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Octahedral molecular sieves (OMS), doped with Ag*t, Co?*, and
Cu?*, have been tested for their catalytic activity for carbon monox-
ide oxidation at low temperatures for long times on stream. Metal
loaded OMS materials are highly active for this catalytic reaction
and compare favorably with other catalysts such as Hopcalite-like
CuMn,04 catalysts, supported Ag catalysts, and supported noble-
metal catalysts, especially with respect to resistance to deactivation
in a long run. Co-doped OMS-2 has been tested for selective ox-
idation in the presence of a large surplus of hydrogen in the feed
gas. This catalyst shows nearly exclusive oxidation of CO versus hy-
drogen with oxygen present in stoichiometric amounts with carbon
monoxide. Its stability against reduction in CO or H; containing
gas is demonstrated from comparisons of X-ray diffraction pat-
terns and X-ray photoelectron spectra before and after exposure to
these gases. Average oxidation numbers and populations of Mn va-
lence states were determined for these catalysts. Catalytic activity
of doped OMS catalysts toward CO oxidation shows a correlation
among average oxidation number of Mn and the position and na-
ture of the doped cation. The structure of the active sites and the
mechanism of the reaction are proposed.  © 1999 Academic Press

Key Words: CO oxidation; low temperature; octahedral molecular
sieve (OMS); manganese oxide catalyst; average oxidation number;
electron charge transfer.

I. INTRODUCTION

Carbon monoxide as a toxic component of air has long
been targeted for removal from air. Catalytic oxidation is
the most effective means for its removal. Hopcalite (a Cu-
Mn mixed oxide) has been the oldest catalyst widely used
for respiratory protection systems in many types of appli-
cations (1-3). Applications in military, mining, and space
devices have led to studies of the preparation and char-
acterization of Cu-Mn oxide systems (4-8). Improvement
in activity of metal catalysts for CO oxidation has been
attempted by combining manganese with other elements.
Such examples are Ag/Mn catalysts (9-11), and perovskite-
type manganite catalysts (12, 13).

1 To whom correspondence should be addressed.
2 Current address: Sabic Technology Center, 16200A Park Row, Hous-
ton, TX 77804.

Interest in the catalytic oxidation of carbon monoxide has
surged due to possible applications in orbiting, closed-cycle
CO;, lasers used for weather monitoring and other remote
sensing applications (14, 15). Closed-cycle CO, lasers pro-
duce CO and O; in the laser discharge resulting in a rapid
loss of output power. Catalysts are needed to convert CO
and O, back to CO,. Such catalysts also find applications in
CO detecting sensor devices. Instead of mixed oxide cata-
lysts, recent studies have focused on supported noble met-
als. Forexample, Harutaetal. (16-19) were thefirst to report
on supported gold catalysts, followed by Knell et al. (20),
Hoflund (14, 15, 22, 23), Upchurch (21) and co-workers (14,
15, 21-23), and Vannice and co-workers (24-30) studied a
series of supported Pd, Cu, and Pd-Cu catalysts, as well
as TiO, supported Au catalysts for low-temperature oxi-
dation of carbon monoxide. A majority of these catalysts
(mixed oxides and supported noble metal catalysts) deacti-
vate over a few hours. Grunwaldt and co-workers (31, 32)
have systematically studied ZrO, and TiO, supported gold
catalysts for low temperature CO oxidation. They found
that the particle size of gold colloids and supports are very
important parameters for CO oxidation.

Both Mn complex oxides and supported noble metal
catalysts have been characterized by several physico-chemi-
cal methods. However, the most notable method for corre-
lation of structure and activity seems to be correlation of
catalytic activity for CO oxidation and active oxygen con-
tent of Mn in oxide catalysts (5).

Recent interest has focused on preparation of CO ox-
idation catalysts that are active in the presence of large
amounts of H; in the feed gas. This is related to the use of
hydrogen for energy sources in fuel cells, due to the pres-
ence of very small amounts of CO in the hydrogen from the
water—gas—shift reaction which causes poisoning of the fuel
cell electrodes. This imposes a tough challenge for oxida-
tion catalysts (33). This problem is even more challenging if
oxygen is added in stoichiometric amounts to CO and when
significant amounts of water vapor are present.

Manganese has been a component of many oxida-
tion catalysts, especially in Hopcalite-like compounds.
Many studies have been devoted to studying catalytic ef-
fects in oxidation (especially for CO) of Mn in various
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crystallographic sites. Manganite perovskites have been ex-
tensively studied in this aspect. Very recently, catalytic ac-
tivity of murdochites (MgMnQOg) toward CO oxidation was
reported (34). However, there are no reports of the activity
of these Mn complex oxides with respect to CO oxidation.

Octahedral molecular sieves (OMS) have been found to
exhibit high activity for oxidation reactions, including car-
bon monoxide oxidation (35). The major goal of this study
was to find the best performance of doped OMS catalysts
at as low a temperature and as high a space velocity as
possible. X-ray diffraction (XRD) and X-ray photoelectron
spectroscopic (XPS) studies have been pursued to further
understand the stability of such catalysts after reaction in
CO + O, mixtures and/or after exposure to H;, containing
gases. The behavior toward competition of CO oxidation
versus hydrogen oxidation has also been explored. Activa-
tion energies of CO oxidation over several transition metal
loaded OMS catalysts were derived from Arrhenius plots.
The population of Mn in different valence states was de-
termined and such electronic effects on catalytic activity in
CO oxidation were studied.

Il. EXPERIMENTAL

(1) Reactor System

A mixed gas tank of 2% CO+ 1% O, in He was pur-
chased as moisture-free from Connecticut Air-Gas Com-
pany. In most of the experiments the feed gas was further
dried by passing through a 10-cm length bed of drierite and
a 10-cm length bed of 4A molecular sieve. A separate gas
tank of 30% H; in He was purchased and used to evaluate
the competitive oxidation of CO and H..

A few experiments at initial stages used a U-tube
of internal diameter 4 mm as a reactor. In most of the
experiments, a two-piece U-tube reactor was used. Catalyst
samples were packed in one end of a 1/4” Pyrex tube with a
side arm for exit of gas, which was inserted into and sealed
to a 1/2” U-tube with a Swagelok reducing union. Such a
two-piece U-tube reactor facilitates loading and unloading
of catalyst samples in a narrow glass tube. Weights of
catalyst samples for 0°C run were 119.7-120.8 mg; those
for 35°C were 57.1-60.5 mg (except that of catalyst Cu-C
which was 80.1 mg); those for 60°C run were 79.6-80.4 mg
(except those of catalysts Ag-B and Co-A which were
both 40.1 mg); and those for 100°C run were 39.8-40.6 mg
(except those of catalysts Ag—C and Co-E which were 59.9
and 80.7 mg, respectively). The reactor was either placed in
a fluidized bed heater or ice-water bath to ensure uniform
temperature distribution and rapid dissipation of the heat
of reaction. Change in catalyst activity was studied at times
on stream between 10 and 50 h. Each experiment involved
fresh catalyst for different test conditions. The sample was
treated in flowing air (20 ccm) at 180°C for 2 h and then

purged with He stream (20 ccm) before activity tests. When
the reactor temperature was cooled to a designated reaction
temperature, He purging was further conducted for 15 min
at this temperature. After that, a mixture of 2% CO + 1%
O, in He was introduced to the reactor at a given space
velocity. The gas stream was controlled with a mass-flow
controller. With competitive oxidation experiments, the
above gas mixture and 30% Hy/He were introduced into the
reactor at a specific ratio, also controlled with a mass-flow
controller. The space velocity of the feed gas was expressed
as volume of total feed gas passed per hour per unit weight
of catalyst, vwh. The space velocity for runs at 60 and 100°C
was not fixed in order to optimize catalyst performance.
Repeatability was generally satisfactory. For example, over
a Cu-C catalyst at 60°C and around 2000 vwh, one run from
15-27 h time on stream gave an average CO conversion of
36.4 4+ 2.2%; while another similar run in the same period
of time on stream gave an average CO conversion of
38.0 +2.5%. Over a Co-A catalyst, at 100°C and 9500 vwh,
one run gave an average CO conversion of 60.8% + 2.0%
over 2-25 h time on stream. Another run gave 59.4 + 0.7%.

(2) Analysis of Reaction Products

Reactor effluents were analyzed with a Hewlett-Packard
5890 I1 gas chromatograph, using a Carboxen 1000 (Supelco
product) packed column at 100°C with a thermal conduc-
tivity detector (TCD). Peaks for Hj, O, N, CO, CHy4, and
CO, were well separated and their peak areas were quan-
tified with a Hewlett-Packard 3396 11 integrator. Response
factors for all the gases, except H,, were applied (36). For
H», no accurate response factor has been reported, and a
calibration value for H, was obtained by standardization
with pure H; and certified 5% H,/Ar.

(3) Catalyst Preparation

From preliminary experiments, it was observed that OMS
catalysts are active for CO oxidation when Co?*, Ag™, or
Cu?* were incorporated into OMS with the cryptomelane-
structure (OMS-2). Emphasis was focused on these doped
OMS-2 materials, prepared with a variety of methods. Cata-
lysts made by incorporating cations into OMS with the
todorokite-structure (OMS-1) or other OMS-2 are also pre-
sented for comparison.

The doped OMS-1 catalysts were prepared by autoclav-
ing a reaction mixture of KMnO,4and MnSO,, with addition
of appropriate metal salts (37). The doped OMS-2 catalysts
were prepared by redox reactions of solutions of KMnO,
and MnSO4 with a priori (before refluxing or calcination
to OMS-2 structure) (38) or a posteriori (ion-exchanging
or homogeneous precipitation with urea after formation
of the OMS-2 structure) incorporation of Ag*, Co®,
Cu?*, or other cations. The mono/divalent transition metal
cations mostly situate in framework positions of the OMS-2
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TABLE 1
Designation of Catalysts Used

Cations Mode of Surface

Catalyst  incorporated preparation area, m?/g

Cu-A Cu?*in OMS-2 A priori, add higher concentra- 73
tion of Cu(NO3); before
refluxing.

Cu-C Cu?* in OMS-2 A priori, add low concentration 60
of Cu(NO3), before refluxing.

Co-A Co% in OMS-2 A priori, add high concentration 66
of Cu(NO3), before refluxing.

Co-B Co?* in OMS-2 Homogeneous precipitation of 39
Co(NOs3); in presence of
K-OMS-2.

Co-C Co?* in OMS-2 A posteriori, ion-exchanging 51
with CO(NO3)2.

Co-E Co?* in OMS-1 A priori, add Co(NO3), before 16
autoclaving.

Ag-A Ag"in OMS-2 A posteriori, high-temperature 52
ion exchanging vs AgNOs.

Ag-B Agtin OMS-2 A posteriori, low-temperature 54
ion exchanging vs AgNO3.

Ag-C Ag"on OMS-1 A priori, add AgNO; before 22
autoclaving.

K-OMS K™ onOMS-2 As prepared. 69

Fe—-OMS Fe?" in OMS-2 A priori, add Fe(NOs); before 67
refluxing.

structure for the catalysts with a priori incorporation. In a
posteriori incorporation, the cations situate in either tun-
nel positions (if prepared by ion-exchange) or in extra-
framework positions (if prepared by homogeneous precip-
itation) (37, 39). Catalysts used in this paper are described
in Table 1, where the type of OMS structure, the cations
incorporated, mode of incorporation of cations, and other
parameters are described.

(4) Analysis of Catalysts

Total manganese was analyzed after dissolution of all of
the Mn in the sample with concentrated HCI as Mn?*. The
Lingane-Karplus method, i.e., potentiometric titration with
standard KMnO, to Mn®*, stabilized by the presence of a
large excess of pyrophosphate ion, was used for these stud-
ies. The determination of Mn?* in samples was done by
extracting Mn?* with 3 M ammonium sulfate solution from
the solid sample, according to a study by Parida (40), and
then potentiometrically titrating the extracted Mn?* with
KMnOy. The determination of Mn3* was done similarly,
excepta 6 M HNOj3 solution was used to extract Mn®* from
the sample. In this case, there is an immediate dispropor-
tionation of Mn** to Mn?* and Mn** after dissolution, and
the Mn?* was determined as mentioned above. The Mn**
content was determined from the difference between to-
tal Mn and (Mn?* 4+ Mn®") content. The average oxidation

number of manganese was determined by titrating an ex-
cess of Fe?* with KMnOQy, after reacting the solid samples
with a known amount of Fe(NH,)2(SO4); solution until the
appearance of a pink coloration of KMnO, (41).

(5) Surface Area Measurements

Surface areas of the tested catalyst samples were mea-
sured in a NOVA-1000 Gas Sorption BET unit, using a
5-point BET method for nitrogen adsorption; see Table 1.
Samples were heated to 120°C prior to analysis.

(6) X-ray Powder Diffraction Patterns

XRD patterns of some Co-, Ag-, and Cu-OMS-2 cata-
lysts, before and after long times on stream, were collected
by using a Scintag 2000 XDS diffractometer with Cu Ko
X-ray radiation. A 0.02 step in 20/count and beam voltage
of 45 kV and beam current of 40 mA were used. JCPDS
powder diffraction data files were used as references for
phase identification of hollandite/cryptomelane. The X-ray
diffraction patterns of fresh and treated OMS-2 were dis-
played and stacked via IGOR software.

(7) XPS Studies

XPS of a Co-OMS-2 catalyst was studied in a Leybold
instrument equipped with a SPECS EA10MCD electron
energy analyzer. Data for all detailed spectra were acquired
using a Mg X-ray anode (1253.6 eV) and a constant energy
analyzer pass energy of 59.21 eV. The pressure was kept
below 1 x 10~ mbar during data acquisition. Co-OMS-2
was pressed into In foil for XPS analysis. After analyzing the
untreated sample, the sample was moved to a side chamber
where the CO gas mixture (CO:O,:He=2:1:97%) or5%
H,/Ar gas, at 10 ccm, was passed over the sample for 1 h at
35°C. The sample was then returned to the main chamber
for a post-treatment analysis. XPS data of fresh and treated
OMS-2 were displayed and overlaid via IGOR software.

(8) Determination of Activation Energies
for CO Oxidation

Differential reaction rates of CO oxidation over Co-A,
Co-E, Cu-A, Cu-C, Ag-A, and Ag-C catalysts were run at
several different temperatures from 35 to 100°C. The feed
gas and reactor used are the same as mentioned above. CO
conversion was limited to below 10% by the varying flow
rate of the feed gas and the weight of catalysts. Activation
energies can be determined from Arrhenius plots.

I11. RESULTS

The reactor containing an appropriate weight of cata-
lyst was placed in a constant temperature bath of ice-water.
Results of the catalytic oxidation of CO at 0°C for Ag-A,
Co-A, and Cu-C (each with space velocity around 1000 vwh
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FIG. 1. Plots of areal rates of CO oxidation over doped OMS catalysts vs time on stream at 0°C and 1000 vwh; the percentages are average
conversions at steady state.

and extended over 25 to 30 h) are shown in Fig. 1. The areal CO oxidation over Ag-B, Co-A, Co-B, Co-C, Cu-C, and
rate of a given catalyst for CO oxidation is defined as the Co-E catalysts at 35°C were conducted in a fluidized bed
moles of CO oxidized per unit surface area of catalysts per reactor at a space velocity around 3000 vwh over a 25-50 h

unit time. period. These catalytic results are presented in Fig. 2. The
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FIG. 2. Plots of areal rates of CO oxidation over doped OMS catalysts vs time on stream at 35°C; the percentages are average conversions at steady
state.
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FIG. 3. Plots of areal rates of CO oxidation over doped OMS catalysts vs time on stream at 60°C and 1000 vwh; the percentages are average
conversions at steady state. Ag-B, 11,500 vwh; Ag-C, 1240 vwh; Co-A, 25,700 vwh; Co-E, 2140 vwh; Cu-A, 2250 vwh; Cu-C, 2540 vwh.

conversion level for catalyst Co—E was only 3% and is not are shown in Fig. 3. The catalysts were tested at different
presented in this figure. space velocities (1240-26,500 vwh) in order to obtain com-

Activity tests at 60°C for doped OMS-1and OMS-2 cata- parable conversions for CO oxidation over different cata-
lysts were also conducted in a fluidized bed reactor. Results  lysts. Due to the rather low activity of doped OMS-1 ma-
for Ag-B, Ag-C, Co-A, Co-E, Cu-A, and Cu-C catalysts terials (Ag—-C and Co-E), experiments for these catalysts
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FIG. 4. Plots of areal rates of CO oxidation over doped OMS catalysts vs time on stream at 100°C; the percentages are average conversions at
steady state. Ag-B, 11,510 vwh; Ag-C, 2000 vwh; Co-E, 1580 vwh; Cu-C, 26,500 vwh; Co-A, 9000 vwh.



96 XIAET AL.

110
100 4 OOO0CO
S
©
£
s
R
g
[
>
S 60 -
(&]
o]
(&) 50 -
40 ~
30 Ll L L] L} L} L L

0 200 400

600

800 1000 1200 1400

Time on Stream (min)

FIG.5.
velocity, 6400 vwh for Co-A and 3600 vwh for Cu-A.

had to be run at reduced space velocity. These two doped
OMS-1 catalysts are a good contrast to doped OMS-2 ma-
terials. The undoped OMS-2 (K-OMS-2) materials show
no activity for CO oxidation at 60°C even at 7800 vwh.

CO oxidation at 100°C for doped OMS-1 and OMS-2
catalysts were conducted in a fluidized bed reactor. Re-
sults for Ag-B, Ag-C, Co-A, Co-E, and Cu-C at 100°C
are shown in Fig. 4. The activity of Fe—-OMS-2 at 100°C and
at a space velocity of 5400 vwh is too low to be shown in
this figure. The areal rate of CO oxidation over Ag-B at
100°C and 11,500 vwh changes slowly. The areal rate of CO
oxidation over Co-A at 100°C and 9000 vwh drops about
30% within 30 h. The two transition metal loaded OMS-1
materials show very low areal rates for CO oxidation. Cu-C
exhibits a relatively higher initial areal rate as compared to
the two M-OMS-1 catalysts, but decreases sharply within
3h.

Co-A and Cu-A were tested for competitive oxidation
of CO against H, at 100°C with a feed gas containing 1%
CO, 0.5% O, and 30% H; in He. The results are shown in
Fig. 5. The selective conversion of CO over Co-A, ata space
velocity of 6400 vwh changes from 100 to 91.1% within 25 h.
At a space velocity of 3500 vwh the conversion of CO is
steady at 94-98% over 4 h. Over Cu-A catalysts at 100°C,
the CO conversion is initially 85.7% and becomes steady at
76.4% after 10 h. Methane and water were not detected in
the product stream. Arrhenius plots for CO oxidation over
Co-A, Co-E, Cu-A, Cu-C, Ag-A, and Ag-C catalysts are
shown in Fig. 6.

CO conversion over Co-A and Cu-A catalysts in presence of Hy: Feed gas, 1% CO, 0.5% O,, 30% H; in He; Temperature, 100°C; Space

XRD patterns of Co-A, Ag-B, and Cu-A catalysts, be-
fore and after long times on stream for oxidation of CO, are
shown in Fig. 7. Figure 8 compares X-ray photoelectron Mn
2p spectra of the Co-A catalyst before and after exposure
to CO + O, gas mixture for 1 h in a side chamber of the
XPS instrument. Figures 9 and 10 show the Co 2p and O 1s
spectra, respectively, of Co—A before and after exposure to
CO + O,. As the Mn 2p, Co 2p, and O 1s spectra of Co-A
before and after exposure to H,/Ar are exactly the same as
those corresponding spectra for samples exposed to CO +
O,, they are not displayed in this paper. Figure 11 shows the
Mn 3s spectra of Co-A before and after exposure to Hj/Ar.

The analytical results for manganese valence state popu-
lations and average oxidation numbers of most of the doped
OMS catalysts are shown in Table 2. The activation energies

TABLE 2
Mn Valence Distribution of Doped OMS (in mmol/g)

Average oxidation

number
Sample Mn+2 Mn+3 Mn** Calcd. Anal.
Ag-C 0.075 3.37 5.96 3.626 3.262
Co-E 0.010 3.96 4.56 3.5632 3.574
Co-A 0.012 0.30 8.46 3.962 N/A?
Cu-C 0.005 0.49 8.76 3.946 3.908
Cu-A 0.005 0.26 9.97 3.974 3.912

2 Not analyzed.
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FIG. 6. Arrhenius plots for M—OMS catalysts. CO conversions were limited to under 10% by varying the flow rate of the feed gas (2% CO + 1%

O, in He) and/or the weight of catalysts.

over these catalysts and reaction rates under various tem-
peratures which can be derived from these plots are shown
in Table 3. The correlation between reaction rates of CO
oxidation over different OMS catalysts and the average ox-
idation number of manganese is plotted as Fig. 12.

10 20 30 40 50 60
2 Theta, deg

FIG. 7. Comparisons of XRD patterns of doped OMS-2 catalysts be-
fore and after catalytic reaction: A, Co-A before reaction; B, Co-A after
reaction; C, Ag-B before reaction; D, Ag-B after reaction; E, Cu-A before
reaction; F, Cu-A after reaction.

1V. DISCUSSION

A. Low-Temperature Performance

It is clear from the data of Figs. 1 and 2 that transition
metal loaded OMS-2 (Co-A, Co-B, Co-C, Ag-A, Ag-B,
and Cu-C) catalysts show noticeable areal rates toward
CO oxidation at ambient or lower temperatures. Even at

Mn 2p 3/2

Mn 2p 1/2

: 6;0 6;0 séo 6;0
Binding Energy, eV

FIG.8. Comparisons of XPS of Co—-A Mn 2p before and after expo-
sure to CO+ Oy A, Mn 2p spectra before exposure; B, Mn 2p spectra
after exposure; C, overlay of A and B.
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FIG.9. Comparisons of XPS of Co-A CO 2p before and after expo-
sure to CO + O3: A, Co 2p spectra before exposure; B, Co 2p spectra after
exposure; C, overlay of A and B.

0°C, the high concentration of cobalt loaded OMS-2, Co-A,
shows a higher average areal rate for CO oxidation and a
higher conversion than the other two catalysts under sim-
ilar experimental conditions. The conversion of CO over
Co-A is about 27%, which is stable for about 30 h at a
space velocity near 1000 vwh. In contrast, Ag-A (Ag™ ex-
changed OMS-2 at high temperature) under similar con-
ditions shows similar initial areal rates, but it decays con-
siderably over 25 h time on stream. The low concentration
of Cu-doped OMS-2 (Cu-C) shows much lower activity at

\-.Wv_hsw,waqw.---&a-.w

T I I i T T T
515 520 525 530 535 540 545

Binding Energy, eV

FIG. 10. Comparisons of XPS of Co—A Os before and after expo-
sure to CO+ Oy A, O 1s spectra before exposure; B, O 1s spectra after
exposure; C, overlay of A and B.

0°C, although its activity remains stable after 27 h time on
stream. At 35°C, both Co-A and Cu-C show slow changes
in areal rates for CO oxidation during the tests. Ag-B (Ag™"
exchanged OMS-2 at low temperature) exhibits the high-
est initial areal rate for CO oxidation among the tested
catalysts, but the areal rates decay quickly as reaction time
increases. Among the three Co-doped OMS-2 systems, Co—
B, where Co?* was deposited in extra-framework sites of
OMS-2 by homogeneous precipitation, shows the lowest
catalytic activity at 35°C. This suggests that the concentra-
tion of loaded transition metal cations and the mode of
doping the OMS framework play a significant role in these
CO oxidation catalysts. Differences in activity of Co-A and
Co;C are related to effects of the mode of incorporation of
Co“t.

In a study reported by Puckhaber (7), Cu—-Mn mixed ox-
ide catalysts were compared with a commercial Hopcalite
catalyst at 25°C. Although 100% conversion of CO was
achieved initially, the conversion dropped sharply after
30-60 min time on stream and finally decreased to 0%.
Kanungo (5) reported studies of catalytic activity of a
variety of CuO-MnQO; mixed oxides. The CO conversion
was highest at 17.1% for a MnO, system onto which
Cu(OH), was precipitated at 40°C.

Supported noble metal catalysts seem to be quite active
for CO oxidation at low temperatures. Haruta et al. (17) re-
ported that a 12% Au/a-Fe,Oj3 catalyst gave 100% conver-
sion of CO at 0°C. Knell et al. (20) reported that a 10 mol%
Au/ZrO, catalyst gave complete conversion of CO at room
temperature.

Doped OMS-2 catalysts show much higher activity for
CO oxidation than traditional Cu—-Mn mixed oxide cata-
lysts and result in satisfactory activity toward CO oxidation
even at low temperatures. However, they are not as active
as Au/MnOy catalysts (17).

B. High-Temperature Performance

Some of the doped and ion-exchanged OMS-2 catalysts
show very high catalytic activity for CO oxidation at tem-
peratures slightly above ambient temperature. At 60°C, as
shown in Fig. 3, Ag-, Co-, and Cu-loaded OMS-2 are good
catalysts for this reaction, even at rather high space veloci-
ties. Cu-doped OMS-2 (Cu-A) shows sustained areal rates
at 60°C for complete oxidation of CO over a 4 h time on
stream at a space velocity of 2250 vwh. At higher space
velocities, all other Ag-, Co-, and Cu-doped OMS-2 cata-
lysts show decreasing catalytic activity. Note that the areal
rate of CO oxidation over Ag-B is higher than the other
materials. On the other hand, high concentrations of cations
in doped OMS-2 (Co-A and Cu-A) catalysts have a higher
catalytic activity in comparison to their low concentration
cation doped analogs (Cu-C). Ag- and Co-doped OMS-1
(Ag-C and Co-E, respectively) are of lowest average areal
rates among the catalysts tested although Co-E shows a
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TABLE 3

CO Oxidation Rate under Various Reaction Temperatures

Average rx 10° (mol-m=2.s71)
oxidation Ea
Catalyst Description? number (kd/mol) 273K 308 K 333K 373K

Co-A Co-OMS-2 (H) 3.962 39 0.45 3.18 10.1 46.1
Cu-C Cu-OMS-2 (L) 3.946 57 0.05 0.79 4.64 42.8
Cu-A Cu-OMS-2 (H) 3.974 41 0.19 1.55 5.17 254
Ag-A Ag-OMS-2 (Ex) — 52 0.49 6.52 29.7 221
Ag-C Ag-OMS-1 3.626 41 0.06 0.45 1.47 7.18
Co-E Co-OMS-1 3.532 75 0 0.19 1.70 30.9

2H, high concentration of transition metal dopant; L, low concentration of transition metal dopant;

EXx, cation-exchanged transition metal.

high initial areal rate for CO oxidation, as shown in Fig. 3.
K-OMS-2 shows negligible activity at 60°C. These data
again show the effects of concentration of doped transi-
tion metal cations. These results show that a cryptomelane
2 x 2 tunnel structure is necessary for high CO oxidation
activity. This may be due to shape selective effects of the
smaller tunnel 2 x 2 structure in comparison to the larger
tunnel 3 x 3 structure. Furthermore, the concentrations of
loaded cations and their mobility (ion-exchanged compared
with doped OMS-2) may also play important roles in CO
oxidation.

At 100°C, Ag-B shows excellent catalytic ability toward
CO oxidation. Nearly complete conversion of CO over the

Ag-B catalyst at 11,500 vwh for 20 h was obtained. Co-
A also shows a rather high areal rate and conversion at
9000 vwh. At 35 and 60°C, Cu-C shows quite steady ac-
tivity, as mentioned above. However, Cu-C suffers notice-
able deactivation at a higher space velocity (26,500 vwh) at
100°C withina 3 h period (see Fig. 4). These transition metal
loaded OMS-1 materials (Co-E and Ag-C) still have lower
areal rates for CO oxidation than M—-OMS-2 catalysts.
Kanungo has reported that a mixed CuO-MnO, catalyst
mentioned inthe lastsection (I\VA) gave aconversion of CO
of 45.5% at 80°C (5). Taguchi et al. (34) recently reported
the oxidation of CO on murdochite-type (Mgs_xAlx)MnOg
catalysts. Both Mg?* and Mn** ions are octahedrally

Mn 3p

Mn 3p Shakeup

Mn 3s

Mn 3s
Multiplet splitting

40

T T

60 80 100

Binding Energy (eV)

FIG. 11.
exposure; C, overlay of A and B.

Comparisons of XPS of Co-A Mn3s before and after exposure to Hy/Ar: A, Mn 3s spectra before exposure; B, Mn 3s spectra after
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coordinated by six oxygen ions in a rock salt structure. The
catalyst of highest activity showed a CO conversion of only
10% at 270°C.

Imamura et al. (9) reported that a Mn/Ag (70/30 mole)
catalyst shows 80% CO conversion at 100°C and 100% at
150°C at 10,000 vwh. A later publication by Imamura et al.
(10) showed that addition of 5% Sm to the Mn/Ag cata-
lyst improves the thermal stability of the catalyst, with no
change in activity.

Perovskites are mixed oxides with well-documented ac-
tivity for CO oxidation. For manganite perovskites with
Mn3* or Mn** in octahedral B-sites and La®** (or Sr**) in
dodecahedral A-sites, CO oxidation is significantly lower
than for perovskites with Co in B-sites (12, 13). However,
even with cobaltites, onset temperatures for CO oxidation
(conversion around 1%) are about 75°C. With the most ac-
tive material, CO conversion is only about 60% at 150°C
and 7500 vwh. Manganite perovskites catalysts show very
low activity.

Au/MnOy catalysts show very high activity for CO oxida-
tion above 50°C. The Au/MnOy catalyst results in an initial
CO conversion of about 90% at 75°C and 12,000 h~* and
remains active at about 75-80% CO conversion within a
period of 40-160 h (15). Au/MnOy catalysts give a CO con-
version of 70-80% at 50°C and 12,000 h~* (42). However,
a high loading of noble metal (Au) is needed. Hoflund (43)
observed an optimum gold content of 10 at.% on MnOy. In
view of the high atomic weight of Au, such a high gold load-
ing seems less attractive, as compared to a very low loading
of Co and Ag on doped OMS-2 catalysts.

3.9 4.0

Dependence of CO oxidation rate upon average oxidation number.

The Ag-B OMS catalyst has higher activity for CO oxi-
dation than Mn/Ag and other catalysts at similar conditions.
Cu-A, Cu-C, and Co-A compare favorably with metal and
noble metal catalysts reported in the literature.

Plots of the temperature dependence of reaction rates for
CO oxidation over Ag-A, Co-A, Cu-A, Cu-C, Co-E and
Ag-C catalysts are shown in Fig. 6. Data of Fig. 6 show that
different metal loaded OMS materials have markedly dif-
ferent activities at different temperature. These data clearly
suggest that the type, amount, and location of various transi-
tion metals in OMS catalysts influence their catalytic activ-
ity. For example, all transition metal loaded OMS-2 (Co-
A, Ag-A, Cu-A, and Cu-C) catalysts have much higher
reaction rates than OMS-1 materials (Co-E and Ag-C)
within the temperature range we used. Additionally, Ag*-
exchanged OMS-2 has the highest reaction rate among all
the catalysts. Tests for catalytic activities of those M—OMS-1
catalysts could not be conducted at low temperature (below
60°C) due to low activity.

C. Deactivation of Catalysts and Poisoning by Water Vapor

Temporary poisoning of CO oxidation catalysts by water
vapor is frequently reported in many studies. Nearly all base
metal catalysts show a decline of activity with long runs. For
example, Hopcalite in gas mask filters can operate at ambi-
ent temperature, but only for a comparatively short period
of time. Loss of Hopcalite activity at room temperature is
usually due to poisoning by water vapor and activity is re-
ported to be more stable at 80-90°C (11). Clearfield and
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co-workers (7) studied Hopcalite catalysts prepared by dif-
ferent methods and compared catalytic properties of com-
mercial samples obtained from Auergesellshaft. Even the
best catalysts showed significant decay in activity within 2 h.
For Mn/Ag catalysts (9), CO conversion at 142°C decreases
from 98 to 81% when 11% H,O was added to the feed gas.

Some noble metal catalysts have recently been shown to
sustain CO oxidation for over 13 days. For example, Schryer
et al. (44) reported 98-100% continuous conversion of a
stoichiometric mixture of CO and O, to CO; up to 318 h
at 60°C. Hoflund and co-workers (45) later suggest that
AU/MnOy catalysts are superior to Pt/SnOy catalysts with
respect to both activity and stability. For different meth-
ods of preparation, especially on carriers other than MnOy,
some supported Au catalysts show a significant decrease
in activity during long runs. For example, the activity of a
Au/ZrO, catalyst (20) showed a decrease of CO conversion
by a factor of 3 to 4 over a period of 20 h, if the O,/CO ra-
tio is larger than stoichiometry. Although catalyst activity
can be kept stable at a stoichiometric O,/CO ratio, the ac-
tivity level is too low as compared to initial activity at an
0,/CO ratio of 40. A 2.3% Au/TiO; catalyst also showed
about a 50% activity loss in about 10 h (30). Very recently,
Hutchingsetal. (46) reported that a 6 wt% Au/ZnO can give
sustained high activity for the oxidation of CO at ambient
temperature for a time on stream of about 12 h.

Doped OMS-2 catalysts are stable during long times on
stream. Data of Fig. 3 show that the Cu-A catalyst sus-
tains 100% CO conversion for 4 h at 60°C even with a feed
stream that is not dried. All the data of Figs. 1-4 suggest
that doped OMS-2 catalysts can achieve high areal rates of
CO oxidation over long times on stream up to 30 h. Fur-
ther experiments at much longer times on stream and with
feeds containing CO; such as those done with Au catalysts
are needed.

D. Stability of Doped OMS-2 Catalysts

From XRD patterns of doped OMS-2 catalysts before
reaction, the catalysts seem to be different in crystallinity.
In Fig. 7, trace A, the Co-A catalyst gives a clear main
diffraction peak of the [112] reflection at 2.39 A and other
peaks from [103], [013], [002], and [411] at 3.07, 2.15, 4.85,
and 1.83 A, respectively, showing the typical structure of
cryptomelane. Trace B shows the XRD pattern of the Co-
A catalyst after 25 h of time on stream at 100°C. Trace B
shows that used Co-A catalysts basically retain their crys-
talline structure and particle size. The signal to noise ratio
(S/N) and peak shapes show minor changes, probably due
to slight differences in operation of the diffractometer and
smoothing of raw data. Trace C, Fig. 7, shows the XRD
pattern of the Ag-B catalyst before reaction. Obviously,
the Ag-B catalyst before use is of lower crystallinity than
Co-A, see trace C. Trace D, which is an XRD pattern of the
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Ag-B catalyst after a time on stream of 25 hat 100°C, shows
essentially no changes in peak position and intensity of the
reflection at 2.39 A. The peaks at 3.07 and 1.83 A for the
used Ag-B catalyst are split and diminished in intensities.
The crystallinity of Cu-A is low even before use. The only
discernible peakisat2.39 A, seetrace Ein Fig. 7. The Cu-A
catalyst after 6 h time on stream shows (trace F) a slightly
enhanced intensity at 2.39 A. Comparison of the XRD pat-
terns of doped OMS-2 catalysts before and after reaction
demonstrates that the catalyst structure is quite stable even
after prolonged use.

In Fig. 8, traces A and B are the Mn 2p spectra of the Co-
A catalyst before and after exposure to CO + O,, respec-
tively. The top trace C, which is an overlay of traces A and
B, shows an exact match of these two traces. In Fig. 9, traces
A and B show the Co 2p spectra before and after exposure
to CO + O,, with top trace C also showing an exact match of
A and B, after doubling the intensity of the latter. Similarly,
traces A and B in Fig. 10 show the O 1s spectra before and
after exposure, respectively. Both of them show a shoulder
at the high binding energy side. The main peaks at lower
binding energy (529.5 eV) are assigned to lattice O~ ions.
The shoulders at 1.6 eV higher binding energy, can be gen-
erally assigned to hydroxyl oxygen or chemisorbed oxygen.
An exact match of both the main peaks and the shoulders
of traces A and B suggests that either chemisorbed oxy-
gen or hydroxyl group are still present even after exposure
to CO + O, gas mixtures for 1 h. Further experiments are
needed to confirm such an assignment.

Rojas et al. (47) reported that Mn?*, Mn3*, and Mn**
have essentially the same binding energy for manganite
perovsksite samples. Lombardo et al. (48) reported that Co
2p spectra in general are very broad. Only Ca® can be dif-
ferentiated from Co?* and Co®' via deconvolution of the
2p spectra. This method is rather insensitive for evaluat-
ing the separate contributions of Co?* and Co**, due to the
close values of binding energies of the two broad peaks. The
coincidence of the above-mentioned XPS spectra before
and after exposure to CO + O, or H; cannot give informa-
tion of changes in valence states of Co and Mn. However,
Lombardo et al. (48) indicated that the appearance of two
shake-up satellite peaks of Co 2p are characteristic of Co**
and can be considered as fingerprints of this ion, since
Co®* shows the absence of shake-up satellites in the Co 2p
spectra.

For Mn XPS, detailed studies of Shirley (49) have shown
that the experimental binding energies for the 3s multiplet
splitting of the Mn ion depends upon the number of 3d elec-
trons. The least oxidized Mn?* (3d®) species show a peak,
which is 7 eV higher in binding energy than the main peak
of Mn?* ions. The multiplet-splitting peak shifts 1 eV lower
in energy as the number of 3d electrons is decreased. These
two criteria for differentiation of different valence states of
Mn (by multiplet splitting of Mn 3s) and Co (by shake-up
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splitting of Co 2p) were used in this study. From Fig. 9,
the Co 2p spectrum clearly shows satellite peaks at 8.5 eV
higher than the Co 2p3; peak (780.0 eV), and the satellite
peaks in traces A and B show exact coincidence (trace C).
From Fig. 11, the Mn 3s spectra for the Co-A catalyst, be-
fore (trace A) and after exposure (trace B) to H,, again
show an exact match of the multiplet splitting peaks (traces
A and B) at 88.6 eV, which is 4.5 eV higher than the Mn 3s
main peak (see trace C).

Exact matches of the XPS data for samples before and
after treatment for all four binding energy regions, to-
gether with their shake-up features and multiplet splittings,
demonstrate that the Co—A catalyst experiences no change
in valence states of Co and Mn after exposure to CO + H,
or Ha,. Such matches also suggest that relative surface con-
centrations among Co, Mn, or O do not change, as the in-
tensities of each peak show no change after exposure to CO
or H,. This further demonstrates the stability of the Co-A
catalyst against reduction by CO or H;, under mild condi-
tions prevalent in our study. This does not exclude charge
transfer via redox reactions of cobalt and manganese, as
will be discussed later.

E. Competition of CO Oxidation versus H, Oxidation

If the O,/CO in the feed gas that contains hydrogen is
of a stoichiometric ratio, this is a challenge for competi-
tion of CO oxidation versus H, oxidation, especially when
H; is present in large excess with respect to both CO and
O,. Most studies (16-18, 50) of oxidation of CO and H, re-
port a separate comparison of catalytic oxidation of carbon
monoxide and hydrogen. One of the earliest studies related
to separate oxidation of CO and H, over manganese diox-
ide showed that the oxidation rates for hydrogen exceed
those for carbon monoxide (50). Essentially complete loss
of oxidation capacity of MnO, was observed after about
3 h time on stream. For supported Au, Harutaetal. (17, 18)
presented data on H, and CO oxidation in separate experi-
ments, and this catalyst is also very active for H;, oxidation.
No data were presented for simultaneous reactions of CO,
H», and O, in the feed stream. In another paper by Haruta
et al. (16), a Mn/Co/Ag composite catalyst was reported
to be highly active for the oxidation of CO and H,, with
separate streams of CO and H..

Very few reports have been published on oxidation of
mixed gases of CO + H, and nearly all of these were con-
ducted at high oxygen content. Stetter and Blurton (51)
reported oxidation of CO and H, in a gas mixture contain-
ing 200 ppm of CO and 2% of H, in air. Platinized asbestos
and Pd/SiO; used in their study (47) gave similar conver-
sion for both CO and H; over a wide range of tempera-
tures. Vlasenko et al. (52) studied the effects of the pres-
ence of CO and H; in oxidation reactions over Pd/MnO;
and Pd/CuCr,0,. Data in this paper clearly show that these
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catalysts are not selective for CO oxidation when hydrogen
is present.

Oh and Sinkevitch (53) showed that alumina-supported
Ru or Rh catalysts were the most selective catalysts for
CO oxidation in a Hs-rich feed gas. With a feed contain-
ing 900 ppm CO and 8500 ppm H; in N, the most active
and selective Ru/Al,O and Rh/AI,O, catalysts at 180°C re-
quire 800 ppm of O, in the feed to achieve 100% conversion
of CO. This means that a significant level of H, oxidation
occurs which needs more oxygen than the theoretical sto-
ichiometric ratio of 1:0.5. Takada (54) reported results of
oxidation of H,/CO mixed gases over Co3O,4 and other Co-
containing spinels. The feed gas used in their study con-
tained 1% CO, 1% H,, and 5% O, in N,. They reported
data relating changes in conversion of CO and H; to reac-
tion temperature (54). Even with the most selective catalyst
for CO oxidation (Co30,), the H; conversion is consider-
able. In both studies the longevity of the catalyst was not
reported.

The selectivity for CO oxidation versus H, oxidation over
Co-A, asshown in Fig. 5, is unique, not only in its exclusive
selectivity to CO oxidation in the presence of a large excess
of Hy, but also in the oxygen present in the feed gas is of
such a limited amount that even the slightest consumption
by H, oxidation will exhaust the oxygen supply that is avail-
able for CO oxidation resulting in a significant loss of CO
conversion. Note that the Co-A catalyst can be operated
at a temperature (100°C) more compatible with the opera-
tion of solid—polymer-electrolyte fuel cells than many other
systems described above.

F. Correlation of Catalytic Activity
with Manganese Valence

Many attempts have been made to probe structure-
activity relationships of manganese containing catalysts for
CO oxidation. Magnetic susceptibility measurements, XRD
structure determination, XPS surface studies, infrared tech-
niques, and UV-vis spectroscopic techniques have all pro-
vided insight in catalyst characterization. Some fruitful
studies are those of Kanungo (5, 6) that discuss surface
excess oxygen and available oxygen content. The determi-
nations of surface active oxygen by the reaction of excess
Kl at a specified pH (7.1) and determinations of surface hy-
droxyl groups by reaction with KI in DMF media provide
information on surface oxygen species. These two reactions
may also probe bulk oxygen species.

Titration methods using K1, Fe>*, and oxalate have been
conventionally applied for determination of available oxy-
gen in the bulk phase of manganese oxides and have been
critically compared for their accuracy (55). With necessary
precautions, all of these yield comparably accurate results.
We have used methods involving titration of remaining Fe?*
against standard KMnQOy solution for the determination of
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total Mn?* after dissolving doped OMS samples in excess
Mohr’s salt solution.

The determination of the population of manganese of
different valence states coexisting in solid manganese oxide
samples encounters difficulty for the separation of Mn?*
and Mn**. Although a few methods have been suggested
for the determination of Mn** (56, 57), most of these are
difficult procedures to conduct.

The determination of Mn®* content in a sample with co-
existence of Mn?*, Mn3*, and Mn** by leaching with dilute
HNOj3; and subsequent titration of Mn?* formed from dis-
proportionation of Mn®* (used here) is rather simple and
straightforward. The reliability of the extraction of Mn?*
and Mn3* with dilute ammonium sulfate and nitric acid,
respectively, seems justified by referring to Table 2. The
average oxidation numbers, obtained by calculation from
amounts of Mn?*, Mn®**, and Mn** agree very well with the
direct determination as shown in Table 2.

A plot of apparent reaction rates at 60°C (in
mol - m~2.s~1) for CO oxidation over Ag-C, Co-A, Co-E,
Cu-A, and Cu-C catalysts versus average oxidation num-
bers of Mn is shown in Fig. 12. The correlation between the
average oxidation state of Mn and reaction rates implies
that higher average oxidation numbers lead to higher CO
oxidation rates. Kanungo (5, 6) reported a monotonic in-
crease of catalytic activity of mixed CuO-MnO; for CO ox-
idation with surface excess oxygen as determined by the Kl
(pH 7.1) method. The shape of this correlation curve (Fig. 1,
Ref. (5)) resembles our data of Fig. 12. However, the cata-
Iytic activities of catalysts are affected by many parameters.
For example, besides Mn oxidation state, the type and con-
centration of these loaded cations also play a dominant role
in CO oxidation. In addition, the location of these cations
in catalysts also apparently affects the activity of catalysts,
as mentioned earlier.

Note that the average oxidation number is also related to
the amounts of Mn®** and Mn** in the samples. Although
this number could be higher for samples with higher Mn**
content, the presence of considerable amounts of Mn3* can
culminate in a significant lowering of the average oxidation
number. The Mn®* contents of Co-E and Ag-C are much
higher than doped OMS-2 catalysts, and their average ox-
idation numbers are thus much lower. Consequently, the
reaction rates over these two catalysts are much lower.

G. Role of Tunnel Cations and Mn** in CO Oxidation

It has been inferred that Mn®* is the active site for CO ox-
idation on Hopcalite catalysts and that the Zener exchange,

Cu?* + Mn** = Cut + Mn**, [1]

is responsible for the catalytic oxidation of CO (5). XPS
studies of Hopcalite by Kanungo (5) are in line with the
Zener exchange. Veprek et al. (58) used chemical shifts and
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shake-up information on Cu and multiplet splitting on Mn
to confirm the predominance of Cu?* and Mn** in activated
Hopcalite and the predominance of Cu* and Mn** in deac-
tivated Hopcalite. These data are experimental evidence for
the existence of charge transfer between Cu and Mn cations,
which should occur even more extensively via M-O-Mn
bridges during CO oxidation over doped OMS-2 catalysts.
However, from correlation between activity and average
oxidation number, especially from the Mn population de-
termination, it is clear that the presence of higher amounts
of Mn** in doped OMS-2 catalysts lowers their activity.
The higher Mn** content of catalysts leads to higher activ-
ity. Our data suggest that either a small amount of Mn®* or
a large amount of Mn** (or both together) are important
for high activity of CO oxidation catalysts. Doped OMS-1
catalysts are of much lower activity than OMS-2 systems.
The larger 3 x 3 tunnel size of OMS-1 or the presence of
higher Mn®** content might be responsible for diminished
shape selectivity.

The presence of Co?*, Ag*, or Cu?* ions in OMS-2 ma-
terials is critical. We suggest that charge transfer along M-
O-Mn bonds (in which M stands for Co?*, Ag*, or Cu?*)
may be responsible for CO oxidation. The cations in the
cryptomelane 2 x 2 tunnel structure are in an 8-coordinate
environment (59). Such 8-coordinated Co?*, Ag*, or Cu®*
ions constitute together with 6-coordinated Mn** ions spe-
cial M—O-Mn bridges for fast electron transfer. The role
played by the Zener exchange between M (Cu?*, Co?*,
and Ag™) and Mn ions (Eq. [1]) may be realized via these
oxygen bridges. For example, tunnel cations (Co?*, Ag*,
or Cu?*) on one end of the M-O-Mn bridge may ab-
stract electrons from oxygen anions which are formed from
dioxygen molecules (possibly chemisorbed near the M—-O-
Mn bridge) due to oxidation of CO. Redox reactions take
place with reoxidation of oxygen anions back to dioxygen
molecules (available for further oxidation of CO) and re-
duction of the tunnel cations. The reduced tunnel cations
are reoxidized by charge transfer from the Mn** ions on the
other end of the bridge through the oxygen bridge. The re-
duced Mnionson the bridge are then reoxidized by gaseous
oxygen molecules. This constitutes a complete redox cycle,
and the M-O-Mn bridge facilitates the electron transfer
between M and Mn along the bridge.

The electron transfer along the M—O-Mn bridge must be
very rapid. Of course, the XPS study cannot reveal such
a rapid transfer. A multiplet split peak occurs at 4.5 eV
higher than the Mn 3s peak. From Shirley’s estimation (49),
the Mn should be in the 4+ valence states. The position
of the multiplet splitting peak for Mn 3s agrees with the
value reported by Brabers et al. (60) for tetravalent Mn in
manganate spinels. The presence of Co 2p shake-up satellite
peaks of Co—-A indicates the predominance of Co?* valence
states in Co—OMS-2. The position of the shake-up satellite
peak of Co 2ps; agrees with the report of Marcos et al.
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(61). This means that the Co and Mn remain in their initial
valence states of Co?" and Mn** throughout the catalytic
oxidation of CO. Itisclear that the Zener exchange between
the Coand Mnions (Eq. [1]) under experimental conditions
favors the initial species.

Several questions concerning the control of the average
oxidation number and the Mn®* content of doped OMS
catalysts by varying preparation conditions to achieve
higher catalytic activity still remain. Such studies are cur-
rently in progress in our laboratory.

V. SUMMARY

We have shown here that Co-, Ag-, and Cu-doped oc-
tahedral molecular sieves with the cryptomelane structure
are high activity catalysts for low-temperature CO oxida-
tion. These OMS-2 catalysts exhibited very stable perfor-
mance over long times on stream, as compared to known
Hopcalite-like Cu—-Mn mixed oxides and other base metal
supported catalysts. Some of the doped OMS-2 catalysts
seem to exhibit high resistance to water poisoning and ex-
cellent selectivity to CO oxidation versus competition with
a large excess of H,. The stability of doped OMS-2 cata-
lysts was further substantiated by XRD and XPS studies.
The activity of these OMS-2 catalysts seems to be domi-
nated both by their average oxidation numbers and by the
species and position of the doped cation. A special M-O-
Mn bridge with suitable coordination in the OMS-2 struc-
ture is suggested to be responsible for high activity doped
OMS-2 catalysts. A mechanism of CO oxidation on OMS-2
involving reversible electron transfer was proposed.
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