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ABSTRACT

This investigation has been concerned with Hydrogen and Oxygen Evolu-
tion at electrodes and the Influence of adsorbed substances. In this report
AC measurements of the interface impedance prove to be suitable for studying
adsorption phenomena on porous electrodes like platinated platinum and sintered
nickel material. The impedance on platinum electrodes was evaluated for 8N
H2 SO an IN KOH solutions. Further investigations dealt with inhibition
problems on highly activated porous nickel electrodes. Several alcohols were
used an additives to IN KOH.

The applicability of the potentiostatic method of applying triangular
voltages was examined on bright nickel electrodes. The electrolytes 8N H280O
in IN KOH in general were stirred with purified nitrogen. The applicability
of the potentiostatic method of triangular voltages to show the influence of
inhibitors by applying the principle of Wagner-Traut was examined.

This technical documentary report has been reviewed and is approved.

E. X. KE9N tL t, AYP
Chief Advanezd Neta1~ ak Studies Branch
Metals and Ceramics abhtoY
Direetorate of Materials and Processes
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Part I

1. Summary

In this report A.C.-measurements of the interface impedance prove to be suitable

for studying adsorption phenomena on porous electrodes like platinated platinum

and sintered nickel material. In order to get a close connection between previous

investigations on bright platinum wire electrodes and highly porous nickel electro-

des, at first the impedance on platinated platinum electrodes was evaluated for

8N H2S0 4 and IN KOH solutions. For both hydrogen bubbled electrode systems,

activated porous nickel and activated bright or platinated platinum similar electro-

chemical reactions could be found. There is a reversible build-up of the hydrogen

potential, a limiting anodic diffusions current of molecular hydrogen, a catalytic

dissociation reaction on the surface, and adsorption of hydrogen atoms.

Further investigations dealt with inhibition problems on highly activated porous

nickel electrodes. Several alcohols like methanol, aethanol, n-butanol, iso-

butanol, glycol, and glycerin, which could be partly dehydrogenated, were used

as additives to IN KOH. Steady-state current-voltage curves for both, the anodic

and cathodic, ranges of potentials were recorded under potentiostatic conditions.

A.C.-measurements of the electrochemical impedance were limited to potential

range of hydrogen adsorption. Additives of glycol or glycerin cause interruption

of hydrogen evolution at negative potentials due to a complete inhibition. If nega-

tive potentials are increased the inhibition can be cancelled again. If charged at

positive potentials the activity of the nickel electrode is reduced by oxydation

products of the alcohols added. The reversible hydrogen adsorption gets also

inhibited in part. Aethanol as an additive to IN KOH represents an exception.

2. General Remarks on the A.C.-Method

In the repor-ts submitted so far (Contr. No. AF 61 (052)-142; Contr. No. AF 61

(052)-352) the method of applying triangular voltages was used for the research

on the H2 and O adsorption and desorption at bright surfaces of noble metal elec-

trodes. The measurement of phase impedance, however, has proved to be of

advantage for the research on the adsorption and desorption in porous electrodes.

Besides, this method yields more detailed results on the kinetics of electrode

processes.

M&au=ript roloased b; authors 7 Jnuary 1963 for publiation an ASD TecEhNIal
Doaumeatary eport.
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In applying the phase impedance measurements alternating currents of small

amplitudes and variable frequencies (5 cps to 10 cps) are superposed the direct

currents of electrolysis. In an AC circuit the surface of the test electrode is

represented by an ohmic and a capacitive component. This complex resistance

(impedance) is determined physically by the kinetic processes at the interface

between electrode metal and electrolyte. Therefore, conclusions to the kinetics

of the electrode processes can be drawn from both, its value and its dependence

from the frequency and overvoltage.

Impedance measurements show two characterizing features of the test electrode;

one term resembles the electrostatic double layer impedance, the other is due to

the charge transfer across the double layer. Both, the double layer impedance and

the ohmic resistance of the electrolyte, also shown in the measurement, have to

be seperated. At the electrode the alternating current splits into two components,

iD, the charging current of the double layer impedance and iF, the current repre-

senting the discharge. Therefore, an equivalent circuit diagram consisting of two

complex resistances connected in parallel, can be drawn for the electrode.

The values of impedances resulting from the charge-transfer and corresponding

thereby to the actual electro-chemical reaction generally consist of several

capacitive and ohmic resistances, which usudlly also depend on frequency.

In the case of the hydrogen adsorption and desorption the transfer current iF is

a function of the applied voltage U and the concentration of the atomic hydrogen

cH, adsorbed on the surface of the electrode.

iF = f (UcH)

According to Grahame 1 there is

AiF i-F )c I iF/
AiF AU + a- U •cH

AcH and AU represent the changes of cH and U caused by the alternating current

iF•-

The transfer impedance RF = derived therefrom is
F AFiF

Uai'Z ) 3cH U F
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This shows that RF consists of two components. The first term in ohmic because

ft corresponds to Voltage changes at flowing current and a given concentration of

cH. The second term is of a complex capacitive nature since changes in the con-

centration cH lag behind the alternating current applied# thus causing pseudo-

capacities.

3. Apparatus Used for A.C.-Measurements

OSCI LLOGRAPH

__ RI , C,

GROUNDED 3
CABLE

Figure 1

In figure 1 the a-c and d-c circuit of the experimental device is shown. A-c is

supplied by an a-c-generator. Frequency and amplitude can be changed. A-c is

divided into two branches, one of which contairs the test vessel, the other is

represented by the resistor R evaluated to 0.5% accuracy. R was a suitable one

of a set of standard resistors. The two resistors 11, and R2 connected in series to

the cell and standard R respectively are equal to each other and essentially higher

dimensioned than R. Together with the two capacitors Ct and C2, which are again

equal of value, this device causes equal amounts of a.c. to flow with equal phase

shift through the test vessel and the standard resistor R used for measurements.

By changing the out-put voltage of the generator a.c. always can be chosen so,

that there are exactly 5 mV between the test electrode V and the probe S. The ab-

solute amount of the impedance can be calculated from this voltage, the voltage

UR across R, and the standard resistor R, according to
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R is provided in the same order of magnitude as II.

The phase lag yo of the electrode impedance is evaluated with the aid of a Tektronix

502 Dual-Beam Oscilloscope, which serves as a two channel X-Y recorder. For

that purpose the a.c voltage across the standard resistor R is applied the horizon-

tal deflection system, a.c. voltage taken between the test electrode V and the

probe S is connected to the vertical deflection system of the oscilloscope. From

the photographed ellipsis on the screen the phase shift f between both the a.c.

voltages is calculated.

For d.c. charging of the test electrode a potentiometer circuit with low internal

resistance is used, which provides the applying of constant voltages to the test

electrode. A sufficiently high dimensioned inductance (1 32 hy, 200 1) is inserted

in the d.c. circuit and prevents a.c. fromn flowing in parallel to the test vessel.

Since the impedances of the electrodes measured by us is about 1 La great pre-

cautions have to be taken in circuiting. Otherwise the results would be greatly

distorted by hum and phase lags. Troubles caused by jitter and hum voltages

across the test cell can be minimized to 20 p V by short low-resistance leads and

polished plugs, which have to be replaced sometimes. Shielded leads yield no

further decrease of the interfering voltage. Shieldings are only wanted for the

leads connecting the a.c. instruments to the actual test device.

V

Figure 2
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Figure 2 shows the test vessel. The test electrode V connected to ground is

situated in the axis of a cylindrical electric field. The Electrode materials investi-

gated, like platinated platinum wires and little sheets of porous highly activated

nickel, are welded on links of platinum, to which narrow glass tubes are melted.

In case of testing nickel electrodes, remaining platinum surfaces exposed to the

electrolyte are thoroughly covered with a special lac. In order to get a minimum

of ohmic resistance, electric contacting is done by mercury and a 4 mm diameter

wire of copper. A large cylinder G of platinum is used as a counter-electrode for

a.c. and d.c. The point of this platinated platinum wire S is located as close as

possible to the surface of the test electrode to minimize the ohmic drop caused by

the electrolyte. This device is suitable as a reference electrode and moreover as
a probe for measuring the impedances. Thus only the impedance of the test elec-

trode and a small amount of the electrolytic resistance between the test electrode

and the probe are recorded. The impedance of the counter-electrode must not be

taken in account.

Gas bubbling is done with the aid of a sintered glass disk (fritte).

4. Impedance Measurements of the Interface Between Platinated Platinum

Electrodes and 8N H6SO4 and 1N KOH

4.1 Experimental Results.

According to a previous chapter, the investigations on platinated platinum electro-

des were performed to get a closer connection between the kinetics of bright pla-

tinum electrodes already known and the more interesting problems concerning

highly activated porous nickel electrodes. The interpretation of the test results,

obtained on platinated platinum surfaces in 8N sulphuric acid and 1N KOH

proved to be possible according to the theories of Dolin-Ershler 2 and Breiter-

Warburg 3,4 which already have been derived for bright surfaces of noble

metals in acid solutions.

4.1.1 Results for Platinated Platinum in 8N I2SOj.

In order to get the results reproduced the electrode was polarized for 5 minutes

by applying a voltage of +1200 mV. Subsequently, hydrogen-bubbling led to an

open-circuit build-up of the reversible hydrogen potential. During the measure-

ments constant hydrogen pressure was maintained for stirring the electrolyte.
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The apparent geometrical surface of the electrode was f = 0.087 cm 2 . The

impedance was recorded as a function of the potential for various frequencies of

the a.c. superposed.

Converting the impedance to the terms of a connection in parallel provides the

capacities Cp plotted vs. potential U, as shown in figure 3a.

MT . 7,

Figure 3a

The course of the curve is characterized by two maxima at U = +100 mV and

U =+250 rnV. For bright platinum surfaces curves of the same shape have already

been found by Breiter, Kamrnermeier, and Knorr '. Other measurements by
Knorr, Breiter, and Will or Breitr and B~ld s as well as Breiter and Kennel J

proved similar results for bright surfaces by applying the triangular pulsemethod.

.The C-U-curve for platinated platinum resulting from our test differs in the

first minimum at the capacity Cp, from the curves described by the authors above.

According to these investigations on bright platinum surfaces this minimum is

foujnd at U ff +50 mV if low frequencies are applied. Only using higher frequencies

causes a shift to more negative potentials. In our tests on platinated platinum,

however, this minimum was found already at U = 0 mV applying a frequency of

5 c.p.s. Besides, there is an other difference concerning the pot.ential of

6j



Cp-maximum which is found to be shifted from +200 mV to +250 mV. These

measurements are performed on platlnated platinum instead of bright platinum

surfaces. A sharp rise of Cp-values at negative potentials is due to molecular

hydrogen, large amount of which must be adsorbed on highly roughened surfaces

to meet the pressure of hydrogen atmosphere.

The dependence on frequency of the imaginary component Cp of the impedance

resulting for the potential range between U = -50 mV and U = +40 mV is plotted

in figure 3b (Cr, vs. (-'/).

Figure 3b
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For small frequencies Cp tends to a limiting value, which depends on the voltage
applied according to a decrease with potentials exceeding +300 to more positive

values. These limiting values correspond to the pseudo-capacities C2 of adsorbed
hydrogen atoms. Finally at U = +400 mV there is only little difference between

the Cp's evaluated for 5 c.p.s. and 10 kc.p.s. This value may be due to the double
layer capacity. Applying small frequencies for the range between U = -50 mV and

U = +25 mV the resulting Cp, W -1/2-curves yield straight lines, which correspond

to a diffusion controlled process. According to Kammermeier, Breiter, and

Knorr ' this is conditioned by the diffusiork of molecular hydrogen.

Figure 3c

;4.:!,! rý. : t It. ill! t



Figure 3d

As shown in figure 3c, the pseudo-capacity C2 of the adsorbed atomic hydrogen

and the ratio of hydrogen coverage vs. voltage U. For the range of potentials bet-

ween -50 mV and +25 mV C2 is evaluated from the plots of figure 3d by extra-
po gthe linear Cp--/4-function obtained for low frequencies to w 7

(Reference is made to the theories of Breiter and Warburg) s,. Thus the influ-

once of adsorbed molecular hydrogen joining the measurements of Cp, could be

eliminated. C2 equals zero at U = -50 mV in contrast to the results recorded on

bright platinum electrodes. This explains also the shift of the first capacity

L



minimum of the C1-U-curve to more negative potentials in case of platinated

platinum. C 2 for the range of potentials between +50 mV and +300 mV is evalu-

ated from the constant Cp value for small frequencies according to the theory

of Dolin and Ershler 2 (of. the curves of figure 3b) The Cp's are corrected by

subtracting the double layer capacity, represented by a C P-value independent

from frequency at U = +400 mV. The fraction of hydrogen coverage e as a function

of the applied potential is calculated by a stepwise graphic integration of the C2 -U-

curve (of Eucken and Webus 8). The resulting curve is normalized in a way that

unit 1 is set up for this fraction e0 of hydrogen coverage which tends to a limit

at U = -50 mV. A complete coverage of the surface of the electrode is assumed

applying this voltage.

4.1.2 Results for Platinated Platinum in 1N KOH

The measurements on platinated platinum in alkaline solutions cannot as easily be

explained according to the theories of Dolin-Ershler 2 and Breiter-Warburg 3p4 as

the measurements concerning 8N H2SO 4 . A diffusion process disturbes the results

up to U = +400 mV. According to Slygin 9 and Dolin-Ershler 2 this diffusion process

is the surface diffusion of adsorbed atomic hydrogen. The authors could also ob-

serve this effects testing bright surfaces of platinum electrodes. For our investiga-

tions again a platinated platinum wire was used. It was especially carefully activa-

ted since platinum surfaces are quickly disactivated in alkaline solution.

Tr 1

-4-'

4 -

Si,•d L .I---. 1 .4- •.* I l I a

-- K,-- -
No

7 -4- - -- - --

F gure 4i
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Figure 4a shows the dependance of Cp on the overvoltage U at different frequen-

cies. At lower frequencies the curves show two distinct maxima at U = +25 mV

and U = +250 mV which change their shapes applying higher frequencies. Finally

there is only one maximum at U = +150 mV. This curve showing two maxima is

only known on platinum in acids, but has not yet been found in alkaline solutions.

It is only through our special method of measuring impedances of interfaces that

the impedance can be analysed as far down as 5 cps. At higher frequencies the

wellknown (Cf Dolin-Ershler 2 and Franke, Knorr, Breiter 10) single maximum

appears in our tests at U = +1 50 mV, too. The determination of C2 -values at a

range of voltages between + 100 mV and +400 mV according to the theory of

Dolin-Ershler 2 is possible only if Cp for the frequency f = 0 cps is taken by

extrapolation. Between -50 mV and +50 mV C2 is determined in accordance with

the theory of Breiter-Warburg which can be applied unrestrictedly. According to

this theory, C2 results from an extrapolation of the Cp values to the frequency
f = - cps. Diffusion processes have no influence on this value. Figure 4b shows

the C2 -U-curve resulting therefrom and the E-U-curve obtained from a stepwise.

graphic integration. The e value at U -50 mV is the unit 00 for the -o -U-curve.

Figure 4b

As experiences so far have shown this method can be applied to other porous

electrode materials, besides, to problems of specific adsorption (inhibition).

11



5 Impedaaice Measurements of the Interface Between Porous Nickel Electrodes

in IN KOH

5.1 Preparation of Highly_ Activated Electrodes

According to an electrochemical method developed some years ago there is an

opportunity to fill up the pores of a nickel skeleton with a highly divided precipi-

tation of Ni(OH)2. Most fitted to preparation are nickel skeleton materials, which

consist of perforated foils or fine-meshed nets. On either side carbonyl-nickel

powder was sintered to a layer of 0.', mm thickness. The over-all volume of

pores amount to 70%. Ni(OH)2 filling up the pores of the nickel skeleton is reduced

in an oven in the presence of a hydrogen atmosphere. Reduction is performed for

some hours on a temperature of 200 to 3000 C. Porous nickel electrodes prepared

as described are excellent catalysts for hydrogenation reactions. In contrast to

nickel powder, produced by reduction of cristallized Ni(OH)2 at temperatures bet-

ween 200 to 300 0C, these catalysts, if brought to the open air at room temperature,

indicate no pyrophorous attributes. It is not before approxiamtely 80 0 C that electro-

des just reduced show phenomena of a violent oxydation. At room temperature this

oxydation is slow and the electrodes loose their activities only gradually. Keeping

the plates in KOH provides less lowering of the activity. So after a year there is

only a loss of about 3016 of the activity of freshly prepared material.

This highly activated nickel was used in part for our investigations. The geometric

area of the electrodes was 1 cm 2 on an average. IN KOH again was used as an

electrolyte. In order to get our results reproduced, in the beginning of every

series of tests there was an anodic pretreatment with 10 mA/cmn for about 12 hours.

After this the auxiliary cathode used was removed without cut-off of current.

Thus at the same time the electrolyte was purified by pre-electrolysis. By a sub-

sequent cathodic charging of the electrode with small current densities, the oxygen

adsorbed during pretreatment was reduced, and, after two or three hours, finally

replaced by adsorbed hydrogen. Hydrogen bubbling alone was not sufficient to

remove the adsorbed oxygen. After this cathodic pre-electrolysis the reversible

hydrogen potential could be maintained for a long time, even without any hydrogen

bubbling. This could be controlled by referring to a hydrogen bubbled platinum

electrode platinated afresh and immersed into the same electrolyte.

Measurements of the impedance of the electrode could be performed after getting

stationary conditions. This was indicated by constant values for the impedance

and for the current density.

12



The electrolyte was hydrogen stirred under pressure control.

5.2 Cathodic Hydrogen Over-Potential for Alkaline Solutions

The amount of hydrogen over-voltage necessary for electrochemical hydrogen

evolution is highly dependent on the nature of the electrode material and is de-

fined by the kinetics of electrode processes. Bonhoeffer U stated in 1924 that

hydrogen over-potential decreases the more, the higher the catalytic action of

the surface for splitting up the hydrogen molecules can be made. Our highly

porous nickel electrodes are excellent catalysts for hydrogen involving reactions.

From this it is quite clearly understood that our measurements prove very low

hydrogen over-potential.

In alkaline solutions hydrogen development is due to the gross reaction

2H 20 + 20----•.I + 20OH

which again consists of a sequence of reaction steps.

Two schemes of reaction sequences are knowns

the Volmer 12 Tafel-mechanism and the Volmer-Heyrovsky 13 mechanism. The

Volmer-Heyrovsky - mechanism is characterized by two different succeeding

charge transfer reactions according to the equations

HIO + e- 0' Hads. + OH- Volmer

Hads + H20 + e- I He + OH- Heyrovsky

Hads. stands for the atomic hydrogen adsorbed at the electrode surface.

The Volmer -Tafel mechanism involves two electrons due to the Volmer reaction,

which has to act twice. By means of the Tafel-reaction the two adsorbed hydrogen

atoms recombine according t.

2 Hads - H2  Tafel

H.Gerischer 14 stated that the Heyrovsky -reaction is mcre restrained if the ad-

sorbed hydrogen atom operates stronger building forces versus the surface of the

13



metal. In this way the Volmer -reaction gets preferred. Yrom our AC =&sure-

ments can be assumed that the heat of adsorption for atomic hydrogen of platinum

equals that of highly activated porous nickel electrodes. This would indicate that

there is a complete suppression of the Heyrovsky-reaction. This could be proved

by our measurements. For this reason only the kinetics of the Volmer -Tafel-

mechanism are discussed in the following chapter.

5.2.1 Theorie of the Volmer-Tafel-Mechanism

For alkaline electrolytes the Volmer -Tafel-mechanism is based on the following

reactions

H20 + e, H•Had + OH

H20 + e, oHad + OH-

2 Had H2

The equation of Volmer

i = k+ [OH-] • eexp -%-.F ) k- (1 - 0) exp 0 0

stands for the discharge reaction

oc = Transfer coefficient (0 w. 1)

e = Potential for the electrode

e = fraction for surface covered by atomic hydrogen (0 < 19 41)

F ; Faradaic coefficient

k+ k-= rate constants in units of current density

The first term i (+) represents the anodic component, the second term i (6) is

due to the cathodic component of the current densities. Equality of there two com-

ponents yields the exchange current density and characterizes the equilibrium

potentials

io= i+() = i-(L)I

introducing the exchange current density io and 00 the fraction of surface area

14



covered by hydrogen atoms under equilibrium conditions, gives

[ xp &F U - 8 1 e1€) U)p
i = io [ exp -U- exp (0RT U)

This represents a normalization of the Volmer equation with respect to io.
Whereas hydrogen atoms are discharged due to the VDlmer-reaction, recombina-

tion according to the Tafel-mechanism takes place, if 0 > goo Existing a high rate
80of recombination or applying a high cathodic current, nevertheless -• 1 may

be valid. At increased cathodic overpotentials the anodic component of the current

density may be neglected, thus resulting in

U=RT _Rni T I i

UT ]i %FinIi

which is a Tafel-type equation, where U = a + b log i.

S= 0.5 gives b = 118 mV for 25 0 C. The rate of hydrogen discharge discussed

here, gets controlled by the Volmer -reaction, concentration polarisation, i.e.

if pH around the electrode is independent from the current density i. Thus the

overpotential U is merely due to a restraint of charge transfer. If the recombi-

nation reaction - a second-order process - is rate determining it can be assumed

that the equilibrium of Volmer-reaction is approximately attained. Thus Nernst
equation is apy'-cable to the Volmer-reaction

= -8

If 8 0 the ratio of H-coverage at equilibrium is introduced into the equation above

the equilibrium potential eo can be calculated. Recombination implies E > Eo.

Only then the rate of the recombination reaction

V = k ('- 02) = -iF

equals the rate of formation of the H-atoms I.F. By introducing a positive reaction

current density ir according to L.P.Hammet 15 results

RT i ___i)U = -• In (1 i
ir

which for sufficient high negative overpotentials, i.e. i >> ir , passes into

15



an equation, already given by Tafel in 1905;

u RT] RT

2F 2nFr- Fn II

-2303This value of b, which amounts to - 2F RF = -29.6 mV at 25 0C, was found for
example by Clamroth and Breiter 16 on charging smooth vlstinum surfaces with

small cathodic current densities. Small ratios of i- provided, increasing the
cathodic current densities results in a continuous change of the slope b = -29.6mV

to be = -5 mV. This was also proved by experiments of Clamroth and Brei-

ter et alt.

5.2.2 Experimental Results

Electrodes of highly activated nickel sinter material were investigated using the

galvanostatic technique. The apparent geometric area of the electrode tested was

F = 0.785 cm2. Constant temperature of the electrolyte was maintained at 25 0 C
by a thermostat. Current potential plots recorded are shown in figure 5.

FE1

A44

- -7

± +

Figure 5

In order to get troubles roughly elixninated, caused by the ohmic drop within the

electrolyte, the distance between the electrode surface and the Haber-Luggin

capillary used was changed for 4 mam. Before and after shifting the capillary the

current-potential curves were recorded. Provided a linear ohmic drop of the

potential, the resistance of the electrolyte per mm can be calculated from the

16V



potential differencc obtained for constant current density. The current voltage
could be obtained if the capillary was brought very close to the surface. Using

this curve a plot of log IiI vs. potential yields a divergence of the Tafel slope
b = -120 mV, which, however, is only due to the higher current densities applied.
At small current densities b = -30 mV has been proved. Plotting of this diver-

gence in mV vs. applied current densities i results in a straight line (of. curve
B of Fig. 5), which would be due to an ohmic drop caused by an actual 1.3 mm
distance of the capillary. Because of the inhomogenema surface of sintered elec-

trodes an exact evaluation of the distance is hardly possible. So this estimation
may be of use. In the clear distance the diameter of the capillary was about

0.5 mm. The oapi.lary could not be pressed tightly to the electrode in order to
avoid damage of the sintered surface. The effective surface, besides is scarcely

represented only by the external peaks of the sintered material, since inner pores
also support electrochemical reactions. So this correction based on an actual

capillary distance of 1.3 mm seems to be very probable. Correction performed as
described above provides curve C of figure 5. Figure 6 shows a plot of log i vs.
potential U.

~~T ... -- t : I.

Figure 6

The two Tafel lines resulting correspond very well to the theory contained in the

preceding chapter. The cathodic hydrogen overpotential of sintered, highly activi-

ted nickel electrodes is caused, therefore, by a slow recombination reaction

(b = -30 my) and by the rate of the change transfer (b =-120 mV). Using
alkaline solutions similar results have been obtained for platinated platinum by
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K.Dilrkes 17 and for smooth platinum electrodes by Schuldiner 18 and Clamroth-

Breiter Is

5.3 Anodic Hydrogen Over-Potential

According to our experience there is a difference in the circuits of less or more

activated electrodes of porous nickel electrodes. As descr'bca later on, highly

activated nickel electrodes behave like platinated platinum electrodes, carefully

activated and polarized in alkaline solutions. The experimental results of our im-

pedance measurements can be interpreted in accordance with the theories of

Dolin-Ershler 2 and Warburg-Breiter 1,4 derived for smooth platinum electrodes.

Figure 7

Figure 7 shows a typical current-voltage curve recorded at reduced temperature

on a highly activated porous nickel electrode under stationary condition with an

all-electronic potentiostat. The electrolyte 1N KOH was hydrogen stirred. The

voltage U is the overpotential referred the reversible hydrogen potential obtained

in the same electrolyte. i corresponds the current density. Starting from the

reversible hydrogen-potential the applied voltage was raised stepwise in anodic
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direction (curve A in figure 7). At approx. +50 mV the range of a limiting diffusions

current is reached corresponding to the diffusion conitrolled anodic dissolution of

hydrogen. The current densities are very much dependent on the intensity of hydro-

gen stirring. Coming up at +200 mV current densities drop with increasing voltage.

From approx. +300 mV they get completely independent of stirring. Constant values

of about 0.065 mA/cm2 are obtained till reaching +650 mV. It can be assumed

that the -.irrent drop is due to chemisorbed oxygen4. Measurements were con-

tinued up to +700 mV (not contained in fig. 7) Raising the potential up to +700 mV

and beyond it the current densities increase slightly and get finally 0.15 mA/cm2

at 800 mV. Subsequently curve B was recorded by starting at 800 mV and changing

theapplied voltage in the opposite direction. Down to +350 mV curve A and B are

identical. At lower potentials we get now essentially reduced currents compared

to curve A. Not before +100 mV there is a limitary hydrogen diffusion current,

strongly dependent on the degree of stirring, yet reduced to approximately half

the size recorded in curve A. From this it follows that above +300 mV oxygen is

chemisorbed operating strong binding forces to the atoms of the nickel surface.

Thus the electrode area is partly blocked for the dissociation reaction of mole-

cular hydrogen.

5.4 Results of AC-Measurements on Highly Activated Porous Nickel Electrodes

In figure 8a the capacitive components C of the impedance are plotted against

the potential U of the electrode for various frequencies of the superposed AC.

The curves run over maxima at about +1 50 mV. Slightly increasing C p-values

below U = 0 mV are attributed to the interference of molecular hydrogen 2,4

Rising Cp above U = +800 mV is likely due to evolution of molecular hydro-

gen. Between U = +500 mV and U = +700 mV the essentially reduced C p-values

remain nearly constant. In this interval of applied voltages the surface of the

nickel electrode causes, as already described, a certain irreversibility of the

process (Kammermeier a et alt.). (Figure 8a). This results in an enlarged

faradaic impedance ZR, which causes neary the total A.C. to flow over the

capacity CD of the double layer connected in parallel. The values of the capacity

Cp measured for this intervall of applied potentials, therefore, correspond virtu-

ally to the capacity of the double layer. Because of the high value of the dipole

moment we assume the chemisorbed oxygen to interfere with the double layer.

(6) (8). In figure 8b Cp-values of several steady state potential between +100 and

+200 mV do not take a horizontal course for low frequencies, thus diverging from

the theory of Dolin-Ershler.
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Figure 8a

Figure Bb
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Clearly, however, the C p-values tend to a limit. The amounts of adsorbed hydro-
gen atoms can be determinded by extrapolating the C P-curves to w = 0. So after
subtracting the capacity CD of the double layer we can get the so-called pseudo-
capacity C2 of the adsorbed layer. The Cp- P 4-1/2_curves for the respective poten-
tials between 0 and +50 mV are straight lines for the range of small frequencies,
which provide the C s+C D-values after extrapolating to the frequenc w = co accord-
ing to the theories of Warburg and Breiter. The amounts Cp for the potentials bet-

ween U = +350 mV and U = 700 mV are essentially smaller than for voltages
below this region. Besides, there is no dependence on frequency as already des-
cribed. These Cp s are due to the capacity CD of the double laver and are used for

the correction of the CpS.

Figure 8c

In figure 8c the C2-values evaluated as described and w the standarized part of
the electrode surface covered by adsorbed hydrogen, which was calculated by a
stepwise integration, are plotted versus voltage U. Coming to the zero-potential

the amounts of adsorbed hydrogen tend to a limit corresponding to a completede
adsorption layer. This value was taken to standarize the -E -curve.
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5.5 Results of AC-Measurements on Less Activated Porous Nickel Electrodes

Porous nickel electrodes were used which remained in the open air for about

24 hours. There was no anodic pretreatment, but only a I hour cathodic charging

with hydrogen in IN KOH. Nevertheless these electrodes built up the reversible

hydrogen potential if hydrogen bubbling was provided. The experimental results

could not be interpreted with the aid of the theories of Dolin-Ershler and of

Warburg-Breiter.

After converting the impedances in terms of a connection in series plotting of
Sand 1 against w -2/2 gives parallel lines if a diffusion process alone

determines the impedance. According to theoretical calculations the - -curve

runs through origin, the Rs-curve is situated over it. Our investigations on less

activated electrodes prove not only diffusion but also a strong influence of adsorp-

tion capacities. There is likely a surface diffusion involving hydrogen of the inner

regions of the sintered electrode which interferes very much with the determina-

tion of the pseudocapacity of the adsorbed hydrogen.

Conceiving the impedance as a connection in series (of Warburg 3 et alt. 19,14) the

plots of the real and the imaginary terms versus W -1/2 yield parallel lines only

for higher frequencies. The straight line corresponding to the imaginary compo-

nent passes through origin (of. figure 9). At low frequencies, e.g. 5 andwCs
10 cps the respective curves are bent due to the influence of adsorbed hydrogen

on the impedance of the interface. Our results on less activated nickel electrodes

are very similar to those obtained for Raney-nickel by Justi and co-workers 20.

According to this paper, however, hydrogen diffusion originates largly from the

hydrogen atmosphere behind the electrode.

The C -U plot for 5 cps shows a curve similar to that represiented in figure 8a.

The values, however, are reduced to almost a half, likely caused by chemi-

sorption of oxygen or electrode poisons, which lower the highly effective catalytic

action of the surface for splitting up molecular hydrogen. The values of the double

layer capacity equal very well those obtained on highly activated porous nickel

electrodes.
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Figure 9

6. Steady-State and Impedance Measurements of the Interface Between Porous

Nickel Electrodes in 1N KOH Using Various Additives as Inhibitors

Measurements of c-v-curves using the potentiostatic technique and analyses of

electrode impedances were performed to study inhibition effects of various

alcohols and their oxydized products. The catalytic action of the porous nickel

electrodes provides in part hydrogen supply by these organic compounds.

Methanol, aethanol, n-butanol, iso-butanol, glycol and glycerin were used as
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additives to iN KOH. In general, data of impedance measurements were obtained

for 0.25 M alcohol + 1 M KOH. The current voltage curves have been recorded in

I M alcohol + 2M KOH.

The test vessel used was similar to the previously described one. The reference

electrode, however, was situated in a second compartment filled with purified

KOH, which was hydrogen stirred. Bridging was done by a capillary of the Haber-

Luggin type, which was drawn close to the surface of the nickel test electrode.

The composed electrolytes investigated had been stirred with highly purified

introgen.

We could prove an intense inhibition of hydrogen involving reactions by n-butanol
and iso-butanol. Plots of the anodic current-voltage curves recorded by the po-

tentiostatic method are shown in fig. 10.

A, 41-4-

7 't

Figure 10

(Curve A responds to butanol, curve B to iso-butanol). It is indicated that these

two alcohols are dehydrogenated only to a very low extent.

There is also an increased over-potential of the hydrogen evolution. E.g. cathodic
charging a highly activated nickel sinter electrode with 100 mA/cm1 in pure 1N

KOH and 1N KOH with n-butanol or isobutanol as an additive results in a 500 mV

difference of the overpotentials.
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Additives of glycol or glycerin yield cathodic current voltage curves according

to the plot of figure 11.

Figure 11

For small cathodic current densities there is hardly any influence concerning

hydrogen evolution. Proceeding to a range between -250 and -400 mV vs. the re-

versible hydrogen potential the current suddenly begins to oscillate. If a voltage

of the range mentioned above is applied only for about 1 minute, a steady-state

current density finally results, which is decreased to about one hundredths the

value started from. Hydrogen evolution is nearly blocked on account of a com-

plete inhibition. Proceeding to move cathodic potential these residual current

remain constant. Between 600 and 700 mV the immediate raising of inhibition is

announced by small oscillations of the current density. The resulting value hardly

differs from that obtained if the same potential is applied to our electrode in pure

1N KOH. The effect described we have got for both additives, glycerin and glycol.

The potentials due to the beginning or raising of Inhibition shifted within 150 mV.

Data as compiled in the plot of figure 11 were recorded for a solution containing

120 cm8 glycerine, 28 g KOH, and 380 g H20.
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Figure 14

Up to this potential the two C p-U-curves run almost indentically, as shown in

figure 12, the beginning of inhibitive action coinci.des with the maximum of the

current density at +1 50 mnV. This gets even more obvious, if additives of glycol

are investigated. Fig. 14 illustrated the beginning of inhibition at 100 mV and,

finally, exceeding +200 mV, the blocking of electrode processes by the products

of dehydrogenation. A similar effect is reported by Breiter 2 who studied pheno-

mena of adsorption on platinated platinum using amylalcohol as an additive to

alkaline solutions. Applying more positive potentials yields smaller Cp-values,

which are attributed to the double layer capacity, as already described. Excee-

ding about +100 mV the anodic current densities are supported by another electro-

chemical process, which comes to a close at a potential of about +200 mV

(curve B of figure 12). Products generated by oxydation processes like this will

likely cause inhibition of the nickel surface.
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There is little or no inhibition influence on the activity of porous nickel electrodes

if methanol or aethanol is employed as an additive to 1 M KOH. The C p-U-curves

of figure 15, recorded for hydrogen bubbled KOH and for nitrogen KOH with an

additive of aethanol show hardly any difference. The respective AC-measurements

prove amounts of adsorbed hydrogen, which are in a good agreement in either

case. In comparison to investigations in KOH-electrolytes the cathalytic action of

our electrodes is lowered to a certain degree in the presence of methanol additi-

ves. (cf. figure 16).

Figure 16

The general shape of the curve, however, is preserved. The respective current

potential curves for methanol and aethanol additives rea•ded with the aid ef a

potentiostatic device are shown in figure 17. Though nitrogen bubbled out porous

ni kel electrodes build up a reversible hydrogen potential if aethanol is present

(cf. curve A of figure 17).

Already slightly increased positive potentials cause a sharp rise of anodic current

densities. Besides, aethanol does not inflect cathodic hydrogen cvolutions. Also

thus indicating a reversible build-up of open-circuit potential. Between +25 and

100 mV a diffusion-controlled limiting current is yielded, which is highly depen-

dent on the degree of stirring. Diffusion transported aethanol is likely oxydized

according to primary step of reaction.

Proceeding to more positive potentials causes increased current densities, having

a maximum value at +350 mV. This is a result of a further dehydrogenation of

aethanol. The decrease of currents beyond this potential is due to chemisorbed
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Figure 17

oxygen. Products of dehydrogenation shall be analyzed in a further research work.

Dehydrogenation of methanol demands essentially increased over-potentials (cf.

curve B of figure 17). There is no reversible hydrogen potential. Oxydative pro-

cesses are yielded not before applying +1 00 myV The respective anodic currents

up to +250 mV indicate a limiting diffusion process. Applying more positive po-

tentials provides a shape of the current-voltage-curve similar to that obtained

for aethanol additives. The gross reactions, however, proceed only to a lower

extent.
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Part II

1. Summary

The applicability of the potentiostatic method of applying triangular voltages was

examined on bright nickel electrodes. The electrolytes 8N H2SO 4 and iN KOH in

general were stirred with purified nitrogen.

In 8N H2SO 4 the Coulomb charges for transforming the surface layers cannot be

evaluated in term of quantity because of delayed changes of the passivating layers,

and because of the large anodic currents corresponding to the corrosive dissolu-

tion of nickel. The removal of the primary layer is less restrained. The reduction

of the passivating film is delayed till reaching the range of hydrogen evolution.

For nickel electrodes in 1N NaOH the instationary change of a surface layer can

be evaluated by means of multi-cyclical measurements. This is due to the blocked

corrosion in alkaline solutions.

Superposing a second triangular wave on a triangular carrier sweep provides

measurements on highly porous nickel electrodes.

The applicability of the potentiostatic method of triangular voltages to show the

influence of inhibitors by applying the principle of Wagner-Traut was examined.

The change of the corrosions potential Ekorr and the current densities ikorr as

a function of the concentration of added inhibitors depends on the shape of the

partial-c-V-curve of the cathodic evolution of hydrogen and the anodic dissolution

of the metal which depends on the surface quality of the test electrode. The par-

tial curves in the surrounding of the corrosion potential can be determined by a

graphical extrapolation of the measured entire c-V-curves at higher polarisation

of the test electrodes by external currents if the test system would not be distur-

bed by the polarisation. The supposition is fulfilled by polarizing the electrode

with the instationary method of triangular waves which is shown by the indepen-

dence of Ekorr and ikorr from the different rates of potential sweep. Measure-

ments were made at nickel and carbonyl-iron electrodes in 8N H2SO 4 .

2. The Method of Applying Triangular Waves to an Electrode

The evaluation of the kinetics of electrochemical reaction is implied by a profound

knowledge of the phenomena of adsorption. Statements of this problems are often
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provided by using instationary techniques 1-12, like the potentiostatic method of

applying triangular voltage sweeps between the test electrode and the reference

electrode, given for the first time by F.G.Will 12-13.

The voltage is increased and subsequently decreased proportionally with time

("triangular voltage"). The period of a cycle can be varied between 1 0-3 seconds

and 10 minutes. Also the amplitudes of the triangular pulses are variable. A

simple potentiometer device provides adjustment of a suitable starting potential.

The applied triangular voltage is connected to the horizontal deflection system of

a Tektronix 502 Dual-Beam Oscilloscope, which serves as a two channel X-Y-

recorder. The respective currents flowing between the test electrode and the

counter electrode cause voltages across a standard resistor, which are applied

to the vertical deflection system of the oscilloscope. The resulting current po-

tential curves are quasi-stationary if low rates of the sweep are employed. When

increasing the rates continuously there is a continuous transition from the statio-

nary to the instationary state, so that the processes of charge transfer become

more and more prevailing against the transport processes. If there is a speedy

adjustment of the adsorption equilibrium compared to the rate of the voltage

sweep, i.e. if the stationary equilibrium of adsorption, which is dependent on

the potential of the electrode, remains adjusted, the quantities of charge used

up can be obtained directly as a function of potential by means of a stepwise gra-

phic integration of the photographic current potential curves or current-time-

curves respectively. On these preconditions any cycle can be used for evaluating

the charges, otherwise the anodic and cathodic sections of a sequence of cycles

must be integrated on the whole.

3. Bright Nickel Electrodes in 8N H2SO4

3.1 Open-circuit Potential

A delay of the build up of the corrosion potential was found for bright nickel

electrodes in 8N H 2S0 4, which was vigorously stirred, with highly purified

nitrogen. The electrodes were cleaned with concentrated HC10 4, thoroughly

rinsed with bi-distilled water, and subsequently transferred to the test vessel.

At first a potential Uh = -67 mV vs. a hydrogen-bubbled plate of platinated

platinum was obtained. The values of potential, however, increased with time;

e.G. after 3 hours Uh = -40 mV resulted. About 8 hours past Uh = -27 mV a

steady-state corrosion potential could be obtained.
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3.2 Stationary Current Potential Curves 14-15

3.2.1 Experimental

The test vessel already described was used, the c-V-curves were recorded with

the aid of an electronic potentiostat, which was delivered by Bank Ltd., G6ttingen,

(Wenking device). Proceeding to more positive potentials in steps of 50 mV, vol-

tages of the range between Uh = -350 mV and Uh = +1550 mV were applied to

the test electrode. By means of a simple potentiometer device the potentials

could be altered. The respective potentials were maintained for 20 minutes. The

resulting current densities are assumed to be stationary except those recorded for

the potentials between +100 mV and +300 mV. The electrode potentials was con-:

trolled vs. reference potentials with the aid of a Knick-amplifier (Knick Ltd. Ber-

lin, type 62 Nr. 2026), d-c was measured with a micro-Am-meter of Siemens

and Halske Ltd. Ni(II)-ions, e.g.formed during corrosion, did not influence the

shape of the c-V-curve.

3.2.2 Discussion

Figure 18
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There is only a slow open-circuit corrosion of nickel. As shown in figure 18 the

current potential curve can be divided into six succeeding ranges , which are

characterized by different stationary material states of the nickel surface. Below

the open-circuit potential cathodic hydrogen evolution occurs to an increasing

extent. Above this potential nickel seems at first to be activated and dissolves

anodically in its divalent state. Exceeding Ub = +350 mV the oxydation of nickel

gets more and more controlled by a surface layer. The current densities decrease

to almost half of the maximum value obtained for Uh = +380 mV. Not till Uh= +-560

mV do we get the nickel surface passivated by a change of the layer mentioned

above. The potential characterizing the formation of a second layer may be called

the Flade potential of nickel. It can be produced within 3 mV. In the region of

passivity anodic steady-state current densities amount to 1.5 mA/cm2, which are

strongly increased compared to those recorded on carbonyl iron electrodes.

(1.4 p A/cm2 or 0.7 p A/cm2 respectively) 16-1. According to a paper of K.J.Vetter

the passivating film on nickel consists of NiO, due to the reaction

Ni + H2 0 "" NiO + 211+ + 2e-

The 10mase of anodic current densities applying potentials more positive than

+1200 mV results in a maximum at approx. U = +1500 mV. For this region

K.J.Vetter postulates a corrosion process which involves the passivating film.

The subsequent range of positive potential molecular oxygen is developed.

3.3 Instationary Current Potential Curves

3.3.1 Experimental

The test electrode of highly purified nickel was immersed in 8N H2SO4, which was

saturated with nitrogen by vigorous gas-stirring. The electrode potentials Uh are

referred to a hydrogen-bubbled plate of platinated platinum being in the same elec-

trolyte. Like the steady-state investigations also the instationary measurements

yield significant waves, which indicate the formation of surface layers.



At first the general shape of the curves obtained may be discribed:

Figure 19

Limits of triangular pulse -350 mV, +1400 mV

Rate of potential sweep 0.5 volt p.m.

Scale unit of the ordinate 60 mA

Scale unit of the abscissa 200 mV

The current voltage curve shown in figurel9 was recorded by applying to the

electrode a potentiostatic potential sweep running between U = -350 mV and

U = +400 mV. The rate of potential shift employed was 1 V p.s. (scale unit for

the ordinate 60 mA/cm2, for the abscissa 200 mV.) Comparing the anodic sweep

of figure 19 to the plot of figure 18 shows that the general shape of the curve is

quite the same. Only the plateau situated under stationary conditions at Uh =

+560 mV has changed into a flat maximum and the strong decrease of current

densities due to passivation has shifted a little bit. The cathodic sweep yields

only small cathodic currents which increase below Uh = -200 mV according to

hydrogen evolution..

The shape of the cycles recorded with the oscilloscope is dependent on the rate

of the potential shift and the limiting potentials of the triangular voltage sweep.
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Figure 20

Limit.s of trianigular pulse -350 mV, +1600 mV

Rate of potential sweep 1 volt p.G.

Scale unit of the ordinate 60 mA

Scale unit of the abscissa 200 mV

Figure 20 shows a photograph taken on applying triangular sweep between Uh =

-350 mV and Uh = +1600 mV. The sweep rate was again 1 V p.s. Due to a more

positive limiting potential of the triangular voltage pulse the cathodic sweep

provides a maximum of anodic currents at Uh = +1 500 mV which likely corres-

ponds to the maximum of corrosion found by K.J.Vetter on stationary measure-

ments. Applying a constant sweep rate of 1 V p.s. the cathodic limit of the triangu-

lar pulse was fixed whereas the anodic limit was shifted from Uh = +1600 mV to

Uh = +300 mV in steps of 50 mV.

Fiure 21

Limits of triangular pulse -350 mv, +1000 mV

Rate of potential sweep I volt P.M.

Scale unit of the ordinate 70 mA

Scale unit of the abscissa 200 mV

36



Figure 22

Llmits of triangular pulse -350 mY, +'700 mV
Rate of potential sweep 1 volt p..

Scale unit of the ordinate 140 mA
Scale unit of the abscissa 200 mv

Limit of triangular pulse -350 mV, +500 mV

Rate of potential sweep 1 volt P.B.

Scale unit of the ordinate 140 mA

Scale unit of the abecissa 200 mV
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Figure- 24

As shown in the photographs of the figures 21. 22, 23, and in the plot on figure 24.

the respective current densities of the anodic sweep increase with shifting the

potential of the anodic limit to less positive values.

In anotherseries of investigations the triangular sweep was run to a constant

anodic limit of Uh = +1400 mV. Now the cathodic limit was shifted to less nega-

tive potentials within the ran between Uh = -350 mV and Uh = 0 mV.

Figure 25

Limita of triangular pulse - 350 mV +1400 mV

Rate of potential aweep 1 volt p.s.

Scale unit of the ordinate 70 mA

Scale unit of the abscissa 200 mV
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Figure 26

Limits of trianguiar pulse -250 mV, +1400 mV

Rate of potential sweep 1 volt p.s.

Scale unit of the ordinate 28 mA
Scale unit of the abscissa 200 mV

Figure 27

Limits of triangular pulse 0 mV, +1400 mV

Rate of potential sweep 1 volt p.s.
Scale unit of the ordinate 28 mA

Scale unit of the abscissa 200 mV
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Figure 28

From this results a decrease of the anodic current densities corresponding to the
anodic sweep of the triangular pulse as shown in the photographs of the figures
25, 26, 27.. and the plot of figure 28. The curves recorded were not dependent
on the degree of gas stirring. The same results could be obtained whether hydro-
gen, nitrogen, or oxygen bubbling was employed.

Besides, tests have been performed concerning the dependance of instationary
current potential curves on the rate of the triangular sweep. The respective current
potential curves for increasing the rate of potential change within constant range
limited by Uh = -350 mV arid Uh =+1 400 mV are shown in the photographs of
figures 29. 30, and 31 and the plot of figure 3.2.
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Figure 29

Limits of triangular pulse -350 mY, +1400 mV

Rate of potential sweep 0.5 volt p.s.

Scale unit of the ordinate 60 mA
Scale unit ot xne abscissa 200 mV

Figure 30

Limits of triangular pulse - 350 mV, +1400 mV

Rate of potentil sweep 2 volt p.s.

Scale unit of the ordinate 60 mA

Scale unit of the abscissa 200 mV

Figure 31

Limits of triangular pulse -350 mV, M1400 mV

Rate of potential sweep 9 volt p.s.
Scale unit of the ordinate 120 mA
Scale unit of the abscissa 200 mV
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Figure 32

In general, higher rates cause larger anodic current densities during the anodic

sweep of the triangular pulse. The currents corresponding to the maxima show a

stronger increase. Moreover there is a shift of the potentials of the first maxi-

mum according to Uh +380 mV for 0.5 V p.s., ofh +450 mV for 3.7 V p.s. and

concerning the second maximum according to Uh = +650 mV for 0.5 V p.s. and
Uh =+780 mV for 3.7 V p.s.

3.3.2 Discussion

As already described for steady-state current potentials curves of instationary

investigations prove likewise that two distinct surface layers are rate deter-
mining for the anodic dissolution process of nickel electrodes. From the varia-
tion of the anodic limiting potentials of the triangular pulse can be concluded

that the reductive change of both the layers occurs on quite different rates,

during the anodic sweep. The cathodic sweeps of the respective curves limited

by potentials corresponding to the region of the first maximum results a less

restrained removal of the primary surface layer compared to the reductive



change of the second layer being due to passivation. If the rate of the voltage

sweeps is raised, the reduction of the passivating film gets more and more

delayed and does not take place until increasing the cathodic over-potentials to

the range of simultaneous hydrogen development. Comparing our results with

those of measurements on the hydrogen adsorption on bright platinum electrodes

in acid solutions, result in a remarkable irreversibility of the chemisorption

layers in particular of the passivating film in case of bright nickel electrodes.

Multicyclycal tests, therefore, provide phenomena due to a delay of electrode

processes. For these reasons and moreover because of the large anodic currents

corresponding to the corrosive dissolution of nickel, the Coulomb charges for

transforming the surface layers can hardly be evaluated in terms of quantity.

4. Bright Nickel Electrodes in 1 N KOH

4.1 Open Circuit Potentials

Auto-activation of the nickel electrodes in concentrated HC10 4 was employed.

After this the electrodes were carefully rinsed with bidi stilled water and finally

transferred into the test solution. Nitrogen bubbled electrodes proved an open-

circuit potential of Uh = +20 mV. The reversible hydrogenpotential was built up

hydrogen stirring of the electrode. For oxygen bubbled test eleetrodes we got

Uh = +1280 mV.

4.2 Quasi-Stationary Measurements

The respectiv. potentials were applied to the electrode by an electronic potentio-

stat. The voltage was changed in steps of 100 mV with waiting periods of 15 minu-

tes. In doing so steady-state conditions are considered to be obtained for the

ranges of hydrogen and oxygen development.

43



q• .. ..-- *---*.. .. .. . --1.... .. ....... .... - -

* I - -

1-j , . C• _ -- - - i • i.

..

-4- .

Figure 33

Figure33 shows a current potential curve which was recorded on a nitrogen-

bubbled bright nickel electrode. For the range of hydrogen development a Tafel-

line can be drawn, the coefficient b of which is - 119 mV. According to theoretical

calculations a b-value of about -112 mV corresponds to the Vollmer-mechanism
RT

controlling hydrogen over-potentials. b = , is due to a rate determining

charge transfer reaction. Applying potentials between Uh = +20 mV and Uh =

+1450 mV to the nickel electrode proves small residual currents densities of

about 8 PA/cm2. Exceeding Uh = +20 mV and Uh = +1450 mV yields increasing

anodic current densities corresponding to the evolution of molecular oxygen.

Bubbling the electrode with oxygen causes a cathodic limiting current of about

0.9 mA/cm2 between Uh = +1280 mV and Uh = o mV, which is highly dependent

on the degree of stirring. This is interpreted by a limiting diffusion of molecular

oxygen.
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4.3 Instationary Current Potential Curves

The potentiostatic method of applying triangular voltages to nickel electrodes was

also used in our tests in 1N NaOH. In this electrolyte the corrosive dissolution

of the metal is fairly restrained providing thus recordings of instationary changes

of the coulomb charge of the respective adsorbed layers.

Figure 34

Limits of triangu r pulse -350 mV, +900 mV

Rate of potential sweep 1 volt p.O.

Scale unit of the ordinate 4 mA

Scale unit of the abscissa 200 mV

A series of tests may be represented by the photograph of figure 34. The triangu-

lar sweep ran all over the range between Uh = -350 mV and Uh = +900 mV with

a rate of 1 V p.s. The current potential curve proves an instationary change of

an adsorbed layer, which is characterized by a maximum of cathodic current

densities at Uh = -200 mV, corresponding to the cathodic sweep of the triangular

voltage. If the negative limiting potential is shifted to less negative values, i.e.

to values beyond the region of potentials to which the currents of the cathodic

wave correspond at a given rate of the sweep, also the anodic wave of the anodic

sweep is wanting. From this a close connection between the reactions causing the

two waves can be concluded. Increasing the rate of the triangular sweep results

in a shift of the anodic wave to more positive values of the voltage applied to the

electrode. This results from a restrained change of the adsorbed layer. These

reactions are not influenced by a variation of the gas, used for stirring or the

intensity of gas bubbling.

Also in case of our instationary measurements the coefficient of the Tafel slope

b -120 mV was preserved in a wide range of rates.

415



5. Application of a Modified Method of Applying Triangular Voltages to a Porous

Nickel Electrode

In another series of investigations the so-called triangular-method was employed

to highly porous electrodes. Figure35 shows a photograph of a current potential

curve which was recorded on a highly porous nickel electrode in IN KOH.

Figure 35

The amplitude of the sweep was 400 mV, starting from zero-potential with sweep

rates between 1 V p.s. and 0.02 V p.s.. though prepared and described in part I

of this paper the electrode which was hydrogen stirred had a slightly reduced

activity because there was a difference between the nickel skeleton used. In

contrast to steady-state current potential curves shown in part I of this paper,

instationary measurements proved no anodic mayimum due to adsorbed hydro-

gen. In deviation from the results obtained for instance on bright platinum or

bright nickel electrodes applying the triangular method there is a steady increase

of the anodic current densities till coming to the anodic limit of the triangular

voltage.

This is likely caused by a delayed adjustment of the adsorptive equilibrium on the

whole highly porous surface. As well known the steady state equilibrium of adsorp-

tion is a function of the potential app]ied. Desorption of hydrogen a comparatively

speedy reaction may only occur on the peaks of the highly structured surface thus
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involving perhaps the diffusion of hydrogen from the inner regions of the elec-

trode to the said "active fraction of the surface area".

Additives of 1M aethanol or 1M methanol to 1 liter 1N KOH yield nearly the same

instationary curve for the range of potentials between Uh = 0 mV and Uh = +400

mV. Nearly the same results could be obtained for porous electrodes of iron and

cobalt.

To prove our interpretation the triangular method used so far was modified.

Now triangular functions of smaller amplitudes and higher rates of voltage change

were superposed over a triangular carrier function, data of which were similar

to those used in our former experiments. The resulting function shows a subdivi-

sion into ranges of increasing and decreasing voltages involving desorption of

hydrogen and diffusion to the surface, respectively adsorption and diffusion of

hydrogen into the inner regions of the porous electrode. If the potential corres-

ponding to the carrier function tends to more positive values desorption of hydro-

gen and diffusion to the surface prevails altogether. Assuming that desorption

prevails at the potential-determining zones of the surface the superposition of

small triangular amplitudes with higher frequency likely proved a more constant

depth, down to which the desorptive action enters. Thus the effect of hydrogen

diffusion from the inner regions of the sintered material may be determined.

In consequence of this the anodic wave of desorption becomes visible at about

Uh +600 mV, as shown in the photograph of figure 36.

Figure 36
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This curve was taken for an anodic limiting potential of Uh = +160 mV in order

to lower the activity of the electrode and thus the current densities by an inter-

mediate adsorption of oxygen.

6. The Method of Triangular Waves and the Principle of Wagner-Traut

In the following results a possibility to use the method of the triangular waves

in the study of the effect of inhibition. The Wagner-Traut pinciple of the super-

position of the partial c-V-curves of the cathodic evolution of hydrogen and the

anodic dissolutation of the metal will be employed. The shape of the entire

c-V-curves is additatively composed by the current densities of the two indepen-

dent partial c-V-curves at the same potential. The potential in which results

i = 0 is neither the open circuit potential of the reaction

Me I Me+ + Ze-

nor the open circuit of the reaction

H2 1-Z 2 H+ + 2e-

but is between. The curent densities of the two mentioned partial c-V-curves at

the corrosionspotential in which results i = 0 are opposit equal. The position of

the corrosionspotential of the reaction depends on the shape of the partial c-V-

curves. Therefore the position of this potential just as the shape of the partial

c-V-curves depends on the quality of the surface of the test electrode, while

the open circiut potentials of the partial curves are independent of the surface

quality. By addition of inhibitors to the electrolyte the shape of the partial

c-V-curves which represents the anodic dissolution of metal just as the partial

c-V-curve which represents the cathodic evolution of hydrogen is changed. The

task of a quantitative mark of the effect of the added inhibitors longs for a

statement about the change of the anodic and the cathodic partial c-V-curves as

a function of the concentration of the inhibitor. By higher polarisation of the

electrode with an external polarisation current the measured entire c-V-curve

coincides with one of the partial c-V-curves (the anodic- or the cathodic partial

curve). If the system is not disturbed by the polarisation of the electrode essen-

tially it will be possible to find out the shape of the partial c-V-curve in the

surrounding of the corrosionspotential of the entire c-V-curve by an extrapola-

tion of the measured c-V-curve at higher polarisation currents. The supposition

of a non-disturbed system by polarizing the electrode is generally not fulfilled

by steady-state-measurements of the entire curve because of the change of the

inhibitor concentration at the surface of the electrode etc.. To avoid a perturbation
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of the system by polarizing the electrode and to have a possibility to measure

the entire curve as far as necessary to do the extrapolation if it is favorable .to do

the polarisation of the test electrode by the instationary method of the triangular

waves.

6.1 Experimental

The measurements were made at nickel and carbonyl iron electrodes in 8N H2SO4

Auto-activation of the electrode in concentrated HC10 4 was employed. After this

the electrodes were carefully rinsed with bi-distilled water and finally trans-

ferred into the test solution. The electrolyte was stirred with nitrogen. After

obtaining stationary current densities at the stationary corrosionspotential the

test electrode was polarized by the triangular waves to anodic or cathodic poten-

tials with different rates of potential sweep. The obtained c-V-curves were photo-

graphed at the oscillograph screen. The working out of the test results shows

the partial c-V-curves, the corrosionspotential and the corrosions-current-

density. One obtains comparable results only by waiting to the stationary state

of the current-density at the corrosionspotential before polarizing the electrode.

With the nickel electrode one had to wait 3 to 5 hours, with iror electrodes 1/2 to

1 hour.

To show the perturbation of the test system by polarizing the electrodes tests with

different rates of potential sweeps from 0.2 V p.s. to 3 V p.s. were executed. The

perturbation of the test system could be demonstrated by the change of ekorr and

ikorr with different rates of potential sweeps.

6.2 Results

Ikorr and Ckorr are determined without addition of inhibitors to obtain a referring

value.

Fig.3 shows the c-V-curve at an carbonyl iron electrode and the extrapolation to

determine ikorr and &korr" An influence of the shape of the partial c-V-curves by
different rates of potential sweep was not obtained and shows the applicability of

the method. The measured corrosionspotential before polarizing the electrode is

the same as the potential determined by the graphical extrapolation •korr was

found to Uh = +160 mV ikorr was found to 3.05 mA/cm2.

Fig.38 shows the c-V-curve at highly purified nickel electrodes under the same

conditions. 'korr = -28 mV and ikorr = 128.5 pA/cm2.
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