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Mossbauer spectroscopy investigation of the iron
electrode during cycling in alkaline solution
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The processes which take place in the iron electrode during cycling in alkaline solution were investigated
by Mossbauer spectroscopy and the reaction products were determined quantitatively.

It was proved that $-FeOOH is invariably formed at the end of the second anodic reaction in 5N
KOH. At the end of charging there is always a certain amount of residual Fe(OH),.

After three to five cycles in 5 N KOH containing 9 g1™* LiOH, 3-FeOOH is converted into Fe30,4. At
the same time a drop is observed in the capacity of the electrode. At the end of charging under these
conditions a certain amount of Fe;0,4 was always found.

1. Introduction

The behaviour of the iron electrode in alkaline
media has been repeatedly investigated [1—-16].
However, in spite of the long history of these
studies which extend over a period of more than
fifty years, there is still no unity of opinions as to
the nature of the oxidation products which form
during the second anodic process and as to the
mechanism which causes the arrest of the anodic
processes.

X-ray diffraction analysis [5—7] yields some
information on the electrochemical reaction pro-
ducts, but, owing to certain unavoidable experi-
mental limitations, no quantitative data have been
obtained; for example, the penetration depth of
X-rays in the sample is comparatively small, sensi-
tivity and precision are insufficient, etc. The
recently applied magnetometric method [8, 9]
yields only indirect and ambiguous information on
the phases present in the electrode.

In a previous work [17}] it was proved that
Massbauer spectroscopy is particularly appropriate
for quantitative investigation of the iron electrode
in situ. In the present work an iron electrode with
a composition as close as possible to commercial
electrodes was investigated. In addition, an attempt
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was made to obtain quantitative data for the reac-
tion products obtained during cycling.

2. Experimental

All possible analytical applications of Mossbauer
spectroscopy rely on one basic fact: the individual
iron compounds (provided the Méssbauer isotope
Fe®7 is used) yield characteristic spectra which are
usually sufficient for ‘fingerprint’ identification.

Quantitative Mossbauer analyses may be per-
formed by taking into account the relationship
between the number of iron nuclei bonded in a
given phase and the peak intensities in the corre-
sponding Mdssbauer spectrum. We can write for
the peak area of a given phase:

S = ¢.4.F(T,) 6]

where T, = noof’. In this expression ¢ is a coef-
ficient which accounts for the non-resonance
atomic absorption in the sample, A4 is a coefficient
which depends on the source used, » is the number
of Fe*” nuclei per cm? of the sample bonded in a
given phase, o, is the resonance absorption cross-
section, " is a solid-state parameter (the Debye-
Waller factor), typical for every phase, and T, is
called effective thickness.
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Fig. 1. Experimental cell.

The problem is considerably simplified if the
individual phases are determined relatively. Then
the peak area ratio for any two given phases may
be written as:

_‘?_1 _ Fl(Tal)
S,  FuT,)

In this case there is no need to determine ¢ and 4,
which is rather difficult. By means of appropriately
selected standards one can plot calibration curves
and carry out the desired quantitative determin-
ations.

When the Mossbauer effect is used in a trans-
mission geometry (the gamma-quanta of the source
passing through the sample), the iron electrodes
under investigation should be sufficiently thin. For
the present study of electrodes of the following
composition were prepared: 80% iron powder with
a high iron content, 10% acetylene black, 5% poly-
isobutylene, and 5% iron wool [10]. The material
was compressed at 0-5 T per cm? onto a nickel
screen with 5 mesh per cm? and a wire diameter of
0-5 mm. The electrodes were rectangular with a
geometric area of 5 cm? and a surface density

" (without the nickel screen) of about 25 mg cm™2.
In this way the electrodes had a sufficient mech-
anical rigidity at the expense of a somewhat lower
current efficiency.

The electrodes were cycled in the upper part of
a Lucite cell (Fig. 1). A nickel cylinder served as

" counter-electrode. The lower part of the cell was
provided with two thin (0-1 mm) Lucite windows.

" The distance between the latter could be con-

@)

trolled. A heating element was mounted in the ‘cell,‘
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Fig. 2. (a) Discharge curve of an iron electrode in 5N KOH
at a current of 7mA and at 30°C; (b) Mssbauer spectra
of the same electrode recorded at points 1, 2 and 3 of the
discharge curve.

thus making it possible to maintain the electrolyte
temperature constant within +0-5°C. During the
determination of the Méssbauer spectrum the elec-
trode was slid down and pressed between the
windows in order to depress the non-resonance
absorption in the electrolyte.

The Mossbauer source was moved by a velocity
generator according to a linearly changing velocity
law. The pulses detected by a gas-filled (argon-
methane) proportional counter were amplified,
discriminated and recorded in a multichannel ana-
lyser operating in a multiscaling mode. During the
determination of the spectrum the cell circuit was
opened. As shown by control measurements the
phase composition of the electrode did not change’
within 1/2—1 h, which was the time required for
determination of the spectrum.

The cycling conditions were: a 6—8 h charge at
8 mA and a discharge at 7mA down to 0-5V
(vs Hg/HgO) at 30°C. Cycling was performed by
means of a galvanostat.
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Fig. 3. Calibration curve. Ratio between the peak areas at
0-04 mm s~! of 8-FeOOH and 0-84 mm s™! of metallic iton
versus the amount of iron bonded as g-FeQOH as a per-
centage of the total iron in the electrode.

3. Experimental results

3.1. Electrochemical processes ina 5 N KOH
electrolyte

3.1.1. Anodic process. Fig. 2 illustrates a typical
discharge curve in 5 N KOH. The beginning of the
discharge (—0-9 V), the end of the first anodic
process (~—0-75 V) and the end of the second
anodic process (—0-5 V) are denoted by 1,2 and
3, respectively. (Fig. 2)

Fig. 2 also shows the Massbauer spectra re-
corded at points 1, 2 and 3, as well as the bar dia-
grams of the possible phases present. The centroid
of the a-Fe spectrum was selected as the zero of
the velocity scale.

The identification of metallic iron and of fer-
rous hydroxide is straightforward. The only doub-
let which cannot be unambiguously ascribed is
that at 0-04 and 0-66 mms™ in the spectrum
recorded at point 3. The two peaks might belong
either to §- or v-FeOOH since the parameters of
these two phases are very close. In order to elimin-
ate this uncertainty the spectrum of a discharged
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Fig. 4. Change in capacity during the first and second
anodic processes durmg operation of the electrode in

5 N KOH. Q and Q are, experlmentally determined from
the dlscharge curves, QI 7295 and Q% are calculated
from the quantitative phase analysxs

electrode was determined at 120K. At room tem-
perature the two polymorphs of FeQOH are para-
magnetic and have different Néel temperatures —
295 and 77K, respectively. In the recorded spec-
trum the doublet changes to a six-line pattern.
This is typical for ferromagnetic states. The results
obtained coincide with those reported by other
authors [18] and indubitably show that the dis-
charge iron electrode contains substantial amounts
of 3-FeOOH.

Thus the following phases were found during
the anodic oxidation process of the iron electrode
in 5 N KOH: in a charged state Fe and Fe(OH),
(in all cases except after the first charge) and in all
cases at the end of the first anodic step; Fe and
B-FeOOH (invariably at the end of the second
anodic step).

A Sp/Sy, calibration curve was plotted as a
function of the percentage of iron present as
B-FeOOH, under the assumption that the total
iron content remains constant (such as is the case
in a working electrode). It is seen that, up to 25%,
the curve depends only weakly on the total iron
content (Fig. 3).

No calibration curve was plotted for the deter-
minatjon of the amount of Fe(OH), because of
the difficulties connected with the preparation of
this compound in a dry state. It was assumed that
f' from Equations 1 and 2 has the same value for
Fe(OH), and 8-FeOOH. The calibration curve
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Fig. 5. (a) Charging curve of an iron electrode in 5 N KOH at a current of 8 mA and at 20°C; (b) Méssbauer spectra of
the same electrode recorded at points 1, 2 and 3 of the charging curve.

from Fig. 3 was therefore used. The correctness
of this assumption was confirmed by comparing
the capacities of the electrodes investigated in the
first anodic step, as shown later.

In order to save time the spectra were deter-
mined within the +2 mms™ range only. It is seen
from Fig. 2 that in this range the three phases are
immediately apparent. The spectra were treated
either by cutting and weighing the curves or by the
least-squares method using computer techniques
{19] when a greater precision was required.

By this method the amounts of iron in every
phase were calculated as percentages of the total
iron for the characteristic points of the discharge
curves. This, in turn, made it possible to calculate
the charge for the first and the second anodic pro-
cesses (QF%S and QR%%). The experimental values
were compared with those found from the dis-
charge galvanostatic curves (Q% and Q%).

Fig. 4 illustrates the results obtained for the
entire formation process of an iron electrode in
5 N.KOH. It is seen that the coincidence between
Q™355 and QF for the two anodic processes is satis-
factory. The discrepancies lie within the limits of
the error in the quantitative determination of the
individual phases (5—10%). (Fig. 4)

3.1.2. Cathodic process. Fig. S shows a typical
charge curve and the Mossbauer spectra at points
1,2 and 3 (1 is the start of the charge process, 2 is
the end of the first cathodic process and 3 is the
end of charge). It is apparent that at point 2
B-FeOOH is completely converted into Fe(OH),.
At the same time the potential does not change
any more and metallic iron formation as well as
hydrogen evolution begin. At point 3 a certain
amount of Fe(OH), remains unchanged. This resi-
dual Fe(OH), cannot be reduced even after a pro-
longed charging. (Fig. 5)

Table 1 illustrates the quantitative changes
during the cathodic process in 5 N KOH. The cal-
culations were similar to those performed for the
anodic process, where A = (QF — Q™%%/08)(100).*

In the following discharge Qf = 17 mAh, which
corresponds to the oxidation of 13% metallic iron
to Fe(OH),. Within the limits of error this rep-
resents the same amount of iron obtained by reduc-
tion of Fe(OH), during the charge process.

* The formulas of the individual compounds denote the
actual amount of iron present in this form.
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Table 1. Quantitative changes in the phase composition of the iron electrode during the cathodic process

Fe Fe(OH], §-FeOOH Qmoss 08 A ¢

%) %) ) (mAh) (mAh) %) W)
1 82:0 £ 1-2 18:0+ 12 - - - —0-5
2 801 £ 15 200+ 15 - 12:5 £ 0.9 13-0 3 —1.06
3 915 + 0-8 85 +08 - 150+ 1:0 480 - ~1.05
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Fig. 6. (a) Discharge curve of an iron electrode recorded
after replacing 5 N KOH by 5N KOH + 9g1™' LiOH.
Discharge current of 7 mA, temperature 30°C; (b)
Maossbauer spectrum of the same electrode recorded at
point 3 of the discharge curve.

3.2. Effect of LiOH

3.2.1. Anodic process. The addition of lithium
hydroxide to the electrolyte of an electrode oper-
ating in 5 N KOH brings about qualitative and
quantitative changes in the phase composition
during the first cycle. Fig. 6 shows a discharge
curve and a Mossbauer spectrum recorded at point
3(—0-5V). Fig. 6 illustrates the first cycle after
the electrolyte has been changed. The discharge
conditions are the same — discharge current 7mA
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Fig. 7. Change in capacity during the first and second
anodic processes during cycling in 5 N KOH + 9gl1™
LiOH. After the ninth cycle the electrolyte was once
again replaced by 5 N KOH. The amounts of iron bonded
as -FeOOH and Fe, O, at the end of the discharging
(point 3), and as Fe(OH), at the beginning of the dis-
charge (point 1) are also shown.

~at 30°C. The spectra recorded at points 1 and 2 do

not differ appreciably from those shown in Fig. 2.
It is seen, however, that at the end of the second
anodic process a new phase appears in addition to
g-FeOOH.

Judging from its Mdssbauer parameters, this

" new phase may be identified as magnetite, but

since in this case stoichiometry and grain size exert
a strong influence, some additional investigations
were performed in order to carry out a more
rigorous interpretation. It was also taken into
account that some authors [12] mentioned the
possibility of the formation of inactive lithium
ferrates, LiFeO, and LiFe;0g. Of all the Moss-
bauer spectra of lithium ferrates reported in the
literature [20, 21], that of LiFesOg is closest to
magnetite. Bearing this in mind, the compound
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Fig. 8. Change in potential and in the amounts of Fe, O,
and Fe(OH), during charging of an iron electrode after
long operation in 5 N KOH + 9 g1™* LiOH (curve I).
Charging current 8 mA at a temperature of 20°C. Charging
curve II refers to the same electrode after replacing the
electrolyte by 5 N KOH.

LiFesOg was synthesized™ and its Mossbauer spec-
trum recorded. Fig. 6 shows its bar diagram.
Furthermore, the presence of magnetite was con-
firmed by the X-ray diffraction pattern of an elec-
trode cycled in lithiated electrolyte.

Further cycling of the electrode leads to a
gradual decrease and eventually to the full dis-
appearance of $-FeOOH. During the second anodic
step Fe(OH), changes to magnetite. This is shown
in Fig. 7, which displays the semi-quantitative
results of the investigation of an electrode after
changing the electrolyte. It is obvious that the de-
crease of the amount of §-FeOOH and the increase
of magnetite leads to a decrease in the capacity of
the electrode (Fig. 7).

If the electrolyte is replaced by pure 5 N KOH,
formation of 3-FeOOH takes place once more in
the second anodic process, and there is an increase
in capacity. A certain amount of untransformed
magnetite still persists (Fig. 7).

3.2.2. Cathodic process. The charging curve of an
iron electrode which has operated for a few cycles

* The synthesis was performed by firing a stoichiometric
mixture of Fe,0, and Li,CO, at 850°C for 1 h. The
reaction product was cooled down to room temperature
at a rate of 100° h~' [22].

in an electrolyte containing LiOH up fo the full
transformation of 8-FeOOH into magnetite differs
from the curve obtained in pure KOH electrolyte
in that the first cathodic process takes place at
considerably more negative potentials (Fig. 8,
curve 1). Fig. 8 also gives the semi-quantitative
results of the determinations of Fe;0, and
Fe(OH),. It is readily seen that during the first
cathodic reaction, part of the Fe;0, changes to
Fe(OH), and that further charging leads to reduc-
tion of Fe(OH), to metallic iron. At the end of the
charge considerable amounts of magnetite and
Fe(OH), still persist.

If the electrolyte is replaced by pure 5 N KOH
and a new charge-discharge cycle is performed,
then at the following charging (shown for com-
parison purposes in Fig. 8, curve II) a new potential
arrest may be noticed (¢ = —0-92 V), possibly due

" to the transformation of 8-FeOOH into Fe(OH),.

4, Discussion

The study of the electrochemical reactions of the

. iron electrode in alkaline solutions by means of

Massbauer spectroscopy made it possible to per-
form a rigorous identification of the reaction pro-
ducts and to follow their quantitative relationships
during the process. The relative error of the deter-
minations ranges between 5 and 10%. Such a pre-
cision may be considered as satisfactory, taking
into account the actual experimental conditions.

It was found that at the end of the charging of
the iron electrode in 5 N KOH, untransformed fer-
rous hydroxide is invariably present in amounts up
to 10% besides metallic iron. When operating with
LiOH (9—11 g17! LiOH) under identical cycling
conditions, unconverted Fe;0, is also present.

At the end of the second anodic process
8-FeOOH is always formed when operating in
5 N KOH. Cycling of the electrode up to twenty
cycles does not lead to transformation of -FeOOH
into Fe30, as observed by Silver and Lekas [7] for
8-FeOOH. The same constancy of the reaction
product formed during the second anodic process
was observed by Teplinskaia er al. [5]. However,
the compound identified by these authors by
means of X-ray diffraction techniques is §-FeOOH.
The presence of §-FeOOH was reported by Labat
et al. [6] but the lack of quantitative data and the
different experimental conditions (working tem-
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perature) exclude the possibility of any meaningful
comparisons.

It is very probable that these differences in the
analysed products during the second anodic pro-
cess are due to some differences in experimental
conditions which may prove to be responsible for
the direct formation of Fe®* at the electrode suz-
face, as assumed by Armstrong and Baurhoo [24}].

When the electrode operates in a lithiated elec-
trolyte, 8-FeOOH is gradually transformed into
Fe304. The rate of this transformation depends
directly on the lithium content in the electrolyte.
This is in accord with the results reported in [7].
The presence of lithium hydroxide also changes
the shape of the second anodic step. Indeed, a new
potential plateau appears, shifted by 60—80 mV in
the negative direction. It is probably due to the
transformation of the hydroxide into magnetite
(cf. Figs. 2 and 6).

The presence of magnetite is also detected
when operating in unlithiated 5 N KOH, but only
after repeated overdischarges down to +0-65V, as
observed by other authors [11].

Cycling of an iron electrode in 5 N KOH +
9¢1™! LiOH leads to a gradual decrease in capacity
(Fig. 7). This contradicts the findings of Hills [15]
and of Pyiankova and Yofa [16] according to
which there is a considerable increase in capacity
when the electrode operates in an electrolyte with
11-15g1™ LiOH. Such a capacity increase was
observed in our experiments only during the first
cycle after the replacement of the electrolyte when
changes in the phase composition had not yet
occurred. The increase in capacity is connected
with the increased overvoltage of the hydrogen evo-
lution reaction in the presence of minor amounts
of lithjum in the solution, which has been observed
by Hampson et al. [23] on a smooth iron electrode.

Further cycling in the presence of LiOH leads to
the appearance of a new phase, i.e. of magnetite,
which is probably less readily reduced than
B-FeOOH. This process competes with the slow
hydrogen evolution reaction. This explains why in
the subsequent cycling a gradual fall in capacity as
well as in increase in the amount of unreduced
magnetite at the end of the charge are observed
(Figs. 7 and 8). Cycling leads to the establishment
of a constant capacity smaller than that obtained
prior to replacement of the electrolyte 5N
KOH + LiOH.

The presence of lithium in the electrolyte hin-
ders not only the transformation of magnetite into
ferrous hydroxide, but the transformation of the
latter into metallic iron as well. Indeed, the amount
of this phase at the end of the charge is higher than
that found during operation in 5 N KOH (cf. Fig. 6
and Table 1).

The present study showed that the capacity
during the first anodic step is due to oxidation of
metallic iron obtained by reduction of Fe(OH), in
the previous cathodic process (Table 1). The elec-
trode formation in 5 N KOH is connected with the
appearance of increasing amounts of electrochemi-
cally active iron. However, the amount of Fe(OH),
at the end of the first anodic step remains practi-
cally constant. Therefore the charge for the second
anodic process (complete transformation of
Fe(OH), into 8-FeOOH) does not change during

formation (Fig. 4).

Since at the end of charging a certain amount
of untransformed Fe(OH), is invariably present,
the capacity of the second anodic process is always
higher than half the capacity during the first anodic
step. This explains the contradiction noted by
several authors and casts doubt on Flerov’s state-
ment [17] according to which metallic iron could
be directly oxidized to the trivalent state.

No trivalent compounds were identified in the
potential range between —0-96 and —0-75V, as
assumed by others [13]. The Fe304 present at the
end of the first anodic process during operation in
lithiated electrolyte is only the residue of untrans-
formed Fe;04 formed during the previous cathodic
process. The increase in its amount takes place
between —0-75 and —0-50V, following the oxi-
dation of Fe(OH),.

Obviously the present experimental results and
considerations deepen the interest toward the
phase transformations during the electrochemical
processes which take place in iron electrodes in
alkaline media. In this respect a detailed study of
magnetite would be particularly interesting, for
this compound is, in our view, responsible for
some of the inconsistencies in the behaviour of the
iron electrode.
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