019 to 1013 cm? - sec™, which are characteristic of diffusion in
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Fig. 3. Relation of K to penetration poten-
tial, ¢,=0,52 V; concentration is given in
atomic percent of aluminum,

various aluminides at 600'0. We calculated K values of the penetration rates for each potential, making use of
the slopes of the linear i vs t=¥2? curves [6].

The kinetics of electrochemical penetration [7] has been based on the generally accepted concept of the
linearity of irreversible thermodynamics, i.e., that the magnitude of driving forces is proportional to current:

J=LX, )

where L is a coefficient. A penetrating element is characterized by a chemical potential gradient when its
entry rate into a thickening layer of intermetallic compound is diffusion limited and when various forces are
in equilibrium on the electrode surface. Substitution of concertration gradient by chemical potential gradient
in the diffusion equation enabled us to disregard the effect of concentration on the diffusion coefficient. The

effect can be marked in compounds with highly interreactive components, even at relatively small concentra-
tion changes.

Nevertheless, the coefficient L in Eq. (2) is generally dependent on the diffusant concentration and this °
relation is stronger the greater the concentration change. We may therefore expect that Eq. (2) will actually
be more exact the narrower the homogeneous region of the intermetallic compound and the stronger the inter-
reaction between its components. Applicability of the theory to an actual case where a compound is formed

with a narrow homogeneous region has been demonstrated for the penetration of lead into platinum from molten
salts to form a PtPb compound [6].

Figure 3 shows the relation we found between K (from Eq. (1)) and potential in coordinates of K:vs .
It is evident that K rises with an increase in negative electrode potential and that K! varies linearly with poten-
tial in regions where each compound is formed [6]. Two sections with different slopes are observed in the po-
tential region corresponding to the formation of NiAl. This may be due to a change in diffusion mechanism
when NiAl passes through a concentration corresponding to exact stoichiometry (50 at.% Al) [8]. As regards
diffusion, we have here two apparently individual compounds: one between 40 and 50 at. % Al and the
other between 50 and 55 at. % Al. As expected, the choice of ¢, markedly affects the absolute values
of K but has no influence on the nature of the relation of K to potential. The relation of K? to poten-
tial is evidence that NizAl, NiAl, and Ni,Aly fulfill the linearity requirement of Eq. (2) with regard to
current and driving forces.

The theory (7] is consequently also applicable to those cases where penetration causes the formation of
compounds with a comparatively wide homogeneous region, i.e., up to 10 at.%, This is most likely where the
selected system is characterized by considerable deviation from ideality. For example, a change in equilibrium
potential from 0.29 to 0,16 V, i.e., 0.13 V, corresponds to a concentration change of aluminum in NiAl of only
5% (from 50 to 55 at.% but a change in the activity coefficient 6f approximately 200 times. The data in Fig. 3
shows that the penetration rate under these conditions varies by approximately a factor of 3.5.
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THE DIFFUSE ELECTRIC DOUBLE LAYER IN THE ADSORPTION
OF w-AMINOENANTHIC ACID ON MERCURY

B. B. Damaskin and Yu. N. Kuryakov UDC 541,135,5-183: 547

Under conditions in which the adsorption of an organic compound is localized within the dense portion of
the double layer and does not disturb the equipotentiality of the outer Helmholt surface, the capacitance of the
double layer. is described well by the model of Grahame [1] as shown in our earlier work [2, 3]. A breakdown
‘in the equipotentiality of the outer Helmholt surface and a corresponding deviation from the Grahame model
was found in our previous work on the adsorption of a series of organic compounds which form condensed films
‘on mercury [4]. As noted in our previous work [5], a breakdown in the Grahame model may also be expected
for the adsorption of large dipolar organic molecules which partially extend into the diffuse layer and disturb
the structure of this layer. In particular, sufficiently long w-amino acids which form zwitterions in aqueous
solutions with very considerable dipole moments should have these properties [6]. The adsorption behavior of
@-aminocaproic and w-aminoenanthic acids at the solution/mercury and solution/air phase boundaries was
studied in our previous work [7, 8]. The purpose of the present work was the investigation of the effect of w-
aminoenanthic acid (w-AEA) on the structure of the diffuse portion of the electric double layer,

The differential capacitance of a mercury dropping electrode was measured using a P-568 alternating-
current bridge. The electrocapillary curves were taken using an electrometer with a U-shaped water-proofed
capillary [9, 10]. The samples of sodium fluoride and w-AEA were subjected to careful purification by two-
and threefold recrystallization from doubly distilled water, '

In Fig. 1, differential capacitance curves (C, E curves) in solutions of 0,1 M w-AEA on the background of
0.1, 0.03, 0.01, and 5-10~* M NaF were presented. As seen from this figure, at background concentration 0,03
M, a minimum appears on the C,E curves which deepens with increasing dilution of the background electro-
lyte, which indicates the diffuse nature of this minimum, However, the minimum of the C,E curves is at 0,33
V more positive than the zero-charge potential (Eq =) which was found from electrocapillary measurements
(see Fig. 2), Thus, as might have been expected, the adsorption of w-AEA leads to a significant rearrangement
of the diffuse layer and calculation of the capacitance according to the Grahame model leads to a significant
discrepancy with the experimental C,E curve (see curves 1 and 2 on Fig. 3). :

The strong shift in the minimum on the C,E curves towards more positive values relative to Eq=o may
be explained on the assumption that the —CO," group which forms the negative end of the w-AEA zwitterion is
located in the dense layer, whereas the ~NHy * group extends into the diffuse layer, In light of electroneutral-

ity ’
qt+q=—q,, ‘ . (1)

where q is the charge of "specifically adsorbed" —CO;" groups and q, is the total charge of the diffuse layer
including the positive charges of the zwitterions. As shown by a calculation based on the Gibbs equation and
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