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Abstract

Pure-phase-MnO, and 8-MnO, nanowires/nanorods were synthesized through an easy solution-based hydrothermal method, and the effect
of the manganese dioxide phase on the activity of Ma@d Ag/MnG for the oxidation of CO was investigated. Mp@ an effective catalyst
in CO oxidation, and its activity depends on the crystal phase of MaEMnO, exhibits a higher activity thag-MnO,, because the-MnO»
nanowires can be reduced more easily thangdnO, nanorods. Moreover, when Ag was introduced to Mn® strong interaction occurred
between Ag and Mn& The catalytic activity clearly correlates with this interaction, which is determined by crystal phase and surface structure.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction show higher catalytic activity for CO oxidation than CeO
nanoparticle$8,9]. Morphology-controlled synthesis of nano-

The performance of catalysts depends strongly on their sufiaterials may present an opportunity for the synthesis of cat-
face structure and surface active sites, which have a dire@ytic materials with desired properties, because these novel
relationship with the crystal planes, crystal phases, and steraterials nucleate and grow in an epitaxial marj@r11}
ochemistry of catalystfl,2]. A typical case is iron catalysts  CO Oxidation is an important process in three-way cataly-
used for the synthesis of ammonia, for which the reaction rat&!S for the treatment of exhaust gas from automobiles and in
on the {111} planes is more than 400 times higher than thapelective oxidation of CO in reformer gas for fuel cell applica-

on the {110} planes and roughly 15 times higher than that orfioNS[12]. Precious metals, such as Au, Pt, and Pd, have high
the {100} planes[1,3]. Bell et al.[4—7] reported that differ- activity and stability for the oxidation of C{13,14] Recently,

ent crystal phases of zirconia-supported copper catalysts exhitfipnsiderable research has focused on base metal catalysts for
CO oxidation, because of the limited availability of precious

different activity for the synthesis of methanol, and the cat- - o
metals. Manganese dioxides and derivative compounds have at-

alyst prepared on monoclinic-ZpQs 7.5 times more active g o X ah b idel q |
than that prepared on tetragonal-Zr@onsequently, a feasible tracted special attention an ave been widely used as catalysts
and catalyst supports due to their redox capabilifii€s 16]

approach to designing and constructing catalysts with high a h d bilit | h d wh her el-
tivity and selectivity may be through the controllable synthesis ese redox capabl lties are strongly enhanced when other e
of catalyst materials with well-defined crystal planes or crysta Ame'\r)lt: :c:(ren Cg;‘g%i%ﬂg lg(iﬁﬁ; ?1t| ar:[iﬂivri? p?cr)treg éhiii
phases. We recently reported that using an easy sqution-basggt. A pb' " £ A dMm 9 ) by . tant
hydrothermal method, Ceanorods exposing mostly {001} ation. A comoination of Ag and Vin seems to be an Importan
and {110} planes can be synthesized; these £e@norods contrlbt_mng factor to cata_lyt|c activity18,19] but details of _
the action of Ag and Mn in these catalysts are not yet avail-

able. The main reason for this may be that the performance
* Corresponding author. Fax: +86 10 62788765. of the manganese oxides for those applications is critically
E-mail address: ydli@mail.tsinghua.edu.cfY. Li). controlled by their phase composition and textural properties,
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which depend largely on the preparation metf]. Different  ter and then reduced in a flow of hydrogen—nitrogen mixture
structural forms of Mn@ including«, 8, y, ands$ types, ex-  (containing 5 vol% of hydrogen) at a rate of @ min~1. Hy-

ist in nature. The crystallographic forms are generally believedirogen consumption was monitored by a thermal conductivity
to be responsible for their properties. The synthesis of maneell attached to a gas chromatograph.

ganese oxides with well-controlled dimensionality, size, and The catalytic activities for CO oxidation were evaluated in a
crystal structure is very difficult by conventional catalyst prepa-fixed-bed quartz tubular reactor. The catalyst particles (0.15 g)
ration methods. We previously reported a successful methodere placed in the reactor. The reactant gases (1.0% CO,
for synthesizingx-, 8-, y-, andé-MnOy, which have a well- 16% O, balanced with nitrogen) passed through the reactor at
defined single-crystalline nanostruct(i2zd]. The present work a flow rate of 100 mL min®. The products were analyzed by a
is concerned with the catalytic activity @fMnO, andg-MnO,  gas chromatograph equipped with a TDX column.
nanowires/nanorods in CO oxidation and a comparative study

of «-MnO, andB-MnO, as a support for Ag catalysts. 3. Results and discussion

2. Experimental 3.1. BET, XRD, and TEM analysis

Synthesis of Mn@ nanowires/nanorods was performed  The BET surface area of-MnO, nanowires is higher than
by hydrothermal method as described previoudy]. The  hat of 8-MnO, nanorods Table 3. When Ag was introduced
Ag/MnO; catalysts with 15 wt% Ag loading were prepared gniq o-MnO, and 8-MnO,, the surface areas decreased. XRD
by an incipient wetness impregnation method. The preparegsqits indicate that pure- and 8-MnO; crystal phase can be
MnO_ nanowires/nanorods were impregnated with an aqueoU§ptained under current synthetic conditiomég( 1). For the
solution of AQNG; under vigorous stirring, followed by dry- Agla-MnO, sample, the XRD pattern was similar to the pre-

ing to remove the solvent. The obtained sample was calcined &brsor, suggesting that Ag is finely dispersed on the MnO
350°C for 3 h.

The BET surface areas of the catalysts were determined,, . ;
by Nz adsorption at-196°C using a Tristar 2010 Chemi- comparison of CO oxidation on manganese dioxide
cal Adsorption Instrument (Micromeritics). X-Ray diffraction

. . Catalysts BET surface Tgo Specific rate
(XRD) §tud|es were performed with a_Bruker D8 Adyance area (Mg-Y) eCy (molcomz2s~1 x 10°8)
X-ray diffractometer with monochromatized Cuy;Kadiation b
a-MnO, 80.6 126 21
(» = 1.5418 A). The nanostructural product was further ex- -MnO, 557 169 NP
amined with transmission electron microscopy (TEM; Hitachiag/e-mno, 64.2 90 774¢
H-1200, Tokyo, Japan). Ag/B-MnO; 40.0 80 1633

_ Temperature-programmed reduction (TPR) was carried outa The temperature at 90% conversion.
in a U-tube quartz reactor. The samples (40 mg) were flushed The reaction temperature is 13G.
with a nitrogen flow of 50 mL mint at 120°C to remove wa- ¢ The reaction temperature is 8C.
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Fig. 1. XRD patterns of (ag-MnO> nanowires; (b)3-MnO» nanorods; (c) Agf-MnO, nanowires; (d) Agé-MnO» nanorods.
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Fig. 3. TPR profiles of (a}-MnO, nanowires; (b)3-MnO» nanorods; (c) Ag/
a-MnO> nanowires; (d) Ags-MnO» nanorods.

Ag dispersed o-MnO; nanowires is about 2—6 nm, and that
for Ag dispersed om-MnO; nanorods is 5-10 nm.

3.2. TPRanalysis of MnO2 and Ag/MnO;

Fig. 3a presents the TPR profile of theMnO, nanowires.
Two peaks of H consumption are observed at 330 and
389°C, and the ratio of the low-temperature peak to the high-
temperature peak is about 2. Because the initial species i$MnO
(see the XRD patterns), we believe that the low-temperature
peak should be attributed to the reduction of MO Mn3z04,
whereas the high-temperature peak should be attributed to the
reduction of MRO4 to MnO [22]. The TPR profile of the
B-MnO2 nanorods is similar to that of the-MnO» nanowires,
but is shifted slightly to higher temperaturdsig. 3b). This
finding indicates that the-MnO, nanowires are more easily
reduced than thg-MnO, nanorods.

Compared with those of the-MnO, nanowires, the TPR
eaks of the Agi-MnO, sample shifted to lower temperatures
nd exhibited a higher intensity of the peak at higher tempera-

Fig. 2. TEM images of (a) Ag/-MnO, nanowires; (b) Ag8-MnO, nanorods.

supports. A weak diffraction peak corresponding to Ag crystalg

phase could be observed on the XRD of AMNO, sample.. tures Fig. X). The results demonstrate that Ag enhanced the
The as-prepared-MnO; and f-MnO, samples have rib- o4 ction of thew-MnO, nanowires and that a strong inter-

bonlike nanowire and nanorod morphology (see supporting inzction between Ag and MnOoccurred. When Ag was intro-
formation).Fig. 2shows representative TEM images of Ag cat- quced on theg-MnO; nanorods, the reduction behavior differed
alysts supported am-MnO2 nanowires an@-MnOz nanorods,  from that observed on the Ag/MnO,. A wide and asymmet-
respectively. The inset in the upper left shows a magnified viewic peak was detected at 246, along with a small shoulder at
of the Ag particles, illustrating that the distribution of Ag parti- about 312 C. This indicates that the MnOwas probably re-
cles on the supports is rather uniform. The Ag particles in thesduced to MnO without the formation of intermediate Dy.
catalysts are near-spherical in shape, whereas theoMa€ps  Ag enhanced the reduction of MaGhrough the spillover of
its nanowire/nanorod morphology. The mean particle size fohydrogen from silver atoms to manganese ox{d&$. A strong
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interaction between Ag and MnQavors the spillover of hydro- reported that the catalytic activity of CO oxidation on Ag—Mn

gen and its subsequent reaction with the Mnfius, a stronger composite oxides depends on the interaction between Ag and

metal—support interaction in AG#MnO, nanorods is detected. Mn. The active oxygen on Ag is consumed mainly in the oxi-
dation of CO, and Mn serves as an oxygen caiffigj. More-

3.3. Catalytic activity for CO oxidation over, strong interaction favors the oxygen spillover from Mn to
Ag and improves catalytic activity. This is agreement with the

Catalytic activity measurements of CO oxidation on as-TPR results, which indicate that the interaction between Ag and

prepared Mn@ and Ag/MnQ, given in Table 1 demon- MnO; decreased the reduction temperatur@enO,. Based

strate that ther-MnO, nanowires were more active than the on this, a stronger interaction between metal and supports oc-

B-MnO2 nanorods. The percentage CO conversion reachecurred in AgB-MnO, and an enhanced catalytic activity was

90% at 126C on «-MnO, and at 169C on the 8-MnO» found, similar to that for Au/Ce®and Au/CuO as reported re-

nanorods. The specific reaction rate onda®InO, nanowires  cently[29,30]

was twice as high as that on tiseMnO» nanorods at 132C.

The presence of Ag greatly improved the catalytic activity for4, Conclusion

CO oxidation. The percentage CO conversion oncAINO,

and AgB-MnO, all reached 90% ak100°C. It is notewor- Different structures of Mn@ catalysts ¢- and B-type na-
thy that the reaction rate on Ag/MnO; at 80°C was more  npowires/nanorods) were synthesized by an easy solution-based
than twice that on the AgFMnO; catalyst. Compared with hydrothermal method. The single-crystaMnO, and8-MnO>
B-MnO; nanorods, thégp of Ag/B-MnO, was decreased by nanowires/nanorods were used as CO oxidation catalysts in an
89°C. Thus, Ag enhances the catalytic activity on manganesgttempt to gain insight into how the crystal phase and surface
oxides and is more efficacious f8rMnO, nanorods. structure influence the oxidation reactieaMnO; has a “non-
Generally, CO oxidation on transition metal oxides, suchcompact” structure that can be reduced at lower temperatures.
as MnQ,, CeQ, Co304, F&0s, and CuO, follows a mecha- Thys, ¢-MnO, nanowires show higher CO oxidation activity
nism proposed by Mars—van Krevel@8] implying that lattice  than g-MnO, nanorods. Introducing Ag onto MnGproduced
oxygen incorporation occurs during CO oxidation and that they strong Ag—Mn@ interaction. The catalytic activity clearly
reduced surface of the metal oxide is rejuvenated by taking Uporrelates with this interaction, which is determined by crys-
oxygen from the feed mixturg24,25] On the other hand, itis tg] phase and surface structure. This study provides an example
well known that the reactivity for structure sensitive reactiongf how to design catalytic materials through a morphology-
depends on the particle size, morphology, and crystal plane Qlontrolled synthesis method and how to use these materials as

the catalysf1,2,26] Therefore, the surface structure of the cat-model catalysts in laboratory investigations as well as practical
alyst greatly influences catalytic performance. applications.
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