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Abstract

Kinetic study of CO oxidation in combination with experiments of temperature-programmed oxidation (TPO) and reduction (TPR) have been
performed on various unsupported crystalline manganese oxides (MnO,); while the reactivity shows an order of MnO < MnO, < Mn,0Oj3 in a
mixture of unit ratio of O,/CO at/below 523 K. We propose that under the current conditions the interaction of adsorbed CO and O is mainly
responsible for CO, formation on Mn,0O3; and MnO, catalysts, following either the Langmuir-Hinshelwood mechanism or Eley—Rideal
mechanism. Meanwhile, direct evidence from transient CO oxidation suggests that the Mars-van-Krevelen mechanism may occur for all catalysts
simultaneously, especially, it is predominant for the MnO catalyst. The evidence of structural modifications during reaction was confirmed by

Raman spectra obtained from used MnO.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Catalytic oxidation of CO has long been studied on various
manganese oxide (MnO,) catalysts, e.g., unsupported MnO,
[1,2], supported MnO, [3-7] and copper manganese oxide [8].
It still attracts considerable attentions from both academia and
industry, due to the low cost of MnO, in contrast to the
expensive noble metal catalysts. With the growing demands of
the innovative technology, manganese oxides based catalysts
may find a new application for the selective removal of CO in
H,-rich gas for fuel cells [9-11] and indoor air purification. An
understanding of the reaction mechanism and its relationship
with the surface structure is of great importance for the design
of new generation combustion catalysts. Especially, MnO,-
based materials find the application as catalysts for the low
temperature-combustion, for instance, below 523 K [12].
However, the relevant mechanism for CO oxidation on MnO,,
catalysts at low temperatures has rarely been addressed.

So far, several kinetic and mechanistic studies have
contributed to CO oxidation on the MnO,-based catalytic
system. Among them, the Mars-van-Krevelen mechanism, thus,
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the adsorbed CO is reacted with the labile lattice oxygen [2—
5,9] has been widely accepted for this reaction above ca. 773 K,
as illustrated in Eq. (1). The reactivity is, likely, associated with
the capacity of manganese to form various oxidation states, e.g.,
redox reaction of Mn**/Mn** or Mn**/Mn**, and “oxygen
mobility” in the oxide lattice. In contrast, Brooks [1] in a very
early study proposed that oxidation of CO might proceed via a
mechanism of Rideal type on a MnO, surface, thus, CO, was
produced by the reaction between the radical CO and the
lattice/gas phase oxygen.

CO(ads) + 0% (lattice) + 2Mn**/3*
— COy(ads) + 2Mn>*/%* (1

Nevertheless, the debate about the mechanism, e.g., does the
redox reaction of Mn cations really occur in the reaction? And
how does the oxidation state of Mn affect the catalytic activity
or does the CO oxidation go through the Langmuir-Hinshel-
wood mechanism? And so forth, will be lasting due to the lack
of effective technique for “in situ” observation of the reaction.
To date, the studies in combination with kinetics and
spectroscopy are still the most effective way to obtain the
reaction information.

Contradictory results in the previous studies are possibly
caused by the inconsistent composition of MnO, (mixture of
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Mn?*, Mn** and Mn**, and interaction with other metal oxides,
such CeO,, ZrO,) and diverse reaction conditions. Conse-
quently, the obtained kinetics may not reflect the ‘“real”
behavior of MnO, catalysts under reaction conditions. There-
fore, in the present study intrinsic reaction rates of CO
oxidation are acquired on high purity of Mn(IV)O,, Mn,(II1)O;
and Mn(II)O oxides below 523 K and unit ratio of CO/O,. Such
reaction conditions may minimize the variation of the oxidation
state of Mn at the surface. On the other hand, demonstration of
the redox properties of surface Mn in the reaction has been
carried out by using techniques of TPR, TPO, XPS and Raman
spectroscopy. To the best of our knowledge, the reported results
have been rarely addressed for this catalytic system.

2. Experimental
2.1. Catalyst property and reactivity measurements

High purity of MnO,, MnO (Aldrich, 99.99%, 1.1 m*/g),
Mn,O; (Aldrich, 99.999%, 4.0 m*/g) and MnO, (Aldrich,
99.999%, 0.9 mz/g) as received, were used as catalysts in the
present study. Scanning electron microscopy (SEM, JEOL,
JBM-6700F) revealed that all MnO, particles were randomly
distributed in the range of 0.06-0.7 wm, corresponding to an
average particles size of ~0.5 pm.

The activity measurements were carried out in a micro-plug-
flow reactor. Before each experiment, the catalyst was
conditioned in situ by heating in an ultra-high purity of
Helium (UHP) at 323 K (2 h, 30 ml/min). The reactions were
carried out in space velocity in the range of 6000—18,000 h " at
one atmosphere pressure: 5.0 kPa CO, 5.0 kPa O, and He. The
analysis of the reactants and products was done with an online
GC (Shimadzu GC-14B) which is equipped with a carbosieves-
II column. In the differential flow measurements, the
conversion was maintained below ~10% by diluting the
catalyst with SiO,. Each data point in kinetic study was
collected after reaction 1h. Absolute reaction rates were
calculated for the average concentration of each component ¢;,
at the in- and outlet of the reactor:

6.02 x 105 X ¢com X X Vs
roo = X X €co,in X Xco X Vias 2)
MnMno,

[moless™' gMnO, ']

Mo, 1s the mass of MnQO, in the reactor bed, V the total molar
flow rate, X, the conversion of CO based on CO, formation,
¢co the concentration of CO in gas mixture, equal to p;/po, p; the
partial pressure of reactants and p is the total pressure in the
system.

2.2. Temperature programmed oxidation (TPO),
temperature programmed reduction (TPR) and transient
CO oxidation

Prior to the TPR/TPO experiments, MnO, (50 mg) was
pretreated in UHP Ar at 323 K in a flow rate of 30 ml/min for
2 h to remove excess moisture. Experiments of TPR, TPO and

transient CO oxidation were performed in a micro fixed-bed
reactor, which is connected to GC-QMS (HPR-20, Hiden
Analytical Ltd.); while masses (m/e: 2, 16, 18, 28, 32 and 44)
were monitored, and the detection limits in Ar are 100 ppm for
CO, 10 ppm for CO, and H,, and less than 1 ppm for O,. The
temperature was increased in ramp rate of 10 K/min from 323
to 900 K with a linear heating in a carrier gas of O,
(5.0 kPa + Ar) for TPO and H, (5.0 kPa + Ar) for TPR with
total flow rate of 50 ml/min.

In a typical experiment of the transient CO oxidation, the
catalyst (150 mg) was purged with H, (H, 5.0 kPa + Ar) at
473 K for 2 h before dosing CO (consecutive pulse of CO: each
time 10 pml of CO 5.0 kPa + Ar). Additionally, the reduction
of MnO with H, was also carried out at 900 K under the same
conditions.

2.3. Laser Raman spectroscopy (LRS)

The dispersive Raman microscope employed in the present
study was a JY Horiba LabRAM HR equipped with three laser
sources (UV, Visible, and NIR), a confocal microscope, liquid
nitrogen cooled charge-coupled device (CCD) and a multi-
channel detector (256 x 1024 pixels). The visible 514.5 nm
argon ion laser was selected to excite the Raman scattering. The
laser power from the source is around 20 mW, but when it
reached the samples, the laser output was reduced to around 6—
7 mW after passing through filtering optics and microscope
objective. A 100x objective lens was used and the acquisition
time for each Raman spectrum was approximately 60-120 s
depending on the sample. The Raman shift range acquired was
in the range of 200-1200 cm ™' with spectral resolution 1.7—
2 cm ™', Each spectroscopy was collected only after 100 scans.

2.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on a VG ESCALAB
250 spectrometer, using Al Ka radiation (1486.6 eV, pass
energy 20.0eV). The base pressure of the instrument is
1 x 1077 Torr. The background contribution B (E) (obtained by
shirley method) caused by inelastic process was subtracted,
while the curve-fitting was performed with Gaussian—Lor-
entzian profile by an standard software. The binding energies
(BEs) were calibrated using Cls peak at 285.0eV. The
instrument was also calibrated by using Au wire. XPS spectra
were recorded at 6=90°. The atomic ratios of oxygen/
manganese (O/Mn) have been calculated from the equation
[13,14]: No/Nyn = (To/So)/ (Inio/Swmn), Where the Iy, and I are
the time-normalized intensities of the Mn2p and Ols levels, and
So (0.711 for Ols) and Sy, (2.420 for Mn2p) are the atomic
sensitivity factors for X-ray sources at 90°. The BEs Ols at
529.0-530.0 eV were selected as the contributions from
manganese oxides [15].

3. Results and discussion

The H,-TPR profiles of various bulk MnO, are shown in
Fig. 1, which shows that the H,-comsumption started around
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Fig. 1. TPR profiles of MnO (A), Mn,O5; (B) and MnO, (C) oxides in the
mixture of H, (5.0 kPa)-Ar with a flow rate of 50 ml/min.

550 K for both MnO, and Mn,0s; however, detectable
depletion of H, was not observed for MnO up to 900 K. The
TPR of MnO, shows two overlapped peak maxima correspond-
ing to the temperatures of 659 and 778 K. These two peaks can
be attributed to the two-step reduction of MnO5: the first step
corresponds to the reduction of MnO, to Mn30, and the second
step due to the further reduction of Mn;0,4 to MnO. This result
is in good agreement with the H,-TPR results of MnO, reported
in the literature [16]. Compared to that of MnO,, the Mn,0O3
showed single reduction peak corresponding temperature
maxima at 778 K. However, it is very hard to define clear
boundaries between the various regions. During the H,-TPR,
Mn,Oj; reduces to Mn3Oy, in the first step and further reduces to
MnO. On the other hand, as illustrated in Fig. 2, O,-TPO
experiments reveal that oxidation of MnO starts at ca. 438 K
followed a maximum at 881 K; while Mn,Oj; is very stable in
oxygen atmosphere till 1100 K. Therefore, under the reaction
conditions at/below 523 K and unit ratio of O,/CO the
oxidation states of Mn on the surface should remain for

881
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Fig. 2. TPO profiles of MnO (A) and Mn,0O5 (B) in the mixture of O, (5.0 kPa)—
Ar with a flow rate of 50 ml/min. The manganese oxides, as received, purged
with Ar at 323 K for 2 h before heating, 10 K/min of the ramp rate.

1E21 |

1E20 |

1E19 |

Reaction rate (molecules/g_ .s)

1E18 & . 1 " 1 N 1 2 L 2 1
1.8 2.0 2.2 2.4 26 2.8

1UT*10° (K)

Fig. 3. Arrhenius plots from CO oxidation on the high purity of MnO (V¥),
Mn,0O; (M) and MnO, (A) oxide catalysts, feed gas: CO (5.0 kPa) + O,
(5.0 kPa), helium balance.

Mn,0O3 and MnO,, and slight oxidation of Mn may occur for
MnO as also evidenced with LRS spectra (see Fig. 4A).

Arrhenius plots in Fig. 3 show that the CO oxidation rate is
strongly dependent on the reaction temperature in the region of
373-523 K. Onset of reaction can be observed at 373 K for both
Mn,0j3 and MnO,, while the reactivity for Mn,O3 is higher than
MnO, in the temperature range of 373-523 K. The rate-
discrepancy for two catalysts increased with the rise of
temperature, about an order of magnitude variation was
measured at 523 K. In contrast, the reactivity for MnO catalyst
was not observed until 448 K. Interestingly, this temperature
also corresponds to where MnO start oxidizing during TPO.
Among three catalysts, MnO exhibited the lowest reactivity in
the temperature range of 448-473 K; but the rate for MnO
became comparable to MnO, when the temperature was above
473 K. The apparent activation energies (Ea), for all catalysts
and the values reported in the literature have been listed in
Table 1. Arrhenius plots for MnO can be divided into two parts
according to the relationship of log (rate) versus 1/7,
corresponding to a Ea value of 129.1 kJ/mol in the range of
373-473 K and 81.6 kJ/mol in the range of 473-523 K. It is
1.5-3.0 times higher than that for Mn,05 (57.9 kJ/mol) and
MnO, (34.3 kJ/mol). The Ea for MnO, here is close to 26.7 kJ/
mol obtained by Brooks [1]. In the similar conditions, Cracium
[4] reported that Ea value was dependent on the size of MnO,
particles, varying from 44.6 to 120 kJ/mol corresponding
particle size in the range of 6.7-16.7 nm, which is higher than
what we observed in the present study.

The LRS spectra, as shown in Fig. 4, together with the XRD
patterns (not shown for the sake of brevity), revealed that the
bulk structure of the Mn,03 and MnO, catalysts corresponds to
o- and (B-type, respectively [17-19]. The LRS spectra from o-
Mn,O5 shows bands at 312, 651 and 691 cm ™ (Fig. 4B). The
peaks from 3-MnO, at 536, 668 and 762 cm ™! are indicative of
stretching mode of the MnOg octahedra (Fig. 4C). The bands at
309/310, 365, 502/472, and 641/651 cm ™" detected for both
fresh and spent catalysts may correspond to the out-of-plane
bending modes of MnO,, asymmetric stretch of bridge oxygen
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Table 1

Apparent activation energy (Ea) for CO oxidation on unsupported MnO, catalysts and comparison with the literature data

Catalysts Ea (kJ/mol) Temperature range (K) Conditions Ref.

MnO (bulk) 129.1 £5.0 373-473 pco: 2.5kPa, po,/pco = 1.0 This study
81.6 +2.0 473-523

Mn,05 (bulk) 579 £2.0 373-523 pco: 2.5 kPa, poz/pco =1.0 This study

MnO, (bulk) 343+£2 373-523 pco: 2.5kPa, pg,/pco = 1.0 This study

MnO; (bulk) 26.7 448-573 pco: 3.4-5.0 kPa, in air [1]

MnO,/Si0, (dmno, : 6.7—16.7nm) 44.6-120.0 433-573 pco: L.OKPa, po,/pco = 1.1 [4]

MnO,/Al,05 104.0 448-515 pco: 15.0kPa, po,/pco = 1.0 [3]

species (Mn—-O-Mn), symmetric stretch of MnO, groups,
respectively [19-22]. Fig. 4A shows that two new bands, 318
and 371 cm ™', appeared for the spent MnO catalyst after 5 h
reaction at 523 K, indicating that the phase was moderately
modified during the reaction by forming Mn3Oy-like species
[20]. TPO spectra (Fig. 2) also indicated that the oxidation of
MnO started at ca. 438 K in the oxygen atmosphere. Fig. 4B
and C show the LRS spectra from the fresh and used Mn,O3 and
MnO, catalysts. Obviously, the phases of Mn,0O3 and MnO,
were almost unchanged after reaction. Furthermore, from the
LRS spectra we observed that pretreating the catalysts in the
oxidative (5 kPa O, + Ar, 5h, 523 K) or reductive (5 kPa
CO + Ar, 5 h, 523 K) atmosphere has not changed the surface
structure. It is interesting to note here that XRD of spent
catalysts also proved that there was almost no variation for
crystalline structures of MnO, and Mn,O5 catalysts.

Fig. 5 shows the Mn2p X-ray photoelectron spectra of
various MnO,. Table 2 presents the XPS results of binding
energies (BE), full width at half maxima (FWHM) and surface
atomic ratios of O/Mn of various MnO, catalysts before and
after reaction. From Table 2 it can be concluded that there is no
difference in terms of BE for both fresh and spent catalysts. The
BE around 642.1 and 641.2 eV could be attributed to the
presence of Mn** and Mn** species, respectively [23]. From
Fig. 5 it can be seen that the bulk MnO, catalyst shows an
asymmetric peak located at 642.1 eV (Mn2p3/2) indicating the
presence of Mn**. The BEs of Mn3/2 shifted to lower values in
the following order: MnO, > Mn,03 > MnQO. The variation of
XPS binding energies of Mn2p alone, from Mn** to Mn**,
usually is too narrow (less than ca. 1.0 eV) to precisely evaluate
the Mn valence in MnO,, since the Mn2p features are relatively
broad for all MnO, compounds. The assignment can be
complicated further if the Mn in samples is present of several

Table 2
Results of XPS for MnO, Mn,03, MnO, catalysts

chemical states. So, the extent of Mn3s multiplet splitting
measured simultaneously (Mn3sAE) offers additional insights
into the Mn chemical states. The oxidation states from Mn2p
(column 2 in Table 2) and Mn3sAE (column 4 in Table 2) for the
fresh and spent catalysts are almost consistent.

As shown in Fig. 3, the reactivity of MnO, follows an order:
MnO < MnO, < Mn,03;. Three factors, presumably, impact
the reactivity of MnO, catalyst: (i) variation of Mn oxidation
states, (ii) bonding labile lattice oxygen and (iii) retention of an
oxidation products on the surface phase, such as CO, and
CO327 [5]. For conciseness, here we confine our discussion
mainly on the first factor. Adsorption of CO on Mn**, Mn** and
Mn** at room temperature has been well proved by the infrared
spectroscopy [5,24,25]. Cracium et al. [5] has found that Mn? -
CO species are more stable than the Mn**—~CO and Mn**-CO
species due to a back m-donation only exist in the case of
former. This seems to be the primary reason that MnO shows
the lowest reactivity among three catalysts, because more
energy is needed for activating the CO-Mn** bond in the
reaction. Consequently, MnO exhibited higher activation
energy (Ea) than Mn,O5; and MnO, as listed in Table 1. A
moderate fall of Ea for MnO at above 473 K may hint a subtle
modification of mechanism at elevated temperatures. More-
over, higher Ea for MnO in contrast to Mn,O3 and MnO,
indicated that oxidation of CO might go through quite different
mechanism for those catalysts.

The LRS spectra show the structure of the surface phase was
little affected in the reduction/oxidation (523 K). Based on the
TPO and TPR results, we infer that the redox properties of Mn
cations are unlikely to happen for the most of Mn on the Mn,O3
and MnO, surfaces under the current reaction conditions. The
active oxygen for the oxidation of CO, at least for the type of
catalysts, in this study, may not come from the lattice oxygen as

Samples BE Mn 2p;,, (FWHM) (eV) BE Mn2p,,, (FWHM) (eV) Mn3sAE (eV) Mn oxidation states O/Mn atomic ratios
MnO* 641.2 (3.3) 653.0 (3.3) 6.3 2+ 0.95

MnOP 641.2 (3.3) 653.1 (3.2) 6.4 2+ 0.97

Mn,03* 641.8 (3.0) 654.1 3.2) 4.9 3+ 1.67

Mn,05° 641.8 (3.0) 654.2 (3.1) 5.0 3+ 1.65

MnO,* 642.1 (2.2) 654.5 (2.7) 4.5 4+ 1.93

MnO," 642.3 (2.3) 654.5 (2.6) 4.5 4+ 2.0

 Prior to XPS measurement catalysts (fresh) were dehydrated at 393 K for 2 h in a He flow rate of 20 ml/min.
® Spent catalysts were from CO oxidation at 473 K for 10 h in a mixture of CO (5.0 kPa), O, (5.0 kPa) and Ar under a space velocity: 18,000 h™"'.
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Fig. 4. Laser Raman spectra of (A) MnO, (B) Mn,03 and (C) MnO, under
ambient conditions, fresh: purged in 30 ml/min He at 323 K for 2 h; reacted:
reacted in mixture of CO (5.0 kPa) + O, (5.0 kPa), helium balance, at 523 K
with a flow rate of 30 ml/min for 5 h.

- | 5000 cps
@ [
o
._.U_ -
2}
gL X
[ e -
gL
E|
[ B
i c
[ L 1 L 1 L 1 1
670 660 650 640 630

Binding energy (eV)

Fig. 5. X-ray photoelectron spectra of MnO (A), Mn,0O5 (B) and MnO, (C)
catalysts.

popularly accepted view of point, instead, from adsorbed
oxygen. That is to say, the Langmuir—Hinshelwood mechanism
is supposed to be responsible for this reaction.

For the purpose above-mentioned, subsequently, we per-
formed the transient CO oxidation for all catalysts with a “‘net”
surface, which is lean for the adsorbed oxygen. The removal of
adsorbed oxygen from the surface of catalysts was done by
reacting with H, at 473 K (purging with H, for 2 h); then dosing
CO only less than 10% conversion of CO was observed for MnO,
and Mn, 03, but complete conversion of CO observed for MnO.
Especially, the formation of CO, was detected for MnO at the
same temperature after treating at 900 K in H, for 2 h. Therefore,
CO oxidation may mainly go through the Mars-van-Krevelen
mechanism on the MnO catalyst. However, the same mechanism
may not be ruled out for Mn,O3 and MnO, due to the occurrence
of redox reaction for the small fraction of Mn cations at the top
layers of the surface.

The adsorption of oxygen on the surface defects has been
widely demonstrated for the transition metal oxides [26,27]. We
assume that the number of the surface defects for MnO, and
Mn,0O3; may be higher than that for MnO. Thus, the extremely
low Ea value is understandable for the MnO, and Mn,Oj5 in
comparison with that for MnO catalysts, because more energy
during the reaction is required for the mobility of lattice oxygen
for MnO. In particular, the creation of Mn;04-like species for
the reacted MnO, as observed from the LRS spectra (Fig. 4A),
might be an indirect evidence for the redox of Mn**/Mn** on
MnO surface phase during the reaction.

For the same reaction on MnO,/support catalysts, Cracium
et al. [5] suggested that Mn>* and Mn>* were weaker catalytic
active sites than Mn** sites, it led to the relatively higher
reactivity for MnO, than Mn,O5; and MnO above 573 K. It is
contradictory to our observations: the reactivity of Mn,0; is
superior to MnO and MnO, as illustrated in Fig. 3. The high
reactivity for Mn,O3 may be attributed to not only the moderate
strength of CO-Mn>" bond but also the abundant defects/
oxygen vacancies on its surface phase [27]. Similarly, in the
study of NO decomposition over the catalysts of Mn,O3 and
Mn;0,4 Vannice and Yamashita [28-30] also suggested that the
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route for reaction might proceed via the Langmuir-Hinshel-
wood mechanism, but the temperature need to be greater than
773 K. Moreover, they observed that the Mn,Oj3 released more
lattice oxygen than other MnO, in a TPD experiment.

In summary, the preliminary results in this study suggests that
under the restrict conditions (at/below 523 K and unit ratio of O,/
CO) CO oxidation may proceed via the interaction between
adsorbed CO and O (Langmuir—Hinshelwood mechanism) on
the bulk Mn,0O; and MnO, catalysts; while the reaction of
adsorbed CO with the lattice oxygen (Mars-van-Krevelen
mechanism) is primarily responsible for CO, formation on the
MnO catalyst. In addition, the catalytic reactivity for those Mn
oxides can be affected by the oxidation states of Mn cations in the
low temperature CO oxidation.

4. Conclusions

Different structures of MnO, were tested for the low
temperature CO oxidation reaction. The catalytic reactivity
followed the trend of MnO < MnO, < Mn,Oj3 in a mixture of
unit ratio of O,/CO at/below 523 K. H, TPR results showed that
MnO, reduces to MnO in two subsequent steps via forming
Mn;04. TPR, TPO and XPS studies showed that under the
reaction conditions at/below 523 K and unit ratio of O,/CO the
oxidation states of Mn on the surface remain for Mn,0O5 and
MnO,. However, a slight oxidation of MnO during the reaction
was observed by TPO and this result was further confirmed by the
LRS spectra. Under the restrict conditions CO oxidation may
follow the Langmuir-Hinshelwood mechanism on the bulk
Mn,0O5; and MnO, catalysts; while for the MnO catalyst the
reaction primarily follow the Mars-van-Krevelen mechanism.
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