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Cryptomelane is known to be a manganese oxide octahedral molecular sieve having a well-defined 2 x 2 tunnel
structure (OMS-2) with K* situated in tunnel positions. The mobility and reactivity of oxygen in such tunnel
structures with different tunnel cations were studied by means of temperature-programmed desorption (TPD) and
reduction with H; and CO,. Oxygen released during TPD from OMS-2 materials is significantly greater in amount
than that from OMS-1 (3 x 3 tunnel structure), although the relative populations of oxygen from different desorption
temperature regimes are much the same as that of OMS-1. Oxygen species corresponding to low-temperature,
medium-temperature, and high-temperature TPD peaks can be assigned to weakly bound chemisorbed dioxygen,
oxygen atoms bound to lower valent Mn ions, and those bound to Mn** ions in the framework, just as is the case
for OMS-1. Among the different tunnel cations, Cu?* exhibits a distinct feature of having more available oxygen
species that are reactive at low temperature. The availability of oxygen in Cu?*-doped OMS-2 was also studied
by frontal reduction at 563 K with CO/He. The amount of oxygen depleted during frontal reduction is close to
that during TPR by CO/He. The depleted Cu?* hollandite can be reoxidized to about 85% recovery of oxygen
by oxygen pulse reactions. X-ray diffraction patterns show that the 2 x 2 tunnel structure remains intact after
heating in an oxygen-free gas stream up to 778 K, but collapses after reduction in CO at 563 K. These studies

emphasize the importance of pretreatment of OMS materials prior to use in catalysis or adsorption.

1. Introduction

Manganese oxides possess highly diverse crystallographic
morphologies. A family of layered and tunnel structures is
possible with MnOyg octahedra as the structural unit. Among
the tunnel structures, todorokite is the most attractive owing to
its vast presence in the tremendous resource of deep-sea nodules.
For industrial applications as adsorbents or catalysts, synthetic
todorokite is more appropriate while extreme diversification in
composition and structure occurs for the mineral todorokite in
various deep-sea nodules.! Previous studies have revealed some
interesting catalytic behavior? and the presence of several
different oxygen species® in doped todorokites, having a 3 x 3
tunnel structure with a pore opening of 6.9 A. This material is
known as OMS-1, and its composition and structure are given
in Figure 1.

The a-MnO;, phase has a well-defined 2 x 2 tunnel structure,
and is composed of double chains of edge-shared MnOg¢
octahedra and comner-sharing of the double chains. Its smaller
opening (4.6 A in size) probably imparts higher stability to its
structure. Related minerals are cryptomelane (with K* as tunnel
cation) and hollandite (with Ba?* as tunnel cation). In this
laboratory, a-MnO, complexes with different doping cations,
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Figure 1. Structures and compositions of octahedral molecular
sieves: (A) synthetic todorokite, OMS-1; (B) synthetic cryptomelane,
OMS-2.

such as Cu?*, Ni?*, Co?*, and K*, were synthesized and showed
interesting electrochemical behavior.* These octahedral mo-
lecular sieves (OMS) have been studied here in order to
understand more about lability of oxygen species in such
systems. These a-MnO; materials are designated generically
as OMS-2, as differentiated from OMS-1 which has the
todorokite 3 x 3 tunnel structure. The structure and composition
of OMS-1 are given in Figure 1.

In view of the smaller tunnel size of OMS-2 and possible
closer proximity of tunnel cation positions to the framework
oxygens and manganese ions, the presence and behavior of
oxygen species in OMS-2 materials have been investigated here
by means of temperature-programmed techniques. We have
compared oxygen species in OMS-2 to those in OMS-1 in two
aspects in this research. On one hand, the peak positions in
the temperature-programmed desorption (TPD) or temperature-
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programmed reduction (TPR) data are measures of stability or
reactivity of oxygen species. On the other hand, the area under
the peak is a measure of the availability of oxygen species in
specific temperature regimes. In addition, the redox behavior
of Cu hollandite was further investigated by frontal reduction
with CO/He and pulse oxidation with oxygen. These data may
be useful in redox catalysis and other applications of OMS
materials.

II. Experimental Section

A. Synthesis. OMS-2 materials doped with Cu, Ni, K, and Fe were
synthesized by refluxing a mixture of potassium permanganate,
manganous sulfate, and corresponding metal nitrates in aqueous solution
for 24 h.* Their X-ray diffraction patterns are in accord with literature
data for cryptomelane.

B. Temperature Program Techniques. Temperature-programmed
desorption (TPD) in an inert atmosphere and temperature-programmed
reduction (TPR) with hydrogen or carbon monoxide of OMS-2 materials
were carried out as described in the literature.> Cu—OMS-2 was
subjected to frontal reduction by carbon monoxide at 563 K. A Pyrex
reactor of 4 mm internal diameter was loaded with 10 mg of Cu—OMS-
2, over which a stream of 4.90% CO in He at a steady flow rate of 6.8
sccm was introduced to replace He. The effluent was passed through
a thermal conductivity detector (TCD) after a liquid nitrogen (LN;)
trap to condense carbon dioxide that was formed. After the CO/He
stream showed a steady TCD signal, the Pyrex tube containing
Cu—OMS-2 was placed into a tubular furnace maintained at 563 K to
start the reduction. There was a brief dip in reduction temperature of
7—8 K within 20 s which recovered to the specified temperature after
90 s.

The consumption of CO in He was monitored by the TCD signal
and the flow of CO/He was stopped when the TCD signal reached the
base line, showing that reduction by CO is complete at this temperature.
Cu—OMS-2 materials were reoxidized after this frontal reduction by
introducing oxygen pulses, separated by an interval of 3 min, at the
same temperature, with a short period of He purging to remove CO.
The consumption of oxygen in each pulse was monitored via the change
in thermal conductivity of remaining oxygen in the He stream after
condensing the water formed with an ethanol/LN, trap. The consump-
tion of both carbon monoxide and oxygen was calibrated by means of
TPR of freshly calcined CuQ of the same weight or by measuring
oxygen in a loop of known volume.

C. X-Ray Diffraction. The X-ray powder diffraction patterns of
Cu—OMS-2 after various treatments were collected by using a Scintag
2000 XDS diffractometer with Cu Ka. X-ray radiation. A 0.02 step in
26/count, a beam voltage of 45 kV, and a beam current of 40 mA
were used.

II1. Results

A. TPD and XRD Experiments. Figure 2 shows the TPD
spectra of OMS-2 doped with different cations. Apparently,
these spectra mainly show a predominant high-temperature (HT)
peak generally above 850 K in addition to some low-temperature
(LT) and medium-temperature (MT) peaks of much lower
intensity. The MT peaks are not well resolved, especially
because their tails are merged with the front of the HT peaks.
The envelopes as a whole are similar to the TPD spectra of
doped OMS-13 and manganese dioxide,’ as well as manganite
perovskites.®7 There are no particular temperature cutoffs or
protocol for the LT, MT, and HT regimes.

X-ray diffraction patterns for Cu—OMS-2 samples subjected
to TPD to 563, 778, and 943 K are shown in Figure 3, together
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Figure 2. TPD spectra of OMS-2 with different tunnel cations in He:

(A) Kt*—OMS-2; (B) Cu**—OMS-2; (C) Fe**—0OMS-2; (D) Ni**—OMS-
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Figure 3. X-ray diffraction patterns of Cu—OMS-2 after TPD to
different temperatures: (A) untreated sample; (B) sample after TPD
to 563 K; (C) sample after TPD to 778 K; (D) sample after TPD to
943 K. Key: (V) OMS-2; (*) Mn;0s.

with data for untreated Cu—OMS-2. Similar diffraction lines
are observed for the untreated and treated materials up to and
including 778 K.

B. TPR Experiments. The TPR Hy/Ar spectra, as shown
in Figure 4, are characterized by a predominant sharp MT peak
together with some minor LT peaks. These H»/TPR spectra
appear to be unlike the Hy/TPR spectra of doped OMS-1.2
However, they bear more resemblance to TPD spectra of
corresponding doped OMS-2 materials, although they emerge
at much lower temperature. Another dissimilarity to the Hy/Ar
TPR spectra of OMS-1 is the significantly smaller influence
exerted by the doping cation.
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Figure 4. TPR spectra of OMS-2 with different tunnel cations in Hy/
Ar; (A) Fe**—OMS-2; (B) Ni*'—OMS-2; (C) KT—OMS-2; (D)
Cu?t—OMS-2.
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Figure 5. TPR spectra of OMS-2 with different tunnel cations in CO/
He: (A) Ni**—OMS-2; (B) Fe**—~OMS-2; (C) K*—OMS-2; (D)
Cu?*—OMS-2.

The CO/TPR spectra are shown in Figure 5. The OMS-2
samples containing Ni, Fe, and K in tunnel sites manifest quite
similar behavior to the CO/He TPR data in the moderate- (MoT)
to medium-temperature (MT) regimes, with Ni—OMS-2 show-
ing small TPR peaks in the LT and HT regimes. However,
Cu~—OMS-2 behaves in quite a different manner. There are a
multitude of low-intensity LT peaks, adjoining each other and
forming a continuous broad band, followed by a spike in the
medium—high-temperature (MHT) region for Cu—OMS-2 as
shown in Figure 5d.

C. Frontal Reductions. Figure 6 shows the result of frontal
reduction of Cu—OMS-2 by CO/He at 563 K. The CO
consumed amounts to 1.60 umol/mg. Subsequently, 22 oxygen
pulses were passed at 563 K. Figure 7 shows the change in
TCD signal with pulse number, revealing significant uptake of
oxygen by the depleted Cu—OMS-2 materials. An X-ray
diffraction pattern for the Cu—OMS-2 material after frontal
reduction by CO/He and subsequent oxygen pulses is shown in
Figure 8.
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Figure 6. Frontal reduction of Cu—OMS-2 by CO/He at 563 K.
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Figure 7. Removal of oxygen in 22 oxygen pulses passed through
Cu—OMS-2 after reduction by CO/He at 563 K.

V. Discussion

A. Structural Considerations. There have been several
studies of crystal structures of natural and synthetic hollandites 211
Modeling of these structural data has suggested that K™ and
Rb ions are in tunnel positions. The X-ray diffraction pattern
of K—OMS-2 synthesized in our laboratory without using
hydrothermal treatment* has also been subjected to Rietveld
refinement. It was shown that modeling with K ions presumed
to be in tunnel positions leads to a good match with the X-ray
diffraction data, thus fortifying the suggestion that K* ions
occupy tunnel sites.* Meanwhile, the similarity of X-ray
diffraction patterns of OMS-2 samples doped with Ni, Fe, and
Cu to that of K—OMS-2 lends inference that doped cations in
these OMS-2 samples synthesized in our laboratory also occupy
tunnel sites of the 4.6 A tunnels of OMS-2 shown in Figure 1.
Hereafter, these cations are referred to as tunnel cations.

B. The Nature and Amounts of Desorbed Oxygen Species.
The TPD spectra of OMS-2 samples of Cu, Ni, Fe, and K shown
in Figure 2 all have features similar to those of MnO,, manganite
perovskites, and doped OMS-1, i.e., a predominant peak in the
high-temperature regime which is only slightly changed by
substitution of different cations in tunnel sites. This point has
been discussed in a previous paper for transition metal OMS-1
materials.’ In the case of OMS-2 materials, structural investiga-
tion on both natural®=!° and synthetic!’ samples showed that
the bond distance between tunnel cations and oxygen is

(8) Post, J. E.; Von Dreele, R. B.; Buseck, P. R. Acta Crystallogr. 1982,
B38, 1056.
(9) Post, J. E.; Burnham, C. W. Am. Mineral. 1986, 71, 1178.
(10) Miura, H. Mineral. J. 1986, 13, 119.
(11) Yamamoto, N.; Oka, Y.; Tamada, O. Mineral. J. 1990, 15, 41.
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Figure 8. X-ray diftraction pattern of Cu—OMS-2 ufter reduction—reoxidation treatment.
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Figure 9. Distribution of oxygen species in TPD of OMS-2.

generally 2.89 A, Although the tunnel cation may be closer to
the oxygen ions in OMS-2 as compared 16 OMS-1, which has
a larger tunnel, such cations may stll be 100 far apart to have
a considerable influence on the mobility of oxygen species in
comparison to the expected major influence of manganese ions
in framework position. In addition, the transition metal dopants
are present at a level of <5 wt % in all cases, whereas the total
Mn content is more like 50—60 wt %,

The doped OMS-2 samples are assigned a formaula
TMn,0¢H-0. in which T = Cu?*, Ni2+, Fe3*™ and K~. After
the amount of oxygen relcased from OMS-2 is calculated by
comparing the peak area in the TPD to that of oxygen pulses
from a loop of known volume. a distribution of oxygen species
corresponding to I.T. MT and HT peaks can be derived as shown
in Figure 9. The assignment of oxygen specics desorbed in
these temperature regimes discussed in a previous paper? still
seems valid for the case of OMS-2. For example. at low
temperatures, adsorbed molecular oxygen is evolved, in an

intermediate regime, adsorbed atoms are desorbed. and at high
temperatures, lattice oxygen Is released.

[1 is observed that the total amount of oxygen released from
doped OMS-2 samples (during TPD) ranges from 4.4 (in
K—OMS-2) to 9.2 (in Ni—OMS-2)) oxygen atoms per molecule,
and is much greater than those from doped OMS-1 materials.
From the thermogravimetric analysis (TGA) results of DeGuz-
man et al.} lhe loss of oxygen in K—OMS-2 when heated to
948 K in a nitrogen atmosphere can be estimated to be about
2.6 atoms per molecule. Keeping in mind that the weight loss
in TGA experiments changes significantly around 948 K for
M—OMS-2 samples, the estimate of total O desorbed from TPD
data agrees more or less with the TGA result.

HT peaks in M—OMS-2 samples (see Figure 2) are 4070
K higher than those in OMS-1, in accord with the expectartion
that OMS-2 should possess higher thermal stability due 1o its
more compact tunnel structure. Comparison of the thermal
stability via TPD is consistent with TGA results for OMS-1?
and OMS-2.* However, more oxygen is evolved in the medium-
to high-temperature regimes during TPD from OMS-2 than
OMS-1. This can be rationalized by the difference in oxygen
content of the decomposition products of OMS-1 and OMS-2.
For example, OMS-2 is known to decompose above 873 K to
Mn,03.* which would have a lower oxygen content than the
decomposition product of OMS-1, if the latter is presumed to
be thermally decomposcd (o a spinel TMnyO4 structure and
an()],z

As the LT peaks in TPD spectra are rather low in intensity
(making quantitation difficult), and the HT peak intensities do
not differ much for various OMS-2 samples, significant differ-
ences in the intensities of peaks in the MT and MHT regime
(573—783 K} reveal a minor influence of tunnel cation. The
positions of the HT peaks shift 1o lower temperature in the order
Fe'* > Ni#* > K* > Cu?*, Excluding the monovalent alkaline
cation XK', this order of decreasing thermal stability parallels
the order of decreasing ionic radius. Similar trends were also
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observed belween the stability of AMnO; perovskites and the
ionic radii of A cations.'?

The X-ray diffraction patterns shown in Figure 3 demonstrate
that Cu—OMS-2 iz cssentially stabie up to 778 K even in an
oxygen-free gas stream. Cu—OMS-2 secms to retain its tunnel
structure effectively, even after losing about 2 atoms of oxygen
per molccule during TPD to 778 K; cf. Figure 9. However,
heating to 943 K jn an oxygen-free gas stream culminates in a
phase change of the sample. The resulting compound is well-
crystalhized and can be identified by XRD as Mn;O4(T). These
data support our belief that OMS-2 has excelient thermal
stability.

B. Reduction of OMS-2 Materials with Hydrogen OMS-2
Materials. The redoction of metal hollandites secms to be more
facile than lanthanum manganite perovskites on the basis of
comparison of H; TPR data. For the latter, it was rcported’
that the minimum temperature required for complete reduction
is 1015 K. Fierro et al.'" observed an initial reduction
temperature for the TPR of lanthanum manganite perovskite t0
be 755 K. Vogel et al.™ reported an even higher temperature
of 1323 K for the reduction of Mn** to Mn”* in the TPR of
LaMnOs.

Exhaustive reduction of OMS-2 at such a high temperature
(>1000 K) would result in collapse of the wnnel structure of
OMS-2. Evidently, the OMS-2 samples are much more
susceptible 10 reduction, as 4 reduction of Mn** 10 lower valency
is involved: meanwhile reduction of Mn™ to Mn2* is involved
for TPR of manganite perovskite systems. The relative ease
with which oxygen species can be relcased from OMS-2 implies
higher oxidation activity, as has bcen shown in the casc of
manganite perovskite.'®

From (he TPR/H, spectra of various metal containing OMS-2
materials (Figure 4), the population of oxygen species reactive
to hydrogen corresponding to TPR peaks emerging in different
temperature regimes can be calculated after calibration with the
same weight of freshly calcined CuQ. These results are shown
in Figure 10. These data suggest that about 56—71% of the
OMS-2 oxygen available for reduction is concentrated in a

(12) Tejuca, L. G.; Fierro, J. L. G. Ady. Catal. 1989, 26, 260.

(13) Fierro, J. L. G.; Tascdn, J.; Tejuca, L. G. J. Caral. 1984, 85, 205.
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Sne. 1977, 60. 31.
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Figure 11. Distribution of oxygen species in TPR of OMS-2 in CO/
He.

narrow temperature range of 590~ 670 K (MHT species) and
24—37% is available in a temperature regime of 535—595 K
(MoT and MT specics). Less than 10% of the OMS-2 oxygen
reactive 1o Hs is found as cither 2 LT peak for Ni—OMS-2 (460
X) or as an HT peak for other M—OMS-2 samples (>650 K).

Such highly uneven populations are in distinct contrast to
the much broader population in OMS-1 (except Cu—OMS-1)
for which the reactive oxygen for H; reduction spans a range
of 523—800 K. Another feature of OMS-2 reduction by H,
distinct from OMS-1 (as can be seen from Figurc 10) is the
less pronounced effect of doping cation. The total amount of
oxygen available for H; reduction ranges from 7.7 to 9.5 atoms
for OMS-2 doped with different cations; that for OMS-1 ranges
from 8.1 to 13.1. Again, the OMS-2 materials show higher
stability to H: reduction than OMS-1.

C. Reduction of OMS-2 Samples with CO. As for the
TPR/CO data of Figure S, the three main peaks for K—, Fe—,
and Ni—OMS-2 materials are readily discemed, allowing
calculation of distributions of oxygen species in a rather
straightforward manner, as shown in Figure 11, However, the
TPR spectra of Cu—OMS-2 of Figure 5d is rather difficult to
be resolved; integration with a Hewlett-Packard GC integrator
resulted in an overall area under a broad band. We had to
deconvolute this broad peak with the SigmaPlot program,
assuming a 4-component Lorentzian peak shape with 12
parameters. As the space for constraints to be imposed on the
parameters are not sufficient, the best fit we obtained is shown
in Figure 12. In principle, it would better to deconvolute into
five components in order to achieve a better fining. Due to,
first, limitations imposed by the program, amnd. secvnd, our
opinion that the analysis docs not warrant a more sophisticated
resolution, the demarcation of oxygen species in Cu—OMS-2
seems satisfactory. The population of oxygen species reactive
to CO is also shown in Figore 11.

The tunnel cation scems to exert a more pronounced influence
on oxygen availability in OMS-2 to CO oxidation when
compared to that for Hy oxidation. Again, excluding the
monovalent K* jon, the oxygen availability decreases in the
order Ni>* > Fe** > Cu?* | paralleling the order of decreasing
jonic radius, as with TPD results. Howevey, the influence of
Ni2* and Cu?* in OMS-2 on the oxygen availability for CO
oxidation is significanty less in the case of OMS-2. as compared
to the case of OMS-1.2 Among the tunnel cations, the influence
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Figure 12. Deconvolution of TPR/CO spectrum of Cu—OMS-2.

exerted by Cu?™ is particularly noteworthy, with respect to both
the lowest peak temperatures and the least amount of oxygen
available during TPR/CO. Note again that Cu—OMS-2 pos-
sesses also the largest amount of oxygen available in TPR/H;
experiments (i.e., Figure 4).

D. Frontal Reduction of Cu—OMS-2. The amount of
oxygen atoms in Cu—OMS-2 depleted in frontal reduction with
CO/He at 563 K (see Figure 6) was calculated, by calibrating
with the same weight of freshly calcined CuO, to be 2.5.
Meanwhile, the oxygen atoms removed from Cu—OMS-2
during TPR/CO (Figure 5) up to 563 K is calculated to be 3.0,
essentially in fair agreement with the result from frontal
reduction if the initial unsteady period of about 1 min is taken
into consideration.

The initial brief dip of about 3—7 K in reduction temperature
lasts just /3 min. There could be an initial short induction period
even after the stabilization of reduction temperature. After that
induction period, the reduction of Cu—OMS-2 by CO/He
proceeds in a single stage, as can be seen from the reduction
curve (Figure 6). However, as the TCD signal does not return
to the base line, the depletion of the pertinent oxygen species
does not terminate but proceeds at a very slow rate. Such
phenomena seem to be due to the overlapping of oxygen species
in this temperature regime, as evidenced from the TPR/CO
envelope of Cu—OMS-2 (Figure 5d).

After frontal reduction, the depleted Cu—OMS-2 was treated
with 22 successive oxygen pulses at the same temperature in
order to encourage reoxidation as shown in Figure 7. The
amount of oxygen atoms reincorporated into the depleted
Cu—OMS-2 during pulse reaction is calculated to be 2.1, i.e.,
arecovery of 85%. Generally speaking, for a catalytic oxidation
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reaction to proceed smoothly according to the Mars—van
Krevelen redox mechanism, the rate of reoxidation of depleted
catalyst usually significantly exceeds the rate of reduction of
catalyst. Although in-depth kinetic studies of these redox
reactions are not yet available, the above result may cast some
doubts of the compatibility of reoxidation rates with reduction
rates for Cu—OMS-2.

X-ray diffraction patterns for Cu—OMS-2 after frontal
reduction with CO/He and reoxidation, Figure 8, shows a poorly
crystallized compound. This demonstrates that the tunnel
structure of Cu—OMS-2 can not be restored after reduction—
reoxidation treatments used in this study. However, as the
OMS-2 materials are synthesized by either reflux or calcination
methods, there exists the possibility of restoration of the 2 x 2
tunnel structure by heating different materials in an oxygen
atmosphere under appropriate conditions. Comparison of XRD
patterns in Figure 8 to trace D of Figure 3 suggests the possible
presence of finely dispersed Mn,O3(T). Obviously, heating to
higher temperature with removal of oxygen in the absence of
reductant leads to well-crystallized products that might be
important electronic, magnetic and battery materials.

VI. Conclusions

The following conclusions were reached in our TP studies
reported here.

(1) TPD spectra and related oxygen species distributions of
OMS-2 bear resemblance to those of OMS-1. Tunnel size does
not significantly affect the relative ratio of oxygen species
released in different temperature regimes into an oxygen-free
gas stream.

(2) Smaller tunnel size plays a minor role in determining
stability of oxygen in OMS-2 against TPD and TPR in H,. The
oxygen in OMS-2 reactive to Hj is highly concentrated in a
narrow temperature range as compared to OMS-1 materials.

(3) While the amount of oxygen released during TPD is
significantly larger from OMS-2 than from OMS-1, the amounts
of oxygen reactive to Hy or CO in OMS-2 are considerably
smaller than those in OMS-1 systems.

(4) Tunnel cations affect the distribution of oxygen species
either during TPD or TPR. Cu—OMS-2 is unique among the
OMS-2 samples studied here as regards abundant reactive
oxygen species at low temperatures. Cu—OMS-2 materials are
also quite stable and retain their tunnel structure even after
heating in an oxygen-free gas stream up to 573 K with loss of
1/8 of their total oxygen atoms (per unit cell).

(5) A great majority of oxygen can be recovered by
Cu—OMS-2 after a mild reduction of Cu—OMS-2 (563 K) in
CO. However, the tunnel structure ¢an not be restored after
reoxidation.
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