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The preceding report [1] described the results of research into the oxidation kinetics of hydrogen on a porous
nickel electrode and gave a detailed description of the method employed, based on the recording of charging curves.

This paper gives further results of a study of porous nickel electrodes of varying structure,

The electrodes were made from various nickel powders: carbonylic with average particle size of 6 microns,
electrolytic with particle size 20 and 60 microns, and ~ 200 -micron nickel chips, Ammonium bicarbonate formed
the pore-forming filler, A weighed amount of nickel powder was carefully mixed with a defined quantity of the
pore-forming agent until a homogeneous mixture was obtained. The layer formed was then subjected to a pressure of
1.5 t/cm?, The briquets obtained were fired in a current of hydrogen, normally at 800 to 950°, for one hour, The
finished electrodes were disc-shaped (diameter 1.7-1.9 c¢m, thickness of 0.08-0.4 cm). The porosity was 39.5-

76.5%. We also examined cermet bases of non-lamellar factory produced batteries, The characteristics of a smooth
nickel electrode were used for comparison, The method of examination was the same as that in [1],

A1l the tests were conducted at 60°,

Table 1 gives the chief results from our study of nickel electrodes. A comparison of the exchange currents
shows that this can vary on different electrodes by a factor of about 20, These differences are due primarily to the
firing temperature. Thus for electrodes 1-3 and 14-16, fired at 950°, the exchange current is a minimum. On elec-
trodes 4-12, roasted at 800°, the current is some three times less, The exchange current can be greatly increased
if the electrode is oxidized with oxygen, followed by hydrogen reduction at low temperature, For instance,

in the case of electrode No. 12, treated in this way, the exchange current was almost quadrupled after a reducing
annealing at a temperature of 400°,

On the smooth electrode, the exchange current was 17.0- 10° A/cm?; the increase is apparently due to anneal-
ing of the electrode in a hydrogen current at a low temperature (400°),

The exchange current can also be raised by electrochemical oxidation of the surface followed by cathodic
reduction, After the charging curves had been 1ecorded, electrode 7 was oxidized by anodic polarization at 25 ma
for 10 min and then cathodically reduced, The exchange current almost doubled., Provided the firing conditions
were identical the cxchange current remained practically constant for each type of electrode powder, irrespective
of the electrode porosity or macroscopic structure, The values for specific capacitance and electrode surface were
mutually proportional insofar as a capacitance of 20 uF/cm2 was accepted in all cases per 1 cm? nickel surface,

The true surface of porous electrodes depends markedly on the degree of dispersion of the initial materials.
As the grain size increases, the surface of the electrodes decreases (electrodes 4, 9, 12, 14), There is a slight in-
crease in surface after the electrode is electrochemically oxidized, followed by reduction (electrodes 7 and 8), Maxi -
mum surface increase is found after low -tem[;erature reduction of a previously oxidized testpiece (electrodes 12 and
13): this is due to breaking up of the grain surface during treatment,

The Deryagin [2] method was also used to measure the specific surface of some electrodes, Table 2 compares
the data obtained by the two independent methods.

These data show that the results agree satisfactorily.

* Second report of a series in this field.
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TABLE 1, Characteristics of Nickel Electrodes
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1|A40 950 5.3540.2/ 7.7 10.097| 0.49 10.20 (101.0 | 5.05 | 0.91] 1270 | 232
2|A4t 950 5.35(40.2 7.7 10.21 | 0.44 [0.49 [104.4 | 5.22 | 1.48| 1L.00°] 19.0
3A42 950 5.35(40.2| 7.7 [0.30 | 0.48 (0.62 [101.0 | 5.05 | 0.91] 1260 | 23.0
4|a19 800 5.37(39.8/ 7.4 (0.28 | 0.32 10.88 | 95.0 | 475 | 2.28] 8.0 11.0
5{A20 800 4.23(52.5( 443 10.30 | 0.45 10.66 | 63.4 | 3.47 | 3.00| 6.7

6|A21 500 3.2 164.1/2.95/0.30 | 0.64 [0.46 | 47.0 | 2.35 | 3.45 6.2

7|A55 800 3.1 (65.2/2.9 10.23 | 0.87 0.34 | 44.8 | 2.24 | 1.68] 865 | 254
8{A55a *  [800 3.1 165.2/2.9 (0.23 | 0.60 [0.50 | 54.0 | 2.57 | 3.16] 5.88 | 0.8
a[B28 800 5.4 [39.5/8.5 (0.295 0.37 [0.80 | 71.4 | 3557 | 2.62 820 | 11.0
10{B29 800 4.15(53.4/ 4.1310.31 | 0.51 10.59 | 56.0 { 2.80 | 2.80]  7.20 | 133
11|B30 800 3.12(65.11 2,66 [0.30 | 0.71 [0.42 | 45.6 | 228 | 2.44] 680 | 7.0
12|C57 800 435513 4.8 10.30 | 0.74 0.41 | 52.4 | 2.67 | 2.86| 7.80 | 2005
13|C57at 400 4.3551.3/4.8 (0.30 | 0.18 11.66 | 96.8 | 4.84 [11.10 205 | 3.2
14'D 36 950 4.9 145.0(4.1310.29 | 1.88 [0.16 | 20.4 | 1.02 | 0.56| 2640 | 176.0
15|D37 950 3.72(58.2/ 2.36 [0.30 | 2.63 0.11 | 17.9 | 0.89 | 0.56| 21.80 | 2100
16]L.38 950 2.5 (72.1]11.5810.26 | 4.67 0.064 13.6 | 0.67°| 065 200 | 360.0
17|A48% 700 2.55(71.5/2.3210.28 | 0.70 10.42 | 39.0 | 1.95 | 390] 545 | 130
18{A50**  |700 2.1 1765/ 2.36 (0.18 | 0.82 0.22 | 57.0 | 2:85 | 3.82( 450 | 10.2
19|A59TT 1850 2.24175.012.5410.20 | 1.07 {0.19 | 45.2 | 2.26 | 2.13]  7.05 | 26.0
20|A61 850 3.35(62.5) 3.17{0.30 | 0.69 0.43 | 60.8 | 3.04 | 1.83|  7.40 | 154
21 Smooth [400%f 89| —| — | — | — [ = | 016] = [17.00| 33500 |33500

Note. 'A' indicates electrodes made of carbonylic nickel with 6 p particles; B and C in-
dicate those made of electrolytic nickel with particles 20 and 60 microns; D refers to
nickel chips with particle size 200 microns.

*Electrode AS55 was electrochemically oxidized and reduced.

tElectrode C57 was oxidized with oxygen at 400° and reduced with hydrogen at the same
temperature,

1 The electrode was made.of carbonylic nickel, with a coarse-grained (160 microns) filler.
® ® Cermet base of a non-lamellar battery.

+tCermet base of factory produced alkali batteries.

1 1Firing temperature in hydrogen atmosphere,

TABLE 2. Specific Surface of Some Electrode By comparing the size of the surface, determined by the
Testpieces charging curves, with the geometrical surface of the particles
Specific surface (cm?/cm®) as calculated from their mean diameters, the particle surf.acc?
roughness can be assessed. Table 3 gives these roughness indices.
E
lectrode ] . The roughness coefficients of the powders are related to the
by charging by Deryagin’s : ders
method of manufacture, Grains of carbonylic nickel are almost
curves method . . o
spherical with extreme smoothness. Electrolytic nickel has a den-
Adl 5220 6500 dritic structure while nickel filings are very rough with cracks
A42 5050 4860 and torn edges. When an electrode is oxidized and then reduced
B29 2800 2400 at low temperature its surface becomes broken: the particle
A55a 2570 25600 roughness index for electrode 7 rose from9.1 to 16.5 when
D36 1020 810 treated in this way.
A59 2260 2450

As far as the macroscopic structure of the electrodes studied
is concerned, certain conditions are quite pronounced. As the
electrode porosity rises, its electroconductivity variation coefficient diminishes, Increase in particle size has the same
effect apparently due to the rather loose packing of these types of particles,
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TABLE 3. Roughness Coefficients.

. . Surface roughness
Initial nickel powders coefficient

Carbonylic (particles 6 microns) 1.3
Electrolytic with average particle size 20

microns 4,0
Electrolytic, particles 60 microns 9.1
Electrolytic, particles 60 microns, after

oxidation and reduction 16.5
Filings, particles 200 microns 14,2
Smooth electrode with dull surface 7.9

we will now deal with the macroscopic characteristics of
the electrodes. These are determined both by their structural
and kinetic properties. Uneven distribution of the charging in-
tensity over a porous electrode can be determined by the § value
—even derived thickness. Where § is large, the internal surface
of the electrode is very unevenly utilized and only a very thin
outer layer of the electrode operates [3]. The thickness of this
layer is governed by the "effective penetration of the process®
—xe: this shows at what depth within the electrode the intensity
of the process is reduced by the factor e. The relation between

xe and the structural and kinetic characteristics of the electrode
is as follows [3]:

TN
B Regt =-T -

Polarization curves with low polarization for From this formula it may be seen that x, increases with
certain electrodes, A) Polarization (mV); B)

decreasing resistance of the electrolyte in the pores (p), and de-
current density (A/ cm?), Electrode: 1) C57a; creases as the exchange current specific surface increases.
2) A20; 3) A42; 4) C51; 5) D36, ‘

The xe values in Table 1 were calculated from experi-~

mental charging curves. These data show that for our electrodes
Xg varies in a fairly wide range. For the C57a electrode, with a large and very active surface, Xe is about 0.2 cm,

whereas in the case of the coarse-grained electrodes, fired at high temperature and therefore low in activity, xe
reaches 2-5 cm,

The relationship between polarization and current density can serve as a direct macrokinetic characteristic of

a porous electrode. When the potential shifts slightly from equilibrium the polarization is proportional to the current.
The proportion can be tegarded as the effective resistance of the electrode:

X, == l/—b—
e 280 *

The figure gives a plot of polarization versus current for some electrodes (with correction for concentration
Polarization); this shows that the slope of the straight lines (effective resistance of the electrode Reff) decreases and
flctivity rises as the degree of dispersion of the powder increases and the firing temperature falls, Itis more reveal-
INg to compare the effective resistance of electrodes of the same thickness as or considerably thicker than Xe. In

the latter case we shall obtain the minimum possible effective resistance for a porous electrode of a particular struc-
ture under given conditions R

. eff min- This formula [3] can serve to calculate the minimum effective electrode
resistance:

: _“/ bp
Reff min: 28ip
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Table 1 gives Regf mpjp for the electrodes studied; it shows that Regf iy varies fairly widely 3-30 Q. cmi?,
tHowever, it must be borne in mind that Reff mip is only reached with a considerable derived electrode thickness
(where & =2-3). Here, several electrodes with identical § have a completely different physical thickness. For
example, in the case of C57a & =2 with thickness 0.36 cm, while electrode D38 should have a thickness of about
10 cm. The difference between the electrodes is more typical if the effective resistances are compared for elec-
trodes with the same physical thickness, for instance with I = 0.3 cm. This conversion can be carried out by means
of the graph in [4].

Table 1 gives calculated Rgff values with a 0.3 cm thick electrode. These data show that the difference be-
tween the electrodes is much more marked in this case (3.2 and 360 ohms - cm?). For comparison, Table 1 gives

these characteristics for a smooth nickel electrode. Its effective resistance (3350 ohms « cm?) is 1000 times higher
than that of the most active of the porous electrodes,

SUMMARY

It is noted that rise in the electrode firing temperature decreases the surface activity (exchange current); oxida-
tion followed by low -temperature reduction breaks up and activates the nickel surface.

It is shown that macroscopic polarization characteristics of porous electrodes are governed both by their kinetic
and by their structural properties, This paper compares the electrodes studied with each other and with a smooth

nickel electrode. The actvity of the best porous electrodes is 1000 times higher than that of the smooth clectrode,
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