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Abstract

The thermal decomposition of solid samples of iron(VI) oxides, K,FeOy - 0.088 H,O (1) and BaFeO, - 0.25H,0 (2) in inert atmosphere
has been examined using simultaneous thermogravimetry and differential thermal analysis (TG/DTA), in combination with in situ
analysis of the evolved gases by online coupled mass spectrometer (EGA—MS). The final decomposition products were characterized by
>"Fe Mossbauer spectroscopy. Water molecules were released first, followed by a distinct decomposition step with endothermic DTA
peak of 1 and 2 at 273 and 248 °C, respectively, corresponding to the evolution of molecular oxygen as confirmed by EGA-MS. The
released amounts of O, were determined as 0.42 and 0.52mol pro formula of 1 and 2, respectively. The decomposition product of
K,FeOy at 250 °C was determined as Fe(I1I) species in the form of KFeO,. Formation of an amorphous mixture of superoxide, peroxide,
and oxide of potassium may be other products of the thermal conversion of iron(VI) oxide 1 to account for less than expected released
oxygen. The thermogravimetric and Mdssbauer data suggest that barium iron perovskite with the intermediate valence state of iron

(between III and IV) was the product of thermal decomposition of iron(VI) oxide 2.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

There is an increasing interest in oxides of higher
oxidation states of iron (Fe(IV), Fe(V), and Fe(VI))
because they are involved as an alternate for battery
cathodes, as green oxidants for organic synthesis, as
environmental-friendly oxidants in pollution remediation
processes, and as intermediates in Fenton reactions and
biological transfer processes [1-10]. Investigations of the
synthesis conditions, stability, reactivity, and physical and
chemical properties of iron compounds in higher oxidation
states (over III) is of basic interest for understanding the
inorganic chemistry of iron and of essential importance for
various applications. Of the three higher oxidation states of
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iron, Fe(VI) has been proposed as a green chemical for
various industrial and water treatments [11-13]. Although
Fe(VI) has been known for many years, the detailed
mechanism of its synthesis has not been well established.
In the laboratory, solid potassium salt of Fe(VI) oxide,
K,FeQy,, is produced by three types of synthetic techniques:
wet methods, oxidizing a basic solution of a Fe' salt
chemically, e.g., by hypochlorite, hypobromite; electro-
chemically, electrolyzing a concentrated solution of NaOH
and/or KOH with an iron anode, and thermally by the
reaction of potassium superoxides (or potassium nitrate)
with iron oxide powder heating of various solid mixtures of
various substances containing potassium and iron [14-20].
The advantage of the dry method is that it does not use
either sodium hydroxide or potassium hydroxide. How-
ever, the yield of the dry method is usually less than 50%.
The steps involved in this synthesis method have not been
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studied to learn the causes of such a low yield of ferrate(VI)
product. Understanding the mechanism of the synthesis
process has become essential in order to synthesize a
product of solid K,FeO,4 of high purity.

One of the possible reasons for the low yield is the
simultaneous decomposition of K,FeO, with increasing
temperature when heating the mixture of peroxide and iron
oxide to 1000°C, a required temperature to synthesize
Fe(VI). Thermal decomposition of K,FeO, has been
studied by many workers in 1960 and 1970s [16,21,23,24].
Scholder et al. [21,25] first studied the thermal behavior of
K,FeO, under oxygen stream at various times in the
temperature range 200-1000 °C. The microscopic image of
samples between 350 and 550 °C showed a mixture of two
crystalline phases of dark and light green particles, the
latter was assumed to be KFeO,. The darker phase was
considered as a solid solution of K,FeO, and K;FeO, in a
1:2molar ratio. The overall mean oxidation number of iron
species was measured to be +4.4. The overall reaction
equation for the formation of pentavalent K;FeO4 and
trivalent KFeO, as decomposition products was formu-
lated as

5K2FCO4 = K2F604 . 2K3FCO4 + 2KF602 + 202 (1)

Later Ichida [24] also studied the thermal decomposition
of K,FeOy4 upto 1000 °C in air. An analysis of the light
green residues product of the reaction indicates the
formation of potassium orthoferrite(IIl), KFeO, with no
other crystalline compound containing the potassium ion.
Neither of the intermediate valence states, Fe> ™ or Fe*™,
was observed during the decomposition process; in
disagreement with a hypothesis reported by Scholder et
al. [21]. This work formulated the chemical process shown
in Eq. (2), which indicates an uncertainty in the chemical
form of the potassium oxide residue:

K,FeO, = KFeO, + KO, + (2 — x)/20. )

The barium salt of iron(VI) oxide, BaFeO,, can be
synthesized easily from K,FeO4 [25,26]. The thermal
decomposition of BaFeO,4 was studied by Scholder et al.
[16,21] and Ichida [27]. Scholder et al. [16,21] observed that
BaFeO, - aq samples containing H,O decomposed quanti-
tatively to BaFeO;-aq on storage at room temperature.
Thermal decomposition of vacuum dried BaFeQO,-aq
samples in the temperature range of 200-350 °C yielded a
product with minimal value +3.2 of overall mean
oxidation state of iron at 250 °C; suggesting incomplete
decomposition to Fe(IIl) [16,21]. Ichida [27] found four
types of BaFeO, (2.5<x<3.0) phases as thermal decom-
position products of pure BaFeO,4 depending on tempera-
ture and O, pressure.

Clearly, there are literature discrepancies in the results
regarding the possible formation of intermediate oxidation
states of iron, Fe(V) and Fe(1V), as well as final iron oxide
phases, which have not been fully characterized in the
thermal decomposition of K,FeO, and BaFeO,. The
present paper is an attempt to resolve some of the

discrepancies by studying the thermal behavior and
decomposition products of K,FeO, and BaFeO, using
simultaneous thermogravimetric and differential thermal
analysis (TG/DTA) up to 500 °C in combination of in situ
analysis of the evolved gases with online coupled mass
spectroscopy (EGA-MS). Méssbauer spectroscopic tech-
nique was applied to find a possibe existence of inter-
mediate iron(V) and iron(IV) oxides and to determine final
product in the decomposition processes.

2. Experimental
2.1. Synthesis of K>FeO, and BaFeO, samples

Iron(VI) oxide as the potassium salt (K,FeO,) was
prepared according to the method of Thompson et al. [14].
Briefly, ferric nitrate; Fe(NOs3);-9H,O was added into
aqueous alkaline sodium hypochlorite solution to obtain
Na,FeO,. Potassium hydroxide was added into the sodium
ferrate(VI) solution to precipitate K,FeOy. The crystals of
K,FeO,4 were dried using ethanol and were stored in a
vacuum desiccator. The purity of K,FeO, was checked
using Mdssbauer spectroscopy and was found to be >98%
[28]. The barium salt of iron(VI) oxide (BaFeO,) was
obtained by the reaction of barium chloride with a basic
solution of K,FeO, at 0°C [25,26]. Rapid filtration of
BaFeOy4(VI) gave a pure product.

2.2. Simultaneous thermogravimetry (TG) and differential
thermal analysis (DTA) and online coupled in situ mass
spectrometric evolved gas analysis (EGA-MS)

An STD 2960 Simultancous DTA-TGA apparatus (TA
Instruments Inc., New Castle DE, USA) was used. A
heating rate of 10 °C/min, a flow rate of inert purge gas (N,
or He) 60- 130 ml/min, sample sizes between 8 and 10 mg,
high-purity a-Al,O3 as reference material and an open Pt
crucible were employed. Mixtures of gaseous species
evolved could reach a ThermoStar GDS 200 (Balzers
Instruments, Briigg, Switzerland) quadruple mass spectro-
meter equipped with a Chaneltron detector through a
heated 100% methyl deactivated fused silica capillary
tubing kept at 7= 200 °C. Data collection was carried out
with QuadStar 422v60 software in multiple ion detection
(MID) mode monitoring 64 channels ranging between
m/z = 15 and 78. The measuring time was ca. 0.5 s for each
channel, resulting in measuring cycles of ca. 32's duration.

2.3. Modssbauer spectroscopy

The Mossbauer spectra were recorded at room tempera-
ture using a constant acceleration-type Mdssbauer spectro-
meter (Ranger, USA) coupled with a PC-based
multichannel analyzer (Nucleus). The spectra were stored
in 512 channels. A *’Co(Rh) source of 500 MBq activity
was used, and the spectrometer was calibrated against a o-
Fe foil, which is the reference of all isomer shift data given.
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The spectra were evaluated with the Mosswinn 3.0 [29]
code with the assumption of Lorentzian line shape.

3. Results and discussion
3.1. Thermal decomposition of K>FeOy-aq

The curves obtained in simultaneous TG-DTA of
K,FeO,4 (1) are shown in Fig. la. The oxygen evolved in
thermal treatment of K,FeO, (1) was analyzed using
EGA-MS. The intensity curves of the ion fragments of O,
evolved between 210 and 310°C are given in Fig. 1b.
Generally, two decomposition steps were observed in the
TG curve up to 500 °C: one below 100 °C corresponding to
evolution of water loosely adsorbed on the sample as
detected also by EGA-MS, and a second step between 210
and 310 °C, when no other than O, gas was released from
the sample (Fig. la and b). This observation of O,
evolution agreed with observations made by Scholder et
al. [16,21]. Both decomposition steps were accompanied by
endothermic heat effects according to our simultaneous
DTA measurements.

The nature of iron(I1) oxide in the main decomposition
step of the thermal decomposition of K,FeO,4 sample was
monitored by a Mdssbauer spectroscopic technique. In this
experiment, K,FeO, solid sample was heated in a separate
furnace at 250 °C for 1 h with protection against ambient
effects. The sample (about 80mg) was sealed between
plastic foils right after removal from the furnace so that the
effect of moisture could be minimized. The Mdssbauer
spectrum of this greenish residue is shown in Fig. 2a. The
sextet observed (96.6% of the total spectrum area)
represents a very characteristic signature of the KFe'"'O,
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phase; its parameters (isomer shift, : 0.19 mm/s, magnetic
field, B: 50.0 T, quadrupole splitting, 4: 0.08 mm/s) are in
agreement with those reported by Ichida [24]. This phase is
metastable as shown by the Méssbauer spectrum recorded
after 2 days storage at room temperature in the sealed
sample holder (Fig. 2b). The spectrum of the final
decomposition product in open air is shown in Fig. 2c.
Newly appeared doublets indicate Fe'" valence states. The
final isomer shift is about 0.31 mm/s, which is ~0.1 mm/s
higher than that for KFeO,; indicating an increase of the
coordination number of iron, probably due to the chemical
transformation towards iron(III) oxyhydroxide. The re-
sults of Md&ssbauer spectroscopy suggest that the thermal
decomposition of K,FeO,4 at 250 °C in an inert atmosphere
leads directly to Fe(III) without any indications of
intermediate (V) or (IV) species. The process may thus be
expressed as

2K,FeO4 = 2KFeO; + K,0 + 3/202. 3)

Fiatu and Schiopescu [23] have suggested Eq. (4) to
account for the formation of oxygen. Egs. (3) and (4) are
similar in terms of moles of oxygen formed from the
decomposition of K,FeO,, however, the Fe,O; unit
suggested in Eq. (4) contradicts the Mossbauer data:

2K2FCO4 = Kzo . F6203 + KzO + 3/202 (4)

The thermo-analytical investigations of a K,FeOy
sample in work of Fétu and Schiopescu [23] gave a loss
of 14.28% of the initial mass. This loss was fully assigned
to the release of 3/4 O, for each mole of decomposed
K,FeQ,, according to Eq. (4). However, the calculated
theoretical mass from Eq. (4) is 12.12%, which is smaller
than the observed value. No explanation was provided for
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Fig. 1. (a) Simultaneous TG/DTA curves (mass changes and heat effects) of sample K,FeOy, (initial mass 8.93 mg, 130 ml/min N, 10 °C/min). (b) Intensity
courses of ion fragments of O, evolved from sample K,FeO, (1) measured in pure He by an online coupled TG/DTA-MS system (initial mass 9.94 mg,

60 ml/min He, 10 °C/min).
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Fig. 2. Room temperature Mdssbauer spectrum of the decomposition product KFeO, obtained after heat treatment of K,FeO,4 at 250 °C (a), spectrum
recorded after 2 days storage at room temperature in the sealed sample holder (b), and the spectrum of the final decomposition product in open air (c)

indicating further decomposition. (Please note the different velocity scale.)

the 2% excess weight loss. More recently, Tsapin et al. [30]
also studied the thermal decomposition of K,FeO,4. The
two main steps in the TG curve in this study gave an
overall 16.18% weight loss, which is again higher than the
expected value obtained from Eq. (4). If one considers the
first step with 7.214% mass loss (up to T =125°C) as
amount of desorbed water, then 8.76% of the original
sample can be considered as the amount of the evolved
oxygen. Though this latter value is close to the observation
made by Scholder et al. [21], it is much lower than the
expected value (12.12%).

Our experiments in the TG/DTA-MS measuring system
confirmed that only 0.8% bound water molecules were
evolved up to 120 °C in the first step, which was followed
by oxygen (O,) release between 210 and 310°C. The
amount of oxygen was 6.8% of the original weight. In
comparison, our samples contained much less water than
the samples of Tsapin et al. [30]. The extent of oxygen gas
evolution observed in our work was only ca. 56% of the
expected theoretical value (12.12%, Eq. (3)), which is
similar to the values obtained by Tsapin et al. [30] and
Scholder et al. [16]. It is reasonable to assume that not all
the oxygen was released during the conversion of Fe(VI) to
Fe(IIl) in the main decomposition step (around 270 °C).
The final product of the decomposition probably contains

a noncrystalline mixture of potassium superoxide, potas-
sium peroxide, and potassium oxide. Oxygen being
retained in form of peroxide and/or superoxide itself may
explain the lower than expected weight loss.

3.2. Thermal decomposition of BaFeO,- aq

The TG/DTA curves of BaFeO,-aq (2) are shown in
Fig. 3a. The TG curve shows a water loss below and above
100 °C; indicating the presence of weakly as well as strongly
bound water molecules in the sample. The intensity curves
of the ion fragments of O, evolved from the BaFeOy, - aq (2)
sample between 190 and 270°C are given in Fig. 3b.
Similar to the decomposition of K,FeO4 (1), BaFeO,-aq
(2) gave two decomposition steps in TG up to 400 °C. The
first decomposition step between 120 and 180°C corre-
sponds to water evolution and a little O, release, detected
by EGA-MS. A second step between 190 and 270°C
released only O, from the sample (Fig. 3). This latter
observation on O, evolution is consistent with the results of
Scholder et al. [16,21]. DTA measurement indicates that
both decomposition steps were accompanied by endother-
mic heat effects.

The results of the TG/DTA-MS system were used to
determine the percentage of released water. In the first step,
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Fig. 3. (a) Simultaneous TG/DTA curves (mass changes and heat effects) of BaFeQ, - aq (2) sample (initial mass 10.08 mg, 130 ml/min N,, 10 °C/min). (b)
Intensity courses of ion fragments of O, evolved from sample BaFeOy, - aq (2) measured in pure N, by online coupled in situ TG/DTA-MS system (initial

mass 10.08 mg, 130 ml/min N, 10 °C/min).

0.4% of loosely bond water was released till 120°C,
followed by evolution of 1.3% strongly bound water
molecules in the temperature range 120—170 °C. The release
of oxygen gas occurred between 180 and 270°C, the
amount of which was 6.3% of the original weight. Our
results are little different from the recent measurement
made by Ni et al. [31] and Yang et al. [32] on the specially
prepared BaFeO, samples. Ni et al. [31] used special drying
methods to prepare the BaFeO4 sample, which gave a loss
of 0.9% adsorbed water up to 250°C with a release of
4.8% oxygen at 260 °C. The amount of evolved oxygen
corresponds to ca. 0.77 mol oxygen atom per formula unit
of anhydrous BaFeO,, which is only one half of the
expected 0.75moles of molecular oxygen released around
260 °C [31]. Yang et al. [32] observed 0.99% weight loss at
about 131 °C of vacuum dried BaFeO,4 samples. This was
attributed to the loss of adsorbed water. The initial water
and carbonate content in BaFeO, samples have shown
effects on the TG curves and the decomposition schemes
up to 250°C [31,32].

In the vacuum dried sample, a 6.36% weight loss of the
original weight was observed at ~255 °C, which corresponds
to ca. 1 mol oxygen atom per formula unit of BaFeQ,-aq
(2) [32]. The amount of water in BaFeO,4 samples may have
caused discrepancies in the observed results. The samples in
our work contained more water (~0.25mol H,O per
formula unit) than the samples of Ni et al. [31] and Yang
et al. [32]. This difference in water content results in almost
the same amount of oxygen gas evolution (1.03 mol oxygen
atom per formula unit) compared to data of Yang et al. [32],
while the amount of released oxygen is higher than that
observed by Ni et al. [31]. The O, released in the main

decomposition step (around 250 °C) of the thermal decom-
position of BaFeO,-aq samples might be even more than
0.5mol O, pro formula unit because of the possible
formation of BaFeO, (2.5<x<3.0) phases. Ichida [20]
observed the formation of the tetragonal phase with
composition BaFeO,¢;_>7;. This tetragonal phase was
stable below 400 °C.

It is well known, however, that perovskites of 4BO;
structure with Fe at site B and alkaline earths at site 4 have
a tendency to form rather stable Fe'¥ compounds. Most
stable perovskites were found to be SrFeO;_, with d very
close to zero when synthesized in presence of oxygen under
pressure. BaFeO;_; can also be prepared, however, its
Mossbauer spectrum contains an asymmetrical doublet,
the analysis of which is difficult. Gallagher et al. [33], who
prepared hexagonal BaFeO;_; by solid-state synthesis
suggested that the Mossbauer spectrum may be formally
evaluated as a superposition of two singlets; one represent-
ing Fe""" while the other one representing a valence state in
between Fe' and Fe'V. In the hexagonal lattice, there are
two nonequivalent octahedral Fe sites with significant
number of vacancies.

Room temperature Mdossbauer spectra of a partially
decomposed and a fully decomposed BaFeO,4 sample at room
temperature under inert atmosphere are shown in Fig. 4a
and 4b, respectively. Hyperfine parameters of both spectra are
summarized in Table 1. The larger component with isomer
shift 6 =0.34-0.37mm/s can be assigned to a regular
octahedrally coordinated Fe' site. The smaller component
(6 = —0.01-0.07mm/s) may be due to an O-defect associated
Fe-site having the intermediate valence state (between III and
IV). It is therefore difficult to calculate oxygen stoichiometry of
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Fig. 4. Room temperature Mossbauer spectra of the decomposition product BaFeOs_, obtained after heat treatment of BaFeO,4 at 250 °C for Smin (a),
not fully decomposed sample and at 300 °C for 1 h (b) and spectrum of a fully decomposed sample recorded at 5K (c).

the compound on basis of the Mdssbauer parameters and
relative abundances of the singlets.

To further evaluate the structure of the BaFeO;_; phase
more precisely and to confirm the correctness of the
mathematical processing of the room temperature spectra,
low temperature (5 K) Mdssbauer measurements of a fully
decomposed BaFeO,4 sample were performed (see Fig. 4c
and Table 1). There are four spectral components, three
sextets and one doublet. Magnetically ordered components

with isomer shift 6 = 0.48-0.50 mm/s and hyperfine mag-
netic fields Hpy, =46.7; 49.7 and 52.4T correspond to
high-spin iron(IIl) in different octahedral environments.
The number of iron atoms in various octahedral positions
seems to be equivalent as reflected through almost the same
spectral areas (18.6-19.3%). The paramagnetic component
with lower isomer shift 6 = 0.30 mm/s could be assigned to
iron in a valence state in between Fe!' and Fe!V, in
accordance with the spectral area (43%) being close to that
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Table 1

Mossbauer parameters of decomposition products of BaFeO,4 (A-sample heated at 250 °C, 5 min; B-sample heated at 300 °C, 1 h)

Sample T [K] Component 0 [mm/s] eQ(AEQ) [mmy/s] Hyyp, [T] RA [%] Assignment
300 Singlet —0.76 — — 65 Fe(VI)
A Singlet —0.01 — — 15.5 Fe(III-1V)
Singlet 0.34 — — 19.5 Fe(II)
B 300 Singlet 0.07 — — 44.0 Fe(III-1V)
Singlet 0.37 — — 56.0 Fe(II)
B 5 Doublet 0.32 0.38 — 43.0 Fe(III-1V)
Sextet 0.48 —0.07 46.7 19.1 Fe(II)
Sextet 0.50 —0.07 49.7 19.3 Fe(III)
Sextet 0.48 —0.07 524 18.6 Fe(II)

T—temperature of measurement, d—isomer shift related to metallic iron, eo(AEq)—quadrupole shift (quadrupole splitting), Hyy,—hyperfine magnetic

field, RA—relative spectrum area.

of Fe"™ in the room temperature spectrum (44%).
Nevertheless, its isomer shift at 5K is higher than expected
solely due to the temperature lowering (‘“‘temperature
shift’’). It secems to be that the itinerant electrons become
partially localized upon cooling and higher electron density
was observed on the Fe3d levels [34]. The results thus
clearly provide indirect evidence of the formation of a
nonstoichiometric BaFeO;_; phase with some amount of
Fe ions in the intermediate valence state (III-1V) being
paramagnetic at SK.

Our Moéssbauer observations of final product of the
thermal decomposition of BaFeO, are in disagreement with
the previous results of Gallagher’s [33] and Ichida’s [27]
made at room temperature. The Mossbauer spectra in
these studies have an opposite intensity asymmetry in
comparison with our results. This indicates that the relative
fraction of the Fe"! species (centered at higher velocities) to
Fe"™V species (at lower velocities) is higher in our study
than that of earlier studies. The higher Fe'"' content means
more ionicity, causing more localized electrons. The
difference between the samples is most probably the
oxygen stoichiometry, which is critical in determining the
electronic structure. The decomposition of BaFeO, ob-
viously did not result in stoichiometric “BaFe'YO5”
although oxygen is abundantly available for Fe during
the decomposition. Surprisingly, our product apparently
has lower average valence state for Fe than Gallagher’s
compound prepared from the Fe' oxidation state
compound. This indicates the importance of the history
of a particular sample. Products of BaFeO, are also
influenced by aging of the solid sample. This was recently
demonstrated in two studies on disintegration of barium
and potassium ferrates(VI) due to the sample aging [35]
and long-term low-temperature (45 °C) heating [36]. Both
studies though showed BaFeQ, transformation to iron(IV)
species, BaFeOj3, in a primary decomposition step, but final
product of the secondary step differs. Nowik et al. [35]
suggested the mixture of BaO and Fe,O; nanoparticles,
while Ayers and White [36] proposed the formation of
BaFeO, 5. Interestingly, in contrast to barium ferrate(VI),

the decomposition process of potassium ferrate(VI) results
in the direct formation of Fe(III) species; no stable Fe(IV)
or Fe(V) intermediates were detected in aged samples.

4. Conclusions

The TG/DTA-EGA-MS and Moéssbauer measurements
of K,FeOy4-0.08H,O and BaFeO4-0.25H,0 samples es-
tablished the percentage of adsorbed and/or bound water
molecules, the amount of oxygen released, and the form of
iron(IIl) in the decomposing product. The results did not
provide any evidence of the formation of intermediate
oxidation states, iron(V) and iron(IV) in the case of the
potassium salt, while partial Fe(IV) formation was found
for the barium salt. The temperature range of the main
degradation step of the iron(VI) oxides when molecular O,
is released and Fe(III) species are formed was 170-320 °C,
which was almost independent of the nature of the cation in
the iron(VI) oxide. This indicates that the stability of
iron(VI) oxides are basically determined by the Fe¥'O3~
anion. The thermal synthesis of iron(VI) oxides occurs at
700-900 °C [15], which is well above the stability range. This
may be the cause of the low yield in the thermal synthetic
process even with the use of a large excess of oxidants. A
considerable amount of oxygen is found to be partially
retained, which may be explained by the formation of an
amorphous mixture consisting of superoxide and peroxide
of potassium in the case of K,FeO,4 and by the formation of
ferrate(I11,IV) in the case of BaFeOy. Such a highly reactive
residual product in the sample of iron(VI) oxide may not be
useful for applications in super-ion batteries. However,
these residual products will provide additional oxidation
power in treating pollutants in wastewater.
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