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Summary

The iron-poisoning effect of sintered nickel oxide electrodes in alkaline
accumulators during long-term cycling has been studied by electrochemical
measurements, X-ray photoelectron spectroscopy and elemental analysis.
Long-term cycling with periodic measurements of the discharge capacity,
charge and discharge characteristics showed that both the quantity of iron
and the way in which the iron is introduced play a large role in the
poisoning.

Introduction

The iron-poisoning effect often occurs in alkaline Ni-Fe and, some-
times, even in Ni~Cd accumulators; it has already been described and studied
by several authors [1 - 6], but there is no satisfactory explanation of the
mechanism involved.

In Ni-Fe accumulators, almost all of the iron adsorbed on the positive
electrode comes from the negative one, independent of whether it is of
the pocket or the sintered type. In Ni-Cd accumulators the effect is
smaller, but it can occur if iron is present in the active material of the
cadmium electrode, and o-Fe,0; is frequently added. Small amounts of
iron may also originate from metallic construction elements, namely, cur-
rent collectors, perforated steel strips (with pocket electrodes) and lugs,
if they are not nickel-plated. The amount of iron thus transferred into the
active material is small, but in some cases it is not negligible, e.g., nickel
oxide electrodes with a central current collector.
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The solubility of Fe(OH), or FeOOH in alkaline medium at normal
temperature is low. If the iron electrode is polarized to the potential of
oxygen evolution, however, it passes into the electrolyte as FeO,* ions
which decompose slowly to FeOOH and oxygen. Ferrate(VI) ions, according
to our experience, are formed in the Ni—Fe cell during deep discharge, when
the polarity of the electrodes is reversed and oxygen is evolved at the iron
electrode, a rather rare case in practice.

Iron poisoning decreases both the conductivity of the nickel oxide,
resulting in the formation of insulating barrier layers [1], and the oxygen
overvoltage, resulting in a low charging efficiency [2, 3]. The more uniform
the distribution of the FeOOH in the positive electrode, the greater is the
effect.

The object of the present work was to study the effect iron has on
the nickel hydroxide electrode and to correlate the electrochemical results
with X-ray photoelectron spectroscopy (XPS) and with elemental analysis
by atomic absorption spectroscopy (AAS).

Experimental

3X 4.5 cm electrodes were cut from 0.75 mm thick commercial
sintered nickel oxide electrodes. They were first formed with four cycles
(16 h charging at 0.06 A, and a 0.1 A discharge to a cut-off potential
of 0.0 V versus Hg/HgO in the same electrolyte). The reference electrode
was separated from the KOH electrolyte (density, 1.2 g cm™®) by a
Haber—Luggin capillary. Thereafter the electrodes were subjected to long-
term testing (details given below) either in a half-cell arrangement (with a
nickel sheet as counter electrode) or in laboratory cells with an iron electrode
(pocket or pressed type).

The capacity (C,, mA h cm™?) of the positive electrodes, some of which
were doped with iron ions, was determined at the beginning of the measure-
ments by discharging at 7.5 mA cm™2. All subsequent discharges proceeded
at the same current density with further treatment as below for the different
electrodes:

Ni 1: Blank experiment, half-cell arrangement with a Ni sheet as a
counter electrode.

Ni 2: Formed in a half-cell then cycled in a cell with a pocket Fe
electrode.

Ni 3: Formed in a half-cell then cycled with a pressed Fe electrode.

Ni 4: Formed in a half-cell then washed in distilled water, dried,
immersed for 1 min in a 20% solution of Fe(NOQOj);, rinsed, immersed in 25%
KOH, washed, dried, and cycled again in a half-cell arrangement.

Ni 5: As Ni 4, but immersed for 10 min in the solution of Fe(NO,),.

Ni 6: As Ni 4 or Ni b, but without immersion in the Fe(NQO3;), solution
(blank experiment).

Accelerated cycling was carried out automatically and consisted of
40 min charging and 20 min discharging; the depth of discharge (DOD)
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removed 60% of the experimentally available capacity, recharge input was
150%. Samples were cut from the electrodes at intervals (after every
measuring cycle for the determination of the discharge capacity) for XPS
measurements. Charge/discharge (E—t) curves were recorded during every
measuring cycle and during accelerated cycling, with special note being made
of the end potential (charging or discharging).

For the XPS measurements 6 X 13 mm samples were cut from the
electrodes then washed and dried. An overall spectrum was first recorded
for every sample and then the areas of interest, i.e., Ni 2p;;,, Fe 2pj3;,, Oy
and C,;.

The measured kinetic energy Ey;, is related to the inner core electron
binding energy, E,, by the relation

hv=Ey;, +Ep t o

where hv = 1486.6 eV and is a correction term [7, 8]. In the presentation
of the results, Ey;, of Fe, Ni and O have been corrected to the same Ey;, of
C,s. This value was chosen to correspond to E,(C,,) = 285.0 eV.

The elemental analysis was made by dissolving a piece of the electrode
in 12 M HCI and measuring the concentration of Ni and Fe by atomic
absorption spectroscopy (AAS). From these data the bulk concentrations
of Fe and Ni in the oxide layer could be calculated.

The XPS method on the other hand gives the concentrations of the
elements on the surface of the oxide layer.

TABLE 1
Weight percent. of Fe and Ni found in the oxide gel layer by AAS and XPS

Sample Elemental analysis AAS XPS
Ni Fe Fe + 100 Fe v 100
(%) (%) Ni Ni
3/1 64.0 0 0 0
3/2 62.6 1.2 1.9 9
3/3 63.4 0.60 0.9 19
3/4 63.4 0.55 0.8 23
4/1 61.9 2.2 3.6 7
4/2 59.9 4.0 6.7 2
4/3 61.4 2.6 4.2 0
4/4 60.0 4.0 6.7 )
5/1 61.2 2.8 4.6 15
5/2 61.1 2.8 4.6 14
5/3 61.5 2.5 4.1 11
5/4 56.0 7.9 14.1 0

The error limits of the elemental analysis by AAS are about 1% (Ni) and 5% (Fe). The
error limits of the estimated Fe/Ni-values by XPS are about 10%.
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Absolute concentrations cannot, however, be easily measured, but one
can calculate the relative concentrations. By measuring the areas of the
peaks, and using previously determined sensitivity factors for Ni and Fe
respectively, the ratio Fe/Ni in the surface can be obtained. Such sensitivity
factors vary from one type of instrument to another and must be determined
experimentally.

From the integrated area of 2p;;, peaks using well-defined samples we
obtained a sensitivity factor for Fe of 2.4 and for Ni of 4.1, both related to
that of C,;. In the last column of Table 1 we present the Fe/Ni ratio of
various electrode samples, Care has to be taken in measuring the peak area
as irreproducable broadening may be caused by charging of the sample.

Results and discussion

Cycling performance of the positive electrode under iron-free conditions

Our initial measurements were devoted to comparing the behaviour of
nickel oxide electrodes with different counter-electrodes. The results are
shown graphically in Fig. 1 (electrodes Ni 1 - 3), where the capacity per unit
area, C,, is plotted against the number of accelerated cycles. With a nickel
sheet as a counter electrode (electrode Ni 1), the value of C, decreased
after 125 cycles as was expected for systems without Li* or Co?* additives,
ef. refs. 9 - 11]. This sudden decrease in the capacity of electrode Ni 1 can
be understood from the XPS data obtained using some samples taken from
the electrode. Figures 2 and 3 give some representative spectral details.
The initial Ni 2p,,, spectra exhibit one major peak and a ‘‘satellite” peak
which are clearly resolved. As the electrochemical operations proceed,
however, one notes that the Ni spectra become more blurred and less well
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Fig. 1. Influence of different counter-electrodes on the specific capacity, Cg, of the nickel
oxide electrode. 1, Nickel sheet counter-electrode; 2, pocket iron counter-electrode; 3,
pressed iron counter-electrode; E, electrolyte exchange; A, addition of different counter
electrodes; B, removal of pocket iron counter-electrode.
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Fig. 2. XPS spectra of Ni 2p3,, core electrons of electrode Ni 1.
Sample 1/1 was taken after 4 cycles
1/2 after 61
1/4 after 528
1/5 after 566.
For technical reasons, samples 1/2 and 1/4 were much smaller in size than the others.

950 955 Ekin/eV

Fig. 3. XPS spectra of O;4 core electrons of Ni 1 electrode. Sample numbers are the same
as given in Fig. 2.
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resolved. At the same time one observes additional components of the O,
peaks at low kinetic energy, indicating charging of the specimen by the loss
of electrons. Such charging will reduce the resolution of the Ni spectrum.
It originates from the low electrical conductivity of the sample and a fully
conducting specimen does not exhibit charging. Furthermore, it may be
observed that the last spectrum of the series (Figs. 2, 3) shows a renewed
sharpness and the absence of the O,, peaks. From this we suggest the
following: at the start the semiconducting NiOOH/Ni(OH), layer is in good
mechanical and electrical contact with the nickel backing (support). During
the electrochemical charging/discharging this Ni(OH),/NiOOH system is
exposed to shrinking/expansion cycles when the system behaves like a
hydrogel with variable molar volume [12, 13]. During cycling, this gel
gradually loses its mechanical and electrical contact with the nickel support,
at least at some spots, which creates the necessary conditions for uneven
charging. After a number of cycles this decreasing mechanical contact
between oxide gel layer and the Ni-support results in the dispersion of the
oxide into the electrolyte.

The XPS spectra now have sharp peaks again, revealing the existence of
a new nickel oxide phase formed on the surface of the nickel backing during
long term cycling. This new oxide phase is in good contact with the support.
The dispersion of material into the electrolyte, however, results in a sudden
decrease in the capacity of the electrode as there is now less active material.
A similar explanation holds for the Ni 6 electrode.

Influence of an iron counter electrode on the positive electrode

With a pressed-type iron counter-electrode a decrease in the capacity
of the Ni 3 electrode took place after 410 cycles; cycling was ended after
560 cycles for technical reasons.

The capacity per unit area of the Ni 2 electrode, when coupled with a
pocket iron electrode, decreased slowly during 61 accelerated cycles (Fig. 1).
Thereafter, the negative electrode failed and was replaced by a nickel sheet.
On further cycling, the original capacity of the Ni 2 electrode was restored
and did not decrease further until the end of cycling. The characteristics of
the positive electrodes combined with iron electrodes have only slightly
lower values of C; (‘““weak” iron-poisoning effect), as can be seen from
Fig. 1.

The iron electrode also seems to have some stabilizing effect on the
capacity of the positive electrode, as the break in the capacity versus time
curve occurs later for the Ni 2 and Ni 3 electrodes than for Ni 1.

The favourable influence of the iron electrode was further manifested
in the discharge characteristics (at the 3 h rate), as can be seen from Fig. 4
where curves 1 and 2 refer to positive electrodes with nickel, and curves 3
and 4 to those with pressed iron counter electrodes. The discharge curves are
given after 65 (curves 1 and 3) and 412 accelerated cycles (2 and 4). The
favourable effect of the pressed iron electrode is apparent from the shift of
the discharge curves to more positive potentials.



83

500q

400

300

200

0 5 10 15 20

Fig. 4. Typical discharge curves of nickel oxide electrodes combined with two different
counter-electrodes. 1, Nickel sheet counter-electrode, cycle 65; 2, nickel sheet counter-
electrode, cycle 412; 3, iron counter-electrode, cycle 65; 4, iron counter-electrode, cycle
412,
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Fig. 5. Typical charging curves of nickel oxide electrodes combined with two different
counter-electrodes (10 min = 5 mA h cm™2). 1, Nickel sheet counter-electrode, cycle 53;
2, nickel sheet counter-electrode, cycle 410; 3, iron counter-electrode, cycle 54; 4, iron
counter-electrode, cycle 410.

The charging curves of the positive electrodes (at a 0.7 h rate) are
shown in Fig. 5 after 53 and 54 (curves 1 and 3) and 410 accelerated cycles
(2 and 4). Curves 1 and 2 refer to Ni 1 electrode (with a Ni counter elec-
trode), and 3 and 4 to electrode Ni 3 (with a pressed iron electrode). It can
be seen that the Ni 1 electrode has a higher oxygen overpotential which
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increases with the number of accelerated cycles, whereas the Ni 3 electrode
has a lower oxygen overpotential which does not increase during cycling.

During the “effective” period of charging (i.e., the initial stage), after
54 or 410 accelerated cycles the working potential of the positive electrode
is shifted to more positive values in the presence of the iron electrode than
in its absence. A similar potential shift is caused by long-term cycling.

On the whole, the charging characteristics of the positive electrode are
flatter with, than without, the iron electrode. The presence of iron probably
causes parasitic evolution of oxygen on the positive electrode during the first
stage of charging (Figs. 5 and 9). As a result, the electrode cannot be fully
the nickel counter electrode causes a gradual weakening of the effect of iron,
although some stabilizing effect on the discharge still remains.

The iron content of electrodes Ni 2 and Ni 3 was determined after
4,61, 125 and 528 accelerated cycles.

The XPS and AAS results for the Ni 3 electrode are summarised in
Table 1. This electrode was studied more thoroughly because unlike
electrode Ni 2 it had been cycled under unchanged conditions during the
whole test.

One can see that the Fe/Ni ratio is much higher in the surface layer
than in the bulk material. Furthermore, there is a continuous increase of
iron at the surface as cycling proceeds, see Fig. 6 and Table 1. (Note that
when interpreting the Fe ‘spectra of Fig. 6 one should use the total peak
areas.) There is, however, no corresponding increase of bulk concentration.
Rather, it seems from Table 1 that the iron to nickel ratio decreased some-
what after having reached an initial peak value. It can be seen that this
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Fig. 6. XPS spectra of Fe 2p3; core electrons of electrode Ni 3.

®, sample taken after 61 cycles;

A sample taken after 125 cycles;

0, sample taken after 528 cycles.

Note the increased broadening of the peaks resulting from increased surface charging
(cf. the text).
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decline in the bulk concentration of iron is accompanied by a partial
restoration of the discharge capacity of the positive electrode (see Fig. 1).

Treatment of the positive electrode with a solution of Fe(IIl) ions

Electrodes Ni 4 - 6 were used to investigate the effect of doping the
nickel oxide electrode with Fe(IIl) ions. The results of accelerated cycling
of these electrodes are shown in Fig. 7, where the values of C; are plotted
against the number of cycles. It can be seen that the treatment with
Fe(NO;); caused a significant decrease in the capacity after only the 8th
cycle: with the Ni 4 electrode to 73% and with Ni 5 to 58% of the original
value, whereas the capacity of the Ni 6 electrode (as with the Ni 1 - 3 elec-
trodes) was unaltered, as expected up to the 125th cycle. The decrease in the
capacities of the Ni 4 and 5 electrodes is much larger than with Ni 2 and 3
and is related to the duration of immersion in the iron nitrate solution.
During long-term cycling the iron poisoning of the Ni 4 electrode gradually
grew weaker, its original capacity being restored after 125 cycles. The other
electrode, however, did not recover fully, which was doubtless due to the
prolonged treatment with the iron nitrate solution.

On further cycling (125 - 560 cycles) the capacity of the Ni 4 electrode
decreased in a manner similar to that of Ni 1 or Ni 6, whereas in the case
of Ni 5 a gradual restoration of the capacity took place, followed by a
decrease after 400 cycles (Fig. 7).

It follows from the above findings that the “weak” iron poisoning
effect (Ni 2 and 3 electrodes), caused by the presence of the iron electrode,
is manifested by a certain stabilization of the discharge capacity during long-
term cycling. The “strong” iron-poisoning effect (Ni 4 and 5 electrodes),
on the other hand, induced by treatment of the nickel oxide electrode with
Fe(NOj;)3, causes a decrease in the discharge capacity.
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Fig. 7. Influence of different treatments by iron ions on the specific capacity, Cg, of the
nickel oxide electrode. 1, Short immersion of the nickel oxide electrode in solution of
Fe(III) ions (Ni 4); 2, long immersion of the nickel oxide electrode in solution of Fe(III)
ions (Ni 5); 3, blank experiment (Ni 6); A, addition of Fe(IIl) ions; E, electrolyte
exchange.
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A comparison of the discharge characteristics of the electrodes with and
without doping with Fe(Ill), after various numbers of accelerated cycles
(Fig. 8), reveals that the initial working potential of the Fe-doped electrode
(Ni 5) is higher than that of the undoped (Ni 6) electrode. The difference is
even more marked after 125 cycles when the discharge potential of the
doped electrode is practically unchanged, whereas that of the undoped
electrode is markedly shifted to less positive values. These results can be
compared with the similar effect of “weak” iron poisoning shown in Fig. 4.
Thus, both the strong and the weak Fe-poisoning is favourable for the
discharge potential of the nickel oxide electrode, especially after many
accelerated cycles.

The charging characteristics of the Fe-doped (Ni 5) and undoped (Ni 6)
electrodes are shown in Fig. 9. The characteristics of the latter are in good
agreement with those for the Ni 1 electrode (Fig. 5) and is evidence for the
reproducibility of the electrode preparation. The characteristics of the Ni5
electrode are, after 54 cycles, still flatter than for Ni 3 (Fig. b), since the
evolution of oxygen proceeds at the end of the charging period at +470 mV
for Ni b and at +510 mV for Ni 3. The decreased oxygen overpotential
causes the decrease in the capacity of the electrode treated with Fe(NO3)s.

To compare electrodes with one another we introduced a criterion for
the charging capability of the nickel oxide electrode: the difference between
the potential after 40 min charging (the last portion of the charging curve)
E4 and after 15 min charging (the end of the ‘“effective” portion of the
charging curve), E5, ie., AE=E,;;,—FE,;. This reflects the difference
between the oxidation potential of Ni(OH), and the potential of oxygen evo-
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lution. The higher the value of AE, the higher is the charge acceptance of the
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Fig. 8. Typical discharge curves of iron-treated nickel oxide electrodes. 1, Fe(III) treat-

ment, cycle 8; 2, Fe(Ill) treatment, cycle 125; 3, without treatment, cycle 125; 4,

without treatment, cycle 4.
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Fig. 9. Comparison of untreated and Fe(III) treated nickel oxide electrodes (10 min =
5 mA h cm™2). 1, Fe(lll) treatment, cycle 54; 2, Fe(III) treatment, cycle 411; 3, without
treatment, cycle 54; 4, without treatment, cycle 411.

electrode. Selected values of AE are given in Table 2, where it is seen that
the “standard” nickel oxide electrodes Ni 1 and Ni 6 have a relatively high
charge acceptance after 53 accelerated cycles, hence a high discharge
capacity also.

The Ni 3 electrode showing a “weak” Fe-poisoning effect has a lower
AE value than the Ni 1 and Ni 6 electrodes. Electrode Ni 5, with “strong”
Fe-poisoning, has the minimum value of AE. After 410 accelerated cycles
the values of AFE for the Ni 1 and Ni 6 electrodes dropped to one half,
similar to their discharge capacity and charge acceptance, as did Ni 3. Elec-
trode Ni 5, however, shows no change in the AE value and, accordingly, no
change in the low charge acceptance during the whole cycling test. Thus, the
stronger Fe-poisoning effect is manifested after 53 cycles by a lower charge
acceptance and, hence, by a drop in the discharge capacity. In a later stage of
the cycling test (after 410 cycles), the charge acceptance of all electrodes

TABLE 2

Electrode no. E (mV) Fe-poisoning effect
Number of cycles
53 410

Ni1l 110 50 no

Ni6 100 50 no

Ni3 60 30 “weak”

Ni5 25 25 “strong”
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decreased, the decrease being only slight for the electrode with the strongest
Fe-poisoning effect.

The XPS and AAS results for the Ni 4 and Ni 5 electrodes present
interesting differences compared with those of Ni 3. As an example, Fig. 10
shows some XPS spectra of the Ni 5 electrode. There is a peak which must
correspond to metallic nickel. This means that one can see some parts of the
nickel support. This metallic nickel, however, only appears in spectrum 5/3
after 125 cycles. The spectrum representative of the first cycling periods
(5/2) shows very little difference from that of electrode (5/1), tested imme-
diately after the iron treatment.

From the data of Table 1 we conclude that:

the bulk concentrations of iron in electrodes Ni 4 and Ni 5 are much
higher than was the case for electrode Ni 3;

the surface concentration of iron on the other hand, decreases
markedly with the number of electrochemical cycles (cf., Figs. 11, 12). This
decrease is accompanied by a restoration of electrode capacity (Fig. 7).

As the iron content of the bulk is high it seems logical that the nickel
oxide gel is severely influenced by the iron salt treatment. It is not possible
to decide whether the adverse electrochemical effect (strong Fe-poisoning)
is caused by this chemical attack of the nickel hydroxide, NIOOH/Ni(OH),,
system or of the backing nickel support. In view of the high acidity of a
strong Fe(NOj); solution, perhaps both effects operate.

Sample no. Ni 2p3/o

11200 cps

I | !
620 630 Ekin/eV

Fig. 10. XPS spectra of Ni 2p3y, core electrons of electrode Ni 5. Sample 5/1 was taken
after 4 cycles; sample 5/2 after 61, sample 5/3 after 125 and sample 5/4 after 528 cycles.
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Fig. 11. XPS spectra of Fe 2pj,; core electrons of electrode Ni 4.
®, sample taken after 4 cycles;
A sample taken after 61 cycles.

765 775 Exin/eV

Fig. 12. XPS spectra of Fe 2p3,, core electrons of electrode Ni 5.
®, sample taken after 4 cycles;

A, sample after 61;

0, sample after 125;

A sample after 528 cycles.

Conclusions

If a sintered nickel oxide electrode (undoped with Li and Co) is
combined with an iron electrode, it shows only a moderate decrease in the
discharge capacity (“weak” Fe-poisoning effect). It is also relatively stable
during long-term cycling, and its discharge potential is shifted to more
positive values. It seems that, in a manner similar to that of cobalt
hydroxides, traces of iron hydroxides have a beneficial effect on the
structure or conductivity of the active material.
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By contrast, the treatment of the electrode with a strong acidic
Fe(NO;); solution causes a strong Fe-poisoning effect, i.e., a considerable
drop in the charge acceptance and thus, also in the discharge capacity. This
overcompensates the beneficial effect of traces of Fe transferred from the
iron electrode to the positive electrode.

From the spectroscopic observations it seems likely that the decline
in capacity of positive electrodes working under iron-free conditions is
caused by gradual destruction of the original NiOOH/Ni(OH), gel. It seems
that this destruction is counteracted by the presence of iron, evenly distribu-
ted in the bulk of the oxide gel.
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