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Reduction of KMnO, with KBH, in aqueous solutions has
been investigated systematically at ambient temperatures as
a function of reaction pH and the volume of borohydride. The
products are characterized by X-ray diffraction, transmission
electron microscopy, atomic absorption spectroscopy, redox tit-
rations to determine the oxidation state of manganese, and
thermogravimetric analysis. The reduction gives both binary
MnO,_; and ternary K Mn, O, oxides that are hydrated and
nanocrystalline. The composition of the reduction products is
influenced by the reaction pH as well as the volume of borohydr-
ide. While acidic conditions tend to stabilize products with pre-
dominantly Mn** due to a disproportionation of Mn**, nearly
neutral conditions could access Mn** with § ~ 0.5 in MnO,_;.
While no potassium-containing K . Mn, O, is obtained in highly
acidic solutions with pH =1, the compound becomes accessible
with increasing pH, and a maximum x =~ 0.5 could be obtained in
highly basic solutions with pH =~ 11. The as-prepared samples
lose most of the water below 200°C and tend to lose oxygen at
higher temperatures. © 1998 Academic Press

1. INTRODUCTION

Manganese oxides are widely used as electrode materials
in both primary and secondary batteries. For example, they
are used in Leclanche, alkaline, and lithium cells (1-7).
A higher cell voltage (>3 V) and lower cost make the
manganese oxides particularly attractive for battery ap-
plications. However, the electrochemical performance of the
manganese oxides is strongly controlled by powder mor-
phology, particle size, composition, and crystal structure. In
addition, the manganese oxides are known to undergo
structural and compositional changes as they are heated to
moderate temperatures (T ~400°C) (8). For example, one of
the most widely used oxides, y-MnQO,, is metastable and
decomposes to Mn,O5 at T > 450°C. Also, it is very diffi-
cult to remove all the surface and occluded water from
7-MnQO,, which is generally obtained electrolytically (EMD)
or by chemical methods (CMD). These considerations have
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fueled some efforts in recent years to develop low-temper-
ature synthesis procedures for obtaining manganese oxides.
For example, (i) extraction of Li from the spinel oxide
LiMn,O, (9-11) and the rocksalt phase Li,MnO; (12) with
sulfuric acid; (ii) reduction of permanganate with fumaric
acid (13), sugar (14), hydrochloric acid (15,16), and Mn*"*
(17), and (iii) oxidation of Mn?* (18) have been investigated.

We recently showed (19) that alkali metal borohydrides
ABH, (A = Na, and K) can be used to reduce oxo ions
(MOy)"™ (M =V, Mo, and W) in aqueous solutions to
obtain MO, binary oxides and A,M,O, ternary oxides.
Some of these binary oxides were found to be attractive as
electrode materials for lithium batteries (20,21). A more
systematic investigation of the molybdate (22,23) and tung-
state (24), systems reveals that the volume and concentra-
tion of the borohydride, the reaction pH, and the degree of
condensation of the metalate ions strongly influence the
composition of the products. We report in this paper a sys-
tematic investigation of the reduction of KMnO, with
KBH, in aqueous solutions with an aim to obtain manga-
nese oxides.

2. EXPERIMENTAL

Reduction reactions were carried out at various pH
values by reducing a fixed volume (50 ml) of 0.1 M KMnO,
solution with varying volumes of 0.25 M KBH, solutions.
The KMnO, solution was prepared by dissolving the re-
quired amount of KMnO, in deionized water. The 0.25M
KBH, solution was prepared by dissolving the required
quantities of KBH, in dilute KOH solution with a pH of
11-12. The initial pH needs to be maintained high in order
to prevent the rapid loss of hydrogen before the reduction
reaction, as the hydrolysis of borohydrides is facilitated by
acidic conditions (25)

BH; + 2H,0 — BO; + 4H,. [1]

Typically, the reactions were carried out by adding a spe-
cific volume of the borohydride from a burette to the
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permanganate solution, which was kept under constant
stirring at a predetermined pH. As the pH tends to rise due
to the formation of the basic KBO, and KOH (see reaction
[2] below), concentrated HCI was added during the reduc-
tion process to maintain constant pH. The solid product
obtained after the reduction was filtered, washed several
times, and air-dried at room temperature.

Crystal-chemical characterizations were carried out with
X-ray powder diffraction and transmission electron micro-
scopy (TEM). Qualitative and quantitative elemental ana-
lyses were carried out, respectively, with a scanning electron
microscope (SEM) equipped with an energy dispersive spec-
trometer (EDS) and with atomic absorption spectroscopy
(AAS). The oxidation state of manganese and the oxygen
content were determined by a potentiometric redox titration
employing vanadyl sulfate (26). Compositional changes with
temperatures were investigated by thermogravimetric ana-
lysis (TGA).

3. RESULTS AND DISCUSSION

Reduction experiments were carried out at four different
pH values (1, 3, 6, and 11) with 50ml of 0.1 M KMnO, and
varying amounts of 0.2 M KBH,, as given in Table 1. The
as-prepared samples show no discernible reflections in the
X-ray diffraction pattern (Fig. 1a). However, selected arca
diffraction in TEM shows diffraction spots or rings (Fig. 2),
indicating that the as-prepared samples are nanocrystalline
and not amorphous. This is in contrast to the as-prepared
samples in the molybdate and tungstate systems, which were
found to be amorphous (22-24).

For further characterization, the samples were heated in
a thermogravimetric analyzer. The TGA plot for sample 2 in
Table 1, for example, is shown in Fig. 3a. The sample shows
about 13% weight loss below 200°C, a small, gradual weight

loss in the range 200-450°C, and a small, sharp weight loss
around 470°C. To understand the origin of these weight
losses, the sample was heated to various temperatures (200,
450, and 600°C) in TGA, and the products were analyzed for
the oxidation state of manganese. Both EDS analysis and
AAS analysis show no potassium in sample 2. The oxidation
state analysis and the observed weight loss, were used to
determine the compositions at different temperatures, as
indicated in the TGA plot of Fig. 3a. The results suggest that
predominantly water is lost below 200°C, while both water
and oxygen are lost in the intermediate region 200—450°C.
The sharp weight loss at around 470°C corresponds only to
oxygen.

The compositions of the as-prepared samples calculated
from the results of AAS, oxidation state analysis, and TGA
data are given in Table 1 for all the samples. The general
shape of the TGA curves for samples 1, 4, 5, and 9, each
having a manganese oxidation state of >3.58+ and no
potassium is similar to the plot of sample 2 in Fig. 3a. On
the other hand, sample 6 in Table 1 with a manganese
oxidation state close to 3+ and no potassium, shows a dif-
ference in the TGA plot (Fig. 3b). The constancy of weight in
the intermediate region 200-350°C appears to be due to
a balance between the loss of remaining water and a slight
oxidation of the already-reduced sample, which has a lower
oxidation state for manganese. The small, gradual weight
loss above 400°C corresponds to the loss of a small amount
of oxygen. Also, the potassium-containing samples 3, 7, and
8 (Fig. 3c) show a small difference in the TGA plot com-
pared to the samples containing no potassium, such as
sample 2 in Fig. 3a. The potassium-containing samples tend
to be more stable, with a manganese oxidation state of

>3.5+, even after heating to 600°C. The sharp oxygen loss
in these samples does not begin to occur until above 550°C
compared to 450°C in sample 2.

TABLE 1
Reduction of 50 ml of 0.1 M KMnO, (5 mmol) with Varying Amounts of 0.25 M KBH, at Varying pH

As-prepared samples

Crystalline products

Amount of KBH,

identified after heating

Sample Composition Water content Oxidation state in evacuated, sealed silica
number pH ml mmol K.Mn,O, (nH,0) of manganese tube at 550°C for 2 days*
1 1 3 0.75 MnO; g4 0.76 3.68 + MnO(100)

2 1 20 5.0 MnO; go 0.79 3.78 + Mn,0;(100)

3 3 10 2.5 Ko.14MnO, g5 1.15 397 + K, _MngO,4(70), Mn,05(30)
4 3 30 7.5 MnO, g5 0.86 3.69 + Mn,03(100)

5 6 3 0.75 MnO; gg 1.27 3.76 + MnO(100)

6 6 20 5.0 MnO, 53 0.31 3.05 + Mn;0,4(100)

7 11 3 0.75 Ko.4sMnO; 54 1.62 3.99 + K,Mn,04(90), Mn;0,4(10)
8 11 10 2.5 Ko.54MnO, 54 1.74 3.99 + K,Mn,O4(95), Mn3;04(5)
9 1 28 7.0 MnO, 79 0.69 3.58 + Mn,05;(40), Mn;0,4(60)

“Numbers in parentheses refer to relative amounts of the phases calculated from X-ray diffraction intensities.
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FIG. 1. X-ray powder diffraction patterns of sample 2 in Table 1: (a)
as-prepared sample; (b) after just heating to 450°C in TGA; (c) after holding
at 400°C in TGA for 15h (MnO,); (d) after just heating to 600°C in TGA
(Mn,03); and (e) after heating in an evacuated, sealed silica tube at 550°C
for 2 days (Mn,03).

To characterize the crystal chemistry, X-ray powder dif-
fraction patterns were also recorded after heating to various
temperatures. The results are shown, for example, in Fig. 1
for sample 2. Although heating briefly to 450°C in TGA at
a heating rate of 10°C does not show any discernible reflec-
tions, holding in TGA at, for example, 400°C for about 15h
shows broad reflections corresponding to -MnO, (pyro-
lusite). Also, heating at around 250°C for 15h gives the
metastable phase, e-MnQO, (akkhtensite) (26,27), which be-
gins to transform irreversibly above 300°C into the more
stable pyrolusite. On the other hand, either only heating to
600°C in TGA or heating in an evacuated, sealed silica tube
at 550°C for 2 days shows reflections corresponding to
Mn, O3 (bixbyite) due to the loss of oxygen. It is interesting
to note that even in a closed system such as the sealed silica
tube, the sample loses oxygen at higher temperatures to give
Mn,O3;. The loss of oxygen at higher temperatures (550°C)
in evacuated, sealed silica tubes and the formation of more
reduced phases were also observed in all cases, as revealed
by the phase identification given in Table 1. MnO, is known
to give progressively, Mn,0;, Mn;0,4, and MnO upon

FIG. 2. Selected area diffraction pattern recorded in TEM sample 6 in
Table 1.

heating to temperatures greater than 450°C. The reduction
in sealed tubes was found to be more severe, giving a much
more reduced phase MnO with a green color for samples
prepared with a smaller amount of borohydride, such as
samples 1 and 5 in Table 1. We believe the fine nature
(smaller particle size) of the solid formed with a smaller
amount of borohydride results in a much easier reduction in
the evacuated, sealed silica tubes. The potassium-containing
samples heated at 550°C in sealed tubes give either
K,_MngO,4 (cryptomelane having the hollandite struc-
ture) (28) or K,Mn,Og (29), depending on the potassium
content in the reduction product.

Based on the compositions obtained for the as-prepared
samples in Table 1, we can now write a general chemical
reaction for the formation of the reduction products:

KMnO, + KBH, + (1 — x — 6)H,O
e d KB02 + KanC)Zf& + (1 — X)KOH

+(2.5—0.5x — 0)H,. [2]

Several points can be recognized based on the compositions
found for the as-prepared samples in Table 1. Under acidic
conditions with pH < 3, the average oxidation state of
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FIG. 3. TGA plots of (a) sample 2, (b) sample 6, and (c) sample 7 in
Table 1 recorded with 10°C/min under a flowing atmosphere of 70%
nitrogen and 30% oxygen.

manganese in the reduction product is >3.68 4 , which is
consistent with the fact than Mn** tends to disproportion-
ate in acid to give Mn** in the solid, and Mn?" in solution
(9). On the other hand, under nearly neutral conditions with
pH ~6, a much lower oxidation state of close to 3+ can be
achieved, as Mn3* can be stable in neutral solutions. Also,
the oxidation state of manganese in the reduction product
obtained at pH 6 decreases with increasing amounts of
borohydride due to increasing reducing power. However,
such a trend is not readily apparent under highly acidic
conditions with pH 1. This is because (i) a higher reducing
power of borohydride under acidic conditions, arising from
increasing facilitation of the hydrolysis reaction [1], causes
a stronger reduction even with a smaller amount of
borohydride, and (ii) an instability and disproportionation
in acid of Mn** formed on adding more borohydride. This
conclusion is also supported by the fact that solid formed
begins to dissolve above about 20 ml of borohydride, and no
solid is obtained above 30 ml of borohydride.

The tendency to form potassium-containing samples in-
creases with increasing pH. For example, with a constant

borohydride volume of 3 ml, no potassium is found in sam-
ples 1 and 6 obtained at pH < 6, whereas a significant
amount of potassium is found in sample 7 obtained at pH
11. Thus, the highest potassium content of about 0.5 per Mn
could be achieved only under basic conditions. Also, it was
noticed generally that at a given pH, the amount of potassi-
um in the reduction product increases initially with an
increasing volume of borohydride, reaches a maximum at
an intermediate volume, and then decreases. For example,
at pH 3, no potassium is found in the product at both 3 and
30ml (sample 4) of borohydride, but a small amount of
potassium is found at 10ml (sample 3) of borohydride.
Similarly at pH 11, the potassium content increases slightly
between 3 and 10ml of borohydride, and no potassium is
found at 28 ml. These results suggest that a complex inter-
play between the contents of the reaction medium and the
stability of the product formed is at work in determining
the composition of the products. In addition, it is found that
the incorporation of potassium into the products tends to
stabilize a manganese oxidation state close to 4+ .

4. CONCLUSIONS

The reduction of KMnO, with KBH, in aqueous solu-
tions at ambient temperatures has been investigated system-
atically. Both hydrous, binary oxides MnO, _; and hydrous
ternary oxides K,Mn,O, are obtained depending on the
reaction pH and the amount of borohydride. While acidic
conditions (pH < 3) tend to stabilize predominantly Mn**
with 6 < 0.16 in MnO,_;, nearly neutral conditions (pH
~6) can stabilize Mn3* with ¢ as high as 0.47 in MnO, _;.
The potassium content that can be incorporated into
K,Mn,O, increases with increasing pH, and a maximum
potassium content x = 0.54 is achieved at pH 11. Although
the as-prepared samples do not show any discernible reflec-
tions in X-ray diffraction, TEM shows them to be nanocrys-
talline. The hydrous oxides lose most of the water below
200°C and tend to lose oxygen at higher temperatures.
Prolonged annealing at T > 200°C leads to particle growth
and development of diffraction lines in X-ray patterns. The
nanocrystalline nature of the products may become attract-
ive for battery electrodes. Nanocrystalline and amorphous
electrodes are known to exhibit electrochemical behavior
different from that of their conventional crystalline analogs
with larger particle size (20,30). We plan to investigate the
electrochemical properties of these nanocrystalline manga-
nese oxides in the near future.
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